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Abstract

In the past decades, the incidence of cancer keeps its rapid increasing
step all over the world and cancer is always an important threat to public
health. It is believed that cancer is resulted from a series of genetic
alterations leading to progressive disorder of the normal mechanisms
controlling cell proliferation, differentiation, death, and/or genomic
stability. The response of the cell to genetic injury and its ability to
maintain genomic stability by means of a variety of DNA repair
mechanisms are therefore essential in preventing tumor initiation and
progression. From the same viewpoint, the relative role of DNA repair as
a biomarker for prognosis, predicator of drug and therapy responses, or
indeed as target for novel gene therapy is very promising. In this review,
we have summarized the studies investigating the association between
XRCC5/6 dimer and the susceptibility to multiple cancers, and discussed

their role in carcinogenesis and application in anticancer drug discovery.
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1. Introduction

The human genome is maintained by interconnected checkpoints as well as the DNA



repair pathways that can sense the DNA damage and response to exogenous or
endogenous DNA insults with a cascade signaling and removing of the DNA adducts.
There are six main DNA repair pathways identified: (i) direct reversal repair; (ii)
nucleotide excision repair; (iii) base excision repair; (iv) homologous repair (HR); (V)
non-homologous end-joining (NHEJ); and (vi) mismatch repair. Normally, if these
repair pathways fail to repair the DNA damage, the same molecular machinery can
sense the defects as a “threaten” and trigger the apoptosis. However, when the DNA
damage were neither repaired nor turned to the induction of cell apoptosis and
terminating the unhealthy cell, the DNA defects will be left and propagated to its
offspring cells. Under the later circumstances, carcinogenesis will occur. The
decreasing of genetic/genomic integrity and stability in most cancer types and the
identification of cancer predisposition syndromes linked to the defects of DNA repair
pathways support the concept that DNA repair genes may play a critical role in
opposing cancer initiation and progression.’

One of the most deleterious DNA damaging types is double strand break (DSB),
which should be repaired in eukaryotes by two major pathways mentioned above: HR
and NHEJ. HR is a template guided, error-free pathway predominantly operating in
the S and G2 phases of the cell cycle and involves RAD51, its paralogs RAD51B/C/D,

XRCC2/3, and p53, RPA, BRCA1/2, BLM and MUS81.* NHEJ, on the other hand, is



a potentially less accurate form of DSB repair, in which the two termini of the broken
DNA molecule are processed to form compatible ends that are directly jointed. In
most cases, NHEJ results in the loss of a few nucleotides at the broken ends, making
this pathway error-prone. This article is focused on XRCC5/6 dimer which play
crucial roles in the NHEJ pathway, as NHEJ is considered to be the major repair
pathway of DSBs in eukaryotic cells during most phases of the cell cycle, particularly
the GO/G1 phases.” NHEJ involves the XRCC5/XRCC6 (also known as Ku80/Ku70),
XRCC7 (DNA-dependent protein kinase catalytic subunit; DNA-PKcs), Artemis,
XLF, XRCC4, DNA ligase 4, ATM, p53 and MDM2 proteins.®  NHEJ deficiencies
can lead to increased genomic instability® ° and cause increased tumorigenesis.'®*?
However, the exact roles of these genes and their protein products, such as XRCC5 or
XRCCS6, in each type of cancers are not well investigated or revealed. The model for
DSB repair via NHEJ and the proteins involved are shown in Figure 1.

XRCC5 and XRCC6 usually form the heterodimer Ku. They are probably among
the first proteins that bind to the DNA ends at a DSB and the XRCC5/6-DNA
complex recruits and activates XRCC7.** * XRCC5/6 dimer and XRCC7 are
proposed to act in the synapsis process.** > Xrcc5 and xrcc6 knockout mice are

growth retarded, radiosensitive and are severely immuno-deficient'® ' B-cell

development is arrested at an early stage due to a profound deficiency in V(D)J



recombination, which is commonly employed by vertebrates to generate diversity doe
an adaptive immune response.’® *’" Although the xrcc5- or xrcc6-deficient mice are
visible, their cells have defects in DNA end joining, which manifest as irradiation
sensitivity, growth defects, premature senescence, and inability to perform end-joining
during V(D)J recombination. All these defects may also happen during human
embryonic development. A human cell and statistically insulted by hundreds of
thousands exogenous and endogenous DNA damage per day, and if the cell could not
repair DSB well, the accumulated genomic instability would lead the cell to apoptosis
and cause the embryonic lethality of the subject. There is no doubt that XRCC5 and
XRCCE6 are very critical in both genomic stability and human ontogenesis.

The 3D structure of the XRCC5 and XRCC6 heterodimer can help us understand
their how certain domains interact with other DNA repair proteins for possible
anticancer drug development.’® XRCC5 and XRCC6 share a three-domain topology
comprising (1) an N-terminal o/ domain, (2) a central B-barrel domain and (3) an o
helical C-terminal arm. The C-terminal domains of XRCC5 contain of the XRCC7
recruitment element for the further formation of the XRCC5/6/7 holoenzyme to fulfill
the synapsis of the broken DNA ends.*® % In XRCCS, residues 536-560 and 561609
of XRCC6 are both in charge of the DNA interaction.”* The three-dimensional model

of heterodimer structure of XRCC5/6 and associated proteins is shown in Figure 2.



Since each of the NHEJ genes plays a critical and specific role during the process
of repairing the DSBs, any of them fails to finish its job correctly and immediately,
the NHEJ capacity will become lower and the overall genomic instability will become
higher. It is therefore tempting to speculate that defects in the NHEJ pathway may be
associated with human cancers. Given this, it is puzzling that no direct genetic
evidence has been found to link defective NHEJ genes with cancers. Among them,
only mutations in two have been found to predispose carriers to a higher rate of
genetic diseases, DNA ligase 4 and Artemis, which are associated with Nijmegen
breakage syndrome-like syndrome and severe combined immunodeficiency,
respectively.?> 2 One explanation is that any severe defects (null mutants) in
NHEJ-related genes would result in great genomic instability and might be
incompatible with life, thus no cancer cases can be observed. The crucial and
irreplaceable roles of these gene products may also increase the difficulty of
approaching their physiological functions via single gene knockout mice models. For
this reason, for these high-penetrance NHEJ genes, only subtle defects arising from
low-penetrance alleles (e.g., hypomorphic mutant or polymorphic variant) would
escape the cell cycle checkpoint surveillance and allow the cell to survive, and to
24,25

accumulate enough unrepaired genomic alterations required for tumor formation.

The studies applying single nucleotide polymorphism (SNP) technology, one of the



most subtle and powerful genetic analysis, to approach the associations of

high-penetrance and low-penetrance genes with various cancers are of worldwide

interest to approach the overall scene in cancer research.

