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ABSTRACT 

Bile acids have been linked to the etiology of colon cancer in various 

studies for over twenty-five years. However, the mechanism by which bile 

acids act in colon carcinogenesis is not known. By using an assay that can 

detect induction of the gaddl53 su'ess response to DNA damage I found that 

bile acids activate expression of gaddl53 promoter. This observation implies 

that biie acids cause DNA damage. I then hypothesized that exposure of 

ceils to biie acids produces reactive oxygen species which damage DNA. 

However, experiments to block gaddi53 induction by biie acids using 

antioxidants, and to measure 8-OH-dG induced by bile acids were 

inconclusive. 1 also used p55 mutant cell lines to show that bile acid 

induction of apoptosis is p55-independent. In addition, my experiments 

showed thai biie acid increased expression of gaddl53 protein in HT-29 

ceils, and that gaddl 53 protein was constitutively overexpressed in HCT-116 

cells with or without bile acid treatment. Thus, biie acid action in colon 

carcinogenesis may involve induction of DNA damage, induction of 

gaddl53 as a protective stress response, and then if the damage is beyond 

repair. p53-independent apoptosis. 
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INTRODUCTION 

In the United States, colorectal cancer is the third most common cancer 

arising in men after prostate cancer and lung cancer. It is the second most 

frequent cancer in women after breast cancer (Schottenfeli 1995). About 

57.405 individuals were reported to have died from colon and rectal cancer in 

the U.S. in 1993 (Parker et ai, 1997), and it is estimated that approximately 

131.200 new cases of colon and rectal cancer were diagnosed in 1997 

(Parker et ai, 1997). Numerous epidemiological smdies have shown that 

genetic and environmental factors play significant roles in colon 

carcinogenesis. 

I. Environmental And Genetic Factors Related To Colorectal Cancer 

A. Some important genetic factors related to colon carcinogenesis 

There are two major inherited syndromes which cause a predisposition 

to colorectal cancer: Familial Adenoma Polyposis (FAP) and Hereditary 

Nonpolyposis Colorectal Cancer (HNPCC). FAP, an autosomal dominant 
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syndrome, is implicsited in less than 1% of all colorectal cancer cases (Reale 

and Fearon, 1996). The onset of FAP is very early, sometimes during 

childhood. Patients vyith FAP have colon adenomatous polyps which range 

in number from a few to several thousand; these patients have a greater than 

97% risk of developing colonic adenocarcinoma at some point in their lives 

(Burt and Petersen^ 1996). The molecular genetic cause of FAP is a germ 

line mutation of the APC gene on chromsome 5q21 (Rustgi and Podolsky, 

1992; Bodmer ef a/., 1987). Nearly 75% of the affected individuals in 

several studies have been detected to have germline mutations at either one of 

two sites in the APC gene (Polakis, 1995; Miyoshi et ai, 1992; Nagase et 

ai. 1992: et ai, 1993: Nagase and Nakamura, 1993); more than 

95% of these mutations result in premature termination of protein synthesis 

(Reale and Fearon. 1996), truncated APC protein and dysflmction. 

Further molecular genetic studies have shown that the APC gene 

consists of at least 15 exons and that it encodes a protein of 2843 amino acids 

(Groden e/<3/.. 1991; Kinzler a/., 1991; Smiths/<2/., 1993). A recent 

study has shown that the APC protein associates with the adherens junction 

proteins alpha and p-catenin (Polakis, 1995; Su et ai, 1993; Rubinfeld et 
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ai, 1993), which in turn link to cadherin. Cadherin, the cell adhesion 

complex^ is involved in the connection between membrane proteins and the 

cytoskeleton. Adherens junctions are specialized types of epithelial cell-cell 

junctions whose function is to mediate calcium-dependent cell-cell adhesion 

and anchor the actin cytoskeleton (Peifer, 1993). Since regulation of the 

cytoskeletal complex assembly and signaling pathways involves connection 

of cadherin, catenins and APC protein (Barth et ai, 1997), mutated proteins 

produced by loss of the APC allele could change cell-cell adhesion and cell 

morphogenesis and may also affect gene expression (Barth et ai, 1997). The 

alteration of the APC protein has been suggested to be an important link 

between cell adhesion, tumor invasion and metastasis (Peifer, 1993). 

Another major cause of genetic predisposition to colorectal cancer is 

the human non-polyposis colon cancer (HNPCC) syndrome which may be 

the cause of about 1-5% of all colorectal cancer cases (Marra and Boland, 

1995). Cancers of other organs besides the colon and rectum are also found 

in some affected patients who have HNPCC (Burt and Petersen, 1996). 

Unlike FAP, HNPCC does not involve diffuse colonic polyposis. In 

individuals with HNPCC, carcinomas develop from pre-existing adenomas 
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that are found predominantly in the proximal colon (Lanspa et ai, 1990). 

Patients with HNPCC carry a germline mutation that inactivates one copy of 

the mismatch repair gene (MMR) in diploid somatic cells. Mutation of the 

second copy of the MMR gene in a diploid cell results in microsatellite 

instability (Lanspa et ai, 1990). Inactivation of both alleles impairs critical 

DNA damage recognition and repair capabilities as well as the ability to 

recognize error of insertion or deletion (Umar e/a/., 1994). This may rapidly 

promote the expansion of an initiated clone of preneoplastic cells by causing 

multiple mutations. Some of these mutations may activate oncogenes or 

tumor suppressor genes which lead to tumorigenesis in the colon. 

In normal tissues, the microsatellite DNA sequence is a short 

repetitive DNA sequence having a specific constant length throughout the 

genome in a given individual. The flmction of the MMR gene is to recognize 

and correct errors of insertion or deletion of dinucleotide repeats or other 

short repeated sequences occurring during the replication of DNA . Mutation 

of the MMR gene will cause a failure to recognize these errors and changes 

in the length of DNA tendem repeat sequences. "Microsatellite instability'" 

will then occur. The microsatellite DNA sequences found in tumor tissues in 
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the patients with HNPCC had considerable variation in their length (Inovo et 

ai, 1993; Aaltonen <2/.. 1993; Moslein etai, 1996). This "microsatellite 

instability" was also seen at many other sites throughout the genome and in 

about 75% of other tumors from those patients with HNPCC (Risinger et 

ai, 1993). Marra and Boland (1995) found that all tissues in such 

individuals are phenotypically normal, but the individuals have a higher risk 

of colon cancer. 

B. Major enviromentai factors related to colon cancer 

The incidence rates of colorectal cancer vary approximately 20-fold 

around the world (American Cancer Society, 1995; M\metaL, 1987). The 

highest incidence rates are seen in Australia, New Zealand and Canada, 

which had age-adjusted (world standard) incidence rates of 25-35 per 

100,000 in the late 1980s. The lowest rates are seen in Africa, Asia and 

Latin America (Schottenfeld, 1995). For example, there were only 1-3 

incidences per 100,000 in India (Parkin, 1992). Furthermore, studies of 

colorectal cancer incidence in immigrant populations showed, for example, 

that the Japanese population living in Hawaii has a higher incidence of 

colorectal cancer (34.1 in males of e^e-standardized incidence rates per 
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100,000 from 1978 to 1982) than the Japanese population Uving in Japan 

(9.8 in males of age-standardized incidence rates per 100,000 from 1978 to 

1982) (Muir et ai, 1987). International incidence rates and studies of 

immigrants such as was done on the Japanese population in Hawaii 

suggested the hypotheses that diet has a causative influence on colorectal 

cancer. Even though genetic predisposition to colon cancer may have a role, 

epidemiological studies have shown that environmental factors, such as a 

Westernized life style, may also play an important role in colon 

carcinogenesis (Reddy, 1993). The Westernized dietary pattern is 

characterized by the high consumption of red meat and other sources of 

saturated fat and low consumption of fruits, vegetables and grains which 

provide insoluble fiber and micronutrient antioxidants with anticarcinogenic 

properties (Reddy, 1993). 

1. Dietary fat 

Armstrong and Doll (1975) were the first to show the close link 

between the incidence and mortality rates of colorectal cancers in 32 

countries and per capita intake of meat, total fat and animal protein. A 

cohort study of 88,751 nurses (Willett et ai, 1990) showed similar results: 
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women in this study with the highest consumption of dietary fat had a 2.5 

times higher risk of colon cancer than women having the lowest intake of 

dietary fat. 

International smdies also have shown that the incidence of colon 

cancer increases with the consumption of dietary fat (Parker et ai, 1996; 

Wynder et ai, 1992). According to a smdy by Wynder et ai (1992), fat 

intake, as the percent^e of caloric intake, was 40.0% in the United States in 

1950. but only 7.9% in Japan at that time. The reason for the difference is 

that the typical Japanese diet was rich in soy proteins and soy products 

(Wynder et ai, 1992). The mortality rate of colorectal cancer was lower in 

Japan than in the United States during that period (Weisburger and Wynder, 

1987). Starting with the industrialization and modernization of Japan, 

traditional Japanese diets have begun to change (Hayashi et ai, 1986, 

Tajima et ai, 1985). Fat intake is increasing although it remains below the 

Western level. The percentage of fat intake to total caloric intake in Japan in 

1975 was three times (22.3%) higher than in 1950, but it remained die same 

(41.9%) in the United States (Wynder et ai, 1992). The death rate due to 

colon cancer in the U.S. was 21 per 100,000 from 1978 to 1979 (age 
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adjusted death rates for male colon cancer), but only 7 per 100,000 in Japan 

during the same time period (Weisburger and Wynder, 1987). AJmost two 

decades later, the death rate of colon cancer in Japan more than doubled: 15.7 

deaths per 100,000 for males with colon cancer between 1990 and 1993 

(Parker et ai, 1996). Thus, the Japanese incidence of colon cancer mortality 

reached a similar level as in the U.S. (16.5 death per 100,000 for the death of 

males from colon cancer) during the same time period (Parker et al., 1996). 

Studies of immigrants to the U.S. from Japan also confirmed that 

dietary fat plays a major role in colon cancer. The data, when used to 

compare cause-specific mortality rates in 1949 to 1952 with those in 1959 to 

1962, showed that the mortality rates of colon cancer among Japanese males 

have risen in one decade to rates almost equal to those for U.S. Caucasians 

(Haenszel and Kurihara, 1968). A similar conclusion was also found in 

studies of Polish and Chinese immigrants to the U.S. (Staszewski and 

Haenszel, 1965; Whittemore et ai, 1990). This suggests that a change in 

dietary pattem is an important factor in the increased risk of colorectal 

cancer. 
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2. The promoting activity of bile acids in colon carcinogenesis 

Although an inherited predisposition has been identified in certain 

families, about 90% of colon cancer incidence is thought to be due to dietary 

factors. Cheah (1990) in a review of the possible direct causative agents in 

colon cancer (e.g. fecal mutagens, ketosteroids, dietary fats and bile acids), 

concluded that bile acids are the most strongly implicated. High fat 

consumption, common in Westernized diets, causes high levels of bile acid 

production by the liver, resulting in increased secretion of bile acids into the 

intestine (Reddy, 1981). 

a. Biology of bile acids 

Bile acids are synthesized in the liver as breakdown products of 

cholesterol. Figure 1 illustrates the structure of cholesterol and the bile acids 

used in this smdy. As shown in Figure 1, bile acids have almost the same 

steroid nucleus as cholesterol with the exception that the bonds between 

carbon 5 and carbon 6 are saturated. Bile acids are 24 carbon 

derivatives of cholesterol without the C-25 aliphatic side chain. Instead, a 

carboxylic group is present at C-24. In most mammals the hydroxyl groups 

of bile acids are at the 3, 6, 7, and/or 12 positions (Hofman, 1988). 
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As described by Hofinan (1988), cholesterol is converted in the liver 

into two primary bile acids: cholic acid (CA) and chenodeoxycholic acid 

(CDOC). These bile acids are mainly stored in the gall bladder during the 

fasting state. When a meal is eaten, the gall bladder contracts, and bile acids 

are secreted into the intestine where they facilitate fat digestion. Most of the 

secreted bile acid volmne is actively reabsorbed in the terminal ileum. The 

bile acids then retum via the blood stream to the liver where they are again 

efficiently extracted and secreted in bile. In the colon, CA is converted to 

deoxycholic acid (DOC) and CDOC is converted to lithocholic acid (LCA) 

by bacterial metabolism. This conversion involves 7a-dehydroxylation. 

