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ABSTRACT 

Mutation/deletion of the adenomatous polyposis coli (APC) tumor suppressor 

gene in germline cells of rodents and humans is associated with increased intestinal 

activity of ornithine decarboxylase (ODC), the first enzyme in polyamine synthesis, and 

intestinal neoplasia. To study the role of APC in signaling ODC expression, the human 

colon tumor cell line HT29 (wtAPC"") was stably transfected with a zinc-inducible wild-

type APC gene. Addition of ZnCl: to HT29-APC cells increased wild-type APC protein 

and Madl RNA and protein, and decreased levels of c-myc and ODC RNA and protein, 

relative to these parameters in HT29 cells transfected with the same plasmid containing 

the P-galactosidase {J3Gal) gene in place APC. 

Upon induction of APC expression, ODC promoter activity and RNA levels were 

suppressed. ODC contains three E-box sequences: one in the 5' flanking region and two 

closely spaced E-boxes in the first intron. To examine the role of APC-dependent 

regulation of ODC, the two sets of E-boxes were analyzed. When the E-box domain in 

the 5" flanking region of the ODC gene was mutated, ODC promoter activity was 

unaffected by wild-type APC expression. Antisense, but not missense, c-myc 

oligonucleotides decreased ODC activity in HT29 cells expressing mutant APC. These 

results indicate that APC expression can inhibit ODC via the 5' E-box. 

A single nucleotide polymorphism (SNP) exists between the two E-boxes in the 

first intron of the human ODC gene and this A/G polymorphism appears to have 

fiinctional significance. Recent studies indicate that individuals homozygous for the A 

allele have a 50% lower risk for adenoma recurrence. Using the cell model previously 
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described, APC selectively represses the ODC A allele, apparently through selective 

binding of Madl. These results demonstrate that wild-type APC suppresses c-myc and 

activates Madl expression in HT29 colon-derived cells. These proteins, in turn, regulate 

the transcription of target genes, including ODC. Treatment of Min mice with the ODC 

inhibitor, difluoromethylomithine (DFMO), suppresses intestinal polyamine contents and 

intestinal tumorigenesis. The data presented in this dissertation indicate that ODC is a 

modifier of APC-dependent signaling in intestinal cells and tissues. 

Apoptosis is significantly reduced in both the small intestines and colons of Min 

(multiple intestinal neoplasia) mice when compared to normal littermates. These mice 

have a nonsense mutation in codon 850 of the murine APC homolog and develop 

intestinal tumors. Apoptotic indices can be restored by treating the mice with a-

difluoromethylomithine (DFMO). DFMO is a specific, irreversible inhibitor of ornithine 

decarboxylase (ODC), the first enzyme in polyamine biosynthesis. 

This link between APC and apoptosis was further studied using the HT29 colon 

cancer cell lines stably transfected with a zinc-inducible wild-type APC gene. From 

microarray and GEArray analyses, a number of genes were identified as potential targets 

of APC. Many of these are transcription factors and many others are involved in either 

cell cycle regulation or apoptosis. A marked increase in apoptosis was observed upon 

wild-type APC expression. The two main apoptotic pathways, the death receptor and the 

mitochondrial pathways, were evaluated as potential mechanisms for this induction. 

When APC was expressed, there was mitochondrial release of both cytochrome c 

and apoptosis inducing factor (AIF). Cytochrome c was relased into the cytosol and AIF 
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was translocated into the nucleus. When cells were treated with a soluble TNFa 

receptor, apoptosis was not suppressed. 

These results indicate that APC induces apoptosis via the mitochondrial pathway 

rather than through the death receptor pathway. APC also affects a variety of other 

proteins involved in the regulation of apoptosis including transcription factors (i.e., ets2, 

FKHR, JunB, etc.) and bcl-2 (i.e., Bcl-xL) family members. The multiple levels at which 

APC functions suggest a variety of possible targets for the prevention and treatment of 

colon cancer. 
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CHAPTER 1: 

INTRODUCTION 

Genetic Risk Factors in Colon Cancer 

Colon cancer is currently the third most prevalent cancer among men and women 

in the United States. In 2001, 135,000 new cases and 57,000 deaths were attributed to 

cancers of the colon and rectum. The lifetime risk of developing this disease is currently 

6 percent (Greenlee, Hill-Harmon et al. 2001). In the United States, the average age of 

onset of colon cancer is 67 and the incidence is distributed equally among men and 

women (Cohen A.M. 1989). In the last decade, there have been encouraging declines in 

the death rate from colorectal cancer. This decline is likely due to (1) recent advances in 

prevention, screening, and therapy and (2) dietary changes. 

Most colon cancers could be prevented by early detection and removal of colon 

adenomas. Therefore, recommendations have been made for screening beginning at the 

age of 50 for the average risk population and earlier for those individuals at increased risk 

due to family history or predisposing factors (Smith, von Eschenbach et al. 2001; Schoen 

2002). The most common methods of screening include testing for the presence of 

occult blood in the stool (15-30% sensitivity), endoscopic visualization of the lower 

region of the colon by sigmoidoscopy (60% sensitivity), or full endoscopic visualization 

of the colon by colonoscopy (90% sensitivity) (Smith, von Eschenbach et al. 2001; 

Schoen 2002). Unfortunately, the high cost and considerable time requirement involved 

has severely impeded the widespread adoption of mass screening. Encouragingly, recent 
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advances have been made allowing for the detection of colon cancer-specific DNA 

mutations from the feces of patients (Ahlquist and Shuber 2002; Traverse, Shuber et al. 

2002). This leads to considerable hope for the development of molecularly based 

screening. 

A colon tumor is usually first observed as a polyp. Polyps are masses of cells that 

protrude from the bowel wall. Two types of polyps may occur; nondysplastic or 

dysplastic. Nondysplastic polyps consist of a large number of cells that have normal 

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

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

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

1998). 

Colon cancer is a multistep process involving the mutation of both oncogenes and 

tumor suppressor genes. Based on extensive analysis of these mutations, it is widely 

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

of a normal cell. It is now known that not only mutations, but also other events that 

modify the expression of a gene (e.g., DNA methylation), can contribute to 

tumorigenesis. Fearon and Vogelstein have proposed a genetic model of colon 

carcinogensis (Fearon and Vogelstein 1990). They suggest that a mutation in the 

adenomatous polyposis coli (APC) tumor suppressor gene transforms normal epithelial 

tissue to hyperproliferating tissue. This mutation is widely believed to be the initiating 

event in colon carcinogensis. 
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Next, progression to a benign adenoma occurs due to various genetic and 

epigenetic changes such as hypomethylation of DNA and activation of the K-ras proto-

oncogene. Loss of the p53 tumor suppressor gene and other chromosomal losses lead to 

the progression to malignant carcinoma and metastasis (Vogelstein, Fearon et al. 1989). 

Treatment usually consists of radiation and/or chemotherapeutic therapy. However, 

beneficial response to this treatment is only seen in early stage cancers. 

Hereditary nonpolyposis colon cancer (HNPCC) accounts for approximately 5 

percent of all colon cancers. These cancers are due to germline mutations in components 

of the Mismatch Repair (MMR) system (Kinzler and Vogelstein 1996; Kolodner 1996). 

Individuals with these autosomal dominant mutations have an 80 percent lifetime risk for 

developing HNPCC and an increased risk for endometrial and gastric cancers. Over 90 

percent of HNPCC cases are the result of mutations in hMSH2 and hMLHl (Yan, 

Papadopoulos et al. 2000). Germline mutations in hMSH6 have been associated with the 

development of colon cancer at later age of onset (Kolodner, Tytell et al. 1999). The 

significance of these MMR genes lies in their ftuiction to repair DNA mismatches that 

occurred during replication. If these genes are mutated, DNA can no longer be repaired 

and the cell continues to divide with these errors. Cells of this type are often termed 

RER", or replication error repair positive. 

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

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

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

individuals inherit a germline mutation in APC and develop hundreds to thousands of 
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adenomatous polyps during their twenties and thirties (Vogelstein and Kinzler 1998). 

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

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

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

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

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

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

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

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

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

1998; van Es, Giles et al. 2001). 

Only 3 to 5 percent of all colorectal cancers are due to well-characterized 

inherited predispositions, such as HNPCC and FAP. However, studies have suggested 

that relatives of patients with sporadic colon cancers also have an increased risk for colon 

cancer, which suggests a dominant inheritance of susceptibility to adenomatous polyps 

and their associated cancers (Cannon-Albright, Skolnick et al. 1988). The importance of 

APC is emphasized by the fact that it is mutated in the majority of sporadic colon cancer 

cases, as well as in FAP. Over 95 percent of these mutations result in a tnmcated APC 

protein. This can be due to splice site mutations (7%), nonsense mutations (40%), or 

insertions (12%) or deletions (41%) that lead to frameshifts (Vogelstein and Kinzler 

1998). It also appears that mutation of APC is one of the earliest events in tumorigenesis 

based on two observations: the frequency of APC mutation is approximately the same in 
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small benign tumors as in cancers and mutations of APC have been found in the earliest 

sporadic lesions (Miyoshi, Nagase et al. 1992; Powell, Zilz et al. 1992; Smith, Stem et al. 

1994). 

Adenomatous Polyposis Coli (APC) 

Defects in APC may account for up to 95% of colon cancers and are responsible 

for both inherited and sporadic forms (Cadigan and Nusse 1997). This is most likely due 

to the selective growth advantage a cell incurs upon mutation of this tumor suppressor 

gene. The APC gene is localized on chromosome band region 5q21-22. It consists of 

8535 base pairs, spans 21 exons, and encodes a 2843-amino acid protein (Horii, 

Nakatsuru et al. 1993; Thliveris, Albertsen et al. 1996). Exon 15 contains more than 75 

percent of the coding sequence and is the most common target for both germline and 

sporadic mutations (Beroud and Soussi 1996). The most common germline mutations 

occur at codons 1061 and 1309, accounting for a third of all germline mutations 

(Miyoshi, Ando et al. 1992; Beroud and Soussi 1996). Greater than 60 percent of all 

somatic mutations occur within less than 10 percent of the APC coding sequence, 

between codons 1286 and 1513 (Miyoshi, Nagase et al. 1992). Within this region, the 

two mutation 'hotspots' are at codons 1309 and 1450 (Beroud and Soussi 1996). These 

mutations almost always truncate the protein so that most of the amino acid repeat 

sequences that interact with P-catenin are deleted (Miyoshi, Nagase et al. 1992; Su, 

Vogelstein et al. 1993; Rubinfeld, Albert et al. 1996; Rubinfeld, Albert et al. 1997). 

Similarly, these truncations virtually always lack the binding sites for axin, which 
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prevents APC and P-catenin from docking on axin (Hart, de los Santos et al. 1998; Bienz 

1999). Therefore, these mutant APC proteins would be unable to associate with either p-

catenin or axin (or both) to promote the degradation of P-catenin (discussed in detail 

below). 

In colorectal tumors, mutations have been found which either truncate the APC 

protein or stabilize P-catenin (Ilyas, Tomlinson et al. 1997; Meyskens and Gemer 1999; 

Polakis 1999; Barker, Morin et al. 2000). This leads to increases in the activity of P-

catenin/Tcf-4 transcription complexes, which may play a key role in the promotion of 

carcinogenesis. Tumor cell lines that produce a truncated form of APC have high levels 

of P-catenin in the cytosol since it is more stable in these cells (Verma 1990). 

From what has been discovered thus far, it appears that P-catenin has two 

functions: when associated with the plasma membrane and bound to E-cadherin and a-

catenin, it mediates cell adhesion. When it is free in the cytoplasm, it plays a role in the 

Wm signaling pathway. When there is no Wnt signal, p-catenin is recruited to a 

quaternary complex with APC, axin, and GSK3p. It appears that axin is the platform on 

which the individual components are assembled (Kishida, Yamamoto et al. 1998). It has 

been proposed that the function of APC may be to deliver P-catenin to axin by docking 

via axin-binding sites. Therefore, if APC was truncated so that it lacked either binding 

sites for P-catenin or for axin, it would not be able to deliver P-catenin to form this 

complex (Hart, de los Santos et al. 1998; Bienz 1999). Once the complex has been 

formed, the serine/threonine kinase GSK3P phosphorylates both APC and P-catenin. It 
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appears that phosphorylation of APC increases its affinity for P-catenin. Upon 

phosphorylation. P-catenin is recognized by the ubiquitin-ligase complex, ubiquinated. 

and delivered to the 26S proteasome for degradation. 

When there is a Wnt signal, the product of the Dishevelled gene (Dsh) is recruited 

to the plasma membrane and inhibits the kinase activity of GSK3p. This inhibition 

stabilizes P-catenin since it cannot be phosphorylated and it translocates to the nucleus 

where it binds to Tcf-4 (Figure 1). This complex is then able to activate the transcription 

of specific target genes. Therefore, mutant forms of APC are unable to promote the 

degradation of P-catenin and cannot block the expression of the target gene. While there 

is strong evidence for the P-catenin/Tcf-4 pathway, it is not known whether there are 

other downstream pathways mediating the effects of APC on gene expression. 

APC also plays a role in cell migration and adhesion. Studies investigating 

polyps in .APC^'^'* mice found that there was misdirected growth of epithelial cells along 

the cr\pt-villus axis (Oshima, Oshima et al. 1995; Oshima, Oshima et al. 1997). Cell 

migration is also affected in human adenomatous polyps. The cells migrate towards the 

base of the crvpt rather than upwards (Moss, Liu et al. 1996). In Min mice, preneoplastic 

enterocvie migration in the crvpts is reduced by approximately 25 percent (Mahmoud. 

Boolbol et al. 1997). These observations, and others, indicate that mutations in APC 

affect cell migration. 

Various studies have also indicated that APC binds to the plus-ends of 

microtubules. The APC protein contains a region of 200-amino acids in the C-terminus 

which binds microtubules and is capable of inducing microtubule bundling in vitro 
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Figure 1. APC Pathway. APC regulates target proteins through interactions with 
various proteins. A. Normal cell with wild-type APC. APC regulates P-catenin 
levels by targeting it for degradation by the 26S proteasome. B. Cell with mutated 
APC. P-catenin accumulates resulting in TcM transcriptional activation. 
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(Deka, Kuhlmann et al. 1998). Endogenous APC protein localizes to the ends of 

microtubules and to areas of cells that are actively migrating CNathke, Adams et al. 

1996). Recently, it has been confirmed that APC plays a role in microtubule stabilization 

(Zumbrunn, Kinoshita et al. 2001). Analysis of the APC protein also revealed that it 

contains a binding site for another microtubule-associating protein, EB1 (Su, Burrell et 

al. 1995). The importance of this interaction is not fully understood but may simply 

provide another means by which APC can associate with microtubules. There are also 

many theories on how APC-microtubule association may play a role in cell migration. 

A role for APC in mitosis has been suggested since APC also localizes to the 

external face of kinetochores (Timauer and Bierer 2000; Kaplan, Burds et al. 2001). This 

is where the microtubules attach to chromosomes and it may suggest that APC plays a 

role in microtubule attachment and stabilization at kinetochores. Cells that express 

mutant APC are prone to errors in chromosome segregation and develop aneuploidy 

(Timauer and Bierer 2000; Kaplan, Burds et al. 2001). This may explain the link 

between APC and genetic instability (Fodde, Kuipers et al. 2001). 

APC may also influence cell cycle progression. When overexpressed in 

fibroblasts, APC impedes cell cycle progression from the GO/Gl to S phase (Baeg, 

Matsumine et al. 1995; Morin, Vogelstein et al. 1996). The mechanism by which this 

occurs is not known but APC has been identified as a substrate for p34'^'^'" (Trzepacz, 

Lowy etal. 1997). 

Nuclear localization has also been observed for APC (Neufeld and White 1997). 

Nuclear export of APC is mediated by two intrinsic, leucine-rich, nucleju* export signals 



22 

(NESs) located near the amino terminus (Neufeld, Nix et al. 2000). Both of these NESs 

are necessary for the nuclear export function of APC. It has been suggested that APC 

functions as a 'taxi' for P-catenin (Henderson 2000; Rosin-Arbesfeld, Townsley et al. 

2000). In this scenario, APC would bind P-catenin in either the cytoplasm or the nucleus 

and shuttle it to axin for degradation. 

APC-Dependent Genes 

There are several known modifiers of APC-dependent intestinal tumorigenesis. 

One of these is cyclooxygenase-2 (COX-2), a key enzyme that catalyzes the conversion 

of arachidonic acid to prostaglandin H:, the precursor for prostaglandins. COX-2 is 

inducible and its expression is regulated by many growth factors, cytokines, and 

inflammatory agents, as well as ultraviolet irradiation (Smith, Garavito et al. 1996; Chen, 

Tang et al. 2001; Tang, Gonzales et al. 2001). Evidence for an involvement between 

APC and COX-2 arose from studies showing increased COX-2 expression in the 

intestinal tract of APC mutant mice (Oshima, Oshima et al. 1995; Oshima, Dinchuk et al. 

1996). In mouse FAP models, both inactivation of the COX-2 gene and administration of 

selective COX-2 inhibitors reduced the size and number of intestinal polyps. Further 

smdies have indicated that the introduction of wild-type APC in human colon cancer cells 

inhibits COX-2 expression through a translational mechanism (Hsi, Angerman-Stewart et 

al. 1999). 

PPAR5 belongs to the nuclear receptor superfamily and is another target of 

APC. These receptors function as ligand-dependent sequence-specific activators of 
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transcription (Mangelsdorf, Thummel et al. 1995; Lemberger, Desvergne et al. 1996). 

APC was found to inhibit expression of PPAR5 at the transcriptional level through two 

putative Tcf-4-binding sites (Hsi, Angerman-Stewart et al. 1999). Non-steroidal anti

inflammatory drugs (NSAIDs) also suppress PPAR5 and fimction to suppress intestinal 

tumorigenesis (Smalley and DuBois 1997; Thxm 1997). This assocoiation provides a link 

between NSAID-mediated chemoprevention and the genetic alterations identified in 

colorectal tumors. 

APC expression is also known to regulate several other genes through P-catenin. 

These include cyclin Dl(cell cycle regulation), matrilysin (invasion/tissue remodeling), 

c-jun and fra-1 (AP-1 transcription factor family members), and c-myc (E-box 

transcription factor) (He, Sparks et al. 1998; Brabletz, Jung et al. 1999; Mann, Gelos et 

al. 1999; Tetsu and McCormick 1999). All of these genes may play important roles in 

colon tumorigenesis, implicating APC in the regulation of many different cellular 

fiinctions. 

E-box Transcription Factors 

c-myc is a zinc-finger protein and belongs to a family of transcription factors 

commonly referred to as E-box proteins. The consensus E-box sequence is CACGTG. c-

myc is a transcriptional activator and functions as a heterodimer with another E-box 

protein. Max. 

c-myc RNA and protein is overexpressed in early and late stages of colorectal 

tumorigenesis (Imaseki, Hayashi et al. 1989; He, Sparks et al. 1998). The c-myc 
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oncogene has been identified as a target for P-catenin/Tcf-4 transcription activation 

complexes. Specifically, studies show that the expression of c-myc was repressed by 

wild-type APC and activated by overexpression of p-catenin at both the RNA and protein 

levels (He, Sparks et al. 1998). 

Using reporter constructs containing the c-myc promoter and the luciferase gene, 

it was found that the induction of APC significantly suppressed promoter activity in 

human colorectal cells (He, Sparks et al. 1998). Nested deletions of the promoters then 

revealed two sites that were responsive to APC. By overexpressing P-catenin in the 

human kidney cell line 293 and transiently transfecting c-myc reporter constructs into the 

cells, it was confirmed that the regions responsive to P-catenin were the same ones that 

were repressible by APC (He, Sparks et al. 1998). 

Analysis of the c-myc promoter revealed two potential Tcf-4 binding sites. 

Mobility shift assays demonstrated that Tcf-4 binds to both of these potential binding 

sites. Expression of dominant-negative Tcf-4 in HCTl 16 (mutant P-catenin) or SW480 

(mutant APC) reduced endogenous levels of c-myc. Therefore, it appears that an 

increase in p-catenin/Tcf-4 activity leads to increased expression of c-myc. Since it has 

been widely reported that overexpression of c-myc can induce tumorigenesis, this 

provides an important link between APC mutation and increases in proliferation. 

