
 

 

 
Male-specific cancers in Iceland: Family history, genomic 

instability and genetic predisposition 

 
Jón Þór Bergþórsson  

deCODE genetics, Reykjavik, Iceland  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supervisors 
  

Rósa B. Barkardóttir 
Laufey Þ. Ámundadóttir  

 
Ph.D. committee 

 
Bjarni A. Agnarsson 

Laufey Þ. Ámundadóttir  
Óskar Þ. Jóhannsson 
Rósa B. Barkardóttir 
Unnur Þorsteinsdóttir 

 
 

Thesis submitted for a Ph.D. degree  
Faculty of medicine, University of Iceland  

 
Reykjavik 2008



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2008, Jón Þór Bergþórsson 

ISBN 978-9979-70-306-8 

Printed in Iceland by Háskólaprent 



i 

ÁGRIP 

 

Markmið þessarar rannsóknar var að einangra erfðaþætti sem valda aukinni áhættu á 

blöðruhálskirtils- og eistnakrabbameini hjá íslenskum körlum. Til þess að ná þessu 

markmiði voru m.a. notaðar aðferðir erfðafaraldursfræðinnar, framkvæmd var tengsla- 

og fylgnigreining, jafnframt því sem litningaóstöðugleiki í erfðamengi æxla var 

kortlagður.  

Niðurstöður tengslagreiningar á íslenskum eistna- og blöðruhálskirtils-

krabbameinsættum endurspeglaði ekki fyrri niðurstöður erlendra rannsóknahópa, 

hinsvegar fundust væg tengsl við nokkur litningaset sem ekki hafa verið bendluð við 

þessa sjúkdóma áður. Litningaóstöðugleiki, sem metinn var með kortlagningu á 

samsætuójafnvægi í æxlisvef, reyndist ekki tengjast erfðaþáttum eistna- og 

blöðruhálskirtils-krabbameins sem hafa verið staðsettir með tengslagreiningu. 

Tengslagreining á eistnakrabbameinsfjölskyldum leiddi til uppgvötvunar á 

sjaldgæfri setröð á litningi 15q12-q13.3 sem tengist u.þ.b. 10% tilfella sjúkdómsins. 

Leita þarf frekari staðfestingar á þessum niðurstöðum í stærra þýði þar sem 

sjúklingahópurin var fremur lítill (N=135) og fremur takmarkaður fjöldi ætta í 

rannsókninni (N=12-36).  

Tengslagreining með erfðamörkum sem spanna erfðamengi mannsins ásamt 

staðbundni fylgnigreiningu, leiddi til uppgvötvunar á samsætu á litningi 8q24 sem var 

marktækt algengari meðal blöðruhálskirtilskrabbameinssjúklinga (N=1291) heldur en 

viðmiða (N=997). Áhættuaukningin, eða hlutfallslíkurnar (Odds ratio) fyrir þessa 

samsætu, samsvaraði 1.6. Skimun í erfðamenginu með notkun fylgnigreiningar leiddi til 

uppgvötvunar á annarri samsætu nálægt þeirri fyrri á 8q24, sem ber með sér jafnvel enn 

meiri áhættuaukningu (hlutfallslíkur~2.01). Þessi samsæta var þó sjaldgæfari (~3%) 

meðal Íslendinga en sú sem fyrr greindist (~8%). Viðbótarrrannsókn með auknum fjölda 

íslenskra blöðuhálskirtilskrabbameinssjúklinga (N=1501) og viðmiða (N=11290) leiddi 

ennfremur til uppgvötvunar á tveimur áhættu-samsætum, á litningi 17q12 og 17q24, sem 

báru með sér minni áhættuaukningu (hlutfallslíkur~1.2), en voru mun algengari í þýðinu 

(>40%) en þeir áhættuþættir sem fundust á 8q24. Önnur þessara samsæta, sem staðsett 
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er í TCF2 geninu á 17q12, reyndist hafa hindrandi áhrif á myndun insulin-óháðrar 

sykursýki. Niðurstöður íslensku rannsóknanna voru staðfestar í erlendum 

sjúklingahópum frá Evrópu og Norður-Ameríku. Samanlagt gætu þessir fjórir 

erfðaþættir útskýrt alls um 44% tilfella sjúkdómsins í einstaklingum af evrópskum 

uppruna.  

Þær erfðasamsætur sem voru marktækt tengdar myndun blöðruhálskirtils-

krabbameins í rannsóknum okkar eru fyrstu erfðaþættirnir sem unnt hefur verið að 

staðfesta í sjúklingahópum frá mismunandi þjóðum. Frekari rannsóknir á tengslum 

þessara erfðþátta við líffræðilegar breytur getur leitt til framfara á mörgum sviðum 

krabbameinsfræðinnar og m.a. stuðlað að bættri meðferð sjúklinga og fyrirbyggjandi 

aðgerðum.    
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ABSTRACT 

 

The primary aim of this thesis was to identify genetic factors that are important in the 

etiology of prostate and testicular cancer in the Icelandic population. This was done by 

studying genetic epidemiology, genomic instability, and performing genome-wide 

linkage and allelic-association analysis.  

The results of genetic linkage analysis in Icelandic pedigrees did not support 

evidence for susceptibility loci that were previously reported for either prostate or 

testicular cancer in other populations, although some novel suggestive linkage peaks 

were identified. The distribution of genomic imbalance, as evaluated by microsatellite 

marker comparison of normal and tumor material, did not suggest a relationship 

between the linkage results and somatic genomic instability in the testicular tumor 

genome or selected candidate regions in prostate cancer. 

In testicular cancer, a rare haplotype was identified at chromosome 15q12-q13.3 

that may confer up to five-fold risk of the disease and explain ~10% of cases. Since the 

results are based on the analysis of a relative few number of cases (N=135) and 

pedigrees (N=12 to 36), they need to be further validated in a larger independent case-

control series.  

A combination of linkage and association-analysis on prevalent prostate cancer 

cases (N=1291) and controls (N=997) led to the discovery of a genetic variant at 8q24, 

associated with an odds ratio (OR) of ~1.6. A second prostate cancer risk variant, 

conferring higher risk (OR~2.1) was identified on 8q24 following a genome-wide scan 

for allele-association signals using genotype information from a microarry platform. 

This variant was less common (~3%) in the population than the one previously 

identified (~8%). An extension of this genome-wide study, using a larger group of 

Icelandic patients (N=1501) and controls (N=11290), identified two additional 

independent prostate cancer risk variants on 17q12 and 17q24 that conferred lower risk 

(OR~1.2) than the previously identified variants, but were substantially more common 

in the population (>40%).  Interestingly, one of the variants which is located in the 

TCF2 gene at 17q12, seems to be protective against type 2 diabetes. The importance of 

all the prostate cancer risk variants were confirmed in additional case-control series 
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from Europe and North America. Combined, these four variants may explain a 

considerable proportion of the prostate cancer incidence in populations of European 

ancestry, or up to ~44%.  

The risk variants identified in these studies represent the first genetic factors in 

prostate cancer to be consistently confirmed across multiple populations. When the 

relationship of these variants to gene expression and/or genomic stability has been 

elucidated, these findings are likely to contribute substantially to our understanding of 

prostate cancer etiology and may eventually lead to novel and improved prevention and 

treatment strategies.   
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INTRODUCTION 

 

Cancer genetics 

 

Cancer results from a severe imbalance between cell division and cell death. It is 

generally believed that the formation of this devastating disease is initiated by 

transformation of a single cell. The establishment of tumors from the original progenitor 

results from repeated cycles of clonal cell expansions which are driven by natural 

selection. In fact, it has been argued that the elements important in Darwinian evolution 

theory can be applied in order to understand cancer growth (Spencer et al. 2006). 

Approximately one third of human inhabitants of Western countries are diagnosed with 

the cancer in their lifetimes (Parkin et al. 2005); however, in view of a single cell origin, 

the occurrence of cancer may be considered rare; particularly when the large number of 

cell divisions taking place during human development, from embryo to death, is taken 

into account (Hanahan and Weinberg 2000). The reason why relatively few cells are 

transformed into a malignant disease probably reflects elaborate sensor and signaling 

pathways that have evolved in the past to ensure that cells bearing signs of pre-

neoplastic behavior are effectively eliminated.  

 The formation of a fully metastasizing malignant disease requires the co-

occurrence of numerous changes in properties of a cell e.g. loss of cell-to-cell contact 

inhibition, establishment of new routes for oxygen and nutrition delivery (angiogenesis), 

escape from normal immune-surveillance  and prevention of cellular ageing by 

enhanced expression of telomerase, an enzyme that prevents the gradual degradation of 

chromosomes (Nishida et al. 2006; Stewart and Weinberg 2006; Trosko and Ruch 1998; 

Vogelstein and Kinzler 2004; Zitvogel et al. 2006). Furthermore, infiltration of the 

tumor lesion to adjacent normal tissue requires the release of specific proteases that 

digest the extra-cellular matrix and make way for novel neoplastic inhabitants. Further 

adaptive changes are required in order for the tumor cells to spread and inhabit organs 

distant from its origin (metastasis) (Gupta and Massague 2006).  
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 Cancer is a heterogeneous disease, i.e. each tumor is likely to have its own 

course, histological characteristics and molecular profile. The disease progression varies 

between individuals, which is the reason why the need for tailor-designed therapy is 

more obvious for cancer than any other disease. Heterogeneity may partly result from 

the fact that the transformation process is driven by series of DNA mutations altering 

protein structure or expression, and each individual tumor seems to possess a unique set 

of mutations (Vogelstein and Kinzler 1993). 

 Many types of genomic alteration are seen in tumors, ranging from single 

nucleotide substitutions to large-scale chromosome rearrangements. The latter include 

chromosome amplifications and deletions that may extend over millions of base pairs, 

and chromosome translocations causing fusion of distant genes to produce hybrid 

proteins with high transformation potential (Huret et al. 2003). During tumor growth, 

there is also selection for changes that do not influence the DNA code directly, such as 

alteration of methylation status in gene promoters, or changes of chromatin properties 

by acetylation of histone proteins (Jones and Baylin 2007). These modifications can be 

preserved through cell division and affect expression of key proteins in the tumors. The 

study of this type of alterations is generally referred to as epigenetics. An increasing 

number of cancer genes have been shown to be differentially expressed in tumor tissue 

due to epigenetic mechanisms.  

 

Oncogenes and tumor suppressor genes 

 

Traditionally, genes involved in neoplastic transformation are either termed oncogenes 

or tumor suppressor genes (TSG). The first oncogene to be described is carried by a 

virus that causes sarcoma formation in chicken (Rous sarcoma virus). This virus is an 

effective transforming agent and by a series of breakthrough studies approximately 

thirty years ago, the cause of its transforming ability was demonstrated to be the V-SRC 

gene (Brugge and Erikson 1977; Purchio et al. 1978). Subsequently, it was shown that 

V-SRC had a homologous gene in the mammalian genome and in fact, the viral gene 

was a copy of this normal cellular form (C-SRC) that apparently had been picked up by 

the virus and mutated to a constitutively active form. The C-SRC proto-oncogene 
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encodes a tyrosine kinase that mediates signals controlling growth, cell-to-cell adhesion 

and differentiation (Ishizawar and Parsons 2004). A number of viral oncogenes have 

since been identified, many which have been shown to have a normal cellular 

counterparts (Klein 2002). Common activating mutations and translocations of these 

normal cellular copies (generally referred to as proto-oncogenes) have been 

demonstrated in a number of human cancer types. Some of these genes, including 

BRAF, KIT, ERBB2, EGFR, RAS, ABL and RET have also been used as specific targets 

for novel cancer drugs (Bild et al. 2006; Varmus et al. 2005).   

 In contrast to the oncogenes, the expression of TSG´s negatively impacts mitotic 

activity. The discovery of the gene causing retinoblastoma (RB1), a pediatric cancer of 

the eye, is recognized as a breakthrough in molecular cancer research as this was the 

first gene categorized as a TSG (Dryja et al. 1986; Friend et al. 1986). The function of 

the RB1 protein has been studied intensively since its discovery. It was identified as 

target of oncoproteins such as the E7 papillomavirus protein and demonstrated to be 

phosphorylated in a cell cycle dependent manner, implicating it in mitotic control (Chen 

et al. 1989; Munger et al. 1989). Interestingly, although the RB protein is expressed in a 

variety of tissues and somatic mutations of the gene are found in a wide spectrum of 

human tumors, transmission of germ-line mutations in the gene cause a near Mendelian 

segregation of retinoblastoma, commonly bilateral, and occasional incidence of other 

rare cancers such as osteosarcoma (Moll et al. 2001; Valverde et al. 2005). The 

predominant location of RB mutation associated tumors in the retina may possibly be 

explained by the different role the RB pathway has in the tissue. The RB protein binds 

the E2F transcription factors and participates in complex DNA-protein interactions with 

many additional proteins that are just starting to be understood (Goodrich 2006). Since 

the isolation of RB1, a large number of TSG´s have been described, these genes have a 

wide variety of cellular functions, usually in regulating growth, DNA repair or other 

functions that aim at keeping normal cellular functions or else, sending the cell into 

apoptosis (Vogelstein and Kinzler 2004).    
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Familial cancer genes 

 

Cancer formation in individuals carrying a germ-line copy of a damaged RB1 allele is 

triggered by somatic loss of the remaining “wild-type” allele. Such a double-hit 

mechanism had in fact been suggested with retinoblastoma in mind by Knudson, years 

before isolation of RB1 (Knudson 1984). This phenomenon has since been demonstrated 

for many other TSG´s. In contrast, oncogenes have rarely been shown to cause inherited 

cancer. In addition to retinoblastoma, a number of familial cancer syndromes have been 

described were the disease is transmitted almost as a Mendelian trait. Many of these are 

syndromes with occurrence of exceptionally rare cancer types e.g. Li-Fraumeni (TP53), 

Wilms tumor (WT1), Neurofibromatosis I and II (NF1, NF2) and von-Hippel-Lindau 

syndrome (VHL), however, common forms of cancer such as breast and colon cancer 

also show a highly inherited pattern in certain pedigrees (Guilford 2000). With aid of 

genetic-linkage analysis and positional cloning, genes responsible for hereditary breast 

and ovarian cancer (HBOC) and hereditary non-polyposis colorectal carcinoma 

(HNPCC) were isolated more than ten years ago (Bronner et al. 1994; Leach et al. 1993; 

Miki et al. 1994; Wooster et al. 1995). The function of these genes i.e. the breast cancer 

predisposing genes BRCA1 and BRCA2 and colon cancer genes hMSH2 and hMLH1, is 

to monitor chromosome stability and participate in DNA repair. Mutations in these 

genes increase the overall mutation rate in the cell, thereby enhancing the accumulation 

of somatic DNA alterations leading to cancer growth. The proteins encoded by these 

genes were referred to “caretakers”of the genome, while TSG´s directly involved in cell 

cycle control, apoptosis and proliferation capacity in general, are termed “gatekeepers” 

in a commonly cited letter by pioneers in the field (Kinzler and Vogelstein 1997).  

 Epidemiology studies of the breast and colon cancer genes later demonstrated 

that high risk mutations in BRCA1, BRCA2, hMSH2 and hMLH1 explained only a small 

proportion of these diseases (~5%). Furthermore, only a fraction of the observed family 

history of breast and colon cancer could be accounted for by these genes. It has been 

hypothesized that the remaining unexplained fraction of the familial component of 

cancer might be due to the combined effect of many genetic variants that each 

contributes relatively little to the overall cancer risk. Similarly, low-penetrant genetic 
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variants have also been suggested to be important in other common cancer types such as 

lung and prostate cancer where family history is also known to be of importance 

(Gabriel 2006; Houlston and Peto 2004). The characterization of such variants is a 

major undertaking as it requires association analysis using large patient and control 

groups (>1000) and a huge number of genomic markers. Such studies need to be 

followed up by verifying the risk variants across different populations (Gabriel 2007).  

 The release of the complete human genome sequence along with other 

technological innovations have changed the field of cancer biology dramatically in 

recent years, leading to an almost exponential growth in the number of genes implicated 

in cancer. By the year 2004, 291 genes had already been implicated, corresponding to 

1% out of all genes in the human genome. Ninety percent of these genes have been 

found to be somatically mutated in tumors, 20% have germ-line mutations and 10% 

show both somatic and germ-line mutations (Futreal et al. 2004). Furthermore, the 

mapping of common polymorphisms in the genome and characterization of the linkage 

disequilibrium (LD) between them by the human HapMap project have provided 

necessary information for the design of microarray-based SNP (single nucleotide 

polymorphism) chips that allow genotyping of hundreds of thousands of genetic markers 

in a single reaction. Already, large population based studies in the U.S., U.K., and 

Iceland, make use of this technology in search for genetic variants that are associated 

with cancer. The results of these studies will enable a realistic estimation of the 

contribution of inheritance in cancer as well as providing valuable biological 

information for the design of prevention or therapeutic strategies.   

 

Male-specific cancers  

 

Cancers of the prostate and testicles are the most common of the male-specific cancers 

(Parkin et al. 2005). These two organs play a key role in human reproduction, i.e. 

formation of semen, development of sexual characteristics and control of sexual 

behavior through production of steroids or other messengers. Hormonal etiology has 

been implicated in these cancer types, particularly the influence of testosterone and 

other androgens. The manner by which testosterone is expected to influence tumor 
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growth according to current hypothesis is different in the prostate and testicles. 

Testosterone deprivation at an early age blocks normal development of the testis, 

increases the probability of testicular atrophy and the risk of cancer (Seftel 2006). In 

contrast, high testosterone activity has been linked with an increased risk of prostate 

cancer later in live (Morgentaler 2006).  

 There has been a steady worldwide rise in the incidence of both prostate and 

testicular cancer during the last decades. Our knowledge of environmental changes 

promoting this elevation is incomplete and epidemiological studies addressing this have 

not been successful in pointing out the causes. Studies that focus on testing the androgen 

pathway hypothesis have given controversial results in the case of both cancer types and 

as a consequence, there is a demand for additional hypothesis that can be tested in an 

epidemiological setting.  

 

Histology  

 

For reasons that are unknown, cells of the reproductive system are a common source of 

cancer growth in males of western countries. Cancer growth may originate in almost any 

organ of the male reproductive system including the prostate glands, testicles, 

epididymis, seminal vesicles, and penis. The tumors derived from these organs can be 

considered male-specific, however, cancers that are considered non-gender specific can 

also originate in this environment e.g. the lymphomas and sarcomas. Various cell types 

of the male-reproductive system may acquire a malignant phenotype but the majority of 

the cancers are derived from two cellular sources:  

1. Epithelial cells of the prostate (Adenocarcinoma of the prostate)  

2. Primitive germ cells of the testicles (Testicular germ cell tumors (TGCT)).  

A few additional types of male-specific cancers have been described e.g. cancers of the 

Sertoli or Leydig cells of the testis. However, these types may reflect specific genetic 

defects that do not contribute to the more prevalent cancer types of the reproductive 

system, and are simply too rare to be considered as a phenotype in a genetic or 

epidemiology study of a small population such as the Icelanders.  
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Testicular cancer; genetic epidemiology, genetic risk factors and chromosome 

instability  

 
Structure and function of the testicles  

 

 

 
 
Figure 1. Internal structure of the testis 

 
a) Sagittal section of the testis and associated epididymis. b) Cross-sectional view of portion of the 
seminiferous tubules, showing the spermatogenic cells making up the epithelium of the tubule walls and 
the location of the interstitial cells in the loose connective tissue between the seminiferous tubules 
(1200X. c) External view of a testis from a cadevar; same orientation as in part a). Reprinted by 
permission of Pearson Education, Inc (Marieb 1998).   
 
 The testes are composed of a system of seminiferous tubules that are 

compartmentized by a membrane termed the tunica albuginea to larger units that are 

called lobules. The tubules are mostly composed of “primitive” sperm cells (germ cells) 

that are in various stages of development. The outermost germ cells are called 

spermatogonia. By a series of cell divisions and transformations, the spermatogonia give 

rise to mature sperm that are finally released into the lumen of the tubules. Cell division 
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of the spermatogonia results in primary spermatocytes. Secondary spermatocytes are 

formed by a process involving meiosis I. Meiosis II is completed in the following cell 

division leading to the formation of the haploid spermatid. This process is aided by the 

Sertoli cells, whose function is to support the spermatocytes during the process. 

Spermatids are simple round cells that gradually become flagellated and are released to 

the lumen of the seminiferous tubules as mature sperm. The sperm is washed into the 

rete testis, then entering the vasa efferentia and the epididymis where final maturation 

takes place (Marieb 1998).  

 The production male sex hormones e.g. testosterone, is an important role of the 

testicles. Testosterone is secreted by specialized cells, the interstitial Leydig cells. It 

initiates maturation of the male reproductive organs, accounts for the appearence of 

secondary sex characteristics and influences sexual behavior. Testosterone has 

numerous other effects that are unrelated to sexual function or behavior and it is also 

produced by women in smaller amounts by theca cells of the ovaries (Dohle et al. 2003).       

 

Diagnosis of testicular cancer  

 

The first sign of testicular cancer is usually presented as painless enlargement of the 

gonads, but this can also be a sign of other conditions including epididymitis, orchitis, 

hydrocele or hernia. Physical evaluation by palpation is the most important method of 

detection, but ultrasound imaging is also sometimes used in conjunction. Biomarkers 

may be useful in the initial diagnosis and staging of testicular tumors e.g. 90% of the 

patients may have elevated levels of α-fetoprotein (AFP) or β-human chorionic 

gonadotropin (β-hCG). Suspicion of testicular cancer is followed up by orchiectomy, i.e. 

surgical removal of the affected testicle, and pathological examination (Coogan and 

Rowland 1997).          
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Figure 2. Overview of spermatogenesis  
 
a) Scanning electron micrograph of a cross-sectional view of a seminiferous tubule (225X). From Tissues 
and Organs, by Kessel and R.H. Kardon.© 1979 W.H. Freeman. b) Flowchart of events of 
spermatogenesis, showing the relative positioning of the various spermatogenesis cells. c) Enlarged view 
of a portion of the wall of the seminiferous tubule, showing the spermatogenic cells surrounded by 
sustentacular cells (colored green). Reprinted by permission of Pearson Education, Inc (Marieb 1998).  
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Incidence 

 

Diagnosis of testicular cancer can be considered rare since only about 1 in 250-500 men 

in Europe and North America are expected to develop the disease. Age standardized 

incidence rates in Northern Europe are close to 6 for 100.000 male population per year 

(Parkin et al. 2005). In most western populations, incidence rates have increased steadily 

during the last 3-5 decades, typically by a factor of two to three (Huyghe et al. 2003). 

