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INTRODUCTION 

Mechanisms of Signal Transduction in Hypoxia  

 

Tumor hypoxia 

 

Hypoxia plays critical roles in the pathobiology of heart disease, cancer, stroke, and 

chronic lung disease, which are responsible for 60% of deaths in the United States (Semenza GL, 

2011). 

 

Oxygen (O2) is carried in the blood by haemoglobin, and the affinity of haemoglobin for 

O2 is affected by a number of physiological variables. The most important of these are raised 

partial pressure of carbon dioxide (PCO2), decreased pH (acidity), raised temperature and 

increased concentration of the organic phosphate, 2,3-diphosphoglycerate (2,3-DPG).  

 

  2,3- DPG is a by-product of erythrocyte metabolism, which competes with O2 for binding sites 

on haemoglobin. All of the aforementioned decrease the affinity of haemoglobin for O2, thereby 

facilitating the delivery of O2 to the tissues. (Berne RM et al., 1993; Ganong WF, 1999)  

 

Tissue hypoxia occurs when there is an inadequate supply of O2 that compromises normal 

biological processes in the cell (Hockel M et al. 2001; Harris AL, 2002). This stressful 

microenvironment is a hallmark of solid tumours, meaning that O2 delivery to the respiring 

cancer cells is reduced or abolished. Most tumours larger than 1 mm
3
 in volume contain regions 

of hypoxia as a result of the disordered blood vessel structure and increased diffusion distances 

found in tumours. In addition, hypoxia can be caused by low haemoglobin levels in the blood due 

to tumour-associated and therapy-induced anaemia, which further compromises the O2-carrying 

capacity of the blood (Vaupel P et al., 2001; Dachs GU and Tozer GM, 2000).  

 

Causative mechanism 

 

Hypoxia can be caused by a number of factors, such as 1) low O2 partial pressure (O2 

tension) in arterial blood due to, e.g., pulmonary diseases or high altitude (hypoxemic hypoxia); 
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2) reduced ability of blood to carry O2 as a result of anemia, methemoglobin formation, or 

carbon monoxide poisoning (anemic hypoxia); 3) reduced tissue perfusion, generalized or local 

(circulatory or ischemic hypoxia); 4) deterioration of the diffusion geometry, e.g., increased 

diffusion distances, concurrent versus countercurrent blood flow within microvessels (diffusional 

hypoxia); or 5) inability of cells to use O2 because of intoxication, as in cyanide poisoning 

(histotoxic or cytotoxic hypoxia). Because of finely tuned regulatory processes, increases in 

tissue O2 consumption are generally matched by an increase in blood flow and, therefore, do not 

usually lead to hypoxia unless the system regulating blood flow fails to meet the increased O2 

demand of the tissue in question. Biochemists usually define hypoxia as O2-limited electron 

transport (Boyer PD et al., 1977). Physiologists and clinicians define hypoxia as a state of 

reduced O2 availability or decreased O2 partial pressures below critical thresholds, thus 

restricting or even abolishing the function of organs, tissues, or cells (Honig CR, 1988; Zander R, 

Vaupel P., 1985; Glossary on respiration and gas exchange, 1973).  

 

Anoxia describes the state where no O2 is detected in the tissue (O2 partial pressure that 

means 0 mm of mercury [mmHg]). In solid tumors, oxygen delivery to the respiring neoplastic 

and stromal cells is frequently reduced or even abolished by deteriorating diffusion geometry, 

severe structural abnormalities of tumor microvessels, and disturbed microcirculation (Vaupel P. 

et al., 1985). In addition, anemia and the formation of methemoglobin or carboxyhemoglobin 

reduce the blood‘s capacity to transport O2. As a result, areas with very low (down to zero) 

oxygen partial pressures exist in solid tumors, occurring either acutely or chronically. These 

microregions of very low or zero O2 partial pressures are heterogeneously distributed within the 

tumor mass and may be located adjacent to regions with normal O2 partial pressures. In contrast 

to normal tissue, neoplastic tissue can no longer fulfill physiologic functions. Thus, tumor 

hypoxia cannot be defined by functional deficits, although areas of necrosis, which are often 

found in tumor tissue on microscopic examination, indicate the loss of vital cellular functions. 

(Hockel M, Vaupel P., 2001) 

 

Metabolic hypoxia in solid tumors 
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When an unrestricted supply of oxygen is available, for most tumors, the rate of O2 

consumption (respiration rate) and adenosine triphosphate (ATP) production is comparable to 

that found in the corresponding normal tissue, despite the deregulated organization of cells in 

malignant tumors. To maintain a sufficient energy supply for membrane transport systems and 

synthesis of chemical compounds, an adequate supply of O2 is required. 

In hypoxia, the mitochondrial O2 consumption rate and ATP production are reduced, 

which hinders inter alia active transport in tumor cells. Specifically, major effects of the reduced 

production of ATP are 1) collapse of Na+ and K+ gradients, 2) depolarization of membranes, 3) 

cellular uptake of Cl−, 4) cell swelling, 5) increased cytosolic Ca2+ concentration, and finally, 6) 

decreased cytosolic pH, resulting in intracellular acidosis in tumor cells. (Hockel M, Vaupel P., 

2001) 

 

Otto Warburg was the first to note that solid tumors showed accelerated glycolysis 

(glucose→2 lactate) and reduced oxygen consumption, prompting him to suggest that respiration 

in cancer cells was impaired in some manner (O. Warburg, 1930). Once mitochondria were 

identified as the source of cellular respiration, Warburg's subsequent studies on isolated mouse 

ascites cells (O. Warburg, 1956) convinced him that cancer cells possessed defective 

mitochondria and that the accelerated rate of glycolysis was a compensatory response to maintain 

ATP synthesis (the Warburg effect).  

 

Just as this theory possessed its detractors in Warburg's era (O. Warburg, 1956), there 

continues to be vigorous debate about the origins of this aerobic glycolytic phenotype in cancer 

cells. In fact, some cancer cells grown under normoxic conditions show no evidence of a 

Warburg effect, with an energy metabolism dominated by oxidative phosphorylation. Such 

cancer cells may demonstrate elevated glycolytic rates but only in response to hypoxia in the 

microenvironment (i.e., a Pasteur effect) (X.L. Zu and M. Guppy, 2004). Nonetheless, many 

cancers show a high glycolytic rate/low mitochondria rate even under normoxia (X.L. Zu and M. 

Guppy, 2004), and it remains unclear whether these differences in metabolic poise (glycolytic 

versus oxidative) are specific to a cancer type, specific cell lines, or growth context.   
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According to the definition given above, hypoxia is present in tumors when the O2 partial 

pressure falls below a critical value causing the O2 consumption rate or ATP production rate of a 

cell or a tissue to decrease progressively. On the basis of experimental results from isolated 

xenografted human breast cancer tissue (Vaupel P et al., 1987; Kallinowski F et al., 1989), tumor 

tissue hypoxia with reduced O2 consumption rates is expected when the O2 partial pressure in 

the blood at the venous end of the capillaries (end-capillary blood) falls below 45–50 mmHg. 

This critical threshold, however, has been validated only under the following boundary 

conditions: a tumor blood flow rate of 1 mL/g per minute, a hemoglobin concentration of 140 g/L 

and an arterial O2 partial pressure of 90–100 mmHg. Reducing the perfusion rate to 0.3 mL/g per 

minute yields a hypoxic tissue fraction of approximately 20% (Groebe K., 1999). When the 

hemoglobin concentration falls below 100 g/L or the normal O2 content of arterial blood 

decreases (hypoxemia), the relative proportion of hypoxic tissue substantially increases in the 

experimental tumor system described. 

On a global tissue level, the critical O2 partial pressure in tumors, below which the 

detrimental changes associated with reduced O2 consumption have been observed, is 8–10 

mmHg. Measurements of the microregional distributions of ATP by quantitative 

bioluminescence and photon imaging in rodent tumors have shown that the concentration of ATP 

is relatively constant (1.0–1.8 mM) as long as an adequate supply of oxygen (i.e., comparable to 

that of normal tissues or organs) can be maintained (Vaupel PW, 1994; Schaefer C et al, 1992). 

 

In FSaII murine fibrosarcomas growing subcutaneously in mice, relatively constant ATP 

levels were present as long as the median O2 partial pressure was 10 mmHg or higher (Vaupel P 

et al, 1994). Similar results were obtained in rat tumors when the global ATP content was 

evaluated with highperformance liquid chromatography (Kruger W, et al, 1991; Vaupel P, 1992). 

Median O2 partial pressures of approximately 10 mmHg thus appear to represent a critical 

threshold for energy metabolism in FSaII tumors. At higher median O2 tensions, the levels of 

ATP, phosphomonoesters and total inorganic phosphate were relatively constant, coinciding with 

intracellular alkalosis or neutrality and a stable ATP/inorganic phosphate ratio, energy charge, 

and phosphorylation potential. Median O2 partial pressures of less than 10 mmHg result in 
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intracellular acidosis, ATP depletion, a drop in the energy supply and increasing levels of 

inorganic phosphate. 

 

Oxidative phosphorylation for ATP formation will continue to a cellular O2 partial 

pressure of 0.5–10 mmHg (Marshall RS et al., 1986; Starlinger H et Lubbers DW, 1972; Froese 

G., 1962; Robiolio M et al, 1989). Certainly, the threshold O2 partial pressure below which 

oxidative phosphorylation ceases is dependent on the cell line investigated and its respiratory 

capacity, the type of medium and substrate chosen, the temperature and pH of the suspending 

medium and even the type and accuracy of the setup used to measure O2 consumption rates. 

Mitochondrial oxidative phosphorylation is limited at O2 partial pressures of less than 

approximately 0.5 mmHg (Honig CR 1988; Robiolio M et al 1989). Above this threshold, 

mitochondria should function physiologically. Again, this critical threshold depends on the actual 

substrate supply, on the pH of the suspending medium, and on the technique used to measure O2. 

Cytochromes aa3 and c in ascites cells require O2 partial pressures of greater than 0.02–0.07 

mmHg (Honig CR 1988; Wilson DF et al. 1988; Chance B et al., 1973) to maintain respiration. 

At O2 partial pressures above this range, cytochromes are fully oxidized. Spectrophotometric 

measurements on living and rapidly deep-frozen tissues indicate that the same is true in vivo. 

From this rather rudimentary summary of critical O2 partial pressures for metabolic hypoxia, 

there does not appear to be a single hypoxic threshold that is generally applicable. Hypoxic 

thresholds range from 45–50 mmHg in end-capillary blood to 0.02 mmHg in cytochromes. 

Furthermore, such data on hypoxic thresholds in a given tissue do not take into consideration the 

existence of severe heterogeneities even on a microscopic level related to variable O2 demands 

and O2 supply.  

 

Hypoxia inducible genes 

 

Solid tumours with hypoxic regions have a poorer prognosis than their well-oxygenated 

counterparts, independent of treatment (Hockel M et al., 1993). This is a consequence of the 

genetic characteristics of viable hypoxic tumour cells, which enable survival under hypoxic 

conditions, invariably resulting in a more aggressive tumour phenotype. Biological pathways that 

are regulated by hypoxia-inducible genes, usually under the control of the transcription factor 



7 

 

hypoxia-inducible factor (HIF-1), include apoptosis, cell cycle arrest, angiogenesis, glycolysis 

and pH regulation, some of which may affect chemotherapy resistance (Harris AL, 2002; 

Maxwell PH et al., 1997; Carmeliet P et al., 1998)  

 

HIF-1 (Hypoxia-Inducible Factor) 

 

Selection of cells under hypoxia reduced the rate of oxygen consumption and increased the 

levels of HIF-1α (J. Bourdeau-Heller and T.D. Oberley, 2007). 

 

HIF-1 is a hypoxia-regulated transcription factor, which modulates the expression of 

numerous hypoxia-inducible genes. It is a heterodimer consisting of a HIF-1α and HIF-1ß 

subunit, 120 and 80-kDa, respectively (Wang GL et Semenza GL, 1995). Both subunits contain a 

basic-helixloop- helix motif and a Per arnt Sim (PAS) proteinprotein interaction domain (Wang 

GL et al, 1995). The transcription factor is activated during dimerisation of HIF-1α and HIF-1 ß. 

HIF-1b is also known as aryl hydrocarbon receptor nuclear translocator (ARNT) and is 

constitutively expressed (Jiang BH et al., 1996).  

 

Under normoxic conditions, HIF-1α is essentially undetectable due to its rapid degradation 

by the ubiquitin-proteasome system (Salceda S et Caro J, 1997), which is mediated by the von 

Hippel-Lindau (VHL) tumour suppressor protein (Maxwell PH et al. 1999). This explains why all 

HIF-1 dependent genes are upregulated when VHL is mutated or lost. A family of prolyl 

hydroxylase enzymes regulates the binding of VHL to HIF-1α by hydroxylating key proline 

residues on the HIF-1α protein, which is then ubiquitylated and targeted to the proteasome for 

rapid destruction (Salceda S et Caro J, 1997; Ivan M et al. 2001; Jaakola P et al., 2001). The 

regulatory activity of HIF-1 is therefore determined by the stability of the HIF-1α protein, 

(Huang LE et al., 1996) which is stabilised by hypoxia through an O2-dependent degradation 

domain, rapidly accumulating following exposure to hypoxic conditions (Huang LE et al., 1996; 

Huang LE et al., 1998). The mechanism by which cells sense O2 tension is currently unknown, 

although there is some evidence that it is mediated by an iron binding site(s) in the HIF-1α 

protein. Lu et al. (Lu H et al., 2002) recently provided evidence that lactate and pyruvate also 

stimulate the accumulation of HIF-1α, independently of hypoxia. 
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Once the complex is formed, it binds to a 256 base-pair enhancer region called the 

hypoxia-response element (HRE) in a hypoxia-sensitive target gene such as erythropoietin (Epo), 

thus activating it (Semenza GL et al., 1991). The association and dissociation of HIF-1 from the 

HRE is extremely rapid, with the half-life for both processes being less than one minute (Wang 

GL and Semenza G, 1993). As well as Epo, HIF-1 also binds to HREs in genes such as vascular 

endothelial growth factor (VEGF) and glucose transporter-1 (GLUT-1) leading to angiogenesis 

and glycolysis (Shweiki D  et al., 1992;  Levy AP  et al., 1996; Bashan N  et al. 1992), and plays 

a role in p53 accumulation (Graeber TG et al., 1994), Ras pathway stimulation (Mazure NM et 

al., 1997), nitric oxide synthase (NOS) expression (Melillo G et al., 1997) and multi-drug 

resistance (MDR) gene expression (Comerford KM et al., 1992).  

 

Hypoxic responses are also mediated by HIF-2, a heterodimer composed of HIF-1β and 

HIF-2α (a paralogue of HIF-1α that is also regulated by oxygen-dependent hydroxylation). HIF-

1α is present in all nucleated cells of all metazoan species, whereas HIF-2α expression is 

restricted to certain cell types within vertebrate species and plays an important role in both 

erythropoiesis and vascularization. (Patel SA and Simon MC, 2008)  
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Fig1:At normoxia with ample oxygen available these enzymes directly modify the HIF-alpha proteins and 

keep them inactive. One group of these oxygen sensing enzymes, the prolyl hydroxylases (PHDs), modify 

distinct proline residues in the HIF proteins at normoxia resulting in the recruitment of the Von Hippel 

Lindau protein (pVHL), polyubuiquitylation and rapid proteosomal degradation of the HIF-alpha proteins. A 

second enzyme, an asparaginyl hydroxylase called FIH-1 that was first characterised by our laboratory, also 

modifies the HIF proteins at normoxia. This modification represses their transcriptional activity by 

preventing the interaction with transcriptional coactivators such as CBP/p300. When oxygen is limiting both 

prolyl and asparaginyl hydroxylases are unable to modify the HIFs, resulting in stable, transcriptionally 

active HIFs activating their target genes in response to hypoxia  
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Pancreatic cancer  

 

Pancreatic cancer remains one of the most lethal of all solid tumours of the gastrointestinal 

tract. It is characterized by late diagnosis, aggressive local invasion, early metastasis and 

resistance to chemoradiotherapy (Duffy JP et al., 2003). Pancreatic cancers account for only 2% 

of all newly diagnosed cancers in the USA each year, but 5% of all cancer deaths (Miller BA et 

al., 1996). Fewer than 20% of all pancreatic cancers are amenable to surgical resection at 

presentation and even after surgery with curative intent the 5-year survival rate is poor at 15% 

(Knaebel H et al., 2005) In addition to being nearly uniformly fatal, pancreatic cancer 

significantly reduces quality of life of many terminal patients because of symptoms such as pain, 

fatigue, jaundice, malnutrition, haemorrhage and gastric outlet obstruction. (McKenna S and 

Eatock M, 2003; Cascinu S et al., 1999) 

 

The pancreas is a compound gland that consists of two functionally and morphologically 

distinct cell populations derived from the endoderm. The exocrine pancreas consists of enzyme 

secreting acinar cells arranged into clusters at the end of the ducts. Mature duct cells actively 

secrete bicarbonate and mucins, as well as having a more mundane plumbing function of draining 

acinar digestive enzymes towards the duodenum (Slack, 1995). 

The endocrine compartment of the pancreas comprises five different hormone-secreting 

cell types: the glucagon-secreting α-cell, insulin-secreting β-cell, somatostatin-releasing δ-cell, 

ghrelin-producing ε-cell, and finally the pancreatic polypeptide-secreting PP-cells. All of these 

hormones are involved in regulating nutrient metabolism and glucose homeostasis. 

The endocrine cells aggregate to form the islets of Langerhans, which are intermingled 

with blood vessels, neurons, and a mesodermally-derived stromal component. The intimate 

interaction between endocrine and vascular cells regulates hormone release, establishing a fine-

tuned glucose homeostasis in the body (Slack, 1995; Prado et al., 2004).  

 

Over the past few years, our knowledge of the pathogenesis of pancreatic cancer has 

advanced significantly because of a rapid increase in our understanding of the molecular biology 

of it. Like many other malignant diseases, pancreatic cancer results from the accumulation of 
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inherent and acquired genetic and epigenetic alterations. The multigenic nature of most 

pancreatic cancers is reflected by abnormalities of three broad classifications of genes: 

oncogenes, tumor suppressor genes and genomic maintenance genes (Sohn TA and Yeo CJ, 2000; 

Sakorafas GH and Tsiotos GG, 2001). Accumulated alterations of such genes are believed to 

occur over a predictable time course. Based on the understanding of the histological and 

molecular genetic profiles of pancreatic cancer, investigators have developed a progression 

model that describes pancreatic ductal carcinogenesis: the pancreatic ductal epithelium 

progresses from normal epithelium to increasing grades of pancreatic intraepithelial neoplasia to 

invasive cancer (Hruban RH, 2000) The majority of pancreatic cancers occur sporadically and 

have been fairly well characterized at the genetic level. Pancreatic cancer pathogenesis is 

apparently involved in the activation of several oncogenes and/or inactivation of various tumor 

suppressor genes. (Sohn TA and Yeo CJ, 2000; Kern SE, 2000)  

Since the identification of the first notable genetic alteration of the K-ras oncogene, there has 

been an explosion in our understanding of pancreatic cancer genetics (Sohn TA and Yeo CJ, 

2000; Kern SE, 2000). For examples, more than 85% of pancreatic cancers have an activating 

point mutation in the K-ras gene at a very early stage of development (Almoguera C et al., 1988). 

Also, the tumor suppressor gene p16 is inactivated in about 95% of pancreatic cancers, and 

inactivation typically occurs late in pancreatic carcinogenesis. TP53, a well-characterized tumor 

suppressor gene located on chromosome 17p, is the second most frequently inactivated gene (Xie 

K et al., 2006)  

 

Pancreatic cancers are hypoxic tumors that respond poorly to existing chemotherapeutic 

agents and radiation (Duffy JP et al., 2003). Pancreatic cancer cells overexpress many families of 

growth factors and their receptors, including epidermal growth factor (EGF), vascular endothelial 

growth factor (VEGF), fibroblast growth factor (FGF) and its receptor and platelet-derived 

growth factor (PDGF), as well as many cytokines, such as transforming growth factor (TGF)-b, 

tumor necrosis factor-a, interleukin (IL)-1, IL-6 and IL-8, which enhances mitogenesis. 

Pancreatic cancer also exhibits loss of responsiveness to various growth-inhibitory signals, such 

as members of the TGF-b family. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xie%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xie%20K%22%5BAuthor%5D
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NFkB and HIF-1α have been identified as leading drivers of cell growth in pancreatic 

cancer; both are under APE1/Ref-1 redox signaling control which is the focus of our studies (Tell 

G et al., 2009; Luo M et al., 2008; Bapat A et al., 2009). It was previously showed that 

APE1/Ref-1 is upregulated in human pancreatic cancer cells and modulation of its redox activity 

blocks the proliferation and migration of pancreatic cancer cells (Zou GM et Maitra A., 2008; 

Jiang Y et al., 2010) and pancreatic cancer-associated endothelial cells (PCEC) in vitro (Zou GM 

et al.,2009)  

The cell line used in this project was PaCa2, adenocarcinoma cell lines. 

 

Prostate cancer 

 

Prostate cancer (PCa) is the third most common tumor type in men. The appearance of this 

neoplasia is linked to age. In the European Union, PCa is directly responsible for the death of 3% 

of men and 10% of cancer deaths.  

