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ABSTRACT
Urinary bladder neoplasms (UBNs) are among the most common malignancies in the 

world and are mainly attributed to exogenous risk factors such as, smoking, exposure to 
industrial aromatic amines and certain medicinal drugs which cause DNA damage. The entire 
process leading to DNA damage and subsequent repair of the damage involves a plethora of 
enzymes including those involved in metabolic and DNA repair processes. Genetic 
polymorphisms in the genes encoding enzymes involved in metabolism and DNA repair can 
potentially modulate susceptibility to cancer as well as alter the clinical course and treatment 
response in this disease. Despite previous studies, a comprehensive investigation on the role of 
polymorphisms in the genes involved in metabolism and DNA repair in UBNs has been 
lacking. 

The main objective of this thesis was to investigate the role of polymorphisms in DNA 
repair, metabolic and cell-cycle regulatory genes in the susceptibility, pathogenesis and clinical 
behavior of UBNs. The cases included bladder cancer patients, diagnosed during 1995-96 in 
different hospitals of the Stockholm County area. Follow-up information about the cases was 
recorded for 5 years. The controls were also drawn from the Swedish population. Both the cases 
and controls were genotyped for polymorphisms in different DNA repair, cell-cycle regulatory 
and metabolic genes.  

The results from the population based association studies (paper I & II) showed that the 
variant allele homozygotes of the A499V (C>T) and K939Q (A>C) polymorphisms in the XPC 
gene were associated with 6- and 3-fold increased risk of UBNs, respectively. Moreover, the 
variant allele genotypes of the A499V (C>T) polymorphism were associated with decreased 
age of disease onset. Increased risk of disease was also observed with the variant allele 
haplotypes of these two polymorphisms. Increasing number of XPC variant alleles (499V and 
939Q) in the genotypes increased the risk of UBNs in a linear dose dependent manner. We also 
observed a 2.5 times higher risk of UBNs in the individuals lacking the GSTT1 gene than those 
who did not. In contrast, the variant allele homozygote genotype of H27H (T>C) polymorphism 
in the H-ras gene was associated with a decreased risk of UBNs.  

Our studies on the influence of polymorphisms on the disease course and clinical 
outcomes in UBNs (paper III & IV) showed that patients, who were simultaneous carriers of 
variant alleles for the K751Q (A>C) and K939Q (A>C) polymorphisms in the XPD and XPC 
genes, respectively had longer disease free survival than the rest of the patients. Longer disease 
free survival was also observed in the carriers than the non-carriers of variant allele for A222V 
(C>T) polymorphism in the MTHFR gene. In contrast, compared to the non-carriers, carriers of 
the variant allele for R139W (C>T) polymorphism in the NQO1 gene showed shorter disease 
free survival in T1 disease. The variant allele carriers of R399Q (G>A) polymorphism in the 
XRCC1 gene were at reduced risk for recurrence and death after instillation and radiotherapy. 
A significant low-risk for stage progression was observed in patients carrying the variant allele 
for H27H (T>C) polymorphism in the H-ras gene. The variant allele carriers of G39E (G>A), 
P187S (C>T) and I105V (A>G) polymorphisms in the MSH6, NQO1 and GSTP1 genes, 
respectively showed association with increased risk for highly malignant UBNs. 

In conclusion, our results are consistent with the notion that the DNA repair, cell-cycle 
regulatory and metabolic gene polymorphisms influence the susceptibility to UBNs as well as 
the disease course and outcomes in patients with this disease.  
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1. INTRODUCTION

Cancer accounts for more than 20 percent of all deaths in the world each year 

and is one of the most important medico-biological problems of this century. The 

central event in cancer development is loss of genomic integrity which itself probably 

initiates from the assortment of genomic DNA by exogenous or endogenous 

carcinogens [1].  

Like several other cancers, exposure to exogenous carcinogens is one of the 

causal factors for urinary bladder neoplasms (UBNs). The risk factors for UBNs 

include smoking, exposure to industrial aromatic amines and some medicinal drugs 

such as phenacetin [2]. Exposure to such exogenous agents and by-products of cellular 

metabolism results in DNA damage which, left un-repaired, can lead to carcinogenesis 

through mutation fixation and clonal expansion of cells carrying mutations in the 

critical genes. The entire process leading to DNA damage and subsequent repair of the 

damage involves different enzymes, including those involved in metabolic and DNA 

repair processes. Therefore, functional optimality in the metabolic and/or DNA repair 

processes is the pre-requisite of reduced cancer risk while the risk increases with the 

sub-optimality in these processes. The capacity to metabolize carcinogens or to repair 

DNA damage under uniform exposure varies between the individuals. The inter-

individual variability in these processes is mostly attributed to the genetic 

polymorphisms in the genes involved in metabolism and DNA repair. Polymorphisms 

may result in subtle structural alterations of metabolic and repair enzymes and can have 

an impact on metabolic and DNA repair processes. The genetic polymorphisms are 

considered as the main modulators of individual repair and metabolic capacities and 

consequently risk of cancer. Polymorphisms in the genes encoding enzymes involved 

in metabolism and DNA repair can also potentially influence the clinical course and 

outcomes in the disease [3-6]. The risk of UBNs as well as their clinical courses are 

reported to be modulated by the genetic polymorphisms in genes encoding either 

metabolic, DNA repair or cell-cycle regulatory enzymes [7-14]. Despite previous 

studies, a comprehensive investigation of such genetic risk factors in UBNs has been 

lacking.  

One objective of this thesis was to study the role of polymorphisms in genes 

involved in DNA repair, metabolism and cell-cycle regulation and susceptibility to 

UBNs. The other objective was to explore the influence of investigated polymorphisms 

on disease course and clinical outcome in patients with the disease. 
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2. BACKGROUND

2.1 Urinary bladder neoplasms 
2.1.1 Incidence 

Urothelium, the inner lining of entire urinary tract, act as a permeable barrier 

between the urine and blood and is continuously exposed to a variety of potential 

carcinogens that are generally excreted by the kidneys and the urinary tract. Therefore, 

it is of no surprise that urinary bladder neoplasms are among the most common 

malignancies in the world [15]. However, the incidence rate of UBNs varies 

significantly throughout the world (  10 folds). Countries with particularly high 

incidence rate of urothelial cell carcinoma (UCC) of the bladder include Italy, Spain, 

Denmark, UK and US. Countries with low incidence rate of UCC are Japan and China 

[2]. Unlike UCC, incidence of squamous cell carcinoma (SCC) of the bladder is rare in 

the western world while, it is the most common malignancy in the Nile river valley 

where the parasite Schistosoma haematobium is endemic. The incidence increases with 

age and peaks at 80 years of age or older. The age adjusted incidence in Sweden is 

approximately 2000 new cases per year with a five year cancer specific survival of 71 

percent. This is the fourth most common cancer in men and the ninth most common 

cancer in women with a male to female ratio of 3:1 [16].  

2.1.2 Classification 

Bladder tumors are generally classified on the basis of their histology, patterns 

of growth (e.g. papillary vs. non papillary, invasive vs. noninvasive) and grade of 

malignancy. The most common histological type is UCC that constitutes 90 percent of 

all primary bladder tumors. Where as, only 10 percent of primary bladder tumors are 

represented by squamous cell carcinoma, adenocarcinoma and small cell carcinoma. 

According to the growth pattern, bladder tumors are classified into different stages with 

the TNM system, which includes information about primary tumor (T), nodal 

involvement (N) and metastasis (M) [17]. Primary tumors (T) are classified as non 

invasive papillary carcinomas (Ta), infiltrative carcinomas that extend into lamina 

propria and invade the sub epithelial connective tissue (T1), the muscular layer (T2+), 

or as superficial flat carcinoma in situ (CIS) (Fig. 1a). Depending on the cytological 

grade of malignancy bladder tumors are subdivided into five different malignant grades 

namely, G1 (well differentiated, Fig 1d), G2 (moderately differentiated), G3 (poorly 

differentiated), G4 (undifferentiated, Fig 1e) and Gx (grade cannot be assessed) [18, 

19]. Malmstrom et al further subdivided the G2 into G2a (more like G1) and G2b 
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(more like G3) [19]. Based on the clinical outcomes of patients Larsson et al have 

classified the disease into five different disease categories (TIS, TaG1, TaG2, 

TaG3+T1 and T2+) [20]. According to the 2004 WHO classification of bladder tumors, 

papillary urothelial neoplasm of low malignant potential (TaG1) no longer carries the 

label of 'cancer' [21].  

Figure 1. (a) Different stages of urinary bladder tumors. Stage T2a, T2b, T3 and T4 represent 
T2+. (b–e) Haematoxylin and eosin stained sections. (b) Normal urothelium with the large 
differentiated superficial cells. (c) CIS. Cells are disorganized and show marked nuclear atypia 
(high-grade). (d) Low-grade superficial papillary tumor. (e) High-grade tumor invading muscle 
(m) [Reprinted by permission from Carcinogenesis [22] copyright (2006) Oxford University 
Press].

2.1.3 Prognosis 
More than 70 percent of bladder tumors are non-invasive (Ta/T1) at diagnosis. 

Low grade papillary Ta tumors (i.e. TaG1) almost never progress and patients with this 

disease seldom die due to the disease (Fig 2). Though, a 50-70 percent recurrence for 

TaG2 tumors is reported, yet those are associated with good prognosis. A majority of 

patients with T1 disease also show good prognosis in response to Bacillus Calmette-

Guerin (BCG) treatment. However, about one third of the patients do not respond to 

BCG. In such cases the tumor progresses to invade the muscle and outcome is death 

due to the disease (Fig.2) [20]. Carcinoma in situ (CIS  10 percent) is a flat, high 

grade tumor that initially remains within mucosal boundaries (Fig 1a & c) but is 

believed to be a precursor of invasive bladder cancer as it is often found together with 
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invasive UCC [23]. Sixty percent of patients with this type of tumor have a poor 

prognosis [24]. In contrast to the superficial papillary tumors, the tumors that are 

muscle-invasive at diagnosis (T2+;  20 percent) have a poor prognosis (Fig.2). 