The aim of this article is to summarize and evaluate associations between the

SNPs of XRCC5/XRCC6 and the susceptibility to multiple cancers. Although the

rapid development of genome-wide association studies and bioinformatics help a lot

in revealing the secret of human genome in cancer, the knowledge of cancer genomics

is still far from satisfying and in need of further multi-apporaching studies. For

instance, The XRCC5/6 dimer plays an important role in NHEJ and maintaining of

genomic stability, however, their role in carcinogenesis has not been worldwide

studied. There are 1555 XRCC5 SNPs availably announced on the NCBI SNP

website (http://www.ncbi.nlm.nih.gov/snp). Among them, 1432 are intronic, 32 are

exonic, and others are located on locus regions, UTR regions, and alternative splicing

sites. On the other hand, there are 683 CRCC6 SNPs, while 627 are intronic, 23 are

exonic. Most of the SNPs have not been investigated about their functional influence

in cell or animal models, not to mention their individual roles in cancers. It is very

exciting that some of the SNPs of XRCC5 and XRCC6 have been found to be

associated with the susceptibility to various cancers. More interesting, specific

gene-environment interactions can be observed in these cancer patients who contact



with possible environmental carcinogens. Therefore, we infer the risk SNP genotypes

of XRCC5/6 dimer and environmental carcinogens will have some joint effects and

increase the susceptibility to cancers significantly. We hope this article can provide

some novel useful markers for oncology early detection, prevention, and some

candidates for anticancer intervention.

2. Literature survey

We conducted MEDLINE, Current Contents and Web of Science searches using

"cancer" and "polymorphism", together with "XRCC5" or “XRCC6”, as keywords to

search for papers published (from January 1, 1966 through September 21, 2010).

Additional articles were identified through the references cited in the first series of

articles selected. Articles included in the meta-analysis were in any language, with

human subjects, published in the primary literature and had no obvious overlap of

subjects with other studies. Case-control studies were eligible if they had determined

the distribution of the relevant genotypes in cancer cases and in concurrent controls

using a molecular method for genotyping.

3. The role of XRCC5/CRXX6 in cancer genomics

3.1. XRCC5/XRCC6 polymorphisms in glioma and meningioma



3.1.1. Glioma

Gliomas derived from glial cells surrounding neurons and accounted for 90% of brain
tumors, and about 80% of the glioma patients could not survival for more than 12
months after their diagnosis. Studies have consistently shown that the risk of glioma is
elevated 2-fold in first-degree relatives of patients with glioma and other primary brain
tumors.?® At present, most cases of glioma cannot be explained by endogenous or
exogenous causes. High doses of ionizing radiation and rare genetic syndromes are the
only generally accepted well-defined risk factors, and they explain a small percentage
of all glioma cases. lonizing radiation may cause DSBs, which should be repaired by
HR or NHEJ. In 2007, Liu and his colleagues have reported that glioma risk was
associated with XRCC5 and XRCC6.>” Among the thirteen SNPs (eight of XRCC5
and five of XRCC6) they checked, three of XRCCS5, rs828704, rs3770502 and
rs9288516, and one of XRCC6, rs6519265, were significantly associated with glioma
risk.”* Their large sample size and haplotype analysis also revealed that one specific
haplotype of XRCC5 (CAGTT) was associated with a 40% reduction in risk of
developing glioma. Although their data did not directly prove the involvement of
XRCC7, which is also a NHEJ protein interacting with XRCC5/6, they proposed a
concept that the risk of glioma depends not only on individual NHEJ genes, but also

on the interaction among SNPs of NHEJ genes. This team has investigated the



contribution of XRCC7 to glioma in 2004 with no positive association.”®

3.1.2. Meningioma

Meningiomas are the most commonly reported type of brain tumor in the United
States, which are often surgically curable. Among the risk environmental factors,
ionizing radiation is the most consistent and powerful one for meningiomas.”> * In
2005, a population in Israel was investigated of the sporadic and radiation-associated
meningiomas with their genotypes of twelve genes, NF2, XRCC1, XRCC3, XRCCS5,
ERCC2, p16, Ki-ras, E-cadherin, PTEN, cyclin D1, TGFB1 and TGFBR2.%! Only in
the non-irradiated group, the genotypes of p16 (rs2811708) and PTEN (rs1234214)
were found to be associated with meningiomas risk. As for the XRCC5 genotype of
rs828699, there was no association with either sporadic or radiation-associated
meningiomas,** which may be due to the small (less than 200 in each group) but

ethics-diverse (including Asia, Africa and Europe) samples and their SNP selection,

which was limited to one-gene one-SNP choosing strategy.

3.2. XRCC5/XRCC6 polymorphisms in cancers of head and neck
3.2.1. Head and neck cancers

Head and neck cancer is one of the most common malignancies all over the world,



accounting for about 500,000 new cases each year. The head and neck cancer includes
squamous cell carcinomas of the opal cavity, larynx and pharynx. The most
well-known environmental factors for head and neck cancer are the consumption of
tobacco and alcohol.**** As only a fraction of highly tobacco and alcohol consumers
developed cancer during their life time, there may exist differences in individual
susceptibility and complex gene-environment interaction. In 2004, Carles and his
colleagues screened nine SNPs of seven DNA repair genes, including XPA, XPC,
XPD/ERCC2, XPF, XPG, XRCC5 and XRCC1, for their associations with the cancer
progress and survival rate after radiotherapy in head and neck patients. There was no
association found between the outcomes and the genotypes of SNPs at rs1051677 or
rs1051685 of XRCC5.* Instead, genetic polymorphisms in XPF/ERCC1 (rs735482),
EPG/ERCC5 (rs1047768) and XPA (rs1800975) may significantly influence the
outcomes of head and neck patients after radiotherapy.* In 2008, Werbrouck and his
colleagues reported that there was no association among the head and neck cancer risk
with genotypes of XRCC5 (rs3835), XRCC6 (rs2267437), or with the gene-smoking
or gene-alcohol drinking interaction.>® However, their small and non-representative
sample may cause the decreasing of analyzing power. By the way, the 152 head and
neck patients were further divided into oral cavity, pharynx and larynx groups for

smoking and drinking analysis. Therefore, the borderline significant 2-fold decreased



risk (adjusted odds ratio=0.47 and P=0.08) for the carriers of GG variant XRCC6
genotype of rs2267437 should be rechecked in an expanded population and other
ethics. In the next year, the same group has focused their investigation of the same
head and neck patient population to the association of the side effects of
intensity-modulated radiation therapy. Patients with CG or GG at rs2267437 of
XRCC6 had a 4.08-fold significantly increased risk for severe acute dysphagia
compared with patients with CC. Interestingly speaking, the differential response to
radiation therapy of variant genotype of XRCC6 was not observed in mucositis or
dermatitis, two common side effects of radiation. As for the XRCC5 genotype at
rs3835, and ligase 4 genotypes at rs1805388 and rs1805386, there was not any
association with the three side effects found in the same group of patients.*® This is a
pilot study in which the physical radiation therapy side effect evaluation parameters
and genomic polymorphisms in the NHEJ genes were combined in the evaluation

system that can be directly applied in clinical practice.

