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ABSTRACT 

The Ki-rorj oncogene and the p53 tumor suppressor gene are mutated in a high 

percentage of human colon cancers. The mutation status of these two genes were 

assessed in colon adenocarcinomas obtained from azoxymethane (AOM)- and 

dimethylhydrazine (DMH)-treated rats, widely used experimental models of human 

colon carcinogenesis. The status of p53 mutations was examined using polymerase 

chain reaction (PGR) amplification of these sequences. In so doing, it was discovered 

that the ratp53 gene is structurally distinct from the human p53 gene, since it is missing 

one intron between exons 6 and 7. Further analysis using single stranded DNA 

conformational polymorphism (SSCP) analysis and direct DNA sequencing of the 

highly conserved regions of rat exons 5-7, highly mutated in human colon cancers, 

revealed no p53 mutations in any of these regions. 

Mutations at codon 12 of the Ki-rar5 gene were also characterized. Mutation 

frequency was approximately 60% which is close to the frequency of Ki-ras mutations 

found in human cancers. Since Ki-ras mutations have been shown to occur early in 

human colon carcinogenesis, while p53 mutations are thought to occur in late stage 

tumors, these data suggest this model may be a good for early, but not late, events of 

human colon carcinogenesis. It was also found that the non-steroidal anti-inflammatory 

drug (NSAID), sulindac sulfone, could reduce Ki-ras mutation frequency in this model. 

NSAIDs are agents being studied as a possible chemopreventive agent in both 

human colon cancers and the AOM model. Previous studies have found that the 

NSAIDs, sulindac and its sulfone metabolite, decrease the frequency of colon tumors in 

the AOM model. In this study, sulindac and sulindac sulfone specifically induced 

apoptosis in normal rat embryo cells (RECs) transfected with either an EJ-ras or 
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activated myc and ras but not in non-transfected RECs. These data suggest that 

sulindac and sulindac sulfone may be reducing tumor frequency and Ki-mj frequency 

by inducing apoptosis in those cells with specific mutations that give them carcinogenic 

potential, possibly through non-prostaglandin dependent pathways. 
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Chapter 1 

INTRODUCTION 

Cancer, genetic origins 

Recognized as an abnormality in autopsy examinations from ancient civilizations 

(osteosarcomas have been diagnosed in Egyptian mummies), cancer was long thought to 

be a punishment from the "gods". In contrast, Hippocrates described cancer as an 

imbalance between the "black humor" and the three other bodily "humors": blood, 

phlegm, and bile. His was the first hypothesis put forth to explain a more "earthly" 

cause to this dreaded disease. Further observations from the Middle Ages made 

reference to "cancer houses" (viruses?), "cancer families" (heredity?), and "cancer 

villages" (environment?) believing that these should be shunned in case one might be 

affected by the disease. These observations set the stage for later hypotheses on the 

origin and causes of cancers (Hill and Tannock, 1992). 

More specific evidence to the origins of cancers came in 1775 when Sir Percival 

Pott made his observations on scrotal cancers in chimney sweeps (Potter, 1963). He 

believed that the causative agent was in the chimney soot, and recommended that efforts 

to reduce exposure time to the soot, such as frequent washings and changing of clothing 

that trapped the day's soot, be encouraged in all chimney sweeps. Soon afterwards, the 

famous pathologist, Virchow, would announce his declaration that "every cell is bom 

from a cell", ushering a new age of investigation into the cellular basis of cancer (Hill and 

Tannock, 1992). 
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Up to the turn of the century, mortality continued to be high in those diagnosed 

with cancer. Armed with the new hypothesis set forth by Virchow and recent studies 

in genetics by Mendel, scientists began to form further hypotheses that formation of 

cancer involved the chromosomes of a cell. Some hypothesized that cancer was caused 

mainly by "chromosomes" that promoted cell division, while others, such as Theodor 

Boveri, believed in a loss of "inhibiting chromosomes" and overriding supremacy of the 

cell division "chromosomes" —in essence, the imbalance promoted by Hippocrates 2000 

years earlier: 

Another possibility is that in every normal cell there is a specific 
arrangement for inhibiting, which allows the process of division only 
when the inhibition has been overcome by a special stimulus. To assume 
the presence of definite chromosomes which inhibit division would 
harmonize best with my fundamental idea...cells of tumors with 
unlimited growth would arise if those "inhibiting chromosomes" were 
eliminated...on the other hand, the assumption of the existence of 
chromosomes which promote division, might [also] satisfy this 
postulate. On this assumption, cell division would take place when the 
action of these chromatin parts, which are as a rule too weak, should be 
strengthened by a stimulus; and the unlimited tendency to rapid 
proliferation in malignant tumor cells would be deduced from a 
permanent predominance of the chromosomes which promote division 
(Boveri, 1929). 

The presence of cell division "chromosomes" was shown in 1911 when Rous 

demonstrated the presence of a "transmissible sarcoma" (Rous, 1911) that was shown 

to be transmitted through a virus. Numerous viruses were isolated in the following 

decades prompting Huebner and Todaro to coin the name "oncogene" (Huebner and 

Todaro, 1969). These "chromosomes" were eventually shown to be derived from the 

genome of the chicken and not originally from the virus (Stehelin, et al, 1976). Further 

studies showed that there are homologous sequences in other species of these "proto-

oncogenes" (Slamon, 1987; Bishop, 1991). And still further studies showed that these 

proto-oncogenes are involved in processes needed for cell division such as signal 
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transduction from the surface of the cell to the nucleus, protein production, and DNA 

replication (reviewed by Minden and Pawson, 1992 and, more recently, Mastrangelo, et 

al, 1996). 

Around the same time that oncogenes were found to be derived from genomic 

DNA, a new discovery was taking place. Studies by Knudson on retinoblastomas (Rb) 

in children showed a genetic preponderance in some families of this particular tumor in a 

dominantly inherited fashion. In addition, they also had a high incidence of developing 

other malignancies, especially osteosarcomas. However, if this was a dominant 

mutation, all dominant oncogenes should affect all cells in the body, and this mutation 

only lead to tumor promotion in some cells. This lead Knudson to propose that this 

mutation, although dominantly inherited and present in all cells in the body, was 

actually recessive in character and needed a second "hit" to enter a proliferative state. 

To be such a gene, it would have to be a gene that inhibited cell growth (Knudson, 

1971). Such genes could be called "tumor suppressors" (Marshall, 1991). Additional 

studies to identify the Rh locus through linkage studies and eventually clone the Rh 

gene, showed that there were indeed two copies missing in tumors from patients, while 

"normal" cells from the same patient had one Rh locus deleted (reviewed in Marshall, 

1991 and Weinberg, 1991). This precisely fit Knudson's hypothesis of a "dominant, 

recessive" tumor suppressor gene. Other tumor suppressor genes have subsequently 

been found in familial cancers. Genes such as APC,p53, and NFl as well as the four 

hereditary non-polyposis colorectal cancer (HNPCC) DNA repair genes have been 

identified with one copy of the gene deleted or mutated in cells throughout the body of 

individuals in a given family. 

Thus, Boveri's hypothesis of cancer formation has proven true in cancers so far. 
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Colon cancer, a leading cause of mortality from cancer. 

Since cancer statistics were tabulated in the 1930's, colon cancer has remained 

one of the most prevalent cancers in the United States. However, the mortality rate of 

colon cancer has recently climbed to second (combining the rates for both sexes), behind 

lung cancers (Parker, et al., 1997). Prevention through occult blood and endoscopic 

testing has been increasingly emphasized to detect cancers earlier. Prevention has also 

helped decrease the incidence of colon cancer. But colon cancer continues to remain one 

of the most insidious cancer killers. 

In the past 10 years, great strides have been made in the biology of colon cancer. 

Current thought continues to be that cancer, in general, results from multiple insults to a 

cell's DNA (Hunter, 1991; Squire and Philips, 1992; Gelehrter and Collins, 1990; 

Cairns, 1975). These insults can occur within the context of a model of initiation, 

promotion, and progression (Archer, 1992; Harris, 1991; Farber and Cameron, 1980). 

Various carcinogens have been proposed to be involved in the etiology of colon cancer 

in initiating and promoting colon cancer including bile acids, heterocyclic amines in meat, 

and increased total calorie intake, while agents such as increased dietary fiber, vitamin 

D, and various pharmacological agents may help to decrease the incidence of colon 

cancer (reviewed in Eastwood, 1996; Potter, 1995; Zimbalist and Plumer, 1995). Such 

agents are thought to play a role in modulating genetic mutations of colonocytes. 

In the past ten years, there has been greater recognition of the role that 

hereditary mutations may play in the pathogenesis of colon cancer (Burt, 1996; 

Petersen, 1995; Potter, 1995; Zimbalist and Plumer, 1995). Familial cancer syndromes 

such as the familial adenomatous polyposis (FAP) and hereditary non-polyposis 

colorectal cancer (HNPCC) syndrome have been shown to have a single genetic basis 
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that pre-disposes patients with these mutations to be at increased risk for colorectal 

cancer through increased genetic mutations. Recognition of this fact has increased the 

hunt for agents that may modulate frequencies of mutation in genes involved in colon 

carcinogenesis. The central hypothesis of this dissertation is that chemopreventive 

agents inhibit colon carcinogenesis by modulating the frequency of genetic mutations 

that affect apoptosis and proliferation in normal and neoplastic colonic mucosa to 

prevent colon carcinogenesis. 
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Colorectal cancer genetics 

A genetic model of colorectal carcinogenesis has been proposed (Fearon and 

Vogelstein, 1990; Cho and Vogelstein, 1992) (Figure I, next page). Several genes are 

found mutated in colorectal cancers, including three tumor suppressor genes: p53, ape 

(adenomatous polyposis cpli), and dcc (deleted in gplorectal sflrcinomas). Another 

putative tumor suppressor gene is mcc (mutated in gplon ccmcer). The oncogene, ras, 

as well as hypomethylation of DNA, are also thought to be involved. 

Mutation of ape (the protein product of which is involved in cytoskeletal 

signaling from cell-cell adherens junctions (Polalds, 1995)) is thought to be involved in 

tumor initiation and promotion, which de-regulates crypt cell multiplication and takes 

the form, histologically and pathologically, of an adenoma, otherwise known as the 

polyp. Over time (generally decades) DNA hypomethylation and ras and dee mutation 

occur to create increasingly worse grades of adenomas (promotion), ras function is 

described later, dec codes for a protein that has similarity to the immunoglobulin 

superfamily of neural cell adhesion molecules and probably functions in signaling cell 

differentiation (Cho and Fearon, 1995). Cancers without dcc have been shown to have a 

worse prognosis (Kern, et ah, 1989). As cells in the adenoma proliferate, some are 

thought to move towards malignancy with the loss of p53 protein activity 

(progression). At this point the clonal expansion of malignant cells creates an 

adenocarcinoma. There had been some debate over the theory that the adenoma 

represents proliferation of the initiated cell (Spiro, 1983), but most adenocarcinomas are 

now believed to arise from adenomas (Allen, 1995; Jass, 1995; Fearon, 1994; Hamilton, 

1992). 
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Recently, new genes were described which were thought to be involved in the 

genomic stability of human cells. Originally thought to be one gene called 'Tcc" or 

familial gplon Qfmcer (now called hhdSHl), it was identified in a hunt for a germ-line 

mutation in a gene involved in hereditary non-polyposis colon carcinoma (HNPCC) 

(Peltom^, et ai, 1993). The gene was identified using probes against microsatellite 

DNA markers in two families with HNPCC (Aaltonen, et ai, 1993; Thibodeau, et ai, 

1993). Further studies identified three more genes—hPMSl, and APA/52—each 

thought to play a similar role in inducing hypermutability of the DNA. Each of these 

genes has a homologue in either bacteria or yeast known to play a role in DNA repair 

(reviewed in Rhyu, 1996). In HNPCC, adenomas are also thought to be precursors to 

colorectal carcinomas (Lynch, et ai, 1995). If these genes are truly involved in 

replication fidelity, they could be placed very early in a model of colorectal 

carcinogenesis, even before APC. 

Further studies in colon cancer have shown that the sequence of this model is 

not necessarily important, but that the number of mutated genes, collectively, is 

important. Also, it is perhaps important that certain mutated genes should be present 

to begin the formation of a colon tumor. Vogelstein originally formulated his model 

from what he observed to be the most commonly mutated genes (Fearon and Vogelstein, 

1990). Two of these genes are ras, almost always found mutated early, and p53, often 

found mutated late (i.e. in carcinomas). Ras, originally found mutated in 47% of colon 

cancers and 12, 42, and 57% of adenomas depending on the grade of the adenoma 

(Vogelstein, et ai, 1988), is now found to be mutated in 44-50% of colon cancers 

(Yamashita, etai, 1995; Fearon, 1993) and 35-100% in adenomas (although only 43% 

of the adenomas in the study with 100% ras mutations had a ras mutation in all cells of 

the adenoma) (Shibata, et ai, 1993; Boughdady, et ai, 1992) at codon 12 of the Ki-m^ 
i 
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gene. Ras is also mutated in 58-73% of hyperplastic crypts called aberrant crypt foci 

(see Chapter 3, Discussion, for description) at codon 12 of the Ki-ras gene (Yamashita, 

et ai, 1995; Pretlow, et ai, 1993). None of these subsequent studies on ras had nearly 

as large a population as Vogelstein's original study. p53, originally found mutated in up 

to 75% of colon cancers by Vogelstein, is now approximated to be mutated in 67% of 

colon cancers (Hollstein, et ai, 1994). Both are not only found mutated in colon cancer 

but a variety of other cancers as well (Nigro, et ai, 1989; Bos, 1989), signifying that 

both play an important role in carcinogenesis. 
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The Importance ofpS3. 

Along with colon cancer, p53 mutations are prevalent in many different types of 

cancer (reviewed in this section). Examination of p53 mutations in various kinds of 

cancers in animal models has occurred (Greenwald, etal., 1995; Greenblatt, etal., 1994). 

Given the frequency of use of the azoxymethane (AOM)-treated rat model of colon 

carcinogenesis in the literature, examination of genetic mutations in this model in 

comparison to mutations found in the human could help validate or refute the use of 

this model for chemopreventive and carcinogenesis studies. Data on the presence of 

p53 mutations have been conflicting in colon tumors from the AOM-treated rat model, 

the model most often used for chemopreventive studies of colon carcinogenesis. The 

following section outlines some of the knowledge described in the literature about p53 

mutations and the p53 protein. 

p53 was originally thought to be an oncogene. Studies had showed that a 

protein with an approximately 53 kDa molecular mass was stubbornly attached to 

simian virus 40 (SV40) large T antigen in transformed cells (DeLeo, et ai, 1979; Lane 

and Crawford, et ai, 1979; Linzer and Levine, et ai, 1979). Early studies showed that 

the cloned p53 cDNA could immortalize cells that normally had a limited lifespan 

(Jenkins, et ai, 1984) and could cooperate with ras in transforming cells (Eliyahu, et ai, 

1984; Parada, et ai, 1984). Eventually, it was shown that the cDNA that researchers 

were using to transform cells was actually a mutated form of p53 (Hinds, et ai, 1989), 

and that the p53 protein product actually suppressed transformation (Finlay, et ai, 

1989). In the years that followed, p53 was identified as a tumor suppressor gene that 

was mutated in high incidence cancers such as colorectal cancer (Baker, et ai, 1990b; 

Rodrigues, etai, 1990; Baker, etai, 1989), breast (Greenblatt, etai, 1994; Runnebaum, 
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et al., 1991), lung (Greenblatt, et al., 1994), and prostate (Greenblatt, et al., 1994; 

Bookstein, et aL, 1993), in a familial cancer syndrome (the Li-Fraumeni syndrome) 

(Malkin, et al., 1990; Srivastava, et al, 1990), and in more than 50 human tumors, more 

than any other single gene (Greenblatt, etal., 1994; Hollstein, etal, 1994; Nigro, etal, 

1989). The prevalence of p53 gene mutations created a flurry of research to uncover its 

function. 

Early experiments suggested that the p53 gene product was somehow involved 

in suppressing cell proliferation. Wild-type p53 transfected into cells was able to 

inhibit cell proliferation in colorectal cell lines (Baker, et al., 1990a). Plasmids encoding 

anti-sense RNA injected into cells produced increased proliferation (Shohat, et al, 

1987). p53 bound to viral proteins known to be involved in enhancing cell 

immortalization such as the SV40 large T antigen, the adenovirus Elb (Samow, etal, 

1982), and human papillomavirus types 16 and 18 E6 protein (Wemess, et al., 1990). 

Further evidence that p53 played a role in DNA replication was suggested by 

experiments that showed inhibition of DNA replication at SV40 origins with high levels 

of p53 present (Wang, et al., 1989; Braithwaite, et al., 1987) and the need for nuclear 

localization of p53 to function (Shaulsky, et al., 1991). Studies soon showed that p53 

was actually able to bind DNA (Foord, etal, 1993; Oberosler, etal., 1993; Bargonetti, 

et al., 1991; Kern, et al., 1991) and act as a transcription factor when p53 chimeras were 

shown to /rawj-activate GAL4 (Fields and Jang, 1990; Raycroft, et al., 1990). The 

DNA binding site for p53 was found to consist of two pairs of inverted repeats of the 

consensus sequence (5'-PuPuPuC(A/T)-3') (-^< >4-, where -> represents the above 

consensus sequence and represents the inverse (5'-(A/T)GPyPyPy-3')) (El-Deiry, et 

al., 1992). Soon it was found that p53 was able to induce transcription in several genes 

including the growth gnest atjd DNA damage inducible (gadd45) gene (Kastan, et ai. 
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1992), the mouse Rouble tnirmte gene (mdm2) (Wu, et ai, 1993; Barak, et ai, 1993), and 

the mid-type gctivated^agment 1/Qdk:jjiteractmgprotein 1 gene (wqfl/cipl) (El-Deiry, 

et al, 1993). p53 was also found to be able to repress transcription in genes whose 

initiation of transcription was dependent on a TATA box in the promoter region 

(Mack, et ai, 1993), and subsequently, several genes have been found which have 

repressed transcription in the presence of an activated p53 protein. 

p53 is able to carry out its function by its unique structure (Figure 2, next page). 

The p53 protein product consists of an activation domain at the N-terminus, a central 

DNA binding domain, and a C-terminal tetramerization domain (reviewed in 

Arrowsmith and Morin, 1996; Ko and Prives, 1996). For full function, p53 

tetramerizes in pairs of two—each pair connected by a |3-sheet-tum-a-helix, much akin 

to the E. coli lac repressor (Clore, et ai, 1995; Jeffrey, et ai, 1995; Friedman, et ai, 

1995; Cho, et ai, 1994; Clore, et ai, 1994; Lee, et ai, 1994). The /raw5-activation 

domain is composed of acidic residues which allow binding to several proteins involved 

in replication, transcription, and repair such as the human single-stranded DNA binding 

protein, RP-A (Dutta, et ai, 1993; Li and Botchan, 1993), the TATA box-binding 

protein of transcription factor TFIID (Horikoshi, et ai, 1995), and the p62 subunit of 

the transcription/repair factor TFIIH (Leveillard, etai, 1996; Wang, etai, 1995; Xiao, 

et ai, 1994). Mdm-2 also binds at the ^awj-activation domain, causing the inactivation 

of p53 (Oliner, et ai, 1993; Momand, et ai, 1992). Since p53 also regulates 

transcription of mdm-2, Mdm-2 may act as an auto-regulatory mechanism for p53 

production (Wu, et ai, 1993). 

The carboxy-terminus appears to aa as the regulatory mechanism for p53 DNA 

binding. With the end 30 amino acids deleted (leaving the oligomerization domain 

intact), p53 is de-regulated (Hupp, et ai, 1992), allowing for active binding of p53 to 



d«C3NA'PK and 
CtQ mHm» 

OQQ3 

N 
I 

SO 10 0 

PKC stta CKII sJta 

loop 2 

O 
._ji 
mm 

nnrai 77 •••••••• 
••••I•••••••• 
••••I ni !••••••• 

•immmmmmm 
1 

ISO 200 2S0 
Saquenca-speclfic DNA bindino domain 

l*tram«rlz»tlo 
domain 

Acidic Activation 
domain 

B R1 75 
0245 

N 

so 
—T" 100 

•s-UiL M 

n [11 

T— ISO 

1 i-l 

R2 4 a Non-^)«clflc ONA 
R2 7 3 Intwactlon domain 

-T" 200 

R249  
R2B2  

X M i l  
IV 

r 
28 O 

—r~ 3 00 "T" 3S0 
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DNA. Phosphorylation of p53 may also play a regulatory role (reviewed in Meek, 

1994). Phosphorylation by casein kinase 11 has been shown to cause activation of p53 

DNA binding in some studies (Hupp, et ai, 1992), but has also been shown to abolish 

the anti-proliferative effects of p53 in others (Filhol, etal., 1992; Milne, etai, 1992). 

DNA binding occurs in the middle of the p53 protein, closer to the carboxy-

terminus. The most conserved regions in the protein between species are located in this 

domain (Soussi, et ai, 1990), and most mutations in human cancer occur in these regions 

(Greenblatt, etal, 1994; Hollstein, etai, 1994) (Figure 3b). These mutations most 

often occur on residues necessary for non-covalent bonding to DNA (Arrowsmith and 

Morin, 1996). Accordingly, much of the anti-tumor effect of p53 must lie in this 

region. 

The beginnings of a probable mechanism of p53's suppressor activity came in 

around the time p53 was shown to be a transcriptional activator. p53 was found to be 

induced in cells treated with radiation or other DNA damage-causing activity (Fritsche, 

etal, 1993; Kastan, etal., 1991; Maltzman and Cz^Ty]^ 1984). Analysis of the cell-

cycle stage of these cells showed that cells containing a wild-type p53 and DNA 

damage were arrested at the Gi/S border and that p53 protein increased and decreased in 

a temporal manner with the arrest and progression from Gi to S phase (Kastan, et ai, 

1991). This corroborated studies that p53 overexpressed in certain cell lines could 

arrest these cells in the Gi stage (Lin, et ai, 1992; Baker, et ai, 1990a; Finlay, et ai, 

1989). The action of p53 was very similar to the actions of some of the RAD (radiation 

induced) proteins in yeast which were shown to bind Cdks (cyclin dependent kinases) 

in yeast (Hartwell and Kastan, 1994). With the discovery that production of WAF-1 

was induced by p53 transcriptional activation (EI-Deiry, et ai, 1993) came the link that 

connected p53 to the control of the cell cycle. Originally, a protein called CIP-1 was 
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shown to inhibit Cdk-2/cyclin E function by binding to the complex (Harper, et ai, 

1993; Xiong, et al., 1993). Soon it was shown that induction of p53 by radiation 

damage caused an inhibition of Cdk-2 (Dulic, et al., 1994), and induction of 

transcription by p53 of the gene wafl. Transcription of wafl produced a protein 

product of 21 kDa that was identical to CIP-1 (El-Deiry, et ai, 1994). It followed that 

p53 was necessary for Gi arrest (Waldman, et al, 1995). was known 

to inhibit both Cdk-2/cyclin E and Cdk-4/cycIin D1 (Gu, et ai, 1993; Xiong, et al., 

1993). Retinoblastoma (Rb) is most likely de-activated through phosphorylation by 

Cdk-2/cycIinE which frees transcription factor E2F (Zhu, et ai, 1996). Thus, through 

p2iWAFl/CIP-1, p53 connected to the Rb protein as well. Recently, it was shown 

that the double-stranded ends of linear DNA longer than 27 base pairs as well as circular 

double-stranded DNA with large gaps or circular single-stranded DNA were sufficient 

to induce p53 mediated Gi arrest (Huang e/a/., 1996). 

The p53 protein does not only function in inhibiting the cell cycle, but is also 

involved in the repair of DNA. p53 can bind and help anneal strands of single-stranded 

DNA and mismatch sites in vitro (Lee, et al., 1995; Bakalkin, et ai, 1994). p53 

interacts, as mentioned earlier, with proteins involved in DNA repair such as RP-A and 

TFIIH. Also, GADD45 and both associated with p53 production, 

interact with croliferating-sell riuclear antigen (PCNA), a protein known to be involved 

in both cell replication and repair (Chen, etal, 1995; Sancar, 1994; Smith, etal, 1994; 

Waga and Stillman, 1994). In fact, p53 has been shown to directly or indirectly affect 

levels of PCNA expression (Mercer, et al., 1991). p53 also appears to be involved in 

genomic stability (Carder, etal., 1993; Harvey, et al, 1993; Livingstone, etal., 1992; 

Yin, et al, 1992; Bischoff, et ai, 1990). These effects of p53 on DNA repair and 

stability are probably more important than its function as a cell cycle checkpoint in 
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preventing tumorigenesis, given the fact that null mice do not develop 

tumors even though they lack a Gl/S checkpoint (Deng, et ai, 1995). The mechanism 

of activation of p53 function is uncertain. 

Some experiments suggest that p53 may also be activated in response to spindle 

abberations that cause mitotic arrest (Cross, et al, 1995). Cells from p53 null mice 

(Donehower, et ai, 1992) do not arrest in response to spindle inhibitors as they are 

normally want to do. This lack of arrest results in a larger number of cells becoming 

tetraploid and even polyploid. If p53 was such a spindle checkpoint, DNA damage 

and multiplicity could occur unopposed. Such events jtfe characteristic of metastatic 

cancers (Cotran, etal., 1994a). 

It appears that increased p53 levels in DNA damaged cells depend mainly on 

increased stability of the protein (Fritsche, et ai, 1993). However, if p53 is 

overexpressed in certain cell types, apoptosis ensues (Lowe, et ai, 1994; Lowe, et ai, 

1993a; Shaw, etai, 1992; Yonish-Rouach, etai, 1991). p53 involvement in apoptosis 

was confirmed when thymocytes from p53 null mice would not undergo apoptosis 

when exposed to radiation, while thymocytes with wild-type p53 would (Clarke, et ai, 

1993; Lowe, et ai, 1993b). The mechanism of p53 induction of apoptosis is not 

known, but may involve the transcription and/or inhibition of transcription of genes 

known to be involved in apoptosis. Bcl-2 is a gene whose protein product is known to 

prevent apoptosis (Hockenbery, et ai, 1990; Vaux, et ai, 1988). Box is a gene whose 

protein product has been shown to bind Bcl-2 and allow apoptosis to continue (Oltvai, 

et ai, 1993). p53 is known to upregulate Bax production and inhibit Bcl-2 production 

(Miyashita, et ai, 1995; Miyashita, et al., 1994; Zhan, et al., 1994). Increasing the 

ratios of Bax to Bcl-2 may allow for the apoptosis process to continue or begin. 

Another possible mechanism may be the action of over-expression of certain proteins in 
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cells. Originally identified as the gene Sdi-1 (senescence-derived inhibitor-1) in 

senescent cells in Caenorhabditis elegans, is highly expressed in 

senescent cells from C. elegans (Noda, et al., 1994). This suggests that, if expressed in 

the appropriate levels through p53 /raw5-activation, may begin a 

pathway of cell death. The pathway may also work symbiotically 

with the Bcl-2/Bax pathway. However, apoptosis induction by p53 can be modulated 

by exposure to growth factors such as interleukin-3, interleukin-6, and erythropoietin 

(Canman, et al, 1995; Gottlieb, etal, 1994; Johnson, et al, 1993; Yonish-Rouach, et 

al, 1993). 

Besides DNA damage, other factors can induce apoptosis through p53 

induction. Apoptosis in certain cell lines by ultraviolet (UV) irradiation (Li, et al, 

1996; Ziegler, et al, 1994) and hypoxia (Graeber, et al, 1996) has been shown to be 

mediated by p53, and p53 induction is observed with heat and starvation as well (Linke, 

et al, 1996; Zhan, et al, 1993), suggesting p53 has a role in generalized stress 

responses. The various p53 pathways are listed in Table 1. 

The role that p53 mutation plays in colon carcinogenesis is unknown. 

Vogelstein has proposed that p53 mutation may be involved in transition of a tumor 

from a large adenoma to carcinoma (Fearon and Vogelstein, 1990). His proposal is 

strengthened by the fact that a mutated p53 can transform cells in conjunction with 

other genetically mutated proteins. Also, as a cell cycle checkpoint, p53 mutation or 

absence may allow progression of mutations in other genes instead of repair of these 

genes. 

Data on the presence of p53 mutations in colon tumors derived from AOM-

treated rats have been conflicting. Certain groups report increased amounts of mutated 

p53 protein identified by immunofluorescence in cells derived from these tumors while 
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Others have shown that there is no p5i gene loss and no mutations in the p53 gene by 

single stranded conformation polymorphism (SSCP) analysis (reviewed in Chapter 3, 

Introduction). However, no one has directly sequenced the p53 gene for mutations in 

these tumors. One specific aim tested in this dissertation is determining if the AOM-

treated rat model is an accurate model of human colon carcinogenesis. Given the 

conflicting data on p53 mutations in this model, p5i mutations in this model were 

examined to test this aim. More reasons for this are addressed in Chapter 3, 

Introduction. 

Table 1. p53 function in response to various stimuli. As described in the previous 

section, various stimuli are listed but are not necessarily associated with any specific 

primary p53 function. Each stimulus has been shown to induce various p53 functions. 

However, the listed primary reactions have been shown to lead to the specific 

secondary and tertiary reactions listed. Question marks indicate unproven but 

suggested p53 function to stimuli. 

Stimulus Primarv p53 function-^ Secondary function-^ Tertiary function 

spindle point checkpoint 

increased Bax 

DNA damage decreased Bcl-2 

decreased genomic stability 

apoptosis 

apoptosis 

apoptosis? hypoxia increased p2IWAFl/CIPl 

heat increased p21WAFl/CIPl 

starvation increased GADD45 

unphosphorylated Rb Gi arrest 

Gi arrest 

interactions with transcription factors Gi arrest 

increase or decrease of other proteins? other functions? 
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The Importance of ras 

In contrast to the presence of p53 mutations in the AOM-treated rat model, the 

ras oncogene has been demonstrated to be involved in the formation of colon cancers in 

the AOM-treated rat (described further in Chapter 4). Use of the AOM-treated rat and 

studying ras mutations in this model comprised a large part of this dissertation's work 

(Chapters 4 and 5). The next section describes some of the knowledge in the literature 

on the Ras protein. 

