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ABSTRACT 

Our lab has shown that the bile salt found in the highest concentration in human 

fecal water, sodium deoxycholate, induces apoptosis in several cell types including Jurkat 

cells as well as human colonic epithelial cells. We have also found that cells within the 

normal appearing flat mucosa of patients with a history of colon cancer are relatively 

resistant to apoptosis induced by NaDOC. The current studies test the hypothesis that 

sodium deoxycholate induces multiple stress response pathways that protect against 

apoptosis. I have tested this hypothesis by developing and analyzing cell lines that are 

resistant to sodium deoxycholate-induced apoptosis and focusing on two stress-response 

proteins known to be activated by sodium deoxycholate, poly(ADP-ribose) polymerase 

(P.A.RP) and the redox-sensitive transcription factor nuclear factor-kappa B (NF-kB). I 

found that PARP is protective against NaDOC-induced apoptosis, and by independently 

inhibiting the individual subunits of NF-kB, I found that the p65 subunit is protective, 

while the p50 subunit is not. Development and subsequent characterization of the 

NaDOC-resistant HCT-116 cell lines identified several proteins that may be responsible 

for the development of apoptosis resistance. These proteins will be further tested in 

future studies. 
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CHAPTER 1 

INTRODUCTION 

Bile acids are natural detergents utilized to assist in the digestion of fats. They are 

synthesized in the liver from cholesterol, their synthesis occurring through two pathways. 

The classical neutral pathway involves the enzyme cholesterol 7a-hydroxylase, a 

cNiochrome P-450 enzyme of liver microsomes (Myant and Mitropoulos. 1977). The 

acidic pathway utilizes the microsomal enzyme oxysterol 7a-hydroxylase. but 

intermediate unsaturated monohydroxy bile acids are hepatotoxic (Javitt and Emerman, 

1968) (Figure 1.1). The resultant molecules from either pathway are polar derivatives of 

cholesterol. Upon ingestion of fat, primary bile acids are released from the gall bladder 

where they are stored, into the small intestine. Normally, most bile acids are reabsorbed 

by the small intestine, but accumulation in the feces results in conversion by microflora 

in the large intestine. 

Conversion of primary bile salts to their secondary bile acid counter parts is 

catalyzed by the bacterial enzyme 7a-dehydroxylase that removes a hydroxyl group from 

the 7a position of the steroid molecule. For example, chenodeoxycholic acid and. cholic 

acid are deconjugated by 7a-dehydroxylase to deoxycholic acid (DOC) and lithocholic 

acid (LC). the secondary bile acids found in greatest concentration in human fecal water 

(Lapre and van der Meer, 1992). The conversion of primary bile acids to their secondary 

counterparts by the gut microflora results in an increase in hydrophobicity of these 

secondary bile acids (Ling, 1995) (Figure 1.2). An increase in hydrophobicity increases 

the cNtotoxicity of DOC and LC, most probably through an increase in membrane 

perturbation. 



13 

Cholesterol 

OH 

27-OH 

7a-OH 

Microsomal cholesterol 
7a-hydroxylase 

hvdroxvcholesterol 

Mitochondrial 
sterol 27-hydroxyIase 

27-hvdroxvcholesterol 

Side chain 
oxidation i 

SP-hydroxy-A^-Ci? 
3p-hydroxy-A'-C24 

Microsomal oxysterol 
7a-hydroxylase 

Primary Bile Acids 

Figure 1.1 The two major pathways for primary bile acid synthesis from 
cholesterol. The classical pathway begins with 7a-hydroxylase a microsomal P-
450 enzyme, while the acidic pathway is initiated by the mitochondrial enzyme 
sterol 27-hydroxylase (modified from Setchell et al.^ 1998). 
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Format ion  o f  Cyto tox ic  Bi le  Ac ids  in  the  Colon  

1  hrough  Microb ia l  Enzyme Act iv i ty  

Chenodeoxsch t i l i e  Ac id  I  i i hocho l i c  Ac id  
\ 

C hoiK Acid  I X'c^w chol  ic  Ac id  

Figure 1.2 Conversion of primary bile acids, chenodeoxycholic acid and cholic acid, to 
their secondary counterparts, lithocholic acid and deoxycholic acid, respectively. This 
conversion occurs through the activity of 7-a dehydroxylase, a microbial enzyme utilized 
by the gut bacteria. 



15 

Bile acids are damaging to a variety of cell types including hepatocytes and colon 

epithelial cells. In cholestatic liver disease, characterized by impaired bile flow, damage 

to hepatoc>ies is extensive. Severe neonatal liver disease is a result of inborn errors in 

bile acid metabolism. Reactions involving the steroid nucleus and side chain of 

cholesterol and its intermediates in the pathway leading to the formation of cholic and 

chenodeoxycholic acids are governed by specific enzymes (Russell and Setchell, 1992). 

These enzymes are defective in individuals with inborn errors of bile acid metabolism, 

and result in damage to hepatocytes (Clayton et al., 1987; Setchell et al., 1988; Setoguchi 

el al., 1974). Patel et al., 1994, reported that glycochenodeoxycholate induced apoptosis 

in hepatocytes. 

We have shown that treatment with sodium deoxycholate (NaDOC), the bile salt 

present in highest concentration in the human colon and feces (Allinger et al., 1989) at 

high physiologic levels [concentrations accompanying a high fat diet (Stadler et al., 

1988)] induces apoptosis in human colonic epithelial cells (Payne et al., 1995a; Garewal 

et al.. 1996; Bernstein et al., 1999a). Our group has also found that cells within the 

normal appearing flat mucosa of patients with a history of colon cancer are relatively 

resistant to apoptosis induced by NaDOC (Payne et al., 1995a; Garewal et al., 1996; 

Bernstein el al., 1999a). Apoptosis, or programmed cell death, is a morphologically 

characterized form of cell death (Kerr et al., 1972), and was first defined by Kerr, an 

Australian pathologist. Upon examining naturally occurring dead cells at the 

ultrastructural level, Kerr realized that they all had similar morphologic appearance. This 

included nuclear condensation and margination, crescent formation, and nucleolar 

segregation. The cells would shrink, the nucleus and cytoplasm would become dense. 
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and cytoplasmic vacoulization occurred. Apoptotic body formation would occur when 

the nucleus fragmented into membrane-enclosed segments and the cell surface began to 

bud (Kerr et al., 1972). Features observed by transmission electron microscopy (TEM) 

include nucleolar segregation and increased electron density. These are the classic 

features of apoptosis, and morphology is the standard for identifying apoptotic cells 

(Payne et al.. 1995b). The morphological appearance of apoptotic cells is a result of the 

activation of proteases, lipases, and nucleases, working in a sophisticated network of 

signaling pathways (Samali and Orrenius, 1998). 

Apoptosis is a physiologically important activity of an organ system, and 

performs essential roles in multiple systems. Apoptosis is involved in fundamental 

biological processes, including metamorphosis and embryonic development. For 

example, during embryogenesis, apoptosis removes the unwanted webs between fingers 

and toes through a process of interdigital cell deletion. Apert's syndrome is an 

autosomal-dominant genetic disease in humans in which the interdigital cells remain 

between the digits of the hands and feet creating "mitten hands" (Yonenobu et al., 1982). 

Apoptosis is safer than necrosis to surrounding tissues, as the membrane integrity of an 

apoptotic cell keeps toxic cellular components fi-om coming into contact with unaffected 

cells before phagocytosis and does not elicit an inflammatory response. Apoptosis plays 

a large role in hematopoiesis, and is responsible for the normal cell deletion of many 

different types of blood cells (Cotter and Bowen, 1994). Senescent neutrophils undergo 

apoptosis (Payne et al., 1994; Grigg et al., 1991) as do T lymphocytes that react to self-

antigens during their maturation process in the thymus (Smith et al., 1989; Murphy et al., 

1990; Shi et al., 1991). Germinal center B-lymphocytes with a high affinity for antigen 
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presented on follicular dendritic cells in vivo are rescued from apoptosis through a 

positive selection process (Liu et ai, 1991). Apoptosis protects systems from disease by 

removal of defective cells. Cells with unrepaired DNA damage usually undergo 

apoptosis. thereby preventing the replication of defective cells that may lead to clonal 

expansion of cells with mutations leading to cancer. Apoptosis is also important in 

maintaining homeostasis of an organ by balancing proliferation with selective 

elimination. 

The predominant focus in our lab has been in the area of colon cancer. Colorectal 

cancers (CRC) are a major cause of morbidity and mortality worldwide. In the United 

States alone, 140,000 people were diagnosed with CRC in 1998, and in that same year, 

55,000 deaths were attributed to CRC (Engstrom and Goosenberg, 1999). CRC is 

responsible for 15% of cancer deaths, and is second only to bronchiocarcinoma in cancer 

mortality rates (Kumar et al., 1997). Dermis Burkitt was the first to point out a link of 

colorectal disease with diet when he found that CRC, diverticular disease and 

constipation were rare in native Africans. This, he presumed, was due to the type of diet 

consumed by the native Africans; high in fiber, low in fat. Dietary fiber binds bile acids 

and other toxic chemicals and maintains an acidic pH. This promotes growth of aerobic 

bacteria, which in turn inhibit the conversion of bile acids. Fiber also dilutes 

carcinogens, inhibits nitrosamine activity, and decreases bowel transit time. High 

calcium also binds bile acids and fatty acids, hence decreasing gut exposure to potential 

carcinogens. On the other hand, dietary fat increases the amount of bile acids released 

from the liver into the intestine. The levels of liposoluble toxins also increase, and in 

conjunction with the high levels of bile acids, create an alkaline pH. The population of 
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anaerobic bacteria increase, and the degradation and conversion of bile acids increase. 

As the levels of 7a-dehydroxylase increase, primary bile acids are converted to their 

secondary counterparts. These secondary bile acids have been implicated as promoters of 

colon cancer in animal models of colon carcinogenesis (Reddy et al., 1977; Kozoni et al., 

2000). The mechanism of tumor promotion by bile acids is. however, largely unknown. 

-Animal studies using very high, non-physiologic levels (5-25 mM) of bile acids 

infused intrarectally, showed that extensive cellular lysis occurred (Lapre et aL 1992). 

The authors suggested that bile salts might promote colon cancer by causing extensive 

cell death which is then compensated for by cellular hyperproliferation. The detergent 

action of the bile salts and/or their micellar cholesterol solubilizing capacities allow bile 

salts to interact with cell membranes and alter membrane structure, resulting in cellular 

lysi3 (Lapre et al.. 1992). Other studies showed that bile acids fed to rats exposed to 

carcinogens had an increase in tumor incidence when compared to rats exposed to 

carcinogens alone (Reddy et al.. 1977; Cohen et al., 1980; Morvay et al., 1989). 

A novel hypothesis has been proposed by the members of our laboratory based on 

these findings concerning the role of bile acids in promotion of colon cancer (Payne et 

al.. 1995a; Garewal et al., 1996; Bemstein et al., 1999a) (Figure 1.3). The relationship 

between increased bile acids in the feces and the increased risk in colon cancer was 

evidenced by epidemiological studies that showed populations consuming high fat diets 

had elevated fecal bile acids and an increased risk for developing colon cancer (Hill, 

1995; Kishida et al., 1997; Bradley and Evers, 1997). Armstrong and Doll (1975) 

determined that individuals consuming a low fat diet had a lower risk for colon cancer 

than those consuming a high fat diet. In response to a high fat diet over several decades. 
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Figure 1.3 
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excessive apoptosis occurs as high levels of bile acids are released from the liver. 

Initially, this may cause extensive apoptosis, but over time, chronic exposure leads to 

selection of a population of apoptosis resistant ceils that may not die when they have 

unrepaired DNA damage from dietar>' carcinogens. When the damaged DNA undergoes 

replication, this could lead to mutation, cellular transformation and neoplasia. The 

presence of apoptosis resistant populations may be indicative of an individual's 

predisposition to colon cancer (Bernstein et ai. 1999a) since resistance to apoptosis can 

lead to genomic instability. A recent study supports this hypothesis of development of 

apoptosis resistance by bile acids (Kozoni et al., 2000). In a mouse model of 

dimethlyhydrazine-induced colon carcinogenesis the administration of lithocholic acid 

resulted in a marked decrease in apoptosis in the pre-malignant colon. The reduction in 

apoptosis in the presence of a carcinogen partially explains the effect of bile acids as a 

promoter of colon carcinogenesis in animal models, and may have important implications 

for human carcinogenesis (Kozoni et al.. 2000). 

One strategy to understand the basis for apoptosis resistance is to determine the 

signaling pathways and cellular stresses induced by bile acids. The cellular effects of bile 

acids as reported in the literature have been varied (Figure 1.4). Bile salts have been 

shown to activate protein kinase C, membrane-derived phospholipases, and specific 

transcription factors. Bile salts cause an increase in cytoplasmic calcium levels as 

calcium is released from the endoplasmic reticulum (ER) (Combettes et al.. 1988), and 

subsequent ER stress (Bernstein et al.. 1999b). The elevation of intracellular calcium 

levels activates endonucleases, lipases, and proteases, the latter of which may damage the 

c>toskeleton (Croall and DeMartino, 1991). Bile acids cause surface blebbing (Samaha 
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Figure 1.4 Schematic diagram illustrating the possible mechanisms by which a bile salt, 
such as sodium deoxycholate, could interact with the cell and trigger initiation of 
apoptosis. Data from the literature and from work performed in our laboratory support 
these possible mechanisms. This is not meant to be exhaustive, as bile salts may affect 
many other aspects of cellular metabolism. (Adapted from Payne el al., 1995a) 



22 

et al., 1995), indicative of cytoskeletal perturbations. It has also been proposed that bile 

salts activate signal-transduction pathways leading to altered gene expression (Nomoto ef 

al.. 1994). Inhibition of glutathione S-transferase, a phase II detoxification enzyme, can 

be caused by bile salts (Schneider. 1992) resulting in increased levels of mutagens within 

gut epithelial cells. Other possible mechanisms include an increase in cellular oxidative 

stress (Shivaram, et aL, 1998; Rodrigues, et al.. 1998; Booth et al., 1997; Bomzon et al., 

1997; Sokol et al., 1993; Sokol et al.. 1995; Craven et al., 1987; Craven et al., 1987; 

Craven et al.. 1986; DeRubertis et al., 1984; Venturi et al., 1997), an increase in 

peroxynitrite formation (Washo-Stultz et aL. 1999), an increase in DNA damage (Booth 

et al.. 1997; Venturi et al., 1997; Payne et al., 1998; Masamune et al., 1997; Pool-Zobel 

and Leucht, 1997; Zheng et al., 1996; Zheng and Bernstein, 1992; Kandell and Bernstein. 

1991: Watabe and Bernstein, 1985; Kulkami and Yielding, 1985; Kulkami et al., 1982; 

Combettes et al.. 1988), and an increase in ER stress (Bernstein et al., 1999b). 

It is from the above mentioned evidence both from the literature and from our 

laboratory that I have formulated my hypothesis. 

HYPOTHESIS: The bile salt, sodium deoxyxholate, induces multiple stress 

response pathways that protect against apoptosis. 

1 have tested this hypothesis by developing and analyzing cell lines that are 

resistant to sodium deoxycholate-induced apoptosis and focusing on two stress-response 

proteins known to be activated by sodium deoxycholate, poly(ADP-ribose) polymerase 

(PARP) and the redo.x-sensitive transcription factor nuclear factor-kappa B (NF-kB). 
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The three specific aims listed below are indicated on a diagram of my working hypothesis 

(Figure 1.5). 

Specific aim #1: To determine if the NAD^ precursors, nicotinic acid and nicotinamide, 

protect cells against NaDOC induced apoptosis. 

Specific aim #2: To evaluate the role of NF-kB in NaDOC induced apoptosis. 

Specific aim #3: To establish and evaluate independent colonic cell lines that are stably 

resistant to NaDOC induced apoptosis. 
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Figure 1.5 Working diagram indicating how the specific aims of this dissertation will be 
utilized to test the hypothesis involving NaDOC, apoptosis, and apoptosis resistance. 
Numbers correlate with respective specific aims. 
* Martinez et al. (1999) has recently shown that caspase activation occurs in HCT-116 
cells in response to NaDOC treatment. 



25 

CHAPTER 2 

THE NAD* PRECURSORS, NICOTINIC ACID AND NICOTINAMIDE, 

PROTECT CELLS AGAINST APOPTOSIS 

2.1 Rationale 

A major stress induced by bile acids is DNA damage. Since PARP is known to 

be an important DNA repair en2:yme. I first evaluated whether PARP could protect 

against NaDOC-induced apoptosis. The strategies that were used included the use of 

pharmacologic inhibitors of PARP and supplementing cells with the precursors of NAD"^ 

(the substrate used by PARP), nicotinic acid and nicotinamide. 