3.2.2. Oral cancer
Oral cancer specifically refers to a subgroup of head and neck malignancies that
develop at the lips, tongue, salivary glands, gingiva, mouth floor, oropharynx, buccal

surfaces and other intra-oral locations. Oral cancer incidence has keeping increased



till 2007, the estimated incidence of oral cancer in the United States was 10.3 cases
per 100,000 persons, with a mortality rate of 2.5 per 100,000 persons.®’ It is estimated
that there will be 36,540 new cases of oral cancer diagnosed in the United States in
2010 and 7,880 deaths due to this disease.®® Oral cancer is more common in men than
in women and accounts for 3% of new cancer cases in American male.*® World Health
Organization has estimated oral cancer to be the eighth most common cancer
worldwide. The most important environmental risk factors for the development of oral
cancer in the Western countries are the consumption of tobacco and alcohol.** *° In
Asian countries, such as Taiwan and India, the use of betel quid, is responsible for a
considerable percentage of oral cancer cases.**** So far, the genomic etiology of oral
cancer is of great interest but largely unknown.

In Taiwan, where the oral cancer density is highest worldwide, oral cancer is a
fatal disease accounting for the fourth highest incidence of malignancy in males and
the seventh in females.*® The relatively high prevalence of oral cancer in Taiwan is
mainly because there is a high-risk group of 2.5 million people with the habit of
smoking, alcohol drinking and betel quid chewing. There were four papers
investigated the associations of NHEJ genes with oral cancer in Taiwan. In 2008, Bau
and his colleagues found that the C allele of XRCC6 rs5751129 was a risk marker for

oral cancer susceptibility, while those of rs2267437, rs132770 and rs132774 were



not.** In the next, the team had enlarged the investigated population of control/case
from 318/318 to 600/600, reporting that XRCC5 rs828907, but not rs11685387 or
rs9288518, was associated with oral cancer susceptibility.”® In addition, those people
carried GT and TT genotype at rs828907 had a 1.6-fold enhanced risk when they had
the habit of betel quid chewing. In addition to XRCC5 and XRCCB6, there were two
studies aiming at the SNPs of XRCC4 and their association with oral cancer in
Taiwan.”® *" These studies reported that the XRCC4 rs3734091 and rs28360071
polymorphisms were associated. In 2008, a study investigating the subjects with oral
premalignant lesions has found that there is no association between their XRCC5

rs1051685 genotypes with the susceptibility.*®

3.3. XRCC5/XRCC6 polymorphisms in thyroid cancer

Thyroid cancer is the most frequent endocrine cancer and it appears mainly as
sporadic form.*® Thyroid cancer incidence have been keeping increased from 1973 to
2006 across USA, Europe, Asia, Oceania and South America with only few countries
decreased such as Sweden, Norway, and Spain.® This change can be attributed
primarily to an increase in papillary thyroid carcinoma, which increased 3.2-fold.>
The most common histological varieties are non-familiar papillary and follicular

thyroid carcinomas, the most frequent of all thyroid follicular-cell malignancies with



85-90% of incidence.>® Thyroid cancer is more common in women than in men, while
the mortality rates are significantly higher in men compared with women, largely due
to late diagnosis and more advanced disease in men at the time of initial diagnosis.*
The only verified cause of thyroid carcinogenesis is ionizing radiation (IR) exposure,
though other risk factors have been pointed out as candidates, such as dietary iodine
deficiency, hormonal factors, lymphocytic thyroiditis and familiar history.>*>*

In 2010, Gomes and his colleagues have firstly investigated of the genetic role of
XRCC4, ligase 4 and XRCCS5 in thyroid cancer in a small Portuguese population with
109 cases and 217 controls.> Originally, they found that genotypes of four 3’UTR
SNPs of XRCC5 including rs2440, rs6941, rs1051677 and rs1051685, were not
associated with thyroid cancer risk. The authors turned to stratified the overall data by
the histological types of cancer, and found that AA genotype of XRCC5 rs6941
(Ex21-238), compared with GG genotype, was associated with higher papillary tumor
risk. This finding supported the hypothesis that different histological types can have
different genetic basis. Also in the stratification analysis by gender, they found that
XRCC5 rs1051677 (Ex21+338) and rs2440 (Ex21-352) were associated with an
increased individual risk for thyroid cancer only in the males.® Their work may

contribute to early detection and prediction of thyroid cancer susceptibility for the

male population which usually are characterized by later diagnosis and higher



mortality rate.

3.4. XRCC5/XRCC6 polymorphisms in cancers of digestive system

Digestive tract cancers, such as gastric, liver, and esophageal cancers, continued to
stay among top five cancers during the past three decades. The colorectal cancer is
more and more serious in Asia, especially in China and Taiwan. However, the
knowledge about the genomic effects on their incidence, prognosis, and responses to
chemotherapy or radiotherapy is still very lacking. As for the pancreas cancer, the
genomic studies were much fewer for the difficulty of sample collection. Followed
are the previous studies reporting XRCC5/XRCC6 genotypes associated with these
cancers in digestive system, and studies about liver and pancreas cancers are urgently

in need.

3.4.1. Esophageal cancer

Esophageal squamous cell carcinoma, with 5-year survival less than 10%, has one of
the highest malignant potentials of any tumor.® Epidemiologically, it is characterized
by distinctly higher incidence in certain geographical locations, such as China.>’
Smoking tobacco and consuming alcohol are two factors strongly associated with a

risk of developing esophageal squamous cell carcinoma and to a lesser degree



esophageal adenocarcinoma,® *°

and these risk factors have also been reported to
interact in a multiplicative way in the etiology of this neoplasm.®® ®* However, the
recent papers reporting that the high incidence of esophageal cancer may result
primarily from genetic rather than environmental factors for some patients,
strengthens the importance of keeping on digging the genomic factors for esophageal
cancer, which are still largely unknown.

In 2007, Dong and her colleagues have recruited 329 esophageal cancer patients
and 631 cancer-free controls from China, where esophageal cancer is the fourth
leading cause of the cancer death. The risk of esophageal cancer is highly associated
with a family history, supporting the concept that genomic effects play an important
role in its etiology. Two SNPs of XRCC5, C74468A and G74582A (Accession
numbers: DQ787434 and DQ787434), were genotyped among the people, while
neither single SNP nor combined genotype has been found to be associated with
esophageal cancer risk.*> However, in those subjects with familial history of
esophageal cancer, the C allele of C74468A seemed to be a protective factor for the

incidence.®? There was no literature analyzing the association of XRCC6

polymorphism with esophageal cancer risk.

