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A B S T R A C T

The value of identifying women with an inherited predisposition to epithelial ovarian can-

cer has become readily apparent with the identification of the BRCA1, and BRCA2 genes.

Women who inherit a deleterious mutation in either of these genes have a very high life-

time risk of ovarian cancer (10–60%) and to some extent, increased risks of fallopian tube

and peritoneal cancer. These highly lethal cancers are almost completely prevented by pro-

phylactic salpingoophorectomy. BRCA1/2 mutation testing has become the accepted stan-

dard of care in families with a strong history of breast and/or ovarian cancer. This

approach has the potential to reduce ovarian cancer mortality by about 10%.

Although the ability to perform genetic testing for BRCA1 and 2 represents a significant

clinical advance, the frequency of mutations in these high penetrance ovarian cancer sus-

ceptibility genes is low in most populations. There is evidence to suggest that ovarian can-

cer susceptibility might be affected by common low penetrance genetic polymorphisms

like it was shown for several common disorders like diabetes or breast cancer. Although

such polymorphisms would increase risk to a lesser degree, they could contribute to the

development of a greater proportion of ovarian cancers by virtue of their higher frequen-

cies in the population. It has been shown that the most powerful approach to studying

low penetrance genes is an association study rather than a linkage study design. This re-

view describes the efforts that have been made in this field by individual case–control
en.de (P.A. Fasching).
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studies and through multi-center collaborations as part of international consortia such as

the Ovarian Cancer Association Consortium (OCAC).

ª 2009 Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies.
1. Need for lifetime risk assessment been identified in addition to those that affect hormonal
Among gynecologic cancers, ovarian malignancies are the main

reason of death in developed countries. Ovarian cancer is char-

acterized by its high mortality, which is caused by its detection

in advanced stages with a poor prognosis. Several obstacles to

early detection of ovarian cancer exist, including its relative rar-

ity, the occult location of the ovaries and the lack of a well de-

fined pre-invasive lesion. However this makes ovarian cancer

an ideal candidate to decrease mortality through improvements

in early detection. Early stages have much better survival rates.

Intensive efforts aimed at developing of a screening test are

ongoing. In view of the relative rarity of ovarian cancer, the im-

provement in the specificity of a screening test would be most

helpful to increase the positive predictive value (PPV) of the

screening method. The PPV however depends on the absolute

incidence within a screening population.

Therefore the identification of a subgroup of women, who

are at higher risk for the disease may help to develop a strategy

to improve ovarian cancer screening. Furthermore a more in-

dividualized primary prevention could be examined in these

populations, such as the use of oral contraceptives and tubal

ligation or possibly the use of NSAIDs.
2. Epidemiological risk factors

Several epidemiological and clinical risk factors are known to

influence a women’s lifetime risk for ovarian cancer. Repro-

ductive behaviors and the use of hormonal therapies are the

main clinical risk factors for ovarian cancer. Both pregnancy

and use of oral contraceptives (OCs) dramatically reduce ovar-

ian cancer incidence (Whittemore et al., 1992). Women who

have three children or use OCs for more than 5 years have

more than a 50% risk reduction. It is hypothesized that reduc-

tions in the numbers of lifetime ovulations due to pregnancy,

OC use and breastfeeding may decrease the lifetime risk by re-

ducing gonadotropin levels, oxidative stress, DNA replication

errors and inclusion cyst formation in the ovarian epithelium.

In addition, both pregnancy and OC use are characterized by

a protective progestagenic hormonal milieu (Risch, 1998;

Whittemore et al., 1992) and it has been suggested that this

may reduce ovarian cancer risk by stimulating apoptosis of

genetically damaged ovarian epithelial cells that might other-

wise evolve into a fully transformed phenotype (Rodriguez

et al., 2002, 1998). This may account for the observation that

the protective effect of pregnancy and oral contraceptives is

far greater than the extent to which lifetime ovulatory cycles

are reduced (Whittemore et al., 1992). It has been suggested

that a combination of oral contraceptives with high progestin

potency are associated with a greater ovarian cancer risk re-

duction than those with low progestin potency (Pike et al.,

2004; Schildkraut et al., 2002). Additional risk factors have
events and ovulation. Most notably, it has been shown that

tubal ligation and hysterectomy reduce ovarian cancer risk

by about 20–50% (Whittemore et al., 1992) perhaps by inter-

rupting the access of perineal carcinogens such as talc to the

ovary. In addition, endometriosis is associated with a 2–3

fold increased risk, particularly for clear cell and endometrioid

cancers (Ness, 2003). Ovarian cancer incidence also has been

noted to be higher in Northern regions with lower sunlight

exposure (Lefkowitz and Garland, 1994). Finally, there is evi-

dence that NSAIDs and other anti-inflammatory drugs may

reduce ovarian cancer risk, as has also been noted for colon

and breast cancer (Fairfield et al., 2002; Merritt et al., 2008).
3. High and low penetrance hereditary risk factors