DOC and LCA are major fecal bile acids in humans. On average, about 

one-third of the DOC and one-fifth of the LCA formed in the colon are 

absorbed, and returned to the liver. In the liver, CA, CDOC, DOC, and LCA 

are amidated with glycine or taurine. 

b. Population studies on bile acids 

The relationship between bile acids and colon cancer has been studied 

for more than 25 years. The incidence of colon cancer varies with 

geographic area and socioeconomic level. As discussed above, it is high in 
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Northwest Europe and North America, and low in South America, Africa, 

and Asia (Doll, 1969). The populations in high risk areas eat more animal 

protein and fat; people in low risk areas eat more vegetable protein and fiber. 

Reddy and Wynder (1973) found that Americans who ate a Western-type diet 

excreted high levels of bile acids and more microbially-degraded bile acids 

than did American vegetarians, Seventh-Day Adventists, Japanese and 

Chinese Americans. Reddy et ai (1978) compared the dietary pattern and 

fecal constituents of high-risk populations in New York and low-risk 

populations in Kuopio Finland. They found that the fecal concentration of 

secondary bile acids was lower in rural Kuopio, even though the total dailv 

excretion of secondary bile acids was the same in the two populations. Both 

populations have a high dietary intake of fat. They suggested that one of the 

factors contributing to the low risk of large bowel cancer in Finland 

compared to New York, is that a high-fiber diet leads to an increase in stool 

bulk, thus diluting the bile acids. They considered that bile acids have tumor 

promoting activity. A similar study comparing the population of high-risk 

areas in New York and an intermediate-risk population in Umea, Sweden, 

came to similar conclusions (Domellof et ai, 1982). 
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In additioiL, a number of smdies also have shown that the concentration 

of fecal bile acids is higher in patients with colon cancer compared with 

healthy persons from the same community. For instance, Crowther et ai 

(1976) studied three socio-economic groups in Hong Kong. They found that 

the highest-income group had the highest fecal concentration of bile acids 

and the highest incidence of large bowel cancer. 

Dietary fat increases both bile acid secretion into the intestine and the 

metabolic activity of the intestinal bacteria, which in turn increases the 

conversion of primary to secondary bile acids in the colon (Reddy et ai 

1983). Hill (1975) suggested that dietary fat and cholesterol increase the risk 

of colorectal cancer via the excretion of bile acids into the lumen, where 

secondary bile acids are formed under the influence of bacterial enzyme 

systems. Hill (1986) found that there is a strong correlation between the 

presence of bacteria that can transform primary bile acids into secondary bile 

acids and the incidence of colon cancer. He suggested that the secondary bile 

acids may be of particular importance in the etiology of colon cancer. 
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c. Animal studies on bile acids 

Bile acids have been shown in animal studies to act as promoters that 

increase the effect of colon carcinogens. A promoter is an agent that 

promotes selective proliferation of initiated cells. Reddy et al. (1976) smdied 

the promoting influence of the bile salt sodium deoxycholate on colon 

carcinogenesis using female F344 germ-free rats. They found that when this 

bile salt was injected intrarectaUy into rats exposed to chemical carcinogens 

such as N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), the number of 

tumors increased. However, no tumors were detected in the colon of the rats 

given bile salt alone. Also, rats treated with MNNG and sodium 

deoxycholate induced more colon adenocarcinoma than rats treated with 

MNNG only. They concluded that in rats bile salts had a promoting effect in 

colon carcinogenesis evoked by the carcinogen MNNG. hi another study, 

Cohen and Mosbach (1986) found that deoxycholic acid acts at the 

promotional stage of colon tumor development in rats treated with the 

carcinogen N-methyl-N-nitrosourea (MNU). Hicks (1983) suggested that 

bile acids act as promoters of carcinogenesis by inducing cellular 

proliferation. 
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Susuki and Bruce (1986) found that with an intrarectal exposure of the 

colon epithelium of mice to DOC, there was a marked increase in the 

colonic nuclear damage induced by 1,2-dimethylhydrazine (DMH). Thus 

DOC seems to act as a cocarcinogen. which is an agent that enhances 

carcinogenesis by a carcinogen. 

d. Bacterial, viral and mammalian cell line studies 

1) Cytotoncity of bile acids 

Bile acids, as detergent-like ^ents, can damage the integrity of the cell 

membrane of colonic mucosal cells (Rafter et ai, 1986; Valhouny et ai, 

1984; Lapre and van der Meer, 1992: Deschner, et ai, 1981) leading to cell 

loss. As a consequence the colon mucosa increases its proliferation rate to 

compensate for the cell loss. Thus, higher concentrations of bile acids in the 

colon can promote mucosal proliferation (Deschner et ai, 1981; Deschner 

and Raicht, 1979). Van Munster et ai (1993) found that bile acids (DCA, 

CDCA) were cytotoxic to the colon cancer cell lines (HT-29, CACO-2) in 

an indirect cytotoxicity smdy using an MTT assay: [(3-(4,5-dimethylthizol-2-

yl)-2,5-diphenyltetrazolium bromide]. In this study, the MTT in viable cells 

was converted by the mitochondria to formazan, a blue dye, which can be 
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detected in a fluorometer. With this assay, they showed that the 

unconjugated bile acids (DCA, CDCA) are cytotoxic in a range that can be 

found in fecal water (van Munster et ai, 1993), which was confirmed by 

another study (Latta ef a/., 1993). 

2) Genotoxicity of bile acids 

Using the Salmonella-mammah'an microsome test, Silverman and 

Andrews (1977) found that lithocholic acid and one of its conjugates act as 

co-mutagens, which are agents that enhance mutagenesis by a mugaten when 

the Salmonella were treated with activated 2-aminoanthrene, a carcinogen. 

However, other bile acids were negative in the standard Ames Salmonella 

assay (Silverman and Andrews, 1977). Mutagenicity of bile acids was also 

tested by a fluctuation assay using the Salmonella tester studies of Ames 

(Greene and MurieL, 1976). This assay is very sensitive to low concentrations 

of mutagens. Watabe and Bernstein (1985) found that cholic acid, 

chenodeoxycholic acid, deoxycholic acid, and ursodeoxycholic acid were 

mutagenic in this test, while lithocholic acid was not. Using agarose gel 

electrophoresis, Cheah and Bernstein (1990) showed that deoxycholic acid 

and chenodeoxycholic acid converted covalently closed single stranded 
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circular phage M13 DNA to the open circular form, indicating strand 

breakage. In addition, they found that the transfection efficiency of this 

DNA declined up to a thousand-fold when they treated it with bile acids. 

LCA was shown to act as a cocarcinogen in the transformation of 

mouse fibroblasts in vitro by a carcinogen, 3-methylcholanthrene (MCA) 

(Kawasumi and Shigemasa, 1988). Kulkami et al. (1982) reported that bile 

acid (lithocholic acid) caused DNA single strand breaks in intact cells, in 

isolated nuclei and in nucleoids as measured by neutral sucrose gradient 

centrifUgation. Kandell and Bernstein (1991) found that bile acids 

(deoxycholate and chenodeoxycholate) induced unscheduled DNA synthesis, 

an indicator of DNA damage, in human foreskin tissue. In addition, 

Hamada et ai (1994) reported that bile acids (chenodeoxycholic acid and 

lithocholic acid) were able to bind covalently to calf thymus DNA in vitro 

even though no adducts could be found when bile acids were incubated with 

a colon carcinoma cell line and a hepatocellular carcinoma cell line. The 

inability to detect adducts after treatment of cells may be due to insufficient 

concentrations of bile acid used, metabolic inactivation of bile acids in the 

cells, or impermeability of the nuclear membrane (Hamada et ai, 1994). 
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e. Aberrant crypt foci (ACF) induced by bile acids 

ACF were originally identified in rodents treated with colon 

carcinogens (Bird, 1987). Under the light microscope with methylene blue 

staining, a single, or cluster of morphologically altered crypt(s) were found 

on the luminal surface of rodent colons (Bird, 1987). Morphological changes 

of the crypt include increases in width, height and possibly the thickness of 

the cell walls lining the crypt. It was suggested that ACF represented 

preneoplastic lesions since similar lesions have been observed in human 

colon with a high risk of developing colorectal cancer (Pretlow et ai, 1991, 

Roncucci et ai, 1992). Smith et al. (1994) demonstrated that ACF harbor 

K-ras and APC mutations. They examined ACF for APC and K-ras 

mutations, and found that 13% of the total ACF had K-ras codon 12 mutation 

and 4.6% had APC mutations. Thus, their study provides evidence that the 

earliest detectable genetic changes occuring during colon tumorigenesis are 

also present in ACF (Smith et ai, 1994). Therefore, the number, growth and 

appearance of ACF, and the development of tumors are now used in an 

animal model for studying the multiple steps of colon carcinogenesis, and 

understanding the pathogenesis of colon cancer. Dietary bile acids such as 
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chenodeoxycholic acid can stimulate the development of ACF in rodents 

treated by alkylating carcinogens such as azoxymethane (Sutherland and 

Bird, 1994). Seraj et ai (1997) have shown that the mean number of ACF in 

the colon of F344 rats fed with CA, DCA, CDCA, and LCA and treated 

with azoxymethane (AOM) were higher than that of the control group which 

was treated with azoxymethane (AOM) alone. However, the mean number 

of ACF in rat colons were lower in the rats fed UDCA compared to the 

control group fed with basal diet only (a formula recommended by NIH) 

(Seraj et ai, 1997). These differences were statistically significant. Their 

data indicated that dietary bile acids by themselves do not induce ACF in 

F344 rats: however, certain bile acids (CA, DCA, CDCA and LCA) can 

enhance, whereas others such as LTDCA suppress the development and 

growth of AOM-induced ACF. 

3. Fiber prevents colon cancer 

Burkitt and Trowell (1975) were the first to suggest the protective role 

of dietary fiber against colorectal cancer by studying Afiican Blacks whose 

diet contains high-fiber and who have lower death rates fi"om large bowel 

cancer than whites, whose diet contains low-fiber. In constrast, the mortality 
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rate of colorectal cancer (age-standardized mortality rate per 100,000) from 

1985-1989 in black males in the U.S. was slightly higher (27.6) than in 

white males (24.2) (Schottenfeld, 1995). The incidence rates for colorectal 

cancer were similar for white (61.0) and black males (60.5) (Schottenfeld, 

1995) in the U.S. presumably reflecting the similar Westernized dietary 

pattern in the black and the white populations. However, the population in 

Finland eats a Westernized high fat diet similar to that of the population in 

the U.S., but their incidence of colorectal cancer was lower (about 13 males 

per 100,000 by age-standardized incidence of colon cancer) than the whites 

in the U.S. (about 36 males per 100,000 by age-standardized incidence of 

colon cancer) (Parkin et ai, 1992). That is because, traditionally the Finnish 

population consumes significantiy larger amounts of insoluble dietary fiber 

such as whole bread, fruits and vegetables (Weisburger and Wynder, 1987; 

HiMetaL, 1994; Watson and Mufti, 1996). Weisburger (1997) discovered 

that the concentration of fecal bile acids was three times lower in these 

Finnish populations and might be accounted for by the higher amount of 

dietary fiber. This result was supported by a previous study of Reddy et ai 

(1987) on healthy subjects. They found that the concentration of fecal bile 
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acids (especially secondary bile acids) in healthy volunteers was greatly 

reduced during the period of fiber supplementation as compared to the basal 

period. 

Reducing the exposure of colon mucosa to intraluminal carcinogens by 

decreasing the transit time in the colon may be a possible mechanism by 

which insoluble dietary fiber protects against colorectal cancer (Winawer and 

Shike, 1992). Dietary fiber also may bind and dilute mutagens as well as 

promoters such as bile acids in the colon, thus neutralizing their harmful 

effect (Winawer and Shike, 1992). In addition, the concentration of dietary 

fiber can alter the population of colonic bacterial flora present in the colon 

which influences the conversion of primary to secondary bile acids (Winawer 

and Shike, 1992). 