Madl also forms heterocomplexes with the c-myc binding partner. Max. Madl 

can compete with c-myc for binding to Max, thereby decreasing the levels of c-myc:Max 

complexes. An increased ratio of Madl;Max to c-myc:Max heterocomplexes leads to 

greater binding at E-box domains by Madl:Max complexes. An inverse correlation has 
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been observed for the expression of c-myc and Madl proteins. Expression of c-myc is 

downregulated during differentiation while Madl expression is upregulated and the 

reciprocal effect is seen during periods of cell growth (Marcu, Bossone et al. 1992; Ayer 

and Eisenman 1993; Larsson, Pettersson et al. 1994; Hurlin, Foley et al. 1995; Cultraro, 

Bino et al. 1997; Grandori, Cowley et al. 2000). This dissertation will show, for the first 

time, that Madl is also regulated by APC. Specifically, expression of this repressor is 

induced by APC expression. The mechanism by which this occurs is unknown but does 

not appear to be via the P-cateninyTcf-4 pathway. 

Using Madl-inducible cell lines, it has been shown that Madl expression inhibits 

S-phase entry, cellular proliferation, and colony formation (Bejarano, Albihn et al. 2000). 

Additionally, it has been shown that gastric cancers with decreased Madl expression 

have high proliferative index (S and G2/M phase), are associated with poor patient 

survival, and this reduced expression appears to be associated with human gastric 

carcinogenesis (Han, Park et al. 1999). 

c-Myc Target Genes 

c-Myc appears to influence cell growth and proliferation via the activation of 

genes involved in DNA synthesis, RNA metabolism, and cell-cycle progression. Some 

of the genes which appear to be direct targets of c-myc are cyclin Dl, eIF-4E, cdc25A, 

carbamoyl-phosphatesynthase (CAD), GADD45, p53, and ornithine decarboxylase 

(ODC) (Grandori and Eisenman 1997). 
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Ornithine Decarboxylase (ODC) 

ODC is the first and rate-limiting enzyme in the biosynthesis of polyamines. It 

catalyzes the decarboxylation of ornithine resulting in the production of putrescine 

(Figure 2). ODC is a 52 kDa low abundance cellular protein and has a very short half-life 

of only 10-20 minutes. ODC mRNA has unusually long 5' and 3' UTRs in both the 

mouse and human genome, which play roles in its translational regulation. 

ODC exhibits a response to hormones, growth factors and other stimuli, which 

may explain the increase in ODC protein levels when new medium is added to cell 

culture. The half-life of ODC increases up to 20-fold in cultured cells within 2 hours 

after media change (Hogan and Murden 1974). 

Since various studies have indicated that increased levels of P-catenin lead to an 

increase in both c-myc and ODC, researchers decided to look for a consensus binding 

sequence (E-box) for the c-Myc-Max complex upstream of the ODC promoter. A 

CACGTG element was indeed found in the ODC promoter region at -493 base pairs 5' to 

the start of transcription. This suggests that the c-Myc Max complex may play a role in 

the regulation of ODC. Experiments have shown that c-Myc and Max can specifically 

bind to this region of the ODC promoter and overexpression of c-Myc and/or Max leads 

to an increase in ODC expression (Pena, Reddy et al. 1993). This group also found that 

when the CACGTG element was mutated to CATATG, activation of the ODC promoter 

was reduced by almost 90%. 
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Figure 2. Polyamine pathway. Ornithine decarboxylase (ODC) catalyzes the 
formation of putrescine from ornithine. Putrescine is then converted to the other two 
polyamines. spermidine and spermine. Spermidine/spermine A^-Acetyltransferase 
(SSAT) and polyamine oxidase (PAO) catabolize spermidine and spermine back into 
putrescine. 
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Two other E-box domains were found in the first intron of the ODC gene at +286 

and +320. In humans, an A/G polymorphism (+317) exists between these closely spaced 

E-boxes and defines the two ODC alleles, ODC!A and ODCIQ. These two consensus E-

box sequences are highly conserved, however the flanking sequences are not (Guo. Harris 

et al. 2000). These flanking sequences are known to influence the ability of c-myc;Max 

dimers to bind to the E-box (Solomon, Amati et al. 1993; Walhout, Gubbels et al. 1997). 

To further implicate the importance of the ODC SNP, recent work shows that individuals 

homozygous for the A allele have a lower risk for adenoma recurrence (Martinez, et al, in 

review PNAS). These observations suggest that a possible pathway between APC and 

ODC could involve transcriptional regulation by c-myc and/or Mad 1. 

As shown in Figure 2, ODC can be inhibited by DFMO. When cells are treated 

with DFMO, growth is inhibited. Within the first eight hours of treatment, both ODC and 

polyamine levels decrease. The negative effect on growth can be reversed by the 

addition of exogenous polyamines. 

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

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

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

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

by polyamines (Glass and Gemer 1986; Holtta and Pohjanpelto 1986). Furthermore, the 

increased decay of ODC is inhibited by cyclohexamide but not by actinomycin D. 

Therefore, the effect requires de novo protein synthesis but not RNA synthesis (Mitchell, 

Mahanetal. 1985). 



29 

In the Min mouse, steady state levels of ODC RNA increased 6-8 fold in both the 

small intestine and colon compared to normal littermates. RNA levels of antizyme (AZ), 

a protein that negatively regulates ODC, were observed to decrease significantly in the 

small intestine but not the colon. Consistent with these observations, polyamine contents 

were elevated in the small intestines of Min mice but not in the colons. When ODC was 

inhibited with DFMO, there was a decrease in small intestinal, but not colonic, polyamine 

content and tumor number (Erdman, Ignatenko et al. 1999). 

Polyamines 

Environmental factors have been identified which seem to predispose individuals 

to colon cancer. Historically, the incidence of colon cancer in Japan has been low. 

However, as the Japanese moved to the United States there has been a marked increase in 

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

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

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

cancer (Armstrong and Doll 1975; Willett, Stampfer et al. 1990). 

Red meat, oily foods, and dairy products tend to have high levels of polyamines 

and the inhibition of polyamine synthesis appears to impede carcinogenesis. Polyamines 

are ubiquitous, polycationic amines that can bind to negatively charged molecules such as 

nucleic acids, acidic proteins, and membranes (Williams-Ashman and Canellakis 1979). 

Polyamines are essential for cell growth and proliferation and the levels of both 
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polyamines and ODC have been found to increase during the early phase of cell growth 

and development. 

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

tumor growth (Sarhan, Knodgen et al. 1989; Leveque, Burtin et al. 1998). Since ODC is 

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

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

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

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

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

normal cells and tissues (Verma 1990; Meyskens and Gemer 1999). Examples of these 

observations have been shown in Min mice, which are heterozygous for the APC allele. 

These mice demonstrate increased levels of polyamines and tumorigenesis. When a-

difluoromethylomithine (DFMO) is used to inhibit ODC, both polyamine content and 

mmorigenesis are suppressed. Therefore, it appears that mutations in the APC tumor 

suppressor gene alter polyamine metabolism. 

Regulation of Cellular Polyamine Levels 

Intracellular polyamine pools are tightly regulated through mechanisms including 

biosynthesis, catabolism, uptake, and efflux. Polyamine biosynthesis begins with the 

conversion of arginine and methionine into ornithine and S-adenosylmethionine 

(AdoMet), respectively. ODC then catalyzes the production of putrescine, a four carbon 

diamine, from ornithine. Subsequently, putrescine activates AdoMet decarboxylase 
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(AdoMetDC), which leads to the decarboxylation of AdoMet. Decarboxylated AdoMet 

is then used by both spermidine synthase and spermine synthase to convert putrescine 

into spermidine and spermine, respectively (Pegg 1988). 

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

spermidine/spermine iV'-Acetyltransferase (SSAT). SSAT acetylates spermidine and 

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

these polyamines to spermidine and putrescine, respectively (see Figure 2). SSAT 

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

levels. SSAT activity can also be induced by such stimuli as hormones, drugs, and toxic 

agents. Regulation of SSAT occurs at the levels of transcription, mRNA stabilization, 

translation, and protein degradation (Parry, Balana Fouce et al. 1995; Suppola, Pietila et 

al. 1999; Marverti, Bettuzzi et al. 2001). Studies have shown that overexpression of 

SSAT leads to an accumulation of cells in the Gi-M phases of the cell cycle (Scorcioni, 

Corti et al. 2001). 

Polyamine uptake can compensate for low levels of intracellular polyamine pools. 

Polyamines can be transported into the cell via dietary sources or from surrounding 

tissues (Sarhan, Knodgen et al. 1989). Therefore, the transport (uptake and efflux) of 

polyamines may be an additional target for the suppression of tumor growth. 

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

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

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

causes a frameshift, which allows antizyme to be translated (Matsufliji, Matsufiiji et al. 
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1996). The active form of ODC is a homodimer of 104 icDa. When antizyme is present, 

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

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

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

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

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

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

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

disappears (Murakami, Fujita et al. 1985). 

This negative regulation functions through a post-translational mechanism, which 

may be downstream in the APC pathway. The reasoning for this proposed connection 

comes from the previously discussed observations in the Min mouse. It is interesting that 

the downregulation of AZ in the Min mouse is tissue-specific for the small intestine. This 

could involve certain transactivator proteins, such as c/EBP, since these are expressed in 

the small intestines, but not the colon. Chop 10, or GADD153, is a member of the c/EBP 

family and has been found to be suppressed by c-myc in some cell types (Amundson, 

Zhan et al. 1998). Therefore, if APC expression leads to a decrease in c-myc protein 

levels, we may also expect to observe an increase in Chop 10 and thus an increase in AZ 

levels. Similarly, a defect in the APC pathway could lead to downregulation of Chop 10 

and AZ. This could explain the small-intestine specific decrease in AZ RNA in the Min 

mouse. 



33 

Colon Cancer Phenotypes 

Proliferation 

Deregulation of cellular turnover is a hallmark of tumorigenesis. Cell turnover is 

normally modulated through a delicate balance of proliferation and apoptosis. When 

mechanisms that normally regulate cell growth are defective, there is an imbalance 

between cell growth and cell death. This imbalance allows tumors to grow. The cell 

cycle is often a target of this deregulation and there is evidence implicating defects in the 

cyclins, cyclin dependent kinases (CDKs), and CDK inhibitors in the development of 

cancer. These defects may arise through direct genetic alterations or indirectly via other 

oncogenic events. Another hallmark of malignant cells is genetic instability. This 

characteristic is defined by a cell's ability to bypass the restriction point (R point) that is 

normally imposed by DNA damage (Pardee 1974). Without this restriction, cells with 

damaged DNA are allowed to enter S phase. This allows the cells to accumulate genetic 

changes, giving them a selective growth advantage. 

The effects of transforming growth factor P (TGF-P) on cell cycle regulators are 

well understood. TGF-P is a potent growth inhibitor and loss of sensitivity to this 

cytokine is seen in many types of human cancer (Fynan and Reiss 1993). TGF-P 

functions by modulating a variety of cell cycle regulators including various cyclins, 

CDKs, and CDK inhibitors. Tnere are two receptors which bind these growth factors, 

TGF-P type I and type II. Therefore, mutations of the receptors can also lead to 

carcinogenesis. The binding of TGF-P to its receptors results in the signaling of other 
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tumor suppressors, the SMADs (Moustakas, Souchelnytskyi et al. 2001). The SMADs 

are a class of proteins which function in TGF-P-mediated transcription. 

Apoptosis 

While cancer is clearly associated with an increase in cell number, alterations in 

mechanisms regulating new cell birth, or cell proliferation, are only one facet of the 

mechanisms of cancer. Decreased rates of cell death, or apoptosis, are now established to 

contribute to certain types of cancer. Apoptosis is a cellular process essential for the 

maintenance of normal cell growth. This is especially important in processes such as 

embryological development and normal tissue turnover. If this process is deregulated, a 

variety of human diseases can result. Cells undergoing apoptosis display characteristic 

morphological and biochemical properties. These include plasma membrane blebbing, 

cell shrinkage, compaction of cytoplasmic organelles, and chromatin condensation and 

fragmentation. 

Typically, two canonical pathways are believed to be responsible for the 

activation of apoptosis. These pathways are the death receptor pathway and the 

mitochondrial pathway. In the death receptor pathway, induction begins with the ligation 

of 'death receptors', or DRs. These are specialized cell-surface receptors that have a 

conserved cytoplasmic motif called the 'death domain'. Some of the members of the OR 

family include Fas/CD95, tumor necrosis factor-a (TNF-a) receptor 1, DR4 and DRS. 

The last two members bind to TNF-a-related apoptosis-inducing ligand (TRAIL) 

(Kaufmann and Hengartner 2001). Ligation of these receptors due to binding of their 
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specific ligands results in the recruitment of the adaptor molecule FADD (Fas-associated 

protein with death domain). Fas and FADD then associate through death domain 

interactions to form the death-inducing signaling complex, or DISC. FADD then binds to 

procaspase-8 and induces autocatalytic cleavage of multiple caspase-8 molecules. 

Cleavage of procaspase-8 results in the active form of the enzyme (Figure 3). 

At this point, the pathway diverges depending on the type of cell. There are tv,'o 

types of cells, type I and type II. Type I cells are typically lymphoid cells and DR 

ligation results in wide-scale activation of caspase-8. Active caspase-8 then directly 

cleaves and activates caspase-3. In type II cells (all other cells), caspase-8 activation is 

typically not sufficient for caspase-3 activation. Rather, active caspase-8 cleaves Bid, a 

cytoplasmic protein, which then stimulates the mitochondrial pathway. 

The mitochondrial pathway can either be activated by Bid, as mentioned above, or 

by other stimuli. Once this pathway is activated, mitochondrial proteins are released. The 

best known of these mitochondrial factors is cytochrome c, an electron transport chain 

protein. Once released into the cytosol, cytochrome c binds to Apaf-I (apoptotic 

protease-activating factor-1) and induces a conformational change resulting in the 

oligomerization of Apaf-1. This oligomerization allows procaspase-9 to bind to the 

complex, forming the 'apoptosome'. Procaspase-9 binds to Apaf-1 via interactions 

between caspase recruitment domains (CARDs). This interaction leads to the cleavage of 

procaspase-9 into its enzymatically active form. Once active, caspase-9 proteolytically 

processes procaspase-3 to activate the caspase cascade (Figure 4). 
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Figure 3. Apoptosis - Death receptor Pathway. In this example, binding of the Fas 
ligand to its receptor, leads to the trimerization of Fas and formation of the death-
inducing signaling complex (DISC). This conplex includes the cytoplasmic region 
of the Fas receptors, the adaptor protein FADD (Fas-associating protein with death 
domain), and procaspase-8. Procaspase-8 is cleaved into its active form, which can 
then cleave Bid. Truncated Bid (tBid) translocates to the outer mitocbondrial 
membrane where it associates with Bax to promote release of cytochrome c. Active 
caspase-8 can also activate the caspase cascade. 
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Figure 4. Apoptosis - Mitochondrial Pathway. Truncated Bid (tBid), in addition 
to pro-apoptotic bcl-2 family members, inserts into the mitochondrial membrane to 
stimulate release of cytochrome c and other mitochondrial proteins. Cytochrome c 
release leads to formation of the apoptosome and initiation of the caspase cascade. 
Release of Endo G and AIF result in nuclear DNA fragmentation and 
SMAC/Diablo blocks the inhibition of lAPs upon caspase activation. 
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In addition to Bid, other factors can lead to the release of cytochrome c from the 

mitochondria. Two of these factors are the bcl-2 family members Bax and Bak. These 

proteins are normally cytosolic but when apoptosis is stimulated they are translocated to 

the outer mitochondrial membrane. Here they undergo conformational changes, 

oligomerize, and insert into the membrane. This insertion facilitates cytochrome c 

release (Nomura, Shimizu et al. 1999; Eskes, Desagher et al. 2000; Suzuki, Youle et al. 

2000; Wei, Lindsten et al. 2000; Antonsson 2001). It is now known that both ElB 19K 

and Bcl-2 can specifically bind to the active conformation of Bax and prevent 

oligomerization and insertion into the mitochondrial membrane (Perez and White 2000; 

Antonsson, Montessuit et al. 2001). 

Caspases are cysteine proteases that enzymatically cleave their substrates on the 

carboxyl side of aspartate residues (Thomberry and Lazebnik 1998; Eamshaw, Martins et 

al. 1999). Each member differs in substrate specificity and each is synthesized as a 

zymogen containing an N-terminal prodomain, a large subunit and a small subunit. The 

mature caspase is released via caspase-mediated cleavage at aspartate residues. Caspases 

-1, -4, -5, -11, -12 and -14 are involved in cytokine maturation while caspases-2, -3, -6, -

7, -8, -9, and -10 are involved in apoptosis. 

Caspases -3, -6, and -7 are most commonly referred to as the 'effector caspases'. 

These mature caspases cleave most of the known apoptotic substrates such as the DNA 

repair enzymes poly (ADF-ribose) polymerase (PARP) and DNA-PK, and lamin B 

(Cohen 1997). Cleavage of enzymes involved in DNA repair would prevent the cell from 

correcting any mistakes made during replication and the cell would therefore initiate an 
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apoptosis mechanism. Lamins are the major structural proteins of the nuclear envelope 

and cleavage of these proteins may contribute to the nuclear changes associated with 

apoptosis. 

Because release of cytochrome c can have dire consequences for viability of the 

cell, its release is tightly regulated. Indeed, a whole family of proteins that share 

homology in regions called the Bcl-2 homology (BH) domains are dedicated to regulation 

of cytochrome c release from the mitochrondria. So far, about 15 Bcl-2 family members 

have been identified in mammals (Gross, McDonnell et al. 1999). Both positive 

regulators (e.g. Bax, Bak, Bad, Bim, Bik, and Bid) that promote apoptosis and negative 

regulators (e.g. Bcl-2, Bcl-w, and Bcl-xJ that suppress apoptosis act by regulating 

permeability of the mitochondrial membrane to cytochrome c (Figure 5). 

Bcl-2 family members have been found in the cytosol and associated with 

membranes. For instance, Bax is normally found in the cytosol, but subcellular 

localization changes during apoptosis. Upon induction of apoptosis, Bax translocates to 

the mitochondria and undergoes a conformational change. This change results in the 

unmasking of its N-terminus and the protein homo-oligomerizes. Oligomerization allows 

Bax to insert into the mitochondrial membrane where, because of its structure that is 

similar to other pore forming proteins, is thought to promote release of cytochrome c. 

Bcl-2 and Bcl-xL normally reside on the outer mitochondrial membrane and 

function by inhibiting insertion of Bax into the mitochondrial membrane. Hence, a key 

factor that determines whether a cell will undergo apoptosis is the ratio of pro-apoptotic 

to anti-apoptotic Bcl-2 family proteins. 
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Figure 5. The bcl-2 Family Members. Apoptotic stimuli activate the proapoptotic 
bcl-2 &mily members. Bax translocates to the outer mitochondrial membrane where 
it can homodimerize or bind with tBid to stimulate cytochrome c release. 
Unphosphorylated Bad also inserts into the membrane where it binds to bcl-xL to 
prevent its inhibition of Bax. In heahhy cells. Bad can be phosphorylated by various 
kinases, which prevent its translocation to the mitochondrial membrane. Bcl-2 and 
bcl-xL can both bind to Bax to prevent release of cytochrome c. 
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In addition to the classically known pathway involving caspase-mediated 

apoptosis, there is now increasing evidence for caspase-independent cell death. This 

pathway involves other mitochondrial proteins that are released during apoptosis. The 

best known of these are apoptosis inducing factor (AIF) and endonuclease G. AIF is a 

mitochondrial oxidoreductase and its function is largely unknown. Interest arose in this 

protein when it was observed that it could induce caspase-independent chromatin 

condensation and DNA fragmentation in isolated nuclei (Susin, Lorenzo et al. 1999). 

However, the mechanism by which AIF causes these changes remains unclear. 

It is known that upon induction of apoptosis, AIF is released from the 

mitochondria with other proteins into the cytosol. It is then translocated to the nucleus 

where it is believed to execute its apoptotic function. In addition to AIF, mitochondria 

also release endonuclease G. This nuclease appears to be responsible for CAD-

independent DNA degradation (Li, Luo et al. 2001). 