In addition to these epidemiological factors a family history of

ovarian cancer is another major risk factor that can contribute

to the evaluation of a women’s ovarian cancer lifetime risk.

Population-based case–control studies have described a two

to three-fold increased risk in first degree relatives of ovarian

cancer patients. In principle, the familial aggregation of ovar-

ian cancer may be the result of genetic or non-genetic factors

that are shared within families. Twin studies which compare

the concordance of ovarian cancer between monozygotic and

dizygotic twins have shown that most of the excess familial

risk of ovarian cancer is due to genetic factors (Lichtenstein

et al., 2000). About 10% of invasive epithelial ovarian cancers

are attributable to inherited mutations in high penetrance

genes: BRCA1 (3–6%), BRCA2 (1–3%), HNPCC DNA mismatch re-

pair genes (1–2%) (Berchuck et al., 1999; Frank et al., 1998).

Most deleterious BRCA mutations encode truncated protein

products, although missense mutations that alter a single

amino acid in BRCA1 or 2 have been found to segregate with

disease in some of familial ovarian cancer clusters (Couch

and Weber, 1996; Shattuck-Eidens et al., 1997). Inheritance of

a BRCA mutation increases lifetime risk of ovarian cancer

from a baseline of 1.5% to about 15–25% in BRCA2 carriers

and 20–40% in BRCA1 carriers (Antoniou et al., 2003). Highly

penetrant germline BRCA mutations are rare, however, and

are carried by less than 1 in 500 individuals in most popula-

tions. There are some notable exceptions, particularly the of

Ashkenazi Jews (1 carrier in 40 individuals) (Szabo and King,

1997). Even if the functional explanations, the testing opportu-

nities and preventive options for BRCA mutation carriers are

compelling, BRCA mutations are rare, and so the overall

impact on mortality inevitably will be small.

Rare, high penetrance susceptibility alleles for many cancer

types have been cloned by focusing on families with multiple

and/or early onset cases. More recently, it has been shown

that common, weakly penetrant alleles may exist that contrib-

ute to the burden of cancers that are often classified as sporadic
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(i.e. without a heritable basis). Several million common genetic

variants (polymorphisms)havebeen identified inthehumange-

nome (Cargill et al., 1999; Carlson et al., 2004; Sachidanandam

et al., 2001; The International HapMap Project, 2003; Thorisson

et al., 2005). The most common of these polymorphisms in-

volves substitution of a single nucleotide (SNP). Many of these

SNPs are either located outside of genes, with in introns or, if

located in the coding sequence of genes, are frequently ‘‘silent’’

because they are not predicted to have a functional effect (i.e.

they do not change the amino acid sequence). However, some

SNPs that do change the amino acid code and may significantly

alter the activity of a protein or its interactions with other mol-

ecules. SNPs that arise in introns or promoter regions may also

conceivably alter the expression of the protein by affecting

transcription.
4. Role of common genetic polymorphisms

Most genes contain numerous polymorphisms and current es-

timates suggest that there is on average one common SNP ev-

ery 300 base pairs across the genome. The identification of

common polymorphisms that predispose more weakly to can-

cer involves association studies in which the frequencies of

SNP genotypes are compared between large population-based

series of cases with age and population matched unaffected

controls (Carlson et al., 2004; Risch and Merikangas, 1996). Al-

though the extent of disease risks caused by these polymor-

phisms on risk is less striking than the one seen for seen

BRCA mutations, however they can account for a larger frac-

tion of ovarian cancer cases by virtue of their much higher

prevalence in the population.
5. Selection strategies for polymorphisms in ovarian
cancer studies

There are two approaches that one can take in performing ge-

netic association studies – direct and indirect. In the direct ap-

proach putative functional variants, usually on selected

candidate genes, are studied in the expectation that they are

causally related to the disease of interest. Alternatively, the

indirect approach takes advantage of the fact that polymor-

phisms in close physical proximity are often inherited to-

gether as a haplotype block. The elucidation of the

haplotype structure surrounding genes of interest reduces

the number of SNPs that need to be examined in each gene

(http://www.hapmap.org/). Any one SNP tags the genetic in-

formation of all other tightly correlated SNPs because of the

correlated nature of the SNPs (Thorisson et al., 2005). An ex-

tension of this tagging approach uses recently developed array

based technologies that enable the rapid analysis of hundreds

of thousands of tagged SNPs throughout the genome in case–

control association studies, commonly referred to as genome-

wide association study (GWAS).

