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Abstract
The specific causes of prostate cancer are not known. However, multiple etiological factors,
including genetic profile, metabolism of steroid hormones, nutrition, chronic inflammation, family
history of prostate cancer, and environmental exposures are thought to play significant roles.
Variations in exposure to these risk factors may explain inter-individual differences in prostate
cancer risk. However, regardless of the precise mechanism(s), a robust DNA repair capacity may
mitigate any risks conferred by mutations from these risk factors. Numerous single nucleotide
polymorphisms (SNPs) in DNA repair genes have been found, and studies of these SNPs and
prostate cancer risk are critical to understanding the response of prostate cells to DNA damage. A
few SNPs in DNA repair genes cause significantly increased risk of prostate cancer, however, in
most cases, the effects are moderate and often depend upon interactions among the risk alleles of
several genes in a pathway or with other environmental risk factors. This report reviews the
published epidemiologic literature on the association of SNPs in genes involved in DNA repair
pathways and prostate cancer risk.
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INTRODUCTION
Prostate is the most common site of cancer and the third leading cause of cancer mortality in
men in the United States [1]. There is a large variation in prostate cancer incidence rates
among ethnic groups. Incidence rates are the highest among African Americans (272 per
100,000 per year) and the lowest among Asians (2 per 100,000 per year) [1, 2]. Incidence of
prostate cancer is increasing steadily in almost all countries, and the lifetime risk of prostate
cancer for men in the United States is 18% [1, 3].

Although the specific causes of prostate cancer are not known, androgens, estrogens,
inflammation and DNA repair capacity have been implicated. Androgens which play an
important part in development and maintenance of the prostate can induce prostate cancer in
rodents [4], and stimulate the in vitro proliferation of prostate cancer cells [5].
Carcinogenesis in prostate tissue involves multiple genetic events.

DNA is constantly damaged by endogenous oxygen free radicals and exogenous chemicals.
DNA mutations are estimated to spontaneously occur 20,000–40,000 times everyday [6, 7].
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The DNA repair process is important to the survival of the cell, therefore, different repair
pathways are available to reverse the different types of DNA damage. In fact, over 150 DNA
repair enzymes participate in this process [8]. Defects in these DNA repair pathways may
increase persistent mutations in daughter cell generations, genomic instability, and
ultimately a prostate cancer risk. These DNA repair genes can be classified into several
distinct pathways: Direct reversal, base excision repair (BER), nucleotide excision repair
(NER), mismatch repair (MMR), and double-strand break repair (DSBR). Depending upon
the DNA damaging agents, different levels of contribution from different classes of DNA
repair enzymes could be expected.

In this manuscript, we focused on single nucleotide polymorphisms (SNPs) and phenotypes
in DNA repair genes that have been investigated in published epidemiological studies of
prostate cancer.

METHODS
Numerous SNPs in different DNA repair genes have been identified, and many of them have
been investigated in relation to human cancer susceptibility [9]. We identified studies
relevant to prostate cancer using the search engine, Pubmed, (http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi) in October 2007. The inclusion criteria for this manuscript were
epidemiological studies of the association between polymorphisms in DNA repair genes and
prostate cancer risk. Among 40 studies obtained from the search phrases "DNA repair”
AND “prostate cancer" AND “polymorphism”, 11 epidemiological studies were included
after review of the articles [10–20]. Among twelve additional epidemiological studies which
were obtained after searching by single DNA repair gene name AND “prostate cancer”, five
studies were excluded because they reported associations between phenotypes, such as
expressions or activities of DNA enzymes and prostate cancer risk [21–25]. The remaining
six studies also were included in this manuscript [26–31]. One article [19] was excluded
from this review because the data of this article appears to be redundant with one published
in Asian Journal of Andrology [31], thus a total of 16 published studies form the basis of
this review.

The following notation is used to describe SNPs: uppercase letters represent amino acids
with numbers indicating the codon and lowercase letters represent nucleotides with numbers
indicating the sequence position.

RESULTS
By the end of October 2007, associations between SNPs in DNA repair genes and risk of
prostate cancer have been reported in 16 published studies. Table 1 provides details on case-
control studies of DNA repair gene polymorphisms and levels of association. Most studies
were conducted in North America and five studies were conducted in China [12, 31],
Taiwan [20], Japan [10], and UK [30]. Six studies were relatively large (438 – 996 cases)
[13, 17, 18, 26, 28, 30], but Ten studies included 250 or fewer cases. Ten studies were
hospital based case-control studies and four studies were population-based studies [12, 15,
27, 30]. Two studies used sibling and family based designs [13, 18].

