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ABSTRACT 

Dysregulation of cellular metabolism is associated with multiple diseases 

including cancer. Polyamines are organic cations shown to control gene expression at the 

transcriptional, post-transcriptional, and translational level. The activity of ornithine 

decarboxylase (ODC), the first enzyme in polyamine synthesis, is associated with normal 

and neoplastic growth. A single nucleotide polymorphism (SNP, rs2302615, SNP +316 

nucleotides 3’ of the transcriptional start site) in the ODC1 gene has been found to be 

both functional and prognostic for risk of colorectal carcinogenesis. A comprehensive 

investigation of genetic variability in ODC1 gene was performed. We confirmed 

frequencies of 12 SNPs occurring in participants of a clinical cancer prevention trial. We 

identified haplotypes accounting for over 90% of the genetic diversity in the ODC1 gene. 

Mechanistically, we addressed two of them, which account for more than half of the 

participants in the clinical trial. Two ODC1 intron 1 SNPs, rs2302616 (SNP +263 

nucleotides 3’ of the transcriptional start site) and rs2302615, were found to be associated 

with disease processes. Both of them predicted metachronous adenoma and response to 

agents targeting the polyamine pathway in participants of the clinical trial. The 

rs2302616 functionally modulate a DNA G-quadruplex structure and predicted the ODC1 

rate-limiting product putrescine by genotype. Both SNPs cooperate to modulate ODC1 

transcriptional activity involving both a G-quadruplex structure and Sp1 binding site at 

rs2302616, and rs2302615 flanked MYC-binding E-boxes. Haplotype analysis, using 

both these SNPs, might provide better discrimination of both disease prognosis and 

treatment prediction in cancer chemoprevention clinical trials. 
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CHAPTER 1: INTRODUCTION 

a. Cancer 

Cancer is a major public health problem in the United States and many other parts 

of the world. One in four deaths in the United States is due to cancer [1]. A total of 

1,660,290 new cancer cases and 580,350 cancer deaths are projected to occur in the 

United States in 2013 [1]. The three most common cancers expected to occur in men are 

prostate, lung and bronchus, and colorectal. Among women will be breast, lung and 

bronchus, and colorectal cancer [1]. In both genders separately will account for about 50 

percent of all newly diagnosed cancers in 2013 [1]. 

Cancer is a multistep process and these steps reflect genetic alterations that drive 

the progressive transformation of normal human cells into highly malignant derivatives 

[2]. Cancer is a disease characterized by self-sufficiency in growth signals, insensitivity 

to growth-inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), 

limitless replicative potential, sustained angiogenesis, and tissue invasion and metastasis 

[2]. Recently, in addition of the six general hallmarks of cancer, it was proposed two 

emerging hallmarks with specific enabling characteristics underlying them. It is now 

appreciated that deregulating cellular energetics as well as avoiding immune destruction 

are characteristic traits that cancers also share [3]. Underlying these hallmarks are 

genomic instability and mutation, and tumor-promoting inflammation [3]. Treatments 

purposes exploiting these shared fundamental features have been decreased cancer death 

rates, particularly for cancers such as colorectal and breast, for which mortality declines 

have been attributed to earlier detection and improvements in treatment [1]. 

Cancers are classified by the type of tissue in which the cancer originates 

(histological type) and by primary site, or the location in the body where the cancer first 

developed. From a histological standpoint there are hundreds of different cancers, which 

are grouped into six major categories: Carcinoma (epithelial tissue), sarcoma (supportive 

and connective tissue), myeloma (plasma cells of bone marrow), leukemia (bone 

marrow), lymphoma (glands or nodes of the lymphatic system) and mixed types. 

Importantly for colorectal cancer, carcinoma refers to a malignant tumor of epithelial 
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origin or cancer of the internal or external lining of the body. Carcinomas are 

malignancies coming from epithelial tissue, which account for 80 to 90 percent of all 

cancer cases. Epithelial tissue is found throughout the body. It is present in the skin, as 

well as the covering and lining of organs and internal passageways, such as the 

gastrointestinal tract. Carcinomas are divided into two major subtypes: 1) 

adenocarcinoma, which develops in an organ or gland, and 2) squamous cell carcinoma, 

which originates in the squamous epithelium. Most carcinomas affect organs or glands 

capable of secretion, such as the breasts, which produce milk, or the lungs, which secrete 

mucus, or colon or prostate or bladder. Adenocarcinomas often spread easily through the 

soft tissue where they occur. Squamous cell carcinomas occur in many areas of the body. 
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b. Colorectal cancer 

Colorectal cancer refers to a cancers that forms in the tissues of the colon or 

rectum, with an estimation of 102,480 and 40,340 new case of cancer, respectively. 

About 143,000 people will be diagnosed and 50,830 will death of colorectal cancer in 

2013 in the United States according to the National Cancer Institute. It is the fourth most 

common cancer in men, after skin, prostate, and lung cancer. It is also the fourth most 

common cancer in women, after skin, breast, and lung cancer. Recent rapid declines in 

colorectal cancer incidence rates have largely been attributed to increases in screening 

that can detect and allow the removal of precancerous polyps [1]. The colon and rectum 

are parts of the digestive system, which plays a fundamental role in absorption of 

nutrients, minerals, water and others. They form a long, muscular tube called the large 

intestine (also called the large bowel) which received partly digested food coming from 

the small intestine. The colon is the first 4 to 5 feet of the large intestine, and the rectum 

is the last several inches. The colon is the longest part of the large intestine and is divided 

in four different parts: ascending colon, transverse colon, descending colon, and sigmoid 

colon. The ascending colon, which is connected to the small intestine by the cecum, 

travels up the right side of the abdomen. The transverse colon crosses the abdomen side 

to side hanging off the stomach. The descending colon goes down the left abdomen and 

continues until a short curve at the end of the organ known as the sigmoid colon, which 

end just before the rectum. The function of the colon is remove water, salt and some 

nutrients from the remained food and turns the rest into solid waste or stool. The stools, 

which is temporally store, passes from the colon into the rectum and then get out of the 

body through the anus. 

Colorectal cancer is a disease in which cells in the colon or rectum become 

abnormal and divide without control, forming a mass called a tumor. The majority of  

colorectal cancers are adenocarcinomas, which develop  from benign polyps known as 

adenoma [4]. Colon polyps are normal growths that form a small protuberance on the 

inside lining of the upper part of the large intestine (colon or rectum). Surgical remove of 

adenomas by procedure called colonoscopy is associated with a 75-90% significant lower 



12 

risk of colorectal cancer, as evidenced by prospective observational study [5]. Studies 

from patients undergoing colonoscopy suggests that a sizable fraction of the general 

population risk for colorectal cancer resides in individuals who develop colorectal 

neoplasias or colorectal adenomatous polyps [6]. Most colon polyps are harmless, but 

some can progress to invasive cancer [7, 8]. Colon polyps found in the early stages 

usually can be removed safely and completely by a colonoscopy surgical procedure. 

There are three main types of colon polyps: hyperplastic, inflammatory and adenomatous 

or adenomas. Hyperplastic polyps occur most often in the descending colon and rectum. 

Larger, right-sided hyperplastic polyps may become cancerous. Inflammatory polyps 

usually result from ulcerative colitis and are not a major cancer risk. There are three types 

of adenomatous polyps or adenomas: villous, tubular and tubulovillous. They can be 

pedunculated with an elongated stalk of tissue supported with a peduncle or sessile which 

lacks a stalk, known as cauliflower-like appearance or flat adenomas. Tubular adenomas 

are the most common (75%), least likely to develop in colorectal cancer and may occur 

everywhere in the colon often on a stalk. Villus adenomas are more likely to become 

cancerous, often sessile and located in the rectal area, less well differentiated and they 

account for about 10 percent of adenomas. The tubulovillous adenomas are 15% of them 

and the degree of villus component is correlated with the premalignant risk. 

According to the model of colon tumorigenesis proposed by Fearon and 

Vogelstein in 1990, colorectal cancer develops as a multistep process that involves the 

progression from normal mucosa to small and then large adenomas leading to invasive 

cancer and metastasis [9-11].  In support of this widely accepted view, subjects who were 

negative for adenoma at baseline and followed for an average of 5.3 years confirms no 

cancers and low rates of any colorectal adenoma (16.0%) or advanced colorectal cancer 

(1.3%) [12].  This is in contrast to the risk observed in patients who had previously 

undergone resection for a colorectal adenomas (postpolypectomy patients) which  

reported rates of any colorectal adenoma (46.7%), advanced colorectal adenomas 

(11.2%) and invasive cancers (0.6%) with a  mean time of follow-up of 4 years [13]. A 

large polyp prevention trial found that recurrent polyp size and risk of colorectal cancer 
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was strongly related to polyp size determined at entry into the trial [14]. Risk increases 

sizably with the detection of more-advanced colorectal adenomas at screening and with 

the severity of clinical and histological findings at endoscopy examination. Conversely as 

mentioned before, lack of colorectal adenomas at screening is associated with very low 

risk for colorectal cancer [6, 13, 15]. These observations suggested a modification of the 

molecular multistep process involved in the original polyp-carcinoma sequence. 

Evidences for monoclonal derivation of cancer, and understanding that the neoplastic 

cells in the initial polyp were removed at the entry colonoscopy, it would be expected that 

new recurrent polyp size would be normally distributed to reflect stochastic event in 

carcinogenesis and be independent of initial polyp size [16]. The actual model proposed 

by Martinez and collaborators [8] predicted that carcinogenesis resulting from certain 

initiating events (e.g., chemical carcinogens and genetic rick factor), and the responses to 

chemoprevention strategies are influenced by genetic variability. The model is consistent 

with APC been an early genetic alteration in colon carcinogenesis , which is muted in 

essentially all polyps [17]. Subsequent cancer risk is influenced by variability in APC or 

other downstream genetic factors among individuals [16] (Figure 1). 

 Between 20 and 35% of the population over the age of 50 years will present with 

a colorectal adenoma in their lifetime, with 20–50% of those individuals experiencing 

separate new adenoma, or metachronous occurrence(s), of colorectal adenomas at follow-

up examinations [6]. It is estimated that only 2-5% of sporadic colorectal adenomas have 

the potential to progress to malignancy. Thus, one of the most relevant risk factors for 

colorectal cancers in clinical practice is the development of colorectal adenomas, 

particularly if colorectal adenomas formation is persistent [6]. Regular screening for 

colon polyps helps prevent colon cancer, which is often fatal when it is found in later 

stages. The use of colonoscopy for the identification of colorectal adenomas and 

subsequent surveillance in individuals who screen positive for colorectal adenoma has 

resulted in extensive use of endoscopy, contributing to increased costs and excess risk 

from numerous procedures [6]. Recommendation of the follow-up intervals for patients 

after polypectomy have been establish by the American Cancer Society, the US Multi-
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Society Task Force on Colorectal Cancer, and the American College of Radiology [18]. 

The guidelines which aid in decision-making regarding follow-up intervals establish three 

group risk-stratification: 1) High-risk with 3-year follow-up, 2) Low-risk group with 5-

10-years follow-up and 3) Average-risk group with 10-year follow-up. The risk-

stratification guidelines is based on the clinical and histologic characteristic of colorectal 

adenoma removed at baseline and included adenoma size, histology, degree of dysplasia 

and multiplicity [19]. 

Overall, colorectal cancer is potentially preventable with colonoscopy screening 

considering the potential prevention benefit of colorectal adenoma removal, as well as 

both the modification of diet and lifestyle factors, and the use of chemoprevention 

strategies [6, 20, 21]. 
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Figure 1: Genetic variability influences risk of colorectal cancer development. Left panel 

predicts a step-wise progression from normal mucosa to small adenomas to large 

adenomas and finally invasive cancer and metastases. This progression is mediated by 

both genetic and epigenetic changes in the colorectal mucosa. Right panel is a 

modification of this model. The same genetic and epigenetic changes associated with the 

progression from normal to neoplastic colonic tissue are included in this model, but 

genetic variability in these alterations, or in downstream mediators of these early 

genetic/epigenetic alterations, is predicted to be an important determinant in this 

progression. Figure modified from [16]. 
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c. Molecular pathways of colorectal cancer  

Recent studies recognized that colorectal cancer can be divided by their molecular 

characteristics. These molecular features include chromosomal instability (CIN), 

microsatellite instability (MSI) and hypermethylation of a set of select genes known as 

CpG Island Methylator Phenotype (CIMP). CIN tumors account for approximately 80% 

of the colorectal cancer in which genetic instability drive adenoma-carcinoma sequence. 

MSI is detected in about 15-20% of all colorectal cancers and it is likely preceded by 

CIMP. It was reported that some colon cancers seemed to have neither MSI nor CIN [22]. 

A specific pathway of intense DNA hypermethylation was discover and called the CIMP 

phenotype [23]. This finding has been corroborated by Cheng and collaborators where 

they reported an inverse relationship between CIN and CIMP, suggesting that are two 

distinct mechanisms of generating molecular diversity which rarely overlap [24]. Finally, 

3% of MSI cases are associated with Lynch syndrome, which is caused by germline 

mutations in a DNA mismatch repair (MMR) genes, accompanied by loss of the wild 

type allele through an loss of heterozygosity (LOH) event or methylation which explain 

the apparent overlap between MSI and CIN. The other 12% are caused by sporadic, 

acquired hypermethylation of the promoter of the MLH1 gene, which occurs in tumors 

with the CIMP phenotype [25, 26]. We can consider MSI to be a consequence of either 

CIMP or Lynch syndrome in addition of the loss of the wild type copy of the DNA MMR 

gene [27]. Issa and collaborators suggested a new view of colorectal cancer development 

[28]. Instead of a linear multistep model progression of colorectal carcinogenesis 

proposed by Fearon and Volgestein [11], sporadic colorectal cancer seems to arise from 

(at least) three distinct parallel modes. The first and second pathways are the most 

homogeneous, with clear distinctions in precursor lesions (serrated vs. tubular 

adenomas), genetics (BRAF vs. APC and p53 mutations, MSI vs. CIN), epigenetics 

(CIMP positive vs. negative) and outcome (good vs. average). The third pathway is more 

heterogeneous or perhaps incompletely understood. It may arise mostly from villous 

adenomas, but perhaps also from serrated adenomas. It has a different form of CIMP, 

predominant KRAS but occasional BRAF mutations, usually lacks CIN, and has the 
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worse prognosis, with apparently lower responsiveness to chemotherapy. The prevalence 

of the first pathways is estimated at 10% to 20%, the second is 50% to 70%, and for the 

third is 10% to 30%. A review of the literature of these phenotype is provided below. 

 

i. Chromosomal instability (CIN) pathway 

CIN is considered to promote carcinogenesis trough to an accelerated rate of 

tumor suppressor genes losses and oncogenes gains of whole or large portions of 

chromosomes that results in karyotypic variability from cell to cell. The consequences of 

CIN are aneuploidy (imbalance in chromosome number), sub-chromosomal genomic 

amplification in oncogenes, and a high frequency of LOH in tumor suppressor genes. The 

markers and criteria for CIN have not been standardized, but the use of 18q loss marker 

have been shown to be generally more sensitive than other chromosomal regions, such as 

marker gain 7, 8q, 13q, and 20q, and losses in 4, 8p, and 17p [29, 30]. CIN may represent 

a heterogeneous phenomenon, in fact the causes are also likely heterogeneous [30]. This 

phenomenon’s is suggested by the existence of at least three different mechanisms of 

CIN resulting from defects in: 1) chromosomal segregation/disjunction, 2) telomere 

stability, and 3) the DNA damage response, although the full complement of gene or 

mechanism underlying CIN remain incomplete [31-33]. This mechanisms involve a 

combination of mutations in the setting of CIN and some mutation has been involves in 

the historically designated the “chromosomal instability pathway”, such as APC, TP53, 

TGF-B pathway (SMAD4, SMAD2), DCC, KRAS, CTNNB1 and PIK3CA. 

The CIN phenotype could result from defects in mitotic checkpoint or spindle 

assembly checkpoint. Those checkpoint ensure accurate chromosome 

segregation/disjuncion by delaying the onset of anaphase until all pairs of duplicated 

chromatids are properly aligned on the metaphase plate. Defects in checkpoint signaling 

lead to chromosome mis-segregation and subsequent aneuploidy that tend to show 

cytological abnormalities during mitosis, including abnormal centrosome number, 

multipolar spindles, and lagging chromosomes. Wang and collaborators [31] identified 

more than 1000 genes that could cause CIN in colorectal cancers based on their 
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homology to genes of Saccharomyces cerevisae and Drosophila melanogaster. From this 

list, 100 candidate genes were selected based on the strength of CIN phenotype observed. 

They found 19 non-random somatic mutations clustered in 5 genes which plays role in 

both chromosomal segregation/disjunction and DNA damage response pathways. They 

provided novel evidences to support the hypothesis that CIN has genetic basis, but their 

colorectal cancer samples showed that this two pathways account only for approximately 

10% of CIN cancers. Another protein involved in the mitotic checkpoint is the 

centromere-associated protein E (CENP-E), a kinetochore-associated kinesin-like protein. 

CENP-E stabilizes the interaction between microtubules and kinetochores and stimulates 

the recruitment and kinase activity of BubR1. Fibroblasts derived from mice 

heterozygous for CENP-E show significantly higher rates of aneuploidy than wild-type 

fibroblasts due to chromosomal mis-segregation [34, 35]. Mitotic Arrest–Deficient 

(MAD) and Budding Uninhibited by Benzimidazoles (BUB) gene products operate as 

checkpoint sensors and signal transducers that control sister chromatid separation. Their 

activation causes cell cycle arrest through the inhibition of the Anaphase-Promoting 

Complex/C (APC/C), a large ubiquitin-protein ligase. The APC/C normally becomes 

active at the metaphase-anaphase transition, resulting in the degradation of securin, a 

protein that inhibits anaphase. Securin interacts with separins, a class of caspase-related 

proteases that regulate cohesins, which create physical links between sisters chromatid. 

MAD directly binds to the APC/C and blocks the APC/C dependent ubiquitin-mediated 

degradation of securing [36]. Centrosome amplification also has been suggested to 

initiate chromosomal mis-segregation and ultimately CIN [37, 38]. Aurora A (AURKA) 

is involved in centrosome function and duplication, mitotic entry, and bipolar spindle 

assembly. Aurora A overexpression is associated with centrosome amplification, arrested 

mitosis with incomplete cytokinesis, and multi-nucleation [39, 40]. The proteins Polo-

like kinases (Plk) are serine/threonine kinases, which regulate entry into mitosis, 

centrosome duplication, transition from metaphase to anaphase, and cytokinesis have 

been reported to cross-talk with AURKA [40-42]. Rosario and collaborators [43] showed 
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that haploid levels of Plk4 disrupt RhoGTPase function during cytokinesis, resulting in 

aneuploidy and tumorigenesis in human hepatocellular cancers. 

The telomere dysfunction is the second mechanisms which also has been indicated 

that drive CIN [44].  Telomeres are nucleoprotein structures that protect the ends of 

eukaryotic chromosomes. They are particularly vulnerable, due to progressive shortening 

during each round of DNA replication known as the “end-replication problem” and, thus, 

a lifetime of tissue renewal places the organism at risk for increasing CIN. When a 

critical short telomere length is reached, DNA damage checkpoints trigger cell 

senescence pathways and apoptosis. Cells with TP53 inactivation that survive, activate 

telomerase, a specialized ribonucleoprotein complex that consist of a catalytic 

Telomerase Reverse Transcriptase (TERT) and an RNA subunit encode by Telomerase 

RNA Component (TERC). When telomere end protection is compromised, chromosomal 

ends enter breakage-fusion-bridge cycles that can continue for multiple cell generations 

and lead to dramatic genome reorganization. Human colon cancers show a peak in the 

anaphase bridge index, which is a measure of the number of metaphases that contain 

anaphase bridges, in early high-grade dysplastic lesions and less in more advanced 

carcinoma stages [32, 33]. In mice deficient in the RNA component of telomerase 

(mTerc−/−), telomere shortening led to increased rates of spontaneous tumor formation 

and initiation of aberrant crypt foci and micro-adenomas in the gastrointestinal tract. The 

mouse model, mTerc−/−/Min (Apc−/+), mice form fewer macro-adenomas than mice with 

wild-type mTerc, but mTerc−/−/Tp53−/− mice show a high level of genomic instability, 

similar to ones seen in human cancers, and reduced tumor latency in late generation mice 

[44-46]. It is reasonable to propose that whereas telomere shortening promotes the CIN 

that drives early carcinogenesis. Telomerase activation during later stages confers 

immortality to the tumor cells. Although, the identification of chromosomal abnormalities 

in early colon adenomas, at a stage that precedes telomere dysfunction, suggests that 

telomere dysfunction cannot be the sole mechanism that induces genomic instability in 

colon cancer.  Its role in tumor formation may depend on the nature of concurrent genetic 

alterations in the tumor cells. Thus, it appears that telomere dysfunction may also 
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contribute to genomic instability seen in cancer, although more definitive evidence of its 

role in human cancer remains to be shown [47]. 

The third proposed mechanisms is DNA damage response, including DNA damage 

and replication checkpoints. This mechanism is responsible to protects cells from 

exogenous as well as endogenous genotoxic stress by initiating a cascade that culminates 

in cell cycle arrest to allow sufficient time to repair the damage or, in the case of 

irreparable damage, by inducing senescence or apoptosis [48]. A common mutation in 

MRE11 gene and also homozygous KO mice showed that this gene involved in DNA 

which double-strand break repair is essential for cell proliferation and the maintenance of 

normal chromosome content [31]. Also, inactivation of one Base Excision Repairs (BER) 

genes, such as MYH gene, is the cause of an autosomal recessive form of MYH-

Associated adenomatous Polyposis (MAP) syndrome and of the Familial Adenomatous 

Polyposis (FAP) disease.  

Other proteins involved in this pathway, such as the Ataxia Telangiectasia Mutated 

(ATM) and Ataxia Telangiectasia and Rad3-related (ATR) protein kinases are involved 

in human cancers. Inactivating mutations in these genes predispose to specific 

syndromes, all characterized by an increased susceptibility to cancer, such as ataxia-

telangiectasia (ATM mutations), Seckel (ATR mutations), Li-Fraumeni (TP53 

mutations), and hereditary breast-ovarian cancer (BRCA1 and BRCA2 mutations) 

syndromes. Of all these checkpoint proteins, TP53 has been the only one directly 

implicated in human colon cancer, having at least a permissive role for development of 

CIN. New insights that suggest a direct relationship between the DNA damage response 

and CIN have been provided by in vivo studies. Haploinsufficiency of histone H2AX, an 

ATM and ATR substrate, can compromise genomic integrity, and in a p53-deficient 

background, enhance tumor susceptibility [49].  

Systematic karyotyping of tumors revealed that the chromosome number in cancer 

cells is highly variable, ranging from striking hypodiploidy (considerably fewer than 46 

chromosomes) to tetraploidy and hypertetraploidy (up to 200 chromosomes) [50]. Also, 

cytogenetic analysis of cancer cell karyotypes revealed that aneuploidy is an extremely 
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common feature, with 70–95% of cancers from the most commonly affected organs being 

aneuploid [51]. However, aneuploidy is not synonymous with CIN. This point is best 

exemplified by humans with Down syndrome (DS). The majority of cases of DS are 

associated with a trisomy 21 in all cells [52]. Because each cell harbors the same 

chromosomal composition without any variation, humans with DS do not have CIN, 

although each cell is aneuploid. Therefore, CIN should not be equated with aneuploidy 

because chromosomal rearrangements can occur, including deletions, amplifications or 

translocations, which arise from breaks in DNA and result in segmental aneuploidy [53-

55]. The best characterized instability phenotype is colorectal cancers where 

approximately 80-85% of all colorectal cancer is due to CIN and the other 15-20% is due 

to MSI or CIMP phenotype [28, 54-56]. In fact, at least in colorectal cancer the over-

estimation of CIN phenotype is between 3.5-8.5% that can be explained from segmental 

aneuploidy which arise from breaks in DNA. 

As discussed by Geigl and collaborators [53], CIN is poorly defined and the use of 

CIN is frequently inconsistent and imprecise across the literature. The imprecise use of 

the term CIN is also a result of the inappropriate methods used to address the presence of 

CIN; only few experimental approaches are capable of assessing the presence of CIN. 

Determination of CIN requires approaches capable of monitoring cell-to-cell variability 

or the rate of chromosomal changes. Basically, CIN can be measured in a single or 

multiple cell approaches [53]. The key strength of single cell approaches is their ability to 

perform analyses on a cell per cell basis and obtained the rate (cell-to-cell variability) of 

chromosomal changes, whereas the multiple cell methods obtained a state of 

chromosomal alteration. Instability is, by definition, a matter of rate, and the existence of 

a mutation (state) provides no information about the rate of its occurrence [54]. Multiple 

cell methods are performed on a merged population of cells in which chromosomal 

instability is often masked, because the observed gain or losses of whole or fractions of 

chromosomes could be the result of a stable, but aneuploid, clone that has obtained a 

growth advantage under certain selective pressures [53]. In fact, only indirect conclusions 

can be drawn regarding the presence of CIN using multiple cell approaches. The same 
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mutation occurring in a normal cell, in the absence of clonal expansion, would be 

undetectable, as it would be masked by millions of sister cells without the mutation or 

eliminated by apoptosis [54]. For these aspect several methods for assessment of 

chromosomal changes exist, including direct or indirect measurement of CIN. The 

methods are challenges and each one has different strengths and weaknesses. Many 

published results reporting CIN describe the state, rather than the cell-to-cell variability 

or the rate, of chromosomal changes. However, CIN is not synonymous with the state of 

aneuploidy that is observed in a static image of the chromosomal content of a cancer cell 

[53]. Because aneuploidy is a consequence of CIN, genes with expression levels 

consistently associated with aneuploidy might provide insight into molecular mechanisms 

underlying CIN.  