The lAPs (Inhibitor of Apoptosis Proteins) and their repressor, Smac/DIABLO, 

are additional factors in the regulation of apoptosis. There are eight known lAP-family 

members in humans: NAIP, cIAPl, cIAP2, XIAP, Ts-XIAP, ML-L\P, apollon, and 

survivin (Reed 2001). All of these proteins contain at least one BIR domain. Through 

this BIR domain, lAPs bind to caspases and inhibit them. For instance, XIAP contains 

three BIR domains. It binds to and inhibits caspase-9 through its third BIR domain 

(BIR3) and simultaneously represses caspase-3 and caspase-7 via a linker region located 

between BIRl and BIR2 (Sun, Cai et al. 1999). Survivin has also been shown to directly 

bind to and inhibit caspase-9 (O'Connor, Grossman et al. 2000). 



42 

Smac/DIABLO is another mitochondrial protein that is released into the cytosol 

upon induction of apoptosis. This factor associates with the apoptosome and inhibits 

XIAP, preventing the inhibition of caspase-9. Smac/DIABLO can bind to several of the 

lAPs, including c-IAPl, C-IAP2, and survivin. Therefore, apoptosis is regulated at 

several levels within the same pathway. 

Invasion 

Cancer is distinctive from other tumor-forming processes by its ability to invade 

surrounding tissues. The ability of cancer cells to metastasize represents the final stage 

of tumor progression. Tumors at this stage are the most difficult to treat and correlate 

with poor prognosis. The two major routes of metastases are via the blood and lymphatic 

vessels. Tumors originating in different parts of the body have characteristic patterns of 

invasion. Some tumors, such as those of the head and neck, spread initially to regional 

lymph nodes, while others, such as breast tumors, have the ability to spread to distant 

sites relatively early. 

The metastatic process occurs in various stages. First, cells must detach from the 

primary tumor. The site of the primary tumor generally dictates whether the invasion 

will occur via the lymphatic or blood vessel system. The cells will then invade the 

vasculature through which they will be transported to regional or distal locations. In 

order to reach their new location, the tumor cells must successfully evade host defense 

mechanisms. 
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Cells will then arrest in the blood vessels and escape into the host tissue. This 

process is often referred to as extravasation. The tumor cells access the basement 

membrane by extending projections, called invadopodia, which contain various proteases 

and adhesive molecules. This adhesion to the basement membrane involves membrane 

components such as laminin, fibronectin, type IV collagen, and proteoglycans (Nicolson 

1988). The tumor cells then produce various proteolytic enzymes, such as matrix 

metalloproteinases, which degrade the basement membrane and allow invasion of the 

host tissue. 

Matrix metalloproteinases, or MMPs, have been identified as integral factors in 

tumor invasion and metastasis. They are a family of enzymes whose ftinction is to 

degrade extracellular matrix (ECM) proteins and they can either be secreted (MMPs 1-

13, 18-20) or anchored to the cell membrane (MMPs 14-17). MMPs are typically absent 

in normal adult cells but a variety of stimuli, such as cytokines, growth factors, and 

alterations in cell-cell and cell-ECM interactions, can induce their expression. The 

expression of MMPs in tumors is frequently localized to stromal cells which surround 

malignant tumor cells. Most of the MMPs are secreted in their inactive (zymogen) form 

and require proteolytic cleavage to be activated. Matrilysin (MMP-7) mRNA is present 

in benign tumors and malignant tumor cells of the colon. The relative level of matrilysin 

expression correlates with the stage of tumor progression (Matrisian, Wright et al. 1994). 
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Statement of the Problem 

The accumulation of many genetic and epigenetic changes leads to the initiation 

and progression of cancer. Since mutations in the APC tumor suppressor gene are found 

in the vast majority of human colon cancers, the pathways deregulated by these mutations 

may be the keys to better understanding the process of colon carcinogenesis. The 

expression of APC has been shown to induce apoptosis and therefore must be 

conditionally expressed in our cell culture model. Identifying specific targets of APC. 

whether involved in cellular proliferation or apoptosis, may lead to potential treatment 

and chemoprevention strategies. 

Hypothesis: 

Mutations in the APC tumor suppressor gene regulate the expression of other genes 

necessary for the regulation of cell turnover. One of the genes suppressed by wild-type 

APC expression is ODC and this occurs via c-myc. Other genes involved in cell cycle 

regulation and apoptosis are also affected, both positively and negatively, by the 

expression of APC. 

Specific Aims: 

1. Identify potential transcriptional targets of APC that may influence cell turnover. The 

effect of APC expression on gene expression will be analyzed using microarray and 

limited array (GEArray) technologies. 
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2. Determine if the expression of APC leads to a suppression of ODC expression via c-

myc and characterize the importance of the ODC SN? in this pathway. 

3. Utilizing data from array experiments, further investigate the mechanism(s) by which 

APC modulates cellular turnover, specifically through the induction of apoptosis. 
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CHAPTER 2: 

MATERIALS AND METHODS 

Ceil Culture 

The colon carcinoma cell lines, HT29-APC and HT29-pGal (obtained from Drs. 

Bert Vogelstein and Kenneth Kinzler, Johns Hopidns University, Baltimore, MD) were 

maintained in McCoy's 5A medium (Invitrogen Corporation, Carlsbad, CA) 

supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100|ag/ml streptomycin, 

2mM glutamine, and 0.6 mg/ml hygromycin B (Sigma Chemical Co., St. Louis, MO) 

(Morin, Vogelstein et al. 1996). Evaluation of a range ofZnCh concentrations indicated 

300 |aM was optimal for metallothionein promoter activation without significant Zn-

induced toxicity (data not shown). Therefore, 300 ^iM ZnCh (Sigma) was used to induce 

expression of APC. HCT116 cells were obtained from ATCC (Rockville, MD) and 

maintained in McCoy's 5A medium (Invitrogen) supplemented with 10% fetal bovine 

serum, 100 U/ml penicillin, iOO|ig/ml streptomycin, and 2mM glutamine. 

Microarray Analysis 

Cells were trypsinized and total RNA was isolated using TRIzol® reagent 

(Invitrogen). Samples were sent to the Arizona Cancer Center Core Microarray Facility 

at a concentration of 10 |ig/|il where the RNA was labeled and hybridized to a Human 5K 

gene chip. These chips contain approximately 5,300 human cDNA sequences derived 

from clones produced by the IMAGE consortium. The clones were obtained from 
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Research Genetics (Huntsville, AL). Experiments (except for control experiments) were 

performed in triplicate and the data was analyzed using GeneSpring (Silicon Genetics). 

Results are reported as the ratio of gene expression in APC expressing cells to control 

(PGal) cells. P values were determined to indicate statistical significance and the genes 

were grouped according to functional class. 

GEArray 

Custom and premade (specific for apoptosis) GEArrays were purchased from 

SuperArray, Inc. (Bethesda, MD). 5 |ig of total RNA was reverse transcribed, labeled 

with ^*P-dCTP, and hybridized to the GEArray membranes as detailed in the GEArray 

manual. Each gene was represented by 2 dots on each membrane. The values for each dot 

were divided by the average intensity for GAPDH to control for spotting variations. The 

normalized values for the genes from the HT29-APC cells were divided by the values 

obtained from the HT29-pGal cells, averaged, and a standard deviation was calculated. 

Results are reported as a ratio of gene expression in APC expressing cells to control 

(PGal) cells. 

Western Blotting 

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

40, 0.5% sodium deoxycholate, 0.1% SDS, 30 ^ig/ml aprotinin, 100 sodium 

orthovanadate, 10 |ig/ml PMSF) and centrifuging for 20 minutes at 4°C. Thirty ^g of 

protein was loaded per lane and run on 10-15% SDS-PAGE gels. The proteins were 
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transferred electrophoretically to Hybond-C (Amersham Corp., Arlington Heights, IL) 

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

milk in TTBS) for one hour at room temperature. The primary antibodies were incubated 

with the blots for two hours at room temperature. The blots were then washed in TTBS 

and the primary antibodies were detected with the appropriate secondary antibody 

conjugated to horseradish peroxidase for one hour at room temperature. Blots were 

washed as described above and detection was performed using ECL detection reagent 

(Amersham Corp.). Blots were stripped and redetected with P-actin (Sigma, St. Louis, 

MO) antibody as a loading control. 

The APC western followed the protocol provided with the APC antibody (Ab-1) 

by Oncogene Research Products (Cambridge, MA). Briefly, cells were lysed in Laemmli 

sample buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 100 mM dithiothreitol, 

0.001% Bromophenol Blue) at approximately 1 mg/ml. The lysate was sonicated to 

reduce viscosity and 100 |ig of protein was electrophoresed on a 3% agarose gel 

containing a 1 cm 15% acrylamide plug. The protein was then transferred ovemight to 

Hybond-C (Amersham Corp.) nitrocellulose membrane by downward capillary transfer. 

The membrane was blocked for 1 hour at room temperature in TTBS containing 10% w/v 

nonfat dry milk and incubated with a 1:7500 dilution (in 5% w/v nonfat dry milk/TTBS) 

of the APC antibody for 2 hours at room temperature. The membrane was washed and 

then horseradish peroxidase-conjugated goat anti-mouse antibody was added for 1 hour. 

The membrane was washed again and then detected using ECL detection reagent 
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(Amersham Corp.). All Western blots were performed a minimum of three times and 

representative blots are showTi. 

Antibodies 

The primary antibodies used were obtained from 1) Santa Cruz: mouse anti-c-myc 

(sc-40), mouse anti-Mad 1 (sc-8012), mouse anti-Max (sc-80Il), mouse anti-bcl-2 (sc-

509), rabbit anti-Bax (sc-493), rabbit anti-Bad (sc-7869), mouse anti-p50 (sc-8414), 

rabbit anti-p65 (sc-109), rabbit anti-survivin (sc-10811), rabbit anti-cIAP2 (sc-7944), 2) 

Sigma: mouse anti-actin (Sigma A4700), 3) Calbiochem: rabbit anti-Bim (#202000), 4) 

Cell Signaling: rabbit anti-Bcl-xL (#2762), rabbit anti-FKHR (#9462), rabbit anti-

caspase-3 (#9667), 5) Oncogene: rabbit anti-AIF (PC536), rabbit anti-cytochrome c 

(PC333), mouse anti-APC (0P44), and 6) BD Transduction Laboratories: mouse anti-

LITAF (#611614). 

The secondary antibodies used were all horseradish peroxidase (HRP)-conjugated 

and obtained from Santa Cruz and Cell Signaling. Antibodies from Santa Cruz were goat 

anti-mouse HRP (sc-2005) and goat anti-rabbit HRP (sc-2004) and from Cell Signaling, 

anti-rabbit HRP(#7071). 

Northern Blotting 

Cells were trypsinized and total RNA was isolated using TRIzol® reagent 

(Invitrogen). Twenty |ig of purified total RNA from each sample was loaded onto a 1.0% 

agarose-formaldehyde gel in MOPS buffer and transferred to a nylon membrane 

(Hybond-N; Amersham Corp.). Membranes were prehybridized for at least 6 hours and 
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then hybridized overnight at 42°C with a ^"P-Iabeled cDNA encoding mouse ODC, 

human c-Myc, human Mad I, or human SSAT. The probes were labeled using the RTS 

RadPrime DNA labeling system (Life Technologies, Inc.) and [a^^P]-dCTP (New 

England Nuclear Research products, Boston, MA) and purified using G-50 Sepharose 

columns (Boehringer Mannheim, Berkeley, CA). To control for variation in loading, a 

probe for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was also ^"P-labeled and 

hybridized to the membranes. Autoradiograms were quantitated using densitometric 

analysis (Imagequant; Molecular Dynamics, Sunnyvale, CA). All Northern blots were 

performed at least two times with similar results and data representative of all 

experiments is shown. 

RT-PCR 

1 ^g of total RNA was used for reverse transcription into cDNA using the 

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

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

Buffer, ImM dNTP mixture, Rnasin (RNase inhibitor), 0.5 (ig random primers, 15 U 

AMV Reverse Transcriptase, and water were added to a total volume of 20 ^il. The 

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

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

minutes. 

PGR was performed using I ^I of the RT reaction and 2x PGR Master Mix 

(Fermentas, Amherst, NY). Ets2 cDNA (670 base pairs) was amplified using the 
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following primers (Invitrogen): sense 5'- CCC CTG TGG CTA ACA GTT ACA GAG -

3' and antisense 5'- AAC TCC TGC TCA GAG CTG AGT ACG -3'. As a loading 

control, GAPDH cDNA (590 bp) was also amplified using the following primers: sense 

5'- ATG GTG AAG GTC GGT GTG AA -3' and antisense 5'- ATG CAG GGA TGA 

TGT TCT GG -3'. 

Oligodeoxynucleotides 

Oligodeoxynucleotides used in antisense experiments were synthesized by Life 

Technologies, hic. on a scale of 1.0 ^mol/synthesis and the sequence of the c-myc 

antisense oligodeoxynucleotide was 5'- AACGTTGAGGGGCAT-3'. The sequence of 

the c-myc mismatch oligodeoxynucleotide was 5'-AGCGTTGAAGGACGT-3'. The 

sequences for the antisense experiments are identical to those previously shown to be 

effective (Heikkila, Schwab et al. 1987; Holt, Redner et al. 1988; Wickstrom, Bacon et al. 

1988; Bacon and Wickstrom 1991; Pena, Reddy et al. 1993). 

Antisense Treatment 

Cells were plated at approximately 2 x 10"* per 60-mm plate and incubated 24 

hours before treatment. Vehicle, antisense c-myc, and mismatch c-myc oligonucleotides 

(10 fiM) were added and left to incubate for 4 hours. A second treatment using the same 

concentration was performed at this time and the cells were incubated for an additional 2 

hours. The cells were then harvested and assayed for ODC enzyme activity. 
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ODC Activity Assay 

ODC enzyme activity was measured by evaluating the release of '"'COt from L-

['•"CJ-omithine. Cell monolayers were washed once with PBS and then trypsinized for 5 

minutes. Cell numbers were determined, cells pelleted and sonicated in 0.5 M sodium 

phosphate buffer containing 0.1 mM EDTA, I mM dithiothreitol, 0.05 mg/ml pyridoxal-

5-phosphate, and 0.1 mM PMSF. The final cell concentration was 2.5 x 10^ cells/^l of 

assay buffer, of which 200 jaI per assay tube was used. The samples were mixed on ice 

with 0.5 |iCi labeled ornithine. The tubes were capped and incubated at ZTC for 30 

minutes. The reaction was terminated by adding 500 ^l of 1 M citric acid on ice. Tubes 

were left overnight and the released '"COt was captured on Whatman #3 (2.5 cm filters) 

treated with 20 ^l NCS-II Tissue Solubilizer (Amersham Corp.) suspended from the cap. 

The filters were then counted in 10 ml UniverSol (ICN, Costa Mesa, CA) in a liquid 

scintillation counter and ODC activity was expressed as pmol ODC activity/mg 

protein/30 minutes. 

Plasmids 

ODC promoter reporter constructs, pODC-(-787 to +81 l)-wt-(CACGTG)-CAT 

and pODC-(-787 to +81 l)-mut-(CATATG)-CAT (Pena, Reddy et al. 1993) were 

obtained from Dr. Kenneth Soprano (Temple University School of Medicine, 

Philadelphia, Pennsylvania). pGL3-0DC/A and pGL3-0DC/G (Guo, Harris et al. 2000) 

were obtained from Dr. Tom O'Brien (Lankenau Institute for Medical Research, 

Wynnewood, PA). 
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Full-length Madl cDNA was isolated by digesting pLTR-Madl (obtained from 

Dr. Robert Eisenman, Fred Hutchinson Cancer Research Center, Seattle, WA) with 

EcoRI. The 1.0 kb EcoRI fragment was inserted into the EcoRI site of pcDNA3.1(-) to 

obtain pcDNA-Madl. Restriction digests were performed to confirm correct orientation. 

Transient Transfections 

ODC promoter reporter constructs, pODC-(-787 to +81 l)-wt-(CACGTG)-CAT 

and pODC-(-787 to +81 l)-mut-(CATATG)-CAT (Pena, Reddy et al. 1993) were 

transiently transfected into cells using Lipofectamine (Invitrogen). Cotransfections were 

performed with pSV-pGal to control for transfection efficiency. Twenty-four hours 

following transfection, either 300 |iM ZnCli or the same volume of vehicle (HiO) was 

added. To determine promoter activity, chloramphenicol acetyltransferase (CAT) assays 

were performed (described in next section). P-galactosidase activity was measured using 

the P-gal assay kit (Invitrogen) according to manufacturer's protocol. 

Either pGL3-0DC/A or pGL3-0DC/G was cotransfected with pcDNA3.1(-) 

(empty vector control) or pcDNA-MadI in a molar ratio of 3:1. Transfections were 

performed using Lipofectamine (Invitrogen) and cells were harvested after 48 hours. The 

transfected cells were washed once with PBS, lysed and luciferase activities measured 

using 10 |il cell extract and 50 ^1 luciferase reagent (Promega, Madison, WI). RLU was 

measured using a Turner Designs Luminometer (TD-20/20) and measurements were 

normalized to protein concentration. 
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Either pGL3-0DC/A or pGL3-0DC/G was cotransfected into either HT29-APC 

or HT29-PGal cells with pSV-PGal to control for transfection efficiency. After 24 hours, 

300 |J.M ZnCli was added to the culture. Following an additional 24 hours, cells were 

harvested and analyzed for luciferase and P-gal activities as described above. All of the 

above experiments were performed in triplicate and repeated at least three times. 

Chloramphenicol Acetyltransferase (CAT) Assay 

5 of either wtSlO or mutSlO ODC promoter construct was transiently 

transfected into the appropriate cell line. In half of the plates, 300 (iM ZnCh was added 

24 hours before the cells were harvested for CAT assay. CAT activity (ng CAT/mg 

protein) was measured in cell extracts 48 hours after transfection using a CAT enzyme 

linked immunosorbent assay (ELISA) kit (Roche Biochemicals, Inc., Indianapolis, IN). 

The assay was performed using 200 ^1 of cell lysate according to manufacturer's 

instructions. CAT activity was determined by comparing to a standard curve. The 

average and standard deviations of the four experiments were calculated and P values 

were determined using Anova. 

SSAT Enzyme Activity Assay 

Cells were harvested and washed three times with ice-cold PBS. 2x10^ cells/ml 

were suspended in lysis buffer (50 mM Tris/2.5 mM DTT/ 0.1 mM EDTA). Following 

lysis of cells (-80°C overnight), cells were centrifuged for 7 minutes (4°C) at 10,000 rpm. 

50 (il of supernatant was used for the assay and mixed with a cocktail of '""C-Acetyl CoA 
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(5 IM Tris stock (pH 7.4), 5 60 mM Spermidine, 2 |il '^C-Acetyl CoA stock (New 

England Nuclear Research products, Boston, MA)). Reactions were incubated at 30°C 

for 15 minutes and then placed on ice. 20 |il of IM hydroxylamine was added to each and 

samples were boiled for 5 minutes to deproteinize. The samples were then centrifiiged 

for 5 minutes (4''C) at 10,000 rpm and 50 |il of supematants were spotted on Whatman 

P81 phosphocellulose filters. Filters were left to dry overnight and washed the following 

day in 2 changes of distilled water and once in 100% ethanol. Once dry, the filters were 

counted in a scintillation counter and SSAT activity was determined as pmol acetylated 

spermidine/mg protein/15 minutes. 

Apoptosis Assays 

Several assays were used to assess apoptosis with similar results. Cells were 

treated with HiO or 300 |aM ZnCIi for varying times and then assessed for apoptosis. The 

first technique used was Apostain (Alexis Biochemicals). Apostain (F7-26) is a 

monoclonal antibody to single-stranded DNA and the procedure specifically stains 

condensed chromatin of apoptotic cells. Since chromatin condensation is a definite 

marker of apoptosis, the identification of condensed apoptotic chromatin by anti-ssDNA 

monoclonal antibody allows for the specific detection of apoptotic cells. The antibody 

specifically reacts with deoxycytidine and requires ssDNA of at least 25-30 bases in 

length to bind. 

Adherent cells were harvested along with floating cells and washed with ice-cold 

phosphate-buffered saline (PBS). Cells were then suspended in 1 ml PBS followed by 6 
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mis of ice-cold methanol while vortexing. Cells were fixed for at least 16 hours at -20°C. 