 

The incidence of PCa has risen in recent years, primarily due to the significant increase in 

life expectancy, and secondly because of the introduction of the determination of serum PSA 

levels in PCa screening, raising the diagnostic in the preclinical phase. In Spain, the 

epidemiological situation of PCa is not significantly different from the rest of Europe. Every 

year, some 13,300 new cases are diagnosed (13.6% of tumors among Spanish men), with survival 

at 5 years around 65%, with an average age of death of 75 years. (López-Abente G et al., 2004) 

Histologically, PCa is constituted of a heterogeneous mixture of cells, mainly epithelial and 

stromal. (Nelson WG et al., 2003) This process begins with a dysplasia that starts as a 

proliferative inflammatory atrophy (PIA), progressing to prostatic intraepithelial neoplasia (PIN), 

and in some cases it leads to a carcinoma. There is evidence to suggest that one of the triggers of 

tumorogenesis could be a prostate inflammation due to infectious agents or ingestion of 

carcinogens. In parallel, some cells accumulate genetic alterations that, along with the androgenic 

signaling, stimulate the growth and proliferation of the tumor. (Taichman RS et al., 2007) 

 

Clinically, there are two large groups of PCa: prostate tumors able to spread that will end 
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up being lethal, and others that are relatively indolent, (Taichman RS et al., 2007) which, to start 

with raise the problem of how to distinguish some tumors from others and the manner of best 

clinical approach in each case. Currently, serum PSA levels provide highly organ-specif 

information, but little disease-specific. Thus, both in benign prostatic hyperplasia and prostatitis, 

serum increases of this biomarker are produced, but many patients with localized PCa also have 

PSA values that overlap with those of healthy subjects, resulting in a gray area of difficult 

interpretation of the range between 4 and 10ng/ml. (Balk SP et al., 2003) Moreover, numerous 

studies suggest that PCa is overdiagnosed in 30-50% of the cases, that is, not all the patients with 

an elevated PSA have a prostate tumor. After the diagnosis, the main prognostic factor is the 

Gleason score, which consists of assigning a grade of 1-5 in descending differentiation to each of 

the two main foci of the tumor. The sum of both values is the score. Although this parameter is 

the gold standard in the clinical management of PCa, it presents certain problems: first, the 

determination is made on tissue obtained from a prostate biopsy, a surgical procedure that has 

certain comorbidity, particularly significant in elderly patients; besides, this score suffers from 

interpretive variation. (Evans AJ et al., 2008) 

In the prognosis of the disease, the lack of a reliable method capable of determining the time at 

which the prostate tumor will become hormone-resistant is problematic, because from here on, 

the patient‘s prognosis worsens and bone metastases, for which currently only palliative 

treatment is available, often occur. (Msaouel P et al., 2008) 

For all this, it is very important to identify new biomarkers that represent useful tools in the 

diagnosis and clinical management of PCa. These markers should be determinable by objective, 

quantitative and mechanism-specific techniques, and as far as possible, they should be accessible 

by noninvasive methods.  

PC-3 and DU145 human prostate cancer cell lines are the "classical" cell lines of prostatic 

cancer. (Abate-Shen C. and Shen M.M., 2000) PC3 cells have high metastatic potential compared 

to DU145 cells which have a moderate metastatic potential. (Abate-Shen, C. and Shen, M.M., 

2002) PC3 cell lines were originally derived from advanced androgen independent bone 

metastasis metastasized prostate cancer. PC3 have low testosterone-5-alpha reductase activity 

and express PSA. 

http://en.wikipedia.org/wiki/DU145
http://en.wikipedia.org/wiki/Prostate_cancer
http://en.wikipedia.org/wiki/Cell_culture#Isolation_of_cells
http://en.wikipedia.org/wiki/Metastasis
http://en.wikipedia.org/wiki/Androgen
http://en.wikipedia.org/wiki/Prostate
http://en.wikipedia.org/wiki/Testosterone
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APE1/Ref1 

 

Apurinic/apyrimidinic endonuclease/redox effector factor (APE1/Ref-1) is a protein with 

multifunctional roles in cells impacting on a wide variety of important cellular functions. It acts 

on apurinic/apyrimidinic (AP) sites in DNA as a major member of the base excision repair (BER) 

pathway, is involved in oxidative DNA damage repair and stimulates the DNA binding activity 

of AP-1 (Fos, Jun) proteins, as well as nuclear factor-κB (NF-κB), polyoma virus enhancer-

binding protein 2 (PEBP2), early growth response-1 (Egr-1), Myb, members of the ATF/CREB 

family, HIF-1α (hypoxia inducible factor-1α), HIF 2α (HIF-like factor), Pax-5, and Pax-8 (Y. 

Akamatsu et al., 1997; M. Ema et al., 1999; L.E. Huang et al., 1996; R.P. Huang, E.D. Adamson 

et al., 1993; D. Lando, et al., 2000; S. Xanthoudakis et T. Curran, 1992; S. Xanthoudakis et al. 

1992;  K.S. Yao et al., 1994).  

The DNA binding activity of these latter proteins is sensitive to reduction-oxidation (redox).  

 

APE1/Ref-1, which is the major AP-1 redox activity in cells, represents a novel redox 

component of signal transduction processes that regulate eukaryotic gene expression. Recent 

developments also have implicated APE1/Ref-1 as a major controlling factor for p53 activity 

through redox dependent and independent mechanisms, (C. Gaiddon et al., 1999; L. Jayaraman et 

al., 1997). APE1/Ref-1 has been shown to be closely linked to apoptosis (KA Robertson et al., 

1997) and altered levels or cellular location of APE1/Ref-1 have been found in some cancers, 

including ovarian, cervical, prostate and germ cell tumors (MR Kelley et al., 2000; MR Kelley et 

al., 1998; DH Moore et al., 2000; Y. Xu et al., 1997). Therefore, APE1/Ref-1 appears to form a 

unique link between the DNA BER pathway, cancer, transcription factor regulation, oxidative 

signaling, and cell-cycle control. (Fig.2; Evans AR, 2000) 

 

APE1/Ref-1 genes, proteins, and structure 

 

AP endonucleases are classified into two families according to their homology to E. coli 

endonucleases: exonuclease III (xth) and endonuclease IV (nfo). The first family of AP 

endonucleases derives from organisms across several phyla including, exonuclease III (E. coli), 
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Exo A (Steptococcus pneumoniae), Rrp 1 (Drosophila melanogaster), Arp (Arabidopsis 

thaliana), Apn2 (S. cerevisiae), APEX (mouse), BAP1 (bovine), rAPE (rat), chAPE1 (hamster), 

and Ape1/Ref-1 (humans; previously referred to as HAP1 and APEX1). These enzymes exhibit 

strong AP hydrolytic activity and 3′-diesterase activity with APE1/Ref-1 having the highest 5′-

endonuclease rate, but lowest 3′-diesterase activity. Most of the proteins do not exhibit 3′–5′-

exonuclease activity, the exceptions, to date, are exonuclease III and APEX (Demple B.  et 

al.,1991; Seki S.  et al., 1991) Typically, the exonuclease III family of endonucleases accounts 

for approximately 95% of the repair activity in the organism. However, Apn1 comprises 

approximately 90% of the repair activity in S. cerevisiae, and it, along with endonuclease IV (E. 

coli), Spapn1 (S. pombe), CeApn1 (C. elegans) are major members of the second family of 

endonucleases, the endonuclease IV family. 

The DNA repair activity of endonucleases resides in the C-terminal region, and between 

APE1/Ref-1 and the prokaryotic homologues, 25–40% sequence identity is apparent (Barzilay G. 

and I D Hickson ,1995). In contrast, there is a high degree of homology among mammalian AP 

endonucleases, suggesting these proteins are very closely related to one another. For example, the 

homology of deduced amino acid sequences between bovine and human is 93% (Robson CN and 

ID Hickson, 1991) mouse and human is 94% (Seki S. et al., 1991); rat and human is 85% (Wilson 

T.M. et al., 1994) and hamster and human 92% (Purohit S. and Arenaz P., 1999). In all cases, the 

C-terminus functions in repair activities, whereas the role of the N-terminal region is less well 

understood. In the case of Rrp 1, the N-terminal domain may be involved in Mg2+-, ATP-

dependent renaturation of single-stranded DNA (Barzilay G., Hickson ID, 1995) whereas Arp 

and APE1/Ref-1, the N-terminal domain is essential for redox control of other proteins 

(Babiychuk E. et al, 1994; Xanthoudakis S. et al, 1994). Presumably, the N-terminus in all the 

mammalian homologs exhibits redox activity since they share a great deal of homology to 

APE1/Ref-1. Furthermore, mouse, rat, and human all contain a cysteine at position 65 (Wilson 

T.M. et al., 1994), a residue thought to be important for redox activity (Walker L.J. et al, 1993). 

 

The gene encoding the APE1/Ref-1 protein maps to chromosome 14 bands q11.2–12 in the 

human genome (Harrison L. et al., 1992; Robson C.N.  et al, 1992). The APE1/Ref-1 protein is 

modest in size; it is 318 amino acids in length and ~37 kDa. It contains two distinct domains. The 
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N-terminal domain contains the nuclear localization sequence (residues 1–36) (Robbins J et al, 

1991); and is essential for redox activity while the endonuclease activity resides in the C-terminal 

region (Xanthoudakis S. et al, 1994). It was believed previously that the domains could be 

separated without disrupting their individual activities, however, recent studies using deletional 

analysis, demonstrate some overlap in the functional domains. Endonuclease activity requires 

residues between 61 and 80 and all the C-terminus  (Izumi T. and Mitra S. ,1998) and redox 

activity requires residues 43–93 (Jayaraman L. et al, 1997) 

APE1/Ref-1 is a globular α/β protein consisting of two domains each of which is made up 

of a six-stranded β-sheets surrounded by α helices. The protein forms a four-layered α/β 

sandwich that resembles the folds of exonuclease III and DNase I (Gorman M.A. et al.,1997; 

Xanthoudakis S. et al, 1994). Structural analysis reveals a single active site in APE1/Ref-1 for 

DNA repair activity (Gorman M.A.  et al., 1997). The important residues for substrate 

recognition and catalysis have been determined by site-directed mutagenic studies.  
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Fig.2. Multifunctional activities of the human AP endonuclease. Ape1/Ref-1 is a multifunctional protein 

involved in BER, transcription factor regulation, and oxidative signaling. In DNA BER, it functions as an AP 

endonuclease. It is also involved in the activation of transcription factors such as p53, AP-1, HIF-1α, and HIF-

2α (HLF). This activation can be through redox-dependent and/or redox-independent mechanisms. 

 

 

 

 

DNA Repair Function of APE1/Ref-1  

 

Multiple oxidative DNA damage such as strand breaks, base loss, and base modifications 

are caused by reactive oxygen species (ROS) that are generated endogenously or due to 

environmental stress (Ames BN et al., 1993; Breen AP et Murphy JA, 1995). Nearly all oxidized 

forms of DNA bases (as well as methylated or inappropriate bases) are repaired via the BER 
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pathway which is initiated with excision of the damaged base by a DNA glycosylase to generate 

AP site (Hazra TK et al., 1993; Krokan HE et al., 1997; Mitra S. et al., 2002). APE1/Ref-1, the 

second enzyme in the BER pathway, then hydrolyzes the phosphodiester backbone immediately 

5' to an AP site to produce 3'OH group and 5' deoxyribose-5-phosphate (Demple B et Harrison L, 

1994; Doetsch PW et Cunningham RP, 1990). Following removal of this blocking group via dRP 

lyase activity of DNA polymerase ß repair DNA synthesis, followed by DNA ligase action 

restores genome integrity (Sobol RW and Wilson SH, 2001). Oxidized base-specific DNA 

glycosylases have intrinsic AP lyase activity and cleaves the DNA strand 3' to the AP site (Hazra 

TK et al, 2003; Krokan HE et al., 1997). The resulting 3' blocking group is removed by 

APE1/Ref-1 (or in some cases polynucleotide kinases) in the next step of repair (Chen DS et al., 

1991; Whitehouse CJ et al., 2001). APE1/Ref-1‘s 3' phophodiesterase activity is also involved in 

repairing DNA single-strand breaks with 3' blocking group directly generated by ROS (Izumi T 

et al., 2000). Unrepaired AP sites also lead to DNA strand breaks, apoptosis, and increases 

cytotoxicity (Loeb LA and Preston BD, 1986). Thus, the DNA repair function of APE1/Ref-1 

protects the cell from both endogenous and exogenous DNA damage. All APEs have dual 

activities as an endonuclease and a 3'phosphodiesterase (Demple B and Harrison L, 1994; 

Doetsch PW and Cunningham RP, 1990). However, mammalian APE1‘s endonuclease activity is 

quite strong relative to its 3'exonuclease/phosphodiesterase activity (Chen DS et al., 1991; 

Demple B and Harrison L, 1994; Wiederhold L et al., 2004).  

APE1/Ref-1 also coordinates BER as an assembly factor by interacting with downstream 

BER protein such as DNA polymerase ß, X-ray cross-complementing-1 (XRCC1), proliferating 

nuclear antigen (PCNA), and flap endonucelase (FEN1) (Dianova II et al., 2001; Fan J and 

Wilson DM, 2005; Izumi T et al., 2003). A recent study shows that Bcl2, an anti-apoptotic 

protein, directly interacts with APE1/Ref-1 and inhibits AP site repair by downregulating AP-

endonuclease activity of APE1/Ref-1 (Zhao J et al., 2008). Exposure of lung cancer cells to the 

DNA damaging agent promotes Bcl2 accumulation and association with APE1/Ref-1 in the 

nucleus (Zhao J et al., 2008). 
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Regulation of APE1/Ref-1 Expression 

 

Although APE1/Ref-1 is ubiquitously expressed in cells and tissues, its expression and 

subcellular localization level appear to be cell-type specific (Kakolyris S, et al., 1998; Tell G et 

al., 2005). APE1/Ref-1 is regulated at both transcriptional and post-transcriptional levels. 

Expression of APE1/Ref-1 in mouse NIH3T3 cells was found to be cell cycle dependent with the 

highest level of APE1/Ref-1 in early or middle S-phase, pointing to a particular function of 

APE1/Ref-1 in this phase of cell cycle (Fung H et al., 2001). The effects of ROS on APE1/Ref-1 

induction have been extensively studied. It has been shown that hydrogen peroxide (H2O2) and 

hypochlorous acid (HOCl) acts as inducers of the APE1/Ref-1 gene (Grosch S et al., 1998; 

Ramana CV et al., 1998). Subsequently, several in vivo and in vitro studies confirmed APE1 

gene activation by oxidative stress (Grosch S and Kaina B, 1999; Pines A et al., 2005). This 

observation is of particular interest, because H2O2 and HOCl are endogenously formed during 

inflammatory response of macrophages and lymphocytes. Endogenous ROS may elevate the 

level of DNA damage which then signals an increase in APE1/Ref-1 level, thus enhancing the 

BER capacity. Indeed, induction of APE1/Ref-1 was found to be accompanied by an adaptive 

response of cells to the cytotoxic and clastogenic activity of oxidative agents, indicating its 

physiological relevance of the phenomenon (Fritz G et al., 2003; Grosch S et al., 1998; , Ramana 

CV et al.,1998 ).  

Induction of oxidative stress was shown to be involved in the enhanced nuclear translocation of 

thioredoxin (TRX) and APE1/Ref-1 and augmentation of the APE1/NF-κB complex formation in 

the parenchyma cells of injured lung (Gorbunov NV et al., 2007). In many cell types, ROS-

mediated activation of APE1/Ref-1 involves two steps.  

In the first step, APE1/Ref-1 translocates from the cytoplasm to the nucleus. In B-lymphocytes 

and thyroid cells, such translocation is fairly rapid, within an hour, whereas in HeLa and other 

cells the process takes many hours (Ramana CV et al., 1998; Tell G et al., 2000; Tell G et al., 

2009). The second step involves de novo protein synthesis via transcriptional activation of the 

APE1/Ref-1 promoter, because various agents that block transcription or protein synthesis, also 

abolish induction of APE1/Ref-1 (Ramana CV et al., 1998). Additionally, APE1/Ref-1 induction 

is associated with an increase in AP-endonuclease activity and cells resistance to cytotoxic effect 
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of H2O2, methyl methane sulphonate (MMS), bleomycin, and γ-radiation (Fritz G et al., 2003; 

Grosch S et al., 1998; Ramana CV et al., 1998).  

Transiently overexpressed APE1/Ref-1 protects cells against genotoxicity and cell killing 

provoked by ROS (Fritz G et al., 2003). However, whether protection against ROS-induced cell 

killing by APE1/Ref-1 is due to of its repair or transcriptional regulatory functions or both is still 

unknown. 

 

Other external stimuli such as hormones and cytokines modulate APE1/Ref-1 expression. 

Thyrotropin (TSH) induces APE1/Ref-1 expression in thyroid cells (Asai T et al., 1996; Tell G et 

al., 2001; Tell G et al., 2000). Similarly, human chorionic gonadotropin has been demonstrated to 

enhance APE1/Ref-1 mRNA synthesis in murine Leydig cells (Suzuki S et al., 1998). IL-2-

dependent APE1/Ref-1 upregulation has also been demonstrated in a murine Pro-B cell line (Yan 

M et al., 2000). Interestingly, Helicobacter pylori induced IL-8 activation in gastric epithelial 

cells was found to be dependent on APE1/Ref-1 (O‘Hara AM et al., 2006). Another recent study 

demonstrated that ATP-mediated purinergic receptor activation upregulates APE1 expression in 

human tumor thyroid cell line (Pines A et al., 2005). 

 

Another factor that modulates APE1/Ref-1 expression is hypoxia, which mimics oxygen 

tension that is encountered by cells in tissues in vivo. Hypoxia induces APE1/Ref- mRNA and 

protein levels in HT29 cells (Yao KS et al., 2004). Elevation of APE1/Ref-1 steady-state mRNA 

levels is an early event following hypoxia, and persists after restoration of cells to normoxia (Yao 

KS et al., 2004). Nuclear run-on analysis demonstrated that induction of transcription is 

responsible for elevation of APE1/Ref-1 mRNA (Yao KS et al., 2004). Changes in APE1/Ref-1 

expression in response to hypoxia was correlated with its requirement for enhanced AP-1 binding 

following hypoxia via redox activation (Yao KS et al., 2004). However, another possible role for 

prolonged expression of APE1/Ref-1 following hypoxia relates to DNA repair function that 

remains to be elucidated. Although it is not known whether hypoxia-inducible factors (HIFs) bind 

specifically to the APE1/Ref-1 promoter or enhancer, APE1/Ref-1 regulates HIF-1α functions in 

vivo (Ema M et al., 1999, Huang LE et al., 1996). APE1/Ref-1 up-regulation significantly 

potentiates hypoxia-induced expression of a reporter construct containing the HIF-1α-binding site 
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(Ema M et al., 1999). Moreover, Ema et al. (Ema M et al., 1999) and Carrero et al. (Carrero P et 

al., 2000) showed that APE1/Ref-1 is critical to linking coactivator proteins, CBP/p300 and SRC-

1 to HIF-1α. In contrast, Hall et al. showed that hypoxia downregulates APE1/Ref-1 protein level 

in both calf pulmonary artery endothelial (CPAEC) and human umbilical vein endothelial 

(HUVEC) cells (Hall JL et al., 2001). Such hypoxia- induced decrease of APE1/Ref-1  was 

associated with significant induction of apoptosis in CPAEC and HUVEC cells (Hall JL et al., 

2001). Thus, APE1/Ref-1 downregulation may be permissive in promoting apoptosis in 

endothelial cells in response to hypoxia. Indeed, APE1/Ref-1 overexpression was shown to 

protect CPAEC cells from hypoxia-induced apoptosis (Hall JL et al., 2001). 

Recently, it has been shown that soy isoflavones downregulate expression of APE1/Ref-1 in PC3 

prostate cancer cells (Raffoul JJ et al., 2007). Moreover, pretreatment with soy isoflavones 

inhibits radiation-induced APE1/Ref-1 expression and activation of NF-κB . Although the 

mechanism by which soy isoflavones down-regulates APE1/Ref-1 expression is not known, 

downregulation of APE1/Ref-1 and inhibition of NF-κB activation by soy isoflavones was shown 

to inhibit tumor growth in vivo (Raffoul JJ et al., 2007). 

 

Regulation of transcription factors 

 

In 1992, Xanthoudakis and Curran (Xanthoudakis S. and Curran T., 1992) identified 

APE1/Ref-1 as an important redox activator of the DNA binding of transcription factors Fos and 

Jun, subunits of activator protein 1 (AP-1) (Xanthoudakis S. and Curran T., 1992). It was 

discovered, through mutational analysis, that the conserved cysteine residue located in the DNA 

binding domain of Fos and Jun was essential for the APE1/Ref-1-mediated activation of AP-1 

(Ait–Si–Ali S et al., 1998; Xanthoudakis S. and Curran T., 1992). APE1/Ref-1 has been shown to 

activate numerous transcription factors and facilitate their DNA binding via the reduction of a 

cysteine residue. 

Redox regulation of cellular functions occurs as a consequence of the so-called ―redox-

cellular status,‖ which is the result of a balance between the activity of antioxidant enzymatic cell 

systems (such as GSH/GSSG, superoxide dismutase, catalase, peroxidases, glutathione 
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peroxidases, etc.) and the amount of reactive oxygen species (ROS) such as superoxide anion 

(O2•), hydrogen peroxide (H2O2), and hydroxyl radical (•OH) (Tell et al., 2005) 

These last molecules can be produced in several ways: as byproducts of respiration, thus being 

associated with cell proliferation rate; by external noxious agents, such as ionizing radiation 

(Wilson DF et al., 1988); during pathological states in activated neutrophils (Nakamura H et al., 

1997) and as ―second messengers‖ produced by intracellular enzymatic systems, such as NADPH 

oxidase regulated by the ubiquitous small GTPase Rac1 (Deshpande SS et al., 2000; Droge W, 

2002; Gorlach A et al., 2000). It therefore represents a useful tuning device for intracellular signal 

transduction, as is the case in cascades induced by cytokines, such as tumor necrosis factor α or 

interleukin (IL) - γ (Nakamura H et al., 1997). 