Approximately 50 percent of these patients develop lethal distant metastasis and die 

due to the disease in spite of radical surgery, radiation or chemotherapy [23]. 
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Figure 2. Disease specific survival in patients with different disease categories in UBNs

2.1.4 Treatment

The choice of treatment in urinary bladder neoplasms depends on different 

factors including tumor size, stage, grade, involvement of lymph nodes, presence of 

metastasis, and physical condition of the patients. Low grade tumors without muscle 

invasion are mainly treated by transurethral resection (TURB). In case of multiple or 

recurrent low-grade tumors TURB is supplemented with intravesical chemotherapy 

(e.g. Farmorubicine, Doxorubicine, and Mitomycine C) or radiation therapy [25-28]. 

Intravescical immunotherapy with BCG is also used for the treatment of patients with 

recurrent non-invasive tumors and has been shown to give prolonged protection from 

tumor recurrence in about two thirds of the patients [29]. High grade muscle-invasive 

bladder tumors are best treated by radical cystectomy provided that no metastasis is 

present at diagnosis. Chemotherapy in a neo-adjuvant setting is mainly used to decrease 

the size in a locally advanced bladder tumor followed by cystectomy, while adjuvant 

chemotherapy is given in node positive cases [30]. Radiation therapy allows organ 

preservation and is only given to selected patients with muscle-invasive bladder tumors 

[31]. 
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2.1.5 Etiology / Risk factors 

2.1.5.a Environmental risk factors 

The environmental risk factors of UBNs are well investigated and established. 

The most common known etiologic factor of UCC is cigarette smoking. In addition, 

numerous specific chemicals have been identified as bladder carcinogens. These 

include aromatic amines and amides (e.g. 4-aminobiphenyl, benzidine and 2-

naphthylamine), phenacetin-containing analgesics, and certain cancer chemotherapeutic 

agents (e.g. phosphoramide mustards). Occupational exposure to various combustion 

gases including those found in aluminum industries and in diesel exhaust has been 

found to increase the risk of UBNs. Besides, exposure to arsenic in drinking water 

probably also increases the risk of bladder neoplasia [32]. Various heterocyclic amines 

generated by pyrolysis of foods especially red meat, have been suggested as potential 

dietary risk factors for UBNs [2]. Unlike UCC, squamous cell carcinoma (SCC) is rare 

in western world but is common in Egypt and Middle East where the parasite

Schistosoma haematobium is endemic. This parasite causes Scistosomiasis, a chronic 

inflammation, which is believed to cause SCC [33]. 

2.1.5.b Genetic risk factors and the molecular alteration in bladder tissues 

Although molecular alterations are common in bladder tumor tissues and even 

though subjects with a family history of UBNs have a slightly increased risk of this 

disease, no disease causing gene has been identified [34]. Somatic genetic alterations 

observed in bladder tumor tissues include activation of proto-oncogenes (FGFR3, H-

ras, Cyclin D1 and MDM2) and inactivation of tumor suppressor genes (p53, 

CDKN2A/ARF, RB1 and PTEN genes). Mutations, non-random deletion or gain at 

multiple chromosomal sites and epigenetic alterations are cause of genetic 

heterogeneity of bladder tumors. The most frequent losses are found on chromosome 9. 

Candidate genes in this chromosome are CDKN2A/ARF, CDKN2B, PTCH, DBC1 and 

TSC1. Losses are also common in chromosomes 11p, 17p, 8p, 4p, 13q, 3p, 10q and 

18q. In contrast to the losses, gains of 1q, 5p, 8q and 17q have also been found. Despite 

genetic heterogeneity, somatic alterations in bladder cancer display specific patterns in 

different disease categories. The activating mutations of the FGFR3 gene are common 

in low grade non-invasive bladder tumors while, inactivating mutations in p53 gene are 

often observed in high grade invasive tumors (Fig 3) [22, 35, 36].  
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Figure 3. Model for bladder cancer progression showing the molecular pathways of 
tumorigenesis. Deletion of both arms of chromosome 9 (9p-/9q-) occurs early during 
urothelial tumorigenesis Non-invasive papillary tumors (TaG1 and TaG2) harbor 
frequent mutations in the H-ras (30–40%) and fibroblast growth factor receptor 3 
(FGFR3) gene (70%). High-grade muscle-invasive tumors contain structural and 
functional defects in the tumor suppressors’ p53 and/or the retinoblastoma protein 
(RB). An increased S phase fraction has also been observed in this kind of tumors. 
Invasion and metastases are promoted by several factors that alter the tumor 
microenvironment, including the aberrant expression of N- and E-cadherins (N-cad 
and E-cad), matrix metalloproteinases (MMPs), angiogenic factors such as vascular 
endothelial growth factor (VEGF), and antiangiogenic factors such as thrombospondin 
1 (TSP1) and cyclooxygenase 2 (COX2).  

2.1.6 Susceptibility  

Not every individual with an exposure to risk factors develop urinary bladder 

neoplasms. At the same time, many patients develop the disease without being exposed 

to any of the known risk factors [2]. Such discrepancies in disease development arise 

from the genetically predetermined inter-individual variation in susceptibility. The 

susceptibility may be low or high; it is polygenic and follows a normal distribution in 

the population. The genetic characteristics that determine individual’s susceptibility to 

cancer is modulated by the “genetic polymorphisms”; germline variations in DNA 

sequences. The mechanisms by which genetic polymorphisms are postulated to 

modulate the susceptibility of UBNs are discussed in the subsequent chapters.
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2.2 Genetic polymorphisms 

Genetic polymorphisms are defined as germline variations in DNA sequences 

that result to produce alternative forms of one gene which co-exist in more than one 

percent of the population. Alternative forms of a polymorphic gene that exists at single 

locus are known as “alleles”. A common or wild type allele is represented by most of 

the individuals in a population. The other allele, which is represented by fewer 

individuals in the population, is called a rare or variant allele. However, the frequency 

of a certain allele varies typically among different populations, and thus the 

classification of an allele as ‘rare’ or ‘common’ is population specific. 

Polymorphisms can either result from substitution of one base for another or 

from the insertion or deletion of a section of DNA and also from gross genetic losses 

and rearrangements. The simplest type of all polymorphisms is the single nucleotide 

polymorphism (SNP), which accounts for 90 percent of all genetic polymorphisms 

and can occur as frequently as 1 per 300 base pairs [37, 38]. There are probably >10 

million SNPs in the human population. SNPs within the coding region can alter protein 

structure (non-synonymous) and some intronic SNPs can affect splicing of a gene. 

SNPs within the 3’-untranslated region can alter mRNA stability or influence 

transcription if present in the promoter region of a gene. Though, in the majority of 

cases polymorphism within introns or inter-genic regions cause no discernable effect 

[39, 40]. 

2.2.1 Genetic polymorphisms and cancer susceptibility  

Genes involved in carcinogen metabolism, DNA repair and cell cycle regulation 

co-ordinate to facilitate the initial defenses against cancer development. Metabolic 

enzymes detoxify carcinogens to provide the first line of defense. The enzymes 

encoded by DNA repair genes counteract the consequences of mutagenic exposure of 

cells and prevent carcinogenesis by removal of damaged DNA bases [41]. In parallel, 

the products of cell-cycle regulatory genes ensure error-free replication of DNA by 

regulating cell-cycle progression with a provision for DNA repair (Fig. 4) [42]. 

Polymorphisms that cause subtle structural/functional alteration of metabolic, DNA 

repair and cell-cycle regulatory proteins can influence these processes, hence individual 

susceptibility to carcinogenesis and therefore are postulated to serve as ‘susceptibility 

markers’ of the disease.  
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Figure 4. Co-ordination between the metabolic, DNA repair and cell-cycle regulatory 
processes. Reactive metabolites cause DNA damage. Before progression of cell-cycle, the 
repair of damage is necessary to maintain the genomic integrity. Un-repaired DNA lesions can 
lead to transformation of cells through mutation fixation and clonal expansion of damaged 
cells. Excessive damage can also lead to cell death or apoptosis, which is an anti-
carcinogenesis process.  

2.2.2 Genetic polymorphisms, progression and outcomes in cancer  

Besides modulating the susceptibility, inter-individual genetic variation can also 

contribute to the prognosis and outcomes of cancer. Candidate genes that influence 

tumor progression are oncogenes, cell-cycle regulatory genes, and also genes involved 

in the immune response, inflammatory change, neovascularization, and extra-cellular 

matrix breakdown. Metabolic and DNA repair genes can also influence tumor 

progression and disease outcomes [43]. Polymorphisms in DNA repair and metabolic 

genes may also influence the occurrence and type of somatic mutations and 

chromosomal alterations and can thus predict the pathogenesis or progression of the 

tumor [44]. For example in urinary bladder tumors p53 mutations, which are associated 

with invasive tumors, are reported to be influenced by the polymorphisms in DNA 

repair and metabolic genes [45-48].  

Polymorphisms in DNA repair and metabolic genes can also be potentially used 

in pharmcogenetics, which aims to identify individuals predisposed to high risk of 

toxicity from conventional doses of cancer chemotherapeutic agents [49]. 
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Polymorphisms in the drug metabolic genes could influence the efficacy of the 

chemotherapeutic drugs by affecting their activation. Polymorphisms in the DNA repair 

genes can also influence the response to chemo and radiotherapy. These therapies are 

based on the premise of selective killing of cancer cells through DNA damage. 

Therefore altered repair capacities can result in different outcomes. A number of 

studies have reported associations between polymorphic variants of metabolic and 

DNA repair genes and outcomes of treatments with chemo or radiotherapy [8, 12, 50-

52]. 

2.2.3 Degrees of association between genetic polymorphisms and cancer 

The variant alleles of single nucleotide polymorphisms are usually associated 

with low penetrance and the effect on familial risk of cancer is generally moderate. The 

impact on susceptibility of variant alleles becomes significant when the risk is 

estimated at the population level with a large sample size [53]. Due to low penetrance 

pathogenic alleles per se are not sufficient to develop a particular phenotype and require 

additional genetic events [54]. The effect of a specific polymorphic allele to the risk of 

disease could also be context dependent and show opposite effect between two 

different populations [55].The effect usually manifests due to combined effect of a 

collection of polymorphic alleles in sets of key genes, and environmental factors that 

determine together whether an individual will suffer from a disease or not [39].  

Because of usually low penetrance of a single pathogenic allele, it is imperative 

to study other polymorphic alleles which are in linkage disequilibrium [39]. Linkage 

disequilibrium (LD) is the non-random association of alleles at different genetic loci. 

Alleles that are placed close together on a chromosome show high LD and tend to 

inherit together. A set of such alleles on a chromosome or a part of chromosome is 

called haplotype. Different haplotypes with combinations of particular alleles in the 

same gene could influence the function of the gene and thus its penetrance [56]. 