CIN has been observed in almost all solid tumors and studied by various methods. 

The relationship between CIN status determined by FISH and poor prognosis has been 

studied in a number of human malignancies, including non-small cell lung cancer [57], 

lung adenocarcinoma [58], lung squamous cell carcinoma [59], malignant astrocytic 

tumor [60], oral squamous cell carcinoma [61], and lymphoma [62]. For example, 

Nakamura and collaborators [57] reported that 28% of non-small cell lung cancers they 

investigated had heterogeneity of four chromosomes (chromosomes 3, 10, 11, and 17) 

examined by FISH, and were judged to be carrying CIN. Using univariate and 

multivariate analysis, they also showed that CIN was strongly associated with a worse 

prognosis, suggesting that CIN can be considered an independent indicator of poor 

prognosis in non-small cell lung cancer. In colorectal cancer, Walther collaborators [63] 

in a meta-analysis of 10,126 patients showed an association of CIN, measured by flow 

cytometry and image analysis, with a worse survival in stage II and III, but not clear 

relationship in stage I and IV. While other publications have suggested that increasing 

chromosomal changes worsen prognosis, the data analyzed in this study was insufficient 

to establish CIN levels as a continuous prognostic variable in colorectal cancer. 
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ii. Microsatellite instability (MSI) pathway 

MSI is caused by mutation in a DNA MMR system (i.e. MLH1, MSH2, MSH6 

and PMS2 gene) that lead loss of  MMR protein activity, which lead to genome-wide 

microsatellite instability [26]. Microsatellites are simple repetitive DNA sequences 

scattered throughout the genome, composed of 1 to 6 base pair units that may repeat up to 

100 times. They are inherently hypermutable because of their propensity for strand 

slippage during DNA replication. The correction of the resulting insertion/deletion loops 

requires the intact function of the DNA MMR system. With loss of MMR function 

insertion/deletion loops are not repaired, resulting in the variable expansion or 

contraction of microsatellites. This phenomenon is referred to as MSI. MSI occurs in 15-

20% of sporadic human colorectal tumors and in >95% of colon cancers arising in 

patients with Lynch syndrome (called hereditary nonpolyposis colorectal cancer 

(HNPCC)), a cancer family syndrome causing an increased risk of colon and other 

cancers [47]. First was discovered single repetitive sequences (ie, microsatellites), 

principally in polyadenine (An) tracts associated with Alu sequences by Peinado and 

collaborators [64] using arbitrarily primed PCR to amplify matched samples of DNA 

from colorectal tumors and adjacent normal colonic tissue, separated the PCR products 

electrophoretically, and compared the results to identify differences in PCR amplicons 

between normal and tumor tissues. Simultaneously, Thibodeau and collaborators  [65] 

coined the term microsatellite instability (which they termed MIN) studying CA 

dinucleotide repeat sequences (a type of microsatellite) that were useful as tools for 

genetic mapping and analysis of  LOH, and looking for novel tumor suppressor genes on 

chromosomes 5q, 15q, 17p, and 18q in colorectal tumors. They observed deletion 

mutations in the CAn sequences in these regions and noted that these aberrations were 

heterogeneous in different tumors. Both group recognized that this represented a unique 

pathway for tumor development that does not involve LOH. The characteristic signature 

of MSI is the deletion of one element in the repetitive sequences that are strategically 

located in the gene, which creates a frame shift in the coding sequence, inactivating gene 

expression or protein function. The process of DNA mutations is initially random in MSI 
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cancers affecting any susceptible microsatellite repeat, but a few human genes encoding 

microsatellites happen to be critical in the control of epithelial cell growth that promotes 

the formation of the carcinoma. 

Mutation of the coding microsatellite occurs in cells with defective DNA MMR 

system in critical growth regulatory genes, resulting in length changes in the 

microsatellite. An analysis of repetitive sequences in tumor tissue and a comprehensive 

search using a genetic database for coding microsatellites led to the identification of 

inactivated genes in tumors. For example, a repeat of 10 adenines in the TGFBR2 gene 

undergoes frame shift mutation in approximately 85% of colorectal tumors with MSI, 

inactivating this receptor and causing the tumor cells to escape the growth-suppressive 

effects of the ligand transforming growth factor (TGF)-betta 1 [66]. Another targeted 

gene is BAX, a member of the BCL2 gene family. BAX heterodimerizes with BCL2 

within the cell, and the relative amounts of the heterodimer determine the commitment of 

the cell to programmed cell death. BAX contains a polyguanine G8 tract that shows 

monoallelic frameshift mutations in 50% of colorectal cancers with MSI. Mutation of 

BAX (by diminishing the ratio of BAX to BCL2) prevents programmed cell death, 

helping to immortalize cells [67, 68]. Several other genes affected by MSI were identified 

that encoded regulators of cell proliferation (GRB1, TCF-4, WISP3, activin receptor-2, 

insulin-like growth factor-2 receptor, axin-2, and CDX), the cell cycle or apoptosis 

(caspase-5, RIZ, BCL-10, PTEN, hG4-1, and FAS), and DNA repair, which may broaden 

and accelerate the accumulation of mutations (MBD-4, BLM, CHK1, MLH3, RAD50, 

MSH3, and MSH6) [26]. The alteration in microsatellite length in genomic DNA defines 

MSI; in fact most colorectal cancers with MSI are apparently diploid or near to diploid 

[27]. Multiple point mutations as well as MSI are observed in these tumors, providing the 

basis for the term “hypermutable phenotype”, and this increase in the spontaneous 

mutation rate appears to be the mechanism for the apparent rapid neoplastic progression 

in Lynch syndrome and sporadic tumors that exhibit MSI. Aaltonen collaborators [69] 

tested the hypothesis that a specific marker at chromosome 2 (D2S123) was the site of 

the tumor suppressor gene that caused hereditary colorectal cancer, and that the second 
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hit to the gene would be LOH, in two large kindred with Lynch syndrome. Instead, they 

observed MSI with the marker and then noted that deletion mutations in microsatellite 

sequences were widespread in hereditary colorectal cancers. They referred to this as the 

replicative error phenotype and correctly reasoned that were hereditary tumors. They 

found MSI in 13% of sporadic CRC cases and a subset of sporadic tumors shared a 

unique but common pathway of tumor development. MSI was the first DNA marker 

available to identify hereditary colorectal cancer, although none of the investigators who 

discovered MSI in colorectal cancer understood mechanisms by which it developed. A 

series of investigations led to the realization that MSI arises from defects in the DNA 

MMR system and the identification of the 4 genes that cause Lynch syndrome. The DNA 

MMR system was discovered in bacteria and it is caused by mutational inactivation of 

genes involved in DNA repair. The first human disease that was clearly associated with 

defects in DNA repair was xeroderma pigmentosa (XP), a rare autosomal recessive 

disease caused by biallelic inactivating mutations in genes involved in nucleotide 

excision repair pathway. Because nucleotide excision repair is the sole repair pathway for 

pyrimidine dimmers in humans, people with XP are extremely UV-light sensitive and 

readily develop sunlight-induced skin cancer [70]. Several other DNA repair systems had 

been characterized that included MMR, base and nucleotide excision repair, a variety of 

nucleases and other DNA excision repair enzymes. In prokaryotes, the MMR system 

consists of a family of enzymes that detect S-phase DNA replication errors in which the 

newly synthesized strand has incorporated the wrong nucleotide. Base mispairs, if not 

corrected by the MMR system, may cause nucleotide transitions or transversions, 

allowing a novel base to alter the authentic genetic sequence. Such point mutations in 

genes that regulate cell growth can accumulate in cells with defective MMR and may 

promote neoplastic growth. The MMR system replaces the mispair on the newly 

synthesized daughter strand because MMR proteins can recognize the methylation pattern 

(in bacteria) and the nicks present (in higher organisms) in the newly synthesized strand. 

The proteins that comprise the MMR system recognizes errors that elude the 

proofreading function of DNA polymerase and bind to nucleotide base-pair mismatches 
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of double-stranded DNA or loops of inaccurately replicated repetitive sequences 

(microsatellites) and target the DNA area for excision, re-synthesis, and ligation [71].  

The genes and proteins names of the DNA MMR system are derived bacteria (E. 

coli) and yeast (S. cerevisiae), because most knowledge of the biochemical function and 

recognition fidelity comes from them. Mutated S and Mutated L proteins are found in 

bacteria that display MSI; in yeast, homologues genes were cloned and given the names 

Mut S homologue (MSH) and Mut L homologue (MLH); and in human, the protein are 

named human (h) MutL and hMutS. Then, additional homologous copies of these genes 

were cloned from yeast, giving rise to the terms MSH1 though MSH6, and MLH1 through 

MLH3. Another MutL homologue, called post-meiotic segregation-1 (PMS1), was also 

identified in yeast. Defects in the MMR genes hMSH2 and hMSH6, hMLH1, and hPMS2  

in humans have been linked to Lynch syndrome [47]. One wild-type allele of an MMR 

gene is generally sufficient to maintain normal MMR function, in fact a second somatic 

event must occur in the wild-type allele making both copies of an MMR gene completely 

inactive to develop colorectal cancer in patients with Lynch syndrome [72]. In 

eukaryotes, recognition of mismatches and single base insertion/deletion loops depends 

upon heterodimeric complexes of MutS-related proteins: MSH2–MSH6 (known as 

hMutSAlpha). In contrast, insertion/deletions loops of two to eight nucleotides are 

recognized by the complex MSH2–MSH3 (known as hMutSBeta). There is overlap in the 

specificities of these two complexes and hence some redundancy in their activity. A 

second type of heterodimeric complex, involving two MutL-related proteins MLH1 and 

PMS2 (hMutLAlpha) or MLH1 and PMS1 (hMutLBeta) binds to the MSH-containing 

complexes along with certain replication factors and other proteins, so that excision and 

resynthesis can proceed. As MSH2 and MLH1 are the common components of these 

complexes, then loss of either will abrogate all MMR activity, whereas loss of one of the 

other components, such as MSH6, will only diminish the activity of MMR against base 

mismatches or single nucleotide insertion/deletion loops. This is probably why most 

Lynch families are found to have a germ-line mutation in either MSH2 or MLH1, 

whereas mutant MSH6 families are less common. MMR components also interact 
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functionally with some nucleotide excision repair (NER) proteins to contribute to the 

resolution of Holliday junctions. The MSH2 and MSH3 proteins, through interaction with 

the nucleotide excision repair complex Rad1–Rad10, are involved in the removal of 

duplicated DNA sequences greater than 30 bases in DNA double-strand break repair [71]. 

In conclusion, the cause for MSI was discovered with the observation that its 

presence is associated with loss of function of the DNA MMR system. Inactivation of 

members of the human DNA MMR gene family is the cause of microsatellite unstable 

colorectal cancer. 

 

iii. CpG island methylator phenotype (CIMP) pathway 

CIMP is caused by an epigenetic phenomenon where hypermethylation of the 

promoter genes result in transcriptional gene silencing. Compared to normal tissues, 

cancer DNA is simultaneously globally hypomethylated and regionally hypermethylated, 

especially at selected gene-associated CpG islands (clusters of cytosine-guanosine) that 

are normally unmethylated  [73]. About half of the genes in the human genome have 

promoters that are embedded in CpG islands. Cytosines in these regions can be 

methylated by DNA methyltransferases and permanently silences genes. In cancers, 

many of these CpG islands become aberrantly methylated, and this aberrant methylation 

can be accompanied by transcriptional repression [74]. The first evidence of a CIMP-like 

phenomenon was made in 1997 by Ahuja and collaborators [75] when they investigated 

aberrant methylation of several tumor suppressor genes (p16, TSP-1 and IGF2) in 

sporadic colorectal cancers. They observed that colorectal cancers with MSI were more 

frequently hypermethylated compared to microsatellite stable (MSS) tumors. In this 

study, more than 60% of sporadic MSI colorectal cancers showed concordant methylation 

of ≥ 2 loci compared with MSS cancers. The same group led by Issa proposed a panel of 

7 methylation loci, or markers, that were frequently methylated in tumors, and referred to 

them as MINT clones: MINT 1, 2, 12, 17, 25, 27, and 31[23]. However, the biological 

relevance of methylation at these loci and the general importance of CIMP were not fully 

appreciated until it was recognized that methylation at the MINT clones was associated 



28 

with the transcriptional silencing of the DNA MMR gene MLH1, a mechanism that is the 

cause of the majority of sporadic MSI colorectal cancers [27, 76]. The picture became 

more complex when it was reported that some colorectal cancers seemed to have neither 

MSI nor CIN [22]. In parallel, epigenetic changes marked by DNA hypermethylation 

were increasingly recognized in colon cancers by the finding that most cases of sporadic 

MSI colon cancer could be attributable to CIMP related silencing of the mismatch repair 

genes MLH1 [23, 24, 27, 28]. For colorectal cancer to develop in patients with Lynch 

syndrome, a second somatic event (in addition to the vertically transmitted mutant allele) 

must occur in the wild-type allele of a colonocyte. The somatic inactivation of the 

remaining wild-type allele could be a genetic change such a somatic mutation or LOH 

event, or alternatively an epigenetic alteration associated with hypermethylation of the 

promoter [27]. This makes both copies of an MMR gene completely inactive and causes 

the hypermutable phenotype seen in tumors of patients with Lynch syndrome [47, 72]. 

15-20% of colorectal cancers, inactivation of the MMR system either through the 

aberrant CpG island methylation of MLH1 or point mutations in MLH1, MSH2, or other 

members of the MMR family leads to MSI [47]. Also can be found that both alleles in 

sporadic colorectal tumor with MSI are inactivated by biallelic hypermethylation of 

hMLH1 [25, 76, 77]. 

Two independent studies using different molecular techniques for characterization 

of the cancers find an inverse relationship between CIN and CIMP, suggesting two 

distinct rarely-overlapped mechanisms to generate molecular diversity in colon cancer 

[24, 78].This inverse correlation makes biological sense in that selective pressures really 

require only one way to get to the goal, and furthermore, provides evidence for the 

equivalence of genetic and epigenetic mechanisms in altering pathways in cancer [28]. 

The CIMP-positive and CIMP-negative cases have fundamental clinicopathologic 

difference; CIMP cases tend to occur in the proximal colon and in older patients (with a 

slight female bias). They have a distinct histology that reflects distinct precursor lesions. 

In addition to the differences in genetic instability, CIMP cases tend to have BRAF and 

KRAS mutations and fewer APC and p53 mutations. Cheng collaborators [24] found 
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some cases with extensive DNA methylation and CIN, as well as cases with both MSI 

and CIN providing evidences for a revision of the classic model of colorectal cancer 

development. Issa [28] reported three distinct parallels model as a new view of colorectal 

cancer development, replacing the single linear multi-step progression model proposed 

by Fearon and Volgestein [11]. A number of genes have now been shown to be 

hypermethylated in colorectal tumors [47]. Also, a subset of CpG islands becomes 

progressively methylated with age in normal colorectal epithelium and this methylation 

becomes more substantial in many neoplastic cells [79]. The first gene well characterized 

for a relation between aging and CpG island methylation in normal tissues was the 

estrogen receptor alpha (ER) gene [80]. As example of cancer-related methylation, 

inactivation of the cyclin-dependent kinase inhibitor P16/CDKN2A/INK4a leads to 

disruption of cell-cycle regulation and potentially provides a growth advantage to 

affected cells [20]. Another tumor suppressor gene, P14/ARF is also a target of 

inactivation by DNA methylation. P14/ARF activates P53 through interactions with 

MDM2, and loss of P14/ARF negatively affects P53 function [81].  Now other studies 

have added cancer-related genes, such as HLTF, SLC5A8, MGMT, MINT1, MINT31, and 

others [47]. 

The causes of CIMP remain unknown and is currently under studies. More 

generally, the pathogenesis of aberrant DNA methylation in ageing and cancer with the 

mechanisms by which genes are selected for methylation have not been today elucidated. 

An important hurdle in the field will be to achieve a consensus definition for the CpG 

island methylator phenotype. This is no trivial issue, given the variety of methods 

available for studying DNA methylation, each of which might give a slightly different 

definition. It is obvious that large studies are needed, referring to both the number of 

genes and the number of cases before this issue is resolved. An unbiased approach using 

quantitative analysis of a large number of genes in both normal and neoplastic tissues 

could definitively help resolve whether CIMP exists and what are the best markers to 

define it. In colon tumors, appropriate tests to confirm the presence of CIMP should 

include objective factors unequivocally linked to CIMP, such as histology, as well as 
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mutations in KRAS, BRAF, APC and TP53. Possibilities of cause of CIMP range from 

random events to a model whereby an initial drop of transcription rate allows elimination 

of active chromatin boundaries where short sequences elements that attract DNA 

methyltransferases trigger recombination when they are expressed [82]. Alternatively, 

aberrant methylation might be caused by a repressor binding to the promoter and altering 

chromatin state to a closed configuration, which eventually causes abnormal methylation 

via recruitment of DNA methyltransferase [47]. A large number of CpG islands might be 

methylated simultaneously in some cancers, which complicates both the interpretation of 

the functional importance of methylation of individual genes and the use of methylation 

as a screening tool for cancer. Ultimately, this should lead to a close evaluation of 

whether epigenetically acting drugs are useful in this subset of cases, and whether 

epigenetic interventions might specifically prevent the emergence of CIMP-positive 

cancers [82]. 
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d. Polyamines and colorectal cancer 

Polyamines (putresine, spermidine and spermine) have been shown to control 

gene expression at the transcriptional and post transcriptional level, implicating them as 

potential functional regulators of cancer progression [83, 84]. An association between 

high levels of polyamines and cancer was first reported in the late 1960s by Russell and 

Snyder [85], who measured high levels of ODC1 activity in regenerated rat liver and in 

several human cancers. Studies have demonstrated that colorectal cancers are associated 

with elevated levels of polyamines [83, 86]. Polyamines are unique because of their 

flexible polycationic nature that allows them to bind electrostatically to negatively 

charged macromolecules including nucleic acids, acidic proteins, and membranes [87]. 

Complex regulation controls intracellular polyamine pool sizes through combined actions 

of de novo synthesis, retro-conversion, degradation, efflux, and uptake of polyamines. 

The major sources of exogenous polyamines, transported into gastro-intestinal tissue by 

endocytic and solute transport mechanisms, are diet and intestinal luminal bacteria [88, 

89]. Polyamines are synthesized through the action of the enzyme ornithine 

decarboxylase (ODC1), the first enzyme in polyamine biosynthesis, which catalyzes the 

formation of putrescine from ornithine. Putrescine is subsequently converted into 

spermidine through the actions of S-adenosylmethionine decarboxylase 1 (AMD1) and 

spermidine synthase (SRM). Spermidine is then converted into spermine by AMD1 and 

spermine synthase (SMS). The aminopropyl groups to form the higher polyamines come 

from the decarboxylation of S-adenosylmethionine (SAM), by AMD1 enzyme, producing 

decarboxylated SAM (dcSAM). Spermidine/spermine N1-acetyltransferase (SAT1) adds 

one terminal acetyl groups to spermidine and one or two terminal acetyl group to 

spermine that subsequently promotes the export of acetylated polyamines by SLC3A2 

transporter [90]. Spermine oxidase (SMO) converts non-acetyled spermine to spermidine. 

Acetylpolyamine oxidase (PAO) also aids in polyamine homeostasis by converting 

acetylated spermidine and spermine back to putrescine, using mono-acetylated 

spermidine as intermediary [83] (Figure 2).  
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Figure 2: A schematic representation of polyamine metabolism in mammalians. The 

metabolism of arginine in the urea cycle (blue square) result in ornithine production. 

Ornithine decarboxylase (ODC1), the first enzyme in the polyamine (yellow ovals) 

pathway, convert ornithine to putresine. Decarboxylation of S-adenosylmethionine 

(SAM), by S-adenosylmethionine decarboxylase (AMD) yields decarboxylated SAM 

(dcSAM), which donates its propyl amine moiety (not shown) for the formation of 

spermidine and subsequently spermine by spermidine synthase (SRM) and spermine 

synthase (SMS), respectively. The opposite reaction, spermine to spermidine, is catalyzes 

by spermine oxidase (SMO). Spermidine and spermine can be mono and either mono or 

di-acetylated by spermidine/spermine acetyl acetyltransferase (SAT1) to be exported by 

SLC3A2 transporter. Both acetylated polyamines can be converted back to putresine by 

polyamine oxidase (PAO).  Polyamine caveolar endocytosis from luminal bacteria and 

SLC3A2-dependent putresine importer are also shown. The drug difluorometilornithine 

(DMFO) blocked the activity of ODC enzyme decreasing the level of polyamine. Non-

steroidal anti-inflammatory drug (NSAID) and aspirin induced the activity of SAT1 

enzyme to further increase the export of acetylated polyamine out of the cell. 
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Polyamines regulate important cellular processes, including cell proliferation and 

viability. Genetic evidence indicates that polyamines are required for optimal growth of 

bacteria [91] and are essential for aerobic growth in yeast [92]. The cellular functions of 

polyamines also include intestinal mucosal maturation and cell migration [93, 94]. 

Polyamines have been shown to influence transcription, RNA stabilization, translation 

and translational frameshifting, and protein degradation [95-103].  

Polyamine metabolism is a validated pathway for chemoprevention of colorectal 

cancer by a prospective, randomized, placebo-controlled, double-blind clinical trial using 

low doses of difluoromethylornithine (DMFO)/Sulindac and on-going clinical trial on 

FAP (Identifier: NCT01483144). The combination treatment was associated with a 70% 

reduction of all, and over a 90% reduction of advanced and/or multiple colorectal 

adenomas in patients with prior colon polyps [104]. DFMO, an irreversible suicide 

inhibitor of the ODC enzyme, has been shown to inhibit MYC-dependent carcinogenesis 

in rodent models, suppressing intestinal polyamine contents and tumorigenesis in the 

Apc/Min mouse [105, 106]. Genetic studies corroborate epidemiological studies that have 

documented elevated ODC expression and activity during colorectal tumorigenesis [107, 

108]. ODC plays an essential role in murine development, and proper homeostasis of 

polyamine pools appears to be required for cell survival prior to gastrulation, since Odc1 

gene knockout is lethal in murine embryos 3.5 days after fertilization [109]. In addition, 

the importance of ODC1 gene in tumorigenesis has been proven by both the 

haploinsufficiency for Odc which modifies mouse skin tumor susceptibility and with the 

use of DMFO alone in skin and prostate chemoprevention trials [110-113]. In the 

MYCN-induced neuroblastoma mouse model, DFMO treatment, but not Odc 

heterozygosity, impairs lymphoma development malignancy [114]. A clinical trial is on-

going in human patients with neuroblastoma (Identifier: NCT01586260). The causative 

role of ODC in carcinogenesis has been observed upon overexpression of ODC1 gene by 

transfection in vitro and in vivo in transgenic mice [115, 116]. Overexpression of the 

intracellular non-competitive ODC1 inhibitor antizyme in transgenic mice has been 
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shown to reduce carcinogenesis, since that antizyme target ODC1 for proteasome 

degradation and decreased polyamine levels [117-119]. 

The mechanism underlying the relationship between aspirin use and the 

polyamine pathway with decreased new adenoma formation are not exactly known, but it 

appears to involve the action of aspirin and others non-steroidal anti-inflammatory drug 

(NSAIDs) on polyamine catabolism and export. NSAIDs transcriptionally activate the 

SAT1 enzyme which, by acetylation of spermidine and spermine, target both of them to 

be excreted by an SLC3A2-dependent arginine/putrecine antiporter [90, 120-122]. 

The mechanisms by which polyamines elicit their tumorigenic effects and the 

molecular mechanisms to explain the clinical outcome still poorly understood [123-125]. 
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e.  Ornithine decarboxylase (ODC1) and colorectal cancer 

Major oncogenic pathways are involved in regulation of ODC1 gene 

transcription. It have been shown that the ODC1 gene is regulated by the WNT signaling 

pathway, one of the major cascade governing epithelial development [126, 127]. The 

adenomatous polyposis coli (APC) tumor suppression gene is a component of the WNT 

cascade, and is mutated or lost in the germline of individuals with familial adenomatous 

polyposis (FAP), a heritable form of colon cancer [128, 129]. The APC gene is also 

mutated in almost 90% of human colon cancers and 30% of melanoma skin cancers[17]. 

It has been shown that ODC1 gene expression and polyamine contents are elevated in the 

intestinal tissue, and a specific inhibitor of ODC1 suppresses intestinal carcinogenesis in 

the ApcMin/+ mouse, an animal model for FAP [105]. APC mutation is an early event in 

colon carcinogenesis, and is, therefore, considered to be an initiating event. In this model, 

mutated APC led to a decrease in antizyme and SAT1 expression, indicating that APC 

controls the polyamine metabolic pathway in the colon. In carcinogenic tissue, loss of 

APC and dysregulation of the WNT pathway leads to increased expression of the c-MYC 

oncogene and other known growth-related genes [126, 128, 130-132]. APC mutation 

prevents GSK-3beta phosphorylation of beta-catenin which would normally lead to its 

proteosomal degradation. Mutated APC leads to stabilization and accumulation of beta-

catenin in the nucleus, where it forms a complex with the TCF/LEF (T-cell 

factor/lymphoid-enhancing factor) transcription factor, to activate specific growth-related 

genes to alters genes expression, such us  c-MYC, cyclin D1 [130, 131]. Germ-line and 

somatic mutation within different regions of the APC gene are associated with different 

disease phenotype, with a hot spot in the beta-catenin binding site. Mutation in codon 

1403 to 1578 are associated with extracolonic manifestation, whereas mutation in codons 

78 to 167 and codon 1581 2843 are seen in attenuated FAP. The role of different deletion 

of APC gene have been study with genetically altered mouse models. The C57BL/6 Min 

(multiple intestinal neoplasia) mouse was the first model develop, which harbors a stop 

codon at codon 850 on APC gene [133]. Subsequently other mouse models harboring 

different APC deletion have been reported, each one with different phenotype [134, 135]. 