Testicular cancer accounts for only about 2% of all cancers in males but is the most 

common cancer type diagnosed in the age group between 18 and 35 years. A small 

portion of cases are diagnosed in childhood, mostly between 0-8 years of age. The 

incidence is extremely low in boys 8-15 years old but rises almost exponentially from 

there on. The age specific incidence starts to decline between ages 25-35, however, a tri-

modal distribution has been suggested due to a small increase which is seen in late 

adulthood (>50 years), mostly due to occurrence of spermatocytic seminomas (Brown et 

al. 1986b; Coogan and Rowland 1997). 

 

Birth cohort effect 

 

Epidemiological evidence suggests that the incidence of testicular cancer depends on 

one or more environmental or lifestyle factors associated with industrialization or 

western lifestyle. Most population-based studies show a rising incidence during the last 

decades (Huyghe et al. 2003). In some European countries, the increase is about 5% per 

year (Bray et al. 2006; Richiardi et al. 2004). Studies of incidence in European 

populations focusing on birth cohort information (year of birth) instead of the year at 

diagnosis have revealed an interruption in the incidence rise for men born 1940-1945, 

during the World War II (Bray et al. 2006; Ekbom and Akre 1998). This phenomenon is 

referred to as birth cohort effect. The environment during pregnancy may therefore be 

important in determining the individual’s risk of testicular cancer. The exact cause of 

this effect is unknown but factors such as food shortage due to government restrictions 

have been suggested.  
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Geographical distribution  

 

The age standardized incidence rates for testicular cancer are relatively high in Europe, 

North and South America and Australasia, whereas the prevalence in Asia and Africa is 

low. This is largely in-line with the pattern of geographical distribution for all cancers in 

males considered jointly (Ferlay et al. 2004).  

 
 

Figure 3. Global distribution of testicular cancer.  
 

The numbers refer to age standardized incidence rates per 100.000 males (Ferlay et al. 2004).  

 

There are many examples of differences in the incidence between neighboring countries 

e.g. between the Nordic countries (Denmark, Sweden, Norway, Finland and Iceland). 

Denmark and Norway report age standardized incidence rates that are among the highest 

in the world (10-11 per 100.000 inhabitants) while the incidence in Finland is among the 

lowest in Europe (3 per 100.000). Interestingly, the incidence in Sweden, located 

between Norway and Finland, is almost exactly between that of its neighboring 

countries, or 5.9 per 100.000 inhabitants (Ferlay et al. 2004). Similar rates are found in 

Iceland (5.6) (Engholm et al. 2006). In Europe, the incidence rates generally increase 

from south to north and east to west. A geographical gradient towards northern Europe 

could mirror stronger economy and social welfare in-line with reports showing that 



12 

socioeconomic status is related to the risk of the disease (Ross et al. 1979; Swerdlow et 

al. 1991). Geographical variation within countries has also been documented, an effect 

that appears not to be associated with the level of urbanization (Brown et al. 1986b; 

Sonneveld et al. 1999a; Toledano et al. 2001).  

 Sharp differences in the incidence between neighboring countries with a similar 

population history and origin such as the Nordic countries, are unlikely to be caused by 

genetic factors although they may play a role. An attempt has been made to shed light 

on this by studying testicular cancer incidence among Nordic immigrants and their 

offspring in the Swedish family-cancer database (Hemminki and Li 2002a). There was a 

clear tendency for immigrants in Sweden in to have an incidence similar to their country 

of origin e.g. Children of Danish born parents were at almost twofold risk of developing 

testicular cancer, in line with the observed population differences. When only one parent 

was Danish born, the effect was not significant. Similarly, the risk in Finnish 

immigrants remained low and their offspring also had a lower risk compared to Swedish 

controls. Although these results are compatible with genetic influences, most 

epidemiologists in the field believe that cultural differences may be more important.    

 

Ethnic variation  

 

The incidence of testicular cancer is also different between ethnic groups. The most 

studied example is found in the U.S. i.e. differences with respect to European and 

African ancestry (Brown et al. 1986b; Ross et al. 1979; Spitz et al. 1986). The disease is 

approximately four times more common among individuals of European ancestry. Other 

ethnic groups in the U.S. such as Puerto Rican Hispanic males have lower incidence 

rates than U.S. Caucasians, but similar incidence is seen in New Mexico Hispanic men. 

Differences between ethnic groups are not easily interpreted, genetics may be involved 

but it is practically impossible to correct for cultural factors which may also be 

important in this context.  
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Histopathology and clinical parameters  

 

It has been shown that the large majority (90-95%) of malignancies occurring in the 

testis are of germ cell origin (Wanderas et al. 1995). These tumors originate in 

primordial germ cells, the precursors of spermatogonia giving rise to the mature sperm 

cells.  

 Testicular cancers are classified as either pure seminomas (50%) or non-

seminomas (50%) (Ulbright 1993). Compared to the seminomas, non-seminoma has a 

less favorable prognosis and the level of differentiation is generally much less. By 

microscopic examination, pure seminomas are seen as sheets of relatively well-

differentiated polygonal cells with distinct cell membranes and round nuclei in the 

center. The non-seminoma histology types may either appear in pure form or mixed 

combinations. The key components include teratoma, embryonal carcinomas, 

choriocarcinomas, and yolk sac tumors. Seminoma elements may be found mixed with 

these components although the tumors are still referred to as non-seminoma. Teratomas 

are characterized by a histology pattern in which tissues from more than one germ cell 

layers (sometimes all three) are present. In a way these tumors reflect embryogenesis 

and they may contain elements of well differentiated somatic tissue such as neurons, 

cartilage, muscle and fat in a random fashion. Embryonal carcinomas are poorly 

differentiated. The cells may take various shape, they are large, pleomorphic and do not 

have a clearly distinct cell border. A mixture of teratoma and embryonal carcinoma 

termed teratocarcinoma is the most common composition of mixed non-seminoma 

tumors. Choriocarcinomas and yolk sac tumors reproduce placental and yolk sac 

elements, respectively. These histology types are very rarely presented in the pure form 

(<2%) but pure yolk sac tumors are common in patients where the disease is diagnosed 

in childhood, usually before eight years of age (Kumar et al. 1992; Richie 1993). 

Seminomas and non-seminomas are thought to originate from a carcinoma in situ (CIS) 

stage termed intra-tubular germ cell neoplasia (ITGCT) (Rorth et al. 2000). The age at 

diagnosis appears to influence the histology as briefly mentioned before. Childhood 

cancers are mostly non-seminomas, commonly composed of yolk sac or teratoma 

elements. Other non-seminomas are also diagnosed earlier (mean ~30 years) than 



14 

seminomas (mean ~40 years). In addition, a specific form of seminoma i.e. 

spermatocytic seminoma is most common among men diagnosed older than 50 years 

(Coogan and Rowland 1997).     

 Primary germ cell tumors can be found at other locations beside the testis i.e. in 

the mediastinum, retroperitoneum and the pineal gland of the brain. These rare tumors 

are thought to be derived from primary germ cells that were misplaced during 

development. Although histologically they are indistinguishable from the testicular 

germ cell tumors, the etiology may be different (Bokemeyer et al. 2003).    

Other malignancies (non-germ cell) occurring in the testis include lymphomas, 

carcinoids, sarcomas and tumors derived from gonadal stroma i.e. Leydig, Sertoli, 

granulose, mesenchymal, mesothelial or Mullerian cells. Leydig and Sertoli cells have 

an important supporting role in the development of sperm cells e.g. nurturing the 

developing germ cells and secretion of testosterone. However, these and other stromal 

cells of the gonads give rise to only about 1-5% of testicular tumors and most of them 

are benign (Cheville 1999).  

 A handful of biomarkers have been used for diagnostic/prognostic purposes and 

for surveillance after the treatment of testicular germ cell cancer.  Alpha fetoprotein 

(AFP) is an embryonic protein produced by non-seminoma (particularly yolk sac tumor) 

but not seminoma tumors. The glycoprotein Beta human chorionic gonadotropin 

(βHCG) is another marker secreted by non-seminomas but much less frequently by 

seminomas. Lactate dehydrogenase (LDH) is a marker of tumor proliferation produced 

at high levels by germ cell tumors but is much less specific than the two aforementioned 

markers. These three markers have been included in a prognostic factor-based staging 

system by the International Germ Cell Consensus Classification (1997). High levels of 

these proteins are in combination with other staging criteria such as retroperitoneal 

metastases, markers of worse prognosis. Various other molecules of prognostic value 

have been defined including a defective TP53 tumor suppressor and Ki67 antigens, 

reflecting compromised apoptosis and high level of proliferation, respectively 

(Mazumdar et al. 2001).      

 In the beginning of the 20th century, testicular cancer almost inevitably resulted 

in death within four years of diagnosis. However, this reality changed dramatically 
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during the 20th century with improved surgical practices, the introduction of 

radiotherapy and development of adjuvant chemotherapy. A major breakthrough was 

made in the field by the discovery of the drug cis-platinum, which has been described as 

the most active single agent against testicular cancer (Trimmer and Essigmann 1999). 

The presently favored chemotherapy regimen includes the drugs bleomycin, etoposide 

and cisplatin (BEP), a combination that is reported to cure ~80% of patients diagnosed 

with advanced metastatic testicular cancer (Dearnaley et al. 2001; Dearnaley et al. 

1991). By these improvements, the disease changed during a course of a few decades 

from being one of the most deadly cancers in humans to being the one most easily 

cured. 

 The diagnosis of testicular cancer has a tremendous psychological impact on the 

patient and his family. In addition, radiation therapy and treatment with cytotoxic drugs 

has unwanted side effects such as increased risk of cardiac diseases later in life (van den 

Belt-Dusebout et al. 2006). The treatment may also affect the patient’s ability to father 

children although evaluation of this effect is somewhat difficult since a number of 

patients may suffer fertility problems prior to diagnosis (Huyghe et al. 2004; Jacobsen et 

al. 2000b). This problem can be solved by offering sperm cryopreservation prior to 

treatment. In most cases however, the disease does not affect the quality of life in long-

term survivors and some men are still able to father children without intervention (Fleer 

et al. 2004).  

 

Risk factors  

 

The reason for the rising incidence of testicular cancer worldwide remains a mystery. So 

far, the search for environmental factors in this context has mainly been focused on 

substances exerting hormone activity, xenoestrogens in particular. Negative impact of 

high prenatal estrogen levels on the development of the male urogenital tract (and 

fertility) had been known for decades from animal studies. About three decades ago 

series of experiments with laboratory mice showed increased incidence of testicular 

cancer, epididymal cysts and cryptorchidism in offspring of mice exposed to 

diethylstilbestrol (DES; a synthetic estrogen) during pregnancy (Bullock et al. 1988). 
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These results invoked intense discussion in the medical field, particularly since DES had 

been used to prevent pregnancy loss and complications since as early as 1940, and high 

levels of estrogen were contained in oral contraceptives produced at the time. There are 

also many xenoestrogens and other potential endocrine-disrupting chemicals (EDC´s) 

that are released by modern industry and agriculture. It has been proposed that some of 

these EDC´s explain the rising prevalence of genital maldevelopments, infertility and 

testicular cancer (Chia 2000). In humans, factors associated with maternal estrogen 

levels have been studied including birth weight, maternal age, twin-ship and sex ratio. 

However, evidence favoring the estrogen hypothesis still remains controversial 

(Dieckmann and Pichlmeier 2004).  

 Other hypotheses have also been put forward, e.g. the nutrition hypothesis 

explaining the incidence by high calorie intake during childhood and a hypothesis 

suggesting maternal smoking during pregnancy as a risk factor (Dieckmann and 

Pichlmeier 2004; Pettersson et al. 2004). In addition, an infectious etiology has been 

suspected. Patients with HIV appear to be at higher risk of the disease and some reports 

show elevated incidence in boys suffering mumps orchitis (Brown et al. 1987; Buzelin 

et al. 1994). However, if associations with these viral diseases hold, they explain no 

more than a small fraction of cases (Goedert et al. 1998; Swerdlow et al. 1987b).  

 At present, only three traits have been accepted as surrogates of testicular cancer 

risk, these include cryptorchidism, prior diagnosis of testicular cancer and family history 

of the disease.    

 

Cryptorchidism, other maldevelopments of the reproductive system and infertility 

 

Cryptorchidism (undescended testes) is one of the best established risk factors for 

testicular cancer. During fetal development, the testis normally descends to the scrotum 

through the inguinal canal just before birth. The descent of the testis may be blocked 

intra-abdominally, in the inguinal canal or high in the scrotum. Intra-abdominal testes 

are associated with the highest risk of testicular cancer. In a meta-analysis of 21 

different studies, the diagnosis of cryptorchidism increased the risk of developing 

testicular cancer by a factor of 4.8 (95% confidence limits 4.0-5.7) (Dieckmann and 
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Pichlmeier 2004). Surgical correction of cryptorchidism does not appear to eliminate the 

subsequent risk of testicular cancer although it may reduce the risk if intervention is 

early. Interestingly, the normally descended testis appears also to be at a greater risk of 

developing malignancy which may suggest that an underlying factor may actually be 

causal to the transformation process. The undescended testes typically show signs of 

severe atrophy, which on its own is a suspected risk factor. Testicular atrophy is 

commonly seen in males with fertility problems and other maldevelopments of the 

reproductive system including inguinal hernia, hydrocele, and hypospadias. It is 

therefore not surprising that men attending fertility clinics appear to be at higher risk of 

testicular cancer (Swerdlow et al. 1997b). The common concurrence of testicular 

atrophy, infertility, and genital maldevelopments such as cryptorchidism, hypospadias 

or inguinal hernia has encouraged the definition of the so-called testicular dysgenesis 

syndrome (TDS) (Skakkebaek et al. 2001). Individuals falling under this definition are 

more likely to develop both ITGCT and testicular cancer.    

 

Prior diagnosis of testicular cancer 

 

The occurrence of testicular cancer in the contra-lateral testis of patients is observed 

more commonly than expected by chance alone and the risk may be between 20-30 fold 

to that of individuals in the general population (Osterlind et al. 1991; Wanderas et al. 

1997). However, despite the high risk, only about 2-3% of the patients develop bilateral 

testicular cancer. Most bilateral testicular cancers are metachronous i.e. do not occur at 

the same time (synchronous). They are generally thought to be independent primary 

tumors rather than the second being a dissemination of the first. Increased risk of contra-

lateral tumors is observed in familial testicular cancer according to some studies 

(Heimdal et al. 1996a)  

 

Family history of testicular cancer and genetic susceptibility  

 

Since testicular cancer is a rare disease, families where more than one member is 

affected may especially come to the attention of clinicians and case reports of small 
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pedigrees have been reported a number of times. Reports of affected brothers are 

noteworthy in the literature and sib-ships with up to four patients have been published 

(Gedde-Dahl et al. 1985; Goss and Bulbul 1990). In recent years, large population based 

studies have shown that this is more than observation bias.  

 Most studies estimating the relative risk (RR) of testicular cancer among 

relatives of patients include information on close relatives i.e. brothers, sons and fathers 

(1st degree relatives). More extensive analysis of the familial risk is only possible in 

populations with more complete genealogy such as Utah Mormons or Icelanders.                                                                                                     

Previous studies show that the estimated risk of affection for brothers of patients is 

significantly higher (RR=6-13) than expected by chance alone. Elevated risk of 

testicular cancer in fathers and sons of patients is much more controversial however, 

with RR values ranging from zero to four (Dong et al. 2001; Forman et al. 1992; 

Sonneveld et al. 1999b; Spermon et al. 2001; Tollerud et al. 1985; Westergaard et al. 

1996). Information on the risk of the disease in more distantly related pedigree members 

is only available from a single study using the Icelandic Cancer Registry (ICR) data. 

The results of this study suggest that the risk is also elevated in more distantly related 

family members, which may be taken as a sign of genetic influences (Amundadottir et 

al. 2004).   

 A few studies have attempted to identify histological landmarks associated with 

familial testicular cancer. One of these studies suggests that familial cases may have a 

higher prevalence of pure histology types i.e. enrichment of pure seminoma and pure 

teratoma. A trend has been found for diagnosis of familial cases at earlier ages but this 

has not reached significance in the material studied (Dieckmann and Pichlmeier 1997; 

Hemminki and Li 2004; Sonneveld et al. 1999b).         

 

Family history of testicular cancer and association with other cancer types 

 

A number of genes responsible for cancer syndromes have been discovered in the last 2-

3 decades, adding considerably to our understanding of cancer predisposition. Most of 

these cancer syndromes are very rare and are inherited like a dominant Mendelian trait 

(e.g. Li-Fraumeni, MEN-1, MEN2 and Cowdens). Mutations causing these syndromes 
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often have additional phenotypic consequences. More common syndromes also exist 

that confer a milder phenotype e.g. HBOC and HNPCC, that are caused by germ-line 

mutations conferring incomplete penetrance i.e. not all of the mutation carriers develop 

malignancy (Guilford 2000).  

 The phenotypic consequences of most mutations underlying cancer syndromes is 

variable i.e. individuals carrying an identical germ-line mutation may develop distinct 

cancer types. However, the cancer spectrum associated with these syndromes is usually 

well characterized e.g. an association between breast and ovary cancer in HBOC and 

colorectal and endometrial cancer in HNPCC has been firmly established (Chen and 

Parmigiani 2007; Lynch et al. 1994; Lynch et al. 1997). Some of the familial 

associations due to specific mutations e.g. the association between breast and ovary 

cancer in HBOC, may be reflected in population based genetic epidemiological studies. 

  Familial associations can also reflect environmental influences. For example, the 

recent concern that maternal smoking during pregnancy may have a role in the etiology 

of testicular cancer can be indirectly addressed by calculating the risk of smoking 

related cancers in patients’ mothers (Hemminki and Chen 2006).  

 A few studies have attempted to describe the cancer spectrum in relatives of 

testicular cancer patients. A study of the Utah Cancer Registry found only a significant 

association with cancer of the lip and leukemia using a computerized genealogy 

approach to assemble pedigree data (Thomas et al. 1999). By a similar approach, 

prostate, thyroid and esophageal cancer was elevated in pedigrees of testicular cancer 

patients in the ICR, although these were not significant after correction for multiple 

testing (Amundadottir et al. 2004). In the Swedish Cancer registry database, leukemia 

was the only significantly elevated cancer, however, first degree relatives were only 

included in this study (Hemminki and Chen 2006). One study finds association to 

respiratory tract cancer in accordance with the “maternal smoking” hypothesis 

(Spermon et al. 2001; Witjes and Spermon 2001) although this seems not to be widely 

replicated. It also seems that inheritance of testicular cancer is not associated with 

steroid dependent cancers as might be anticipated. A better correlation seems to be with 

cancers of hematological and lymphoid origin, particularly leukemia (Amundadottir et 

al. 2004; Hemminki and Chen 2006; Ji and Hemminki 2006; Thomas et al. 1999; 
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Westergaard et al. 1996). Although at first glance, leukemia does not have much in 

common with testicular cancer, there are some similarities e.g. occurrence at early age 

and dependence on specific chromosome rearrangements at early stages (Frigyesi et al. 

2004; Johansson et al. 2004).      

 

Inheritance and testicular cancer 

 

Most epidemiological studies agree in showing excess familial aggregation among 

testicular cancer patients, however, in addition to gene variation there may be other 

factors contributing to this effect. The incidence of the disease in brothers appears in 

most studies to drive familiality to significance, and brothers share more than their 

genetic material. Maternal environment during fetal life, childhood nutritional factors 

and viral infections which are shared between brothers, may all contribute to the 

etiology of the disease. Only a few studies have attempted to estimate the genetic 

component in testicular cancer. Many factors complicate analysis of this sort e.g. the 

increased incidence of testicular cancer over time, lack of cancer registry data in the 

past, and the possibility of reduced fecundity in pedigrees segregating testicular cancer.      

 The Swedish Cancer Registry database has been used to estimate the 

contribution of genetic, environment  and childhood  environment in the etiology of 

most cancer sites (Czene et al. 2002). The method involved calculation of correlations 

(between relative pairs with respect to affection i.e. spouse, sibs, half-sibs, parent-

offspring etc. and structural equation modeling. The hereditary component for testicular 

cancer was estimated to be as high as 25%, the contribution of shared childhood 

environment was estimated at 17% and the remaining risk was due to non-shared 

environmental factors (Czene et al. 2002). However calculation of the population 

attributable fraction (PAF) in the same population i.e. weighting the familial cause 

against other causes, yields a very low value (0.64%) (Hemminki and Czene 2002). This 

is likely to reflect the fact that in spite of high relative risks, particularly for brothers of 

affected individuals, pedigrees of two or more patients are very rare.          
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Twin studies 

 

The use of twin registries can be particularly useful in genetic epidemiology studies for 

estimating the genetic component of human traits. Since monozygotic twins share all 

their genes and dizygotic share only 50%, we expect greater concordance with respect to 

disease status in the monozygous twins if the disease is truly genetic. There are however 

complications in using this approach to estimate the genetic component in testicular 

cancer. Firstly, a large number of twins are needed since the disease is rare. Secondly, 

maternal environment is different between pregnancy with dizygotic and monozygotic 

twins in such a way that dizygotic twins appear to be exposed to higher doses of 

estrogen during fetal development. In fact dizygotic twinning appears to be a strong risk 

factor for testicular cancer according to some studies  (Braun et al. 1995; Dieckmann et 

al. 2001; Hemminki and Li 2002b; Swerdlow et al. 1997a). Thus, contrary to most other 

diseases, twin status cannot be used to measure the hereditary component in testicular 

cancer.   

 

Segregation analysis  

 

Studies of inheritance pattern have been difficult to perform on testicular cancer due to 

limited material size, lack of large extended pedigrees and imperfect genealogy. In other 

diseases e.g. breast cancer, such studies have provided a useful background for hunting 

the disease genes by linkage analysis and positional cloning. Two studies have 

addressed this issue in testicular cancer and both come to a similar conclusion.    

A link between bilateral testicular cancer and family history has been known for a while. 

In one study, the reported fraction of bilateral cases in familial material versus the 

fraction in cases with no apparent family history has been used to estimate the 

proportion of cases due to inherited predisposition (Nicholson and Harland 1995). This 

study assumes that most bilateral cases with no apparent family history are due to 

inherited mutation on basis of similarity between ages at onset with familial cases. The 

authors report that the best model explaining familiality in testicular cancer is a 

recessive gene with a lifetime penetrance (likelihood of affection) of 45% with an allele 
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frequency of 5%. About one third (33%) of all cases were estimated to be homozygous 

for the mutation. 