Originally, a segment of DNA from various human tumor cell lines was noticed 

to be able to transform N1H/3T3 cells (Shih, et ai, 1982; Krontiris and Cooper, 1981; 

Perucho, et ai, 1981). This DNA segment was isolated and sequenced and found to 

code for a 189 amino acid protein with a molecular mass of 21 kDa. It was thus 

designated as "p2l'^'^'^". From the sequence, it was deduced that a mutation at codon 12 

of the gene of the cellular homologue of the Ha-ros (Harvey ras) or Ki-/*as (Kirsten ras) 

genes was responsible for their oncogenic properties (Capon, etai, 1983a; Capon, et 

ai, 1983b; Shimizu, et ai, 1983). Ha-ros and Ki-ros are similar in amino acid sequence, 

being identical in the first 85 residues, 85% homologous in the next 80 residues, variable 

in the next twenty residues, and identical in the last four residues. However, they do 

differ considerably in their genomic complexity with Ha-raj encompassing a 4.5 kbp 

region and Kiros encompassing a 50 kbp region (Barbacid, 1987). In numerous studies, 

the ras oncogene has been found mutated in a variety of human tumors, consistently at 

certain codons of the gene (codons 12, 13, 61) (Bos, 1989; Barbacid, 1987) and shown 

to be needed for growth and transformation of these cells (Smith, et ai, 1986; Mulcahy, 

et ai, 1985). These mutations result in changes of the regulatory apparatus of the Ras 

protein. 
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In order to activate Ras, part of G protein family, a GDP (guanine di

phosphate) must be removed and GTP (guanine tri-phosphate) bound non-covalently 

to Ras. Binding of a GTP versus a GDP changes the conformation of Ras from an 

"inactive" to "active" state (Downward, 1992; Wittinghofer and Pai, 1991; Ballester, et 

ai, 1989). On its own, Ras has a low rate of GDP dissociation (the -GDP 

complex has a half-life of 1.5 h. at 37 °C). Ras also has a relatively low GTPase 

function (only increasing hydrolysis of GTP by 1000-fold) so that, without 

intervention, activated Ras is able to continuously transmit signals to the nucleus 

(Wittinghofer and Pai, 1991). 

The ras gene product has been well-characterized along with the signal 

transduction pathway in which it participates. The ras tyrosine kinase signaling 

pathway is illustrated graphically in Figure 3 (next page). Within the past few years, it 

has been discovered that Ras participates in tyrosine kinase growth-signaling pathways 

like that of epidermal growth factor (EGF) or platelet-derived growth factor (PDGF) 

(Buday and Downward, 1993; Gibbs, et ai, 1990; Satoh, et ai, 1990a; Satoh, et ai, 

1990b). The proteins that connect the Ras protein with the tyrosine kinase receptor 

consist of Grb2, which binds to phosphorylated residues on the tyrosine kinase 

receptor via a Src homology region 2 (SH2) domain, and the Son of sevenless (Sos) 

protein, a guanine nucleotide exchange protein. Sos binds Grb2 through two Src 

homology region 3 (SH3) domains, linking Ras to the tyrosine kinase receptor, as well 

as exchanging a bound GDP for a GTP (Egan, et ai, 1993; Gale, et ai, 1993; Li et al, 

1993; Rozakis-Adcok, et ai, 1993). The Ras protein then functions to bring the Raf-1 

serine/threonine kinase to the membrane. At the membrane Raf-1 is activated, but not 

by Ras. In elegant experiments, it was shown that if Raf-1 were famesylated with the 

cell membrane recognition signal of Ras, it could be activated (Stokoe, et ai, 1994). 
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Figure 3. The Ras transduction pathway. 
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Recent experiments have shown that protein 14-3-3 is involved in activating Raf-1, once 

at the cell membrane (Hopkin, 1994; Morrison, 1994). Once activated, Raf can then 

phosphorylate MEK (a mitogen activated protein (MAP) kinase kinase) which in turn 

phosphorylates MAP kinases (Erk-1 and Erk-2) (Moodie, et al, 1993; Vojtek, et al., 

1993; Kyriakis, etaL, 1992). MAP kinases then phosphorylate numerous downstream 

proteins which eventually result in phosphorylation of gene products directly involved 

in cell replication and/or transcription, such as Jun, Fos, and Myc (Treisman, et al., 

1996; Chen, et al., 1992; Gille, et ai, 1992; Seth, et al., 1992; Alvarez, et al., 1991; 

Pulvener, et al., 1991). Along the way other factors such as Elk-1 (Hipskind, et al., 

1994; Rao and Reddy, 1993) and Rsk (Blenis, 1993) can also act as effectors of this 

pathway at the level of the MAP kinases. 

Both the GTPase activity of Ras and GDP-GTP exchange are tighdy regulated. 

Ras has many effectors, only a few of which have been well characterized (Marshall, 

1996). Among the list of effectors are a GTPase activating protein (GAP), a lipid 

kinase (phosphotidylinositol 3-kinase or PI3K), a large GAP-like protein 

(neurofibromin, otherwise known as the neurofibromatosis type 1 gene protein product, 

NF-l), and guanine nucleotide exchange factors like the Sos. GAP is a 120 kDa protein 

shown to increase GTP hydrolysis on Ras by 10,000 to 20,000-fold (Trahey and 

McCormick, 1987; Vogel, etaL, 1988) thus negatively regulating Ras (Gibbs, et al., 

1990). The Src homology region 3 (SH3) on GAP is essential for this interaction with 

Ras (Duchesne, et al., 1993). Phosphorylation of GAP can lead to its binding to the 

tyrosine kinase receptor and decreased auto-phosphorylation. There was little 

reduction in GAP GTPase activity (two-fold reduction) on Ras (Skorski, et al., 1993; 

Serth, et al., 1992). NF-l is a 250-320 kDa protein that also increases GTP hydrolysis 

on Ras, but clearly has other functions since it is involved in the pathogenesis of 
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neurofibromatosis type 1. NF-I has been shown to resemble the Saccharomyces 

cerevisiae proteins ERAl and IRA2 and can replace their function in yeast 

(McCormick, 1995). Mutations in Ras at amino acids 12, 13, and 61 appear to activate 

Ras by greatly reducing GAP and NF-1 function (Wittinghofer and Pai, 1991; Trahey 

and McCormick, 1987). PI3K phosphorylates the inositol ring of phosphotidylinositol 

at the 3 position, but the actual effects of this phosphorylation are not known (Alberts, 

et ai, 1994). Perhaps PI3K helps in Gi progression, given that this is the function in a 

putative family of PI3 kinases, called the TOR proteins, in yeast (Kunz, et ai, 1993). 

Although Ras activates PI3K (Rodriguez-Viciana, et ai, 1994), further studies showed 

that PI3K also helped Ras attain the active GTP-bound state (Hu, et ai, 1995). 

In addition to these effectors, other pathways may indirectly affect the fianction 

of Ras in transducing signals. A general schematic of the interactions of these pathways 

is shown in Figure 4 (next page). Pathways such as the cyclic adenosine mono

phosphate pathway (cAMP) and proteins such as RaplA can negatively affect Ras 

function in a cell specific type manner (Cook and McCormick, 1993; Wu, et ai, 1993). 

On the other hand, activation of the EGF, PDGF receptors, insulin, and muscarinic m2 

receptors in a cell specific type manner, protein kinase C (PKC), the src protein 

product, and even prostaglandin pathways can positively effect Ras function. RaplA 

(another G protein in the same family as Ras) has been shown to inhibit Ras function 

by binding to Raf-l in the same effector region as Ras, inhibiting any binding by Ras 

(Noda, 1991). This effect is cell-type specific and may be mediated through cAMP 

pathways given the fact that RaplA can be phosphorylated in vivo after treatment with 

cAMP-inducing agents (Burgering, et ai, 1993a). PDGF, EGF, and insulin receptors 

are all tyrosine kinases and able to auto-phosphorylate residues on the cytoplasmic side 

of the receptor to allow Grb2 SH2 domains to bind to the phosphorylated tyrosine 
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Figure 4. Other pathways which affect the Ras pathway. 
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residues (Medema, et ai, 1993; Skolnik, et al., 1993; Baltensperger, et al., 1993; 

Burgering, et al., 1991). Src, too, is a tyrosine kinase, but instead of auto-

phosphorylating itself, it phosphorylates the She protein which has a SH2 domain and 

is able to bind Grb2 and transduce a signal to Ras (Egan, et ai, 1993). Muscarinic m2 

receptors appear to activate Ras indirectly with activation of Gi protein (Winitz, et al., 

1993). It is not known exactly how Gi transduces the signal to Ras, but it is proposed 

that there must be an interaction via a tyrosine kinase in the pathway. Protein kinase 

Ca appears to have a role in only certain cell types by helping to activate Raf-1 

(Medema and Bos, 1993; Burgering, etal., 1993b; Kolch, etai, 1993). Prostaglandins 

may be involved in Ras regulation by regulating the function of GAP and NFl (Han, et 

al., 1991; Tsai, et al., 1990; Tsai, et al., 1989). A graphic illustration of the 

prostaglandin pathway interacting with Ras is shown in Figure 11. 

Each of these effectors have been shown to be associated with various cancers 

Mutated Ras is thought to be associated with cancers by stimulating cell division 

through induction of transcription of genes whose protein products are involved in cell 

division. In colon cancer, mutated Ras is hypothesized to play an early role in colon 

carcinogenesis in the adenoma or pre-adenoma stages (Fearon and Vogelstein, 1990). 

According to this hypothesis, activation of Ras would presumably increase cell division 

to cause these early lesions—an initiating type of event. 

Recent studies have shown that the non-steroidal anti-inflammatory drug 

(NSAID), piroxicam, as well as the ornithine decarboxylase inhibitor, 

difluoromethylornithine (DEMO), cause a reduction in the numbers of Ki-ra^ 

mutations in the azoxymethane-treated rat model of colon carcinogenesis (Singh, et ai, 

1994). Inhibition of prostaglandin production is the hypothesized mechanism of action 

of the NSAID class of drugs (Oshima, et al., 1996; Mamett, 1992), although no one has 
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shown how a NSAID such as piroxicam can specifically decrease Ki-ms mutations in 

these colon tumors. One specific aim tested in this dissertation is determining if another 

NSAID, sulindac, and its sulfone metabolite can also modulate the frequency of Ki-ras 

mutations in colon tumors from the AOM-treated rat model of colon carcinogenesis. 

Another specific aim tested in this dissertation is determining whether these 

chemopreventive agents (sulindac and its sulfone metabolite) can inhibit growth and/or 

induce apoptosis in cells with an activated ras. 
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Hypothesis and Experimental Design 

Both ras and p53 mutations have been demonstrated to be important in colon 

carcinogenesis as outlined in this Introduction. The role of the ras and p53 gene 

products in colon carcinogenesis is better understood through the function of each 

protein as described in this Introduction. Animal models of human colon carcinogenesis 

have been used to study prevention of colon carcinogenesis and more recent studies 

have been based on the mutations found in genes, such as ras and p53, from human 

colon tumors. Several animal models exist, but none are used as much as the 

azoxymethane/dimethylhydrazine-treated rat model. 

The central hypothesis of this dissertation is that chemopreventive agents 

inhibit colon carcinogenesis by modulating the frequency of genetic mutations that 

affect apoptosis and proliferation in normal and neoplastic colonic mucosa to prevent 

colon carcinogenesis. The first aim is to determine whether the AOM-treated rat model 

is an accurate model of human carcinogenesis. In the AOM-treated rat model, ras 

mutations have been shown to approximate that in humans. However, there has been 

conflicting data on the presence ofp53 in the rat model. No one has directly sequenced 

the p53 gene in carcinomas from the AOM-treated rat in significant numbers for 

mutations. 

To test the first specific aim, primers were designed from unknown intron-exon 

junction sequences in the rat p53 gene by sequencing DNA obtained from normal rat 

colonic mucosa. Then, carcinomas from AOM-treated rat colons were obtained. DNA 

was extracted from the tumors. The tumors were then examined for p53 mutations 

through a combination of methods involving screening with single-stranded 
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conformation polymorphism (SSCP) analysis and direct sequencing of changed 

conformers that might have a possible mutation. 

The second specific aim of this dissertation is to determine if chemopreventive 

agents, sulindac and its sulfone metabolite, can decrease mutation of the Ki-ra^ gene. 

Previous work has demonstrated a decrease in Ki-ray mutations in colon tumors of the 

AOM-treated rat model using a different class of NSAID. To test this specific aim, 

carcinomas from AOM-treated rat colons were examined for mutations in codon 12 of 

the Ki-ros gene. Codon 12 of Ki-raj has the highest mutation frequency of any ras in 

humans. Carcinomas from AOM-treated rats treated concurrently with increasing 

doses of sulindac or its sulfone metabolite were also examined for the frequency of Ki-

ras codon 12 mutations. These studies are further described in Chapter 4. 

The third specific aim of this dissertation is to determine if the chemopreventive 

agents, sulindac and its sulfone metabolite, can inhibit cell growth and/or induce 

apoptosis in cells with an activated ras. To test this specific aim, normal, diploid cells 

grown in culture and these same cells transfected with a single, activated ras gene were 

grown in the presence or absence of sulindac and its sulfone metabolite within the 

growth media. The cells were examined for growth and apoptosis in the presence of 

drug or vehicle alone. These studies are further described in Chapter 5. 
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Chapter 2 

MATERIAL AND METHODS 

Overview 

To examine for mutations of the p53 and ras genes in AOM-treated rat colon 

tumors, rats were treated with azoxymethane to produce the animal model for this 

dissertation. Some groups of animals were treated concurrently with sulindac or its 

sulfone metabolite embedded in the rat feed. Colon carcinomas were procured from the 

colons of these rats and examined under light microscopy for a pathological diagnosis. 

DNA was extracted from these tumors and used for analysis of p53 by SSCP and/or 

direct sequencing. Ki-ra5 mutations were identified using a polymerase chain reaction 

amplification of the region using a primer with a restriction site constructed within the 

primer's 3' end. 

Cell culture was carried out in standard media in the presence of sulindac, its 

sulfone metabolite, or vehicle only. Both a normal, diploid cell line and the same cell 

line transfected with an activated ras gene were used in the experiments. Cell growth 

was examined by counting cells over time and with different concentrations of drug or 

vehicle. Cell apoptosis was examined using morphological characteristics of apoptotic 

cells under light microscopy. Flow cytometry was performed to examine the cell cycle 

status of drug or vehicle-treated cells. 
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Animal Model 

Six groups of thirty Fischer-334 male rats (120g, Harlan Laboratories, San 

Diego, CA) were kept in accordance with institutional guidelines and fed AIN-76A 

purified rodent diet (Dyets, Inc. Bethlehem, PA) only, or impregnated with 400 ppm 

(i.e. 400 ng study drug/gm feed) sulindac or 250, 500, 1000, or 2000 ppm FGN-1 (a 

sulfone derivative of sulindac), throughout the study. Each rat received azoxymethane 

(AOM) (Druckrey, 1970) dissolved in saline at a dose of 15 mg/kg sub-cutaneously 

given once per week for two weeks (total dose of 30 mg/kg/rat). Following AOM 

administration, rats were housed in a biohazard hood for 24 h and then transferred back 

to hanging cages. Thirty-two weeks following the last dose of AOM all animals were 

killed by CO2 euthanasia. The stomach to anus was removed, cleaned, and fixed in 10% 

formalin. Colonic masses were removed and imbedded in paraffin for histological 

assessment utilizing hematoxylin and eosin staining. Neoplasms were classified as 

adenocarcinomas if invasion through the muscularis mucosa had occurred. The majority 

of adenocarcinomas were mucinous and ranged from well- to poorly-differentiated. 

Eight additional animals were treated with dimethylhydrazine (DMH) (Druckrey, 

1970), 20 mg/kg/week sub-cutaneously, once weekly for 28 consecutive weeks and 

killed by CO2 euthanasia after 34 weeks. Tumors were divided with portions being 

frozen in liquid nitrogen and additional tissue being fixed in 10% formalin for histologic 

assessment. 



44 

DNA extraction. 

From paraffin embedded tissues. 

Two to three 10-25 nm microtome slices were produced from paraffin 

embedded tumor samples, and DNA was extracted from paraffin embedded tumors as 

described (Wright and Manos, 1990). The tissues were digested overnight with 

proteinase K and then extracted with three equal volume phenol/chloroform/isoamyl 

alcohol (25:24:1, equilibrated to pH 8.0 by 1 M Tris base, pH 8.0) washes. An 

additional chloroform wash was used to remove any excess phenol. The aqueous phase 

containing the DNA was separated from the organic phase and precipitated with 0.2 

volumes 10 M ammonium acetate and 3 volumes ethanol at -lO^C for overnight. The 

DNA was pelleted at 12,000 x g- for 5 minutes at room temperature and washed twice 

with 75% ethanol. Pelleted DNA was dried in a Speed-Vac (Savant) and re-solubilized 

in autoclaved, filtered water overnight for use in PGR reactions. Tumor DNA extracted 

from paraffin imbedded samples was unstable and could not be used as template for 

PGR amplifications of thep53 gene after 4 days. 

From frozen tissue samples. 

Frozen tissue (approximately 0.1-0.2 g) was finely chopped with a new razor 

blade, and DNA extracted as described (Sambrook, et ai, 1989) except with the addition 

of 200 jig/ml of proteinase K. In brief, after dicing with razor blade, tissue was placed 

in approximately 10 volumes of extraction buffer (10 mA/Tris-HGl (pH 8.0), 0.1 h4 

EDTA (pH 8.0), 20 ng/ml RNAase A, 0.5% SDS). The suspension was incubated at 

37°C for one hour, 200 p,g/ml of proteinase K was added, and the mixture incubated 

three hours to overnight at 50 °C. After cooling, an equal volume of a 
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phenolichloroformiisoamyl alcohol solution (25:24:1), equilibrated to pH 8.0 with Tris-

HCl solution (pH 8.0), was added, and an emulsion formed by slow mixing. The phases 

were then separated by centrifugation at 5000 x for 15 minutes at room temperature. 

The aqueous phase was then transferred to a new tube with a wide-bore pipette where 

the phenol extraction was repeated two more times. After the last phenol extraction, 

0.2 volumes of 10 A/ammonium acetate was added along with 2 volumes of ethanol at 

room temperature. The precipitated DNA was captured by a sealed U-shaped Pasteur 

pipette. Precipitated DNA was resolubilized in one to two ml of autoclaved, filtered 

water overnight for use in polymerase chain reactions (PCR). Concentration and purity 

of the resolubilized DNA was measured at 260 and 280 nm on a Ultrospec K (LKB) 

spectrophotometer. Typical ratios of DNA concentrations at 260 nm divided by 280 

nm lay between 2.0 to 2.5, inclusive. DNA purity was considered sufficient for use in 

PCR and subsequent sequencing if the ratio was greater than or equal to 2.0. 
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p53 analysis. 

p53 intron-exon determination. 

For intron-exon junctions when only the rat cDNA sequence was known (i 

what follows are the old names for primers before it was known the rat had 

corresponding intron 6 to the human) the primers used were; 

Putative Exnn 3-TntrQn 3. Intron 3- Exon 4 Annealing temperature 

(Hat Exon 3-Intron 3. Intron 3-Exon 4) 

US; 5'GAT GAT ATT CTG CCC ACC ACA 3' 520C 

DS; 3- AGG TAG CTT CTA GAC AAG GAC 5' 

Putative Exon 4-Intron 4. Intron 4-Exon 5 

(Hat Exon 4-Intron 4. Intron 4-Exon 5) 

US; 5'CAG TCA GGG ACA GCC AAG TCT 3' 520C 

DS; 3' ATT CGA CAA GAC GGT CGA CCG 5' 

Putative Exon 5-Intron 5. Intron 5. Exon 6 

(Hat Exon 5-Intron 5. Intron 5-Exon S') 

US: 5'GTC CGT GCC ATG GCC ATC T 3' 60OC 

DS; 3' GGA CCG AGG AGG GGT TGT A 5' 

Putative Exon 6-Intron 6. Intron 6-Exon 7 

(Rat 6) 

US; 5'TAT CTG GAC GAC AGG CAG ACT 3' 540C 

DS; 3' ATG TAC ACG TTG TCG AGG ACG 5' 

Putative Exon 7-Intron 7. Intron 7-Exon 8 

(Hat Exon 6-Intron 6. Intron 6-Exon 1^ 

US; 5'ATC CTT ACC ATC ATC ACG CTG 3' 60OC 
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DS: 3'CTC CAA GCA CAA ACA CGG ACA 5' 

Putative Exon 8-Intron 8. Intron 8-Exon 9 

rRat Exon 7-Intron 7. Intron 7-Exon 8") 

US: 5'ACT GCC TTG TGC TGT GCC TCC TCT TGT 3' 60OC 

DS; 3* GTT TTT TCT TCT CGT AAC GGG CCT 5' 

Putative Exon 9-Intron 9. Intron 9-Exon 10 

(Hat ExonS-Intron 8, Intron 8-Exon 9") 

US: 5* CGA TGG AGA ATA TTT CAC CC 3' 550C 

DS: 3' ACT CGC GAA GCT CTA CAA G 5' 

Putative Exon 10-Intron 10. Intron 10-Exon 11 

(Hat Exon 9-Intron 9. Intron 9-Exon 10) 

US: 5'TCA GGA GAC AGC AGG GCT CA 3' 560C 

DS: 3' GCT TCT GGT TCT TCC CGG TC 5' 

PCR reactions were done using 37.5 [iMdNTPs, 2.5 U Taq polymerase (Boehringer-

Mannheim), and approximately 100 ng of each primer. Reactions were done with 

cycles of 950C x 1', annealing temperature x 1', 720C x 2' for 35 times. Instead of 

excising PCR products from an agarose gel and purifying, completed PCR reaction 

mixtures were extracted with one phenol/chloroform and one chloroform wash of equal 

volume. The resulting aqueous layer was removed from the organic layer and 

precipitated with 0.2 volumes of 10 M ammonium acetate and 2 volumes of isopropanol 

for 30 minutes at room temperature. The DNA was pelleted at full speed in a 

microfuge at room temperature for 5 minutes and washed twice in 75% ethanol. The 

pelleted DNA was dried briefly in a Speed-Vac (Savant) and resuspended in a small 

volume of autoclaved, filtered water overnight. The next day the PCR fragment was 

ligated into a T7-Blue plasmid (Novagen), cloned, and sequenced as with the Ki-ra5 
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fragment (see section on Ki-ro; analysis and Ki-ro; sequencing). It was then sequenced 

with one of the primers used for PGR using the Sequenase sequencing kit (USB). 

p53 region V PCR-SSCP. 

PGR was performed on DNA extracted from either paraffin or frozen tissue 

samples using 12.5 |iM dNTPs, 1 nCi a-[32p](iCTP, 1.25 U of Taq polymerase 

(Boehringer-Mannheim), and approximately 100 ng of each primer in each reaction for 

30 cycles with a cycling program of 95^0 x 1', 580C x 1', ll^C x 2'. After 30 cycles a 

single 720C x 10' final extension step was used. The primers used, encompassing the 

entire region V were: 

upstream (US): 5* TTG TGC TGT GCC TCC TCT TGT 3' 

downstream (DS): 3' GCG ACA TAG AAA ACG TCG ACG 5' 

A positive control fragment was created using an upstream primer containing a C to A 

substitution 11 bps from the 5' end (5'-TTG TGC TGT GAC TCC TCT TGT-3') 

which was run concurrently with all samples tested. 1.5 |il of the resulting 253 bp PCR 

product was combined with 9 ^il Sequenase (USB) stop loading dye and heated to 950C 

for 5' and then quenched for 10' on ice. The denatured single-stranded product was run 

on a 6% non-denaturing (i.e. no urea) polyacrylamide gel without glycerol for 8 hours 

using 30 W at 40C. Images were obtained on X-OMAT film (Kodak) overnight at 

250c and examined for differing single-stranded conformation polymorphisms (SSCP). 

Direct DNA sequencing of PCR products for mutation analysis in samples from 

AOM and DMH treated rats. 

Exonic sequences of p53 were amplified using a PCR protocol similar to that 

used for determining the sequence of the intron-exon junctions (i.e. reactions with 37.5 
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|iM dNTPs, 2.5 U Taq polymerase (Boehringer-Mannheim), and approximately 100 ng 

of each primer with cycles of 950C x 1', annealing temperature x 1', ll^C x T for 35 

times). Primers product lengths and annealing temperatures are shown below: 

Product size Aongaiing tgmpgrattirg 

Region HI 100 bps 540C 

5'-CCA TCT AC A AGA AGT CAC AA-3' 

3'-TCG TGA CCC GTG ACG AC A C-5' 

Region rv 199 bps 660C 

S'-TGC TGA GTA TCT GGA CGA CA-3' 

3'-CCT CGA CAC ACG GTC CAA-5' 

Region V 147 bps 62°C 

5'-ACT GCC TTG TGC TGT GCC TCC TCT TGT-3' 

3'-GTT TTT TCT TCT CGT AAC GGG CCT-5' 

After amplification, the PCR samples were purified using two extractions with 

phenol .chloroform :isoamyl alcohol (25:24:1) and subsequent isopropanol precipitation 

for 30 minutes at 250C (McCabe, 1990). The samples were directly sequenced using a 

modification by B. Futscher (Arizona Cancer Center) of a previously described 

technique (Neri, et aL, 1988). P-labeling of the 5' and 3' primers was done using 40 

f/T4 polynucleotide kinase (New England Biolabs) combined with 150 ng of primer in 

30 |il IX buffer at 370C for 30 minutes. The enzyme was denatured at 9S^C for seven 

minutes before use in sequencing reactions. Approximately 1 pmol of the PCR product 

was combined with 4 pmol of radiolabeled sequencing primer with 5X reverse 

transcriptase buffer and 17% of the mixture aliquoted into each of 4 tubes containing the 

appropriate dideoxynucleotides as listed below: 

A Stop: 0.25 mM ddATP 
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0.8 mA/ dTTP 

0.8 mMdCTP 

0.8 itiA/dGTP 

0.08 mMdATP 

C Stop: O.l vaM ddCTP 

0.8 mA/dTTP 

0.8mA/dGTP 

0.8 mMdATP 

0.08 mMdCTP 

G Stop: 0.2 tnM ddGTP 

0.8 mMdTTP 

0.8 inA/dATP 

0.8 mA/dCTP 

0.02mMdGTP 

T Stop: 0.2 mM ddTTP 

0.8 mA/dGTP 

0.8 mA/dATP 

0.8 mMdCTP 

0.08 mM dTTP 

The double-stranded PGR product was then denatured at 950C for two minutes, 

rapidly cooled to 23°C for annealing to primer for two minutes, and then incubated at 

420C for one minute to prepare the mixture for the addition of reverse transcriptase. 50 

U of Superscript reverse transcriptase (Gibco-BRL) was then added to each tube in a 

volume of one p,l and the mixtures incubated at 420C for another two minutes. 4 |il of 

Sequenase sequencing stop/load dye was added (USB), and the reactions were heated to 
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95°C for five minutes and then immediately iced for five minutes. 2.5-3.5 p.! were 

loaded on a denaturing gel (9% polyacrylamide (19:1 acrylamide:bis-acrylamide), 7 M 

urea, Ix TBE) using a sequencing gel apparatus (Bio-rad). Gels were pre-run and run at 

100 W for enough time to visualize the region of interest. The gel was dried on a gel 

dryer (Bio-rad) and then exposed to X-OMAT film (Kodak) overnight at 25°C. The 

finished sequencing reactions could be kept at -70^0 for one to two weeks without 

degradation. 

Cycle sequencing was employed for a group of samples that could not be 

successfully sequenced by the above method. A protocol was followed as outlined by 

Perkin-Elmer in their cycle sequencing kit except that the Stoffel fragment of DNA 

polymerase a (Perkin-EImer) was used in place of the Taq polymerase normally 

provided with the kit. In brief, 100 ng of the P-end-labeled primer of choice was used 

along with approximately 150 ng of template DNA and 10 C/of Stoffel fragment were 

combined with the appropriate buffer with magnesium and run for 30 cycles of 94^C x 

r, annealing temperature x 1', 72°C x 2'. Dideoxy nucleotides were included in the 

buffer at the following concentrations: 

A Stop: 600 |iM ddATP 

lOptMdTTP 

10|jMdCTP 

lOpA/dOTP 

lO^A/dATP 

C Stop: SOOpA/ddCTP 

lOpMdTTP 

lOuMdCTP 

lO^iA/dGTP 
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lOnA/dATP 

G Stop: 80 \xM ddGTP 

10^lA/dTTP 

lOMA/dCTP 

lOMA/dGTP 

lOtiA/dATP 

T Stop: 900nA/ddTTP 

lOpA/dTTP 

lO^iMdCTP 

lOnA/dGTP 

lO^iA/dATP 

4 |il of Sequenase sequencing stop/load dye was added (USB), and the reactions were 

heated to 95^C for five minutes and then immediately iced for five minutes. 2.5-3.5 |ii 

were loaded on a denaturing gel (9% polyacrylamide (19:1 acrylamide;bis-acrylamide), 7 

A/urea, Ix TBE) using a sequencing gel apparatus (Bio-rad). Gels were pre-run and run 

at 100 W for enough time to visualize the region of interest. The gel was dried on a gel 

dryer (Bio-rad) and then exposed to X-OMAT film (Kodak) overnight at 250C. 
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Ki-r<u analysis. 

Ki-ror mutation determination by PCR-RFLP. 