Table 2 displays the SNPs in DNA repair genes included in this chapter with allele
frequencies, SNP identification number and their potential functional effects.

1. Base excision repair (BER) pathway
Base excision repair pathway targets DNA damaged during replication or by environmental
agents. Repair of DNA mutations is necessary so that sequence errors are not transmitted to
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daughter cells. The single damaged base in DNA caused by endogenous metabolism or
environmental oxidizing agents result in DNA adducts. This damage has been proposed to
play a critical role in carcinogenesis in prostate tissue. Base excision repair involves
removing the mutated base out of the DNA and repairing the base alone (Figure 1A).

Repair of a mutated base is primarily conducted by enzymes involved in BER with apurinic/
apyrimidic (A/P) endonuclease (APE1), human 8-oxoguanine DNA glycosylase (hOGG1),
DNA ligase, DNA polymerase delta (POLD1), X-ray repair cross-complementing group 1
(XRCC1), and poly (ADP-ribose) polymerase (ADPRT) [32–34].

1.a. human 8-oxoguanine DNA glycosylase (hOGG1)—The enzyme hOGG1
catalyzes the excision and removal of single base adducts [35, 36]. Base excision repair by
hOGG1 enzyme leaves a single nucleotide space. This space is filled by DNA polymerase b,
and the nick is sealed by the DNA ligase III/XRCC1 complex, which acts as a scaffold for
interaction with other BER enzymes [37]. It is expressed as twelve alternatively-spliced
isoforms with only the 1α-form containing a nuclear translocation signal [38]. Relatively
high levels of expression of hOGG1 have been shown in several human tissues, including
prostate [14, 21]. Public database (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?
locusId=4968) lists 10 SNPs at the hOGG1 locus [39]. hOGG1 codon 326 polymorphism
(rs1052123) in the 1α-specific exon 7 of the hOGG1 results in an amino acid substitution
from serine to cysteine (Table 1). Results of studies for functional impact of the hOGG1
S326C polymorphism are inconsistent (Table 2). These studies used different measuring
methods, HPLC, flow cytometry, and different specimens, such as cell lines, leukocytes, and
tissues. No difference in catalytic activities was observed between the hOGG1 326C and
hOGG1 326S alleles in several studies [40–46]. However, the hOGG1 encoded by the wild-
type 326S allele exhibited higher DNA repair activity than the hOGG1 326C variant in other
studies [38, 47–50].

The role of hOGG1 326 polymorphism in susceptibility to prostate cancer was assessed in
four studies conducted in the US and Canada [14, 16, 18, 26]. The first was a population and
family-based study that identified a significantly decreased risk associated with the hOGG1
326CC genotype [16]. This association was significant in non-familial prostate cancer
patients, but not for familial prostate cancer. In contrast, the second, hospital-based study
observed a positive relationship with prostate cancer risk [14]. The other two larger studies
(996 and 439 cases) found no association between hOGG1 S326C polymorphism and
prostate cancer risk [18, 26]. These inconsistent results could be explained by small sample
sizes of first two studies (n=84 and 245 cases). Epidemiological studies of the hOGG1
S326C polymorphism with risk of other cancers show consistent evidence for an increased
risk for esophageal [51], lung [52–59], nasopharyngeal [60], upper aero-digestive tract [60–
62] and colon [63] cancers.

Xu et al. (2002) investigated other hOGG1 polymorphisms in addition to codon 326
polymorphism. Among 9 polymorphisms investigated in the hOGG1 promoter region,
significantly increased risks were observed for homozygous polymorphic genotypes of two
variants as compared with wild types (hOGG1 a7143g and a11657g) [16]. A larger study
(n=996 cases) did not replicate the hOGG1 a11657g finding [26]. The difference of these
two studies is sample sizes. The first study observed a significant result based upon 1 control
and 11 patients with homozygous hOGG1 11657gg genotype.