2.2 Overview 

Nicotinic acid and nicotinamide (or niacin and niacinamide, respectively), 

members of the B-compIex of vitamins, were first discovered and named in 1867 by 

Huber, a German scientist, when he prepared it from the nicotine of tobacco (Figure 2.1). 

At that time the disease pellagra was killing thousands of people around the world, and 

would continue to do so for the next 70 years. Pellagra is identified by the "Three Ds", 

dermatitis, diarrhea, and dementia. Dermatitis is generally found on exposed areas of the 

skin, beginning as red, thickened, and roughened skin, but eventually may lead to 

extensive scaling and desquamation. The diarrhea is caused by atrophy of the columnar 

epithelium of the gastrointestinal tract mucosa, while dementia results from degeneration 

of the neurons of the brain and corresponding tracts in the spinal cord. No one at the time 

knew of the link between niacin and pellagra. In the southern United States in the early 

1900s the diet consisted primarily of com, which is low in available niacin, hence 

pellagra reached epidemic proportions. 
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In 1914, Joseph Goldberger was directed by the U.S. Public Health Service to 

study pellagra. In a series of studies. Goldberger was able to show that pellagra was 

caused by a dietary deficiency and was not caused by £in infection or toxin. In 1937, 

Conrad Elvehjem at the University of Wisconsin discovered that niacin in either form 

could cure black tongue in dogs. This disease had already been recognized as similar to 

pellagra in humans. A few years later, several investigators used niacin to prevent and 

treat pellagra in humans. In 1945. Willard Krehl also at the University of Wisconsin 

discovered that tr>'ptophan is a precursor of niacin. This explained why milk, which is 

low in niacin and high in tryptophan, could prevent or cure pellagra and why protein 

deficiencies often presented as pellagra. Meat contains both niacin and tryptophan, while 

com is low in trj'ptophan and the niacin that is present is largely bound and unavailable. 

Pellagra is low in the Mexican population, largely due to the fact that Mexicans cook 

com in a lime solution to make tortillas, a process which releases the bound niacin. 

Niacin is absorbed through the small intestine and transported to the liver through 

the portal blood circulation. In the liver it is converted into nicotinamide adenine 

dinucleotide (NAD^). As the liver NAD^ is broken down, nicotinamide is released and 

carried in the blood to other body tissues. It is then utilized in the formation of niacin-

containing enzymes, including NAD"^ and NAD phosphate (NADP"^). Niacin is easily 

converted to nicotinamide in the body. Excess niacin is not stored in the body but is 

methylated and excreted in the urine (Figure 2.2) 

The principal role of niacin and nicotinamide is as a constituent of the two 

coenzymes. NAD^ and NADP^. They are involved in cellular respiration, in the release 

of energy from carbohydrates, fats, and proteins, and are involved in biological 
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Figure 2.2 Hydrogen acceptor function of nicotinamide containing coenzymes. R can 
be adenine dinucleotide or adenine dinucleotide phosphate (NAD"*^ to NADH, or NADP* 
to NADPH). 
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oxidation-reduction reactions. Our primary interest lies in their involvement in 

oxidation-reduction reactions as well as in the fact that NAD^ is a substrate for PARP 

(Figure 2.3). PARP is a DNA repair enzyme that is activated by double stranded and 

single stranded breaks in DNA (Wintersberger, U., and Wintersberger, E., 1985; Shall, 

1984). PARP consumes NAD"^ to make ADP-ribose polymers that covalently attach to 

nuclear proteins (De Murcia, G, and De Murcia, JM, 1994; De Murcia, G, ei al., 1991). 

This adds negative charge to the area of damage (Shall, 1984). Continued repair of DNA 

may be compromised when the NAD"^ pool is drained (Weilckens. et al., 1982). 

Mitochondrial function may also be impaired when the NAD"*" pool is depleted. Since 

NAD* is an electron carrier in mitochondrial respiration and a source of reducing 

equivalents, it participates in the maintenance of the mitochondrial redox state, the 

formation of the mitochondrial membrane potential, and the generation of ATP. ATP is 

consumed in the production of NAD^, so an attempt by mitochondria to replenish the 

NAD^ pools would eventually compromise energy levels, resulting in cell death. 

2.3 Materials and Methods 

2.3.1 Chemicals 

Sodium deoxycholate (NaDOC) was obtained from ICN Biochemicals (Cleveland, Ohio), 

and was stored as a 50 mM stock solution in water at -20° C. N-methyl-N'-nitro-N-

nitrosoguanidine (MNNG) was obtained from Aldrich and was stored at -20° C as 10 

mM stock solution. The PARP inhibitors 3-aminobenzamide (3-AB), 4-amino-l,8-

naphthalamide (4-ANT), and 6(5H) phenanthridinone were obtained from Sigma, and 

stored at -20° C as 100 mM, 24 mM, and 26mM stock solutions respectively. The mono-

.A.DP-ribosyl transferase (MART) inhibitor, m-iodobenzylguanidine (m-IBG), was 



nicotinamide 
nicotinic 

oxidative 
stress 

activated 
NF-KB 

protein 

GRP78 
histone 

PA  ̂
damage 

caspases 

Figure 2.3 Model showing ways NA and NAM may affect a cell. NAM inhibits mono-
ADP-ribosylation, as well as the release of Ca* ^ from the mitochondria. PARP ADP-
ribosylates histones as well as other DNA associated proteins. 
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obtained from Sigma and stored at —20° C as ImM stock concentration. NA and NAM 

were obtained from Sigma (St. Louis, MO). NA and NAM solutions were made fresh for 

each experiment. Chemicals used in the flow cytometry experiments, mercury orange 

[l(4-chloromercuryphenyl-azo-2-naphthol)], diethylmaleate (DEM), and DL-buthionine-

S.R-sulfoximine (BSO) were obtained from Sigma, and solutions were made fresh for 

each experiment. Mercury orange was dissolved in acetone, while BSO and DEM were 

dissolved in water. Carboxy-Hi-DCFDA [5-(and)-6-carboxy-2\7'-dichlorodihydro-

fluorescin diacetate] was obtained from Molecular Probes, Inc. (Eugene, OR). 

2.3.2 Cell Culture 

The Jurkat cell line [human T-cell lymphoma, American Type Culture Collection 

(ATCC), Bethesda MD; .ATCC #TIB 152] was maintained in RPMI 1640 medium (Irvine 

Scientific. Santa Ana, CA) supplemented with 10% fetal calf serum (Omega Scientific, 

Inc., Tarzana, CA), 100 U/ml penicillin, 100 ug/ml streptomycin, and 3.44 mg/ml L-

glutamine (Gibco BRL Life Technologies, Grand Island, NY). Two colon 

adenocarcinoma cell lines, HCT-116 (ATCC #CCL 247) and HT-29 (ATCC #HTB 38). 

were grown in DMEM medium supplemented with 10% fetal calf serum, 

penicillin/streptomycin/glutamine (same concentrations as for Jurkat cells), and 1% 

MEM non-essential amino acids (Sigma. St. Louis, MO). A transformed human 

hepatoma cell line, HepG2 (ATCC #HB 8065) was grown in MEM containing 10% fetal 

calf serum, 50 ug/ml streptomycin, 50 U/ml penicillin, 100 p.M MEM non-essential 

amino acids. 2 mM L-glutamine, and 1 mM sodium pyruvate (Gibco). Experiments were 

performed betw-een passages 3 and 15, and concentrations of 4-5 x 10" cells/ml. This 

cellular density placed the cells approximately in the mid-exponential growth phase. 
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2.3.3 Quantification of cells using brightfield microscopy 

At various times after NaDOC treatment, cytospins were prepared using a Shandon 

Cytospin 3 c>tocentriflige. Cells were then fixed with 100% methanol for 1 minute, and 

after drying, stained overnight with a modified Giemsa stain in methanol (Sigma 

Diagnostics, St. Louis. MO) [1:20 dilution of 0.4% w/v (pH 6.9)]. Under a lOOx -oil 

immersion objective employing brightfield microscopy, 200 cells were counted from 

each slide and scored for normal, apoptotic, and mitotic cells. Apoptotic cells were 

identified by the presence of condensed chromatin, Augmented nuclei, cell shrinkage, 

c>loplasmic vacuolization, and formation of apoptotic bodies, as described previously 

(Payne, et ai. 1994; Payne, et al.. 1992). 

2.3.4 Preparation of cells for confocal microscopy 

Suspension cells (Jurkat) were spun onto 0.17 mm thick coverslips using the Shandon 

Csiospin 3 cytocentrifiige, while the adherent cells, HCT-116 and HT-29, were grown 

directly on coverslips. The coverslips were fixed in 4% methanol-firee formaldehyde for 

20 minutes at room temperature, and then permeabilizcd at -20° C in 100% methanol for 

6 minutes, air-dried, and stored at -20° C until immunostained. 

2.3.5 Immunofluorescent procedures 

PARP 

The evaluation of PARP activity can be assessed using an antibody against the product of 

PARP enzyme activity, ADP-ribose polymers. The polyclonal antibody was produced in 

a guinea pig (Trevigen, Inc., Gaithersburg, MD) and reacts with poly (ADP-ribose) 

polymers that are 10-50 ADP-ribose units long. The antibody was used at a dilution of 

1:500. followed by a biotinylated goat anti-guinea pig secondary antibody at a 1:100 



dilution. ADP-ribose polymers were visualized using Cy5-conjugated streptavidin 

(Jackson ImmunoResearch Laboratories, Inc., West Grove. PA). Nuclei were visualized 

by YOYO-1 (Molecular Probes, Eugene, OR) staining of DNA after RNase digestion as 

previously described by Payne et al. (1998). This allowed for localization of ADP-ribose 

polymers in the nuclear and cytoplasmic compartments. All coverslips were mounted 

using a water-soluble mounting media that hardens overnight (DAKO Corp., Carpenteria, 

CA). 

NF-kB 

A monoclonal antibody (Boehringer Mannheim, Indianapolis, IN) was used that 

recognizes an epitope of the p65 subunit of NF-kB that includes the nuclear localization 

signal (NLS) sequence (Kaltschmidt et al., 1995). Positive staining therefore measures 

the presence of activated NF-kB. The antibody was used at a dilution of 1:40 in 1% BSA 

(bovine serum albumin)/PBS. An assessment of the expression of the individual subunits 

present in the classic NF-kB dimer, NF-kB p50 and NF-tcB p65, was made using 

polyclonal antibodies obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 

Treatment with a biotinylated goat anti-mouse secondary antibody (Vector Laboratories. 

Inc.. Burlingame. CA) followed by Cy5-conjugated streptavidin (Vector Laboratories) 

was used as the detection system for the primary monoclonal antibody. Biotinylated goat 

anti-rabbit secondary antibody (Vector Laboratories) followed by Cy5-conjugated 

streptavidin was used as the detection system for the polyclonal antibodies. Nuclei were 

identified using YOYO-1 staining after RNase digestion, as previously described (Payne, 

ci al.. 1998). 
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IKB 

Polyclonal antibodies to IjcB-a, IjcB-P and IkB-y were obtained from Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA). Biotinylated goat anti-rabbit secondary antibody 

(Vector Laboratories, Inc., Burlingame, CA) followed by Cy5-conjugated streptavidin 

(Vector Laboratories) was used as the detection system. Nuclei were identified as stated 

above. 

GRP78 

An affinity-purified goat polyclonal antibody that recognized an amino acid sequence at 

the amino terminus of the 78 kDa glucose-regulated protein (GRP78) of human origin 

was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The antibody was 

used at a dilution of 1:50. A biotinylated goat anti-rabbit secondary antibody (Vector 

Laboratories) followed by Cy5-conjugated streptavidin (Vector Laboratories) was used as 

the detection system. Nuclei were identified as stated above. 

GAPDH 

A monoclonal antibody that recognizes GAPDH from human erythrocytes, skeletal and 

heart muscle, was obtained from Biogenesis Ltd. (England, UK). The antibody was used 

at a dilution of 1:50. A biotinylated goat anti-mouse secondary antibody (Vector 

Laboratories) followed by Cy5-conjugated streptavidin (Vector Laboratories) was used as 

the detection system. Nuclei were identified as stated above. 

2.3.6 Semi-quantitative digital image analysis 

A LEICA LSMIO laser scanning confocal microscope was used to obtain confocal 

images. To compare relative fluorescent intensity values from confocal images, laser 

scans were carried out by keeping the Iziser power and voltage on the photomultiplier tube 



35 

(PMT) at a constant setting, and performing the same number of line averages as 

previously described (Payne et al.. 1998: Baker et al.. 1997). Scanned and processed 

images were saved to a ZIP diskette and imported to the hard drive of a PC. Fluorescent 

intensity levels in the nuclei and cytoplasm of the pixilated images were assessed using 

Image Pro-Plus (Media Cybernetics, Silver Spring, MD), an automated image analysis 

software package, as previously described (Payne et al., 1998; Baker et al.. 1997). 

2.3.7 Statistical analysis of immunofluorescence intensity levels 

The mean and standard error of the gray level intensity was computed for each cell line 

under some of the different experimental conditions used. Statistical comparison of the 

mean gray level between treated cells versus untreated control cells was performed using 

a one-way analysis of variance. An alternative method used the number of pixels in each 

nucleus to perform a weighted analysis. The results of the weighted analyses were 

statistically equivalent to the results of the unweighted analyses (determined by Denise 

Roe. Ph.D., Head, Biometry Division, AZCC). The imweighted analyses are, therefore, 

presented in this study for simplicity. When images were visually distinct in certain 

experimental situations, no image analysis was performed. 

2.3.8 CAT ELISA 

John Schneider and Dr. Shannon Beard at Xenometrix, Inc. (Boulder, CO) performed 

these assays. Briefly. HepG2 cells were transfected with the pSP-CAT plasmid 

containing specific gene promoters or response elements by electroporation using a gene 

pulser (Bio-Rad Laboratories, Richmond, CA), as previously described (Todd et al., 

1995). After treamient of HepG2 cells, the cells were lysed and the lysate transferred to 

8-well microliter strips coated with anti-CAT antibodies. The CAT ELISA was 
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performed according to the protocol described in the Xenometrix CAT-Tox assay 

manual. Microliter plates were read at an absorbance of405 nm in a microliter plate 

reader (Bio-Tek Instruments, Inc.). Xenometrix software was used to collect and analyze 

data (Todd et al., 1995). 

2.3.9 Confirmation of apoptotic cells by transmission electron microscopy 

(TEM) 

Jurkat and HCT-116 cells were treated with 0.5 mM NaDOC for 2 hours, then fixed 

overnight in 3% glutaraldehyde in O.l M cacodylate buffer (pH 7.2). The cells were 

pelleted, post-fixed in 2% osmium tetroxide, dehydrated in a graded series of ethanols, 

and embedded in epoxy resin. Electron microscopy is the gold standard for the 

identification of apoptotic cells (Payne et al., 1995a; Payne et al., 1995b; Kerr et al., 

1972; Hockenbery, 1995). Ultrastructural features characteristic ofapoptosis include 

condensation and margination of chromatin, nucleolar segregation, fragmentation of the 

nucleus into double membrane-bound bodies, an increase in electron density, cytoplasmic 

vacuolization, normal appearing mitochondria, and apoptotic body formation. 

2.3.10 Mercury orange fluorescence and flow cytometry 

Jurkat cells were pretreated with 10 mM NA or 10 mM NAM for 24 hours before 

harvest. As controls, Jurkat cells were pretreated for 4 hours with 5 mM diethylmaleate 

(DEM). 18 hours with 5 mM DL-buthionine-S,R-sulfoxamine (BSO), or were not 

pretreated. DEM induces non-protein thiol depletion through oxidation of sulfhydryl 

groups (Plummer et al., 1981), while specific depletion of GSH occurs with BSO, an 

inhibitor of y-glutamylcysteine synthase (Griffith and Meister, 1979). After 

pretreatments. cells were centrifliged for 5 min at 1200 rpm. The cell pellets were 
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resuspended in 100 |j,M mercury orange (MO) for 5 minutes on ice, then centriftiged for 

another 5 min at 1200 rpm (O'Conner et al., 1988). The pellets were resuspended in ice-

cold PBS supplemented with 1% FCS. 

Mercury orange fluorescence was detected using a FACStar''^^^ (Becton 

Dickenson Immunocytometry Systems, San Jose, CA) flow cytometer, utilizing a 

Coherent 90-5 water cooled argon laser (Palo Alto, CA) tuned to 488 nm at 100 

milliwatts. Fluorescence emission was captured through a 575/26 band pass filter. A 

minimum of 10,000 events was collected, and debris and fragments were excluded from 

analysis based on forward scatter and side scatter. Data were acquired and analyzed 

using Lysis II (BD, San Jose, CA) software. Results are presented as single parameter 

histograms with four-decade log scale. 