PGR was performed on DNA obtained from paraffin or frozen tumors as 

described (Jiang, et ai, 1989). Samples were amplified using approximately 50 ng of 

each primer (upstream and downstream), 2.5 U of Taq polymerase (Boehringer-

Mannheim), and 37.5 \3M dNTPs in a 50 ml total volume. The upstream primer was 

modified to create a BstNl restriction endonuclease site at codon 12 of the Ki-m5 gene 

(a G->C change made at codon 11, 3 bp from the 3' end of the wildtype upstream 

primer; 5'-AAACTTGTGGTAGTTGGA£CT-3'). The downstream primer remained 

the same (3'-CCTACTTATACTAGGATGCT-5'i. Ki-raj mutations were then 

determined by whether a change had occurred in the BstNl site. If a mutation had 

occurred, BstNl would not cut the PGR fragment (i.e. no change in base pair length from 

uncut PGR fragments would occur). Samples were amplified with cycles of 950C x 1', 

54 OG X r, 720G x 2' for 40 times. At the end of cycling an extension time of 10' at 

720C was added. Restriction enzyme digested PGR products were electrophoresed on 

a TAE (Tris-acetate-EDTA) or TBE (Tris-borate-EDTA) 3.5% agarose gel, stained 

with ethidium bromide, and visualized for the presence of mutations. 

Ki-r<u sequencing. 

Mutated or normal Ki-raj restriction fragments separated by electrophoresis on 

TAE agarose gels, as described above, were excised under 300 nm UV trans-illumination 

with a new razor blade and run through glass wool columns, with a modification of an 

earlier technique (Vogelstein, 1987). The columns were made by inserting into a 0.5 ml 

Eppendorf tube with a hole punched in the bottom using a 20 gauge syringe needle and 
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tightly packing glass wool to about one-third of the tube's height. These columns were 

then inserted into a 1.5 ml Eppendorf tube and an excised bands were placed on top of 

the glass wool within the 0.5 ml Eppendorf tubes. The columns were then spun at 

5000 X g for 10 minutes. The fluid supernatant was doubled in volume with autoclaved, 

filtered water and precipitated with 0.2 volumes 10 A/ ammonium acetate and 2 volumes 

of isopropanol at room temperature for 30 minutes. The precipitated DNA was spun 

at full speed in a microfuge for five minutes at room temperature and then washed twice 

with 75% ethanol at room temperature. The pelleted DNA was dried briefly in a 

Speed-Vac (Savant) and resolubilized in a small volume of autoclaved, filtered water 

overnight. One jil was taken the next day and ligated overnight in a T7-Blue vector 

(Novagen) with 4 C/ T4 DNA ligase (Gibco-BRL). The vector with insert was 

transfected into bacteria as described in the T7-Blue vector kit (Novagen). DNA was 

extracted from bacteria using a modified extraction technique from Sambrook, et al. 

(1989b). Bacteria were spun at 40% power in a microfiage and supernatant removed 

with a glass pipet. The pellet was then resuspended in STET (8% sucrose, 5% Triton 

X-100, 10 mM Tris-HCl (pH 8.0), 1 mMEDTA (pH 8.0)) and 25 nl lysozyme (10 

mg/ml in 25 mM Tris-HCl (pH 8.0)) was added and tubes inverted exactly four times. 

The lysozyme was immediately inactivated by placing the mixture in a boiling water 

bath for exactly 45 seconds. The mixture was spun at full speed for 15 minutes at room 

temperature. The pellet was pulled out of the supernatant with a toothpick. 350 |il 

isopropanol (no additional salt) was added to the supernatant and precipitated at -20OC 

30' to overnight. The DNA was pelleted by spinning at full speed in a microfuge for 5' 

at 40c, washed twice with 75% ethanol, and dried briefly in a Speed Vac (Savant). The 

plasmid DNA was resuspended in 50 nl of autoclaved, filtered water and 2 |il used for 



sequencing with the downstream primer used for the Ki-ros PCR using the 

(USB) sequencing kit after digestion for 1 hr with 0.1 mg of RNAase. 
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Cell culture analysis. 

Cell lines used. 

Rat embryo cells (REG) and REG transfected with an activated EJ-ras (Hrras 

REG) or activated ras and myc oncogenes (myc/ras REG) (Ghen, et al., 1994; Ling, et 

ai, 1994) were graciously given by Drs. GlifFLing and Brian Endlich (Sloan Kettering 

Memorial Gancer Institute, New York). REG transfected with activated ras or myc 

vectors were selected and maintained in 400 |ig/ml Geneticin (a preparation of G418 by 

Gibco-BRL). Gells were maintained in Dulbecco's minimal essential medium (DMEM) 

with 10% fetal bovine serum (FBS) and 100 Ulm\ penicillin/100 (ig/ml streptomycin in 

a 370G, humidified atmosphere of 95% air, 5% GO2-

Cell growth measurements. 

REG, H-ros REG and myc/ras REG were plated at approximately 10^ cells per 

60 mm^ tissue culture dish in 5 ml of DMEM with 10% FBS and 100 t//ml 

penicillin/100 Hg/ml streptomycin, with or without sulindac or sulindac sulfone, and 

grown at 370G for the specified time. Ceils were washed with 1 ml of saline A (137 

mA^NaGl, 5 mA/KGl, 5.5 mM dextrose, 4 mA/NaHG03, and 0.005% phenol red, pH 

7.2), and the wash and original 5 ml of DMEM supernatant were combined into a 15 ml 

screw-cap tube and spun into a pellet for 5' at 2000 rpm in a Dynac n centrifuge (Glay 

Adams). The supernatant was poured off and the pellet resuspended. Attached cells 

were harvested with 1 ml trypsin plus 1 ml of DMEM plus 10% FBS with 100 Ulm\ 

penicillin/100 p.g/ml streptomycin with an additional 1 ml wash using DMEM with 

FBS and antibiotics that was combined with the rest of the cells. The mixture was then 

subjected to counting by a cell counter (Goulter Electronics, Inc.) or hemocytorneter. 
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Viability assays were done using trypan blue dye exclusion. All experiments were done 

in triplicate. 

Apoptosis measurements. 

Cells were screened morphologically for apoptosis over time in both primary 

REC and H-roy REC cultures treated with sulindac sulfone or vehicle alone using bright-

field microscopy under a high power oil immersion objective (lOOx). Cells were 

harvested using trypsin, combined with cells captured from the media supernatant, and 

spun onto a slide using a Cytospin apparatus (Shandon). After a brief (thirty second to 

one minute) drying period, a modified Wright stain was used to prepare these stains for 

observation under light microscopy. These cells were fixed in methanol (slides dipped 

five times at one second/dip), and the excess was allowed to drain. The cells were then 

stained with one g/L Xanthine Dye (slides dipped five times at one second/dip), and the 

excess allowed to drain. Then, the cells were stained with a 0.625 g/L methylene blue, 

0.625 g/L Azure A dye mixture (slides dipped five times at one second/dip), with the 

excess being allowed to drain. These dye mixtures match those from the DifF-Quick cell 

staining kit (Dade International, Inc.). Immediately after the final stain with the 

methylene blue/Azure A mixtures, slides were rinsed once in distilled water (one dip for 

one second) and allowed to dry before observation under light microscopy. Cells were 

marked as apoptotic if signs of apoptosis, such as blebbing, chromatin segregation, 

and/or pyknosis, were seen. Measurements were not blinded. All micrographs were 

taken using a lOOx oil objective with 400 ASA Ektachrome Elite slide film (Kodak). 
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Flow cytometry. 

Cells were prepared for flow cytometry as previously described (Dressier and 

Bartow, 1989) After counting in a cell counter (Coulter Electronics, Inc.) or 

hemocytometer, triplicates were combined to achieve 1 x 10^ cells/ml required for 

analysis by the flow cytometer. After combining triplicates, cells were washed once 

with media to remove excess drug and then resuspended with gentle pipeting and 

vortexing in the appropriate volume of modified Krishan's buffer (0.1% sodium citrate, 

20 Hg/ml RNAase, 0.3% NP-40, 50 p.g/ml propidium iodide in distilled H2O) to achieve 

a concentration of 1 x 10^ cells/ml. The samples were then incubated 45 minutes in a 

light-protected environment in ice. Cells were then gently pelleted and supernatant 

removed. Then, cells were gently resuspended in the appropriate amount of modified 

Krishan's buffer to achieve a concentration of 1 x 10^ cells/ml and transported on ice to 

the flow cytometry core service. Samples were graciously analyzed by Norma Seaver 

in the core service. Samples were counted on a Becton-Dickinson FACScan flow 

cytometer at a excitation wavelength of 488 nm with an emission wavelength of 580-

600 nm (appropriate emission wavelength for propidium iodide). Analysis was 

emission range gated and plotted versus number of events using the CellFIT program 

(Becton-Dickinson). 

Statistics. 

Logistic regression methods (Agresti, 1990) were used to assess the significance 

of the association between drug level and the chance that a rat with tumors would have 

at least one tumor with a ras mutation. 
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Chapter 3 

ASSESSMENT OF p53 GENE MUTATIONS IN AZOXYMETHANE AND 

DIMETHYLHYDRAZINE TREATED RATS IN COMPARISON TO THE 

HUMAN. 

Introduction 

The azoxymethane (AOM)-treatecI rat has been used for more than twenty 

years as a model for human colon carcinogenesis. Animals given cycads (a nut from the 

genus Cycas circmalis) to eat were first noted to develop tumors in the small and large 

intestines (Laqueur, et al., 1963). It was discovered that some of the active carcinogens 

in the cycads were the 1,2-dialkylhydrazines, and that subcutaneous injections of the 

dialkylhydrazine, 1,2-dimethylhydrazine (DMH), would reproducibly induce tumors in 

the gastrointestinal tracts of the rats (Druckrey, 1970). It was also found that the 

DMH metabolite, azoxymethane (AOM), could also induce similar gastrointestinal 

tumors. Since that time, tumors derived from the carcinogen treatment have been 

documented to be similar in morphology (both under the light microscope (Ward, 1974) 

and in ultrastructure (Shamsuddin and Hogan, 1984; Barkla and Tutton, 1978) to the 

human (Maskens, 1976). The DMH and AOM treated rats have also been used for 

closer examination of the effects of carcinogen treatment (Tudek, et al., 1989; Fiala, 

1978), physiological (Salim, etal., 1993; Freeman, etal, 1978) and anatomical studies 

(Martin, et ai, 1986; Shamsuddin and Hogan, 1984; Shamsuddin and Trump, 1981). 

The model has been used in many animal drug and diet prevention studies. Such 

studies include dietary interventions (Alabaster, et al., 1996; Madar, et ai, 1993; 
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Takahashi, etai, 1993; Barsoum, etal, 1992), pharmaceutical treatments (Nordlinger, 

etal, 1991; Benrezzak, etal, 1988), and pharmaceutical interventions (Greenwald, et 

al., 1995; Boone, et al., 1990). Several of these interventions have correlated with 

studies in human colon cancer prevention (Greenwald, et al., 1995). 

The correlations of the rat studies with human studies and the microscopic 

similarities between both species argue that the AOM-treated rat model can be and has 

been used as a model for human colon carcinogenesis. Although this model has been 

used for many years, distinct differences have been shown to occur in this model. 

Without carcinogen treatment, rodent colon cancers are extremely rare. Tumors induced 

by AOM (or DMH) are small and few. Most notably, in this model, colon tumors do 

not metastasize to either regional lymph nodes or the liver to the same degree as do 

human colon cancers, even though the rat tumors reach a large mass (Ahnen, 1985). 

These differences argue against the idea that the AOM-treated rat model can be used as 

a model for human colon carcinogenesis. 

Colon carcinogenesis has been increasingly well-characterized genetically in the 

last few years. Fairly recently, a model was proposed for genetic progression of human 

cancers (Fearon and Vogelstein, 1990) (Figure 1). In this model, the majority of p52 

mutations are late in colon carcinogenesis (i.e. the carcinoma stage). The placement of 

p53 late in colon carcinogenesis has been supported by studies that show p53 mutations 

occur with a very low frequency or not at all in early lesions, with an increasing 

frequency in later lesions (Yamashita, et al, 1995; Ohue, et al, 1994; Baker, et al, 

1990b). Given the differences between the human and rat models, this study looked 

specifically at p53 mutations in carcinomas from the AOM and DMH treated rat 

model. Data on the status ofp53 in the AOM treated rat have been conflicting. Two 

groups showed the presence of a mutant p53 by immunohistochemistry (Tendler, et al. 
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1994; Stopera and Bird, 1993). However, no specific p53 mutations were documented 

in either case. Other data has suggested no allelic loss at the p53 locus or presence of 

mutations in mice (Okamoto, et aL, 1995; Okatmoto, et aL, 1993) and no changes with 

SSCP in AOM treated rats (Shivapukar, et aL, 1995), although there were few late stage 

tumors in that study. The goal of this research was to look specifically at larger 

samples of late stage tumors (i.e. carcinomas) for p53 mutations to determine if the 

AOM-treated rat model is an accurate model of human colon carcinogenesis. 
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Results 

Determination of rat pS3 gene structure. 

The cDNA sequence for the rat p53 gene was previously published by Soussi, et 

al. (1990). However, at the time of beginning this project, the genomic sequence for rat 

had not yet been reported. PCR primers were designed, based on human intronic 

sequences, to amplify total rat exonic regions, and were unsuccessfully amplified in this 

attempt. Consequently, intronic sequences were determined in the rat p55 gene by 

designing PCR primers to amplify introns 5-7, as well as 2, 3, 4, 8, 9, and 10 based on 

known exonic rat sequences (see Material and Methods). Single PCR products were 

obtained in all cases (Figure 5) that were comparable to human, mouse, and Xenopus 

species. The sizes of the various PCR products allowed creation of a diagrammatic 

comparison of the rat and human gene structure (Figure 6). One notable difference in 

the rat and human gene structures is that the rat p53 gene does not contain intronic 

sequences between regions corresponding to exons 5 and 6 of the human gene. 

Several intron/exon junctions were sequenced to confirm that the intended 

sequences had been amplified and to design appropriate primers for SSCP analysis and 

later DNA sequencing. The sequences of the intron/exon junctions for exons 5-7 are 

shown in Figure 7. The nucleotide, codon, and exon numbers that were sequenced in the 

rat are shown with the corresponding nucleotide, codon, and exon numbers and regions 

of high homology (regions HI, IV, and V) as defined by Soussi, etal. (1990) in Table 2. 

Further confirmation of this work came with the publication of the intron/exon 

sequences and intronic sizes of the rat p53 gene by Hulla and Schneider (1993). 
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Figure 5. Amplification of rat intronic sequences by PCR. Fragments were amplified 
from normal rat colonic DNA as described in the Material and Methods section. Lanes 
are numbered with the corresponding intron. a, "mock" lanes (without template DNA, 
but with all other components of the amplification reaction), b, PCR product lanes 
containing amplified rat colonic p53. T, TaqI endonuclease molecular digestion of 
<|)X174 DNA molecular size marker. H, Haelll endonuclease digestion of (|>X174 DNA 
molecular size marker. 
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Figure 6. A diagrammatic comparison of the human, mouse, and rat p5i gene structure. 
Intron and exon sizes were obtained from GenBank for human (Chumakov, et al. 
(unpublished data), GenBank access number X5416), from Bienz, etal., (1984), from 
Hulla and Schneider, (1993), and this research. Exon numbers are labeled in bold, exon 
sizes are labeled directly beneath each exon, and intron sizes are labeled in italics. 
Untranslated regions are marked by cross-hatching. 
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Table 2. A numeric comparison of the rat and human p53 gene, exons and introns 5 to 

8 with corresponding nucleotides, guanine nucleotides, and mutation frequency listed. 

DNA was extracted from parafHn-embedded and frozen colon adenocarcinomas 

obtained from AOM and DMH treated rats as described in the Material and Methods. 

Guanine bases, which are mutation targets for AOM and DMH, were counted from 

known sequences (Soussi, et ai, 1990) in both the transcribed and non-transcribed 

strands. Human mutation data was compiled from the Database of p53 Gene Somatic 

Mutations (Hollstein, etal., 1994). 

Species Region (Exon) Nucleotides sequenced # Guanines (total Nts) Mut. Frequency 

(corresponding codons) sense/antisense (expected number) 

Rat in(5) 525-560 11/11(33) Oof 19 tumors 

(168-179) 0% 

(3) 

57 of 350 tumors 

16.3% 

Human UI (5) 13187-13222 

(170-181) 

Rat IV (6) 720-797 

(232-256) 

19/27(81) Oof 14 tumors 

0% 

Human IV (7) 14027-14107 

(234-258) 

(4) 

100 of 350 tumors 

28.8% 

Rat V (7) 825-875 

(268-284) 

19/9(51) 0 of 25 tumors 

0% 

(5-6) 

Human V (8) 14477-14527 

(270-286) 

76 of 350 tumors 

21.7% 

*expected number is the function of human tumors with p53 mutations times the 

number of rat tumors evaluated. 
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Region III 

intron 4 393 exon 5 576 intron 5 

CXTCrOCTACAQTACrCAAT... ...TGGTGACGiGTGAGCACTGGG 

Region IV 

intron 5 577 exon 6 799 intron 6 

TCTTGCrcrTAGtGOCTGGCr... ...GACTCCAG:GTAGGAAGCTGT 

Rggipn V 

intron 6 aoo exon 7 936 intron 7 

TGT(XCGGGTAG:TGGGAATC AAAGAGAGGTGAGCAAGCAG 

Figure 7. Intron/exon junction sequences of high homology regions IE, IV, and V for 
the ratp53 gene. Introns/exon junction sequences were determined by direct sequencing 
of PGR products from normal rat colon DNA as described in the Material and 
Methods. Junction sequences are described 5' to 3' and actual intronic to exonic 
transition is demarcated by a colon. The location of the junction in the rat p53 gene is 
indicated by the nucleotide number above each junction. 
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SSCP of high homology region V of the rat p53 gene from AOM treated rats. 

To determine if AOM or DMH lead to p53 mutations in this model, regions 

corresponding to exons 5-8 in the human gene were searched for mutations. These 

regions of the p53 gene were chosen because of the high degree of homology between rat 

and human and the high percentage of mutations (66.8% of all p53 mutations in human 

colon tumors (Hollstein, etal, 1994)) found in these regions. 

Using information on the rat intron/exon junctions, PCR primers were prepared 

for SSCP analysis to search for putative mutations occurring in exons 5-7 of the rat p53 

gene (these correspond to exons 5-8 of the human gene, since the rat gene is missing one 

intron compared to human p53). To ensure that this analysis would detect mutations, 

first, a positive control was constructed, by introducing a point mutation in a rat p53 

cDNA, using site-directed mutagenesis. As seen in Figure 8a, SSCP analysis of region V 

(exons 7) showed a unique banding pattern for the positive control mutant p53, 

compared to normal. Positive controls were run with each SSCP electrophoresis. When 

PCR products of samples from AOM-induced tumors were analyzed, nine possibly 

unique conformers were observed in thirty tumor samples for region V, an example of 

which is shown in Figure 8b. 
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Figure 8. SSCP of high homology region V (encompassing exon 7) of the ratpii gene. 
SSCP analysis was completed on 30 tumor samples using intron based primers as 
described in the Material and Methods, most of which were negative. A, lane 1, normal 
colonic tissue; lane 2, positive control. B, several tumor samples with lane 7 showing a 
putative mutation as evidenced by a shift in banding pattern. 
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Sequencing of SSCP conformers. 

In order to confirm if any of the unique conformers represented true AOM-

induced mutations in the rat p53 gene, PGR products with unique SSCP conformers 

were directly sequenced, despite technical difficulties of sequencing the p53 gene 

obtained from DNA isolated from fixed tissues as described in the literature (Nigro, et 

ai, 1989). As summarized in Table 3, none of the samples directly sequenced had 

mutations. 

Table 3. Sequence analysis of unique SSCP conformers in region V of the p53 gene. 

Nine tumors out of thirty were identified as possibly having p53 mutations by SSCP 

and directiy sequenced by direct or cycle sequencing methods to verify the presence of 

a mutation as described in the Material and Methods. 

Tumor # SSCP result sequence result 

3 +/- normal 

4 +/- NA 

5 +/- normal 

8 +/- normal 

11 +/- NA 

13 +/- A/NS 

14 +/- normal 

15 +/- normal 

16 +/- normal 

NA=DNA not amplifiable for reliable sequence, A/NS=DNA amplifiable by PCR, but 

unable to obtain a reliable sequence. 
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Sequencing of high homology regions of the p53 gene in AOM and DMH treated 

rats. 

Because of a possible lack of sensitivity of SSCP in detecting mutations in these 

samples, other regions of the rat p53 gene were sequenced directly, in order to confirm 

the presence or absence ofp53 mutations in DNA obtained from AOM-induced tumors 

in the F344 rat. As summarized in Table 2, no specific gene mutations in region HI (15 

tumors sequenced), region IV (9 tumors sequenced) or region V (22 tumors sequenced) 

were detected. If AOM caused p53 mutations in colon adenocarcinomas in the rat at 

the same frequency as p53 mutations occur in humans, one would expect to find 2-3 

mutations/15 samples in region EH, 2-3 mutations/9 samples in region IV and 4-5 

mutations/22 samples in region V (HoIIstein, etal., 1994). 

To determine whether DMH, which is metabolized to AOM in the rat, and the 

carcinogen used in many early studies of this model (Druckrey, 1970), might cause p53 

mutations, 9 tumors from F344 rats treated with DMH were analyzed. Regions IE, IV, 

and V of the p53 gene amplified from DNA isolated from these tumors were directly 

sequenced. No p53 mutations were detected in the regions analyzed in any of these 

DMH induced tumors (unpublished data). 

Discussion 

Properly identifying the molecular basis of human colon cancer can reveal new 

strategies for prevention and treatment. p53 is the most frequently mutated gene found 

in human malignancies, mutated in perhaps 50% of human cancers (Greenblatt, ei al, 

1994; HoIIstein, et al., 1994). Recent investigations have shown p53 to be important in 
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cell cycle control, as well as possible roles in apoptosis, genomic stability, and possible 

stress response (see Introduction). 

With such an important role in regulating the cell cycle, the pervasive nature of 

p53 mutations in a number of different tumors is understandable. Elimination of p53 

regulation would enable a tumor to evolve. In colon tumors, p53 mutations are found 

throughout the genetic progression of the disease, but a majority of tumors gain 

mutations in p53 in stages just before metastases (Kinzler and Vogelstein, 1996; Fearon 

and Vogelstein, 1990). The actual significance of this finding has not yet been 

elucidated, but perhaps with p53's role in genomic stability, loss of p53 function allows 

another gene to be amplified. Aneuploidy has been implicated as a prognostic factor in 

colon cancer (reviewed in Johnston and Allergra, 1995; Cotran, et ai, 1994a; Ahnen, 

1991). Perhaps, with p53's role in apoptosis, cells with several genetic changes that 

would normally undergo apoptosis with a normal p53 are now able to progress on to 

metastasis. 

Animal models utilizing carcinogens such as DMH or AOM have frequendy 

been used as a way to study the colonic neoplastic process as well as testing strategies 

of colon cancer prevention. However, the presence of gene mutations in this model of 

colon carcinogenesis has not been defined to determine if the pattern of mutations found 

is similar to that seen in sporadic human colon carcinoma. The aim of this work is to 

define the cancer genetics of the p53 gene in the azoxymethane-induced rat model of 

colon carcinogenesis. Towards this end, it was necessary to further characterize and 

describe the genomic structure of the p53 gene in the rat as well. In the process, it was 

found that the rat p53 gene is missing the conventional intron 6 combining exons 6 and 7 

into one segment, confirming earlier reports by Hulla and Schneider (1993). However, it 

was also discovered that the intron 4/exon 5 junction sequence In this work differed 
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from the Hulla and Schneider sequence but matched the cDNA sequence found earlier 

by Soussi, et al. (1990). It is uncertain whether the Hulla and Schneider sequence was 

simply a misprint or an actual fmding. 

The rat adenocarcinomas that were analyzed had no mutations in any of the 

regions of the p53 gene screened. The expected frequencies for each of the regions that 

were analyzed are shown in Table 2. One argument would be that not enough tumors 

were analyzed. This is definitely a possibility, but statistically, the difference is 

significant because no mutations were found. One might also argue that because the 

carcinogen affects guanine nucleotides specifically, there may not be enough sites of 

mutation present to have a statistically significant result with the number of tumors that 

were analyzed. However, as Table 2 shows, there are enough guanine nucleotides on 

both the sense and anti-sense strands to allow for an effect of the carcinogen on DNA in 

this region. Also, the carcinogen's penetrance is adequate as is demonstrated by the 

presence of 61% of tumor samples found mutated in the Ki-ra^ gene at codon 12, 

presumably being G ^ A transitions (see Chapter 4). Another argument is that the 

sensitivity of the assay is low. There is always the possibility that the assay used in 

this work may not identify extremely minute quantities of cells with mutant p53 genes. 

However, if there were such a small number of cells with the mutation, it could be 

argued that the mutation is transient, and not important for the progression of the tumor 

to the carcinoma stage. It is also possible that the samples unable to be analyzed from 

the SSCP analysis had mutations. However unlikely, this is a possibility, but even with 

the presence of mutations in these samples the mutation frequency would still be 

decreased. 

Another argument may be that there may be mutations in other regions of the 

gene. This is definitely a possibility, but because most of the mutations found in 
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human tumors that are presumably functionally significant occur in the very 

homologous regions screened, the absence of any mutations would argue that the 

carcinogen does not effect the functioning of the p53 gene in the same way mutations do 

in the human. This does not rule out the possibility that there may be mutations in 

other parts of the p53 gene, but implies that the natural history of colon carcinogenesis 

in the AOM-treated rat model is different than the human with regards to the p53 gene. 

There may be molecular reasons for the lack of mutations in the p53 gene. The 

alteration in gene structure between human and rat may have an impact on the 

acquisition of mutations for p53. It has been reported in the regions examined in this 

work that mutations in the human p53 gene may occur because of increased time of 

repair secondary to gene structure that allows for less efficient repair (Tomaletti and 

Pfeifer, 1994). The absence of intron 6 in the rat p53 gene may allow for increased 

repair of these regions with carcinogen-mediated mutagenesis, or the structure may 

allow for decreased attack of the gene by the carcinogen. In general, DNA repair may be 

more efficient overall in rodents given the fact thatp53 mutation frequency is decreased 

in the mouse versus human (Okamoto, et al., 1995). The murinep53 gene is closer to 

the human than to rat in structure (Soussi, et al., 1990) (Figure 6). The change in DNA 

structure between the mouse and rat may allow even better repair in the rat, giving the 

mutation frequency of zero. 

This work strengthens literature that suggests that there is a lack of p53 

mutations in the carcinogen treated rat (Shivapurkar, ei al., 1995; Suzui, et al., 1995; 

Makino, et al., 1994). Work previous to ours has not shown more definitive lack ofp53 

mutations in carcinomas in the AOM treated rat. This work also corroborates with a 

lack of p53 mutations in rodent models of colon cancer. Other groups have shown that 

there is no allelic loss or presence of mutations at the p53 locus in the mouse model 
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(Okamoto, et al., 1995; Okamoto, et ai, 1993). Recent studies by Kastrinakis, et al. 

(1995) correlate p53 mutation with hepatic metastasis. Given that hepatic metastases 

do not occur in the AOM treated rat (Ahnen, 1985), this work along with that of 

Okamoto, et al. (1995) also strengthens the conclusion by Kastrinakis that p53 

mutations may occur later in colon carcinogenesis than previously hypothesized by 

Vogelstein (Kinzler and Vogelstein, 1996; Fearon and Vogelstein, 1990). Thus, p53 

mutations would be associated with the transition from localized to metastatic cancer 

instead of the transition from late stage adenoma to carcinoma. To directly test the 

hypothesis that p53 mutations are involved in the transition from carcinomas in situ to 

metastasis, one should look for the presence of metastases in p53 knockouts which 

should not have the protective effect afforded by a functional p53 protein. This work 

is currently being conducted usingp53 knockout mice. 

The lack of mutations in p53 may have implications for this tumor model. The 

lack of mutations suggest that the AOM or DMH treated rat may not be useful for 

studying late events in carcinogenesis. This would correlate with pathological 

observations (Ahnen, 1985). However, the model would still be useful for studies of 

early events in colon carcinogenesis. As this study and others have found, there are 

events early in the carcinogenesis of rat colon which appear to match the human. For 

instance, there is the presence of Ki-ra5 mutations in aberrant crypt foci in rat colon as 

well as in human (Stopera, et ai, 1992). Aberrant crypt foci were first described in 

1987 by Bird (Bird, 1987) after methylene blue staining of whole colons from 

carcinogen treated mice. These were further characterized the next year (McLellan and 

Bird, 1988a and 1988b). Aberrant crypt foci were described as clusters of aberrant 

crypts that were approximately two to three times larger than the normal crypts in the 

field, had a thickened epithelial layer, with a subsequent slit- or oval-shaped lumen. 
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appeared with an increased pericryptal zone separating it from surrounding normal 

crypts, and were microscopically elevated from the surrounding normal crypts. They 

are now considered as putative precursors to colorectal adenomas and useful for 

studying colorectal carcinogenesis (Bird, 1996; Pretlow, 1995). Also, the mutation 

frequency of Ki-ros in adenocarcinomas in this model (61% in this study, see Chapter 

4) is close to that found in humans (-40-50%) (Bos, 1989; Vogelstein, et al., 1988). 

Since Ki-ros may be a sensitive marker for human colon cancer (Fearon, 1993), the rat 

model may be good for studying early genetic events. Also, the presence of good 

pathological correlates in early colon cancer in the rat with human suggests the presence 

of a good model for early colon carcinogenesis (Ahnen, 1985). 

In summary, the major findings of this work indicate that a) p53 mutations are 

not necessary for colon cancer formation and are either absent or occur at a very low 

frequency in the AOM- or DMH-treated rat model, confirming the results in DMH-

treated mice (Okamoto, et ai, 1993). The search ^ovp53 gene mutations in the AOM-

treated rat have not previously been examined thoroughly. Abnormal expression of p53 

protein found by others (Tendler, et al., 1994; Stopera and Bird, 1993) may simply be 

due to certain types of tissue processing which have been shown to expose regions of 

p53 to mutant recognizing antibodies, b) The rat p53 gene structure differs from that in 

mice and humans, as first shown by Hulla and Schneider (1993), and identifies an error 

in the gene sequence at the intron 4/exon 5 junction reported by this group, c) The 

absence of p53 mutations in the AOM-treated rat model but presence of Ki-ra5 

mutations, at a frequency comparable to human, suggests that this model would 

continue to be good for use in chemopreventive trials, as have been done in this work 

(see Chapter 5) and by others (see Introduction to this Chapter), as well as studying 
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early events in colon carcinogenesis, but not useful for studying late events in colon 

carcinogenesis. 
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Chapter 4 

CHARACTERIZATION OF ras MUTATIONAL SPECTRA IN COLON TUMORS 

OF THE AZOXYMETHANE TREATED RATS AND MODULATION OF ras 

MUTATIONAL FREQUENCIES THROUGH PREVENTATIVE DRUG 

TREATMENT. 