This redox regulation ultimately affects gene expression. Recently, a great body of experimental 

evidence suggested that these outcomes are achieved through modulation of TFs activity. Up to 

now, several TFs containing specific Cys residues have been demonstrated to be the target of 

redox regulation. APE1/Ref-1 has been identified as a protein capable of nuclear redox activity, 

inducing the DNA-binding activity of several TFs, such as AP-1 (Xanthoudakis S. et al, 1992), 

NF-κB (Nishi T et al., 2002), Myb (Xanthoudakis S. and Curran T., 1992), PEBP-2 (Y. Akamatsu 

et al., 1997), HIF-2α (M. Ema et al., 1999), NF-Y (Nakshatri H et al., 1996), Egr-1 (Huang R.P.  

and Adamson E.D., 1993), HIF-1α (Huang LE et al., 1996), ATF/CREB family (Xanthoudakis S. 

and Curran T., 1992), p53 (C. Gaiddon et al., 1999), Pax proteins (Cao X et al., 2002; Tell G et 

al., 1998;  Tell G et al., 2000). It accomplishes this through the control of the redox state of Cys 

residues located in the DNA-binding domains or within regulatory regions, such as the 

transactivation domain of the thyroid-specific transcription factor 1 (i.e., TTF-1) of the TFs 

themselves (Tell G et al., 2002). In order to properly bind specific DNA target sequences, these 

TFs require that critical Cys residues are in the reduced state. Therefore, by maintaining these 

cysteines in the reduced state, APE/Ref-1 provides a redox-dependent mechanism for regulation 

of target gene expression. APE/Ref-1 contains two cysteine residues located within the redox-

active domain (Cys65 and Cys93), and previous studies show that Cys65 should be the redox-

active site of the protein by using recombinant protein (Walker LJ et al., 1993). In agreement with 

the molecular model describing redox regulation exerted by APE1/Ref-1, Cys65 should interact 

with the sensitive cysteine residues within the DNA-binding domains of TFs. (Tell, 2005) 
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HIF-1α and HIF-2α (or HLF) are transcription factors induced by hypoxia. Upon 

induction, these proteins form a heterodimer with an Ah receptor nuclear translocator (Arnt), 

translocate to the nucleus, and transcriptionally activate a variety of genes such as erythropoietin, 

vascular endothelial growth factor, glycolytic enzymes, and inducible nitric oxide synthase, 

among others. (Halterman M.W. and Federoff. H.J., 1999; G.L.Semenza, 1995) 

Although there is 48% homology between HIF-2α and HIF-1α, APE1/Ref-1 exerts differential 

redox control of these proteins. DNA binding is redox dependent for HIF-2α, but not for HIF-1α 

(D. Lando et al., 2000). Furthermore, adding to the complexity of redox regulation by APE1/Ref-

1 are the more recent data showing that APE1/Ref-1 is important for the transactivation activities 

for both HIF-1α and HIF-2α (Carrero P et al., 2000; Lando D. et al., 2000). APE1/Ref-1 reduces 

the N-terminus of HIF-2α and thereby, stimulates DNA binding. Conversely, the N-terminal 

region of HIF-1α binds DNA without APE1/Ref-1. This discrepancy is apparently owing to a 

difference in one amino acid. HIF-1α contains a serine residue, whereas HIF-2α has a cysteine. 

Mammalian two-hybrid assays indicate that APE1/Ref-1 interacts with HIF-2α N-terminal 

region, but not the HIF-1α N-terminus. Interestingly, mutating the serine residue to a cysteine 

converts HIF-1α from a redox-resistant DNA binding transcription factor to redox-sensitive one 

(D. Lando et al., 2000). Co-transfection experiments in HeLa cells using antisense APE1/Ref-1 

and a luciferase reporter gene construct show that antisense APE1/Ref-1 RNA reduces the ability 

of HIF-2α to function as a transcription factor; a decrease from 25- to 8-fold in luciferase 

expression is reported. In these same experiments, the transcription activity of HIF-1α is also 

attenuated; suggesting that transcriptional activation by HIF-1α, is under redox control possibly 

through interaction of APE1/Ref-1 in the C-terminus (D. Lando et al., 2000) 

The C-terminal domain of HIF-1α and HIF-2α contains the transactivation domain that interacts 

with the co activators CREB binding protein (CBP) and SRC-1, a family member of 160 kDa co-

activator proteins, to augment HIF-1α mediated transcriptional regulation under hypoxic 

conditions (Carrero P et al., 2000; M. Ema et al., 1999).In co-transfection experiments, Ema et al. 

(M. Ema et al., 1999) show that the C-terminal domain of HIF-1α and HIF-2α required CBP for 

transcriptional activation of reporter gene constructs. The interaction between CBP and the C-

terminus likely occurs through a redox mechanism because a C-terminal cysteine to serine 

mutation abolishes the interaction between these proteins (M. Ema et al., 1999). Moreover, 
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protein/protein interactions between the C-terminal domain and CBP are enhanced in yeast two-

hybrid assay by TRX or APE1/Ref-1 (M. Ema et al., 1999) and over-expression of APE1/Ref-1 

or TRX enhances the transcriptional activation of the C-terminus of HIF-1α and HIF-2α. These 

data suggest that a cysteine residue in HIF-1α C-terminus is reduced by APE1/Ref-1 or TRX, 

which enhances its interaction with CPB and, consequently, transcriptional activity. Overall, it 

appears that APE1/Ref-1 promotes transcriptional activation by two independent redox 

mechanisms: by stimulating DNA binding directly and indirectly by enhancing the 

transactivation activities for HIF-2α and HIF-1α. APE1/Ref-1 stimulates the transcriptional 

activity of numerous transcription factors that have physiological functions as diverse as cell 

cycle control, apoptosis, angiogenesis, cellular growth, cellular differentiation, neuronal 

excitation, hematopoiesis and development. 

Consequently, APE1/Ref-1 is a pivotal signaling factor involved in coordinating the cellular 

adaptation to a wide array of environmental stimuli. 

 

APE1/Ref-1 and cancer 

 

Whether relationships exist between APE1/Ref-1 levels and cancerous tissue is of 

enormous importance, not only for understanding the role and mechanism, APE1/Ref-1 may play 

in the initiation and development of various cancers, but also for developing diagnostic markers 

for early detection of cancers. 

Several investigators have initiated studies to evaluate the role APE1/Ref-1 plays in cancer and 

results, thus far, are promising. In breast cancer tissue, there are no differences between abnormal 

tissue and normal tissue in terms of their ability to repair abasic sites, suggesting that DNA repair 

by BER is not a pathological factor in breast cancer (O. Rossi et al., 2000). There are, however, 

some cancers where differential patterns of APE1/Ref-1 expression have emerged. In cervical, 

prostate, human pancreatic cancer cells (Fishel ML et al., 2011) and epithelial ovarian cancers, 

APE1/Ref-1 protein levels are dramatically elevated compared to normal tissues (M.R. Kelley et 

al., 2000; D.H. Moore et al., 2000; Y. Xu, et al., 1997). Additionally, increased APE1/Ref-1 

levels are observed in pediatric rhabdomyosarcomas (B. Thompson et al., 2000), and germ cell 

tumors (M.R. Kelley et al., 1998). In other types of cancer, APE1/Ref-1 expression levels are 
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unchanged, but the cellular localization differs between normal and cancerous tissue. For 

example, in normal colonic tissue APE1/Ref-1 is nuclear in the crypts where cells are 

undifferentiated and cytoplasmic in the differentiated surface epithelium. In cancer cells, the 

pattern is not nuclear-restricted; nuclear and cytoplasmic localization is common in colorectal 

adenomas and carcinomas (S. Kakolyris et al., 1997). Additionally, epithelial ovarian cancers 

display nuclear and cytoplasmic staining with cytoplasmic localization predominating, while 

normal tissue exhibits nuclear localization exclusively (D.H. Moore et al., 2000). The altered 

patterns of expression, particularly where APE1/Ref-1 is elevated, need to be further 

characterized on a mechanistic level to understand the meaning of altered expression patterns and 

its relationship to cell line studies. 

 

Through both the redox and DNA repair functions APE1/Ref-1  supports cancer cell 

proliferation, and elevated expression levels have been shown to correlate to poor patient 

prognosis. (Evans AR et al., 2000; Tell G et al., 2005; Izumi T et al., 2005) APE1/Ref-1 is 

overexpressed in a number of cancers, where increased levels of DNA repair leads to resistance 

against DNA damaging agents, and increased redox activity is expected to enhance replication 

through redox cycling of transcription factors. Therefore APE1/Ref-1 represents an interesting 

therapeutic target in different mechanistic contexts. Inhibitors of the BER function of APE1/Ref-

1 can be utilized as a complementary treatment option for those encountering resistance to DNA-

damaging agents. Alternatively, inhibition of the redox function of APE1/Ref-1  might interfere 

with regulation of transcription and alter a number of stress-induced responses of cancer cells. 

Recent data indicates that blocking the repair function of APE1/Ref-1 leads to cell death, while 

redox activity inhibition leads to decreased cell growth and cytostatic effects. (Luo M et al., 

2008) Additionally, recent data indicates that blocking Ape1 redox function blocks angiogenesis. 

(Luo M et al., 2000; Zou GM et al., 2008; Zou GM, Maitra A, 2008) Small molecule inhibitors of 

the redox function can also serve as tools to separate the two functions of APE1/Ref-1 without 

the lethality of knocking out APE1/Ref-1 completely. (Jiang Y et al., 2009)The design of 

inhibitors targeting the redox function of APE1/Ref-1 is hindered by a lack of information 

regarding the redox active site. Mutation analysis has shown that cysteine 65 is necessary for 

redox activity; however, in every crystal structure C65 is buried, suggesting that a conformational 
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change might be required to present the relevant redox-active structure. (Georgiadis MM et al., 

2008) Furthermore, there is only one known compound in the literature that has been shown to 

inhibit the redox function of APE1/Ref-1 (Evans AR et al., 2000) To provide structural insight 

into potential inhibitor specificity for the redox active site, a series of benzoquinones and 

naphthoquinones has been synthesized based on the structure of (E)-3-(5,6-dimethoxy-3-methyl-

1,4-dioxocyclohexa-2,5-dienyl)-2-nonylpropenoic acid (E3330), a known inhibitor of the redox 

function of APE1/Ref-1. (Evans AR et al., 2000)  

Analogs with improved physicochemical and binding profiles also have the potential to provide 

crystallographic data when complexed with the protein to elucidate the structure of the redox 

active site. 
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RNA interference  

 

Epigenetic regulation of gene expression is a heritable change in gene expression that 

cannot be explained by changes in gene sequence. It can result in repression or activation of gene, 

referred to as gene silencing or gene activation, respectively (Vaucheret et al. 2001). During the 

1990s, a number of gene-silencing phenomena that occurred at the posttranscriptional level were 

discovered in plants, fungi, animals and ciliates, introducing the concept of post-transcriptional 

gene silencing (PTGS) or RNA silencing. (Baulcombe 2000; Matzke et al. 2001) PTGS results in 

the specific degradation of a population of homologous RNAs. PTGS was first observed after 

introduction of an extra copy of an endogenous gene (or of the corresponding cDNA under the 

control of an exogenous promoter) into plants (Napoli et al. 1990; Smith et al. 1990; Van der 

Krol et al. 1990). Because RNAs encoded by both transgenes and homologous endogenous 

gene(s) were degraded, the phenomenon was originally called co-suppression. A similar 

phenomenon in the fungus Neurospora crassa was named quelling (Romano and Macino 1992; 

Cogoni et al. 1996). Fire et al. (1998) identified a related mechanism, RNA interference (RNAi) 

in animals. RNAi results in a specific degradation of endogenous RNA in the presence of 

homologous dsRNA either locally injected or transcribed from an inverted-repeat transgene 

(Tavernarakis et al. 2000; Vaucheret et al. 2001). They applied single-stranded antisense RNA 

and double- stranded RNA in their experiments. To their surprise, it was found that dsRNA was 

more effective at producing interference than either strand individually. After injection into an 

adult Caenorhabditis elegans, single-stranded antisense RNA had a modest effect in diminishing 

specific gene expression whereas double-stranded mixtures caused potent and specific 

interference (Fire et al. 1998; Zou and Yoder 2005).  

 

RNAi is a multistep process involves the generation of small interfering RNAs (siRNAs) 

in vivo through the action of the RNase III endonuclease ‗Dicer‘. The resulting 21 to 23-

nucleotide (nt) siRNAs mediate degradation of their complementary RNA (Shi 2003; Zou and 

Yoder 2005). Hamilton et al. (2002) have now discovered second category of siRNAs, long 

siRNAs (25 nt), distinguishable by size from 21-22-nt siRNAs class they had previously found 

(Hamilton and Baulcombe 1999; L. Timmons, H. Tabara, C. Mello and A. Fire 2002 Systemic 
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RNAi. Midwest Worm Meeting). Unlike the 21-22-nt siRNAs, long siRNAs do not participate in 

PTGS (Hamilton et al. 2002). ARGONAUTE4 and long siRNAs direct chromatin modifications, 

including histone methylation (Zilberman et al. 2003).  

 

Mechanism of RNAi 

 

RNAi, which can cause the degradation of virtually any RNA, involves a simple 

mechanism. Long dsRNA is processed to short interfering RNAs (siRNAs) by the action of a 

dsRNA-specific endonuclease known as Dicer (Bernstein et al. 2001; Hammond et al. 2000). The 

resultant siRNAs are 21 to 24 nt in length, are double stranded, and have 3′ overhangs of 2 nt 

(Stevenson 2004). 

Exogenous synthetic siRNAs or endogenous expressed siRNAs can also be incorporated 

into the RNA-induced silencing complex (RISC), thereby bypassing the requirement for dsRNA 

processing by Dicer. siRNAs are incorporated into the multiprotein RISC. A helicase in RISC 

unwinds the duplex siRNA, which then pairs by means of its unwound antisense strand to 

messenger RNAs (mRNAs) that bear a high degree of sequence complementarity to the siRNA 

(Stevenson 2004). Cleavage of the target mRNA begins at a single site 10 nt upstream of the 5′-

most residue of the siRNA-target mRNA duplex (Elbashir et al. 2001). Although the composition 

of RISC is not completely known, it includes members of the Argonaute family (Hammond et al. 

2001) that have been implicated in processes directing post- transcriptional silencing (Stevenson 

2004). Argonaute proteins were first implicated in RNAi when the RNAi-deficient 1 (rde-1) gene 

was identified in a large-scale genetic screen for proteins required for RNAi in C. elegans 

(Tabara et al. 1999; Zamore 2006). Argonaute proteins are essential components of the RNAi 

machinery that associate with distinct classes of small RNAs to exert their effector functions. 

One branch of the Argonaute family, the PIWI subfamily of proteins, form complexes with Piwi-

interacting RNAs (piRNAs) and are essential for restricting the activity of transposons in the 

germ line. Argonaute proteins are associated with small interfering RNAs (siRNAs) or 

microRNAs (miRNAs), and silence gene expression by either siRNA guided cleavage of the 

target mRNA transcript, or by miRNA-mediated post-transcriptional repression involving both 

translational inhibition and/or mRNA degradation. In Drosophila there are three PIWI proteins 
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and two proteins of the argonaute family, AGO1 and AGO2. Genetic and biochemical evidence 

has demonstrated functional specialization in fly AGO proteins, with AGO1 binding to miRNAs 

and AGO2 being associated with siRNA-mediated-gene silencing. Functional specialization 

extends to the biogenesis pathways associated with these small RNAs; miRNAs are processed 

from endogenous hairpin precursors by cleavage events involving the RNaseIII enzymes Drosha 

and Dicer1 (Dcr-1) with its partner loquacious (Loqs). siRNAs loaded into AGO2 are processed 

from long dsRNAs by Dicer2 (Dcr-2) and its partner R2D2, but until recently only siRNAs from 

exogenous long dsRNAs had been reported in flies and mammals (Rivas 2008). There are two 

small RNAs in the RNAi pathway: small interfering RNAs (siRNAs) and microRNAs (miRNAs) 

that are generated via processing of longer dsRNA and stem loop precursors (Novina et al. 2002; 

Yin and Wan 2002; Tijsterman and Plasterk 2004). Dicer enzymes play a critical role in the 

formation of these two effectors of RNAi (Tijsterman and Plasterk 2004). They can cleave long 

dsRNAs and stem-loop precursors into siRNAs and miRNAs in an ATP-dependent manner, 

respectively (Tan and Yin 2005). (Fig 3, de Fougerolles A ,2007) 

The biogenesis of miRNAs is a multistep process (Kim 2005). A primary miRNA transcript (pri-

miRNA) (Lee et al. 2002), which is frequently synthesized from intronic regions of protein-

coding RNA polymerase II transcripts (Cai et al. 2004; Lee et al. 2004), is first processed by a 

protein complex containing the double-strand specific ribonuclease Drosha in the nucleus to 

produce a hairpin intermediate of 70nt (Lee et al. 2003). This precursor miRNA (pre-miRNA) is 

subsequently transported by exportin-5/RanGTP (Lund et al. 2004; Yi et al. 2003) to the 

cytoplasm where it is cleaved by another dsRNA specific ribonuclease, Dicer, (Bernstein et al. 

2001; Hutvagner et al. 2001) into miRNA duplexes. After strand separation of the duplexes, the 

mature single-stranded miRNA is incorporated into an RNA-induced silencing complex (RISC)-

like ribonucleoprotein particle (miRNP) (Hutvagner et al. 2001; Martinez et al. 2002a; Tang 

2005; Yekta et al. 2004; Weiler et al. 2006)  

RNAi has several applications in biomedical research, immune system and health care such as 

treatment for HIV, viral hepatitis, cardiovascular and cerebrovascular diseases, metabolic disease, 

neurodegenerative disorders and cancer.  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Fougerolles%20A%22%5BAuthor%5D
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Fig 3: RNA interference (RNAi) pathways are guided by small RNAs that include small interfering RNA 

(siRNA) and microRNAs (miRNAs). The siRNA pathway begins with cleavage of long double-stranded RNA 

(dsRNA) by the Dicer enzyme complex into siRNA. These siRNAs are incorporated into Argonaute 2 (AGO2) 

and the RNAi-induced silencing complex (RISC). The siRNA guide strand recognizes target sites to direct 

mRNA cleavage (carried out by the catalytic domain of AGO2). The microRNA pathway begins with 

endogenously encoded primary microRNA transcripts (pri-miRNAs) that are transcribed by RNA polymerase 

II (Pol II) and are processed by the Drosha enzyme complex to yield precursor miRNAs (pre-miRNAs). These 

precursors are then exported to the cytoplasm by exportin 5 and subsequently bind to the Dicer enzyme 

complex, which processes the pre-miRNA for loading onto the AGO2–RISC complex. The mature miRNA 

recognizes target sites (typically in the 3'-UTR) in the mRNA, leading to direct translational inhibition. 

Binding of miRNA to target mRNA may also lead to mRNA target degradation in processing (P)-bodies. 
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Application of RNAi in biomedical research and health care 

 

RNAi is being used for a variety of purposes including biomedical research and health care 

(Gupta 2006) and has begun to produce a paradigm shift in the process of drug discovery 

(Hannon and Rossi 2004). In order to meet this objective, dsRNA molecules have been designed 

for silencing of specific genes in humans and animals. Such silencing RNA molecules are 

introduced into the cell to facilitate activation of the RNAi machinery. This method has already 

become an important research tool in biomedicine. Several recent publications show successful 

gene silencing in human cells and experimental animals. For instance, a gene causing high blood 

cholesterol levels was shown to be silenced by treating animals with silencing RNA. Plans are 

also underway to develop silencing RNA as a treatment for cardiovascular diseases, cancer, 

endocrine disorders, and virus infections (Gupta 2006), such as those caused by the hepatitis C 

virus (HCV) and the human immunodeficiency virus (HIV) (Hannon and Rossi 2004). 

 

Cancer is a genetic disease in which mutational and/or epigenetic changes in a genome 

lead to stepwise deregulation of cell proliferation and cell death mechanisms (Weiler et al. 2006). 

RNAi is being explored as a way to inhibit the expression of genes involved in oncogenesis.  

 

Pancreatic and colon carcinomas, in which RAS genes are often mutated, provide an 

example of the use of RNA silencing in treating cancers. In many cases, the RAS oncogenes 

contain point mutations that differ by a single-base mutation from their normal counterparts. The 

use of retroviral vectors to introduce interfering RNAs specific for an oncogenic variant of K-

RAS (called K-RASV12) reduces the level of K-RASV12 transcripts and effects a loss of 

anchorage-independent growth and tumourigenicity (Brummelkamp et al. 2002; Wilda et al. 

2002). Studies of these kind provide proof of concept for RNAi-based strategies aimed at 

reversing tumourigenesis. A major factor confounding cancer treatment is resistance to 

chemotherapeutic agents. The siRNAs have been used to decrease the drug resistance of cells in 

vitro by inhibiting the expression of MDR1, a multidrug transporter with a major role in 

multidrug resistance (Nieth et al. 2003). 

 

Evidence is emerging that particular miRNAs may play a role in human cancer 
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pathogenesis (Weiler et al. 2006). For example, deletions or mutations in genes that code for 

miRNA tumour suppressors might lead to loss of a miRNA or miRNA cluster, and thereby 

contribute to inappropriate stabilization of oncogenes (McManus 2003; Gong et al. 2005). The 

results of a recent large-scale miRNA study suggest that 50% of miRNA genes are frequently 

located in cancer-associated genomic regions or fragile sites (Calin et al. 2004). The genes 

encoding mir-15 and mir-16 are located at chromosome 13q14, a region that is deleted in the 

majority of B-cell chronic lymphocytic leukaemias (B- CELL) (Calin et al. 2002), and in other 

cancers such as mantle cell lymphoma and prostate cancer (Stilgenbauer et al. 1998). 

Interestingly, none of the protein-coding genes in this region were found to cause B-CLL 

(Migliazza et al. 2000), suggesting that mir-15 and mir-16 may possibly function as tumour 

suppressors.  

 

MiRNAs, miR-143 and miR-145, display significant downregulation in colonic 

adenocarcinoma samples compared to matched normal mucosa tissues (Michael et al. 2003). 