2.3.11 Oxidative stress measurements 

Carboxy-H2-DCFDA [5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate] 

(Figure) was obtained form Molecular Probes, Inc. (Eugene, OR) and used at a final 

concentration of 5 |j,M. Jurkat cells were pretreated with 10 mM NA or 10 mM NAM for 

24 hours, then incubated for 1 hour in carboxy-Hi-DCFDA. Cytospins were prepared 

and pelleted cells were fixed in 4% formaldehyde (methanol free) (Ted Pella, Inc., 

Redding. CA) for 20 minutes, washed with PBS and mounted using DAKO mounting 

media (DAKO Corp., Carpinteria, CA). Images were scanned on a LEICA confocal 

microscope using the 488 laser line. Images were compared by leaving the laser power 

and the voltage on the PMT at the same settings. 

2.4 Results 

2.4.1 Sodium deoxycholate induces classic apoptosis in Jurkat cells 
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Since transmission electron microscopy is the gold standard for the identification of 

apoptotic cells (Payne et al.. 1995a; Searle et al., 1982; Wyllie et al., 1980; Kerr et al., 

1972), I first determined if NaDOC induced classic apoptosis in Jurkat cells which were 

derived from a T-cell lymphoma. Jurkat cells were either untreated or treated with 0.5 

niM NaDOC for 2 hours and then fixed for brightfield and TEM. Untreated cells showed 

normal morphology by light microscopy and TEM (Figure 2.4). The classic morphologic 

features of apoptosis were observed in NaDOC-treated cells by light microscopy and 

TEM and included chromatin condensation, margination of chromatin with crescent 

formation, nuclear fragmentation, cellular shrinkage, nucleolar segregation, and increased 

electron density (Figure 2.4, Figure 2.5). Jurkat cells (Figure 2.4) exhibit less apoptotic 

body formation compared with HCT-116 (Figure 2.5), since the former have a higher 

nuclear/cytoplasmic ratio. The electron micrographs of HCT-l 16 cell depicted in Figure 

2.5 show the early stages of nuclear margination with nucleolar segregation and the later 

stages of extensive apoptotic body formation (Figure 2.5). 

2.4.2 Sodium deoxycholate induces PARP activity 

A sensitive semi-quantitative in situ imaging procedure was used to correlate cellular 

morphology with PARP activation induced by the cytotoxic bile salt, NaDOC. In situ 

imaging allowed separation of upstream stress events prior to the appearance of apoptotic 

cells from downstream stress events resulting in the execution of cell death as evidenced 

by the presence of morphologic features of apoptosis. Conventional biochemical 

bioassays do not allow for this distinction. Using this in situ approach eliminates 

artifactual activation of PARP caused by experimental manipulation that is inherent in 
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Figure 2.4 Light (A, B) and electron micrographs (C, D) comparing 
untreated Jurkat cells (A, C) with those treated with 0.5 mM NaDOC for 2 
hours (B, D). (A) The chromatin is evenly dispersed throughout the 
nucleus. (B) Several apoptotic cells are present and show chromatin 
condensation and nuclear Iragmentation. (C) The chromatin is evenly 
dispersed and shows no margination or crescent formation. (D) Three 
apoptotic cells are shown. An increase in chromatin condensation is seen 
in all three cells. The cell at the upper right shows crescent formation and 
nucleolar segregation. The electron density of the cytoplasm of the cell at 
the bottom is markedly increased compared to untreated cells in (C). 
[Modified Giemsa stain, 100 x oil immersion lens (A, B); uranyl acetate, 
lead citrate (C, D)] 
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Figure 2.5 Electron micrograph of HCT-116 cell undergoing apoptosis 
after having been treated with 0.5 mM NaDOC for 2 hours. HCT-116 
ceils have a higher cytoplasm to nucleus ratio when compared to the 
Jurkat cells, hence the greater formation of apoptotic bodies in the HCT-
116 cells as seen in this image. 
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cell extraction procedures used in biochemical assays. Cell death may occur if upstream 

stresses are not sufficiently defended against (Payne et al.. 1995a). Activation of PARP 

was measured by using a polyclonal antibody to the product of PARP activity, poly 

(ADP-ribose) polymers (PAR) that are 10-50 ADP-ribose units long. Jurkat cells were 

treated for 30 minutes with 0.4 mM MNNG, an alkylating agent that serves as a positive 

control for PARP activity (Kupper et al., 1996). Nucleotides that are modified by 

N-INNG are removed through the base excision repair pathway. This results in strand 

breakage and activation of PARP. Dose response curves were first performed to 

determine the concentration of MNNG necessary to induce apoptosis in Jurkat cells. 

MNNG activation of PARP is shown in panel 1 of Figure 2.6. Panel 2 shows the 

increased levels of PARP activation after 30 minutes of treatment with 0.5 mM NaDOC. 

The third panel shows the constitutive levels of PAR in untreated control cells which 

occur predominantly in the nuclei. This may be indicative of responses to endogenous 

DNA damages. The marked decrease in staining in the last panel is due to the absence of 

the primary antibody. MNNG treated cells had 4.7x the fluorescence intensity of 

uninduced cells and 1.5x the intensity of NaDOC treated cells (Table 2.1). NaDOC 

treated cells had 3.1x the intensity of the uninduced cells. At this timepoint (30 minutes 

of treatment) less than 20% of cells treated with NaDOC were undergoing apoptosis, 

while all of the cells showed PARP activation. 

In addition to nuclear staining, abundant PAR staining was found in the 

cytoplasm of treated and untreated cells. Therefore, we assessed relative NaDOC-

induced ADP-ribosylation in the nucleus and the cytoplasm using confocal microscopy 
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Figure 2.6 Confocal images of Jurkat cells reacted with a polyclonal 
antibody against PAR. (A) Cells treated with 0.4 mM MNNG for 30 
minutes; (B) Cells treated with 0.5 mM NaDOC for 30 minutes: (C) 
Untreated control cells: (D) Control for the immunostaining reaction 
where the same staining procedure was followed as for (A), (B). and (C). 
except that the primary antibody was omitted. 



Comparison of gray level intensity values of poly (ADP-ribose) 

units induced by an alkylating agent 

T reatment 

Control 

Sodium deoxycholate 

MNNG 

Mean gray level values + S.E.M. 

19.43 ± 1.37 (277)' 

60.10 ± 1.99 (259) 

92.15 ±3.02 (323) 

' Number of measurements made over a cluster of approximately 

20 cells using a template of a regular array of dots in conjunction 

with Sigma Scan software. 
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and digital image analysis. Untreated control cells show a 1.6 fold increase in PAR in the 

nucleus compared to the cytoplasm. NaDOC-treated ceils show 1.9 fold increase in 

staining in the nucleus, and a 3.9 fold increase in the fluorescence intensity in the 

c}toplasm compared to values in the control cells (Table 2.2). 

2.4.3 PARP is protective in NaDOC-induced apoptosis 

Knowing that PARP indeed was activated by NaDOC treatment, it was important to 

determine whether activation was protective in nature, or on the pathway to apoptosis. 

Jurkat cells were treated for 24 hours in the presence or absence of PARP inhibitors 

(Figure 2.7). Then, NaDOC was added to the medium to a final concentration of 0.5 

mM. Control cells received no NaDOC. The concentrations of PARP inhibitors did not 

induce apoptosis by themselves over the 24 hour period. The presence of 1 mM 3-AB 

caused NaDOC-induced apoptosis to be enhanced over that of cells treated with NaDOC 

alone (Figure 2.8). This held true for other PARP inhibitors as well (Figure 2.9), 

indicating that PARP activation is protective against NaDOC-induced apoptosis. 

However, one PARP inhibitor, 6(5H)P, had an opposite and protective effect. This 

indicates that various pharmacological inhibitors have different effects on cells. The 

MART inhibitor, m-IBG, was used to compare the effectiveness of inhibition of mono-

.ADP-ribosylation with poly (ADP)ribosylation. As shown in Figure 2.10, m-IBG 

actually had a protective effect on NaDOC-induced apoptosis, indicating that the process 

of mono-.A.DP-ribosylation is pro-apoptotic. 

2.4.4 Treatment with 3-aminobenzainide (3-AB) decreases PARP activity 

Jurkat cells were pretreated with 1 mM 3-AB for 24 hours then challenged for 30 minutes 

with 0.4 mM MNNG. Cells were spun onto coverslips, fixed, and stained for PARP 
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Table 2.2 

Comparison of gray level intensity values of poly (ADP-ribose) 

units between nucleus and cytoplasm of control and bile salt 

treated cells 

Mean gray level values ± S.E.M. 

T reatment Nucleus Cytoplasm 

Control 27.53 ±5.49(51)' 16.97 ± 1.70 (29) 

Sodium deoxycholate 53.33 ±3.03 (103) 65.70 ± 3.64 (53) 

' Number of measurements made over a cluster of approximately 

20 cells using a template of a regular array of dots in conjunction 

%vith Sigma Scan software. 
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Figure 2.7 Inhibitors of ADP-ribosylation 
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Figure 2.8 Jurkat cells treated with 3-AB for 24 hours before treatment with NaDOC 
show increased levels of apoptosis over cells with NaDOC treatment alone. 
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Figure 2,9 PARP inhibitors (4-ANT and 6-5HP) were preincubated with Jurkat cells for 

24 hours before NaDOC treatment. 
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Figure 2.10 24 hour pretreatment with m-IBG, an inhibitor of mono-ADP ribosylation 

strongly protects cells from NaDOC induced apoptosis. 



50 

activity. PAR levels were evaluated using confocal microscopy and digital image 

analysis. There was a 23-26% reduction in the amount of PAR produced as a result of 

PARP inhibition using 3-AB pretreatment (Table 2.3). The 26% reduction in PARP 

activity was calculated from the data obtained using a point cotmting method of gray 

level measurements (Sigma Scan. Jandel Scientific). The 23% reduction in PARP 

acti\'ity was calculated from the data obtained using an automated intensity histogram 

method of measurement (Image-Pro Plus software). A 23-26% reduction in PARP 

activity caused by 3-AB pretreatment is sufficient to sensitize cells to NaDOC-induced 

apoptosis. Individual tables caimot be compared to each other as the experiments were 

performed under different conditions. 

2.4.5 Nicotinic acid and nicotinamide protect against NaDOC-induced 

apoptosis 

Because PARP utilizes NAD* in the formation of ADP-ribose polymers, and since NA 

and NAM are NAD^ precursors, we wanted to determine the effects of pretreatment of 

cells with NA or NAM on NaDOC-induced apoptosis. Dose-response curves [NA (or 

N.AM) concentration versus apoptosis] were first carried out over a 24 hour period to 

determine the ma.\imum concentration of the NAD~ precursors that did not induce cell 

death in the absence of NaDOC. A non-lethal concentration of 10 mM NA or NAM was 

chosen to pretreat Jurkat cells prior to NaDOC treatment. Cells were incubated for 24 

hours in 10 mM NA or NAM followed by the addition of 0.5 mM NaDOC to the culture 

media. NA and NAM pretreated cells that did not receive any NaDOC, as well as cells 

with no pretreatment, served as controls. Aliquots of cells were removed after 1, 2 or 4 

hours of incubation and the cells were assessed for viability by dye exclusion and for 
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Table 2.3 

Comparison of gray level intensity values of poly (ADP-ribose) 

units of MNNG-treated Jurkat cells in the presence and absence 

of 3-aminobenzamide 

Treatment Mean gray level values ± S.E.M. 

MNNG-treated' 37.55 ± 1.57 (275)" 

MNNG + 3-AB' 27.63 ± 1.32 (272) 

MNTs'G-treated (image 1) 18.25 ±0.05 (109 939)"' 

MNNG-treated (image 2) 18.17 ± 0.04 (179 885) 

MN^G + 3-AB (image 1) 14.37±0.03 (168 596) 

MNNG ^ 3-AB (image 2) 13.85 ±0.03 (193 456) 

'Two separate fields of approximately 20 cells/field were analyzed 

by Sigma Scan software. The points from both of the images were 

combined for making the comparison between mean values. 

"Number of measurements made using a template of a regular array 

of dots. 

"Individual images analyzed by tracing the group of cells in each image 

and obtaining an automated intensity mean and standard deviation 

using Image-Pro Plus (Media Cybernetics software program). 

"'Total number of pixels analyzed in each image. 



apoptosis by morphological analysis. Apoptosis after NaDOC treatment was 

substantially reduced by pretreatment with either NA or NAM (Figure 2.11). Similar 

results were obtained in two additional experiments, with NA consistently being more 

protective than NAM. 

2.4.6 Nicotinic acid and nicotinamide do not affect cellular proliferation 

Jurkat cells in the very early phase of logarithmic growth are considerably more resistant 

to NaDOC-induced apoptosis than cells in the very late phase of logarithmic growth 

(Washo-Stultz et al.. 2000). Thus, we determined whether pretreatment with NA and 

NAM affected cellular proliferation in order to rule out a growth phase effect as a 

possible mechanism of the observed apoptosis resistance. Cells in early logarithmic 

growth phase were incubated in the presence or absence of 10 mM NA or 10 mM NAM 

for 4 days. At 24 hours, the period of preincubation used in the previous apoptosis 

experiments, there was little difference between growth of untreated versus treated cells 

(Figure 2.12). .4fter 4 days of treatment, only a slight decrease in growth of treated cells 

was observed (Figure 2.12). Similar results were obtained in two further experiments. 

These growth curves do not rule out small, transient cell cycle perturbations, but 

convincingly indicate that apoptosis resistance observed with NAD"^ precursors is not 

caused by grouth inhibition. 

2.4.7 Nicotinic acid and nicotinamide reduce the constitutive levels of 

activated NF-kB 

Jurkat, HT-29, and HCT-116 cells were grown in media alone, or in the presence of 10 

mM NA or 10 mM NAM for 24 hours. The cells were then fixed and stained with a 

monoclonal antibody against activated NF-KB, followed by immunofluorescent detection 
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Control 
0.5 mM NaDOC 
10 mM Nicotinic Acid 
Nicotinic Acid + NaDOC 
10 mM Nicotinamide 
Nicotinamide + NaDOC 

Hours (37®C) 

Figure 2.11 24 hour pretrealment with the NAD^ precursors, NA or NAM, protect cells 

from NaDOC induced apoptosis. 
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Figure 2.12 Effects of NA or NAM on growth cur\'es of Jurkat cells. 
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and confocal microscopy. It was found that NA and NAM treatment reduced the 

intracellular levels of activated NF-KB relative to untreated control cells (Figure 2.13). 

Evaluation of fluorescent intensity values, using semi-quantitative digital image analysis, 

revealed that NA and NAM significantly reduced the level of activated NF-KB in the 

nuclei of Jurkat cells, with NAM causing the greatest reduction (44%) (Table 2.4). NAM 

and NA caused a small but significant reduction in the constitutive levels of activated 

NF-KB in the nuclei of HT-29 and HCT-116 cells. 

2.4.8 Nicotinic acid and nicotinamide reduce the protein levels of NF-icB 

There are at least three explanations by which activated NF-KB can be reduced by NA 

and NAM pretreatment: a decrease in protein levels of NF-KB proteins, and increase in 

protein levels of IKB proteins (inhibitors of NF-KB activation), or a decrease in 

constitutive levels of oxidative stress, since NF-KB is a redox-sensitive transcription 

factor (Schreck el al.. 1991). Using polyclonal antibodies against p50 and p65, the two 

proteins that make up the classic NF-KB heterodimer, Jurkat cells were immunostained 

and examined by confocal microscopy. Control cells express p50 and p65 proteins in 

both the nucleus and cytoplasm (Figure 2.13). Treatment of cells with 10 mM NA or 10 

mM NAM for 24 hours resulted in a decrease in both the p50 and p65 proteins; this 

decrease was evident in both the nucleus and c>toplasm (Figure 2.13). In addition, since 

a decrease in NF-KB activation is controlled by the amount of IKB inhibitory proteins, we 

evaluated NA and NAM modulation of the protein levels of IKB-a, IKB-P, and IKB-Y, 

three major members of the IKB family of NF-KB inhibitors (Verma et al., 1995; 

Beauparlant and Hiscott. 1996). The protein levels of IKB-Y were increased over that of 

control cells after pretreatment with NA but not with NAM (Figure 2.14). These findings 
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Figure 2.13 Confocal image of Jurkat cells stained with an antibody to activated NF-icB 

after 24 hour pretreatment with NA (panel A) or NAM (panel B). Untreated control cells 

show high levels of activated NF-KB. 
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Table 2.4 

Mean fluorescent intensity values of activated NF-KB in control. NA, 

and NAM treated cells 

Mean gray level value S.E.M. 