Introduction 

Non-steroidal anti-inflammatory drugs (NSAIDs) are under investigation as 

possible inhibitors of colon carcinogenesis in humans. NSAIDs under consideration as 

cancer chemopreventive agents include common household drugs, such as aspirin 

(Giovannucci, etai, 1995; Rosenberg, etai, 1991; Thun, etai, 1991), and prescription 

drugs, including piroxicam (trade name Feldene) and sulindac (trade name Clinoril) 

(Wargovich, etai., 1995; Rao, etai, 1995; Giardiello, et ai, 1993; Waddell, etai 

1989). The first consideration of using NSAIDs as a possible chemopreventive agent 

for colon carcinogenesis, came as a result of studies of sulindac on patients with the 

familial adenomatous polyposis (FAP) syndrome (Labayle, etai., 1991; Friend, 1990; 

Rigau, etai., 1989; Waddell, etai., 1989; Gonzaga, etai., 1985; Waddell and Loughry, 

1983), and studies of tumor inhibition by NSAIDs in animals (Narisawa, et ai, 1982; 

Narisawa, etai, 1981; Pollard and Luckert, 1981; Pollard and Luckert, 1980). The 

NSAID, sulindac, was first shown to reduce desmoid tumors in a 31 year old patient 

with the FAP syndrome. At the same time it was noticed that the numerous rectal 

polyps which had plagued that patient for many years had disappeared (Waddell and 

Loughry, 1983)! The genetic locus for this familial syndrome was eventually mapped 
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to the q arm of chromosome 5 (Herrera, et aL, 1986). Soon, the model proposed by 

Vogelstein (Fearon and Vogelstein, 1990) for colon carcinogenesis (Figure 5) involved 

deletions in the region of the gene responsible for PAP very early in colon 

carcinogenesis. The gene was sequenced soon afterward and named ape (Groden, et ai, 

1991). Eventually, it was shown that ape allelic loss was found in the earliest of 

adenomas (Powell, 1992). 

Another rationale for studying this category of drugs is the hypothesis that 

increased prostaglandin synthesis may contribute to increased tumor growth. Indeed, 

colon tumors have been shown to have elevated amounts of prostaglandin synthesis 

(Maxwell, et ai, 1990; Bennett, et ai, 1977) and cultured colon tumor cell lines have 

been shown to secrete more prostaglandins into media than controls (Piazza, et ai, 

1995; Hubbard, et ai, 1991; Hubbard et ai, 1988). Also, NSAIDs with strong 

prostaglandin synthetase inhibitory capability have been shown to decrease both 

growth in cell lines (Hixson, et ai, 1994) and tumor appearance in animals (Reddy, et 

ai, 1993; Reddy, etai, 1990; Moorghen, etai, 1988; Pollard, etai, 1983; Narisawa, et 

at., 1981). However, a few groups have contended that the NSAID effect is not 

dependent on their anti-prostaglandin synthetase capability (Weissmann, etai, 1991; 

Abramson, etai, 1985; DeMello, etai, 1980). 

The AOM-treated rat has been used for almost twenty years as a model for 

human colon cancer carcinogenesis (Druckrey, 1970). Tumors in this model have been 

shown to be similar in morphology to human tumors, although metastases are 

infrequent (Ahnen, 1985). NSAID interventions have reduced colon cancer formation in 

this model (Alberts, et ai, 1995; Singh, et ai, 1994; Reddy, et ai, 1993; Craven and 

DeRubertis; 1992; Skinner, etai, 1991; Reddy, etai, 1990; Metzger, etai., 1984). 

Alberts, et ai, (1995) used the AOM rat model to evaluate the relative chemopreventive 
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activities of sulindac and its sulfone metabolite. They found that sulindac sulfone was 

active in inhibiting colon carcinogenesis, although it had no effective prostaglandin 

synthetase inhibitory activity in normal appearing mucosa. These results suggested 

that NSAIDs can decrease tumor formation through a prostaglandin synthetase 

independent mechanism. 

A possible mechanism of chemopreventive agents in decreasing tumor frequency 

is to modulate the frequency of genetic mutations and thus decrease the incidence of 

new tumors by interfering with mutation processes. One target of intervention is the 

ras oncogene. Ki-mj mutations are commonly found in human colon carcinomas at a 

frequency of 50% (Bos, 1989; Vogelstein, etai, 1988), arguing for the importance of 

mutating this gene in the formation of colon cancers. Others have examined the effect of 

piroxicam and difluoromethylomithine (DFMO) on decreasing the incidence of Ki-ra.? 

mutations in AOM-treated rats (Singh, et ai, 1994). Previous work had shown that 

DFMO and piroxicam could down-regulate the expression of an active Ras protein 

(Singh, e/a/., 1993). 

Results 

ras mutational frequencies in AOM treated rats. 

AOM treatment has been shown to induce Ki-ray mutations in rat colon tumors 

(Singh, et ai, 1994). To confirm that treatment with AOM induced mutations in Ki-

ras, DNA from paraffin-embedded samples, representing 31 carcinogen-induced 

adenocarcinomas, were isolated. Using the PCR-RFLP assay, codon 12 mutations in 

Ki-m5 were detected in 19/31 (61 %) of these samples. To confirm that mutations 

were actually detected by this assay, the region around codon 12 in five samples testing 
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positive for Yix-ras mutations using the PCR-RFLP assay were sequenced along with 

normal controls (Figure 9). As shown in Figure 10, for DNA extracted from 3 colonic 

adenocarcinoma samples obtained from carcinogen-treated rats, AOM induced G to A 

mutations at codon 12 in the Ki-raf gene in two of the samples while one sample 

showed a normal Ki-ro; gene sequence. All five mutations sequenced contained this 

same mutation. 

Figure 9. PCR-RFLP for mutations of Ki-ros codon 12. DNA from individual tumors 
were used as templates for PGR using deliberately mismatched primers containing a 
point mutation that would create a BstNI restriction endonuclease site at codon 12. 
The resultant PCR products were then digested (b) or not (a) with BstNI. Shown are 
colonic mucosa from non-treated animals (lane 1); tumors with Ki-ras mutations from 
treated animals (lanes 2, 4, and 5); and a tumor from a treated animal without a codon 12 
mutation (lane 3). M, T, and H represent a PCR without any template DNA (a mock 
PCR) and TaqI and Haelll endonuclease digestion of (()X174 DNA as a size marker, 
respectively. 
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Tumor 1 Tumor 2 Tumor 3 

C T A 6 C T A G C T A G  

Figure 10. Direct sequencing of codon 12 mutations of the Ki-ra^ gene. The Ki-raj 
gene from AOM-induced rat colon adenocarcinomas was sequenced in the region around 
codon 12 in three tumor samples directly from amplified PCR products using primers 
as described in Jiang, et al. (1989). Tumor 1 shows the normal sequence while tumors 2 
and 3 show a G to A transition mutation at the second base of codon 12, as indicated by 
the arrow. Codon numbers are indicated to the left of the figure. 
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ras mutational frequencies with AOM treatment and concurrent sulindac or 

sulindac sulfone (FGN-1) administration. 

A significant decrease in tumor multiplicity (defined as number of tumors per 

animal) and burden (defined as sum of tumor widths) with both sulindac and a 

derivative of the sulfone metabolite of sulindac, FGN-1, (also referred to as sulindac 

sulfone) had been shown previously (Alberts, et al., 1995). With both sulindac and 

FGN-l the multiplicity and burden decreased significantly with dose. This suggested 

that the NSAIDs can decrease tumor formation through a non-prostaglandin dependent 

mechanism. 

The hypothesis that sulindac and FGN-1 may be inhibiting colon carcinogenesis 

in this model by affecting the frequency of specific gene mutations was proposed, as a 

number of genetic alterations have been implicated in colon carcinogenesis in humans 

(Fearon and Vogelstein, 1990). Ki-ras mutations were chosen for study, as mutations 

in this gene occur with a high frequency (50-70%) in both humans (Bos, 1989; 

Vogelstein, 1988) and this model (Singh, etal., 1994; Vivona, etal., 1993; Jacoby, etal., 

1991). Using the PCR-RFLP assay described earlier (Jiang, etal., 1989), codon 12 

mutations in Ki-raj were screened for mutations in carcinomas in these rats. Ki-m^ 

was chosen to be screened because 60-70% of all ras mutations in colon cancers occur 

in Ki-ras, and codon 12 was chose as the region to be screened for mutations because 

more than 60% of Ki-raj mutations in colon tumors occur at this codon in this model 

(Singh, etal., 1994; Vivona, etal, 1993; Jacoby, et al., 1991). Ki-ra^ had a 61% 

frequency of mutations at codon 12 in colon tumors from rats only treated with AOM. 

FGN-1 decreased the number of adenocarcinomas with Ki-ra5, codon 12, mutations in a 

dose-dependent manner with 500 and 1000 ppm FGN-1 treatment (Table 4). Inactive 

analogues of the drug were not available. The incidence of Ki-ra5 mutations in the 
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highest (2000 ppm) FGN-1 treatment group was also determined. Only three tumors 

grew in animals treated at this dose and two of the three tumors contained mutant ras 

alleles. When all FGN-1 treatment groups as well as the control were examined 

together, there was still a statistically significant reduction of Ki-rorj with increasing 

dose of FGN-1 (p < 0.0039). This study also found that a 400 ppm dose of sulindac 

reduced tumor frequency, but not Ki-ros mutation frequency at codon 12 (Table 4). All 

samples were repeated, at the least, in triplicate. These results are similar to those of 

Singh, et al. (1994) who reported that the NSAID, piroxicam, also decreased the 

incidence of Ki-raj mutations in adenocarcinomas from AOM-treated rats. 

Table 4. Ki-ra5 mutations present with and without sulindac sulfone and sulindac 

treatment. Two to three 10-25 nm microtome slices were produced from paraffin 

embedded tumor samples, and DNA was extracted, processed, and amplified as 

described (Jiang, et al., 1989). Restriction enzyme digested PGR products were 

electrophoresed on a 3.5% agarose gel, stained with ethidium bromide, and visualized 

under 300 nm UV trans-illumination for the presence of mutations. 

Test agent Dose (ppm) No. of mutations/No. of samples % of samples mutated 

AOM control 19/31 61% 

500 3/20 15% 

Sulfone 1000 O/Il 0% 

2000 2/3 67% 

Sulindac 400 2/3 67% 

*The incidence of Ki-r<35 mutations in the highest (2000 ppm) sulindac sulfone 

treatment group was also included in the statistical analysis to give the final p value of 

0.0039. 
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Discussion 

Mutations in the ras oncogene have been shown to occur early in most human 

cancers—^within the adenoma stage of colon carcinogenesis (Kinzler and Vogelstein, 

1996; Fearon and Vogelstein, 1990). This work confirms the studies of others that this 

gene continues to be mutated with high frequency even into the carcinoma stage, 

strengthening the hypothesis that ras mutations play an important role in colon 

carcinogenesis. The appearance of ras mutations early as well as its high prevalence in 

late tumors may make it a likely candidate to target for preventative intervention. 

This work has shown that the frequency of ras mutations later in colon 

carcinogenesis can be modulated and decreased through the chemopreventive effect of 

sulindac and its sulfone metabolite. A statistically significant inverse correlation could 

be derived between increasing concentrations of sulindac sulfone and ras mutation 

frequency, even with inclusion of the highest concentration of sulindac sulfone 

treatment. The high frequency of ras mutations in the 2000 ppm treatment group may 

be due to the small number of tumors available for analysis, or may be due to growth 

inhibition in tumors both with and without ras mutations (i.e. all tumors) at very high 

concentrations of sulindac sulfone. The latter scenario would give a ras mutation 

frequency with very high drug treatment similar to that found in untreated animals with 

a low tumor burden, but a lower ras mutation frequency with intermediate daig 

treatment with higher numbers of tumors as the unselected tumors (i.e. ras mutation 

negative tumors) grew. Another possibility is that these tumors arose by a NSAID 

insensitive pathway with ras mutations arising after the critical stage for NSAID 

inhibition. Modulation of ras mutation frequency has been shown previously using 

difluoromethylornithine (DFMO), an inhibitor of polyamine metabolism, and 
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piroxicam, a different class of NSAID from sulindac (Singh, etal., 1994). This study 

strengthens the fact shown by Singh, et ai that NSAIDs can modulate genetic mutation 

frequencies in colon carcinogenesis, and further strengthen the hypothesis that 

decreased tumor burden through the actions of chemopreventive agents—specifically the 

NSAIDs, sulindac and its sulfone metabolite, in this study—occurs through modulation 

of the mutation frequency of ras and possibly other genes. 

A mechanism of action of NSADD inhibition of tumor formation may be found 

in the prostaglandin pathway. The proposed mode of action of NSAIDs is inhibition of 

prostaglandin synthesis through inhibition of the cyclooxygenase function of 

prostaglandin H (PGH) synthetase (Flower, 1974; Vane, 1971). Prostaglandin E2 

(PGE2) has been found to be expressed in high levels in colon cancers (Narisawa, et ai, 

1990; Bennett, et ai, \911\ Jaffe, et ai, I97I). Prostaglandins have also been 

hypothesized to be involved in cell proliferation (Mamett, 1992). Treatment of various 

cells with phorbol esters, EGF, interleukin ip or serum cause an enhanced expression of 

PGH synthetase protein (Duniec, et ai, 1990; Maier, et ai, 1990; Lin, et ai, 1989; 

Nolan, et ai, 1988; Casey, et ai, 1988), and indomethacin, another NSAID, blocks 

phorbol ester induction of increased ornithine decarboxylase (ODC) activity and 

mitogenesis which is regained with PGE2 addition (Verma, etai, 1980). In addition, 

indomethacin is used to synchronize cells in culture since it causes Gi arrest (Bayer, et 

ai, 1979). 

If the NSAIDs cause regression and cessation of adenoma growth in patients, it 

logically follows that NSAIDs are probably having an effect on prostaglandin synthesis 

at the cyclooxygenase step to inhibit tumor growth (Earnest, et ai, 1991). Since 

prostaglandin synthesis is greatly dependent on the activity of the two enzymes, PGH 

synthetase and phospholipase A2 (PLA2) (Mamett, 1992; Maier, et ai, 1990), it 
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follows that NSAIDs would probably modulate the function of one or both of these 

enzymes to affect prostaglandin synthesis. Because PGH synthetase activity is mainly 

regulated by its expression (Mamett, 1992) and PLA2 is mainly regulated by 

phosphorylation, Ca"'"''' levels, and its G protein (Axelrod, 1988), NSAIDs would 

probably specifically modulate the functions of one or both of these enzymes through 

their main regulatory pathways. Given the large number of studies which show 

inhibition of adenoma growth in FAP patients who presumably have no APC mediated 

tumor suppression (see Introduction to this Chapter), the action of the NSAIDs may 

also involve the cpc gene product (APC). 

So, how would the NSAIDs tie into a specific selection of ras mutated tumors? 

Abramson first suggested the hypothesis that NSAIDs may interfere with signal 

transduction processes, specifically processes involving a regulatory GTP binding 

protein in his studies of human peripheral lymphocytes (Abramson, et al., 1994; 

Abramson, etal, 1991a; Abramson, etal, 1991b). As demonstrated in Figure 11 (next 

page), this mechanism may involve the APC protein. APC may regulate PGH synthase 

indirectly through Ras signal transduction. APC has homology to the yeast protein, 

Ral2 (Groden, et al, 1991), which is thought to regulate the yeast homologue of human 

Ras (Fukui, et al, 1989). Ral2 has been shown to have homologies in activity and 

structure to the neurofibromatosis gene product (NFl) and the GTPase activating 

protein (GAP) of Ras (Wang, et al, 1991); both of which are known to regulate Ras 

activity (Xu, etal, 1990a; Xu, etal, 1990b; Trahey and McCormick, 1987) through 

acceleration of the GTPase activity of Ras proteins. The acceleration of GTPase 

activity moves Ras to an inactive state (Downward, 1992; Wittinghofer and Pai, 1991; 

Ballester, etal, 1989). There is also evidence suggesting NFl and GAP bind to Ras in 

its inactive state to prevent GTP binding activation (Evans, etal, 1991; Marshall, 1991; 
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Figure 11. The effects of prostaglandins on Ras pathways. 
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Downward, 1992). This inhibition of Ras activation is balanced by the action of 

guanosine-nucleotide exchange factors such as the human Son of sevenless protein (Sos). 

Sos activates Ras by releasing GDP from Ras which allows GTP binding to occur. With 

Ras activated, activation of Raf-1 occurs, and Raf-1 can phosphorylate MEK (Moodie, 

et al, 1993). This MAP kinase kinase can phosphorylate MAP kinases which can, in 

turn, phosphorylate Myc, leading to Myc's activation (Seth, et al., 1992) and gene 

transcription (possibly of PGH synthase). These MAP kinases also can 

phosphorylate PLA2 which leads to full PLA2 activity (Lin, et ai, 1993) and 

prostaglandin synthesis. Thus, APC may indirectly down-regulate prostaglandin 

synthesis through the Ras signaling pathway. Prostaglandins, in turn, may negatively 

affect APC as it does GAP and NFl (Han, et ai, 1991; Tsai, et ai, 1990; Tsai, et ai, 

1989) creating a positive feedback loop on Ras in the same way PI3 kinase may (Hu, et 

al., 1995; Rodriguez-Viciana, et ai, 1994) (see Chapter 1, the Importance of ras). 

However, there are certain prostaglandins that can inhibit Ras function (Han, et al., 

1991). Then, NSAIDs, by inhibiting prostaglandin synthesis, could specifically inhibit 

growth of cells which depended on an activated Ras pathway for growth, thus 

eliminating those cells from growing into an adenoma. 

More recently, it has been shown that there are actually two prostaglandin 

synthetases, a constitutive (COX-1) found in most tissues, and an inducible form 

(COX-2) found only in certain tissues which includes colon (briefly reviewed in 

Oshima, et ai, 1996). The inducible form has been demonstrated to be induced with 

growth factors (DuBois, et al., 1994) and the mRNA is highly expressed in human 

colorectal adenocarcinomas (Eberhart, et ai, 1994). The sulfide metabolite of sulindac, 

which has the most potent anti-prostaglandin synthetase ability, has been shown to 

inhibit both forms of prostaglandin synthetase, while the sulfone metabolite inhibits 
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little if any of either (Thompson, et ai, 1995). Recently, it was shown that mice with a 

mutation in one allele of the Ape gene (the Min mice), which develop polyps 

spontaneously without carcinogen treatment, could have their phenotype greatly 

diminished with induction of COX-2 production and with treatment with a novel COX-

2 inhibitor, even more so than sulindac administration (Oshima, et ai, 1996). This 

suggests that prostaglandin production is important in colon carcinogenesis and that 

inhibition of COX-2 can help prevent colon carcinogenesis. It also suggests that the 

role of APC is upstream of the action of prostaglandins as suggested in the model 

proposed above in Figure 11 and together with this research, strengthens that model. 

Cells that would have other means to grow (i.e. genetic changes other than in 

ras) would have a selective advantage and grow even in the presence of NSAIDs, 

accounting for the presence of tumors with ras mutation. If these tumors then acquired 

ras mutation, they could still grow to the carcinoma stage because of the other genetic 

changes they already had. A future experiment to test this hypothesis is to simply 

examine adenomas under NS AID treatment closely for ras mutations and prostaglandin 

production. 

This model explains the actions of NSAIDs that inhibit prostaglandin synthesis 

in colon cells with a mutant ras, but does not explain the action of the sulfone 

metabolite of sulindac, which has no detectable prostaglandin inhibitory capability of 

either COX-1 or COX-2 (Thompson, et ai, 1995). To look further into the mechanism 

of action of this and the parent compound sulindac, the effects of these two compounds 

specifically on growth and death in ras transfected normal rat embryo cells were 

investigated (Chapter 5). 
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Chapter 5 

IDENTIFICATION OF THE SELECTION PATHWAY USED BY THE NSAIDS, 

SULINDAC AND SULINDAC SULFONE, FOR INHIBITION OF TUMORS 

EXPRESSING A MUTATED ras. 

Introduction 

The NSAIDs have been identified as probable chemopreventive agents for 

colorectal cancer. Several studies have appeared that suggested that NSAIDs can 

prevent colorectal cancers (Giovannucci, et ai, 1995; Wargovich, etal., 1995; Rao, et ai, 

1995; Giardiello, etal, 1993; Rosenberg, etai, 1991; Thun, etal, 1991; Waddell, etal 

1989). Among these studies is the NSAID, sulindac. 

Sulindac is a NSAID with a structure chemically related to the NSAID, 

indomethacin (Figure 12) (Strong, et al., 1985). It is metabolized into two specific 

compounds in humans and rodents, a reduced sulfide form that can be rapidly reversed 

to the sulindac form and an oxidized sulfone form that is apparently a non-reversible 

reaction (Bouchard and Castonguay, 1993; Strong, et al., 1985). The sulfone metabolite 

and sulindac apparently are relatively inactive in prostaglandin synthetase inhibition 

and appear to aggregate mainly on the surface of cell membranes while the sulfide 

metabolite is able to easily penetrate cell membranes and is a very potent inhibitor of 

prostaglandin synthesis (Thompson, ei al., 1995; Fan and Shen, 1981; Hwang, et al., 

1981; Duggan, etal., 1977; Shen and Winter, 1977; Shen, etal, 1974). However, both 

the sulfone and sulfide metabolites are able to affect binding of platelet activating factor 

to platelets with the sulfone metabolite being more effective than the sulfide metabolite 
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at higher concentrations (50-100 \xM) (Hwang, et aL, 1984). In humans, the metabolites 

of sulindac appear to occur in equal concentrations (Mattila, et ai, 1984) while in the 

rat the sulfone concentration appears to predominate (Hixson, et al., unpublished data). 

Recently, inhibition of apoptosis has become a major focus in the pathogenesis 

of cancers. Apoptosis was first defined by Kerr (Kerr, et al., 1972) and involved a 

specific progression of morphological features; 1) cell shrinkage, 2) compaction and 

segregation of chromatin against the nuclear envelope and condensation of the 

cytoplasm, 3) nuclear fragmentation and marked convolution of the cellular surface, 

with the development of protuberances or "blebbing", which eventually separate and 

become the apoptotic bodies, and 4) phagocytosis of apoptotic bodies by adjacent cells. 

Knowledge of the genetics of apoptosis has increased in the past few years (reviewed in 

White, 1996). Decreased apoptosis and markers of apoptotic resistance have been 

demonstrated in several different types of cancers including colon cancers (Bedi, et al., 

1995). 

It has been proposed that chemopreventive agents specifically affect cell growth 

and/or apoptosis in cells with specific genetic mutations to inhibit tumor formation. 

One of the aims of this dissertation is to determine whether sulindac and/or the sulindac 

sulfone derivative, FGN-1, can induce a decrease in cell growth or increase in cell death, 

or both of the above in cells with an activated ras. To test this specific aim, the model 

system of normal rat embryo cultured cells (RECs) with and without expression of an 

activated lAdi-ras protein, specifically the protein product of the ES-ras mutated gene 

(Reddy, etal., 1982; Tabin, et ai, 1982) was used. RECs which had been transfected 

with the mutated Ha-ra^ vector could be selected with Geneticin (Gibco). This model 

system has been well-characterized and used by this lab and others (Chen, et ai, 1994; 

Ling, etai, 1994). 
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Results 

Effects of sulindac on primary and ras transfected REC growth. 

The effect of an increasing concentration of sulindac on growth of RECs with 

(H-ras RECs) and without (primary RECs) a mutated Harvey ras gene (Figure 13a and 

13b) was examined first. Primary and H-ras REC were grown six and three days, 

respectively. The time to harvest was chosen to be at the middle of exponential growth, 

according to previously published growth curves (Chen, et al., 1994; Ling, et al., 1994). 

Primary REC growth is inhibited in the presence of 400 \iM or greater concentration of 

sulindac in the medium (Figure 13a). On the other hand K-ras REC continue to show 

growth with increasing concentrations of sulindac, even at a concentration of 1600 [iM, 

albeit at a much lower rate (Figure 13b). These results suggest that sulindac can inhibit 

growth to decrease colon cancer formation to a point, but that growth inhibition is not 

the only mechanism for inhibiting tumor cancer formation since sulindac does not fully 

inhibit growth even at higher concentrations of the drug. To complement these studies, 

primary and K-ras REC were grown over time with continuous treatment of a 

concentration of sulindac which caused a one log inhibition of H-ras untreated cell 

growth (1000 \3M) or vehicle (DMSO) alone. As Figure 13c and 13d show, there is 

inhibition of growth in primary REC immediately after the zero timepoint and after 48 

hours in H-ras REC. These results further suggest that sulindac can inhibit growth, but 

that growth inhibition is not the only mechanism for inhibiting cancer formation in this 

model. 
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Effects of sulindac sulfone (FGN-1) on primary and ras transfected REC growth. 

The effect of an increasing concentration of FGN-1 on growth in primary and H-

ras RECs as above was examined (Figures 14a and 14b). FGN-1 has no known 

prostaglandin (COX-1 and COX-2) synthetase inhibitory capability (Thompson, et ai, 

1995). In Fig. 14a, the growth inhibition curves with the primary RECs show what 

would be expected if simple growth inhibition existed—a greater inhibition of growth 

with increasing amounts of drug until a point was reached where complete growth 

inhibition was occurring (i.e. at 400 jiA^. \i-ras REC demonstrate a more dramatic 

inhibition of growth compared to sulindac. Lesser concentrations of drug are needed to 

inhibit growth. However, growth continues to occur, even at 1000 \iM (Figure 14b). 

To complement these studies, primary and H-ras REC were grown over time with 

continuous treatment with a concentration of FGN-1 that caused a one log inhibition of 

H-ras untreated cell growth (600 \\M) or vehicle (DMSO) alone. As Figure 14c and 14d 

show, there is a similar time course for inhibition of growth in both cell types as with 

sulindac treatment. These results suggest that decreased growth secondary to an effect 

of FGN-1 contributes to decreased tumor formation, but that the mechanism for 

decreased growth is not prostaglandin dependent. As with sulindac, there was not a 

complete inhibition of growth with FGN-l in H-ras according to the growth inhibition 

curves with increasing concentration of drug, suggesting that decreased growth is not the 

only mechanism for inhibiting tumor growth. 
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Figure 13. The effect of increasing concentration of sulindac on primary and H-ras 
REC with increasing concentration of drug and over time. Primary (A) or H-ras (B) 
REC treated with increasing doses of sulindac (filled bars) or vehicle (DMSO) alone 
(hatched bars) over six days. Growth characteristics of primary REC (C) and H-ras 
REC (D) over time, with (open squares) and without (closed squares) 1000 nM sulindac 
treatment. 
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Figure 14. The effect of increasing concentration of FGN-1 (sulindac sulfone) on 
primary and W-ras REC with increasing concentration of drug and over time. Primary 
(A) or H-ras (B) REC treated with increasing doses of FGN-1 (filled bars) or vehicle 
(DMSO) alone (hatched bars) over six days. Growth characteristics of primary REC 
(C) and H-m5 REC (D) over time, with (open squares) and without (closed squares) 

600 (jM FGN-1 treatment. 
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Effects of sulindac and sulindac sulfone (FGN-1) on apoptosis in primary and ras 

transfected RECs. 

The question; "Do the NSAlDs decrease activated Ras containing tumors by 

increasing apoptosis in activated Ras containing tumor cells?" was tested. Cells were 

screened morphologically for apoptosis over time in both H-ras REC and primary REC 

cultures treated with 600 pA/FGN-1 or vehicle alone under a high power oil immersion 

light microscopy lens (lOOOx) (Figures 15a-15c). Cells were harvested with trypsin 

along with media supernatant and spun onto a slide using a Cytospin apparatus 

(Shandon). These cells were fixed in methanol and stained using a modified Wright stain 

with dyes found in the Diff-Quick stain kit (Dade International, Inc.) (see Materials and 

Methods for further details). As Figures 16a and 16b show, apoptosis increases to 

15% within 48 hours of treatment with FGN-1 in cells containing an activated Ras with 

no corresponding increase in apoptosis in primary RECs. Sulindac treatment also 

induced apoptosis but with a much lower percentage of cells undergoing apoptosis (5-

7.5%) (Figures 17a and 17b). A peak in percentage instead of a plateau or increasing 

number is seen as there is a decrease in the number of apoptotic cells present as these 

cells fragment and are phagocytized by the non-apoptotic cells around them. This 

suggests that apoptosis also plays a role in reducing tumor formation with sulindac and 

FGN-1 treatment, again, in a non-prostaglandin (COX-1 or COX-2) dependent manner. 
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Figure 15. Morphological appearance of apoptosis in H-ras REC with FGN-1 
(sulindac sulfone) treatment. After treatment with drug (FGN-1) or vehicle, cells were 
morphologically examined, as described in the Material and Methods under a lOOx light 
microscope. A, REC cells; B, H-ra5 REC cells treated with vehicle (DMSO) only; C, 
H-ros: REC treated with 600 |jM FGN-1. REC appeared similar regardless of sulindac 
sulfone or vehicle treatment. Apoptotic cells are noted with arrows. 
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Figure 16. Apoptosis in primary and H-ras REC with FGN-1 (sulindac sulfone) 
treatment. The percentage of apoptotic cells in REC (A) or H-ras REC (B) with 
(squares) and without (circles) 600 piA/FGN-1 treatment. Cultures were grown and 
harvested as described in the Material and Methods. Percentage of apoptotic cells was 
calculated as number of apoptotic cells out of 500 cell counts times 100. 
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Figure 17. Apoptosis in primary and H-rcf5 REC with sulindac treatment. The 
percentage of apoptotic cells in REC (A) and H-ras REC (B) with (squares) and 
without (circles) 1000 |iM sulindac treatment. Cells were treated and apoptosis 
calculated as in Figure 16. 
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Determination of growth inhibition and apoptosis by flow cytometry. 