1.b. X-ray repair cross-complementing group 1 (XRCC1)—After base excision by
hOGG1 enzyme, the XRCC1/DNA ligase III complex seals the space [37]. Although 32
SNPs in XRCC1 have been reported [39], only three SNPs have been investigated as
potential prostate cancer risk factors [R194W (rs17997820), R280H (rs25489) and R399Q
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(rs25487)]. The functional significance of the XRCC1 194W allele is somewhat
controversial. One study reported lower bleomycin and benzo(a)pyrene diol epoxide
sensitivity in vitro [64], but these results were not confirmed by other investigators [65–68]
(Table 2). However, the XRCC1 R194W polymorphism may have detectable effect on
DNA-adduct levels, mutation rates, or sensitivity to ionizing radiation [66, 67, 69, 70]. The
functional significance of codon R280H polymorphism is not yet well-established; however,
the codon 280 amino acid is located in the proliferating cell nuclear antigen binding region
which has been associated with higher bleomycin sensitivity [71, 72]. The XRCC1 399Q
allele has been associated with higher levels of aflatoxin B1-DNA adducts and higher
bleomycin sensitivity [64, 69, 70].

Consistent with the functional data, the XRCC1 R194W does not appear to influence risk in
two small studies (n=76 and 165 cases) [10, 15]. However, a recent study suggested 194W
allele provides a protective effect [31]. The XRCC1 R280H polymorphism which has been
evaluated in two small studies, can not reach any conclusion on effect with prostate cancer
[15, 31].

The XRCC1 R399Q polymorphism has been the most frequently investigated of the BER
genes. Recently, Chen et al. (2006) reported a significant association between XRCC1
R399Q polymorphism and prostate cancer risk among Caucasians, but not in African
Americans [11]. Two studies in China observed a significantly increased risk with the
XRCC1 R399Q polymorphism [12, 31]. The largest study to date [13] and three smaller
studies [10, 15, 27] did not replicate the positive association. However, two small studies
reported a significantly higher risk among men with the XRCC1 399 QQ genotype and low
vitamin E intake/antioxidants [15, 27].

In summary, the XRCC1 R399Q polymorphism has been associated with risk in 5 of 7
studies, but only among men with low antioxidant, vitamin intake in two of five studies.
Additional studies are needed to clarify these potential associations.

1.c. Apurinic/apyrimidic (A/P) endonuclease (APE1)—When BER enzymes initiate
repair, the phosphodiester bond at the 5’ side of the intact apurinic/apyrimidinic site is
incised by APE1, which is the rate-limiting enzyme. Six polymorphisms in APE1 have been
reported, including relatively common alleles at codons Q51H (rs1048945) and D148E
(rs3136820) [39]. Although the functional significance of APE1 51H allele has not been
reported, it is conserved in most mammals and located in the Ref1 domain, which is essential
for redox regulation of DNA binding proteins, such as p53 [73]. Therefore, APE1 Q51H
polymorphism may affect the ability of APE1 to regulate DNA binding activity. The APE1
D148E polymorphism is associated with mitotic delay of lymphocytes from healthy
subjects, implying higher sensitivity to ionizing radiation [66]. However, this variant was
predicted as no impact on endonuclease and DNA binding activity in in vitro functional
analysis [73],[74].

Both APE1 Q51H and D148E polymorphisms have been examined in a hospital based study
of Caucasians and African Americans. No associations between these polymorphisms and
prostate cancer risk were observed [11].

1.d. Poly (ADP-ribose) polymerase (ADPRT)—ADPRT is involved in DNA-damage
signaling, genomic stability of damaged cells, BER, recombination and the transcriptional
regulation of tumor suppressor genes [75, 76]. ADPRT recognizes and binds DNA damage,
recruits other DNA-repair enzymes to the site of damage, and provides support for ligation
[77]. Twenty-five polymorphisms in ADPRT have been reported, including the relatively
common ADPRT V762A (rs1136410) [39].
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The change from valine to alanine moves the codon 762 residue further away from the
codon 888G residue, which is a part of the active site [77]. Locket et al. (2004) observed
that ADPRT V762A is significantly associated with prostate cancer risk and decreased
enzyme function in response to oxidative damage [28].

2. Nucleotide excision repair (NER) pathway
NER is associated with the repair of bulky adducts [78, 79] induced by several suspected
environmental prostate cancer carcinogens, such as PAHs, heterocyclic aromatic amines
from well-done meats, and pesticides. The NER pathway is a complex biochemical process
that requires 20–25 enzymes and at least four steps: (a) damage recognition by a complex of
bound proteins including xeroderma pigmentosum complementation group C (XPC), XPA,
and replication protein A (RPA); (b) unwinding of the DNA by the transcription factor IIH
(TFIIH) complex that includes XPD(ERCC2); (c) removal of the damaged single-stranded
fragment (usually about 27–30 bp) by molecules including an ERCC1 and XPF complex and
XPG; and (d) synthesis by DNA polymerases [6](Figure 1B).