Putative mRNA targets of these miRNAs include several genes that have been implicated in 

oncogenesis such as RAF1 kinase, G-protein 7 and tumour-suppressing subfragment candidate 1, 

although molecular interaction of these genes with their putative miRNA counterparts in vivo 

remains to be proven (Weiler et al. 2006). 

 

MicroRNAs as robust diagnostic and prognostic biomarkers 

 

MiRNAs are excellent biomarkers for the diagnosis and prognosis of cancer. Due to their 

gene regulation activities, the potential for using miRNA in cancer therapy is evident. So-called 

anti-miRNA oligonucleotides (AMOs), which are designed to be complementary to oncogenic 

miRNAs, are able to specifically inhibit miRNA activity in tumours. On the other hand, 

overexpression of miRNAs that act as tumour suppressors might also be beneficial for anticancer 

therapy. MicroRNAs provide not only promising therapy approaches for cancer, but also for 

many other diseases like virus infections or cardiovascular diseases, in which they are also 

involved as gene regulators. While the understanding for the gene regulation driven by miRNAs 

is under extensive research focus, the knowledge about the mechanisms regulating the gene 
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expression of the miRNAs themselves still needs to be broadened. Amongst others, miRNAs are 

thought to be controlled by epigenetic mechanisms not only due to their tissue and tumour 

specific expression patterns. As a matter of fact, several miRNAs have shown to be regulated by 

DNA methylation. (S. A.A. et al, 2010) Treating human bladder cancer cells with demethylating 

agents, Saito et al. (2006) have shown that 5% of the human miRNAs became upregulated more 

than three-fold. The strongest effect was seen in miR-127, whose corresponding gene was found 

to be embedded in a CpG island. After epigenetic reactivation of miR-127, one of its target 

genes, the proto-oncogene BCL6, became downregulated, leading to the assumption that miR-

127 acts as a tumour suppressor gene. In cases like these, an epigenetic anticancer therapy 

becomes feasible (Lange and Stahler 2009). 
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AIM OF PROJECT 

 

Traditionally, tumor hypoxia has been considered a potential therapeutic problem because 

it renders solid tumors more resistant to sparsely ionizing radiation (Gray LH et al., 1953; Hall 

E.J. , 1994; Hill RP ,1992). More recent experimental and clinical studies (reviewed in Vaupel P 

and Kelleher DK, 1999; Molls M, and Vaupel, 2000; Raleigh JA 1996; Brown JM and Giaccia 

AJ, 2002; Semenza GL, 2000; Sutherland RM, 1998.) suggest that intratumoral oxygen levels 

may influence a series of biologic parameters that also affect the malignant potential of a 

neoplasm. Sustained hypoxia in a growing tumor may cause cellular changes that can result in a 

more clinically aggressive phenotype (Hockel M et al., 1996; Brizel DM et al., 1996; Sundfor K 

et al., 1998; Hockel M et al., 1998; Walenta S et al., 2000). During the process of hypoxia-driven 

malignant progression, tumors may develop an increased potential for local invasive growth 

(Cuvier C et al., 1997;, Graham CH et al., 1999), perifocal tumor cell spreading (Hockel M et al., 

1996; Hockel M,  et al., 1999), and regional and distant tumor cell spreading (Brizel DM et al, ; 

Sundfor K  et al., 1998; Young SD  et al.,1998; Brizel DM et al., 1997; Jang A and Hill RP, 

1997). Likewise, intrinsic resistance to radiation and other cancer treatments may be enhanced 

(Hockel M, et al., 19998, Graeber TG et al., 1996) 

Hypoxia-induced or hypoxia-mediated changes of 1) the proteome (i.e., the complete set of 

proteins within a cell at a given time) of the neoplastic and stroma cells and 2) the genome of the 

genetically unstable neoplastic cells may explain the fact that tumor oxygenation is associated 

with disease progression, a link that has been demonstrated for a variety of human malignant 

tumor types (Hockel M et al., 1996; Brizel DM et al., 1996; Sundfor K  et al., 1998; Hockel M et 

al., 1998; Walenta S et al., 2000).  

 

Pancreatic cancer is a particularly insidious form of cancer with the worst 5-year survival 

rate of any cancer at less than 2% (Moore MJ, 2003). There is no early detection method for 

pancreatic cancer, which often displays only nonspecific symptoms such as abdominal pain, 

weight loss, and vomiting, until the cancer is well advanced (Tanase CP et al., 2010). Pancreatic 

cancers are hypoxic tumors that respond poorly to existing chemotherapeutic agents and radiation 



35 

 

(Duffy JP et al., 2003). NFkB and HIF-1α have been identified as leading drivers of cell growth 

in pancreatic cancer; both are under APE1/Ref-1 redox signaling control which is the focus of 

our studies (Tell G et al., 2009; Luo M et al., 2008; Bapat A et al., 2009). 

 

In this project I focused on the pathways regulated by the APE1/Ref-1, a redox-sensitive 

protumorigenic regulator of gene expression and major player in DNA repair. I showed that 

inhibition of APE1/Ref-1 triggers a molecular response that involves induction of hemoxygenase 

1 (HMOX1) and NQO1, two genes that play key roles in tumor adaptation to a variety of stresses 

(i.e. hypoxia), including anticancer drugs. Once I standardized the transient APE1/Ref-1 

knockdown, I looked at the HIF targets by qPCR and transfecting different kinds of cells, HIF+/+ 

and HIF -/-, with siRNA APE1/Ref-1 and E3330. All of the experiments suggested that the 

pathway between APE1/Ref-1 and HMXO1 is independent of Hypoxia Inducible Factors (HIF), 

one of the documented regulators of HMOX1. Further, experiments in pancreatic cancer cells, 

Panc-1 and PaCa2, treated with E3330 for 24hrs demonstrate a significant dose-dependent 

decrease in HIF-1α target, CAIX mRNA following APE1/Ref-1 inhibition. (Fishel M et al., 2011) 

According to all the experiments, the HMOX1 overexpression following the APE1/Ref-1 

inhibition, the proved indipendence between the APE1/Ref-1 inhibition and HIF and since NQO1 

is an other of the gene involved in tumor adaption and since both genes, HMOX1 and NQO1 are 

regulated from NRF2 (ARE-mediated pathway), we suspected NRF2, the trascription factor, may 

turn up after APE1/Ref-1 knockdown (and then HMOX1 goes up). This is why we used the Nrf2 

reporter to test the hypothesis that HMOX-1 is going up due to NRF2 activity. 

 

ARE-mediated Pathway 

 

The induction of many cytoprotective enzymes in response to reactive chemical stress is 

regulated primarily at the transcriptional level. This transcriptional response is mediated by a cis-

acting element termed ARE, (Friling R.S et al., 1990) initially found in the promoters of genes 

encoding the major detoxication enzymes, GSTA2 (glutathione S-transferase A2) and NQO1 

(NADPH: quinone oxidoreductase 1) and heme oxygenase-1 (HO-1). (Rushmore et al., 1990; 

Friling R.S et al., 1990; Favreau 1991; Li Y. and Jaiswal A.K., 1992)  The ARE possesses 
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structural and biological features that characterize its unique responsiveness to oxidative stress 

(Rushmore, T. H et al., 1991). It is activated not only in response to H2O2 but specifically by 

chemical compounds with the capacity to either undergo redox cycling or be metabolically 

transformed to a reactive or electrophilic intermediate (Rushmore,T.H et al. 1990). Moreover, 

compounds that have the propensity to react with sulfhydryl groups such as diethyl maleate, the 

isothiocyanates, and dithiothionesare also potent inducers of ARE activity. Thus, alteration of the 

cellular redox status due to elevated levels of ROS and electrophilic species and/or a reduced 

antioxidant capacity (e.g. glutathione) appears to be an important signal for triggering the 

transcriptional response mediated by this enhancer. 

Besides its involvement in inducible gene expression, the ARE is also responsible for the low-

level constitutive (or basal) expression of several genes under non-stressed conditions.Because 

reactive oxygen species and other endogenous reactive molecules are constantly generated from 

normal aerobic metabolism, the involvement of the ARE in controlling constitutive gene 

expression implies a critical role of the enhancer in the maintenance of cellular redox 

homeostasis under both stressed and non-stressed conditions. 

 

NRF2 Activity and Repression by Keap1 

 

Activation of gene transcription through the ARE is mediated primarily by NRF2 (nuclear 

factor E2-related factor 2), first isolated through cloning experiments (Moi, P et al., 1994). 

Following its isolation, NRF2 was identified as one of the transcription factors acting on the ARE 

of human NQO1 to activate gene transcription in cell-based transient transfection experiments 

(Venugopal, R. and Jaiswal A.K., 1996). Similar observations were subsequently made for the 

AREs of a number of other genes (Nguyen T. et al., 2003).  

Under homeostatic or non-stressed conditions, NRF2 is sequestered in the cytosol by the 

actin binding protein kelch-like ECH associating protein 1 (Keap1) (Itoh et al., 1999), which 

functions as an adaptor for Cullin 3 (Cul3), an E3-based ligase, that targets NRF2 for 

ubiquitination and subsequent proteasomal degradation (Kobayashi et al., 2004). This mechanism 

of proteasomal degradation of NRF2 is very efficient, as the half-life of NRF2 under homeostatic 

conditions is approximately 20 min, and thus, NRF2 protein is difficult to detect in unstressed 

conditions (Itoh et al., 2003; McMahon et al., 2003). However, when oxidative or electrophilic 
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stress becomes more prevalent, the interaction between NRF2 and Keap1 is disrupted, leading to 

decreased proteasomal degradation of NRF2, accumulation of free NRF2 in the cytosol, and an 

increase in NRF2 translocation into the nucleus (Li and Kong, 2009). Once in the nucleus, NRF2 

heterodimerizes with a small musculo-aponeurotic fibrosarcoma (Maf) protein and binds to 

antioxidant response elements (ARE). The NRF2/Maf complex then recruits CREB binding 

protein and p300 (Zhu and Fahl, 2001), which have been implicated in the recruitment of histone 

acetyltransferases and RNA polymerases (Vo and Goodman, 2001). The entire complex then 

initializes transcription of a large battery of cytoprotective genes (Itoh et al., 1997).  

 

HMOX1 

The heme oxygenase (HO) system catalyzes the degradation of heme to produce equimolar 

quantities of biliverdin, CO, and free iron (Otterbein LE and Choi AM, 2000). Subsequently, 

biliverdin is converted to bilirubin by cytosolic biliverdin reductase, and free iron is promptly 

sequestered into ferritin (Maines MD, 1997, Schacter BA, 1988). To date, three HO isoforms 

(HO-1, HO-2, and HO-3) that catalyze this reaction have been identified (Maines MD, 1988; 

McCoubrey WK Jr, et al., 1992; Shibahara S et al. 1993). HO-1 is a 32-kDa inducible heat shock 

protein, which is found at low levels in most mammalian tissues but is highly induced by a 

variety of stress stimuli, including heat shock (Stuhlmeier KM, 2000), UV irradiation (Doi K et 

al. 1999), hydrogen peroxide (Keyse SM, and Tyrrell RM, 1989;. Lautier D et al. 1992), heavy 

metals (Elbirt KK, et al., 1988; , Eyssen-Hernandez R et al., 1996), hypoxia (Motterlini R et al., 

2000), and cytokines (Rizzardini M et al., 1998; Terry CM, et al., 1998). Recent findings indicate 

that HO-1 and its products possess anti-inflammatory and antiapoptotic functions (Pae HO et al., 

2004; Otterbein LE et al., 2000; Berberat PO et al., 2003; Liu H et al., 2003). It represents a key 

biological molecule in the adaptive response to cellular stress. Moreover, new studies suggest 

that HO-1 exerts also a role in controlling growth and cell proliferation in a cell-specific manner. 

Elevated HO-1 expression and activity was found in various tumors such as human renal cell 

carcinoma (Goodman AI et al., 1997), prostate tumors (Maines MD and Abrahamsson PA, 1996) 

and lymphosarcomas (Schacter BA and Kurz P, 1986). In human gliomas and melanomas, HO-1 

is linked to angiogenesis (Nishie A et al., 1999; Torisu-Itakura H, et al, 2000; Sunamura M et al., 
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2003), and in an experimental mouse model, HO-1 accelerates pancreatic cancer growth by 

promoting tumor angiogenesis (Sunamura M et al., 2003). These findings suggest that HO-1, 

with its proangiogenic and growth-regulative properties, may also play a crucial role in the 

development and progression of pancreatic cancer. Furthermore, its anti-inflammatory and 

antiapoptotic activity and Targeted knockdown of HO-1 expression implies that HO-1 may 

enhance radioresistance and chemoresistance in pancreatic cancer cells.  

Moreover, Hill et al (2005) proposed that HO-1 exerts antitumour functions in rat and human 

breast cancer cells by antioxidant mechanisms. In human parotid pleomorphic adenomas, HO-1 

may be implicated in these tumours (Lo et al, 2005).  

 

NQO1 

 

Highly reactive carcinogens can cause direct and irreversible DNA damage in normal cells 

via formation of DNA adducts, leading to DNA mutations in the initiation stage of the 

carcinogenic process (Pitot HC and Dragan YP,1991). One approach to prevent carcinogenesis is 

to discover inducers of detoxifying enzymes that convert these highly reactive intermediates to 

less or non-reactive forms. These detoxifying enzymes include glutathione reductase, epoxide 

hydrolase, glutathione S-transferase, NAD(P)H:quinone oxidoreductase 1 (NQO1), and UDP-

glucuronosyltransferase.Several classes of phytochemicals such as phenols, flavonoids, 

isothiocyanates, organosulfurs, and indoles can induce detoxifying enzymes (Chen C and Kong 

AN, 2004). 

NQO1 is involved in the metabolism of quinones, including quinone-imines and glutathionyl-

substituted naphthoquinones, which are derived from endogenous catechol quinones and 

exogenous quinones such as exhaust gas and cigarette smoke. NQO1 is also responsible for 

catalyzing other substrates including dichlorophenolindolphenol, azo and nitro compounds. 

Oxidized 1,4- benzoquinones are prone to conversion into reactive electrophilic semiquinones by 

cytochrome P450 reductase. Subsequently, these reactive intermediates are apt to form adducts 

with macromolecules, including proteins, lipids, and DNA. NQO1 catalyzes the two electron 

reduction in 1,4-benzoquinones, thereby protecting against carcinogenic quinones (Nioi P and 

Hayes JD, 2004). Therefore, the chemopreventive potential of compounds correlates with NQO1 

induction capacity (Cuendet M et al., 2006). 
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MATERIAL AND METHODS 

 

Cell lines 

PC3 and PaCa2 were from Kelley‘s lab and were grown in Dulbecco's modified Eagle's 

medium (DMEM) at 37°C and 5% CO2 containing 10% fetal bovine serum (FBS). Hypoxic 

conditions were maintained in an InVivo200 hypoxia workstation (Ruskinn, Inc., Cincinnati, 

OH) with oxygen maintained at 0.2%, 0.5% and 1%. The cells, in hypoxia conditions, were kept 

in Dulbecco's modified Eagle's medium plus HEPES (DMEM).  

siRNA knockdown experiments 

For APE1/Ref-1 knockdown (given from Dr.Kelley lab), PC3 were transfected in a 6 well 

plate, with 75nM APE1/Ref-1 siRNA and 75nM negative control using Lipofectamine 2000 

(Invitrogen) according to the manufacturer‘s instructions. 24h following transfections, the 

medium was changed and the plates were kept in the 37°C incubator for 72h after transfection 

(for the normal conditions). 

For the hypoxia conditions, the plates were put in the hypoxia chamber 48h after 

transfection and kept there for 24h. 

 

qPCR analysis of mRNA levels 

 

RNA was extracted from cells using miRNeasy kit (Qiagen, Valencia, CA). First-strand 

cDNA was obtained from RNA using random hexamers and MultiScribe reverse transcriptase 

(Applied Biosystems, Foster City, CA). Quantitative PCR was performed using Taqman Gene 

Expression assays and Universal PCR master mix (Applied Biosystems) in a 7900HT Sequence 

detection system (Applied Biosystems). The relative quantitative mRNA level was determined 

using the comparative Ct method using Actin as the reference gene. 
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Western blot analysis  

 

Equal amounts of protein were separated by electrophoresis in 10-20% Tris-glycine gels 

(Invitrogen) and transferred to 0.45μm nitrocellulose membranes (Thermo Scientific). The 

APE1/Ref-1 monoclonal antibody, given from the Dr.Kelley laboratory, was used at a dilution of 

1:1,000. Chemilluminescence signal was detected following incubation with anti mouse 

secondary antibody (Abcam). Hmox1 polyclonal Ab was used at diluition 1:2000; the signal was 

detected following incubation with anti rabbit secondary antibody (Abcam). The α tubulin was 

used as control (1:10,000). 

 

ROS measurement 

 

The production of ROS was determined by detecting the fluorescent intensity of carboxy-

H2DCFDA (Molecular Probes, Invitrogen). PC3 cells were transfected with siRNA as described 

above. As a positive control for ROS production, tert-Butyl hydroperoxide solution (TBHP, 1 

mM, 30 min) was utilized. After washing with PBS, the cells were incubated with carboxy-

H2DCFDA in fresh PBS for 30 min. Excessive probe was washed off using PBS. Cells were 

harvested with trypsin, and ROS fluorescence of labeled cells was measured by using a Coulter 

EPICS XL flow cytometer (Coulter). An average of 10,000 cells from each sample was counted, 

and each experiment was done in triplicate. 

 

APE1/Ref-1 overexpression 

 

PaCa2 cells were transfected with either the wild type WT-APE1, the redox deficient/DNA 

repair competent  C65-APE1 and the vector control Vector-pcDNA3. The DNA was given us 

from Dr. Kelley lab. An HA tag was added to the amino terminus of APE1/Ref-1 and APE1/Ref-

1 mutants to distinguish exogenous transgene overexpression from endogenous APE1/Ref-1 

protein levels. After 6hrs from transfection, the medium containing the DNA was aspirated and 

replaced with culture medium. The cells were transfected for 12hrs, 24hrs and 48hrs, respectively 

in normoxia and hypoxia 1%. The efficiency of transfection cells was determined using Western 

blotting to detect APE1/Ref-1, HMOX1 and NQO1 and HA-tagged proteins. 
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NRF2 reporter gene 

The core part of the construct, NRF2 binding site on NQO1 promoter, is from Sergei 

Romanov et al., 2008: 

CCG CTC GAG AAA TCG CAG TCA CAG TGA CTC AGC AGA ATC TGA GCC 

TGG GCT ATA AAA GGG GGT GGG GGC GCG TTC GTC CTC AAG CTT GGG  

 

We added at the sequence the restriction site, Xho I and HindIII. Once we got the 

sequence, we provided to anneal the complementary strands: incubate the tube of 

oligonucleotides in the boiling water for 5mins; turn off the hotplate, leave the oligonucleotides 

in the beaker to slowly cool down to room temperature and then amplified before to insert the 

fragment into pGL4 vector. 

Bacterial strains and transformation 

DH5−T1R Competent E. coli was used (Invitrogen) according to the manufacturer‘s 

instructions, purchased as chemically-competent cells. Transformations of plasmid DNA into 

these bacteria were performed by heat shock at 42°C for 30 sec; after we added 250 μl of pre-

warmed SOC medium to each vial. I spread 10 μl from each transformation vial on separate, 

labeled LB agar plates.  The plates were incubated at 37°C overnight. 

After the incubation, single colonies were picked using sterile toothpicks and used to LB medium 

plus amp. The cultures were incubated for 6/8hrs t at 37°C while shaking. 

 

Miniprep plasmid DNA purification 

Plasmid DNA was prepared in small scale using alkaline lysis with a QIAprep Spin 

miniprep kit (Qiagen) according to the manufacturer‘s instruction. The concentration of the DNA 

purified from the miniprep was measured using the UV spectrophotometer. 

Sequencing of DNA 

The colony that had positive result from restriction enzyme digestion was sent for 
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sequencing for further confirmation. The DNA sequencing reaction was performed in a 20 μl 

reaction volume. All PCR sequencing was performed at the IUPUI, Department of Biochemistry 

and Molecular Biology.  

Maxiprep and precipitation of plasmid DNA 

After sequencing, the tested clones were used to inoculate liquid medium (250 ml) with 

appropriate selection (Ampicillin) to obtain a large amount of plasmid DNA. The cultures were 

incubated overnight at 37°C while shaking. The DNA obtained from the Maxiprep was 

concentrated using precipitation with isopropanol and re-dissolved in a smaller volume of 

solvent. DNA was precipitated by adding 1/10 volume of 3M NaOAc (NaAc) and 1 volumes of 

100% ethanol. The mixture was mixed and allowed to precipitate at -20°C for a minimum of 20 

minutes. Following the precipitation, the mixture was spin down at 12,000 rpm for 15 min at 4°C 

and the pellet was washed with 200 μl 70% ethanol. The pellet was then air-dried completely and 

dissolved in 100ul of Rnase free water. 

Transient luciferase reporter assays 

PaCa2 cells were cotransfected with constructs containing luciferase driven by NRF2 

responsive promoter and a Renilla luciferase control reporter vector in a 20:1 ratio by using 

lipofectamine TM 2000 (Invitrogen Life Technologies). The experiment was perfomed just in 

normoxia. Once the cells were cotrasfected, I changed the medium after 6hr from cotransfection 

and harvested after 48hrs. As NRF2 control and inducer, I used the H2O2 (100uM); the cells 

were treated with the drug for 15,25 and 40 min. Firefly and Renilla luciferase activities were 

assayed by using the Dual Luciferase Reporter Assay System (Promega Corp.) with Renilla 

luciferase activity for normalization in a luminometer.  
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RESULTS 

 

siRNA specific to APE1/Ref-1 reduces the protein levels of APE1/Ref-1 in human prostate 

cancer cells 

 

The human prostatic cancer cells, PC3,were treated with a 75nM concentration of 

APE1/Ref-1 siRNA resulting in a reduction in the amount of APE1/Ref-1 protein by > 80% 

versus scrambled siRNA controls in normoxia; by 70% in hypoxia 0.2%, 24h. Fig 4 shows 

representative Western blot demonstrating the expression of APE1/Ref-1 72h after transfection in 

normoxia and in hypoxia 0.2%, 24h (48h after transfection).Tubulin is used as loaded control in 

Western Blot; Actin is used as reference gene in qPCR.  