 A single study has evaluated the genetic contribution in testicular cancer by 

segregation analysis, a statistical technique used to fit genetic models to population 

pedigree data (Heimdal et al. 1997). The analysis was performed with a list of 978 

Norwegian and Swedish patients and information on their first degree relatives using the 

segregation analysis program Pointer. This study also found a better fit with the data by 

using a recessive major gene model than alternative dominant or polygenic models. The 

optimal model assumed an allele frequency of 3.6%, and a lifetime risk of 43% to 

homozygous carriers. Furthermore, the genetic susceptibility explained 25% of cases 

diagnosed before the age of 36.  

 Although different methods were used in these two studies, they agree on the 

genetic model and give a similar frequency estimate for the disease allele. Recessive 

inheritance has not been predicted in any other cancer type studied by comparable 

methods. However, these two studies did not consider X-chromosome segregation (no 

male to male transmission) which also can explain the effect of 2-4 times higher risk in 

brothers as compared to fathers of patients. For the purpose of locating gene defects by 

genetic-linkage analysis, knowledge of the underlying genetic model is useful; however, 

in most studies done in recent years, linkage analysis is performed by model free 

methods without much loss of power.  

 

Mouse models of testicular cancer 

 

As in humans, spontaneous formation of testicular cancer is a relatively uncommon 

phenomenon in other animals, probably due to strong natural selection against alleles 

conferring risk. The most commonly used animal model is based on an inbred mouse 

strain (strain 129) with a high prevalence of spontaneous testicular cancer formation 

(Stevens, 1957). This mouse strain has mostly been useful in studying the effect of 

specific mutations on testicular cancer risk (Lam and Nadeau 2003; Youngren et al. 

2003). A short summary of the genes that have been shown to confer risk of the disease 

in mice may give an idea of the pathways that are important.    
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 One example of a mutation affecting the incidence of germ cell cancer in the 129 

mouse strain is a large deletion of mouse chromosome 10 including the mast cell growth 

factor (MGF), that increases the risk two-fold (Bedell et al. 1996). MGF encodes for a 

growth factor produced by the Sertoli cells that is required for survival of the germ cells. 

Mutations in MGF affect the migration of the primordial germ cells during 

development. However,  a smaller deletion affecting the MGF gene does not confer risk 

to testicular cancer although the mice suffer from germ-cell deficiency and sterility 

(Stevens 1967).  

 Inherited mutations of the mouse TP53 gene also confer a risk of testicular 

cancer in 129 mice. About 35% of the mice with inherited mutations in this gene are 

affected with testicular cancer. TP53 mutations do not confer a particularly high risk of 

testicular cancer in other strains of mice (Harvey et al. 1993).  

 The TER mutation on mouse chromosome 18 is probably the strongest single 

mutation predisposing to testicular cancer. Mice of the 129 strain that are homozygous 

for TER have a 94% frequency of developing teratocarcinomas, majority of which are 

bilateral. This mutation appears to cause an early deficiency in the number of primordial 

germ cells, and the small number of cells that successfully migrate to the genital ridges 

during embryogenesis have increased probability of transforming into a tumor (Matin et 

al. 1998; Noguchi and Noguchi 1985). The gene carrying the TER mutation has recently 

been identified as an ortholog of the zebrafish dead end gene dnd1 (Youngren et al. 

2005). Although the precise function of this gene is unknown, identification of protein 

motifs suggests interaction with RNA. Possibly, the dnd1 gene is involved in RNA 

editing.  

 Another insight into the biology of testicular cancer in mice comes from an 

observation made in a study of Glial-cell-Derived Neurotrophic Factor (GDNF), a 

protein originally isolated from a rat glioma cell line (Lin et al. 1993; Meng et al. 2001). 

Transgenic mice expressing high levels of this gene developed testicular tumors, in 

many cases bilaterally (57%). The tumors are of germ cell origin and histological 

inspection showed various similarities with seminomas in humans. Spermatogenesis in 

the transgenic mouse was also disrupted leading to accumulation of undifferentiated 

spermatogonia in seminiferous tubules at early stage of development. GDNF is a distant 
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relative of the transforming growth factor β super-family. It is expressed by Sertoli cells 

of the testis and its receptor is expressed in undifferentiated spermatogonia (Meng et al. 

2001).  The GDNF protein signals through a membrane bound receptor complex 

composed of its specific receptor GFRα1, and the RET receptor tyrosine kinase. The 

RET gene has previously been defined as a proto-oncogene on basis of classical 

transfection assays. Mutations of the gene in humans are known as a cause of multiple 

endocrine neoplasia II  (MEN2), Hirschsprung disease (HSCR), and aganglionic 

megacolon (Asai et al. 2006). Three other signaling molecules related to GDNF, 

neurturin (NRTN), artemin (ARTN) and percephin (PSPN), also have receptors that 

bind RET and initiate a signal in a similar manner to GFRα1. The binding capacity of 

the four different co-receptors of RET may be partially overlapping.  Mice over-

expressing GDNF may serve as a model for studying the formation of seminoma in a 

similar manner as the 129 strain  has proved a valuable  tool for studying non-

seminomas (Sariola and Meng 2003; Sariola and Saarma 2003). 

 

Syndromes and testicular cancer 

 

Known genetic diseases associated with increased risk of testicular cancer do not 

explain the observed familial incidence. However, a short summary of the inherited 

diseases where testicular cancer is a suspected outcome may give important insights into 

the genetic etiology. These diseases can largely be divided in two categories; syndromes 

of urogenital mal-development and multi-cancer syndromes. The former group 

encompasses Klinefelter syndrome, androgen insensitivity syndrome, Mullerian duct 

syndrome and testicular dysgenesis syndrome (TDS).     

 Klinefelter syndrome is characterized by hypogonadism, gynaecomastia and 

infertility. The patients suffer from varying symptoms of androgen deficiency, many of 

which can be corrected by androgen replacement therapy. The majority of the patients 

(80%) have a congenital chromosome defect 47, XXY, but approximately 20% may 

have the sex-chromosome aberration presented in other proportions, and a mosaic 

pattern may be observed. Although the incidence of this syndrome is only 0.1-0.2 % in 

the general population, it is still thought to explain a significant proportion (~3%) of 
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infertility problems in males (Lanfranco et al. 2004). Furthermore, the impact of this 

disease in the population may be underestimated since its been suggested that the large 

portion of individuals with the condition remain undiagnosed (Bojesen et al. 2003). A 

few case reports have suggested an association between testicular germ cell tumors and 

the Klinefelter syndrome (Gustavson et al. 1975; Matsuki et al. 1999; Stevens et al. 

1993). However, the risk of extra-gonadal non-seminomas, mostly in the mediastinum, 

appears to be more strongly linked to this syndrome (Hasle et al. 1995; Lanfranco et al. 

2004).  

 Androgen insensitivity syndrome is caused by inactivating mutation of the 

androgen receptor (AR) gene on the X chromosome (Xq12). Patients with complete 

androgen insensitivity have external female genitalia, breast development, and inguinal 

testicles that may be at higher risk of testicular malignancy. The link between androgen 

deprivation and gonadal dysgenesis may suggest that milder variations in the AR gene 

may also predispose to testicular cancer. An example is given by two polymorphic 

nucleotide repeats in the coding sequence. These encode poly-glutamines (CAG) and 

poly-glycines (GGC). Increased length of the poly-glutamine stretch has been associated 

with reduced AR activity (Tut et al. 1997). Expansion of the poly-glutamine tract to >40 

repeat units predispose males to Kennedy syndrome, which is characterized by spinal 

and bulbar muscular atrophy, low masculinization, atrophic testicles and infertility 

(Greenland and Zajac 2004). A link between increased CAG repeat length and increased 

risk of testicular cancer has not been established despite efforts (Rajpert-De Meyts et al. 

2002). 

 Persistent Mullerian duct syndrome is a very rare inherited disease in males 

caused by mutations in the anti Mullerian hormone (AMH) or its receptor. Patients are 

typically diagnosed with bilateral cryptorchidism and/or inguinal hernia but the main 

landmark is formation of female organs, i.e. uterus and fallopian tubes, in the inguinal 

canal. Increased incidence of testicular cancer has been reported in this syndrome 

(Asthana et al. 2001; Eastham et al. 1992; Ramanujam et al. 2001; Snow et al. 1985) but 

epidemiological evidence is lacking.  

 Testicular dysgenesis syndrome (TDS) is a recent description by Skakkebæk 

(Skakkebaek et al. 2001) who hypothesized that declining semen quality, increased 
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incidence of cryptorchidism, hypospadias and testicular cancer have a common 

underlying environmental and/or genetic cause. The postulated influence of estrogen 

disruptors on reproductive health and concerns that increased environmental exposure 

may drive modern populations to fertility crisis is the main motivation for this 

definition. The genetic causes of TDS are mostly unknown but sex chromosome 

imbalances may explain a fraction of cases.      

 A few studies have reported testicular cancer as part of a multi-cancer syndrome 

(Gudmundsson et al. 1996; Hemminki and Jiang 2002; Vahteristo et al. 2001). Most of 

these syndromes are rare and suggestion for inclusion of testicular cancer is typically 

based on case reports. In the more common syndromes such as HNPCC and HBOC, 

where large number of pedigrees is known, testicular cancer appears not to occur more 

frequently than in the general population. Among the rare cancer syndromes, risk of 

testicular cancer been suggested in at least two; Li-Fraumeni and Cowdens disease 

(Hartley et al. 1989; Mazereeuw-Hautier et al. 2004). In one additional disease, Peutz-

Jegher syndrome (PJS), testicular neoplasms of Sertoli cell origin may occur at 

increased frequency (Westerman and Wilson 1999). The STK11 tumor suppressor gene 

responsible for PJS encodes a serine threonine kinase whose highest level of expression 

is found in the testis. Sporadic mutation of the STK11 gene has been reported in a single 

testicular tumor (Avizienyte et al. 1998).  

 Cowdens disease is an autosomal dominant disorder characterized by multiple 

hamartomas and increased cancer risk. The disease is caused by mutations in the PTEN 

(phosphatase and tensin homolog) gene which plays a fundamental role in cellular 

growth, death, adhesion and migration. Interestingly, mice in which the expression of 

PTEN has been conditionally knocked out develop bilateral testicular teratomas (Kimura 

et al. 2003). Somatic loss of PTEN expression by mutation or deletion has been reported 

in human testicular cancer and this seems to occur during the transition from benign 

(ITGCT) to malignant state (Di Vizio et al. 2005). Evidence suggesting that testicular 

cancer may be a consequence of PTEN germ line mutations in humans is scarce, but 

cases have been reported (Mazereeuw-Hautier et al. 2004).  

 Li-Fraumeni syndrome is characterized by the occurrence of many types of 

malignancies in predisposed individuals. Childhood leukemias, brain cancer, sarcomas, 
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adrenocortical cancer and early onset breast cancer are commonly found in these 

families and multiple primary tumors may develop in some family members (Li et al. 

1988). Mutations in the TP53 tumor suppressor gene explain a large fraction of families 

with this syndrome, but more recently, the CHK2 gene has been implicated in pedigrees 

that are not segregating TP53 mutations (Bell et al. 1999; Malkin et al. 1990). Testicular 

cancer was not considered in the early definition of Li-Fraumeni syndrome but an 

argument favoring its inclusion was made by Hartley on the basis of testicular cancer 

incidence in relatives of children with sarcomas (Hartley et al. 1989). However, in a 

database of TP53 mutations in humans, only five of about two thousand entries are 

testicular cancer patients (Sedlacek et al. 1998). TP53 defects lead to testicular cancer in 

experimental mouse strains, but the incidence seems to be highly dependent on the 

genetic background (Harvey et al. 1993). Gene makeup may also influence the 

prevalence of testicular cancer in human Li-Fraumeni due to TP53. The possible 

connection between Li-Fraumeni and testicular cancer in humans may also be explained 

by other genes e.g. CHK2 (Vahteristo et al. 2001).   

 Small deletions in specific regions of the Y-chromosome have been shown to 

occur at higher frequency in males attending fertility clinics (Krausz et al. 2003). These 

regions are consequently referred to as azoospermia factor (AZF). Most AZF deletions 

are novel mutations that may be distributed in a mosaic fashion in somatic tissue. 

However, there are also examples of small AZF deletions that are consistently found in 

the germ-line even though they may influence the fertility of their carriers. Since sub-

fertility has been speculated to be a risk factor in testicular cancer, some research groups 

have tested for association between AZF deletions and testicular cancer. Most studies 

have not seen an association between the presence of AZF deletions and testicular 

cancer (Frydelund-Larsen et al. 2003). However, a rare type of inherited AZF micro-

deletion (gr/gr) has been found positively associated, particularly in patients with 

familial testicular cancer (Nathanson et al. 2005; Skakkebaek et al. 2001). For this 

particular micro-deletion, the odds ratio (OR) between patients and controls was 2.1 

[95% CI 1.3-3.6]. In spite of the near twofold risk associated with this variant, it is not 

likely to explain a large fraction of cases since it was only present in about 1% of the 

control male population. The genes contained within the region of the gr/gr deletion 
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include DAZ, BPY2 and CDY1. These belong to a group of genes that are present in 

multiple copies on the Y-chromosome, all of which are expressed in the testis and are 

thought to play a part in male germ cell development and differentiation.    

  

Genetic analysis of human testicular cancer 

 

Although the evidence for a genetic component in human testicular cancer has been 

accumulating relatively recently, the first attempt to identify a susceptibility gene was 

made in 1992 (Forman et al. 1992).  The study included 21 sib-pairs from the UK family 

register and estimated deviation from expected distribution of HLA polymorphism 

(chromosome 6). The results were negative as may have been anticipated with a sample 

set of this size. Later, Leahy performed a genome-wide scan using 220 microsatellite 

markers distributed throughout the autosomes, using 35 families with two or more 

patients. This study did not produce any significant results but suggestive evidence was 

found at a few loci (chromosomes 1,4,5,18) with the strongest signal on chromosome 4 

(Leahy et al. 1995).  

 Lack of large multi-generation pedigrees is one of the main reasons for the 

limited number of linkage studies of testicular cancer. In order to optimize the statistical 

power and pool the limited sources, an international linkage consortium (ITCLC) was 

formed with participants from the UK, Norway, Canada and Australia. The ITCLC 

pedigree collection has increased from about 100 (mostly sib-pairs) pedigrees in 1998 to 

459 pedigrees in 2006 (Crockford et al. 2006; Rapley et al. 2003). In the year 2000, the 

ITCLC published results showing significant linkage of chromosome Xq27 markers 

with segregation of the disease. The LOD (logarithm of odds) score in the whole 

material of 134 families (84 sib pairs) was not significant (LOD~2). However, when 

families containing cases with bilateral disease were calculated separately, a genome-

wide significance was obtained with a LOD score of 4.7 (p-value: 0.03). Furthermore, 

the presence of cryptorchidism was much more common in pedigrees that contributed to 

the linkage signal in this study, perhaps indicating that mutations at Xq27 predispose to 

a TDS-like phenotype. In the most recent analysis published by the ITCLC, using 

additional 66 pedigrees compatible with X-chromosome linkage (no male-to-male 
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transmission), the linkage signal reported for pedigrees containing a bilateral case 

(n=29) was 1.82 and the LOD score in the entire set was about 1. The LOD score at 

Xq27 seems therefore not to be strengthened by the addition of families and does not 

exceed that obtained for other positive autosomal loci. Six autosomal regions showed a 

suggestive LOD score (>1) in this study, including 2p23, 3p12, 3q26, 12p13-q21 and 

18q21-23. The highest observed LOD score (1.94) was seen at 3q26. Interestingly, 

simulation of the marker data with this set of pedigrees indicated that the observed 

number of LOD peaks did not differ significantly from that expected by chance. The 

authors conclude that no single locus is likely to explain the large sibling risk observed 

for testicular cancer (Crockford et al. 2006).  

 Although increased number of pedigrees elevates the statistical power in genetic-

linkage studies, there are some disadvantages to pooling pedigrees from many 

geographical areas. The most obvious problem is genetic heterogeneity i.e. when 

mutations in different genes contribute to the disease in different populations. In this 

scenario, linkage signals that are specific to one particular population may disappear in a 

combined analysis. This could explain why the significant LOD score originally found 

on chromosome Xq27 is reduced in the most recently published analysis. However, 

since the majority of the pedigrees in the present ITCLC set are from the UK as before, 

this does not seem a likely explanation. An additional set of pedigrees (N=66) did not 

result a positive LOD score in the region (HLOD=0.02), suggesting that the original 

signal may have been false (Crockford et al. 2006).    

 

Somatic DNA changes in testicular cancers  

 

The transformation of a primordial germ cell to testicular cancer is a process caused by 

accumulation of genomic changes as has been postulated for a wide range of other 

malignancies. A closer look at the tumor genome and the genes involved in somatic 

progression may give important clues to the etiology. Unlike the genome of most other 

tumor types which possess a near diploid configuration, the whole genome of testicular 

tumor cells usually undergoes amplification to a near triploid state. This event occurs 

early in the tumor development since most in situ cancers (CIS) are hyper-triploid (de 
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Graaff et al. 1992).  The progression of CIS to either one of the major histologies, i.e. 

seminoma or non-seminoma, then proceeds by different routes since seminomas are 

usually hyper-triploid like the CIS but non-seminomas are hypo-triploid (Oosterhuis et 

al. 1989).  There are exceptions to this generalized pattern and a subgroup of the tumors 

may be close to diploid (Rodriguez et al. 1992).  

  The most distinctive feature of the testicular tumor genome is the presence of a 

particular genomic aberration termed iso-chromosome (Atkin and Baker 1982). Iso-

chromosomes are established when single chromosome arms are duplicated and 

replicated as normal chromosomes with a single centromere.  In testicular cancer, the 

short arm of chromosome 12 forms an iso-chromosome (i12p) leading to gain of 12p 

sequences in the majority (~80%) of the tumors. In addition, tumors that do not carry the 

i12p marker may also be subjected to amplifications at 12p, hence, increased copy 

number of 12p seems to be a critical event for the transformation process (Rodriguez et 

al. 1993; Suijkerbuijk et al. 1993). Importantly, the i12p marker is not present in early 

stages of tumor development (CIS) underlining its importance for invasive behavior. 

Several attempts have been made to isolate the genes providing the selective advantage 

for i12p. Mapping of small high level amplifications has been attempted using both 

molecular and cytogenetic based techniques. Recently, this was approached using a 

microarray technique based on comparative genome hybridization (CGH) chemistry. In 

this experiment, 63 cloned pieces of DNA covering the whole 12p region were placed 

on a microarray slide. As for metaphase CGH experiments, the tumor and matching 

normal tissue where labeled with a green and a red fluorescence dye respectively, and 

jointly hybridized to the slide, allowing amplifications to be visualized as green 

fluorescence overrepresentation. All tumors in the experiment contained a restricted 

amplification, however, the results of the experiments did not suggest a complete 

overlap of these amplifications but rather suggested the existence of at least two 

independent oncogenes in the 12p11.2-p12.1 region (Zafarana et al. 2003). Likewise, an 

analogous RNA based approach using comparative microarray expression analysis 

identified many genes at 12p11.1-12.1 that are over-expressed, including  MRPS35, 

LDHB, CMAS, EKI1, KRAS2 and SURB7. However, other candidate genes in the 12p13 

region were also amplified including CCND2, GLU3, LRP6 and HPH1 (Rodriguez et al. 
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2003). The KRAS2 and CCND2 genes are probably the best candidates in the 12p region 

according to the litrature. KRAS2 is a powerful oncogene commonly activated by point 

mutations in many tumor types. CCND2 belongs to the Cyclin gene family that is 

involved in coordination of the mitotic cycle. Studies have shown that this gene 

contributes to germ cell proliferation in mice, possibly through modulation of androgen 

action (Sicinski et al. 1996; Tan et al. 2005). In summary, studies attempting to identify 

testicular cancer genes at 12p have not been successful although several likely genes 

have been implicated.  

  Other regions have been shown to consistently accumulate genomic lesions 

during tumor progression by using various techniques including microscopic evaluation 

of metaphase chromosomes from short-term cultures, metaphase CGH analysis, and 

molecular methods such microsatellite PCR or Southern blotting analysis that are used 

to compare allele intensities between normal and tumor tissue (al-Jehani et al. 1995a; al-

Jehani et al. 1995b; Becher et al. 1997; Castedo et al. 1988; Mostert et al. 1996; Peng et 

al. 1999). The cytogenetic based methods have an advantage in that they allow the 

whole genome to be analyzed at the same time but molecular based studies can be made 

to target much smaller DNA segments e.g. specific candidate genes. The most serious 

pitfall of using microsatellite analysis for detection of genomic changes is the inability 

to discriminate between gain and loss of DNA. The regions that have attained special 

focus in studies using molecular based methods include chromosome 3, 1p, 5q, 11p, 13 

and 18q (al-Jehani et al. 1995a; Faulkner et al. 2000; Lothe et al. 1993; Lothe et al. 

1995; Peng et al. 1995; Peng et al. 1999; Rothe et al. 1999). A number of CGH analyses 

of testicular tumors have been published and although the number of samples is usually 

low, a consensus of genetic changes has emerged. These studies commonly report gains 

of regions 1q, 2p, 12p, 7, 8, 14q and 21q and losses of chromosomes 4, 5, 11, 13 and 

18q (Korn et al. 1996; Kraggerud et al. 2002b; Looijenga et al. 2000; Ottesen et al. 

1997; Rosenberg et al. 1999; Rosenberg et al. 1997; Summersgill et al. 1998). At 

present, no genes have been described that explain the high level of genetic instability in 

these regions.  

 There are several reports describing somatic changes of specific genes in 

testicular tumors. Two oncogenes have consistently been found to be subjected to 
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activating mutations, c-KIT at 4q12 and KRAS at 12p12.1 (McIntyre et al. 2005; Nakai 

et al. 2005; Rapley et al. 2004; Sommerer et al. 2005). Reports of somatic mutations in 

other genes including BRAF, CDKN2 have been published, but not confirmed by 

independent studies (Fombonne et al. 2005; Heidenreich et al. 1998; Sommerer et al. 

2005).  