4. The influence of intestinal microflora 

Epidemiological studies have shown that consumption of cultured 

dairy products such as yogurt has a negative correlation with the risk of colon 

cancer (Malhotra, 1977). Finegold et al. (1977) investigated the fecal 

lactobacilli species from a group of high risk people including 

Japanese-Americans eating a Western diet and individuals with polyps (45 
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subjects), and a group of low risk people including Japanese-Americans on a 

largely Japanese diet and Seventh-Day Adventists having a largely vegetarian 

diet (47 Subjects). They found that people with a low risk of colon cancer 

have higher numbers of lactobacilli species in their feces while people at high 

risk eating a Western diet and individuals with colonic polyps had lower 

numbers of lactobacilli species. Lactobacilli have been shown to have 

antimut^enic and anticarcinogenic activities in numerous smdies. Ingestion 

of cooked meat which contains carcinogenic heterocyclic amines causes an 

increase in mutagenic components in the urine in humans as measured by the 

standard Ames Salmonella test system. However, urinary mutagenicity 

decreased 47.5% after Lactobacillus casei ingestion three times a day for 

three weeks in six healthy nonsmokers who ate cooked meat (Hayatsu and 

Hayatsu, 1993). Pool-Zobel et al. (1993) found that eight of ten isolated 

lactobacillus strains reduced the yield of his^ revertants in the Ames 

salmonella test system almost back to the levels of the untreated controls 

when the mutagen "nitrosated beef was used. In an in vivo study by the 

same investigators, it was shown that when rats were exposed by oral gavage 

to 10'° viable Lactobacillus casei cells immediately before the oral 
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administratioii of MNNG, there was a reduction of induced DNA damage in 

gastric and colonic mucosa cells (Pool-Zobel et al., 1993). Rats given the 

carcinogen 1,2-dimethyihydrazine (DMH) and fed a beef diet had a colon 

carcinoma incidence of 77%, but when given beef with Lactobacillus 

acidophilus, the colon carcinoma incidence was reduced to 40% (Goldin and 

Gorbach, 1980). 

In addition, intestinal bacteria have been shown to bind potent 

mutagens in vitro (Morotomi and Mutai, 1986). Pyrolyzate, which contains a 

mixture of mutagenic compounds formed from amino acids and protein 

during cooking, was found to be carcinogenic in animal experiments 

(Morotomi and Mutai. 1986). When Lactobacillus casei was added to a 

reaction mixture containing mutagenic pyrolyzate components as measured 

by high pressure liquid chromatography, these bacteria were found to bind to 

the pyrolyzate components. The mutagenic activity of 

amino-l-methyl-SHpyrido[2,3-b]indole(trp- P-2), one of the components of 

pyrolyzate formed during cooking, was inhibited by addition of Lactobacillus 

casei. In another in vitro smdy, it was shown that lactobacilli have the 

ability to bind several mutagenic pyrolyzate components simultaneously 
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(Zhang and Ohta, 1991). This binding was found to be pH dependent and 

less of the mutagens were bound in highly acidic gastric juice at low pH 

(below pH 2) than at higher pH. 

Q. Oncogenes And Tumor Suppressor Genes Invoived In Colon Cancer 

There are two categories of cancer-related genes which play a crucial 

role in colon carcinogenesis: oncogenes and tumor suppressor genes. Proto-

oncogenes, a class of normal cellular genes, encode the proteins for growth 

factors, growth factor receptors or proteins which are involved in signal 

transduction pathways in the cells. The functions of proto-oncogenes are to 

regulate cell proliferation and differentiation. Oncogenes are mutated forms 

of the nomial cellular proto-oncogenes. Alteration of normal fimctions by 

mutated oncogenes can result in tumorgenesis because normal cellular 

regulation has been disturbed. 

Tumor suppressor genes, on the other hand, negatively regulate cell 

growth or are regulators of the cellular differentiation pathway. Their normal 

function is to control cell growth. A mutant tumor suppressor gene, such as 

the Rb gene, does not express when heterozygous with the wild-type Rb 
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gene. However, when the wfld-type Rb gene is inactivated by deletion or 

mutation, there is loss of cell growth control and a tumor may arise. 

A. Mutation of Ras oncogenes 

The product of the proto-ras oncogene is a 21 kD protein (p21) which 

is located at the inner surface of the cellular membrane. It is involved in a 

signal transduction pathway and normally acts as a bridge, connecting an 

external signal to receptors and other cellular substances in a cell (Yaremko 

et ai, 1993). Growth factors, for instance, are extemal signals whose 

messages must be sent from the cell surface to the inner components of the 

cell. These components include the cell membrane, cytoskeleton, enzyme 

systems and systems for protein synthesis and gene expression. Some 

mutations of the proto-ras oncogene result in continuous activation of ras 

proteins and keep the activity of the signal pathway at a high level, regardless 

of the extemal signal. Thus, mutation of the proto-ras oncogene can lead to 

unregulated cell growth and this can result in tumorigenesis. Bos et ai 

(1987) showed that about 50% of colorectal cancer patients had a ras gene 

mutation in their tumor(s). The most common mutations of ras oncogenes 

are seen at codons 12 and 13 of K-ras (Bos, 1989). The functionally 
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abnormal proteins produced by these mutated genes could constantly activate 

the signal pathway, leading to disregulated cell growth and tumorigenesis 

(Pawson and Schlessinger, 1993). 

B. The APC gene and MCC gene 

As described above, the APC (adenomatous polyposis coli) gene 

located on chromosome 5q is a tumor suppressor gene, mutation of which 

has been found to cause formation of adenomas in all patients with FAP 

(Reale and Fearon, 1996). Vogelstein et <2/.(1988), Solomon et <ar/.(1987), 

and Ashton-Rickardt et <2/. (1989) found that about 50% of sporadic 

colorectal cancer patients also lost the chromosome 5 gene. 

Another tumor suppressor gene on chromosome 5 is MCC (Mutated in 

Colorectal Carcinoma). This gene was also found to be related to colorectal 

cancer by Nishisho et or/. (1991) who reported that about 10% of colorectal 

cancer patients had mutations of the MCC gene including missense 

mutations and splice site mutations. 

The MCC gene encodes an 829 amino acid protein with a short region 

of sequences similar to the G protein family, which is believed to have an 

important role in transducing signals within the cell (Kinzler et al, 1991; 
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Cho and Vogelstein, 1992). This short region of sequences on the G protein 

has been found to be critical for G protein activation (Lechleiter et ai, 1990). 

However, the connection between the MCC gene product and G protein-

activating region remain unsolved. 

C. The DCC gene 

The DCC (Deleted in Colorectal Cancer) gene, located on chromosome 

18, has been found to be lost in more than 70% of sporadic colorectal 

carcinomas. 50% of late-stage adenomas and 10% of early-stage adenomas 

(Vogelstein et ai, 1988). The extracellular domain sequence of DCC gene 

product is similar to those found in transmembrane proteins associated with 

cell-cell interaction in neural cells (Hedrick etai, 1994). Thus, it was 

suggested that the protein encoded by the DCC gene may be linked with a 

signal transduction pathway (Cho and Fearon, 1995). Inactivation of the 

DCC gene could result in loss of growth or differentiation control, causing 

the cell to fail to respond to enviromental signals external to the cell surface 

(Cho and Fearon, 1995). 
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D. p53 gene 

P53 is a 53 kD protein produced by the p53 gene. Mutations of the 

p53 gene have been found in the tumors of more than 75% of patients with 

colorectal carcinomas, but not often in the early-stage of adenoma 

(Vogelstein e/a/., 1988; Delattre e/a/., 1989; Kikuchi-Yanoshitae/or/., 

1992). One of the important roles of P53, is to act as a tumor suppressor. In 

an oncogene cooperation assay with ras and adenovirus El A, these two 

oncogenes cooperate with each other and transform cells (Eliyahu et al., 

1989). However, if these cells are transfected with normal p53, 

transformation is suppressed. Another important role of P53 is to regulate 

the cell cycle (Kastan et al., 1992). When cells are exposed to DNA 

damaging agents, e.g. gamma-radiation, P53 blocks the cell at cell cycle 

checkpoints preventing it ft-om progressing from G1 to S phase (Kastan et al., 

1992). This allows the cells to take time to repair damaged DNA before 

DNA replication (Kastan et ai, 1991; Kuerbitz et al., 1992). Presumably, 

if this damped DNA is unrepairable, then P53 sends a signal that causes the 

cell to undergo programmed cell death, i.e. apoptosis ( Shaw et ai, 1992). 

Defective flmctioning of P53 by a mutation could allow DNA replication to 
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occur after DNA damage; allowing the cells to undergo mutation. Mutations 

which occur in oncogenes may give a cell growth advantage leading to tumor 

formation (Canman and Kastan, 1995). 

E. Mismatch repair genes 

(See Introduction, Section I, paragraph A, Some important genetic 

factors related to colon carcinogenesis). 

F. Gaddl53 gene 

Gadd genes are induced by both growth arrest and DNA damage. 

Fomace etai (1988) and Luethy etal. (1990) isolated and characterized 

mutants defective in these genes from Chinese hamster ovary (CHO) cells. 

One of these genes. §/addI53, is induced by certain agents which cause DNA 

damage. Also, Luethy and Holbrook (1992) have constructed a plasmid 

linking an 800-base pair fragment from the promoter region of this gaddl53 

gene to the bacterial CAT (chloramphenicol acetyl transferase) reporter gene. 

A Hela cell subline was transfected by stably integrated copies of the 

gaddI53 CAT chimeric gene (Luethy and Holbrook, 1992). They found that 

many agents which cause DNA damage or alterations of DNA structure 

could activate the gaddl53 CAT/Hela cell system. In addition, the 
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expression of the gaddI53 gene was shown to be necessary for apoptosis 

induced by some agents causing DNA damage such as MMS 

(methylmethane sulfonate), irradiation (UVC) (Luethy and Holbrook, 1992), 

and etoposide, a topoisomerase n inhibitor which causes structural alterations 

in DNA (Eymin, etai, 1997). Furthermore, Guyton, etai (1996) 

demonstrated that both free-radical generation and thiol modification can 

stimulate endogenerous expression of gaddl53 mRNA and induce the 

activity of the gaddl53 promoter-reporter gene. It has been found that 

CHOP-10, a murine analog of gaddl53 and regulated nuclear protein can 

dimerize with transcription factors in the C/EBP family and serve as a 

dominant-negaiive inhibitor of gene transcription (Ron and Habener, 1992). 

The members of the C/EBP-like family (CCAAT/enhancer-binding protein) 

contain a conserved DNA binding region and can bind similar DNA 

sequences in vitro and activate adjacent promoters in vivo (Ron and Habener, 

1992). It has been shown that C/EBP-like proteins play an important role in 

regulating the activity of the angiotensinogen gene. Ron et ai (1990) found 

that C/EBP-Iike proteins can bind APRE (Acute-Phase Responsive 

Elements) in the angiotensinogen gene, a cytokine-responsive enhancer. 
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Thus, the C/EBP-like proteins can mediate cytokine-induced modulation of 

the activity of the angiotensinogen promoter in competition with another 

cytokine-inducible transcription factor, NF-KB (Nuclear Factor-icB). On the 

other hand, formation of CHOP-IO-C/EBP heterodimer is incapable of 

binding the APRE because of a defective DNA-contacting surface. 

Consequently, CHOP-10 has been suggested as a negative modulator of the 

activity of C/EBP-like proteins in certain terminally differentiated cells (Ron 

and Habener, 1992). 

m. The Role Of Apoptosis In Carcinogenesis 

A. Apoptosis as a physically relevant type of cell death 

The term "apoptosis" is derived from a Greek word meaning "falling 

off' like leaves from a tree or petals from a flower (Searle et ai, 1982). 

Apoptosis is a natural form of cell death in vivo and is involved in 

embryogenesis, metamorphosis and normal cell deletion in the immune 

system. The characteristic morphological features of apoptosis are as 

follows: 1) The chromatin of the nucleus becomes condensed and 

marginated; 2) the nucleolus undergoes segregation; 3) the ceU shrinks. 
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becomes dense and cytoplasmic vacuolization occurs; 4) the nucleus 

becomes fragmented and the cell surface undergoes a budding process, 

resulting in the formation of apoptotic bodies (Payne et aL, 1995). 

B. Induction of apoptosis by DNA damage 

Apoptosis is well known as a normal defense mechanism against 

carcinogenesis ( Payne et aL, 1995). When DNA damage occurs in a cell, 

there are three possible outcomes: 1) the cell will survive after the damaged 

DNA is repaired; or 2) the cell will commit suicide (apoptosis) if the 

dam£^ed DNA is unrepairable; or 3) the cell may replicate its DNA past the 

damaged site with a high probablity of producing a mutation. Thus, 

apoptosis is generally regarded as a way of eliminating cells with unrepaired 

DNA damage; failure to undergo apoptosis may lead to mutation and cancer. 

It is known that oxidative stress can cause DNA damage and induce 

apoptosis. Sokol et al. (1993) found that bile acids cause lipid peroxidation 

in hepatocytes. Recendy, Patel and Gores (1997) used an antioxidant agent 

to successfully reduce lipid peroxidation and apoptosis by bile acid. They 

treated rat hepatocytes with glycochenodeoxycholate (CJCDC) for three hours 

and found 60% apoptosis compared to <1% in controls. However, the 
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percentage of apoptosis was reduced by 70% when the cells were treated 

with both GCDC and lazaroid U83836E, an antioxidant ^ent which inhibits 

8-isoprostane generation during lipid peroxidation by bile acid (Patel and 

Gores, 1997). 