Various gene mutations have been shown to affect different parts of the cell 

cycle. The/?5i gene product exemplifies such a "checkpoint" (Hartwell, 1992). In 

order to determine at what point the majority of cells were stopped in the cell cycle 

with drug treatment, flow cytometry was used to quantify the numbers of cells in each 

stage of the cell cycle. 

Cells were prepared as previously described (Dressier and Bartow, 1989) and 

labeled with propidium iodide to determine their DNA content with flow cytometry. 

As Figure 18 shows, treatment with FGN-1 in primary and Yi-ras REC reduce the 

proportion of cells in S and G2 phase to a low number versus treatment with vehicle 

alone. A similar course was seen with sulindac treatment of the same cells (data not 

shown), suggesting that there is an effect of both drugs on cell division. 

It has also recently been shown that apoptosis can be measured using flow 

cytometry (Telford, etai, 1991). In order to further characterize apoptosis with drug 

treatment, flow cytometry was used to help quantify the amount of apoptosis present. 

As shown in Figure 19a treatment with either drug increases the signal for smaller pieces 

of DNA suggesting fragmentation of the DNA is present and indicating an increase in 

cell fragmentation. This signal is not present in non-drug treated cell lines (Figure 19b). 

Primary REC did not show increased signal for DNA fragmentation in either treated or 

non-treated cells (data not shown), although the window for detecting very small 

fragments was not widened to the extent that measurements with H-ras were. Similar 

results were seen with sulindac treatment of both primary and H-ras REC (data not 

shown). These results suggest that apoptosis is specifically occurring in treated cells 

and support the hypothesis that both growth inhibition and apoptosis are part of the 
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mechanism sulindac and FGN-1 use in these studies to inhibit tumor formation in this 

model. 
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Figure 18. Proportion of primary and H-m^ REC with and without FGN-I (sulindac 
sulfone) treatment in various stages of the cell cycle over time. Cells were prepared as 
described in the Material and Methods for flow cytometric analysis. The percentage of 
cells in the Gi (filled squares), S (filled circles), and G2 Oightly colored squares) phases 

of the cell cycle are shown in each graph. A, H-ras REC treated with 600 |jM FGN-1. 
B, Yi-ras REC treated with vehicle (DMSO) only. C, primary REC treated with 600 
|iM FGN-1. D, primary REC treated with vehicle (DMSO) only. Sulindac treatment 
showed a similar effect (data not shown). 
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Figure 20. Putative apoptosis in H-roy REC with and without FGN-1 (sulindac sulfone) 
treatment demonstrated by flow cytometry. Framentation of DNA is shown in a wider 
band of ctiannels in cells prepared for flow cytometry as described in the Material and 
Methods. The lower end of the channels was extendi to allow for visualization of 
smaller fragments of DNA, indicative of cell DNA fragmentation (indicated with arrow). 
A, H-ras REC treated with 600 ^iM FGN-1 for 72 hours. B, H-roj REC treated with 
vehicle only. Sulindac treatment showed similar effects on cells (data not shown). 
Primary REC treatment did not show significant amounts of DNA Augmentation (data 
not shown). 
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Sulindac and sulindac sulfone (FGN-1) treatment in myc/ras REC. 

The series of experiments done above in H-ras REC were repeated in REC that 

also had an activated myc oncogene transfected (Chen, etal., 1994; Ling, et al., 1994). 

Presence of an activated myc increases the growth rate of this cell line (Chen, et al., 

1994). As Figure 20a shows, treatment with drug induced a dramatic decrease in 

numbers of cells over time. When cells were observed for apoptosis, there was a larger 

number of apoptotic cells than in H-ras or primary REC in the early timepoints (Figure 

20b). However, when flow cytometry is used to quantitate the proportion of cells in 

different phases of the cell cycle, a large proportion of cells are in the S and G2 phase in 

cells treated with FGN-1, albeit lower than cells only treated with vehicle (Figures 21a 

and 21b). Sulindac showed a similar profile with and without drug treatment (data not 

shown). This suggests that apoptosis and growth inhibition are occurring with drug 

treatment and that apoptosis may be occurring secondarily to a state of increased 

growth with stress and/or the presence of the myc oncogene which is known to play a 

role in apoptosis induction (Evan, et ai, 1992). 
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Figure 20. Growth and apoptosis in FGN-1 (sulindac sulfone) treated myc/ras REC. 
A, myc/ras REC were grown with (open squares) or without (closed circles) 600 \xM 
FGN-I over time as described in the Materials and Methods. B, Apoptosis was 
measured in the same way as in W-ras REC (Figure 17) with (open squares) or without 
(closed circles) 600 |jA/FGN-1 treatment over time. Sulindac showed a similar profile 
in myc/ras REC (data not shown). 
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Figure 21. Flow cytometric analysis of myc/ras REC with FGN-1 treatment. Cells 
were prepared for flow cytometry in the same way as W-ras REC (Figure 19) with the 
percentage of cells in the Gi (open squares with dot), S (closed circles), and G2 (light 
squares) cell cycle stages represented in each graph. A, myc/ras REC treated with 600 
\}M FGN-1 (sulindac sulfone). B, myc/ras REC treated with vehicle (DMSO) only. 
Sulindac treatment showed as similar effect (data not shown). 



107 

Discussion 

In the colon, ciypt management is a balance of growth and death. Cells in colon 

crypts divide, differentiate, and move over the period of three to four days to the top of 

the crypt where they apoptosis and slough off (Chang and Leblond, 1970). Increased 

growth is a characteristic of colon cancers shown by [ H]-thymidme labehng, BrdU 

labeling and PCNA identification experiments (Preston-Martin, etai, 1990; Deschner, 

1970) as well as classification of hyperplastic lesions such as aberrant crypt foci as 

putative early lesions of colon cancer (Pretlow, 1995). Only recently, apoptosis has 

been realized as a possible contribution to colon carcinogenesis. Decreased apoptosis 

have been shown in FAP patients, colon adenomas, and colon carcinomas (Bedi, et al., 

1995) as well as in aberrant crypt foci in rats (Magnuson, et al., 1994). 

Previous experiments have shown a statistically significant decrease in the 

number of colon carcinomas in AOM-treated rats with the use of the sulfone metabolite 

of sulindac and sulindac pro-drug (see Chapter 4). In those same set of experiments, it 

was shown that the sulfone metabolite of sulindac inhibited the production of tumors in 

the AOM-treated rat in a statistically significant, dose-dependent manner. The 

experiments in this Chapter suggest that apoptoses in cells with specific genetic 

mutations contribute to the inhibition of colon carcinogenesis by the sulfone metabolite 

of sulindac and perhaps the sulindac pro-drug. Other studies have clearly shown that 

the sulfone and sulfide metabolites of sulindac can induce apoptosis in cell lines (Piazza, 

et al., 1995). Studies in AOM-treated rats have not shown an inhibitory effect on 

proliferation measured by BrdU-labeling in either colonic tumors or normal colonic 

mucosa with either the sulfone metabolite or sulindac (Ahnen, D. J., personal 

communication). Piazza, et al., (1994) also demonstrated that aberrant crypt foci were 
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not inhibited by either drug. However, according to flow cytometry data presented in 

this Chapter, there appears to be a suppression of growth with arrest in Gl, but only 

after the cells began to undergo apoptosis (i.e. around 48 hours). The before mentioned 

studies and this work suggest that a likely method of inhibition of colon carcinogenesis 

in this model, in addition to growth inhibition, is by apoptosis. 

There is an argument that because Ha-ras was used that these experiments have 

litde bearing on actual mutations in colon cancer. Ha-rosr is found mutated in up to 24% 

of colon cancers in the AOM-treated rat (Singh, et ai, 1994) and up to 100% in the 

human in some studies (Shibata, et ai, 1993). Also, most of the original experiments 

were done looking at the Ki-ros oncogene in rat colon tumors. Ha-raj transfected cells 

were used because of their ready availability to test the question of the effects of a drug 

on a normal cell line (i.e. presumably without genetic mutations) versus one with a 

single, mutated oncogene. Although experiments with rat intestinal epithelial cells 

transfected with an activated Ki-mj would best answer the question, such cells are 

difficult to obtain and time-consuming to create and maintain. And, although the 

significance of differing ras cell lines in different cancers is unknown, they all use a 

similar cell signaling pathway and only vary slightly in sequence (Barbacid, 1987). 

Another potential problem with these experiments is that rat embryonic cells 

were used instead of colonocytes. This is a valid contention given the fact that the 

differentiated colonocytes may have a phenotype unlike the RECs, which are 

presumably stem cells to fibroblasts (Chen, et ai, 1994; Ling, et al., 1994), and, 

therefore, may act in a different way when exposed to various agents. The important 

distinction in addressing the hypothesis of this dissertation was that normal cells with a 

transfected ras would undergo either decreased growth or increased apoptosis with drug 

treatment. RECs are a diploid, normal, albeit embryonic, cell line that was readily 
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available for use in these experiments. In addition, RECs were transfected with only an 

activated ras that would allow us to look at solely at the effects of drug treatment on 

ras activation. This situation would be analogous to colonic epithelial cells gaining early 

mutations in the ras gene as shown in Vogelstein's model (see Figure 1). 

These experiments suggest that with increased growth rates, a signal to stop that 

growth will induce apoptosis. Other studies have shown this same phenomenon in 

other model systems (Manning and Patiemo, 1996; Baserga, et al, 1994). A specific 

example of this "mixed" signal hypothesis was demonstrated by Packham and 

Cleveland (1994). With forced expression of c-Myc or ODC, both known positive 

regulators of cell growth, cells that had a simultaneous signal to stop growing, such as 

withdrawal of interleukin-3, would undergo accelerated cell death. Thus, the "mixed 

signals" to grow and to stop growing induced rapid cell death. As shown earlier, there 

was an increased groAvth rate of RECs transfected with an activated Ha-ras over non-

transfected RECs. Sending a "stop growing" signal (i.e. sulindac or the sulfone 

metabolite) induced increased apoptosis when compared to the relatively slow growing 

RECs. When an even faster growing cell line, the myc/ras REC, were treated with drug, 

a relative increase in apoptosis also occurred. This hypothesis is illustrated in Figure 

22. This may be due to the presence of an increased Myc protein product, as Myc has 

been shown to have a role in apoptosis (Packham and Cleveland, 1994; Evan, et al., 

1992), and/or may be due to increasing growth rates. To test the first hypothesis 

(presence of increased myc expression), it would be best to compare apoptosis rates in 

RECs transfected only with the myc oncogene versus those transfected with both an 

activated myc and Ha-raj. Unfortunately, since these cells were destroyed in an 

unpreventible technical malfunction, the second hypothesis (the presence of increased 
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Figure 22. The "mixed" signal hypothesis. 
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growth) was tested. Another possibility for sulindac sulfone and sulindac's role in 

inducing apoptosis in cells with an activated Ha-ros is that since Ha-ros appears 

to cooperate with BCL2 in inhibiting apoptosis in RECs (Reed, et ai, 1990), the drugs 

may be inhibiting apoptosis by inhibiting the activation of Ha-ras and thus its function 

in cooperating with BCL2 to prevent apoptosis, allowing apoptosis to occur. 

Current work is also looking at mitosis and apoptosis in actual colon crypts 

taken from AOM treated rats given sulindac or FGN-1 to look for an in vivo effect. 

Results show a probable trend in the direction of apoptosis, without decreased 

proliferation rates. However, more samples will need to be done for more definitive 

results. 

In summary, it has been shown through morphological analysis and flow 

cytometry that sulindac and sulindac sulfone can induce apoptosis in rat embryo cells 

transfected Avith either an activated Ha-ras or myc and Ha-ras. These results as well as 

other studies (Piazza, et ai, 1995; Piazza, et ai, 1994; Ahnen, D. J., personal 

communication) suggest that apoptosis may be one of the mechanisms by which the 

sulfone metabolite of sulindac and perhaps, the pro-drug, sulindac, inhibit formation of 

tumors in the AOM-treated rat. 
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Chapter 6 

CONCLUSIONS 

Colon cancer continues to be a major cause of morbidity and mortality in the 

United States. Progress on the pathogenesis of this deadly disease has been made in the 

past ten years. However, it is clear that colon cancer is a complex disease involving 

more genes than Vogelstein's model as evidenced by the lack of a 100% mutation 

frequency of genes in Vogelstein's original study (Fearon and Vogelstein, 1990). 

Environmental and inherited factors must also play a role in modulating the frequency 

of mutations in these genes. 

Enough is now understood about colon cancer that preventive protocols may 

soon be placed. As reviewed in this dissertation, the NSAIDs have been shown to 

inhibit colon carcinogenesis in humans and rodents. However, much of the mechanisms 

have not been yet elucidated. In this dissertation, the azoxymethane (AOM)-treated 

rat, a much used model of colon carcinogenesis, was examined for genetic changes in the 

late stages of colon carcinogenesis (i.e. carcinomas) with the use of the NSAID, 

sulindac, and its sulfone metabolite. The results show a statistically significant decrease 

in tumor formation and in tumors with a Ki-raj mutation at codon 12. Carcinomas in 

the AOM-treated rat have rarely been observed to metastasize, although growing to 

large size (Ahnen, 1985). Mutations of the p53 gene in carcinomas were also 

characterized to examine if the genetic mutations in this animal model correlated with 

the frequency of genetic mutations of colon cancers in humans. No p53 mutations were 

found by SSCP and direct sequencing of PCR products. p53 mutations have been 

hypothesized to occur late in colon carcinogenesis in the carcinoma stage to allow for 
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the transition to metastasis (Kinzler and Vogelstein, 1996; Kastrinakis, et ai, 1995; 

Fearon and Vogelstein, 1990). The presence of no p53 mutations or metastases in the 

AOM-treated rat suggests that this model would not be adequate to study late events in 

carcinogenesis, but excellent for studying prevention and early events in carcinogenesis, 

given the close Ki-raj mutation rate and morphology to the human in tumors and in 

aberrant crypt foci of AOM-treated rats (Singh, et ai, 1994; Pretlow, et ai, 1993; 

Stopera, et ai, 1992). A possible mechanism of action by which sulindac and sulindac 

sulfone may inhibit the formation of colon tumors in the AOM-treated rat was also 

shown. Both sulindac and sulindac sulfone can induce apoptosis, in vitro, in ras 

activated as well as myc/ras cells. These results suggest that apoptosis may be the 

mechanism by which sulindac and sulindac sulfone prevent colon cancers since both 

drugs have been shown not to inhibit proliferation of cells in tumors and colonic crypts 

of AOM-treated rats. 

The NSAIDs have been hypothesized to act to prevent colorectal cancer by 

inhibiting the actions of COX-2, an inducible prostaglandin synthetase (Oshima, et ai, 

1996). In this dissertation, a model has been proposed which incorporates the finding 

that NSAIDs appear to specifically inhibit Ki-raj mutated colon tumors (Figure 11). 

How might this model interact with the hypothesis that sulindac and sulindac sulfone 

inhibit tumor formation of colon tumors through apoptosis? Since increased 

prostaglandins have been shown to increase cell division (Mamett, 1992) (possibly 

through Ras, according to the model), this represents a signal to "grow" to a cell. Now, 

the appearance of sulindac and sulindac sulfone can signal the abnormally activated cell 

to "stop growing" . The "mixed" signal could then induce the cell to undergo apoptosis. 

The integrated model is shown in Figure 23. 
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The hypothesis that apoptosis is the mechanism by which sulindac and sulindac 

sulfone inhibit colon carcinogenesis is strengthened by recent studies that show rat 

intestinal epithelial cells transfected with a COX-2 expression vector had increased 

adhesion to extracellular matrix proteins, increased cell life, resistance to butyrate-

induced apoptosis, increased BCL2 protein levels, and reduced transforming growth 

factor b2 receptor levels (Tsujii and DuBois, 1995). These phenotypic changes and 

inhibition of apoptosis were reversed by the sulfide metabolite of sulindac suggesting 

that COX-2 was important in tumorigenesis and that the sulfide metabolite of sulindac 

could contribute to inhibition of colon carcinogenesis by allowing or inducing apoptosis 

in colon epithelial cells. Recently, sulindac has been shown to cause apoptosis in 

human tumors and colonic crypts in patients with the familial adenomatous polyposis 

syndrome (FAP) (Pasricha, et ai, 1995). However, this model does not explain the 

mechanism of action of sulindac sulfone which has no detectable inhibitory capability of 

either COXl or C0X2 in decreasing tumor growth or increasing apoptosis. Perhaps 

sulindac is inhibiting tumor formation by two differing pathways used by the sulfide 

and sulfone metabolites. 

Another contributor to the growth and inhibition in tumors may be found in the 

interstitial cells around the tumor. In some of the first published studies on cancers of 

the colon, researchers at first noticed that tumors appeared to grow out of aggregations 

of lymphoid tissue called Peyer's patches (Bargen, et ai, 1941). Some hypothesized 

that the immune cells and fibroblasts were actually releasing prostaglandins and 

cytokines that were inducing tumor growth (Mukaida, et ai, 1991; Herrmann, et ai, 

1990; Maxwell, et ai, 1990; Anzano, et ai, 1989). This was bom out by experiments 

that showed that exogenous prostaglandins were able to enhance carcinogenesis 

(Lupulescu, 1978). Immunological disorders such as the inflammatory bowel diseases. 
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have an increased incidence of cancer (Cotran, et al., 1994b). As reviewed earlier, 

NSAIDs were able to reverse prostaglandin release and/or tumorigenesis in several 

papers. More recently, the location of adenocarcinomas in rodents has been localized to 

areas over lymphoid tissue (Hardman, et al., 1994; Carter, et al., 1994; Nauss, et ai, 

1984). In fact, in a recent study using Mn mice (Ape null) with a transgenic, inducible 

Cox-2 gene placed within cells, it was found that prostaglandins were not released by 

the epithelial cells, but by the surrounding interstitium, giving strength to the 

hypothesis that the surrounding interstitium is what stimulates the tumor cells to grow 

(Oshima, et al., 1996). So, perhaps the NSAIDs are not only inducing apoptosis in 

actual tumor cells, but also inhibiting the effects of surrounding immune cells on the 

tumor as well. If interstitial cells are shown to contribute to tumor growth, the 

experiments in this dissertation on the RECs, which are an embryonic fibroblast cell 

line, may be important in explaining the mechanism sulindac uses to reduce the 

frequency of tumors in the AOM-treated rat model and humans. 

Treatment protocols involving NSAIDs will have to be carefully monitored 

given their known toxicity for ulceration of gastric mucosa ( Graham, 1990) and rarer 

propensity to form strictures in the large and small bowel (Bjamason, et ai, 1993; 

Hershfield, et ai, 1992; Monahan, et ai, 1992). But prevention with NSAIDs may 

reduce the incidence of colon carcinoma by only 50% (Giovannucci, et ai, 1995; 

Rosenberg, et al, 1991; Thun, et ai, 1991). The other 50% will only come by changes 

in dietary habits such as reductions in fat intake (Potter, 1995) and increases in fiber 

(Trock, et al, 1990) as well as appropriate mineral and vitamin supplements such as 

selenium (Clark, et al, 1993). Only then will we truly get firm control on this most 

dreaded disease. 
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APPENDIX A 

LIST OF PUBLICATIONS, ABSTRACTS, AND PRESENTATIONS 

Manuscripts 

Wu HD*, Erdman SH*, Hixson LJ, Ahnen DJ, and Gemer EW. Assessment of 
mutations in Ki-ras and p53 in colon cancers from azoxymethane and 
dimethylhydrazine treated rats. Molecular Carcinogenesis, manuscript in press. 
(*indicates shared first authorship) 

Wu HD, Erdman, SH, Rosinski SL, Payne CM, Alberts DS, Hixson LJ, Piazza GA, 
Pamukcu R, Paranka NS, Ahnen DJ, and Gemer EW. Sulindac sulfone, an anti-
carcinogenic non-steroidal anti-inflammatory dmg, selectively induces apoptosis in ras 
transformed cells. Manuscript in preparation. 

Abstracts 

Wu HD, Erdman SH, Ahnen DJ, Hixson L, Gemer EW. Mutations in DNA from 
neoplastic colonic mucosa in DMH treated rats. (1994) Proceedings of the American 
Association for Cancer Research 25, 1523A. 

Erdman SH, Wu HD, Ahnen DJ, Hixson L, Gemer EW. Mutations of the tumor 
suppressor gene, p53, in dimethylhydrazine induced rat colon adenocarcinomas. (1994) 
Gastroenterology, 106, A3 83. 

Presentations 

Wu HD, Erdman SH, Ahnen DJ, Hixson L, Gemer EW. Mutations in DNA from 
neoplastic colonic mucosa in DMH treated rats. Evolving data presented at: 

—The Annual Meeting of the American Association for Cancer Research, April 
10-13, 1994, San Francisco, California. 

—Medical Student Research Forum, 1994, Tucson, AZ. 
—Arizona Cancer Center, Faculty Science Fair, April 5, 1994, Tucson, AZ. 
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Wu HD, Rosinski SL, Erdman SE, Hixson L, Gemer EW. Effects of non-steroidal anti
inflammatory drugs (NSAIDS) on ras mutation frequency in colonic cancers, and 
growth in cells expressing normal and mutant Ras. Evolving data presented at; 

-The Program of the Sixth Intemati(»ial Workshop on Chromosomes in Solid 
Tumors, February, 19-21, 1995, Tucson, Arizona. 

—Medical Student Research Forum, 1995, Tucson, AZ. 
—Arizona Cancer Center, Faculty Science Fair, April 27, 1995, Tucson, AZ. 
—10th Annual Aspen M.D./Ph.D. Conference, July 15-17, 1995, Aspen, CO. 
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APPENDIX B 

LIST OF ABBREVIATIONS 

(in alphabetical order) 

(italicized names for genes generally stand for the actual gene, whereas non-italicized, 
capitalized letters stand for proteins resulting from transcription/translation of that 
gene) 

AOM=azoxymethane 
APC=adenomatous polyposis coli, also known as familial adenomatous polyposis 

(FAP) 
cAMP=cyclic adenosine mono-phosphate 
Cdk or CDK=cyclin dependent kinase 
CKI and n=casein kinase I and n 
COX-1 and -2=cyclooxygenase 1 and 2 
cibc=deleted in colon cancer gene 
DFMO=difluoromethylomithine 
DMEM=Dulbecco's minimal essential medium 
DMH=dimethylhydrazine 
DNAse (DNAase)=deoxyribonucleic acidase 
dsDNA=double stranded DNA 
EDTA=ethylenediamine-tetraacetic acid 
EGF=epidermal growth factor 
EJ-ras=H-ra5 mutated at codon 12 derived from the EJ/T24 bladder cell line 
FAP=familial adenomatous polyposis, also known as adenomatous polyposis coli 

(APC) 
FBS=fetaI bovine serum 
^c=familial colon cancer gene 
FGN-l=sulfone metabolite of sulindac, also known as sulindac sulfone 
gac(i/-/5=growth arrest and DNA damage inducible gene 
GAP=GTPase activating protein 
GDP=guanine di-phosphate 
GTP(ase)=guanine tri-phosphate(ase) 
mSH2, hMLHl, hPMSl, hPMS=HNPCC DNA repair genes 
H-raj=Harvey ras 
Ha-ras=Harvey ras 
H-ros REC=REC transfected with an EJ-ros gene 
HNPCC=hereditary non-polyposis colorectal cancer 
Ki-ra^Kirsten ras 
LSH=loop-sheet-helix 
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APPENDIX B 

LIST OF ABBREVIATIONS-Cow//m/ef/ 

MAP=mitogen activated protein 
/ncc=mutated in colon cancer gene 
mdm2=mms& double minute gene 
MEK=MAP kinase kinase 
myc/ras REC=REC transfected with an EJ-ros gene and an over-expressed myc 
NFl=neurofibromatosis type 1 
NLS=nucIear location sequences 
NSAID(s)=non-steroidal anti-inflammatory drug(s) 
ODC=omithine decarboxylase 
PCNA=proliferating cell nuclear antigen 
PCR=polymerase chain reaction 
PCR-RFLP=PCR using a restriction endonuclease site constructed into one of the 

primers 
PDGF=platelet derived growth factor 
PGE2=prostaglandin synthetase E2 
PGH=prostaglandin synthetase H 
PI3K=phosphotidylinostiol 3-kinase 
PLA2=phospholipase A2 
/?3=retinoblastoma gene 
REC(s)=rat embryo cell(s) 
REC, H-ras=REC transfected with an EJ-ros gene 
REC, /n>'c/ras=REC transfected with an EJ-ros gene and an over-expressed myc 
RFLP=restriction fragment length polymorphism 
RNAse (RNAase)=ribonucleic acidase 
RP-A=replication protein A 
SDS=sodium dodecyl sulfate 
SH2=Src homology region 2 
SH3=Src homology region 3 
Sos=Son of sevenless 
SSCP=single stranded conformation polymorphism 
SV40=simian virus 40 
T AE=T ri s-acetate-EDT A 
TFIID=transcription factor IID 
TFIIH=transcription factor IIH 
TBE=T ri s-b orate-EDT A 
TSTH=tum-P-strand-tum-a-helix 
UV=ultraviolet 
M'q/7/c/py=wild-type activated fragment 1/Cdk-interacting protein 1 gene 



APPENDIX C 

LIST OF MATERIAL SUPPLIERS 

(in alphabetical order) 

Becton-Dickinson, San Jose, CA 
Bio-Rad Laboratories, Hercules, CA 
Boehringer-Mannheim Corporation, Indianapolis, IN 
Coulter Electronics, Inc., New York, New York 
Clay Adams (a division of Becton, Dickinson, and Company, San Jose, CA) 
Dade International, Inc., Aguada, Puerto Rico (through VWR, So. Plainfield, NJ) 
Dyets, Inc., Bethlehem, PA 
Gibco-BRL/Life Technologies, Grand Island, NY 
Harlan Laboratories, San Diego, CA 
Kodak Companies, Rochester, NY 
LKB (Pharmacia?, Piscataway, NJ) 
New England Biolabs, Beverly, MA 
New England Nuclear, Boston, MA 
Novagen, Madison, WI 
Perkin-Elmer, Foster City, CA 
Savant, Farmingdale, NY 
Shandon, Pittsburgh, PA 
USB (United States Biochemical), Cleveland, OH 



122 

REFERENCES 

Aaltonen, L. A., Peltom^, P., Leach, F. S., Sistonen, P., Pylkkanen, L., Mecklin, J.-P., 
Jarvinen, H., Powell, S. M., Jen, J., Hamilton, S. R., Petersen, G. M., Kinzler, K. W., 
Vogelstein, B., and de la Chapelle, A. Clues to the pathogenesis of familial colorectal 
cancer. (1993) Science 260, 812-816. 

Abramson, S., Korchak, H., Ludewig, R., Edelson, H., Haines, K., Levin, R. L, Herman 
R., Rider, L., Kimmel, S., and Weissmann, G. Modes of action of aspirin-like drugs. 
(1985) Proc. Nail. Acad Sci. (USA) 82,7227-7231. 

Abramson, S. B., Leszczynska-Piziak, J., Haines, K., and Reibman, J. Non-steroidal 
anti-inflammatory drugs: effects on a GTP binding protein within the neutrophil 
plasma membrane, (\99la) Biochem. Pharm. 41,1567-1573. 

Abramson, S. B., Leszczynska-Piziak, J., and Weissmann, G. Arachidonic acid as a 
second messenger. Interactions with a GTP-binding protein of human neutrophils. 
(1991b) J. Immunol. 147, 231-236. 

Abramson, S. B., Leszczynska-Piziak, J., Clancy, R. M., Philips, M., and Weissmann, 
G. Inhibition of neutrophil function by aspirin-like drugs (NSAIDs): requirement for 
assembly of heterotrimeric G proteins in bilayer phospholipid. (1994) Biochem. 
Pharm. 47,563-572. 

Abramson, S. B. and Wessmann, G. The mechanisms of action of nonsteroidal 
antiinflammatory drugs. {\9^9) Arth. Rheum. 32,1-9. 

Agresti, A. (1990) Categorical Data Analysis. John Wiley and Sons, New York. pp. 
85-91. 

Ahnen, D. J. Are animal models of colon cancer relevant to human disease? (1985) 
Dig. Dis. Sci. 30, 103S-106S. 

Ahnen, D.J. Genetics of colon cancer. (\99\) West J. Med. 154,700-705. 

Alabaster, O., Tang, Z., and Shivapurkar, N. Dietary fiber and the chemopreventive 
modelation of colon carcinogenesis. {1996) Mutation Res. 350,185-97. 

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., and Watson, J. D. Cell 
signaling. (1994) In: Molecular Biology of the Cell, Third Edition. Garland Publishing, 
Inc., New York. pp. 721-785. 



123 

Alberts, D., Hixson, L., Ahnen, D., Bogert, C., Einspahr, J., Paranka, N., Brendel, K., 
Gross, P. H., Pamukcu, R., and Burt, R. W. Do NSAIDs exert their colon cancer 
chemoprevention activities through the inhibition of mucosal prostaglandin synthetase? 
(1995) J Cell. Biochem, Suppi 22, 18-23. 

Allen, J. I. Molecular biology of colon polyps and colon cancer. (1995) Semin. Surg. 
One. 11,399-405. 

Alvarez, E., Northwood, I. C., Gonzalez, F. A., Latour, D. A, Seth, A, Abate, C., 
Curran, T., and Davis, R. J. Pro-Leu-Ser/Thr-Pro is a consensus primary sequence for 
substrate protein phosphorylation. (1991)7. Biol. Chem. 266, 15277-15285. 

Anzano, M. A., Rieman, D., Pritchett, W., Bowen-Pope, D. F., and Grieg, R. Growth 
factor production by human colon carcinoma cell lines. (1989) Cancer Res. 49, 2898-
2904. 

Archer, M. C. Chemical carcinogenesis. (1992) In; Tannock, I.F. and Hill, R.P. (eds.) 
The Basic Science of Oncology, Second Edition. McGraw Hill, Inc., New York. pp. 
102-118. 