Moreover, unlike a single SNP marker haplotypes help to demonstrate the association 

of a region of the genome with the disease. Haplotypes within a gene can also reflect 

historical linkage to other functional loci or genes [57]. 
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2.3 Polymorphisms of carcinogen metabolic genes and 

the risk of cancer 

2.3.1 The carcinogen metabolic systems  

At an early stage, most types of cancers are initiated by carcinogens or 

xenobiotics which can be both of exogenous and endogenous origin. Tobacco smoke, 

food, and environmental as well as work place pollutants are the sources of exogenous 

carcinogens. UV component of light and radioactive irradiations are also among the 

known carcinogens. Most of these exogenous agents require metabolic activation prior 

to reaction with macromolecules like DNA and protein. 

The main function of the carcinogen metabolic system is to bio-transform the 

lipophilic pre-carcinogens into readily excretal hydrophilic metabolites. The enzymes 

involved in carcinogen metabolism, despite certain overlaps, are traditionally classified 

as phase I and phase II enzymes [58]. The phase I detoxification system, composed of 

the cytochrome P450 super-gene family of enzymes, is generally the first enzymatic 

defense against foreign compounds. The phase I enzymes besides increasing the water 

solubility of the carcinogens make those more reactive through reduction, oxidation or 

hydrolysis reactions [59, 60]. The metabolites from phase I reactions undergo 

detoxification by the phase II enzymes. This group of enzymes conjugate ionized 

groups (e.g. glutathione, methyl or acetyl) to the activated metabolites, converting those 

into less reactive, more water soluble and excretal (Fig. 5) [61]. Recently, antiporter 

activity has been defined as a phase III system which by pumping out reduces the 

intracellular concentration of xenobiotics in the cells. The carcinogen metabolic 

enzymes also play important roles in drug metabolism [62]. 

Polymorphisms in phase I and II metabolic genes influence the induction as 

well as function of metabolic enzymes and hence alter individual carcinogen and drug 

metabolic capacity [6, 61, 63, 64]. However, the impact of polymorphisms on the 

efficacy of enzymes depends on the metabolic phase the enzyme is involved in and also 

on the effectiveness of the other phase [65]. For example, a rapid phase I in 

combination with a slow phase II metabolism may result in accumulation of toxic 

metabolites which are potent carcinogens and react with macromolecules, like DNA 

and RNA. While, a slow phase I with effective phase II metabolism ensures proper 

detoxification and excretion of the metabolites from the body and thus protection of 

genomic DNA. However, a slow phase I metabolism may also lead to toxic damage if 
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the parental substance is more toxic than its metabolites. Therefore, a proper balance 

between the phase I and phase II systems is necessary to avoid carcinogenicity and 

violation of that can dramatically alter xenobiotic toxicity or therapeutic efficacy [65]. 

Figure 5. Summary of detoxification pathways for phase I and phase II reactions.

2.3.2 Risk of cancer with different metabolic gene polymorphisms

Genetic polymorphisms in several phase I and phase II metabolic enzymes are 

associated with the risk of UBNs. These includes polymorphisms in the NQO1, NAT2, 

GSTP1, GSTT1 and GSTM1 genes [66-68]. In addition polymorphisms in the folate 

metabolic gene, MTHFR, have also been associated with risk modulation of UBNs in 

some studies (Table 1).  

NAD(P)H:quinone oxidoreductase 1 (NQO1), formerly known as diphtheria

toxin diaphorase (DT-diaphorase), is located on chromosome 16q22. NQO1 is a 

cytosolic flavoenzyme that catalyzes the two-electron reduction of quinoid compounds

into hydroquinones and protects cells from oxidative damages [69]. In-vitro evidence

suggests that NQO1 activity can specifically reduce the rate of benzo(a)pyrene 

quinone-DNA adducts formation; generated by cytochrome P450 reductase [70]. Thus, 

NQO1 has been described as an anticancer enzyme. However, NQO1 also catalyzes 

some phase I reactions and bio-activates certain environmental pro-carcinogens, such as 

nitro-aromatic compounds and heterocyclic amines, present in tobacco smoke and 

certain processed foods [71, 72]. In addition to its dual function of detoxification and 

bio-activation of xenobiotics, NQO1 has also attracted wide attention as a drug-

metabolizing enzyme for anti-tumor therapy. Many cytotoxic agents containing the
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quinone moiety, such as the benzoquinone group, are activated by NQO1 via their 

reduction into hydroquinones [73]. Two nonsynonymous SNPs in NQO1 that have 

been discovered to date are: P187S (C>T) and R139W (C>T). Compared to the 

187Proline allele the 187Serine allele of P187S polymorphism has shown lower 

enzymatic activity and been reported to influence the risk of lung, colorectal and 

urothelial carcinomas [63, 64, 74-77]. The R139W (C>T) polymorphism, although not 

well studied, has been found to reduce the enzymatic activity of NQO1 protein and 

increase the risk of infant acute lymphoblastic leukemia (ALL) [78, 79]. 

Table1. Summary of the effect of metabolic gene polymorphisms on the function of metabolic 
proteins and the risk of UBNs.  

Genes (phase) Common variant 
/ rare variant 
(codon) 

Frequency of 
rare variant 
in Caucasian 

Functional alteration with 
the variant allele  

Ref. with respect to 
altered risk of 
UBNs 

NQO1 (I & II) R/W (139) 

P/S (187) 

0.03 

0.18 

Reduced activity 

Reduced activity with rapid 

degradation 

Increased risk [80-

82]

NAT2 (II) Rapid/slow† <0.50 Reduced expression/activity Increased risk [83-

86]

GSTP1 (II) I/V (105) 0.30 Change in affinity/activity Increased risk [87-

90]

GSTT1 (II) Non null/null 0.30 Absence of function Increased risk [89, 

91-95]

GSTM1 (II) Non null/null 0.80 Absence of function Increased risk [83, 

91, 93, 96] 

MTHFR (*) A/V (222) 

E/A(429) 

0.37 

0.37 

Reduced activity 

Reduced activity 

Decreased risk [80] 

Increased risk [97] 

(I) Involved in phase I metabolic reactions; (II) Involved in phase II metabolic reaction; (*) 
Involved in folate metabolism. † Slow variants of NAT2 are represented by NAT2*5, 
NAT2*6 and NAT2*7 alleles with respective frequencies of 0.46, 0.29, 0.03.in Caucasian. 

Two distinct N-acetyl transferases (NATs), NAT1 and NAT2, have been 

identified as being involved in the metabolism of aromatic amines and heterocyclic 

amines via N-, O-, or N, O-acetylation [98]. These enzymes are also involved in the 

acetylation of a number of aromatic amine and hydrazine drugs. Expression of NAT2 

has been observed in liver where it detoxifies activated arylamines by N-acetylation. 

The NAT2 gene is highly polymorphic and is situated on chromosome 8p22. Several of 

the NAT2 alleles have been shown to change its enzymatic activity and are referred to 
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as slow or rapid acetylators, depending on their functional impacts. The NAT2 wild-

type allele (NAT2*4) and four major mutant alleles – M1 (NAT2*5), M2 (NAT2*6), 

M3 (NAT2*7) and M4 (NAT2*14) have been identified [99]. The presence of two 

NAT2 mutant alleles produces a slow acetylation phenotype, whereas the presence of at 

least one wild-type allele produces a rapid or medium acetylator phenotype [99, 100]. 

Studies have reported association of NAT2 slow acetylators with the risk of bladder 

and prostate cancer, however such data are not conclusive [84, 85, 101, 102]. 

The glutathione S-transferases (GSTs) are a family of proteins which 

conjugate electrophilic molecules with glutathione to render them less toxic. 

Carcinogens detoxified by GSTs include polycyclic aromatic hydrocarbons present in 

the diet and tobacco smoke. Besides, a variety of anticancer drugs are also metabolized 

by the members of this group [103, 104]. Thus, genetic polymorphisms in these 

enzymes have high relevance for cancer susceptibility as well as for response to therapy 

[58]. Human GSTs have been grouped into 7 main classes: alpha, mu, omega, pi, 

sigma, theta and zeta [105].  

The glutathione S-transferases P1 (GSTP1) gene belongs to the pi class, is 

present on chromosome 11q13 and shows 5 non synonymous SNPs. The I105V (A>G) 

polymorphism in the GSTP1 gene, affects the kinetic property of the enzyme. The 

105Valine allele has been reported to be associated with a substantial reduction in the 

catalytic activity of the enzyme and the risk of several cancers including UBNs [106-

108]. However, a contradictory protective effect of the 105Valine allele against cancer 

development has also been documented [108, 109]. 

Glutathione S-transferases M1 (GSTM1; class mu) and glutathione S-

transferases T1 (GSTT1; class theta), show polymorphisms, due to large deletions in 

the structural genes. Homozygous deletions of these genes, result in null-genotypes and 

complete absence of the enzyme activities [103]. Null genotypes of GSTT1 and 

GSTM1 are present in a high percentage of the human population, with major ethnic 

differences. GSTT1 plays a major role in phase-II biotransformation of a number of 

drugs and industrial chemicals, (e.g. cyto-static drugs, hydrocarbons and halogenated 

hydrocarbons). The null genotype of GSTT1 has been reported to increase the risk for 

many malignancies including bladder neoplasms. GSTM1 is particularly relevant in the 

deactivation of carcinogenic intermediates of polycyclic aromatic hydrocarbons. 

Absence of this enzyme has been shown to be associated with lung, colon, colorectal 

and bladder cancer [103, 109-112]. 



14

Folate, the water soluble vitamin-B, modulates DNA methylation and is also 

important for the synthesis, stability and repair of DNA. The key regulatory enzyme 

involved in folate metabolism is methylenetetrahydrofolate reductase (MTHFR)

that irreversibly converts 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate. 