5x10^ cells were removed and centrifuged. The pellet was resuspended in .25 ml of 

50% formamide and incubated for 5 minutes at room temperature. Tubes were then 

immersed in 75°C water for 10 minutes and transferred to room temperature water. 2 ml 

of 3% non-fat dry milk (in PBS) was added, vortexed, and incubated at room temperature 

for 15 minutes. Cells were then centrifuged and the pellet was resuspended in 100 (al of 

1% non-fat dry milk solution containing F7-26 Apostain antibody. Following a 15 

minute incubation at room temperature, the cells were centrifuged and washed with 1 ml 

of PBS. The pellet was next resuspended in 100 ^1 of 1% non-fat dry milk solution 

containing fluorescein-conjugated anti-mouse IgM (Sigma #F-9259). Incubation was 

again for 15 minutes at room temperature and the cells were washed twice with 1 ml of 

PBS. After the final wash, the cells were suspended in .5 ml of propidium iodide solution 

(1 fig/ml in PBS). The cells were then analyzed by flow cytometry. Viable cells are 

those with low fluorescence intensity while apoptotic cells were brightly fluorescent. 

The second technique used was Annexin V/PI staining using the ApoAlert 

Annexin V Kit from Clontech. Cells were trypsinized and added back to the original 

media. 1x10^ cells were centrifuged and washed with .5 ml of Ix Binding Buffer. The 

pellet was then suspended in 200 ^1 of Ix Binding Buffer. 5 |il of Annexin V and 10 |il of 

propidium iodide were added and the cells were incubated in the dark for 15 minutes at 

room temperature. The volume was brought up to 500 |il with Ix Binding buffer and 

apoptosis was analyzed by flow cytometry. 



57 

The last technique for apoptotic assessment was cellular staining with acridine 

orange/ethidium bromide. l ul of the dye was added to 25|il of cell suspension. Cells 

were analyzed by fluorescence microscopy and categorized as follows: normal nuclei 

(bright green chromatin with organized chromatin structure), early apoptotic (bright 

green chromatin that is highly condensed or fragmented), late apoptotic (bright red 

chromatin that is highly condensed or fragmented), or necrotic (bright red chromatin with 

organized structure). 

Caspase Inhibitor Treatment 

HT29-APC cells were treated with vehicle, ZnCli, or a combination of ZnCli and 

various caspase inhibitors. 300,000 cells were plated per well into 6-well plates. The 

caspase inhibitors were added at a concentration of 2 ^M for 24 hours and then readded 

at the same concentration with ZnCh for an additional 24 hours. The caspase inhibitors 

were obtained from BioVision (Mountain View, CA) as a Caspase-Family Inhibitor Set. 

Isolation of Cytosolic and Mitociiondrial Extract 

Cells were treated as indicated within the text and harvested at varying timepoints 

after treatment. Cells (floating and adherent) were harvested and resuspended in 

cytosolic extraction buffer (250 mM sucrose, 10 mM KCl, 1 mM EDTA, 20 mM Tris-

HCl pH 7.2, 1 mM DTT, 1.5 mM MgCb, 100 ^M PMSF, 10 ng/ml leupeptin, 2 ng/ml 

aprotinin). Cells were incubated on ice for 5 minutes to lyse the cells and then 

centrifuged at 12,000 x g for 10 minutes (4°C). The supernatant was removed and saved 
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as cytosolic extract. The remaining mitochondrial pellet was suspended in mitochondrial 

extraction buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 

0.2% Triton X-100, 0.3% NP-40, 100 ^M PMSF, 10 ^g/ml leupeptin, 2 ^g/ml aprotinin), 

lysed on ice for 5 minutes, and centrifuged at 10,000xg for 10 minutes (4°C). The 

supernatant was then saved as mitochondrial extract. 

Isolation of Nuclear Extract 

Nuclear extract was purified using the NE-PER Nuclear and Cytoplasmic 

Extraction Reagents (Pierce, Rockford, IL). Following the indicated treatments, cells 

were harvested and pelleted. Cell pellets were then used to purify the nuclear fractions as 

described in the manufacturer's protocol. 

Treatment with Soluble Human TNF Receptor 

Dimeric human TNF receptor p80/IgGI Fc fusion protein (huTNFR:Fc) was 

obtained from Immunex Corporation (Seattle, WA) and added to HT29-APC or HT29-

PGal cells at a concentration of 25 ^ig/ml. This receptor was added with or without ZnCli 

and apoptosis assays were performed to determine whether huTNFR:Fc can inhibit APC-

induced apoptosis. Apoptosis assays were performed as previously described. 

Statistical Analysis 

Determination of statistical differences was assessed using ANOVA. A P < 0.05 

was considered statistically significant. 
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CHAPTERS: 

APC-DEPENDENT GENE EXPRESSION 

INTRODUCTION 

Since AFC plays such an integral role in carcinogenesis, the effect of its 

expression on various human genes was examined. To do this, the human colon tumor 

cell line HT29 (wtAPC'") was stably transfected with a zinc-inducible wild-type APC 

gene (HT29-APC) (Morin, Vogelstein et al. 1996). As a negative control, HT29 cells 

stably transfected with the same construct as the HT29-APC cells but with the APC gene 

replaced by the P-galactosidase gene (HT29-PGal) were used (Morin, Vogelstein et al. 

1996). The two cell lines were treated with ZnClz and total RNA was isolated. This 

RNA was used to conduct both large-scale DNA microarray analysis and limited array 

analysis to identify any changes in gene expression. 

From this information, it was possible to narrow the analysis to specific genes of 

interest. These genes included previously identified targets of the P-catenin/Tcf-4 

pathway as well as new genes which have not yet been linked to the APC pathway. 

These genes encompassed a wide variety of functional classes including transcription 

factors, growth-related proteins, apoptotic proteins, and invasion-related proteins. This 

chapter will outline the important findings from these analyses and discuss the possible 

relevance of these genes as targets of APC and mediators of colon carcinogenesis. 
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RESULTS 

Genes Suppressed in Response to Wild-type APC 

Microarray experiments using a Human 5K gene chip (Research Genetics) were 

performed in triplicate with RNA isolated from three individual experiments. The cells 

in these experiments were treated with 300 |aM ZnCh for 24 hours before harvesting and 

RNA isolation. Control experiments were also performed with HT29-PGal cells treated 

with either water or 300 nM ZnCli for 24 hours to account for changes in gene expression 

due to ZnCl: treatment. As shown in Table 1, there are numerous genes that are 

suppressed solely by ZnCb- The length of this list is most likely due to the fact that this 

experiment was only performed once (as a control) and therefore P-values could not be 

determined. In other test experiments, only genes that were down- (or up-) regulated in 

ALL three experiments and with significant P-values were kept. This control experiment 

was performed to be sure that genes apparently suppressed by APC were indeed due to 

APC expression and not simply ZnCl2 treatment. 

The relevance of APC expression was tested by comparing changes in gene 

expression between HT29-PGal cells treated with ZnCh for 24 hours and with HT29-

APC cells treated in the same way. Since both cell lines are treated with ZnCh, the 

effects due to this treatment should be negated. Table 2 shows the data from three 

independent experiments. Only those genes that were suppressed by at least 2-fold in all 

three experiments are listed and importantly, none of these genes overlapped those that 

were downregulated in the control experiment. (A subset of genes with potential 
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Tabic 1. Genes Dovmr îated by Zinc Treatment 

POal -Zn vs pGal -^Zn 24 hr - Down 2 or more fold 

SystcMlic NonuHztd CoaaoB DcicriptiM 

R562M 0.499 PDGFRB Plateiet-derived growth &ctor leceploi. facia polvpeptidc 

R32409 0.499 PLA2G5 Phospholipue A2. group V 

N73030 0.498 C5 Compiement component 5 

H0gl88 0496 CLCN6 Chloride channel 6 

AA419164 0.493 RARB Retinoic acid receptor, beta 

R47979 0.491 HLA-DRA Major histocompatibility complex, class II. DR alpha 

N53172 0488 RDCl G protein-coupled leceplor 

T70057 0.486 SLU7 Step II splicing &ctor SLU7 

R3820I 0485 OPCML Opioid-binding protein/cell adhesioa molecule-like 

AA464566 0.484 LRPl Low density lipoprMein-relalod protein 1 

R61229 0.484 GATM Glycine amidinotrans&rase (L-arKiniiie:glycine amtdinotransferase) 

A.'\406269 0.484 NFIX Nuclear bctor l/X (CCAAT-binding transcriptian factor) 

A.A00I6I4 0.483 INSR Insulin receptor 

AI084535 0.480 SPl Spl transcription fiumr 

.\.M 15876 0.480 SERPINll Serine (or cysteine) proteuiasc inhibitor, clade 1 (neuroserpm). member 1 

H12981 0.480 GFRA2 GDNF fiunilv receptor alpha 2 

N93941 0.478 LOC58498 Myosin light cham 2a 

N70765 0.477 DOCK2 Dedicator of cyti>4cinesis 2 

N49gl0 0.477 CHD2 Chromodomain helicase DN A binding protein 2 

R36874 0.476 SRD5A1 Steroid-5-alpha-reductase. alpha polypeptide 1 

H48122 0.476 BRCA2 Breast cancer 2. earlv onset 

R78735 0.474 SOS2 Son of sevenless (Drosophilia) homolog 2 

N62462 0.470 IF 1 fiurtor (compleinem) 

AA410265 0.470 LAPTM5 Lysosomal-associated multispannmg membrane protein-5 

R19878 0470 RELN Reel in 

H62473 0467 TGFBR3 Transforming growth factor, beta receptor III (betaglycan. 300kD) 

R25020 0.467 •APEGl Nuclear proteiiudown-regulated with vascular injury 

AA234g97 0.466 MEF2C MADS box transcription enhancer factor 2. polypeptide C 

H42679 0460 HLA-DMA Major histocompatibility complex, class II. DM alpha 

N5I424 0460 K1AA0914 iCIAA09l4 gene product 

H59000 0.457 NFE2 Nuclear factor (erythroid-derived 2). 45kD 

H37761 0.457 NR4A3 Nuclear receptor subfamily 4. group A. member 3 

AA193254 0457 EIF4E Eukaryotic translation initiation factor 4E 

R00833 0.453 SLC2A2 Solute carrier family 2 (facilitated glucose transporter), member 2 

.\.A447835 0.453 SPRRIB Small proline-richprotein IB (comifin) 

AA088745 0.453 RAB6A RAB6A. member RAS oncogene family 

R83875 0.450 .\BCBI0 ATP-binding cassette, sub-family B (MDR/TAP), member 10 

AA423867 0.448 MMRN Multimerin 

AA406027 0448 CDS CDS antigen (pS6-62) 

H07920 0.447 MAP2K6 Mitogen-activated pratem kinase kinase 6 

.'\A015793 0.446 FGFI Fibroblast growth factor 1 (acidic) 

AA453823 0446 SLC1A3 Solute carrier family 1 (glial high affinity glutamate transporter), member 3 

T94781 0 441 kCNJlS Potassium inwardly-rectifying chaimel. subfamily J. member 15 
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AA4S6886 0438 MXI Mvxovinis (influenza) rcsisunoe 1. bomoiog or murine 

AA464525 0.437 ILIRI Imeiieukin I teccplor. type 1 

HI 9522 0.437 EXTLl Exosuises<niultipieHike 1 

H16637 0.437 VCAMI Vascular cell acBiesion molecule 1 

.^.^489752 0.434 CCNG2 Cyclin G2 

AA7772g9 0.433 GSR Glutathione teductase 

R76099 0.432 TLR3 Toll-like receptor 3 

•AA169807 0.430 PTCH Patched (Drosophila) bomoiog 

AA936799 0.429 MMP2 Matrix metalloproieioase 2 (geiatinase A. 72kO type IV coUagenase) 

R9993S 0.427 PAPSS2 3'-phosphoadenosine 5'-phosphosulfiae symhaiie 2 

W56709 0.425 ITGB8 Imegrin. beta 8 

AA233079 0.412 IGFBPl Insulin-like growth factor binding protein 1 

AA029940 0.408 MPDZ Multiple PDZ domain protein 

H64324 0.403 SOSl Son of sevenless (Drosophila) homolog I 

T99653 0.399 WNT2 Wingless-type MMTV integratioo site family member 2 

N780g3 0.392 GLDC Glycine dehydrogenase (decarboxvlating: glycine decarboxylase) 

AA479<)81 0.390 A Protein ""A"" 

H04028 0.390 PIl Protease, serine. 22 

AA102670 0.390 GABRP Gamma-aminobutyric acid (GABA) A receptor, pi 

H74265 0.377 PTPRC Protein tyrosine phosphatase, receptor type. C 

W25590 0.375 CPSFl Cleavage and polyadenylation specific factor 1. I60k0 subunit 

R34478 0.373 PCDHGB4 Protocadherin gamma subfamily B. 4 

R7680g 0.371 LRP2 Low density lipoprotein-related protein 2 

.AA458e53 0.362 GS3955 GS3955 protein 

H50582 0.361 CASP8AP2 CASP8 associated protem 2 

.AA485795 0.360 EFNB3 Ephhii-B3 

AA4g08SI 0.360 CLDNIO Claudin 10 

W39752 0.357 PNUPRPl Pancreatic lipase-related protein 1 

AA4g5377 0.354 FOS V-fbs FBJ murine osteosarcoma viral oncogene homolog 

AA705069 0.349 RARA Retinoic acid receptor, alpha 

H60423 0.348 SLC17A2 Solute carrier family 17 (sodium phosphate), member 2 

AA281I89 0.347 FGFRl Fibroblast growth factor receptor 1 (fins-related tyrosine kinase 2) 

H91456 0.345 NR1H4 Nuclear receptor subfamily I. group H. member 4 

R09781 0.340 PONl Paraoxonase 1 

N52533 0.340 ITGBLI Integrin. beta-like 1 (with EGF-like repeat domains) 

AA2g6908 0.333 MX2 Myxovirus (influenza) resistance 2, bomdoe of murine 

R11490 0.329 TPR Translocated promoter region (to activated MET oncogene) 

T6490I 0.329 SERPINA7 Serine (or cysteine) proteinase inhibitor, clade A. uientber 7 

W31983 0.328 TJP2 Tight junction protein 2 (zona occludens 2) 

N64862 0.325 FYB FYN-binding protein (FYB-120/130) 

T64I34 0.320 SCYAI3 Small inducible cytokine subfamily A (Cys^^ys), member 13 

AA464630 0.314 THBSl Thrombospondin 1 

H73590 0.314 IGHM Immunoglobulin heavy constam mu 

W5I794 0.310 MMP3 Matrix metalloprotcinase 3 (aroinelysin I, progdatiiiase) 

WO 1240 0.309 MPPI Membrane protein, palmitoylaied 1 (5SkD) 

.AA234982 0.309 SGCD Sarcoglycan. delta (35kO dystraphin-associated glycoprotein) 

N67034 0.307 GS3686 Hypothetical protein, expressed in osteoblast 

H39Ig7 0.303 CELSR2 Cadherin. EGF LAG seven-pass G-type receptor 2 
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R67000 0.297 RPL44 Ribosonul protein L44 

H50377 0.296 TJPI Tight junction protein 1 (zona occludens 1) 

T95514 0.291 LPIN2 Lipin 2 

N64628 0.291 UBL4 Ubiquitin-like 4 

T80232 0J>88 ENPP2 Ectomicleoiide pyrophosiitiatase/piiosphodiesttrase 2 (autotaxin) 

Hg2236 0.278 SLC14A1 Solute cairier fiunily 14 (urea transporter), member 1 (Kidd blood group) 

AA48756I 0.278 MAIL Molecule possessing ankyhn repeats induced bj' lipopolysacdiaride (MAIL) 

R17394 0274 PCSkl Proprotein coovertase subtilisin/kexin type 1 

.\A64421I 0264 PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase) 

R87212 0262 WAA0322 KIAA0322 protein 

.'W410567 0259 GS3686 Hypothetical protein, expressed in osteoblast 

N69322 0255 MMP13 Matrix metalloproleuiase 13 (coUagenase 3) 

W16715 0249 NELLl Nel (chickenHike 1 

W47101 0240 ILIB Interleukin 1. beta 

N57964 0.226 CCR6 Chemokine (C-C motif) receptor 6 

AA936768 0226 ILIA Interleukin 1. alpha 

HI 2279 0226 PGM5 Phosphoglucomutase 5 

.AA425102 0212 SCYA2 Small inducible cytokine A2 (monocyte chemotactic protein le) 

N72934 0204 GYS2 Glycogen synthase 2 (liver) 

H68509 0204 UGT2B10 UDP glycosyltransfaase 2 bmily. polypeptide BIO 

AA464765 0.191 PIK3CG Phosphoinositide-3-kinase. catalytic, gamma polypeptide 

T50788 0.189 UGT2BI5 UDP glycosyltiansferase 2 &mity. polypeptide B15 

HI 7882 0.187 kALl Kallmann syndrome 1 sequetKC 

H0707I 0.181 VCAMl Vascular cell adhesion molecule 1 

H24650 0.170 LAMCI Laminin. gamma 1 (fonnerly LAMB2) 

AA482637 0.166 ILI8R1 Interleukin 18 receptor 1 

H05800 0.162 MCF2 MCF2 cell line derived iransfonning sequence 

AA8574% 0.0% MMPIO Matrix metalloproteinase 10 (stromelysin 2) 

•W150416 0.010 TNFRSFIB Tumor necrosis &ctor receptor superfiunily. member 1B 
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Table 2. Genes Downregulated by APC Expression 

POai +ZJI vs. APC +Zn 24 hr - Down 2 or more fold with APC expression 

SystcBatic 
Average katio 

(•=3) P-valM Co«ao« Ocscripliaa 

AA03ISI3 0.131 0.0010 MMP7 Matrix mcltllofiraleiiiuc 7 (nuinl>'sin, uienne) 

AA487674 0.183 0.0004 DPYSL2 Di)iydrop>Timidiiase-like 2 

AA49II9I 0.188 0.0153 IH16 InterfeTDiL ganuiM-indiKibie protein 16 

N99799 0.251 0.0065 FU12747 HypothetiGai protein FLI12747 

T72235 0.344 0.0102 NNMT Nicotinamide N-mctfayltransiaase 

T47229 0.366 0.0011 ZNF32 Zinc finger protein 32 (KOX 30) 

AA464600 0.389 0.0015 MYC V-myc avian myelocytoinatosis viral oncogene homolog 

AA4808IS 0.397 0.0680 IER3 Immediate early response 3 

RI0284 0.410 0.0657 HMMR Hyaluronan-mediaied motility receptor (RHAMM) 

W8774I 0.436 0.0002 MYC V-myc avian myeiocytotnatosis viral oncogene homolog 

RI4443 0.443 0.0073 AP3M2 Adaptor-relaied protein complex 3. mu 2 subunit 

H66I58 0.453 0.0040 PICP2 Plakophilin2 

N7474I 0.459 00068 BTG3 BTG &mily. member 3 

R69355 0.464 0.0047 AFAP Actin filament associated protein 

H I S I I I  0.466 0.0072 UNG Uracil-DNA giycosylase 

R36006 0.471 0.0116 TRIP15 Thyroid rcceptor interacting protein 15 

AA489498 0.471 0.0007 WW45 WW Domain-Containing Gene 

AA28II37 0.496 0.0353 RNTRE Related to die N terminus of tie 

R45056 0.498 0 0412 PROIS47 Hypothedcal protein PRO 1847 

H96235 0.502 0.0247 ETS2 V-cts avian etythrobiastosis vims E26 oncogene homolog 2 

N69204 0.503 0 0461 CSEIL Chromosome segregation 1 (yeast homologHd'e 

W47576 0.504 0.0008 ASAHL N-acylsphingosine amidohydrolase (acid ceramidase)-like 

AA486275 0.504 0.0021 SERPINBI Serine (or cysteine) proteinase inhibitor, clade B, member 1 

AA083032 0.505 0.0619 CCNGI CyclinGI 
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relevance to these studies will be further grouped according to functional significance in 

Table 5.) 

Several genes that have previously been identified as downstream targets of P-

catenin/Tcf-4 were confirmed through these microarray experiments. This confirms that 

our model system is functioning properly and that the microarray technique is correct. 

The confirmed genes include MMP-7 (matrilysin), myc, cyclin Gl, and cyclin D1 (cyclin 

Dl was downregulated slightly less than 2-fold and is therefore not shown in the table). 

In addition to these known targets, approximately 20 new genes were identified as 

possible downstream mediators of APC. Some of these will be discussed in more detail 

below. 