3.4.2. Gastric cancer



Gastric cancer causes a significant global health care burden, responsible for
approximately 934,000 new diagnoses annually (8.6% of new cancer cases).®® Almost
two-thirds of cases occur in Eastern Europe, South America and Asia with 42% in
China alone. In the United States, in 2009, an estimated 21,130 new cases (14th most
common) of gastric cancer were diagnosed and was associated with 10,620 deaths
(13th most common).®* In Europe gastric cancer ranks 5th most prevalent with an
estimated 159,900 new cases in 2006 and 118,200 deaths (4th most common cause of
cancer-related death).®

Now, gastric cancer is still a major health problem worldwide due to its
frequency, poor prognosis and limited treatment options. The most important
etiological factors implicated in gastric carcinogenesis are diet and Helicobacter
pylori infection. High intake of salted, pickled or smoked foods, as well as dried fish
and meat and refined carbohydrates significantly increased the risk of developing
gastric cancer while fibers, fresh vegetables and fruit were inversely associated with
its risk. At present prevention is likely to be the most effective means to reduce its
incidence and mortality, and the understanding of genomic effects on it and finding
useful genomic markers are a powerful way for the dearly detection and prevention.

The group of Dong and her colleagues has found that in those subjects with

familial history of gastric cancer, the C allele of XRCC5 C74468A seemed to be a



protective factor for the incidence.®” A similar trend was found in the case of
esophageal cancer. Also, in those subjects with familial history of gastric cancer, the
A allele of G74582A seemed to be a protective factor for the incidence, which was
not similar to the case of esophageal cancer. Interestingly, as for the esophageal and
gastric cancer, there is both the similar (C allele of C74468A) and specific (A allele of
G74582A) genomic influences from the same XRCC5 gene. There was no literature

analyzing the association of XRCC6 polymorphism with esophageal cancer risk.

3.4.3. Colorectal cancer
Colorectal cancer remains a significant cause of morbidity and mortality in the United
States, Taiwan and throughout the world.®® Etiological studies have attributed more

than 85% of colorectal cancer to environmental factors,®’

and in particular meat
consumption, cigarette smoking, exposure to carcinogenic aromatic amines, such as
arylamines and heterocyclic amines.®® ° These carcinogens are thought of as DNA
damage inducers in responsible for DNA base damage, DNA single-strand breaks and
DSBs.”

In 2009, it has been reported in Taiwan, where the colorectal cancer is on the top
on cancer incidence, that the XRCC5 rs828907 polymorphism was associated with

increased colorectal cancer, while the XRCC5 rs11685387 and rs9288518 genotypes

have no similar association. In the people with individual smoking habits, the



genomic effect of the XRCC5 rs828907 on colorectal cancer risk is even more
significant with the T allele can obviously raise the colorectal risk by 2.54-fold. There
was no significant joint effect between these genotypes and alcohol drinking on
colorectal risk.”? It is a pity that the diet habits, such as meat, vegetable/fruit and
fish/shrimp consumption, can not be performed due to a lack of questionnaire
information. But they have successfully established the relationship between genomic
(XRCC5) and environmental (smoking) factors for colorectal cancer etiology. There
was no literature analyzing the association of XRCC6 polymorphism with colorectal

cancer risk, or the joint effects of genomic and environmental factors yet.

3.5. XRCC5/XRCC6 polymorphisms in lung cancer
Lung cancer is the leading cause of cancer-related death in the United States and in
the world.” ™ Although tobacco smoking is the leading cause of lung cancer, only
10-15% of all smokers develop lung cancer, suggesting that there is a great variation
among individuals in their susceptibility to lung carcinogenesis.” "

In Taiwan, lung cancer has high incidence, high mortality, a low 5-year survival
rate, and famous world leading female adenocarcinoma cases. Tseng and his

colleagues, provided evidence of high fractional allelic loss in lung cancer patients

linking the defect in DSB repair with lung cancer etiology.”” " In 2009, 152



non-small cell lung cancer patients and 162 gender- and age-matched controls were
genotyped and analyzed by them. No association between lung cancer risk and
polymorphisms in the XRCC5 (rs3835) or XRCC6 (rs2267437) was found, while
there is positive finings in the other two genes in NHEJ systems, XRCC4
(rs18055377) and ligase 4 (rs1805388). The authors have put the upstream (XRCC5
and XRCC6) and downstream (XRCC4 and ligase 4) genes together for gene-gene
interaction analysis, finding that the combinative of risk XRCC5 and XRCCG6
genotypes, although not significant individually, increased the lung cancer risk to 4-
to 65-fold compared with the wildtypes. Therefore, the small sample size is not a
cause of the negative findings for XRCC5 and XRCC®6, and indeed NHEJ plays an
important role in lung carcinogenesis. In addition, they have linked the XRCC4 and
ligase genotypes to the phenotype of the patients with high fractional allelic loss.” It
is worthwhile to search for more SNPs in XRCC5 and XRCC6 to investigate their

individual and gene-gene and gene-environment joint effects on lung cancer, together

with genotype-phenotype correlation.

3.6. XRCC5/XRCC6 polymorphisms in breast cancer

Breast cancer is now the most common cancer affecting women throughout the world

and the latest estimates suggest that more than 1,050,000 new breast cancer cases



occur worldwide annually.®® ® In western countries, one woman out of eight will
develop breast cancer. Mortality of breast cancer among women has decreased a lot
but incidence has doubled during the past 30 years probably because of new therapy,
changes in the use of hormone replacement therapy in postmenopausal women and
early diagnosis. However, breast cancer is still the first cause of death by cancer in
woman under 65, and not ignorable.gl’ 82

In 2002, Goode and his colleagues has carried our a study recruiting up to 2473 breast
cancer cases in USA and screening 2430 of their genotypes in 22 DNA repair, hormone
metabolism, carcinogen metabolism and other genes.83 None of XRCC5 and one of the
XRCC6 (rs132788) was listed among the 21 SNPs they chosen for genotyping and analyzing,
but with negative association results. In the same year, Kuschel and his colleagues have
performed a case-control breast cancer study in Germany with 2205 cases and 1826 controls,
finding that the same SNP of XRCC6 was not associated with breast cancer risk. In addition,
they did not perform any XRCC5 genotyping for the SNP choosing technical was based on
limited literature and knowledge at that period.84 The genotypes of ligase 4 and XRCC2, were
found to be marginally associated with breast cancer risk in their study, suggesting that DNA
repair systems, including NHEJ, played an important role in breast carcinogenesis.74 In 2009,

Willems and his colleagues performed a study in Belgian at a much smaller scale with 206

cases and 171 controls, investigating the contribution of single SNP of XRCC6 genotype at



rs2267437 to breast cancer risk.®> The results showed a significant odds ratio of 1.85 in
sporadic, but not familial breast cancer patients, indicating that other factors besides genetic
aptitude influence the association. They have further examined the influence of estrogen
exposure. The hormone-related risk factors associated with breast cancer are an early age of
first menarche, nulliparity or late first full-pregnant childbirth, and late menopause.86 The G
allele of rs2267437 was also associated with about 2-fold odds ratios in the subjects with
early menarche age, and subjects with late (>50 years old) menopause.85 Their conclusion is
that XRCC6 genotype was associated with breast cancer risk, which was stronger in female
with a longer estrogen exposure.