Arrowsmith, C. H. and Morin, P. New insights into p53 function from structural 
studies. {\996) Oncogene 12, 1379-1385. 

Axelrod, J., Burch, R. M., and Jelsema, C. L. Receptor-mediated activation of 
phospholipase A2 via GTP-binding proteins: arachidonic acid and its metabolites as 
second messengers. (19SS) TrendsNeurosci. 11,117-123. 

Bakalkin, G., Yakovleva, T., Selivanova, G., Magnusson, D. P., Szekely, L., Kisseleva, 
E., Klein, G., Terenius, L., and Wiman, K. G. p53 binds single-stranded DNA ends and 
catalyzes DNA renaturation and strand transfer. (1994) Proc. Natl. Acad. Sci. (USA) 
91,413-417. 

Baker, S. J., Fearon, E. R., Nigro, J. M., Hamilton, S. R., Preisinger, A. C., Jessup, J. 
M., van Tuinen, P., Ledbetter, D. H., Barker, D. F., Nakamura, Y., White, R., and 
Vogelstein, B. Chromosome 17 deletions and p53 gene mutations in colorectal 
carcinomas. {\9%9) Science 244,217-221. 

Baker, S. J., Markowitz, S., Fearon, E. R., Willson, J. K. V. and Vogelstein, B. 
Suppression of human colorectal carcinoma cell growth by wild-type p53. (1990a) 
Science 249, 912-915. 

Baker, S. J., Preisinger, A. C., Jessup, J. M., Paraskeva, C., Markowitz, S., Willson, J. 
K. M., Hamilton, S. and Vogelstein, B. p53 gene mutations occur in combination with 



124 

17p allelic deletions as late events in colorectal tumorigenesis. (1990b) Cancer Res. SO, 
7717-7722. 

Ballester, R., Michaeli, T., Ferguson, K., Xu, H.-P., McCormick, F., and Wigler, M. 
Genetic analysis of mammalian GAP expressed in yeast. (1989) Cell 59, 681-686. 

Baltensperger, K., Kozma, L. M., Chemiack, A. D., Klarlund, J. K., Chawla, A. 
Baneijee, U, and Czech, M. P. Binding of the Ras activator Son of Sevenless to Insulin 
Receptor Substrate-1 signaling complexes. (1993) Science 260, 1950-1952. 

Bargonetti, J., Friedman, P. N., Kern, S. E., Vogelstein, B., and Prives, C. Wild-type 
but not mutant p53 immunopurified proteins bind to sequences adjacent to the SV40 
origin of replication. (1991) Ce// 65, 1083-1091. 

Barak, Y., Juven, T., Haffner, R., and Oren, M. mdm2 expression is induced by wild-
typepJi activity. {1993) EMBO J 12,461-468. 

Barbacid, M. ras genes. {\9Z1) Ann. Rev. Biochem. 56,779-827. 

Bargen, J. A., Cromar, C. D. L., and Dixon, C. F. Early carcinoma of the colon. U. 
Relation between subclinical inflammatory processes and carcinoma. (1941) Arch. 
Surg. 43, 192-208. 

Barkla, D. H. and Tutton, P. J. M. Ultrastructure of 1,2-dimethylhydrazine-induced 
adenocarcinomas in rat colon. (1978)7. Natl. Cancer Inst. 61,1291-1299. 

Barsoum, G. H., Thompson, H., Neoptolemos, J. P., and Keighiey, M. R. B. Dietary 
calcium does not reduce experimental colorectal carcinogenesis after small bowel 
resection despite reducing cellular proliferation. (1992) G/// 33, 1515-1520. 

Baserga, R. Oncogenes and the strategy of growth factors. (1994) Cell 79, 927-930. 

Bayer, B. M., Kruth, H. S., Vaughan, M., and Beaven, M. A. Arrest of cultured cells in 
the Gi phase of the cell cycle by indomethacin. (1979) J. Pharm. Exp. Ther. 210, 106-
111. 

Bedi, A., Pasricha, P. J., Akhtar, A. J., Barber, J. P., Bedi, G. C., Giardiello, F. M., 
Zehnbauer, B. A., Hamilton, S. R., and Jones, R. J. Inhibition of apoptosis during 
development of colorectal cancer. i\99S) Cancer Res. 55,1811-1816. 

Bennett, A., Tacca, M. D., Stamford, I. F., and Zebro, T. Prostaglandins from tumours 
of human large bowel. (1977) Br. J. Cancer 35, 881-884. 



125 

Benrezzak, O., Madarnas, P., Pageau, R., and Nigam, V. N. Antitumor efficacies of 
maltose tetrapalmitate immunotherapy alone and in combinations with radiotherapy 
and with cyclophosphamide chemotherapy against dimethylhydrazine induced colon 
and anal cancers in CDI mice. (1988) Anticancer Res. 8,499-506. 

Bienz, B., Zakut-Houri, R., Givol, D., and Oren, M. Analysis of the gene coding for 
the murine cellular tumour antigen p53. (].9S4)EMBOJ. 3,2179-2183. 

Bird, R. P. Observation and quantification of aberrant crypts in the murine colon 
treated with a colon carcinogen; preliminary findings. (1987) Cancer Lett. 37, 147-
151. 

Bird, R. P. Role of aberrant crypt foci in understanding the pathogenesis of colon 
cancer. {\99S) Cancer Letters 93,55-71. 

Bischoff, F. Z., Yim, S. O., Pathak, S., Grant, G., Siciliano, M. J., Giovanella, B. C., 
Strong, L. C., and Tainsky, M. A. Spontaneous abnormalities in normal fibroblasts 
from patients with Li-Fraumeni cancer syndrome: aneuploidy and immortalization. 
{\990) Cancer Res. 50,7979-7984. 

Bishop, J. M. Molecular themes in oncogenesis. (1991) C^// 64,235-248. 

Bjamason, I., Hayllar, J., MacPherson, A. J., and Russell, A. S. Side effects of 
nonsteroidal anti-inflammatory drugs on the small and large intestine in humans. (1993) 
Gastroenterology 104, 1832-1847. 

Blenis, J. Signal transduction via the MAP kinases: proceed at your own Rsk. (1993) 
Proc. Natl. Acad. Sci. (USA) 90, 5889-5892. 

Bookstein, R., MacGrogan, D., Hilsenbeck, S. G., Sharkey, F., and AJlred, D. C. p53 is 
mutated in a subset of advanced-stage prostate cancers. (1993) Cancer Res. 53, 3369-
3373. 

Boone, C. W., Kelloff, G. J., and Malone, W. E. Identification of candidate cancer 
chemopreventive agents and their evaluation in animal models and human clinical trials: 
a review. (1990) Cancer Res. 50,2-9. 

Bos, J. L. ras oncogenes in human cancer: a review. (1989) Cancer Res. 49,4682-
4689. [published erratum appears in Cancer Res. 50,1352] 

Bouchard, L. and Castonguay, A. Inhibitory effects of nonsteroidal anti-inflammatory 
drugs (NSAIDs) on the metabolism of 4-(methylnitrosamino)-l-(3-pyridyI)-l-butanone 
(NNK) in mouse lung explants. (1993) DntgMetab. Disp. 21,293-298. 



126 

Boughdady, I. S., Kinsella, A. R., Haboubi, N. Y., and Schofield, P. F. K-ras gene 
mutation in colorectal adenomas and carcinomas from familial adenomatous polyposis 
patients. (1992) Surg. One. 1,275-282. 

Boveri, T. (1929) The Origin ofMaligrumt Tumors (translated) Williams and Wilkins, 
Baltimore, MD. pp. 26-27. 

Braithwaite, A. W., Sturzbecher, H.-W., Addison, C., Palmer, C., Rudge, K., and 
Jenkins, J. R. Mouse p53 inhibits SV40 origin-dependent DNA replication. (1987) 
Nature 329,458-460. 

Buday, L. and Downward, J. Epidermal growth factor regulates the exchange rate of 

guanine nucleotides on p2l'^'^ in fibroblasts. (1993) Mo/. Cell. Biol 13, I903-I9I0. 

Burgering, B. M. T., Medema, R. H., Maassen, J. A., van de Wetering, M. L., van der 
Eb, A. J., McCormick, F., and Bos, J. L. Insulin stimulation of gene expression 
mediated by p2Iras activation. {\99\)EMBOJ. 10,1103-1009. 

Burgering, B. M. T., Pronk, G. J., van Weeren, P. C., Chardin, P., and Bos, J. L. 

cAMP antagonizes p2l'^°'"^-directed activation of extracellular signal-regulated kinase 2 
and phosphorylation of mSos nucleotide exchange factor. (1993a) EMBO J. 12, 4211-
4220. 

Burgering, B. M. T., de Vries-Smits, A. M. M., Medema, R. H., van Weeren, P. C., 
Tertoolen, L. G. J., and Bos, J. L. Epidermal growth factor induces phosphorylation of 
extracellular signal-regulated kinase 2 via multiple pathways. (1993b) Mol. Cell. Biol. 
13, 7248-7256. 

Burt, R. W. Familial risk and colon cancer. (1996) Int. J. Cancer 69,44-46. 

Cairns, J. Mutation selection and the natural history of cancer. (1975) Nature 255, 
197-200. 

Canman, C. E., Gilmer, T. M., Coutts, S. B., and Kastan, M. Growth factor 
modulation of p53-mediated growth arrest versus apoptosis. (1995) Genes Dev. 9, 
600-611. 

Capon, D. J., Chen, E. Y., Levinson, A. D., Seeburg, P. H., and Goeddel, D. V. 
Complete nucleotide sequences of the T24 human bladder carcinoma oncogene and its 
normal homologue. {\9%32^ Nature 302,33-37. 



127 

Capon, D. J., Seeburg, P. H., McGrath, J. P., Hayflick, J. S., Edman, U., Levinson, A. 
D., and Goeddel, D. V. Activation of Ki-ras2 gene in human colon and lung carcinomas 
by two different point mutations. (1983b) Nature 304,507-513. 

Carder, P., Wyllie, A. H., Purdie, C. A., Morris, R. G., White, S., Piris, J., and Bird, C. 
C. Stabilised p53 facilitates aneuploid clonal divergence in colorectal cancer. (1993) 
Oncogene 8,1397-1401. 

Carter, J. W., Lancaster, H. K., Hardman, W. E., and Cameron, I. L. Distribution of 
intestine-associated lymphoid tissue, aberrant crypt foci, and tumors in the large bowel 
of 1,2-dimethylhydrazine treated mice. (1994) Cancer Res. 54, 4304-4307. 

Casey, M. L., Korte, K., and MacDonald, P. C. Epidermal growth factor stimulation of 
prostaglandin E2 biosynthesis in amnion cells. (1988)7. Biol. Chem. 263, 7846-7854. 

Chang, W. W. L. and Leblond, C. P. Renewal of the various types of epithelial cells in 
the descending colon in the mouse. (1970) In: Burdette, W. J. (ed). Carcinoma of the 
Colon and Antecedent Epithelium. Charles C. Thomas Publisher, Springfield, EL. pp. 
197-212.. 

Chen, C. H., Zhang, J., and Ling C. C. Transfected c-myc and c-Ha-ra^ modulate 
radiation-induced apoptosis in rat embryo cells. (1994) Rad. Res. 139, 307-315. 

Chen, I.-T., Smith, M. L., O'Connor, P. M., Fomace, A. J., Jr. Direct interaction of 
Gadd45 with PCNA and evidence for competitive interaction of Gadd45 and 

p2lWafl/Cipl ^thPCNA. {\995) Oncogene 11, 1931-1937. 

Chen, R.-H., Samecki, C., and Blenis, J. Nuclear localization and regulation of erk- and 
r5^-encoded protein kinases. (1992) M?/. Cell. Biol. 12, 915-927. 

Cho„ K. R. and Vogelstein, B. Suppressor gene alterations in the colorectal adenoma-
carcinoma sequence. (1992)7. Cell Bioc. SuppL 16G, 137-141. 

Cho, K. R. and Fearon, E. R. DCC. linking tumour suppressor genes and altered cell 
surface interactions in cancer? {\99S) Eur. J. Cancer 31A, 1055-1060. 

Cho, Y., Gorina, S., Jeffrey, P. D., and Pavletich, N. P. Crystal structure of a p53 
tumor suppressor~DNA complexes: understanding tumorigenie mutations. (1994) 
Science 265, 346-365. 

Clark, L. C., Hixson, L. J., Combs, G. F., Jr., Reid, M. E., Tumbull, B. W., and 
Sampliner, R. E. Plasma selenium concentration predicts the prevalence of colorectal 
adenomatous polyps. (1993) Cancer Epi. Bio. Prev. 2, 41-46. 



128 

Clarke, A. R., Purdie, C. A., Harrison, D. J., Morris, R. G., Bird, C. C., Hooper, M. L., 
and Wylie, A. H. Thymocyte apoptosis induced by /75i-dependent and independent 
pathways. (1993) Nature 362, 849-852. 

Clore, G. M., Omichinski, J. G., Sakaguchi, K., Zambrano, N., Sakamoto, H., Appella, 
E., and Gronenbom, A. M. High-resolution structure of the oligomerization domain of 
p53 by multidimensional NMR (1994) Science 265, 386-391. 

Clore, G. M., Ernst, J., Clubb, R., Omichinski, J. G., Kennedy, W. M. P., Sakaguchi, 
K., Appella, E., and Gronenbom, A. M. Refined solution structure of the 
oligomerization domain of the tumor suppressor p53. (1995) Struct. Biol. (Nature) 2, 
321-332. 

Cook, S. J. and McCormick, F. Inhibition by cAMP of Ras-dependent activation of 
Raf. i\99-i) Science 262,1069-1072. 

Cotran, R. S., Kumar, V., Robbins, S. L., and Schoen, F. J. Neoplasia. Characteristics 
of benign and malignant neoplasms. (1994a) In: Robbins Pathologic Basis of Disease, 
Fifth Edition. W. B. Saunders, Co., Philadelphia, PA. pp. 245-248. 

Cotran, R. S., Kumar, V., Robbins, S. L., and Schoen, F. J. Idiopathic inflammatory 
bowel disease. (1994b) In: Robbins Pathologic Basis of Disease, Fifth Edition. W. B. 
Saunders, Co., Philadelphia, PA. pp. 800-806. 

Craven, P. A. and DeRubertis, F. R. Effects of aspirin on 1,2-dimethylhydrazine-
induced colonic carcinogenesis. (1992) Carcinogenesis 13, 541-546. 

Cross, S. M., Sanchez, C. A., Morgan, C. A., Schimke, M. K., Ramel, S., Idzerda, R. L., 
Raskind, W. H., and Reid, B. J. A p53-dependent mouse spindle checkpoint. (1995) 
Science 267, 1353-1356. 

DeLeo, A. B., Jay, G, Appella, E., Dubois, G. C., Law, L. W., and Old. L. J. Detection 
of a transformation-related antigen in chemically induced sarcomas and other 
transformed cells of the mouse. (1979) Proc. Natl. Acad. Sci. (USA) 76,2420-2424. 

DeMello, M. C. F., Bayer, B. M., and Beaven M. A. Evidence that prostaglandins do 
not have a role in the cytostatic action of anti-inflammatory drugs. (1980) Biochem. 
Pharm. 29,311-318. 

Deng, C., Zhang, P., Harper, J. W., Elledge, S. J., and Leder, P. Mice lacking 

p2iCIPlAVAFl undergo normal development, but are defective in GI checkpoint 
control. (1995) Cell 82, 675-684. 



129 

Deschner, E. E. Autoradiographic studies of synthesis of DNA, RNA, and protein in 
normal and diseased colonic mucosa. (1970) In: U\xxd&tx&,^. J. {ed.\ Carcinoma of the 
Colon and Antecedent Epithelium. Charles C. Thomas Publisher, Springfield, IL. pp. 
222-279. 

Donehower, L. A., Harvey, M., Slagle, B. L., McArthur, M. J., Montgomery, Jr., C. 
A., Butel, J. S., and Bradley, A. Mice deficient for p53 are developmentally normal but 
susceptible to spontaneous tumours. (1992) Nature 356, 215-221. 

Downward, J. Regulatory mechanisms for ra5 proteins. {\991) Bioessays 14,177-
184. 

Dressier, L. G. and Bartow, S. A. DNA flow cytometry in solid tumors; practical 
aspects and clinical applications. (1989) Sem. Diagnos. Path. 6, 55-82. 

Druckrey, H. Production of colonic carcinomas by 1,2-dialkylhydrazines and 
azoxyalkanes. (1970) In: Burdette, W. J. (ed.). Carcinoma of the Colon and Antecedent 
Epithelium. Charles C. Thomas Publisher, Springfield, IL. pp. 267-279. 

DuBois, R. N., Tsujii, M., Bishop, P., Awad, J. A., Makita, K., and Lanahan, A. 
Cloning and characterization of a growth factor-inducible cyclooxygenase gene from rat 
intestinal epithelial cells. (1994) J. Physiol. 266, G822-G827. 

Duchesne, J., Schweighoffer, F., Parker, F., Clerc, F., Frobert, Y., Thang, M. N., and 
Tocque, B. Identification of the SH3 domain of GAP as an essential sequence for Ras-
GAP-mediated sequencing. (1993) Science 259,525-528. 

Duggan, D. E., Hooke, D. F., Risley, E. A., Shen, T. Y., and van Arman, C. G. 
Identification of the biologically active form of sulindac. (1977)7. Pharm. Exp. Therap. 
201, 8-13. 

Dulic, v., Kaufmann, W. K., Wilson, S. J, Tlsty, T. D., Lees, E., Harper, J. W., Elledge, 
S. J., and Reed, S. I. p53-dependent inhibition of cyclin-dependent kinase activities in 
human fibroblasts during radiation-induced G1 arrest. (1994) Ce// 76, 1013-1023. 

Duniec, Z. M., Nettesheim, P., and Eling, T. E. Stimulation of prostaglandin H 
synthase mRNA levels and prostaglandin biosynthesis by phorbol ester: mediation by 
protein kinase C. {1990) MoL Pharm. 39, 164-170. 

Dutta, A., Ruppert, S. M., Aster, J. C., and Winchester, E. Inhibition of DNA 
replication factor RPA by p53. {\993) Nature 365,79-82. 



130 

Earnest, D., Hixson, L., Fennerty, M. B., Emerson, S. S., and Alberts, D. S. Inhibition 
of prostaglandin synthesis; potential for chemoprevention of human colon cancer. 
(199\) Cancer Bull. 43,561-568. 

Eastwood, G. L. Pharmacologic prevention of colonic neoplasms. (1996) Dig. Dis. 14, 
119-128. 

Eberhart, C. E., Coffey, R. J., Radhika, A., Giardiello, F. M., Ferrenbach, S., and 
DuBois, R. N. Up-regulation of cyclooxygenase 2 gene expression in human colorectal 
adenomas and adenocarcinomas. (1994) Gastroenterology 107, 1183-1188. 

Egan, S. E., Giddings, B. W., Brooks, M. W., Buday, L., Sizeland, A. M., and Weinberg, 
R. A. Association of Sos Ras exchange protein with Grb2 is implicated in tyrosine 
kinase signal transduction and transformation. (1993) Nature 363, 45-51. 

El-Deiry, W. S., Kern, S. E., Pietenpol J. A., Kinzler, K., W., and Vogelstein, B. 
Definition of a consensus binding site for p53. (1992) Nat. Genet 1, 45-49. 

El-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., Trent, J. M., 
Lin, D., Mercer, W. E., Kinzler, K. W., and Vogelstein, B. WAFl, a potential mediator 
of p53 tumor suppression. (1993) Cell 75,817-825. 

El-Deiry, W. S., Harper, J. W., O'Connor, P. M., Velculescu, V. E., Canman, C. E., 
Jackman, J., Pietenpol, J. A., Burrell, M., Hell, D. E., Wang, Y., Wiman, K. G., Mercer, 
W. E., Kastan, M. B., Kohn K. W., Elledge, S. J., Kinzler, K. W., and Vogelstein, B. 
Wafl/Cipl is induced in p53 mediated G1 arrest and apoptosis. (1994) Cancer Res. 
54, 1169-1174. 

El-Deiry, W. S., Tokino, T., Waldman, T., Oliner, J. D., Velculescu, V. E., Burrell, M., 
Hill, D. E., Healy, E., Rees, J. L., Hamilton, S. R., Kinzler, K. W., and Vogelstein, B. 

Topological control of expression in normal and neoplastic tissues. 
(1995) Cancer Res. 55, 2910-2919. 

Eliyahu, D., Raz, A., Gruss, P., Givol, D., and Oren, M. Participation of p53 cellular 
tumour antigen in transformation of normal embryonic cells. (1984) Nature 312, 646-
649. 

Eliyahu, D., Michalovitz, D., Eliyahu, S., Pinhasi-Kimhi, O., and Oren, M. Wild-type 
p53 can inhibit oncogene-mediated focus formation. (1989) Proc. Natl. Acad. Sci. 
(USA) 86,8763-8767. 

Elledge, R. M. and Lee, W.-H. Life and death by p53. (1995) Bioessays 17, 923-930. 



131 

Enoch T. and Norbury C. Cellular responses to DNA damage; cell-cycle checkpoints, 
apoptosis and roles of p53 and ATM. (1995) Trends. Biochem. ScL 20, 436-430. 

Evan, G. I., Wyllie, A. H., Gilbert, C. S., Littlewood, T. D., Land, H., Brooks, M., 
Waters, C. M., Penn, L. Z., and Hancock, D. C. Induction of apoptosis in fibroblasts 
by c-w^c protein. (1992) Cell 69,119-128. 

Evans, T., Hart, J. F., and Cerione, R. A. The Ras superfamilies; regulatory proteins 
and post-translational modifications. (1991) Curr. Opin. Cell Biol. 3, 185-191. 

Fan, S. S., and Shen, T. Y. Membrane effects of antiinflammatory agents. 1. 
Interaction of sulindac and its metabolites with phospholipid membrane, a magnetic 
resonance study. (\9%\) J. Med. Chem. 24,1197-1202. 

Farber, E. and Cameron, R. The sequential analysis of cancer development. (1980) 
Adv. Cancer Res. 31, 125-226. 

Fearon, E. R. Molecular genetic studies of the adenoma-carcinoma sequence. (1994) 
Adv. Int. Med. 30, 123-147. 

Fearon, E. R. Yi-ras gene mutation as a pathogenetic and diagnostic marker in human 
cancer. (\993) J. Natl. Cancer Inst. 85,1978-1980. 

Fearon, E. R. and Vogelstein, B. A genetic model for colorectal tumorigenesis. (1990) 
Cell 61, 759-767. 

Fiala, E. S., Kulakis, C., Christiansen, G., and Weisburger, J. H. Inhibition of the 
metabolism of the colon carcinogen, azoxymethane, by pyrazole. (1978) Cancer Res. 
38, 4515-4521. 

Fields, S. and Jang, S. K. Presence of a potent transcription activating sequence in the 
p53 protein. (1990) Science 249, 1046-1051. 

Filhol, 0., Baudier, J., Delphin, C., Loue-Mackenbach, P., Chambaz, E. M., and 
Cochet, C. Casein kinase II and the tumor suppressor protein p53 associate in a 
molecular complex that is negatively regulated upon p53 phosphorylation. (1992) J. 
Bioi Chem. 161, 20577-20583. 

Finlay, C. A., Hinds, P. W., and Levine, A. J. The p53 proto-oncogene can act as a 
suppressor of transformation. (1989) Ce// 57, 1083-1093. 

Flower, R. J. Drugs which inhibit prostaglandin biosynthesis. (\91A) Pharm. Rev. 16, 
33-67. 



132 

Foord, O., Navot, N., and Rotter, V. Isolation and characterization of DNA sequences 
that are specifically bound by wild-type p53 protein. (1993) A/o/. Cell Biol 13, 1378-
1384. 

Freeman, H. J., Kim, Y., and Kim, Y. S. Glycoprotein metabolism in normal proximal 
and distal rat colon and changes associated with 1,2-dimethylhydrazine-induced colonic 
neoplasia. (\91%) Cancer Res. 38,3385-3390. 

Friedman, P. N., Fischmann, T. O., and Steitz, T. A. Crystal structure of lac repressor 
core tetramer and its implications for DNA looping. (1995) Science 268,1721-1727. 

Friend, W. G. Sulindac suppression of colorectal polyps in Gardner's syndrome. 
(1990) Am. Fam. Pract. 41,891 -894. 

Fritsche, M., Haessler, C., and Brandner, G. Induction of nuclear accumulation of the 
tumor-suppressor protein p53 by DNA-damaging agents. (1993) Oncogene 8, 307-
318. 

Fukui, Y., Miyake, S., Satoh, M., and Yamamoto, M. Characterization of the 
Schizosaccharomyces pombe ral2 gene implicated in activation of the rasl gene 
product. {\9%9)Mol Cell Biol 9,5617-5622. 

Gale, N. W., Kaplan, S., Lowenstein, E. J., Schlessinger, J., and Bar-Sagi, D. Grb2 
mediates the EGF-dependent activation of guanine nucleotide exchange on Ras. (1993) 
Nature 363, 88-92. 

Graham, D. Y. The relationship between non-steroidal anti-inflammatory drug use and 
peptic ulcer disease. (\99Q) Gastroenterol Clin. North Am. 19, 171-182. 

Gelehrter, T. D. and Collins, F. S. Cancer Genetics. (1990) In; Principles of Medical 
Genetics. Williams and Wilkins, Baltimore, MD. pp. 229-252. 

Giardiello, F. M., Hamilton, S. R., Krush, A. J., Piantadosi, S., Hylind, L. M., Celano, 
P., Booker, S. V., Robinson, C. R., and Offerhaus, G. J. A. Treatment of colonic and 
rectal adenomas with sulindac in familial adenomatous polyposis. (1993) N. Engl J. 
Med 328,1313-1316. 

Gibbs, J. B., Marshall, M. S., Scolnick, E. M., Dixon, R. A. F., and Vogel, U. S. 
Modulation of guanine nucleotides bound to Ras in NIH3T3 cells by oncogenes, growth 
factors, and the GTPase activating protein (GAP) (1990) J. Biol Chem. 265, 20437-
20442. 



133 

Gille, H., Sharrocks, A. D., and Shaw, P. E. Phosphorylation of transcription factor 
p62TCF by MAP kinase stimulates ternary complex formation at c-fos promoter. 
i\99Q.) Nature 358,414-417. 

Giovannucci, E., Egan, K. M., Hunter, D. J., Stampfer, M. J., Colditz, G. A., Willett, 
W. C., and Speizer, F. E. Aspirin and the risk of colorectal cancer in women. (1995) N. 
Engl. J. Med. 333,609-614. 

Gonzaga, R. A. F., Lima, F. R., Cameiro, S., Maciel, J., and Amarante, Jr., M. Sulindac 
treatment for familial polyposis coli. (1985) Lancet 1, 751. 

Gottlieb, E., Haffner, R., von Ruden, T., Wagner E. F., and Oren, M. Down-regulation 
of wild-type p53 activity interferes with apoptosis of IL-3-dependent hematopoietic 
cells following IL-3 withdrawal. {\99A)EMBOJ. 13,1368-1374. 

Graeber, T. G., Osmanain, C., Jacks, T., Housman D. E., Koch, C. S., Lowe, S. N., and 
Giaccia, A. J. Hypoxia-mediated selection of cells with diminished apoptotic potential 
in solid tumours. (\996) Nature 379,88-91. 

Greenblatt, M. S., Bennett, W. P., Hollstein, M., and Harris, C. C. Mutations in the 
p53 tumor suppressor gene: clues to cancer etiology and molecular pathogenesis. 
i\99A) Cancer Res. 54,4855-4878. 

Greenwald, P., Kelloff, G. J., Boone, C. W., and McDonald, S. S. Genetic and cellular 
changes in colorectal cancer: proposed targets of chemopreventive agents. (1995) 
Cancer Epi. Bio. & Prev. 4, 691-702. 

Groden, J., Thliveris, A., Samowitz, W., Carlson, M., Gelbert, L., Albertsen, H., 
Joslyn, G., Stevens, J., Spirio, L., Robertson, M., Sargeant, L., Krapcho, K., Wolff, E., 
Burt, R., Hughes, J. P., Warrington, J., McPherson, J., Wasmuth, J., le Paslier, D., 
Abderrahim, H., Cohen, D., Leppert, M., and White, R. Identification and 
characterization of the familial adenomatous polyposis coli gene. (1991) Cell 66, 589-
600. 

Gu, Y., Turck, C. W., and Morgan, D. O. Inhibition of CDK2 activity in vivo by an 
associated 20k regulatory subunit. (1992) Nature 366,707-710. 

Hamilton, S. R. The adenoma-adenocarcinoma sequence in the large bowel: variations 
on a theme. (1992) J. Cell. Bioc. Suppl. 16G, 41-46. 

Han, J.-W., McCormick, F., and Macara, I. G. Regulation of Ras-GAP and the 
neurofibromatosis-I gene product by eicosanoids. (1991) Science 252, 576-579. 



134 

Hardman, W. E. and Cameron, I. L. Colonic crypts located over lymphatic nodules of 
I,2-dimethylhydra2ine treated rats are hyperplastic and at high risk of forming 
adenocarcinomas. {\99A) Carcinogenesis 15,2353-2361. 

Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K., and Elledge, S. J. The p21 Cdk-
interacting protein Cipl is a potent inhibitor of G1 cyclin-dependent kinases. (1993) 
Cell 75, 805-816. 

Harris, C. C. Chemical and physical carcinogenesis; advances and perspectives for the 
1990s. (1991) Cancer Res. (Suppl.) 51, 5023s-5044s. 

Hartwell, L. Defects in a cell cycle checkpoint may be responsible for the genomic 
instability of cancer cells. (1992) Cell 71, 543-546. 

Hartwell, L. H., and Kastan, M. B. Cell cycle control and cancer. (\99A) Science 266, 
1821-1828. 

Harvey, M., Sands, A. T., Weiss R. S., Hegi, M. E., Wiseman, R. W., Pantazis, P., 
Giovanella, B. C., Tainsky, M. A., Bradley, A., and Donehower, L. A. In vitro growth 
characteristics of embryo fibroblasts isolated from pJi-deficient mice. (1993) 
Oncogene 8,2457-2467. 