 

 

 

                  

                Ape1                 

                        Tubulin                     

 

 

 
Fig4: By qPCR and Western Blot, APE1/Ref-1 knockdown, over 80% observed in PC3 in normoxia 

and hypoxia (0.2%)    
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Reduced levels of APE1/Ref-1 did not increase Hmox1 protein level in PC3  

 

To investigate the effect of APE1/Ref-1 knockdown in hypoxia on the cells, we quantitated 

the Hmox1 mRNA using qRT-PCR assay and the protein level by Western Blot.  There was a 

significant increase of Hmox1 mRNA level but not the same protein increase in PC3. Different 

result was proved from Dr Kelley lab in PaCa2 cells (unpublished work). 
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Fig 5: By qPCR, Hmox1 mRNA level after APE1/Ref-1 KD is increased of 5 folder; by Western Blot 

any increase.  
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Reduced levels of APE1/Ref-1 did not increase ROS generation in PC3 

 

To investigate the effect of APE1/Ref-1 knockdown on the mechanism of cell cycle arrest 

we quantified ROS levels following APE1/Ref-1 silencing. By using oxidant-sensitive probe 

carboxy-H2DCFDA analysis, we detected the ROS concentration in PC3 cells following 

knockdown of APE1/Ref-1 protein level. PC3 cells were treated with APE1/Ref-1 siRNA 

concentrations (75 nM) and ROS was quantitated. As a positive control, cells were exposed to 

TBHP. Although ROS levels dramatically increased with TBHP in the cells, we did not see 

increased ROS generation in the cells following knockdown of APE1/Ref-1.   
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Fig6: Knocking down of APE1/Ref-1 did not increase ROS generation in PC3 line.  

 

 

Effect of Ape1/Ref-1  overexpression in PaCa2  

 

Previous studies have demonstrated that a inhibition of APE1/Ref-1‘s redox function by 

E3330 in PaCa2 could disable the tumors‘ ability to respond to hypoxic conditions which is 

known to contribute to the chemotherapeutic resistance of this tumor (Fishel ML et al.,2011); 

according to these results, we tested the overexpression of APE1/Ref-1 compared to the mutant 

C65-APE1 redox deficient. To ascertain whether overexpression of APE1/Ref-1 effects in PaCa2 

cells, we transfected the cells with HA tagged WT-APE1, C65-APE1, and the vector control 

respectively in normoxia and hypoxia 1% for 12h, 24h and 48h. APE1/Ref-1 overexpression was 

confirmed using western blot analysis with HA or APE1 antibodies to distinguish endogenous 

and transgene APE1/Ref-1 protein levels. As can be seen in representative Western Blot, 

APE1/Ref-1 levels were significantly increased over endogenous levels in cells infected with 

WT-APE1 and the mutant C65-APE1. As observed in Fig. 7, overexpression of WT-APE1 and 

C65-APE1 doesn‘t have effect in the expression of HMOX1 and NQO1 compared to the Ape1 

reduction. Since the C65-APE1 mutant has DNA repair but not redox activity, these results 

suggest that the redox activity is involved in the hypoxic response. 
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Fig.7: By Western Blot, APE1/Ref-1  overexpression didin’t show up any particular 

HMOX1 and NQO1 increase in the different time course 
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Fig.8: By qPCR,Ape1 overexpression didin’t show up any particular HMOX1 and 

NQO1 increase in the different time course 
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NRF2 gene reporter 

 

To monitor NRF2 activity we utilized the transient luciferase assays. In these experiments, 

the luciferase gene expression was driven by NRF2 and normalized to Renilla gene expression 

for transfection efficiency. In this beginning experiment I tested the sequence. I used, as control 

and NRF2 inducer, the H2O2. We monitored 3 different time point: 15min, 25min and 40 min. 

According to the luciferase assay, we found the correct sequence and from this beginning result, 

the Dr kelley lab and Dr Ivan lab will provide the next experiment to demostrate if Hmox1 is 

going up due the NRF2 activity and the other experiment to observe the eventually interactiuon 

between Ape1 and NRF2. 

 

 

 

    40 min 25min  15min Untreated  

       

 

Fig.9: By Western Blot: PaCa2 were treated only with H2O2, as NRF2 inducer, in 3 

different time point; by luciferase assay, PaCa2 cotrasfected with construct containing 

luciferase driven by NRF2 responsive promoter show up a huge NRF2 increase. 

 

PaCa2 plus H2O2   
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DISCUSSION 

 

Prostate cancer (PCa) is the third most common tumor type in men. The appearance of this 

neoplasia is linked to age. In the European Union, PCa is directly responsible for the death of 3% 

of men and 10% of cancer deaths.  

Pancreatic cancer is a particularly insidious form of cancer with the worst 5-year survival rate of 

any cancer at less than 2% (Moore MJ, 2003). They are hypoxic tumors that respond poorly to 

existing chemotherapeutic agents and radiation. (Duffy JP et al., 2003) NFkB and HIF-1α have 

been identified as leading drivers of cell growth in pancreatic cancer; both are under APE1/Ref-1 

redox signaling control which is the focus of our studies (Tell G et al., 2009; Luo M et al., 2008; 

Bapat A  et al, 2009).  

 

Researchers agree that pancreatic cancer defies most of what we have come to know about 

other types of cancer; therefore, a different therapeutic approach is needed (Moore MJ, 2003; 

Burris HA 3rd, 2005; Bria E et al.,2007) 

Blocking a single step in a pathway or a single pathway has very limited clinical utility in 

the face of the tumors‘ cumulative defects. Jones and colleagues found that pancreatic cancers 

contain a core set of 12 cellular signaling pathways and processes, each of which was altered in 

67% to 100% of the tumors analyzed (Jones S et al., 2004). Novel targets that modulate multiple 

pathways may offer the most promise for clinical utility against this dreaded disease. 

Transcription factors including NFkB, AP-1, and HIF-1α are key in the regulation of multiple 

signals in pancreatic cancer which provides strong evidence for investigating the effects of 

targeting APE1/Ref-1 to kill pancreatic cancer cells (Fishel ML et al., 2011). 

 

In this project, I showed that the inhibition of APE1/Ref-1 by siRNA APE1/Ref-1 and by 

the drug E3330 upregulate HMOX1; it behaves in an opposite fashion to the other HIF targets (as 

it has been demonstrated). Different targets (CAIX, miR210, ADM) were tested by qPCR, 

following the siRNA APE1/Ref-1 and different experiments were done using specific cells, HIF 

+/+ and HIF -/-, trying to understand the involvement between APE1/Ref-1  and HMOX1; those 
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suggests that this pathway is independent of Hypoxia Inducible Factors (HIF), one of the 

documented regulators of HMOX1. 

I showed on one side that the downregulation of HIF targets surmise that APE1/Ref-1 

inhibition may be able to sensitize these tumors to therapy by disabling their response to the 

hypoxic environment in which they are growing; on the other side, the upregulation of HMOX1 

following the E3330 is not helping the drug function because HMOX1 is a stress response gene, 

important in resistance to drugs and stresses. 

 

APE1/Ref-1 is master regulator of the DNA damage response by contributing to the 

maintenance of the genome. APE1/Ref-1 is a dual function protein involved in base excision 

repair (BER) pathways of DNA lesions, as the major apurinic/apyrimidinic endonuclease, and in 

eukaryotic transcriptional regulation of gene expression as a reduction–oxidation (redox) factor. 

APE1/Ref-1 can stimulate DNA-binding activity of numerous transcription factors that are 

involved in cancer promotion and progression such as HIF-1α, NFkB, AP-1, p53, and others. 

(Bapat A et al., 2009; Kelley MR, et al., 2008) 

The functional regions of APE1/Ref-1, redox, and DNA repair, are completely independent in 

their function; that is, mutations of the cysteine at position removes the redox function but does 

not affect the DNA repair function and vice versa (McNeill DR and Wilson DM 3
rd

, 2007) 

Although the DNA repair active site of APE1/Ref-1 is delineated (Gorman M.A. et al., 1997), the 

redox region is less obvious.  

 

By using antisense RNA or similar technology, it will not be possible to determine 

precisely the role of the endonuclease or redox function of APE1/Ref-1 in cancer or normal cells 

without specific inhibitors of each function independently. Because APE1/Ref-1 has multiple 

functions as well as protein-protein interactions with other DNA repair and signaling proteins, the 

increase or decrease of APE1/Ref-1 protein may result in prejudiced or inexact results. Use of 

specific small-molecule inhibitors such as E3330 will be important to delineate the true role of 

APE1/Ref-1 in various cancer, disease, and normal cellular functions. 
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E3330 recognizes an alternate, redox active conformation of APE1/Ref-1, and potentially 

inhibits its redox activity by inducing disulfide bond formation within APE1/Ref-1. (Su DG et 

al., 2011) 

 

Originally discovered in a search for NFkB inhibitors, E3330 was used in liver 

inflammation and hepatitis but never investigated for its therapeutic potential in cancer (Hiramoto 

M et al., 1998; Shimizu N et al., 2000). It has been showed that APE1/Ref-1 is upregulated in 

human pancreatic cancer cells and prostate cancer cells and modulation of its redox activity 

blocks the proliferation and migration of pancreatic cancer cells (Zou GM and Maitra A, 2008; 

Jiang Y et al., 2010) and pancreatic cancer-associated endothelial cells (PCEC) in vitro (Zou GM 

et al., 2009). The effectiveness of E3330 in vivo is shown with good pharmaco kinetic (PK) and 

pharmacodynamic properties (PD) as well as tumor growth reduction. Melissa et al, 2011 

demostrated that in vitro data support the in vivo results showing that blocking the redox activity 

of APE1/Ref-1 inhibits the proliferation and adhesion of pancreatic cancer cell lines, arrests cell-

cycle progression, and decreases the transcriptional activation of 3 major transcription factors 

known to be important in pancreatic cancer progression, survival, and metastasis (NFkB, HIF- 

1α, and AP-1;).  

 

HO-1 is an inducible heat shock protein, which is found at low levels in most mammalian 

tissues but is highly induced by a variety of stress stimuli, including heat shock (Stuhlmeier KM, 

2000), UV irradiation (Doi K et al. 1999), hydrogen peroxide (Keyse SM, and Tyrrell RM, 1989;. 

Lautier D et al. 1992), heavy metals (Elbirt KK, et al., 1988; , Eyssen-Hernandez R et al., 1996), 

hypoxia (Motterlini R et al., 2000), and cytokines (Rizzardini M et al., 1998; Terry CM, et al., 

1998). Recent findings indicate that HO-1 and its products possess anti-inflammatory and 

antiapoptotic functions (Pae HO et al., 2004; Otterbein LE et al., 2000; Berberat PO et al., 2003; 

Liu H et al., 2003). It represents a key biological molecule in the adaptive response to cellular 

stress. Moreover, new studies suggest that HO-1 exerts also a role in controlling growth and cell 

proliferation in a cell-specific manner. Elevated HO-1 expression and activity was found in 

various tumors such as human renal cell carcinoma (Goodman AI et al., 1997), prostate tumors 

(Maines MD and Abrahamsson PA, 1996) and lymphosarcomas (Schacter BA and Kurz P, 1986). 
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In human gliomas and melanomas, HO-1 is linked to angiogenesis (Nishie A et al., 1999; Torisu-

Itakura H, et al, 2000; Sunamura M et al., 2003), and in an experimental mouse model, HO-1 

accelerates pancreatic cancer growth by promoting tumor angiogenesis (Sunamura M et al., 

2003). These findings suggest that HO-1, with its proangiogenic and growth-regulative 

properties, may also play a crucial role in the development and progression of pancreatic cancer. 

Furthermore, its anti-inflammatory and antiapoptotic activity and targeted knockdown of HO-1 

expression implies that HO-1 may enhance radioresistance and chemoresistance in pancreatic 

cancer cells.  

 

We know the induction of many cytoprotective enzymes in response to reactive chemical 

stress is regulated primarily at the transcriptional level. This transcriptional response is mediated 

by a cis-acting element termed ARE, (Friling R.S et al., 1990) initially found in the promoters of 

genes encoding the major detoxication enzymes, GSTA2 (glutathione S-transferase A2) and 

NQO1 (NADPH: quinone oxidoreductase 1) and heme oxygenase-1 (HO-1). (Rushmore et al., 

1990; Friling R.S et al., 1990; Favreau, 1991; Li Y. and Jaiswal A.K. 1992) 

Activation of gene transcription through ARE sequences is controlled by Nrf2.  

 

In my project, I found the upregulation of HMOX1 following the APE1/Ref-1 inhibition; 

HMOX1 is part of NRF2 pathway and to test it, I studied an other gene involved in the NRF2 

pathway, NQO1. We suspected NRF2, the trascription factor, may turn up after APE1/Ref-1 

knockdown (and then HMOX1 goes up). This is why we use the NRF2 reporter, to test the 

hypothesis that HMOX-1 is going up due to NRF2 activity.  

The project will be continued from Dr Kelley Lab and Dr Ivan Lab. The next natural 

course of work will be to test the inhibition of NRF2 (and/or HMOX1) with the treatment of the 

drug, E3330. As above, the HMOX1 and NQO1 upregulation following the treatement with 

E3330 is not helpful for the drug. So it‘ll be important to understand the pathways regulating the 

redox function of APE1/Ref-1 and the cytoprotective genes and maybe, using both, siRNA NRF2 

(and/or HMOX1) plus the drug, E3330, will have a balanced reaction and a viable strategy. 

 



56 

 

REFERENCES 

 

   Abate-Shen C. and Shen M.M. Molecular genetics of prostate cancer. Genes Dev. 

2000;14, 2410–243 

   Abate-Shen, C. and Shen, M.M.Mouse models of prostate carcinogenesis. Trends Genet. 

2002; 18, S1–S5. 

    Abdolhamid Angaji S., S Sadate Hedayati, R Hosein Poor, S Madani, S Samad Poor and 

S Panahi.Application of RNA interference in treating human diseases Journal of Genetics, 

2010 ;Vol. 89, No. 4  

    Ait–Si–Ali S, Ramirez S, Barre FX, Dkhissi F, Magnaghi–Jaulin L, Girault JA, Robin P, 

Knibiehler M, Pritchard LL, Ducommun B, Trouche D, and Harel–Bellan A. Histone 

acetyltransferase activity of CBP is controlled by cycle-dependent kinases and 

oncoprotein E1A. Nature, 1998; 396: 184–186.  

   Akamatsu Y., T. Ohno, K. Hirota, H. Kagoshima, J. Yodoi, K. Shigesada, Redox 

regulation of the DNA binding activity in transcription factor PEBP2. The roles of two 

conserved cysteine residues, J. Biol. Chem. 1997;272,14497–14500. 

   Almoguera C, Shibata D, Forrester K, Martin J,Arnheim N, Perucho M. Most human 

carcinomas of the exocrine pancreas contain mutant c-K-ras genes. Cell 1988;53:549–54. 

   Ames BN, Shigenaga MK, and Hagen TM. Oxidants, antioxidants, and the degenerative 

diseases of aging. Proc Natl Acad Sci USA, 1993; 90: 7915–7922 

    Asai T, Kambe F, Kikumori T, and Seo H. Increase in Ref- 1 mRNA and protein by 

thyrotropin in rat thyroid FRTL- 5 cells. Biochem Biophys Res Commun; 1997; 236: 71–

74,  

   Babiychuk E., S. Kushnir, M. Van Montagu, D. Inze, The Arabidopsis thaliana apurinic 

endonuclease Arp reduces human transcription factors Fos and Jun, Proc. Natl. Acad. Sci. 

U. S. A. 91 (1994) 3299–3303Bapat A, Fishel M, Kelley MR. Going ape as an approach 

to cancer therapeutics. Antioxid Redox Signal 2009;11:651–68. 

   Balk SP, Ko YJ, Bubley GJ. Biology of prostate-specific antigen. J Clin Oncol. 

2003;21:383--91 



57 

 

   Barzilay G., I.D. Hickson, Structure and function of apurinic/apyrimidinic endonucleases, 

Bioessays 17 ,1995; 713–719. 

    Bashan N, Burdett E, Hundal HS, Klip A. Regulation of glucose transport and GLUT1 

glucose transporter expression by O2 in muscle cells in culture. Am J Physiol 1992; 262(3 

Pt 1): C682–C690. 

   Baulcombe D. Unwinding RNA silencing. Science , 2000; 290, 1108– 1109. 

   Berberat PO, Katori M, Kaczmarek E, et al. Heavy chain ferritin acts as an antiapoptotic 

gene that pro- tects livers from ischemia reperfusion injury. FASEB J 2003;17:1724 ^ 6 

   Berne RM, Levy MN. Transport of oxygen and carbon dioxide: tissue oxygenation. 

Physiology, 3rd edn., Missouri: Mosby-Year Book Inc, 1993; 590–598. 

   Bernstein E., Caudy A. A., Hammond S. M. and Hannon G. J. Role for a bidentate 

ribonuclease in the initiation step of RNA interference. Nature, 2001 ; 409, 363–366. 

   Bourdeau-Heller J., T.D. Oberley, Prostate carcinoma cells selected by long-term 

exposure to reduced oxygen tension show remarkable biochemical plasticity via 

modulation of superoxide, HIF-1α levels, and energy metabolism, J. Cell Physiol. 21, 

2007; 744–752. 

 Boyer PD, Chance B, Ernster L, Mitchell P, Racker E, Slater EC. Oxidative 

phosphorylation and photophosphorylation. Annu Rev Biochem 1977;46:955–1026 

    Breen AP and Murphy JA. Reactions of oxyl radicals with DNA. Free Rad Biol Med 18: 

1033–1077, 1995.  

    Bria E, Milella M, Gelibter A, Cuppone F, Pino MS, Ruggeri EM, et al. Gemcitabine-

based combinations for inoperable pancreatic cancer: have we made real progress? A 

meta-analysis of 20 phase 3 trials. Cancer 2007;110:525–33. 

    Brizel DM, Scully SP, Harrelson JM, Layfield LJ, Ean JM, Prosnitz LR, et al. Tumor 

oxygenation predicts the likelihood of distant metastases in human soft tissue sarcoma. 

Cancer Res 1996;56:941– 

    Brizel DM, Sibley GS, Prosnitz LR, Scher RL, Dewhirst MW. Tumor hypoxia adversely 

affects the prognosis of carcinoma of the head and neck. Int J Radiat Oncol Biol Phys 

1997;38:285–9. 



58 

 

    Brown JM, Giaccia AJ. The unique physiology of solid tumors: opportunities (and 

problems) for cancer therapy. Cancer Res 1998;58:1408–16. 

    Brummelkamp T. R., Bernards R. and Agami R. 2002 Stable sup- pression of 

tumorigenicity by virus-mediated RNA interference. Cancer Cell 2, 243–247. 

    Burris HA 3rd. Recent updates on the role of chemotherapy in pancreatic cancer. Semin 

Oncol 2005;32:1–3 

    Cai X., Hagedorn C. H. and Cullen B. R. Human microRNAs are processed from capped, 

polyadenylated transcripts that can also function as mRNAs. RNA,2004; 10, 1957–1966. 

    Calin G. A., Dumitru C. D., Shimizu M., Bichi R., Zupo S., Noch E. et al. Frequent 

deletions and down-regulation of micro- RNA genes miR15 and miR16 at 13q14 in 

chronic lymphocytic leukemia. Proc. Natl. Acad. Sci. USA, 2002; 99, 15524–15529. 

    Calin G. A., Sevignani C., Dumitru C. D., Hyslop T., Noch E., Yen- damuri S. et al. 

Human microRNA genes are frequently located at fragile sites and genomic regions 

involved in cancers. Proc. Natl. Acad. Sci. USA, 2004; 101, 2999–3004. 

    Cao X, Kambe F, Ohmori S, and Seo H. Oxidoreductive modification of two cysteine 

residues in paired domain by Ref-1 regulates DNA-binding activity of Pax-8. Biochem 

Biophys Res Commun, 2002; 297: 288–293,. 

    Carmeliet P, Dor Y, Herbert J-M, et al. Role of HIF-1 in hypoxia-mediated apoptosis, cell 

proliferation and tumour angiogenesis. Nature, 1998; 394: 485–490. 

    Carrero P, Okamoto K, Coumailleau P, O‘Brien S, Tanaka H, and Poellinger L. Redox-

regulated recruitment of the transcriptional coactivators CREB-binding protein and SRC-

1 to hypoxia-inducible factor 1alpha. Mol Cell Biol, 2000;20: 402–415,.  

    Cascinu S, Graziano F, Catlano G. Chemotherapy for advanced pancreatic cancer: it may 

no longer be ignored. Ann. Oncol., 1999; 10: 105–9. 

    Chance B, Oshino N, Sugano T, Mayevsky A. Basic principles of tissue oxygen 

determination from mitochondrial signals. Adv Exp Med Biol, 1973;37A:277–92. 

    Chen C, Kong AN. Dietary chemopreventive compounds and 18 ARE/EpRE signaling. 

Free Radic Biol Med. 2004;36:1505– 1516. 

    Chen DS, Herman T, and Demple B. Two distinct human DNA diesterases that hydrolyze 



59 

 

3'-blocking deoxyribose fragments from oxidized DNA. Nucleic Acids Res, 1991; 19: 

5907–5914,. 

    Cogoni C., Irelan J. T., Schumacher M., Schmidhauser T., Selker E. U. and Macino G. 