The 5,10-methylenetetrahydrofolate, is required for DNA synthesis [113, 114]. On the 

other hand, the 5-methyltetrahydrofolate is the precursor of methionine and S-

adenosylmethionine (SAM) which are required for DNA methylation and protein 

synthesis. Two common non-synonymous SNPs, A222V (C>T) and E429A (A>C) for 

MTHFR gene are known. Variant alleles for both of these polymorphisms have been 

reported to reduce the enzymatic activity of the MTHFR protein. The 222Valine allele 

has been shown to be associated with reduced risk of a number of cancers including 

UBNs, while some other studies have shown an increased risk with this variant [80, 97, 

115-119]. There are two possible hypotheses that describe the role of 222Valine allele 

in carcinogenesis. Increased cancer risks with this allele may be associated with 

insufficient methylation of DNA due low activity of MTHFR. While, lowered risks 

may be caused by the increased fidelity of DNA synthesis afforded by the greater 

availability of MTHFR substrate 5,10-methylenetetrahydrofolate [120]. It is also 

postulated that the protective or adverse effect of 222Valine allele depends on the level 

of dietary folate. Functional significance for the E429A (A>C) polymorphism in the 

MTHFR gene is not yet established. However, a decreased risk of leukemia and 

colorectal cancer have been reported with the variant allele of the polymorphism [121, 

122]. 
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2.4 Polymorphisms in the DNA repair genes and the risk of cancer 

2.4.1 DNA repair systems 

DNA is continuously exposed to a range of damaging agents, which include 

reactive cellular metabolites, environmental chemicals, ionizing radiation and UV light. 

The consequences of DNA lesions are diverse and adverse. Acute effects of DNA 

damage involves obstruction of transcription and replication, causing cellular 

malfunctioning and cell death and in the long run contributing to aging. Eventually, 

inaccurate repair of DNA damage results in mutations that may induce cancer. An 

intertwined set of genome surveillance mechanisms collectively counteract the 

consequences of genomic insults, including nucleotide excision repair (NER), base 

excision repair (BER), homologous recombination repair (HRR), non-homologous end 

joining (NHEJ) and mismatch repair (MMR).  

Nucleotide excision repair (NER) is capable of removing UV-induced 

pyrimidine dimers, photoproducts, and DNA cross-links. Other NER substrates include 

bulky chemical adducts, DNA intra-strand cross links, and some forms of oxidative 

damage. The common features of lesions repaired by the NER pathway are helical 

distortion of the DNA duplex and a modification of the DNA chemistry [123]. The 

NER process requires the action of more than 30 proteins in a stepwise manner that 

includes damage recognition, local opening of the DNA duplex around the lesion, dual 

incision of the damaged DNA strand, gap repair synthesis, and strand ligation (Fig.6) 

[124]. There are two distinct forms of NER: global genomic NER (GG-NER), which 

corrects damage in transcriptionally silent areas of the genome, and transcription 

coupled NER (TC-NER), which repairs lesions on the actively transcribed strand of the 

DNA. These two sub-pathways are fundamentally identical except in their mechanism 

of damage recognition (Fig. 6). In GG-NER, the XPC/HR23B protein complex is 

responsible for the initial detection of damaged DNA (Fig. 6A). Conversely, damage 

recognition during TC-NER does not require XPC, but rather is thought to occur when 

the transcription machinery is stalled at the site of injury. The stalled transcription 

machinery is displaced by the action of the CSA and CSB proteins, as well as other TC-

NER-specific factors (Fig. 6B). The subsequent steps of GG- and TC-NER proceed in 

an essentially identical manner. 



16

Figure 6. Model of Nucleotide Excision Repair. (A) Global genomic-NER; the helical 
distortion is recognized by the XPC-HR23B complex. (B) Damage recognition in Transcription 
coupled-NER; the stalled RNA polymerase II acts as a marker for lesion recognition by 
CSA/CSB complex. The subsequent steps of these processes are shared and include, local 
unwinding of the DNA by TFIIH, a nine subunit complex of, XPB, XPD and CCNH. The un-
wound DNA is then stabilized by RPA while XPA assemble other DNA repair factors. The 
damaged DNA is subsequently removed by a dual incision with XPG (at 3´) and ERCC1-XPF 
(at 5´). Finally the gap is filled by DNA polymerase /  followed by a sealing with DNA ligase 
[Modified and reprinted by permission from Nature Reviews Cancer [125] copyright (2001) 
Nature Publishing Group].

Base excision repair (BER) is a multi-step process that repairs non-bulky 

damage to DNA bases resulting from oxidation, methylation, deamination, or 

spontaneous loss of the DNA base [126]. BER has two sub-pathways; “short patch” 

and “long patch” repair. Short patch repair replaces a single nucleotide, while long 

patch repair replaces approximately 2 to 10 nucleotides from the lesion. Both pathways 

are initiated with the modification of damaged base by DNA glycosylase and AP 

A. B.
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Endonuclease 1 (APE1) (Fig 7). In “short patch” repair the DNA polymerase ß (Pol ß)

removes this modified base by its AP lyase activity and adds one nucleotide to the 3' 

end of the nick (Fig. 7A) [127]. The "long-patch" repair, is employed when a modified 

base shows resistance to the AP lyase activity of DNA Pol ß [128]. Unlike short-patch , 

long-patch repair is a PCNA-dependent pathway, where the DNA polymerase ( , or )

adds several nucleotides to the gap (Fig. 7B) [129]. Sealing of strand nick complete the 

BER process (Fig 7). 

Figure 7. Model of Base Excision Repair. (A) Short patch and (B) Long patch BER 
pathways. DNA glycosylase initiates both of these pathways by generating an 
apurinic/apyrimidinic (AP) site. The AP site is further processed by the APE1/APEX1 
endonucleases which cleave the sugar-phosphate chain on the 5' side of the AP site and 
produce a deoxyribose-phosphate (dRP) residue. Following polymerase ß (Polß) adds one 
nucleotide to the 3' end of the nick and removes the dRP moiety via its associated AP lyase 
activity. The strand nick is finally sealed by a DNA ligase III/XRCC1 complex in "short-
patch" repair. The long-patch repair is a PCNA-dependent pathway, where the DNA 
polymerase (  or ) adds several nucleotides to the repair gap thus displacing the dRP as part 
of a "flap" oligonucleotide. The resulting oligonucleotide overhang is excised by the FEN-1 
prior to sealing of the nick by a DNA ligaseI [Reprinted by permission from American 
Journal of Epidemiology [130] copyright (2005) Oxford University Press] 

Double-strand breaks (DSBs) affect both strands of the DNA duplex and 

therefore prevent use of the complementary strand as a template for repair [131]. DSBs 

in DNA are caused by a variety of sources including ionizing radiation, certain 

A. B.
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genotoxic chemicals, endogenously generated reactive oxygen species, replication of 

single-stranded DNA breaks, and mechanical stress on the chromosomes. To counteract 

the detrimental effects of these potent lesions, cells have evolved two distinct pathways 

of DSB repair, homologous recombination (Fig. 8A) and non-homologous end 

joining (Fig. 8B) [132]. Homologous recombination -directed repair corrects DSB in 

an error-free manner using a mechanism that retrieves genetic information from a 

homologous, undamaged DNA molecule. The RAD52 group of proteins, including 

RAD50, RAD51, RAD52, RAD54, and MRE11 mediate this process [133]. In contrast 

to homologous recombination, non-homologous end joining does not require a 

homologous template for DSB repair and usually results in the correction of the break 

in an error-prone manner. Essential to the non-homologous end joining pathway is the 

activity of the Ku70/Ku80 hetero-dimeric protein [134]. 

Figure 8. Model of Double-strand break repair. (A) Homologous recombinational repair; 
initially processed by the Mre11/Rad50/NBS1 nuclease complex. Rad52 protects the end of 
DNA strand. Rad51 and its associated proteins are involved in the heteroduplex formation. 
Intact DNA from the homologous chromosome (shown in grey lines) is used as a template to 
replace the genetic information lost during the initial nucleolytic process. Following the 
nucleolytic process, Holliday junction, branch migration, nuclease resolution of the junction 
and ligation of the DNA complete the recombinational repair (B) Non-homologous end-joining 
pathway; the Ku heterodimer binds to DNA ends and recruits DNA-PKcs. The XRCC4/ligase 
IV complex is required for the joining of DNA ends in this repair process. [Reprinted by 
permission from Oncogene [135]. copyright (1999) Nature Publishing Group

B.A. 
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The mismatch repair (MMR) pathway plays an essential role in the 

correction of replication errors such as base-base mismatches and insertion/deletion 

loops that result from misincorporation of nucleotides and template slippage, 

respectively. The MMR pathway is initiated with the recognition of mismatch or 

insertion/deletion by a heterodimer of the MSH2-MSH6 or MSH2-MSH3 proteins 

(Fig.9) [136-138]. Following lesion identification higher order protein complexes are 

formed, including those containing the heterodimeric proteins of MLH1-PMS2, 

MLH1-MLH3, and replication factors. Excision and re-synthesis of the nascent strand 

is performed by a number of factors including PCNA, RPA, RFC, exonuclease I, 

DNA polymerases  and , endonuclease FEN1, and additional factors [139].  

Figure 9. Model of Mismatch Repair. The recognition of small loops generated by insertion or 
deletion of nucleotides, as well as single base mismatches (A:X) is primarily accomplished by a 
complex called MUTS , a heterodimer of MSH2 and MSH6. Another heterodimer, MUTS ,
comprising MSH2 and MSH3, can also operate in the recognition of small loops during MMR. 
The precise biochemical events subsequent to mismatch recognition in mammalian cells are not 
well understood, but are believed to involve other heterodimeric complexes, comprising 
proteins called MLH1, PMS2 and MLH3. [Modified and reprinted by permission from Nature 
Reviews Cancer [125]. copyright (2001) Nature Publishing Group] 

2.4.2 Risk of cancer with different DNA repair gene polymorphisms 

Polymorphisms in several DNA repair genes including XPC, XPD, XPG, 

XRCC1, OGG1, XRCC3, NBS1, MSH3, MSH6 are reported to be associated with the 
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risk of several cancers [3]. Risk of UBNs with the polymorphisms in the above 

mentioned DNA repair genes are summarized in table 2. 

The xeroderma pigmentosum group C (XPC) gene spans 33 kb on 

chromosome 3 and contains 16 exons, encoding a 940 amino acid protein [140]. The 

XPC protein binds to HR23B and plays a key role in global genomic NER by damage 

recognition (Fig 6A) [141]. Interestingly XPC also plays an unexpected and 

multifaceted role in BER and protect cells from oxidative DNA damage [142]. Germ 

line mutations in the XPC gene result in defective NER, and are associated with the 

Xeroderma pigmentosum syndrome. Beside mutations, several polymorphisms in this 

gene have been reported [140, 143, 144]. A common poly (AT) insertion/deletion 

polymorphism in the intron 9 of XPC gene, is in linkage disequilibrium with another 

K939Q (A>C) polymorphism of this gene. These two polymorphisms were shown to 

alter the repair capacity and risk of different types of cancers including, lung cancer, 

squamous cell carcinoma of head and neck and cutaneous melanoma [145-147]. 