Cell line Control Nicotinamide Nicotinic Acid 

Jurkat 66.60 ± 2.07 37.60 ± 1.03 46.72 ±1.11 

HT-29 22.42 ±0.47 19.97 ±0.28 19.86 ±0.69 

HCT-116 23.89 ±1.14 18.93 ±0.52 19.18 ±0.54 

Statistical significance of difference in mean levels of activated NF-icB 

between treatment groups for each cell line 

Nicotinamide Nicotinic acid Nicotinic acid 

Cell line vs. Control vs. Control vs. Nicotinamide 

Jurkat 0.0001 0.0001 0.0004 

HT-29 0.0004 0.0007 0.8761 

HCT-116 0.0001 0.0001 0.8132 
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Effect of NAD"*" Precursors On 
NF-KB/IKB Protein Expression 

Nicotinic AckJ Nicotinamide Control Immuno Control 

NF-KBp65 

NF-KBP50 

iKB-a 

IkB-^ 

IKB-y 

Figure 2.14 Confocal images of Jurkat cells stained with antibodies to the p50 and p65 

subunits of NF-kB, and three NF-tcB inhibitor>' proteins after NA or NAM treatment. 



59 

indicate that one way in which both NA and NAM can decrease activated NF-KB is 

through a down regulation of NF-KB p50 and NF-KB p65 protein levels. NA treatment 

can also decrease activation of NF-KB by an additional pathway that results in an up-

regulation of IicB-y protein levels. 

2.4.9 Nicotinic acid and nicotinamide induce a sub-lethal increase in 

o.vidative stress 

It is possible that a decrease in the expression of NF-kB could be caused by a general 

decrease in constitutive levels of oxidative stress. Therefore, we reacted Jurkat cells for 1 

hour with an oxidative stress-reactive fluorochrome, carboxy-Ha-DCFDA [5-(and-6)-

carboxy-2%7'-dichlorodihydro-fluorescin diacetate] (Figure 2.15) after 24 hours of pre

incubation with 10 mM NA or 10 mM NAM. The cells were fixed and then examined 

using confocal microscopy. We found that both NA and NAM increased the level of 

oxidative stress over that of control Jurkat cells (Figure 2.16). Since this concentration of 

both NA and NAM did not induce apoptosis (Figure 2.10) or cause a significant decrease 

in cellular proliferation (Figure 2.11), the induced oxidative stress was well tolerated and 

sub-lethal in nature. In conclusion, a reduction in constitutive levels of oxidative stress 

was not the reason for the decrease in constitutive levels of NF-KB and GRP78 caused by 

NA and NAM. 

2.4.10 Nicotinic acid and nicotinamide reduce the constitutive levels of 

GRP78 

To determine if NA and NAM also reduce constitutive levels of another major stress-

response protein induced by NaDOC, the effect of these NAD^ precursors on GRP78 

protein levels was examined. Jurkat cells were grown in media alone or in media 



60 

Figure 2.15 
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Figure 2.15 Chemistry of H2DCFDA: Reaction 1 proceeds by esterase cleavage of the 
diacetate groups after cellular uptake. Reaction 2 occurs when molecule encounters 
reactive oxygen species forming water and the fluorescent DCF. Formation of DCF can 
be monitored by fluorescence spectroscopy; excitation at 502 nm and emission at 523 
nm. 
H2DCFDA- dihydrodichlorofluorescin diacetate 
H2DCF- dihydrodichlorofluorescein 
DCF- dichlorofluorescein 
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Effect of NAD"*" Precursors on 
Oxidative Stress 

Nicotinic Acid Nicotinamide Control 

Figure 2.16 After 24 hours of treatment with NA or NAM. cells were treated 

with the oxidative stress dye. H2DCFDA. NA and NAM both increase levels of oxidative 

stress over the control cells. 
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supplemented with 10 mM NA or 10 mM NAM for 24 hours. Cells were then fixed and 

stained for GRP78 using a polyclonal antibody, followed by immunofluorescent 

detection and confocal microscopy. Semi-quantitative digital image analysis indicated 

that NA reduced nuclear protein levels of GRP78 by 43% and cytoplasmic protein levels 

by 20%; NAM caused a small but significant reduction of cytoplasmic, but not nuclear, 

protein levels of GRP78 (Table 2.5). 

2.4.11 Nicotinic acid and nicotinamide increase protein levels of 

gh ceraldehyde-3-phosphate dehydrogenase (GAPDH) 

It was previously reported by Yan et al. (1999) that NA and NAM increased the mRNA 

levels of GAPDH, a multifimctional enzyme involved in energy production, DNA repair, 

DNA replication, apoptosis, cytoskeletal control of endocytosis, and control of gene 

expression (e.g. through RNA chaperone activity) (Meyer-Siegler et al., 1991; Sirover, 

1996; Ito et al.. 1996; Sirover, 1997; Nakazawa et al.. 1997; Saunders et al., 1999). I 

tested the hypothesis that one mechanism by which NA and NAM could protect against 

apoptosis is through elevation of GAPDH protein levels. Using a monoclonal antibody to 

GAPDH. Jurkat cells that had been incubated in medium alone or in the presence of 10 

mM NA or 10 mM NAM for 24 hours, were examined using fluorescent detection and 

confocal microscopy. N.A. increased the levels of GAPDH predominantly in the nucleus, 

whereas NAM increased GAPDH levels predominantly in the cytoplasm (Figure 2.17). 

2.4.12 Nicotinamide is non-to.xic to cells 

Two different methods that measure intracellular stresses were used to compare the 

relative toxicities of NA and NAM, the first involving activation of promo ter/response 

element CAT reporter constructs, and the second involving measurement of cellular non-
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Table 2.5 

Mean fluorescent intensity values of GRP78 in control. NA. and 

NAM treated Jurkat cells 

Mean gray level value ± S.E.M. 

Control Nicotinamide Nicotinic acid 

Nuclei 46.34 ±3.01 41.49±3.13 26.33 ±1.12 

Cytoplasm 88.34 ± 1.96 74.99 ± 1.67 70.90 ±3.41 

Statistical significance of difference in mean levels of GRP78 between 

treatment groups 

Nicotinamide Nicotinic acid Nicotinic acid 

vs. Control vs. Control vs Nicotinamide 

Nuclei 0.2179 0.0001 0.0010 

Cytoplasm 0.0007 0.0001 0.2515 
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Figure 2.17 Confocal images of NA (panel A) and NAM (panel B) treated Jurkat cells 

stained with an antibody to G APDH show increased levels of staining when compared to 

untreated cells (panel C). The NA treated cells show an increase in GAPDH staining 

predominantly in the nucleus, whereas the NAM treated cells show a predominantly 

cytoplasmic distribution of GAPDH. Immunocontrol (panel D) is treated identically but 

has no primary antibody. 
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protein thiol levels. 

2.4.12a Gene promoter/response element activity of stress-response genes 

To assess genotoxic, oxidative, and ER stress, HepG2 cells, transfected with 13 different 

promoter/response element CAT reporter constructs, were treated with 10 mM NAM or 

10 mM NA for 24 hours. Gene activation was measured using a CAT ELISA. NAM 

failed to activate promoters or response elements of any of the 13 genes associated with 

cellular stresses (Table 2.6). NA produced only marginal but statistically significant 

induction of grp78 promoter activation levels (l.I-fold induction) and hsp70 promoter 

activation levels (1.1-fold induction). Previous positive control tests of these stress-

related promoter/response element constructs with mitomycin C, H2O2, camptothecin, 

and methyl methanesulfonate showed substantial positive responses (Todd et al., 1995). 

Thus. NA and NAM at 10 mM cause little, if any, genotoxic, oxidative or ER stress to 

HepG2 cells. [Note: the slight promoter activation of grp78 by NA contrast, somewhat, 

with the reduced protein expression (Table 2.5); however, these results could be cell type 

specific]. Since there are multiple points of regulation between promoter activation and 

the final level of protein expression, it is also probable that events downstream of 

transcriptional activation are critical in controlling the observed levels of grp78 protein 

expression. 

2.4.12b Nicotinamide does not reduce intracellular non-protein thiol levels 

Non-protein thiol levels were measured in Jurkat cells by staining with mercury orange 

and detecting fluorescence intensity using flow cytometry (Figure 2.18). Mercury orange 

forms fluorescent adducts with non-protein thiols, including GSH, cystein, and 

metallothionein. Cells treated with 10 mM NAM had no apparent effect on the intensity 
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Table 2.6 

CONSTRUCTS USED IN THE CAT-TOX (L) ASSAY 

Promoter or Response 
Element Fusion Construct 

Cviochrome P450 lAl (?)* 

Glutathione S transferase 
Ya subunit (?) 

Xenobiotic (RE) 

Metallothionein IIA (?) 

C-fos (?) 

NT-kB (RE) 

HSP70 (?) 

c-AMP (RE) 

p53 (RE) 

Retinoic acid (RE) 

Gadd 153 (?) 

Gadd 45 (?) 

GRP78 (?) 

Function of Gene Product that is 
Induced or Activated' 

Phase 1 biotransformation enzyme 

Phase 2 biotransformation enzvme 

Binding site for Ah receptor-planar 
aromatic hydrocarbon complex 

Sequestration of heavy metals 

Member of the A?-1 transcription 
factor complex 

Binding site of NF-kB transcription 
factor 

Protein chaperone involved in 
folding proteins 

Binding site for CRE-binding protein 

Binding site for tumor suppressor p53 

Binding site for retinoic acid receptor 
complexes 

Growth arrest and DNA damage protein 
involved in cell cycle regulation 

Growth arrest and DNA damage protein 
involved in cell cycle regulation 

Glucose regulated protein; endoplasmic 
reticulum protein chaperone 

* Indicates stress gene promoters (?) or response element (RE) fusion constructs. 
"See Todd et al. (1995) for references to the functions of each of the listed gene 
products and their role in recovery from cell injury and death. 
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Figure 2.18 FACS analysis of mercury orange (HgO) fluorescence of 
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of staining with mercury orange. On the other hand, cells treated with 10 mM NA had 

reduced mercury orange fluorescent intensity levels, comparable to those achieved after 

treatment of cells with 5 mM DL-buthionine-S,R-sulfoximine (BSO), but not to the low 

levels obtained when cells were treated with 5 mM diethylmaleate (DEM). BSO 

specifically decreases the synthesis of glutathione (GSH) by inhibiting y-glutamyl-

cysteine synthase (Griffith and Meister, 1979), whereas DEM is a general non-protein 

ihiol-depleting agent (Plummer, et al.. 1981). 

2.4.13 BSO Does Not Protect Cells Against NaDOC-induced Apoptosis 

Since NA is more protective than NAM and from the flow cytometry data NA reduced 

GSH levels comparable to a level obtained by treating cells with BSO, I wanted to 

determine if this might be the method by which NA was more protective than NAM. 

Jurkat cells were treated for 24 hours with 5 mM BSO, then treated with 0.5 m.M 

NaDOC. BSO pretreatment did not protect cells from NaDOC-induced apoptosis, and 

rather, enhanced apoptosis (Figure 2.19). This indicates that the method by which NA is 

more protective is not through a decrease in GSH levels. 

2.5 Discussion 

The N.A.D" precursors, NA and NAM, protect against apoptosis induced by the natural 

detergent. NaDOC. This hydrophobic bile acid induces several cellular stresses, 

including DNA damage, oxidative stress, ER stress, and protein malfolding (Bernstein et 

al., 1999b). Several of these stresses presumably act upstream of the classic pro-

apoptotic gene products, such as bax and caspase-3 activation. Therefore, these NAD^ 

precursors may be involved in increasing viability through multiple mechanisms directed 
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Figure 2.19 Jurkat cells pretreated with the GSH synthesis inhibitor, BSO, for 24 hours 

before treatment with NaDOC, show enhanced levels of apoptosis when compared to 

cells treated with NaDOC alone. 
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at the different stresses. NA and NAM are precursors for NAD^ and NADH, and 

probably aid in DNA repair. An increase in ability to repair DNA is suggested by the 

role of NAD^ as a substrate for PARP, a DNA repair enzyme, and the induction of 

GAPDH, which also functions in DNA repair through its uracil glycosylase activity. 

Activation of PARP is known to occur in response to DNA damage (Berger, 1985). The 

finding that PARP is activated in Jurkat cells after NaDOC treatment is consistent with 

previous observations both from our lab (Watabe and Bernstein, 1985; Kandell and 

Bernstein. 1991; Zheng and Bernstein, 1992) and from the literature (Kulkami el al., 

1980) that bile acids cause DNA damage. PARP is protective against apoptosis, since 

inhibitors of PARP sensitized cells to NaDOC-induced apoptosis. From the in situ 

imaging it can be concluded that bile salt activation of PARP is an upstream event in 

relation to apoptosis, since all Jurkat cells showed an increase in the level of PAR at 30 

minutes of treatment when less than 20% of these cells showed evidence of apoptosis. 

This finding suggests that PARP activation is part of the cellular response to bile salt-

induced damage, and acts through the enhancement of DNA repair (Shall, 1984). This is 

consistent with the finding that PARP is a substrate for caspase-3 during the execution 

phase of apoptosis (Kaufmann et al., 1993). Because PARP normally ADP-ribosylates 

and inhibits the activity of endonucleases (Yoshiharaer al, 1975), the cleavage of PARP 

during apoptosis would allow the characteristic ladder of DNA fragmentation due to 

endonuclease activity. Once committed to apoptosis, cells may eliminate the defense 

proteins that assist in DNA repair and overall cell survival (Casciola-Rosen et al., 1996). 

Both NAD^ precursors were effective at preventing apoptosis, with NA 

consistently showing a greater protective effect. This could be e.xplained by the fact that 
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NAM is a weak PARP inhibitor, whereas NA has no effect on PARP activity (Pumell and 

Whish. 1980). A protective effect of NAM against apoptosis was also demonstrated in 

ilie in vivo studies of Klaidman et al. (1996) and Mukheijee et al. (1997), who showed 

that NAM treatment prevented neuronal apoptosis produced by tertiary-butyl 

hydroperoxide (Klaidman et al., 1996), an organic peroxide, and 1-methy 1-4-phenyl-

1.2.3,6-tetrahydropyridine (Mukherhee et al., 1997), a neurotoxin. 

A major finding of the present study was that both NA and NAM decreased NF-

tcB. as measured by a decrease in the activated form of NF-KB and a decrease in protein 

expression of the NF-KB p50 and p65 proteins. These findings corroborate the findings 

of Pero et al. (1991) who showed that NAM reduced the levels of TNF-a whose 

promoter is under the control of the transcription factor, NF-KB. They also showed that 

metoclopramide (MAC), a model N-substituted benzamide, decreased NF-KB activity 

using a plasmid comprised of a promoter containing 3 NF-tcB sites and a CAT reporter 

gene (Pero et al., 1991). There are two plausible mechanisms by which NA and NAM 

reduce the protein levels of NF-KB, both of which were evaluated in this study. NA and 

NAM may reduce the constitutive levels of oxidative stress and/or they may increase the 

levels of one or more of the NF-icB inhibitory proteins. The fact that NAM was more 

effective than NA in reducing the levels of activated NF-KB may result fi-om the free-

radical scavenging ability of NAM (Mukheijee et al., 1997; LeDoux et al., 1988) and its 

ability to inhibit xanthine oxidase activity (DiStefano et al., 1979). To test the oxidative 

stress hypothesis, we treated cells with carboxy-Ha-DCFDA, a fiuorochrome that 

fluoresces in the presence of increased reactive oxygen species (ROS) (Karbowski et al., 

1999). Pretreatment of Jurkat cells with either NA or NAM resulted in an increase in 
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oxidative stress. Thus, a reduction in oxidative stress does not appear to be a major 

mechanism responsible for the decrease in constitutive levels of activated NF-KB. TO test 

the hypothesis that these NAD^ precursors decrease activated NF-icB through a general 

decrease in NF-KB protein levels or an increase in IKB inhibitor protein levels, we used 

polyclonal antibodies against two major members of the NF-icB family of proteins, p50 

and p65. and three major members of the IKB family of inhibitory proteins, IicB-a, IKB-

P. and IKB-V. Both NA and NAM were found to decrease protein levels of p50 and p65. 

NA, but not NAM, increased the protein levels of IKB-Y over that of control, whereas 

both NA and NAM reduced the protein levels of IxB-a and IKB-P compared to those of 

the control. Therefore, two mechanisms by which these NAD* precursors decrease 

activated NF-KB are through a general decrease in the levels of the individual NF-KB 

subunits and an increase in the inhibitory protein, IKB-Y. The mechanism by which IKB-Y 

remains elevated in the presence of an increase in ROS is not known. 

It is somewhat paradoxical that NA and NAM both dramatically protect cells 

against apoptosis, although the protein levels and the activated form of NF-KB, an anti-

apoptotic protein (Beg and Baltimore, 1996; Baeuerle and Baltimore, 1996; Bellas et al., 

1997; Mayo et al., 1997), is decreased in the nucleus and cytoplasm after NA and NAM 

treatment. Pretreatment of cells with PDTC sensitizes cells to NaDOC-induced apoptosis 

in Jurkat cells, and decreased the levels of activated NF-icB in botli Jurkat and HCT-116 

cells. Since oxidative stress levels and protein levels of NF-KB and IKB proteins were 

measured after 24 hours of pretreatment with NA or NAM, it is possible that the increase 

in oxidative stress might have occurred early on resulting in a subsequent increase in 

expression of antioxidant defense genes. The increase in antioxidant defense genes may 
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then have relieved oxidative stress, causing a reduction in the level of NF-KB proteins by 

24 hours. Therefore, a mild, sub-lethal increase in oxidative stress at an earlier time may 

induce a response sufficient to protect cells against a greater oxidant challenge, such as 

that caused by hydrophobic cytotoxic bile acids, at a later time. A time course study 

would be necessary to evaluate the kinetics of an altered oxidative state in relation to 

antioxidant gene expression in order to answer this question. 