Transgene silencing of the al-1 gene in vegetative cells of Neurospora is mediated by a 

cytoplasmic effector and does not depend on DNA-DNA interactions or DNA 

methylation. EMBO J., 1996; 15, 3153–3163. 

    Comerford KM, Wallace TJ, Karhausen J, Louis NA, Montalto MC, Colgan SP. 

Hypoxia-inducible factor-1-dependent regulation of the multidrug resistance (MDR1) 

gene. Cancer Res 2002; 62: 3387–3394. 

    Cuendet M, Oteham CP, Moon RC, Pezzuto JM. Quinone reductase induction as a 

biomarker for cancer chemoprevention. J Nat Prod. 2006;69:460–463. 

    Cuvier C, Jang A, Hill RP. Exposure to hypoxia, glucose starvation and acidosis: effect 

on invasive capacity of murine tumor cells and correlation with cathepsin (L + B) 

secretion. Clin Exp Metastasis 1997;15:19–25. 

  Dachs GU, Tozer GM. Hypoxia modulated gene expression: angiogenesis, metastasis 

and therapeutic exploitation. Eur J Cancer 2000; 36: 1649–1660. 

 de Fougerolles A, Vornlocher HP, Maraganore J, Lieberman J. Interfering with disease: a 

progress report on siRNA-based therapeutics. Nat Rev Drug Discov.;2007;6(6):443-53 

 Demple B., T. Herman, D.S. Chen, Cloning and expression of APE, the cDNA encoding 

the major human apurinic endonuclease: definition of a family of DNA repair enzymes, 

Proc. Natl. Acad. Sci. U. S. A., 1991; 88: 11450–11454. 

 Demple B and Harrison L. Repair of oxidative damage to DNA: Enzymology and 

biology. Annu Rev Biochem,1994; 63: 915–948.  

 Deshpande SS, Angkeow P, Huang J, Ozaki M, and Irani K. Rac1 inhibits TNF-alpha-

induced endothelial cell apoptosis: dual regulation by reactive oxygen species. FASEB J, 

2000;14: 1705–1714.  

 Dianova, II, Bohr VA, and Dianov GL. Interaction of hu- man AP endonuclease 1 with 

flap endonuclease 1 and pro- liferating cell nuclear antigen involved in long-patch base 

excision repair. Biochemistry, 2001; 40: 12639–12644. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Fougerolles%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vornlocher%20HP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maraganore%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lieberman%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/17541417


60 

 

 Ding SZ, Minohara Y, Fan XJ, Wang J, Reyes VE, Patel J, Dirden–Kramer B, Boldogh I, 

Ernst PB, and Crowe SE. He- licobacter pylori infection induces oxidative stress and pro- 

grammed cell death in human gastric epithelial cells. Infect Immun, 2007; 75: 4030–4039. 

 Ding SZ, O‘Hara AM, Denning TL, Dirden–Kramer B, Mif- flin RC, Reyes VE, Ryan 

KA, Elliott SN, Izumi T, Boldogh I, Mitra S, Ernst PB, and Crowe SE. Helicobacter 

pylori and H2O2 increase AP endonuclease-1/redox factor-1 expres- sion in human 

gastric epithelial cells. Gastroenterology, 2004; 127: 845–858. 

 Doetsch PW and Cunningham RP. The enzymology of apurinic/apyrimidinic 

endonucleases. Mutat Res, 1990; 236: 173–201.  

 Doi K, Akaike T, Fujii S, et al. Induction of haem oxygenase-1 nitric oxide and ischaemia 

in experi- mental solid tumours and implications for tumour growth. Br J Cancer 

1999;80:1945 ^ 54 

 Droge W. Free radicals in the physiological control of cell function. Physiol Rev, 2002; 

82: 47–95. 

 Du Z, Fujiyama C, Chen Y & Masaki Z. Expression of hypoxia-inducible factor 1alpha in 

human normal, benign, and malignant prostate tissue. Chinese Medical Journal, 2003; 116 

1936–1939. 

 Duffy JP,Eibl G,Reber HA,Hines OJ. Influence of hypoxia and neoangiogenesis on the 

growth of pancreatic cancer. Mol. Cancer 2003; 2: 12 

 Elbashir S. M., Martinez J., Patkaniowska A., Lendeckel W. and Tuschl T. Functional 

anatomy of siRNAs for mediating ef- ficient RNAi in Drosophila melanogaster embryo 

lysate. EMBO J., 2001; α 20, 6877–6888. 

   Elbirt KK, Whitmarsh AJ, Davis RJ, Bonkovsky HL. Mechanism of sodium arsenite-

mediated induction of heme oxygenase-1 in hepatoma cells. Role of mitogen-activated 

protein kinases. J Biol Chem 1998; 273:8922^31 

   Eyssen-Hernandez R, Ladoux A, Frelin C. Differen tial regulation of cardiac heme 

oxygenase-1 and vas- cular endothelial growth factor mRNA expressions by hemin, 

heavy metals, heat shock and anoxia. FEBS Lett1996;382:229^33 



61 

 

 Ema M., K. Hirota, J. Mimura, H. Abe, J. Yodoi, K. Sogawa, L. Poellinger, Y. Fujii-

Kuriyama, Molecular mechanisms of transcription activation by HIF-2α and HIF-1α in 

response to hypoxia: their stabilization and redox signal-induced interaction with 

CBP/p300, Embo. J. 18 (1999) 1905–1914. 

 Evans AJ, Henry PC, Van der Kwast TH, Tkachuk DC, Watson K, Lockwood GA, et al. 

Interobserver variability between expert urologic pathologists for extraprostatic extension 

and surgical margin status in radical prostatectomy specimens. Am J Surg Pathol. 

2008;32:1503--12. 

 Evans AR, Limp-Foster M, Kelley MR. Going APE over ref-1. Mutat Res 2000;461:83–

108.  

    Fan J and Wilson DM, 3rd. Protein–protein interactions and posttranslational 

modifications in mammalian base excision repair. Free Radic Biol Med, 2005; 38: 1121–

1138.  

   Favreau,L.V.,andPickett,C.B. J.Biol.Chem.1991;266,4556–4561 Transcriptional 

regulation of the rat NAD(P)H:quinone reductase gene. Identification of regulatory 

elements controlling basal level expression and inducible expression by planar aromatic 

compounds and phenolic antioxidants. 

 Fernández-Serra, A.; Rubio-Briones, J.; García-Casado, Z.; Solsona, E.; López-Guerrero, 

J.A. Prostate cancer: The revolution of the fusion gene Actas Urol Esp. 2011; 35 :420-8 - 

vol.35 núm 07.  

 Fire A., Xu S., Montgomery M. K., Kostas S. A., Driver S. E. and Mello C. C. Potent and 

specific genetic inteference by double-stranded RNA in Caenorhabditis elegans. Nature, 

1998; 391, 806–811. 

 Fishel ML, Jiang Y, Rajeshkumar NV, Scandura G, Sinn AL, He Y, Shen C, Jones DR, 

Pollok KE, Ivan M, Maitra A, Kelley MR. Impact of APE1/Ref-1 redox inhibition on 

pancreatic tumor growth, Mol Cancer Ther. 2011 Sep;10(9):1698-708.  

 Friling,R.S.,Bensimon,A.,Tichauer,Y.,and Daniel,V.Xenobiotic-inducible expression of 

murine glutathione S-transferase Ya subunit gene is controlled by an electrophile-

responsive element Proc.Natl. Acad. Sci. U.S.A.,1990; 2. 87, 6258–626 

http://www.ncbi.nlm.nih.gov/pubmed/1900296
http://www.ncbi.nlm.nih.gov/pubmed/1900296
http://www.ncbi.nlm.nih.gov/pubmed/1900296
http://www.ncbi.nlm.nih.gov/pubmed/1900296
http://www.elsevier.es/en/revistas/actas-urologicas-espa%C3%B1olas-292/prostate-cancer-the-revolution-of-the-fusion-90035407-articulo-revision-2011#2545cc3c5a65583b36820a1ed43a652d
http://www.elsevier.es/en/revistas/actas-urologicas-espa%C3%B1olas-292/prostate-cancer-the-revolution-of-the-fusion-90035407-articulo-revision-2011#1a6f7217abe7f7c68d672bef32ff6908
http://www.elsevier.es/en/revistas/actas-urologicas-espa%C3%B1olas-292/prostate-cancer-the-revolution-of-the-fusion-90035407-articulo-revision-2011#02efa72195ab6909883054c1a2a0a9cb
http://www.elsevier.es/en/revistas/actas-urologicas-espa%C3%B1olas-292/prostate-cancer-the-revolution-of-the-fusion-90035407-articulo-revision-2011#7485095ce512af7eed13d54a8047ae17
http://www.elsevier.es/en/revistas/actas-urologicas-espa%C3%B1olas-292/prostate-cancer-the-revolution-of-the-fusion-90035407-articulo-revision-2011#b45fda84f87dd3cb01123be206cda5d9
http://www.elsevier.es/en/revistas/actas-urologicas-espa%C3%B1olas-292/prostate-cancer-the-revolution-of-the-fusion-90035407-articulo-revision-2011#b45fda84f87dd3cb01123be206cda5d9
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fishel%20ML%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jiang%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rajeshkumar%20NV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scandura%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sinn%20AL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22He%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shen%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20DR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pollok%20KE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ivan%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maitra%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kelley%20MR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=scandura%20g


62 

 

    Fritz G, Grosch S, Tomicic M, and Kaina B. APE/Ref-1 and the mammalian response to 

genotoxic stress. Toxicology, 2003;193: 67–78. 

    Froese G. The respiration of ascites tumour cells at low oxygen concentrations. Biochim 

Biophys Acta, 1962;57:509–19. 

   Fung H, Bennett RA, and Demple B. Key role of a down- stream specificity protein 1 site 

in cell cycle-regulated tran- scription of the AP endonuclease gene APE1/APEX in 

NIH3T3 cells. J Biol Chem, 2001; 276: 42011–42017. 

    Gaiddon C., N.C. Moorthy, C. Prives, Ref-1 regulates the transactivation and pro-

apoptotic functions of p53 in vivo, Embo. J. 1999; 18:5609–562 

 Ganong WF. Gas transport between the lungs and the tissues. Review of Medical 

Physiology, 19th edn. Stanford: Appleton and Lange, 1999; 635–639. 

    Georgiadis MM, Luo M, Gaur RK, Delaplane S, Li X, Kelley MR. Evolution of the redox 

function in mammalian apurinic/apyrimidinic endonuclease. Mutat Res 2008;643:54–63 

    Glossary on respiration and gas exchange. J Appl Physiol 1973;34:549–58. 

 Gong H., Liu C. M., Liu D. P. and Liang C. C. The role of small RNAs in human diseases: 

potential troublemaker and ther- apeutic tools. Med. Res. Rev., 2005; 25, 361–381. 

    Goodman AI, Choudhury M, da Silva JL, Schwartzman ML, Abraham NG. 

Overexpression of the heme oxygenase gene in renal cell carcinoma. Proc Soc Exp Biol 

Med 1997;214:54 ^ 61 

    Gorbunov NV, Das DK, Goswami SK, Gurusamy N, and Atkins JL. Spatial coordination 

of cell-adhesion molecules and redox cycling of iron in the microvascular inflammatory 

response to pulmonary injury. Antioxid Redox Signal, 2007; 9: 483–495 

    Gorman M.A., S. Morera, D.G. Rothwell, E. de La Fortelle, C.D. Mol, J.A. Tainer, I.D. 

Hickson, P.S. Freemont, The crystal structure of the human DNA repair endonuclease 

HAP1 suggests the recognition of extra-helical deoxyribose at DNA abasic sites, Embo. J. 

1997;16: 6548–6558  

   Gorlach A, Brandes RP, Nguyen K, Amidi M, Dehghani F, and Busse R. A gp91phox 

containing NADPH oxidase selectively expressed in endothelial cells is a major source of 

oxygen radical generation in the arterial wall. Circ Res 2000; 87: 26–32,. 



63 

 

   Graeber TG, Osmanian C, Jacks T, Housman DE, Koch CJ, Lowe SW, et al. Hypoxia-

mediated selection of cells with diminished apoptotic poten- tial in solid tumours. Nature 

1996;379:88–91. 

   Graeber TG, Peterson JF, Tsai M, Minoca K, Fornace Jr AJ, Giaccia AJ. Hypoxia induces 

accumulation of p53 protein, but activation of a G1-phase checkpoint by low-oxygen 

conditions is independent of p53 status. Mol Cell Biol 1994; 14: 6263–6277Groebe K. 

Impact of anemia on the oxygenation status of tumors: a theoretical study. In: Vaupel P, 

Kelleher DK, editors. Tumor hypoxia: pathophysiology, clinical significance and 

therapeutic perspectives. Stuttgart (Germany): Wissenschaftliche Verlagsgesellschaft; 

1999. p. 75–82. 

   Gray LH, Conger AD, Ebert M, Hornsey S, Scott OC. The concentration of oxygen 

dissolved in tissues at the time of irradiation as a factor in radiotherapy. Br J Radiol 

1953;26:638–48 

    Graham CH, Forsdike J, Fitzgerald CJ, Macdonald-Goodfellow S. Hy- poxia-mediated 

stimulation of carcinoma cell invasiveness via upregula- tion of urokinase receptor 

expression. Int J Cancer 1999;80:617–23. 

 Grosch S, Fritz G, and Kaina B. Apurinic endonuclease (Ref-1) is induced in mammalian 

cells by oxidative stress and involved in clastogenic adaptation. Cancer Res,1998; 58: 

4410–4416. 

 Grosch S and Kaina B. Transcriptional activation of apurinic/apyrimidinic endonuclease 

(Ape, Ref-1) by ox- idative stress requires CREB. Biochem Biophys Res Commun, 1999; 

261: 859–863. 

 Gupta P. K. RNA interference–gene silencing by double- stranded RNA: The 2006 Nobel 

prize for physiology or medicine. Curr. Sci, 2006;. 91, 1443. 

 Hall EJ, editor. Radiobiology for the radiologist. 4th ed. Philadelphia (PA): Lippincott; 

1994. 

 Hall JL, Wang X, Van A, Zhao Y, and Gibbons GH. Overexpression of Ref-1 inhibits 

hypoxia and tumor necrosis factor-induced endothelial cell apoptosis through nuclear 

factor-kappab-independent and -dependent pathways. Circ Res, 2001; 88: 1247–1253. 



64 

 

 Halterman M.W., Federoff. H.J. HIF-1α and p53 promote hypoxia-induced delayed 

neuronal death in models of CNS ischemia, Exp. Neurol. 1999; 159 65–72. 

 Hamilton A. J. and Baulcombe D. C. A species of small antisense RNA in post-

transcriptional gene silencing in plants. Science, 1999; 286, 950–952. 

 Hamilton A., Voinnet O., Chappell L. and Baulcombe D. Two classes of short interfering 

RNA in RNA silencing. EMBO J. ,2002;21, 4671–4679. 

   Hammond S.M., Bernstein E., Beach D. and Hannon G. J. An RNA-directed nuclease 

mediates post-transcriptional gene silencing in Drosophila cells. Nature 404, 293–296. 

   Hannon G.J. and Rossi J. Unlocking the potential of the human genome with RNA 

interference. Nature, 2004; 431, 371–378. 

 Harris AL. Hypoxia – a key regulatory factor in tumour growth. Nat Rev Cancer 2002; 2: 

38– 47 

   Harrison L., G.Ascione, J.C. Menninger, D.C. Ward, B. Demple, Human apurinic 

endonuclease gene (APE): structure , Hum. Mol. Genet. ,1992; 1: 677–680 

    Hazra TK, Izumi T, Kow YW, and Mitra S. The discovery of a new family of mammalian 

enzymes for repair of ox- idatively damaged DNA, and its physiological implica- tions. 

Carcinogenesis 2003; 24: 155–157.  

    Hill RP. Cellular basis of radiotherapy. In: Tannock IF, Hill RP, editors. The basic 

science of oncology. 2nd ed. New York (NY): McGraw-Hill; 1992. p. 259–75. 

 Hiramoto M, Shimizu N, Sugimoto K, Tang J, Kawakami Y, ItoM, et al. Nuclear targeted 

suppression of NF-kappa B activity by the novel quinone derivative E3330. J Immunol, 

1998; 160:810–9.   

    Hockel M, Schlenger K, Aral B, Mitze M, Schaffer U, Vaupel P. Association between 

tumor hypoxia and malignant progression in advanced cancer of the uterine cervix. 

Cancer Res 1996;56:4509–15. 

   Hockel M, Schlenger K, Hockel S, Aral B, Schaffer U, Vaupel P. Tumor hypoxia in 

pelvic recurrences of cervical cancer. Int J Cancer 1998;79:365–9. 

   Hockel M, Schlenger K, Hockel S, Vaupel P. Hypoxic cervical cancers with low apoptotic 

index are highly aggressive. Cancer Res 1999;59: 4525–8. 



65 

 

   Hockel M, Vaupel P. Tumour Hypoxia: definitions and current clinical, biological, and 

molecular aspects. J Natl Cancer Inst 2001; 93: 266–276. 

    Hockel M, Vorndran B, Schlenger K, Baussmann E, Knapstein PG. Tumour oxygenation: 

a new predictive parameter in locally advanced cancer of the uterine cervix. Gynecol 

Oncol 1993; 52: 141–149. 

    Honig CR. Modern cardiovascular physiology. 2nd ed. Boston (MA) and Toronto (ON, 

Canada): Little and Brown; 1988. 

    Hruban RH, Goggins M, Parsons J, Kern SE. Progression model for pancreatic cancer. 

Clin Cancer Res 2000;6:2969–72. 

   Huang LE, Arany Z, Livingston DM, Bunn HF. Activation of hypoxia-inducible 

transcription factor depends primarily upon redox-sensitive stabilization of its a subunit. J 

Biol Chem 1996; 271: 32252–32259. 

   Huang LE, Jie GU, Schau M, Bunn HF. Regulation of hypoxia-inducible factor-1α is 

mediated by an O2- dependent degradation domain via the ubiquitin-proteasome 

pathway. Proc Natl Acad Sci USA 1998; 95: 7989–7992. 

   Huang R.P., E.D. Adamson, Characterization of the DNA-binding properties of the early 

growth response-1 (Egr-1) transcription factor: evidence for modulation by a redox 

mechanism, DNA Cell Biol. 1993; 12:  265–273. 

   Hutvagner G., McLachlanm J., Pasquinelli A. E., Balint E., Tuschl T. and Zamore P. D. A 

cellular function for the RNA- interference enzyme Dicer in the maturation of the let-7 

small temporal RNA. Science, 2001; 293, 834–838. 

   Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, Oyake T, Hayashi N, Satoh K, 

Hatayama I, Yamamoto M, Nabeshima Y. An Nrf2/small Maf heterodimer mediates the 

induction of phase II detoxifying enzyme genes through antioxidant response elements. 

Biochem Biophys Res Commun 1997;236:313–322 

    Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, Yamamoto M. Keap1 

represses nuclear activation of antioxidant responsive elements by Nrf2 through binding 

to the amino-terminal Neh2 domain. Genes Dev 1999;13:76–86. 

   Itoh K, Wakabayashi N, Katoh Y, Ishii T, O'Connor T, Yamamoto M. Keap1 regulates 



66 

 

both cytoplasmic-nuclear shuttling and degradation of Nrf2 in response to electrophiles. 

Genes Cells 2003;8:379–391 

   Ivan M, Kondo K, Yang H, et al. HIF-a targeted for VHL- mediated destruction by proline 

hydroxylation: implications for O2 sensing. Science 2001; 292: 464–468. 

    Izumi T, Brown DB, Naidu CV, Bhakat KK, Macinnes MA, Saito H, Chen DJ, Mitra S. 

Two essential but distinct functions of the mammalian abasic endonuclease. Proc Natl 

Acad Sci U S A 2005;102:5739–5743. 

   Izumi, T.  S. Mitra, Deletion analysis of human AP-endonuclease: minimum sequence 

required for the endonuclease activity, Carcinogenesis, 1998; 19: 525–527.  

    Izumi T, Hazra TK, Boldogh I, Tomkinson AE, Park MS, Ikeda S, and Mitra S. 

Requirement for human AP endonuclease 1 for repair of 3'-blocking damage at DNA 

single-strand breaks induced by reactive oxygen species. Carcinogenesis, 2000; 21: 1329–

1334.  

    Izumi T, Wiederhold LR, Roy G, Roy R, Jaiswal A, Bhakat KK, Mitra S, and Hazra TK. 

Mammalian DNA base exci- sion repair proteins: their interactions and role in repair of 

oxidative DNA damage. Toxicology 2003;193: 43–65. 

   Jaakola P, Mole DR, Tian YM, et al. Targeting of HIF-a to the von Hippel-Lindau  

ubiquitylation complex by O2-regulated prolyl hydroxylation. Science 2001; 292: 468–

472.   

   Jang A, Hill RP. An examination of the effects of hypoxia, acidosis, and glucose 

starvation on the expression of metastasis-associated genes in murine tumor cells. Clin 

Exp Metastasis 1997;15:469–8 

  Jayaraman L., K.G. Murthy, C. Zhu, T. Curran, S. Xanthoudakis, C. Prives, Identification 

of redox/repair protein Ref-1 as a potent activator of p53, Genes Dev., 1997; 11:558–570.. 

   Jiang BH, Rue E, Wang GL, Roe R, Semenza GL. Dimerization, DNA binding, and 

transactivation properties of HIF-1. J Biol Chem 1996; 271: 17771–17778  

    Jiang Y, Guo C, Fishel ML, Wang ZY, Vasko MR, Kelley MR. Role of APE1 in 

differentiated neuroblastoma SH-SY5Y cells in response to oxidative stress: Use of APE1 

small molecule inhibitors to delineate APE1 function. DNA Repair. 2009 In Press 



67 

 

    Jiang Y, Zhou S, Sandusky GE, Kelley MR, Fishel ML. Reduced expression of DNA 

repair and redox signaling protein APE1/Ref-1 impairs human pancreatic cancer cell 

survival, proliferation, and cell cycle progression. Cancer Invest 2010;28:885–95.  

   Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P, et al. Core signaling 

pathways in human pancreatic cancers revealed by global genomic analyses. Science 

2008;321:1801–6. 

   Kakolyris S, Kaklamanis L, Giatromanolaki A, Kouk- ourakis M, Hickson ID, Barzilay G, 

Turley H, Leek RD, Kanavaros P, Georgoulias V., Gatter KC, and Harris AL. Expression 

and subcellular localization of human AP endonuclease 1 (HAP1/Ref-1) protein: a basis 

for its role in human disease. Histopathology 33: 561–569, 1998. 

    Kakolyris S., L. Kaklamanis, K. Engels, H. Turley, I.D. Hickson, K.C. Gatter, A.L. 

Harris, Human apurinic endonuclease 1 expression in a colorectal adenoma–carcinoma 

sequence, Cancer Res. ,1997; 57: 1794–1797. 

    Kallinowski F, Schlenger KH, Runkel S, Kloes M, Stohrer M, Okunieff P, et al. Blood 

flow, metabolism, cellular microenvironment, and growth rate of human tumor 

xenografts. Cancer Res 1989;49:3759–64. 

    Kelley, M.R.  D.H. Moore, L. Cheng, R. Foster, H. Michael, Y. Xu, S. Parsons, R. Tritt, 

M. Koch, Altered expression of the multifunctional DNA base excision repair and redox 

enzyme APE/Ref-1 in ovarian and prostate cancers, in: Proceedings of the AACR Special 

Conference on DNA Repair Defects, San Diego, CA, 2000. 

    Kelley M.R., Y. Xu, R. Tritt, K.A. Robertson (Eds.), The multifunctional DNA base 

excision repair and redox protein, AP endonuclease (APE/Ref-1), and its role in germ cell 

tumors, in: Germ Cell Tumors, 1998; Vol. IV, Jonh Libbey and Co., London, UK, , pp. 

81–86. 

   Kern SE. Molecular genetic alterations in ductal pancreatic adeno- carcinomas. Med Clin 

North Am 2000;84:691–5. 

    Keyse SM,Tyrrell RM. Heme oxygenase is the major 32-kDa stress protein induced in 

human skin fibroblasts by UVA radiation, hydrogen peroxide, and sodium arse- 

nite.ProcNatlAcadSciUSA 1989;86:99^10 



68 

 

   Kim D.H., Behlke M. A., Rose S. D., Chang M.-S., Choi S. and Rossi J. J. Synthetic 

dsRNA Dicer substrates enhance RNAi potency and efficacy. Nat. Biotechnol., 2004; 

23:222–226. 

   Knaebel HP, Marten A, Schmidt J et al. Phase III trial of post- operative cisplatin, 

interferon alpha-2b and 5-FU combined with external radiation treatment versus 5-FU 

treatment alone for patients with resected pancreatic adenocarcinoma. BMC Cancer 2005; 

5: 37. 

    Kobayashi A, Kang MI, Okawa H, Ohtsuji M, Zenke Y, Chiba T, Igarashi K, Yamamoto 

M. Oxidative stress sensor Keap1 functions as an adaptor for Cul3-based E3 ligase to 

regulate proteasomal degradation of Nrf2. Mol Cell Biol 2004;24:7130–7139. 

    Krokan HE, Standal R, and Slupphaug G. DNA glycosy- lases in the base excision repair 

of DNA. Biochem J, 1997;325: 1–16.  

   Kruger W, Mayer WK, Schaefer C, Stohrer M, Vaupel P. Acute changes of systemic 

parameters in tumour-bearing rats, and of tumour glucose, lactate, and ATP levels upon 

local hyperthermia and/or hyperglycaemia. J Cancer Res Clin Oncol 1991;117:409–15. 

    Lando D., I. Pongratz, L. Poellinger, M.L. Whitelaw, A redox mechanism controls 

differential DNA binding activities of hypoxia-inducible factor (HIF) 1� and the HIF-like 

factor, J. Biol. Chem. 2000; 275:4618–4627  

   Lange J. and Stahler P. 2009 MicroRNA profiles as biomarker signatures in cancer. 

(http://www.febit.com). 

   Lautier D, Luscher P, Tyrrell RM. Endogenous glutathione levels modulate both 

constitutive and UVA radiation/hydrogen peroxide inducible expression of the human 

heme oxygenase gene. Carcinogenesis1992;13:227^32. 

   Lee Y., Jeon K., Lee J. T., Kim S. and V. Kim N. MicroRNA maturation: stepwise 

processing and subcellular localization. EMBO J. 2002; 21: 4663–4670. 

   Lee Y., Ahn C., Han J., Choi H., Kim J., Yim J. et al. The nuclear RNase III Drosha 

initiates microRNA processing. Nature, 2003; 425, 415–419. 

   Lee Y., Kim M., Han J., Yeom K. H., Lee S., Baek S. H. and Kim V. N. MicroRNA genes 

are transcribed by RNA polymerase II. EMBO J. 2004; 23:4051–4060. 

http://www.febit.com/


69 

 

   Levy AP, Levy NS, Goldberg MA. Hypoxia-inducible protein binding to vascular 

endothelial growth factor mRNA and its modulation by the von Hippel-Lindau protein. J 

Biol Chem 1996; 271: 25492–25497. 

    Li W, Kong AN. Molecular mechanisms of Nrf2-mediated antioxidant response. Mol 

Carcinog 2009;48:91–104 

 Li Y. and Jaiswal A.K.Regulation of human NAD(P)H:quinone oxidoreductase gene. 

Role of AP1 binding site contained within human antioxidant response 

element.J.Biol.Chem. 1992;267,15097–15104 

   Liu H, Nowak R, Chao W, Bloch KD. Nerve growth factor induces anti-apoptotic heme 

oxygenase-1in rat pheochromocytoma PC12 cells. J Neurochem 2003; 86:1553^63. 

    Loeb LA and Preston BD. Mutagenesis by apurinic/ apyrimidinic sites. Annu Rev Genet 

20: 201-230, 1986.    

    L pez-Abente G, Poll n M, Aragon s N, G mez BP, Barrera  H, Lope  , et al. 

Situaci n del c ncer en Espan  a  incidencia State of cancer in Spain  incidence. An Sist 

Sanit Navar. 2004;27:165-73 

    Lund E., Guttinger S., Calado A., Dahlberg J. E. and Kutay U. 2004 Nuclear export of 

microRNA precursors. Science 303, 95-98. 

   Luo M, Delaplane S, Jiang A, Reed A, He Y, Fishel M, et al. Role of the multifunctional 

DNA repair and redox signaling protein Ape1/Ref-1 in cancer and endothelial cells: 

small-molecule inhibition of the redox function of Ape1. Antioxid Redox Signal 

2008;10:1853–67. 

   Lu H, Forbes RA, Verma A. Hypoxia-inducible factor-1 activation by aerobic glycolysis 

implicates the Warburg effect in carcinogenesis. J Biol Chem 2002; 277: 23111–23115 

    Maines MD. Heme oxygenase: function, multiplicity, regulatory mechanisms, and 

clinical applications. FASEBJ 1988;2:2557^68 

   Maines MD, Abrahamsson PA. Expression of heme oxygenase-1 (HSP32) in human 

prostate: normal, hyperplastic, and tumor tissue distribution. Urology 1996;47:727 ^ 33  

    Maines MD.The heme oxygenase system: a regulator of second messenger gases. Annu 

Rev Pharmacol Toxicol 1997;37:517 ^ 54. 



70 

 

   Marshall RS, Koch CJ, Rauth AM. Measurement of low levels of oxygen and their effect 

on respiration in cell suspensions maintained in an open system. Radiat Res 1986;108:91–

101. 

   Martinez J. M., Patkaniowskam A., Urlaubm H., Luhrmannm R. and Tuschlm T. 2002a 

Single-stranded antisense siRNAs guide target RNA cleavage in RNAi. Cell 110, 563–

574. 

   Matzke M., Matzke A., Pruss G. and Vance V. RNA-based si- lencing strategies in plants. 

Curr. Opin. Genet. Dev. 2001; 11, 221–227 

    Mazure NM, Eunice Y, Chen EY, Keith R, Laderoute KR, Amato JC. Giaccia Induction 

of vascular endothelial growth factor by hypoxia is modulated by a phosphatidylinositol 

3- Kinase/Akt signalling pathway in Ha-Ras-transformed cells through a hypoxia 

inducible factor-1 transcriptional element. Blood 1997; 90: 3322–3331. 

   Maxwell PH, Dachs GU, Gleadle JM, et al. Hypoxia-inducible factor-1 modulates gene 

expression in solid tumours and influences both angiogenesis and tumour growth. Proc 

Natl Acad Sci USA 1997; 94: 8104–8109. 

    Maxwell PH, Wiesener MS, Chang GW, et al. The tumour suppressor protein VHL 

targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 1999; 399: 

271–275 

   McCoubrey WK Jr, Ewing JF, Maines MD. Human heme oxygenase-2: characterization 

and expression of a full-length cDNA and evidence suggesting that the two HO-2 

transcripts may differ by choice of polyadenylation signal. Arch Biochem Biophys 1992; 

295:13^20. 

   McKenna S, Eatock M. The medical management of pancreatic cancer: a review. 

Oncologist 2003; 8: 149–60. 

   McMahon M, Itoh K, Yamamoto M, Chanas SA, Henderson CJ, McLellan LI, Wolf CR, 

Cavin C, Hayes JD. The Cap‗n‘Collar basic leucine zipper transcription factor Nrf2 (NF-

E2 p45-related factor 2) controls both constitutive and inducible expression of intestinal 

detoxification and glutathione biosynthetic enzymes. Cancer Res 2001;61:3299–3307. 

   McManus M. T. MicroRNAs and cancer. Semin. Cancer Biol. 2003; 13, 253–258. 



71 

 

 McNeill DR, Wilson DM 3rd. A dominant-negative form of the major human abasic 

endonuclease enhances cellular sensitivity to laboratory and clinical DNA-damaging 

agents. Mol Cancer Res, 2007; 5:61–70. 

 Melillo G, Taylor LS, Brooks A, Musso T, Cox GW, Varesio L. Functional requirement of 

the hypoxia-responsive element in the activation of the inducible nitric oxide synthase 

promoter by the iron chelator desferrioxamine. J Biol Chem 1997; 272: 12236–12243. 

   Michael M. Z., O‘Connor S. M., van Holst Pellekaan N. G., Young G. P. and James R. J. 

Reduced accumulation of specific microRNAs in colorectal neoplasia. Mol. Cancer Res. 

2003; 1, 882–891. 

    Migliazza A., Cayanis E., Bosch-Albareda F., Komatsu H., Mar- tinotti S., Toniato E. et 

al. Molecular pathogenesis of B-cell chronic lymphocytic leukemia: analysis of 13q14 

chromosomal deletions. Curr. Topics Microbiol. Immunol.,2000 ; 252, 275–284. 

   Miller BA, Koloenel LN, Berstein L. Racial/ethnic patterns of cancer in the United States 

1998-92. Bethseda, MD: National Cancer Institute, 1996. NIH Publication No. 96–4104.  

   Mitra S, Izumi T, Boldogh I, Bhakat KK, Hill JW, and Hazra TK. Choreography of 

oxidative damage repair in mammalian genomes. Free Radic Biol Med, 2002; 33: 15–28.  

 Moi, P., Chan, K., Asunis, I., Cao, A., and Kan, Y. W. Isolation of NF-E2-related factor 2 

(Nrf2), a NF-E2-like basic leucine zipper transcriptional activator that binds to the tandem 

NF-E2/AP1 repeat of the beta-globin locus control region. Proc. Natl. Acad. Sci. USA. 

1994; 91, 9926 –9930. 

   Molls M, Vaupel P, editors. Blood perfusion and microenvironment of human tumors. 

Implications for clinical radiooncology. Berlin and Heidelberg (Germany) and New York 

(NY): Springer; 2000. 

   Moore D.H., H. Michael, R. Tritt, S.H. Parsons, M.R. Kelley, Alterations in the expression 

of the DNA repair/redox enzyme APE/Ref-1 in epithelial ovarian cancers, Clin. Cancer 

Res. 2000;6: 602–609 

 Moore MJ. Chemotherapy in pancreatic carcinoma. Curr Oncol 2003;5:s24–6. 

   Motterlini R, Foresti R, Bassi R, Calabrese V, Clark JE, Green CJ. Endothelial heme 

oxygenase-1 induction by hypoxia. Modulation by inducible nitricoxide synthase and S-



72 

 

nitrosothiols. J Biol Chem 2000;275: 13613 ^ 20. 

   Msaouel P, Pissimissis N, Halapas A, Koutsilieris M. Mechanisms of bone metastasis in 

prostate cancer: clinical implications. Best Pract Res Clin Endocrinol Metab. 

2008;22:341--55. 

   Nakamura H, Nakamura K, and Yodoi J. Redox regula- tion of cellular activation. Annu 

Rev Immunol, 1997; 15: 351– 369. 

   Nakshatri H, Bhat-Nakshatri P, and Currie RA. Subunit association and DNA binding 

activity of the heterotrimeric transcription factor NF-Y is regulated by cellular redox. J 

Biol Chem , 1996;271: 28784–28791. 

    Napoli C., Lemieux C. and Jorgensen R. Introduction of a chimeric chalcone synthase 

gene into petunia results in reversible co-suppression of homologous gene in trans. Plant 

Cell, 1990; 2, 279– 28 

    Nelson WG, De Marzo AM, Isaacs WB. Prostate cancer. N Engl J Med. 2003;349:366--

81. 

 Nguyen,T.,Sherratt,P.J.,andPickett,C.B.()Annu.Rev.Pharmacol. Toxicol. 2003; 43, 233–

260 Regulatory mechanisms controlling gene expression mediated by the antioxidant 

response element. 

    Nieth C., Priebsch A., Stege A. and Lage H. Modulation of the classical multidrug 

resistance (MDR) phenotype by RNA interference (RNAi). FEBS Lett. 2003; 545, 144–

150. 

    Nioi P, Hayes JD. Contribution of NAD(P)H:quinone oxidoreductase 1 to protection 

against carcinogenesis, and regulation of its gene by the Nrf2 basic-region leucine zipper 

and the aryl-hydrocarbon receptor basic helix-loop-helix transcription factors.Mutat Res. 

2004;555:149–171. 

   Nishie A, Ono M, Shono T, et al. Macrophage infiltration and heme oxygenase-

1expression correlate with angiogenesis in human gliomas. Clin Cancer Res 1999;5:1107 

^ 13. 

   Nishi T, Shimizu N, Hiramoto M, Sato I, Yamaguchi Y, Hasegawa M, Aizawa S, Tanaka 

H, Kataoka K, Watanabe H, and Handa H. Spatial redox regulation of a critical cysteine 



73 

 

residue of NF-kappa B in vivo. J Biol Chem, 2002; 277: 44548–44556. 

    Novina C. D., Murray M. F., Dykxhoorn D. M., Beresford P. J., Riess J., Lee S. K. et al. 

siRNA-directed inhibition of HIV- 1 infection. Nature Med., 2002; 8, 681–686. 

   O‘Hara AM, Bhattacharyya A, Mifflin RC, Smith MF, Ryan KA, Scott KG, Naganuma M, 

Casola A, Izumi T, Mitra S, Ernst PB, and Crowe SE. Interleukin-8 induction by Heli- 

cobacter pylori in gastric epithelial cells is dependent on apurinic/apyrimidinic 

endonuclease-1/redox factor-1. J Immunol , 2006;177: 7990–7999. 

   Otterbein LE, Bach FH, Alam J, et al. Carbon mon- oxide has anti-inflammatory effects 

involving the mito- gen-activated protein kinase pathway. Nat Med 2000; 6:422 ^ 8. 

   Otterbein LE, Choi AM. Heme oxygenase: colors of defense against cellular stress. Am J 

Physiol Lung Cell Mol Physiol 2000;279:1029 ^ 37 

    Pae HO, Oh GS, Choi BM, et al. Carbon monoxide produced by heme oxygenase-

1suppressesTcell proliferation via inhibition of IL-2 production. J Immunol 

2004;172:4744 ^ 51. 

   Patel SA, Simon MC. Biology of hypoxia-inducible factor-2α in development and disease. 

Cell Death Differ 2008;15: 628-34. 

    Pines A, Bivi N, Romanello M, Damante G, Kelley MR, Adamson ED, D‘Andrea P, 

Quadrifoglio F, Moro L, and Tell G. Cross-regulation between Egr-1 and APE/Ref-1 

during early response to oxidative stress in the human os- teoblastic HOBIT cell line: 

evidence for an autoregulatory loop. Free Radic Res, 2005; 39: 269–281,  

   Pines A, Perrone L, Bivi N, Romanello M, Damante G, Gulisano M, Kelley MR, 

Quadrifoglio F, and Tell G. Activation of APE1/Ref-1 is dependent on reactive oxygen 

species generated after purinergic receptor stimulation by A TP .Nucleic Acids Res, 2005; 

33: 4379–4394 

   Pitot HC, Dragan YP. Facts and theories concerning the mecha- nisms of carcinogenesis. 

FASEB J. 1991;5:2280–2286. 

   Prado CL, Pugh-Bernard AE, Elghazi L, Sosa-Pineda B, Sussel L. Ghrelin cells replace 

insulin-producing beta cells in two mouse models of pancreas development. Proc Natl 

Acad Sci USA2004; 101:2924–2929. 



74 

 

    Purohit S., P. Arenaz, Molecular cloning, sequence and structure analysis of hamster 

apurinic/apyrimidinic endonuclease (chAPE1) gene, Mutat. Res. 1999; 435 :215– 224.  

   Raffoul JJ, Banerjee S, Singh-Gupta V, Knoll ZE, Fite A, Zhang H, Abrams J, Sarkar FH, 

and Hillman GG. Down- regulation of apurinic/apyrimidinic endonuclease 1/redox factor-

1 expression by soy isoflavones enhances prostate cancer radiotherapy in vitro and in 

vivo. Cancer Res, 2007; 67: 2141–2149. 

   Raleigh JA, editor. Hypoxia and Its Clinical Significance. Semin Radiat Oncol 1996;6:1–

70. 

   Ramana CV, Boldogh I, Izumi T, and Mitra S. Activation of apurinic/apyrimidinic 

endonuclease in human cells by reactive oxygen species and its correlation with their 

adap- tive response to genotoxicity of free radicals. Proc Natl Acad Sci USA, 1998; 95: 

5061–5066. 

   Rivas F. Molecular biology select. Cell, 2008;133, 747–749 

   Rizzardini M, Zappone M, Villa P, et al. Kupffer cell depletion partially prevents hepatic 

heme oxygenase 1messenger RNA accumulation in systemic inflamma- tion in mice: role 

of interleukin 1h. Hepatology 1998; 27:703^10. 

    Robbins J, S.M. Dilworth, R.A. Laskey, C. Dingwall, Two interdependent basic domains 

in nucleoplasmin nuclear targeting sequence: identification of a class of bipartite nuclear 

targeting sequence, Cell, 1991; 64: 615–623.  

    Robertson K.A., D.P. Hill, Y. Xu, L. Liu, S. Van Epps, D.M. Hockenbery, J.R. Park, 

T.M. Wilson, M.R. Kelley, Down-regulation of apurinic/apyrimidinic endonuclease 

expression is associated with the induction of apoptosis in differentiating myeloid 

leukemia cells, Cell Growth Differ., 1997; 8: 443–449. 

    Robiolio M, Rumsey WL, Wilson DF. Oxygen diffusion and mitochon- drial respiration 

in neuroblastoma cells. Am J Physiol 1989;256: C1207–13. 

 Robson C.N.,I.D. Hickson,Isolation of cDNA clones encoding a human 

apurinic/apyrimidinic endonuclease that corrects DNA repair and mutagenesis defects in 

E. coli xth (exonuclease III) mutants, Nucleic Acids Res. 1991; 19: 5519–5523. 

    Robson C.N., D. Hochhauser, R. Craig, K. Rack, V.J. Buckle, I.D. Hickson, Structure of 



75 

 

the human DNA repair gene HAP1 and its localisation to chromosome 14q 11.2–12, 

Nucleic Acids Res., 1992 ; 20: 4417–4421. 

    Romano N. and Macino G. Quelling: transient inactivation of gene expression in 

Neurospora crassa by transformation with homologous sequences. Mol. Microbiol., 1992; 

6, 3343–3353. 

    Rossi, O.  F. Carrozzino, E. Cappelli, F. Carli, G. Frosina, Analysis of repair of abasic 

sites in early onset breast cancer patients, Int. J. Cancer, 2000; 85: 21–26 

 Rushmore, T. H., and Pickett, C. B. Transcriptional regulation of the rat glutathione S-

transferase Ya subunit gene. Characterization of a xenobiotic-responsive element 

controlling inducible expression by phenolic antioxidants. J. Biol. Chem., 1990;265, 

14648–14653 

 Rushmore, T. H., Morton, M. R., and Pickett, C. B. The antioxidant responsive element. 

Activation by oxidative stress and identification of the DNA consensus sequence required 

for functional activity. J. Biol. Chem. 1991;266, 11632–11639. 

 Rushmore T.H.,King R.G.,Paulson K.E. and Picket C.B. Regulation of glutathione S-

transferase Ya subunit gene expression: identification of a unique xenobiotic-responsive 

element controlling inducible expression by planar aromatic compounds. Proc.Natl. Acad. 

Sci. U.S.A., 1990; 87, 3826–3830 

   Saito Y., Liang G., Egger G., Friedman J. M., Chuang J. C., Coetzee G. A. and Jones P. A. 

Specific activation of microRNA-127 with downregulation of the proto-oncogene BCL6 

by chromatin- modifying drugs in human cancer cells. Cancer Cell, 2006 ; 9, 435–443 

    Sakorafas GH, Tsiotos GG. Molecular biology of pancreatic cancer: potential clinical 

implications. Biodrugs 2001;15:439–52. 