IER3 (immediate early response 3) is one of the newly identified genes. This 

gene is also known as lEXl, DIF-2 and PRGl and is an inhibitor of apoptosis (Kumar, 

Kobayashi et al. 1998). There is a decrease of approximately 60 percent in the 

expression of 1ER3 when APC is expressed. Since APC can induce apoptosis, this gene 

may be an intriguing new target to focus on. It has been shown to protect cells from both 

Fas- and TNFa-induced apoptosis (Wu, Ao et al. 1998). IER3 is regulated by several 

different mechanisms, including transcription. Three of the identified factors involved in 

the transcriptional control of IER3 are p53, NFtcB, and Spl (Schafer, Diebel et al. 1998; 

Schafer, Trauzold et al. 1998; Arlt, Grobe et al. 2001; Im, Pittelkow et al. 2002). HT29 

cells have a nonfunctional p53 gene, indicating that the potential regulation of IER3 by 

APC functions in a p53-independent manner. A potential mechanism may be through 

APC-dependent suppression of NFkB and evidence for this will be presented in Chapter 
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5. The presence of an E-box at -190 also raises the possibility that IER3 could be a c-

myc regulated gene. 

Ets2 is another gene suppressed (approximately 50 percent) by APC identified in 

these analyses. Ets2 is a transcription factor and has been implicated in the regulation of 

apoptosis. This link was established because Ets2 was found to regulate the transcription 

of Bcl-xL, an antiapoptotic Bcl-2 family member (Sevilla, Aperlo et al. 1999). Studies 

present further evidence for this role by showing that overexpression of Ets2 in cells 

induced to undergo apoptosis rescues them and increases the levels of Bcl-xL (Sevilla, 

Aperlo et al. 1999). Confirmation of Ets2 suppression and implications of this pathway 

will be explored in further detail in Chapter 5. 

Chromosome segregation 1-like (CSEIL), also known as cellular apoptosis-

susceptibility (CAS), was also suppressed by approximately 50 percent. This protein is 

associated with both apoptosis and proliferation and may also play a role in cancer. 

CSEIL functions as a mitotic checkpoint that regulates accurate chromosome segregation 

(Brinkmann 1998). Depletion of CSEIL has been shown to cause accumulation of cyclin 

B in arrested cells, while overexpression of the protein leads to rapid cell growth, 

malignant transformation, and defects in chromosome segregation (Brinkmann 1998). 

The suppression seen with APC expression is logical considering that cells conditionally 

expressing APC undergo apoptosis and growth arrest. 

Two other interesting genes that are downregulated by APC are involved in the 

metabolism of ceramide. This link was intriguing since ceramide is known to induce 

apoptosis in a variety of cell types. Analysis of human colon cancer compared to normal 
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colonic mucosa indicates a greater than 50 percent decrease in cellular ceramide content 

(Selzner, Bielawska et al. 2001). Additionally, treatment with ceramide analogs or 

ceramidase inhibitors induces rapid cell death via activation of caspases and cytochrome 

c release. 

The two genes identified through these experiments are N-acylsphingosine 

amidohydrolase (acid ceramidase)-like and UDP-glucose ceramide glucosyltransferase. 

These were reduced in expression by 50 percent and 40 percent, respectively. Acid 

ceramidase degrades ceramide into sphingosine leading to decreased ceramide levels. 

When acid ceramidase was overexpressed in murine fibrosarcoma cells, the cells were 

protected fi-om TNF-induced apoptosis and overall ceramide levels were reduced 

(Strelow, Bernardo et al. 2000). Further studies demonstrated that the addition of 

ceramide metabolism inhibitors resulted in increased cellular ceramide levels and 

apoptosis (Strelow, Bernardo et al. 2000). Therefore, if AFC is indeed suppressing acid 

ceramidase, ceramide levels may be allowed to accumulate, leading to apoptosis. UDP-

glucose ceramide glucosyltransferase is also decreased by APC and this protein 

glycosylates ceramide. Since glycosylated ceramide is unable to induce apoptosis, this 

glucosyltransferase would be a logical target for APC. If its expression is suppressed, 

ceramide cannot be glycosylated and remains capable of inducing apoptosis. 



68 

Genes Induced in Response to Wild-type APC 

The microarray results already described were also analyzed for the effect of APC 

on the elevation of gene expression. As described in the previous section, control 

experiments were performed with HT29-PGal cells to examine the effect of ZnCh on 

gene expression. Table 3 demonstrates results that we would expect from these 

experiments. The list is relatively short and the five genes whose expression levels were 

increased the most (from 32-136 fold) were all various metallothionein genes. This is 

excellent verification that this model is working properly since the addition of ZnCh 

should activate the metallothionein promoter. This property is the basis of the cell model 

we are using. The remaining genes which are affected by ZnCh addition were compared 

to the genes identified in additional experiments to ensure that genes apparently 

upregulated by APC are not simply being increased by ZnCh addition. 

The genes which appear to be upregulated by APC expression are listed in Table 

4. All of the listed genes are upregulated by 2-fold or more in all 3 independent 

microarray experiments. Thus far, no APC target genes have been identified whose 

expression is increased. This is the first report of genes positively affected by APC and 

the discussion will specifically focus on those genes with links to proliferation, apoptosis, 

and invasion. The only gene listed which also appears on Table 3 (control for ZnCb 

effect) is DUSP5. 

Thrombin (F2) is one of the genes whose expression is increased the greatest. 

There is approximately a 10-fold induction of thrombin expression in response to APC. 

Thrombin is a serine protease that is produced during coagulation. It has been shown to 
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Table 3. Genes Upregulated by Zinc Treatment 

3Gal -Zn vs. 3Gal +Zn - Up 2 or more fold 

Syilcautic e
 i 1
 

COBMOB Dcscriptira 

H53340 136.327 MTIG Meallolhiaaein IG 

N80I29 99,858 MTIL MettUodiionetii IL 

H77766 82.401 MTIH Metaliothioncin IH 

.AA872383 38.009 MTIE Mdallothkmein IE (fiincnonal) 

A1024402 32.097 MT2A Metallodiionem 2A 

W63749 12.208 BCL.2 B<dl CLL/lymptaama 2 

T49159 8.983 SERP[NB2 Serine (or cysteine) proieinasc inhibitor, ciade B. member 2 

AA450265 3.843 PCNA Proliferating cell nuclear antigen 

RI0662 z.ni MLHl MutL (E. coli) homoiog 1 (colon cancer, nonpolyposis lype 2) 

AAO10609 2.616 PVALB Parvalbumin 

N51018 2.558 BGN Bigtycan 

AA453085 2.501 LOX Lysyl oxidase 

R10973 2.242 RPL44 Ribosomal protein L44 

W6S46I 2.205 DUSP5 Dual specificil>' phosphatase 5 

.\A812676 2.038 MAPK8 Mitogen-activated protein kinase 8 

H065I6 2.038 .A2M Alpha-2-macroglobulin 
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Tabic 4. Genes Upreguiated by APC Expression 

PGal +Zn vs APC +Zn 24 hr - Up 2 or more fold with APC expression 

Syiicautic 
\vtngt 

Ratio (a=3) 
P-valae CoBBoa DcscriptioB 

AA59875Q 36.402 0.0067 PGD Phosphogluconaleddivdrogenase 

T62I31 9.707 0.0156 F2 Coaftulatioii &ctor II (thrombin) 

AAI26nS 4.638 0.0311 FXYD3 FW'D domain-comaininR ion transport regulator 3 

AA487S60 4.353 0.0245 CAVl Cavoolin 1. caveolae protein. 22kD 

.AA4SI904 3.540 0.0239 WFDC2 WAP fbtir-disulfidc core domain 2 

AA487634 3.519 0.0051 ARHGDIB Rho GOP dissociation inhibitor (GDI) beta 

.AA425853 3 486 0.0281 SFPO Splicing fiunor proiine/Rlutamine nch 

AA194765 3.458 0.0013 FOXOIA Forihead box 01A (rhabdomyosarcoma) 

T95747 3.098 0.0348 PSGl Pregnancy specific beta-l-fdycofiroietn 1 

R73909 2.986 0.0501 PSGII Pregnancy specific beta-l-glycoprolein 11 

R766I4 2.895 0.0385 NTN4 Netrin 4 

AA456900 2.853 0.0569 DGKA Diacvlglycerol kinase, alpha (80kD) 

R14663 2.692 0.0564 DTR Oiphtfieria toxin receptor 

AA488S04 2.653 00338 PGMl Phosphoglucomutase 1 

AA478724 2.651 0.0007 IGFBP6 Insulin-like growth &ctor binding protein 6 

W6546I 2.605 0.0377 DUSP5 Dual specificity phosphauue 5 

AA48926I 2.5% 0.0051 NDRGI N-mvc downstream regulated 

A.'V485272 2.542 0.0079 HKl Hexokinase 1 

T60I91 2.499 0.0154 HU-K5 Lysophospholipese-like 

AA4S389g 2.462 0.0248 SIAT4C Sialy hnnsfinse 4C 

R76229 2417 0.0126 SDCCAG28 Serologically defined colon cancer antigen 28 

R22977 2.401 0.0195 MSN Moesin 

R93124 2.330 0.0005 AKRICl Aldo-keto reductase fiunily t. member C1 

AA480g20 2.324 0.0580 POLD4 Potymerase (DNA-directed). delta 4 

T9gl52 2.287 0.0529 FBN2 Fibrillin 2 (congenitai contractural aiachnodactyly) 

N68327 2.284 0.0035 MLLTIO Myeloid/lymphoid or mixed-lineage leukemia 

R32406 2215 0.0254 MGC2306 Hypothetical protein MGC2306 

AA43385I 2225 0.0058 ELF3 E74-like fiutor 3 (ets domaui transcription &ctor) 

H26I76 22lb 0.0036 FER1L3 Fer-1 (C.elegansHike 3 (myofiTlin) 

R69354 2204 0.0326 SAC2 Sac domain^ontaining inositol phosphatase 2 

N94468 2.140 0.0203 JUNB Jun B proto-oncogeiie 

AAl 58990 2.138 0.0399 MVP Major vault protein 

AA443649 2.129 0.0207 CD8A CD8 antigen, alpha polypeptide (p32) 

T%71l 2.094 0.0208 FU14153 Hypotheticai protein FLJ14153 

R67915 2.074 0.0020 HSPC014 Hypothetical protein 

AA421296 2.020 0.0141 CD68 CD68 antigen 

HI2I89 2.012 0.0746 PIC 11 PS3-induced protein 

T99236 2.011 0.0213 JUNB Jun B proto-oncogene 

AA054421 2.010 0.0042 TRIM31 Tripartite motir-containing 31 
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induce apoptosis of mmor cells, i.e. Caco-2 cells, at high concentrations (0.5U/ml) 

(Ahmad, Knafo et al. 2000). This could be a mechanism by which APC induces 

apoptosis. 

APC also induces the expression of Rho GDP dissociation inhibitor (GDI) beta. 

This protein inhibits the exchange of GDP for GTP and keeps Rho in its inactive state. 

Examination of colonic polyps indicates that RhoGDI expression is reduced compared to 

normal colon samples and the inhibition of Rho (using lovastatin) induces apoptosis in 

human colon cancer cells (Melis and White 1999). Therefore, the induction of a Rho 

inhibitor would be advantageous in APC's quest to induce apoptosis. 

JunB is a member of the AP-1 transcription factor family. There are three 

mammalian Jun proteins (JunB, c-Jun, and JunD) and these dimerize with each other or 

with members of the Fos and ATF families. These dimers then have the capability of 

binding to AP-1 consensus sequences to modulate transcription. Recent evidence has 

implicated JunB as a negative growth regulator, a potential tumor suppressor, and 

apoptotic factor (Passegue, Jochum et al. 2001; Weitzman 2001). APC may also be 

functioning to induce this transcription factor since expression increased by slightly more 

than 2-fold in these studies. 

The next intriguing gene that we have identified as a possible APC target is 

FOXOIA (also known as FKHR). This protein is a forkhead box transcription factor 

which regulates the expression of downstream genes such as GADD45, p27, and Bim 

(Furukawa-Hibi, Yoshida-Araki et al. 2002; Stahl, Dijkers et al. 2002). FOXOIA plays a 

role in the inhibition of cell cycle progression and transformation (Ramaswamy, 
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Nakamura et al. 2002). From these microarray experiments, it appears that APC induces 

FOXOIA expression by approximately 3.5-fold. FOXOIA can also be regulated post-

transcriptionally by Akt. Akt phosphorylates FOXO transcription factors and prevents 

them from entering the nucleus and activating their target genes. The effect of APC on 

FOXOIA expression will be confirmed and discussed more in Chapter 5. 

Caspase-3 was also slightly elevated by APC expression. The average ratio for 

this gene was 1.727 and therefore is not included in Table 4. However, since caspase-3 

plays such a central role in apoptosis, we felt that this data was important enough for 

further analysis and consideration. Importantly, an increase of 1.73-fold was also seen 

with expression analysis using GEArrays. Expanded analysis of this data will be 

presented in Chapter 5. 
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SUMMARY 

The microarray results presented in this chapter identify many genes which may 

be involved in APC-dependent regulation of cellular proliferation, apoptosis, and 

invasion. These genes are potential targets of APC and these studies warrant further 

analyses into the relevance of these genes with respect to APC expression and colon 

carcinogenesis. These potential target genes have been further grouped into functional 

classes based on their molecular function (Table 5). As can be seen, there are many 

different classes of potential APC targets. Many of these genes fall into the main classes 

of transcription factors, cell cycle regulators, and apoptosis mediators. 

In the subsequent chapters, emphasis will be placed on these main classes of 

genes with a few specific genes and pathways highlighted. The list of potential target 

genes is quite extensive and most likely includes many other genes which were not 

included on our microarray chip. Investigation of these other targets will likely prove 

beneficial in further understanding the early stages of colon carcinogenesis and the 

consequence of APC mutation. 

Importantly, there are several limitations of microarray technology. First and 

foremost, it is important to recognize that there are many genes potentially induced by 

APC expression which remain to be confirmed. Chapter 5 will address some of the genes 

discussed in this chapter and provide confirmation for the alterations in gene expression 

observed through the microarray experiments. However, the number of genes to be 

confirmed was too great to complete for this dissertation. Additionally, in these studies 

only one cell line was used to identify potential APC target genes. Since changes in gene 
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expression can be cell type-specific, it will be necessary to develop another system to test 

the effects of APC on potential target genes. 
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Table 5. Functional Classes of Potential A PC Target Genes 

TraaacriptioB Factors 
Gene Name Direction of Change APC/3Gal Ratio 

IFn6 Down 0.188 

ZNF32 Down 0.366 

c-myc Down 0.412 

ets2 Down 0.502 

ASAHL Down 0.504 

FOXOIA Up 3.458 

MLLTIO Up 2.284 

MGC2306 Up 2.275 

ELF3 Up 2.225 

JunB Up 2.14 

Cell Cycle 
Gene Name Direction of Change APC/3Gal Ratio 

in 16 Down 0.188 

HMMR Down 0.41 

c-myc Down 0.412 

BTG3 Down 0.459 

UNG (DNA repair) Down 0.466 

cyclin Gl Down 0.505 

IGFBP6 Up 2.651 

NDRGI Up 2.596 

PIG II Up 2.012 

Apoptosis 
Gene Name Direction of Change APC/pGal Ratio 

IER3 Down 0.397 

CSEIL Down 0.503 

F2 (thrombin) Up 9.707 

ARHGDIB (RhoGDI) Up 3.519 

FOXOIA (FKHR) Up 3.458 

JunB Up 2.14 

caspase-3 Up 1.727 

Strnctaral Proteias 
Gene Name Direction of Change APC/3Gal Ratio 

FU12747 Down 0.251 

CAVl Up 4.353 

ARHGDIB Up 3.519 

FBN2 (fibrillin 2) Up 2.287 

Motility 
Gene Name Direction of Change APC/pGal Ratio 

HMMR Down 0.41 

MSN (moesin) Up 2.401 
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lavasKM 
Gene Name | Direction of Change | APC/pGal Ratio 

MMP-7 (matrilysin) Down 0.131 

DTR Up 2.692 

Trass port 
Gene Name Direction of Change APC/pGal Ratio Type 

AP3M2 Down 0.443 lysosomal trafficking 

CSEIL Down 0.503 nucleocytoplasmic 

PCD Up 36.402 electron transport 

FXYD3 Up 4.638 Cr transport 

AKRICI Up 2.33 bile acid/electron 

MVP Up 2.138 nucleocytoplasmic 

HSPC0I4 Up 2.074 ion tansport 

Adhcsioo 
Gene Name Direction of Change APC/pGal Ratio Type 

PICP2 (plakophilin 2) Down 0.453 junctional plaques 

AFAP Down 0.464 adherens junctions 

ARHGDIB Up 3.519 adhesion inhibitor 

Other 
Gene Name Direction of Change APC/pGal Ratio Function 

DPYSL-2 Down 0.183 Dihydropyrim idase 

NNMT Down 0.344 7 
TRIP 15 Down 0.471 9 

WW45 Down 0.471 
Mitochondria ribosomal 

protein S3 5 

RNTRE Down 0.496 7 
PRO 1847 Down 0.498 0 

SERPINBI Down 0.504 proteinase inhibitor 

WFDC2 Up 3.64 proteinase inhibitor 

SFPQ Up 3.486 mRNA splicing factor 

PSGl Up 3.098 glycoprotein 

PSGll Up 2.986 glycoprotein 

NTN4 Up 2.895 membrane protein 

DGKA Up 2.853 signalling (PKC) 

PGMI Up 2.653 carbohydrate metabolism 

HKI Up 2.542 glycolytic enzyme 

HU-K5 Up 2.499 lipid metabolism 

SIAT4C Up 2.462 glycosylation 

SDCCAG28 Up 2.417 tumor antigen 

POLD4 Up 2.324 7 

FERIL3 Up 2.216 
muscle contraction; 

circulation 

SAC2 Up 2.204 7 
CD8A Up 2.129 T-cell receptor 

FU14153 Up 2.094 7 
CD68 Up 2.02 7 

TRIM31 Up 2.01 7 
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CHAPTER 4: 

APC-DEPENDENT REGULATION OF ORNITHINE 

DECARBOXYLASE IN HUMAN COLON TUMOR CELLS 

INTRODUCTION 

Recent studies show that the expression of c-myc is repressed by wild-type AFC 

and activated by overexpression of p-catenin at both the RNA and protein levels in 

human colon tumor derived cells (He, Sparks et al. 1998). Since the ODC gene has been 

identified as a transcriptional target for c-myc (Bello-Femandez, Packham et al. 1993; 

Pena, Reddy et al. 1993; Wagner, Meyers et al. 1993; Packham, Bello-Femandez et al. 

1994; Packham and Cleveland 1994; Wu, Pena et al. 1996; Coller, Grandori et al. 2000), 

we hypothesized that c-myc might act as an intermediate in the APC-dependent 

expression of ODC. To determine the effect of wild-type APC on the expression of c-

myc and ODC, HT29-APC and HT29-pGal cells were used. 

Additionally, a polymorphic site in the first intron of the human ODC gene has 

been identified (Fitzgerald and Flanagan 1989). Analysis of allele fi-equencies at this site 

indicate that 5-10% of individuals are homozygous for the minor A-allele (Quo, Harris et 

al. 2000). Furthermore, the SNP was found to have functional significance in rodent cell 

lines affecting ODC activity (Guo, Harris et al. 2000). Thus far, no data has been 

published on the effect of ODC genotypes and risk of colorectal neoplasia. Given the 

potential role of ODC as a modifier of APC-dependent intestinal carcinogenesis in the 
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mouse model (Erdman, Ignatenko et al. 1999), and because APC has been implicated in 

the majority of sporadic human colon adenomas and cancers (Iwamoto, Ahnen et al. 

2000), the relationship between the ODC polymorphism and risk of adenoma recunence 

has been assessed (Martinez et al, in review for PNAS). In these studies, it was found 

that individuals homozygous for the A-allele had a 50% lower risk of adenoma 

recurrence. In light of these findings, studies were conducted to further test the 

functional significance of the ODC SNP and to assess potential mechanisms that might 

explain findings from the observational data. 
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RESULTS 

APC Induction in I1T29-APC Cells 

Upon ZnCb induction of HT29-APC cells, full-length APC protein is expressed 

(Morin, Vogelstein et al. 1996). To confirm this, we performed a western blot for APC 

(Figure 6A). Cells were treated with 300 ZnCh or an equal volume of water 

(vehicle) for 8 hours and then a western blot was performed to detect full-length APC 

protein. HCTl 16 cells were used as a control since they express wild-type APC (Groden, 

Joslyn et al. 1995; Sparks, Morin et al. 1998). Full-length APC was only present when 

the HT29-APC cells were treated with ZnCl: and was detectable as early as 1 hour after 

ZnCl: addition (Figure 6B). The control cells, HT29-pGal, did not express detectable 

full-length APC when treated with either ZnCli or water. 