Genetic alteration of other gene (such us COX-1, COX-2, NOS2, P53, MLH1, MLH2, 

SMAD4, K-RAS, and others), either in combination with mutated APC or alone, have 
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also been reported to affect colorectal cancer and may be a better models of sporadic 

colon carcinogenesis [16].  

The modification of the colorectal carcinogenesis model proposed Fearon and 

Volgestein from Martinez and collaborators (Figure 1, Chapter 1 section b) predict that 

downstream of APC signaling pathways the colorectal risk is affected by genetic 

variability of other genetic factor which confers different response to chemoprevention 

strategy among individuals [8, 11, 16]. In addition, today it is recognized CIN, MSI and 

CIMP pathways of colorectal cancer in which genetic and epigenetics changes are 

important in the progression from normal to neoplastic colonic tissue. Genetic variability 

in these alterations, or downstream mediator of these early genetic and epigenetic 

alteration have an important role in this progression. Loss of APC function leads to 

increased expression of the c-MYC oncogene which is required for the proliferation of 

normal cells, and its aberrant expression can lead to uncontrolled growth and cancer [126, 

130, 136, 137]. c-MYC encodes a transcription factor which have been demonstrated that 

target directly ODC1 gene [138, 139]. ODC1 gene expression is increased in intestinal 

tissue of min mice model supporting the evidence that APC affect the expression of ODC 

[105]. Subsequent work showing that conditional expression of wild-type APC 

suppresses ODC gene expression in a MYC-dependent manner in human colon tumour 

cells support the hypothesis that ODC is a modifier of APC-dependent tumorigenesis 

[126]. In addition, studies using min mouse model with a conditional deletion of c-MYC 

in the intestinal and colonic mucosa, showed that c-MYC plays an important role in the 

development of intestinal tumors via increased proliferation and suppressed apoptosis, 

without apparent effect on normal intestinal mucosa [106]. 

The ODC1 gene has three c-MYC-binding elements (E-boxes) in the region from 

-400 to +400 bp relative to the transcription start site (TSS). Polyamine-induced nuclear 

c-MYC interacts with MAX, and this complex binds to E-box sequence (CACGTG) to 

activate transcription of target genes like ODC1, thus accelerating polyamine 

biosynthesis [138-143]. The transcriptional repressor MAD1/MAX also binds to these 

elements to regulate the transcription level of ODC1 gene in proliferative cells [99, 144]. 

ODC promoter activity is influenced by cooperative interactions involving these 

neighboring E-boxes [145]. Since ODC1 expression has been linked to cancer 
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development, individuals with specific genetic variability may exhibit an increased 

predisposition for colon polyp development. The relationship between the ODC1 

polymorphism and the risk of adenoma recurrence has been assessed in participants of a 

large randomized, double-blind wheat bran fiber colon cancer prevention trial at the 

Arizona Cancer Center in Tucson, Arizona [8]. A single nucleotide polymorphism (SNP, 

rs2302615) exists in intron 1 of the human ODC1 gene between two E-boxes with a G/A 

variation located 316 nucleotides downstream of the transcriptional start site (TSS) [141, 

145-148]. A substantial and statistically significant effect of the ODC1 +316 SNP on risk 

of adenoma recurrence has been found on this trial, especially in aspirin users, with a 

strong correlation between recurrent polyp size and risk of colorectal cancer[141, 145-

148].The risk of adenoma recurrence was found almost half lower in AA homozygous 

individuals who reported taking aspirin [146]. Barry and collaborators [147] in the 

Aspirin/Folate Polyp Prevention Study found not statistical association between ODC1 

genotype and colorectal cancer recurrence in individuals randomly assigned to placebo or 

aspirin treatment (81 or 325 mg daily). This study also found that ODC1 genotype 

modified the effect of aspirin on adenoma risk. Although aspirin treatment had no 

protective effect among subjects with a GG genotype, it was associated with statistically 

significant reduced risks of any adenoma among subjects with at least one A allele. 

Hubner and collaborators [148] in a United Kingdom Colorectal Adenoma Prevention 

reported that the rare ODC1 SNP +316AA homozygotes had reduced colorectal adenoma 

recurrence risk, with an additional lower recurrence risk if aspirin was administered.  At 

the same time a recent study from Hughes and collaborators reported no correlation 

between ODC1 SNP +316 with colorectal cancer in the Czech Republic case control 

series with no data on aspirin or stage of disease [149]. A population-based study of 400 

of stage I-III colorectal cancer cases from the California Irvine Gene-Environment Study 

of Familial Colorectal Cancer,  reported that the specific outcome of colorectal cancer  

patients is dependent on the ODC SNP +316 genotype with the higher colorectal cancer-

specific risk of death for individuals with ODC1 GA/AA genotypes [145].  In addition, 

the statistically significant interaction has been found between ODC1 SNP +316 

genotype and DMFO/Sulindac treatment with respect to adenoma recurrence, but not 

with any polyamine levels. Specifically, individuals homozygous for the G-allele had 
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lower risk of adenoma recurrence after treatment than GA/AA individuals [125]. The 

experiments with the ODC1 SNP +316 promoter-reporter luciferase constructs 

transfected into the colon cancer cell lines showed that the A-allele drives more luciferase 

than the G-allele [141, 145]. In co-transfections experiments, the A-allele presents 

increased binding of E-box transcription factors, such as MYC and MAD, compared to 

G-allele plasmid [141, 145]. Also, a significant metachronous adenoma risk reduction 

(quartiles 1-3, but not quartile 4) was detected between dietary polyamine intake groups 

(quartiles), as well as meats consumption, and DMFO/Sulindac treatment [150-152]. 

Those studies validated previous association between dietary polyamine intake and risk 

of colorectal adenoma polyps from others clinical trials and confirm a modifiable dietary 

risk factor for colorectal adenoma [153].  
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f. Statement of the problem 

Increased polyamine levels and ODC activity are associated with increased risk of 

colorectal neoplasia. ODC, the first enzyme in polyamine synthesis, is regulated in part 

by E-boxes transcription factor including MYC and MAD family member. The ODC1 

gene contains several SNPs which are associated with the risk of colorectal neoplasia, the 

third leading cause of cancer death. Previous work in the ODC1 intron 1 promoter region 

suggested the roll of both transcriptional activator MYC and transcriptional repressor 

MAD preferentially bind the ODC1 promoter element containing the minor A-allele at 

SNP +316, which is flanked by two E-boxes, resulting in allele-specific expression. Also 

ODC1 +316 SNP is associated with both risk of metachronous colorectal adenoma, 

especially in non-steroidal anti-inflammatory drug (NSAID) user, and detrimental for 

survival after colorectal cancer diagnosis, as well as other phenotypes such meet 

consumption and polyamine intake. The molecular mechanism of this apparent 

contradiction in the clinical outcome remains unknown, but this single ODC1 SNP +316 

represent only one piece of the unstudied total genetic variability in the ODC1 gene. 

These lead us to the following hypothesis: Genetic variability in ODC1 gene involves 

several SNPs, but limited common haplotypes, affecting its expression and polyamine 

pools in human colorectal epithelial tissue. Understanding the molecular and clinical 

association of other ODC1 SNPs and haplotypes which affects the polyamine pools, 

might help to explain the clinical outcome and give new evidences for colon cancer 

chemoprevention, especially in risk groups.  

To address this hypothesis, we have proposed the following aims: 

1. Determine if the ODC1 SNP +263 influences the G-quadruplex formation 

and Sp1/Sp3 binding site and study its functional consequence for ODC1 

transcription. 

2. Determine if the ODC1 SNP +263 interact with the ODC1 SNP +316 and 

study if both together have functional consequences for ODC1 

transcription.  

3. Determine the impact of common ODC1 haplotypes on its expression and 

polyamine pools in human colorectal epithelial tissue. 
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CHAPTER 2: PRESENT STUDY 

In this study we address the molecular and functional significance of genetic 

variability in the ODC1 gene in colorectal cancer. This chapter provides a summary of 

the research and a detailed description is provided in the appended papers.  

The natural occurring polycationic polyamines (putrescine, spermidine and 

spermine) are ubiquitous low-molecular weight aliphatic amines that play multifunctional 

roles in cell growth, development and survival [87]. Ornithine decarboxylase (ODC1) is 

the first enzyme in polyamine biosynthesis and catalyses the formation of putrescine from 

ornithine. The ODC gene is essential for cell survival in early murine development [109]. 

The ODC1 is regulated by the WNT signaling pathway, a major cascade governing 

epithelial development [126, 127]. In carcinogenic tissue, the dysregulation of the WNT 

pathway by loss of the adenomatous polyposis coli (APC) tumor suppression gene leads 

to increased expression of ODC1, via a c-MYC dependent process, and polyamine 

synthesis [128, 130-132]. 

The ODC gene promoter/intron 1 region contains multiple sequences that allow 

transcriptional control via response to hormones, growth factors, tumor promoters and 

transcription factors [99]. In addition, ODC1 might be regulated by ncRNA. The 5’ 

flanking region of ODC1 has a long non-coding RNA (lncRNA) named LOC101929715 

and ODC1 intron 1 encodes SNORA80B, a small nucleolar RNA (snoRNA). Both of 

them are uncharacterized at the transcriptional level or their downstream effects. 

Polyamine metabolism is a validated pathway for chemoprevention of colorectal 

cancer. Evidence from cell line experiments, mouse models and clinical trials validate 

this pathway as a target for colorectal cancer prevention. Currently two clinical trials are 

on-going, including one in FAP (Identifier: NCT01483144) and another in neuroblastoma 

(Identifier: NCT01586260). Up to date, the mechanisms by which polyamines elicit their 

tumorigenic effects and the molecular mechanisms to explain clinical outcomes are still 

poorly understood [123-125]. 

A single nucleotide polymorphism (SNP) in the intron 1 of ODC1 with a G to A 

change is located in the position +316 relative to the transcription start site (TSS) and is 

flanked by two c-MYC-binding E-boxes [138, 139, 143]. A clinical association has been 

established between ODC1 SNP +316 with reduced risk of colorectal adenoma (CRA) 
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recurrence by different studies, especially in aspirin users [141, 145-148]. However, in 

sporadic colorectal cancer, the ODC1 SNP +316 A-allele is associated with poor survival 

[145]. These clinical association studies suggest that ODC1 SNP +316 is functional and 

may have both promoting and inhibiting effect on colorectal carcinogenesis by affecting 

the levels of transcription of the ODC1 gene. These dual roles can be explained at the 

molecular level because both E-box activators (c-MYC expression in transformed 

epithelium) and repressors (MAD1 expression in normal epithelium) bind preferentially 

to the ODC1 A-allele, as demonstrated by allele specific promoter reporter luciferase and 

Chromatin Inmunoprecipitation (ChIP) experiments [145]. These molecular mechanisms 

have been tested with vectors that contained an SV40 enhancer element (pGL3-Enhancer, 

Promega) transfected in cell lines with different genetic backgrounds. Unfortunately, the 

same conclusions cannot be replicated in luciferase vectors without the SV40 enhancer in 

the same experimental setup. SV40 is not a physiological regulator of the ODC1 gene, 

then the proposed molecular mechanism to explain the clinical outcomes is incorrect; in 

fact the real one still unknown or at least unclear. It can be a good model to study 

unknown enhancer element affecting ODC1 gene transcription. In addition, the 

interpretation of those experiments can be important in the SV40-induced tumorigenesis, 

which is still controversial [154-158]. SV40 is known to potentiate TSS from proximal 

substitute or natural promoter and affect alternative splicing of transcribed mRNA, which 

both can affects the experimental conclusions [159, 160].  

In this work we investigated the importance of other genetic variability in ODC1 

gene and evaluated them in isogenic luciferase reporters, which not contain an SV40 

enhancer (pGL3-basic, Promega). Since ODC1 gene contains several SNPs, we and 

others [161] conducted a comprehensive investigation to understand the significance of 

the genetic variability in the ODC1 gene and its 3’ and 5’ flanking regions, to understand 

the molecular mechanism which explain the clinical associations in this disease process 

[161]. In this study we confirmed frequencies of 49 ODC1 SNPs in 196 patients 

participating in the DMFO/Sulindac cancer prevention trial [104] using SNPs genotyping 

array and allele specific discrimination. We identified 11 ODC1 SNPs with minor allele 

frequencies around 10% and determined common haplotypes accounting for more than 

90% of participants. We carefully examined SNPs in the intron 1 and exon 2 (part of the 
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5’UTR) of ODC1 gene and their association with phenotype. Computational approaches 

showed that SNPs in the 5’UTR disrupt an internal ribosome entry site (IRES), which 

allows differential regulation at the level of translation. Those SNPs do not show either 

variability in our clinical samples and SNPs database or association with phenotype, such 

us polyamine levels or polyp occurrence. We further studied the transcriptional 

contribution of a single SNP, which exists in a GC-rich region in the intron 1 capable to 

for a G-quadruplex DNA secondary structure. 

The ODC1 SNP +263 was identified, validated and found to be functional to 

modulate a G-quadruplex structure in the present work. In addition, we studied ODC1 

SNP +263 in the context of previous studies focused in ODC1 SNP +316 in relation with 

clinical outcome and response to DMFO/Sulindac treatment.  

 ODC1 SNP +263 (rs2302616) (1) divided observed frequencies in two mayor 

groups in participant of the clinical trial, (2) is located within a GC-rich region forming a 

DNA secondary structure called G-quadruplex (G4), as predicted by computational 

studies using Quadparser software [162], (3) disrupted a consensus Sp1/Sp3 transcription 

factor binding sequence, as predicted by PROMO software [163, 164], and finally (4)  

predicted statistically significant putrescine level by genotype in normal tissue at baseline 

of participant of the DMFO/Sulindac Trials. We hypothesized that ODC1 SNP +263 is 

involved in a novel molecular mechanism of gene regulation, which may refine genotype 

associations with clinical parameters. 

We studied the ability of the ODC1 SNP +263 to affect a G-quadruplex DNA 

secondary structure using circular dichroism (CD), melting temperature and EMSA 

technique. We showed that ODC1 SNP +263 is able to form a G-quadruplex structure 

either with G or T at this position. In addition, the thermal stability of the G-quadruplex 

structure demonstrated that the ODC1 SNP +263 G-allele forms a more stable G-

quadruplex structure than ODC1 SNP +263 T-allele. We constructed isogenic reporter 

luciferase plasmids to test the functional significance of the ODC 1 SNP +263. We found 

the T-allele is driving more luciferase expression, which is consistent with the in vitro 

thermal stability assays. We studied the effects of the Sp1 transcription factor in vitro and 

in vivo. In vitro we found that Sp1 modulated the equilibrium between the G-quadruplex 

structure and double strand (ds) DNA, as previously reported [165]. We used HCT116 
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colorectal cancer cell line to study the role of Sp1 transcription factor using genetic 

approaches. When we knocked down Sp1 protein using siRNA technology we observed 

an induction of ODC1 gene transcription for both ODC1 SNP +263 alleles. This 

transcriptional activation was higher in presence of the G-allele, which forms the more 

stable G-quadruple structure. In addition we over-expressed full length Sp1 protein using 

a mammalian expression vector (pN3). We found that Sp1 protein did not significantly 

down-regulate ODC1 gene expression. When this observation is taken together with our 

in vitro data, in which the equilibrium between G-quadruplex and dsDNA is dependent 

on the concentration of Sp1 protein, we conclude that the overexpression of Sp1 protein 

is maintaining the ODC1-driving plasmid in a state of dsDNA in which is not responsive 

to higher concentrations of Sp1 protein. In contrast, the equilibrium appears to favorite 

the G-quadruplex conformation over dsDNA when we knocked down Sp1 expression. 

The G-quadruplex conformation appears to induce the expression of ODC1-driving 

plasmid, where we speculate the stability of the G-quadruplex or its association with 

other transcription factor is affecting the level of transcription of ODC1 gene. 

In addition, we constructed diplotypes using both ODC1 SNP +263 and +316, 

since they are close and more likely will not be a recombination event between them. We 

found limited haplotypes, which argue for a selective pressure over the ODC1 gene. 

More likely the ODC1 SNP +263 is a later event than ODC1 SNP +316 in evolution, but 

more studies are needed in this regards. A comprehensive investigation of genetic 

variability in ODC1 gene was performed and limited haplotype diversity accounting for 

over 90% of the population was found. Mechanistically, we addressed two of them, 

which account for more than half of the participant. Both ODC1 intron 1 SNPs were 

found to be associated with disease processes. Both of them predicted metachronous 

adenoma and response to treatment in participant of the DMFO/Sulindac trial. Only the 

SNP rs2302616 predicted the ODC1 rate-limiting product putrescine by genotype, which 

highlighted the importance in the transcriptional control of ODC1. Both SNPs modulate 

ODC1 transcriptional activity involving a G-quadruplex structure and the Sp1 binding at 

ODC SNP +263, and ODC1 SNP +316 flanked MYC-binding E-boxes. We found that c-

MYC cooperates with Sp1 to activate the transcription of ODC1, in a mechanism, which 

involves the N-terminal domain of Sp1 and the stability of the G-quadruplex formation. 
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These studies allow us to conclude that the ODC1 SNP +263 is functional in the 

regulation of ODC1 gene, as well as the previously reported ODC1 SNP +316, and more 

likely they are working together to regulate ODC1 gene transcription. 

In appendix A, the reader will find a comprehensive review of the polyamine 

pathway in relationship to colorectal cancer. My primary effort was in section 2, 3, 4, 5 

and all the figures. 

In appendix B the reader will find the characterization of a G-quadruplex structure 

in the intron 1 of ODC1. The G-quadruplex stability is modulate by ODC1 SNP +263 

and its functional validation in vivo. I was involved in all aspect of the study. 

Finally, appendix C, the reader will find a semi-unbiased study of genetic 

variability of ODC1 gene which validate the importance of ODC1 SNP +263. The 

association of the ODC1 SNP +263 with metachronous adenoma and polyamine pools of 

participant of the DMFO/Sulindac clinical trial is investigated. In addition we address 

mechanistically how the ODC1 SNP +263 is related with ODC1 SNP +316 by 

cooperative interaction of different transcription factor and the G-quadruples structure. 

Lastly, we evaluated the risk/benefit ratio of specific SNPs or diplotypes in the colorectal 

cancer chemoprevention trial. I was involved in all aspect of the study, except for the 

bioinformatics analysis of the data coming from sequencing or association with 

phenotypes.  

In figure 3, the reader will find the major finding of this dissertation along with 

the clinical outcomes and the molecular interpretation of these finding in the presence 

and absence of the SV40-Enhancer. 

This project provide new understanding of the total genetic variability in ODC1 

gene and how this gene is transcriptionally regulated. It will help to explain molecular 

mechanisms of the colorectal carcinogenesis and the role of tissue polyamine pools in 

this process. It will aid biomarker development and provide new rationale for colorectal 

cancer chemoprevention with drugs targeting the polyamine pathway. 
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Figure 3: A schematic representation of the ODC1 gene along with major clinical and 

molecular interpretation. ODC1 gene with its three E-boxes element in which Myc and 

Mad binds as a heterodimer with MAX to activate or repressed its transcription. 

Magnification of a segment of intron 1 is showed to illustrate the location of ODC1 SNP 

+263 and +316. ODC1 SNP +263 disrupt an Sp1 binding site and affect the stability of a 

DNA secondary structure called G-quadruplex. ODC1 SNP +316 is flanked by two E-

boxes element. In red is depicted the high GC context of the intron 1. In addition the 

major phenotype and molecular interpretation are summarized in the figure for each 

haplotype 263/316 in presence or absence of the SV40-Enhancer. 
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Abstract 

Polyamines are organic cations shown to control gene expression at the transcriptional, 

post transcriptional, and translational level. Multiple cellular oncogenic pathways are 

involved in regulation of transcription and translation of polyamine metabolizing 

enzymes.  As a consequence of genetic alterations, expression levels and activities of 

polyamine-metabolizing enzymes change rapidly during tumorigenesis resulting in high 

levels of polyamines in many human epithelial tumors.  This review summarizes the 

mechanisms of polyamine regulation by canonical tumor suppressor genes and 

oncogenes, as well as the role of eukaryotic initiation factor 5A (EIF5A) in cancer.  The 

importance of research utilizing pharmaceutical inhibitors and cancer chemopreventive 

strategies targeting the polyamine pathway are also discussed. 
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1. Introduction 

The natural polyamines (putrescine, spermidine and spermine) are ubiquitous 

low-molecular weight aliphatic amines that play multifunctional roles in cell growth, 

differentiation and survival.  Polyamines are unique because of their flexible polycationic 

nature that allows them to bind electrostatically to negatively charged macromolecules 

including nucleic acids, acidic proteins and membranes [87]. Polyamines regulate 

important cellular processes, including cell proliferation and viability.  Genetic evidence 

indicates that polyamines are required for optimal growth of bacteria [91] and are 

essential for aerobic growth in yeast [92]. The cellular functions of polyamines also 

include intestinal mucosal maturation and cell migration [93, 94].  Polyamines have been 

shown to influence transcription, RNA stabilization and translational frameshifting [102, 

103]. 

Complex regulation controls intracellular polyamine pool sizes through combined 

actions of de novo synthesis, retroconversion, degradation, efflux, and uptake of 

polyamines. A significant number of reviews have summarized the functions and 

regulation of polyamines and their potential role in cancer disease [86, 95-98, 100, 169]. 

The present review is focused on the regulation of polyamine-metabolizing enzymes 

during neoplastic transformation, evaluation of agents targeting the polyamine pathway 

to prevent or reverse neoplastic growth and polyamine-mediated functions of the 

eukaryotic initiation factor EIF5A in cells. 

 

2. Overview of polyamine regulation 

Polyamines are synthesized through the action of the enzyme ornithine 

decarboxylase (ODC). ODC is the rate-limiting enzyme in polyamine biosynthesis which 

catalyzes the formation of putrescine from ornithine. Putrescine is subsequently 

converted into spermidine through the actions of S-adenosylmethionine decarboxylase 

(AMD1) and spermidine synthase. Spermidine is then converted into spermine by AMD1 

and spermine synthase. Important catabolic effectors maintain polyamine homeostasis as 

well.  Spermidine/spermine N-acetyltransferase (SAT1) adds terminal acetyl groups to 

spermidine and spermine that subsequently promotes the export of acetylated 

polyamines. Spermine oxidase (SMO) converts spermine to spermidine.  
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Acetylpolyamine oxidase (PAOX) also aids in polyamine homeostasis by converting 

acetylated spermidine and spermine back to putrescine and spermidine respectively 

(Figure 1).  

Multiple studies demonstrated that ODC is essential metabolic effector required 

for normal development in mammals. ODC gene knockouts are lethal in murine embryos 

3.5 days after fertilization [109]. ODC protein levels in cells are regulated by an ODC 

inhibitory protein called ornithine decarboxylase antizyme (OAZ) [170, 171]. The 

regulation by antizyme involves the +1 frameshift of the translating ribosomes on the 

antizyme mRNA upon accumulation of polyamines, resulting in increased translation of 

the antizyme protein [103, 170]. Full-length functional antizyme acts as a non-

competitive inhibitor of ODC and enhances ubiquitin-independent ODC degradation by 

the 26S proteasome [170].  In addition, antizyme increases polyamine efflux and 

suppresses polyamine uptake, thus decreasing the intracellular polyamine pool [172, 

173].  Antizyme is regulated by the antizyme inhibitor (AZIN1) which is a homolog of 

ODC but lacks the decarboxylation activity [174]. AZIN1 sequesters the intracellular 

pool of antizyme which causes an increase in levels of ODC protein, ODC activity and 

polyamine levels. ODC is also regulated through transcriptional activation in response to 

hormones, growth factors and tumor promoters via the response elements in the ODC 

gene promoter. Response elements in the ODC gene include cAMP response element, 

CAAT and LSF sequences, activator proteins 1 and 2 (AP1 and AP2) sites, specificity 

protein (SP1) binding sites and a TATA box (reviewed in [99]). Of special interest, the 

ODC gene promoter contains three Enhancer (E)-boxes (CACGTG) that are binding sites 

for the MYC, MAX, MAD and MNT transcription factors [175]. 

AMD1 converts putrescine into the higher polyamines by producing the 

aminopropyl donor decarboxylated S-adenozylmethionine (dcSAM). The activity of 

AMD1 is highly regulated at the level of transcription, translation and protein turnover 

[176]. The AMD1 gene contains a number of binding sites for different transcription 

factors including a spermidine response element. Putrescine can activates mammalian 

AMD1 by enhancing the production of the processed form of the enzyme and improving 

its catalytic activity [176]. Protein ubiquitination has also been shown to regulate AMD1 

turnover [177, 178].  



66 

Mammalian spermidine and spermine synthase are regulated by the availability of 

putrescine or spermidine and dcSAM. The recent studies by Forshell et all [179] 

described the induction of the spermidine synthase gene transcription by the c-MYC 

oncogene in a murine model of B-cell lymphoma. The putative c-MYC binding site is 

associated with canonic E-boxes located upstream and downstream of exon 1 in the 

spermidine synthase gene. 

A key polyamine catabolic enzyme SAT1 is highly inducible in response to a 

variety of stimuli including: elevated polyamine levels, synthetic polyamine analogs, 

toxins, hormones, cytokines, heat-shock, ischemia-reperfusion injuries and other stresses 

(reviewed in [180]). The regulation of SAT1 occurs via an activation of transcription, 

mRNA processing, mRNA translation and protein turnover [180-183]. The SAT1 gene 

contains the binding sites for common regulators of gene expression such as SP1 and 

AP1, CCAAT/enhancer-binding protein (C/EBP), cAMP-response-element-binding 

protein (CREB), nuclear factor kB (NF-B) and peroxisome-proliferator-activated 

receptors (PPARs) transcription factors. SAT1 also contains a polyamine-response 

element (PRE) which binds polyamines and polyamine-responsive transcription factors 

[184]. The post-transcriptional regulation of SAT1 involves regulation of mRNA stability, 

alternative splicing of SAT1 mRNA, translational regulation of SAT1 synthesis and 

stabilization of SAT1 protein, which are reviewed elsewhere [185]. 