It is probable that NA and NAM can modulate gene e.xpression and that this 

modulation occurs through diverse mechanisms. As reported by Yan er al. (1999), these 

NAD' precursors increase the mRNA level of GAPDH, a multifimctional enzyme 

involved in energy production, DNA repair, DNA replication, apoptosis, cj^oskeletal 

control of endoc>tosis, and control of gene expression (e.g. through RNA chaperone 

activity) (Meyer-Siegler et al., 1991; Sirover, 1996; Ito et al., 1996; Sirover, 1997; 

Nakaz^wa et al., 1997; Saunders et al., 1999; Morgenegg et al., 1986) (Table 2.7). In the 

present study, NA increased the protein level of GAPDH in the nucleus, whereas NAM 

increased the levels of GAPDH in the cytoplasm. This subcellular distribution of 

GAPDH may have consequences for protection against apoptosis (Nakazawa et al., 1997; 

Saunders et al.. 1999; Saunders et al., 1997; Sawa et al., 1997). GAPDH has been 

previously shown to translocate to the nucleus (Saunders et al., 1999; Saunders et al., 

1997; Sawa et al., 1997) where it could participate in DNA repair, DNA replication, or 

activate gene transcription (Sirover, 1996). GAPDH can also participate in protecting 

against oxidative stress and increasing energy production by catalyzing an increase in 

NADH levels (Yan et al., 1999). 



75 

Table 2.7 

Functions of Glyceraldehyde-3-Phosphate Dehydrogenase 
In Mammalian Ceils 

Cell Function Intracellular 
Localization 

Activity Molecular 
Mechanism 

Energy 
Generation 

Cytoplasmic Glycolysis Production of 
ATP 

Prevention of 
Genomic 
Instability 

Nuclear DNA Repair Uracil DNA 
Glycosylase 

Control of Gene 
Expression 

Nuclear/ 
Cytoplasmic 

Translational 
Regulation 

IPSF-IIa* AU-3' 
UTR mRNA 
Binding Protein 
tRNA Transport 

Transfer of 
Genetic 
Information 

Nuclear DNA 
Replication 

Ap4A Binding 
Protein 

Macromolecular 
Transport 

C>4oplasmic Endocytosis Microtubule 
Binding Protein 

*IPSF-IIa: Immunoglobulin Producing Stimulatory Factor IIq 

(Sirover, 1996) 
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NA and NAM also reduce the constitutive levels of GRP78, a chaperone protein 

that responds to ER stress (Liu et al.. 1997; Liu et al.. 1998). These results are consistent 

with those obtained by Chatteijee et al. (1995) who showed that treatment of cells with 6-

aminonicotinamide, which pharmacologically produces niacin deficiency (Hothersall el 

al.. 1998; Dietrich et al., 1958), induces GRP78 activity. NA and NAM may reduce ER 

stress by protecting against protein malfolding in the ER and/or prevention of Ca"^ pool 

depletion within the ER, although there is no evidence from the literature for either of 

these possibilities. 

Since many human disorders (e.g. AIDS, Alzheimer's disease, and aging) are 

associated with oxidative stress, DNA damage, and an increase in apoptosis (Adams et 

al., 1996; Thompson, 1995), NA and NAM may be protective as dietary supplements for 

such conditions by increasing protective defenses against these deleterious effects. 

Although NA was more protective against apoptosis than NAM, NAM appeared to be the 

least toxic to cells in in vitro experiments. This was evidenced by the absence of 

activation of promoters or response elements for 13 stress response genes and a lack of 

reduction in non-protein thiols by NAM. NA treatment, on the other hand, caused 

marginal induction of GRP78 and HSP70 promoters and reduced non-protein thiols to 

some extent. The major non-protein thiol in mammalian cells is glutathione, a cysteine-

containing tripeptide that catalyzes reactions for the detoxification of xenobiotic 

compounds and regulates cellular redox balance (Bray and Taylor, 1996). GSH has been 

reported to protect cells against induced apoptosis (Shan et al., 1993; Mirkovic, et al., 

1997; Hall, 1999). Although NA reduced GSH levels in Jurkat cells, it markedly 

protected against apoptosis. A reduction in GSH levels has also been shown to protect 
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some cell types against apoptosis (Boggs et al.. 1998) and could be a possible mechanism 

by which NA was so protective against apoptosis in the present study. To test this 

hypothesis, cells were depleted of GSH with BSO and then reacted with the apoptosis-

inducing agent, NaDOC. The depletion of GSH sensitized cells to NaDOC-induced 

apoptosis (Figure 2.19); therefore, a reduction in GSH levels is not a mechanism by 

which NA protects cells against apoptosis. 

These in vitro toxicity studies are consistent with the in vivo clinical trials which 

used NAM for the prevention or delay of Type 1 (insulin-dependent) diabetes mellitus in 

173 children over a 7 year period with no observable liver toxicity (Elliot et al., 1996). In 

addition, if NAM is to be considered as a dietary supplement for the prevention of certain 

diseases, it is noteworthy that it induces a considerable greater increase in the tissue 

concentration of NAD^ than does NA. This increase in tissue NAD^ concentrations after 

N.AM treatment most probably results from the much longer half-life of NAM in liver 

and blood compared with NA (Petrack et al., 1996). 

In conclusion, I have shown that NaDOC activates PARP, and that PARP is 

protective against NaDOC-induced apoptosis. I have also shown that the NAD* 

precursor. NAM, reduces apoptosis, decreases constitutive levels of activated NF-KB and 

GRP78. increases intracellular levels of GAPDH and is non-toxic to cells in millimolar 

concentrations. NAM may be useful as a dietary supplement to reduce o.xidative damage, 

enhance DNA repair and to alleviate cellular stresses leading to apoptosis. NA may also 

prove beneficial as a chemopreventive agent against neurodegenerative diseases that are 

associated with increased neuronal apoptosis since it is more protective against apoptosis 

than NAM. 
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CHAPTER 3 

Role of NF-KB in NaDOC-induced Apoptosis 

3.1 Rationale 

NF-KB is a redox-sensitive transcription factor (Schreck et al.. 1991) known to 

protect many types of cells against apoptosis induced by different agents. Since NaDOC 

activates NF-KB, it is probable that NF-KB is also protective to colonic epithelial cells. 

Since NF-KB consists of different subunits. I tested the effect of inhibiting the two major 

subunits on NaDOC-induced apoptosis. 

3.2 Over\'iew 

Bile salts have been reported to both induce the formation of oxygen free radicals 

(Craven et al.. 1986) and activate NF-KB (PasTie et al.. 1998)^ a redox-sensitive 

transcription factor (Schreck, et al., 1991; Israel et al., 1992; Menon et al.. 1993; Meyer 

et al.. 1993; Baeuerle and Henkel, 1994; Powis et al., 1995). NF-KB consists of 

heterodimers or homodimers of p50, p65 (RelA), or cRel subunits, but classically is 

found as a heterodimer of the p50 and p65 subunits (Baeuerle and Henkel, 1994). The 

p50 and p65 subunits contain a homology to the oncogene v-rel and the Drosophilia 

morphogen dorsal (Verma et al., 1995). and are considered members of the RCI/NF-KB 

family of transcription factors. They have an amino terminal domain of about 300 amino 

acids (Rel homology domain, RHD) responsible for DNA binding, dimerization and 

nuclear localization. It is in ±is same domain that interaction with the inhibitory proteins 

occurs (Huguet et al., 1997). In the inactive state, NF-KB is found in the cytoplasm 

associated with one of several inhibitory proteins, IKFI-a, IKB-P, or IKB-Y (Verma et al., 

1995; Beauparlant and Hiscott, 1996; Beg and Baltimore 1996; Grilli et al., 1993; Henket 
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et al., 1993; Miyamoto and Verma, 1995; Thanos and Maniatis, 1995; Baldwin, 1996) 

(Figure 3.1). These inhibitory proteins have between three and seven repeats of a 33 

amino acid sequence (ankyrin motif) (Verma et al., 1995) which mediate sequestration of 

NF-KB homo- and heterodimers in the cytoplasm. The inhibitory proteins mask the 

nuclear localization signal (NLS) sequence on the individual subunits, effectively 

preventing their translocation to the nucleus. NF-KB becomes activated when the IKB 

inhibitory proteins are phosphorylated (Imbert et al.. 1996) and released allowing the 

activated NF-KB to interact with the nuclear pores and subsequent nuclear translocation 

(Beg et al., 1992). The activated NF-KB subimits then bind to specific NF-KB binding 

sites in the promoter/5'-untranslated regions (UTR), and activate target genes (Baeuerle 

and Henkel, 1994; Grilli et aL 1993). 

Evidence from the literature suggests that NF-KB is involved in the protection of 

cells from apoptosis. By inhibition of NF-KB, Beg and Baltimore (1996) found that 

TNF-a induced apoptosis was potentiated. Lactacystin (a proteosome inhibitor and NF-

KB inhibitor), microinjection with IKB-a-glutathione S-transferase fusion protein (a 

purified specific inhibitor), and microinjection with an antibody to the p65 protein 

subunit were all shown to promote apoptosis in a nontransformed murine hepatocyte cell 

line (Bellas et al., 1997). P53-independent apoptosis induced by oncogenic ras could be 

suppressed by activated NF-KB (Mayo et al., 1997). Our laboratory also found that 

NaDOC-induced apoptosis was potentiated by NF-KB inhibition using the pharmacologic 

inhibitor pyrollidine dithiocarbamate (PDTC) (Payne et aL, 1998). This data suggests 

that NF-KB activation protects against stresses leading to apoptosis. Bile acids may 

generate reactive oxygen species (ROS) through the up-regulation of inducible nitric 
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Figure 3.1 NF-icB Activation 

cytoplasm 

degradation 
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oxide synthase (NOS2) (a target gene of NF-icB) accompanied by the generation of nitric 

oxide (NO) through arachidonic acid metabolism (Craven et al., 1987), or through an 

effect on mitochondria (Krahenbuhl et al., 1994; Washo-Stultz et al., manuscript 

submitted). It is probable that bile acids cause release of calcium from mitochondria or 

the endoplasmic reticulum through membrane perturbation. Increased intracellular 

calcium has been shown to mediate bile acid induced apoptosis in hepatocytes (Patel et 

al., 1994). 

3.3 Materials and Methods 

3.3.1 Cell culture 

HCT-116. a colon adenocarcinoma [American Type Culture Collection (ATCC), 

Bethesda, MD; ATCC # CCL 247] line and resistant HCT-l 16 cell lines were maintained 

in DMEM supplemented with 10% fetal calf serum (Omega Scientific), 1% MEM non

essential amino acids, 100 ug/ml streptomycin, 100 U/ml penicillin, and 3.44 mg/ml L-

glutamine. The Jurkat cell line [human T-cell lymphoma, American Type Culture 

Collection (ATCC), Bethesda MD; ATCC #TIB 152] was maintained in RPMI 1640 

medium (Irvine Scientific, Santa Ana, CA) supplemented with 10% fetal calf serum 

(Omega Scientific, Inc., Tarzana, CA), and streptomycin, penicillin, and L-glutamine at 

concentrations as stated for the DMEM. Unless otherwise indicated, media components 

were from Gibco BRL Life Technologies (Grand Island, NY) and chemicals were from 

Sigma Chemical Co. (St. Louis, MO). 

3.3.2 SN50 peptides 

The SN50 cell permeable peptide (Figure 3.2) and its corresponding inactive peptide 
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Figure 3.2 

Peptide Sequence 

SN50 (active peptide) AAVALLPAVLLALLAPVORKROKLMP 

FN A (inactive peptide) AAVALLPAVLLALLAPVORA^GOKLIVIP 

Sequences of cell membrane-permeabie and control peptides (single-letter amino acid 

code). The membrane-translocating hydrophobic sequence derived from the h-region of 

the predicted signal peptide sequence of K-FGF (cell membrane permeable motif) is 

underlined. The nuclear localization sequence of NF-KB p50 is printed in bold face, and 

the mutated residues in the FNA peptide are in italics. The inhibitory effect of SN50 

reflects its ability to enter the cell and to compete with NF-KB complexes for the cellular 

machinery responsible for nuclear translocation of NF-KB (Lin et al., 1995). 
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were ordered from Biomol. The effectiveness of the peptide as an inhibitor of NF-KB 

reflects its ability to compete for the NLS sequence and subsequently prevent 

translocation. 

3.3.3 p65 antisense oligonucleotides 

Two different 20-mer antisense oligonucleotides to the mRNA of the p65 subunit of NF-

KB were synthesized by Synthegen as phosphorothioates using sequences that we 

determined to have minimal secondary structxire (Table 3.1). Secondary structure that 

includes A-T run length, palindromes, and hairpin loops were minimized in these 

sequences. Various concentrations of the antisense oligonucleotides were used to treat 

resistant HCT-116 cells, a NaDOC resistant clone of the parent HCT-116 cells. These 

cells express high levels of p65 as well as activated NF-KB. After 24 or 48 hours of 

treatment with the antisense oligonucleotide, cells were fixed and stained with an 

antibody to p65 to determine amount of reduction in protein expression. Cells were also 

assessed for cell death due to treatment with the oligonucleotide. A concentration was 

chosen based on these two parameters, and cells were then treated for 24 hours with 

oligonucleotide before treatment with NaDOC. Cells were then assessed for morphologic 

changes indicating apoptosis as described above. 

3.3.4 Preparation of cells for immunostaining: 

Jurkat cells were spun onto coverslips and HCT-116 cells were grown directly onto 

coverslips. Cells were then fixed in 4% formalin in Ix PBS for 20 minutes, then 

permeabilized at -20° C with 100% methanol for 6 minutes. Slides were air dried, then 

stored at -20° C until immunostaining. 

3.3.5 Immunofluorescent procedures 



Table 3.1 

Probe 

NF-KB antisense #1 

NF-KB antisense #2 

NF-KB missense 

Sequence 

5' AGGGGGAACAGTTCGTCCAT 3' 

5' GGAAGATGAGGGGGAACAGT 3' 

5' AGGGTTGGAAGAACGAGGGA 3' 

Phospiiorothioate oligonucleotide sequences of the two NF-KB antisense and one 

missense strands; 5' ends are labeled with 5(6)-carboxyfluorescein while 3' ends are 

labeled vsath acridine. 
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Slides were stained with a polyclonal antibody to the p65 subunit of NF-KB (Boehringer 

Mannheim. Indianapolis, IN. USA) (Kaltschmidt et al., 1995). The antibody was used at 

a dilution of 1:40 in 1% bovine serum albumin in PBS. Treatment with a biotinylated 

goat anti-mouse secondary antibody (Vector Laboratories. Inc, Burlingame, CA. USA) 

subsequently tagged with Cy-5 conjugated streptavidin (Vector Laboratories) was used as 

the detection system. Nuclei were identified using YOYO-1 staining after RNase 

digestion as previously described (Payne, et al, 1998). 

3.3.6 Detection of immunofluorescence 

Fluorescence is visualized using a LEICA LSMIO laser scanning confocal microscope. 

Images were obtained, and scanned and processed images were saved to a ZIP diskette 

and imported to the hard drive of a PC. Maintaining the voltage on the photomultiplier 

tube, number of line averages, and laser power constant between slides can show relative 

differences between treated and control cells (Payne, et al.. 1998; Baker, et al., 1997; 

Crowley et al.. 2000). 

3.4 Results 

3.4.1 Role of NF-)cB in apoptosis 

To determine the role of NF-KB in apoptosis, we treated Jurkat cells with a known 

inhibitor of NF-KB, pyrrolidine dithiocarbamate (PDTC). After 2 hours of pretreatment 

with 1 mM PDTC, cells were treated with 0.5 mM NaDOC. At various time points post-

NaDOC treatment, aliquots were taken and cytospins made. Slides were assessed for 

apoptosis by morphological analysis. Apoptosis after NaDOC treatment was 

substantially increased by pretreatment with PDTC (Figure 3.3). Since pharmacologic 
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Figure 3.3 Jurkat cells treated with PDTC show increased apoptosis when exposed to 

NaDOC than cells treated with NaDOC alone. 
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inhibitors can exert non-specific cellular effects, we used methods that directly target the 

individual subunits of the classic NF-KB dimer. 