Breast cancer in Asia is characterized by a lower incidence than in western populations,
and by early tumor onset, both may be due to different genetic background, cultural habits
and environmental exposures. In 2005, Lee and his colleagues have conducted a study
investigating the Korean population, finding that XRCC6 G1796T (Accession: AY870329)

was not associated with breast cancer risk.®’

In Taiwan, breast cancer is the second leading cancer, important for its high
incidence, high mortality, and early onset®® ® In 2003, Fu and her colleagues
screened thirty SNPs on NHEJ genes in Taiwanese. Among the NHEJ SNPs, only

XRCC6 rs2267437 and XRCC4 rs2075685 were found to show significantly



differential distribution among 254 primary breast cancer patients and 379 healthy
controls. Genotypes of five SNPs from the five NHEJ genes, the heterozygous and
homozygous variants of XRCC5 rs38365, or XRCC7 rs2231178, and the
homozygous wild-type of XRCC6 rs2267437, ligase 4 rs1805388, or XRCC4
rs2075685, were identified as putative high-susceptibility genotypes.” They proposed
that the more high-susceptibility genotypes of SNPs, the higher the breast cancer risk
became. These evidence supported the model of Pharoah indicating that familial
breast cancers can not be explained by variations in BRCAL and BRCA2, but by the
joint effects of a large number of codominant alleles, each of which effect is
associated with a small increase in risk.”® In 2009, Wang and his colleagues has
accessed the association of XRCC5 genotypes with Taiwanese breast cancer with a
larger sample size, 1272 patients and 1272 age- and gender-matched controls.”* A
significantly different distribution was found in the frequency of the XRCC5
rs828907 genotype, but not the XRCC5 rs11685387 or rs9288518 genotypes, between
the breast cancer and control groups. The T allele XRCC5 rs828907 conferred a
significant increased risk of breast cancer, and the XRCC5 rs828907 GT and TT
genotypes interacted with smoking habit conferring a 3.16-fold increased risk, while
no joint effect with breastfeeding was found.** Bau and his colleagues have also

performed genotype-phenotype studies measuring the individual NHEJ capacities,



which may contribute to personalized breast cancer risk prediction and evaluation.?*

92

3.7. XRCC5/XRCC6 polymorphisms in cancers of urinary system

Urinary cancers may include kidney cancer, ureter cancer, bladder cancer, and two
male cancers, testis and prostate cancers. Epidemiologically, all of them seemed to be
more common in male than female. The knowledge about the genomic effects on their
incidence, prognosis, and responses to chemotherapy or radiotherapy is still very
lacking. As for the ureter and testis cancers, there were almost no genomic studies for
the difficulty of sample collection. Followed are the current SNP literatures about
these cancers in urinary system, and the investigations about ureter and testis cancers

are urgently warrant.

3.7.1. Renal cell carcinoma

Renal cell carcinoma is the third leading cause of death among genitourinary
malignancies and the twelfth leading cause of cancer death overall. The incidence of
renal cell carcinoma is about the figure of 2% worldwide. Due to a widespread use of
abdominal imaging, localized tumors are frequently diagnosed nowadays. However,

roughly one third of the patients will ultimately die from this disease even in USA,



where the healthy caring system is very high-qualified.*

In literature, gender, obesity, smoking, analgesic, diuretic abuse, and
environmental factors are reported to be associated with renal cell carcinoma.®®
Cigarette smoking, for example, doubles the risk for renal cell carcinoma and
contributes to as much as one third of all cases, yet only a fraction of smokers and a
low number of nonsmokers develop renal cell carcinoma, which implies influence of
host factors on individual susceptibility.** These individual differences in
susceptibility to renal cell carcinoma may be attributed to genetic polymorphisms in
DNA repair genes or others.” In 2008, Margulis and his colleagues have investigated
thirteen SNPs in ten DSB repair genes, including XRCC2, XRCC3, NBS1, BRCAZ2,
RAG1, ATM, and the four NHEJ genes, XRCC5, XRCCS, ligase 4 and XRCC4.%
The original data showed that the SNPs of XRCCS5 rs1805388 and XRCC6 rs132788
were not associated with renal cell carcinoma. However, the XRCC6 rs132788
genotype was considered one of the five critical genotypes determining the overall
renal cell carcinoma risk in the classification and regression tree analysis, with the
most effective NBS1 rs1805794. They concluded that individuals carrying more
putative high-risk genotypes in the DSB repair pathway are at higher risks for renal

cell carcinoma.®®



3.7.2. Bladder cancer

Bladder cancer is the most common urinary tumor worldwide. In Europe, bladder
cancer is the fourth most frequent cancer among men, accounting for 7% of total
cancers.”” % In USA, bladder cancer is the fifth highest cancer in men and seventh in
women.* 1% Generally, bladder cancer is three times more common in men than
women, and it is primarily a disease of the elderly, with 80% of the patients in the
50-79-year age group and a peak in the seventieth age. Environmental exposures to
tobacco are the predominant risk factors for bladder cancer. The bladder cancer
incidence is two to three folds higher among cigarette smokers as compared with
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non-smokers.” Occupational exposure to carcinogens, alcohol consumption, dietary

factors and the use of hair dyes have also been suggested as risk factors for bladder
cancer. 102108

Although loss of XRCCS5 can result in the genome instability and in initialization
of carcinogenesis, over-expression of XRCCS5 is associated with the progression of

1% The expression of XRCC6 is elevated in bladder tumor tissue'®” and

bladder cancer.
XRCC6 may function as a caretaker gene for the development of T-cell
lymphomas.'® In 2008, Wang and his colleagues have published two papers

investigating the roles of XRCC5' and XRCC6,? in bladder cancer in China. In the

former study, a polymorphism with a variable number of tandem repeats (21-bp repeat



elements at the position 201 to 160 bp upstream to the initiation of transcription) in
the XRCC5 was investigated of the association with bladder cancer risk. There are
three different alleles, one includes the 42 nucleotide repeat elements (2R), another
contains only one 21-nucleotide repeat in the rectangular box (1R), and still the other
includes no repeat element (OR). The frequencies of the 2R/2R, 2R/1R, and 2R/0R
genotypes among the cases were less than those for the controls, while the proportions
of the 1R/1R, 1R/OR, and OR/OR genotypes were greater. Overall the difference of the
genotype distributions between the cases and the controls was significant, and
individuals not carrying the 2R allele had a 1.75-fold increased risk of bladder cancer
compared with those carrying the 2R allele.’®® The authors has also measured the
promoter activities of the 2R, 1R and OR alleles by transient transfection in HelLa, T24,
and NIH3T3 cells, finding that fewer tandem repeats in the XRCC5 promoter
increased the activity of the XRCC5 transcript.’% The later paper investigating the
same population has observed an association between XRCC7 rs7003908, but not
XRCC6 rs2267437, genotype and the bladder cancer risk. Also, the risk is increased
among the elder (>65 years old) smokers, suggesting that a gene-environment
interaction may be involved in the development of bladder cancer.* It is reported that
2-naphthylamine and 4-aminobiphenyl, the compounds in tobacco smoke, can cause