2.a. Xeroderma pigmentosum complementation group D (XPD)—The XPD
(ERCC2) gene product is a subunit of TFIIH (DNA helicase), promotes bubble formation,
and is necessary for NER and transcription. Fourteen polymorphisms in XPD have been
reported [39], including common alleles at codons D312N (rs1799793) and K751Q
(rs1052559). Several studies reported that subjects with wild-type genotypes for XPD
K751Q and D312N polymorphisms exhibit the highest NER activity, while homozygous
variant genotypes of either polymorphism show low NER activity [80, 81]. Hou et al. (2002)
reported that the XPD 312N allele have reduced capacity to repair aromatic DNA adducts
[82, 83]. Lunn et al. (2000) reported that XPD K751Q was associated with higher levels of
chromatid aberrations in white blood cells [84]. Conversely, Duell et al. (2000) [85]
evaluated phenotypic effects of codons 312 and 751 polymorphisms by measuring two
markers of DNA damage, sister chromatid exchange (SCE) frequencies and polyphenol
DNA adducts. Both polymorphisms were unrelated to SCE frequency or DNA adduct level
[85].

A potential role of XPD codons D312N and K751Q with prostate cancer risk has been
investigated in four studies [12, 13, 17, 20]. All four studies observed no association
between XPD K751Q polymorphism and prostate cancer risk in US, Taiwanese and Chinese
populations. Rybicki et al. (2004) [13] and Bau et al. (2007) [20] observed a significant risk
increase with the D312N polymorphism. However, this was not replicated by Lockett et al.
[17] after adjustment for age, BPH, family history and smoking. Bau et al. (2007) reported
that no a significant difference in the frequency of the XPD promoter -114 polymorphism
between cases and controls

2.b. Xeroderma pigmentosum complementation group F (XPF)/(ERCC4)—XPF
is a key enzyme responsible for excising bulky adducts from damaged DNA. XPF interacts
with the ERCC1 together to form a complex which is required to repair DNA interstrand
cross-linking damage [86]. Ten polymorphisms in XPF have been reported, [39] but only
R415Q (rs1800067) has been studied in an epidemiological investigation. Lockett et al.
(2005) reported that XPF R415Q polymorphism was associated with a moderate, near
significant increase in prostate cancer risk (OR=1.4) [17].

2.c. Xeroderma pigmentosum complementation group G (XPG)/ (ERCC5)—
XPG is responsible for a structure-specific endonuclease activity that is essential for the two
incision steps in NER [86]. The XPG enzyme has been suggested to act on the single-
stranded region created as a result of the combined action of the XPB helicase and the XPD
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helicase at the DNA damage site. XPG incises the 3’ side of damaged DNA before the 5’
incision made by XPF-ERCC1 complexes. XPG has a structural function in the complex of
the DNA-hR23B. Twelve SNPs were reported including XPG D1104H (rs17655) [39]. The
functional effects of D1104H SNP are still unknown, but the lack of association with
prostate cancer risk [17] decreases the incentives to pursue small studies.

2.d. Xeroderma pigmentosum complementation group C (XPC)—In the early
steps of the NER process, the XPC-hR23B protein complex has a structure-specific affinity
for certain defined lesions. Thus, this complex can bind damaged DNA and change the DNA
conformation around the lesion. DNA damage recognition is carried out by the XPC-hR23B
protein complex [87], followed by recruitment of the transcription factor IIH (TFIIH)
complex. Among twenty known SNPs [39], two common polymorphisms at codons A499V
(rs2228000) and K939Q (rs2228001) have been investigated. There are no published data on
their potential functional significance. Lockett et al. (2005) observed no significant
association between these polymorphisms and prostate cancer risk [17]. However, a small
study (n=165 cases) observed a significant 2.5 fold risk increase among Japanese men with
the 939K allele [10].

2.e. human homolog RAD23B (hR23B)—The hR23B enzyme, which is the human
homolog of the yeast NER protein RAD23, forms a complex with XPC. The XPC-hR23B-
TFIIH complex unwinds the DNA duplex around the damaged site. Five SNPs have been
reported [39], but only the A249V has been investigated. Lockett et al. (2005) found no
association between this SNP and prostate cancer risk [17], and the absence of functional
data tempers interest.