Translational regulation through upstream open reading frames (uORFs) plays a 

significant role in polyamine metabolism. The uORFs precede main coding sequences in 

mRNA structures of the polyamine metabolic genes ODC, OAZ, AZIN1, AMD1, 

spermine synthase and SAT1 and influence the efficiency of polyamine-responsive 

regulation of  their translation [186]. 

Polyamine transport mechanisms mediate intracellular polyamine homeostasis. 

Polyamines are imported into the cells from extracellular sources such as luminal bacteria 

and diet [88]. Belting et al [187] have shown that the polyamine transport system 

involves endocytic pathways with cell surface heparin sulfate proteoglycans as a possible 

vehicle for polyamine uptake. The more recent study by Roy et al [188] indicates that  

polyamine uptake occurs via a dynamin-dependent and clathrin-independent endocytic 

uptake, and that a plasma membrane lipid raft protein caveolin-1 is a potential regulator 
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of the polyamine pathway. The significance of caveolae-dependent endocytosis in 

polyamine uptake has also been studied in vivo using genetically engineered mice [189]. 

This study has shown that putrescine uptake in the intestinal tissue is regulated by a nitric 

oxide (NOS2)-dependent mechanism; when the intracellular polyamine content is low 

uptake is regulated by a glycosylated heavy chain of the cationic amino acid transporter 

SLC3A2.  Polyamines are exported out of mammalian cells in the acetylated form by a 

diamine exporter (DAX) [190]. Recently Uemura et al [90] described the molecular 

mechanism of polyamine export as a polyamine/arginine exchange reaction which 

involves the amino acid transporter SLC3A2. In this study the polyamine catabolic 

enzyme SAT1 was found to be co-localized with SLC3A2 indicating that this efflux 

system facilitates excretion of acetylated polyamines. The tight regulation imposed on 

intracellular polyamine levels underscores the importance of these molecules for optimal 

cellular growth.  

 

3. Deregulation of polyamines in cancer  

Cancer is a major human health problem worldwide and is the second leading cause 

of death in the United States [191]. Over the past forty years, significant progress has 

been made in understanding the molecular basis of cancer. It has been established that 

cancer is a neoplastic condition resulting from genetic changes that control the 

proliferation, maturation, metastatic behavior and senescence of cells. These genetic 

changes are diverse in nature and can involve loss or gain of gene function.   

Tumorigenesis is a multistep process involving the acquisition of chromosomal 

abnormalities and development of mutations in different genes, which provide cancer 

cells selective growth advantages and cooperatively that leads to dysregulation of cell 

growth at multiple levels [192].   

During tumorigenesis, cancers evolve mechanisms to deregulate polyamine 

metabolism. Canonical oncogenes and tumor suppressors have been shown to affect 

polyamine metabolism in transformed cells. Therefore, it is not surprising that 

deregulation of polyamine levels appear to play an essential role during tumorigenesis.  

The pleiotropic effects observed by alterations of the polyamines might be explained by 

their ability to regulate specific aspects of gene expression and protein translation.  
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3.1. Deregulation of ornithine decarboxylase  

3.1.1. Role of ODC in neoplastic transformation   

ODC, a key polyamine biosynthesis enzyme, plays a major role in the process of 

carcinogenesis. An association between high levels of polyamines and cancer was first 

reported in the late 1960s by Russell and Snyder [85], who measured high levels of ODC 

activity in regenerated rat liver and in several human cancers. ODC deregulation occurs 

in response to a variety of oncogenic stimuli, including cancer promoters 12-O-

tetradecanoylphorbol-13-acetate and asbestos [193, 194]. ODC is also regulated by 

androgens and ODC gene overexpression has been observed in human prostate cancer 

[195]. Numerous studies have documented changes in ODC regulation during 

carcinogenesis at the level of transcription, translation and protein degradation (reviewed 

in [100, 196]). The causative role of ODC in carcinogenesis has been observed upon 

overexpression of ODC by trancfection in vitro and in vivo in transgenic mice (reviewed 

in [115, 116]). Overexpression of the intracellular non-competitive ODC inhibitor 

antizyme in transgenic mice has been shown to reduce carcinogenesis ([117-119]. These 

genetic studies corroborate epidemiological studies that have documented elevated ODC 

expression and activity during colon tumorigenesis [108, 197].  

3.1.2. Role of APC and c-MYC in ODC induction   

Major oncogenic pathways are involved in regulation of ODC transcription and 

translation. We, and others, have shown that the ODC gene is regulated by the WNT 

signaling pathway, one of the major cascade governing epithelial development [126, 

127]. The adenomatous polyposis coli (APC) tumor suppression gene is a component of 

the WNT cascade, and is mutated or lost in the germline of individuals with familial 

adenomatous polyposis (FAP), a heritable form of colon cancer [198, 199]. The APC 

gene is also mutated in almost 90% of human colon cancers and 30% of melanoma skin 

cancers. We have shown that ODC gene expression and polyamine contents are elevated 

in the intestinal tissue, and a specific inhibitor of ODC suppresses intestinal 

carcinogenesis in the ApcMin/+ mouse, an animal model for FAP [105]. In this model, 

mutated APC led to a decrease in antizyme and SAT1 expression, indicating that APC 

controls the polyamine metabolic pathway in the colon. 
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 APC mutation is an early event in colon carcinogenesis, and is, therefore, 

considered to be an initiating event. In carcinogenic tissue, loss of APC and dysregulation 

of the WNT pathway leads to increased expression of the c-MYC oncogene. APC 

mutation prevents GSK-3b phosphorylation of beta-catenin which would normally lead to 

its proteosomal degradation. Mutated APC leads to stabilization and accumulation of -

catenin in the nucleus where it forms a complex with the TCF/LEF (T-cell 

factor/lymphoid-enhancing factor) transcription factor [130, 131]. The heterodimer 

complex binds to the specific regions in the promoter of c-MYC and other growth-related 

genes and alters genes expression [126, 130]. c- MYC is a transcription factor that is 

required for the proliferation of normal cells, and its over expression can lead to 

uncontrolled growth and cancer [137]. During APC-dependent carcinogenesis, c-MYC 

activation affects transcription of ODC by binding to E-boxes or MYC-binding regions in 

the promoter region of the gene. In vivo studies using mouse model with a conditional 

deletion of c-MYC in the intestinal and colonic mucosa have shown that c-MYC plays an 

important role in the development of intestinal tumors with activating mutations in the 

APC gene via increased proliferation and suppressed apoptosis (Figure 2)  [200].   

Both c-MYC and ODC present an attractive target for pharmacological inhibition.  

Transient  c-Myc inactivation can be an effective therapy for certain cancers as 

demonstrated in the transgenic mouse model of osteogenic sarcoma [201]. Selective 

transcriptional silencing of the c-MYC promoter has been achieved using a porphyrin 

analogue that binds to the G-quadruplex DNA structure within the c-MYC promoter [202, 

203]. 

3.1.3. Role of mutant K-RAS in ODC induction 

Activating mutations of K-RAS oncogene have been observed in ~30% of human 

colon tumors [204]. Constitutive RAS activation by the substitution of amino acid 

residues at various positions is frequently found in human invasive cancers [204].  

Oncogenic RAS influences different cellular processes via signaling pathways involving 

the Akt protooncogene, the serine/threonine protein kinase Raf-1, and the Rho small 

GTPase family [205]. The RAS gene family consisting of H-RAS, K-RAS and N-RAS 

genes, can also increase reactive oxygen species (ROS) levels via the RAS-mitogen-

activated protein kinase kinase (MAPKK) and mitogen-activated protein kinase (MAPK) 
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pathways [206]. Transformation of  NIH 3T3 cells with the human H-RAS oncogene 

causes significant increase in ODC expression and polyamine contents [207]. Mutant K-

RAS oncogene also increases cellular polyamine levels by increasing ODC enzyme 

activity [208]. Detailed analysis of the RAS pathway using RAS partial-loss-of-function 

mutants and inhibitors showed that the regulation of ODC transcription occurs via  

Raf/Mek/Erk pathway while the PI3-kinase pathway mediates ODC translation [209]. 

3.2. Deregulation of other polyamine metabolic genes 

3.2.1. Deregulation of SAT1 during tumorigenesis 

 SAT1 is a key polyamine catabolic enzyme and an important regulatory step in 

maintaining polyamine content. In vitro experiments and genetic manipulations with 

SAT1 expression in experimental animal models confirmed SAT1 functions to facilitate 

polyamine efflux from cells [210, 211]. Because tumorigenesis is associated with 

increased polyamine biosynthesis and polyamine levels, SAT1 expression and enzyme 

activity are regulated in response to these alterations via an increase in transcription, 

translation and suppression of protein turnover (reviewed in [185]). Elevated SAT1 

enzyme activity results in a sustained increase in acetylated polyamine levels causing the 

decreases in polyamines charges and facilitates their excretion and degradation via the 

SAT1/PAOX pathway.  

Cancer can develop mechanisms to prevent the induction of SAT1 in order to 

maintain high polyamine levels. Particularly, it has been shown that the RAS pathway is 

implicated in SAT1 regulation via decreased expression of PPAR, a member of the 

nuclear hormone receptor family and an important regulator of cell proliferation and 

differentiation [212]. Specifically, an activated K-RAS suppressed SAT1 expression by a 

mechanism involving the PPAR response element 2 (PPRE-2) located at +48 bp relative 

to the transcription start site of the SAT1 gene. SAT1 expression can be restored by 

transient expression of the PPARy protein, by treatment with the PPAR ligand 

ciglitazone or with the MEK1/2 inhibitor PD98059, suggesting that mitogen-activated 

protein kinases (MAPKs) are involved in the regulation of SAT1 expression by PPAR 

[213]. RAS is therefore a negative regulator of SAT1 that results in high polyamine 

levels. 
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SAT1 expression can also influence tumorigenesis. Studies performed using 

genetically engineered mouse models showed that over expression of the mouse Sat1 

gene is associated with increased intestinal tumorigenesis and the knockout of Sat1 

reversed this progression [214]. 

3.2.2. Tumorigenesis and polyamine transport 

Experimental and clinical studies provide evidence that the polyamine transport 

system is hampered during neoplastic transformation. The study by Nilson et al. [215] 

shows that polyamine uptake plays a significant role in the progression to 

lymphomagenesis. In the intestinal tract, it has been shown that depletion of exogenous 

polyamines which are normally obtained either from microbial flora activity or food, 

using antibiotics or polyamine-deficient diet, resulted in a compensatory increase in 

polyamine uptake [216, 217]. Bachrach and Seiler have shown that various oncogenes 

can increase polyamine uptake as well [218]. The upregulation of polyamine uptake in 

cells expressing an activated K-RAS occurs via SRC-dependent caveolin-1 

phosphorylation at tyrosine residue 14 and modulation of the urokinase plasminogen 

activated receptor [188, 219]. Mutant K-RAS oncogene also acts to suppress the 

polyamine export system via negative regulation of SLC3A2 protein [90]. Roy et al [188] 

provided evidence for the negative regulation of polyamine uptake by caveolin-1, which 

can function as a tumor suppressor [220]. 

 

4. Genetic variability in ODC affecting carcinogenesis 

The ODC gene has three E-boxes in the region from -400 to +400 bp relative to 

the start of transcription. The heterodimer transcriptional activator c-MYC/MAX or 

transcriptional repressor MAD1/MAX binds to these E-box elements to regulate the 

transcription level of ODC gene in proliferative cells [99, 144]. ODC promoter activity is 

influenced by cooperative interactions involving these neighboring E-boxes. A single 

nucleotide polymorphism (SNP) exists in intron 1 of the human ODC gene between two 

E-boxes with a G/A variation located 316 nucleotides downstream of the transcriptional 

start site [221, 222]. Since ODC expression has been linked to cancer development, 

individuals with specific sets of SNPs may exhibit an increased predisposition for colon 

polyp development.  
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According to the model of colon tumorigenesis proposed by Fearon and 

Vogelstein in 1990, colorectal cancer develops as a multi-step process that involves the 

progression from normal mucosa to small and large adenomas leading to invasive cancer 

and metastasis [9-11]. Removal of adenomas is associated with a lower risk of colorectal 

cancer, however, recurrence is common [14, 223]. It is also recognized that not all colon 

polyps will progress to invasive cancer [7, 8]. The relationship between the ODC 

polymorphism and the risk of adenoma recurrence has been assessed in participants of a 

large randomized, double-blind wheat bran fiber colon cancer prevention trial at the 

Arizona Cancer Center in Tucson, Arizona  [8, 224]. A substantial and statistically 

significant effect of the ODC polymorphism on risk of adenoma recurrence has been 

found on this trial in aspirin users with a strong correlation between recurrent polyp size 

and risk of colon cancer. This suggests a modification to the accepted model of the step-

wide molecular process involved in the original polyp-carcinoma sequence. The actual 

model proposed by Martinez et al [225, 226] predicts that carcinogenesis resulting from 

certain initiating events (e.g., chemical carcinogens and genetic rick factor), and the 

responses to chemoprevention strategies are influenced by genetic variability among 

individuals (Figure 3). Specifically, the +316 nucleotides SNP in the ODC promoter 

displayed functional consequences for E-box activation (e.g. c-MYC) and repression (e.g. 

MAD1), and association with recurrence of colon polyps. This association, between the 

genetic variability affecting ODC expression and the risk of colorectal adenoma 

recurrence, has since been confirmed in a number of studies, particularly for aspirin users 

[147, 148, 227]. A positive [228] and negative [229] association has been shown between 

sporadic colorectal cancer and genetic variability in ODC gene. 

The risk of adenoma recurrence was found lower in AA homozygous individuals who 

reported taking aspirin [146]. Barry et al [147] in the Aspirin/Folate Polyp Prevention 

Study found no association between ODC genotype and colorectal cancer  recurrence in 

individuals randomly assigned to placebo or aspirin treatment (81 or 325 mg daily). This 

study also found that ODC genotype modified the effect of aspirin on adenoma risk. 

Although aspirin treatment had no protective effect among subjects with a GG genotype, 

it was associated with statistically significant reduced risks of any adenoma among 

subjects with at least one A allele. Hubner et al [148] in a United Kingdom Colorectal 
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Adenoma Prevention reported that the rare 316AA homozygotes had reduced colorectal 

adenoma recurrence risk, with an additional lower recurrence risk if aspirin was 

administered. At the same time a recent study from Hughes et al. reported no correlation 

between ODC 316 SNP with colorectal adenomas in the Czech Republic case control 

series with no data on aspirin [229]. A population-based study of 400 of stage I-III 

colorectal cancer cases from the California Irvine Gene-Environment Study of Familial 

Colorectal Cancer, reported that the specific outcome of colorectal cancer  patients is 

dependent on the ODC 316 SNP genotype with the higher colorectal cancer-specific risk 

of death for individuals with ODC GA/AA genotypes [145]. 

In summary, the ODC A-allele may be protective for colon adenoma recurrence and 

detrimental for survival after colon cancer diagnosis. However, it is unlikely to play a 

major role in susceptibility to colorectal cancer development. 

 

5. EIF5A and Cancer 

Polyamine metabolism has been linked to protein synthesis through the unique 

posttranslational modification of the universal translation factor EIF5A. EIF5A is an 

essential gene that encodes a protein that is approximately 17kDa in size and is conserved 

among eukaryotes and archaebacteria [230]. EIF5A is the only known protein that is 

modified at a specific lysine residue to yield hypusine. Although EIF5A has been 

extensively studied its biological role has not been fully elucidated. Early studies using a 

methionyl-puromycin assay suggested a translation initiation role for EIF5A, as it 

promoted first peptide formation [231]. However, subsequent reports have argued against 

a general translation initiation role due to the finding demonstrating the depletion of 

EIF5A in yeast only causing a minor decrease in protein synthesis [232]. Although 

EIF5A is still under intense investigation, its growth altering potential has provided yet 

another link between polyamines, eukaryotic translation and cancer.  

Hypusination of EIF5A requires the polyamine biosynthetic pathway. It is 

mediated by two enzymes: deoxyhypusine synthase (DHS) and deoxyhypusine 

hydroxylase (DOHH). EIF5A hypusination is initiated by DHS transferring an 

aminobutyl moiety from the polyamine spermidine onto a specific EIF5A lysine residue. 

Deoxyhypusine is then hydroxylated by DOHH to yield hypusine. The importance of 
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EIF5A hypusination is reflected through findings showing that mutating the lysine 

residue required for the post-translational modification leads to growth defects in 

Saccharomyces cerevisae [233]. The importance of spermidine levels for EIF5A 

modification has also been highlighted through a study of yeast polyamine auxotrophs 

that were grown in low levels of spermidine. It was shown that yeast polyamine 

auxotrophs use a large proportion of the limited supply of spermidine for hypusination, 

emphasizing its importance for supporting growth [234]. Studies have also shown the 

vital importance of both DHS and DOHH for cell proliferation and is reviewed elsewhere 

[235]. The essential nature of hypusination in EIF5A reflects its importance for normal 

cell growth and in order to fully understand its effects, the identification of more 

functional binding partners may increase our understanding of its function during 

tumorigenesis. 

A recent study conducted by Lebska et al demonstrated that maize EIF5A 

(ZmEIF5A) is phosphorylated at Serine (2) (Ser2) by casein kinase 2 (CK2) resulting in 

nuclear shuttling [236]. A proteomic approach in which CK2 binding partners were 

identified through mass spectrometry resulted in identification of ZmEIF5A as a novel 

potential substrate. Through an elegant approach, a thrombin cleavage assay was used to 

confirm that Ser2 of maize EIF5A is indeed phosphorylated. Phosphorylation of 

ZmEIF5A ultimately resulted in nuclear translocation. Confocal microscopy confirmed 

that replacing Ser2 with aspartic acid increased the ratio of nuclear ZmEIF5A. Although 

mammalian cells may not possess the Ser2 phosphorylation site, the possibility that the 

temporal-spatial control of EIF5A during growth is regulated by post-translational 

modifications may provide insight about its biological role. One such report suggested 

that hypusinated EIF5A localizes mainly in the cytoplasm [237]. Although EIF5As role 

during translation has been established, further studies focusing on the nuclear presence 

of EIF5A could provide novel information regarding its oncogenic potential. 

EIF5A is also a translation factor that shares structural homology to elongation 

factor P (EF-P) of eubacteria. It has been suggested that EIF5A stabilizes tRNAi
Met for 

peptidyl transferase center (PTC) positioning in the ribosome [238]. A recent report by 

Lee at al [239] demonstrated a crystal structure of Thermus thermophilus EF-P bound to 

the 70S ribosome which promoted the alignment of charged initiator tRNA to the P site 
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of the ribosome. EF-P was shown to bind between the P site and the E site and appears to 

encourage conformational changes of a mature ribosome. The specific location of EF-P is 

thought to promote first peptide bond formation by properly positioning the tRNA 

molecule in the P site through non-covalent interactions to the tRNA backbone. 

Interestingly, a hypusine homology model was rendered that demonstrated the potential 

of a hypothetical hypusinated EF-P extending the hypusine chain near the peptidyl 

transferase center where the catalytic mechanism for peptide bond formation resides. This 

model suggests that hypusination might facilitate first peptide bond formation by 

promoting a thermodynamically favorable microenvironment in the PTC for protein 

synthesis. A biochemical model where hypusination is demonstrated to affect the 

activation entropy for peptide bond formation in an 80S PTC would strengthen the 

Thermus thermophilus hypusine homology model hypothesis. The findings that EIF5A is 

structurally similar to EF-P provide evidence for a direct role of EIF5A in elongation. 

GST pulldown assays have previously demonstrated that GST-EIF5A co-purifies with 

eEF2, the 60S ribosomal protein P0, and a small ribosomal protein S5 [240] and 

demonstrated that EIF5A associates mostly with translationally active ribosomes.  

A recent paper published by Saini et al (2009) provided further evidence that 

EIF5A is a universally conserved elongation factor. An EIF5A degron mutant (tif51a-td) 

was constructed and grown in both permissive and non-permissive temperatures to 

determine the effects of this translation factor on growth, protein production, and 

polysome profiles. Growth of the degron mutant at the non-permissive temperature 

reduced the growth rate of the tif51a-td yeast strain, highlighting the essential 

requirement of EIF5A. Depletion of EIF5A also resulted in diminished levels of 

[35S]methionine protein incorporation. Sucrose gradient analysis further showed that the 

tif51a-td strain did not appear to have translation initiation defects, but that the retention 

of polysomes and slower ribosomal run-off suggested EIF5A plays a role during the 

elongation step of translation [241]. This finding was further corroborated by a report that 

mammalian EIF5A promotes translation elongation and stress granule formation [242].  

In humans there are two isoforms of EIF5A that share considerable sequence 

homology of approximately 84% at the amino acid level. Although the EIF5A1 isoform 

is constitutively expressed, EIF5A2 appears to be restricted to specific tissues. Using a 
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human multiple-tissue expression array it was demonstrated that EIF5A2 is expressed 

most highly in testis, adult neuronal tissues and the colon adenocarcinoma cell line 

SW480 [243]. Consistent with this finding, other cancer cell lines including ovarian cell 

line UACC-1598, displayed higher levels of EIF5A2 expression [244]. 

Multiple studies have now shown that EIF5A2 and polyamine metabolizing 

enzymes are overexpressed in many human cancer cell models (Figure 4). EIF5A2 is 

located near chromosome 3q26, which is a site of multiple amplification events in many 

solid tumors. Over expressed EIF5A2 in NIH3T3 cells has been shown to increase colony 

formation in soft agar while hydroxyurea treatment of the ovarian cell line UACC 1598 

resulted in reduction of both EIF5A2 copy number and cell growth rate [245]. In an in 

vivo RNAi screen to identify tumor suppressors in hepatocellular carcinomas exportin 4 

(XPO4) was shown to genetically interact with EIF5A2 [246]. By utilizing a 

subcutaneous tumor growth assay, it was shown that EIF5A2 expression resulted in 

tumor formation of p53-/-;Myc liver progenitor cells. An MTT assay further 

demonstrated that knockdown of EIF5A2 led to decreased growth of a human hepatoma 

cell line with an XPO4 deletion (SK-Hep1). Furthermore, a colony formation assay of 

SK-Hep1 cells verified that EIF5A2 knockdown resulted in inhibition of proliferation. 

Previous reports indicated that XPO4 mediates export of EIF5A1 and Smad 3 from the 

nucleus [246-248]. In fact, Zender et al also demonstrated that XPO4 deletion resulted in 

EIF5A1 and EIF5A2 nuclear accumulation. Interestingly, EIF5A1 expression did not 

appear to induce higher subcutaneous tumor growth in mice. Although both translation 

factors appear to share large sequence homology, there is a biologically significant 

amount of difference leading to contrasting phenotypes. Future studies characterizing the 

role of EIF5A during cancer progression could provide novel information that could be 

exploited for novel drugs targeting EIF5A. 

 

6. Chemoprevention strategies within polyamine pathway. 

6.1. Suppression of ODC. 

-Difluoromethylornithine (DFMO) is the most widely used inhibitor of 

polyamine metabolism. DFMO was developed over three decades ago and is now widely 

used in both experimental studies [249] and clinical applications, including cancer 
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prevention [104] and hair removal [250]. Racemic DFMO was shown to be an enzyme-

activated, irreversible inhibitor of ODC [251]. Biochemical mechanisms for inactivation 

of ODC by DFMO have been proposed [252] and genetic studies have corroborated 

features of this model [253]. Upon treatment with DFMO there are significant cytostatic 

effects on eukaryotic cells. The ability of DFMO-treated cells to regain proliferation upon 

addition of exogenous putrescine suggests a clear functional role of polyamines during 

cellular growth and proliferation. In vivo, DFMO treatment  inhibited dietary arginine-

induced colon carcinogenesis and reduced adenoma dysplasia grade in Apc Min/+ mice 

[254]. DFMO has been evaluated as a cancer therapeutic agent,  but the results were 

generally not encouraging [255]. More recent experimental studies suggest that the 

failure of DFMO as a single agent, in either the cancer prevention or treatment setting, is 

due to compensatory mechanisms affecting polyamine transport and catabolism [95]. The 

experimental evidence suggests that DFMO can selectively reduce viability of colon 

cancer cells expressing mutant K-RAS oncogene  [256]. This finding was corroborated by 

Lan et al [257], who reported reduction of the growth of chemically-induced skin tumors 

in mice by DFMO. DFMO also caused regression of existing spontaneous tumors in 

transgenic mice over expressing both ODC and mutant H-RAS in keratinocytes. DFMO 

was also found to be effective in suppressing the mutant K-RAS-mediated colon 

tumorigenesis in vivo since it reversed the changes in experimental cell migration and 

cell-cell communication genes [208]. 

 

6.2. Induction of SAT1 

  Several structurally diverse non-steroidal anti-inflammatory drugs (NSAIDs) act 

to promote transcription of the SAT1 by both COX–dependent and COX–independent 

mechanisms. Laboratory work demonstrated that sulindac sulfone [120] and aspirin [121, 

146] induce SAT1 transcription. The sulfone derivative of sulindac, which recognizes a 

unique DNA sequence in the SAT1 promoter, activates SAT1 gene to induce its 

transcription. The mechanism of activation involves the induction of PPAR protein and 

its binding to one of the peroxisome proliferators-activated receptors response elements 

(PPREs) in the SAT1 gene, namely PPRE-2. PPRE-2 is located +48 bp relative to the 

transcription start site; PPRE-1, which is located -323 bp relative to the start site, is not 
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required for the induction of SAT1.  Aspirin, which is structurally unrelated to sulindac, 

induces SAT1 transcription via a distinct mechanism involving NF- sites in the SAT1 

promoter [121]. Studies in animal models confirm the in vitro findings and indicate that 

sulindac can suppress ODC enzyme activity in addition to activating SAT1 gene 

expression [258]. Effects on polyamine metabolism are a component of the COX-

independent mechanisms by which some NSAIDS inhibit colon carcinogenesis, as 

depicted in Figure 5. 