Effect of APC Expression on E-box Transcription Factor RNA Levels 

A custom GEArray was used to determine the alterations in mRNA levels for 

many different genes. HT29-APC and HT29-pGal cells were treated with ZnCli for 9 

hours and then harvested for total RNA. This RNA was reverse transcribed into cDNA 

and radiolabeled with ^"P-dCTP. After hybridization with the GEArray, several changes 

in gene expression were observed as a consequence of full-length APC expression (Table 

6). 

Interestingly, c-myc mRNA levels from the GEArrays were quantitated as 

negative values and thus were unusable. This is in contrast to northern blot data, 

performed by us and others (He, Sparks et al. 1998), showing an observable decrease in 
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Figure 6. Full-length APC Protein is Induced in HT29-APC Cells. A. HT29-APC 
and HT29-PGal cells were incubated with water or 300 ^M ZnCl, for 8 hours. Full-
length APC is expressed by 8 hours in the HT29-APC cells but not in the control 
HT29-PGaI cells. HCTl 16 cells served as a positive control for full-length APC. B. 
HT29-APC cells were treated with 300 |iM ZnCL, for 0, 1, 2, and 3 hours to 
determine the time course for zinc-induced APC expression. Molecular weight 
markers were used to verify the size of APC (-300 kDa). Full-length APC is 
expressed as early as 1 hour following ZnCL, treatment. 



81 

Table 6. GEArray/Nortfaeni Data for E-box Traoacriptioii Factors and Potyaauae Specific Genes 

GEArray Data 

Unigene Gene Name 
HT29-APC/ HT29-^aI 

Average ratio 
Standard 
Deviatioa Direction of Change 

Hs. 109012 MAD 3.46 0.16 Increase 

Hs. 42712 Max 0.84 0.27 No Change 

Hs. 262476 AMDl 1 0.002 No Change 

Hs. 76244 SRM 0.8 0.005 No Change 

Hs. 119140 eIF5A 1.26 0.227 No Change 

Hs. 28491 SSAT 1.67 0.005 Slight Increase 

Hs. 89718 SMS 1.37 0.007 Slight Increase 

Hs. 125078 OAZl 1.42 0.056 Slight Increase 

Hs. 75212 ODC 0.64 0.18 Decrease 

Northern Data 

Unigene Gene Name 
im9-APC/ iIT29-pGal 

Average ratio 

Direction of 

Change 
Hs. 79070 c-myc 0.36 Decrease 

AMDl = S-adenosylmethionine decarboxylase 1 

SSAT = N1-Spermidine/Spermine acetyltransferase 

SMS = spermine synthase 

SRM = spermidine synthase 

OAZl = ODC antizyme 
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c-myc steady-state RNA levels (data not shown). However, a distinct increase (greater 

than 3-fold) was observed in Madl mRNA levels. This finding is novel and it is 

important since Madl is a c-myc agonist. Other genes such as Max, P-catenin, and E-

cadherin are not affected by the induction of APC. 

Expression of FuU-Length APC Induces Madl RNA 

To confirm the GEArray results, Madl steady-state RNA levels were analyzed by 

northern blotting. We found that the expression of full-length APC increases steady-state 

levels of Madl RNA (Figure 7). HT29-APC and HT29-PGal cells were treated for 0, 3, 

6, and 9 hours with 300 |aM ZnCh and then analyzed for Madl RNA expression using 

full-length human Madl cDNA. We found that the induction of normal APC protein 

resulted in an increase of Madl RNA steady-state levels when compared at various time 

points to the levels in the HT29-PGal cells. GAPDH was also probed in order to 

normalize for loading variations and to quantitate the levels of Madl RNA for each time 

point. 

The level of Madl RNA increased approximately 7.8-fold in the first three hours 

following APC induction and remained relatively constant throughout the 9 hour period. 

This magnitude of increase was not seen at any time point in the HT29-pGal control 

cells. While there is some induction of Madl steady-state levels in both cell lines 

following zinc-induction, the increase is not as great in the HT29-PGal cells nor is it 

sustained for as long as in the HT29-APC cells. Some of this increase appears to be a 

result of zinc addition and the reasons for this are unclear. However, there is still a 
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Figure 7. EfTect of Full-Length APC Expression on Madl RNA Levels. 
Expression of APC leads to an increase in Madl RNA levels. Cells were treated 
with ZnClj for 0, 3. 6 and 9 hours and then harvested for total RNA. 20 ^g of 
total RNA was probed with ^^P-labeled cDNA for Madl and GAPDH (loading 
control). Densitometric analysis was performed using ImageQuant (Molecular 
Dynamics). 
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distinct difference between the Madl RNA levels in the APC expressing cells compared 

to the control cells. The data presented is representative of several experiments and 

corroborates the data obtained in GEArray experiments. These results indicate that APC 

expression upregulates Madl steady-state RNA levels. 

Full-Length APC Suppresses c-myc and Enhances Madl Protein Expression 

To further assess the effect of APC on E-box transcription factors, we induced the 

expression of full-length APC for varying times. As seen in Figure 8, the expression of 

c-myc protein was suppressed within 3 hours when wild-type APC was expressed 

compared to the negative control HT29-PGal cells. This suppression continued 

throughout the 9 hour period. These findings, as well as northern blot data (not shown) 

showing a similar decrease in c-myc RNA, confirmed results published by He et al (He, 

Sparks et al. 1998). 

In contrast, Madl protein expression was elevated in response to APC expression 

when compared to levels in the HT29-PGal cells. Figure 8 shows this increase after 9 

hours and it is observed as early as 3 hours following the addition of ZnClj. There 

appears to be a time-dependent decrease in protein expression in both cell lines following 

the ZnCh treatment and the reasons for this are unknown. However, the difference in 

expression levels between the two cell lines is significant. The mechanism underlying 

the Madl decrease in protein levels over time, while the RNA steady-state levels are 

maintained, is unknown. It is likely that Madl is being regulated at several different 

levels and these regulatory mechanisms have yet to be elucidated. 
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Figure 8. Effect of APC Expression on c-myc and Madl Protein Levels. AFC 
expression leads to downregulation of c-myc and upregulation of Madl proteins, 
while expression of Max is unaffected. 30 |ig of cell lysate was electrophoresed 
and c-myc. Madl, and Max expression were detected using mouse monoclonal 
antibodies. Actin was probed to control for variations in loading. 
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This finding further substantiates the GEArray data for Madl mRNA levels 

shown in Table 6. The expression of Max did not change in response to full-length APC. 

These results are similar to earlier reports indicating that the expression of c-myc and 

Mad are inversely regulated (Blackwood, Luscher et al. 1992; Larsson, Pettersson et al. 

1994). 

FuU-Length APC Reduces ODC RNA Levels 

ODC has been identified as a transcriptional target of the c-myc:Max complex 

(Pena, Reddy et al. 1993). A consensus E-box (CACGTG) element was foimd in the 

ODC promoter region at -491 to -474 base pairs 5' to the start of transcription. 

Experiments show that c-myc and Max can specifically bind to this region of the ODC 

promoter and overexpression of c-myc and/or Max leads to an increase in ODC 

expression (Pena, Reddy et al. 1993). This group also found that when the CACGTG 

element is mutated to CATATG, activation of the ODC promoter is reduced by almost 

90% in WI-38 lung fibroblasts. 

To examine the role of APC in the regulation of ODC in colon-derived cells, 

HT29-APC and HT29-PGal cells were treated with ZnCh and ODC RNA levels were 

analyzed. As shown in Figure 9, ODC RNA levels are suppressed in response to full-

length APC expression. ODC RNA levels were normalized to GAPDH expression and 

we find that ODC RNA remains low during the 9 hour period in the HT29-APC cells 

while levels appear to increase in the control cells. To demonstrate this difference in 

ODC RNA levels between the two cell lines, the fold change for each cell line as a result 
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Figure 9. Expression of APC Results in Down regulation of ODC RNA. A. 
Expression of APC leads to a decrease In steady state ODC RNA levels. Cells 
were treated with ZnCL, for 0, 3, 6 and 9 hours and then harvested for total RNA. 
20 |ig of total RNA was probed with ^^P-labeled cDNA for ODC and GAPDH 
(loading control). Densitometric analysis was performed using ImageQuant 
(Molecular Dynamics). B. Quantitation of Northern Results. ODC/GAPDH ratios 
were calculated and the ratio for the HT29-APC cells was divided by the 
ODC/GAPDH ratio of the HT29-PGal cells. 
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of full-length APC expression was calculated. These experiments indicate that ODC 

RNA levels drop as early as 3 hours following the induction of full-length APC, when 

compared to mutant APC expressing cells. This reduction in ODC may then lead to a 

decrease in intracellular polyamine levels since ornithine will not be converted as 

efficiently into putrescine. Ultimately, this may affect the cell's ability to grow and 

proliferate. 

APC Reduces ODC Promoter Activity, Requiring a Wild-Type E-box Sequence 

To substantiate our claims that the regulation of ODC transcription by APC 

occurs via c-myc, we utilized ODC promoter-reporter assays. These constructs either 

contained the wild-type ODC promoter (wt810) or a mutant version with the E-box 

altered from CACGTG to CATATG (mutSlO) located upstream of the CAT reporter gene 

(Pena, Reddy et al. 1993). These constructs were transiently transfected into the HT29-

APC and HT29-PGal cell lines. Twenty-four hours after transfection, 300 ^M ZnCh 

was added to fresh medium and the cells were cultured for another 24 hours. Following 

the treatment, lysates were collected and CAT enzyme linked immunosorbent assays 

(ELISA) were performed to determine the effect of full-length APC expression on ODC 

promoter activity. 

As shown in Figure 10, data taken from four independent experiments indicate 

that expression of full-length APC leads to a small (less than 2-fold) but statistically 

significant decrease in promoter activity when there is an intact E-box within the 
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Figure 10. Effect of APC Expression oo E-box Dependent ODC Promoter 
Activity. In four independent experiments. 5 ^g of either wtSlO or mutSlO ODC 
promoter construct was transiently transfected into the appropriate cell line. Cells 
were then treated with 300 |xM ZnCL, or vehicle (water) to determine the effect 
of full-length APC expression on ODC promoter activity. The average and 
standard deviations of the four experiments were calculated and P values were 
determined using Anova. 
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promoter sequence. However, this reduction is no longer observed when the E-box is 

mutated. The data indicates that ODC promoter activity is reduced by approximately 

50% by 24 hours after ZnCh addition in an APC- and c-myc-dependent manner. 

Inhibition of c-myc Suppresses ODC Enzyme Activity 

In an effort to substantiate the connection between c-myc and ODC, antisense c-

myc was added to the culture medium and ODC activity assays were performed on HT29 

cells after 6 hours of treatment. Figure I lA illustrates the decrease in enzyme activity as 

a result of antisense c-myc targeting compared to treatment with vehicle or a c-myc 

mismatch oligonucleotide. This demonstrates that expression of c-myc has a direct effect 

on ODC activity and enforces the possibility that c-myc may play an intermediate role in 

signaling between APC and ODC. Since antisense c-myc treatment does not completely 

abolish ODC activity it is likely that other pathways are involved in the regulation of 

ODC. However, since we have only looked at one timepoint (6 hours of antisense 

treatment), it is possible that further reduction would be observed at later timepoints or 

that there is unregulated basal expression of ODC. Figure 1 IB confirms that treatment of 

HT29 cells with antisense c-myc significantly reduces protein levels of c-myc compared 

to treatment with vehicle or the mismatch oligonucleotide. 

There are different types of c-myc antisense oligonucleotides which have different 

affects on cellular proliferation (Tidd, Giles et al. 2001). The oligonucleotides used in 

this study were the RNase H-active oligos that contain the phosphodiester linked motif 

CGTTG. This sequence has been reported as an apoptosis inducing CpG oligo in 
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Figure 11. Effect of Antisense c-myc on ODC Activity. HT29 cells were 
treated for a total of 6 hours with either vehicle, antisense c-myc. or a mismatch 
c-myc oligonucleotide. Cells were then harvested and analyzed for A. ODC 
activity and B. c-myc protein levels. Samples were run in triplicate to obtain an 
average and standard deviation for the ODC activity assay. 
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MOLT-4 human leukemia cells. However, in the HT29 cells treated with these antisense 

oligos, there was no indication of apoptosis. As seen from Figure 11B, the treatment 

resulted in significant suppression of c-myc protein levels. 

Effects of APC Expression on Allele-Specific Promoter Activity 

The ODC A-allele has been identified as a protective factor in colon cancer 

development (Martinez et al, in review PNAS). Since APC expression inhibits ODC 

promoter activity, we were interested in whether there was an allele-specific effect. As 

seen in Figure 12A, the ODC promoter region contains an E-box in the 5' flanking region 

and two closely spaced E-boxes within intron 1. The A317G SNP is located between 

these two E-boxes and may regulate which transcription factors can bind or how strongly 

they bind. To test the effect of APC on ODC allele-specific activity, cotransfections were 

performed with either ^G13-0DC/A or pGL3-0Z)C/G and pSV-PGal (to control for 

transfection efficiency) into HT29-APC and HT29-PGal cells. Twenty-four hours after 

transfection, ZnCli was added to induce APC expression. Figure 12B demonstrates that 

APC expression results in an A-allele-specific reduction in promoter activity in these 

cells, compared to HT29-PGal cells. 
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Figure 12. APC Expression Results in A-allele Specific Inhibition of ODC 
Promoter Activity. A. Diagram of ODC promoter regioiL The 3 E-boxes are 
shown and the G317A polymorphism is higiilighted. B. HT29-APC and HT29-
pOal cells were cotransfected with either ODC/A or ODC/G and pSV-pOal. When 
treated with ZnCl, to induce APC expression, an A-allele specific reduction in 
ODC activity is observed. 
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Madl Overexpression Specifically Inhibits theODC/A Allele 

As shown previously, expression of APC leads to a change in expression of rwo 

E-box transcription factors (He. Sparks et al. 1998; Fultz and Gemer 2002). Protein 

le\els of c-myc are suppressed with APC expression while those of Madl are induced 

(Figure 13.A). Therefore, we hypothesized that the increase in Madl expression by APC 

may result in the allele-specific inhibition we obser\'ed. To test this, we constructed a 

plasmid containing flill-length Madl cDN.A under the control of the CMV promoter 

(pcDNA-Madl). Cotransfections were performed in HT29 cells with pGL3-0DC/A or 

pGL3-0DC G and either pcDNA3.1 (empty vector control) or pcDNA-Madl. .As shown 

in Figure 13B. constitutive expression of Madl led to a significant 78% A allele-specific 

inhibition of promoter activity (P=0.007) and a non-significant 16% reduction with the 

G-allele (P=0.307). These results were similar to the obserx'ations with the HT29-.APC 

experiments and strengthened our hypothesis that Madl appears to have an allele-specific 

effect. 

The direct relevance of these transient transfection experiments to the function of 

the endogenous ODC gene remains to be established. We were concerned that our 

transfection experiments might be compromised by differences in promoter methylation, 

since the region around the ODC polymorphism is a CpG island, and the polymorphism 

converts a CpG to Cp.A. Bisulfite DN.A sequencing was conducted in this region isolated 

from normal human colonic mucosa and normal human prostatic tissue. We found that 

CpGs in a region 100 nucleotides around the polymorphic site are either not methylated 

or are methylated at a very low frequency (less than 10%; data not shown). Thus, the 
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Figure 13. A-alelle Specific Inhibition by Madl. A. Expression of APC 
suppresses c-myc and induces Madl protein expression. B. HT29 cells were 
cotransfected with either ODC/A or ODC/G and pcDNA-Madl (or en:^)ty vector 
control). Results are shown as fold change, in terms of RLU/mg protein, relative to 
transfection with the empty vector control. 
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results of the transient transfection promoter-reporter experiments are not confounded by 

potential methyiation of the endogenous ODC promoter in human tissues, including 

normal human colonic mucosa. 

N' -Spermidine/Spermine Acetyltransferase is Unaffected by APC Expression 

Polyamine levels can be regulated by several different mechanisms including 

biosynthesis, catabolism, degradation, and influx/efflux. Since we have already shown in 

this system that wild-type APC suppresses ODC, and therefore the overall synthesis of 

polyamines, we decided to investigate the possible influence of APC on N'-

spermidine/spermine acetyltransferase (SSAT). 

Recent studies using polyamine analogs demonstrated that high levels of SSAT 

were observed in cells undergoing apoptosis (Chen, Kramer et al. 2001). SSAT 

acetylates the polyamines, spermidine and spermine, so that they can be exported out of 

the cell or oxidized by polyamine oxidase (PAO). High SSAT activity would therefore 

lead to an overall decrease in intracellular polyamine levels. SSAT activity can be 

regulated transcriptionally and post-transcriptionally and can also be induced by stress 

(Fogel-Petrovic, Shappell et al. 1993; Gemer, Kurtts et al. 1993; Ignatenko and Gemer 

1996). 

HT29-APC and HT29-PGal cells were treated for varying times with ZnCh and 

SSAT levels were assessed by Northern blot (Figure 14A) and SSAT enzyme activity 

assay (Figure 14B). Neither SSAT expression nor activity level were affected due to the 
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Figure 14. Effect of APC Expression on SSAT. (A) Expression of APC has no 
effect SSAT steady-state RNA levels. Cells were treated for various times with 
ZnCU and a Northern was performed for SSAT. The bottom panel shows 
ethidium bromide staining to indicate even loading. (B) HT29-APC and HT29-
pCal cells were treated for 24 hours with ZnCU and assayed for SSAT enzyme 
activity. There was a very minor decrease in SSAT activity with APC expression. 
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expression of wild-type APC. Therefore, unlike ODC, SSAT is not a downstream target 

of APC. 
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SUMMARY 

Results presented in this chapter emphasize the role of APC in downstream P-

catenin/Tcf4 signaling. Since it was already known that c-myc is a target of the P-

catenin/Tcf4 pathway and that c-myc can transcriptionally activate ODC, our goal was to 

link these targets as downstream events regulated by APC expression (Pena, Reddy et al. 

1993 ; He, Sparks et al. 1998). The main findings of this chapter are as follows: 

• APC expression suppresses c-myc (RNA and protein levels) while it induces 

Madl expression (RNA and protein levels). The mechanism of c-myc suppression has 

already been established and the finding that Madl is induced is novel. The mechanism 

by which APC increases Madl expression is not known but probably involves a 

mechanism other than the P-catenin/Tcf4 pathway. 

• APC reduces ODC RNA and protein levels. The hypothesis was that this 

reduction would occur due to the suppression of c-myc. Since we also found that Madl 

is induced, Madl repression of ODC may function at an additional level of transcriptional 

regulation. 

• APC expression reduces ODC promoter activity and this suppression requires a 

wild-type E-box. These experiments provided further confirmation that the mechanism 

of APC-induced ODC suppression is mediated through a decrease in c-myc. 

• ODC enzyme activity is reduced when c-myc expression is inhibited using 

antisense c-myc oligonucleotides. This observation provided further confirmation of the 

role played by c-myc in the regulation of ODC. 
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• Expression of APC results in an A allele-specific reduction of ODC promoter 

activity. These results suggest a mechanism by which the ODC A allele may be 

protective in adenoma recurrence. 

• Overexpression of Madl specifically inhibits the ODC A allele. Since APC 

expression increases Madl expression, we hypothesized that the repressor activity of 

Madl may be specific for the A allele. The results confirmed this specific preference for 

the A allele and identified a possible mechanism for the allele-specific inhibition by APC. 

• APC expression has no effect on the polyamine catabolic enzyme, SSAT. Since 

the key polyamine synthesis enzyme, ODC, is inhibited by APC we were interested in 

whether SSAT would be induced. This type of regulation would lead to a further 

increase in cellular polyamine levels. However, SSAT RNA and activity levels were 

unchanged following APC expression. 
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CHAPTERS: 

APC-DEPENDENT CELL TURNOVER 

INTRODUCTION 

Studies examining the effects of AFC expression in cell lines have noted the 

induction of apoptosis in response to wild-type AFC expression (Morin, Vogelstein et al. 