C. Development of apoptosis resistance and relevance to colon 

carcinogenesis 

Samaha et al (1995) demonstrated that bile acids induce apoptosis in 

colon epithelial cells of individuals at low risk for colon cancer, whereas 

individuals with colon cancer have colon epitheUal cells that are relatively 

resistant to bile acid induction of apoptosis. Reduced ability to undergo bile 

acids-induced apoptosis was found in the "normal" appearing colorectal 

mucosa of colorectal cancer patients and noncancer patients at high risk of 

colon cancer; i.e., those with large villous adenomas and multiple large 

polyps (Garewal et al, 1996). In the rat, cells in apparentiy normal colon 

epithelial tissue and in aberrant crypt foci were found to develop resistance to 

induction of apoptosis by the carcinogen azoxymethane when the rats were 

chronically fed cholic acid (Magnuson et ai, 1994). Bedi et a/.(1995) 

examined the colorectal epithelium from individuals with familial 
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adenomatous polyposis, sporadic adenomas and carcinomas. They found 

that the transformation of colorectal epithelium to carcinoma was associated 

with a progressive inhibition of apoptosis. A recent animal study done by 

Risio et al. (1996) supported these findings. A group of C57/BL6J mice 

were fed Westem-style diets (WDS) for up to 104 weeks. They observed 

dysplastic crypts and focal hyperplasias in the colon of the mice even though 

they did not find polypoid adenoma or adenocarcinoma. However, they 

noticed that a significant increase of apoptosis in all colonic crypt 

compartments occured during the first four months that the mice were fed a 

high fat diet equivalent to an average American diet (Risio et al, 1996). 

Subsequently in the middle of the mice' life span, they discovered a 

distinctive reduction of apoptotic epithelial cells in the middle region of the 

colonic crypts in the mice fed both the western style diets and control diets. 

This was followed by an increase in the proliferation of epithelial cells with 

atypical nuclei and formation of dysplastic crypts (Risio et al., 1996). 

Therefore, Risio et al. (1996) suggested that reduction of apoptosis with 

accumulation of proliferating cells in the colon could selectively give a 

growth advantage to mutant cells, and lead to tumorigenesis. 
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rv. Objective Of This Study 

Vogelstein et al. (1988) proposed a multistep model of colon 

carcinogenesis which has become widely known (Figure 2). Their model 

shows the different mutations that occur at different stages in colon 

carcinogenesis. They proposed that the progress of metastatic colon cancer 

does not depend on the order of the mutational events (Vogelstein et aL, 

1988). However, the Vogelstein model does not include the specific role of 

bile acids, which are considered a causative factor in the various stages of the 

majority of sporadic colorectal cancers. 

In my work, I have attempted to elucidate some of the events 

associated with bile acid-induced DNA damage and apoptosis. First, I 

hypothesized that bile acids cause DNA damage and therefore should 

logically activate the gaddlSS promoter. This promoter was previously 

shown to be activated by many agents that cause DNA damage (Holbrook 

and Fomace, 1991). The assay which I used involved a plasmid in which a 

CAT reporter gene is fused to the gaddl53 pomoter. A common approch to 

studying the expression of a particular eucarytic gene is to use a plasmid 
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Figure 2. A genetic model of colorectal cancer. 

Vogelstein et ai, (1988) proposed that the progress of metastatic colon cancer did not depend on the order of 
the mutational events. 
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construct in which a CAT reporter gene is linked to the promoter of the gene 

of interest (Gorman er or/., 1982). After isolating and chracterizing of 

gaddl53 (Fomace et al., 1988; Luethy et ai, 1990), a growth arrest and 

DNA damage gene, Luethy and Holbrook (1992) contructed an expression 

vector in which the CAT reporter gene was fused to the gaddl53 promoter 

for the detection of DNA damaging agents. I used this vector provided by 

Dr. Holbrook's Lab to determine if bile acids activate the gaddlSS promoter. 

A positive result would imply that bile acids cause DNA damage. 

Sokol et al. (1993) obtained evidence suggesting that the pathogenesis 

of bile acid induced hepatotoxicity may be mediated by oxygen free radicals. 

Thus, my second hypothesis was that bile acids cause DNA damage through 

the production of reactive oxygen. Therefore, I treated cells with 

antioxidants and measured the activation of gacldI53 as an indicator of DNA 

damage. 

Since several DNA damaging agents have been shown to induce 

apoptosis by a p53-dependent mechanism (Lowe et al, 1993; Claike et al, 

1993), my third hypothesis was that bile acid induced apoptosis is p53-

depedent Therefore, I used temprature sensitive p53 mutant cell lines (A 1-5 
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and TlOl-4 cells) (Martinez et ai, 1991) to test whether apoptosis induced 

by bile acid occurs via a p53-dependent pathway. 

Eymin et ai (1997) found that increased gaddl53 mRNA level is 

associated with apoptosis in human leukemic cells treated with etoposide. 

Another study done by Zinszner et ai (1998) showed that gaddl53 has a role 

in the induction of cell death in response to impaired function of the 

endoplasmic reticulum. Thus, my fourth hypothesis was that gaddl53 

protein increases in association with bile acid induced apoptosis in colon 

carcinoma cells. Therefore, I measured gaddl53 protein levels in colon 

carcinoma cell lines (HT-29 and HCT-l 16 cells) treated with bile acid at 

concentrations leading to apoptosis. 

My work was guided by the following model of colon carcinogenesis: 

If the colon lumen is chronically exposed to high concentration of bile acids 

leading to DNA damage and apoptosis, diere should be selection for 

apoptosis-resistant mutant cells. When further DNA damage occurs in such 

cells due to dietary carcinogens, the cells would be unable to undergo 
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apoptosis but instead would replicate their DNA past the damages. Since 

such replication is inaccurate, mutations would rise at a high frequency. 

These mutations can lead to colon cancer. 
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MATERIALS AND METHODS 

L Media, Cell Culture and Biochemicals 

A. Media and maintenace of Hela cells 

Hela cells (ovarian carcinoma cells), with a stably integrated promoter 

for a DNA damage-inducible hamster gene, gaddl53, attached to the reporter 

gene chloramphenicol acetyltransferase (CAT), were obtained from Dr. 

Holbrook (Holbrook and Fomace 1991). Hela cells were seeded in 

Dulbecco's modified Eagle's medium (DMEM) (Gibco-BRL, Gaithersburg, 

MD). This growth medium was supplemented with 10% fetal calf serum, 

1% L-glutamine, 1% penicillin and streptomycin, and 500 microgram /ml 

gentamicin (Gibco). 

B. Media and maintenance of Al-5 and TlOl-4 cells 

Two rat fibroblast transformed cell lines, Al-5 and TlOl-4, were 

provided by Dr. Jesse Martinez from the University of Arizona. Al-5 has a 

temperature-sensitive p53 mutation which ftmction of P53 is defective only 

at high temperature (39°C), and TlOl-4 has a p53 mutation which is 

defective at all temperatures from 32°C to 39°C (Martinez et ai, 1991). Both 
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were grown at 3>TC for 24 hours in DMEM plus 10% fetal calf serum and 

1% penicillin/streptomycin and transferred to 39°C or 32°C as required in the 

experiments to be described. 

C. Media and maintenance of HT-29 ceils 

HT-29 cells (colon carcinoma cells) were provided by my co-worker, 

Delon Washo-Stultz. They were grown in RPMI media 1640 (Irvine 

Scientific, Santa Ana, CA) with 10% heat denatured fetal calf serum, 1% L-

glutamine and 1% penicillin and streptomycin. They were maintained at 

2TC and in a 5% CO2 incubator until they were confluent and were in 

sufficient quantity to be used for assays. 

D. Media and maintenance of HCT-116 cells 

HCT-116 cells (colon carcinoma cells) were provided by my co

worker, Cara Crowley. They were grown in DMEM media (GIBCO BRL, 

Life technologies Inc. Grand Island, N.Y.) with 10% heat denatured fetal 

calf serum, 1% L-glutamine and 1% penicillin and streptomycin. They were 

maintained at 37°C and in a 5% CO2 incubator until they were confluent and 

were in sufficient quantity to be used for assays. 
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E. Biochemicals 

Sodium deoxycholate was purchased from Sigma Co. (St. Louis, MO) 

and dissolved in sterile deionized water. Lithocholic acid was purchased 

from Sigma Co. (St. Louis, MO) and dissolved in 100% ethanol. Mitomycin 

C and hydrogen peroxide were purchased from Sigma Co. (St. Louis, MO). 

N-butyryl Co-A rather than acetyl Co-A was used to achieve greater 

sensitivity in the CAT assay (Seed and Sheen, 1988). N-butyryl Co-A was 

purchased from Sigma Co. (St. Louis, MO) and chloramphenicol ^"^C was 

purchased from New England Nuclear-Dupont (Boston, MA). A lipid 

peroxidation assay kit (Bioxytech, LPO-586) was purchased from Oxis 

International, Inc. (Portland, OR). 8-hydroxy-deoxyguanosine antibody for 

the oxidative damage assay was purchased from QED Bioscience Inc. (San 

Diego, CA). GaddI52 antibody for the expression and location of gacidl53 

assay was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 

n. Assay For CAT Induction In Hela Cells 

An E. coli plasmid which contains a gene that encodes 

chloramphenicol acetyltransferase (CAT), confers resistance to the antibiotic 
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chloramphenicol. Ordinarily, no significant expression of CAT was found 

in eukaryotic cells in the absence of such a plasmid (Shaw, 1967; Gorman et 

ai, 1982). The culture dishes contained 7.5 x 10^ cells per 60 mm dishes 

and were incubated for 24 hours at 2>TC in a 5% CO2 incubator when they 

were confluent and were in sufficient quantity to be used for assay. Then 90 

to 150 |jJ of a 25 mg/ml solution of DCA in water or 20 to 120 ^il of a 25 

mg/fil solution of LCA (0-1.6% ethanol) was added to the 60 mm dishes for 

4 hours. Bile acid-containing media was then removed by pipet and the cells 

were washed twice with 10 ml DMEM. Next, a fresh 10 ml DMEM was 

added and the cells were incubated for another 24 hours. These cells were 

assayed for CAT activity using the method described by Seed and Sheen 

(1988). Briefly, cells were harvested by scraping them from the Petri dish 

surface in 1 ml phosphate buffered saline (PBS), placed in a centrifuge mbe, 

centrifiiged for I minute in an Eppendorf microfuge at room temperature. 

The supernatant was then removed, and 175 fil of cold 250 mM Tris CI (pH 

8.0) was added. The centrifiige tubes were chilled on ice, sonicated and 

centrifiiged for 1 minute. The mbes containing the supernatant and pellet 

were heated to 65°C for 15 minutes. This denatures most proteins, but not 
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the CAT protein. The CAT assay was then perfonned, using butyryl Co-A 

rather than acetyl Co-A to achieve greater sensitivity (Seed and Sheen, 1988). 

This assay was performed in a final volume of 125 pd consisting of 50 ^d of 

supernatant, 2 |il of chloramphenicol ^"^C (0.1 mCi) (New England Nuclear-

Dupont, Boston, MA), 5 (il of 5 mg/ml n-butyryl Coenzyme A (Sigma 

Chemical Co., St. Louis, MO), and 68 jil of 250 mM Tris CI (pH 8.0). The 

mixture was incubated for 6 hours at 37°C. At this point, 300 jil xylene was 

added, the mixture was vigorously agitated in a vortex mixer, and then the 

xylene layer was separated out by 3 minutes centrifugation. The top xylene 

phase was removed and extracted 3 times with 100 (il of fresh 250 mM Tris 

CI pH 8. Finally, 200 |il of the top xylene phase was removed and 

transferred to a scintillation vial containing 5 ml ScintiVerse E (Fisher 

Scientific, Pittsburgh, PA), and the ^'^C label present in butyrylated 

chloramphenicol was counted in a scintillation counter. The reaction 

catalyzed by CAT is : 

butyryl-CoA butvrated chloramphenicol '"^C 
+ CAT ' + 

chloramphenicol '^C • CoA 
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Since butyryl chloramphenicol is not water-soluble, it could be 

separated from the water-soluble form of chloramphenicol in a organic 

solvent. The results were based on the following formula: 

counts in butyrated products 
% butyrated = 100 x 

chloramphenicol total counts in butyrated and unreacted 
chloramphenicol 

In addition to DC A and LCA, hydrogen peroxide (0-0.8 mM) and 

mitomycin C (0-14 fiM) were used in the CAT assay as positive controls. 