The selection of candiate genes is an intentional, theory

driven approach by analyzing candidate genes for which an

a priori functional hypothesis is existent. These genes can

be examined by analyzing all SNPs within the gene that

have minor allele frequencies which are high enough to imply
a clinical relevance (i.e. >5%). Furthermore multiple SNPs can

be selected that describe in detail, the genetic variation within

small areas of the human genome. Empirical studies have

revealed block-like structures, and each block contains a set

of haplotype tagging SNPs (htSNPs) which capture a large frac-

tion of the haplotype diversity.

The second approach uses a non-intentional strategy

which has been made possible through new technologies

which examine several hundreds of thousand polymorphisms

on array technology based platforms. These genome wide as-

sociation studies (GWAS) are defined by the National Insti-

tutes of Health of the USA as studies of common genetic

variations across the entire human genome designed to iden-

tify genetic associations with observable traits (National Insti-

tutes of Health, 2007). Both strategies have advantages and

disadvantages. Testing polymorphisms in genes that are

known to play a role in ovarian cancer pathogenesis or even

treatment were thought to higher the probability for a finding

that is relevant for explaining the risk for breast cancer. How-

ever these candidate gene studies are time and DNA consum-

ing. Additionally many of the studies, which were based on

the selection of candidate genes, failed to be confirmed in

evaluation studies (Table 2). Genome wide association studies

on the other hand are able to cover a large percentage of the

whole genomic information. The newer SNP chips include

up to a million SNPs. Using this approach however, which is

cost intensive as well, the major challenge is to identify really

true associations among many false positive associations. The

GWAS approach also fails to provide much information about

the functional, causal variants that are responsible for the var-

iations in disease risk; SNP selection instead focuses on pro-

viding the greatest information possible on haplotype

structure and genetic linkage to a disease phenotype.
6. Summary of recent studies on polymorphisms and
ovarian cancer risk

Over the last few years several publications revealed an in-

sight into theory driven research for polymorphisms that

might contribute to ovarian cancer susceptibility. In this con-

text genes that have a rationale for the involvement in ovarian

cancer carcinogenesis have been analyzed. For example, it has

been proposed that ovulation may increase ovarian cancer

risk by increasing mutations in the epithelium that occur

due to spontaneous errors in DNA synthesis or oxidative

stress at the ovulatory site. It follows then, that SNPs in genes

involved in DNA repair or metabolism of free radicals could af-

fect ovarian cancer risk. Similarly, any increased risk of ovar-

ian cancer associated with talc use and other exogenous

carcinogens could be modified by genes that affect xenobiotic

metabolism. It has been proposed that high levels of gonado-

tropins associated with ovulation may stimulate sex steroid

hormone production, which in turn enhance proliferation

and transformation in the ovarian epithelium. Thus, polymor-

phisms in the genes which regulate and facilitate these pro-

cesses, such as gonadotropin releasing hormone, the

androgen receptor and genes involved in sex steroid hormone

biosynthesis and metabolism could affect ovarian cancer sus-

ceptibility. In addition, it is thought that the progestagenic

http://www.hapmap.org


Table 1 – Summary of recent association studies for ovarian cancer.

Study (origin) Gene(s) No. of
genes

No. of
polymorphisms

Cases/
controls

Major finding Year
published

Ref

14 OCAC Studies (AUS

(1), USA (8), DK (1),

Poland (1), UK (2), GER

(1))

AURKA, BRCA2, RB1,

CDKN2A, SRD5A2,

CASP8, TGFB1

7 7 4624/8113 RB1 and AURKA polymorphisms

might be associated with OC risk

2008 Ramus et al.,

2008

12 OCAC Studies (AUS

(2), USA (7), DK (1),

Poland (1), UK (1))