SAT1 expression is also induced by some synthetic polyamine analogs.  

Polyamine analogs are compounds that can interfere with polyamine functions in cells 

causing inhibition of tumor growth (see review [86]). Three classes of synthetic 

polyamine analogs have been developed: symmetrically substituted, asymmetrically 

substituted and conformationally restricted analogs. These classes demonstrate multiple 

biological activities and improved targeting abilities with small changes in molecular 

structure [86].   Mechanisms by which polyamine analogs exert their intracellular effects 

include the induction of catabolism and the displacement of natural polyamines from 

functional sites related to the transcriptional regulation of genes [259]. Polyamine analogs 

with the N-terminal alkyl group, such as symmetrically substituted analog BENSpm, 

cause significant and prolong activation of SAT1 enzyme activity by binding to the active 

site of the SAT1 protein at the polyamine-binding region causing its accumulation [182]. 

Other analogs, such as PG-11047, which belong to a class of conformationally restricted 

compounds,  increases the SAT1 transcript level and depletes cellular spermidine leading 

to total polyamine depletion in colon cancer cells [260]. Since the synthetic polyamine 

analogs have anti-tumor activity, they are currently under clinical evaluation, alone and in 

combination with established drugs, such as DFMO, for the targeted depletion of 

polyamine levels and suppression of tumor growth. 

 

6.3. Evaluation of anti-tumorigenic properties of DFMO and NSAIDS in animal 

models. 

The molecular targets for antitumor activity of NSAIDs sulindac and celecoxib 

within the polyamine pathway have been evaluated using the experimental animal models 

including ApcMin/+ mice. Specifically, sulindac increased steady state RNA levels and 
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enzymatic activity of the polyamine catabolic enzyme SAT1 [130]. Sulindac also 

decreased the activity of the biosynthetic enzyme ODC, but not AMD1. The effectiveness 

of sulindac to suppress intestinal carcinogenesis was partially abrogated by dietary 

putrescine [258]. Since high concentrations of putrescine can be found in certain dietary 

components, it may be advantageous to restrict dietary putrescine consumption in patients 

undergoing treatment with sulindac. The combination of DFMO with sulindac, a non-

selective inhibitor of both COX-1 and COX-2, or celecoxib, a selective COX-2 inhibitor, 

was additive in suppressing tumorigenesis in ApcMin/+ mice [151]. At the same time, the 

combination of DFMO with sulindac was more effective in reducing the intestinal 

polyamine contents and incidence of high grade intestinal adenomas than combination of 

DFMO with celecoxib [122]. 

 

6.4. Combination chemoprevention strategies in humans 

The described experimental studies set a stage for the clinical trials of DFMO and 

sulindac.  In 2000, the University of California-Irvine and the Univerisity of Arizona 

started a collaboration to conduct a prospective, randomized clinical trial of 150 mg 

sulindac, combined with 500 mg DFMO, daily for 3 years versus placebo [169, 261]. The 

phase III clinical trial assessed the toxicity of this combination.  The low non-toxic dose 

of DFMO used in this study was sufficient to suppress ODC in human rectal mucosa 

[262, 263]. The major endpoint of the trial was colon polyp recurrence.  This randomized 

trial showed markedly reduced recurrence of all adenomas (70% decrease), advanced 

adenomas (92% decrease), and recurrence of more than one adenoma (95% decrease) 

[104]. Putrescine and spermidine levels of rectal mucosal biopsies were also markedly 

reduced in the active intervention arm after both 12 and 36 months of treatment; PGE2 

levels were unaffected. All toxicities, including clinical, audiologic and cardiovascular 

affects, were not significantly different between the treatment and placebo groups.  

Larger and longer term studies will evaluate the absolute risk of this treatment [264]. 

The polyamine transport system presents another chemoprevention target for 

lowering the polyamine contents in cancer cells. A group of lipophilic polyamine analogs 

has been recently developed that inhibit the cellular polyamine uptake system and 

significantly increase the effectiveness of polyamine depletion when combined with 
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DFMO [265]. Overall, polyamine metabolism offers an attractive direction for future 

advances in treatment of cancer risk factors. 
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Figure 1. Polyamine structure and metabolism.  Enzymes are shown in purple squares, 

except for  ODC shown in blue oval (ODC, ornithine decarboxylase; AMD1, S-

adenosylmethionine decarboxylase; SAT1, spermidine/spermine N1-acetyltransferase; 

SMO, spermine oxidase; PAOX, acetylpolyamine oxidase).  DFMO, -

difluoromethylornithine, an irreversible inhibitor of ODC 
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Figure 2.  APC-mediated effects on polyamine biosynthesis and tumorigenesis. APC 

mutation (APCmut) leads to proliferation and inhibition of apoptosis via upregulation of 

ornithine decarboxylase (ODC) activity. An irreversible inhibitor of ODC -

difluoromethylornithine (DFMO) is shown in red.   
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Figure 3.  Association between genetic variability and G316A ODC SNP. Genetic and 

epigenetic changes are associated with cancer progression where the final outcome is 

influenced by the original polyp’s sizes and genetic variability of G316A ODC SNP.  
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Figure 4.  Role of eukaryotic translation initiation factor 5A2 (EIF5A2) in tumorigenesis 

and its relationship to polyamine biochemical pathway. APC and c-MYC target genes in 

the polyamine pathway to increase the intracellular polyamine levels. Spermidine, which 

is the substrate to the post-translational modification of EIF5A2, converts a lysine residue 

to the novel amino acid hypusine in the eIF5A protein. Two unique chromosomal loci 

encode eIF5A1 and EIF5A2 isoforms. 
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Figure 5. Combination chemoprevention strategies targeting polyamine metabolism in 

cancer. Mutant APC (APCmut) and activated K-RAS (K-RAS mut) lead to upregulation 

of ODC and suppression of SAT1, respectively, which increases the polyamine 

concentration.  Combined action of an irreversible ODC inhibitor DFMO and non-

steroidal anti-inflammatory drug sulindac will prevent polyamine-dependent cell 

proliferation and invasion and suppress neoplasia. 
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ABSTRACT 

Polyamines influence nucleic acid structures, including G-quadruplex which can 

affect gene expression. We have identified a G-quadruplex structure in the first intron of 

the gene encoding ornithine decarboxylase (ODC1), the first rate-limiting enzyme in 

polyamine synthesis in mammals. This putative structure contains a single nucleotide 

polymorphism (SNP; rs2302616), with a minor allele frequency (MAF) of 0.25 in 

humans, in a consensus Sp1 binding region. Circular dichroism (CD) measurements and 

electrophoretic mobility shift (EMSA) assays confirm the ability of this region of the 

ODC1 gene to form a G-quadruplex. Temperature melting studies indicate that the SNP 

influences thermal stability of the G4 in ODC1 oligonucleotides. Co-incubation of ODC1 

oligos with Sp1 protein changes the equilibrium between the G4 and dsDNA as 

determined by CD. The physiological significance of the ODC1 G-quadruplex was 

evaluated by transfecting human cells (HCT116) with isogenic plasmids containing 

polymorphic version of the ODC1 G-quadruplex, and then genetically manipulating 

levels of Sp1 expression. Highest reporter gene expression was associated with the T-

allele, which displayed the lowest thermal stability in ODC1 oligos in cell free studies. 

Knockdown and overexpression of Sp1 protein was associated with increased and 

decreased reporter gene expression, respectively. These data support the conclusion that 

the G4 structure modulates the transcription of the ODC1 gene. 
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INTRODUCTION 

The ornithine decarboxylase (ODC1) gene is regulated by the WNT signaling 

pathway, one of the major signaling cascades governing epithelial development  (1,2). 

The adenomatous polyposis coli (APC) tumor suppression gene is a component of the 

WNT cascade and is mutated or lost in the germline of individuals with familial 

adenomatous polyposis (FAP), a heritable form of colon cancer (3,4). Loss of APC and 

dysregulation of WNT pathway leads to increased expression of the c-MYC (1,5,6). c-

MYC encodes a transcription factor that is required for the proliferation and cell cycle 

progression, but when over expressed leads to uncontrolled growth and cancer (7). 

Several groups have demonstrated that ODC1 is a direct transcriptional target of c-MYC 

(8-10). ODC catalyzes the formation of putrescine from ornithine and is the first rate 

limiting enzyme in mammalians polyamine biosynthesis.  

The natural occurring polyamines (putrescine, spermidine and spermine) are 

ubiquitous low-molecular weight aliphatic amines that play multifunctional roles in cell 

growth, differentiation and survival. Polyamines are unique because of their flexible 

polycationic nature that allows them to bind electrostatically to negatively charged 

macromolecules including nucleic acids, acidic proteins and membranes (11). 

Polyamines regulate important cellular processes, including cell proliferation and 

viability. Genetic evidence indicates that polyamines are required for optimal growth of 

bacteria (12) and are essential for aerobic growth in yeast (13). The cellular functions of 

polyamines include intestinal mucosal maturation and cell migration (14,15) and also 

have been shown to influence transcription, RNA stabilization and translational frame 

shifting (16-18).  Complex regulation controls intracellular polyamine pool sizes through 

combined actions of de novo synthesis, retro-conversion, degradation, efflux, and uptake 

of polyamines (19). A significant number of reviews have summarized the functions and 

regulation of polyamines and their role in cancer disease (19-26). 

The ODC gene promoter region contains multiple sequences that allow the 

transcriptional control including response to hormones, growth factors, and tumor 

promoters, such us a enhancer (E)-boxes or, cAMP response element, CAAT and LSF 

motifs, AP-1 and AP-2 sites, GC-rich Sp1/Sp3 binding sites, WT1, and a TATA box, 

(27). The ODC gene has three MYC-binding elements (E-boxes) in the region from -400 
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to +400 bp relative to the transcription start site (TSS). Polyamine-induced nuclear c-

MYC interacts with MAX, and this complex binds to E-box sequence (CACGTG) to 

activate transcription of target genes like ODC, thus accelerating polyamine biosynthesis 

(28). The transcriptional repressor MAD1/MAX also binds to these elements to regulate 

the transcription level of ODC1 gene in proliferative cells (27,29).  

Although polyamine metabolism is a validated pathway for prevention of 

colorectal cancer and skin epithelial carcinogenesis (30,31), with on-going clinical trials 

in neuroblastoma and FAP (www.clinicaltrials.gov), the mechanisms by which 

polyamines elicit their tumorigenic effects are poorly understood (32). A single 

nucleotide polymorphism (SNP) rs2302615 in the human ODC gene with a G/A variation 

located 316 nucleotides downstream of the transcription start site (TSS) is flanked by two 

consensus E-boxes in the promoter/intron 1 region, only five nucleotides upstream from 

the third E-box (33-35). A clinical association has been established between SNP +316 

with the risk of colorectal adenoma (CRA) recurrence by different studies, especially in 

aspirin users [27-30], and with sporadic colorectal cancer (CRC) (34).  

The ODC1 SNP +263 SNP is only 53 nucleotides upstream of the +316 ODC1 

SNP, with a T/G transition that computationally disrupt an Sp1 binding site and located 

in a potential G-quadruplex (G4) forming sequence. Nucleic acid sequences rich in 

guanine can form a DNA secondary structure called G4 from four or more runs of three 

or more contiguous guanines. It has been proposed that G4 may be directly involved in 

gene regulation at the level of transcription. In support of this hypothesis, have been show 

that the promoter regions and introns 1 (-500 to +500 bases from SST) of genes are 

significantly enriched in G4 motifs relative to the rest of the genome (36,37). ODC intron 

1 contains nine runs of three contiguous guanines separated by one or more bases making 

it a putative G4 forming sequence, matching the forming consensus sequence for them 

(38). The planar core of a G4 is a series of G-quartets, most commonly three, each of 

which consists of four guanine bases, arranged with a four-fold rotational symmetry such 

that they can form two hydrogen bonds along each edge. These structures then stack on 

each other in a helical fashion, forming a G4 structure with a vast diversity in their 

folding patterns (uni-, bi- or tetra- molecular), loop lengths and directionality (parallel, 

antiparallel or mixed) (39,40), making them putatively amenable to specific drug 

http://www.clinicaltrials.gov/
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targeting (41,42). G4 has been demonstrated to regulate transcription of gene involved 

hallmark of cancer (43,44), such us: c-Myc, c-Kit and KRAS (self-sufficiency); p53 

(insensitivity); Bcl-2 (evasion of apoptosis); VEGF-A (angiogenesis); hTERT (limitless 

replication); PDGF-A (metastasis) (41,42). The proposed function of these secondary 

structure is to alter gene transcription, either repressing it by polymerase stalling or 

blocking (by recruitment of repressors) or facilitating or stimulating transcription (45). 

Recently, the G4 formation have been address genome-wide in vivo, which proof their 

existence in the genome (38). Genome-wide analysis reveals regulatory role of G4 DNA 

in gene transcription and single nucleotide polymorphisms (SNPs) located in the G4 

forming sequence influence gene expression among individuals (46,47). G4 forming 

promoter/intron1 harbor low number of polymorphic site and they are evolutionary 

devoid in the G4 core portion, which have the highest impact in the disruption of the G4 

structure (47). Small molecules can stabilize G4 structures, viewed as transcriptional 

repression of oncogenes, which  are emerging therapeutic targets in oncology and could 

be a novel anticancer strategy to reduce the expression of oncogenes (42), such us c-

MYC (48). c-MYC oncogene which activate the transcription of ODC1 gene have been 

proposed as a compressive strategy to combat colorectal cancer (49).  

The Specificity Protein/Krüppel-like Factor (Sp/KLF) family of transcription 

factors (Sp1, Sp2, Sp3, and Sp4) is united by a particular combination of three conserved 

Cys2His2 zinc fingers, which form the DNA-binding domain of these factors (50). Sp1 

and Sp3 are ubiquitously expressed in mammalian cells and share more than 90% 

sequence homology in the DNA-binding domain, while Sp2 and Sp4 have restricted 

expression patter (51). Sp1 and Sp3 bind to the same cognate DNA-element 

(GGGGCGGGG), but they have strikingly different functions specially in the later 

development stage, but their function is redundant in the early development (50). Sp1 has 

been found to be an important transcription factor that bind to G4 forming element 

(52,53), suggesting a possible mechanism of gene regulation. Both Sp1 and Sp3 can 

recruit and interact with a large number of proteins including the transcription initiation 

complex, histone modifying enzymes and chromatin remodeling complexes, which 

strongly suggest that Sp1 and Sp3 are important transcription factors in the remodeling 

chromatin and the regulation of gene expression (51). 
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We and others (54) conducted a comprehensive investigation to understand the 

significance of other SNPs in the ODC1 gene in colorectal carcinogenesis, to understand 

the molecular mechanism which explain the chemoprevention clinical association. The 

polymorphisms ODC1 SNP +263 and +316 might be related due to their close proximity. 

We confirmed frequencies of 49 SNPs in 196 patients participating in the 

DMFO/Sulindac cancer prevention trial (30), identified 11 SNPs with minor allele 

frequencies around 10% and determined limited common haplotypes accounting for more 

than 90% of participants. ODC1 SNP +263 divided observed frequencies in two mayor 

groups in participant of the clinical trial (manuscript in preparation). In addition, ODC1 

SNP +263, predicted statistically significant ODC rate-limiting product putrescine level 

by genotype at baseline in normal tissue of participant of the DMFO/Sulindac Trials 

(Unpublished data, manuscript in preparation). We hypothesized that ODC1 SNP +263 is 

involved in a novel molecular mechanism of gene transcriptional regulation which 

explain ODC1-related clinical outcome and the prediction of putrescine level by ODC1 

+263 genotype. Here we addressed the role of ODC1 SNP +263 in the G4 formation and 

its stability, and how Sp1 transcription factor play a role in the transcriptional regulation 

of ODC1 gene. 

 

MATERIAL AND METHODS 

Oligonucleotides 

DNA oligomers were purchased from Eurofins MWG Operon (Table 1). 

Dialysis  

All oligomers were solubilized in double distilled water overnight at 4°C. 

Oligomers were dialyzed in double distilled water with 3500 Da molecular-weight cutoff 

membranes overnight at 4°C to remove any short fragments before use. Oligomers were 

heated to 95°C and the concentration was measured spectrophotometrically using the 

Nanodrop 1000 Spectrophotometer by Thermo Fisher Scientific. The ε260 was calculated 

with the nearest neighbor method using http://biophysics.idtdna.com/ website. 

Circular Dichroism (CD) and Thermal stability (Tm) spectroscopy 

All DNA samples (5 μM) were dissolved and diluted in Tris-Acetate buffer (50 

mM, pH 7.06), and where appropriate, the samples also contained different 

http://biophysics.idtdna.com/
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concentrations of KCl or NaCl or/and C14 drug. Then the samples were heated to 90 

Celsius degrees and cool down a room temperature. CD spectra data were recorded on a 

Jasco-810 spectropolarmeter using a quartz cell 1-mm optical path length, with a 

response time of 1 s. Each sample was processed with three averaged scans within the 

range of 200 to 350 nm and results are baseline-corrected for signal contributions due to 

buffer and salts. Tm CD spectra where recoded as above, with heating rate of 2°C/min at 

263nm (G-quadruplex peak) taken at an experimental temperature (4ºC to 90 ºC). For 

double stranded CD spectra experiment G-rich and C-rich strands of DNA were anneals 

to make dsDNA in the complete absence of KCl using a PCR machine. Then, the samples 

were split in half to add KCl at final concentration of 100 mM to one set and water to the 

other. Then samples were heat again in presence or absence of recombinant human Sp1 

protein (Promega, part number E639A) to the dsDNA Tm and let slow cool again. When 

samples were at room temperature CD spectra was measured as described. 

EMSA (Electrophoretic Mobility Shift Assay) 

DNA oligomers were incubated in Tris-Acetate buffer (50 mM, pH 7.06) 

containing different concentrations of KCl or NaCl for 1 hour at room temperature. The 

secondary structures of the DNA oligomers were heated at 95 ºC for 10 minutes, and then 

were cooled down to room temperature before loading the gel. The G-quadruplex 

structure of the G-rich strand of the ODC1 gene was isolated by non-denatured gel 

electrophoresis in TBE buffer. Electrophoresis of the DNA was conducted at 217 V on a 

12% polyacrylamide gel. Following electrophoresis; the gels were stained with Gelstar 

Nucleic Acid Gel Stain and visualized on a UV-trans illuminator for DNA analysis.  

Transfection experiment 

HCT116 cells were transfected in 24 well plates. Cell were seeded at 0.1x10^6 

cell well 24 hours prior transfection. Each well was transfected with 0.25 ug of each 

plasmid and 0.025ug of Renilla-TK plasmid using 2.5 ul Lipofectamine 2000 reagent 

(Invitrogen) as indicated in life technology protocol. The Renilla-TK plasmid was 

purchased from Promega and used as a transfection efficiency control in all promoter-

reporter transfection experiments. ODC1 promoter/intron 1 reporter constructs were 

prepared (34). We introduced using site directed mutagenesis the corresponding change 

at ODC1 SNP +263 and re-cloned in the pGL3-Basic vector. ODC1 reporter constructs 
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contained 1.6 Kb of the ODC1 gene, including all E-boxes element. For c-MYC and Sp1 

overexpression experiments, ODC1 pGL3-Basic plasmids were co-transfected with either 

pcDNA 3.0 or pcDNA3-c-MYC expression vector (55) (Addgene plasmid 16011) and 

pN3-emty control (Addgene plasmid 24544) or full length Sp1FL (Addgene plasmid 

24543) (56). After 5 hours of transfection, the medium was replaced with fresh normal 

medium (no antibiotic). After the number of hours wanted were reached, usually 24 

hours, cells were lysed in Passive Lysis Buffer from the Dual Luciferase Assay kit 

(Promega). Dual luciferase activities were measured using a Turner Designs TD-20/20 

luminometer, as described by the manufacturer, and presented as relative luciferase units. 

Experiments were done in triplicates, repeated at least twice and analyzed for statistical 

significance (P<0.05) using two-sample t-tests (Microsoft Excel). 

Knock-down experiment 

Silencer selected siRNA was used to knock-down Sp1 protein (Life Technology 

Catalog Number 4392420) along with its Scramble negative control #1 (Life Technology 

Catalog Number 4390843) following manufacture instructions at 50 pmol. 

 

RESULTS 

ODC1 intron 1 forms a G-quadruplex secondary structure 

Computational studies predicted that the ODC1 SNP +263 is located within the 

G4 forming sequence and also disrupt an Sp1 transcription factor binding site, using 

Quadparser (36) and PROMO software (57,58), respectively. We used commercial 

oligonucleotide sequences of interest with a G or T at ODC1 +263 SNP position (Table 

1) to test whether a relevant G4 forms in the intron 1 of ODC1 gene. G4 formation can be 

determined using circular dichroism (CD) analysis since spectra have been determined 

for several well-defined G4 structures in solution and can provide evidence for the 

existence (59,60). Within the ODC gene intron we selected a 58 nucleotides that 

encompasses the G-rich region consisting nine runs of guanines around the ODC1 SNP 

+263. One runs of guanine is disrupted by the SNP (Table 1) and we study it effect in the 

formation of a G-quadruplex structure. Both sequences showed the ability to form a 

stable G-quadruplex, represented by a strong positive spectral peak around 260-265 nm 

(figure 1, black line). G4 have been shown to be stabilized by monovalent cations at the 
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center of the tetrads, in particular potassium and sodium (61). Additionally, we studied 

the sequences in presence of monovalent cations KCl and NaCl. The addition of KCl and 

NaCl increased the molar ellipticity of the full G sequences (Figure 1 red and blue line). 

With the addition of 100 mM KCl the peaks became more defined than with 100 mM 

NaCl, with increased molar ellipticity, especially at 263 nm peak. In the full T sequence, 

the addition of NaCl decrease the peak at 263 nm and KCl increased it, showing a 

differential stabilization of the G-quadruplex isoform present (Figure 1, red and blue 

line).  

In conclusion, both full sequences demonstrated the signature peak characteristic 

of G-quadruplex formation. The addition of monovalent cations showed different effect 

with G or T at ODC1 SNP +263 in the CD spectra which we further studied. 

 

ODC1 SNP +263 influences G-quadruplex stability  

Full sequences have the potential to adopt more than one conformation in vitro, 

coming from four separate DNA strands (inter-tetramolecular), two separate DNA 

strands (inter-bimolecular), or a single DNA strand (intra-unimolecular) (see schematic 

representation in figure 4). The intra-unimolecular G4 is the biologically relevant 

composition or isoform. To determine whether the G4 formed by the ODC intron 1 gene 

in the CD studies are intra or intermolecular, we analyzed the electrophoretic mobilities 

and thermal stability of different sequences in the absence and presence of KCl or NaCl 

trough EMSA and CD Tm. The potassium alkali metal is the most effective cation in 

promoting the formation and stabilization of intra-unimolecular G4 structures and sodium 

metal is more effective for the stabilization of inter- di and tetramolecular G4 (61). The 

thermal stability experiments showed that full sequences containing the ODC1 SNP +263 

G-allele are more stable than SNP +263 T-allele in the G4 secondary structure formation, 

either in absence (water) or presence KCl or NaCl (Figure 2). In absence of monovalent 

cations, the full G sequence showed a thermal stabilization point of 61 ºC and the full T 

sequence of 49 ºC. The difference of 12 ºC represents the single transition T- to G-allele 

at the ODC1 SNP +263. When we added potassium further stabilization of 4 ºC is 

observed in the full G, with no change for full T sequence. In presence of sodium a 

decrease of 10 ºC is observed for full G sequence, and 2 ºC for full T. These thermal 
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stability assay demonstrated that ODC1 SNP +263 G-allele is able to form a more stable 

G-quadruplex structure than ODC1 SNP +263 T-allele. To study the distribution of the 

different isoforms and if the thermal stabilization were consistent with the shift between 

isoform we performed EMSA experiment. When the full sequences were incubated in 

absence or presence of KCl or NaCl 100 mM differential, equilibrium stabilization was 

observed as represented by different migratory pattern and the intensity of the band in the 

EMSA gel (Figure 3 and supplementary Figure 1). Both full sequences were in the 

majority in the intra-unimolecular G4 conformation, where full G was more stable in any 

condition that full T, as evidenced by a tighter band in the EMSA. In the absence of 

monovalent cations, we observed a very strong G4 formation with both full sequence, but 

full G displayed more intra-unimolecular formation than full T. Added KCl did not affect 

either full G-or T-containing sequences as very abundant intra-unimolecular G4 were 

already present in both sequences. The full T sequence was only minimally affected by 

the absence and presence of KCl, and only a slight increase in the inter-dimolecular 

conformation was observed. Adding NaCl notably increases the inter-dimolecular G4 

formations, with a diminished intermolecular band, and even a hint of a supraG4-strand 

shift is observed. The full G sequence in presence of NaCl increased inter-dimolecular 

was formed (diminution of the intra-unimolecular G4 band), and the intermolecular G4 

formations of any size are diminished with the addition of KCl (diminution of inter-

dimolecular G4 band), consistent with a stabilization of intra-unimolecular G4 formation, 

which is the biologically relevant isoform. In both case the thermal stability experiment 

reflected the differential equilibrium stabilization obtained by EMSA, and confirmed a 

higher stability of the G-quadruplex structure with ODC1 SNP +263 G-allele than the T-

allele. 