Another SNP at codon 499 of XPC protein which replaces an alanine for a valine is 

also reported to modulate the risk of lung, advanced colorectal, endometrial and urinary 

baldder cancer [148-151]. Haplotypes of A499V(C>T) and K939Q (A>C) 

polymorphisms in XPC gene have been shown to reduced the risk of UBNs [152]. 

The 54.3-kb xeroderma pigmentosum group D (XPD) gene has 23 exons and 

codes for an evolutionarily conserved helicase, a subunit of TFIIH that is essential for 

both transcription and NER (Fig 6) [153]. Mutations in the XPD gene result in a 

defective NER and are associated with the Xeroderma pigmentosum syndrome [154, 

155]. Several polymorphisms in the coding region of this gene with relatively high 

allele frequencies are identified. The two most common SNPs in the XPD gene, which

have been the subject of various case–control and functional studies, are D312N (G>A) 

and K751Q (A>C). The D312N (G>A) polymorphism is situated in a highly conserved 

region of the XPD protein and has shown to alter the UV-induced apoptosis and the 

risk of cancers [156-160]. The K751Q (A>C) polymorphism of XPD gene has also 

been found to affect the repair process and the risk of cancers including UBNs [3, 157, 

161-164].  

The xeroderma pigmentosum group G (XPG) gene codes for a protein with a 

predicted molecular mass of 133 kDa and is a member of the RAD2/XPG family [165]. 

During NER the XPG protein makes a 3  incision at the border of the open DNA 

intermediate (Fig. 6) [165, 166]. It also helps to assemble a number of DNA-protein 

complexes in the NER process [167]. Besides, the XPG protein also couples various 
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repair processes to transcription [168, 169]. Among the several SNPs the D1104H 

(G>C) polymorphism of the XPG gene has been investigated for its association with 

the risk of cancer [170]. The variant allele homozygotes for this XPG polymorphism 

have been found to be associated with decreased risk of lung, urinary bladder and 

breast cancer [95, 171, 172].  

Table 2. Overviews of the effect of studied DNA repair gene polymorphisms on the function of 
DNA repair proteins and risk of UBNs.  

Genes (repair 
pathway) 

Common 
variant / Rare 
variant 
(position in 
codon) 

Frequency of 
rare variant in 
Caucasian [ref] 

Putative functional association 
with the rare variant  

Ref. with respect to 
altered risk of UBNs 

XPC (NER) A/V (499) 

K/Q (939) 

PAT-/PAT+

0.35 

0.34 

0.44 [143] 

Decreased NERC [173] 

Altered expression of XPC [174] 

Decreased SSB repair [162] 

Decreased NERC* [175] 

Increased risk [151] 

Increased risk [7, 95] 

XPD (NER) K/Q (751) 0.27 Decreased NERC [176] 

Increased CA repair [162] 

Decreased risk [177] 

Increased risk in 

women [159] 

Improved survival 

after chemo-

radiotherapy[12] 

XPG (NER) D/H (1104) 0.15 Decreased repair rate of TT=T 

dimer [172] 

Increased risk [95, 

178] 

XRCC1 (BER) R/Q (399) 0.47 Decreased BER capacity [179] Decreased risk [180-

182] 

Improved survival 

after radiotherapy 

[183] 

OGG1 (BER) S/C (326) 0.22 Decreased repair of 8-oxoguanine 

[184] 

-

XRCC3 (HRR) T/M (241) 0.45 Reduced repair of bulky DNA 

adducts and CA [179, 185] 

Increased risk [186] 

Decreased risk [180] 

NBS1 (NHEJ) E/Q (185) 0.31 Unknown Marginally increased 

risk [95] 

MSH3 (MMR) A/T (1036) 0.35 Unknown Increased risk of high 

stage disease [187] 

MSH6 (MMR)  G/E (39) 0.21 Unknown Increased risk of high 
stage/grade disease 
[188] 
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The x-ray repair cross-complementing group 1 (XRCC1) gene is located on 

chromosome 19q13.2 and encodes a protein of 633 amino acids. The XRCC1 protein 

has no known enzymatic activity, and is thought to act as a scaffold protein in both 

single-strand break repair and base excision repair (Fig 7A) [189]. XRCC1 has been 

shown to physically interact with DNA polymerase ß, PARP1 and 2, APE1/APEX1,

OGG1, and proliferating cell nuclear antigen. Its absence leads to a substantial 

reduction in the levels of its partner ligase III [190, 191]. Among the different non-

synonymous SNPs identified in the XRCC1 gene the R399Q (G>A) polymorphism is 

located in the region of PARP1 and BRCA1 interacting domain of XRCC1 protein and 

been extensively investigated both for its function and association with cancer risk 

[130, 192, 193].  

The 8-Oxoguanine DNA glycosylase (OGG1) gene is located on chromosome 

3p26.2, a region that frequently shows loss of heterozygosity in several human cancers

[184, 194]. The gene contains seven exons and encodes a bi-functional glycosylase 

involved in base excision repair (Fig 7). OGG1 repairs 8-oxoguanine, which is able to

base-pair with adenine and cause a G:C>T:A transversion in repair-deficient bacteria 

and yeast [194]. At least 20 validated SNPs of this gene are identified among which, the 

S326C (C>G) polymorphism has been studied most frequently. Several in vivo or in 

vitro studies have examined the association between OGG1 genotypes and enzyme 

activity, though the results are contradictory, as reviewed by Weiss et al. [195]. A 

recent meta analysis with the S326C (C>G) polymorphism of OGG1 gene showed 

increased risk of lung cancer in the variant allele homozygotes of this polymorphism 

[130].  

The x-ray repair cross-complementing group 3 (XRCC3) gene is located on 

chromosome 14q32.3 and encodes a protein of 346 amino acids. The XRCC3 protein 

participates in the homologous recombination repair pathway and is a member of the 

family of Rad-51-related proteins [196-198]. During homologous recombination repair, 

XRCC3 is required for accumulation of RAD51 protein at the site of DNA damage and 

is also involved in the resolution of holiday junction at the later stages of homologous 

recombination repair [199, 200]. To date four non-synonymous SNPs of XRCC3 gene 

has been identified. The variant allele for T241M (C>T) polymorphism in the XRCC3 

gene has been found to be associated with increased rate of chromosomal deletions in 

x-ray-challenged blood lymphocytes [201]. Moreover, the association of variant allele 

of this XRCC3 polymorphism with the risk of basal cell carcinoma of skin, melanoma, 



  23 

head and neck, breast and bladder cancer further indicates its possible effect on the 

functionality of the XRCC3 protein [186, 202-205]. 

The Nijmegen breakage syndrome 1 (NBS1) gene contains 16 exons and is 

mapped on chromosome 8q21. The NBS1 protein (Nibrin) is a component of the 

MRE11/RAD50/NBS1 complex (MRN) which is thought to participate in both non-

homologous end joining and homologous recombination repair during the initial step of 

double strand break recognition (Fig 8) [206, 207]. NBS1 also interacts with –H2ax to 

activate the ATM kinase which in turn activates the cell-cycle checkpoint response 

[208]. Mutations in NBS1 cause a chromosomal instability syndrome called Nijmegen 

breakage syndrome [209]. The E185Q (G>C) polymorphism of the NBS1 gene is 

located in the breast cancer C terminal (BRCT) domain which facilitates the interaction 

between NBS1 and BRCA1 proteins [210]. The association of this polymorphism with 

the risk of breast and lung cancer have been reported [211, 212]. The variant allele of 

this polymorphism has also been found to be associated with a higher frequency of 

G:C>T:A transversion mutation of the p53 gene [213]. 

The mutS homolog 3 (MSH3) gene is located on chromosome 5q11 and 

encodes a protein of 1137 amino acids. The MSH3 protein binds with the MSH2 

protein to form a heterodimeric complex (MutS ) which recognizes 1-4 bp 

insertion/deletion loops during mismatch repair [136]. Unlike the other mismatch repair 

genes, mutations of MSH3 are rare in hereditary non-polyposis colorectal cancer 

(HNPCC) [214]. In different cancer genetic alterations reported in this gene include 

LOH and frame shift mutation. Besides a 9 base pair repeat polymorphism, the MSH3 

gene also contains various polymorphisms [215-217]. A recent report by Kawakami et 

al. suggested inactivation of MSH3 gene in UBNs. They have also reported an 

increased risk of high stage bladder tumor with the variant allele of A1036T (A>G) 

polymorphism in MSH3 gene [187].  

The mutS homolog 6 (MSH6) gene is mapped on chromosome 2p21.6 and 

encodes a protein of 1360 amino acids. The MSH6 protein forms a heterodimeric 

complex (MutS ) with the MSH2 protein which plays a key role in mismatch repair by 

recognizing the base–base mismatches and small insertion–deletion loops [166, 218, 

219]. Germline mutations in MSH6 are responsible for 10 percent cases of HNPCC, 

which is associated with a tumor phenotype featuring micro satellite instability [220]. 

Beside mutations, several SNPs are also identified in the MSH6 gene. However, the 

association of MSH6 gene polymorphisms with the risk of cancer is less well studied 

and so is its impact on the functionality of the MSH6 protein [221]. 
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2.5 Polymorphisms in the growth signaling and cell-cycle regulatory 

genes and the risk of cancer 

Mammalian cells usually remain in a quiescent (G0) state and proliferate 

only in response to extra cellular growth signals, such as growth factors and hormones. 

Diverse membrane bound and cytoplasmic molecules transduce these growth signals 

from the cell surface to the nucleus. Growth signals promote cell division via a tightly 

regulated and timely coordinated process, generally referred to as cell-cycle. The 

eukaryotic cell-cycle is divided into four phases, the synthesis (S) phase where 

chromosomes are replicated, the mitotic (M) phase where the cellular components are 

segregated into two daughter cells and the two gap (G) phases that precede the S-phase 

(G1) and the M-phase (G2) [222]. Cell-cycle progression stops at two checkpoints, 

G1/S and G2/M, unless certain criteria are met [223]. Progression of cell-cycle beyond 

a check point is tightly regulated by a number of regulatory proteins. Unlike normal 

cells, a cancer cell proliferates in the absence of growth signals and often lose the two 

cell-cycle check points [1]. A lose in cell-cycle check point promotes carcinogenesis by 

clonal expansion of cells carrying mutation in critical genes. Independence to growth 

signal in cancer cells results from alterations in signal transducer protein molecules. 