Progesterone

receptor

1 3 4788/7614 No overall association, PROGINS

polymorphism might contribute to

endometrioid OC risk

2008 Pearce et al.,

2008

SEARCH (UK), GEOCS

(USA), MALOVA (DK),

UKOPS (UK)

12 SNPs identified by

a GWAS in a prostate

cancer susceptibility

study

12 12 2087/2491 rs2660743 on Chromosome 3 was

associated with OC risk

2008 Song et al.,

2008

MAYO (USA); DUKE

(USA)

1-C transfer

associated enzymes

21 180 829/941 SHMT1 minor allele increases OC

risk, SHMT1 haplotype decreases

OC risk

2008 Kelemen

et al., 2008

MAYO (USA), DUKE

(USA)

26 Genes with

a glycosylation

function

26 93 829/941 GALNT1 polymorphism was

associated with OC risk

2008 Sellers et al.,

2008

Hawaii (USA) CYP19A1 1 2 367/602 Both polymorphisms showed an

association with OC risk in at least

one ethnic subgroup.

2008 Goodman

et al., 2008

Hebei Study (North-East

China)

CDKN2 1 2 205/268 Weak association with risk for

serous OC

2008 Yan et al.,

2008

Hebei Study (North-East

China)

E-cadherin 1 3 207/256 One SNP associated with OC risk 2008 Li et al., 2008

Vienna Study (Austria) Prohibitin 1 1 136/129 No association with OC risk 2007 Grimm et al.,

2008

Sao Paolo, Brazil Progesterone

receptor

1 2 (PROGINS) 80/282 T2/T2 genotype associated with OC

risk

2008 Leite et al.,

2008

Auvergne Study, Central

France

ERCC2 1 2 51/1000 Marginal significant association

with OC risk

2008 Bernard-

Gallon et al.,

2008

Istanbul Study (Turkey) MnSOD 1 1 55/51 No association with OC risk 2008 Dalan et al.,

2008

Gilda Radner Familial

Breast and Ovarian

Cancer Registry (USA)

miR-146a 1 1 82 Cases only Age at diagnosis associated with

polymorphism in these OC patients

with no BRCA mutation

2008 Shen et al.,

2008

11 OCAC Studies (AUS

(2), USA (6), DK (1),

Poland (1), UK (1))

Cell cycle control

genes CCND1,

CCND2, CCND3,

CCNE1, CDK2, CDK4,

CDK6, CDKN1A,

CDKN1B, CDKN2A,

CDKN2B, CDKN2C,

CDKN2D)

13 �88 SNPs in 3 studies

as a first step-5 SNPs

of the 88 in 8

evaluation studies

1500/2500

plus 2000/

3200

One polymorphism in each of

CDKN2A and CDKN1B were

associated with OC risk

2007 Gayther et al.,

2007
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ACS (AUS), AOCS (AUS),

MALOVA (DK),

SEARCH (UK), GEOCS

(USA)

SRD5A2, CYP19A1,

HSB17B1, HSD17B4,

XRCC2, XRCC3,

BRCA2, RAD52

8 9 1466/1821

plus 1479/

2452 for

a SRDA2

evaluation

No associations except SRD5A2,

within this gene inconsistent

findings between AUS samples and

validation samples (UK, USA; DK)

2007 Beesley et al.,

2007

SEARCH (UK), MALOVA

(DK), GEOCS (USA)

DNA repair gene

BRIP1

1 12 Up to 3783/

4795

Two SNPs showed marginal

significant association with OC risk

2007 Song et al.,

2007

Seoul National

University (Korea)

MMP1 1 1 133/332 No association with OC risk 2007 Ju et al., 2007

Hereditary Cancer

Registry (Poland)

Integrinb3 1 1 146/290 Association with OC risk in BRCA1

mutated women.

2007 Jakubowska

et al., 2007

SEARCH (UK), MALOVA

(DK), GEOCS (USA)

Mismatch repair

genes MLH1, MLH3,

MSH2, MSH3, MSH6,

PMS1, PMS2

7 44 1531/2570 PMS2 polymorphisms might alter

OC risk

2006 Song et al.,

2006a

SEARCH (UK), MALOVA

(DK), GEOCS (USA)

RB1 1 11 1481/4761 Two SNPs were associated with OC

risk. Interaction with the P2RY5

gene suggested.