111, 112

genetic damage in urothelium, which may enhance the cellular proliferation in



bladder carcinogenesis.'™ ™3 In 2009, Michiels and his colleagues have analyzed the
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gene-environment joint effects on bladder cancer ris using the classification and

regression tree method similar to that performed gene-gene interaction by Wu.'™
Smoking status and genotype data for up to 652 SNPs were incorporated in the
analysis to explore gene-gene and gene-smoking interactions. The outcome is as
expected, the smoking status is the most critical risk factor for bladder cancer. In ever
smokers, a potential two-order interaction between the two SNPs, XRCC5 rs4674066
and ligase 1 rs2288878 was observed. The results suggested that smoking habits,
XRCC5 CC and ligase 1 CT or TT, are sequentially three determinants for bladder
cancer susceptibility in each subject. Very similar to this finding, Chang and his
colleagues has found that there is a joint effects of XRCC5 genotype and personal
smoking habits on bladder cancer risk in Taiwan.''® In this study, a significant
different distribution was found in the frequency of the XRCC5 rs828907, but not
rs11685387 or rs9288518. In addition, those people carried GT and TT genotype at

rs828907 had a 2.05-fold enhanced risk when they had the habit of tobacco smoking,

but not alcohol consumption.**®

3.7.3. Prostate cancer

Prostate cancer, a worldwide male disease, is the leading cause of illness and cancer



death in males.*’” In addition to age, race and a family history of prostate cancer,
unbalanced diet, androgens, occupational chemicals, smoking, inflammation and
obesity are considered to be additional secondary risk factors.**® Recently, carbon ion
radiotherapy with an established dose fractionation regimen has been shown to yield
biochemically satisfactory relapse-free rates without local recurrence and with
minimal morbidity."**?! In 2007 and 2008, Suga and his colleagues investigated the
association between 450 SNPs in 118 candidate genes and radiation susceptibility in
prostate cancer patients after carbon ion radiotherapy.*?* *** The genotype of XRCC6
rs2267437, together with those for other four SNPs, SART1 rs2276015, ID3
rs2742946, EPDR1 rs1376264 and PAH rs1226758, were the determinants for the
prediction of developing dysuria after carbon ion radiotherapy in prostate cancer
patients. Despite the small population recruited, their work has set a very good
example for the evaluation of side effects after clinical therapy, using the patients
from a single hospital without the confounding effects of therapeutic protocols and

differential scoring from various examiners and multiple institutions.'*

3.8. Xrcch/xrecc6 polymorphisms in myeloma
Multiple myeloma, also known as plasma cell myeloma, or as Kahler's disease, is a

cancer of plasma cells, a type of white blood cell normally responsible for the
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production of antibodies.*** The disease develops in 1 to 4 per 100,000 people per
year, more common in men, and is twice as common in blacks as it is in whites.
Overall, it represents approximately 1% of all cancers and 2% of all cancer deaths.'**
The management of myeloma has benefited substantially from the introduction of
three new drugs, the proteasome inhibitor bortezomib and the immunomodulators
thalidomide and lenalidomide.*” However, venous thromboembotic events with the
subsequent risk of pulmonary embolism are major concerns in the treatment of
patients with multiple myeloma with thalidomide. The susceptibility to developing
venous thromboembotic events in response to thalidomide therapy is likely to be
influenced by both genetic and environmental factors. In 2007, Hayden and his
colleagues have screened 13 SNPs of XRCCS5, including those located in intron
regions, rs828704, rs2303400, rs207906, rs207908, rs207916, rs207922, rs6753002,
rs207940, rs3770500, rs3770493, and three in 3’UTR, rs1051677, rs1051685 and
rs2440, for the association of XRCC5 with myeloma risk. Only the genotype GG of
rs1051685 was found to be significantly associated while others were all
non-associated.'?® In 2008, Johnson and his colleagues have screened the effects of
3404 SNPs within 964 genes spanning 67 molecular pathways on the

thalidomide-mediated venous thrombotic events in myeloma.'?” Overall, genes

involved in drug transportation, drug metabolism, DNA repair, and cytokine balance
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were found to be responsible for thalidomide-mediated venous thrombotic events in
myeloma. The consistency finding of the XRCC5 rs2440 examined between these two
studies was briefly discussed by the former group in a brief letter to the editor.’®
Their findings highlighted the significance of identifying genetic biomarkers, such as
rs2440 in 3’UTR of XRCCS5, that contributed to increased risk in myeloma patients
and permit delineation of these biomarkers that may guide clinical strategy

determination and therapeutic management for high-risk patients.

3.9. XRCC5/XRCC6 polymorphisms in cancer like disease

3.9.1 Pterygium

Pterygium is an invasive and fibrovascular overgrowth from the conjunctiva onto the
cornea. The pathogenesis of this common ocular surface disorder is not well
understood and the only treatment is surgical removal.**® The pathology and etiology
of pterygium were much alike to the cancer progression. The approaches and
molecular knowledge investigating both of them may help the understanding of each
other. In 2007, it is found that there were significant differences between pterygium
and control groups in the distribution of genotype and allelic frequency in the XRCC6
promoter T-991C (rs5751129) polymorphism.™* Individuals who carried at least one

C allele (T/C and C/C) had a 2.83-fold increased risk of developing pterygium



compared to those who carried the T/T wild-type genotype. Moreover, individuals
who carried at least one C allele (T/C and C/C) had a higher tendency to develop both
sides of pterygium. In the XRCC6 rs2267437 polymorphism, there was no difference

between both groups in the distribution of either genotype or allelic frequency.

4. XRCC5 and XRCC6 may contribute to individualized cancer
pharmacogenomics

In this article, we have reviewed all the associations of XRCC5 and XRCC6
genotypes with the susceptibilities for various cancers in the literature, and
summarized them concisely (Table 1). Among the SNPs investigated in different
ethnicities and different cancers, some of the SNPs are very potential to serve as both
cancer biomarkers in early detection and anticancer drug designing target sites, such
as rs828704, rs828907, rs3770502 and rs9288516 of XRCC5, and rs2267437,
rs5751129, rs6519285 of XRCC6. Clinical observation suggested that individuals
exhibit differences in their response to drugs and that these variations could be
inherited.’*" 32 Medical practice based on population responses did not reflect the
best treatment for an individual."*® Not until the Human Genome Project and the
advances in genomic epidemiology together with systematic bioinformatics have the

inter-individual and inter-ethic genetic variations come to light step by step. Although



the SNP and haplotype analyzing technology has become more and more mature and

complex, the personalized cancer therapy and medicine depending much on the

knowledge about cancer susceptibility, treatment outcome, responses to commonly

used or gene-targeted anticancer drugs, and toxicities that are clustered among

specific groups of patients in specific geographical regions, still necessarily need the

help from the pharmacogenomics. The inter-individual variability in drug response

can not satisfactorily be explained by ambiguous renal or liver functional differences,

patients’ age, morbidity, life style, or co-medication and compliance of patients, and

the most possible explanation is falling on individual differences in their genomics.