Hydrogen peroxide produces reactive oxygen species and causes oxidative 

DNA damage, and mitomycin C damages the DNA by forming DNA-DNA 

interstrand cross-links and causing DNA single and double strand breaks 

(Dorr et ai, 1985). Ethanol (0-1.6%) was used as a solvent to dissolve 

lithocholic acid so it was used for a negative control. 

m. Measurement Of The Effect Of Temperature Shift And P53 

Activity On Bile Acid Induced Apoptosis 

To test for P53 dependence of bile salt induced apoptosis, I used rat 

fibroblast A1-5 ceils and homologous TlOl-4 cells. A1-5 cells carry a 
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P53-vail35 temperature-sensitive murine mutant allele which was introduced 

into an immortalized rat fibroblast cell line (Martinez er al., 1991). At 39°C, 

about 27% of the P53 present in A1-5 cells is in a wild type conformation, 

both from endogenous rat P53 and a portion of murine mutant P53 which is 

in a wild type conformation. However, at this temperature (39°C) the murine 

p53-vall35 in a mutant conformation appears to form a complex with heat 

shock protein 70 (Hsp70-P53) which also sequesters wild type P53, so that 

none of the wild type P53 is active or able to enter the nucleus of the cell 

(Martinez et al.. 1991). Thus, at 39°C, the murine temperature sensitive 

mutant p53-vaI135 is rra/w-dominant and inactivates the p53 wild type 

function present in the cells. On the other hand, at 32°C p53-vall35 is in an 

active wild type conformation, and is localized in the nucleus. TlOl-4 cells 

are rat embryo fibroblasts transformed by transfection with activated ras and 

plasmid MSUKH215, which directs overexpression of p53(KH215) 

(Martinez et al., 1991). These TlOl-4 cells, in contrast to Al-5, have a 

mutant form of P53 that is defective at all temperatures from 32°C to 39°C. 

Any endogenous wild type p53 is sequestered in these cells in a hsp70-

mutant p53 complex, and is inactivated at all temperatures. 



Al-5 cells (temperature sensitive P53) as well as TlOl-4 cells (mutant 

P53 at all temperatures) were incubated for 24 hours at 37°C and then all 

dishes were shifted to 39°C for 1 hour. Afterwards, some dishes were shifted 

to 32°C with the remaining dishes left at 39*^C for the zero control. The 

dishes shifted to 32°C were grouped into sets of four and initially allowed to 

remain at 32°C with no treatment for regular periodic intervals. The periodic 

interval was the same for a given set of four dishes with increasing intervals 

of Oh, Ih, 2h, 4h, and 7h chosen for consecutive sets of four dishes. 

Following the regular periodic interval, for each set of four dishes, one pair of 

the four was used as a control and received no treatment and the other pair of 

the four received treatment with 0.5 mM sodium deoxycholate for one hour. 

After completion of the treatments and incubation, all of the cells were 

collected by centrifiigation. The cells were next resuspended in PBS, and 4 

drops containing about 1x10^ cells were subjected to cytospin for 2 minutes 

as described in Payne et al. (1992). The cells that were deposited on slides 

by this procedure were next fixed in methanol for 30 seconds, stained in 

Diff-Quik (Baxter, Santa Ana, California), then rinsed and air dried. 

Apoptotic cells were scored with a bright-field microscope at lOOx under oil 
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immersion, using the criteria of condensed chromatin, dark staining 

cytoplasm, fragmented nuclei, cell shrinkage and the formation of apoptotic 

bodies (Payne e/or/., 1992; Payne e/<2/., 1995). 

IV. Antioiidant Assays 

The following antioxidants were assessed for their effects on DCA 

induction from the gaddl53 promoter in the CAT assay system: Vitamin C 

(Niki, 1991), d,l-a-tocopherol and a-tocopherol succinate (Glascott et al, 

1992: Schwartz et al.. 1992), 3-carotene (Schwartz et al, 1992) and the 

superoxide dismutase mimetic compound Cull (3,5 diisopropylsalicylic 

acid)2 (CuDEPS) (Craven et al., 1986). For each antioxidant used, a range of 

concentrations was first tested for its effect on cell viability. The solvent for 

each agent was also tested alone as a control. A range of concentrations or a 

single concentration of each antioxidant was chosen as the highest tolerated 

without loss of cell viability. The concentrations utilized in fiirther assays, on 

the effect of antioxidants on bile acid induction of CAT reporter gene 

acti\'ity, were 0.1 - 1.0 mM vitamin C, 0.025 - 0.1 mM a-tocopherol, 0.1 

mM B-carotene, and 0.45 - 0.9 mM CuDIPS. Hela cells, pre-incubated for 
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24 hours in DMEM at 37®C in a 5% CO2 incubator, were treated for four 

hours with DC A at 0.7 mM plus the antioxidant to be tested or with its 

solvent alone. A fiither "zero treatment" control was performed in each 

experiment, with incubation of cells in the absence of DC A. Then the 

incubation media was replaced with fresh media and incubated for another 

24 hours. Cells were collected and the CAT assay was performed. 

V. iVIalonaldehyde Lipid Peroxidation Assay 

Malonaldehyde production is one of the most frequently used tests for 

peroxidation of fatty acids (HaUiwell and Gutteridge, 1985). The destmction 

of membrane lipids and production of lipid peroxides and their by-products 

such as aldehydes, can produce malonaldehyde, which is one of the end 

products derived from the breakdown of polyunsaturated acids and related 

esters. I used this assay to deteraiine if bile acids cause hpid peroxidation of 

membranes, as an indirect indicator of oxidative DNA damage. Hela cells 

were incubated with and without 0.7 mM DCA as in our standard CAT assay 

system. Culture media was then removed and one ml 2.5% trypsin was 

added to detach the cells from the plate. After the addition of 10 ml media. 
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the cells were collected in eppendorf tubes, centrifiiged at 2500-3000 rpm 

(4°C, 10 min) and washed twice with PBS. Then the cells were resuspended 

in approximately one ml PBS. The cell suspension was then subjected to two 

cycles of freezing at -30°C plus thawing, in order to lyse the cells. A sample 

of the now clear suspension was removed for measuring melanaldehyde 

using a colorimetric lipid peroxidation kit (Oxis hitemational. Inc.; Portland, 

OR). Standard solutions were also provided by the company to prepare 

standard curves for MDA and 4-hydroxynonenal. 

VI. Preparation Of Cells For Assay Of Oxidative DNA/RNA Damage 

After Treatment With Bile Salt 

HT-29 cells (colon carcinoma cells) in RPMI media were seeded into 

several cluster dishes (6 wells per cluster dish; see Figure 3). Cells were 

seeded on a coverslip in each well with 2 ml RPMI media. Three days later, 

media was replaced with fresh RPMI media, containing 0 or 0.5 mM sodium 

deoxycholate and incubated at 2TC in a 5% CO2 incubator for 4 hours at 

which time a significant amount of apoptosis in a bile salt treatment medium 

had been seen. Then cells were fixed with 4% formaldehyde (methanol-free) 
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Figure 3. Assay for oxidative DNA / RNA damage induced by bile acid. 
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at room temperature for 20 minutes. The cells were rinsed with PBS ( a 

physiological saline) three times and for 5 minutes each time. Following the 

PBS rinsing, cells were permeabilized with 100% methanol at -20°C in a 

freezer for 6 minutes. Cells were then air dried on filter paper in a covered 

dish to prevent entry of dust. They were placed on a square of Kimwipes 

between coverslips and stored in a -20°C freezer for fiiture staining. 

Vn. Preparation Of Cells For Assay Of GaddISS Expression And 

Location After Treatment With Bile Salt 

Two cell lines, HT-29 cells in RPMI media and HCT-116 cells in 

DMEM media were seeded into several cluster dishes (6 wells per cluster 

dish). Cells were seeded on a coverslip in each well with 2 ml media Three 

days later, media was replaced by fresh media, containing 0 or 0.5 mM 

sodium deoxycholate and incubated for 2 hours at 37°C in a 5% CO2 

incubator, when a significant amount of apoptosis in a bile salt treatment 

group had been seen. Then cells were fixed with 4% formaldehyde 

(methanol-free) at room temperature for 20 minutes. The cells were exposed 

three times to 5-minute PBS rinses. Next, cells were permeabilized with 
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100% methanol at -20°C in a freezCT for 6 minutes. Cells were then air dried 

on filter paper in a covered dish to prevent entry of dust They were placed 

on a square of Kimwipes between coverslips and stored in a -20°C freezer 

for future staining. 

Vm. Staining For Oxidative DNA/RNA Damage 

First, previously fixed cells on each coverslip were treated with 5% 

BSA/PBS for 10 minutes in a humidified chamber. This procedure has two 

effects: first it makes the hydrophobic cells "wettable" for adding the 

immunostaining reagents: second it prevents much of the non-specific 

staining by the reagents used to localize specific protein (i.e. it acts as a 

blocking agent). Cells with 0.5 mM NaDOC (treatment) or with 0 mM 

NaDOC (control) were then incubated with no antibody (immuno control) or 

1:80 diluted primary monoclonal antibody at room temperature in a covered 

chamber for 1 hour (diluent is 1% BS A/PBS). The dilutions used in these 

experiments were intended to achieve better results than either staining which 

is loo concentrated or staining which is too weak. The monoclonal antibody 

(IgG), purchased from QED Bioscience Inc. (San Diego, CA), was derived 
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from mouse and can recognize 8-hydroxy-2'-deoxyguanosine, 

8-hydroxyguanine and 8-hydroxyguanosine in the cells. These are 

considered as markers of oxidative damage to DNA and RNA. Next, 1:100 

diluted streptavidin solution was used for a half hour to bind and block 

endogenous biotin. The unbound streptavidin solution was then removed by 

washing cells with PBS. Next, biotin solution (20mg biotin /per 20ml Ix 

PBS) was incubated with the cells at room temperature for another half hour 

to bind and remove extra avidin. The unbound biotin solution was then 

removed by washing cells with PBS. At this point, cells were incubated with 

1:100 diluted biotinylated goat monoclonal antimouse antibody for 1 hour 

before this secondary antibody was washed away with PBS. This 

biotinylated secondary monoclonal antibody is directed against the mouse 

primary antibody and has an affinity for and reacts with a specific epitope on 

the primary antibody. Finally, 1:50 diluted Cy5-streptavidin was incubated 

with the cells for I hour prior to another PBS wash. The streptavidin has an 

affinity for the biotin used to mark the secondary antibody. Lastly, YOYO-1 

(1; 100 dilution) which stains single and double-stranded DNA and single-

stranded RNA was incubated with the cells for 15 minutes. After the 
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staining procedures were completed, a drop of DAKO mounting media was 

placed on each slide, and coverslips were mounted. This mounting media 

hardens overnight Then shdes were stored in a horizontal position at 

refrigerator temperature for future confocal microscopic assay. The results 

were analyzed using ANOVA. 

IX. Staining For Gaddl53 Expression and Location After Treatment 

witii Bile Salt 

First previously fixed cells on each coverslip were treated with 5% 

BS A/PBS for 10 minutes in a humidified chamber. Cells were then 

incubated with 0 (immuno control), or 1:50 diluted primary polyclonal 

antibody at room temperature in a covered chamber for 1 hour (diluent is 1% 

BS A/PBS). This polyclonal antibody, purchased from Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA), was derived from rabbit Next 1:100 

diluted streptavidin solution was used for a half hour to bind and block 

endogenous biotin. The unbound streptavidin solution was then washed 

away with PBS. Next biotin solution (20mg biotin /per lOml Ix PBS) was 

incubated with the cells at room temperature for another half hour to remove 
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avidin. The biotin solution was then washed away with PBS. At this point, 

ceils were incubated with 1:100 diluted biotinylated goat polyclonal 

antirabbit antibody for I hour before unbound secondary antibody was 

washed away by PBS. This biotinylated secondary polyclonal antibody has 

an affinity for the primary antibody. Finally, 1:50 diluted Cy5-streptavidin 

was incubated with the cells for 1 hour prior to another PBS wash. The 

streptavidin has an affinity for the biotin used to mark the secondary 

antibody. Then 1:50 diluted RNase was used for RNA digestion at room 

temperature for an hour in order to only identify the expression and location 

of gaddI53 DNA. Lastly, YOYO-1 (1:100 dilution) was incubated with the 

cells for 15 minutes to stain the single and double-stranded DNA before 

another 15 minutes PBS wash. After the staining procedures were 

completed, a drop of DAKO mounting media was placed on each slide. 