2006 Song et al.,

2006b

Southern England (UK) MDM2 1 1 302/258 No association with OC risk 2006 Campbell

et al., 2006

Hebei Study (North-East

China)

MMP1, MMP3, MMP7,

MMP1

4 4 138/160 Weak association of MMP7

promoter polymorphism and OC

risk

2006 Li et al., 2006

SEARCH (UK), MALOVA

(DK), GEOCS (USA)

DNA repair genes

(BRCA1, NBS1,

RAF51, RAD52,

XRCC2, XRCC3)

6 13 1600/4241 Some XRXX2 and XRCC3

polymorphisms were associated

with OC risk

2005 Auranen

et al., 2005

DUKE (USA) TGFBR1 1 1 588/614 No association with OC risk 2005 Spillman

et al., 2005

Hawaii (USA) Calcitonin 1 1 182/219 Association with OC risk in women

with Japanese origin

2005 Goodman

et al., 2005

Southern England (UK) FANCA 1 1 390/256 Weak association with OC risk,

especially borderline cases

2005 Thompson

et al., 2005

AOCS (AUS) RAD52 1 1 508/298 No association with OC risk 2004 Kelemen

et al., 2005

Thessaloniki (Greece) p53 1 1 51/30 p53 polymorphism of codon 72

might be associated with OC risk

2004 Agorastos

et al., 2004
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milieu of pregnancy and OCs may have a protective effect by

virtue of increasing apoptosis of ovarian epithelial cells that

have undergone genetic damage, this then, makes the proges-

terone receptor or its downstream effectors good candidate

susceptibility genes. Likewise, the relationship between low

sunlight exposure and increased ovarian cancer risk could

be attributable to vitamin D activity, and polymorphisms in

genes involved in its action could be determinants of risk.

Table 1 gives an overview of the most recently (2004–2008)

published studies: Pathways and genes that have been exam-

ined so far include genes of the estrogen and progesterone

pathway and steroid hormone metabolism, double strand

DNA repair genes, cell cycle genes, genes of the extracellular

matrix and their degradading proteins, genes of cell segrega-

tion, tumor suppressor genes, apoptosis genes, growth factor

genes, xenobiotic substances metabolizing genes, oncogenes,

mismatch repair genes, genes involved in DNA synthesis and

even a microRNA gene (for references see Table 1).
7. Polymorphisms involved in genes of the steroid
hormone pathway or metabolism

Genetic polymorphisms of the progesterone receptor gene

(PGR) are well described. A haplotype described as PROGINS

(comprising of mainly three intronic and exonic polymor-

phisms in strong linkage disequilibrium) could be identified

as a risk modifier for benign and malignant gynecologic dis-

eases, indicating that this polymorphism affects the function

of the progesterone receptor. In addition to polymorphisms in

the exons and introns of the progesterone receptor gene, addi-

tional polymorphisms have been identified in the promoter

region (De Vivo et al., 2002). The A allele of the þ331SNP cre-

ates a unique transcriptional start site that favours the pro-

duction of the progesterone receptor B (PR-B) isoform over

progesterone receptor A isoform (PR-A) (De Vivo et al., 2002).

The PR-A and PR-B isoforms are ligand-dependent members

of the nuclear receptor family that are structurally identical

except for an additional 164 amino acid at the N-terminus of

PR-B, but their actions are distinct. The full length PR-B func-

tions as a transcriptional activator and is a mediator of various

responses, including the proliferative response to estrogen or

the combination of estrogen and progesterone (Giangrande

et al., 2000). PR-A is a transcriptionally inactive dominant-neg-

ative repressor of steroid hormone transcription activity that

is thought to oppose estrogen-induced proliferation. An asso-

ciation has been reported between theþ331A allele of the pro-

gesterone receptor promoter polymorphism and increased

susceptibility to endometrial (De Vivo et al., 2002) and breast

cancers (De Vivo et al., 2003). It was postulated that upregula-

tion of PR-B in carriers of the þ331A allele might enhance for-

mation of these cancers due to an increased proliferative

response.

For ovarian cancer three polymorphisms have been exam-

ined in a large multi-center case–control study as part of the

Ovarian Cancer Association Consortium (OCAC) with more

than 4700 cases and 7600 controls. Theþ331C/T promoter poly-

morphism, one of the PROGINSpolymorphisms and a polymor-

phism in the 30 UTR region of the gene have been examined

(Pearce et al., 2008). In this analysis no strong association
with ovarian cancer risk and these polymorphisms could be

found. Only the PROGINS polymorphism was found to show

evidence of association, but only for the endometriod subtype

of ovarian cancer. Another report with a much lower sample

size (80 cases and about 200 controls) found an association of

a specific PROGINS haplotype to be associated with ovarian

cancer risk.