Similarly, alterations in the proteins that regulate the cell cycle check points allow 

uncontrolled replication. Polymorphisms that alter the function of signal transducer or 

cell-cycle regulatory proteins can modulate cellular proliferation and thus alter the risk 

of cancer. 

2.5.1 H-ras 

The Harvey rat sarcoma viral oncogene homolog (H-ras) is one of the 

human ras proto-oncogenes, which encode small guanine binding proteins (p21ras) 

with intrinsic GTPase activity [224, 225]. These membrane bound Ras proteins 

transduce intracellular signals implicated in diverse biological processes including 

cellular proliferation and transformation, via association with multiple effecter proteins 

[226]. The major pathway through which ras mediates its signal is the Ras-Raf-Map-

Kinase pathway (Fig.10). The H-ras gene is located on chromosome 11 and 

alternatively spliced to produce two alternative transcripts [227-229]. Mutations in H-

ras gene that constitutively activate the H-ras proteins occur in nearly 30 percent of all 

human tumors including tumors of bladder [230, 231]. In addition to mutations, 
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inherited polymorphisms in the H-ras gene were described [232, 233]. The silent H27H 

(T>C) polymorphism of the H-ras gene were shown to be associated with the risk of 

UBNs (Table 3) however, the mechanisms by which this silent H-ras polymorphism 

modifies the risk of UBNs is unknown [9, 95, 188]. But it is conceivable that this SNP 

is linked to other functional polymorphic sites in non-coding regions of H-ras.

Figure 10. Summary of signaling through Ras-Raf-MAPK pathway. Receptor tyrosine kinase 
become phosphorylated upon binding to a ligand. This results in the activation of Ras and 
subsequently the phosphorylation of ERK. The phosphorylated ERK translocates to the nucleus 
where it initiates transcription via activation of transcription factors such as Elk-1. 

2.5.2 Cyclin D1 

Since enhanced cell proliferation is a property of human cancer by 

definition, altered cell cycle regulation seems a prerequisite for cancer development. 

The mitotic cell-cycle is powerfully controlled by the cyclin D1 protein (also called 

PRAD1 or CCND1), which plays an important role in the transition from the G1 phase 

to the S phase of the cell-cycle [11]. The predominant action of cyclin D1 in cell cycle 

control is believed to be manifested via its interactions with cyclin dependent kinase 4/6 

(CDK4/CDK6) protein [234]. Upon activation the CDK4/CDK6 protein initiates 

phosphorylation of the retinoblastoma (RB) protein. In the hypo-phosphorylated state, 

RB inhibits cell cycle progression through its ability to repress transactivation of genes 

required for DNA replication and G2/M progression. However phospholrylation of RB 

by cyclin D1-CDK4/CDK6 complex disrupts its ability of transcriptional repression 

and therefore nullifies its anti-proliferative function [235, 236]. The cyclin D1-

CDK4/CDK6 complexes are tightly regulated by the p16INK4a which binds to the CDK-

moiety and disrupts its association with cyclin D1 [237] (Fig 11).  
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Eexcessive cyclin D1 expression and/or activity is common in human cancers 

[238-241]. Although somatic mutations of the cyclin D1 locus are rarely observed, 

mounting evidence demonstrates that the P241P (G>A) polymorphism of cyclin D1 

gene is related to its alternate splicing and the risk of cancer [242]. The variant 

nucleotide interferes with splicing because of its unique localization within a conserved 

splice donor region. The G allele splices the transcript ‘a’ while the A allele splices 

transcript’b’. The protein encoded by the ‘b’ transcript has a longer half-life and has 

been shown to accelerate the S phase entry. It has therefore been suggested that DNA 

damage in cells with the A allele may bypass the G1/S checkpoint more easily than the 

cells with G allele [243]. The A allele has also showed association with the risk of 

UBNs as shown in table 3.  

Figure 11. Regulation of G1/S transition. Mitogens induce assembly of cyclin D1-CDK4/6 
complexes which in turn phosphorylate RB. Phosphorylated RB release E2F to start 
transcription and the cell moves from G1 to S phase. The action of cyclin D1 is antagonized by 
p16INK4a which binds to the CDK-moiety.

Table 3. Overviews of the effect of studied H-ras and cyclin D1 gene polymorphisms on the 
function of their proteins and risk of UBNs. 

Genes  Common variant / 
Rare variant 
(position in codon) 

Frequency of rare 
variant in 
Caucasian  

Putative functional 
association with the 
rare variant  

Ref. with respect to 
altered risk of 
UBNs 

H-ras H/H (27) 0.38 Unknown Increased risk [9] 

Decreased risk [95] 

Cyclin D1 P/P (241) 0.50 Increased half life 

of the protein 

Increased S-phase 

entry 

Increased risk [244, 

245] 
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3. THE PRESENT STUDY

3.1 Aim 
The general aim of this thesis was to investigate the role of polymorphisms in DNA 

repair, metabolic and cell-cycle regulatory genes in the susceptibility, pathogenesis and 

clinical behavior of urinary bladder neoplasms. The specific objectives of the study 

were: 

1. To analyze the effect of genotypes, haplotypes and combined genotypes of 

DNA repair, metabolic and cell-cycle regulatory gene polymorphisms on the 

susceptibility to urinary bladder neoplasms. (Study I and II) 

2. To investigate the influence of polymorphisms in DNA repair, metabolic and 

cell-cycle regulatory genes on disease course and clinical outcome in patients 

with urinary bladder neoplasms. (Study III and IV) 

3.2 Design 
In the present thesis “association studies” were performed to investigate the 

relation between genetic polymorphisms and urinary bladder neoplasms. Association 

studies are potential approaches for the detection of susceptibility alleles [246]. Two 

kinds of association studies namely, case-control and cohort studies have been used for 

the present investigation.

3.2.1 Case-control study

This is an epidemiological study in which subjects are selected according to 

their disease status (e.g. with and without disease) and further classified according to 

their exposure status to calculate the risk of disease with the exposure. For the present 

thesis, case-control studies were performed to analyze the association of genotypes, 

haplotypes and genotype combinations of studied polymorphisms with the 

susceptibility to urinary bladder neoplasms (Fig. 12A). 

3.2.2 Cohort study

By definition cohort study is an epidemiological study in which a particular 

outcome is compared in groups of people who are similar in most ways but differ by a 

certain characteristic (exposure). For this thesis, cohort studies were performed to 

investigate the influence of studied polymorphisms on disease course and clinical 

outcome in patients with urinary bladder neoplasms (Fig. 12B). 
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Figure 12. Study design. A. Case-control study (paper I and II) and B. Cohort study (paper III 
and IV). 
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3.3 Materials - The study population 

Study population used for the present thesis comprised of cases with 

urinary bladder neoplasms and healthy controls from Sweden. The cases were taken 

from a population based material of 546 patients with newly diagnosed urinary 

bladder neoplasms. Patients were recruited in the urology clinic of seven different 

hospitals in the Stockholm county area during the years 1995 and 1996 and represented 

almost all new cases of UBNs within the area during that period. The demographic and 

exposure data about the patients were obtained from a structured questionnaire which 

was answered by about 50 percent of the participants. The mean age of the patients at 

diagnosis was 69.6 years (median 71; range 34-96). Follow-up information on stage 

progression, recurrence, and survival of studied patient population were recorded for 5 

years with the mean follow-up (n=295) of 46.3 months (range 1-75 months). Patients 

were subdivided into five different disease categories (TIS, TaG1, TaG2, TaG3+T1 and 

T2+) depending on the clinical outcomes and micro-pathological characteristics (data 

unpublished) of the tumors [20]. Out of 546 patients, blood samples were collected 

from 354 before commencement of any treatment, and used for the studies included in 

this thesis. The controls (n=324) were chosen from the same geographical area, ethnic 

background and broadly from the similar age groups as the cases. The mean age of the 

controls was 52.4 years (median 51; range 22-89). Genomic DNA was extracted from 

the blood samples of case and control subjects.  

3.4 Methods
3.4.1Genotyping

Genomic DNA extracted from the blood samples of cases and controls 

were genotyped for different polymorphisms in the metabolic, DNA repair and cell-

cycle regulatory genes with the following methods: 
3.4.1. a. PCR-RFLP  

This method of genotyping was employed when a SNP either abolished 

or created restriction site/s for a particular restriction enzyme and therefore changed the 

length of a restriction fragment. The DNA fragment of interest with the SNP was 

amplified with PCR technique. This was followed by a restriction digestion of the 

amplified fragments with appropriate restriction endonucleases which specifically 

recognized and cut either the variant or the common sequences. Finally, the digested 
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products were resolved by polyacrylamide gel electrophoresis and stained with 

ethidium bromide for visualization under UV light (Fig 13). Absence of contaminations 

was checked by including a negative control. The cutting efficiency of the enzymes was 

also standardized to avoid misinterpretation of genotype due to partial digestion.  

Figure 13. Migration of fragments of exon 

15 of the XPG gene after restriction 

digestion of PCR amplified products with 

Hsp92II, on a polyacrylamide gel. Lanes 

1, 2, 3, 5, 8 and 9 contain only uncut wild-

type 159 bp fragment. Lanes 4, 6, 7, 11, 

12 and 13 contains both uncut wild-type and smaller 100 and 59 bp fragments from wild-type 

and polymorphic alleles (heterozygotes), respectively. Lane 10 contains only smaller fragments 

due to polymorphic base change in both alleles (homozygote). 

3.4.1. b. PCR and duplex PCR 

 PCR and duplex PCR followed by a direct gel electrophoresis of the PCR 

products were employed to determine the genotypes for insertion/deletion and 

homozygous deletion polymorphisms, respectively. To genotype insertion/deletion 

polymorphisms, amplified PCR products were directly resolved on a polyacrylamide 

gel and differentiated according to their size. To genotype homozygous deletion 

polymorphisms the genes under investigation were co-amplified with a fragment of 

another gene which served as an internal control. The amplified PCR products were 

further analyzed by gel electrophoresis  

3.4.1. c. Taq-Man allelic discrimination method 

In this method, fluorogenic allele-specific probes, labeled with both 

fluorescent reporter (VIC or FAM) and quencher dyes were used in the PCR assay. 