Polymorphisms in the human genome contribute to wide variations in how individuals

respond to clinical medications, either by changing the pharmacokinetics (absorption,

distribution, metabolism, and elimination) of anticancer drugs or by altering the

cellular response to therapeutic agents such as radiotherapy.

As shown in the example of Table 1, cancer molecular epidemiologists are

devoted themselves into the describing subtle differences among subjects in the

distribution of genetic polymorphisms that affected DNA-repair enzymes,

drug-metabolizing enzymes, cell-cycle controlling proteins, oncogenes, tumor

suppression genes, and cellular transporters of cytotoxic chemotherapy. Because

DNA repair enzymes are correctives for DNA damage induced by carcinogens and



even some anticancer drugs and radiotherapy, it is very likely that SNPs in DNA

repair genes may play an important part in all the processes from cancer susceptibility

to anticancer treatment outcomes. In this review, we focused on summarizing the

SNPs of XRCC5 and XRCC6 genes, which are upstream and specifically critical in

NHEJ, and their contribution to the common cancers around of living. It is necessary

to discuss them together for they frequently form the heterodimer, as shown in Figure

2. However, the designing of anticancer drugs may directly aiming at binding with

either or both of them, or indirectly modifying the interaction of them with other

NHEJ proteins, such as XRCC7, or DNA itself. Among them, some SNPs, such as

XRCC5 rs828907, are worth of paying more of our attention since they may serve as

common SNPs for detecting and prediction for various cancers (so far for oral, breast

and bladder cancers). The results of rs5751129 of XRCC6 were in similar case as

those of rs828907 of XRCC5, showing that the polymorphic genotypes were

associated with oral cancer and pterygium. The involvements of these SNPs in other

human cancers and cancer-related diseases need further investigations and they may

serve as candidate targets pharmacogenomically for developing personalized

anticancer drugs. The hypothesis of how the XRCC5/6 genotypes control the fate of

cells after DSB insults is shown in Figure 3.

Some DNA repair genes in the same and other subpathways such as XRCC4 in



NHEJ,** MGMT in direct removal pathway,™** **® XRCC1 in base excision repair,**’
ERCC 1 and 2 in NER,*® 13* hMSH2 in mismatch repair,**’ hHR21 in HR,**® are all
thought to be anticancer candidate targets. From now on, XRCC5/6 may be added
into the list above. It should be also paid attention that anticancer drugs may induce
DSBs itself in the feasibility of chemotherapy. In the other way, co-treatments of
DNA-damaging agents and radiation have a central role besides other cancer
treatment modalities. The balance between DNA damage and capacity of DNA repair
mechanisms determines the final therapeutic outcome. The capacity of cancer cells to
complete DNA repair mechanisms is important for therapeutic resistance and has a
negative impact upon therapeutic efficacy. Pharmacological inhibition of recently
detected targets of DNA repair with several small-molecule compounds, therefore, has
the potential to enhance the cytotoxicity of anticancer agents. Futami and his
colleagues also discovered that inhibition of the expression of various genes
associated with chromosome stabilization induces cancer cell-specific apoptosis and

inhibits cell proliferation.'*

5. Current and future developments
The story of “one size fits all” should be never spread, and pharmacogenomics is the

most basic and essential part for individualized therapy and medicine. It is promising



to know that the potential of translational medical science has become reality in the

field of pharmacogenomics, with the classical examples of UGT1A1 and irinotecan,

TMPT and thiopurine, and CYP2D6 and tamoxifen. However, the fight with cancers

IS just at the beginning.

In this summary, most of the studies are case-control investigations for one or

two ethnics. The inconsistency of choosing the SNPs and insufficiency sample size

limited the multiple comparisons of the human populations around the world. The

good examples of classification and regression tree analysis by some groups™ '3

are
straightforward to the goal of personalized medicine. Further incorporations and
integrations of genotype-phenotype relationship analysis, population-based tissue and

blood functional measurements, clinical outcome records, especially those in chemo-

and radiotherapy responses, are in_urgent need for international studies on

inter-ethnic variations, using these pharmacogenomic biomarkers. The integration of

pharmacogenomic biomarkers, phenotypic biomarkers, pathological biomarkers, is

necessary in the systems for cancer risk prediction, and personalized medicine and

therapy evaluation.

The knowledge about these pharmacogenomic biomarkers may provide new

directions and practical tools for personalized medicine. After the knowing of specific

critical SNPs, especially those located in exons and the genetic polymorphisms may



lead to alterations in the protein structures (so-called nonsynonmous SNPs), the

scientists in bioinformatics may perform the molecular dynamic simulation among the

docking sites between the target proteins, gaining the insight into the impact of these

SNPs on structural changes. Quantitative structure-activity relationship analysis can

be used to quantitatively analyze the impact of those non-synonymous polymorphisms

on the function of the target protein. These methods would provide powerful and

practical tools for high-speed screening of synthetic and natural compounds, and the

deduced data can be applied to the molecular design for new anticancer drugs.
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Executive summary

XRCC5/XRCCE6 played critical roles in genomic instability and carcinogenesis

= Defects in DNA repair systems were closely related to genome instability and

carcinogenesis.

= Homologous recombination and non-homologous end-joining were two major DNA

repair systems for DNA double strand breaks, one of the most deleterious DNA

damaging types.



= XRCC5/XRCC6 was the upstream heterodimer in detecting double strand breaks for

the non-homologous end-joining repair system.

Some SNPs on XRCC5/XRCC6 were investigated of their associations with specific

cancer risks

= Molecular epidemiologists can investigate the association of XRCC5/XRCC6

genotypes with cancer risks via genome-wide, pathway-based and candidate-gene

approaches.

= The XRCC5/XRCC6 polymorphic genotypes have been investigated of their

associations with glioma, meningiomas, head and neck, thyroid, digestive system,

lung, breast, urinary system cancers, and cancer like disease pterygium.

= The haplotypes, gene-gene and gene-environment interactions for carcinogenesis,

and their associations with prognosis and anticancer treatment response may also

be evaluated in population study.

XRCC/XRCC6 may contribute to individualized cancer pharmacogenomics

= The XRCC5/XRCC6 may be potential targets for anticancer drug development.

= The genotypes of XRCC5/XRCC6 SNPs may be potential bio-predictors of personal

cancer risk and cancer prognosis outcome.

= The genotyping of XRCC5/XRCC6 SNPs, together with individual clinical data,

may also be helpful in individualized cancer therapy strategy determination.