 Although consistently reported, activating mutations of the KRAS oncogene 

appear not to be common in testicular cancer and most of the studies report frequencies 

lower than 10%. The KRAS gene encodes a protein that directs 

proliferation/differentiation signals from membrane bound growth factor receptors to the 

nucleus via the RAS/BRAF/MEK/ERK/MAP kinase pathway. KRAS may also have a 

role in normal germ cell development through its effect on proliferation and migration 

(Li et al. 2003) However, although the KRAS oncogene is located in the critical region 

of amplification at 12p12.1, its role in promoting chromosome gain at 12p through iso-

chromosome formation is unclear.  

 Amplification of the KIT tyrosine kinase receptor at 4q12 is commonly observed 

in testicular tumors and activating mutations affecting this gene have been described in a 

substantial number of seminomas (10-40%). KIT mutations appear not to be as 

important in the etiology of non-seminoma tumors (Kemmer et al. 2004; Nakai et al. 

2005). Interestingly, the prevalence of somatic KIT mutations was found to be 

significantly higher in patients with bilateral disease in one study (Rapley et al. 2004). 

The KIT gene is involved in the development of various tissue types including 

erythrocytes, mast cells, melanocytes and germ cells. Originally, it was linked to 

oncogenesis through studies of Hardy-Zuckerman 4 feline sarcoma virus, a tumor 

retrovirus in cats (Besmer et al. 1986). Binding of the Kit ligand (KitL) to KIT in the 

cell membrane leads to dimerization and auto-phosphorylation. The KIT protein may 

then transduce the signal by different routes e.g. through the phosphatidylinositol-3-

kinase (PI3K)/AKT system, leading to inhibition of apoptosis, or the SRC and JAK 

pathways in case of proliferation signals. Interestingly, KIT can also transduce 

proliferation signals to the nucleus through the RAS/MAP kinase pathway (Kitamura and 

Hirotab 2004).        
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 Changes in DNA methylation status has been described in a variety of tumors 

including those of the testes. Hyper-methylation in the promoter sequences (CpG 

islands) of tumor suppressor genes (epigenetic silencing) can turn off their expression 

and thereby increase the proliferation potential of the cell (Honorio et al. 2003; Manton 

et al. 2005; Olasz et al. 2005; Smith-Sorensen et al. 2002). The general methylation 

pattern of 5´ CpG islands has been studied in testicular cancer by a technique called 

restriction landmark genome scanning. This study found low level of CpG methylation 

in seminomas (0.08% of CpG islands) but a much higher level in non-seminomas 

(Smiraglia et al. 2002). Normal primordial germ cells are believed to have entered a 

process were the methylation pattern inherited from the parents is erased (“erasure”). 

The excess methylation in non-seminomas may therefore signify active gene epigenetic 

silencing. Epigenetic promoter silencing is suspected to be the mechanism for silencing 

of O6-methylguanine methyltransferase (MGMT), an enzyme protecting against DNA 

damage by reversing the pro-mutagenic effect of O6-methylguanine alkylation’s. Genes 

participating in the repair of DNA damage, particularly the hMLH1 gene involved in 

DNA mismatch repair, has been found to be repressed due to promoter hyper-

methylation (Olasz et al. 2005). Mutations of hMLH1 lead to somatic accumulation of 

mutations in cancer genes containing short repeats. Hyper-methylation is also the 

mechanism silencing testisin, a testis-specific glycosyl-phosphatidylinositol linked 

serine protease (Manton et al. 2005). Testisin is a candidate tumor suppressor gene in 

testicular cancer as it is expressed in germ cells but not testicular cancer (Hooper et al. 

1999).  

 Expression of abnormal gene transcripts is a common finding in cancer cells and 

these transcripts may be directly involved in the transformation process. This can result 

from abnormal splicing or genomic instability as in the case of the fragile histidine triad 

gene (FHIT). The FHIT gene is located within the common fragile site FRA3B that is 

consistently subjected to deletions in tumors and normal tissue (Ishii et al. 2003). The 

absence of the FHIT protein in mice predisposes to various types of cancer including 

testicular cancer (Fujishita et al. 2004). Human testicular tumors display high level of 

instability in the FRA3B region and loss of FHIT expression and aberrant transcripts has 

been described (Eyzaguirre and Gatalica 2002; Kraggerud et al. 2002a). The FHIT 
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protein is known to hydrolyze diadenosine triphosphate (AP3A) which may act as an 

intracellular and extra-cellular signaling molecule. However, the hydrolase activity of 

FHIT seems not to be crucial for its tumor suppressor activity although binding to the 

substrate appears critical. The tumorigenic effect of FHIT is thought to involve the 

control of the cell cycle and apoptosis (Campiglio et al. 2006). Aberrantly transcribed 

platelet-derived growth factor (PDGF) alpha receptor gene has also been described in 

testicular tumors (Oosterhuis et al. 1998; Palumbo et al. 2002). The transcript is 1.5 kb 

(kilobase) long, much shorter than the transcript encoding the functional gene. The 

production of this transcript appears to be caused by activation of an alternative gene 

promoter located in intron 12 of the gene. PDGFaR is a membrane bound receptor with 

tyrosine kinase activity. It is involved in translocations predisposing to chronic myeloid 

leukemia and mutations of the gene have been found in gastric tumors. The 1.5 kb 

transcript has been suggested as a tumor marker in testicular germ cell tumors but 

whether or not it is linked to the formation of the tumors is unclear. 

 

Microarray expression analysis of testicular cancer   

 

Recent technological innovations allow simultaneous assessment of the expression of 

large proportion of genes in the genome using microarray technology. This approach 

allows us to identify a number of new disease related genes and pathways and view the 

existing literature in a new context. Since these experiments are expensive, there are not 

many research groups that have profiled the expression of testicular tumors, and the 

number of tumors in each study is small. The results are presented as large lists of genes 

that are either up- or down-regulated in the tumors, the majority of which have not been 

linked to the disease before. Some of the genes already known to be differentially 

expressed in testicular cancer are confirmed by these studies e.g. POV-1, CCND2 and 

junction plakoglobin (JUP). Some genes have also been identified that allow 

differentiation between tumor histology types e.g. POU5F1 transcription factor that is 

highly up-regulated in embryonal carcinoma but not seminoma (Hofer et al. 2005; 

Okada et al. 2003; Skotheim et al. 2005).  
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Prostate cancer; epidemiology, genetic risk factors and chromosome instability 

 

Structure and function of the prostate and diagnosis of prostate cancer  

 

The prostate is a walnut sized gland located just below the bladder. It surrounds the 

urethra, the duct responsible for emptying the bladder and also attaches to the seminal 

vesicles, tubular glands that secrete fluid to the semen. These glands open into the vas 

deferens, ducts through which semen is carried into the urethra. The main function of 

the prostate is to provide the semen with additional fluid to increase sperm mobility and 

viability. The prostate is also the main location for turning testosterone into a more 

potent form of the hormone called dihydro-testosterone (DHT) (Marieb 1998).  

 The majority of tumors originating in the prostate occur in the peripheral zone 

which is located away from the urethra. This is why initially most prostate tumors do 

not cause symptoms, however, if the tumor forms in the transition zone surrounding the 

urethra (15-20% of the tumors) or if a peripheral tumor progresses into this region, 

symptoms of bladder outlet obstructions may occur. These symptoms are the same as 

those caused by benign prostate hypertrophy (BPH) which is a common cause of 

prostate enlargement in men over 50 years of age.  

 Digital rectal examination (DRE) is the most commonly applied tool for 

detection of prostate tumors but trans-rectal ultrasonography (TRUS) is also used 

(Oesterling and Lee 1997). Prostate tumors normally produce high levels of the prostate 

specific antigen (PSA) and screening for high levels of this glycoprotein in serum has 

become a common practice for the detection of prostate cancer in the United States and 

many European countries. 
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Figure 4. Zonal anatomy of the prostate.  
 

There are three glandular zones and the anterior fibro-muscular stroma. In the young adult prostate, the 
transition zone is composed of 10% of the glandular tissue, the central zone 25% and the peripheral zone 
65%. Reprinted by permission of Lippincott Williams and Wilkins (Hanks et al. 1993).  
 

A large number of the tumors detected by measuring PSA are clinically localized 

(Stamey et al. 1987). PSA levels alone cannot predict cancer with high accuracy since 

levels are also elevated in men with BPH and levels increase naturally with ageing. In 

the case of prostate cancer there also is a negative side to early detection. Prostate 

tumors grow very slowly and it is possible that without intervention many of them may 

not cause problems to their hosts the remaining years of their lives. Surgical procedures 

affect the quality of life, so there is an increasing demand for biological markers that 

predict which tumors are likely to progress into cancer with clinical symptoms. When 

there is a suspicion of prostate cancer following DRE, TRUS and/or PSA 
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measurements, a core needle biopsy (trans-rectal needle biopsy of the prostate; TRNB) 

is performed and the tissue is microscopically examined for cancer (Oesterling and Lee 

1997).   

 

Histopathology and clinical parameters 

 

More than 95% of malignant tumors diagnosed in the prostate are derived from 

glandular epithelial cells of the prostate and are therefore categorized as 

adenocarcinomas. Other rare histology types include squamous cell carcinoma and 

transitional cell carcinoma. Prostate adenocarcinomas are often presented as multiple 

foci that are fused into a single solid mass. They may be rich in normal stromal cells, 

often containing fibrous elements. The glandular growth pattern of adenocarcinomas is 

usually preserved but may disappear as the tumor becomes less differentiated.  

 Histological characteristics are well correlated with prognosis, underscoring the 

importance of an accurate and standardized grading system. The Gleason system is the 

most widely accepted grading protocol (Gleason 1966; Montironi et al. 2005). Gleason 

scoring is solely based on the growth pattern of the tumor, i.e. the level of 

differentiation. According to this system, there are five levels from a well differentiated 

tissue pattern with a regular glandular structure, to completely undifferentiated tumor 

tissue. Since prostate tumors may contain foci with a different growth patterns, two of 

the most predominant homogeneous areas are assessed and the sum of both are used to 

derive the Gleason score. The clinical assessment of prostate cancer also makes use of a 

number of other factors, including local tumor invasion, presence of residual tumor in 

the surgical wound, primary tumor volume, lymphatic and venous tumor invasion, 

perineural invasion (tumor growth along prostate nerve branches), pelvic lymph node 

metastasis, and presence of distant metastases. These features are scored according to 

the TNM staging system as proposed by the International Union Against Cancer 

(Greene and Sobin 2002). Other more recent markers of prognosis that can be assessed 

by pathological examination include micro-vessel density (a measure of angiogenesis), 

neuroendocrine differentiation and nuclear morphology. Prognostic information can also 

be gained from analysis of DNA ploidy measurements and levels of several proteins 
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such as Ki-67, TP53, P27kip, p21WAF-1, BCL-2, ERBB2, E-Cadherin, CD-44, AR, 

PSA and prostate specific acid phosphatase (Bostwick et al. 2004).   

 Prostate intraepithelial neoplasia (PIN) is the precancerous lesion from which 

prostate cancers are derived. This is based on the frequent coexistence of PIN with 

prostate cancer and high risk (~15 fold) of prostate cancer in patients with PIN 

contained in biopsy samples (Davidson et al. 1995). PIN refers to cellular proliferations 

within the epithelial lining of the prostate ducts. Like prostate cancer, the most 

frequently occurring location is in the peripheral zone of the prostate. The growth 

pattern is commonly multi-focal as observed in the cancerous lesions. Aberrant nuclear 

morphology and chromosome aneuploidy may be found at a similar level as in prostate 

adenocarcinomas.  

 Benign prostate hyperplasia (BPH) is another common hyper-proliferative 

disease that has been suspected to be a risk factor for prostate cancer. BPH is 

characterized by overgrowth of fibro-muscular and epithelial cells, mostly in the 

transitional zone of the prostate. Like prostate cancer, BPH is a common cause of 

urinary obstruction and is associated with elevated levels of PSA. It appears also to be 

androgen dependent like the majority of prostate cancers and PIN. The location of BPH 

within the prostate argues against it being a common precursor of prostate cancer but it 

may possibly be related to the small portion of cancers originating in the transition zone.   

 

Incidence  

  

The incidence of prostate cancer has been rising worldwide over the last decades and it 

is presently the most common type of cancer diagnosed in males in the developed 

countries, accounting for 19% of cancer cases (Parkin et al. 2005). In developing 

countries, prostate cancer incidence rates are much lower, being exceeded by six other 

cancer types. Although incidence in developing countries may partly be underestimated 

due to different emphasis and quality of health care, most epidemiologists believe that 

there is a strong association between prostate cancer and adapting western lifestyles. 

The incidence of pathological changes consistent with prostate cancer are in reality, 
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much higher than the rates obtained from cancer registries as shown by studies reporting 

random autopsy-based findings (Tulinius 1991). Many men appear to develop localized 

cancer without having any clinical symptoms, and these individuals may live to an old 

age and eventually die of other causes. Consequently, population differences with 

respect to incidence can be partly attributed to public awareness and/or emphasis on 

screening. A debate is ongoing in the U.S. and Europe about the usefulness of the PSA 

(prostate specific antigen) and DRE (digital rectal examination) screening that became 

common practice in the nineties (~1986) (Crawford 2005). The incidence of prostate 

cancer in the U.S. increased by 85% the first five years following, however, a decrease 

in mortality due to the disease has not been entirely according to expectations (Draisma 

et al. 2003; Etzioni et al. 2002; Greenlee et al. 2000; Sarma and Schottenfeld 2002). 

Many urologists believe that PSA measurements can lead to unnecessary surgical 

interventions. Subsequently, there is a need for additional tests that can more accurately 

predict clinical course of the disease. Diagnosis of clinically insignificant disease may 

also be a problem in the Nordic countries e.g. the mortality rates from prostate cancer in 

Iceland and Sweden are similar as in Denmark, where screening may be less 

systematically implemented (Jonler et al. 2005), although the incidence in both Iceland 

and Sweden is in fact much higher (Engholm et al. 2006).  

 

Age distribution  

 

Prostate cancer is mainly a disease of older men. Approximately 75% of the patients are 

diagnosed at age 65 or older. The disease is extremely rare in males at age 50 or 

younger, but the incidence grows almost exponentially from thereafter. Consequently, 

increased average life-expectancy adds further to the crude incidence and thereby, 

economic impact of this disease in the Western world (Schulman 2000). About 20% of 

men at age 50-60 years have may be expeced to have histological evidence of prostate 

cancer without clinical symptoms and about 50% of men aged between 70 and 80 years 

old (Carter et al. 1990). Population screening programs may generate a shift towards 

younger average age at diagnosis since there generally is a less concern for testing older 

men i.e. those at 80 years or older.  
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Geographical distribution  
 

As already noted, the incidence of prostate cancer is high in developed countries with 

the highest registered incidence in the U.S. The incidence is also high in Canada, South 

America, Europe and Australasia (Parkin et al. 2005). The registered incidence is 

usually low in Africa and Asia but there is a growing concern about a rapid rise in the 

incidence in some Asian countries such as Japan (Sim and Cheng 2005). When statistics 

for mortality due to prostate cancer are considered, a slightly different picture emerges. 

Mortality is highest in Scandinavia, South America, the Caribbean and some African 

countries i.e. central and South Africa. The global incidence and mortality rates are 

likely to be influenced by health care standards but differences may also arise because 

of bias in the coverage of population based cancer registration.  Population screening 

efforts using PSA or other means can also have a great impact e.g. the annual increase in 

prostate cancer incidence in the U.S. was 9.5 between 1985 and 1990 while the global 

increase was only 1.1% between 1985 and 2002. Increasing public awareness may also 

play a part in the rising incidence of prostate cancer in some countries, but generally the 

combined effect of screening and public awareness cannot explain a great deal of the 

extreme differences seen in prostate cancer incidence between countries and continents 

(Parkin et al. 2005).  

 

Figure 5. Global distribution of prostate cancer.  
The numbers refer to age standardized incidence rates per 100.000 males (Ferlay et al. 2004).  
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Ethnic variation  
 

In addition to the immense geographical differences with respect to incidence rates there 

are profound differences between distinct ethnic groups inhabiting the same country. 

The best established example is the extremely high incidence among Americans of 

African ancestry as opposed to other US ethnic groups. The incidence of prostate cancer 

in the U.S. was estimated to be 234 (diagnosis per 100.000 males/year) for Americans of 

African ancestry, 145 for European ancestry, 103 for Hispanic ancestry and 82 for 

Asian/Pacific islander ancestry. In addition, the difference is even more extensive when 

mortality is considered as African Americans are 2.4 times more likely to die from the 

disease than Americans of European ancestry (Jemal et al. 2003). Interestingly, a similar 

phenomenon has been recorded in South-America i.e. black males in Sao Paulo (Brazil) 

are at 1.8 fold higher risk of developing prostate cancer than Brazilian white males 

(Bouchardy C 1991). The difference between ethnic groups has been suggested to 

mirror cultural and genetic background. In contrast, estimates of incidence in those West 

African countries that were most common as source of slaves (e.g. Angola, Nigeria, 

Ghana, Senegal and Gambia) are not particularly high for prostate cancer, even in 

comparison with other African countries (Parkin et al. 2005).   

 

Risk factors 

 

A number of risk factors have been identified in prostate cancer. The most consistently 

reported risk factors are age, geographical location, diet, ethnicity and family history of 

the disease. Geographical location and ethnicity have already been discussed in earlier 

sections.   

 

 

The effect of age 

 

Age is the most obvious risk factor for prostate cancer. The reason for this is not clear 

although some reasonably attractive hypotheses have been put forward. With age there 
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is an increasing accumulation of DNA-adducts and DNA-damage which results from 

oxidative stress (Poulsen 2005). Protein and organelle damage is also induced by 

cellular oxidants such as free radicals and reactive oxygen species (ROS) formed by 

natural metabolic processes. ROS and free radicals are removed by an antioxidant 

defense mechanism including enzymes such as Superoxide dismutase, Catalase, and 

Glutathione peroxidases. Accumulation of mutations in genes for these or other proteins 

participating in neutralization of ROS and other carcinogens is a potential explanation 

for increased risk by age, however, experimental evidence for this hypothesis is lacking 

(Valko et al. 2006).   

 

Diet and prostate cancer   

 

A number of studies on immigrants in the US and other countries indicate that the 

individual risk of prostate cancer shifts towards cancer statistics in the country of 

residence. Diet has been suspected to play a role in this effect. There are some 

indications as to which components of diet contribute to prostate cancer risk e.g. a 

number of studies have shown correlation between dietary fat consumption and prostate 

cancer (Fleshner et al. 2004). Consumption of dietary polyunsaturated fats is suspected 

to predispose to the more aggressive form of prostate cancer (Giovannucci et al. 1993; 

West et al. 1991).What exactly underlies the relationship between consumption of 

dietary fats and prostate cancer is not known but alterations of the hormone profile have 

been suggested, as well as formation of DNA-reactive intermediates from fat 

metabolites, and elevation of oxidative stress (Bostwick et al. 2004). The connection 

between fat consumption and prostate cancer has been questioned and some authors 

have suggested that the positive effect is in fact caused by overall energy intake. The 

importance of diet is also reflected by positive correlation between high body mass 

index (BMI >27-28) and prostate cancer in some studies (Talamini et al. 1986; Veierod 

et al. 1997). A relationship between aggressive disease and obesity has also been 

detected in some studies (Rohrmann et al. 2003). 

 Intake of supplementary vitamins has been studied extensively in relation to 

prostate cancer risk. A protective effect has been shown for vitamin D and E in some 
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studies, however results for both a negative and positive effect on prostate cancer risk 

have been published for vitamin A and C intake (Chan et al. 1999; Ellison et al. 1998; 

Graham et al. 1983; Polek and Weigel 2002; Ramon et al. 2000; Reichman et al. 1990). 

Other chemicals that have been intensively studied for preventive effect include 

Lycopene, the main carotenoid substance in tomatoes and trace elements such as zinc 

and selenium. Protection against oxidative damage is the most commonly considered 

reason behind the action of these chemicals.  

 A critical factor in most epidemiology studies considering risk factors in diet is 

the sample size. There are a number of factors that can potentially bias the results of 

such studies so careful experimental design is vital and a prospective approach is 

crucial. A few large studies have been launched in order to determine the chemo-

preventive influence of substances that are suspected to influence risk of the disease. 

One such is the selenium and vitamin E cancer prevention trial (SELECT) which has 

recruited 32.400 men from US, Canada and Puerto Rico. This is a phase III placebo 

controlled trial starting from 2001, which aims at measuring the effect of selenium and 

vitamin E supplementation for at least seven years, on the risk of prostate cancer (Klein 

et al. 2001; Lippman et al. 2005). The results of this study are expected in the year 2013. 

Additional prospective studies such as SELECT are likely to be initiated in near future 

as this approach is virtually the only realistic way of determining a true chemo-

preventive effect.  

 

Serum hormone levels as a risk factor  

 

Since the majority of prostate cancers are dependent on androgen action, it seems 

logical to expect the blood concentration of androgens to be correlated with risk of the 

disease. However, this has not been clearly demonstrated for any of the known androgen 

hormones. As an example, in the prospective “Massachusetts male ageing study” an 

attempt was made to relate serum levels of seventeen different hormones including 

androgens, estrogens, adrenal and pituitary hormones (Mohr et al. 2001). None of the 

hormones tested was associated with prostate cancer risk except for androstanediol 

glucuronide which is a major metabolite of dihydro-testosterone. The relationship was 
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negative i.e. higher levels appeared to protect against the disease (OR=0.2 CI 95%, 

0.04-0.6). Since these results have not been confirmed and the results of other 

comparable studies are either negative or contradict this finding, the case for correlation 

between serum androgens and prostate remains weak  (Platz et al. 2005; Severi et al. 

2006). It has been suggested that the inverse and complex association of androgenicity 

with insulin-like growth factor, insulin and leptin, hormones that also are implicated in 

prostate cancer, may explain lack of positive association in these studies (Kaaks et al. 

2003).  

 

Family history of prostate cancer  

 

The first experimental indication that family history impacts the risk of prostate cancer 

was published as early as 1956 (Morganti et al. 1956). The pioneering studies were 

usually based on interview- or self-administered questionnaires and were consequently 

focused on information about the patients and their close relatives i.e. 1st or 2nd degree 

relations. Later, studies based on computerized genealogies have been published, mostly 

from three sources i.e. the Utah Population and Cancer Registry database, the Swedish 

Family-Cancer database and the genealogy database of Icelanders (IGD) and ICR. 

Depending on the extent of the data, genealogy records can also be used to estimate risk 

attributed by relatives that are outside the range of the nuclear family. Such queries can 

help to discriminate between environmental and genetic factors that contribute to family 

clustering.  