Then the coverslip was mounted by touching the edge of the mounting 

media. This mounting media hardens overnight. Then shdes were stored in a 

horizontal position at refrigerator temperature for future confocal microscopic 

analysis. The intensity of red color represents the level of the fluorescent dye 

C\5 was measured. The results were analyzed using ANOVA. 
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RESULTS 

I. Biie Acid Activation Of the GaddlSS Promoter 

Hela cells with a stably integrated promoter for a DNA damage-

inducible hamster gene, gaddI53, attached to the reporter gene 

chloramphenicol acetyltransferase (CAT), were treated with various 

concentrations of DC A and CAT activity was measured. As the 

concentration of DCA increased, CAT activity increased until it reached a 

peak (Figure 4). At 0.7 mM DCA, there was an 18-fold induction of CAT 

activity compared to the CAT activity found with no added bile acid. The 

decrease in CAT activity at higher concentrations [(DCA)>0.7 mM] 

(Figure 4) was probably due to increased cell death by toxicity. 

Other Hela cells were treated with LCA and the relative CAT 

induction observed is shown in Figure 5. It can be seen that at low 

concentrations of LCA there was only a small induction of CAT activity. 

However, when the concentration was increased to 0.39 mM, CAT activity 

increased 20-fold. At concentrations above 0.39 mM LCA there was a 

decrease in CAT induction probably caused by increased cell death. 
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Figure 4. Relative CAT induction in Hela cells treated with DC A. 

Relative CAT induction was calculated by dividing the measured CAT 
activity after treatment by the CAT activity measured in the absence of 
treatment. Each value shown represents the average of values obtained in 
three separate experiments. Bars represent standard error of the mean. 
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Figure 5. Relative CAT induction in Hela cells treated with LCA. 

Relative CAT induction was calculated by dividing the measured CAT 
activity after treatment by the CAT activity measured in the absence of 
treatment. Each value shown represents the average of values obtained in 
three separate experiments. Bars represent standard error of the mean. 
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Figure 6 shows the results obtained when the Hela cells were treated 

with hydrogen peroxide, an oxidative DNA damaging agent, used as a 

positive control. As the concentration of H2O2 increased from 0 to and above 

0.5 mM, CAT activity increased approximately five-fold. 

The data presented in Figure 7 shows that when mitomycin C (MMC), 

another known DNA damaging agent, was used as a second positive control, 

there was an 11-fold increase in CAT activity when MMC concentration was 

raised from 0 to 14 jiM. 

Ethanol was used as the carrier in the experiment with LCA. The data 

shown in Figure 8 indicate that increasing concentrations of ethanol had no 

effect on CAT induction. In other words, ethanol had no effect on the CAT 

induction by LCA. At the highest concentrations of ethanol used, there was 

loss of cellular viability. 

II. Tests For Reactive Oxygen Intermediates Or Products Of Oxidative 

Damage After Bile Salt Treatment 

Bile acids have been shown to cause lipid peroxidation in hepatocytes 

(Sokol et ai, 1993). Thus, free radicals produced by DCA-induced lipid 
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Figure 6. Relative CAT induction in Hela cells treated with H2O2. 

Relative CAT induction was calculated by dividing the measured CAT 
activity after treatment by the CAT activity measured in the absence of 
treatment. Each value shown represents the average of values obtained in 
three separate experiments. Bars represent standard error of the mean. 
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Figure 7. Relative CAT induction in Heia cells treated with MMC. 

Relative CAT induction was calculated by dividing the measured CAT 
activity after treatment by the CAT activity measured in the absence of 
treatment. Each value shown represents the average of values obtained in 
three separate experiments. Bars represent standard error of the mean. 
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Figure 8. Relative CAT induction in Hela ceils treated witli etIianoL 

Relative CAT induction was calculated by dividing the measured CAT 
activity after treatment by the CAT activity measured in the absence of 
treatment. Each value shown represents the average of values obtained in 
three separate experiments. Bars represent standard error of the mean. 
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peroxidation in Hela cells caused DNA damage, which, in turn, activated the 

gaddI53 promoter. To test this hypothesis, 4 antioxidants were tested for 

their ability to inhibit DCA activation of the gaddI53 promoter. The 

antioxidants tested were vitamin C, vitamin E, bis (3,5-

diisopropylsalicylato)(0,0) copper(II) (CuDIPS) and p-carotene. The results 

shown in Table 1 are based on 8 experiments for vitamin E and 3 

experiments for vitamin C and one experiment each for other antioxidants or 

antioxidant combinations. The set of experiments for vitamins E and C each 

yielded mean CAT induction ratios which differ from unity by values which 

are less than one standard deviation from the mean, implying a low 

confidence level. For all the antioxidants taken together as a class, none of 

the results are statistically significant. That is, there was no significant and 

consistent inhibition of DCA-activation of the gaddl53 promoter by any of 

these antioxidants (see Table 1). 

I then assayed for lipid peroxidation after treatment with DCA. The 

colorimetric assay used was a method developed by Oxis International, Inc. 

for determining lipid peroxidation (Bioxytech, LPO-586). It is based on 
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Table 1. Effect of various antioxidante on DCA inductioD of GaddlSS 
promoter 

DCA 
CONCEN
TRATION 

.-VNTI-
OXIDANT 

.\NTI-
OXIDANT 
CONCEN
TRATION 

CAT 
INDUCTION 

RATIO 
A+DCA 

DCA 

MEAN CAT 
INDUCTION 

RATIO 

STD 
DEV 

0 .76 mM VhC 0.25mM 0.016 
1.139 1.028 0.76 mM VitC 0.5mM 0.9 1.139 1.028 

0 .76 mM VitC 0.1 ^ ImM 2.5 
1.139 1.028 

0.76 mM vit E 0.025 mM 2.5 

1.531 1.239 

0 76 mM vit E 0.05 mM 4.3 

1.531 1.239 
0.76 mM vit E O .l mM 1.1 

1.531 1.239 0.76 mM vit E O.I mM 0.3 1.531 1.239 
0 76 mM vit E 0.1 mM 1.1 

1.531 1.239 

0 76mM vit E 0.1 mM 1.75 

1.531 1.239 

0 94 mM vit E 0.1 mM 0.6 

1.531 1.239 

0 .94 mM vit E 0.1 mM 0.6 

1.531 1.239 

0.94 mM vit E -
CuDIPS 

0.6 

0.76 mM VC - VE 0.1 mM 2 

0.76 mM CuDIPS 0.45 - 0.9 mM 3.8 

0.94raM 3-carotene 0.1 mM 2.8 
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measurement of malonaldehyde production (Halliwell and Gutteridge, 1985), 

since lipid peroxidation results in the destruction of membrane lipids and 

production of lipid peroxides and their by-products such as aldehydes. 

Malonaldehyde (MDA) and 4-hydroxyatkenals are end products derived from 

the breakdown of polyunsaturated acids and related esters. Thus, the level of 

MDA or 4-hydroxyalkenals is a marker of lipid peroxidation. Curve 'a" in 

Figure 9 A is a standard curve of MDA concentration versus absorbance at 

586 nm. Curve 'b" in Figure 9A is a standard curve of 4-hydroxyalkenal 

concentration versus absorbance at 586 nm. Figure 9B shows the absorbance 

at 586 nm in Hela cells treated with increasing concentrations of DC A. Note 

that no increase in production of malonaldehyde was observed (Figure 9B). 

Thus, no evidence was obtained that oxidative damage triggers bile acid-

induction of gaddI53 promoter activity. 

An additional test was performed to determine oxidative DNA/RNA 

damage induced by NaDOC in FrT-29 cells using an antibody that can 

recognize oxidized guanine bases. This monoclonal IgG antibody developed 

by Park et al. (1992), can recognize 8-hydroxy-deoxyguanosine, 

8-hydroxy-guanosine. etc. and is thus considered a biomarker of oxidative 
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Figure 9. Estimation of Lipid Peroxidation: Absorbance of MDA 
Heia cells treated with DCA. 

Curve "a" in Figure 9A is a standard curve of MDA. 
Curve "b" in Figure 9A is a standard curve of 4-hydroxyaikenais. 
Curve in Figure 9B is the curve of MDA induced by DCA. Standard 
deviation is based on two experiments. Enaldehyde consists of 
malondiaidehyde and 4-hydroxynonenal. 
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DNA/RNA damage. The amount of oxidative DNA/RNA damage was 

assessed by using a confocai microscope to measure the intensity level of a 

fluorescent dye. This fluorescent dye labels a secondary antibody which 

reacts with the primary monoclonal IgG antibody bound to damaged 

DNA/RNA. The test results are shown in Table 2. This experiment 

compared the immunofluorescent intensity levels which were obtained by 

calculating the mean gray level of each group of samples. In the cells treated 

with DOC, those exposed to antibody against oxidized guanine had a higher 

mean gray level (19.71) than those ceils not exposed to antibody (7.63). 

However, the ceils that were not treated with DOC showed a similar increase 

after immunostaining (P>0.1). Furthermore, there was no significant 

difference between the untreated HT-29 cells and NaDOC treated HT-29 

cells (P>0.1). A second experiment showed results similar to the first 

experiment. Therefore, these results fail to show evidence for oxidative 

DNA damage induced by NaDOC. 
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Table 2. Semi-Quantitative Analysis of Oxidized Guanine Bases in 
Nuclei of Control and Bile Salt-Treated Cells 

Immunofluorescent Intensity Levels 

Control or 
Treatment 

Mean + S.E.M. (N value) 
gray level' 

DOC 
Immunocontrol 

7.63 ± 0.133 (23) 

DOC 19.71 ± 1.05 (29) 

Control 
Immunocontrol 

7.44 ± 0.117(24) 

Control 18.44 ± 0.682(29) 

' Gray level intensity definition; The signal fi'om the confocal microscope is analyzed by the image processor 
program, which translates the mtensity of the signal into a specific gray scale threshold. This scale is usually 
stored as an S-bit number and thus allows a defined range of256 levels, with 0 being darkest and 255 being 
brightest. 
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III. Apoptosis Induced By Bile Salt Is P53-Independent 

Several DNA damaging agents have been shown to induce apoptosis. 

In the case of transformed mouse embryo fibroblasts, ionizing radiation, 

etoposide (a topoisomerase inhibitor) and adriamycin were found to induce 

apoptosis, but only in the presence of active P53 (Lowe et ai, 1993). Studies 

have shown that P53 arrests cells at the G1 phase in response to DNA 

damage, allowing the cells to repair the damaged DNA prior to replication 

(Kastan etai, 1991: Kuerbitz et ai, 1992). Presumably if the damaged 

DNA is not repairable, P53 then mediates apoptosis. For example, apoptosis 

induced by ionizing radiation is dependent on normal P53 flmction (Kastan et 

ai, 1992). In addition, it has been found that some DNA repair genes such 

as gadd45 are transcriptionally activated by P53. 

Figure 10 shows untreated rat fibroblast A1-5 cells and illustrates the 

absence of apoptosis in these cells. Figure 11 shows A1-5 cells treated with 

0.5 mM NaDOC for one hour and illustrates the high incidence of apoptosis 

upon treatment. In the experiments represented in Figure 12, there is strong 

induction of apoptosis by NaDOC in A1-5 cells after incubation for 

increasing times at 32°C. When A1-5 cells were maintained at 39°C without 
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Figure 10. Light micrograph of untreated rat fibroblast Al-5 cells 
stained with Diff-Quik. 

Diff-Quik stain is a modification of the Wright-Giemsa stain. It contains 
solutions of Eosin Y and thiazine dyes which stain nucleoli and cytoplasm. 
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Figure 11. Light micrographs of NaDOC treated rat fibroblast Al-5 
cells stained with Diff-Quik. 

Cells were treated with 0.5 mM NaDOC for one hour. The cells undergoing 
apoptosis are identified by the condensed chromatin and fragmented nuclei. 
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Figure 12. Percent of A1-5 cells undei^oing apoptosis at various times 
after shift from 39"C to 32°C. 

The abscissa shows total time of incubation at 32°C, including one hour of 
treatment (with or without 0.5 mM NaDOC) at 32°C, after temperature shift 
from 24 hours of incubation at 39°C. The first point (0 hours of shift) 
represents treatment for one hour at 39°C. The treatment incubation was 
carried out in the presence (filled squares) or absence (open squares) of 0.5 
mM NaDOC. About 200 cells were counted per point. 



shift to 32°C, NaDOC caused only 9% of the cells to undergo apoptosis 

(Figure 12). With incubation at 32°C, the percent of cells undergoing 

apoptosis after one hour of NaDOC treatment increased with time of 

incubation at 32°C up to 5 hours, until a maximum induction of apoptosis 

(38%) occurred. The lower curve in Figure 12 indicates the low percent 

(0-0.5%) of A1-5 cells undergoing apoptosis in the absence of NaDOC. It is 

clear that NaDOC induces apoptosis in these A1-5 cells and that apoptosis 

increases with time of incubation at 32°C after shift from 39°C. This initially 

suggested that bile acid induced apoptosis may be p53-dependent, since this 

enzyme is functional in A1-5 cells at 32°C, but not at 39°C. 