Concerning further research in the sex hormone pathways,

common polymorphisms in the CYP19A1 gene have been ex-

amined, driven by the hypothesis, that these polymorphisms

alter the function of the aromatase gene and thus the conver-

sion of androgen to estrogen. Some of these polymorphisms

have been associated with different peripheral sex hormone

levels in postmenopausal women (Dunning et al., 2004; Hai-

man et al., 2007) and different survival outcomes in breast

cancer patients (Fasching et al., 2008; Long et al., 2006). A Ha-

waiian study examined polymorphisms identified by Haiman

et al., which alter estrogen level. One of these polymorphisms

could be associated with ovarian cancer risk (rs749292) with

some evidence (Goodman et al., 2008), however one SNP,

which was previously described to alter peripheral sex hor-

mone levels and to influence the outcome in breast cancer pa-

tients (rs10046), could not be associated with ovarian cancer

risk in a large combined analysis of several case–control stud-

ies (Beesley et al., 2007).

Some effort has been put into the examination of several

SNPs in the product of the steroid-5-a-reductase (SRD5A2)

gene. SRD5A2 catalyses the conversion of testosterone to

dihydrotestosterone, which might implicate its role in carci-

nogenesis through triggering polycystic ovaries by an andro-

genic pathway (Schildkraut et al., 1996). In an initial study,

the rs523349 polymorphism within the SRD5A2 gene was asso-

ciated with a modified ovarian cancer risk. Another SNP,

which is in linkage disequilibrium with rs523349 (rs632148)

however showed no association with ovarian cancer risk

(Beesley et al., 2007). Evaluating rs632148 in an even larger

combined analysis of several case–control studies, this poly-

morphism could not be found to be associated with ovarian

cancer risk (Ramus et al., 2008).

Some further polymorphisms of hormone pathway or me-

tabolizing genes have been examined (HSB17B1, HSD17B4),

however no association could be found with ovarian

cancer risk.
8. Cell cycle control genes

Based on biological plausibility, genes, that regulate cell cycle

are ideal candidate genes for being involved in carcinogenesis.

Cell cycle is likely deregulated in cancer cells. Genes that are

involved in the control of cell cycle are the cyclin-dependent

kinases (CDK ) and their coactivators and inhibitors, the

cyclins and CDK inhibitors (Nam and Kim, 2008).

A study with 11 different case–control studies, that are part

of the OCAC, examined 88 SNPs in 13 genes (4 cyclin genes,

3 CDK genes and 6 CDK inhibitors). The SNPs were selected

to tag all the known common variants with a minor allele

frequency �5% in order to tag most of unknown common

variants. A two stage design was chosen for this analysis,

with three studies from the UK, Denmark and California,



Table 2 – Comparison of initially significant associations between polymorphisms and ovarian cancer risk and their evaluation in larger case–
control studies.

Gene SNP Original genotyping data Follow-up genotyping

Cases Controls OR (95% CI) P-value Cases Controls OR (95% CI) P-value

AURKA rs2273535 1821 2467 1.17 (1.02–1.35) 0.030 2855 4963 1.05 (0.97–1.13) 0.254

BRCA2 rs144848 1121 2643 1.01 (0.87–1.18) 0.030 4174 7402 1.00 (0.94–1.06) 0.431

RB1 rs2854344 1500 4800 0.73 (0.61–0.89) 0.0009 3817 6584 0.88 (0.79–1.00) 0.041

SRD5A2 rs632148 1466 1821 1.16 (1.00–1.36) <0.0001 2982 5201 1.00 (0.93–1.07) 0.907

PGR rs608995 267 397 3.23 (1.63–5.89) <0.001 4788 7614 1.05 (0.98–1.12) 0.2

PROGINS rs1042838 267 397 3.23 (1.19–8.75) 0.022 4788 7614 1.04 (0.96–1.12) 0.33

CYP3A4 rs2740574 563 664 2.83 (1.04–7.75) 0.043 1969 3491 2.73 (1.18–6.34) 0.019

LIG4 rs1805386 1630 3986 1.19 (1.05–1.35) 0.007 3321 5140 1.00 (0.92–1.09) 0.97

XRCC2 rs3218536 2763 5479 0.89 (0.78–1.02) 0.095 5314 7673 0.95 (0.86–1.04) 0.28

CCND1 rs7178 1413 2431 1.24 [1.03–1.49] 0.021 3607 5725 1.09 [0.96–1.22] 0.12

CCND1 rs603965 1411 2403 1.06 [0.91–1.24] 0.010 3285 5236 1.02 [0.92–1.13] 0.084

CDK6 rs8 1409 2422 1.18 [1.02–1.35] 0.0042 3597 5720 1.09 [1.00–1.19] 0.082

CDKN1B rs2066827 1416 2422 0.88 [0.77–1.01] 0.0035 3618 5719 0.98 [0.89–1.07] 0.036