Future prospective on the road ahead

= The worldwide cancer epidemiologists should make progress in international

integration for studies in cancer genomics and pharmacogenomics to make cancer

eliminated.

= Larger sample sizes, more validations in different ethnicities and more detail clinical

information should be incoperated into the worldwide cancer prediction system of

individualized cancer pharmacogenomics.
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Figure legends

Figure 1 A model for repair of double-strand breaks by non-homologus

end-joining.

Figure 2 Overview of XRCC5/XRCC6 heterodimer structure and associated
protein. (A)The crystal structure of XRCC5/6 molecules. XRCC5 is colord
black and XRCC6 grey. The C terminus of XRCC6 from the C-terminal arm
through to the terminus is labeled and the disordered linker region between
residues 539-558 are not shown. (B) Molecular surface of the XRCC7
molecules, the major functional domains are labeld. (C) The structure of C

terminus of XRCCS5.

Figure 3 The hypothesis of the XRCC5/XRCC6 genotypic control over the fate
of cells.
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Table 1. Summary of the results of the investigations for various cancers and the polymorphic genotype of XRCC5 and XRCC6 genes

Disease Author, year rs number Location Study subjects
(ref number) Ethnic Cases Controls Statistical Brief description
Country Significance
Glioma Liu, 2007 (27) 828704 Intron 8 China 771 752 S Allele A is of higher risk
16855458 Intron 13 NS
16855489 Intron 14 NS
668844 Intron 14 NS
207916 Intron 16 NS
3770502 Intron 16 S Allele A is of higher risk
9288516 Intron 16 S Allele A is of higher risk
1051677 3'UTR NS
132770 5'UTR NS
2267437 Intron 1 NS
12163239 Intron 3 NS
6519265 Intron 3 S Allele A is of higher risk
132793 3’ flanking NS
Meningioma  Sadetzki, 2005 XRCC5 828699 Intron 6 Israel 219 221 NS
(31)
Head and Carles, 2006 (34) XRCC5 1051677 3'UTR Spain 108 NS



Neck Cancer

Oral
Premalignant

Lesion

Oral Cancer

Werbrouck, 2008
(35)

Werbrouck, 2009
(36)

Yang, 2008 (48)

Hsu, 2009 (45)

Bau, 2008 (44)

XRCC5

XRCC6

XRCC5

XRCC6

XRCC5

XRCC5

XRCC6

1051685
3835

2267437
3835

2267437

1051685

828907
11685387
9288518
5751129

2267437
132770
132774

J'UTR

Intron 19

Promoter

Intron 19

Promoter

J'UTR

Promoter
Promoter
Intron 19

Promoter

Promoter
Promoter

Intron 3

Belgium

Belgium

America

Taiwan

Taiwan

152

152

147

600

318

157

157

147

600

318

NS
NS

NS
NS

NS

NS

NS

NS
NS
NS

Allele G is of higher risk for dysphasia

after radiotherapy

Allele C is of higher risk

Allele T is of higher risk, and interacted

with betel quid chewing habits



Thyroid

Cancer

Esophageal

Cancer

Gastric

Cancer

Gemes,
(55)

Dong, 2007 (62)

Dong, 2007 (62)

2010 XRCC5

XRCC5

XRCC5

2440

6941

1051677

1051685

Accession
number:
DQ787434*
Accession
number:
DQ787434*

Accession
number:
DQ787434*
Accession
number:
DQ787434*

J'UTR

3'UTR

J'UTR

JUTR

Intron16

Intron16

Intron16

Intron16

Portugal

China

China

109

329

255

217

631

631

NS

NS

Allele A is of higher risk for male but not
for female
Allele A is of higher risk in papillary
tumor subgroup but not follicular tumor
subgroup
Allele C is of higher risk for male but not

for female

Allele A is of higher risk

Allele A is of higher risk

Allele G is of higher risk



Colorectal

Cancer

Lung Cancer

Breast

Cancer

Yang, 2009 (72)

Tseng, 2009 (79)

Goode, 2002 (83)

Kuschel, 2002
(84)

Willems, 2009
(85)

Lee, 2005 (87)

Fu, 2003 (25)

Wang, 2009 (91)

XRCC5

XRCC5
XRCC6

XRCC6

XRCC6

XRCC6

XRCC6

XRCC5

XRCC6

XRCC5

828907

11685387
9288518

3835
2267437

132788

132788

2267437

Accession
number:
AY870329*
3835

3834
2267437
132788
132793
828907

Promoter Taiwan

Promoter

Intron 19

Intron19 Taiwan
Promoter

Exon 4 British
Exon 4 Germany

Promoter Belgium

Intron 2 Korea

Intron 19 Taiwan
Intron 19

Promoter

Exon 4

3’ flanking

Promoter Taiwan

362

152

2430

2205

206

872

254

1272

362

162

1370

1826

171

671

379

1272

NS
NS

NS
NS

NS

NS

NS

NS
NS

NS
NS
S

Allele T is of higher risk, and interacted

with smoking habits

Gene-gene joint effect with XRCC6
Gene-gene joint effect with XRCC5

No effects on survival rate

Allele G is of higher risk in sporadic but

not familial breast cancer

Allele C is of higher risk

Allele T is of higher risk



Renal Cell

Carcimoma

Bladder

Cancer

Prostate

Cancer

Myeloma

Margulis, 2008

(96)

Wang, 2008 (109)

Wang, 2008 (110)

Michiels, 2009

(114)

Chang, 2009
(116)

Suga, 2008 (123)

Hayden, 2007
(126)

XRCC5

XRCC6

XRCC5

XRCC6
XRCC5

XRCC5

XRCC6

XRCC5

11685387
9288518

1051685

132788

2267437

4674066

828907

11685387
9288518

2267437

828704

Promoter

Intron 19

J'UTR

Exon 13

-210~-160

repeats

Promoter

Intron 19

Promoter

Promoter

Intron 19

Promoter

Intron 8

America

China

China

France

Taiwan

Japan

Countries

in Europe:

326

213

213

210

288

197

306

335

235

235

326

288

227

263

NS
NS

NS

NS

NS
NS

NS
NS

Allele with fewer tandem repeats is of

higher risk
Gene-gene and gene-environment joint
effects with smoking habits and ligase 1

genotype
Allele T is of higher risk

Allele G is of higher risk

Allele G is of higher risk



2303400
207906
207908
207916
207922
6753002
207940
3770500
3770493
1051677
1051685
2440

Pterygium Tsai, 2007 (130) XRCC6 5751129
2267437

Intron 12
exon 14
Intron 14
Intron 16
Intron 16
Intron 16
Intron 16
Intron 16
Intron 16
3 UTR

JUTR

3JUTR

Promoter

Promoter

Germany,
Italy, Spain,
Ireland,
France and
Czech
Republic

Taiwan

128

114

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

S
NS

Allele C is of higher risk

S: statistically significant; NS: not statistically significant; * Accession number was provided instead for the rs number is not available.