Each probe annealed specifically to their complementary sequences between the 

forward and reverse primer recognition sites. During the PCR extension reaction the 5´ 

exonuclease activity of the TaqDNA polymerase excised the quencher dye from the 

hybridized probe which allowed the reporter dye to emit its fluorescence. Following, 

excision the probe was removed from the DNA template, whereby polymerization 

continued. The fluorescence signal(s) generated by PCR amplification indicated the 

nature of the alleles that were present in the sample (Fig 14). The assay was performed 

under competitive conditions with both probes present in the same reaction. 
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Figure 14. The probe for allele 1 and allele 2 are respectively labeled with V and F dye. The 
fluorescence of the V or F initially remains silenced by the quencher Q. During the extension 
phase of the PCR cycle the AmpliTaq Gold DNA polymerase cleaves the reporter dye from the 
probe with its 5´>3´ exonuclease activity. After being separated from the quencher, the reporter 
dye emits its characteristic fluorescence. Therefore, a substantial increase only in V dye 
fluorescence indicates homozygosity for allele 1. Similarly, a substantial increase only in F dye 
fluorescence indicates homozygosity for allele 2. Increase in both signals indicates 
heterzygosity for allele 1 and allele 2.

3.4.2 Sequencing

 The genotype results were regularly checked and confirmed by automated 

sequencing of amplified fragments. Sequencing was carried out using a dye terminator 

kit (Big Dye, Applied Biosystems) and an automated sequencer (ABI 377, Applied 

Biosystems). The sequences obtained from sequencing reactions were aligned with the 

Gene-bank sequences using the Align software in the DNAStar package (DNAStar 

Inc., Madison WI). 

3.4.3 Statistical analyses

 Chi-square test, Fisher’s exact test, Cox proportional hazards model and 

Kaplan-Meier method were used to study the association of bladder neoplasms with the 

genotypes from the different polymorphisms studied. The haplotypes and linkage 

disequilibrium were determined using a Haploview program (version2.5, 

http://www.broad.mit.edu/personal/jcbarret /haploview/).
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3.5 Summary of the results 

3.5.1 Paper I- Polymorphisms in DNA repair and metabolic genes in urinary bladder 

neoplasms

A number of previous reports tempted us to hypothesize that genetic 

polymorphisms in DNA repair, metabolic and cell-cycle regulatory genes may 

influence the risk of UBNs in a given population [177, 181, 186, 244, 247]. The present 

study was therefore set to investigate the relation between genetic polymorphisms in 

DNA repair, metabolic and cell-cycle regulatory genes and the risk of UBNs in patients 

recruited in hospitals from the Stockholm county area during 1995-96. We have 

investigated 12 polymorphisms in 11 different genes (XPC, XPD, XPG, XRCC1, 

XRCC3, NBS1, NQO1, MTHFR, GSTT1, H-ras, and cyclin D1) in the cases of UBNs 

and matching controls in order to evaluate their effect on susceptibility to urinary 

bladder neoplasms. 

Our results demonstrate that amongst the DNA repair genes, the variant allele 

of K939Q (A>C) polymorphism in the XPC gene was associated with an increased risk 

of UBNs. The frequency of variant C allele for the K939Q (A>C) polymorphism was 

found to be significantly higher in the cases than in control population (p=0.001) and 

the carriers of this allele had an increased risk for UBNs (OR 1.49, 95% CI 1.16-1.92). 

Moreover, individuals homozygote for the variant allele of K939Q (A>C) 

polymorphism exhibited almost 2 fold increased risk for this disease (Fig. 15). To our 

knowledge, this was the first case-control study for this exonic polymorphism in the 

XPC gene. 

                        

Figure 15. Risk of urinary bladder 
neoplasms in the variant allele 
homozygotes of different DNA repair, 
metabolic and cell cycle regulatory gene 
polymorphisms. 

Individuals homozygous for the variant allele of E185Q (G>C) polymorphism in the 

NBS1 gene were also at increased risk for UBNs. In contrast, a decreased risk for 

UBNs was observed in the variant allele homzygotes of D1104 (G>C) and H27H 

(T>C) polymorphisms in the XPG and H-ras gene, respectively. Among the metabolic 
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genes, an association was found between the occurrence of urinary bladder neoplasms 

and the null allele homozygote of GSTT1 gene (Fig. 15). However, when Bonferroni 

correction for multiple comparisons was taken into consideration, only the association 

of UBNs with the XPC and GSTT1 gene remained significant. For other 

polymorphisms included in this study no significant differences for genotype 

distributions and allele frequencies between the cases and the controls were observed. 

3.5.2 Paper II-XPC genotype/haplotype and the risk of urinary bladder neoplasms

Our previous work, that demonstrated a strong association between the K939Q 

(A>C) polymorphism in the XPC gene and the risk of urinary bladder neoplasms 

served as a motivation for the present study in which, we have investigated the 

association of two more, (A499V;C>T and PAT; -/+) polymorphisms in the XPC gene 

with the risk of UBNs in patients recruited in hospitals from the Stockholm county area 

during 1995-96 [95]. We determined the frequency of A499V (C>T) and PAT (-/+) 

polymorphisms in the cases of UBNs and matching controls in order to evaluate their 

effect on risk modulation. We also tested the linkage disequilibrium (LD) between the 

K939Q (A>C), A499V (C>T) and PAT (-/+) polymorphic loci in the XPC gene and 

investigated the association of their haplotypes and combined genotypes with the risk 

of UBNs. 

Figure 16. Coefficient of 

linkage disequilibria (D´) between 

the A499V (C>T), K939Q (A>C) and 

PAT (-/+) polymorphic loci in the 

XPC gene.

As shown in figure 16, the K939Q (A>C) and PAT (-/+) polymorphisms were 

in total linkage and therefore, we chose the K939Q (A>C) as a marker for both. An 

increased risk of UBNs was observed in the variant allele homozygotes of A499V 

(C>T) polymorphism (OR 5.7, 95% CI 3.4-9.5). The variant allele homozygotes for the 

A499V polymorphism also showed association with earlier age of the disease onset 

compared to patients homozygous for the common allele (P 0.004). Each of the variant 

allele haplotypes for A499V (C>T) and K939Q (A>C) polymorphisms in the XPC 

gene were associated with enhanced risk of this disease (Fig. 17 A). The combined 
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genotype analysis showed an increased risk of the disease with the increasing number 

of variant alleles (Fig. 17 B). This analysis also revealed that the carriers of variant 

allele for the A499V (C>T) polymorphism were at 2.5-fold increased risk while the 

K939Q (A>C) variant allele carriers were at 1.6-fold increased risk compared to 

individuals homozygote for both polymorphisms.  

Figure 17. Risk of UBNs with: (A). haplotypes and (B). number of variant alleles in the 

genotypes constructed from the A499V (C>T) and K939Q (A>C) polymorphisms in the XPC 

gene.

3.5.3 Paper III-Influence of polymorphisms in DNA repair and cell-cycle regulatory 

genes on the outcomes of urinary bladder neoplasms  

Besides being risk modulators during early stage of carcinogenesis, genetic 

polymorphisms can also potentially alter the clinical course and disease outcomes [58]. 

We therefore investigated the association of polymorphisms in DNA repair and cell- 

cycle regulatory genes with the clinical outcomes of UBNs. To such end, a follow-up 

study was conducted with the same cancer population used for the two previous 

studies. The follow-up parameters of each cancer patient were correlated later with their 

genotypes for different DNA repair and cell-cycle regulatory gene polymorphisms.  

Patients carrying the variant allele of K751Q (A>C) polymorphism in the XPD 

gene were found to be at lower risk of death (p=0.04) than the non-carriers. Compared 

to the non-carriers, a marginal reduction in the risk of death due to UBNs was also 

observed in patients carrying the variant allele for K939Q (A>C) polymorphism in the 

XPC gene (p=0.09). As XPC and XPD functionally interact with each other in the 

nucleotide excision repair pathway, we combined these two polymorphisms to check 

their combined effect on patients’ survival. Results showed that the patients, who were 
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simultaneous carriers of variant alleles for the K751Q (A>C) and K939Q (A>C) 

polymorphisms in the XPD and XPC genes, respectively had longer disease free 

survival than the rest of the patients. (p=0.001, Fig. 18).  

                                               

Figure 18. Kaplan-Meier analysis for 
overall survival of patients with urinary 
bladder neoplasms; (a) simultaneous 
carriers of variant alleles for the K939Q 
(A>C) and K751Q (A>C) polymorphisms in 
the XPC and XPD gene, respectively; and 
(b) all other patients.

The XPD polymorphism was also found to interact with the G39E (G>A) 

polymorphism in the MSH6 gene in modulating death of the patients. At the time of 

diagnosis the variant allele of G39E polymorphism in the MSH6 gene showed 

association with increased risk of developing highly malignant disease (TaG3+T1; 

p=0.03). In contrast to that, carriers of the variant allele for H27H (T>C) polymorphism 

in the H-ras gene were often diagnosed with low grade superficial papillary tumors 

(TaG1; p=0.02) and were at lower risk for stage progression (p=0.03) than non-carriers. 

Another intriguing finding of this study was the modulation of treatment response by 

the R399Q (G>A) and S326C (C>G) polymorphisms in the XRCC1 and OGG1 genes, 

respectively. Compared to the non-carriers, the carriers of variant allele for XRCC1 

polymorphism showed lower risk for recurrence (TaG2; p=0.05) and death (T2+; 

p=0.03) after instillation (BCG + MMC) and radiotherapy. After radiotherapy, an 

inverse association of the variant allele of OGG1 polymorphism was observed with the 

risk of death (T2+; p=0.04). However, when Bonferroni correction for multiple 

comparisons was taken into consideration, only the risk of death due to combined XPC 

and XPD polymorphisms remained significant.  
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3.5.6 Paper IV- Influence of polymorphisms in metabolic genes on the outcomes of 

urinary bladder neoplasms 

Polymorphisms in the xenobiotic metabolic genes reportedly modulate 

susceptibility to urinary bladder neoplasms [75, 81, 83, 86, 89]. Results of our paper I 

also revealed such an association [95]. Interestingly, polymorphisms in xenobiotic 

metabolic gene can also affect the clinical course and outcomes in the disease. The 

present study was therefore set to investigate the relation between genetic 

polymorphisms in metabolic genes and the clinical outcomes of UBNs. The study 

population and the study design were the same as in study III. 