CDKN2A/2B rs3731257 1411 2415 0.90 [0.78–1.03] 0.046 3601 5705 0.89 [0.81–0.97] 0.008

NMI rs11683487 1464 2564 0.80 (0.69–0.93) 0.038 2561 4356 0.89 [0.80–0.99] 0.032
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USA, genotyping all 88 SNPs in a first step. In stage 2 additional

8 case–control studies (for countries of origin see Table 1)

comprising 2000 cases and 3000 controls were genotyped for

the 5 SNPs showing the most significant associations after

stage 1. In the combined analysis of all 11 studies in each of

the CDKN2A and CDKN1B genes there was one SNP which

was found to be marginally associated with a decreased ovar-

ian cancer risk (Gayther et al., 2007).
9. DNA repair and mismatch repair genes

The very strong association between BRCA1, BRCA2, and the

HNPCC associated mismatch repair genes and high pene-

trance susceptibility to ovarian cancer underscores that DNA

damage response pathways may be critical in the develop-

ment of ovarian cancer. So far in several studies polymor-

phisms in these genes and others like RAD51, RAD52, ERCC2,

BRIP1, NBS1, XRCC2. XRCC3, MLH1, MLH3, MSH2, MSH3, MSH6,

PMS1 and PMS2 have been examined (for references see Table

1). Polymorphisms in genes associated with DNA damage

response and the TP53 DNA damage checkpoint may also be

important in the pathogenesis of ovarian cancer by affecting

the frequency of TP53 overexpression and/or expression of

TP53 associated genes (e.g. p21, MDM2, ARF, and PIG3). Genes

involved in apoptosis also are appealing candidates, since fail-

ure to undergo cell death when DNA repair is not adequate

may play a role in the development of some cancers.

A combined analysis of four large case–control trials

(SEARCH, UK, MALOVA, Denmark, GEOCS, USA and RMH/

YOC, UK) examined several DNA repair and mismatch repair

genes (Table 1). With regard to DNA repair polymorphisms,

SNPs in XRCC2 and XRCC3 showed a borderline association

with ovarian cancer risk. The coding SNP in XRCC2

(rs3218536) in exon 4 was associated with a decreased ovarian

cancer risk and the two SNPs in XRCC3 (rs1799794 and

rs1799796), which are located in the 50 UTR region and intron

5 were associated with a decreased risk for serous ovarian

cancer (Auranen et al., 2005). For the mismatch repair genes
(Table 1) 44 tagging SNPs, in 7 MMR genes were genotyped

from three different case–control studies. There was no strong

evidence that genetic variation in any of these genes was

associated with variations in ovarian cancer risk (Song

et al., 2006a).
10. Other pathways

In the largest case–control study so far, conducted by the

OCAC, seven candidate SNPs from seven different genes were

evaluated which have shown some significant association in

previous other studies (Ramus et al., 2008). Together more

than 4600 ovarian cancer cases and more than 8100 controls

were genotyped. A polymorphism in the RB1 gene

(rs2854344), which is located in intron 17 within an open read-

ing frame that encodes a G protein coupled receptor (P2RY5),

was shown to be associated with a decreased risk for ovarian

cancer with a marginal significance. There was also a sugges-

tion that rs2273535 in the AURKA gene was associated with

an increased risk for ovarian cancer. AURKA is a mitotic centro-

somal protein kinase involved in the control of chromosome

segregation during mitosis. All other SNPs within this study

did not show a significant association with ovarian cancer

risk suggesting that the previous findings which had warranted

their selection in this consortium analysis were false positives.