The SN50 cell permeable peptide was used as a specific inhibitor of the p50 

subunit of NF-KB. Jurkat and HCT-116 cells were treated with 15 ng/ml SN50 or an 

inactive peptide for 24 hours before treatment with 0.5 mM NaDOC. Aliquots of the 

ceils were removed after various time points and assessed for apoptosis by morphological 

analysis. Cells treated with the SN50 active peptide were protected against NaDOC-

induced apoptosis (Figure 3.4). These results indicate separate ftxnctions of the individual 

NF-KB subunits. 

Using a 20-mer antisense oligonucleotide to the NF-KB p65 subunit, we hoped to 

determine the effects of specifically inhibiting the activity of NF-KB by decreasing the 

level of the p65 protein. Antisense p65 was used to determine the role of the p65 subunit 

in NaDOC-induced apoptosis. Two p65 antisense oligonucleotides were tested. Using a 

concentration that caused the least cell death, we treated HCT-1I6 Res. C cells, clones of 

the parent HCT-116 cell line that have been selected for resistance to NaDOC-induced 

apoptosis (discussed in Chapter 4). These cells have high levels of activated NF-KB and 

high protein levels of the p65 subunit. After 24 hour pretreatment with one of the two 

antisense oligonucleotides, ceils were then treated with 0.5 mM NaDOC. Samples were 

taken at various time points and assessed for morphological changes indicating apoptosis. 

We found that pretreatment with the antisense oligonucleotides to the p65 subunit of NF-

KB enhanced apoptosis in cells treated with NaDOC (Figure 3.5). Oligonucleotide 

antisense #2 had the greatest effect on NaDOC-induced apoptosis, so a missense 

oligonucleotide was designed as a control. Pretreatment with the missense 
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Figure 3.4 24 hour pretreatment with SN50, an inhibitor of the p50 subunit of NF-KB, 
protected cells against NaDOC induced apoptosis. 
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Figure 3.5 Treatment of resistant line C HCT-116 cells with p65 antisense 

oligonucleotides enhance NaDOC-induced apoptosis. 
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oligonucleotide had little effect on NaDOC-induced apoptosis (Figure 3.6). Confocal 

microscopy on the treated cells showed uptake of oligos. and corresponding decrease in 

protein levels of p65 after 24 hour treatment with p65 antisense oligonucleotide #2 

(Figure 3.7). No decrease in protein was seen after treatment with p65 missense 

oligonucleotide. 

3.5 Discussion 

NF-icB is a major redox-associated eukaryotic transcription factor (Flohe et al., 1997). 

first identified as a protein that bound to a specific decameric DNA sequence (5'-

GGGAC1 1 l CC-3') within the intronic enhancer of the immunoglobulin kappa light 

chain gene in mature B-cells and plasma cells (Sen and Baltimore. 1986). NF-KB 

proteins normally exist in abundance in the cytoplasm of many different types of cells in 

association with inhibitory proteins which mask the nuclear localization signal sequence 

(May and Ghosh. 1997; Sen and Baltimore, 1986). The preformed NF-KB complex can 

be readily activated to respond to numerous intracellular and extracellular signals, 

including oxidative stress, enabling them to perform as important stress-response proteins 

(Wu and Lozano, 1994). Reports fi-om the literature indicate that the redox-associated 

transcription factor is protective in nature, and is activated by a variety of stimuli. 

Inducers of NF-KB include cytokines such as interleukin-1 P and tumor necrosis factor-a, 

bacterial and viral products such as lipopolysaccharide, sphingomyelinase, double-

stranded RNA and human T-cell leukemia virus 1 Tax protein, and pro-apoptotic and 

necrotic stimuli such as oxygen free radicals, ultraviolet light and y-irradiation (Baeuerle 

and Baichvval, 1997). This indicates that many different signal transduction pathways 

originating from diverse induction mechanisms all converge on NF-KB. 
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Effect of Antisense and Missense Oligonucleotides 
on NaDOC-lnduced Apoptosis in HCT-116 Resistant Line C 

12 

Control 0.5 mM Antisense2 Antisense2 + Missense Missense + 
NaDOC NaDOC NaDOC 

Figure 3.6 Ceils pretreated for 24 hours with p65 missense oligonucleotide show no 

effect on apoptosis when subsequently exposed to NalXXT as compared to cells treated 

with antisense p65 oligonucleotide and then exposed to NaDOC. 
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Figure 3.7 Confocal image of p65 missense or p65 antisense oligonucleotide treated 

cells stained with an antibody to p65 protein (red). Treatment with the antisense 

oligonucleotide (A) shows a decrease in p65 protein levels when compared to untreated 

control (B). Green fluorescence indicates uptake of the p65 antisense oligonucleotide 

(C). The untreated control shows some background autofluorescence (D). 
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Although there is some redundancy in the functions of the NF-KB family 

members, reports indicate from the literature that each transcriptional complex has a high 

degree of specificity in gene transcription and physiological function. Each NF-KB 

complex displays distinct affinities for the different DNA binding sites present in the 

promoters of genes regulated by NF-KB, possibly contributing to the specificity of each 

of the family members (Mercurio and Manning, 1999). The p50 subunit is primarily 

responsible for DNA binding, while the p65 subunit and/or c-rel is necessary for 

transactivation (Baldwin, 1996; Baeuerle and Henkel, 1994). Hence, an increase in the 

ratio of p50/p50 homodimers to p50/p65 heterodimers will allow occupation of nuclear 

KB sites and prevent the heterodimer-dependent transactivation. Therefore, a 

predominance of p50 subunits may promote apoptosis, whereas a predominance of 

p50/p65 heterodimers are protective in nature. When cells are treated with PDTC, a 

pharmacological inhibitor of NF-KB that prevents the translocation of the abundant 

p50/p65 heterodimer into the nucleus, the protective effect of this dimer is lost and cells 

undergo apoptosis in response to an apoptosis inducing agent. This also occurs when cells 

are treated with the antisense p65 oligonucleotide. By inhibiting the amount of 

cvtoplasmic p65 available for heterodimer formation, the ratio of p50 homodimers to 

p50/p65 heterodimers increase and transcriptional activation is diminished. Inhibition of 

nuclear translocation of the p50 subunits using the SN50 cell permeable peptide 

diminishes the pro-apoptotic behavior of the p50 homodimers. The ratio of p50 

homodimers to p50/p65 heterodimers is decreased, allowing greater participation of the 

heterodimers in transcriptional activation, thereby protecting cells against induced 

apoptosis. 



Understanding how each NF-KB subunit participates in the response to NaDOC-

induced apoptosis is critical to testing the hypothesis in this dissertation. NaDOC does 

indeed activate NF-KB, but in a manner not so straight-forward as initially presumed. In 

order for NF-KB to act in a protective manner, the ratio of homodimers to heterodimers 

must be such that both DNA binding and transcription are favored. 
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CHAPTER 4 

Establishment and Evaluation of Colon Epithelial Cell Lines Stably Resistant 

to Sodium Deoxycholate-Induced Apoptosis 

4.1 Rationale 

The development of colonic epithelial cell lines resistant to NaDOC-induced 

apoptosis would enable us to study ihe alterations in gene expression that accompany the 

development of apoptosis resistance. The upregulation or downregulation of key proteins 

involved in the protection against apoptosis may eventually be developed as hypothesis-

driven biomarkers to identify individuals at risk for colon cancer. 

4.2 Overview 

In our endeavor to study colon carcinogenesis, we attempted to identify a good 

model that would exemplify our proposed link between colon carcinogenesis and 

apoptosis resistance. Vogelstein's model of colon carcinogenesis shows that the 

progression from normal flat mucosa to full blown metastatic cancer requires multiple 

changes in cellular genetics (Figure 4.1). The APC mutation occurs early on in the 

process, possibly before the formation of an adenoma. The k-ras mutation is an 

intermediate event, showing up after the adenoma has already formed. DCC and p53 

mutations are late incidences, the latter often occurring before the tumor progresses to a 

carcinoma. We propose that apoptosis resistance occurs early on in the process prior to 

.A.PC and ras mutations and may be a biomarker for identifying individuals with a 

predisposition to develop colon cancer. Our theory is based on studies we have done 

with live-cell bioassays on samples taken from colon resections, and from colon biopsies 
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Figure 4.1 Vogeistein's model of colon carcinogenesis indicating various 
points where specific mutations occur in the pathway to metastatic cancer. 
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taken from individuals undergoing colonoscopy. Samples were exposed to 1.0 mM 

NaDOC for 3 hours, then fixed, embedded, sectioned and stained. The percentage of 

apoptotic cells was determined under light microscopy by counting individual cells. The 

first figure shows (Figure 4.2) the results of the colon biopsies, and includes 14 normals. 

The mean percent apoptosis for normal individuals was 57%, 53% for individuals with 

polyps, and 35% for individuals with colon cancer. Studies performed on the samples 

taken from colon resections showed similar results (Figure 4.3a), and surprisingly 

detected a patchiness in the normal flat mucosa of individuals who had either polyps or 

adenocarcinoma (Bernstein et al., 1999a). Our normal resection (Figure 4.3b) was 

obtained from an individual who had a liposarcoma extemal to the colon wall. It was 

apparent that the samples taken from this individual were not resistant to apoptosis, and 

they exhibited a uniformity of apoptosis sensitivity. 

The balance between proliferation and apoptosis maintains homeostasis in organ 

systems (Edwards, 1998). When a population of cells loses the ability to regulate growth, 

its clear that the balance is disturbed, and the now faster growing population creates a 

larger target for further mutation potentially leading to cancer. Likewise, a population of 

cells that has lost the ability to undergo apoptosis though its rate of cell division is 

unchanged, may be in the early stages of tumorigenesis. 

When a cell or population of cells become apoptosis resistant, they develop 

several characteristics; cells with DNA damage are allowed to replicate, which in turn 

increases the probability of mutations or stable epigenetic changes that may lead to 

cancer. Though it is possible that apoptosis resistance may occur at any point along 

Vogelstein's colon carcinogenesis model, we find it impossible to ignore the data we 



98 

Figure 4.2 Plot of results from live cell bioassay. Biopsies taken at the sigmoid 
colon from patients with normal colon, patients with polyps, and patients with 
colon cancer were subjected to treatment with l.O mM NaEX3C for 3 hours. 
Samples were then fixed, stained, and percent apoptosis was determined. 
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Figure 4.3a and 4 Jb Results of live cell bioassay on samples taken from 
two individuals by colon resection. Normal resection (a) was obtained from 
an individual with a liposarcoma on the outside wall of the colon. Two 
samples were taken every 2 centimeters along the resected tissue. Two 
samples were taken at the site of the tumor (T) from the resection from an 
individual with an adenocarcinoma (b), and two samples each every two 
centimeters proximal and distal to the tumor. 
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have obtained with our live-cell bioassays indicating that apoptosis resistance can be a 

very early event. The relationship of apoptosis resistance and colon carcinogenesis had 

not yet been reported in the literature at the time of our initial studies, and likewise, there 

was no existing model with which we could test our hypothesis. Subsequently, Magnuson 

and Bird (1993), using a rat model of colon carcinogenesis, confirmed our hypothesis by 

showing that treatment with bile acids alone made cells resistant to apoptosis induced by 

a carcinogen (AOM). Since bile acids alone contribute to apoptosis resistance, it is 

probable that the development of this field defect is one mechanism by which bile acids 

promote colon cancer. To understand the molecular events that contribute to apoptosis 

resistance, colon epithelial cell lines were developed in vitro that are stably resistant to 

the bile salt, NaDOC. The resistant cell lines are invaluable in evaluating alterations in 

gene expression that accompany apoptosis resistance. 

4.3 Materials and Methods 

4.3.1 Cell lines, media, and chemicals 

HCT-116, a colon adenocarcinoma cell line [American Type Culture Collection (ATCC), 

Bethesda. MD; ATCC # CCL 247] and apoptosis resistant HCT-116 cell lines were 

maintained in DMEM supplemented with 10% fetal calf serum (Omega Scientific), 1% 

MEM non-essential amino acids, 100 ug/ml streptomycin, 100 U/ml penicillin, and 3.44 

mg/ml L-glutamine. Unless otherwise indicated, media components were from Gibco 

BRL Life Technologies (Grand Island, NY) and chemicals were from Sigma Chemical 

Co. (St. Louis, MO). 
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4.3.2 Development of resistant cell lines 

Early passage HCT-116 cells were split and seeded into four flasks. The cells in flask A, 

were serially passaged as an untreated control along with the cells in the other three 

flasks. After 48 hours, the cells in the other three flasks were treated with NaDOC. B 

cells were treated with 0.01 mM NaDOC, C cells were treated with 0.1 mM NaDOC, and 

D cells were treated with 0.2 mM NaDOC. Treatment lasted for 48 hours, at which time 

the media plus NaDOC was removed and fresh media added. Remaining attached cells 

were allowed to grow until they reached approximately 80% confluency, at which point 

they were split and passaged. Cells of the A line were passaged weekly, while the 

NaDOC treated cells took longer to recover from the drug treatment and so were 

passaged less frequently. When the cells in a particular flask could survive a 48-hour 

treatment with a certain concentration of NaDOC, the concentration used to treat them in 

the following passage was increased. This was continued until all three lines, B, C, and 

D, were resistant to 0.5 mM NaDOC (Table 4.1). 

4.3.3 Morphological examination by electron microscopy 

Untreated A cells and cells of the three resistant lines B, C, and D were fixed overnight in 

3% gluteraldehyde in O.l M cacodylate buffer (pH 7.2). The cells were pelleted, post-

fixed in 2% osmium tetroxide, dehydrated in a graded series of ethanols, and embedded 

in epoxy resin. 

4.3.4 Preparation of cells for confocal microscopy 

•A.. B, C, and D cells, along with parental HCT-116 cells that had not been serially 

passaged, were seeded directly onto coverslips. When the cells on coverslips had reached 

approximately 80% confluency, the coverslips were removed and cells were fixed in 4% 
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Table 4.1 Development of NaDOC Resistant HCT-116 
HCT-116 Clones: Control R1 R2 R3 
Drug Concentration 
At: 
Passage 1* No Drug 0.02 mM 0.1 mM 0.2 mM 

Passage 2 0.04 0.12 0.25 

Passage 3 0.06 0.14 0.3 

Passage 4 0.08 0.16 0.35 

Passage 5 0.1 0.18 0.4 

Passage 6 0.15 0.2 0.4 

Passage 7 0.2 0.25 0.4 

Passage 8 0.25 0.25 0.45 

Passage 9 

Passage 10 

0.3 

0.35 

0.3 0.5 
(Control at p.40) 

0.35 

Passage 11 0.35 0.35 

Passage 12 0.4 0.4 

Passage 13 0.4 0.4 

Passage 14 0.45 0.45 

Passage 15 0.45 0.45 

Passage 16 0.45 0.45 

Passage 17 

Passage 18 

0.5 0.45 
(Control at p.45) 

0.5 
(Control at p.46) 

^Passages do not indicate time. When cells were near or at confluency, they were split 
into new flasks. This is considered a passage. 
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formalin in 1 x PBS for 20 minutes. After fixation, the cells were permeabilized at -20° C 

in 100% methanol for 6 minutes. Slides were air dried, and stored at -20° C until 

immunostaining. 

4.3.5 Immunofluorescence detection procedures 

Activated NF-KB 

Coverslips were stained with a monoclonal antibody to the NLS sequence of the p65 

subunit of NF-KB (Boehringer Mannheim, Indianapolis, IN) (Kaltschmidt et al.. 1995). 

The NLS sequence in its inactive state is bound by the inhibitory IKB proteins; after 

degradation of IKB, the NLS sequence is exposed and the NF-KB dimer is translocated to 

the nucleus. Positive staining with this antibody therefore measures the presence of 

activated NF-KB, The antibody was used at a dilution of 1:100 in 1% bovine serum 

albumin in PBS. Treatment with a biotinylated goat anti-mouse secondary antibody 

(Vector Laboratories, Inc, Burlingame, CA, USA) subsequently tagged with Cy-5 

conjugated streptavidin (Vector Laboratories) was used as the detection system. Nuclei 

were identified using YOYO-1 staining after RNase digestion as previously described 

(Payne, ei al., 1998). 

NF-KB p50 and NF-KB p65 subunits 

Coverslips were stained with polyclonal antibodies against NF-KB p50 and p65 subunits 

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Biotinylated goat anti-rabbit 

secondary antibody (Vector Laboratories) followed by Cy5-conjugated streptavidin was 

used as the detection system. Nuclei were identified using YOYO-1 staining after RNase 

digestion, as previously described (Payne, et al.., 1998). 
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Grp78 

An affinity purified polyclonal antibody that recognizes an amino acid sequence at the 

amino terminus of the 78 kDa glucose-regulated protein (Grp78) was obtained from 

Santa Cruz Biotechnology, Inc. The antibody was used at a dilution of 1:50. A 

biotinylated goat anti-rabbit secondary antibody (Vector Laboratories) followed by Cy5-

conjugated streptavidin (Vector Laboratories) was used as the detection system. Nuclei 

were identified using YOYO-1 staining after RNase digestion. 