We used C14, a well-known drug to stabilized G4 structures, and performed CD 

spectra (Figure 4) and thermal stability experiment (Figure 5). We performed the 

experiment in presence of 10 mM of KCl to induce the G-quadruplex. We observed in the 

CD spectra well defined G-quadruplex peaks in absence and in presence of 5uM of C14 

drug. Both G-quadruplex peaks are diminished with the addition of the C14 drug. Then 

we study the thermal stability in the same conditions.  We observed that both full 

sequence are stabilized by C14 either with a G or T at the ODC1 SNP +263. Full G 
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sequence is stabilized by 11 ºC and full T by 14 ºC. C14 stabilization of the ODC1 G-

quadruplex have a slight higher stabilization effect over the full T than full G sequence of 

3 ºC. In conclusion C14 drug can stabilize the ODC1 G-quadruplex structure, but need to 

be further validate in vivo. 

 

ODC1 G-quadruplex structure is formed in double stranded DNA (dsDNA) and Sp1 

transcription factor shifted the G-quadruplex structure to classical B-form DNA in 

an ODC1 SNP +263 independent fashion 

We used dsDNA full sequences to confirm the formation of the G4 in the ODC intron 

1 with the different G- and T-allele at ODC1 SNP +263. In addition, because the ODC1 

SNP +263 disrupt an Sp1 binding site we study the effect of Sp1 protein in the formation 

of the G-quaduplex structure with both sequence (Figure 6 and data not showed). Double 

stranded sequences full G and full T (not showed) formed a classical B-form DNA CD 

spectrum with positive molar ellipticity peak at 280 nm and a negative peak at about 250 

nm. In presence of 100 mM of KCl the pick was shifted to a G-quadruplex structure, 

consistent with our single stranded CD spectra. Then, we added recombinant purified 

human Sp1 transcription factor at two different concentration of 215 and 530 ng. In 

presence of KCl, addition of Sp1 protein at 215 or 530 ng do affect the equilibrium 

between dsDNA and G-quadruplex structure, been the last the predominant structure. 

Unexpectedly in absence of KCl we observed differential equilibrium between dsDNA 

and the G-quadruplex structure. In presence of 215 ng of Sp1 protein a shift from double 

stranded DNA to a G-quadruplex conformation was observed. Using a higher 

concentration of Sp1 protein at 530 ng we observed an equilibrium of both conformation, 

the double stranded DNA and the G-quadruplex structure. We concluded that the 

equilibrium between G-quadruplex and dsDNA conformation is dependent on the Sp1 

transcription factor, as well as the presence of KCl as previously known. Further studies 

in vivo can clarify its biological relevance. 

 

In vivo validation of ODC1 G-quadruplex function 

To understand if the G4 formations and its differences in stability, and disruption of 

Sp1 binding site have a functional significance in the transcriptional regulation of ODC1 
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in vivo we performed transfection experiment in colorectal cell lines. We created two 

isogenic ODC1 promoter/intron1 luciferase plasmids with either G or T at ODC1 SNP 

+263, with an A-allele at the ODC1 SNP +316. Previous studies showed clinical and 

functional relevance of this ODC1 SNP +316 A-allele and its association with 

phenotypes (33,34,62). 

ODC1 SNP +263 modulate the transcriptional activation of ODC1 gene. We 

observed a higher luciferase activity associated with a T-allele at ODC1 SNP +263 in 

comparison with the G-allele in transfection experiment using HCT116 cell line. A 

statistical significant higher luciferase expression at 6, 12 and 24 hours was observed in 

each time point (Figure 7). The basal luciferase change over time of whole 

promoter/intron 1 ODC1-driving plasmid, highlight the importance of ODC1 SNP +263 

T-allele. This data is consistent with the CD and thermal stability experiment, where the 

formation of the least stable G-quadruplex is having higher luciferase activity and the 

most stable G-quadruplex is having the lower luciferase activity. Also, this finding was 

further validated measuring the ODC rate-limiting product putrescine in normal 

colorectal tissue, where the TT genotype is associated with statistically significant more 

putrescine production than GT/GG genotype (unpublished data, manuscript in 

preparation). In addition, we used the drug C14 which showed the ability to stabilize a G-

quadruplex structure either with G or T at ODC1 SNP +263 in vitro. We performed 

transfection experiment in HCT116 cell line using isogenic plasmid for ODC1 SNP +263 

in presence of 2 uM IC50 of C14. We found that C14 is able to statistically decrease the 

ODC1-luciferase reporter expression at 24 hours with no change in cell viability, but an 

apparent change in morphology was observed (Figure 8 and data not showed). In 

addition, the effect of the C14 drug stabilization normalized to time-matched DMSO 

effect is almost equal for both ODC1 SNP +263 allele (2.10 and 2.29, respectively), as 

indicated by our ex vivo works. It relevant to mention that C14 drug treatment is 

associated with a significant decreased firefly and renilla luciferase reading when 

compared with time-matched control in presence of DMSO (data not shown). 

To understand the role of Sp1 transcription factor binding on the G4 forming 

sequence in vivo we knockdown Sp1 protein expression with siRNA LNA technology in 

HCT116 cell line. We observed that the luciferase activity increased in both ODC1-
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driven reporter promoter either with G- or T-allele at SNP +263, in comparison with the 

scramble siRNA control (figure 9). This effect is higher in the presence of the ODC1 

SNP +263 G than T-allele, as evidenced by higher value of 0.9 arbitrary unit in the 

normalization with the scramble siRNA. In addition we over-expressed full length Sp1 

protein using a mammalian expression vector (pN3). We found that Sp1 protein had no 

effect or not significant down-regulation of ODC1 gene expression (Figure 9). We 

noticed in our control experiment, always the T- drive more luciferase than G-allele 

either with validated scramble siRNA or the empty expression vectors. Taken together 

this observation with our in vitro data, in which the equilibrium between G-quadruplex 

and dsDNA is dependent on the concentration of Sp1 protein, we can conclude that the 

overexpression of Sp1 protein is maintaining the ODC1-driving plasmid in a state of 

dsDNA in which is not responsive to higher concentrations of Sp1 protein. In contrast, 

when we knock-down Sp1 expression the equilibrium appears to favorite the G-

quadruplex conformation over dsDNA. The G-quadruplex conformation appears to 

induce the expression of ODC1-driving plasmid, where we speculate its stability is 

affecting the level of transcription of ODC1 gene. 

 

DISCUSION 

Our resulted suggest a role of G-quadruplex in the transcriptional regulation of 

ODC1 gene. Further studies are in progress to correlate the guanine or thymine at ODC 

SNP +263 with a functional and biological outcome in colorectal cancer patients, as have 

been done with ODC1 +316 SNP (34,35,62,63). If the correlation is identified, an 

opportunity exists for the development of an ODC1-specific G-quadruplex stabilizing 

agent to decrease its gene expression in patients. Future work as well would be the 

elucidation of the particular G-quadruplex formation that predominates with either G or T 

at ODC1 SNP +263.  

Our laboratory showed evidences in colorectal cancer cell that the ODC1 SNP +316 

is functionally significant as evidenced by increased binding of E-box transcription 

factors, such us the ODC1 transcriptional activator c-MYC and the transcriptional 

repressor MAD1, to promoter elements containing A-allele, compared to G- allele (34). 

Substitution of the G to an A at the ODC1 SNP +316 in the promoter region of the 
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reporter plasmid containing either two or three E-boxes is responsive to c-MYC 

activation (33,34). Only when MAD1 was co-transfected with ODC1 SNP +316 A-allele 

promoter reporters including all three E-boxes was able to statistically reduce the 

promoter activity (34,35); deletion of the upstream E-box reduce the effect of the 

repressor on ODC promoter (34). Previous studies involving the ODC1 SNP +316 have 

been done in presence of the G-allele at ODC1 +263 which form the more stable G-

quadruplex structure, as identified here. Other studies showed that E-boxes element and 

the sequences flanking them, specially between the second and third, influence the 

cooperative binding of c-MYC/MAX heterodimers (64), and the association with 

heterogeneous nuclear ribonuclear protein U (hnRNP U) as a coactivator of the c-

MYC/MAX complex may be impact the transcriptional regulation of ODC1 gene (65). 

Further studies are necessary to understand if both SNPs are interacting by cooperative 

interaction of different transcription factor and if involve the ODC1 G-quadruplex 

structure described here. 

We address the importance of an unexplored natural transition on ODC1 gene. The 

ODC1 SNP +263 disrupt the stability of a G-quadruplex structure and have functional 

consequences for the transcriptional activation of ODC1 gene. Specifically, the ODC1 

SNP +263 T-allele forms a least stable G-quadruplex which is associated with less 

transcription activity, as evidenced by luciferase transcription experiment in comparison 

of the ODC1 +263 G allele. Further we showed that using a G-quadruples stabilization 

drug we are able to down regulate the transcription of ODC1 gene. In addition The ODC1 

SNP +263 disrupt an Sp1 binding site. We identified that Sp1 transcription factor is 

involved in the equilibrium of the ODC1 G-quadruplex structure and dsDNA with 

functional consequences for ODC1 gene transcription. Raiber et al. have been shown that 

Sp1 transcription factor bind to non-canonical DNA structure, a G-quadruplex, with high 

affinities (53). Our studies give a biological functionality to those finding.  

The overexpression of a full-length Sp1 protein had no significant effect on down 

regulate the transcription of ODC1. Previous studies do not support our conclusion, but 

those have been performed with an N-terminal truncate version of Sp1. We were able to 

replicate those conclusion in human ODC1 using the N-terminal truncate plasmid (data 

not shown), but we focused in full-length Sp1 because is biologically relevant. 
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Specifically, Kumar et al (66) studied the regulation of rat odc1 promoter activity using 

the 5’flanking region (-1156 to +13) by binding of transcription factor Sp1. They showed 

that this sequence was sufficient to mediate strong basal expression of a luciferase 

reporter and the sequence between -345 and -93, with five potential predicted Sp1 

binding sites, contributed to basal promoter activity. Also they showed that transcription 

factor Sp3 antagonizes the trans-activation of rat odc1 promoter by Sp1 (67). Moshier et 

al found that the sequence responsible for constitutive expression of human ODC1 gene 

reside within the upstream 378 bp from the TSS using promoter reporter (-1215 to +70), 

and suggested that Sp1 may bind to the GC boxes and contribute to the cooperative 

interaction. Unfortunately, the mentioned studies luck Sp1 binding site located 

downstream of the position +13 and +70 from the SST, which we address here. We 

speculate that the lack of the 83 N-terminal amino acids of Sp1 transcription factor give 

different affinities for the binding of a G-quadruplex structure and dsDNA, even though 

Sp1 its known to have important regulatory elements in the N-terminal domain (68).  

It have been shown that Sp1 can bind to G-quadruplex structure carrying a mutation 

known to disrupt Sp1 binding to the dsDNA, meaning that the double stranded consensus 

element is not equal to the single stranded G-quadruplex Sp1 binding motif (53). This 

rationale can be extended for the Sp3 transcription factor since they share the at least the 

same dsDNA consensus binding sequence, leaving open the possibility of different single 

stranded G-quadruplex affinities for both transcription factor. Sp1 has two natural spliced 

isoforms which differs in 8 amino acids in the N-terminal domain (50). Sp3 has four 

isoforms which arise from alternative translational initiation site which confers different 

N-terminal domain as well (56,68). Further studies are necessary to understand if those 

different isoform give differential binding to G-quadruplex structures. Importantly, it has 

been shown that Sp1, but not Sp3, exert it transcriptional synergism of promoters 

containing multiples GC boxes site thought direct protein-protein interaction, which can 

relate the ODC1 SNP +263 and +316 by a looping effect (69). In addition, it has been 

shown that G-quadruplex structure restricts methylation of CpG dinucleotides by a 

genomic wide study, which open the possibility that Sp1 can bind and prevent 

methylation of specific genes, including ODC1 (70). In summary, we demonstrated that 

ODC1 SNP +263 affect the stability of a G-quadruplex structure and Sp1 transcription 
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factor binding which both have functional consequences for the regulation of ODC1 

gene. Further studies are necessary to understand its correlation with cancers phenotype 

and clinical outcomes, and with previously identified ODC1 SNP +316. 
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Table 1. Oligonucleotides sequences Full G and T are shown. In uppercase letters is 

showed the transition G to T at the ODC1 SNP +263 location. Underline red letter are the 

guanine repetition which can participate in the formation of the G4. Note the disruption 

of one guanidine repetition by ODC1 SNP+263. Each sequence of 58 nucleotides is 

flanked by three nucleotides. 
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Figure 1. CD Spectra demonstrate G-quadruplex formation with full ODC 

oligonucleotides. ODC Full G and Full T oligonucleotides (5 μM) were heated to 95°C 

and slowly cooled to room temperature in the absence (black line) presence of 100 mM 

of KCl (red line) or NaCl (blue line). All spectra were read at 25°C from 200-350 nm. A 

positive CD peak at 260-265 nm indicates the presence of a parallel G-quadruplex. 
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Figure 2. Thermal stability experiment of Full oligonucleotides sequences along with the 

CD thermal stability (Tm). ODC Full G and Full T oligonucleotides (5 μM) were heated 

to 95°C and slowly cooled to room temperature in the absence (black line) presence of 

100 mM of KCl (red line) or NaCl (blue line). Tm CD spectra were recorded at 263 nm 

(G4 peak) at heating rate of 2°C/min (4°C to 90°C), with a response time of 1 seconds in 

Tris-Acetate buffer (50 mM, pH 7.6). 
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Figure 3. EMSA experiment with full G and T sequences in the absence (-) or presence 

(+) of 100 mM KCl or NaCl. Differential stabilization and migratory patterns of Inter- 

and intra-molecular G4 form in the full G and full T sequences. Full G sequence produce 

more intra-unimolecular G4 than full T. KCl and NaCl treatment stabilize intra-molecular 

and inter-molecular G4 respectively in full G sequence, but not clear effect is evident in 

full T sequence. Schematic representation of each G4 structure is shown, where each 

arrow represent one DNA sequence. 
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Figure 4. CD Spectra demonstrate G-quadruplex formation with full and Core 1 ODC1 

oligonucleotides and their stabilization effect in presence of C14 drug. ODC1 Full and 

core 1 oligonucleotides (5 μm) were heated to 95°C and slowly cooled to room 

temperature in the absence (black line) presence of 10 mM of KCl in presence of absence 

of C14 drug. All spectra were read at 25°C from 200-350 nm. A positive CD peak at 260-

265 nm indicates the presence of a parallel G-quadruplex, and one at 290 nm indicates an 

antiparallel G-quadruplex, differing in the 5’-3’ directionality of the strands. 
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Figure 5. CD examination of Tm demonstrate increased G-quadruplex thermal stability 

with full and core 1 ODC1 oligonucleotides in presence of C14 drug. Thermal stability of 

ODC1 Full G and Full T oligonucleotides (5 μm) were measured in the presence of 10 

mM of KCl and in presence and absence of C14. The stability of the parallel G-

quadruplex peak at 262-264 nm was measured, at a heating rate of 2°C/min (4ºC to 90 

ºC), with a response time of 1 s. All sequence demonstrated C14 drug stabilization in 

relationship with their matched not drug treated condition. 
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Figure 6. CD spectra of different DNA double strand sequences in Tris-Acetate buffer 

(50 mM, pH 7.6) with 100 mM KCl was performed between 200-350 nm. A positive CD 

peak at 260-265 nm indicate the presence of G4 and classical DNA B-form is represented 

by a peak at 280-285 nm. DNA double strand G and T (not shown) are able to form a 

classical DNA B-form and switch to the G4 conformation in the presence of KCl with or 

without Sp1 protein. Each spectrum corresponds to three averaged scans taken at 25°C 

and is baseline corrected for signal contributions due to the buffer and salts. 

 

 



133 

 

Figure 7. Transfection experiment with isogenic ODC1 SNP +263 plasmid. HCT116 cell 

line were transfected with 1.6 Kb promoter/intron1 ODC1 gene in pGL3-basic plasmid. 

Luciferase promoter activity was measured at 6, 12 and 24 hours. A higher luciferase 

promoter activity is associated with the ODC1 SNP +263 T-allele at any time point, in 

comparison with ODC1 SNP +263 G-allele. Renilla luciferase was used to normalize for 

differences in transfection efficiency. 
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Figure 8. Transfection experiment with isogenic ODC1 SNP +263 plasmid in presence of 

C14 drug. HCT116 cell line were transfected with 1.6 Kb promoter/intron1 ODC1 gene 

in pGL3-basic plasmid. Luciferase promoter activity was measured at 24 hours with the 

respective time-matched DMSO control.  A statistical significant reduction of luciferase 

activity is observed with the C14 G-quadruplex stabilization drug either with G or T at 

ODC1 SNP +263. Renilla luciferase was used to normalize for differences in transfection 

efficiency. 
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Figure 9. Transfection experiment with isogenic ODC1 SNP +263 plasmid and genetic 

manipulation of Sp1 transcription factor. HCT116 cell line were transfected with 1.6 Kb 

promoter/intron1 ODC1 gene in pGL3-basic plasmid with genetically altered levels of 

Sp1 protein. In all condition tested ODC1 +263 T-allele is associated with more 

luciferase activity, as compared with ODC1 SNP +263 G-allele. We observed a slight 

reduction of luciferase with the overexpression of Sp1 (pN3-Sp1), in comparison with the 

empty vector (pN3-Empty). In contrast, when we knock down Sp1 protein expression 

using Sp1 siRNA, an statistically significant increase of luciferase unit was observed with 

both G and T ODC1 SNP +263 allele, in comparison in the control scramble siRNA. 

Renilla luciferase was used to normalize for differences in transfection efficiency. 
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Supplementary figure 1: Differential Stabilization of Inter- and Intra-molecular G-

quadruplex in the full ODC1 sequences. Intermolecular and intramolecular G-

quadruplexes form in the full G (Top) and full T (Bottom) sequences. Oligonucleotides 

were incubated in the absence (0) or presence of increasing concentrations of KCl or 

NaCl gradients (25, 50, 75, 100 mM). NaCl, in both sequences, demonstrates enhanced 

stabilization of intermolecular structures, whereas KCl decreases their formation. 



137 

REFERENCES 

1. Fultz, K.E. and Gerner, E.W. (2002) APC-dependent regulation of ornithine 

decarboxylase in human colon tumor cells. Molecular carcinogenesis, 34, 10-18. 

2. Mishra, L., Shetty, K., Tang, Y., Stuart, A. and Byers, S.W. (2005) The role of 

TGF- and Wnt signaling in gastrointestinal stem cells and cancer. Oncogene, 24, 

5775-5789. 

3. Groden, J., Thliveris, A., Samowitz, W., Carlson, M., Gelbert, L., Albertsen, H., 

Joslyn, G., Stevens, J., Spirio, L., Robertson, M. et al. (1991) Identification and 

characterization of the familial adenomatous polyposis coli gene. Cell, 66, 589-

600. 

4. Kern, S.E., Kinzler, K.W., Bruskin, A., Jarosz, D., Friedman, P., Prives, C. and 

Vogelstein, B. (1991) Identification of p53 as a sequence-specific DNA-binding 

protein. Science, 252, 1708-1711. 

5. He, T.C., Sparks, A.B., Rago, C., Hermeking, H., Zawel, L., da Costa, L.T., 

Morin, P.J., Vogelstein, B. and Kinzler, K.W. (1998) Identification of c-MYC as 

a target of the APC pathway. Science, 281, 1509. 

6. Reya, T. and Clevers, H. (2005) Wnt signalling in stem cells and cancer. Nature, 

434, 843-850. 

7. Hermeking, H. (2003) The MYC oncogene as a cancer drug target. Current 

cancer drug targets, 3, 163-175. 

8. Walhout, A.J., Gubbels, J.M., Bernards, R., Van Der Vliet, P.C. and Timmers, 

H.T. (1997) c-Myc/Max heterodimers bind cooperatively to the E-box sequences 

located in the first intron of the rat ornithine decarboxylase (ODC) gene. Nucleic 

acids research, 25, 1493. 

9. Bello-Fernandez, C., Packham, G. and Cleveland, J.L. (1993) The ornithine 

decarboxylase gene is a transcriptional target of c-Myc. Proceedings of the 

National Academy of Sciences, 90, 7804. 



138 

10. Pena, A., Reddy, C.D., Wu, S., Hickok, N.J., Reddy, E.P., Yumet, G., Soprano, 

D.R. and Soprano, K.J. (1993) Regulation of human ornithine decarboxylase 

expression by the c-Myc. Max protein complex. Journal of Biological Chemistry, 

268, 27277. 

11. Thomas, T. and Thomas, T.J. (2001) Polyamines in cell growth and cell death: 

molecular mechanisms and therapeutic applications. Cell Mol Life Sci, 58, 244-

258. 

12. Tabor, H., Hafner, E.W. and Tabor, C.W. (1980) Construction of an Escherichia 

coli strain unable to synthesize putrescine, spermidine, or cadaverine: 

characterization of two genes controlling lysine decarboxylase. J Bacteriol, 144, 

952-956. 

13. Balasundaram, D., Tabor, C.W. and Tabor, H. (1991) Spermidine or spermine is 

essential for the aerobic growth of Saccharomyces cerevisiae. Proc Natl Acad Sci 

U S A, 88, 5872-5876. 

14. Lux, G.D., Marton, L.J. and Baylin, S.B. (1980) Ornithine decarboxylase is 

important in intestinal mucosal maturation and recovery from injury in rats. 

Science, 210, 195-198. 

15. McCormack, S.A. and Johnson, L.R. (2001) Polyamines and cell migration. J 

Physiol Pharmacol, 52, 327-349. 

16. Igarashi, K. and Kashiwagi, K. (2000) Polyamines: mysterious modulators of 

cellular functions. Biochem Biophys Res Commun, 271, 559-564. 

17. Matsufuji, S., Matsufuji, T., Miyazaki, Y., Murakami, Y., Atkins, J.F., Gesteland, 

R.F. and Hayashi, S. (1995) Autoregulatory frameshifting in decoding 

mammalian ornithine decarboxylase antizyme. Cell, 80, 51-60. 

18. Kurian, L., Palanimurugan, R., Gödderz, D. and Dohmen, R.J. (2011) Polyamine 

sensing by nascent ornithine decarboxylase antizyme stimulates decoding of its 

mRNA. Nature, 477, 490-494. 



139 

19. Gerner, E.W. and Meyskens, F.L. (2004) Polyamines and cancer: old molecules, 

new understanding. Nature Reviews Cancer, 4, 781-792. 

20. Basuroy, U.K., Gerner, E.W. (2006) Emerging concepts in targeting the 

polyamine metabolic pathway in epithelial cancer chemoprevention and 

chemotherapy. Journal of Biochemistry, 139, 27-33. 

21. Casero, R.A., Jr. and Marton, L.J. (2007) Targeting polyamine metabolism and 

function in cancer and other hyperproliferative diseases. Nat Rev Drug Discov, 6, 

373-390. 

22. Childs, A.C., Mehta, D.J. and Gerner, E.W. (2003) Polyamine-dependent gene 

expression. Cell Mol Life Sci, 60, 1394-1406. 

23. Janne, J., Alhonen, L., Pietila, M. and Keinanen, T.A. (2004) Genetic approaches 

to the cellular functions of polyamines in mammals. European Journal of 

Biochemistry, 271, 877-894. 

24. Pegg, A.E. (1988) Polyamine metabolism and its importance in neoplastic growth 

and a target for chemotherapy. Cancer research, 48, 759-774. 

25. Pegg, A.E. (2009) Mammalian polyamine metabolism and function. IUBMB Life, 

61, 880-894. 

26. Paz, E.A., Garcia-Huidobro, J. and Ignatenkos, N.A. (2011) Polyamines in cancer. 

Adv Clin Chem, 54, 45-70. 

27. Pegg, A.E. (2006) Regulation of ornithine decarboxylase. Journal of Biological 

Chemistry, 281, 14529. 

28. Kumar, N., Basundra, R. and Maiti, S. (2009) Elevated polyamines induce c-

MYC overexpression by perturbing quadruplex-WC duplex equilibrium. Nucleic 

Acids Res, 37, 3321-3331. 

29. Nilsson, J.A., Maclean, K.H., Keller, U.B., Pendeville, H., Baudino, T.A. and 

Cleveland, J.L. (2004) Mnt loss triggers Myc transcription targets, proliferation, 

apoptosis, and transformation. Molecular and cellular biology, 24, 1560. 



140 

30. Meyskens, F.L., McLaren, C.E., Pelot, D., Fujikawa-Brooks, S., Carpenter, P.M., 

Hawk, E., Kelloff, G., Lawson, M.J., Kidao, J., McCracken, J. et al. (2008) 

Difluoromethylornithine Plus Sulindac for the Prevention of Sporadic Colorectal 

Adenomas: A Randomized Placebo-Controlled, Double-Blind Trial. Cancer 

Prevention Research, 1, 32-38. 

31. Bailey, H.H., Kim, K., Verma, A.K., Sielaff, K., Larson, P.O., Snow, S., 

Lenaghan, T., Viner, J.L., Douglas, J., Dreckschmidt, N.E. et al. (2010) A 

randomized, double-blind, placebo-controlled phase 3 skin cancer prevention 

study of {alpha}-difluoromethylornithine in subjects with previous history of skin 

cancer. Cancer Prev Res (Phila), 3, 35-47. 

32. Paz, E.A., Lafleur, B. and Gerner, E.W. (2013) Polyamines are oncometabolites 

that regulate the LIN28/let-7 pathway in colorectal cancer cells. Mol Carcinog. 

33. Guo, Y., Harris, R.B., Rosson, D., Boorman, D. and O'Brien, T.G. (2000) 

Functional analysis of human ornithine decarboxylase alleles. Cancer research, 

60, 6314. 