 The estimates of prostate cancer risk in 1st and 2nd degree relatives of patients 

have been quite consistent. Two meta-analysis have recently been published that sum up 

the main findings of over 30 different studies (Johns and Houlston 2003; Zeegers et al. 

2003). A summary risk ratio for first degree relatives of patients (fathers, sons, brothers) 

was 2.5 (95% CI, 2.2-2.8) and 2.53 (95% CI, 2.24-2.85) according to these two studies. 

The risk in fathers and sons appears to be a little lower (RR~2.3) than for brothers of 

prostate cancer patients (RR~3.4). Second degree relatives of prostate cancer patients 

have an elevated risk of the disease but to a much lower extent (RR~1.68). These studies 

also recognize two factors that influence the individual risk of the disease i.e. age at 
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onset of the probands and the number of patients in the family. Younger age at onset 

was consistently associated with increased family clustering e.g. the risk for a first-

degree relative of patients diagnosed before age 60 was 4.3 (95% CI, 2.9-6.3) (Johns 

and Houlston 2003). The risk for family members was elevated with increasing number 

of patients in the family so that the risk of men with two affected 1st degree relatives is 

doubled in comparison to those who have one affected relative (Zeegers et al. 2003). In 

contrast to these findings, a population based study of prostate cancer in the Icelandic 

population did not observe a relation between familiality and age at diagnosis of prostate 

cancer (Eldon et al. 2003). 

 Estimation of cancer risk in more distant relatives has been done using data from 

the IGD and the Utah population database. In the Icelandic population, the risk of 

prostate cancer in relatives of patients is significant for distant relationships up to 5th 

degree (RR=1.1, 95% CI, 1.07-1.12) (Amundadottir et al. 2004; Eldon et al. 2003). The 

results for the Utah population are highly comparable and the relative risk estimate 

(RR=1.1) for 5th degree relatives is also significant (Kerber and O'Brien 2005). These 

results clearly suggest an inherited component in prostate cancer.  

 Estimation of the fraction of prostate cancers in the population that is driven by 

family factors has been attempted in few studies. In a study of the Utah cancer registry 

database, familial factors explained 57% of the population attributable risk (PAR) for 

prostate cancer (Kerber and O'Brien 2005). As expected, familial factors explained more 

of the incidence in younger cases (0-44 years, PAR= 84%) although the differences 

were not striking. A similar study has been conducted using data from the Swedish 

Family-Cancer database (Hemminki and Czene 2002). The population attributible 

fraction due to familial factors was estimated to be 20.55% for prostate cancer in this 

study. The estimation of familial component in these two studies differs by an order of 

magnitude, probably due to population, genealogy and methodology differences. 

However, these studies agree in showing a much stronger familial effect for prostate 

cancers than any of the other cancer types included.     
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Familial clustering of prostate cancer and other cancer types 

 

Like testicular cancer, cancer of the prostate is not obviously contained within the 

definition of any of the known multi-cancer syndromes. However, some commonly 

cited examples exists e.g. the reported incidence of prostate cancer in pedigrees with 

HBOC. Mutations of the BRCA2 tumor suppressor gene that explains a significant 

portion of HBOC have been suspected to contribute to this effect. This is for example 

supported by studies of a single BRCA2 founder mutation, 999del5, which explain the 

majority of high risk breast-ovarian cancer families in the Icelandic population 

(Gudmundsson et al. 1995; Tulinius et al. 2002). However, results arguing against the 

importance of BRCA mutations in prostate cancer have also been published and it has 

been suggested that other genetic factors may be more important in this context (Baffoe-

Bonnie et al. 2002; Gayther et al. 2000; Gudmundsson et al. 1995; Kirchhoff et al. 2004; 

Wilkens et al. 1999).  

 A few genetic epidemiology studies that aim to characterize the cancer spectrum 

in prostate cancer pedigrees have been published. In a study of the Utah population 

database, the familial association of prostate and breast cancer was confirmed but many 

other cancer types were also significantly associated with prostate cancer, particularly 

cancer of the thyroid, lip, myeloma, melanoma of skin, leukaemia, lymphoma and colon 

(Thomas et al. 1999). In the Swedish Family cancer database, significantly elevated 

incidence of breast, ovarian and liver cancer, leukemia, melanoma and Hodgkin’s 

disease was found in relatives of prostate cancer patients (Hemminki and Chen 2005). 

Studies of familial risk across cancer sites have also been performed using the ICR data 

(Amundadottir et al. 2004). Among 1º-5º relatives of prostate cancer relatives, there was 

an excess risk of breast (P=0.0001), colon (P=0.00002), bladder (P<0.0000001), kidney 

(P=0.00001), thyroid cancer (P<0.0000001), and melanoma of skin (P<0.0000001). 

Increased risk of pancreatic cancer (P=0.0008), myeloid leukaemia (P=0.0018), multiple 

myeloma (P=0.0014), testis cancer (P=0.0031), meningioma (P= 0.0027) and diffuse 

non-Hodgkin’s lymphoma (P=0.024) were also observed, although these were not 

significant after correction for multiple testing. It must be noted however that 

significance in such studies is highly dependent on the number of patients in each 
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category e.g. the highest risk in 1º and 2º relatives of prostate cancer patients was for 

testicular cancer (RR=1.59, CI 95% 1.2-2.3;  and 1.23, CI 95% 1-1.46) although this 

was far from being significant after correction for multiple testing. Excess risk of breast 

cancer and melanoma seems to be the most consistent finding in all the above 

mentioned studies. Other studies focusing on this issue may be more prone to bias as 

these tend to rely on family history information from proband interviews or 

questionnaires. Some of these studies confirm the familial association of prostate and 

breast cancer while other do not (Beebe-Dimmer et al. 2006; Cerhan et al. 1999; Isaacs 

et al. 1995). 

 

Genetic factors and prostate cancer 

 

Evaluation of the genetic component by twin studies 

 

Since familiality of a particular trait can be attributed to both genetic and non-genetic 

factors, familial relative risks cannot be taken as direct consequences of mutated DNA. 

A few studies have attempted to assess the effect of genetic factors in a more direct 

manner by use of twin registries. These studies measure concordance rates for disease 

status in both monozygotic (MZ) and dizygotic (DZ) twins. Excessive concordance 

between MZ twins is interpreted as an inheritance effect. A study of the combined twin 

registries of Sweden, Denmark and Finland found the highest level of MZ concordance 

for prostate cancer of the many cancer types tested (Lichtenstein et al. 2000). Of the 379 

prostate cancers diagnosed in MZ twins, 40 incidences of concordance were found 

which translates to a concordance rate of 21% and a relative risk of 12.3 (CI 95%, 8.4-

12.1) for a MZ twin of a patient. The authors state accordingly that 42% of prostate 

cancers can be explained by genetic factors. Another comparable U.S. prostate cancer 

study of 31.848 army veteran twins also found a much higher concordance between MZ 

twins, or 27.1%, as compared to 7.1% for DZ twins. The authors concluded that genetic 

influences account for 57% and environmental factors for 43% of the variability in twin 

liability (Page et al. 1997). The outcome of these two studies suggests that the high level 
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of family risk observed in prostate cancer is in fact mostly contributed by genetic 

factors.  

 

Segregation analysis  

 

As mentioned in the section on testicular cancer, genetic analysis of any particular trait 

may benefit from knowledge of the appropriate genetic model i.e. what types of 

mutations are likely to contribute most strongly to the familiality. Segregation analysis 

has been employed in order to derive the most likely mode of inheritance in prostate 

cancer. In such analysis different genetic models are weighted e.g. dominant, recessive, 

X-linked, polygenic etc. Mutation allele frequency and genotype penetrances (age 

specific cumulative risks) are varied in order to define conditions that best fit the 

pedigree set.  

 Most segregation studies of prostate cancer have favored an autosomal dominant 

model explained by low frequency nucleotide variants (Carter et al. 1992; Gong et al. 

2002; Gronberg et al. 1997a; Schaid et al. 1998; Valeri et al. 2003; Verhage et al. 2001). 

In these studies, the mutation frequency for the favored model ranged from 0.03% to 

2.2% while the estimated lifetime risk for carriers of developing prostate cancer was 

high, or between 63% and 97%. Most of these studies are based on nuclear family 

history information and may therefore not be ideal for capturing signals of X-linked or 

recessively transmitted mutations suggested by increased risk of the disease in brothers 

of probands as opposed to fathers or sons. Such models were supported by an Australian 

study which include information about disease status in maternal and paternal uncles 

(Cui et al. 2001). However, the study could not discriminate between the X-linked and 

recessive models. Two-locus models gave a better fit than single locus models in this 

study and the segregation was best explained by a rare dominant allele in addition to the 

X-linked/recessive mode. Two-three quantitative trait loci (QTL) gave the best fit in one 

additional US study using 263 multigenerational pedigrees recruited for genetic-linkage 

(Conlon et al. 2003). This study may suffer from recruitment bias leading to inflation of 

risk allele frequency estimates, however, the main conclusion that a single locus does 

not explain segregation of prostate cancer in these pedigrees is in accordance with the 
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outcome of genetic-linkage studies that have been published. Segregation of 

susceptibility alleles in these studies typically correlated with young age at diagnosis. 

For example, in one study, the favored dominant model required diagnosis of prostate 

cancer prior to age 60 in order to achieve statistical support (Schaid et al. 1998). 

Furthermore, in the aforementioned Australian study, the dominant component 

increased risk of prostate cancer at young age while the X-linked/recessive gene 

predisposed to the disease at older ages. A joint segregation analysis has also been 

performed with prostate and breast cancer (Baffoe-Bonnie et al. 2002). In this study, 

reports of familial co-aggregation of prostate and breast cancer in the Iceland population 

were followed up in 389 Icelandic pedigrees. The co-segregation of prostate and breast 

cancer was best explained by a co-dominant gene allowing for other independent gene 

interactions in each cancer type separately. Interestingly, the best fitting model assumed 

a susceptibility gene predisposing to early onset breast cancer with mean age at 

diagnosis of 53 years for homozygotes (as opposed to the 61 years population mean), 

but 74 years for prostate cancer, similar to the population mean. 

 Although segregation studies may give an important insight into the genetics of 

prostate cancer their value as a preparation for genetic analysis has diminished in recent 

years since the majority of researchers hunting for susceptibility genes have turned to a 

model-free approach.   

  

Genetic-linkage analysis of prostate cancer 

 

In the last decade of the 20th century, there was a growing interest in applying genetic-

linkage analysis to identify susceptibility genes responsible for family clustering of 

prostate cancer. This method had proven successful for pinpointing disease genes in 

other common cancers such as breast and colon cancer i.e. the BRCA1, BRCA2, hMSH2 

and hMLH1 tumor suppressor genes. However, large multi-generation prostate cancer 

pedigrees similar to those providing evidence for the breast and colon cancer genes were 

more or less lacking. Although this indicates that segregation of highly predisposing 

gene mutations seems unlikely, research groups from North America, Europe and 

Australia started to recruit patients and form a linkage analysis consortium in the hope 
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that analyzing large number of smaller pedigrees might reveal the genes underlying the 

complex nature of prostate cancer inheritance. An overview of these studies is supplied 

in Table 1, and a brief discussion of the most commonly cited prostate cancer locations 

discovered by genetic-linkage analysis is given below.   

 

1q24-q25 (HPC1) 

 

 The pioneering study of Smith et al. in 1996 resulted in genome-wide 

significance for the 1q22-25 region which the authors termed HPC1 (hereditary prostate 

cancer locus 1) (Smith et al. 1996). The maximum LOD score assuming heterogeneity 

was 5.43 and an estimated 34% of the 91 pedigrees contributed to the positive linkage 

signal. Subsequent analysis of these potentially linked pedigrees suggested that 

mutations at HPC1 might predispose to early onset prostate cancer (<65 years average) 

and a more advanced-stage disease (Gronberg et al. 1997b). Linkage to HPC1 may also 

be influenced by ethnicity and African American pedigrees in particular, appear to be 

more likely to contribute to linkage (Brown et al. 2004; Cooney et al. 1997). A 

positional cloning effort and mutation analysis of genes in the candidate region 

identified two different germ line mutations in a gene encoding the 2'-5-oligo-

adenylate(2-5A)−dependent RNase L gene (RNASEL) at 1q25.3, among 26 different  

 

Reference Population #Peds. Main locations 

(Baffoe-Bonnie et al. 2007) USA  77 11q22, 17p11, Xq21 

(Chang et al. 2006) USA, Sweden, 
Finland 

426 12q24×16p13 

(Lange et al. 2006) USA 175 15q12 

(Schaid 2006) USA, UK, Australia, 
Norway, Sweden, 
Finland; Germany 

166 6p22, 11q14, 20p11-q11 

(Larson et al. 2005) USA 201 3p14 (FHIT) 

(Chang et al. 2005) USA 188 Xq27-q28 (HPCX), 22q13 (HPC20) 

(Maier et al. 2005b) German 139 8p22 (MSR1) 

(Xu et al. 2005)  USA, UK, Australia, 
Norway, Sweden, 
Finland; Germany 

1233 5q12, 8p21, 15q11, 17q21, 22q12 

(Friedrichsen et al. 2004) Jewish 36 7q11-q21 

(Gillanders et al. 2004) USA, Sweden, 
Finland 

426 17q22 

(Matsui et al. 2004) Japan  53 1p36 (CAPB), 8p23 

(Cunningham et al. 2003) USA 160 20q13 (HPC20) 

(Edwards et al. 2003) USA, Australia, 64 6p25-p21, 18q11-q22,  3q24-q29, 4q31-q35 
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Canada, Norway,UK 

(Janer et al. 2003) USA 254 6p22 

(Lange et al. 2003) USA 175  17q21 

(Schleutker et al. 2003) Finland  13 11q14 

(Wiklund et al. 2003a) Sweden  50 19p13, 5q11 

(Witte et al. 2003) USA 259 16p23, 11q24, 2q32 

(Xu et al. 2003) USA 188 4q21 

(Xu et al. 2002a) USA 190 8p22 (MSR1) 

(Goddard et al. 2001) USA 254 2q35-q36, 12p13,15q13-q14, 16p13-p12,16q22-
q23 

(Berry et al. 2000) USA 162 20q13 (HPC20) 

(Tavtigian et al. 2001) USA 127 17p12 (HPC2, ELAC2) 

Hsieh 2001 USA, Canada 98 5p13-q13,12p13-p12,19p13 

(Suarez et al. 2000) USA 230 2q37-q38, 12p13-p12,15q26,16p13,16q23-q24 

(Witte et al. 2000) USA 388 5q31-33, 7q32, 19q12 

(Gibbs et al. 1999) USA 141 1p36 (CAPB) 

(Berthon et al. 1998) Germany, France 47 1q42-q43 (PCAP) 

(Xu et al. 1998) USA, Finland, 
Sweden 

360 Xq27-q28 (HPCX) 

(Smith et al. 1996) USA, Sweden 91 1q24-q25 (HPC1, RNASEL) 

 

Table 1. Genetic-linkage studies in prostate cancer.  
 

All studies included in the table refer to a genome-wide linkage approach except for Xu et al. (1998, 
2002), and Larson et al. (2005), which specifically target the X-chromosome, MSR1 at 8p22 and FHIT 
gene on chromosome 3, respectively. Targeted confirmatory analysis is not included in the table. The 
population origin of the pedigrees is indicated as well as their number and the location of the most 
positive linkage scores.   
 

pedigrees (Carpten et al. 2002). Frameshift or nonsense mutations disrupting the 

RNASEL protein appear to be a rare cause of hereditary prostate cancer but a common 

variant altering the protein sequence (R462Q), which has been shown to severely effect 

the enzyme activity of the protein, is implicated in ~13% of cases. Follow-up studies of 

the HPC1 region have not consistently supported the original linkage signal e.g. a 

focused analysis of pedigrees from the U.K. and a genome-wide linkage study of French 

and German pedigrees reported negative findings (Berthon et al. 1998; Eeles et al. 

1998). In accordance, the importance of mutations in the RNASEL gene appear to 

depend on the population under study e.g. a recent German study found conspicuous 

mutations in only two of 136 pedigrees, hardly exceeding the observed frequency 

among controls (Maier et al. 2005a). 
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1q42-q43 (PCAP) 

 

In a study of European families, another major linkage peak was reported on 

chromosome 1q42-q43 (Gibbs et al. 1999).  This region, termed PCAP (Predisposing to 

CAncer Prostate), also proved difficult to confirm in other populations and seems to be 

important only in South-West European populations (Cancel-Tassin et al. 2001; Singh 

2000). Currently, no genes have been isolated in this region that can explain the 

preferred segregation of 1q42-q43 haplotypes with prostate cancer.   

 

Xq27-q28 (HPCX) 

 

In 1998, a study of 360 prostate cancer families from North America, Finland and 

Sweden reported a highly significant LOD score for the Xq27-28 region (HPCX) (Xu et 

al. 1998). Motivation for a targeted chromosome X analysis was the excess risk of 

prostate cancer in brothers as opposed to fathers and sons. Positive linkage to the HPCX 

locus were subsequently described in additional populations but negative findings were 

also published (Lange et al. 1999; Peters et al. 2001). HPCX may be particularly 

important in the Finnish population as shown by a study focusing on prostate cancer 

pedigrees that did not display male-to-male transmission patterns (Schleutker et al. 

2000).  Interestingly, the linkage signal in this study appeared to be stronger as 

stratification emphasized pedigrees containing patients diagnosed at older ages than the 

average. As disease founder mutations have been shown to be particularly dominant in 

the Finnish population, these results gave the hope that a variant responsible for the 

linkage signal could be isolated by allelic-association analysis. In fact, a positive 

association signal was reported by the Finnish research team close to the genes SPANX 

and LDOC1 (Baffoe-Bonnie et al. 2005). The exact function of these genes is unknown. 

The SPANX gene is primarily expressed in testis and some tumor cell lines but LDOC1 

remains the favorite candidate due to its association with apoptosis (Inoue et al. 2005). 

However, disease causing mutations have not been discovered in these genes.  
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1p36 (CAPB) 

 

Due to the observed linkage heterogeneity in prostate cancer, many researchers have 

performed subgroup analysis based on phenotypic information with the aim to 

illuminate genetic influences that would otherwise be hidden. In one such a study, the 

authors had noticed the presence of patients with brain cancer in some of their prostate 

cancer pedigrees (Gibbs et al. 1999). Of a total of 71 prostate cancer pedigrees, 12 also 

contained cases of brain cancer. A genome-wide linkage scan focusing on these selected 

pedigrees resulted in a LOD score of 4.74 at 1p36 after further sub-grouping on basis of 

age at onset. This region is commonly subjected to genomic deletions in central nervous 

system tumors. Although justification for stratification based on presence of brain 

cancer is given by previous epidemiological studies showing familial co-aggregation 

with prostate cancer (Carter et al. 1993), the small final number of pedigrees is of some 

concern. One Japanese study has since reported linkage at 1p36 in a genome-wide scan, 

but family history of brain cancer was not reported (Matsui et al. 2004). Currently, no 

genes in the 1p36 region have been implicated in segregation of prostate-brain cancer 

although some feasible candidates exists e.g. the HSPG2 gene, whose expression 

correlates with high Gleason score and proliferation in prostate cancer cells (Datta et al. 

2006).  

 

 

20q13 (HPC20)  

 

A LOD score of ~2.7 at 20q13, was the strongest signal in a study of 162 North 

American pedigrees that underwent a genome-wide scan in the year 2000 (Berry et al. 

2000). Interestingly, genome-wide significant results (HLOD = 3.61) were obtained in a 

subgroup of 46 families that did not contain a male-to-male disease transmission pattern. 

Similar to the HPCX linkage signal, the LOD score was stronger in pedigrees with 

higher average age at diagnosis (>65 years), and stronger contribution was obtained with 
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smaller pedigree sizes (less than 5 affected). Initially, the idea behind stratification on 

the basis of male-to-male transmission pattern was elimination of contaminating X-

linked pedigrees. A stronger autosomal linkage signal, in pedigrees compatible with X-

linkage, may suggest interaction between 20q13 and HPCX mutations. However, no 

evidence was seen for this in the pedigree set. Attempts to confirm HPC20 have failed 

in most cases although moderately positive signals have been obtained also e.g. one 

study reports significant results, but only upon sub-group analysis identical to that of the 

original report (Zheng et al. 2001). Recent analysis of 1234 pedigrees from the 

International Collaboration for Prostate Cancer Genetics (ICPCG) failed to provide 

supportive evidence for HPC20 whatever stratification tactic was used (Schaid and 

Chang 2005).   

 

8p22 (MSR1)  

 

The 8p22 region originally came to the attention of prostate cancer researchers because 

of high level somatic instability i.e. frequent deletions in prostate and other types of 

tumors. Two previous genome-wide linkage scans had also provided suggestive 

evidence for this location in prostate cancer (Gibbs et al. 2000; Smith et al. 1996). This 

prompted a focused linkage analysis of 159 prostate cancer pedigrees using 24 

microsatellite markers from the region. A HLOD score of 1.84 resulted in the whole 

pedigree set but an allele-sharing LOD score of 2.64 (P=.0005) was obtained for the 

subset of 79 families with average age at diagnosis >65 years (Xu et al. 2001). Mutation 

screening of genes in the region identified seven rare amino acid changes, including one 

nonsense mutation, in the gene macrophage scavenger receptor 1 (MSR1) (Xu et al. 

2002a). When combined, these variants showed evidence for co-segregation with the 

disease as underscored by a family based linkage and association study. Furthermore, 

the majority of these variants were more common in a group of prostate cancer patients 

with no apparent family history of the disease than a control population, although 

significant difference was only provided for two of these i.e. Arg293X and Asp174Tyr 

(African Americans only).  
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 A number of studies have attempted to confirm the importance of the rare MSR1 

variants in prostate cancer and both positive and negative findings have been reported 

(Hope et al. 2005; Lindmark et al. 2004a; Maier et al. 2006; Seppala et al. 2003; Wang 

et al. 2003b). A recent meta-analysis of these studies indicates that at least some of the 

MSR1 variants contribute moderately to the risk of prostate cancer (Sun et al. 2006).    

 

17p12 (ELAC2) 

 

A genome-wide linkage analysis of pedigrees from Utah located a linkage peak at 

chromosome 17p, which upon a more detailed fine-mapping with additional genetic 

markers resulted in a LOD score of 4.5 at location of the microsatellite marker 

D17S1289 (17p12). A further look at haplotype sharing within pedigrees that 

contributed strongly to the linkage signal identified a common region of only 1.5 MB. 