3. Double-strand break repair pathway
Double-strand breaks are produced by replication failure or by DNA damaging agents such
as ionizing radiation. Two repair pathways exist to repair double strand breaks: (a) the
homologous recombination repair relies on DNA sequence complementarity between the
intact chromatid and the damaged chromatid as the bases of stand exchange and repair
(Figure 1C); (b) the non-homologous end-joining repair pathway requires direct DNA
joining of the two double-strand-break ends [88] (Figure 1D).

3.a. Xeroderma pigmentosum complementation group 3 (XRCC3)—XRCC3 is
involved in homologous recombination repair process and at least 6 SNPs have been
identified [39]. Araujo et al. (2002) reported that the variant XRCC3 enzyme (T241M) was
functionally active for homology-directed repair (HDR) determined by a quantitative
fluorescence assay. They also found that cells expressing this variant have been found to be
no more sensitive to DNA damaging agents than cells expressing the wild-type enzyme [89].

XRCC3 T241M polymorphism has been analyzed in relation to prostate cancer risk in a
population-based study in China [12]. This relatively small study detected no statistically
significant association between XRCC3 T241M polymorphism and prostate cancer risk, but
homozygous carriers deserve further study. Relative to men with the TT genotype and a low
intake of preserved foods, those with the MT+MM genotype and having a higher intake of
nitrosamines and nitrosamine precursors, had a significantly higher risk of prostate cancer
(OR=2.6; 95% CI=1.1–6.1). In contrast, men with the MT+MM genotype and a low intake
of preserved foods had a significant reduction in risk (OR=0.3; 95% CI=0.1–0.96). These
data suggest that diet factors, such as preserved foods, may influence prostate cancer risk in
combination with genetic susceptibility in DNA repair pathways.
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3.b. Xeroderma pigmentosum complementation group 7 (XRCC7)—XRCC7/
PRKDC (protein kinase, DNA-activated, catalytic polypeptide) is a key enzyme that
becomes activated upon incubation with DNA. Genetic defects in this enzyme result in
immunodeficiency, radiosensitivity, and premature aging [90, 91]. These phenotypes are due
to the defect of DNA double strand breaks repair processes. Recent studies reveal that
XRCC7 also participates in signal transduction cascades related to apoptotic cell death,
telomere maintenance and other pathways of genome surveillance [92]. Only one
epidemiological study has been reported, one of the 9 known SNPs [39], only g6721t
polymorphism located intron 8 was investigated. No significant association between XRCC7
g6721t polymorphism and prostate cancer risk was observed in this small hospital-based
study of Japanese man [10]. The functional significance of the XRCC7 g6721t
polymorphism is not firmly established, but it may regulate splicing and cause mRNA
instability [93].

3.c. Nijmegen breakage syndrome1 (NBS1)—The Nijmegen breakage syndrome 1
(NBS1) is part of a protein complex that forms in response to DNA damage to maintain
chromosomal integrity. The exact role of NBS1 in DNA repair is not fully understood
because NBS1 does not have a DNA binding site or kinase activity, which is usually
required in DNA repair. However, the N-terminal domain binds to γH2AX, and this may be
an important step to recruit the NBS1 protein complex to the proximity of DNA repair [94].
Thirty-eight polymorphisms in NBS1 have been reported, including codon E185Q
(rs1805794) [39]. Although there is no information regarding changes in the activity of the
NBS1-185Q variant, the region between amino acid 108–196 of the NBS1 enzyme
constitutes a BRCA1 COOH-terminus domain that is presumably involved in cell-cycle
checkpoints or in DNA repair [95]. In this same report, all individuals with the NBS1 185QQ
genotype had lung tumors with p53 mutations in contrast with only 46% of p53 mutations in
tumors from individuals with 185EE genotype [95]. In the only study of this variant in
relation to prostate cancer, Hebbring et al. (2005) observed that NBS1 E185Q polymorphism
was not strongly associated with familial or sporadic prostate cancer risk [29].

4. Direct Reversal (DR) pathway
The biologically significant DNA lesions produced by both carcinogenic and
chemotherapeutic alkylating agents are O6-alkylguanine adducts, which can pair with
thymine instead of cytosine during DNA replication. Therefore, O6-alkylguanine adducts
may be responsible for the increase in the frequency of mutations following exposure to
alkylating agents, and carcinogenesis [96].