1996). Apoptosis is an essential feature in the maintenance of cell turnover. It is a major 

form of cell death and is morphologically characterized by condensation and 

fragmentation of nuclear chromatin, reduced cell volume, loss of membrane integrity, and 

generation of apoptotic bodies. A decrease in apoptosis, as well as an increase in cellular 

proliferation, can lead to the deregulation of cell growth and ultimately, tumorigenesis. 

In this study, we have used a colon cancer cell line to examine the effects of APC 

expression on apoptosis. When HT29 cells (wt APC"' ) were induced to express wild-

type APC, apoptosis was induced. Wild-type APC expression also induced the release 

of cytochrome c from the mitochondria into the cytosol. This event is critical for the 

formation of the 'apoptosome' and the resulting caspase cascade. APC also led to 

nuclear translocation of apoptosis inducing factor, AIF. Based on our results from 

microarray experiments, we also examined APC-dependent effects on other genes 

involved in apoptosis. 
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RESULTS 

Wild-Type APC Induces Apoptosis in Human Colon Cancer Cells 

Using cell lines that conditionally express wild-type APC or p-galactosidase upon 

induction with ZnCh, we confirmed that HT29 cells undergo apoptosis when wild-type 

APC is expressed. The cell lines were treated with either H2O or ZnCli for varying 

times. After 24 hours of induction, there was a considerable amount of cell death as 

evidenced by an increase in floating/adherent cell ratio (data not shown). Using Apostain 

(F7-26 monoclonal antibody recognizing single-stranded DNA), we found that apoptosis 

can be detected by 9 hours after the induction of wild-type APC (Figure 15). The 

apoptosis seen is not simply due to the presence of ZnCh since the HT29-PGal cells are 

relatively unaffected when compared to treatment with water at the same timepoint. The 

percentage of apoptotic cells at 24 hours is markedly increased in the APC expressing 

cells (57%). While the HT29-PGal cells also exhibit an increase in apoptosis, it is 

relatively minor and quite insignificant compared to that seen in the HT29-APC cells. 

This is most likely due to some toxicity of the ZnCh. 

Figure 16 also demonstrates APC-induced apoptosis through the use of acridine 

orange and ethidium bromide. In this assay, cells were treated with either water or ZnCh 

for 24 hours and then stained with the aforementioned dyes. This experiment clearly 

shows the cells undergoing apoptosis after 24 hours of APC expression. Both cell lines, 

when treated with vehicle (water) for 24 hours, remain very healthy and viable. As a 

control, the HT29-PGal cells were also treated with ZnCb to assess zinc effects. From 

this experiment, it is clear that ZnCli does induce apoptosis to a minor extent but the 
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Figure IS. APC Expression Induces Apoptosis. Apoptosis was analyzed at 9 and 
24 hours following treatment with water or ZnCU. At 24 hours, APC expression 
results in approximately 42 percent apoptosis. In the control cells, ZnCU treatment 
only results in approximately 11 percent apoptosis. 
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Figure 16. Acridine Orange/Ethidiuiii Bromide Apoptosis Assay - APC Induces 
Apoptosis. Cells were analyzed by fluorescence microscopy and categorized as 
follows: normal nuclei (bright green chromatin with organized chromatin structure), 
early apoptotic (bright green chromatin that is highly condensed or fragmented), late 
apoptotic (bright red chromatin that is highly condensed or fragmented), or necrotic 
(bright red chromatin with organized structure). 
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effects are minimal when compared to apoptosis in the APC expressing cells. These 

results corroborate the data shown in Figure 15. 

APC Induces Mitochondrial Release of Cytociirome c 

Apoptosis is regulated at many levels and can either be caspase-dependent or 

caspase-independent. To begin to elucidate the mechanism by which APC induces 

apoptosis, we decided to examine whether expression of wild-type APC could stimulate 

the release of the cytochrome c from the mitochondria into the cytosol. This is a key 

event in apoptosis and is tightly regulated by a number of factors. The release of 

cytochrome c into the cytosol leads to the formation of the 'apoptosome', which consists 

of cytochrome c, Apaf-1, dATP, and procaspase-9. Procaspase-9 is cleaved into its 

active enzymatic form and then activates the caspase cascade by cleaving such 

downstream effector caspases as caspase-3 and caspase-7. When we induced APC 

expression in the HT29-APC cells, we indeed observed release of cytochrome c into the 

cytosol (Figure 17A). The appearance of cytochrome c in the cytosol did not occur in the 

control cells. 

The mechanism by which APC triggers this release remains unknown and further 

work must be done to elucidate this mechanism. We hypothesized that polyamines may 

play a role in preventing the release of cytochrome c. Therefore, since APC suppresses 

ODC, and presumably cellular polyamine levels, this model would predict that the loss of 

polyamines would lead to cytochrome c release. To test this possibility, HT29-APC and 

HT29-pGal cells were treated with ZnC^ alone or in combination with 1 mM putrescine. 
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Figure 17. APC Induces Cytochrome c Release. A. Cells were treated with ZnCl^ 
for 24 hours, at which time mitochondrial and cytosolic fractions were isolated. 
Westerns were performed with these fractions for cytochrome c. After 24 hours of 
APC expression cytochrome c is released into the cytosol. None is released in the 
HT29-PGaI cells when treated with ZnCl, treatment. B. Cells were treated with 
ZnCl, in the presence or absence of ImM putrescine for 6 and 24 hours. 
Mitochondrial extracts were isolated and westerns were performed for cytochrome c. 
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No protection from cytochrome c release was observed with the addition of putrescine 

(Figure 17B). While some protection is seen at 6 hours, there is no difference in 

mitochondrial cytochrome c levels by 24 hours. Again, we see no decrease of 

mitochondrial cytochrome c in the control cells. 

APC Induces Nuclear Translocation of Apoptosis Inducing Factor (AIF) 

AIF, like cytochrome c, is a mitochondrial factor that can be released from the 

mitochondria upon induction of apoptosis. Following mitochondrial release, it can be 

translocated into the nucleus where it initiates large-scale (>50 kb) DNA fragmentation in 

a caspase-independent manner. Since cytochrome c is released upon APC expression, we 

decided to test whether AIF is also released and translocated into the nucleus. Following 

APC induction, nuclear extract was purified and westerns were performed. When APC is 

expressed, we see a time-dependent increase in AIF protein levels in the nucleus (Figure 

18). No change was observed in nuclear extracts from the HT29-PGal cells treated with 

ZnCb. 

This finding was interesting since experiments using various caspase inhibitors 

did not inhibit apoptosis (Figure 19). Since we observe an APC-induced release of 

cytochrome c and an induction of caspase-3, we expected that inhibition of the caspase 

cascade would inhibit apoptosis. Since we did not see this effect, the possibility was 

raised that a caspase-independent mechanism was functioning independent of or in 

concert with the caspase pathway. Since AIF is translocating into the nucleus, this may 

be an important factor APC-mediated apoptosis. 
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NUCLEAR EXTRACTS 

HT29-APC HT29-pGal 

Figure 18. APC Induces Nuclear Translocation of AIF. Cells were treated for 
various times with ZnCU. At these times, cells were harvested and nuclear 
extracts were purified. These extracts were run on an SDS-PAGE gel and 
westerns were performed to detect nuclear translocation of AIF. 
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-Zn -)-Zn -fZay -̂VVAD +Ziî -OEVD -f-Zn -̂VilD -t-Zn/z-ltlU -i-Ziî -VAD 

Treatment Caspase Inhibited 

z-YVAD-FMK 
z-DEVD-FMK 
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caspase-1 
caspase-3 
caspase-6 
caspase-8 

broad range of caspases 

Figure 19. APC Induced Apoptosis is Caspase-Independent. Cells were treated 
for 24 hours with vehicle. ZnCU, or a combination of ZnCU and specific caspase 
inhibitors. The caspase inhibitors were added to the cell culture media at a 
concentration of 2 ^M for 24 hours and then readded along with 300mM ZnClj for 
an additional 24 hours. Apoptosis was then assessed using the ApoAlert Annevin 
V kit from Clontech. Each experiment was performed in triplicate and the average 
was determined. The results are shown as fold change in apoptosis compared to 
the vehicle-treated cells. 
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APC Expression Induces Caspase-3 

When cytochrome c is released from the mitochondria, it forms a complex known 

as the 'apoptosome'. This complex consists of dATP, Apaf-l, cytochrome c, and 

procaspase-9 and leads to the cleavage of procaspase-9 into active caspase-9. This 

caspase activation leads to further cleavage of downstream caspases, such as caspase-3 

and caspase-7. From GEArray and microarray experiments (see Chapter 4), we found 

that caspase-3 is upregulated with APC expression. To further investigate the role of 

caspase-3 in APC-induced apoptosis. westerns were performed to look at caspase-3 

protein levels (Figure 20). When APC was induced, the levels of procaspase-3 decreased 

over time while there was no change in the HT29-PGal cells. This decrease in the 

procaspase form indicates that the protein has undergone cleavage. Since we observe an 

increase in RNA levels (according to both GEArray and microarray data) and a decrease 

in procaspase-3 protein levels, it appears that APC expression activates caspase-3 at two 

levels. 

NFKB Expression is Suppressed by APC 

GEArray experiments indicated that NFkB may be an APC target gene (Table 7). 

There was a reduction in NFKB expression by approximately 4-fold (although the 

standard error was quite large). To confirm or discount these results, westerns were 

performed for the two main subunits of NFKB, p50 and p65. Figure 21 demonstrates that 

the protein levels of both subunits decreases as APC is expressed. The significance of 
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HT29-APC HT29-BGal 

Figure 20. APC Expression Leads to Activation of Caspase-3. Protein levels of 
procaspase-3 decrease over time as APC is expressed. This decrease implies that 
expression of APC is leading to the cleavage of procaspase-3 into active caspase-3. 
No decrease is observed in the control cells. 



Table 7. GEArray Data for Apoptosis/Cell Cycle-Related Geaes 

Uwgene Geee Name 
HT29-APC/ I]T29-|IGal 

Average ratio Directioa ofChaage 
Hs. 1578 survivin 0.36 Decrease 

Hs. 79241 Bcl-2 0.4 Decrease 

Hs. 83428 NFkB 0.51 Decrease 

Hs. 85146 c-ets2 0.6 Decrease 

Hs. 82932 cyclin D1 0.6 Decrease 

Hs. 76366 Bad 0.91 No Change 

Hs. 159428 Bax 1.06 No Change 

Hs. 75244 Bcl-w 1.12 No Change 

Hs. 295156 GADDI53 1.55 Increase 

Hs. 74552 caspase-3 1.73 Increase 

Hs. 80409 GADD45 3.57 Increase 

Hs. 76507 PIG7 (LITAF) 3.59 Increase 
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HT29-APC HT29-pGal 

NFkB 

Figure 21. APC Suppresses NFicB. Cells were treated with ZnCl, for various 
times and harvested for cell extracts. Westerns were performed to detect cellular 
protein levels of the NFKB subunits, p50 and p65. Both subunits appear to 
decrease upon APC expression. P-actin is shown as a loading control. 
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this finding is that NFKB has been shown to regulate various cellular lAPs and therefore, 

plays a role in apoptosis. 

Surviviii is Suppressed Slightly by APC 

Survivin is one of the lAPs involved in the inhibition of the caspase cascade. By 

binding to procaspase-3 through its CARD domain, survivin can prevent the activation of 

caspase-3. Since we observe a decrease in NFKB protein levels with APC expression, it 

was of interest to investigate whether any of the LAPs were regulated through this 

mechanism. GEArray experiments also indicated that survivin may be suppressed by 

APC, showing an approximate 3-fold reduction in expression levels (Table 7). To further 

examine this possibility, westems were performed on cell extracts for survivin. 

Figure 22A demonstrates that survivin protein levels decrease over time when 

APC expression is induced. However, survivin levels also decrease in the HT29-PGal 

samples. The decrease seen in the control cells is not as pronounced as seen in the APC 

expressing cells but the difference between the two is probably not very significant. 

Shortly after performing these experiments, a paper was published examining the effects 

of APC on survivin (Zhang, Otevrel et al. 2001). This group performed the same 

experiments and also used dominant-negative Tcf-4 to show that survivin is 

downregulated by APC through the P-catenin/Tcf-4 pathway. The western shown in the 

paper looked very similar to mine (no significant change) and the RT-PCR did not show 

any major change either. However, their experiments with the dominant-negative Tcf-4 
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Figure 22. APC Leads to a Modest Reduction of Survivin Levels. Following 
ZnC12 treatment of cells for various times, cells were harvested and cell extracts 
were purifed. A. These extracts were examined for survivin protein levels by 
western blotting. APC expression appears to decrease survivin levels but we also 
see a decrease in theHT29-PGal cells. Therefore, the majority of the decrease we 
see is due to ZnCU treatment. B. Extracts were also analyzed for changes in 
cIAP2 expression since it is another target of NFKB. NO changes were seen in 
cIAP2 levels with APC expression. 
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transfections were much more convincing and leave the possibility for this mechanism 

open. In these experiments, a dominant-negative Tcf-4 gene construct was used to block 

activation of Tcf-4-mediated transcription. Transfection with these constructs resulted in 

suppression of survivin levels as assessed by RT-PCR and western blotting. 

Protein levels of cIAP2 were also analyzed since it is also a transcriptional target 

of NFicB (Figure 22B). The expression of cIAP2 is not affected, even modestly, by 

expression of wild-type APC in this model. 

Suppression of Ets2 and Bcl-xL by APC 

Ets2 was identified through microarray experiments (Chapter 3) as a possible 

target gene of APC. Expression was reduced by approximately 50% in all three 

experiments and was statistically significant (P=0.0247). This suppression was 

confirmed by RT-PCR (Figure 23 A). Bcl-xL is a target gene of ets2 and we subsequently 

confirmed that it is also suppressed as a consequence of APC expression (Figure 23 B). 

Bcl-xL is an antiapoptotic protein and its suppression would therefore promote a cell's 

susceptibility to apoptosis. 

Effect of APC on Bcl-2 Family Members 

Since Bcl-xL appears to be regulated by APC and other Bcl-2 family members 

play such an important role in apoptosis, it was important to look at the effect of APC on 

levels of the other family members. Protein levels of Bax and Bad were also screened by 
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HT29-APC HT29-pGal 

GAPDH 
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HT29-APC HT29-pGal 

Figure 23. Suppression of Ets2 and Bcl-xL by AFC. A. Cells were treated for 
24 hours with ZnCl, and total RNA was isolated. 1 |ig of RNA was used for the 
reverse transcription reaction and the resuking sample was used to amplify ets2 
cDNA. GAPDH was also amplified as a loading control. B. Westerns blots were 
performed for Bcl-xL protein expression at various times after the induction of 
APC. 
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western blot to determine whether they could be playing a role in APC-induced apoptosis 

(Figure 24A). Cellular levels of these factors were assayed following APC induction. 

No change in expression levels were observed for either Bax or Bad. In this 

investigation, the only member which appears to be regulated by APC is BcI-xL. 

Since Bax promotes apoptosis by inserting into the mitochondrial membrane and 

presumably opening up mitochondrial pores, westerns were also performed for Bax using 

mitochondrial extracts (Figure 24B). Our hypothesis was that we would see increased 

levels of mitochondrial Bax if it was inserting into the membrane and promoting 

apoptosis. However, no increase was seen and this does not appear to be a mechanism 

involved in APC-mediated apoptosis. 

FKHR is Induced by APC Expression 

As discussed in Chapter 3, one of the important genes elucidated from the 

microarray experiments was FOXOIA. In all three experiments, FKHR (FOXOIA) was 

upregulated by APC. The average of these values indicated a 3.5-fold increase in 

expression when APC was expressed (P=0.0013). This increase was further investigated 

by performing western blots for FKHR. Protein levels were increased by 24 hours after 

APC induction and reached a peak around 48 hours (Figure 25). There was no increase 

observed in the control cells. 

FKHR, and other forkhead factors, regulate the expression of genes involved in 

both cell cycle progression and apoptosis. Some of these include GADD45, p27'^''', and 
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+ 
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Mitochondrial Bax 

Figure 24. Effect of APC on Bcl-2 Family Members. A. Cells were treated 
with ZnCU for various times aiid cells were harvested for cell lysates. Protein 
levels were assessed by western blotting for Bad and Bax. APC had no effect on 
expression levels of either protein by 72 hours. B. Mitochondrial extracts were 
assayed by western blot for Bax protein levels. APC expression did not appear to 
effect mitochondrial levels of Bax atKl treatment with putrescine did not prevent 
association of Bax with the mitochondrial membrane. 
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P-actin 

Figure 25. Induction of FKHR by APC. To confirm our microarray results, we 
treated cells whh ZnCU for various times and analyzed FKHR expression by 
western blotting. As APC is expressed, there is a large increase in FKHR protein. 
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Bim. Therefore, the possibility that APC may be regulating this transcription factor is 

very intriguing. A recent study presented the possibility that FKHR-mediated inhibition 

of cell cycle progression and transformation may require the transcriptional repression of 

D-type cyclins (Ramaswamy, Nakamura et al. 2002). Since we and others have shown 

that cyclin D1 is a downstream target of the APC pathway, this mechanism seems 

plausible (Tetsu and McCormick 1999). 

TNFa Does Not Play a Role in APC-Induced Apoptosis 

GEArray data led us to hypothesize that the TNFa pathway may be involved in 

the mediation of apoptosis by APC. We found that the expression of PIG7 (aka LPS-

Induced TNFa Factor, or LITAF) was increased by 3.6-fold after 9 hours of APC 

expression (Table 7). To confirm this induction, westerns were performed to analyze 

LITAF protein levels at various times following APC expression. As shown in Figure 

26A, no change was observed in LITAF protein levels at any time. 

To further test the possible role of TNFa in this pathway, we acquired 

huTNFR:Fc from Immunex (Seattle, WA). This drug is a soluble TNFa receptor so we 

thought that if TNFa was being induced and we treated the cells with this receptor, we 

would be able to block apoptosis. By performing apoptosis assays for annexin V, we 

found that huTNFR.Fc had no effect on the levels of apoptosis and we concluded that 

TNFa does not play a role in APC-induced apoptosis (Figure 26B). 
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Figure 26. TNFa Does Not Play a Role in APC>Induced Apoptosis. A. 
Cell lysates were harvested after various times and western blots were 
performed for LITAF protein levels. B. HT29-APC cells were treated with 
vehicle. ZnCl,. TNFR, or a combination of ZnCl, and TNFR for 24 hours. 
Apoptosis assays were performed to evaluate the effect of TNFR on APC-
induced apoptosis. 
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SUMMARY 

The induction of apoptosis and regulation of cell growth by APC is the central 

mechanism investigated in this chapter. Since the inactivation of APC is the earliest 

known event involved in colon carcinogenesis, and seen in up to 95% these cancers, it is 

crucial to understand its function. Since APC expression has been shown to induce 

apoptosis, the goal of these studies was to begin to understand the mechanism of this 

regulation. The main findings of this chapter are as follows; 

- The induction of apoptosis due to APC expression was confirmed through 

various apoptosis assays. These results further established APC as a regulator of 

apoptosis and the mechanism of this modulation was unknown. 

• Cytochrome c was released from the mitochondria into the cytosol upon 

expression of APC. No release was seen in the control cells when treated with ZnCh. 

Addition of putrescine was not able to prevent the release of cytochrome c in response to 

APC induction. 

• Protein levels of procaspase-3 decreased upon expression of APC in a time-

dependent manner. This decrease indicates the cleavage of inactive procaspase-3 into 

active caspase-3. However, treatment of APC-expressing cells with various caspase 

inhibitors did not suppress apoptosis. Therefore, it appears that APC induces apoptosis in 

a caspase-independent manner. 

• AIF, another pro-apoptotic mitochondrial protein released with cytochrome c, is 

translocated into the nucleus upon expression of APC. This implicates both caspase-

dependent and caspase-independent mechanisms in the induction of apoptosis by APC. 
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• APC expression leads to a decrease in the protein levels of the NFKB subunits, 

p50 and p65. Since NFKB is icnown to transcriptionally regulate lAP family members, 

we investigated the effect of APC on survivin and cIAP2 protein levels. Survivin was 

moderately suppressed while there was no effect on cIAP2 protein levels. 

- Ets2 was a candidiate APC-target gene identified from our microarray studies. 

Suppression of Ets2 by APC was confirmed by RT-PCR and Bcl-xL, an Ets2 target gene, 

was proven to be inhibited by APC expression through western blots. 