Herrmann, F., Lindemann, A., Gauss, J., and Mertelsmann, R. Cytokine-stimulation of 
prostaglandin synthesis from endogenous and exogenous arachidonic acids in 
polymorphonuclear leukocytes involving activation and new synthesis of 
cyclooxygenase. {1990) Eur. J. Immunol. 20,2513-2516. 

Herrera, L., Kakati, S., Gibas, L., Pietrzak, E., and Sandberg, A. A. Brief clinical report: 
Gardner syndrome in a man with an interstitial deletion of 5q. (1986) Am. J. Med. 
Genet. 25,473-476. 

Hershfield, N. B. Endoscopic demonstration of non-steroidal anti-inflammatory drug-
induced small intestinal strictures. {1992) Gastro. Endoscopy 38,388-390. 

Hill, R. P. and Tannock, I. F. Introduction; cancer as a cellular disease. (1992) In; The 
Basic Science of Oncology, Second Edition. McGraw Hill, Inc., New York. pp. 1-4. 

Hinds, P., Finlay, C., and Levine, A. J. Mutation is required to activate the p53 gene 
for cooperation with the ras oncogene and transformation. (1989) J. Virol. 63, 739-
746. 



135 

Hipskind, R. A., Bhscher, D., Nordheim, A., and Baccarini, M. Ras/MAP kinase-
dependent and -independent signaling pathways target distinct ternary complex factors. 
(\99A) Genes Dev. 8,1803-1816. 

Hixson, L. J., Alberts, D. S., Krutzsch, M., Einsphar, J., Brendel, K., Gross, P. H., 
Paranka, H. S., Baier, M., Emerson, S., Pamukcu, and Burt, R. W. Antiproliferative 
effect of nonsteroidal antiinflammatory drugs against human colon cancer cells. (1994) 
Cancer Epi. Biomarkers Prev. 3,433-438. 

Hixson, L., lannone, M., Qreshi, L., and Paranka, N. Effects of FGN-1 on 
azoxymethane-induced colonic microadenomas and carcinomas in rats. Unpublished 
data. 

Hockenbery, D., Nunez, G., Milliman, C., Schreiber, R. D., and Korsmeyer, S. Bcl-2 is 
an inner mitochondrial membrane protein that blocks programmed cell death. (1990) 
Nature 348, 334-336. 

Hollstein, M., Rice, K., Greenblatt, M. S., Soussi, T., Fuchs, R., Serlie, T., Hovig, E., 
Smith-Sorensen, B., Montesano, R., and Harris, C. C. Database of p53 gene somatic 
mutations inhuman tumors and cell lines. {y.99^^Nuc. Acids Res. 22,3551-3555. 

Hopkin, K. Just past Ras: divergence in a signal-transduction pathway. (1994)7. 
Res. 6, 62-65. 

Horikoshi, N., Usheva, A., Chen, J., Levine, A. J., Weinmann, R., and Shenk, T. Two 
domains of p53 interact with the TATA-binding protein, and the adenovirus 13S ElA 
protein disrupts the association, relieving p53 mediated transcriptional repression. 
(1995) Mo/. Cell. Biol IS, 227-234. 

Hu, Q., Klippel, A, Muslin, A. J., Fantl, W. J., and Williams, L. T. Ras-dependent 
induction of cellular responses by constitutively active phosphatidylinositol-3 kinase. 
{\99S) Science 268, 100-102. 

Huang, L.-C., Clarkin, K. C., and Wahl, G. M. Sensitivity and selectivity of the DNA 
damage sensor responsible for activating p53-dependent Gi arrest. (1996) Proc. Natl 
Acad Sci. (USA) 93,4827-4832. 

Hubbard, W. C., Alley, M. C., McLemore, T. L., and Boyd, M. R. Profiles of 
prostaglandin biosynthesis in sixteen established cell lines derived from human lung, 
colon, prostate, and ovarian tumors. (1988) Cancer Res. 48, 4770-4775. 

Hubbard, W. C., Alley, M. C., McLemore, T. L., and Boyd, M. R. Fatty acid 
cyclooxygenase metabolism of arachidonic acid inhuman tumor cells. (1991) In: Honn, 



136 

K. v., Marnett, L. J., Nigam, S., and Waden, Jr., J. (eds.) Eicosanoids and Other 
Bioactive Lipids in Cancer and Radiation Injury Kulwer Academic Publishers, Norwell, 
MA. pp. 27-32. 

Huebner, R. J. and Todaro, G. J. Oncogenes of RNA tumor viruses as determinants of 
cancer. (1969J Proc. Natl. Acad Set (USA) 64, 1087-1094. 

Hulla, J. E. and Schneider, R. P. Structure of the rat pS3 tumor suppressor gene. 
(1993) Nuc. Acids. Res. 21, 713-717. 

Hunter, T. Cooperation between oncogenes. (1991) Cell 64, 249-270. 

Hupp, T. R., Meek, D. W., Midgley, C. A., and Lane, D. P. Regulation of the specific 
DNA binding function of p53. (1992) Cell 71, 875-886. 

Hwang, S.-B., Cheah, M. J., Lee, C.-S. C., and Shen, T. Y. Effects of nonsteroid 
antiinflammatory drugs on the specific binding of platelet activating factor to membrane 
preparations of rabbit platelets. (1984) Thromb. Res. 34, 519-531. 

Jacoby, R. F., Llor, X., Teng, B.-B., Davidson, N. O., and Brasitus, T. A. Mutations in 
the K-ras oncogene induced by 1,2-dimethylhydrazine in preneoplastic and neoplastic 
rat colonic mucosa. {\99\) J. Clin. Invest. 87,624-630. 

Jaffe, B. M., Parker, C. W., and Pilpott, G. W. Immunochemical measurement of 
prostaglandin or prostaglandin-like activity from normal and neoplastic cultured tissue. 
(1971) Surg. Forum 22, 90-92. 

Jass, J. R. Colorectal adenoma progression and genetic change: is there a link? (1995) 
Annals Med. 27, 301-306. 

Jeffrey, P. D., Gorina S., and Pavletich, N. P. Crystal structure of the tetramerization 
domain of the p53 tumor suppressor at 1.7 angstroms. (1995) Science 267, 1498-1502. 

Jenkins, J. R., Rudge, K., and Currie, G. A. Cellular immortalization by a cDNA clone 
encoding the transformation-associated phosphoprotein 53. (1984) Nature 312, 651-
654. 

Jiang, W., Kahn, S. M., Guillem, J. G., Lu, S.-H., and Weinstein, I. B. Rapid detection 
of ras oncogenes in human tumors: applications to colon, esophageal, and gastric 
cancer. (1989) Oncogene 4, 923-928. 



137 

Johnson, P., Chung, S., and Benchimol, S. Growth suppression of Friend virus-
transformed erythroleukemia cells by p53 protein is accompanied by hemoglobin 
production and is sensitive to erythropoietin. (1993) Mo/. Cell. Biol. 13, 1456-1463. 

Johnston, P. G. and Allegra, C. J. Colorectal cancer biology: clinical implications. 
(1995) Sem. In Oncol. 5, 418-432. 

Kastan, M. B. Signalling to p53: where does it all start? {\995) Bioessays 18,617-
619. 

Kastan, M. B., Onyekwere, O., Sidransky, D., Vogelstein, B., and Craig, R. W. 
Participation of p53 protein in the cellular response to DNA damage. (1991) Cancer 
Res. 51,6304-6311. 

Kastan, M. B., Zhan, Q., El-Deiry, W. S., Carrier, F., Jacks, T., Walsh, W. V., Plunkett, 
B. S., Vogelstein, B., and Fomace, Jr., A. J. A mammalian cell cycle checkpoint 
pathway utilizing p53 and GADD45 is defective in Ataxia-telangiectasia. (1992) Cell 
71, 587-597. 

Kastrinakis, W. V., Ramchurren, N., Rieger, D. M., Hess, D. T., Loda, M., Steele, G., 
and Sunmierhayes, I. C. Increased incidence ofp53 mutations is associated with hepatic 
metastasis in colorectal neoplastic progression. (1995) Oncogene 11, 647-652. 

Kern, S. E., Fearon, E. R., Tersmette, K. W. F., Enterline, J. P., Leppert, M., 
Nakamura, Y., White, R,, Vogelstein, B., and Hamilton, S. R. Allelic loss in colorectal 
carcinoma. (\9%9)JAMA 261,3099-3103. 

Kern, S. E., Kinzler, K. W., Bruskin, A, Jarosz, D., Friedman, P., Prives, C., and 
Vogelstein, B. Identification of p53 as a sequence-specific DNA-binding protein. 
(\99\) Science 252, 1708-1711. 

Kerr, J. F. R., Wyllie, A. H., and Currie, A. R. Apoptosis: a basic biological 
phenomenon with wide ranging implications in tissue kinetics. (1972) Br. J. Cancer 
26, 239-257. 

Kinzler, K. W. and Vogelstein, B. Lessons from hereditary colorectal cancer. (1996) 
Cell 87, 159-170. 

Ko, L. J. and Prives, C. p53: puzzle and paradigm. {1996) Genes & Dev. 10,1054-
1072. 



138 

Kolch, W., Heldecker, G., Kochs, G., Hummel, R., Vahldl, H., Mischak, H., 
FInkenzeller, G., Marme, D., and Rapp, U. R. Protein kinase Ca activates Raf-1 by 
direct phosphorylation. (1993) Nature 364, 249-252. 

Knudson, A. G., Jr. Mutation and cancer: statistical study of retinoblastoma. (1971^ 
Proc. Natl. Acad Sci. (USA) 68, 820-823. 

Krontiris, T. G. and Cooper, G. M. Transforming activity in human tumor DNAs. 
(1981) Proc. Natl. Acad. Sci. (USA) 78, 1181-1184. 

Kunz, J., Henriquez, R, Schneider, U., Deuter-Reinhard, M., Mowa, N. R., and Hall, 
M. N. Target of rapamycin in yeast, T0R2, is an essential phosphatidylinositol kinase 
homolog required for Gi progression. (1993) Ce// 73,585-596. 

Kyriakis, J. M., App, H, Zhang, X.-F., Baneijee, P., Brautigan, D. L., Rapp, U. R., and 
Avruch, J. Raf-1 activates MAP Kinase-Kinase. (1992) Nature 358, 417-^21. 

LaBayle, D., Fischer, D., Vielh, P., Drouhin, F., Pariente, A., Bories, C., Duhael, O., 
Trousset, M., and Attali, P. Sulindac causes regression of rectal polyps in familial 
adenomatous polyposis. (1991) Gastroenterology 101,635-639. 

LaMont, J. T. and O'Gorman T. A. Experimental colon cancer. (1978) 
Gastroenterology 75, 1157-1169. 

Lane, D. P. and Crawford, L. V. T antigen is bound to a host protein in SV40-
transformed cells. {1919)Nature 278,261-263. 

Laqueur, G. L., Mickelsen, O., Whiting, M. G., and Kurland, L. T. Carcinogenic 
properties of nuts from Cycas Circinalis L. indigenous to Guam. (1963) J. Natl. Cancer 
Inst. 31,919-951. 

Lee, W., Harvey, T. S., Yin, Y., Yau, P., Litchfield, D., and Arrowsmith, C. H. Solution 
structure of the tetrameric minimum transforming domain of p53. (1994) Nature Struct. 
Biol 1,877-890. 

Lee, S., Elenbaas, B., Levine, A., and Griffith, J. p53 and its 14 kDa C-terminal domain 
recognize primary DNA damage in the form of insertion/deletion mismatches. (1995) 
Cell 81, 1013-1020. 

Leveillard, T., Andera, N., Bissonnette, N., Schaeffer, L., Bracco, L., Egly, J.-M. and 
Wasylyk, B. Functional interactions between p53 and the TFIIH complex are affected 
by tumor-associated mutations. i\996)EMBOJ. 15,1615-1624. 



139 

Li, G., Mitchell, D. L., Ho V. C., Reed, J. C., and Tron V. A. Decreased DNA repair 
but normal apoptosis in UV-irradiated skin of p53 transgenic mice. (1996) Am. J. 
Pathol. 148,1113-1123. 

Li, N., Batzer, A., Daly, R., Yajnik, V., Skolnik, E., Chardin, P., Bar-Sagi, D., Margolis, 
B., and Schlessinger, J. Guanine-nucleotide-releasing factor hSosl binds to Grb2 and 
links receptor tyrosine kinases to Ras signalling. (1993) Nature 363, 85-88. 

Li, R and Botchan, M. R. The acidic transcriptional activation domains of VP 16 and 
p53 bind the cellular replication protein A and stimulate in vitro BPV-1 DNA 
replication. (1993) Cell 73, 1207-1221. 

Lin, D., Shields, M. T., Ullrich, S. J., Appella, E., and Mercer W. E. Growth arrest 
induced by wild-type p53 protein blocks cells prior to or near the restriction point in 
lateGi phase. (1992) Proc. Natl. Acad. Sci. (USA) 89, 9210-9214. 

Lin, A. H., Bienkowski, M. J., and Gorman, R. R. Regulation of prostaglandin H 
synthase mRNA levels and prostaglandin biosynthesis by platelet-derived growth 
factor. {\9%9)J.Biol.Chem. 264, 17379-17383. 

Lin, L.-L., Wartmann, M., Lin, A. Y., Knopf, J. L., Seth, A., and Davis, R. J. cPLA2 is 
phosphorylated and activated by MAP kinase. (1993) Cell 72, 269-278. 

Ling, C. C., Chen, C. H., and Li, W. X. Apoptosis induced at different dose rates: 
implication for the shoulder region of cell survival curves. (1994) Radiother. Oncol. 32, 
129-136. 

Linke, S. P., Clarkin, K. C., DiLeonardo, A., Tsou, A., and Wahl, G. M. A reversible, 
p53 independent Gq/Gi cell cycle arrest induced by ribonucleotide depletion in the 
absence of detectable DNA damage. (1996) Genes Dev. 10, 934-947. 

Linzer, D. L H. and Levine, A. J. Characterization of a 54K Dalton cellular SV40 tumor 
antigen present in SV40-transformed cells and uninfected embryonal carcinoma cells. 
(1979) Ce// 17,43-52. 

Livingstone, L. R., White, A., Sprouse, J, Livanos, E., Jacks, T., and Tlsty, T. D. 
Altered cell cycle arrest and gene amplification potential accompany loss of wild-type 
p53. (1992) Cell 70, 923-935. 

Lowe, S. W., Ruley, H. E., Jacks, T., and Housman D. E. p53-dependent apoptosis 
modulates the cytotoxicity of anticancer agents. (1993a) Cell 74, 957-967. 



140 

Lowe, S. W., Schmitt, E. M., Smith S. W., Osborne, B. A., and Jacks T. p53 is required 
for radiation induced apoptosis in mouse thymocytes. (1993b) Nature 362, 847-852. 

Lowe, S. W., Jacks, T., Housman, D. E., and Ruley, H. E. Abrogation of oncogene-
associated apoptosis allows transformation of pJi-deficient cells. (1994) Proc. Natl. 
Acad Sci. (USA) 91, 2026-2030. 

Lupulescu, A. Enhancement of carcinogenesis by prostaglandins. {\91%) Nature 111, 
634-636. 

Lynch, H. T., Smyrk, T., and Jass, J. R. Hereditary nonpolyposis colorectal cancer and 
colonic adenomas; aggressive adenomas? (1995) Sent. In Surg. Oncol. 11,406-410. 

Mack, D. H., Vartikar, J., Pipas, J. M. and Laimins, L. A. Specific repression of 
TATA-mediated but not initiator-mediated transcription by wild-type p53. (1993) 
Nature 363,281-283. 

Maier, J. A. M., Hla, T., and Maciag, T. Cyclooxygenase is an immediate-early gene 
induced by interleuldn-l in human endothelial cells. (1990) J. Biol. Chem. 265, 10805-
10808. 

Madar, Z., Timar, B., Nyska, A., and Zusman, I. Effects of high-fiber diets on 
pathological changes in DMH-induced rat colon cancer. (1993) Nutr. Cancer 20, 87-
96. 

Magnuson, B. A., Shirtliff, N., and Bird, R. P. Resistance of aberrant crypt foci to 
apoptosis induced by azoxymethane in rats chronically fed cholic acid. (1994) 
Carcinogenesis 15, 1459-1462. 

Makino, H., Ushijima, T., Kakiuchi, H., Onda, M., Ito, N., Sugimura, T., and Nagao, 
M. Absence of p53 mutations in rat colon tumors induced by 2-amino-6-
methyldipyrido[l,2-a:3',2'-«flimidazole, 2-amino-3-methylimidazo[4,5-/JquinoHne, or 
2-amino-l-methyl-6-phenyIimidazo[4,5-6]pyridine. (1994) Jap. J. Cancer Res. 85, 
510-514.. 

Malkin, D., Li, F. P., Strong, L. C., Fraumeni, Jr., J. F., Nelson, C. E., Kim D. H., 
Kassel, J., Gryka, M. A., Bischoff, F. Z., Tainsky, M. A., and Friend, S. H. Germ line 
p53 mutations in a familial syndrome of breast cancer, sarcomas and other neoplasms. 
(\99Q)Science 250, 1233-1238. 

Maltzman, W. and Czyzyk, L. UV irradiation stimulates levels of p53 cellular tumor 
antigen in nontransfomed mouse cells. (1984) Mo/. Cell. Biol 4, 1689-1694. 



141 

Manning, F. C. R. and Patiemo, S. R. Apoptosis: inhibitor or instigator of 
carcinogenesis? (\996) Cancer Invest. 14,455-465. 

Markowitz, S., Wang, J., Myeroff, L., Parsons, R, Sun, L., Lutterbaugh, J., Fan, R. S., 
Zborowska, E., Kinzler, K., Vogelstein, B., Brattain, M., and Willson, J. K. V. 
Inactivation of the type n TGF-beta receptor in colon cancer cells with microsatellite 
instability. (\995) Science 268, 1336-1338. 

Marnett, L. J. Aspirin and the potential role of prostaglandins in colon cancer. (1992) 
Cancer Res. 52,5575-5589. 

Marshall, C. J. Tumor suppressor genes. (1991) Ce// 64,313-326. 

Marshall, C. J. Ras effectors. (1996) Current Opinion in Cell Biol. 8, 197-204. 

Martin, M. S., Hamman, A., and Martin, F. Gut-associated lymphoid tissue and 1,2-
dimethylhydrazine intestinal tumors in the rat; an histological and immunoenzymatic 
study. {\9%6) Int. J. Cancer 38,75-80. 

Maskens, A. P. Histogenesis and growth pattern of 1,2-dimethylhydrazine-induced rat 
colon adenocarcinoma. {\916) Cancer Res. 36,1585-1592. 

Mastrangelo, M. J., Herd, D., Nathan, F. E., and Lattime, E. C. Gene therapy for 
human cancer: an essay for clinicians. (1996) Semin.. Oncol.. 23, 4-21. 

Mattila, J., Mantyla, R., Vuorela, A., Lamminsivu, U., and Mannisto, P. 
Pharmacokinetics of graded oral doses of sulindac in man. (1984) Arzneimittel-
Forschung/Drug Res. 34,226-9. 

Maxwell, W. J., Kelleher, D., Keating, J. J., Hogan, F. P., Bloomfield, F. J., MacDonald, 
G. S., and Keeling P. W. N. Enhanced secretion of prostaglandin E2 by tissue-fixed 
macrophages in colonic carcinoma. (1990) Digestion 47, 160-166. 

McCabe, P. Asymmetric PGR. (1990) In: Innis, M. A., Gelfand, D. H., Sninsky, J. J., 
and White, T. H. (eds.) PCR protocols, a guide to methods and applications. 
Academic Press, New York. pp. 76-83. 

McLellan, E. A., Medline, A., and Bird, R. P. Sequential analyses of the growth and 
morphological characteristics of aberrant crypt foci: putative preneoplastic lesions. 
(1991) Cancer Res 51, 5270-5274. 

McLellan, E. A. and Bird, R. P. Aberrant crypts: potential preneoplastic lesions from 
the murine colon. (1988a) Cancer Res. 48, 6187-6192. 



142 

McLellan, E. A. and Bird, R. P. Specificity study to evaluate induction of aberrant 
crypts in murine colons. (\9Z%\3) Cancer Res. 48,6183-6186. 

McCormick,F. Ras signaling and NFl. {1995) Current Opinion in Genet. Develop. 5, 
51-55. 

Medema, R. H., de Vries-Smits, A. M. M., van der Zon, G. C. M, Maassen, J. A., and 
Bos, J. L. Ras activation by Insulin and Epidermal Growth Factor through enhanced 

exchange of guanine nucleotides on p2l'^^. (1993) A/o/. Cell. Biol. 13, 155-162. 

Medema, R. H. and Bos, J. L. The role of p21ras in receptor tyrosine kinase signaling. 
(1993) Crit. Rev. Oncogenesis 4, 615-661. 

Meek, D. Post-translational modification of p53. (\994) Semin. Cancer Biol. 5,203-
210. 

Mercer, W. E., Shields, M. T., Lin, D., Appella, E., and Ullrich, S. J. Growth 
suppression induced by wild-type p53 protein is accompanied by selective down-
regulation of proliferating-cell nuclear antigen expression. (1991) Proc. Natl Acad. Sci. 
(USA) 88,1958-1962. 

Metzger, U., Meier, J., Uhlschmid, G., and Weihe, H. Influence of various 
prostaglandin synthesis inhibitors on DMH-induced rat colon cancer. (1984) Dis. 
Colon Rectum 27, 66-369. 

Milne, D. M., Palmer, R. H., and Meek, D. W. Mutation of the casein kinase 11 
phosphorylation site abolishes the anti-proliferative activity of p53. (1992) Nucl. 
Acids. Res. 20, 5565-5570. 

Minden, M. D. and Pawson, A. J. Oncogenes. (1992) In: Tannock, I.F. and Hill, R.P. 
(eds.) TJie Basic Science of Oncology, Second Edition. McGraw Hill, Inc., New York, 
pp. 61-87. 

Miyashita, T., Krajewski, S., Krajewska, M., Wang, H. G, Lin, H. K., Liebermann, D. 
A., Hoffman, B., and Reed, J. C. Tumor suppressoris a regulator of 6cl2 and 6ax 
in gene expression in vitro and in vivo. (1994) Oncogene 9,1799-1805. 

Miyashita, T., and Reed, J. C. Tumor suppressor p53 is a direct transcriptional 
activator of the human box gene. (1995) Cell 80, 293-299. 



143 

Momand, J., Zambetti, G. P., Olson, D. C., George, D., and Levine, A. J. The mdm-2 
oncogene product forms a complex with the pS3 protein and inhibits p53 mediated 
transactivation. (1992) Cell 69, 1237-1245. 

Monahan, D. W., Stames, E. C., and Parker, A. L. Colonic strictures in a patient on 
long-term non-steroidal anti-inflammatory drugs. (1992) Gastro. Endoscopy 38, 385-
388. 

Moodie, S. A., Willumsen, B. M., Weber, M. J., and Wolfman, A. Complexes of Ras-
GTP with Raf-1 and Mitogen-Activated Protein Kinase Kinase. (1993) Science 260, 
1658-1661. 

Moorghen, M., Ince, P., Finney, K. J., Sunter, J. P., Appleton, D. R., and Watson, A. J. 
A protective effect of sulindac against chemically-induced primary colonic tumours in 
mice. {\9%%) J. Path. 156,341-347. 

Morrison, D. 14-3-3: modulators of signaling proteins? {\99A,) Science 266,56-57. 

Mukaida, H., Hirabayashi, N., Hirai, T., Iwata, T., Saeki, S., and Toge, T. Significance 
of freshly cultured fibroblasts from different tissue in promoting cancer cell growth. 
(1991) Int. J. Cancer 48, 423-427. 

Mulcahy, L. S., Smith, M. R., and Stacey, D. W. Requirement for ras proto-oncogene 
function during serum-stimulated growth of NIH 3T3 cells. (1985) Nature 313, 241-
243. 

Narisawa, T., Sato, M., Tani, M., Kudo, T., Takahashi, T., and Goto, A. Inhibition of 
development of methylnitrosourea-induced rat colon tumors by indomethacin 
treatment. {\9%\) Cancer Res. 41, 1954-1957. 

Narisawa, T., Sato, M., Sano, M., and Takahashi, T. Inhibition of development of 
methylnitrosourea-induced rat colonic tumors by peroral administration of 
indomethacin. (1982) Gann 73, 377-381. 

Narisawa, T., Kusaka, H., Yamazaki, Y., Takahashi, M., Koyama, H., Koyama, K., 
Fukaura, Y., and Wakizaka, A. Relationship between blood plasma prostaglandin E2 
and liver and lung metastases in colorectal cancer. (1990) Dis. Colon Rectum 33, 840-
845. 

Nauss, K. M., Locniskar, M., and Newbeme, P. M. Morphology and distribution of 
l,2-dimethylhydra2ine dihydrochloride-induced colon tumors and their relationship to 
gut-associated lymphoid tissue in rats. (1984)/. Natl. Cancer Inst. 73, 915-924. 



144 

Neri, A., Knowles, D. M., Greco, A., McCormick, F. and Dalla-Favera, R. Analysis of 
ras oncogene mutations in himian lymphoid malignancies. (1988) Proc. Nail. Acad. Sci. 
(USA) 85, 9268-9272. 

Nigro, J. M., Baker, S. J., Preisinger, A. C., Jessup, J. M., Hostetter, R, Cleary, K., 
Bigner, S. H., Davidson, N., Baylin, S., Devilee, P., Glover, T., Collins, F. S., Weston, 
A., Modali, R., Harris, C. C., and Vogelstein, B. Mutations in the p53 gene occur in 
diverse human tumour types. {\9%9) Nature 342,705-708. 

Noda, M. Structures and functions of the Krev-X transformation suppressor gene and 
its relatives. (\993) Biochim. Biophys. Acta 1155,97-109. 

Noda, A., Ning, Y., Venable, S. F., Pereira-Smith, O. L., and Smith, J. R. Cloning of 
senescent cell-derived inhibitors of DNA synthesis using an expression system. (1994) 
Exp. Cell Res. 211,90-98. 

Nolan, R. D., Danilowicz, R. M., and Eling, T. E.. Role of arachidonic acid metabolism 
in the mitogenic response of BALB/c 3T3 fibroblasts to epidermal growth factor. 
{\9%%)Mol.Phami. 33,650-656. 

Nordlinger, B., Panis, Y., Puts, J. P., Herve, J. P., Delelo, R., and Ballet, F. 
Experimental model of colon cancer: recurrences after surgery alone or associated with 
intraperitoneal 5-fluorouraciI chemotherapy. (1991) Dis. Colon Rect. 34, 658-663. 

Oberosler, P., Hloch, P., Ramsperger, U., and Stahl, H. p53 catalyzed annealing of 
complementary single-stranded nucleic acids. {\993)EMBOJ. 12,2389-2396. 

Ohue, M., Tomita, N., Monden T., Fujita, M., Fukunaga, M., Takami, K., Yana, I., 
Ohnishi, T., Enomoto, T., Inoue, M., Shimano, T., and Mori, T. A frequent alteration 
of p53 gene in carcinoma in adenoma of colon. (1994) Cancer Res. 54,4798-4804. 

Okamoto, M., Ohtsu, H., Miyaki, M., and Yonekawa, H. No allelic loss at the p53 
locus in 1,2-dimethylhydrazine-induced mouse colon tumors: PCR-SSCP analysis with 
sequence-tagged microsatellite site primers. {\992) Carcinogenesis 14, 1483-1486. 

Okamoto, M., Ohtsu, H., Kominami, R., and Yonekawa, H. Mutational and LOH 
analyses ofp53 alleles in colon tumors induced by 1,2-dimethylhydrazine in Fi hybrid 
mice. (1995) Carcinogenesis 16,2659-2666. 

Oliner, J. D., Pietenpol, J. A., Thiagalingam, S., Gyuris, J., Kinzler, K. W., and 
Vogelstein, B. Oncoprotein MDM2 conceals the activation domain of tumor 
suppressor p53. (1993) Nature 362,857-860. 



145 

Oltvai, Z. N., Milliman, C. L., and Korsmeyer, S. J. BcI-2 heterodimerizes in vivo with 
a conserved homolog, Bax, that accelerates programmed cell death. (1993) Cell 74, 609-
619. 

Oshima, M., Dinchuck, J. E., Kargman, S. L., Oshima, H., Hancock, B., Kwong, E., 
Trzaskos, J. M., Evans, J. F., and Taketo, M. M. Suppression of intestinal polyposis 

in knockout mice by inhibition of cyclooxygenase 2 (COX-2). (1996) Cell 
87, 803-809. 

Packham, G. and Cleveland, J. L. Ornithine decarboxylase is a mediator of c-Myc-
induced apoptosis. (1994) M?/. Cell. Biol. 14, 5741-5747. 

Parada, L. F., Land, H., Weinberg, R. A., Wolf, D., and Rotter, V. Cooperation between 
gene encoding p53 tumour antigen and ras in cellular transformation. (1984) Nature 
312, 649-654. 

Parker, S. L., Tong, T., Bolden, S., and Wingo, P. A. Cancer statistics, 1997. (1997) 
CA Cancer J. Clin. Al, 5-27. 

Pasricha, P. J., Bedi, A., O'Connor, K., Rashid, A., Akhtar, A. J., Zahurak, M. L., 
Pianadosi, S., Hamilton, S. R., and Giardiello, F. M. The effects of sulindac on 
colorectal proliferation and apoptosis in familial adenomatous polyposis. (1995) 
Gastroenterology 109, 994-998. 

Peltomaki, P., Aaltonen, L. A., Sistonen, P., Pylkk^en, L., Mecklin, J.-P., Jarvinen, H., 
Green, J. S., Jass, J. R., Weber, J. L., Leach, F. S., Petersen, G. M., Hamilton, S. R., de 
la Chapelle, A., and Vogelstein, B. Genetic mapping of a locus predisposing to human 
colorectal cancer. {1993) Science 260,810-812. 

Perucho, M., Goldfarb, M., Shimizu, K., Lama, C., Fogh, J., and Wigler, M. Human-
tumor-derived cell lines contain common and different transforming genes. (1981) Cell 
27, 467-476. 