Two mutations segregating with prostate cancer were found in a gene within this region 

which was homologous to the uncharacterized Escherichia coli ORF ElaC. One of these 

was a protein disrupting nucleotide insertion. Furthermore, the authors identified two 

additional amino acid changes that were linked to prostate cancer through association 

analysis (Tavtigian et al. 2001).  

 Protein disrupting ELAC2 mutations have not been found in studies attempting 

to confirm these findings, however some supportive evidence has been published for the 

role of two of the amino acid changes Leu217 and Thr541 in prostate cancer (Adler et 

al. 2003; Fujiwara et al. 2002; Rokman et al. 2001; Stanford et al. 2003; Yokomizo et al. 

2004). 

 

Combined genome-wide linkage analysis 

 

Since the discovery of HPC1, researchers have become more and more aware of the 

heterogeneous and complex nature of prostate cancer genetics. In order to increase 

statistical power for detecting novel risk variants and gathering more information about 

the pre-existing locations, some research teams have pooled their resources and created 

large pedigree sets. The latest genome-wide screen conducted by the ICPCG was based 
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on 1233 pedigrees from North-America, Europe and Australia (Xu et al. 2005). The 

strongest linkage signals (LOD>1.86) in this joint analysis were obtained at 5q12, 8p21, 

15q11, 17q21 and 22q12. None of these signals reached statistical significance and none 

was higher than LOD= 2.28 (5q12). Subset analysis using only pedigrees with five or 

more family members (n=269) highlighted six regions: 1q25 (HPC1), 8q13, 13q14, 

16p13, 17q21 and 22q12. A LOD score of 3.57 was obtained at 22q12 which was above 

the genome-wide significance threshold (LOD=3.3).  Further subgroup analysis of 

pedigrees with patients diagnosed at early age (<66 years average, n=606) pinpointed 

three additional loci at 3p24, 5q35, 11q22, Xq12.  

 Of the major candidate locations previously reported, there was only a 

suggestive evidence for HPC1 (1q24-q25) (Smith et al. 1996). This does not necessarily 

refute the original findings. Genetic heterogeneity can explain why linkage peaks appear 

only in particular pedigree sets. In addition, criteria for patient selection and structuring 

the pedigrees vary considerably between studies.   

 

Function of the genes identified by linkage analysis 

 

Three prostate cancer candidate genes have been isolated on the basis of evidence from 

genetic-linkage studies i.e. RNASEL, MSR1 and ELAC2. Further knowledge 

accumulating on the function of these genes may facilitate changes in both therapy and 

prevention strategies if a pivotal role in the formation of prostate cancer will be proven.  

 

RNASEL 

 

The RNASEL protein regulates cell proliferation and apoptosis through the interferon-

regulated 2-5A (5’phosphorylated, 2’-5’-linked oligoadenylates) pathway. More 

specifically, increased exposure to interferon (type I) and double stranded RNA 

(dsRNA), which is a common byproduct of viral infections, results in transcription of 

three 2’-5’ oligoadenylate synthetase genes (OAS1-3) that produce 2-5A from ATP. 2-

5A binds and activates RNASEL which further mediates the IFN antiviral/apoptosis 

response and degrades both viral and cellular single stranded RNA (ssRNA) (Malathi et 
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al. 2005; Malathi et al. 2004). There are some clues as to the mechanism by which 

RNASEL variants contribute to prostate cancer. The catalytic activity of RNASEL 

462Q variant has been shown to be reduced 3-fold in experimental settings (Xiang et al. 

2003). A recent study identified a novel gamma-retrovirus, the xenotropic murine 

leukemia virus (XMRV), in prostate cancer patients, using a microarray based screening 

technique (Urisman et al. 2006). Interestingly, XMRV was found in eight of 20 

homozygous carriers of the 462Q variant, but only one case of 66 (1.5) heterozygous 

and non-carriers. Virus proteins and RNA was shown to be produced in about 1% of 

stromal cells surrounding the tumors. This finding suggests that a subset of prostate 

cancers may be caused by a virus infection that is aided by a defective RNASEL 

protein. Since viral expression is limited to stromal cells, the carcinogenic effect may be 

different from the effect of oncogene carrying viruses. Carcinogenic effect through 

promotion of inflammation or immune-suppression seems more likely.    

 

MSR1 

 

Macrophage scavenger receptors are responsible for the binding, internalization, and 

processing of negatively charged macromolecules including the modified (oxidized) low 

density lipoprotein (LDL) and bacterial lipo-polysaccharides. The MSR1 gene is 

expressed in human macrophages in lipid-rich atherosclerotic lesions, suggesting the 

involvement in atherogenesis (Matsumoto et al. 1990). Exactly how MRS1 confer 

susceptibility to prostate cancer is not known. Macrophages may contribute to hormone 

independent proliferation of prostate cancer cells through cytokine production (Zhu et 

al. 2006). More specifically, macrophage/prostate cancer cell interaction mediates a 

switch in function of selective AR antagonists/modulators (SARMs) from repression to 

activation in vivo. This signaling pathway, which may be initiated by macrophage IL-1β 

production, seems to have the main purpose of reversing sex-steroid-dependent 

repression of specific target genes in response to inflammatory signals. Recent evidence 

suggests that chronic inflammation of the prostate may have an important role in the 

genesis of tumors, but whether or not MSR1 contributes to this process remains to be 

uncovered (Palapattu et al. 2005).   
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ELAC2 

 

The ELAC2 protein was shown to possess a tRNA 3' processing endo-ribonuclease (3' 

tRNase) activity (Takaku et al. 2003). This function is essential for removing 3' trailers 

from precursor tRNA (pre-tRNA). Analysis of functional motifs in the protein also 

suggests interaction with nucleic acids, especially RNA (Dumont et al. 2004). Recent 

analysis links the ELAC2 protein with growth inhibitory effects mediated by the 

transforming growth factor-beta (TGFβ). ELAC2 was shown to bind activated SMAD2 

which is involved in the TGFβ signaling pathway, and siRNA-based knock-down of the 

gene in prostate cells suppressed TGFβ-induced growth arrest (Noda et al. 2006).  

 

Prostate cancer genes identified by “candidate gene” association analysis 

 

A large number of prostate cancer studies have employed a “candidate gene approach” 

i.e. estimating risk conferred by nucleotide variants within genes that for some reason 

profile as good candidates. These studies compare allele frequencies in a series of cases 

and population representative control samples; however, lack of statistical power due to 

small sample size is a problem in many of these studies. Most of the variants are single 

nucleotide polymorphisms (SNP) that are common in the population under study, a 

substantial fraction of which code for amino acid change. The large number of genes 

that have been implicated by case-control association analysis underlines the emerging 

complex nature of prostate cancer genetics (table 2). They are involved in various 

pathways presumed to be important in prostate cancer e.g. proliferation, androgen 

signaling, DNA-repair, inflammation, steroid synthesis and neutralization of 

carcinogenic substances (detoxification).  

 In a recent Swedish study of 1461 men with prostate cancer and 796 control 

samples, the authors evaluated the significance of 46 genetic variants implicated in 

prostate cancer identified through a literature search (Lindstrom et al. 2006). The 

majority of these genes are listed in table 2. 
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Gene 
abbrev. 

Name of protein  Pathway  Reference 

AMACR Alpha-Methylacyl-CoA Racemase Fatty acid β-oxidation   
(Zheng et al. 2002) 

AR Androgen Receptor  Hormone signaling (Zeegers et al. 2004) 

ATM Ataxia-telangiectasia mutated  DNA damage response/repair (Angele et al. 2004) 

CCND1 Cyclin D1 Cell cycle control (Wang et al. 2003a) 

CDH1 E-Cadherin Cell adhesion (Verhage et al. 2002) 

CDKN1A Cyclin dependent kinase inhibitor 1A  Cell cycle control (Kibel et al. 2003) 

CDKN1B Cyclin dependent kinase inhibitor 1A  Cell cycle control (Kibel et al. 2003) 

CHK2 Checkpoint kinase 2 Cell cycle control (Cybulski et al. 2004) 

COL18A1 Collagen, Type XVII Angiogenesis inhibitor (Iughetti et al. 2001) 

COX2 Prostaglandin-endoperoxide synthase 2 Proliferation/inflammation (Panguluri et al. 2004) 

CYP17 Cytochrome P450 mono-oxygenase Steroid synthesis (Wadelius et al. 1999) 

CYP19A1 Cytochrome P450 mono-oxygenase Steroid synthesis (Latil et al. 2001)  

CYP1A1 Cytochrome P450 mono-oxygenase detoxification/steroid 
synthesis  

 (Chang et al. 2003a) 

CYP1B1 Cytochrome P450 mono-oxygenase detoxification/steroid 
synthesis  

(Chang et al. 2003b) 

CYP2E1 Cytochrome P450 mono-oxygenase Detoxification (Ferreira et al. 2003) 

ERCC2 Excision Repair, Complementing defective DNA damage response/repair (Rybicki et al. 2004) 

ESR1 Estrogen receptor  Hormone signaling  (Hernandez et al. 2006)  

GSTM1 Glutathione S-transferase Detoxification (Acevedo et al. 2003) 

GSTM3 Glutathione S-transferase Detoxification (Medeiros et al. 2004) 

GSTP1 Glutathione S-transferase Detoxification (Kote-Jarai et al. 2001) 

GSTT1 Glutathione S-transferase Detoxification (Steinhoff et al. 2000) 

HSD17B3 Estradiol 17β-dehydrogenase Steroid synthesis (Margiotti et al. 2002) 

HSD3B1 3-β-hydroxysteroid dehydrogenase Steroid synthesis (Chang et al. 2002) 

IGF-1 Insulin like growth factor 1 Proliferation (Nam et al. 2003b) 

IL-10 Interleukin 10 Immune response/ 
inflammation 

(McCarron et al. 2002) 

IL-8 Interleukin 8 Immune response/ 
inflammation 

(McCarron et al. 2002) 

INS Insulin Glucose metabolism (Ho et al. 2003) 

IRS1  Insulin Receptor 1 Glucose metabolism (Neuhausen et al. 2005) 

KLK10 Kallikrein-related peptidase 10 Protease (Bharaj et al. 2002) 

KLK2 Kallikrein-related peptidase 2 Protease (Nam et al. 2003a) 

KLK3 Kallikrein-related peptidase 3  (PSA) Protease (Lai et al. 2006) 

LEP Leptin  Angiogenesis/inflammation (Ribeiro et al. 2004) 

LZTS1 Leucine zipper, putative tumor suppressor 
1 

Cell cycle control (Hawkins et al. 2002) 

MGMT Methylguanine-DNA Methyltransferase  DNA repair (Ritchey et al. 2005) 

MIC-1 Macrophage inhibiting cytokine  inflammation/ macrophage 
action  

(Lindmark et al. 2004b) 

NAT1 N-acetyltransferase 1 Detoxification (Fukutome et al. 1999) 

NAT2 N-acetyltransferase 2 Detoxification (Hamasaki et al. 2003) 

NCOA3 Nuclear receptor coactivator  Hormone signaling  (Hsing et al. 2002) 

OGG1 8-oxoguanine DNA glycosylase  DNA repair (Xu et al. 2002b) 

PAI2 Plasminogen Activator inhibitor  Protease inhibitor (Shioji et al. 2005) 
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PON1 Paraoxonase 1 Detoxification (Marchesani et al. 2003) 

SRD5A2 Steroid-5-α-reductase Steroid synthesis (Loukola et al. 2004) 

SULT1A1 Phenol sulfotransferase Detoxification  (Nowell et al. 2004) 

TLR4 Toll-like receptor 4 inflammation  (Chen et al. 2005) 

TP53 Tumor protein 53 Cell Cycle/Apoptosis/DNA-
repair/ 

(Henner et al. 2001) 

UGT2B15 UDP glycosyltransferase Detoxification (MacLeod et al. 2000) 

UGT2B17 UDP glycosyltransferase Detoxification (Park et al. 2006) 

VDR  Vitamin D receptor  Hormone signaling  (Ingles et al. 1997)  

VEGF Vascular endothelial growth factor Angiogenesis (McCarron et al. 2002) 

XRCC1 X-ray repair compl. Defective DNA repair (Ritchey et al. 2005) 

 

Table 2. Prostate cancer candidate genes identified through case-control allelic-association studies.  
 
Gene abbreviation and name of the protein is given as well as a remark on the possible cellular pathway 
linking the protein to prostate cancer. A single citation linking polymorphism in the gene to the risk of 
prostate cancer is also given. None of the genetic variants implicating these genes in prostate cancer have 
been confirmed as risk factors.    
 

Only five of these genetic variants were significantly associated with the disease; a CAG 

repeat in the AR gene at chromosome Xq12, two SNPs in the SRD5A2 gene at 2p23.1, a 

SNP in the CYP17 gene at 10q24.32, a deletion in the GSTT1 gene at 22q11.23, and a 

SNP in the MSR1. Interestingly, three of these genes code for proteins involved in the 

biosynthesis or signaling of androgens i.e. AR, SRD5A2 and CYP17.  

 A number of studies have implicated protein changes in SRD5A2, mostly the 

V89L and A49T variants, in prostate cancer. In the study of Lindstrom (Lindstrom et al. 

2006), only the V89L variant was confirmed (OR=1.21 95% CI 1.01-1.45), however, 

results which reject this variant as a modifier of prostate cancer risk have also been 

published (Hayes et al. 2007; Ntais et al. 2003).  

 The implication of AR CAG (poly-glutamine) repeat polymorphism in prostate 

cancer is controversial as well. Negative reports have been published even though repeat 

length has been inversely correlated with trans-activation function of the receptor 

(Chamberlain et al. 1994; Freedman et al. 2005; Platz et al. 2005).  

 These examples reflect the problem associated with hypothesis based association 

studies. Positive signals have been extremely difficult to confirm across populations 

which may reflect lack of power due to small sample size, genetic or environmental 

heterogeneity. Genetic heterogeneity alone is unlikely to explain the contradictory 

results since most of the tested variants exist in a reasonably high frequency in different 
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populations. It is possible that local environmental factors play a role in determining 

which genetic factors contribute to the risk of prostate cancer i.e. gene-environmental 

interaction, however, a more likely explanation is that these signals are false due to 

improper matching of cases and controls or small sample size.  

 

Progression of prostate cancer: biomarkers 

 
Identification of biomarkers that reflect the formation and progression of prostate cancer 

is very important from a clinical standpoint. Biomarker assessment can be applied to 

facilitate diagnosis of the prostate cancer at earlier stages, identify recurrences and 

obtain prognostic information for selecting appropriate strategy for therapy. The 

majority of prostate tumors expresses the androgen receptor and can therefore be treated 

with anti-androgens. However, during such treatment, most tumors eventually stop 

depending on androgen mediated proliferation signals. The prediction of hormone 

independence is an important goal of current prostate cancer biomarker research. 

 One of the most important prostate cancer biomarker is the prostate-specific 

antigen (PSA) as noted earlier. PSA is a kallikrein-like protease that was originally 

discovered as a protein with increased concentration in blood of patients with prostate 

cancer (Stamey et al. 1987). This glycoprotein is produced and secreted by the ductal 

epithelial cells of the prostate and its activity contributes to fluidity of semen i.e. 

through proteolysis of gel-forming substances such as Semenogelin I and II (de 

Lamirande 2007). PSA is normally present at low concentration in serum but the 

concentration increases naturally with age. Serum PSA concentration increase on 

average tenfold (from 0.2 to 2 mg/L) in patients with prostate cancer and a threefold 

increase is seen in patients with BPH (Stamey et al. 1987). PSA appears to be regulated 

by androgens (Cleutjens et al. 1996). Two forms of PSA exist in blood serum i.e. free 

form and PSA bound to alpha-1-anti-chymotrypsin. Information about the ratio between 

these alternative forms may help to discriminate between BPH and malignant disease 

(Stenman et al. 1999). As previously mentioned, the use of PSA measurements as a 

screening tool has been a matter of debate in the U.S. and other countries where it has 

been established. PSA enables diagnosis to be made earlier when the disease is still on a 
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manageable stage, however, some epidemiological studies do not show decreasing 

mortality rates corresponding to the increased intensity of screening (Lu-Yao et al. 

2002). Furthermore, since PSA screening does not predict cancer accurately and other 

symptoms can lead to elevated serum levels, there is an unmet need for additional 

biomarkers that can be used to predict and follow up prostate cancer.      

 Another protein, the prostate acid phosphatase (PAP), has been used as a 

biomarker of prostate cancer for several years. PAP is a protein tyrosine phosphatase 

that is involved in growth regulation. PAP is usually present at high concentration in 

well-differentiated prostate cancer but the levels decrease as more aggressive 

histological patterns emerge. Measuring serum levels of PAP can be useful for 

prediction of bone metastases (Merrick et al. 2005). 

 PCA3 (prostate specific antigen 3) was originally discovered by the differential 

display method which identifies mRNAs that are differentially expressed in one tissue 

library relatively to another. PCA3 mRNA was shown to be very specific to prostate 

tumors and was over-expressed in 53 of 56 tumor samples (Bussemakers et al. 1999). 

The PCA3 gene does not seem to encode any protein but due to very high prostate 

cancer specificity, a method has been developed to detect PCA3 transcripts in urine 

(Hessels et al. 2003; Reynolds et al. 2007).     

 Invasive cancer growth is largely dependent on the tumor cell’s ability to 

remodel the microenvironment, starting by the degradation of the extra-cellular matrix. 

It can therefore be postulated that the invasive potential of tumor cells is mirrored by the 

activity of extra-cellular matrix proteases. There are two groups of these proteins, serine 

proteases and metalloproteinases. One example of a serine protease involved in the 

process is urokinase plasminogen activator (uPA) (Sheng 2001).uPA converts 

plasminogen to plasmin which in turn degrades components of the stroma i.e. fibrin, 

fibronectin, laminins and proteoglycans. uPA also activates collagenase type IV which 

breaks down an important component of the extra-cellular matrix i.e. collagen IV. High 

serum levels of uPA are indicative of decreased survival of patients with prostate cancer 

(Miyake et al. 1999a; Miyake et al. 1999b). Similarly, higher levels of metalloproteases 

such as MMP-2 and MMP-9 and lower levels of their inhibitors (TIMP-1, TIMP-2) are 

indicative of malignant behavior of prostate lesions (Lichtinghagen et al. 2002).    
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 Telomerase is an enzyme involved in stabilizing chromosomes by adding 

specific hexanucleotide sequences to their end sequences i.e. telomeres (Legassie and 

Jarstfer 2006). Without this activity, the chromosome would gradually shorten by each 

cell cycle and become highly unstable until the cell no longer can renew itself. 

Telomerase deficiency has been suspected to contribute to senescence. A large 

percentage of cancers, including prostate cancers express high levels of telomerase, 

suggesting that telomere maintenance is critical to neoplastic transformation. 

Telomerase activity is particularly elevated in high–grade prostate cancers (Iczkowski et 

al. 2002; Sommerfeld et al. 1996).      

 The prostate is an important source of androgen-metabolizing enzymes including 

the steroid-5-alpha-reductase. This enzyme is largely responsible for the conversion of 

testosterone to dihydro-testosterone (DHT) which is a major intracellular androgenic 

hormone. DHT has a much higher affinity for the androgen receptor than testosterone 

(~30-fold) and is therefore one of the key molecules in androgen mediated proliferation 

in prostate epithelium. The activity of 5-alpha-reductase is elevated in BPH and prostate 

cancer cells and high activity of  5-alpha-reductase has been implicated as a potential 

risk factor for prostate cancer (Ross et al. 1992). Furthermore, elevated 5-alpha-

reductase activity may correlate with aggressive disease and it has also been suggested 

that polymorphisms in the gene encoding 5-alpha-reductase (SRD5A2) predict poor 

prognosis (Bjelfman et al. 1997; Bonkhoff et al. 1996; Shibata et al. 2002). The 

conversion of testosterone to DHT by 5-alpha-reductase can be blocked by inhibitors 

including Finasteride. This drug has been used to treat BPH, to prevent prostate cancer 

formation, and to treat male baldness which also is correlated with DHT levels. In a 

prostate cancer prevention trial, men that were administered Finasteride were 25% less 

likely to develop prostate cancer than those receiving placebo, however, the advantage 

of this prevention strategy was questioned since a larger number of aggressive prostate 

cancers (Gleason scores 7-10) were diagnosed in the Finasteride group (Thompson et al. 

2003a). In addition, other negative side-effects including sexual dysfunction were more 

commonly reported in men receiving Finasteride. This example demonstrates that 

although a large number of cases may be prevented by bringing down levels of DHT it 

is not likely to reduce mortality due to prostate cancer.       
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 Proliferating cell nuclear antigen (PCNA) was originally identified by immuno-

fluorescence technique as a protein that is associated with proliferation state of the cell 

(Bravo 1986). PCNA is an auxiliary protein for DNA-polymerase α. It is expressed in a 

cell-cycle dependent manner and is at peak concentration during the S-phase (Syvaoja 

and Linn 1989).  In prostate tumor tissue, the expression of PCNA is inversely 

correlated with the level of differentiation i.e. with highest expression found in 

undifferentiated tumor cells (Nemoto et al. 1993). PCNA levels may have an  

independent prognostic value (Botticelli et al. 1993).   

 The Ki-67 antigen is another proliferation marker in prostate cancer and many 

other cancer types, originally described by Gerdes et al. (Gerdes et al. 1991). The exact 

function of this large protein is unknown. It has a nuclear location and is most 

intensively expressed during mitosis. In fact, blocking Ki-67 results is proliferation 

arrest (Starborg et al. 1996). Positive Ki-67 staining of histological tumor slides is 

correlated with distant metastasis and mortality due to prostate cancer (Pollack et al. 

2004).     

 Accumulation of chromosome damage, as observed in pre-cancerous lesions, 

normally will activate apoptosis. This form of programmed cell death is not only an 

important anti-tumorigenesis response but is used to control the balance of self-renewal 

and cell death in normal processes including embryogenesis (Chowdhury et al. 2006). 

Fragmentation of chromosomes and a proteolytic cascade mediated by the Caspase 

protease family is central to apoptosis. These responses are regulated by various factors 

including the TP53 tumor suppressor protein, TNF (tumor necrosis factor) and BCL-2 

(B-cell Non-Hodkgins lymphoma 2).  

 BCL-2 was first linked to tumorigenesis through characterization of a 

translocation (t14;18) in leukemia and follicular lymphoma (Tsujimoto et al. 1984). The 

BCL-2 gene is unique among proto-oncogenes in that its protein product is located in the 

inner membrane of the mitochondrion. Over-expression of BCL-2 suppresses apoptosis 

and increases transformation potential. High expression of BCL-2 is found in 10-20% of 

prostate tumors and positively stained cancers are of higher stage and grade, and are 

more likely to form metastases than cancers negative for BCL-2 (Lipponen and 

Vesalainen 1997).  