Bcl-2 

A monoclonal antibody to Bcl-2 (Santa Cruz Biotechnology, Inc.) was used at a dilution 

of 1:50. Biotinylated goat anti-mouse followed by Cy5-conjugated streptavidin (both 

from Vector Laboratories) was used as the detection system. Nuclei were identified with 

YOYO-1 staining after RNase digestion. 

4.3.6 DNA microarray analysis 

The Oligote.x Direct Kit (Qiagen, Valencia, CA) and protocol was used to isolate poly A" 

mRNA from each of the resistant lines, B, C, and D, as well as the sensitive line A. 

Reverse transcriptase polymerase chain reaction (RT-PCR) was performed and included 

fluorescent labeling of the target RNA populations. The cDNA generated from RNA 

isolated from the sensitive line A was labeled with Cy5, while the cDNA from the 

resistant lines B, C, and D was labeled with Cy3. Three simultaneous reactions (RT-PCR 

and fluorescent labeling) were performed for A, and one reaction each for the resistant 

lines. Four microliters of mRNA was used in each reaction, and all other components of 

the reaction including Superscript II were obtained from Gibco BRL. Each Cy5 labeled 

sensitive line A cDNA was combined with one of the Cy3 labeled cDNAs obtained from 
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the resistant lines. Co-hybridization of the mixture was done on human cDNA clones 

robotically spotted onto chemically activated glass microscope slides. One slide each 

was used for the A/B combination, the A/C combination and A/D combination. A 

coverslip was placed over the area of hybridization and a cover placed on the 

hybridization chamber. Hybridization occurred overnight in a 62° water bath. Slides 

were washed for 5 minutes in 0.5x SSC/ 0.01% SDS, followed by a 5 minute wash in 

0.06x SSC/0.01% SDS. then a 2 minute final wash in 0.06x SSC. Results were captured 

electronically using a confocal two-color laser scanner. An Axon Instruments GenePix 

4000 laser scanner was used to capture and quantitate the microarray hybridization 

results. Axon Instruments software was used to analyze gene expression results by 

quantitative electronic measurement. Visual inspection of the false color images was also 

used to distinguish differential gene expression. 

4.3.7 2D gel electrophoresis and matrix assisted laser desorption/ionization 

mass spectroscopy (MALDI-MS) 

Protein was isolated from each of the resistant lines, from the sensitive line A, as well as 

from the parent HCT-116 according to the Kendrick Labs (Madison, WI) protocol as 

follows: adherent cells in 35 mm cell culture dishes were rinsed 3 times with cold PBS, 

then hot osmotic lysis buffer was added directly to the dish. The culture dishes were 

cooled on ice, then nuclease buffer was added and cells were scraped with a rubber 

policeman to remove them from the dish and to mix them with the solutions. SDS 

boiling buffer was added to each sample, and the mixture transferred to a microflige tube 

and placed in a boiling water bath for 5 minutes. Tubes were immediately frozen on dry 

ice and stored at -70° C. Reagents for isolating protein samples were provided by 
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Kendrick Labs. Two-dimensional electrophoresis was performed according to the 

method of O'Farrell (1975) by Nancy Kendrick as follows: Isoelectric focusing (lEF) 

was carried out in glass tubes of inner diameter 2.0 mm using 2.0% pH3.5-10 ampholines 

(Amersham Pharmacia Biotech, Piscataway, NJ) for 9600 volt-hours. Fifty ng of an lEF 

internal standard, tropomyosin, was added to each sample. This protein migrates as a 

doublet with a lower polypeptide spot of MW 33,000 and pi 5.2; an arrow on the stained 

gel marks its position (Figure 4.11). After equilibration for 10 minutes in buffer, each 

tube gel was sealed to the top of a stacking gel which is on top of a 10% acrylamide slab 

gel (0.75 mm thick). SDS slab gel electrophoresis was carried out for 4 hours at 12.5 

mA'gel. The following proteins (Sigma Chemical Co.. St. Louis, MO) were added as 

molecular weight standards to a well in the agarose which sealed the tube gel to the slab 

gel: myosin (220,000), phosphorylase A (94,000), catalase (60,000), actin (43,000), 

carbonic anhydrase (29,000) and lysozyme (14,000). These standards appear as bands on 

the basic edge (right side) of the special silver-stained 10% acrylamide slab gel 

compatible with mass spectroscopy (O'Connell and Stults, 1997). Gels were dried 

between sheets of cellophane with the acid edge to the left. 

4.4 Results: 

4,4.1 NaDOC-resistant HCT-116 

For our selection experiments, we used the HCT-116 cell line, an adherant epithelial cell 

line originating from a colorectal carcinoma that has a mutator phenotype. We started the 

selective process with three different concentrations of NaDOC (0.02 mM, 0.1 mM, and 

0.2 mM). anticipating that we would generate resistant clones with varying patterns of 

resistance. Resistant line B became resistant to 0.5 mM NaDOC after 45 weeks of 
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incrementally increasing treatment concentration, C became resistant to 0,5 mM NaDOC 

after 46 weeks, and D became resistant after 40 weeks (Table 4.1). Ultimately, we 

generated 3 cell lines with resistance to NaDOC-induced apoptosis at 0.5 mM, a 

concentration that would cause the sensitive line A as well as the parent line to undergo 

apoptosis within 6 hours. Their resistance is evidenced by their ability to grow for 48 

hours in 0.5 mM NaDOC. Their resistance was demonstrated to be stable in the absence 

of NaDOC in each of the three lines for at least 4 weeks. 

4.4.2 TEM shows increased lysosomes 

We first examined these cell lines for morphological differences. We expected that the 

cells exposed persistently to NaDOC might exhibit megamitochondria (Karbowski et al., 

1999) and/or other features of persistent oxidative stress. Upon examination of each of 

the resistant lines and comparison with the sensitive line (Figure 4.4a), we found large 

lysosomes in all three resistant cell lines, but no megamitochondria (Figure 4.4b and 

Figure 4.4c). This suggests that the cells may have adapted to coping with e.xtensive 

damage as the lysosomes are involved in removal of damaged cell components. 

4.4.3 Chronic exposure to NaDOC increases levels of GRP78 and Bcl-2 

Grp 78 and Be 1-2 are two proteins that have been reported in the literature to protect 

against apoptosis. Cells A, B, C, and D were grown on coverslips, and at 80% 

confluency were fixed and treated with antibody to either GRP78 or Bcl-2. Using 

immunofluorescent detection and confocal microscopy it was found that the resistant 

lines exhibited increased levels of GRP78 (Figure 4.5) and Bcl-2 (Figure 4.6). 

4.4.4 Chronic exposure to NaDOC increases levels of activated NF-KB 
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Figure 4.4a Transmission electron micrograph of sensitive line A 
showing some lysosomal activation and normal sized mitochondria. 
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Figure 4.4b Transmission electron micrograph of resistant cell line D 
(representative of all three resistant lines) showing increased vacuolization and 
increased lysosomal activation when compared to the sensitive cell line A (low 
power view. Mitochondria are difficult to see in this image. 
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Figure 4.4c Transmission electron micrograph of resistant cell line D at 
higher magnification showing high lysosomal activity. Normal mitochondria 
are more easily seen in this image (arrows). 



Figure 4.5 Sensitive cell line A (panel A) and resistant lines D and C 
(panels B and C respectively) stained with an antibody to Grp78. Panel 
D is immunocontrol and indicates no background staining in experiment. 
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Figure 4.6 Sensitive cell line A and resistant lines B, C, and 
D are stained with an antibody to Bcl-2. All three cell lines 
show increased staining when compared to the sensitive cell 
line A, though resistant cell line B is to a lesser extent. 
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NF-KB is a transcription factor activated by changes in the cellular redox state. Previous 

work from our laboratory has shown that NF-KB is protective against NaDOC-induced 

apoptosis (Payne et al., 1998). The three resistant lines and the sensitive line were grown 

on coverslips, then stained with a monoclonal antibody to activated NF-KB. We found 

that all three resistant cell lines had increased levels of activated NF-icB as evidenced by 

increased immunofluorescence upon confocal microscopy (Figure 4.7). In order to 

determine if the increase in activated NF-icB was due to increased protein levels of the 

individual subunits, we stained the cells on coverslips with polyclonal antibodies to the 

p50 or p65 subunits of NF-KB. Examination by confocal microscopy showed that lines C 

and D had increased protein levels of p50 and p65 subimits (Figure 4.8 and Figure 4.9), 

indicating that in these two lines, increased levels of the individual protein subunits may 

be responsible for the increase in activated NF-KB. The third line, B, did not show an 

increase in protein levels of the individual subunits, suggesting that another mechanism 

for the increase in activated NF-KB may be involved in this case. 

4.4.5 Determination by microarray analysis; altered gene expression in the 

apoptosis resistant cell lines 

To identify other genes involved in apoptosis resistance, we performed microarray 

analysis that detects gene expression at the mRNA level (Figure 4.10). Analysis of the 

data at a 95% confidence level identified genes that were overexpressed in at least two of 

the three resistant cell lines when compared to the sensitive A line (Table 4.2). Selection 

of altered genes in at least two of the three resistant lines provided an internal control for 

these experiments. From this table it can be seen that 6 proteins were overexpressed in 

both C and D. 4 proteins were overexpressed in both B and C, 1 
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Figure 4.7a Sensitive cell line A and resistant lines B, C, and D have 
been stained with an antibody to the nuclear localization signal sequence 
of NF-tcB, positive staining an indication of activated NF-KB. 
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Activated NFk B 

HCT-116-Sens.  A HCT-11 6-Re .s .  B 

Figure 4.7b Same antibody to activated NF-KB as in previous 
image. Green color is staining of DNA, while red staining is for 
activated NF-icB. Orange color indicates nuclear localization of 
activated NF-icB. 
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Figure 4.8 Sensitive cell line A and resistant cell lines B, C, and 
D stained with an antibody to the p50 subunit of NF-KB. Both 
cell lines C and D show a large amount of staining for the p50 
subunit. while the resistant line B shows only a minimal increase 
when compared to the sensitive line A. 
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Figure 4.9 Sensitive cell line A and resistant cell lines B, C, and D 
stained with an antibody to the p65 subunit of NF-KB. Resistant 
line C shows high levels of staining for this subunit while resistant 
line D shows a lesser amount of staining but more than resistant line 
B. Again, resistant line B shows little difference when compared to 
sensitive cell line A. 
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Figure 4.10 Microarray image (the sensitive line A compared to the resistant line D) 

indicates the differential gene expression results by an assessment of relative levels of red 

versus green fluorescence. For example, the dot in the red circle is predominantly red 

(Cy5 fluorescence) indicating an overexpressed gene in the resistant line D. The dot in 

the green circle is predominantly green (Cy3 fluorescence) indicating an underexpressed 

gene. In the orange circle, the dot is appears yellow/orangish. indicating that the gene is 

expressed at similar levels in the sensitive line and the resistant line. Digital analysis 

determines the exact ratios of green to red fluorescence. 
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Overexpressed mRNAs in Apoptosis Resistant Cell Lines 
Compared to Sensitive Cell Line A 

mRNA B/A C/A D/A 

Rad 23 3.07* 3.91 

Adaptor-related 
protein complex - 3.12 5.14* 

3, sigma 1 subunit 

Pirin - 3.60* 3.07 

EGF-response - 6.19* 3.16 

factor 1 

KIAAOlOl gene - 3.49* 3.20 

product 

Microsomal 
glutathiones* - 3.51* 3.64 

transferase 1 

Protein kinase, 

cAMP-dependent, 2.79 11.07* 

catalytic, beta 

D-dopachrome 2.81 3.10 2.95 

tautomerase 

S100 calcium 
binding protein - 3.03 4.01 

All (calgizarin) 

Splicing factor, 

arginine/serine 2.38 - 3.07 

rich 7(35 kD) 

ATP synthase. H+ 
transporting, 2.39 2.57 

mitochondrial F° complex, 

subunit f isoform 2 

lactate dehydrogenase 2.36 2.52 

Table 4.2 Data is presented only for those mRNA overexpressed in at least 2 of the apoptosis 

resistant cell tines. Numbers given are the ratio of expression of a resistant line (either B, C, or 

D) to the sensitive line A. Those values significant at 99% level of confidence are indicated by 

an asterisk; other values are significant at 95% level of confidence. 
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was overexpressed in both B and D, and 1 was overexpressed in all three lines. Since C 

was selected initially at a concentration intermediate to B and D, this might explain the 

observation that C had more genes overexpressed in common with B and D than B and D 

had with each other. Table 4.3 lists the genes that are underexpressed in at least two of 

the resistant cell lines compared to the sensitive cell line. A similar pattern was observed 

with underexpressing genes, with C overlapping more with B and D than B and D with 

each other. 

4.4.6 2-D gels and MALDI-MS identify overexpression of protective proteins 

In order to identify overexpressing genes at the protein level, we performed 2-D gel 

electrophoresis on our three resistant lines as well as the sensitive line A and the parental 

HCT-116 line (Figure 4.11). Six proteins were identified that were upregulated in all 

three resistant lines as compared to the A line and the parent line, MALDI-MS was 

performed to identify these proteins. Three proteins were identified; cofilin, maspin, and 

triose phosphate isomerase. Two spots gave a poor spectrum and could not be identified, 

and the sixth spot gave a good spectrum but was not identified as a known protein (Table 

4.4). Underexpressed proteins (Table 4.5) were elongation factor 2 and heat shock 

protein 90(kD). 

4.5 Discussion 

In an endeavor to study the role of bile acids in the early stages of colon carcinogenesis, I 

have been able to successfully develop 3 independent clones fi-om the HCT-116 ceil line 

that exhibit NaDOC-induced apoptosis resistance. The experiments described here were 

carried out to gain insight into alterations in specific gene expression of colonic epithelial 

cells chronically exposed to bile acids. The in vitro results may shed 
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Underexpressed mRNAs in Apoptosis Resistant Cell Lines 
Compared to Sensitive Cell Line 

mRNA B/A 

EST similar to 
hypothetical 
protein KIAA0195 

ras homology 

gene family 

member 

EST similar to 
J Kappa recombination -

signal binding protein 

Signal sequence 

receptor, delta 

Splicing factor 

arginir 

rich 4 

arginine/serine- 0.33" 

Mannose-binding 

lectin (protein C) 2, 
soluble (opsonic defect) 

hydroxyacyl-

coenzyme A 0.40 
dehydrogenase 

CD59 antigen 0.32'' 

pi 8-20 

SHB adaptor 

protein (Src 0.39 

homology 2 protein) 

C/A 

0.21-

0.29* 

0.29* 

0.31' 

0.25^ 

0.27* 

0.43 

0.29* 

D/A 

0.12* 

0.33^ 

0.33" 

0.30* 

0.29* 

0.36 

Table 4.3 Data is presented only for those mRNAs underexpressed in at least 2 of the apoptosis 

resistant cell lines (at 95% level of confidence). Numbers given are the ratio of e.xpression of a 

resistant line (either B, C, or D) to the sensitive line A. Those values significant at 99% level are 

indicated by an asterisk; other values are significant at a 95% level of confidence. 
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Figure 4.11 Example of silver stained 2-dimensional gels, this one 
showing spots increased in resistant line D versus sensitive line A. 
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Identification of Overexpressed Proteins from 2-D Gel 
Electrophoresis by MALDI-MS 

Protein Overexpressing Cell Lines 

Maspin B,C, D 

Triose Phosphate Isomerase B, C,D 

Cofilin B, C,D 

Table 4.4 MALDI-MS was performed on 6 spots obtained from a silver 
stained gel after 2-dimensional gel electrophoresis. These proteins were 
overexpressed in each of the three resistant lines, B, C, and D. Three 
proteins were identified as shown above, two proteins could not be 
identified due to poor spectrum, and one protein produced a good 
spectrum, but could not be identified. 

Identification of Underexpressed Proteins from 2-D Gel 
Electrophoresis by MALDI-MS 

Protein Underexpressing Cell Lines 

Elongation factor 2 B, C, D 

Heat shock protein 90 B, C, D 

Table 4.5 MALDI-MS was performed on 2 spots underexpressed in each 
of the three resistant cell lines B, C, and D. Both were identified as 
shown, though both are fragments of the proteins identified. 
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some light on the alterations in gene expression that may be responsible for the observed 

apoptosis resistance in vivo. From a practical standpoint, one or more of these altered 

proteins may be developed as potential biomarkers for early detection of colon cancer 

risk. Selection was carried out for resistance to induction of apoptosis by NaDOC in 

three separate serially passaged cultures of HCT-116. a colonic epithelial cell line. The 

resulting apoptosis resistant cells were then analyzed for change in gene expression. 