Figure 13 shows untreated rat fibroblast TlOl-4 cells and demonstrates 

the absence of apoptosis in these cells. Figure 14 shows TlOl-4 cells treated 

with 0.5 mM NaDOC for one hour and illustrates the high incidence of 

apoptosis upon treatment. Figure 15 shows the percent of TlOI-4 cells (p53 

defective at all temperatures) undergoing apoptosis. When cells were 

maintained at 39°C, NaDOC only caused 11% of the cells to undergo 

apoptosis. With incubation at 32°C, the percent of cells undergoing apoptosis 

after NaDOC treatment increased with time of preincubation at 32°C up to 
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Figure 13. Light micrograph of untreated rat fibroblast TlOl-4 cells 
stained with Diff-Quik. 

Diff-Quik stain is a inodification of the Wright-Giemsa stain. It contains 
solutions of Eosin Y and thiazine dyes which stain nucleoli and cytoplasm. 
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Figure 14. Light micrographs of NaDOC treated rat fibroblast TlOl-4 
ceils stained with Diff-Quik. 

Cells were treated with 0.5 mM NaDOC for one hour. The cells undergoing 
apoptosis are identified by the condensed chromatin and fragmented nuclei. 
The cell at the lower left is in mitosis. 
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Figure 15. Percent of TlOl-4 cells undergoing apoptosis at various times 
after shift from 39°C to 32®C. 

The abscissa shows total time of incubation at 32°C, including one hour of 
treatment (with or without 0.5 mM NaDOC) at 32°C, after temperature shift 
from 24 hours of incubation at 39°C. The first point (0 hours of shift) 
represents treatment for one hour at 39°C. The treatment incubation was 
carried out in the presence (filled squares) or absence (open squares) of 0.5 
mM NaDOC. About 200 cells were counted per point 
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5 hours, when a maximum induction of apoptosis (61%) occurred. The 

lower curve in Figure 15 indicates the low percent (0-0.3%) of TlOl-4 cells 

undergoing apoptosis in the absence of NaDOC. It is clear that NaDOC 

induces apoptosis in these cells under each of the incubation conditions 

tested and that apoptosis increases with time of incubation at 32°C. Since 

p53 is defective at 32°C in TlOl-4 cells, these experiments indicate that 

NaDOC induction of apoptosis is p53-independent 

Additional experiments (data not shown) also clearly showed increased 

induction of apoptosis by NaDOC in both Al-5 and TlOl-4 ceils after 

incubation of the ceils at 32°C, although the absolute levels of increased 

induction varied from experiment to experiment. Thus bile salt-induced 

apoptosis in these ceils occurs without respect to the active state of the p53 

protein. It appears that NaDOC induction of apoptosis increases upon 

temperature downsiiift from 39°C to 32°C, but does not depend on the 

fimction of the p53 protein. 
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rv. Induction And Localization Of The GaddlS3 protein 

Gaddl53, a growth-arrest and DNA damage-inducible protein, is 

identical to the protein CHOP. CHOP (C/EBP-Homologous protein) belongs 

to the C/EBP family which regulates transcription of many genes involved in 

cellular differentiation (McKnight, 1992) and apoptosis (Eymin et ai, 1997; 

Friedman, 1996). In the experiment photographed in Figure 16, HT-29, a 

colon carcinoma cell line, was labeled with gaddl53 antibody after treatment 

either with or without 0.5mM NaDOC. Only a small amount (background 

level) of gaddl53 protein is seen in the untreated HT-29 cells (Figures 16 and 

18. control). The level of gaddl53 protein is increased in HT-29 cells treated 

with 0.5 mM NaDOC relative to the untreated HT-29 cells (Figures 16 and 

18, NaDOC). HCT-l 16 cells, another colon carcinoma cell line, also was 

labeled with gaddl53 antibody after treatment either with or without 0.5 mM 

NaDOC. A similar level of gaddl53 protein is seen in HCT-116 cells with 

or without NaDOC treatment (Figures 17 and 19). In addition, the level of 

gaddl53 protein in the untreated control HCT-l 16 cells is higher than in the 

untreated control HT-29 cells. 
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Figure 16. Confocal microscopic photos of untreated (control) and 
0.5 mM NaDOC treated colonic carcinoma HT-29 cells labeled with 
gaddl53 antibody (taken from an area with a relatively high percentage 
of apoptotic cells). 
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HCT-116 

Figure 17. Confocal microscopic photos of untreated (control) and 
0.5 mM NaDOC treated colonic carcinoma HCT-116 cells labeled with 
gaddl53 antibody (taken from an area with a relatively high percentage 
of apoptotic cells). 
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Figure 18. Confocal microscopic photos of untreated (control) and 
0.5 mM NaDOC treated colonic carcinoma HT-29 cells labeled with 
gaddl53 antibody (taken from an area with a relatively low pencetage 
of apoptotic cells). 
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Figure 19. Confocal microscopic photos of untreated (control) and 
0.5 mM NaDOC treated colonic carcinoma HCT-116 cells labeled with 
gaddl53 antibody (taken from an area with a relatively low pencetage 
of apoptotic cells). 
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Table 3 shows the effect of NaDOC on gaddl53 expression measured 

by the mean gray level intensity values ± S.E.M. The number in parentheses 

following the S.E.M. is the number of pixels measurements x lO""*. In other 

words, the 233 stands for 233,000 pixel measurements. Figures 16, 17, 18 

and 19 together with the results shown in Table 3, are from the same 

experiment. Figures 16 (HT-29) and 17 (HCT-116) represent an area with a 

relatively high percentage of apoptotic cells and the results of the experiment 

are shown in Table 3 A (Image 1). Figures 18 (HT-29) and 19 (HCT-116) 

represent an area with a relatively low percent^e of apoptotic cells and the 

results of the experiment are shown in Table 3B (Image 2). 

We first note the results for the HT-29 cells. In Table 3 A, the mean 

gray level intensity value of the untreated HT-29 cells is 7.77 and of the 

NaDOC treated cells is 12.92. In Table 3B, the mean gray level intensity 

value of the untreated HT-29 cells is 7.82 and of the NaDOC cells is 14.02. 

There is a statistically significant effect of NaDOC on gaddl53 expression in 

HT-29 cells (P < 0.01). For HT-29 cells, we conclude that gaddl53 is 

induced by NaDOC treatment. 
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Table 3. Effect of deoxycholate oo gaddl53 protein expression 
(mean gray level intensity values ± S.E.M." (###)*") 

A. Image 1 HT-29 HT-29 
CONTROL NaDOC 

7.77 12.92 
±0.01 (233) ±0.01 (210) 
HCT-116 HCT-116 

CONTROL NaDOC 
11.08 10.77 

±0.02(135) ±0.02 (215) 

B. Image 2 HT-29 HT-29 
CONTROL NaDOC 

7.82 14.02 
±0.01 (244) ±0.01 (190) 
HCT-116 HCT-116 

CONTROL NaDOC 
10.48 11.93 

±0.02 (164) ±0.02 (142) 

" Digital image analysis performed on a duster of approximately 20-25 cells using Image Pro Plus (Media 
Cybernetics. Inc.) 

number of pixel measurements X 10'̂  
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We next note the results obtained with the HCT-116 cells. In Table 

3 A, the mean gray level intensity value of the untreated HCT-116 cells is 

11.08 and of the NaDOC treated cells is 10.77. In Table 3B, the mean gray 

level intensity value of the untreated HCT-116 cells is 10.48 and of the 

NaDOC treated cells is 11.93. There is no statistically significant effect of 

NaDOCon gaddl53 expression in HCT-116 cells (P > 0.1). Thus, HCT-l 16, 

in contrast to HT-29, shows little change in gaddl53 expression after 

NaDOC treatment. In addition. Table 3 shows that the level of gaddl53 in 

the HCT-116 control cells is significantly elevated relative to the HT-29 

control cells (P<0.01). As shown in Table 3, the mean gray level intensity 

values of HT-29 are 7.77 (Image 1) and 7.82 (Image 2). However, the mean 

gray level intensity values of HCT-116 are 11.08 (Image 1) and 10.48 (Image 

2). It appears that the level of gaddl53 in HCT-116 cells may be 

constitutively induced 
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DISCUSSION 

The purpose of this study was to increase our understanding of the role 

of bile acids in colon carcinogenesis; and specifically to clarify whether bile 

acids induce the gaddl53 stress response protein; whether bile acids cause 

oxidative damage to DNA and whether they induce apoptosis by a P53 

dependent mechanism. 

I. Induction Of GaddlSS 

Gaddl53 is a DNA damage-inducible gene derived fi^om hamster cells. 

The designation means that it can be activated by growth arrest and 

DNA damage (Fomace etal1988). The reporter system of gaddl53 

cells which I used has been tested with various agents. The gaddl53ICP^ 

assay system has been shown to be activated by 13 different DNA damaging 

agents, and the system is not activated by 19 agents which cause litde, if any, 

DNA damage (or which block DNA or RNA synthesis or cell division) 

(Luethy and Holbrook, 1992). For example, Luethy and Holbrook (1992) 

showed that gaddI53 promoter can be strongly induced by the genotoxic 

agents UV and 4-nitroquinoline-N-oxide, the DNA cross-linking agent 
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mitomycin C and the alkylating agent MMS, the DNA intercalator ethidium 

bromide and the topoisomerase inhibitor etoposide. In addition, gaddlSS 

promoter can be activated by free radical producers such as hydrogen 

peroxide. However Luethy and Holbrook (1992) also found that agents 

inhibiting replication and cell division (novobiocin and colchicine) or agents 

causing cytotoxicity or growth arrest (heat shock) had littie effect on 

gaddl53 promoter activity. Therefore, finding that deoxycholate and 

lithocholate induced expression of gaddl53 indicates that bile acids cause 

DNA damage. This specificity of the gaddl53 promoter is consistent with 

previous evidence (Kulkami etai, 1982; Kandell and Bernstein, 1991: 

Hamada et ai, 1994) that LCA and DCA are DNA damaging agents. 

The human and hamster gaddl53 promoter region has been sequenced 

and partly characterized by Luethy et al. (1990). They noted seven putative 

SPl factor binding sites, a TATA-like sequence, an inverted GCCAAT box, 

a consensus AP-1 sequence, TGACTCA, and also characterized some of the 

responses of this promoter region. Of potential interest to my work, however, 

was the finding that the hamster gad(H53 promoter, used in my current 

study, contains the sequence CAAGTTCAGG. A similar sequence. 
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CAAGTTCAAG, was shown to be a "bile acid response element" in a 

promoter known to be negatively regulated by bile acids (the promoter for 

cholesterol 7 alpha hydroxylase) (Chiang and Stroup, 1994). This raises the 

interesting possibility that the gaddl53 promoter may also respond to bile 

acids (but in a positive fashion). Perhaps interaction of bile acids with a bile 

acid response element, rather than or in addition to DNA damage, is 

responsible for the increase in CAT activity seen in my assay. 

GaddI53 encodes a nuclear protein which is also called CHOP-10. 

However, I will refer to it exclusively as the gaddl53 protein. Gaddl53 is 

activated during differentiation of 3T3-L1 mouse embryo fibroblasts to 

adipocytes. Fomace et al. (1989) found that only low levels of gaddl53 

mRNA are present in proliferating cells. However, as mentioned above, 

gaddl53 can be induced by DNA damaging agents such as alkylating agents 

(Holbrook and Fomace, 1991; Ron and Habener, 1992). Gaddl53 isdi 

member of the CCAAT/enhancer-binding protein (C/EBP) family of 

transcription factors. Gaddl53 has been found to reduce CAAT/enhancer 

binding protein activities and increase apoptosis in 32 D c 13 myeloid cells 

(Friedman, 1996). All known members of the C/EBP family bind similar 
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DNA sequences in vitro and activate adjacent promoters in vivo. C/EBP-like 

transcription factors play an important role in regulating the expression of 

various genes (Ron and Habener, 1992). C/EBP-like proteins are expressed 

in a cell-type restricted maimer such as during differentiation of 3T3-LI 

fibroblasts to adipocytes (Birkemneier et ai, 1989). GaddlSS may be 

involved in controlling proliferation in response to cellular stress signals 

(Zhanefa/., 1994, Baronee/a/., 1994). Thus, can be activated 

upon induction of DNA damage by bile acids and may form a heterodimer 

with C/EBP-like proteins and act as a negative transcriptional regulator. If 

the DNA damage is unable to be repaired, gaddl53 may activate other genes 

and trigger apoptosis (Eymin et ai, 1997). Therefore, GaddlSS might help 

cells avoid mutation. 