34. Zell, J.A., Ziogas, A., Ignatenko, N., Honda, J., Qu, N., Bobbs, A.S., Neuhausen, 

S.L., Gerner, E.W. and Anton-Culver, H. (2009) Associations of a polymorphism 

in the ornithine decarboxylase gene with colorectal cancer survival. Clinical 

Cancer Research, 15, 6208. 

35. Martínez, M.E., O'Brien, T.G., Fultz, K.E., Babbar, N., Yerushalmi, H., Qu, N., 

Guo, Y., Boorman, D., Einspahr, J. and Alberts, D.S. (2003) Pronounced 

reduction in adenoma recurrence associated with aspirin use and a polymorphism 

in the ornithine decarboxylase gene. Proceedings of the National Academy of 

Sciences of the United States of America, 100, 7859. 

36. Huppert, J.L. and Balasubramanian, S. (2005) Prevalence of quadruplexes in the 

human genome. Nucleic Acids Res, 33, 2908-2916. 



141 

37. Eddy, J. and Maizels, N. (2008) Conserved elements with potential to form 

polymorphic G-quadruplex structures in the first intron of human genes. Nucleic 

Acids Res, 36, 1321-1333. 

38. Lam, E.Y., Beraldi, D., Tannahill, D. and Balasubramanian, S. (2013) G-

quadruplex structures are stable and detectable in human genomic DNA. Nat 

Commun, 4, 1796. 

39. Huppert, J.L. (2008) Hunting G-quadruplexes. Biochimie, 90, 1140-1148. 

40. Brooks, P.M. (1988) Side-effects of non-steroidal anti-inflammatory drugs. 

Medical Journal of Australia, 148, 248-251. 

41. Brooks, T.A., Kendrick, S. and Hurley, L. (2010) Making sense of G-quadruplex 

and i-motif functions in oncogene promoters. FEBS J, 277, 3459-3469. 

42. Balasubramanian, S., Hurley, L.H. and Neidle, S. (2011) Targeting G-

quadruplexes in gene promoters: a novel anticancer strategy? Nat Rev Drug 

Discov, 10, 261-275. 

43. Hanahan, D. and Weinberg, R.A. (2011) Hallmarks of cancer: the next 

generation. Cell, 144, 646-674. 

44. Hanahan, D. and Weinberg, R.A. (2000) The hallmarks of cancer. Cell, 100, 57-

70. 

45. Bochman, M.L., Paeschke, K. and Zakian, V.A. (2012) DNA secondary 

structures: stability and function of G-quadruplex structures. Nat Rev Genet, 13, 

770-780. 

46. Du, Z., Zhao, Y. and Li, N. (2008) Genome-wide analysis reveals regulatory role 

of G4 DNA in gene transcription. Genome Res, 18, 233-241. 

47. Baral, A., Kumar, P., Halder, R., Mani, P., Yadav, V.K., Singh, A., Das, S.K. and 

Chowdhury, S. (2012) Quadruplex-single nucleotide polymorphisms (Quad-SNP) 

influence gene expression difference among individuals. Nucleic Acids Res, 40, 

3800-3811. 



142 

48. Qin, Y. and Hurley, L.H. (2008) Structures, folding patterns, and functions of 

intramolecular DNA G-quadruplexes found in eukaryotic promoter regions. 

Biochimie, 90, 1149-1171. 

49. Gerner, E.W., Ignatenko, N.A., Lance, P. and Hurley, L. (2005) A comprehensive 

strategy to combat colon cancer targeting the adenomatous polyposis coli tumor 

suppressor gene. Annals of the New York Academy of Sciences, 1059, 97-105. 

50. Li, L., He, S., Sun, J.M. and Davie, J.R. (2004) Gene regulation by Sp1 and Sp3. 

Biochem Cell Biol, 82, 460-471. 

51. Davie, J.R., He, S., Li, L., Sekhavat, A., Espino, P., Drobic, B., Dunn, K.L., Sun, 

J.M., Chen, H.Y., Yu, J. et al. (2008) Nuclear organization and chromatin 

dynamics--Sp1, Sp3 and histone deacetylases. Adv Enzyme Regul, 48, 189-208. 

52. Todd, A.K. and Neidle, S. (2008) The relationship of potential G-quadruplex 

sequences in cis-upstream regions of the human genome to SP1-binding elements. 

Nucleic Acids Res, 36, 2700-2704. 

53. Raiber, E.A., Kranaster, R., Lam, E., Nikan, M. and Balasubramanian, S. (2012) 

A non-canonical DNA structure is a binding motif for the transcription factor SP1 

in vitro. Nucleic Acids Res, 40, 1499-1508. 

54. Barry, E.L., Mott, L.A., Sandler, R.S., Ahnen, D.J. and Baron, J.A. (2011) 

Variants downstream of the ornithine decarboxylase gene influence risk of 

colorectal adenoma and aspirin chemoprevention. Cancer Prev Res (Phila), 4, 

2072-2082. 

55. Ricci, M.S., Jin, Z., Dews, M., Yu, D., Thomas-Tikhonenko, A., Dicker, D.T. and 

El-Deiry, W.S. (2004) Direct repression of FLIP expression by c-myc is a major 

determinant of TRAIL sensitivity. Mol Cell Biol, 24, 8541-8555. 

56. Sapetschnig, A., Koch, F., Rischitor, G., Mennenga, T. and Suske, G. (2004) 

Complexity of translationally controlled transcription factor Sp3 isoform 

expression. J Biol Chem, 279, 42095-42105. 



143 

57. Messeguer, X., Escudero, R., Farré, D., Núñez, O., Martínez, J. and Albà, M.M. 

(2002) PROMO: detection of known transcription regulatory elements using 

species-tailored searches. Bioinformatics, 18, 333-334. 

58. Farré, D., Roset, R., Huerta, M., Adsuara, J.E., Roselló, L., Albà, M.M. and 

Messeguer, X. (2003) Identification of patterns in biological sequences at the 

ALGGEN server: PROMO and MALGEN. Nucleic Acids Res, 31, 3651-3653. 

59. Huppert, J.L. (2008) Four-stranded nucleic acids: structure, function and targeting 

of G-quadruplexes. Chem Soc Rev, 37, 1375-1384. 

60. Kypr, J., Kejnovska, I., Renciuk, D. and Vorlickova, M. (2009), Nucleic Acids 

Res, England, Vol. 37, pp. 1713-1725. 

61. Sen, D. and Gilbert, W. (1990) A sodium-potassium switch in the formation of 

four-stranded G4-DNA. Nature, 344, 410-414. 

62. Zell, J.A., McLaren, C.E., Chen, W.P., Thompson, P.A., Gerner, E.W. and 

Meyskens, F.L. (2010) Ornithine decarboxylase-1 polymorphism, 

chemoprevention with eflornithine and sulindac, and outcomes among colorectal 

adenoma patients. J Natl Cancer Inst, 102, 1513-1516. 

63. Raj, K.P., Zell, J.A., Rock, C.L., McLaren, C.E., Zoumas-Morse, C., Gerner, 

E.W. and Meyskens, F.L. (2013) Role of dietary polyamines in a phase III clinical 

trial of difluoromethylornithine (DFMO) and sulindac for prevention of sporadic 

colorectal adenomas. Br J Cancer, 108, 512-518. 

64. Walhout, A.J.M., Van Der Vliet, P.C. and Timmers, H.T.M. (1998) Sequences 

flanking the E-box contribute to cooperative binding by c-Myc/Max heterodimers 

to adjacent binding sites. Biochimica et Biophysica Acta (BBA)-Gene Structure 

and Expression, 1397, 189-201. 

65. Matsuoka, Y., Uehara, N. and Tsubura, A. (2009) hnRNP U interacts with the c-

Myc-Max complex on the E-box promoter region inducing the ornithine 

decarboxylase gene. Oncol Rep, 22, 249-255. 



144 

66. Kumar, A.P., Mar, P.K., Zhao, B., Montgomery, R.L., Kang, D.C. and Butler, 

A.P. (1995) Regulation of rat ornithine decarboxylase promoter activity by 

binding of transcription factor Sp1. J Biol Chem, 270, 4341-4348. 

67. Kumar, A.P. and Butler, A.P. (1997) Transcription factor Sp3 antagonizes 

activation of the ornithine decarboxylase promoter by Sp1. Nucleic Acids Res, 25, 

2012-2019. 

68. Li, L. and Davie, J.R. (2010) The role of Sp1 and Sp3 in normal and cancer cell 

biology. Ann Anat, 192, 275-283. 

69. Yu, B., Datta, P.K. and Bagchi, S. (2003) Stability of the Sp3-DNA complex is 

promoter-specific: Sp3 efficiently competes with Sp1 for binding to promoters 

containing multiple Sp-sites. Nucleic Acids Res, 31, 5368-5376. 

70. Halder, R., Halder, K., Sharma, P., Garg, G., Sengupta, S. and Chowdhury, S. 

(2010) Guanine quadruplex DNA structure restricts methylation of CpG 

dinucleotides genome-wide. Mol Biosyst, 6, 2439-2447. 

 

 



145 

APPENDIX C: INTRON 1 POLYMORPHISMS COOPERATE TO MODULATE 

ODC1 TRANSCRIPTIONAL PROMOTER ACTIVITY AND RISK OF 

COLORECTAL ADENOMAS 

 

Paper was prepared to submit to Cancer Epidemiology, Biomarkers & Prevention 



146 

INTRON 1 POLYMORPHISMS COOPERATE TO MODULATE ODC1 

TRANSCRIPTIONAL ACTIVITY AND RISK OF COLORECTAL ADENOMAS 

 

Jenaro Garcia-Huidobro1, Patricia Thompson2, Betsy C. Wertheim3, Eugene W. 

Gerner4,* 

 

1Biochemistry and Molecular and Cellular Biology Graduate Program, University of 

Arizona, 1007 E. Lowell St., Tucson, Arizona 85721, USA. 

2 Department of Cell and Molecular Medicine and Arizona Cancer Center, University of 

Arizona, 1515 N. Campbell Ave., Tucson, Arizona 85724, USA. 

3Arizona Cancer Center, University of Arizona.1515 N. Campbell Ave., Tucson, Arizona 

85724, USA. 

4Department of Cell and Molecular Medicine, Arizona Cancer Center, and BIO5 Oro 

Valley Institute, University of Arizona.1515 N. Campbell Ave., Tucson, Arizona 85724, 

USA.  

 

*To whom correspondence should be addressed. Tel: +1-520-6266612; Fax: +1-520-

6260794; Email: egerner@email.arizona.edu 

mailto:egerner@email.arizona.edu


147 

ABSTRACT 

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

synthesis, is associated with normal and neoplastic growth. A comprehensive 

investigation of genetic variability in the ODC1 gene was performed. We confirmed 

frequencies of 12 single nucleotide polymorphisms (SNPs) occurring in the ODC1 gene 

in participants of a clinical cancer prevention trial evaluating agents that target the 

polyamine pathway. We identified limited haplotypes, which account for a majority of 

Caucasians in this trial. Two SNPs located in ODC1 intron 1, rs2302616 and rs2302615, 

were independently associated with metachronous adenoma occurrence and response to 

treatment in participants of the clinical trial. Rectal tissue polyamine content and 

treatment response was most highly associated with the TT genotype of SNP rs2302616. 

Mechanistic studies suggest that rs2302616 affects ODC gene transcription mediated by 

Sp1-dependent processes and that protein factors acting at these two SNPs interact with 

the N-terminal domain of c-Myc. These results suggest that these SNPs convey a state of 

polyamine addiction to colorectal adenomas in these patients, which makes patients 

highly responsive to therapies targeting the polyamine pathway. 
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INTRODUCTION 

Polyamines (putrescine, spermidine and spermine) have been shown to control 

gene expression at the transcriptional and post transcriptional level, implicating them as 

potential functional regulators of cancer progression [1, 2]. An association between high 

levels of polyamines and cancer was first reported in the late 1960s by Russell and 

Snyder [3], who measured high levels of ornithine decarboxylase (ODC) activity in 

regenerated rat liver and in several human cancers, including colorectal cancer [1, 4]. 

Genetic evidence indicates that polyamines are required for optimal growth of bacteria 

and are essential for aerobic growth in yeast [5, 6]. The mechanisms by which 

polyamines elicit their tumorigenic effects still poorly understood [7-9]. Major oncogenic 

pathways are involved in regulation of ODC1 gene transcription, which encode a rate-

limiting polyamine enzyme in mammalians. It have been shown that the ODC1 gene is 

regulated by the WNT signalling pathway, one of the major cascade governing epithelial 

development [10, 11]. The adenomatous polyposis coli (APC) tumor suppression gene is 

a component of the WNT cascade, and is mutated or lost in the germline of individuals 

with familial adenomatous polyposis (FAP), a heritable form of colon cancer [12-14]. It 

has been shown that ODC1 gene expression and polyamine contents are elevated in the 

intestinal tissue, and a specific inhibitor of ODC1 suppresses intestinal carcinogenesis in 

the ApcMin/+ mouse, an animal model for FAP [15]. APC mutation prevents GSK-3beta 

phosphorylation of beta-catenin which would normally lead to its proteosomal 

degradation. Mutated APC leads to stabilization and accumulation of beta-catenin in the 

nucleus, where it forms a complex with the TCF/LEF (T-cell factor/lymphoid-enhancing 

factor) transcription factor, to activate specific growth-related genes to alters genes 

expression, such us c-MYC and cyclin D1 [16, 17]. Loss of APC function leads to 

increased expression of the c-MYC oncogene which is required for the proliferation of 

normal cells, and its aberrant expression can lead to uncontrolled growth and cancer [10, 

16, 18, 19]. c-MYC encodes a transcription factor which have been demonstrated that 

target directly ODC1 gene [20, 21]. ODC1 gene expression is increased in intestinal 

tissue of min mice model supporting the evidence that APC affect the expression of ODC 

[15]. Subsequent work showing that conditional expression of wild-type APC suppresses 

ODC gene expression in a MYC-dependent manner in human colon tumour cells support 
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the hypothesis that ODC is a modifier of APC-dependent tumorigenesis [10]. In addition, 

studies using min mouse model with a conditional deletion of c-MYC in the intestinal 

and colonic mucosa, showed that c-MYC plays an important role in the development of 

intestinal tumor via increased proliferation and suppressed apoptosis, without apparent 

effect on normal intestinal mucosa [22]. Polyamine-induced nuclear c-MYC interacts 

with MAX, and this complex binds to E-box sequence (CACGTG) to activate 

transcription of target genes like ODC1, thus accelerating polyamine biosynthesis [20, 

21, 23-26]. The transcriptional repressor MAD1/MAX also binds to these elements to 

regulate the transcription level of ODC1 gene in proliferative cells [27, 28].  

Genetic variability in genes involved in CIN, MSI and CIMP pathways of 

colorectal cancer and downstream mediator of APC gene confers different risk of 

colorectal carcinogenesis and response to chemoprevention [29-33]. Since ODC1 

expression has been linked to cancer development, individuals with specific genetic 

variability may exhibit an increased predisposition for colon polyp development. A single 

nucleotide polymorphism (SNP, rs2302615) exists in intron 1 of the human ODC1 gene 

between two E-boxes with a G to A variation located 316 nucleotides downstream of the 

transcriptional start site (TSS) [34]. A substantial and statistically significant protective 

effect of the ODC1 +316 SNP A-allele on risk of adenoma recurrence has been found on 

clinical trials, especially in aspirin users [24, 35-38]. It has been reported the outcome of 

colorectal cancer patients is dependent on the ODC SNP +316 genotype  with the higher 

colorectal cancer-specific risk of death for individuals with ODC1 GA/AA genotypes 

[35]. In addition, the statistically significant interaction has been found between ODC1 

SNP +316 genotype and DMFO/Sulindac treatment with respect to adenoma recurrence, 

but not with any polyamine levels [9]. Also, a significant metachronous adenoma risk 

reduction (quartiles 1-3, but not quartile 4) was detected between dietary polyamine 

intake groups (quartiles), as well as meats consumption, and DMFO/Sulindac treatment 

[39-41]. The experiments with the ODC1 SNP +316 promoter-reporter luciferase 

constructs transfected into the colon cancer cell lines showed that the A-allele drives 

higher levels of transcription and presented increased binding of E-box transcription 

factors, such as MYC and MAD, compared to G-allele plasmid [24, 35].  
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Here we extent the functional analysis of the ODC1 SNP +263 which was 

reported over a decade ago, but have not been addressed yet [24]. The G to T transition is 

able to modulate both the stability of a G-quadruplex DNA secondary structure and a Sp1 

binding site to functionally modulate the transcription of ODC1 gene (manuscript 

submitted). Here we further study the functional contribution of this SNP individually 

and with the previously study ODC1 SNP +316, and its relationship with phenotype. 

Both SNPs determined limited common haplotype which are the most frequents in 

participant of colorectal chemoprevention trial. We reported that ODC1 SNP +263, but 

not ODC1 +316 or any diplotype, is able to predict statistically putrescine levels in 

participant of the DMFO/Sulindac clinical trial which further validate its functionality. 

The diplotype group which have the statically significant higher polyamines level are 

associated with the better response, which is consistent with the oncogene addiction 

hypothesis. In addition we present evidences in which both SNPs appears to cooperate to 

modulate ODC1 transcriptional activity involving an Sp1 binding site at rs2302616 and 

rs2302615 flanked MYC-binding E-boxes. 

 

MATERIAL AND METHODS 

Genotyping 

SNPs genotyping was performed using sequenom MassARRAY iPLEX as previously 

described by others [42]. ODC1 SNP +263 genotyping was performed by EpigenDx 

using pyrosequencing. 

Haplotype and diplotype construction 

Haplotype and diplotypes construction were done using HAPLOVIEW and PHASE 

software by standard methodology as other described previously. 

Polyamine measurements 

Cells were homogenized in 0.2 N HClO4. Acid soluble and acid insoluble fractions were 

used to determine intracellular polyamines and protein content, respectively. The acid-

soluble fraction containing polyamines were separated using reverse-phase ion pair 

HPLC as described previously [43]. 
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Western blot analysis  

Ninety percent confluent cell culture was harvested, lysed in RIPA buffer, and proteins 

were separated on a 12.5% SDS-PAGE gel. Proteins were electro-transferred into a 

Hybond-C membrane. The membrane was blocked with Blotto A (5% blocking grade dry 

milk in PBS-tween buffered saline solution) and probed using 1:500 dilutions of primary 

antibodies (Santa Cruz Biotechnology) in Blotto A. Primary antibodies were incubated at 

4°C overnight or two hours at room temperature, followed by incubation with an 

appropriate horseradish peroxidase–tagged secondary antibody (1:2,000 dilution) for 1 h 

at room temperature. Chemiluminescent detection was conducted using ECL Western 

Detection reagent (Amersham Biosciences) and exposed on Biomax XAR film (Kodak). 

Chromatin inmunoprecipitation (ChIP) and co-inmunoprecipitation (Co-IP) assays 

ChIP and Co-IP assays were done using ChIP Assay Kit protocol (Millipore, catalog #17-

295) as recommended by the manufacturer. Briefly, cells were treated with 1% 

formaldehyde to cross-link DNA and proteins, and DNA-protein complexes were 

disrupted by sonication to lengths between 200 and 1,000 bp. Lysates were diluted 10-

fold with immunoprecipitation dilution buffer containing protease inhibitors. Antibodies 

for Sp1, c-MYC and control IgG (Santa Cruz Biotechnology) were used to precipitate 

chromatin, whereas an additional sample was left as a normal IgG control. Samples were 

immunoprecipitated overnight at 4°C with rotation. Immune complexes were obtained by 

adding 60 μL of salmon sperm DNA/protein A Agarose slurry and incubating for 1 h at 

4°C with rotation followed by gentle centrifugation (1,000 rpm, 1 min). Protein A 

agarose pellets were washed with low-salt buffer, high-salt buffer, LiCl buffer, and TE 

buffer. Then the complexes samples were dived for co-IP or ChIP analysis. For co-IP 

analysis was added 25 ul of 2X Laemmli buffer and boiled for 10 minutes. Then was 

loaded 20 μl in a 12.5% SDS-page gel as a Western blot, including the diluted input 

samples (1:10) and controls. For the ChIP analysis complex were eluted by adding 250 

μL elution buffer (0.1 mol/L NaHCO3, 1% SDS) twice, and DNA-protein cross-links 

were reversed with 0.2 mol/L NaCl by heating at 65°C for 4 h for all samples, including 

the input DNA and controls. DNA was resuspended in 30 μL of ddH2O. For visualization 

of PCR product and its size, standard PCR reactions were carried out. The sequences of 
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ODC1 primers used for PCR were 5′-CCTGGGCGCTCTGAGGT-3′ (17mer) and 5′-

AGGAAGCGGCGCCTCAA-3′ (17mer). 

Transfection experiment 

HCT116 cells were transfected in 24 well plates. Cell were seeded at 0.1x10^6 cell well 

24 hours prior transfection. Each well was transfected with 0.25 ug of each plasmid and 

0.025ug of Renilla-TK plasmid using 2.5 ul Lipofectamine 2000 reagent (Invitrogen) as 

indicated in life technology protocol. The Renilla-TK plasmid was purchased from 

Promega and used as a transfection efficiency control in all promoter-reporter 

transfection experiments. ODC1 promoter/intron 1 reporter constructs were prepared as 

previously described [35]. We introduced using site directed mutagenesis the 

corresponding change at ODC1 +263 SNP and re-cloned in the pGL3-Basic vector. 

ODC1 reporter constructs contained 1.6 Kb of the ODC1 gene, including all E-boxes 

element [35, 36]. For the overexpression experiments, ODC1 pGL3-Basic or Enhancer 

plasmids were co-transfected with the corresponding plasmid. pcDNA 3.0 empty vector, 

pcDNA3-c-MYC expression vector [44] (Addgene plasmid 16011), full length pN3-

Sp1FL [45] (Addgene plasmid 24543), pN3-empty control (Addgene plasmid 24544), N-

terminal mutate pPac Sp1 [46] (Addgene plasmid 12095) and pPac0 empty vector [46] 

(Addgene plasmid 12094). After 5 hours of transfection, the medium was replaced with 

fresh normal medium in absence of no antibiotic. After 24 hours cells were lysed in 

Passive Lysis Buffer from the Dual Luciferase Assay kit (Promega). Dual luciferase 

activities were measured using a Turner Designs TD-20/20 luminometer, as described by 

the manufacturer, and presented as relative luciferase units. Experiments were done in 

triplicates, repeated at least twice and analyzed for statistical significance (P < 0.05) 

using two-sample t-tests (Microsoft Excel). 

Knock-down experiment 

Silencer selected siRNA was used to knock-down Sp1 protein (Life Technology Catalog 

Number 4392420) along with siRNA scramble negative control #1 (Life Technology 

Catalog Number 4390843) following manufacture indication. 
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RESULT 

ODC1 common haplotypes are determinate primary by ODC1 SNP +263 

(rs2302616) 

We conducted a compressive investigation of ODC1 genetic variability in 196 

participant of the colorectal cancer chemoprevention DMFO/Sulindac clinical trial. Using 

sequenom multiplex MassARRAY platform we confirmed frequencies of 49 SNPs. In 

addition, using allele specific probe discrimination we determined the ODC1 SNP +263 

which fail with the previous genotyping methodology. The high GC context in which is 

located difficult its genotyping as previously reported [47]. We identified 12 SNPs with 

minor allele frequencies (MAF) near 10% or more (Table 1). ODC1 SNP +263 and +316 

are separated by only 53 nucleotides in the ODC1 intron 1. The MAF reported for ODC1 

SNP +263 in the CEPH data base is the 0.409 and in the NIEHS data base is the 0.23. For 

ODC1 SNP +316 (rs2302615) is the 0.259 in the CEPH data base and 0.39 in the NIEHS. 

It is also known that ODC1 SNP +316 change across ethnicity, where African American 

present a higher proportion the homozygous AA allele. Since ODC1 SNP +263 and +316 

are very close, we believed they will be linked and change across ethnicity as well. The 

MAF of ODC1 +316 is around of previously reported. In addition, ODC1 SNP +316 has 

been related with colorectal carcinogenesis and associated with phenotypes in many 

different studies, especially in colorectal cancer. Using PHASE and Haploview software 

we constructed haplotypes using our clinical genotyping data and dbSNP CEPH data base 

(Table 2). The same common limited haplotypes structure along ODC1 gene were 

determined using both genotyping data source, which account for more than 90% of the 

individuals. This is consistent with a selective pressure over ODC1 gene in evolution to 

maintain a non-random association of alleles at different loci. In support of this 

hypothesis, we noted that only the ODC1 SNP +263 is able to subdivide the haplotype 

construction in the two biggest group with no other changes downstream of the ODC1 

intron 1 gene. Specifically, ODC1 SNP +263 divided the haplotype structure in two 

group accounting for 25.5% and 30.1% of all participants. Both group, accounting for 

more than half of the population, share the previously study ODC1 SNP +316 with a G-

allele (Table 2, compare haplotype A and B). Both haplotypes structure are present in 

“normal population” as was tested using CEPH data base, which estimated a close 
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percent to our data of around 55%. The second important SNP which is able two sub-

divided the population in the second biggest group is shared between rs2302615 (ODC1 

SNP +316) and rs7559975 (intron 9). Both SNPs divided in 30.1% and 18.4% our 

population, and 13.6% and 22.7% CEPH data base, always sharing a G-allele at ODC1 

SNP +263 (rs2302616) (Table 2, compare haplotype B and C). Then, we focus our 

analysis in ODC1 +263 and +316, because both the existing studies supporting the 

importance of ODC1 SNP +316 and the close proximity between ODC1 SNP +263 and 

+316. 