The 0.5 mM NaDOC used in the development of these lines is a high physiological level, 

a concentration that may be found in individuals consuming a high fat/low fiber diet. We 

propose that as an individual consumes high amounts of fat in his/her diet, the amounts of 

bile salts released into the small intestine are increased. The bile acids are converted to 

more cytotoxic, secondary counterparts by the gut microflora. The increased 

hydrophobicity may allow the bile acids, including NaDOC, to interact with the 

membranes of epithelial cells resulting in extensive apoptosis. This, over time, might 

allow for selection of a population of apoptosis resistance cells. To produce this same 

phenomenon in the lab, we exposed cells to increasing concentrations of NaDOC, until 

they were resistant to 0.5 mM. Cells were then examined for the changes with respect to 

the parent HCT-116 line as well as the parent line grown in parallel with the development 

of the resistant lines. 

We first examined the cells using TEM. Oxidative stress caused by various 

inducers of free radicals caused megamitochondria in studies performed by Karbowski ei 

al. (1999). Since bile acids induce oxidative stress, we anticipated that we might see 

megamitochondria in cells chronically exposed to bile acids. Careful analysis of the 

TEMs of each of the cell lines indicated that there were no megamitochondria. 
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Megamitochondria may be an early response to oxidative stress, and as these cells had 

been exposed to long term treatments with NaDOC. the megamitochondria may have 

been replaced by more resistant mitochondria of normal size. A critical evaluation of the 

molecular biology of mitochondrial resistance is a future goal of our lab. I did observe 

large activated lysosomes in all three cell lines indicating a possible role of lysosomes in 

removing damaged organelles. 

One protein that protects mitochondria against damage by ROS is bcl-2, which 1 

found to be up-regulated in all three resistant cell lines. The sub-cellular localization 

appeared to have a mitochondrial localization by confocal microscopy; however, 

additional studies need to be performed to prove this. Bcl-2 resides on the outer 

mitochondrial membrane, the endoplasmic reticulum, and in the cytoplasm (Monaghan et 

al.. 1992). Reports from the literature indicate that Bcl-2 is involved in the regulation of 

apoptosis (Figure 4.12): bcl-2 has antioxidant properties allowing it to scavenge free 

radicals (Hockenbery et al.. 1993; Kane et al., 1993); cytochrome c is released from the 

inner mitochondrial membrane and triggers the activation of caspases (Yang et al., 1997; 

Kluck et al., 1997); bcl-2 has been shown to inhibit the release of cytochrome c (Kluck et 

al.. 1997); a sustained increase in the mitochondrial membrane potential is a prelude to 

the opening of the mitochondrial permeability transition pore, the latter considered to be 

an irreversible characteristic of apoptosis (Zamzani et al., 1996). Upregulation of the bcl-

2 gene product inliibits apoptosis in neoplastic cells (Tsujimoto et al., 1985; Bakhshi et 

<7/.. 1985), and when transfected into growth-factor dependent hematopoietic cell lines 

prevents apoptosis after withdrawal of growth factors (Reed et al., 1991; Baffy et al., 

1993). The Epstein-Barr virus can protect human B-cells from apoptosis by up-
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Figure 4.12 Mitochondrial involvement in apoptosis (MPT=mitochondrial permeability 
transition pore) 
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regulation of bcl-2 expression (Henderson et al., 1991; Gregory et al., 1991). Since Bcl-

2 protects cells from oxidative stress induced apoptosis. Hockenbery et al. (1993) 

proposed that bcl-2 regulated an antioxidant pathway at sites of free-radical generation, 

explaining the relationship between bcl-2 and the mitochondrial membrane. 

The overproduction of Rad23 and Pirin may be related to the DNA damage 

incurred by chronic exposure to NaDOC. The UV excision repair protein, Rad23, binds 

to damaged DNA and removes improper nucleotides. Pirin was isolated by a yeast two-

hybrid screen as an interactor of nuclear factor I/CCAAT box transcription factor 

(NFl/CTF 1), which is known to stimulate adenovirus DNA replication and RNA 

polymerase ll-driven transcription (Wendler et al., 1997). Another group found that pirin 

was lowered after inhibition of MEKl. Western blot analysis revealed increased 

expression of pirin in RAS and c-JUN transformed cells in the absence of MEKl 

inhibitors (Bergman et al.. 1999). Our results from the DNA microarray indicate that 

chronic exposure to NaDOC results in DNA damage that results in the up-regulation of 

DNA repair pathways that involve pirin and Rad23. 

The increased expression of glutathione S-transferase may be related to the effects 

of oxidative stress caused by NaDOC, as may be the case for triose phosphate isomerase 

(TPI) as well. Glutathione S-transferase (GST) is involved in maintaining the cellular 

redox state and is involved in detoxification reactions. GST may contribute to the cell's 

ability to deal with chronic stress due to NaDOC exposure. TPI catalyzes the reversible 

interconversion of dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate 

(GAP), transferring a proton from DHAP to GAP. 
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The effects of chronic NaDOC may involve physiologic events associated with 

the endoplasmic reticulum (ER) as well as mitochondria. In opposition to the theory that 

events triggered by the mitochondrion are fully responsible for the execution phase of 

apoptosis is the equally plausible theory that the ER is the primary trigger for cell death 

(Siesjo et al., 1999). The outer membrane of the ER contains receptors for inositol 

trisphosphate (IP3). IP3 is formed during degradation of phosphatidyl inositol 

bisphosphate (PIP2) in response to phospholipase C activation. IP3 receptor activation 

leads to the release of ER Ca^ stores, and once free cj^tosolic Ca^ increases to 

nonphysiologic levels, Ca"*^ dependent enzymes are activated (Figure 4.12). These 

enzymes include phospholipases, proteases, endonucleases, and nitric oxide synthase. It 

is believed that these enzymes may be ultimately responsible for carrying out the 

execution phase of apoptosis (Samali and Orrenius, 1998). Resident in the ER of many 

eukar\'otic cells is Grp78 (glucose-regulated protein, 78 kD), a soluble non-glycosylated 

member of the heat shock family of stress-related proteins (Gething and Sambrook, 

1990). The chaperone protein GRP78 is involved in protein folding and Ca"^ binding, 

and maintains the balance in Ca^ levels between the lumen of the ER and the cytoplasm. 

By confocal microscopy, we found increased expression of this protein in the NaDOC 

resistant cell lines. Another ER protein, SI00 Ca^ binding protein All (calgizarin), also 

contributes to the maintenance of Ca"^ homeostasis, and was found to have increased 

expression in the resistant cell lines. 

There is evidence, too, that NaDOC caused cytoskeletal changes. Cofilin, an 

actin regulatory protein, has been shown to be overexpressed in chemoresistant cell lines 

(Sinha et al., 1999), and when nuclear translocation of cofilin was inhibited in 
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lymphocytes, cells underwent apoptosis (Samstag, 1996). Our finding of increased 

cofilin expression in NaDOC resistant cell lines by MALDI-MS may indicate that cofilin 

is an anti-apoptotic protein. 

An intriguing finding was the overexpression of maspin. Maspin is one of the 

serpin family of protease inhibitors and has been shown to function as a tumor suppressor 

in human breast epithelium (Liu et al.. 1999). In our resistant lines, we found that maspin 

was overexpressed. This may be attributed to a protective function of the protein against 

NaDOC-induced apoptosis not yet described in the literature. On the other hand, since 

maspin is a secreted protein, the observed accumulation in the HCT-116 cells may be a 

result of defective secretion. It is possible that maspin may have other undefined 

fijnctions in cells. The serpins control activated proteinases and several have been 

implicated in the regulation of cell death. The viral serpin protein, CrmA, prevents 

cviokine processing by inhibiting caspase-1, and protects against Fas-, TNF- and TRAIL-

mediated apoptosis by inhibiting an unidentified proteinase specific to these pathways 

(Bird, 1998). Another endogenous serpin, PN-1, prevents the delivery of an apoptotic 

signal by inhibiting an extracellular proteinase from cleaving a cell surface receptor 

(Bird, 1998). Thus, its possible that maspin may be involved in protecting cells against 

apoptosis by inhibiting proteinase activity. 

The adaptor-related protein complex 3 (AP-3) has recently been identified as a 

protein involved in transport, but is not associated with clathrin as are AP-1 and AP-2. 

The AP-3 complex, including the sigma I subunit, is recruited onto membranes of the 

trans-golgi network and a more peripheral compartment. Genetic studies indicate that 

AP-3 plays a role in the sorting of proteins to lysosomes and lysosome-related organelles 
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(Hirst and Robinson, 1998). The increase in AP-3 sigma 1 in our resistant lines may 

simply be a response to the need of chronically damaged cells to clean up debris by 

transport to the lysosomes, and confirms the finding of enlarged lysosomes by 

morphological examination using EM. 

Activating transcription factor-3 (ATF-3) is one member of a large family of 

leucine zipper transcription factors which bind to promoters responsive to cAMP at the 

related cAMP (CRJE) response element. Chu et al. (1994) report that ATF-3 is 

coexpressed with the neuropeptide precursor proenkephalin in human neuroblastoma SK-

N-MC cells. Cotransfection experiments indicate that activation of proenkephalin gene 

expression by ATF-3 is dependent upon both the catalytic subunit of the cAMP-

dependent protein kinase and the CRE-2 element. They suggest that ATF-3 may play an 

important role in the regulation of gene expression by cAMP-dependent intracellular 

signaling pathways (Chu et al., 1994). Previous results fi-om our laboratory indicate that 

NaDOC activates the cAMP response element in CAT reporter assays (Bernstein et al., 

1999b). Therefore, the increase in cAMP-dependent protein kinases is consistent with 

cAMP being involved in NaDOC-induced signal transduction pathways. Our findings of 

increased expression of cAMP-dependent protein kinase in apoptosis resistant cell lines 

link this protein with possible anti-apoptotic signaling pathways. 

The increased expression of lactate dehydrogenase may be a result of 

accumulation of lactic acid as mitochondrial damage may allow the end product of 

glycolysis, pyruvate, to be converted to lactic acid rather than be used in respiration. 

Other less understood proteins were upregulated as identified by DNA 

microarray. D-dopachrome tautomerase (DDCT) has 33% homology with macrophage 
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migration factor, a protein involved in immune response and cell growth and 

differentiation during wound repair and carcinogenesis. DDCT converts 2-carboxy-2,3-

dihydroindole-5,6-quinone to 5,6-dihydroxyindoIe. Its relationship to apoptosis 

resistance is at this time unknown. 

The 35 kD arginine /serine rich splicing factor contains a degenerate RNA 

recognition motif, and the arginine/serine rich motif is necessary for binding activity 

(Rudner et al.. 1998). This 35 kD splicing factor promotes high affinity pyrimidine tract 

RN.A. binding activity, but its relationship to apoptosis resistance is unknown at this time. 

We also saw increased expression of an enzyme responsible for ATP formation in 

aerobic cells. Mitochondrial F° complex transporting ATP synthase may allow 

chronically stressed cells to generate sufficient energy in the form of ATP. The increase 

in energy levels would increase the cells' ability to run energy dependent systems 

necessar}' for cellular survival. The up-regulation of this protein also implicates changes 

in mitochondrial physiology as a possible mechanism of apoptosis resistance. 

Previous work from our laboratory suggests that NF-KB plays an important role in 

protecting cells from multiple stress inducers, including NaDOC (Payne et al., 1998; 

previously discussed in Chapter 3). We assessed the resistant lines using 

immunohistochemistry and confocal microscopy for changes in protein levels of 

activated NF-KB, as well as changes in levels of the individual subunits. All three 

resistant cell lines had increased protein levels of activated NF-KB. This may be a 

response to the chronic stress endured by these cell lines. The increase in activated NF-

KB may be due to several possibilities, including an increase in the protein levels of the 

p65 and p50 subunits. Using antibodies to the individual subunits in conjunction with 
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confocal microscopy, we evaluated the resistant cell lines for changes in protein levels. 

Both resistant lines C and D, but not B, showed increased protein levels of the p65 and 

p50 subunits in comparison to the sensitive line A, possibly explaining the increased 

expression of activated NF-icB in those two cell lines. The increased levels of activated 

NF-kB in resistant line B may be due to other factors that we have not yet assessed. It 

may be that this line has downregulated the inhibitory protein levels, or, conversely, has 

increased kinase activity responsible for phosphorylating the inhibitory proteins resulting 

in the activation of NF-KB. Future studies of the resistant cell line B will resolve this 

issue. Activation of NF-kB could be responsible for the increase in the protective 

proteins (inducible nitric oxide synthase, not shown) and bcl-2. This association also 

needs to be further evaluated. 

As a final analysis of the data obtained from the DNA microarrays, the 2-D 

gels/MALDI-MS, and confocal microscopy, I have categorized the proteins (and 

mRNAs) according to their involvement in particular cellular processes (Table 4.6). It is 

of interest that the largest category in each group is signal transduction. This indicates 

that signal transduction pathways provide multiple points for regulatory changes in a cell 

and are targeted when a cell undergoes chronic stress. 

These resistant cell lines have provided potential mechanisms by which apoptosis 

resistance may develop in the colon epithelia. Several methods have been utilized to 

identify important players in apoptosis resistance and early stage carcinogenesis, both 

novel and previously characterized proteins. It is our hope that in the near future, the 

novel proteins will have been better characterized, and their role in apoptosis resistance 

and carcinogenesis defined. 



Table 4.6a Classification of Underexpressed Genes 
Identified by Microarray, Confocai Microscopy, 

Or 2-D Gel Electrophoresis/MALDI-MS 

Signal Transduction 
SHB adaptor protein® 
Ras family member B® 
Dual specificity phosphatase 5^ 
Signal sequence receptor delta^ 
Mannose binding lectin 2® 

Metabolism 
Hydroxyacyl CoA 

dehydrogenase® 

Gene Expression 
Splicing factor 4 
(arginine/serine 

rich)® 
Elongation factor 

Chaperone 
HSPQO" 

Miscellaneous 
CD59® 

Table 4.6b Classification of Overexpressed Genes 
Identified by Microarray, Confocai Microscopy, 

Or 2-D Gel Electrophoresis/MALDI-MS 

Redox Control 
Microsomal GST® 
NOS-2' 
Bcl-2' 

Mitochondrial 
Mit. F° complex 

ATP synthase® 

Cvtoskeletal 
Cofilin'' 

Signal Transduction 
cAMP dep. protein kinase® 
Pirin® 
EGF response factor 1® 
S100 Ca"""^ binding protein® 
Activated NF-kB"^ 

Metabolism 
Lactate dehydrogenase® 

DNA Binding/Repair 
RAD23 homolog B® 
Pirin® 

Ceil Trafficing 
Adaptor related 

protein complex 3® 

Miscellaneous 
D-dopachrome tautomerase® 

Chaperone 
GRP78' 

Gene Expression 
Splicing factor 7 
(arginine/serine 

rich)® 
NF-JcB (p50/p65)'^ 

Triose phosphate isomerase Maspin 

® denotes gene identified by DNA microarray,'' denotes protein identified by 2-D gel 

electrophoresis/MALDI-MS, denotes protein identified by confocai microscopy. 
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CHAPTER 5 

Summar>' 

DNA damage is a major stress induced by NaDOC, and as PARP is an important 

DNA repair enzyme, I found that PARP was protective against NaDOC-induced 

apoptosis. By providing additional substrate for PARP in the form of nicotinic acid and 

nicotinamide, I was able to provide protection against NaDOC-induced apoptosis. This 

data provides the rationale for a unique clinical trial to evaluate the role of niacin 

(vitamin B3) in reducing DNA damage, mutations, and polyp recurrence in high risk 

patients. 

NF-KB is a redox-sensitive transcription factor known to protect many types of 

cells against apoptosis induced by different agents. Since NaDOC activates NF-KB, it is 

probable that NF-KB is also protective to colonic epithelial cells. Since NF-tcB consists 

of different subunits, I tested the effect of inhibiting the two major subunits on NaDOC-

induced apoptosis. I found that the p65 subunit is protective, while the p50 subunit is 

not. This work suggests that aberrant expression of the p50 and p65 subunits of NF-KB 

will likely be identified in the apoptosis-resistant flat mucosa in patients with colon 

cancer. NF-KB expression may then serve as a hypothesis driven biomarker to identify 

patients at high risk for colon cancer on an individual basis. 

The development of colonic epithelial cell lines resistant to NaDOC-induced 

apoptosis allowed us to study the alterations in gene expression that accompany the 

development of apoptosis resistance. The upregulation or downregulation of key proteins 

was determined using several methods at the mRNA level (DNA microarray) as well as 

the protein level (2-D gel electrophoresis, MALDI-MS, and confocal microscopy). 
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Proteins identified by these molecular screening techniques may prove to protect against 

apoptosis and may also be eventually developed as hypothesis-driven biomarkers of 

colon cancer risk. Two key proteins identified at the mRNA and protein level are 

microsomal GST and maspin. respectively. It is of great interest that GST is a major 

protein responsible for drug resistance and increased survival. Although maspin is a 

member of the serpin (serine protease inhibitor) superfamily and considered to be a tumor 

suppressor, its up-regulation after bile salt treatment in association with extensive 

apoptosis resistance suggests that I may have identified a novel anti-apoptosis protein. 
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