   Salceda S, Caro J. Hypoxia-inducible factor-1a (HIF-1α) protein is rapidly degraded by 

the ubiquitin-proteasome system under normoxic conditions. J Biol Chem 1997; 272: 

22642–22647. 

   Schacter BA. Heme catabolism by heme oxygenase: physiology, regulation, and 

mechanism of action. Semin Hematol 1988;25:349 ^ 69. 

   Schacter BA, Kurz P. Alterations in microsomal drug metabolism and heme oxygenase 



76 

 

activity in isolated hepatic parenchymal and sinusoidal cells in MurphySturm 

lymphosarcoma-bearing rats. Clin Invest Med 1986;9:150^5. 

   Schaefer C, Okunieff P, Vaupel P. Oxygenation and bioenergetic status of murine 

fibrosarcomas. Adv Exp Med Biol 1992;317:161–7. 

 Seki S., K. Akiyama, S. Watanabe, M. Hatsushika, S. Ikeda, K. Tsutsui, cDNA and 

deduced amino acid sequence of a mouse DNA repair enzyme (APEX nuclease) with 

significant homology to Escherichia coli exonuclease III, J. Biol. Chem. 266 (1991) 

20797–20802. 

 G.L. Semenza, Regulation of mammalian O2 homeostasis by hypoxia-inducible factor 1, 

Annu. Rev. Cell. Dev. Biol. 1999, 15: 551–578. 

   Semenza GL. Hypoxia, clonal selection, and the role of HIF-1 in tumor progression. Crit 

Rev Biochem Mol Biol 2000;35:71–103.  

   Semenza GL. HIF-1: mediator of physiological and pathophysiological responses to 

hypoxia. J Appl Physiol 2000;88:1474–80. 

   Semenza GL, Nejfelt MK, Chi SM, Antonarakis SE. Hypoxia- inducible nuclear factors 

bind to an enhancer element located 30 to the human erythropoietin gene. Proc Natl Acad 

Sci USA 1991; 88: 5680–5684. 

   Semenza GL, Oxygen Sensing, Homeostasis, and Disease, N Engl J Med 2011;365:537-

47. 

   Shi Y. 2003 Mammalian RNAi for the masses. Trends Genet. 19, 9–12. 

    Shibahara S, Yoshizawa M, Suzuki H, Takeda K, Meguro K, Endo K. Functional analysis 

of cDNAs for two types of human heme oxygenase and evidence for their separate 

regulation. J Biochem (Tokyo) 1993;113:214 ^ 8. 

 Shimizu N, Sugimoto K, Tang J, Nishi T, Sato I, Hiramoto M, et al.High-performance 

affinity beads for identifying drug receptors. Nat Biotechnol, 2000; 18:877–81. 

    Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth factor induced by 

hypoxia may mediate hypoxia-initiated angiogenesis. Nature 1992; 359: 843–845. 

   Slack JM. Developmental biology of the pancreas. Development , 1995 ;121: 1569–1580. 

   Smith C. J. S., Watson C. F., Bird C. R., Ray J., Schuch W. and Grierson D. Expression of 



77 

 

a truncated tomato polygalactur- onase gene inhibits expression of the endogenous gene 

in trans- genic plants. Mol. Gen. Genet. 1990 ; 224, 477–481 

   Sobol RW and Wilson SH. Mammalian DNA beta-polymerase in base excision repair of 

alkylation damage. Prog Nucleic Acid Res Mol Biol, 2001; 68: 57–74. 

    Sohn TA, Yeo CJ. The molecular genetics of pancreatic ductal carcinoma: a review. Surg 

Oncol 2000;9:95–101. 

   Starlinger H, Lubbers DW. Methodical studies on the polarographic mea- surement of 

respiration and ―critical oxygen pressure‖ in mitochondria and isolated cells with 

membrane-covered platinum electrodes. Pflugers Arch 1972;337:19–28. 

   Stevenson M. Therapeutic potential of RNA interference. NEJM, 2004; 351, 1772–1777. 

   Stuhlmeier KM. Activation and regulation of Hsp32 and Hsp70. Eur J Biochem 

2000;267:1161 ^ 7.   

 Su DG, Delaplane S, Luo M, Rempel DL, Vu B, Kelley MR, et al. Interactions of APE1 

with a redox inhibitor: evidence for an alternate conformation of the enzyme. 

Biochemistry 2011;5 0:82–92. 

 Sunamura M, Duda DG, Ghattas MH, et al. Heme oxygenase-1 accelerates tumor 

angiogenesis of human pancreatic cancer. Angiogenesis 2003;6: 15^24. 

   Sundfor K, Lyng H, Rofstad EK. Tumour hypoxia and vascular density as predictors of 

metastasis in squamous cell carcinoma of the uterine cervix.Br J Cancer 1998;78:822–7. 

   Sutherland RM. Tumor hypoxia and gene expression—implications for malignant 

progression and therapy. Acta Oncol 1998;37:567–74. 

    Suzuki S, Nagaya T, Suganuma N, Tomoda Y, and Seo H. Inductions of immediate early 

genes (IEGS) and ref-1 by human chorionic gonadotropin in murine Leydig cell line 

(MA-10). Biochem Mol Biol Intl, 1998; 44: 217–224. 

   Tabara H., Sarkissian M., Kelly W. G., Fleenor J., Grishok A., Tim- mons L. et al. 1999 

The rde-1 gene, RNA interference, and transposon silencing in C. elegance. Cell 99, 123–

132 

   Taichman RS, Loberg RD, Mehra R, Pienta KJ. The evolving biology and treatment of 

prostate cancer. J Clin Invest. 2007;117:2351—61 



78 

 

   Tan F. L. and Yin J. Q. 2005 Application of RNAi to cancer research and therapy. Front. 

Biosci. 10, 1946–1960. 

   Tanase CP, Neagu M, Albulescu R, Hinescu ME. Advances in pancreatic cancer 

detection. Adv Clin Chem 2010;51:145–80. 

   Tang G. siRNA and miRNA: an insight into RISCs. Trends Biochem., 2005; Sci. 30, 106–

114. 

   Tavernarakis N., Wang S. L., Dorovkov S. L., Ryazanov A. and Driscoll M. 2000 

Heritable and inducible genetic interference by double-stranded RNA encoded by 

transgenes. Nat. Genet. 24, 180–183. 

   Tell G, Crivellato E, Pines A, Paron I, Pucillo C, Manzini G, Bandiera A, Kelley MR, Di 

Loreto C, and Damante G Mitochondrial localization of APE/Ref-1 in thyroid cells. 

Mutation Res 2001; 485: 143–152, 

   Tell G, Damante G, Caldwell D, and Kelley MR. The intracellular localization of 

APE1/Ref-1: More than a passive phenomenon? Antioxid Redox Signal 2005; 7: 367–

384, 

   Tell G, Pellizzari L, Pucillo C, Puglisi F, Cesselli D, KelleyMR, Di Loreto C, and 

Damante G. TSH controls Ref-1 nu- clear translocation in thyroid cells. J Mol Endocrinol, 

2000; 24: 383–390. 

   Tell G, Pines A, Paron I, D‘Elia A, Bisca A, Kelley MR, Manzini G, and Damante G. 

Redox effector factor-1 regulates the activity of thyroid transcription factor 1 by 

controlling the redox state of the N transcriptional activation domain. J Biol Chem, 2002; 

277: 14564–14574 

    Tell G, Quadrifoglio F, Tiribelli C, Kelley MR. The many functions of APE1/Ref-1: not 

only a DNA repair enzyme. Antioxid Redox Signal 2009;11:601–20 

    Tell G, Scaloni A, Pellizzari L, Formisano S, Pucillo C, and Damante G. Redox potential 

controls the structure and DNA binding activity of the paired domain. J Biol Chem 273: 

25062–25072, 1998 

    Tell G, Zecca A, Pellizzari L, Spessotto P, Colombatti A, Kelley MR, Damante G, and 

Pucillo C. An ‗environment to nucleus‘ signaling system operates in B lymphocytes  re- 



79 

 

dox status modulates BSAP/Pax-5 activation through Ref- 1 nuclear translocation. 

Nucleic Acids Res, 2000; 28: 1099–1105. 

   Terry CM, Clikeman JA, Hoidal JR, Callahan KS. Effect of tumor necrosis factor-a and 

interleukin-1 a on heme oxygenase-1 expression in human endothelial cells. Am J Physiol 

1998;274:883 ^ 91 

   Thompson B., R. Tritt, M. Davis, M.R. Kelley, Histology-specific expression of a DNA 

repair protein in pediatric rhabdomyosarcomas, J. Ped. Oncol., 2000. 

   Tijsterman M. and Plasterk R. H. Dicers at RISC; the mechanism of RNAi. Cell, 2004 ; 

117, 1–3. 

   Torisu-Itakura H, Furue M, Kuwano M, Ono M. Co-expression of thymidine 

phosphorylase and heme oxygenase-1 in macrophages in human malignant vertical 

growth melanomas. Jpn J Cancer Res 2000; 91:906^10. 

   Van der Krol A. R., Mur L. A., Beld M., Mol J. N. M. and Stuitje A. R. Flavonoid genes 

in petunia: addition of a limited num- ber of genes copies may lead to a suppression of 

gene expression. Plant Cell, 1990; 2, 291–299. 

   Vaucheret H., Beclin C. and Fagard M. Post-transcriptional gene silencing in plants. J. 

Cell Sci. , 2001;114, 3083–3091 

   Vaupel P, Fortmeyer HP, Runkel S, Kallinowski F. Blood flow, oxygen consumption, and 

tissue oxygenation of human breast cancer xenografts in nude rats. Cancer Res 

1987;47:3496–503.  

   Vaupel P, Kallinowski F, Okunieff P. Blood flow, oxygen and nutrient supply, and 

metabolic microenvironment of human tumors: a review. Cancer Res 1989;49:6449–65. 

   Vaupel P, Kelleher DK, editors. Tumor hypoxia: pathophysiology, clinical significance 

and therapeutic perspectives. Stuttgart (Germany): Wissenschaftliche Verlagsgesellschaft; 

1999. 

    Vaupel P. Physiological properties of malignant tumours. NMR Biomed 1992;5:220–5. 

   Vaupel P, Schaefer C, Okunieff P. Intracellular acidosis in murine fibrosarcomas 

coincides with ATP depletion, hypoxia, and high levels of lactate and total Pi. NMR 

Biomed 1994;7:128–3 



80 

 

   Vaupel P, Thews O, Hoeckel M. Treatment resistance of solid tumours: role of hypoxia 

and anemia. Med Oncol 2001; 18: 243–259.   

   Vaupel PW. Blood flow, oxygenation, tissue pH distribution and bioenergetic status of 

tumors. Berlin (Germany): Ernst Schering Research Foundation, Lecture 23; 1994. 

 Venugopal,R.,andJaiswal,A.K. Nrf1 and Nrf2 positively and c-Fos and Fra1 negatively 

regulate the human antioxidant response element-mediated expression of 

NAD(P)H:quinone oxidoreductase1 gene. Proc.Natl.Acad.Sci.U.S.A. 1996;93, 14960 –

14965 

 Vo N, Goodman RH. CREB-binding protein and p300 in transcriptional regulation. J Biol 

Chem 2001;276:13505–1350 

 Walenta S, Wetterling M, Lehrke M, Schwickert G, Sundfor K, Rofstad EK, et al. High 

lactate levels predict likelihood of metastases, tumor recurrence, and restricted patient 

survival in human cervical cancers. Cancer Res 2000;60:916–21. 

    Walker LJ, Robson CN, Black E, Gillespie D, and Hickson ID. Identification of residues 

in the human DNA repair enzyme HAP1 (Ref-1) that are essential for redox regulation of 

Jun DNA binding. Mol Cell Biol, 1993; 13: 5370– 5376. 

   Walton M, Lawlor P, Sirimanne E, Williams C, Gluckman P, and Dragunow M. Loss of 

Ref-1 protein expression precedes DNA fragmentation in apoptotic neurons. Brain Res 

Mol Brain Res, 1997; 44: 167–170. 

   Wang GL, Semenza GL. Purification and characterisation of hypoxia-inducible factor-1. J 

Biol Chem 1995; 1: 1230– 1237. 

    Wang GL, Jiang BH, Rue Semenza GL. Hypoxia-inducible factor-1 is a basic-helix-loop-

helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci USA 1995; 

92: 5510–5514. 

   Wang GL, Semenza GL. Characterization of hypoxia-inducible factor-1 and regulation of 

DNA binding activity by hypoxia. J Biol Chem 1993; 269: 21513–21518. 

    Warburg O., The Metabolism of Tumors, Constable Press, London, 1930. 

    Warburg O., On the origin of cancer cells, Science, 1956; 123: 309–314. 

    Warburg O., On respiratory impairment in cancer cells, Science, 1956; 124: 269–270. 



81 

 

   Weiler J., Hunziker J. and Hall JAnti-miRNA oligonucleotides (AMOs): ammunition to 

target miRNAs implicated in human disease? Gene Ther., . 2006 ; 13, 496–502. 

   Whitehouse CJ, Taylor RM, Thistlethwaite A, Zhang H, Karimi–Busheri F, Lasko DD, 

Weinfeld M, and Caldecott KW. XRCC1 stimulates human polynucleotide kinase ac 

tivity at damaged DNA termini and accelerates DNA single-strand break repair. Cell, 

2001; 104: 107–117.  

    Wiederhold L, Leppard JB, Kedar P, Karimi–Busheri F, Ra- souli–Nia A, Weinfeld M, 

Tomkinson AE, Izumi T, Prasad R, Wilson SH, Mitra S, and Hazra TK. AP 

endonuclease- independent DNA base excision repair in human cells. Molecular cell, 

2004; 15: 209–220. 

   Wilda M., Fuchs U., Wossmann W. and Borkhardt A. Killing of leukemic cells with a 

BCR/ABL fusion gene by RNA interference (RNAi). Oncogene, 2002; 21, 5716–5724. 

   Wilson DF, Rumsey WL, Green TJ, Vanderkooi JM. The oxygen depen- dence of 

mitochondrial oxidative phosphorylation measured by a new optical method for 

measuring oxygen concentration. J Biol Chem 1988; 263:2712–8. 

 Wilson T.M.,J.P. Carney,M.R. Kelley,Cloning of the multifunctional rat 

apurinic/apyrimidinic endonuclease (rAPEN)/redox factor from an immature T cell line, 

Nucleic Acids Res., 1994;22  530–531. 

    Xanthoudakis S., T. Curran, Identification and characterization of Ref-1, a nuclear protein 

that facilitates AP-1 DNA-binding activity, Embo. J., 1992; 11  653–665   

    Xanthoudakis S., G. Miao, F. Wang, Y.C. Pan, T. Curran, Redox activation of Fos-Jun 

DNA binding activity is mediated by a DNA repair enzyme, Embo. J., 1992; 11 3323–

3335. 

    Xanthoudakis S., G.G. Miao, T. Curran, The redox and DNA-repair activities of Ref-1 

are encoded by nonoverlapping domains, Proc. Natl. Acad. Sci. U. S. A., 1994; 91 23–27. 

   Xie K, Wei D, Huang S Transcriptional anti-angiogenesis therapy of human pancreatic 

cancer. Cytokine Growth Factor Rev. 2006 Jun;17(3):147-56. Epub 2006 Mar 3. 

   Yan M, Xu W, Lu L, Sun L, Liu X, and Zheng Z. Induction of ref-1 ensures AP-1 

activation in intracellular oxidative environment of IL-2-stimulated BA/F3beta cells. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xie%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wei%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huang%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/16516532


82 

 

Biochem Biophys Res Commun 2000; 278: 462–469,. 

   Yao KS, Xanthoudakis S, Curran T, and O‘Dwyer PJ. Activation of AP-1 and of a nuclear 

redox factor, Ref-1, in the response of HT29 colon cancer cells to hypoxia. Mol Cell Biol, 

1994;14: 5997–6003 

   Yekta S., Shih I. H. and Bartel D. P. MicroRNA-directed cleavage of HOXB8 mRNA. 

Science, 2004 ; 304, 594–596. 

   Yin J. Q. and Wan Y. RNA-mediated gene regulation system:now and the future. Int. J. 

Mol. Med. 2002 ; 10, 355–365. 

   Yi R., Qin Y., Macara I. G. and Cullen B. R. 2003 Exportin-5 me- diates the nuclear 

export of pre-microRNAs and short hairpin RNAs. Genes Dev. 17, 3011–3016. 

   Young SD, Marshall RS, Hill RP. Hypoxia induces DNA overreplication and enhances 

metastatic potential of murine tumor cells. Proc Natl Acad Sci U S A 1988;85:9533–7. 

    Y.Xu, D.H. Moore, J. Broshears, L. Liu, T.M. Wilson, M.R. Kelley, The 

apurinic/apyrimidinic endonuclease (APE/Ref-1) DNA repair enzyme is elevated in 

premalignant and malignant cervical cancer, Anticancer Res., 1997; 17 3713–3719. 

   Zamore P. D. RNA Interference: big applause for silencing in Stockholm. Cell, 2006; 127, 

1083–1086. 

    Zander R, Vaupel P. Proposal for using a standardized terminology on oxygen transport 

to tissue. Adv Exp Med Biol 1985;191:965–70. 

    Zhao J, Gao F, Zhang Y, Wei K, Liu Y, and Deng X. Bcl2 inhibits abasic site repair by 

down-regulating APE1 en- donuclease activity. J Biol Chem, 2008; 283: 9925–9932. 

   Zhu M, Fahl WE. Functional characterization of transcription regulators that interact with 

the electrophile response element. Biochem Biophys Res Commun 2001;289:212–219 

   Zilberman D., Cao X. and Jacobsen S. E. ARGONAUTE4 control of locus-specific 

siRNA accumulation and DNA and histone methylation. Science, 2003; 299, 716–719 

   Zou GM, Karikari C, Kabe Y, Handa H, Anders RA, Maitra A. The Ape-1/Ref-1 redox 

antagonist E3330 inhibits the growth of tumor endothelium and endothelial progenitor 

cells: therapeutic implications in tumor  angiogenesis. J Cell Physiol 2009;219:209–18. 

   Zou GM, Maitra A. Small-molecule inhibitor of the AP endonuclease 1/ REF-1 E3330 



83 

 

inhibits pancreatic cancer cell growth and migration. Mol Cancer Ther 2008;7:2012–21. 

   Zou G. M. and Yoder M. C. Application of RNA interference to study stem cell function: 

current status and future perspectives. Biol. Cell., 2005; 97, 211–219 

    Zu X.L., M. Guppy, Cancer metabolism: facts, fantasy, and fiction, Biochem. Biophys. 

Res. Comm., 2004; 313  459–465. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 

 

INDEX 

 

 

INTRODUCTION ---------------------------------------------------------------------------------- pag 2 

Mechanisms of Signal Transduction in Hypoxia ------------------------------------------------ pag 2                     

Tumor hypoxia---------------------------------------------------------------------------------------- pag 2 

Causative mechanism---------------------------------------------------------------------------------pag 2 

Metabolic hypoxia in solid tumors------------------------------------------------------------------pag 3 

Hypoxia inducible genes----------------------------------------------------------------------------- pag 6 

HIF-1 (Hypoxia-Inducible Factor) ----------------------------------------------------------------- pag 7 

Pancreatic cancer --------------------------------------------------------------------------------------pag 10 

Prostate cancer----------------------------------------------------------------------------------------- pag 12 

APE1/Ref1--------------------------------------------------------------------------------------------- pag 14 

APE1/Ref-1 genes, proteins, and structure---------------------------------------------------------pag14 

DNA Repair Function of APE1/Ref-1 ------------------------------------------------------------- pag17 

Regulation of APE1/Ref-1 Expression--------------------------------------------------------------pag19 

Regulation of transcription factors------------------------------------------------------------------ pag 21 

APE1/Ref-1 and cancer-------------------------------------------------------------------------------- pag 24 

RNA interference--------------------------------------------------------------------------------------- pag 27 

Mechanism of RNAi ----------------------------------------------------------------------------------pag 28 

Application of RNAi in biomedical research and health care----------------------------------- pag 29 

MicroRNAs as robust diagnostic and prognostic biomarkers ------------------------------------pag 32 

AIM OF THE PROJECT -------------------------------------------------------------------------- pag 34 

ARE-mediated Pathway------------------------------------------------------------------------------- pag 35 

NRF2 Activity and Repression by Keap1 --------------------------------------------------------- pag 36 

HMOX1-------------------------------------------------------------------------------------------------- pag37 

NQO1----------------------------------------------------------------------------------------------------pag 38 

MATERIALS AND METHODS--------------------------------------------------------------------pag 39 

Cell lines-------------------------------------------------------------------------------------------------pag 39 



85 

 

siRNA knockdown experiments---------------------------------------------------------------------pag 39 

qPCR analysis of mRNA levels-------------------------------------------------------------------pag39 

Western blot analysis ---------------------------------------------------------------------------------  pag 40 

ROS measurement-----------------------------------------------------------------------------------  pag 40 

APE1/Ref-1 overexpression -------------------------------------------------------------------------pag 40 

NRF2 reporter gene------------------------------------------------------------------------------------pag 41 

Bacterial strains and transformation  ---------------------------------------------------------------  pag 41 

Miniprep plasmid DNA purification----------------------------------------------------------------  pag 41 

Sequencing of DNA----------------------------------------------------------------------------------- pag41 

Maxiprep and precipitation of plasmid DNA------------------------------------------------------  pag 41 

Transient luciferase reporter assay------------------------------------------------------------------- pag42 

RESULTS----------------------------------------------------------------------------------------------- pag 43               

DISCUSSION -----------------------------------------------------------------------------------------  pag53 

REFERENCES ---------------------------------------------------------------------------------------  pag 56 

 