4.a. Methylguanine-DNA methyltransferase (MGMT)—The only known enzyme in
the DR pathway is methylguanine-DNA methyltransferase (MGMT). MGMT transfers the
alkyl group at the O6 position of guanine to a cysteine residue within its active site, leading
to the direct restoration of the natural chemical composition of DNA without the need for
genomic reconstruction. Defective MGMT activity often increases mutation because O6-
MeG mispairs with thymine during DNA replication [88].

Among 16 SNPs in MGMT [39], the functional effects of two common SNPs (L84F and
I143V) have been examined [12]. Although L84F polymorphism did not affect cell survival
after exposure to N-methyl-N-nitro-N-nitrosoguanidine [97], MGMT 143V allele was
significantly more resistant to inactivation by MGMT pseudosubstrate, O6-(4-
bromothenyl)guanine [98]. However, Liu et al (2003) reported that the relative gene
expression level, evaluated by the real-time reverse transcription-PCR assay of MGMT in
peripheral lymphocytes, was not significantly different between in prostate cancer patients
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and age- and ethnicity-matched controls [21]. Further, this I143V change may affect the
isoleucine residue close to the alkyl acceptor cysteine residue at codon 145 [96].

Ritchey et al. (2005) examined MGMT L84F and I143V polymorphisms in a population-
based case-control study of Chinese (162 cases, 251 controls). The MGMT L84F
polymorphism was significantly associated with a 2 fold increased risk, but the I143V
polymorphism was not [12].

5. Damage recognition cell cycle delay responses
Minimizing transmission of DNA mutation to daughter cells is biologically important.
Therefore, some enzymes can recognize DNA damage and signal the status to initiate DNA
replication [88]. DNA damage activates a cell cycle delay response pathway to earn time for
damage repair [99]. Defects in this pathway may result in genomic instability, ultimately
leading to cancer susceptibility. The key enzyme of this damage recognition cell delay
response pathway is the ataxia telangiectasia-mutated (ATM) and the tumor suppressor
protein p53.

5.a. Ataxia telangiectasia mutated protein (ATM)—ATM, which is the product of the
gene mutated in patients with the autosomal recessive disorder ataxia telangiectasia, is one
of key enzymes responsible for downstream signaling. ATM is activated by DNA damage
and induces the trans-activation of various proteins involved in cell cycle arrest, apoptosis,
DNA repair and centrosome duplication. In particular, ATM regulates phosphorylation of
p53 protein, thereby allowing p53 to accumulate. ATM also regulates a wide variety of
downstream proteins, including the tumor suppressor BRCA1, checkpoint kinase CHK2,
checkpoint protein RAD50 and DNA repair protein NBS1 [100]. Nine polymorphisms in
ATM have been reported [39]. Angele et al. (2004) investigated the association of 5 SNPs in
ATM (D1853N, D1853V, ivs38-8t>c, ivs38-15g>c and P1054R) with prostate cancer risk
[30]. The ATM P1054R variant is located in the beta-adaptin domain of the ATM protein
and has been suggested to be linked to an increased cancer risk, particularly breast cancer
[101, 102]. Only ATM 1054R allele was significantly associated with an increased risk of
prostate cancer [30]. Further, in the same study, a lymphoblastoid cell line carrying P1054R
polymorphism shows a significantly different cell progression to that seen in cell lines carry
a wild type ATM after exposure to ionizing radiation. These results suggest that codon 1054
polymorphism confers an altered cellular phenotype and might be associated with prostate
cancer risk.

6. Oligogenic Model
Results of epidemiological studies have been inconsistent. Although the exact basis for the
inconsistency is unknown, a number of factors may be relevant, including various study
design limitations (e.g., using mixed ethnic groups, polymorphisms with unknown
functional effects, enzymes not expressed in target tissues, and use of prevalent cases),
competing or overlapping DNA repair pathways, and grouping of genotypes, small sample
sizes, or variations in allelic frequencies across populations. Many of the studies used
convenience samples of cases and controls. However, one of main potential reasons is
investigating only one SNP and one gene from a complex metabolic pathway.

Due to recent advance in high-throughput genotyping techniques, multiple polymorphisms
within genes, multiple genes in the same pathway, and haplotype approaches are now
available to greatly increase the depth of exploration. Although several studies analyze
multiple SNPs within a gene, only two studies used a haplotype analysis [10, 11]. A few
studies also analyzed multiple genes in the DNA repair pathway. This approach may provide
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more biologically plausible insight into the studied associations, including interaction effects
of different alleles on prostate cancer risk.