• Since Bcl-xL appears to be a downstream target of APC, other Bcl-2 family 

members were also investigated. There is no effect on Bax or Bad protein expression in 

response to APC. 

• Another gene identified through microarray experiments and further investigated 

in this chapter is FKHR. Upon expression of APC, cellular protein levels of FKHR 

increased substantially. Since FKHR has been implicated in the induction of apoptosis, 

this finding is very relevant. 

• The TNFa pathway was investigated as a possible mechanism through which 

APC induces apoptosis. LITAF protein levels remained constant and treatment of APC 

expressing cells with a soluble human TNF receptor did not reduce the amount of 

apoptosis. 



125 

CHAPTER 6: 

DISCUSSION 

The control of both proliferation and apoptosis are essential for maintaining the 

proper balance of cell growth and death. When these processes are defective or 

misregulated, tumors can arise. Therefore, it is important to elucidate the effects of 

oncogene activation and tumor suppressor inactivation. Knowledge of the downstream 

events in these pathways can help in identifying specific targets for treatment and/or 

chemoprevention. This dissertation addresses the mechanisms by which mutations in the 

tumor suppressor gene, APC, lead to the tumorigenic process. 

APC-Dependent Gene Expression 

Defects in the APC gene occur in 90% or more of colon adenomas and cancers 

and are responsible for both inherited and sporadic forms (Cadigan and Nusse 1997; 

Iwamoto, Ahnen et al. 2000). However, the mechanisms by which APC mutations 

promote tumorigenesis are poorly understood. The effects of APC on the P-catenin/Tcf-4 

pathway have been widely studied, but questions remain about what other genes and/or 

pathways are altered as a result of APC mutation. 

To address these questions, wild-type APC was conditionally expressed in human 

colon cancer cells. Using total RNA isolated from these cells, large-scale microarray and 

limited array experiments were performed to identify potential targets of APC. These 

experiments served several purposes. The first was to ensure that the model system was 
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functioning properly in our hands. This was found to be the case since several of the 

genes previously identified as targets of APC were confirmed through our experiments. 

Some of these genes included MMP-7 (matrilysin), myc, cyclin Gl, and cyclin Dl. 

These experiments were also important in evaluating the effects of ZnCh on gene 

expression. The addition of ZnCh to cells in culture will obviously have an effect on the 

cells and these experiments (as well as the use of the negative control HT29-PGal cells) 

were used to further investigate these effects. Control experiments comparing cells 

treated with water to those treated with ZnCh allowed for the distinction between zinc 

effects and effects due solely to the expression of wild-type APC. 

Finally, these experiments provided a starting point to begin an evaluation of the 

genes affected by APC expression. These effects may be a consequence of either indirect 

or direct regulation. There were many different functional classes of genes affected by 

APC expression including those encoding transcription factors, cell cycle regulators, pro-

apoptotic and anti-apoptotic factors, structural proteins, and factors involved in invasion, 

motility, transport, and adhesion (Figure 27). Clearly, the effects of APC are far-reaching 

and involved in a number of different pathways. 

Induction, as well as suppression, of genes resulted from APC expression. 

Suppression can be readily explained as a possible result of the inhibition of the P-

catenin/Tcf-4 pathway, however it is more difficult to explain the induction of gene 

expression. One explanation may be that the P-catenin/Tcf-4 complex can 

transcriptionally activate certain repressors. Therefore, the degradation of P-catenin due 
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Figvre 27. APC-Dependeat Gene Expression. Based on results obtained from 
microarray analyses, several genes were identified as potential mediators of APC 
tumor suppressor function. These genes participate in various pathways involved in 
the cell cycle, apoptosis. and invasion. Expression of wild-type APC ultimately 
leads to inhibition of tumorigenesis. 
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to APC expression would lead to a decrease in this repressor expression. This repressor 

inhibition could then lead to the induction of certain downstream genes. 

However, another likely explanation is that there are other pathways regulated by 

APC. Until now, most studies have only focused on the direct targets of P-catenin/Tcf-4 

in terms of APC signaling. The studies presented in this dissertation raise the distinct 

possibility that there is at least one other pathway that can affect the expression of various 

downstream genes. 

APC-Dependent Regulation of ODC Expression 

It is known that tumor cells with truncated APC exhibit high levels of P-catenin 

since it caimot be targeted to the 26S proteasome for degradation (Easwaran, Song et al. 

1999). This leads to P-catenin/Tcf-4 association and translocation to the nucleus where 

transcription of target genes is activated. 

The c-myc oncogene has recently been identified as one of these target genes (He, 

Sparks et al. 1998) and c-myc RNA and protein are overexpressed in both early and late 

stages of colorectal tumorigenesis (hnaseki, Hayashi et al. 1989; He, Sparks et al. 1998). 

Based on extensive studies, it appears that an increase in P-catenin/Tcf-4 activity leads to 

increased expression of c-myc, and subsequently c-myc target genes. 

ODC, the first enzyme in polyamine synthesis, appears to be one of these c-myc 

target genes. Since inhibition of ODC suppresses intestinal tumorigenesis in Min mice 

(Erdman, Ignatenko et al. 1999), these data suggest that ODC is a modifier of APC-

dependent signaling in both normal and neoplastic intestinal mucosa. 
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Several lines of evidence suggest that APC mediates ODC expression via a c-

myc-dependent mechanism affecting ODC transcription. First, induction of wild-type 

APC suppressed ODC RNA levels and ODC promoter activity. When the E-box in the 

5'-flanking region was mutated, APC no longer repressed ODC promoter activity. To 

further corroborate the role of c-myc in the expression of ODC, we treated HT29 cells 

with antisense c-myc. When compared to cells treated with either vehicle or a missense 

oligonucleotide, antisense c-myc RNA suppressed ODC activity. These results provided 

evidence that c-myc is indeed involved in this signaling pathway. 

However, while a decrease in wild-type promoter activity is observed, it is not 

abolished in the human colon tumor-derived cells used in these studies. These results are 

qualitatively similar, but quantitatively different from previous studies (Pena, Reddy et al. 

1993), which reported a 90% reduction in promoter activity when these ODC promoter 

constructs were evaluated in lung fibroblasts. The signaling pathways in these two types 

of cells are likely different. The fact that we did not observe a greater reduction in 

promoter activity may indicate that there are other factors which contribute to the 

expression of ODC in HT29 cells. 

There are also two other E-boxes located in the first intron of the ODC gene (Guo, 

Harris et al. 2000). These E-boxes are separated by only 28 base pairs and a functionally 

significant SNP exists between them. While these E-boxes are highly conserved, the 

flanking sequences are not and have been shown to be important in the binding of E-box 

transcription factors. Investigators have shown that c-myc:Max dimers bind strongly to 

these E-boxes and they believe that this high affinity binding is due to the ability of c-
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Myc:Max dimers to bind cooperatively to these E-boxes ("Walhout, Gubbels et al. 1997). 

Tbereofore, cooperative binding at these regions and alteration of the flanking sequences 

due to the SNP may be playing important roles in promoting transcription via the binding 

of c-myc:Max complexes. 

The data showing APC-dependent expression of Madl are novel. Madl also 

forms heterocomplexes with the c-myc binding partner. Max. Madl can compete with c-

myc for binding to Max, thus decreasing the levels of c-myc :Max complexes. An 

increased ratio of Mad:Max to c-myc:Max heterocomplexes would lead to greater 

binding at E-box domains by Mad:Max complexes. Expression of c-myc is 

dowiu'egulated during differentiation while Madl expression is upregulated and the 

reciprocal effect is seen during periods of cell growth (Marcu, Bossone et al. 1992; Ayer 

and Eisenman 1993; Larsson, Pettersson et al. 1994; Hurlin, Foley et al. 1995; Cultraro, 

Bino et al. 1997; Grandori, Cowley et al. 2000). 

Since c-myc and Madl exert opposite effects on cell cycle progression and bind 

to the same domain, it was hypothesized that full-length AFC expression would exert an 

opposite effect on Madl expression compared to c-myc. Indeed, this reciprocal effect 

was seen and the induced expression of full-length AFC resulted in upregulation of Madl 

and downregulation of c-myc, at both the protein and RNA levels. These changes would 

therefore affect the target genes controlled by the c-myc/Mad/Max transcription factor 

network. 

Some of these target genes, such as ODC, may be involved in cell growth and 

proliferation. Using Madl-inducible cell lines, it has been shown that Madl expression 
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inhibits S-phase entry, cellular proliferation, and colony formation (Bejarano, Albihn et 

al. 2000). Additionally, it has been shown that gastric cancers with decreased Madl 

expression have high proliferative index (S and G2/M phase), are associated with poor 

patient survival, and this reduced expression appears to be associated with human gastric 

carcinogenesis (Han, Park et al. 1999). An inverse correlation between Myc and Madl 

expression was also noted in this study. 

Figure 28 presents a proposed model whereby the expression of APC provides a 

'molecular switch' between transcriptional repression and activation of target genes 

mediated by Madl and c-myc, respectively. Transcriptional targets of these E-box 

transcription factors, such as ODC, then further regulate normal cell growth and 

development, and under conditions of aberrant APC expression, appear to be essential for 

neoplasia (Erdman, Ignatenko et al. 1999; Meyskens and Gemer 1999). 

APC expression was also found to mediate the activity of ODC promoter activity 

through selective repression of the A allele. This repression appears to be modulated via 

Madl. Madl expression is induced as a result of APC expression and therefore we 

questioned whether overexpression of Madl would also have this A allele-specific effect 

on the suppression of ODC promoter activity. We found that this was the case and may 

aid in the explanation of why individuals homozygous for the A allele are protected from 

adenoma recurrence. 
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Figure 28. Proposed Model for APC-Dependent Regulation of ODC via the E-
boi Transcription Factor NetworL Wild-type APC functions to stimulate 
transcription of Mad I (mechanism not known) and suppress transcription of c-myc 
(through P-catenin/Tcf-4). This 'switch' regulates the expression of downstream E-
box dependent genes, such as ODC. and ultimately cellular proliferation/apoptosis. 
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Alterations in polyamine metabolism are found in the Min mouse. These mice 

have a missense mutation in codon 850 of the murine APC homolog and they lose the 

wild-type allele, thus leading to intestinal tumor formation (Halberg, Katzimg et al. 

2000). Elevation of intestinal ODC RNA and polyamine contents have been observed in 

the Min mouse (Erdman, Ignatenko et al. 1999). Similarly, FAP patients exhibit 

increased activities of ODC and elevated levels of polyamines (Giardiello, Hamilton et al. 

1997). The data presented in this dissertation provide a mechanism for upregulation of 

ODC in Min mice and humans with FAP, and indicate that the APC tumor suppressor 

gene influences ODC gene transcription by a process of coordinate expression of the E-

box proteins Madl and c-myc. 

APC may influence other genes involved in polyamine metabolism. In the Min 

mouse model, a decrease in antizyme steady-state RNA levels is observed (Erdman, 

Ignatenko et al. 1999). Antizyme targets ODC for rapid degradation and influences 

polyamine uptake (Hayashi, Murakami et al. 1996). The influence of APC on other 

polyamine metabolic genes is currently under investigation. 

APC-Dependent Cell Turnover 

Min mice develop spontaneous tumors and the number of tumors is much greater 

in the small intestine compared to the colon. Small intestinal tumor number was assessed 

in these mice and after treatment with DFMO, small intestinal tumor number decreased 

by approximately 56%. 
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To assess how this reduction occurs, apoptotic indices were measured in the 

intestinal crypts of these mice both before (~8 weeks of age) and after tumors became 

apparent in the intestinal tract (16 weeks of age) (Gemer 2000). Significantly, the 

apoptotic index was reduced in the Min mice compared to normal littermates. Since 

decreased apoptosis is often associated with deregulated cell proliferation, it is logical 

that we would observe a decrease in the intestinal crypts of mice besieged with tumors. 

When these mice were treated with DFMO, levels of apoptosis in the crypts were 

restored. Proliferation was also assessed by measuring PCNA (proliferative cell nuclear 

antigen) levels and these were unaffected. Therefore, in this model, decreased apoptosis 

appears to be the major factor in determining small intestinal tumor growth. 

This result correlates well with the reduction in tumor number that is observed 

with DFMO treatment. Since DFMO specifically inhibits ODC, these results indicate 

that polyamines play a role in protection from apoptosis. Interestingly, polyamines have 

been implicated in both the induction and suppression of apoptosis. This appears to be 

dependent on both the cell type and the apoptosis inducer. However, emerging evidence 

is pointing more toward a role in protection. 

For example, a decrease in polyamine levels (especially spermidine and spermine) 

seems to be a more common feature of apoptosis (Redman, Xu et al. 1997) and 

polyamine treatment can protect against apoptosis in early development of the rat brain 

(Gilad, Domay et al. 1985). Inhibition of polyamine synthesis can also lead to inhibition 

of cellular proliferation followed by apoptosis (Choi, Kim et al. 2000; Moffatt, 

Hashimoto et al. 2000; Singh, Pervin et al. 2000). 
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Since APC has been shown to play a role in the induction of apoptosis, we were 

interested in how this regulation occurs. The first step was to confirm this induction 

through various apoptosis assays. Next, we found that the pro-apoptotic mitochondrial 

protein, cytochrome c, is released into the cytosol upon APC expression. This release led 

to the speculation that APC effectively promotes formation of the 'apoptosome', thus 

leading to activation of caspase-3. APC expression did lead to subsequent cleavage of 

procaspase-3 and presumably, activation of the enzyme. 

When cytochrome c is released fi-om the mitochondria, other proteins are 

simultaneously released. These other factors include AIF, SMAC/Diablo, and 

endonuclease G. To test the possibility that a caspase-independent mechanism may be 

responsible for APC-induced apoptosis, nuclear translocation of AIF was investigated. 

We found that AIF does localize to the nucleus once APC is expressed. Once in the 

nucleus, AIF is capable of inducing large-scale DNA Segmentation via an unknown 

mechanism. 

Data fi-om GEArray experiments implicated survivin as a downstream target of 

APC. Since survivin, and other lAPs, bind to and inhibit various caspases, suppression 

by APC would aid in the promotion of apoptosis. Westerns indicated that NFKB is also 

suppressed by APC and we hypothesized that this may be the mechanism through which 

survivin is suppressed. However, only a modest decrease in survivin protein levels was 

observable. cIAP2 levels were also unaffected by APC expression. Therefore, the 

implications of NFKB suppression remain unclear. 
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Another potential target gene of APC, which was revealed through microarray 

analysis, is Ets2. A highly statistical decrease (P=0.0247) of approximately 50 percent 

was seen when APC was expressed for 24 hours. These results were confirmed through 

RT-PCR. A potentially interesting target of Ets2 is Bcl-xL and we found that protein 

levels of this Bcl-2 family member also decrease as APC is expressed. This may be a 

useful pathway to target for colon cancer chemoprevention. 

There is also evidence that Ets2 may function in concert with P-catenin. For 

instance, transcriptional regulation of matrilysin has been shown to be influenced by both 

P-catenin and Ets2 (Crawford, Fingleton et al. 2001). From our microarray experiments, 

we find that matrilysin is the most highly repressed gene on the entire cDNA chip. This 

strong repression may be due to the suppression of both P-catenin (via APC-induced 

degradation) and Ets2 (through an unidentified transcriptional mechanism). P-catenin 

does not appear to directly regulate transcription of Ets2 due to an absence of a binding 

site for Tcf-4. 

FKHR is another gene identified through our microarray studies. In contrast to 

other genes which were suppressed by APC, FKHR was induced by approximately 3.5-

fold (P=0.0013). FKHR is a forkhead transcription factor and has been implicated in the 

apoptotic process. This increase was confirmed by demonstrating an increase in FKHR 

protein levels following APC expression. This increase may lead to an increase in 

transcriptional activation of some of the target genes of FKHR, including GADD45, p27, 

and Bim. An increase in these products may function in the inhibition of the cell cycle as 
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well as induction of apoptosis. These as well as other unidentified mechanisms could be 

responsible in part for APC-induced apoptosis. 

FKHR is also a target for phosphorylation by Akt. Once phosphorylated, FKHR 

cannot translocate into the nucleus and remains in the cytosol. This prevents FKHR from 

activating its target genes and essentially leads to its inactivation. Studies to examine this 

pathway are currently underway. Specifically, cells will be treated with an Akt inhibitor 

to inhibit the phosphorylation of FKHR. We predict that this will lead to an increase in 

apoptosis in both APC expressing cells and mutant APC expressing cells. In an attempt 

to bring all of these results together. Figure 29 diagrams the potential pathways which 

may be inducing apoptosis. 

The studies presented in this dissertation reveal the importance of APC and 

implicate several downstream genes (and pathways) that are affected by its expression 

status. The mechanism by which APC fimctions appears to be much more complex than 

originally thought. Much of the evidence shown implicates at least one other pathway, 

besides the p-catenin/Tcf-4 pathway, which is regulated by APC expression. The 

microarray findings show upregulation of numerous genes by APC and imply that P-

catenin/Tcf-4 regulation may not be the central mediator of apoptosis. Since APC leads 

to the downregulation of P-catenin and its target genes, it makes sense that APC is 

inducing other genes through a completely different mechanism. On the other hand, it is 

possible that a common transcriptional repressor of these genes is being suppressed 

through the P-catenin/Tcf-4 pathway. These possibilities need to be fiuther investigated 

and work has begun to more clearly understand the role of APC in proliferation and 
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NFKB / survivin 
Ets2 / Bcl-xL 
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Figure 29. Proposed Model for APC-Dependent Regulation of Cell Turnover. 
Wild-tvpe APC functions to suppress various genes involved in cell survival and 
induces apoptosis through the mitochondrial pathway by a variety of mechanisms. 
These mechanisms appear to include release of cytochrome c. mitochondrial release 
and nuclear translocation of AIF. increased expression of FKHR, and activation of 
caspase-3. 
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apoptosis. Hopefully, gaining in depth knowledge of this ver\' important tumor 

suppressor gene will allow us to identify specific targets for efficient and effective 

treatment. 

Future Directions 

Based on the results reponed in this dissertation, it is clear that .\PC expression 

results m a wide range of downstream effects. Many of these (i.e. effects on c-myc. 

ODC. cyclin Dl. etc) can be e.xplained by the downregulation of P-catenin. However, 

other genes appear to be regulated by other pathways. \o other studies have identified 

alternate signaling pathways regulated by .APC. 

In order to elucidate other mechanisms of .APC function, much work remains to 

be done. One imponant aspect of .APC signaling that needs clarification is whether (3-

catenin signaling is involved in all of the changes in gene expression observed upon 

expression of wild-t\pe .APC. To examine this, experiments can be performed using 

siRNA for P-catenin. Using this technology, it would be possible to knock-out (or 

significantly suppress) P-catenin expression and examine the effects on potential APC 

target genes. Once confirmed that the transfections are suppressing or eliminating P-

catenin expression, cell lysates can be used to perform westerns for Madl. Bcl-xL. and 

FKHR. If P-catenin suppression does not affect the protein levels of these targets (as 

does .APC expression), then we will have novel evidence that APC can affect gene 

expression through mechanisms other than the P-cateniaTcf-4 pathway. Additionally, 

westerns should be performed on nuclear extracts to determine whether suppression of P-
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catenin results in nuclear translocation of AIF. Other experiments to be performed using 

these siRNA transfected cells would be RT-PCR for Ets2 and apoptosis/growth assays to 

determine whether P-catenin suppression alone results in apoptosis. 

If it is determined that there are other signaling pathways affected by APC 

expression, the next logical step would be to elucidate the mechanisms by which these 

pathways are signaled. For example, if we find that p-catenin suppression does not lead 

to induction of FKHR. we would first need to identify potential transcription factor 

binding sites within the promoter. Once identified as potential regulators of FKHR 

transcription, it would be logical to test whether APC expression has an effect on any of 

these transcription factors. If any are confirmed to be downstream targets of APC, 

experiments can be performed to test whether this effect is directly leading to the 

induction of FKHR. To examine this, one could make deletion mutants lacking that 

binding site to see if expression of APC is still capable of inducing FKHR levels. All of 

the potential .A^PC target genes identified in this dissertation could be investigated in this 

manner. 

It would also be extremely interesting to identify which APC target genes are 

responsible (by themselves or in combination with other downstream targets) for the 

induction of apoptosis. Additional experiments using siRNA (to knock out genes 

upregulated by APC) or specific inhibitors (of the resulting proteins/pathways involved) 

would help clarify the roles that these APC targets play in the induction or potentiation of 

apoptosis. 
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