This study demonstrates that the NQO1 polymorphisms influenced the clinical 

course and outcomes of UBNs in a number of ways such as; the variant allele carriers 

of P187S (C>T) polymorphism in the NQO1 gene were at higher risk for high stage 

disease than the non-carriers at diagnosis (RR=1.4, 95%CI 1.0-1.8). Compared to the 

non-carriers the variant allele carriers of R139W (C>T) polymorphism in the NQO1 

gene showed shorter disease-free survival in T1 disease (p=0.05). A higher risk of 

recurrence was also documented in the variant allele carriers than the non-carriers for 

this NQO1 polymorphism (p=0.03). Beside NQO1 a higher risk for highly malignant 

disease (T2+) was also observed in the variant allele carriers than non-carriers of I105V 

(A>G) polymorphism in the GSTP1 gene (RR=1.6, 95%CI 1.1-2.5). We also observed 

that, the carriers of variant allele for A222V (C>T) polymorphism in the MTHFR gene 

showed significantly longer disease-free survival than the non-carriers (p=0.02). 

Polymorphisms in metabolic genes are known to alter the treatment response in cancer 

patients, however, none of the metabolic gene polymorphisms included in this study 

showed any direct effect on treatment-response of UBN patients.  
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3.6 General discussion – The strength and limitation 

The results from the present thesis are consistent with the notion that 

genetic polymorphisms in DNA repair, metabolic and cell cycle regulatory genes can 

modulate the risk for UBNs. Further, these polymorphisms can also influence the 

disease course and clinical outcomes in this disease. Genetic polymorphisms in these 

genes are considered as the main risk modulators of cancer and therefore perspective 

observations documented in this thesis assume importance [3, 6, 11, 58]. Further 

studies, including the functional consequences of the polymorphisms described in the 

present thesis may provide better strategies for screening and clinical care in UBNs. 

However, association study included here has several salient features including 

strengths and limitations at the same time.  

In paper I and II we have conducted case-control studies to investigate 

the association between the genetic polymorphisms and susceptibility to UBNs. Case-

control studies have been the most widely used strategy for characterizing the genetic 

contributions to a disease, however; a particular difficulty with this methodology is the 

choice of an appropriate control population. The selection of controls is crucial because 

any systematic allele frequency differences between cases and controls can appear as 

disease association, even if they only reflect the results of migratory history, gender or 

age differences, or other independent exposures. To minimize the exposure difference 

between the cases and controls the control populations in our studies were chosen from 

the same geographical area, ethnic background and broadly from the similar age groups 

as the cases. However, as we have used community based control there is a chance for 

recall bias in this group [248]. Using patients of other diseases as control could be a 

solution for that providing; the exposure/s under investigation (e.g. polymorphism/s) is 

not associated with the disease of the control group. To maximize similarity with 

disease population the control group derived from several control populations is 

generally recommended for ideal case-control studies [249].  

In spite of the above mentioned limitations our study had a power of 90 

% to detect a 2.5-fold increase of the relative risk assuming a 10 % prevalence of the 

rare allele in the control group. Besides, effective methods of genotyping also impart 

high degrees of precision to our results. Finally, polymorphisms with functional 

relevance in the relevant genes were included and to such end we have interpreted our 

observations with the possible underlying biology. The main finding of these two 
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studies was the association between A499V (C>T) and K939Q (A>C) polymorphisms 

in the XPC gene and the risk of UBNs. These XPC polymorphisms have been reported 

to alter the DNA damage repair capacity and are also found to be associated with the 

susceptibility to several cancers [7, 148, 150-152, 162, 173, 175]. 

Paper III and IV comprised of cohort (case only) studies and were focused to 

identify the clinical outcomes in the patients of UBNs in relation to the polymorphisms 

in DNA repair, metabolic and cell cycle regulatory genes. Cases used were clinically 

and pathologically well defined to stratify the risk in different disease groups [20]. 

However, the sample size used was small for such stratification and that calls for a 

cautious interpretation of our results. Moreover, due to partial availability of the 

exposure data, such as smoking or dietary habit of the patients we were unable to study 

the effect of gene-environment interaction on the development of UBNs as well as its 

outcomes.  

The outcomes in the disease are also influenced by the treatments and the age 

and gender of an individual and can mask or influence the actual effect of 

polymorphisms on the disease [250]. Therefore, to increase the precision of our 

observations we have adjusted our results for such confounders. These studies 

demonstrated the association of polymorphisms in the XPD, XPC and NQO1 genes 

with the clinical course and outcomes of UBNs. The simultaneous carriers of variant 

alleles for both XPD and XPC polymorphisms were at significantly lower risk of death 

than the rest of the patient population. Polymorphisms in XPC and XPD have also been 

found to interact to modify risk of lung cancer [251]. It is possible that the variant 

alleles from the XPD and XPC polymorphisms affect a better survival in UBNs by 

enhanced apoptosis and growth arrest [252, 253]. Similarly, the association of NQO1 

variants with high malignant disease and high risk of death and recurrence in patients 

with UBNs, as found in our study, is also biologically plausible. The variant allele for 

the NQO1 (P187S) polymorphism is associated with a reduced enzymatic activity and 

protein levels in bladder tumors [30]. It is likely that a reduced detoxification of 

carcinogens by variant NQO1 protein could result in increased DNA adduct levels in 

the target tissues and eventual mutations in the critical genes leading to high grade 

malignancy. 

As multiple comparisons were carried out in study I, III and IV there were 

chances for making Type I error (false positive findings). To account for the use of 
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multiple comparisons and thus to avoid Type I error we have adjusted the P values with 

Bonferroni correction. However, there is an ongoing debate about the application of 

Bonferroni correction in biomedical research [254]. While the Bonferroni adjustment 

certainly decreases chances of making a Type I error, chances of making a Type II error 

(false negative findings) are inflated. Moreover, Bonferroni correction has limited 

applications in our studies as we had a pre-established hypothesis that the studied 

polymorphisms influence the risk as well as the clinical outcome in urinary bladder 

neoplasms [254]. Therefore we assumed equal importance for all of our positive 

findings although some of them were not significant after Bonferroni correction.  
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3.7 Conclusions 
The main focus of this thesis was to analyze the role of polymorphisms in DNA 

repair, metabolic and cell-cycle regulatory genes in the susceptibility, pathogenesis and 

clinical behavior of urinary bladder neoplasms. Our results highlight a number of 

possible associations between different polymorphisms studied and the risk of UBNs. 

The main findings are as follows: 

Risk of UBNs with the studied DNA repair gene polymorphisms 

The genotypes and haplotypes of the A499V (C>T) and K939Q (A>C) 

polymorphisms in the XPC gene were associated with the risk of UBNs. The 

risk of disease increased with the increasing number of variant alleles from 

these two XPC polymorphisms.  

The K751Q (A>C) polymorphism in the XPD gene either individually or in 

combination with K939Q (A>C) polymorphism of the XPC gene modulated the 

risk of death in the patients with urinary bladder neoplasms. 

The G39E (G>A) polymorphism in the MSH6 gene affected the degree of 

malignancy in the patients with this disease. 

The R399Q (G>A) polymorphism in the XRCC1 gene influenced the treatment 

response in patients with urinary bladder neoplasms. 

Risk of UBNs with the studied metabolic gene polymorphisms

The GSTT1 null allele genotype was associated with the increased risk of 

UBNs. 

The P187S (C>T) polymorphism in the NQO1 gene showed association with 

the stage and grade of UBNs at diagnosis. While, the other, R139W (C>T) 

polymorphism of this gene modulated the risk of death in the patients with T1 

disease. 

 Risk of death in patients with UBNs was also modulated by the A222V (C>T) 

polymorphism in the MTHFR gene. 

Risk of UBNs with the studied cell-cycle regulatory gene polymorphisms

The variant allele homozygotes for the H27H (T>C) polymorphism in the H-ras 

gene were at decreased risk of UBNs. Carriers of variant allele for this 

polymorphism also showed reduced risk for stage progression.
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4. FUTURE PERSPECTIVE 

Our results suggest avenues for further research in the following fields: 

The susceptibility to cancer is possibly modulated by the synergistic interaction 

between many polymorphisms, where each polymorphism contributes 

differently to the risk of disease. Therefore, to systematically examine the effect 

of polymorphisms on the UBNs and so as to make a genetic profile for this 

disease, studies on the joint impact of most relevant genetic polymorphisms can 

be planned.  

Polymorphisms in DNA repair and metabolic genes possibly influence the 

frequency as well as the type of mutations in several disease genes. We have 

already investigated the association of DNA repair and metabolic gene 

polymorphisms with the mutation spectra of p53 gene in bladder cancer patients 

[45, 46]. Further studies can be planned to investigate the associations of the 

studied polymorphisms with the mutation spectra of FGFR3 gene as well as 

with the other genetic alterations in the bladder tumor tissues. Such 

investigations will help to identify the susceptibility markers for aggression or 

non-aggression in bladder neoplasms. 

However, before using a polymorphic marker in the clinical set-up it is 

important to study the impact of that polymorphism on the function of its 

protein. Studies can be planned to investigate the effect of a relevant 

polymorphism on the expression of the respective gene both at the level of its 

RNA and protein. 

Polymorphisms in DNA repair and metabolic genes interact with treatments 

such as chemo and radiotherapy and modulate the treatment response by 

altering cell survival and apoptosis. Investigation about the effect of these 

polymorphisms on apoptosis and survival of cancer cells will help to distinguish 

the treatment responders and the non-responders.  

The effect of associated polymorphisms on the global gene expression can also 

be performed to identify the molecular signature for occurrence and progression 

in urinary bladder neoplasms. 
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5. IMPLEMENTATION

Since routine genotyping of all persons is now feasible, genetic profiling may soon 

become reality, and molecular and clinical epidemiological studies will have to provide 

the basis for understanding how to use such genetic profile for the benefit of the 

population. The findings of the present study constitute only a preliminary step in that 

direction and are long way off from any clinical application. However, with the help of 

further future investigations our results could be implemented into the following 

applications: 

Screening of individuals who are at higher risk of UBNs.  

Construction of genetic profile for the risk of UBNs. 

Differentiation of patients with aggressive and non-aggressive UBNs. 

Prediction of outcome in patients with UBNs.  

Prediction of responders and non-responders of specific treatment. 

Individualization of therapy. 
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