When prostate cancer risk for combined effects of multiple polymorphisms in different
DNA repair genes were estimated, we often find significant associations. Rybicki et al.
(2004) reported that the OR for the combined effects of the XPD 312 DD and XRCC1 399
QQ genotype was 4.8 compared with XPD 312 DN/NN and XRCC1 RR/RQ genotypes [13].
In a separate study, similar combined effects were observed in individuals with APE1
D148E/XRCC1 R399Q polymorphisms. The OR for the combined effects of the APE1
51QQ and XRCC1 399RQ/QQ genotypes was 4.0 compared with APE1 QH/HH and XRCC1
399RR [11]. Recently, Hirata et al. (2007) reported that significant combined effects of
SNPs in XPC and XRCC1 when two genes from different DNA repair pathway, were
observed [10].

These combined effect with multiple SNPs and different genes suggest that severely
defected DNA repair capacity may play a role in prostate cancer risk, particularly when the
function of multiple DNA repair genes are compromised.

DISCUSSION
Fifteen published epidemiological studies have presented the association of 31 SNPs in 14
DNA repair genes with prostate cancer risk. Although more studies are warranted, the only
pathway that shows significant associations is BER. The XRCC1 399Q allele is associated
with increased risk for carriers alone or when the variant allele is combined with other DNA
repair polymorphisms or low antioxidant diet [10–13, 15, 27]. Lockett et al. (2004) reported
that ADPRT V762A variant contributed to prostate cancer risk and altered enzyme activity
[28]. The hOGG1 S326C polymorphism needs additional studies. Particularly, results from
epidemiological studies of other cancer sites show a consistent relation with increased risk
[51–63].

SNPs in two NER genes, XPC and XPD, show significant associations with prostate cancer
risk in some [10, 13], but not all studies [17]. Finally, a study from ataxia telangiectasia
mutated protein (ATM) show a promising result [30].

Epidemiological studies of SNPs in DNA repair genes may inform individual susceptibility
and provide insight on potential mechanisms of carcinogenesis. The current challenge is to
validate the functional impact of important SNPs identified by epidemiological studies.
Another challenge is to identify “causal SNPs” through epidemiological studies, especially
in studies investigating the role of SNPs in complex prostate cancer. Results of many
epidemiological studies are non-significant or border-line significant risk estimates. Most
studies do not have enough power to investigate gene-gene and gene-environmental
interactions. Studies investigating a single SNP in a DNA repair gene are not likely
detecting difference of overall DNA repair activity. As we presented in the oligogenic model
section, a large studies investigating multi-SNPs and multi-genes will generate significant
data through combined genotype and haplotype analysis.

In the future, with a combination of relatively inexpensive high-throughput genotyping
methods and more functional data will be available based on an individual’s genetic profile
that affects the progression, metastasis, and response to therapy. The interpretation of
epidemiological data and translation to patient care will be accelerated through pooled
analysis and consortia.
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Figure 1.
1A: Base excision repair (BER) pathway targets DNA damaged during replication or by
environmental agents. The single damaged base in DNA caused by endogenous metabolism
or environmental oxidizing agents result in DNA adducts. Base excision repair involves
removing the mutated base out of the DNA and repairing the base alone. 1B: Nucleotide
excision repair (NER) is associated with the repair of bulky adducts induced by several
suspected environmental prostate cancer carcinogens. The NER pathway is a complex
biochemical process that requires at least four steps: (a) damage recognition by a complex of
bound proteins including xeroderma pigmentosum complementation group C (XPC), XPA,
and replication protein A (RPA); (b) unwinding of the DNA by the transcription factor IIH
(TFIIH) complex that includes XPD(ERCC2); (c) removal of the damaged single-stranded
fragment (usually about 27–30 bp) by molecules including an ERCC1 and XPF complex and
XPG; and (d) synthesis by DNA polymerases. 1C: Double-strand breaks are produced by
replication failure or by DNA damaging agents. Two repair pathways exist to repair double
strand breaks. The homologous recombination repair relies on DNA sequence
complementarity between the intact chromatid and the damaged chromatid as the bases of
stand exchange and repair. 1D: The non-homologous end-joining repair pathway requires
direct DNA joining of the two double-strand-break ends.
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