65 

 Another group of molecules that may be used to predict the progression of 

prostate cancer is the cell-adhesion molecules. Some of these are involved in 

transmitting cell-to-cell anti-proliferation signals and their loss may therefore contribute 

to invasiveness. E-Cadherin molecules, involved in calcium dependent cell-adhesion, 

are examples of these. The expression of E-Cadherin in prostate cancer is inversely 

correlated with progression markers including tumor grade, stage, metastases and 

survival (Koksal et al. 2002; Otto et al. 1993). Loss of E-Cadherin expression may be 

accomplished by hyper-methylation of the promoter region (Li et al. 2001). 

Furthermore, germ-line variants of the E-Cadherin gene (CHD1) may influence the risk 

of prostate cancer (Bonilla et al. 2006). 

 A number of growth factors and growth factor receptors have been studied in 

human prostate cancer. Some of these impact proliferation capacity of prostate cells 

(IGF-1, EGF, FGF-2 ,FGF-8), influence the ability to commit to apoptosis (TGFβ-1, 

TGFβ-2), angiogenesis (FGF-2, VEGF) or the metastatic potential (EGF, FGF-2) 

(Reynolds and Kyprianou 2006). In addition, some growth factor receptors exert 

oncogenic activity in prostate cancer. For example, positive immunohistochemistry 

staining for the epidermal growth factor receptor (EGFR) seems to be a very good 

predictor of cancer relapse (Di Lorenzo et al. 2002; Edwards et al. 2006).  

 

The tumor genome: DNA instability in prostate cancer 

 

The mapping of chromosome rearrangements in prostate tumors has been attempted 

with various methods including loss-of-heterozygosity analysis, traditional cytogenetics 

(G-banding), comparative genome hybridization (CGH) and fluorescene in situ 

hybridization (FISH). Both prostate cancer cell lines and tumors have been studied. 

Although cell lines are easy to handle and analyze, the information value is limited since 

genomic changes may accumulate in the cell culture. On the other hand, care must be 

taken when whole tumor material is selected for this type of study since large amounts 

of normal cells are typically mixed within these tumors. This can be circumvented up to 

a point by performing a careful pathological evaluation and/or micro-dissection of the 

tumor material before extracting DNA for analysis.   
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 The CGH method has been most informative of the methods used to evaluate 

somatic chromosome changes in prostate cancer. Chromosomal regions most commonly 

associated with loss of genetic material include 6q, 8p, 10q, 13q, 16q  and 18q (Dong 

2001). Gain is most frequent at 7p, 7q, 8q and Xq (Elo and Visakorpi 2001).The CGH 

technique has also been performed with the microarray platform (aCGH) which allows 

higher resolution of chromosome losses and gains. In a recent study using aCGH in 46 

prostate adenocarcinomas, the most common changes were heterozygous deletions on 

chromosome 8p (67%), 5q (39%), 16q (37%) 6q (35%), 10q (33%), 13q (33%), 17p 

(30%) 12p (24%) and chromosome gains at 8q (30%) and 7q (22%) (Ribeiro et al. 

2006a). Homozygous deletions ranging in size from 0.5-2 Mb (megabases) were 

detected in five chromosomal locations using this method, but only those occurring at 

10q23.31 (encompassing the PTEN gene) occurred more than once. None of the high 

level genomic amplifications observed in this study were recurrent.  

 Some of these chromosomal changes may be relevant in clinical settings e.g. 

gain of chromosome 8q has been associated with increased tumor grade and worse 

patient outcome, and is the most common finding in hormone refractory prostate cancer 

(Alers et al. 2000; Nupponen et al. 1998; Ribeiro et al. 2006b). Chromosome 13 

deletions have also been associated with advanced stage disease (Elo and Visakorpi 

2001). Some of the changes are already present at early stage e.g. 8p deletions that are 

also found in PIN. Although information about loss/gain in the genome of prostate 

tumors may give valuable prognostic information, such assessment is expensive in the 

clinical setting and is not routinely applied.     

 For the purpose of identifying novel prostate cancer genes, mapping of genomic 

aberrations in prostate cancer has not been very productive. Genes that are likely 

candidates due to location in regions of high instability include PTEN, NKX3.1 at 8p 

encoding an androgen responsive homeobox gene and the MYC proto-oncogene at 

chromosome 8q24. Other genes in these regions may also be involved, and it is even 

possible that the selective advantage of genomic aberrations in these regions is driven by 

multiple genes.  
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Somatic mutations in prostate cancer 

 

A number of known cancer genes have been subjected to DNA sequence analysis in 

prostate tumor tissue in order to identify somatic growth promoting mutations. Genes 

that have been found mutated include the androgen receptor gene (AR), AT-motif 

binding factor 1 (ATBF1), Ephrin receptor 2 (EPHB2), Kruppel like factor 6 (KLF6), 

tumor protein TP53, phosphatase and tensin homolog (PTEN), and three RAS genes i.e. 

HRAS, KRAS and NRAS (Dong 2006). Positive mutation status of some of these genes 

is associated with low level of differentiation and high grade i.e. mutations in AR are 

mostly found in hormone refractory and metastasizing prostate cancer and mutations of 

RAS and TP53 are also markers of a more advanced stage disease (Anwar et al. 1992; 

Meyers et al. 1998; Thompson et al. 2003b). Sequence analysis of prostate cancers have 

in addition identified mutations of the Cytochrome Oxidase subunit I gene (COI), 

carried by mitochondrial DNA, that are believed to promote cancer growth by 

increasing levels of ROS (reactive oxygen species) in the cellular environment (Petros et 

al. 2005).  

 Generally, studies of somatic mutations in prostate cancer have not given 

consistent frequency estimates, this may be due to differences in the level of 

differentiation, DNA isolation techniques and more importantly, by the different 

sensitivity of method used in mutation detection.    

 

 “Global” expression analysis of prostate cancer 

 

The search for transforming molecules that can be targeted by tailor-made cancer drugs 

is ongoing. Knowledge of the global prostate tumor gene expression profile is extremely 

useful for selection of potential target molecules, makes it possible to pinpoint 

biological pathways and markers of clinical relevance, and deepens our understanding 

of the influence of therapy. Expression pattern information can be integrated with other 

biological information e.g. proteomics, gene promoter methylation status, tissue array 

technology, aCGH data, or results from genetic mapping by association or linkage 
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analysis in order to pinpoint potentially causative genes in candidate regions of the 

genome.   

 A number of studies have attempted to identify differentially expressed genes in 

prostate tumors using several protocols. At present, RNA microarray hybridization is the 

method of choice, a technology that allows comparison between cancer and adjacent 

normal tissue with respect to expression of virtually all known genes in the genome. 

Different analysis platforms exist i.e. oligo-nucleotide arrays, cDNA glass based arrays 

and membrane based arrays. In addition to simple normal/tumor comparison, arrays can 

also be used to monitor the expression of genes in a controlled environment, e.g. in 

tumor xenografts subjected to androgen deprivation (Mousses et al. 2001). Given the 

known heterogeneity of prostate tumors with respect to pathological and other factors, 

heterogeneous expression patterns can be expected. Methodological differences e.g. 

tumor material selection, RNA extraction, array protocols and probe design add to the 

complexity of data analysis and interpretation. Consequently, it has been very difficult 

to compare studies, and the overlap between them with respect to which genes are up- or 

down regulated is not reassuring (Li et al. 2006). However, meta-analyses have 

identified a couple of genes that seem differentially expressed in prostate cancer. These 

include the up-regulated genes; PIM-1, a proto-oncogene encoding a Serine/Threonine 

kinase; TNFRSF21, of the tumor necrosis factor receptor super-family involved in signal 

transduction; AMACR, encoding alpha-methylacyl-CoA racemase involved in branched 

fatty acid metabolism. Down-regulated genes include: GSTM1 and GSTM2 encoding 

Glutathione S-transferases and ANXA4, a calcium dependent phospholipid binding 

protein involved in signal transduction  (Dhanasekaran et al. 2001; Lapointe et al. 2004; 

Luo et al. 2002).  

 One of the genes identified by microarry expression analysis, AMACR, is already 

a widely used biomarker for prostate cancer. By immunohistochemistry, the protein is 

usually detected in histological specimens of prostate carcinoma but also at lower 

intensity in high grade PIN and prostate atrophy. Using AMACR antibodies for 

pathological assessment has been found to be very useful for discriminating between 

malignant and benign prostate lesions (Adley and Yang 2006). 
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 In spite of technical difficulties, microarray expression analysis has already 

produced a long list of genes that are differentially expressed in prostate cancer and 

which need to be further addressed for clinical and biological meaning. These genes 

appear not particularly biased towards one particular biological pathway. Androgen 

regulated genes have been specially targeted, and some of those, including PART-1 and  

PSDR1, appear to be differentially expressed (Lin et al. 2000; Lin et al. 2001a). In 

general, androgen regulated genes seem no more overrepresented than genes of other 

pathways that are suspected to be involved in the etiology of prostate cancer.   

   

Epigenetics 

 

The field of epigenetics has greatly expanded in the last years following technological 

innovations allowing DNA-methylation or histone modifications to be more accurately 

monitored on a gene, or even genome-wide basis. Methylation has also gained 

increasing interest from the clinical field because of the therapeutic potential e.g. drugs 

that target the reversibility of methylation changes such as inhibitors of methyl-

transferases. Studies on the DNA methylation status have shown that during transition 

of intraepithelial prostate cells from benign to malignant stage, a wave of hyper-

methylation events occurs that affects promoter sequences of a particular set of target 

genes (Yegnasubramanian et al. 2004).  

 A large number of genes have been found to be consistently hyper-methylated in 

prostate cancer including APC, COX2, ErαAb, ErαB, ERβ, GSTP1, MDR1, RARβ2, 

RASSF1A and TIG1 (Perry et al. 2006; Schulz and Hatina 2006). Additional known 

genes that are occasionally hyper-methylated (<20%) include AR and CDKN2. These 

genes are distributed over many pathways such as cell proliferation (APC, CDKN2, 

MDR1 and RASSF1A), cell adhesion (TIG1), steroid hormone signaling (RARβ2, AR, 

ErαAb, ErαB and ERβ), inflammation (COX2) or carcinogenic metabolism (GSTP1). 

One of these genes is involved in hereditary predisposition to colon cancer i.e. the APC 

gene that is mutated in familial adenomatous polyposis (FAP). Genes participating in 

the androgen regulation pathway seem not particularly commonly hyper-methylated in 

prostate cancer which is perhaps in-line with microarray tissue expression results. 
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However, other steroid receptors e.g. retinoid acid receptor (RARβ2) and estrogen 

receptors (ErαAb, ErαB, ERβ) can be found on the gene list.  

 The glutathione S-transferase gene (GSTP1) promoter is hyper-methylated in 75-

100% prostate cancers and up to 70% of  high grade PIN, but not in normal prostate 

epithelium (Brooks et al. 1998; Kang et al. 2004; Lin et al. 2001c; Woodson et al. 2004). 

GSTP1 hyper-methylation therefore represents the most common somatic change in 

prostate tumors. The GSTP1 protein is responsible for the detoxification of electrophilic 

metabolites and reactive oxygen species.  It is considered to act like a caretaker gene, 

i.e. protecting the genome from mutagenic substances, however, reintroduction of 

GSTP1 activity in prostate cancer cells by relieving the methylation blockage does not 

suppress growth of tumor cells (Lin et al. 2001b).  Tests are already being developed 

that enable detection of hyper-methylated GSTP1 in serum, urine or ejaculates in order 

to provide tools for early prostate cancer detection (Goessl et al. 2000; Goessl et al. 

2001). 
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AIMS 

 

The aim of the thesis was to improve our current understanding of the etiology of male-

specific cancer i.e. prostate and testicular cancer, by identifying genetic factors that 

contribute to these diseases. Various strategies were employed in the pursuit of this goal 

including a genetic epidemiology study estimating the extent of family history, AI 

mapping focusing on somatic DNA changes in the tumor genome, and finally, linkage 

and allelic-association analysis that facilitate the isolation of genetic risk variants.  

 This work is based on resources that have previously proven valuable in genetic 

research, including the ICR and a database of pathological records kept at the 

Landspitali – University-Hospital. Combined, these databases allow the identification of 

nearly all pathologically verified cancer occurrences in a single population over a period 

of ~50 years. Finally, majority of the studies within this thesis are based on a 

comprehensive Genealogy Database of Icelanders (IGD) and an extensive database of 

human genotypes developed and maintained by deCODE genetics.  

 

Specific aims 

 

I.  To assess the roles of the known prostate cancer susceptibility loci HPC1, 

HPCX, and PCaP in Icelandic hereditary prostate cancer (Paper I). 

 

The aim of this study was to seek evidence for genetic-linkage in Icelandic prostate 

cancers pedigrees to three candidate regions that had previously been positively linked 

to prostate i.e. HPC1, PCaP and HPCX. Genetic instability in two of these regions 

(HPC1, PCaP at chromosome 1q) was simultaneously assessed in tumors from the 

prostate cancer family members in order to evaluate their impact in somatic progression 

and detect signs of segregating tumor suppressor gene mutations i.e. inactivation of wild 

type alleles by genomic loss according to Knudson´s theory.    
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II.  To identify genes involved in formation or progression of testicular cancer by 

using microsatellite markers to map AI in the genome of tumors from patients (Paper 

II).  

 

The primary aim of this study was to locate chromosome regions of importance for 

initiation and progression of testicular tumor growth. Secondly, the information 

obtained was integrated with the genetic linkage study (Paper IV) in order to study the 

somatic behavior of haplotypes shared between affected pedigree members.  

 

III.  To characterize the familiality of testicular cancer in Iceland (Appendix I). 

 

The primary aim was to gather evidence supporting inherited etiology of testicular 

cancer in Iceland. The aim was also to identify other cancer types co-segregating with 

testicular cancer and to screen for testicular cancer pedigrees exhibiting cancer spectrum 

compatible with previously described syndromes. 

 

IV.  To locate genetic risk factors of testicular germ cell cancer in the Icelandic 

population (Appendix II).  

 

The study aimed at identifying autosomal and X-chromosome regions involved in the 

etiology of human testicular cancer in Iceland using genetic-linkage, haplotype- and 

allelic-association analysis.    

 

V.  To evaluate the role of the Y-chromosome in the genetic etiology of prostate and 

testicular cancer in Iceland (Appendix III). 

 

The aim of this study was to evaluate genetic variation on the male-specific part of the 

Y-chromosome with respect to susceptibility of prostate and testicular cancer in the 

Icelandic population.    
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VI.  To identify common genetic variants associated with prostate cancer in Iceland 

and other populations of European and African origins (Papers III-V). 

 

The aim of these studies was to identify genetic risk factors for prostate cancer in the 

Icelandic population using genome-wide linkage analysis (Paper III) and a genome-wide 

allelic-association analysis (Paper IV and V), followed by further fine-mapping with 

association analysis. These studies were then followed up by confirmatory analysis 

using population based patient/control series from Europe and U.S. in order to pinpoint 

genetic variations that consistently confer risk of prostate cancer across different 

populations and ethnicities.   
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MATERIAL AND METHODS 

 

Subjects 

 

The Icelandic Cancer Registry (ICR) and the Department of Pathology, Landspitali - 

University-Hospital (DP-LSH), provided most of the information concerning patients 

enrolled in the studies at deCODE genetics (Paper II-V). The ICR has collected data on 

cancer occurrences since 1955. The majority of the records contained in the registry are 

submitted by Landspitali – University-Hospital, where the majority of cancer patients in 

Iceland undergo surgery. The great majority of surgically removed testicular and 

prostate tumors are sent for pathological evaluation at the DP-LSH. The DP-LSH has 

maintained an independent registry and a tissue bank containing archival paraffin 

material since prior to 1930.   

 In the prostate cancer study carried out in collaboration of Landspitali – 

University-Hospital and the National Institutes of Health (Paper I), a patient list was 

compiled from DP-LSH records covering the period 1965-1996. The selection of 

prostate cancer patients for this study was based on pedigree information obtained from 

the Icelandic Genealogy Committee and availability of pathological material i.e. 

paraffin-embedded tissue at the DP-LSH.  

 For the genetic studies on prostate cancer carried out at deCODE genetics, 

patient lists were obtained from the DP-LSH and the ICR and reviewed by urologists 

and pathologists at Landspitali – University-Hospital. Individuals with verified 

diagnosis of adenocarcinoma of the prostate and germ cell cancer of the testis were 

included in the study. Patients alive during study period and closest relatives were 

invited to participate by donating a blood sample and signing an informed consent 

allowing the use of their DNA in studies at deCODE genetics. Personal identifiers 

attached to clinical data and blood samples from the patients were coded prior to entry 

into the study using a key held by the Icelandic Data Protection Commission (DPC) 

(Gulcher et al. 2000b). The age at diagnosis and pathological information including 

Gleason grading were included in the prostate cancer study. A list created for the period 

1st of January 1955 to December 2005 contained 3886 Icelandic prostate cancer 



75 

patients. Out of these, 1615 (diagnosed from 1974 to 2005) donated a blood sample and 

signed informed consent for the study. The average age at diagnosis of these patients 

was 72.9 years (range 44-99 years), which is close to the average age at diagnosis in 

Iceland according to the ICR (74 years) 

 For the genetic studies of testicular cancer, records dating earlier than 1955 

where obtained from the DP-LSH, while the remaining information was obtained from 

both DP-LSH and the ICR. The complete list was reviewed by urologists and 

pathologists at Landspitali – University-Hospital. The patient list contained 244 

individuals diagnosed in the period 1929-2003. A full pathological description including 

histology subtype and clinical grading was available for 214 patients, all of which were 

diagnosed after 1955. 117 patients were diagnosed with the seminoma subtype and out 

of these, three had the spermatocytic type. The remaining 97 patients had non-

seminoma. One patient was affected in childhood and a single patient had bilateral 

cancer. The average age at diagnosis of the testicular cancer patients was 34.3 years. 

The median age at diagnosis of seminoma patients was 39 years as compared to 28 years 

for the non-seminoma patients. More detailed clinical and pathological description of 

testicular cancer in the Icelandic population has been published previously (Agnarsson 

et al. 2006; Gudbjartsson et al. 2003)  

 The genetic epidemiology study of testicular cancer in the Icelandic population 

i.e. relative risk and kinship calculations, where performed using the complete ICR data. 

For this study, the whole database was encrypted and merged with the IGD on a PC 

workstation located at the ICR. In addition, an encrypted list of all cancer occurrences in 

first and second degree relatives of the testicular cancer patients was obtained from the 

ICR for analysis of cancer spectrum in high risk testicular cancer pedigrees.  

 Prostate cancer patients and matched control series from Sweden, Spain, 

Netherlands and US were used to confirm findings originally discovered in the Icelandic 

subject groups. Further descriptions of these collections are found in the papers III-V. 

The studies included in this thesis have been approved by the DPC and the National 

Bioethics Committee of Iceland.   
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The Icelandic Genealogy Database (IGD) 

 

The establishment of a computerized genealogy database of Icelanders by deCODE 

genetics is the foundation of the company’s approach to identify genetic risk factors in 

common diseases (Gulcher et al. 2001). Over 700,000 records are contained in the IGD 

including the majority of individuals born in the country since the days of the settlement 

approximately 1,100 years ago. The sources used to construct the database include 

censuses from past centuries, church records and information from published genealogy 

books. Personal identifiers for individuals in the database have been encrypted as seven 

letter codes in accordance with regulations set by the Icelandic DPC. Apart from 

genealogy links, records for each individual contain information on gender, year of birth 

and year of death approximated to five year intervals. Use of clinical, pathological or 

additional demographic information is restricted to each of the individual research 

projects.  

 

DNA preparation  

 

The methods used for DNA preparation in the studies depend on the source of tissue. 

For the prostate normal and tumor material used in Paper I, thin slices of tissue were 

incubated overnight in a buffer containing detergents and protease. The DNA was not 

isolated but instead, dilutions of the lysate were used directly as a template in PCR 

reactions after inactivation by boiling (Smith SA, 1992). For analysis of testicular tumor 

material (Paper II), approximately 50-100 mg of the tissue were homogenized in a lysis 

buffer provided with the Qiagen DNeasy tissue kit, and DNA was isolated according to 

protocols supplied with the kit. Isolation of genomic DNA from blood samples (Paper 

II-V and Appendix II-III ) was by a spin-column method using the QIAamp DNA Blood 

kit from Qiagen (WWW.QIAGEN.COM).  
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Microsatellite marker selection   

 

Microsatellites are stretches of repeated DNA, usually di- or tri-nucleotides that are 

frequent in the human genome. The sequences can be variable from one individual 

chromosome to the other with respect to the number of repeats. The variation is captured 

by amplifying the segment by PCR (polymerase chain reaction) using flanking primers 

and calculating the product sizes from mobility in gel electrophoresis relative to known 

size standards.  

 The microsatellite markers used in these studies were selected for polymorphic 

information content and performance in multiplex PCR and electrophoresis. Framework 

microsatellite markers used in genome-wide studies at deCODE genetics (N~1100) 

were initially based on commercially available marker sets (ABI Linkage marker (v2) 

and intercalating set) but additional markers (N~500) were selectively added in order to 

improve the genome-wide coverage (average 3-4 centimorgans (cM) between markers) 

in accordance with genetic-linkage maps (Kong et al. 2002). The markers used in Paper 

I were selected on the basis of genomic intervals shown to segregate with prostate 

cancer in previous studies (Berthon et al. 1998; Smith et al. 1996; Xu et al. 1998). 

Distances between markers in this study were according to the Marshfield genetic-

linkage map (Center for Medical Genetics, Marshfield Medical Research foundation).  

 In selecting microsatellite markers for the purpose of fine-mapping targeted 

linkage regions at deCODE genetics, the first choice were known informative markers 

according to publicly available databases. For a more complete coverage, novel markers 

were designed using probability algorithms that predict microsatellite polymorphisms in 

the human genome. This procedure is implemented in the software Marker Selection 

Toolbox designed for this purpose for deCODE genetics Inc.           

 

Microstellite marker genotyping 

 

Microsatellite DNA was amplified using PCR primer pairs of which one primer was 

end-labeled with a fluorescence dye. The PCR reactions were performed in MJR Tetrad 

thermal cyclers (MJResearch) using the AmpliTaq gold polymerase (Perkin Elmer) and 
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PCR cycling parameters as described previously (Gretarsdottir et al. 2002; Smith et al. 