As detailed in the Introduction, bile acids have been linked to the 

etiology of colon cancer and have been shown to induce apoptosis in colonic 

epithelial cells from normal individuals, but to a much lesser extent in 

patients at high risk for colon cancer. Thus, the particular changes that cells 

undergo when challenged with a bile acid are-likely to be important in 

understanding the role of bile acids in the etiology of colon cancer. I have 
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shown that the activation of the gaddl53 promoter changed by exposure of 

cells to bile acids. 

II. Apoptosis Induced By Bile Acid Is P53-Independent 

One of the causes of apoptosis is DNA damage. Various studies 

suggested that P53 is an important mediator in response to some types of 

DNA damage, e.g. that caused by ionizing radiation (Lu and Lane, 1993). 

Lowe et al. (1993) also showed that mice with a lack of endogeneous P53 in 

immature thymocytes failed to undergo apoptosis induced by the lethal 

effects of ionizing radiation (Lowe et al, 1993). However, in some cases, 

apoptosis resulting from DNA damage is P53-independent (Arita et al., 

1997). Dependence of apoptosis on P53 has been found to vary with cell 

type, the kind of damage and the P53 level in the cell (Gotz and Montenarh, 

1996). 

Lowe et al., (1993) exposed transformed mouse embryo fibroblasts to 

ionizing radiation, etoposide (a topoisomerase H inhibitor) or adriamycin (an 

intercalating agent and a topoisomerase inhibitor). They found that treatment 

with each of these agents resulted in apoptosis if a functional P53 protein was 
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present, whereas in cells without a functional p53 gene, treatment resulted in 

continued cell viability. Similarly, mouse thymocytes with a non-functional 

P53 failed to undergo increased apoptosis after treatment by ionizing 

radiation, and had only modestly increased apoptosis after etoposide 

treatment (Lowe et ai, 1993). In contrast, when these treatments were 

applied to thymocytes with wild-type P53 fimction, a high percentage of cells 

entered apoptosis (Clarke et ai, 1993). In both of these studies, agents that 

are cytotoxic, but not known to damage DNA, were able to induce apoptosis 

independently of the fimctional state of the p53 gene. These agents were 

sodium azide. methylprednisolone and phorbol ester plus a calcium 

ionophore. 

Apoptosis is a noraial defense mechanism against carcinogenesis. 

When DNA damage occurs in cells, there are three possible outcomes: (1) 

Cell cycle arrest until damaged DNA is repaired and cells become normal; 

(2) Cells undergo apoptosis if damaged DNA is not repairable; (3) 

However, if damaged DNA is neither repaired nor those cells undergo 

apoptosis, then replication can occur past the damage resulting in mutations 

which could give rise to cancer. 
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I found that bile salt-induced apoptosis in rat fibroblast cell line TlOl-

4 was by a p53-independent pathway. Hague et al. (1995) have also shown 

that deoxycholate can induce apoptosis in a carcinoma cell line without p53 

activity. Therefore, my results and those of Hague et al. (1995) suggest 

either that bile salt-induced apoptosis is not initiated or dependent upon a 

DNA damage mechanism, or that some DNA damaging agents induce 

apoptosis by a pathway not involving p53. 

III. How Bile Salts Induce Apoptosis 

Bile salts, as endogenously produced agents, can be present in high 

concentrations in the intestinal tract. Thus, bile salt induction of apoptosis is 

likely to be important for cells of the epithelial lining of the small and large 

intestine. Bile salt-induced apoptosis in colonic epithelial cells (Samaha et 

al., 1995) was similar to bile salt-induced apoptosis in other cell types with 

respect to morphology (Patel et al., 1994; Samaha et al., 1995; Payne et al., 

1995) and in the levels of bile salts that induce apoptosis (Hague et al., 1995; 

Samaha et al., 1995; Payne et al., 1995). Given these similarities, the basic 

features of bile salt-induced apoptosis found in the rat fibroblast cell lines 
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used in my current studies are likely to be relevant to bile salt-induced 

apoptosis in intestinal epithelial cells. 

Bile salt induction of apoptosis was apparent after a temperature 

down-shift in A1-5 and TlOl-4 cells. It is possible that conformational 

changes in membrane fluidity influence induction of apoptosis in these 

fibroblast cell lines. The interaction of bile salts with cellular membranes is 

die initiating event in the apoptotic pathway is supported by the findings of 

Velardi et al. (1991). Velardi et a/. (1991) showed that an increased 

cholesterol content of membranes made cells resistant to bile salt-induced 

cytotoxicity. Kaneko et ^z/.(1993) showed that mutant cells with increased 

sensitivit\' to bile salts are also cross-sensitive to cytoskeletal disrupting 

agents such as colchicine, colemide, taxol and cytochalasin B. This suggests 

that the cytoskeleton may also play a role in bile acid induced apoptosis. 

Taken together, my results are consistent with the hypothesis that bile 

salts may induce apoptosis through effects mediated by membrane alterations 

and/or cytoskeletal disruptions. The bile salt activation of the gaddl53 

promoter, however, may be related to repair of the DNA damages known to 

be caused by bile salt treatment. This activation could occur through 
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interaction with a bile acid response element, and/or through DNA damage. 

Any DNA damages caused by bile salts do not induce apoptosis through a 

P53-controlled pathway, since bile salt-induced apoptosis is independent of 

P53 ftmction. 

IV. Oxidative Damage Induced By Bile Acid 

My negative results when assaying for reactive oxygen intermediates 

(ROIs) or ROI-induced damages within Hela cells must be interpreted with 

caution, since at least one other study indicates that bile acids cause oxidative 

dam^e (Sokol et ai. 1993). In addition, I have not undertaken an 

exhaustive analysis of antioxidants in the present study. Other investigators, 

using a carcinogenic initiator and a bile acid, glycocholic acid, as a promotor 

in a two-stage mouse epidermal carcinogenesis experiment, found that 

tumorigenesis was prevented when the anti-oxidant, palm carotene, was 

applied at the same time as the bile acid (Okuzumi et ai, 1992). Recently, 

Venturi et al. (1997) found that deoxycholate and lithocholate induced 

oxidative DNA damage in CACO-2 cells by using the Comet assay. This 
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Comet assay is much more sensitive than the methods I used in my 

experiments. 

Payne et al. (1998) found that NF-KB was elevated in the HCT-116 

cells (a cell line derived from a human with colon cancer) treated with 

deoxycholate. Since NF-icB activation has often been found in cells exposed 

to oxidative stress, NF-KB induced by bile acid could be a sign of oxidative 

stress in these cells (Payne et ai, 1998). NF-KB is a nuclear transcription 

factor, which upregulates transcription of many genes including nitric oxide 

synthase (Nathan, 1995: Xiee/a/., 1994). Furthermore, Casellas e/or/. 

(1996) detected an increase in production of nitric oxide synthase in human 

colonic mucosa treated with DCA. This release of nitric oxide products 

induced by DCA could be blocked by L-nitro-arginine-methyl-ester (L-

NAME) (Casellas et ai, 1996), an inhibitor of NOS. Nitric oxide interacts 

with superoxide to form peroxinitrite, a reactive oxygen species, that is 

apparentiy less damaging than superoxide. Thus, nitric oxide can be 

regarded as an antioxidant These positive results obtained by others mean 

that although my method was not sensitive enough to detect oxidative DNA 
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damage, my hypothesis appears to be correct: bile acid induces oxidative 

DNA damage. 

Therefore. I hypothesize the following model (Figure 20) for oxidative 

DNA damage induced by bile acids. Bile acids are detergents which disrupt 

the cell membrane causing phospholipase activation. This, in turn, causes 

damage of the membrane. As a result, the arachidonate fatty acid is released 

and is converted to prost^andin and the superoxide anion through the 

cyclooxygenase pathway. Superoxide dismutase (SOD) removes superoxide 

by reacting it with two hydrogen ions to form hydrogen peroxide and oxygen. 

Next hydrogen peroxide can form the hydroxyl radical plus 0H~ through the 

Fenton reaction which utilies an iron catalyst. The hydroxyl radical is highly 

reactive and can cross the nuclear membrane to cause oxidative DNA 

damage. When DNA polymerase passes unrepaired DNA damage in a 

template strand during replication, a mutation may occur. The mutation can 

activate oncogenes such as ras, c-fos, c-myc, or it can inactivate tumor 

suppressor genes such as APC or p53. Accumulated mutations can then lead 

to colon cancer. 
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V. Increased Expression Of Gaddl53 Protein In HT-29 Cells Treated 

With Bile Salt and Constitutive Overexpression Of Gaddl53 Protein In 

HCT-116 Cells With or Without Bile Salt Treatment 

I found that expression of gaddl53 protein is increased in HT-29 cells 

treated with NaDOC compared to the untreated control (P < 0.01), using 

confocal microscopy. However, in HCT-116 cells, there is no statistically 

significant difference between the control and NaDOC treated cells (P>0.1). 

Furthermore, the level of gaddl53 protein is higher in both the untreated 

HCT-116 cells and the NaDOC treated HCT-116 cells relative to the 

untreated HT-29 cells (P < 0.01). This suggests that the level of gaddl53 

protein is constitutively elevated in HCT-116 cells. 

In addition. I would like to point out that in Table 3, the labels "Image 

I" and "Image 2" refer to results from the same experiment. Image I was 

taken from an area with a relatively high percentage of apoptotic cells. Image 

2 was taken from an area with a relatively low percentage of apoptotic cells. 

The increased levels of induction of gaddl53 protein in HT-29 cells treated 

with bile salt in Image I is similar to the increased levels of induction of 

gaddl53 protein in HT-29 cells treated with bile salt in Image 2. Since all 
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these cells will eventually undergo apoptosis, the finding of overexpression of 

gaddl53 in low apoptotic cell areas implies that the gaddl53 occurs before 

the cells become apoptotic. However, I don't know whether the gaddl53 

sensitized the cells to apoptosis or prevented cells from undergoing apoptosis. 

This work was completed by Dr. Martinez's study (personal communication) 

on the mRNA level of gaddl53. It showed that a high level of mRNA was 

found in HCT-116 cells versus HT-29. He also did an antisense experiment 

to block mRNA in HCT-116 cells. In his experiment, the expression of 

gaddl53 was blocked and apoptosis in HCT-116 cells was observed to be 

reduced, suggesting that increasing gaddI53 may sensitize cells to apoptosis. 

Therefore, his experiment supports my hypothesis that DNA damage induced 

by bile salt might activate the gaddI53 gene resulting in increased gaddl53 

protein, even before apoptosis has occurred in most of the cells. This implies 

that gaddl53 increases prior to full expression of apoptosis, and may 

contribute to triggering apoptosis. 
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VT. DNA Damage And Apoptosis Induced By Bile Acids: Relevance To 

Colon Carcinogenesis 

As detailed in the Introduction, dietary factors are considered to be 

important determinants of risk for sporadic colon cancer. Epidemiological 

evidence has shown that populations with high risk of colorectal cancer, have 

a high intake of fat and animal protein, and have a high concentration of 

secondary bile acids in their feces (Reddy et ai, 1983). Secondary bile acids 

act as co-mutagens as shown in the Ames test (Wilpart et ai, 1986). Bile 

acid (LCA) also causes DNA strand breaks in L1210 cells (Kulkami et ai, 

1982). In addition, it is known that bile acids such as chohc acid have a 

promoting effect on tumorigenesis in rats treated with carcinogens such as 

azoxymethane (Magnuson et ai, 1993). 

My research results show that bile acids also activate the gaddl53 

protein in the CAT reporter system which implies that bile acids induce a 

stress response that is ordinarily triggered by DNA damage. If the colonic 

epithelial cells are frequently exposed to high concentrations of bile acids, 

DNA damage will occur often in these cells. Those cells which are able to 

repair all of their DNA damage will remain normal. The cells which cannot 
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repair their damaged DNA ordinarily undergo apoptosis. However, some of 

the ceils probably escape apoptosis and survive with unrepaired DNA 

dam^e. When these cells replicate, they will tend to mutate when the 

replication enzymes encounter the damaged template DNA. Mutant cells 

resistant to induction of apoptosis will survive. Further mutation in these 

apoptosis-resistant cells will give rise to oncogene activation and tumor 

suppressor gene inactivation leading to colon carcinogenesis. 
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