Another study which should be mentioned, is an analysis

of SNPs in genes that code for enzymes involved in one carbon

(1-C) metabolism. Dysfunction of these enzymes can lead to

chromosomal strand breaks and abnormal patterns of meth-

ylation (Kelemen et al., 2008). Within 21 genes that were the-

oretically implicated in ovarian cancer carcinogenesis the

large number of 188 tagging SNPs were selected. In the overall

analysis two SNPs in the SHMT1 gene (serine hydroxymethyl-

transferase 1) could be associated with an increased ovarian

cancer risk. This study also provided a measure of false posi-

tive reporting probabilities (FPRP) (Wacholder et al., 2004) in

order to address the methological limitations of candidate

gene association studies.
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11. Methology limitations and future strategies

Almost all of the studies described above use a candidate gene

approach to search for common low-moderate risk variants

associated with ovarian cancer. Although these studies have

revealed several possible genetic associations of borderline

significance, the initial studies were limited by sample size

and so statistical power to detect associations at very

stringent levels of significance was small. It has required

multi-centre collaborations to follow-up potential positive as-

sociations, and this has been the major role of the OCAC.

These collaborations have shown that for most SNPs the

initial evidence of association is likely to be false, or that the

associations remaining positive after validation are weak

effects (summarised in Table 2).

It is anticipated that genome wide approaches to genetic

association studies will be more successful at identifying

ovarian cancer risk alleles. The last 18 months have seen

a plethora of reports of GWASs for several common diseases

including type 1 and 2 diabetes, obesity, myocardial infarc-

tion, hypertension, asthma, Alzheimer’s and Crohn’s disease.

GWASs have also been performed for some common cancers,

notably breast, prostate and colorectal cancers. Mostly, these

GWASs have been successful at identifying several highly

significant associations for each disease, and in some cases

follow-up fine mapping and functional studies have managed

to suggest plausible genes and mechanisms for their involve-

ment in disease aetiology.

Markers identified by these association studies are gener-

ally not the true causal variant(s), and there may be 10s or

even hundreds of variants that are correlated with any given

marker that has been found to be associated with disease.

Any one of these markers could be the true, disease-causing,

functional variant. Identifying the true causal variant is a com-

plex and difficult task involving both genetic epidemiological

approaches (fine mapping) and molecular studies. The benefits

of fine mapping are two-fold. Firstly, fine mapping may enable

more accurate risk prediction. Any disease marker could be

used for risk prediction (functional causality is not required),

but the risk conferred by the causal allele may be greater

than that conferred by the marker if ‘marker’ and ‘disease al-

lele’ are not perfectly correlated. Secondly, it is important

from a biological perspective to understand causal mecha-

nisms by which a given SNP affects disease risk. Unless the

causal allele is known, these biological mechanisms would be

very difficult to study, as functional studies are complex and

expensive and it would not be possible to do them on all corre-

lated markers. Fine mapping can be used to narrow down the

list of potential functional variants to a much smaller number.

No GWAS for ovarian cancer has yet been published. How-

ever, there are known to be two ongoing ovarian cancer

GWASs, one from the UK and one from the USA, which are

planned for completion in 2009. Each GWAS is utilising several

ovarian cancer case–control studies that are part of the OCAC,

and will also use the power of the OCAC to follow-up positive

hits to validate the initial findings. Both studies are using

a staged design for the GWAS to optimise statistical power.

In stage 1, more than 600,000 SNPs are being genotyped in ap-

proximately 2000 ovarian cancer cases in each study using the
same microarray platform. Thus by the end of this stage,

about 4000 cases will have been genotyped for the same series

of SNPs. Significantly, this will provide sample power not only

to detect highly significant genetic associations for ovarian

cancer, but also to stratify cases according to other features

of disease such as clinical heterogeneity and epidemiological

risk factors, which may lead to the identification of subtype

specific genetic associations. Each GWAS then plans to geno-

type thousands of the top associations emerging from the

stage 1 analysis in second stage that includes several thou-

sand additional cases and controls. Combined, these studies

will have genotyped approximately 15,000 ovarian cancer

cases and 16,000 controls by the time they are completed.

After all, the use for the patient and the translation of the

obtained evidence into clinical practice may not be neglected.

The general aim of genetic association studies is not only to

get an insight into the carcinogenesis but also to individualize

preventive medicine. The addition of genetic susceptibility

markers to risk prediction models for ovarian cancer could

help to improve the efficiency of early detection tests and pos-

sibly even of a screening program (Pharoah et al., 2008). The

expected results from further studies and the growing under-

standing of this field will hopefully help to create a tool which

could be integrated in a screening program or make early

detection studies more feasible.
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