Haplotype construction either using our data or CEPH data base do not have a T-

allele at ODC1 SNP +263 with an A-allele at ODC1 +316. To confirm this observation 

we constructed haplotype and diplotypes with PHASE software using ODC1 SNP +263 

and +316. Data coming from 196 participant of the DMFO/Sulindac clinical trial showed 

haplotypes ODC1 263-316 are GG, TG and GA (Supplementary figure and table 1). We 

found the ODC1 SNP +316 A-allele is associated with decreased risk of metachronous 

adenoma and a worse respond to DMFO/Sulindac treatment. To discriminate if those 

haplotype are coming from the same or different DNA strand we constructed diplotypes. 

We found that the diplotypes (263:263-316:316) TT-AA and TT-GA are missed in our 

population. Only one participant was found to have TG-AA diplotype. This support that 

the ODC1 SNP +316 is an older SNP than the ODC1 SNP +263. In fact, the ancestral 

allele reported in the NCBI dbSNP website for both ODC1 SNP +263 and +316 is the G-

allele. To explain the inexistence of those diplotypes we speculated that ODC1 SNP +316 

mutate from G-allele to A-allele with a G-allele at ODC1 SNP +263. Later on, only in a 

heterozygote background at ODC1 SNP +316 occurs a new mutation in the ODC1 SNP 

+263 from G-allele to T-allele from which derived all the other diplotypes observed. All 

diplotypes are in Hardy-Weinberg equilibrium, assuming the speculated mentioned 

hypothesis. 

We speculate that ODC1 SNP +263 is a potential important SNP that we further 

study in relationship with metachronous adenoma and putrescine levels in participant of 

the DMFO/Sulindac trial. ODC1 SNP +263 play an important role in the transcriptional 

regulation of ODC1 gene, and will be helpful to understand it in the context of ODC1 

SNP +316, which is already associated with colorectal cancer chemoprevention and 
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different phenotypes. We have in vitro data supporting that this polymorphism site 

modulate the stability of a G-quadruplex DNA secondary structure (manuscript 

submitted). This difference in stability have biological significance, since using isogenic 

plasmid we demonstrated that ODC1 SNP +263 T-allele, which forms the less stable G-

quadruplex structure, drive more luciferase in comparison with ODC1 SNP +263 G 

allele, which form the more stable G-quadruplex. Because  

 

ODC1 SNPs, diplotypes and haplotypes outcomes among chemoprevention with 

DMFO/Sulindac in relationships with metachronous adenoma, polyamines levels 

and response to treatment 

To further test that ODC1 SNP +263 is transcriptionally functional for the 

production of ODC1 rate-limiting product putrescine we tested its ability to predict 

putrescine levels in normal colorectal mucosa by genotype, metachronous adenoma and 

response to treatment. It have been establish that ODC1 SNP +316 genotype distribution 

was 126 GG (55%), 87 GA (38%), and 15 AA (7%) [9]. We observed that ODC1 SNP 

+263 genotype was 108 GG (42%), 80 TG (31%), and 18 TT (7%). Using a dominant 

model (GG vs GA/AA) a statistically significant interaction between ODC1 SNP +316 

genotype and DMFO/Sulindac treatment with respect to metachronous adenoma was 

found [9]. Individuals homozygous for the G-allele has lower risk of adenoma recurrence 

after treatment than those homozygous or heterozygous for the A allele (figure 1, top and 

supplementary table 2, bottom). We report for ODC1 SNP +263 similar result (Figure 1, 

top and supplementary Table 2, top). Stratification by genotype demonstrated a statistical 

significant benefit of the treatment, using a dominant model.  

In addition we constructed diplotypes using both SNPs to understand which 

subgroup of homozygous AA at ODC1 SNP +316 has more risk than benefit of 

DMFO/Sulindac treatment in the context of the ODC1 SNP +263. We observed that 

ODC1 SNP +263 and +316 diplotypes (263:263-316:316) was 47 GG-GG (22%), 47 TG-

GG (22%), 32 TG-GA (16%), 51 GG-GA (23%), 16 TT-GG (7%), and 13 GG-AA (6%). 

Only one participant was found to have the diplotype TG-AA. Some diplotypes are 

expected to be lower in frequency since they do not have the ancestral allele in ODC1 

SNP +263 or +316. In addition, we found a better resolution of risk/benefit ratio for both 
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ODC1 SNP +263 and +316 (Figure 2 and supplementary table 3).  Despite the small 

sample size of each group diplotype, we do not have enough power to conclude with 

statistical significance. We observed a gradual effect of the diplotype itself in the placebo 

and treatment group which is associated with decreased and increase risk of the 

metachronous adenoma, respectively. Taking together the benefit/risk ratio of each 

group, a better decision of treatment can be made for the use of DMFO/Sulindac 

chemoprevention. This observation, even thought are not statistically significant, strongly 

suggest to perform more sequencing to increase the number until enough power is 

reached. 

We tested if ODC1 SNP +263 is able to predict polyamines levels in normal 

tissue biopsies of participant of the trial. We speculated that tissue polyamine contents 

would be dependent on the ODC1 +263 if is playing a critical role in the transcriptional 

regulation of ODC enzyme, since is the rate-limiting step in determining the sizes of 

tissue polyamine. ODC1 SNP +316 genotype was not statistically significant associated 

with a tissue putrescine response or spermidine to spermine ratio response in full 

regression models [35] (Figure 1 and table 3, bottom; supplementary figure 2 left)). In 

contrast, we found that ODC1 SNP +263 genotype was statistically significant associated 

with a tissue putrescine level. In a dominant model, the ODC1 SNP +263 TT genotype is 

associated with statistically higher polyamine level than GG/GT genotype (p<0.015).  

(Figure 1 and table 3, top; supplementary figure 2, right). In addition we study the 

association of ODC1 SNP +263 and +316 diplotype with polyamine level. Only the 

diplotype TT-GG was associated with a non-statistical significant increase on putrescine 

and total polyamines (Figure 2 and supplementary table 2 and supplementary figure 3). 

We conclude that ODC1 SNP +263 is important in determining the putrescine pool in 

normal tissue of participant of the DMFO/Sulindac clinical trial. We further study its role 

in the transcriptional regulation of ODC1 in the context of the previously known ODC1 

SNP +316 using isogenic plasmid. 
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ODC1 allele-specific promoter activity validate the importance of both ODC1 SNP 

+263 and +316. 

 We showed that ODC1 SNP +263 is able to modulate the stability of a G-

quadruplex structure and is associated with functional consequence for transcription 

using isogenic luciferase reporter plasmid using the reported functional A-allele at ODC1 

SNP +316 (manuscript in preparation). In addition, ODC1 SNP +263 is able to predict 

the rate-limiting product putrescine by genotype in the DMFO/Sulindac. Several 

association studies correlate ODC1 SNP +316 with different colorectal cancer outcome 

and phenotype, but not with putrescine levels. Since ODC1 SNP +316 have been shown 

to be functional at the level of transcription, we re-evaluate the molecular mechanism 

proposed for ODC1 SNP +316. It was un-expected for us that both SNP have different 

abilities in predicting putrescine level been in linkage. ODC1 SNP +316 have been 

shown to be transcriptionally functional using isogenic plasmid with ODC1 SNP +263 G-

allele in a SV40 enhancer background (pGL3-Enhancer Promega). In contrast our 

isogenic plasmid to study the role of ODC1 SNP +263 were in an SV40-less enhancer 

background (pGL3-Basic, Promega). This prompted us to consider that the SV40 

enhancer element is affecting our ODC1-driving luciferase plasmid. We performed 

experiment in presence and absence of the SV40 enhancer to test that hypothesis in 

HCT116 and HT29 cell line (Figure 3 and data not shown). We observed that the SV40 

enhancer element is responsible for an statistically significant transcriptional activation of 

the ODC1 SNP +316 A-allele in comparison of ODC1 SNP +316 G-allele. In addition, 

the pGL3-Basic plasmid ODC1 SNP +316 G-allele is driving a slight more luciferase 

activity than the ODC1 SNP +316 A-allele. It important to mention that we used the 

ODC1 SNP +263 G-allele as were conducted previous studies and because we were 

aware of the absence of the diplotype ODC1 SNP +263 T-allele with ODC1 SNP +316 

A-allele. Even though the molecular explanation for those different outcome are not 

know, we speculate that the SV40 is creating a new transcription start site or affecting 

mRNA splicing [48, 49]. Further studies are in progress to determine the importance of 

the SV40 enhancer element in the viral-induced carcinogenesis and the molecular 

mechanism responsible of those different outcome. Using site mutagenesis we created all 

combination ODC1 SNP +263 and +316 in an SV40-less background (pGL3-basic). This 
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allows us to understand how both SNPs regulate the transcription of ODC1 gene in a 

physiological condition as a first step, since the SV40 enhancer element is not a 

physiological transcriptional regulator of ODC1 gene. We performed co-transfection 

experiment in HCT116 with the all four ODC1-driving an SV40-less luciferase reporter 

plasmid (TA, TG, GA and GG in ODC1 SNPs +263 and +316 sequence respectively) 

along with c-MYC, a known ODC1 transcriptional activator [20] (Figure 4). We 

observed the TA promoter reporter is driving the higher luciferase activity follow by the 

GG. The TG and GA promoter reporter equally drive luciferase in lower amount in 

comparison with TA or GG reporter plasmid. Added c-MYC activate all version of the 

plasmid at equal magnitude. This observation are in contrast with previously publish 

mechanisms of action for the ODC1 SNP +316, in which the A-allele was associated with 

higher transcriptional activation and specific ODC1 +316 A-allele specificity in co-

transfection experiment in presence of c-MYC. To address the molecular mechanism 

which explain these observation we compared HT29 and HCT116 cell line, with an 

acknowledgement about the complicated interpretation since different genetic 

background. As previously reported, both cell line have convenient different genotype at 

the ODC1 +263 and +316 (Figure 5, panel A) [35]. We speculate that the disruption of an 

Sp1 binding site at ODC1 SNP +263 can play functional consequences and mediate 

interaction with other transcription factors to activate ODC1 gene transcription. Previous 

evidences support this speculation since Sp1 transcription factor have been shown to 

transactivation rat odc gene [50]. To address this possibility, we tested for Sp1 and c-

MYC protein expression in both cell line (figure 5, panel A). We observed both cell line 

expressed these transcription factor as expected. We performed ChIP experiment to study 

if both Sp1 and c-MYC transcription factors bind in ODC1 intron 1 gene in vivo. We 

found that both protein bind ODC1 intron 1 gene in HT29 cell line, as evidenced by a 200 

bp ODC1 specific PCR product. In contrast HCT116 showed much less binding for Sp1 

and c-MYC, as previously showed [35]. These data in consistent with the idea that having 

both G-allele will increase binding of Sp1 protein in comparison of only one G-allele at 

ODC1 SNP +263. Having an A-allele at ODC1 SNP +316 increased the binding of c-

MYC protein, as previously demonstrated by isogenic ODC1 SNP +316 in a pGL3-

Enhacer background. In addition, we performed co-immunoprecipitation experiment to 



159 

know if both transcription are part of the same immune-complex. We found that Sp1 

interact with Sp1 in HT29 cell line, but not in HCT116 cell line. Then, we used HCT116 

cell line to validate previous observation in presence and absence of the SV40 enhancer 

using our isogenic plasmid ODC1 SNP +263 G-allele and both ODC1 SNP +316 allele. 

Even thought, the ChIP and co-IP experiment showed a relative low Sp1 and c-MYC 

promoter occupancy and not interaction by co-IP experiment, we further study if Sp1 

protein over-expression and down-regulation is able to modulate ODC1 transcription. We 

observed that overexpression of Sp1 protein is associated with a slight repression in the 

basic plasmid, and that repression is lost in presence of the enhancer. In addition, we 

down-regulate Sp1 protein to validate previous observation. Consistently, we observed 

that an increased luciferase activity when we know-down Sp1 protein in the absence of 

SV40 enhancer. In presence of the SV40 enhancer, down regulation of Sp1 protein is 

associated with increased luciferase activity, especially with the A-allele at ODC1 SNP 

+316.  This confirmed our previous finding, in which the presence of a SV40 enhancer is 

affecting the interpretation of our isogenic plasmid, in which the presence of SV40 

enhancer is creating the allele specificity. To test the interaction of Sp1 and c-MYC 

protein we directly test their effect in the transcription of ODC1 gene by transfection 

experiment. We used full length Sp1 protein and a mutate version which lack the 

inhibitory domain in the N-Terminal domain in presence of our isogenic basic plasmid. 

We observed when over-expression of c-MYC in presence of full length Sp1 down 

regulate the expression of our luciferase ODC-driving plasmid. In contrast using the N-

terminal mutate of Sp1 protein in presence of c-MYC is associated with an up regulation 

of our luciferase plasmid. This allow to conclude that more likely an interaction between 

the N-terminal domain of Sp1 and c-MYC is responsible for the different transcriptional 

outcome of ODC1. Even though we do not observed an allele specificity for activation in 

our isogenic plasmid we consistently observed a preference for the ODC1 SNP +263 and 

+316 TA and GG plasmid over the TG and GA plasmid. Studies are in progress to fully 

understand the complex regulation of ODC1 transcription and the explanation of the 

molecular mechanisms which explain the clinical associations. 
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DISCUSION 

Our laboratory showed evidences in colorectal cancer cell that the ODC1 SNP +316 

is functionally significant as evidenced by increased binding of E-box transcription 

factors to promoter elements containing A-allele, compared to G- allele. ODC1 SNP 

+316 is flanked by E-boxes element, where c-MYC bind as heterodimer with MAX to 

activate ODC1 transcription [24, 35, 36]. Other studies showed that E-boxes element and 

the sequences around ODC1 SNP +316 influence the cooperative binding of c-

MYC/MAX heterodimmers [25], and the association with heterogeneous nuclear 

ribonuclear protein U (hnRNP U) as a coactivator of the c-MYC/MAX complex may be 

impact the transcriptional regulation of ODC gene [51]. Here we address the importance 

of a 54 nucleotide apart SNP, which is able to modulate the transcription of ODC1 by a 

mechanism which involve a Sp1 binding site and the previously identified ODC1 SNP 

+316. In addition, we reported that previous molecular mechanism, which have been 

studies in a pGL3-Enhancer, affect the transcriptional allele specificity observed by 

others [24, 35]. Further studies are necessary to understand if both SNPs are interacting 

by cooperative interaction of different transcription factor to give the allele specificity 

previously reported. Previous studies involving the ODC1 SNP +316 have been done in 

presence of the G-allele at ODC1 +263 which form a more stable G-quadruplex structure 

(manuscript submitted). The natural transition from the G- to a T-allele in ODC1 SNP 

+263 disrupt the stability of a G-quadruplex structure and its formation affect binding of 

Sp1 transcription factor. In support of the functional consequences for the transcriptional 

activation of ODC1 gene, here we evidenced that only ODC1 SNP +263 is able to predict 

the ODC-rate limiting product putrescine by genotype, which further validate its 

biological significance.  

Additionally we showed that knockdown of Sp1 transcription factor activate the 

transcription and the overexpression of a full-length Sp1 protein down regulated the 

transcription of ODC1 gene. Previous studies do not support our conclusion, but those 

have been performed in rat odc gene with an N-terminal truncate version of Sp1 

transcription factor. Specifically, Kumar et al [50] studied the regulation of rat odc1 

promoter activity using the 5’flanking region (-1156 to +13) by binding of the 

transcription factor Sp1. They showed that this sequence was sufficient to mediate strong 
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basal expression of a luciferase reporter and the sequence between -345 and -93, with 

five potential Sp1 binding sites, contributed to basal promoter activity. Also they showed 

that transcription factor Sp3 antagonizes the trans-activation of rat odc1 promoter by Sp1 

[52]. Also, it have been founded by Moshier et al that the sequence responsible for 

constitutive expression of human ODC1 gene reside within the upstream 378 bp from the 

TSS using promoter reporter (-1215 to +70), and suggested that Sp1 may bind to the GC 

boxes and contribute to the cooperative interaction. Unfortunately, the mentioned studies 

luck Sp1/Sp3 binding site located downstream of the position +13 and +70 from the SST. 

In this report we address the regulation of ODC1 in 1.6 Kb from the -786 to +811 in 

allele specific fashion for ODC1 +263 and +316. It was predicted by PROMO software 

[53, 54] that in human ODC the same fragment that Kumar et al showed to present the 

basal promoter activity contains seven potential Sp1/Sp3 binding sites, and the sequence 

downstream of all ODC gene contains other eight potential Sp1/Sp3 binding sites, with 

six of them clustered in the next 350 nucleotides (intron 1). Here, we tested the 

importance of one Sp1/Sp3 binding site located in a GC rich sequence and found 

functional consequence for it by a mechanism that involve a secondary DNA G-

quadruplex structure as well (manuscript submitted). We used full length Sp1 

transcription factor which repressed ODC1 transcription in our luciferase experiment. 

The N-terminal truncated Sp1 plasmid activate the transcription of human ODC1, as have 

been previously shown for rat odc1 and human ODC1. This open new question about 

how Sp1 is working to regulate ODC1 gene. Sp1 transcription factor have important 

regulatory elements in the N-terminal domain and different isoform of Sp1 can be 

playing an important role in the ODC1 regulation. Additionally, Sp1 have been shown to 

bind G-quadruplex structures and double strand DNA [55], and potentially the lack of the 

N-terminal domain give different affinities for the binding of a G-quadruplex structure 

and double strand DNA. Importantly, it has been shown that Sp1, but not Sp3, exert it 

transcriptional synergism of promoters containing multiples GC boxes site thought direct 

protein-protein interaction that can relate the ODC1 SNP +263 and +316 [56]. It can be 

involve Sp1 transcription binding in the G-quadruplex forming sequence or previously 

identified transcription binding around ODC1 SNP +316 and surrounding E-boxes. It is 

relevant to mention that Sp3 naturally have different isoform which differs in the N-



162 

terminal domain [45]. Further studies are guarantee in this regard since Sp1 and Sp3 

share the same dsDNA consensus binding sequence. Additional studies need to be done 

to reconciliate why the ODC1 +263 and +316 haplotype TA and GG are driving more 

luciferase than TG and GA, even though the TA haplotype is not present the population. 

One hypothesis that remain to be tested, it is the effect of ODC1 +263 SNP in the i-

motive formation on the C-rich strand and the consequence for the SNP in its formation 

and further regulation of ODC1 transcription [57]. 

The data presented here can explain the different clinical association observed across 

different clinical trials in regard of the predictive effect of ODC1 +316 A-allele and 

metachronous adenoma, especially in aspirin users. It is possible that in Barry and college 

clinical trial [37] the majority of the population enrolled in the study is heterozygotes T-

allele at ODC1 +263 which give a benefit of the DMFO/Sulindac treatment, but not as 

good as having a GG-alleles.  Contrary, the population enrolled in the other two clinical 

trial contain a higher representation of the homozygotes GG at ODC1 +263 [36, 38]. This 

is a speculation that need to be tested, since in the less representative group ODC1 SNP 

+263 and +316 TT-GG and GG-AA the outcome is opposite, but their occurring 

frequencies are much lower and those clinical trials were done with Aspirin, not 

Sulindac. 

Our finding also are in agreement with the oncogene addiction idea, in which a given 

oncogene in cancer cells may play a more essential and qualitatively different role in a 

given pathway or “module” compared with its role in normal cell [58]. We reported 

statistically higher putrescine level associated with ODC1 SNP +263 TT genotype, and 

when a treatment which target the polyamine pathways is used the best response is 

observed in the same genotype group. 

In summary, we demonstrated that both ODC1 SNPs are affecting the transcriptional 

regulation of ODC1 gene, provide better resolution of the risk/benefit associated with 

treatment and more likely the tumors begin to depend in the polyamine context  
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Table 1. SNPs producing “aggressive call” with a minor allele frequency (MAF) around 

ten percent, along with their rs number, base change and location. SNPs genotyping was 

performed using sequenom MassARRAY iPLEX. ODC1 SNP +263 genotyping was 

performed by EpigenDx using pyrosequencing. 
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Table 2. Limited common haplotypes are present in the population in the ODC1 gene. rs 

number numbered 1 to 12 as Table 1. The number 1 is ODC1 SNP +263 and number 2 is 

ODC1 SNP +316. The “aggressive call” SNPs from DFMO/Sulindac clinical trial (top) 

and public data base CEPH (bottom) were phased using PHASE and Haploview software 

to predict the most common haplotypes. 
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Figure 1. Metachronous adenoma, treatment response and polyamine levels by ODC1 

SNP +263 (top) and +316 (bottom). Black bars showed the placebo group and white bar 

the DMFO/Sulindac treatment group.  Total polyamine (black line) and putrescine pools 

(gray line) are showed by genotype as well. 
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Figure 2. Metachronous adenoma, treatment response and polyamine levels by ODC1 

SNP +263 and +316 diplotype. Black bars showed the placebo group and white bar the 

DMFO/Sulindac treatment group. Total polyamine (black line) and putrescine pools 

(gray line) are showed by genotype as well. 
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Table 3. Baseline putrescine levels are statistically associated with ODC1 SNP +263 

(rs2302616) and not with ODC1 SNP +316 (rs2302615) genotype. Normal (tumor-free) 

rectal mucosal biopsies were obtained at baseline to measure polyamine content. The 

tissue were homogenized in 0.2 N perchloric acid. The acid-soluble fraction containing 

polyamines were separated using reverse-phase ion pair HPLC, and normalized to acid 

insoluble protein content. * P-values calculated from non-parametric Kruskal-Wallis tests 

of mean ± SD (comparison of medians). 
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Figure 4. Transfection experiment with isogenic ODC1 SNP +263 and +316. HCT116 

cell line were transfected with 1.6 Kb promoter/intron1 ODC1 gene in pGL3-basic 

plasmid. c-MYC co-transfection (pcDNA3-c-MYC) showed increased luciferase activity, 

as compared with the empty vector (pcDNA3-Empty). Renilla luciferase was used to 

normalize for differences in transfection efficiency. 
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Figure 5. Protein expression, cell line genotype, ChIP and Co-IP documentation in colon-

derived cell lines. 

(A.) HT29 and HCT116 cell lines genotyping. DNA was obtained from both cell line, 

and the region surrounding the ODC1 SNP+263 and +316 was sequenced by direct DNA 

sequencing. Also was used a PstI restriction enzyme site created by ODC1 +316 SNP A-

allele (data not shown).  

(B.) Protein expression in HT29 and HCT116 cell lines by Western blot analysis. Total 

extract of both cell lines were evaluated for the expression of Sp1 and c-MYC 

transcription factors. Actin was used as a loading control.  

(C.) Documentation of allele-specific transcription factor binding by chromatin 

immunoprecipitation (ChIP) analysis. ChIP assay were done using Upstate Biotech 

commercial kit, as recommended by manufacturer. The sequences of ODC1 primers used 

for PCR were 5′-CCTGGGCGCTCTGAGGT-3′ (17mer) and 5′-

AGGAAGCGGCGCCTCAA-3′ (17mer). Visible ODC1 promoter-specific PCR products 

were obtained from HT29 DNA, but not HCT116 DNA, after immunoprecipitation of 

chromatin with antibodies directed against to Sp1 and c-MYC transcription factor 

proteins. Input was used as a positive control and Normal IgG as a negative control. 
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(D.) Documentation of allele-specific transcription factor interaction by co-

immunoprecipitation (Co-IP) analysis. Co-IP assay were done using Upstate Biotech 

commercial kit, as recommended by manufacturer. HT29 and HCT116 nuclear extracts 

were immunoprecipitated with antibodies directed against to Sp1 and c-MYC. 

Membranes were blotted for c-MYC protein. Normal IgG was used a negative control in 

the inmunoprecipitation assay. 
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Figure 5. Transfection experiment with isogenic ODC1 SNP +263 and +316 in pGL3-

Basic and Enhancer plasmid. Overexpression of Sp1 full length protein (pN3-Sp1) and 

the empty vector (pN3-Empty) was performed. Additionally, known down of Sp1 protein 

expression using Sp1 siRNA was performed and as control was used a scramble siRNA. 

Renilla luciferase was used to normalize for differences in transfection efficiency. 
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Figure 6. Transfection experiment with isogenic ODC1 SNP +263 and +316 in pGL3-

Basic. Overexpression of c-MYC (pcDNA3-c-MYC), Sp1 full length protein (pN3-Sp1) 

and Sp1 N-terminal mutate (pPac-Sp1mut). Control experiment with corresponding 

empty vector is showed. Renilla luciferase was used to normalize for differences in 

transfection efficiency. 
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Supplementary figure 1: Metachronous adenoma occurrence by ODC1 SNP +263 and 

+316 haplotype. Placebo and treatment group are showed. 
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Supplementary table 1: Metachronous adenoma occurrence by ODC1 SNP +263 and 

+316 haplotype. Placebo and treatment group are showed. 
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Supplementary Table 2. DFMO/Sulindac efficacy, stratified by ODC1 SNP +263 (top) 

and +316 (bottom). 
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Supplementary Table 3. DFMO/Sulindac efficacy, stratified by ODC1 diplotype (n = 

191). 
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Supplementary figure 2. Polyamines measurement by ODC1 SNP +263 and 316 by 

genotype presented as box plot. Note that opposite strand is reported. 
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Supplementary table 3. Baseline putrescine levels are statistically associated with ODC1 

+263 SNP (rs2302616) genotype. Normal (tumor-free) rectal mucosal biopsies were 

obtained at baseline to measure polyamine content. The tissue were homogenized in 0.2 

N perchloric acid. The acid-soluble fraction containing polyamines were separated using 

reverse-phase ion pair HPLC, and normalized to acid insoluble protein content. 

* P-values calculated from non-parametric Kruskal-Wallis tests of mean ± SD 

(comparison of medians).  
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Supplementary figure 3. Polyamine measurement by diplotype 316/316-263/263 

presented as box plot. Note that opposite strand is reported. 
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