Petersen, G. M. Genetic epidemiology of colorectal cancer. (1995) Europ. J. Cancer 
31A, 1047-1050. 

Piazza, G. A., Paranka, N. S., Pamukcu, R., Burt, R. W., and Ahnen, D. J. The effect of 
cancer chemopreventive drugs on the proliferation of rat colonocytes in aberrant crypt 
foci. (1994) Mo/. Biol. Cell (Suppl.) 5, 367A. 

Piazza, G. A., Rahm, A. L. K., Krutzsch, M., Sperl, G., Paranka, N. S., Gross, P. H., 
Brendel, K., Burt, R. W., Alberts, D. S., Pamukcu, R., and Ahnen, D. J. Antineoplastic 



146 

drugs sulindac sulfide and sulfone inhibit cell growth by inducing apoptosis. (1995) 
Cancer Res. 55, 3110-3116. 

Polakis, P. Mutations in the APC gene and their implications or protein structure and 
function. (1995) Current Opinion in Genet. And Develop. 5, 66-71. 

Pollard, M. and Luckert, P. H. Indomethacin treatment of rats with dimethylhydrazine-
induced intestinal tumors. (1980) Cancer Treat. Rep. 64, 1323-1327. 

Pollard, M., and Luckert, P. H. Effect of indomethacin on intestinal tumors induced in 
rats by the acetate derivative of dimethylnitrosamine. (1981) Science 214,558-559. 

Pollard, M., Luckert, P. H., and Schmidt, M. A. The suppressive effect of piroxicam 
on autochthonous intestinal tumors in the rat. {\9%y) Catjcer Lett. 21,57-61. 

Potter, J. D. Risk factors for colon neoplasia-epidemiology and biology. (1995) 
Europ. J. Cancer 31A, 1033-1038. 

Potter, M. Pericval Pott's contribution to cancer. (1963) Natl. Cancer Inst. 
Monographs 10, 1-13. 

Powell, S. M., Zilz, N., Beazer-Barclay, Y., Bryan, T. M., Hamilton, S. R., Thibodeau, 
S. N., Vogelstein, B., and Kinzler, K. APC mutations occur early during colorectal 
tumorigenesis. (\992)Nature 359,235-237. 

Preston-Martin, S., Pike, M. C., Ross, R. K., Jones, P. A., and Henderson, B. E. 
Increased cell division as a cause of human cancer. (1990) Cancer Res. 50, 7415-7421. 

Pretlow, T. P., Brasitus, T. A., Fulton, N. C., Cheyer, C., and Kaplan, E. L. K-ra5 
mutations in putative preneoplastic lesions in human colon. (1993) J. Natl. Cancer Inst. 
85, 2004-2007. 

Pretlow, T. P. Aberrant crypt foci and K-ros mutations: earliest recognized players or 
innocent bystanders in colon carcinogenesis? (1995) Gastroenterology 108, 600-603. 

Prives, C. How loops, P sheets, and a helices help us to understand p53. (1995) Cell 
78, 543-546. 

Pulvener B. J., Kyriakis, J. M., Avruch, J., Nikolakaki, E., and Woodgett, J. R. 
Phosphorylation of c-Jun mediated by MAP Kinases. (1991) Nature 353, 670-674. 



147 

Rao, C. v., Rivenson, A., Simi, B., Zang, E., KellofF, G., Steele, V., and Reddy, B. S. 
Chemoprevention of colon carcinogenesis by sulindac, a nonsteroidal anti-inflammatory 
agent. (1995) Cancer Res. 55,1464-1472. 

Rao, V. N. and Reddy, E. S. P. Elk-1 proteins are phosphoproteins and activators of 
Nfitogen-Activated Protein Kinase. (1993) Cancer Res. 53,3449-3454. 

Raycroft, K. J., Wu, H., and Lozano, G. Transcriptional activation of wildtype but not 
transforming mutants of the p5i anti-oncogene. (1990) Science 249,1049-1051. 

Reddy, B. S., Nayini, J., Tolcumo, K., Rigotty, J. Zang, E., and Kelloff, G. 
Chemoprevention of colon carcinogenesis by concurrent administration of piroxicam, a 
non-steroidal antiinflammatory drug with D,L-a-difluoromethylomithine, an ornithine 
decarboxylase inhibitor, in diet. (1990) Cancer Res. 50, 2562-2568. 

Reddy, B. S., Rao, C, V., Rivenson, A., and KellofF, G. Inhibitory effect of aspirin on 
azoxymethane-induced colon carcinogenesis in F344 rats. (1993) Carcinogenesis 14, 
1493-1497. 

Reddy, E. P., Reynolds, R. K., Santos, E., and Barbacid, M. A point mutation is 
responsible for the acquisition of transforming properties by the T24 human bladder 
carcinoma oncogene. (\9Z2) Nature 300, 149-152. 

Reed, J. C., Haldar, S., Croce, C. M., and Cuddy, M. P. Complementation by bcl2 and 
c-Ha-ras oncogenes in malignant transformation of rat embryo fibroblasts. (1990) Mol. 
Cell. Biol. 10,4370-4374. 

Rigau, J., Pique, J. M., Rubio, E., Planas, R., Tarrech, J. M., and Bordas, J. M. Effects 
of long-term sulindac therapy on colonic polyposis. (1991) Ann. Int. Med. 115, 952-
954. 

Rodrigues, N. R., Rowan, A., Smith M. E. F., Kerr, I. B., Bodmer, W. P., Gannon, J. V., 
and Lane, D. P. p53 mutations in colorectal cancer. (1990) Proc. Natl. Acad. Sci. (USA) 
87,7555-7559. 

Rodriguez-Viciana, P., Wame, P. G., Dhand, R., Vanhaesebroeck, B., Gout, I., Fry, M., 
Waterfield, M. D., and Downward, J. Phosphatidylinositol-3-OH kinase as a direct 
target of Ras. (\99A) Nature 370,527-532. 

Rous, P. A sarcoma of the fowl transmissible by an agent separable from the tumor 
cells. (191U J- Exp. Med. 13, 397. 



148 

Rozakis-Adcock, M., Femley, R., Wade, J., Pawson, T., and Bowtell, D. The SH2 and 
SH3 domains of mammalian Grb2 couple the EGF receptor to the Ras activator mSosl. 
{\99'i)Nature 363,83-85. 

Rhyu, M. S. Molecular mechanisms underlying hereditary nonpolyposis colorectal 
carcinoma. {\996) J. Natl. Cancer Inst. 88,240-251. 

Rosenberg, L., Palmer, J. R., Zauber, A. G., Warshauer, M. E., Stolley, P. D., and 
Shapiro, S. A hypothesis: nonsteroidal anti-inflammatory drugs reduce the incidence of 
large-bowel cancer. {\99\) J. Natl. Cancer Inst. 83,355-358. 

Runnebaum, I. B., Nagarajan, M., Bowman, M., Soto, D., and Sukumar, S. Mutations 
in p53 as potential molecular markers for human breast cancer. (1991) Proc. Natl. Acad. 
Sci. (USA) 88, 10657-10661. 

Salim, A. S. The permissive role of oxygen-derived free radicals in the development of 
colonic cancer in the rat. A new theory for carcinogenesis. (1993) Int. J. Cancer 53, 
1031-1035. 

Sambrook, J., Fritsch, E., and Maniatis, T. (1989a) Isolation of high-molecular-weight 
DNA from mammalian cells. In: Molecular Cloning: a Laboratory Manual Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, pp. 9.14-9.19. 

Sambrook, J., Fritsch, E., and Maniatis, T. (1989b) Small scale preparation of plasmid 
DNA. Lysis by boiling. In: Molecular Cloning: a Laboratory Manual Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, pp. 1.29-1.30. 

Sancar, A. Mechanisms of DNA excision repair. (1994) Science 266,1954-1956. 

Samow, P., Ho, Y. S., Williams, J., and Levine, A. J. Adenovirus Elb-58kd tumor 
antigen and SV40 large tumor antigen are physically associated with the same 54 kd 
cellular protein in transformed cells. (1982) Cell 28, 387-394. 

Satoh, T., Endo, M., Nakafuku, M., Akiyama, T., Yamamoto, T., and Kaziro, Y. 

Accumulation of p2l'^^^-GTP in response to stimulation with epidermal growth factor 
and oncogene products with tyrosine kinase activity. (1990a) Proc. Natl Acad. Sci. 
(USA) 1916-1919. 

Satoh, T., Endo, M., Nakafuku, M., Nakamura, S., and Kaziro, Y. Platelet-derived 

growth factor stimulates formation of active p2l'^^^-GTP complex in Swiss mouse 3T3 
cells. (1990b) Proc. Natl Acad Sci. (USA) 87, 5993-5997. 



149 

Serth, J., Weber, W., Freeh, M., Wittinghofer, A., and Pingoud, A. Binding of the H-ras 
p21 GTPase activating protein by the activated Epidermal Growth Factor receptor 
leads to inhibition of the p21 GTPase activity in vitro. (1992) Biochemistry 31, 6361-
6365. 

Seth A, Gonzalez, F. A., Gupta, S., Raden, D. L., and Davis, R. J. Signal transduction 
within the nucleus by Mitogen-Activated Protein Kinase. (1992) J. Biol Chem. 267, 
24796-24804. 

Shamsuddin, A. K. M. and Trump, B. F. Colon epithelium. II. In vivo studies of 
colon carcinogenesis; light microscopic, histochemical and ultrastructural studies of 
histogenesis of azoxymethane-induced colon carcinomas in Fischer 344 rats. (1981) J. 
Natl. Cancer Inst, 66,389-401. 

Shamsuddin, A. K. M. and Hogan, M. L. Large intestinal carcinogenesis, n. 
Histogenesis and unusual features of low-dose azoxymethane-induced carcinomas in 
F344rats. J. Natl. Cancer Inst. 73,1297-1305. 

Shaulsky, G., Goldfmger, N., Tosky, M. S., Levine, A. J., and Rotter, V. Nuclear 
localization is essential for the activity of p53 protein. (1991) Oncogene 6, 2055-2065. 

Shaw, P., Bovey, R., Tardy, S., Sahli, R., Sordat, B., and Costa, J. Induction of 
apoptosis by wild-type p53 in a human colon tumor-derived cell line. (1992) Proc. 
Natl. Acad. Sci. (USA) 89, 4495-4499. 

Shen, T. Y., Ham, E. A., Cirillo, V. J., and Zanetti, M. Structure-activity relationship 
of certain prostaglandin synthetase inhibitors. (1974) In; Robinson, H. J. and Vane, J. 
R. (eds.) Prostaglandin Synthetase Inhibitors—Their Effects on Physiological Functions 
and Pathological States. Raven Press Books, Ltd., New York. pp. 19-31. 

Shen, T. Y. and Winter, C. A. Chemical and biological studies on indomethacin, 
sulindac and their analogs. {\911) Adv. Drug Res. 12,89-245. 

Shibata, D., Schaeffer, J., Li, Z.-H., Capella, G., and Perucho, M. Genetic heterogeneity 
of the c-K-ras locus in colorectal adenomas but not in adenocarcinomas. (1993) J. Natl. 
Cancer Inst. 85, 1058-1063. 

Shih, C. and Weinberg, R. A. Isolation of transforming sequence from a human bladder 
carcinoma cell line. (1982) Ce//29, 161-169. 

Shimizu, K., Birnbaum, D., Ruley, M. A., Fasano, O., Suard, Y., Edlund, L., 
Taparowsky, E., Goldfarb, M, and Wigler, M. Structure of the Ki-ras gene of the 
human lung carcinoma cell line Calu-1. (1983) Nature 304,497-500. 



150 

Shivapurkar, N., Belinsky, S. A., Wolf, D. C., Tang, Z., and Alabaster, O. Absence of 
p53 gene mutations in rat colon carcinomas induced by azoxymethane. (1995) Cancer 
Letters 96, 63-70. 

Shohat, O,. Greenberg, M., Reisman, D., Oren, M., and Rotter, V. Inhibition of cell 
growth mediated by plasmids encodingpii anti-sense. Oncogene. 1,277-83. 

Sidransky, D. Advances in cancer detection. {\996) Sci. Am. 275,104-109. 

Singh, J., Kelloff, G., and Reddy, B. S. Intermediate biomarkers of colon cancer, 
modulation of expression of ras oncogene by chemopreventive agents during 
azoxymethane induced colon carcinogenesis. (1993) Carcinogenesis 14, 699-704. 

Singh, J., Kulkami, N., Kelloff, G., and Reddy, B. S. Modulation of azoxymethane-
induced mutational activation of ras protooncogenes by chemopreventive agents in 
colon carcinogenesis. i\99A) Carcinogenesis 15, 1317-1323. 

Skinner, S. A., Penney, A. G., and O'Brien, P. E. Sulindac inhibits the rate of growth 
and appearance of colon tumors in the rat. (1991) Arch. Surg. 126, 1094-1096. 

Skolnik, E. Y., Batzer, A., Li, N., Lee, C.-H., Lowenstein, E., Mohammadi, M., 
Margolis, B., and Schlessinger, J. The function of Grb2 in linking the Insulin receptor 
to Ras signaling pathways. {1993) Science 260, 1953-1955. 

Skorski, T., Kanakaraj, P., Nieborowska-Skorska, M., Ratajczak, M., Szczylik, C., 
Zon, G., Arlinghaurs, R. B., Gewirtz, A., Perussia, B., and Calabretta, B. pl20 GAP 
requirement in normal and malignant human hematopoiesis. (1993) J. Exp. Med. 178, 
1923-1933. 

Skorski, T., Kanakaraj, P., Ku, D. H., Nieborowska-Skorska, M., Canaani, E., Zon, G., 
Perussia, B., and Calabretta, B. Negative regulation of pl20 GAP GTPase promoting 

activity by p21o'"'^'^^^': implication for RAS-dependent Philadelphia chromosome 
positive cell growth. {\99A,) J. Exp. Med 179,1855-65. 

Slamon, D. J. Proto-oncogenes and human cancer. (1987) N. Engl. J. Med. 317, 955-
957. 

Smith, M. L., Chen, I.-T., Zhan, Q., Bae, I., Chen C.-Y., Gilmer, T. M., Kastan, M. B., 
O'Connor, P. M., and Fomace, A. J. Interaction of the p53-regulated protein Gadd45 
with proliferating cell nuclear antigen. (1994) Science 266, 1376-1380. 



151 

Smith, M. L. and Fomace, A. J. The two faces of tumor suppressor p53. (1996) Am. 
J. Path. 148, 1019-1022. 

Smith, M. R., DeGudicibus, S. J., and Stacey, D. W. Requirement for c-ras proteins 
during viral oncogene transformation. {\9%6) Nature 320,540-543. 

Soussi, T., de Fromentel, C. C., and May, P. Structural aspects of the p53 protein in 
relaticMi to gene evolution. (1990) Oncogene 5, 945-952. 

Spiro, H. M. Tumors. (1983) In: Clinical Gastroenterology, Third Edition. 
Macmillan, New York. pp. 968-1022. 

Squire, J. and Phillips, R. A. Genetic Basis of Cancer. (1992) In; Tannock, I.E. and 
Hill, R.P. (eds.) The Basic Science of Oncology, Second Edition. McGraw Hill, Inc., 
New York. pp. 41-60. 

Srivastava, S., Zou, Z., Pirollo, K., Blattner, W., and Chang, E. H. Germ-line 
transmission of a mutated p53 gene in a cancer-prone family with Li-Fraumeni 
syndrome. {\99Q) Nature 348,747-749. 

Stehelin D., Varmus, H. E., Bishop, J. M., and Vogt, P. K. DNA related to the 
transforming gene(s) of avian sarcoma viruses is present in normal avian DNA. (1976) 
Nature 260, 170-173. 

Stokoe, D., Macdonald, S. G., Cadwallader, K., Symons, M., and Hancock, J. F. 
Activation of Raf as a result of recruitment to the plasma membrane. (1994) Science 
264, 1463-1467. 

Strong, H. A., Warner, N. J., Renwick, A. G., and George, C. F. Sulindac metabolism: 
the importance of an intact colon. (1985) Clin. Pharmacol Ther. 38,387-393. 

Stopera, S, A., Murphy, L. C., and Bird, R. P. Evidence for a ras gene mutation in 
azoxymethane-induced colonic aberrant crypts in Sprague-Dawley rats: earliest 
recognizable precursor lesions of experimental colon cancer. (1992) Carcinogenesis 13, 
2081-2085. 

Stopera, S. A. and Bird, R. P. Immunohistochemical demonstration of mutant p53 
tumour suppressor gene product in aberrant crypt foci. (1993) Cytobios 73, 73-88. 

Suzui, M., Yoshimi, N., Ushijima, T., Hirose, Y., Makita, H., Wang, A., Kawamori, T., 
Tanaka, T., Mori, H., and Nagao, M. No involvement of Ki-ra5 oxp53 gene mutations 
in colitis-associated rat colon tumors induced by 1-hydroxyanthraquinone and 
methylazoxymethanol acetate. (\99S)Moi Carcitiogenesis 12, 193-197. 



152 

Tabin, C. J., Bradley, S. M., Bargmaim, C. I., Weinberg, R. A., Papageorge, A. G., 
Scolnick, E. M., Dhar, R., Lowy, D. R., and Chang, E. H. Mechanism of activation of a 
human oncogene. {\9%1) Nature 300, 143-149. 

Takahashi, M., Minamoto, T., Yamashita, N., Yazawa, K., Sugimura, T., and Esumi, H. 
Reduction in formation and growth of 1,2-dimethylhydrazine-induced aberrant crypt 
foci in rat colon by docosahexanoic acid. {1993) Cancer Res. 53,2786-2789. 

Telford, W. G., King, L. E., and Fraker, P. J. Evaluation of glucocorticoid-induced 
DNA fragmentation in mouse thymocytes by flow cytometry. (1991) Cell Prolif. 24, 
447-459. 

Tendler, Y., Reshf, R., Cohen, I., Barzilai, M., Shasha, S. M., Rotter, V., and Shkolnik, 
T. Histochemical studies of progressivep53 mutations during colonic carcinogenesis in 
Sprague-Dawley rats induced by N-methyl-N-nitro nitrosoguanidine or azoxymethane. 
(1994) Pathobiol. 62, 232-237. 

Thibodeau, S. N., Bren, G., and Schaid, D. Microsatellite instability in cancer of the 
proximal colon. {1992) Science 260,816-819. 

Thompson, H. J., Briggs, S., Paranka, N. S., Piazza, G. A., Brendel, K., Gross, P. H., 
Sped, G. J., Pamukcu, R., and Ahnen, D. J. Inhibition of mammary carcinogenesis in 
rats by sulfone metabolite of sulindac. (1995) J. Natl. Cotter Inst. 87, 1259-1260. 

Thun, M. J., Namboodiri, M. M., and Heath, Jr., C. W. Aspirin use and reduced risk of 
fatal colon cancer. (1991) N. Engl. J. Med. 325, 1593-1596. 

Tomaletti, S. and Pfeifer, G. P. Slow repair of pyrimidine dimers at p53 mutation 
hotspots in skin cancer. {\99A) Science 263,1436-1438. 

Trahey, M. and McCormick, F. A cytoplasmic protein stimulates normal N-raj p21 
GTPase, but does not affect oncogenic mutants. (1987) Science 238, 542-545. 

Treisman, R. Regulation of transcription by MAP kinase cascades. (1996) Current 
Opinion in Cell Biol. 8,205-215. 

Trock, B., Lanza, E., and Greenwald, P. Dietary fiber, vegetables and colon cancer; 
critical review and meta-analysis of the epidemiological evidence. (1990) J. Natl. 
Cancer Inst. 82, 650-661. 



153 

Tsai, M.-H., Yu, C.-L., Wei, F.-S., and Stacey, D. W. The effect of GTPase activating 
protein upon Ras is inhibited by mitogenicaily responsive lipids. (1989) Science 243, 
522-526. 

Tsai, M.-H., Yu, C.-L., and Stacey, D. W. A cytoplasmic protein inhibits the GTPase 
activity of H-Ras in a phospholipid-dependent manner. (1990) Science 250, 982-985. 

Tsujii, M. and DuBois, R. N. Alterations in cellular adhesion and apoptosis in 
epithelial cells overexpressing prostaglandin endoperoxide synthase 2. (1995) Cell 83, 
493-501. 

Tudek, B., Bird, R. P., and Bruce, W. R. Foci of aberrant crypts in the colons of mice 
and rats exposed to carcinogens associated with foods. (1989) Cancer Res. 49, 1236-
1240. 

Vane, J. R. Inhibition of prostaglandin synthesis as a mechanism of action for aspirin
like drugs. (1971) Nature-New Biol. 231,232-235. 

Vaux, D. L., Cory, S., and Adams, J. M. Bcl-2 promotes haemopoietic cell survival and 
cooperates with c-myc to immortalize pre-B cells. (1988) Nature 335, 440-442. 

Verma, A. K., Ashendel, C. L., and Boutwell, R. K. Inhibition by prostaglandin 
synthesis inhibitors of the induction of epidermal ornithine decarboxylase activity, the 
accumulation of prostaglandins, and tumor promotion caused by 12-0-
tetradecanoylphorbol-13-acetate. (\9%0) Cancer Res. 40,308-315. 

Vivona, A. A., Shpitz, B., Medline, A., Bruce, W. R., Hay, K., Ward, M. A., Stem, H. 
S., and Gallinger, S. Yi-ras mutations in aberrant crypt foci adenomas and 
adenocarcinomas during azoxymethane-induced colon carcinogenesis. (1993) 
Carcinogenesis 14, 1777-1781. 

Vogel, U., Dixon, R. A. F., Schaber, M. D., Diehl, R. E., Marshall, M. S., Scolnick, E. 
M., Sigal, I. S., and Gibbs, J. B. Cloning of bovine GAP and its interaction with 
oncogenic ras p21. (1988) A'a/i/re 335, 90-93. 

Vogelstein, B. Rapid purification of DNA from agarose gels by centrifugation through a 
disposable plastic column. {19^1) Artaly. Biochem. 160,115-118. 

Vogelstein, B., Fearon, E. R., Hamilton, S. R., Kem, S. E., Preisinger, A. C., Leppert, 
M., Nakamura, Y., White, R., Smits, A. M. M., and Bos, J. L. Genetic alterations 
during colorectal-tumor development. (1988) N. Engl. J. Med. 319, 525-537. 



154 

Vojtek, A. B., HoIIenberg, S. M., and Cooper, J. A. Mammalian Ras interacts directly 
wiA the serine/threonine kinase Raf. (1993) Cell 74, 205-214. 

Waddell, W. R., and Loughry, R. W. Sulindac for polyposis of the colon. (1983) J. 
Surg. One. 24, 83-87. 

Waddell, W. R., Ganser, G. F., Cerise, E. J., and Loughry, R. W. Sulindac for polyposis 
of the colon. (19S9) Am. J. Surg. 157,175-179. 

Waga, S. and Stillman, B. Anatomy of a DNA replication fork revealed by constitution 
of SV40 DNA replication in vitro. (1994) Nature 369, 207-212. 

Waldman, T., Kinzler, K. W., and Vogelstein, B. p21 is necessary for p53-mediated 
Giarrest in human cancer cells. (1995) Cancer Res. 55, 5187-5190. 

Wang, E. H., Friedman, P. N., and Prives, C. The murine p53 protein blocks replication 
of SV40 DNA in vitro by inhibiting the initiation functions of SV40 large T antigen. 
(1989) Cell 57, 379-392. 

Wang, X., W., Yeh, H., Schaeffer, L., Roy, R., Moncollin V, Egly J.-M., Wang, Z, 
Friedberg, E. C., Evans, M. K., Taffe, B. G., Bohr, V. A., Weeda, G., Hoeijmakers, J. H. 
J., Forrestor, K., and Harris, C. C. p53 modulation of TFIIH-associated nucleotide 
excision repair activity. {\99S) Nature Genet 10,188-195. 

Wang, Y., Boguski, M., Riggs, M., Rodgers, L., and Wigler, M. Sari, a gene from 
Schizosaccharomyces pomhe encoding a protein that regulates ras 1. (1991) Cell Regul. 
2, 453-465. 

Ward, J. M. Morphogenesis of chemically induced neoplasms of the colon and small 
intestine in rats. (1974) Lab. Invest. 30, 505-513. 

Wargovich, M. J., Chen, C. D., Harris, C., Yang, E., and Velasco, M. Inhibition of 
aberrant crypt growth by non-steroidal anti-inflammatory agents and differentiation 
agents in the rat colon. (1995) Int. J. Cancer 60, 515-519. 

Weinberg, R. A. Tumor suppressor genes. {\99\) Science 254,1138-1146. 

Weissmann, G. The actions of NSAIDs. (1991) Hosp. Prac. (Off. Ed.) 26, 60-76. 

Werness, B. A., Levine, A. J., and Howley, P. M. Association of human 
papillomavirus types 16 and 18 E6 proteins with p53. (1990) Science 248, 76-79. 

White, E. Life, death, and the pursuit of apoptosis. (1996) Genes Develop. 10, 1-15. 



155 

Winitz, S., Russell, M., Qian, N.-X., Gardner, A., Dwyer, L., and Johnson, G. L. 
Involvement of Ras and Raf in the Gi-coupled acetylcholine muscarinic ml receptor 
activation of Mitogen-Activated Protein (MAP) Kinase Kinase and MAP Kinase. 
(1993) J. Biol. Chem. 268, 19I96-19I99. 

Wittinghofer, A. and Pai, E. F. The structure of Ras protein: a model for a universal 
molecular switch. (1991) Trends In Biochem. Sci. 15, 382-387. 

Wright, D. K. and Manos, M. M. Sample preparation from paraffin-embedded tissues. 
(1990) In: Innis, M. A., Gelfand, D. H., Sninsky, J. J., and White, T. H. (eds.) PCR 
protocols, a guide to methods and applications. Academic Press, New York. pp. 153-
158. 

Wu, J., Dent, P., Jelinek, T., Wolfman, A, Weber, M. J., and Sturgill, T. W. Inhibition 
of the EGF-activated MAP Kinase signaling pathway by adenosine 3',5'-
monophosphate. {1993) Science 262, 1065-1069. 

Wu, X., Bayle, J. H., Olson, D., and Levine, A. J. The p53-mdm-2 autoregulatory 
feedback loop. {1993) Genes Dev. 7,1126-1132. 

Xiao, H., Pearson, A., Coulombe, B., Truant, R., Zhang, S., Regier, J. L., Triezenberg, S. 
J., Reinberg, D., Flores, O., Ingles, C. J., and Greenblatt, J. Binding of basal 
transcription factor TFIIH to the acidic activation domains of VP 16 and p53. (1994) 
Mol Cell Bioi 14, 7013-7024. 

Xiong, Y., Hannon, G. J., Zhang, H., Casso, D., Kobayashi, R., and Beach, D. p21 is a 
universal inhibitor of cyclin kinases. (1993) Nature 366, 701-704. 

Xu, G. F., O'Connell, P., Viskochil, D., Cawthon, R., Robertson, M., Culver, M., 
Dunn, D., Stevens, J., Gesteland, R., White, R., and Weiss, R. The neurofibromatosis 
type 1 gene encodes a protein related to GAP. (1990a) Cell 62, 599-608. 

Xu, G. F., Lin, B., Tanaka, K., Dunn, D., Wood, D., Gesteland, R., White, R., Weiss, 
R., and Tamanoi, F. The catalytic domain of the neurofibromatosis type 1 gene product 
stimulates ras GTPase and complements ira mutants of S. cerevisiae. (1990b) Cell 63, 
835-841. 

Yamada, K., Yoshitake, K., Sato, M., and Ahnen, D. J. Proliferating cell nuclear antigen 
expression in normal, preneoplastic, and neoplastic colonic epithelium of the rat. 
(\992) Gastroenterology. 103, 160-167. 



156 

Yamashita, N., Minamoto, T., Ochiai, A., Onda, M., and Esumi, H. Frequent and 
characteristic K-ras activation and absence of p53 protein accumulation in aberrant 
crypt foci of the colon. (1995) Gastroenterology 108,434-440. 

Yin, Y., Tainsky, M. A., Bischoff, F. Z., Strong, L. C., and Wahl, G. M. Wild-type 
p53 restores cell cycle control and inhibits gene amplification in cells with mutant p53 
alleles. (1992) Cell 70,937-948. 

Yonish-Rouach, E., Resnitzky, D., Lotem, J., Sachs, L., Kimchi, A., and Oren, M. 
Wild-type p53 induces apoptosis of myeloid leukaemia cells that is inhibited by 
interleuldn-6. (1991) Nature 352,345-347. 

Yonish-Rouach, E., Grunwald, D., Wilder, S., Kimchi, A., May, E., Lawrence, J.-J., 
May P., and Oren M. p53-mediated cell death: relationship to cell cycle control 
(1993) Mo/. Cell. Biol. 13, 14I5-I423. 

Zhan, Q., Carrier, F., and Fomace, Jr., A. J. Induction of cellular p53 activity by DNA-
damaging agents and growth arrest. (1993) A/o/. Cell. Biol. 13,4242-4250. 

Zhan, Q., Fan, S., Bae, I., Guillouf, C., Lieberman, D. A., O'Connor P. M., and 
Fomace, A. J. Induction of bax by genotoxic stress in human cells correlates with 
normalstatus and apoptosis. (1994) Oncogene 9,3743-3751. 

Zhu, X., Ohtsubo, M., Bohmer, R. M., Roberts, J. M., and Assoian, R. K. Adhesion-
dependent cell cycle progression linked to the expression of cyclin Dl, activation of 
cyclin E-cdk2, and phosphorylation of the retinoblastoma protein. (1996) J. Cell. Biol. 
133,391-403. 

Ziegler, A., Jonason, A. S., Leffell, D. J., Simon, J. A., Sharma, H. W., Kimmelman, J., 
Remington, L., Jacks, T., and Brash, D. E. Sunburn and p53 in the onset of skin 
cancer. (1994) Nature 372,773-776. 

Zimbalist E. H. and Plumer, A. R. Genetic and environmental factors in colorectal 
carcinogenesis. (1995) Dig. Dis. 13,365-378. 