1996). PCR products were diluted in a loading buffer containing size standards and 

electrophoresed on ABI automatic sequencers (Applied Biosystems). A different 

generation of sequencers was used for the project described in Paper I, i.e. an ABI 377 

sequencer based on conventional slab gel electrophoresis. The genotyping was 

performed at the National Human Genome Research Institute (NHGRI) at the National 

Institutes of Health (NIH) in Bethesda, USA. The microsatellite analysis at deCODE 

genetics was carried out on ABI 3700 sequencers, which perform electrophoresis in a 

multi-capillary system (96 capillary format). The electrophoresis, signal capture and 

allele calling was as described previously (Gretarsdottir et al. 2002). Part of study I, i.e. 

estimation of AI in candidate prostate cancer regions, was done using conventional slab-

gel electrophoresis at the Laboratory of Cell Biology, Department of Pathology, 

Landspitali - University-Hospital. After electrophoresis, the PCR products were blotted 

onto nylon membranes, and the PCR products visualized by the enhanced 

chemiluminescence (ECL) technique as previously described (Barkardottir et al. 1995; 

Vignal et al. 1993).  

 

SNP genotyping 

 

For genome-wide association analysis, patients and controls were genotyped with the 

Sentrix HumanHap300 genotyping chip using the Infinium assay (Illumina San Diego, 

CA, USA; http://www.illumina.com) (Papers IV and V). The approximately 317.000 

SNP’s contained on the chip are selected from known polymorphisms in human 

populations according to phase I of the international HapMap project (2005; Gunderson 

et al. 2006; Steemers et al. 2006). For the genotyping of single SNP’s e.g. in fine-

mapping and follow-up studies of foreign patient and control series (Paper III-V), the 

Centaurus assay (Nanogen) was used (Kutyavin et al. 2006).  
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Sequencing 

 

Sequencing reactions were done using the ABI PRISM® BigDyeTM Terminator 

sequencing chemistry according to suppliers protocols (Applied Biosystem). Sequencing 

reactions were electrophoresed on ABI 3700 sequencers.  

 

Relative risk calculations 

 

The relative risk (RR), as used in the testicular cancer familiality study (Appendix I), is 

an estimate of cancer occurrence among a pre-defined group of relatives as compared to 

the incidence in the general population. The risk of 27 types of cancer was estimated 

among testicular cancer relatives (also including testicular cancer). Since the age 

standardized cancer incidence has changed over time and the ICR database is 

incomplete, i.e. lacking records earlier than from 1955, the cancer incidence in a 

particular group of relatives cannot be directly compared to the incidence in the 

contemporary population. Instead, the incidence was estimated from control groups 

formed using the genealogy database in a manner such that each individual in the 

control group was matched to a single patient by sex, birth-year period (5 years 

intervals), and the number of ancestors five generations back in the genealogy database. 

A procedure was written that selected 1000 control groups for each comparison, 

estimated the relative risk, and performed an empirical estimation of the confidence 

intervals. A further description of the method is given in a previous paper  

(Amundadottir et al. 2004).     

 

Kinship calculations 

 

The kinship coefficient (KC) expresses the probability that two homologous genes taken 

from two individuals, one from each, are identical by descent (Malécot 1948). In 

calculating the KC, each path of common ancestry confers an exponent of 0.5, where the 

value of the exponent equals the number of individuals along the path between the two 

probands. For example, the KC between sibs is 0.25, and the KC between half-sibs 
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0.125 given that their parents are unrelated. With the aid of computerized genealogies, 

the average kinship within a group of individuals can be estimated by calculating the 

KC between all possible pairs of the group. The average of these pair-wise KCs is 

referred to as the genealogical index of familiality (GIF). Similarly, the GIF between 

any two groups of individuals (groups A and B) can be estimated by calculating the KC 

between all possible AB pairs of individuals and averaging. For estimation of the 

significance of the GIFs, 1000 control groups were formed that were equal in size to the 

patient groups. As before, each individual in the control group was matched to one 

individual in the “patient” group by sex, year of birth and connectivity in the genealogy 

database. Empirical P-values were obtained by means of the 1000 control comparisons 

(see further description in Appendix I).  

 

Ancestral relative risk (ARR) 

 

The testicular cancer risk among descendants of ancestors born in the period 1810-1850 

was estimated in order to define a set of pedigrees with particularly high risk of the 

disease (Appendix I).  This estimation was done by calculating the proportion 

(PN/PT)/(UN/UT) for each possible ancestor, where PN is the total number of patients 

among descendants, PT is the total number of patients known to have diagnosed with 

the disease in the genealogical database, UN is the number of unaffected descendants 

born within the birth-year range of the patients, and UT is the total number of unaffected 

individuals in the genealogy that are born within the birth-year range of the patients. For 

the purpose of identifying high risk pedigrees we consider this approach appropriate, 

however, we make the assumption that the growth of each ancestral line more or less 

reflects the population growth from 1810 to the presence.    

 

Genetic-linkage analysis 

 

In recent years, genetic-linkage analysis has been a popular method for identifying 

disease genes and has proved particularly successful with traits compatible with 

Mendelian mode of inheritance. Generally, linkage analysis gives an estimate of the 
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probability that two loci e.g. a disease causing mutation and a known genetic marker, 

co-segregate due to proximity on a chromosome. The LOD score, which is the most 

commonly used linkage estimator, can be expressed as follows Z(x) = log10 [L(c=x) / 

L(c=0.5)], where L(c=x) is the likelihood that the recombination fraction (c) between 

the two loci is x (for x<0.5), and L(c=0.5) is the likelihood of free recombination 

(c=0.5) between a marker and disease locus. The LOD score is typically optimized by 

calculating a maximum likelihood estimate (MLE) of the recombination fraction (c). A 

maximum LOD score of 3 or above is generally considered sufficient to establish 

positive evidence favoring linkage, however, for a genome-wide scan using hundreds of 

markers, a higher threshold (~3.6) is usually required. Several program packages are 

currently available that perform linkage analysis either with a parametric or a non-

parametric approach. In parametric linkage analysis, a genetic model needs to be 

specified.  

 In the studies of this thesis, both parametric and non-parametric linkage analysis 

were used. Parametric multipoint linkage analysis was performed with the ILINK 

program of the FASTLINK package, which is an improved version of the LINKAGE 

programs (Cottingham et al. 1993; Lathrop and Lalouel 1984). For the analysis of 

autosomal chromosome markers (Paper I), a dominant model assuming incomplete 

penetrance was used  (Smith et al. 1996). A model specified by Xu et al. was used for 

analysis of the X-chromosome (Xu et al. 1998). The program GENEHUNTER was used 

to calculate multipoint LOD scores  under assumption of genetic heterogeneity (HLOD) 

and non-parametric p-values (Kruglyak et al. 1996). Modifications of the 

GENEHUNTER program were incorporated into the program Allegro that was used to 

perform allele-sharing based multipoint linkage analysis in Appendix II, and Paper III 

(Gudbjartsson et al. 2000). Allegro was set to use the Spairs scoring function which 

simply reflects the number of pairs of alleles from distinct affected members in the 

pedigree that are identical by descend (IBD). For calculating combined LOD scores for 

all pedigrees, a weighting scheme was used that is half-way between weighting each 

pedigree equally and weighting all affected pairs equally.  
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Allelic-association 
 

Allelic-association analysis (Papers III-V and Appendix II) was done using the NEMO 

software as previously described  (Gretarsdottir et al. 2003). For single point allele 

association analysis, two-sided p-values were calculated from χ2 statistics. Correction for 

multiple testing was done using a standard Bonferroni correction procedure. NEMO 

uses the expectation maximization (EM) algorithm to estimate allele frequencies for 

multi-marker haplotypes (Dempster et al. 1971). Haplotype association analysis between  

cases and controls was performed by calculating standard likelihood ratio statistics that 

attain the characteristics of a χ2 distribution with one degree of freedom if the subjects 

are unrelated. For analysis of prostate cancer in the Icelandic population, the χ2 statistics 

were divided by a factor of 1.1 in order to account for the influence of relatedness 

between cases and controls (see Paper IV). For estimation of ORs, the multiplicative 

model was used (Falk and Rubinstein 1987; Terwilliger and Ott 1992). The model 

assumes that the effect of the risk allele A (RR) multiplies so that individuals 

homozygous (AA) will be at risk equal to RR2 compared to homozygous persons for the 

non-risk allele (aa). Odds ratios and p-values obtained for populations of different origin 

were combined using a Maentel-Haenszel model (Mantel and Haenszel 1959). The 

model allows for varying frequency of the risk alleles between populations but assumes 

that the risk conferred is constant.        

 

Population differentiation test 
 

The population differentiation test is based on the assumption that microsatellite 

markers mutate in a stepwise manner by addition or deletion of a single repeat unit each 

time. This assumption was supported by experimental evidence from recording Y-

chromosome microsatellite allele shifts in the male lineage of extended Icelandic 

pedigrees (data not shown). Counting the mutational differences between any pair of Y-

chromosome haplotypes is a straight forward procedure that can be easily implemented 

in large scale analysis. The basis of the differentiation test was the variance and means 

of mutational distances between all possible pairs of 11-marker haplotypes formed 
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across the two groups under comparison. The test of significance was obtained 

empirically by running 1000 pair-wise randomization tests (Appendix III).         

 

Other statistical methods 

 

A number of additional statistical tests were used in different parts of the thesis 

including conventional calculation of Odds Ratios and 95% CI (Armitage and Berry 

1994), Fisher’s exact test (Paper II), Kolmogorov-Smirnoff non-parametric test 

(Appendix I), Spearman rank correlation (Paper II), Mann-Whitney U-test (Appendix 

III), t-test (Appendix III). The majority of these tests were performed with aid of the 

STATVIEW program package (SAS Institute Inc).   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 

SUMMARY OF STUDIES 

 

Analysis of HPC1, HPCX, and PCaP in Icelandic hereditary prostate cancer 

(Paper I)  

 

In this study, three chromosome regions that had previously been implicated in prostate 

cancer inheritance were evaluated in Icelandic prostate cancer pedigrees. Concurrently, 

AI was assessed at these same loci using paraffin tumor DNA from family members. 

Two of the chromosome regions are located on chromosome 1, i.e. HPC1 (1q24-25) and 

PCAP (1q42-43), and one of the regions is on the X chromosome, i.e. HPCX at Xq27-

q28. These three loci were the first to be reported as candidate regions of prostate cancer 

susceptibility (Berthon et al. 1998; Smith et al. 1996; Xu et al. 1998). The subject 

material included 87 Icelandic families with two or more affected persons, selected in 

such a way that each pedigree contained at least one pair of patients that were first 

degree relatives i.e. brothers or father and son. Evaluation of AI in the candidate regions 

was done using paired normal/tumor DNA from 35 patients of 22 pedigrees, using the 

same set of microsatellite markers providing genotypes for the linkage study. 

 

Summary of results 

 

The results of the genetic-linkage calculations were negative for all the candidate 

regions evaluated in this study. Multipoint LOD scores assuming heterogeneity (HLOD) 

were modest in all regions. At HPC1, the maximum LOD score was 0.05 assuming that 

5% (α=0.05) of the pedigrees were linked. The maximum HLOD at PCaP was zero, but 

analysis of the HPCX region gave a HLOD score of 0.24 (13% of pedigrees linked). 

Excluding pedigrees that were incompatible with X chromosome linkage, i.e. those 

containing male-to-male disease transmission, did not seem to improve the LOD score 

in the HPCX region. AI in tumors from patients in the prostate cancer pedigrees was 

relatively uncommon in the HPC1 region (0-9%), but was higher at PCAP (5-20%). 

Moreover, AI did not seem to cluster in particular pedigrees, whether or not considered 

in respect to positive linkage in the candidate regions.         
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Discussion 

 

These negative results are in–line with a series of published studies that were not able to 

confirm the original linkage signals at the prostate cancer loci HPC1, HPCX and PCaP. 

Subsequent genome-wide linkage scans using considerably larger pedigree sets showed 

diminished linkage signals in these candidate regions and further suggested many new 

locations including 8p22 and 17p12, where novel prostate cancer genes were discovered 

(Berry et al. 2000; Cunningham et al. 2003; Edwards et al. 2003; Gillanders et al. 2004; 

Lange et al. 2003; Paiss et al. 2003; Rokman et al. 2001; Suarez et al. 2000; Tavtigian et 

al. 2001; Wiklund et al. 2003a; Wiklund et al. 2003b; Xu et al. 2001; Xu et al. 2002a).  

At present, germ line mutations have only been discovered in one of the regions targeted 

by this study, the RNASEL gene at 1q24-q25 (HPC1) (Carpten et al. 2002). Studies of 

protein-disrupting mutations in this gene indicate limited worldwide distribution. Thus, 

mutations seem to occur only in rare U.S. pedigrees with early age at onset disease. 

Linkage to the HPCX region originally described in a study of pedigrees from North-

America and the Nordic countries, seems mostly to have been contributed by the 

Finnish subset of pedigrees although suggestive evidence has also been observed in 

German and U.S. material (Baffoe-Bonnie et al. 2005; Bochum et al. 2002; Farnham et 

al. 2005). Furthermore, the PCAP locus appears to be the major signal in pedigrees of 

South-Western European ancestry but does not seem important elsewhere (Cancel-

Tassin et al. 2001).  

 Given the observed geographic heterogeneity and rarity of RNASEL mutations, it 

is not surprising that HPC1, PCaP and HPCX do not appear to influence prostate cancer 

risk in the genetically homogeneous population of Iceland. Previous studies show that 

high risk mutations in the breast cancer gene BRCA1, which are relatively common on 

the European continent, are almost absent from the Icelandic population. Of the known 

highly-penetrant cancer predisposing genes, only BRCA2 appears to be of importance in 

Iceland, which is entirely due to a single germ-line mutation, 999del5, which has a 

population allele frequency of ~0.5% (Gudmundsson et al. 1996; Thorlacius et al. 

1996). The relatively high prevalence of this mutation in Iceland and absence of 
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mutations in other cancer genes can be explained by genetic drift (founder effect) due to 

the small number of original settlers in Iceland and population size bottlenecks 

occurring repeatedly in historic times (Gulcher et al. 2000a).  

 Presently, genotypes for the HPC1, PCaP and HPCX regions exist for 

approximately 1600 Icelandic individuals recruited for ongoing genetic-linkage and 

association analysis of prostate cancer at deCODE genetics. This is a large proportion 

(~40%) of all patients that have been diagnosed in the population from the beginning of 

cancer registration in 1955. Studies using this material have more or less confirmed the 

negative findings presented in this study of HPC1, HPCX and PCaP (unpublished data). 

Furthermore, large multi-generational pedigrees with early onset disease, such as those 

providing the strongest case for HPC1 have not been identified. 

 

Conclusion: Previously identified prostate cancer susceptibility loci i.e. HPC1, HPCX 

and PCaP are unlikely to contribute to familial clustering of the disease in Iceland. 

Furthermore, somatic genomic rearrangements at the chromosome 1 loci, HPC1 and 

PCaP, as evaluated by measuring AI does not seem frequent and was randomly 

distributed across pedigrees.  

 

A genome-wide study of allelic imbalance in human testicular germ cell tumors 

using microsatellite markers (Paper II) 

 

One of the main reasons for performing a genome-wide mapping study of AI in 

testicular cancer tumors was to gain additional information that could supplement the 

methods used to identify inherited risk factors in this disease. The resulting AI data can 

provide additional insight in the following manner: a) Regions showing high levels of 

somatic instability seem more likely to contain susceptibility genes involved in both 

somatic progression and inherited predisposition. b) Analysis of the direction of AI in 

pedigrees showing linkage to a particular region can help reveal the existence of tumor 

suppressor genes in accordance with Knudson’s two-hit theory. c) Detection of parental-

of-origin bias with respect to allelic loss may suggest segregation of tumor suppressor 

genes that are subjected to genomic imprinting. The number of tumor samples from 
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patients within testicular cancer pedigrees was too small to conduct an informative 

analysis of either parental-of-origin bias or determine tumor suppressor gene 

segregation in accordance with Knudson’s theory. Although such estimations were 

made, the presented results consisted mainly of a genome-wide map showing genomic 

imbalances in 32 tumors (figure 6).  

 

Summary of results 

 

The distribution of AI was largely in accordance with previous studies, in particular, the 

most commonly involved region was chromosome 12p, showing AI in 60% of the 

tumors. Often the whole arm was involved, and in four of the tumors 12p was the only 

chromosome arm showing AI over its whole length. Other regions of the genome 

showing frequent AI include chromosome 4p (30%), 9q (29%), 10p (29%), 11q (44%), 

11p (36%), 13q (32%), 16q (30%), 18p (32%) and 22q (27%).  

 The smallest possible regional overlap (SRO) of AI between multiple samples 

was mapped at 39 loci. These SROs were variable in size but typically contained 

multiple genes. The Wilms tumor gene (WT1) at chromosome 11p was the only gene 

within the SROs that has previously been identified as playing a role in the somatic 

progression of testicular carcinoma. The area of the SRO containing this gene was large 

(~8 mega bases) and contained approximately 35 other genes, some of which could also 

be candidate cancer genes. SROs that were more informative were also identified e.g. 

one of the SROs contained only a single gene encoding a proto-cadherin (PCDH7 at 

4p15).  
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Figure 6. Map of allelic imbalance (AI) in testicular cancer for chromosome 4, 9, 11, 12, 18, 20 and 
22. 
 

Since the tumor tissue is heterogeneous with respect to normal tissue contamination and background 
chromosome ploidy, the cut-off levels for determining AI were adjusted according to the distribution of 
scores obtained for each tumor individually. This adjustment reduced intra-chromosomal heterogeneity 
for individual samples and allowed a better discrimination between regions showing very high (purple) 
high (red), moderate (orange) or no AI (White). The gray color indicates uninformative markers. The 
marker names appear in the column left of the map for each individual tumor (number 1-32). Blue 
horizontal lines indicate the centromeric regions. POB (second column) denotes parental of origin bias in 
the combined material. Pink color denotes a bias (>80%) towards retaining maternal alleles in the tumor, 
while paternal bias is denoted by blue.    
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Discussion 

 

In-line with previous studies, the results underline the importance of the short arm of 

chromosome 12 in testicular cancer. Typically, these aberrations are caused by gain of 

DNA following the formation of an iso-chromosome i.e. a novel chromosome with two 

identical p-arms (i(12p)). The formation of i(12p) from the division of a normal diploid 

cell leads to a daughter cell with three p-arms and a single q-arm. It may therefore seem 

that tumors bearing this marker should also suffer loss of heterozygosity of 12q in our 

study. In this respect, it has previously been suggested that loss of 12q is also a selective 

change in testicular cancer (Murty et al. 1992; Murty et al. 1999). However, the current 

study indicates low frequency of 12q instability as compared to the rest of the genome 

and most of the imbalances appear to be moderate. This observation could be due to 

poly-ploidization prior to formation of i(12p) in which case the q-arm imbalance is less 

extensive. Poly-ploidization is probably an initiating event in the formation of testicular 

cancer and is found in benign tumors, but i(12p) appears restricted to malignant tissue 

(Looijenga et al. 1999). 

 Most published studies that aim to map genomic aberrations in testicular cancers 

are based on a small number of samples and do not have the power on their own to 

pinpoint specific genes. In this field there clearly is a need for combining data from 

multiple studies. A few conventional CGH analyses have been published but these can 

be difficult to use for comparison since the resolution is not high, borders are difficult to 

define precisely and levels of sensitivity are different between chromosome regions. 

Microarray technology (microarray-CGH) can be used to overcome these difficulties but 

at present, only one such study has been published that was based on eleven samples 

(McIntyre et al. 2004). This study reported 14 SORs where five or more samples 

displayed intensity differences, seven losses and equal number of gains. Four of the 

regions identified in this study were also identified by us (17q12-q22, 22q13, 3q29, 

11p12-q12).  

 The overview of genomic changes observed in this study is slightly different 

from that given by the series of conventional CGH analysis of testicular cancer DNA. In 
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particular, it seems that the majority of the regions that have been commonly shown to 

possess gain of DNA by CGH, including chromosomes 2p, 7, 8, 14q, 15q, 17q and 21q, 

do not show a high degree of AI. Gain observed in these regions does therefore not seem 

to be allele specific. Tetra-ploidization has been suggested to be the initiating event in 

the evolution of testicular cancers, however, through progression to the malignant state a 

net loss of DNA occurs until a near triploid state is reached. It is therefore possible that 

those regions previously observed as chromosome gains by CGH, in reality, only retain 

the ~4N state of the tetra-ploid precursor cell. 

 Although a better correlation is found with our regions showing high frequency 

of AI and regions identified as losses by CGH analysis, we cannot take for granted that 

these events are indeed genomic deletions as e.g. at 12p, they are not. AI can 

additionally be caused by somatic rearrangements, or recombination processes, that are 

neither associated with gains or losses. Such events have been found to occur in non-

seminomas as detected by a combination of an AI study evaluated by SNP array 

genotyping, and CGH analysis (Lu et al. 2005). In fact, this study suggested that AI was 

in most cases associated with a normal DNA copy number. This observation lead the 

authors to hypothesize a new potential origin of non-seminomas through sperm fusion 

e.g. from a sperm “fertilizing” a two-chromatid stage post-meiosis I cell. Since AI by 

definition leads to domination of one parental allele over another, it can still reflect a 

selective event in tumorigenesis when occurring without copy number changes i.e. by 

causing overrepresentation of germ-line or somatic mutations residing on the 

represented parental chromosome.  

 

Conclusion: Genome-wide mapping of AI confirmed the importance of 12p 

chromosome rearrangements in testicular tumors and identified novel loci such as 4p 

that may be involved in somatic progression. The results were in many instances 

comparable to the results of previously published CGH analysis, particularly with 

respect to locations of chromosome losses. The results contribute to the ongoing search 

for genes involved in testicular cancer formation and progression.   
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Familial testicular cancer in Iceland (Appendix I) 

 

This genetic epidemiology study was based on three different approaches to evaluate 

testicular cancer familiality in the Icelandic population. These include relative risk 

estimation, calculation of KCs, and characterization of “high risk” pedigrees, defined by 

testicular cancer risk among descendents of all possible ancestors in the IGD born 

between 1810 and 1850.    

 A previous study was published on cancer familiality in Iceland with respect to 

the most common cancer sites (Amundadottir et al. 2004). This study was limited to 

relative risk estimation within and between different cancer sites. In addition, the current 

study uses kinship calculations and attempts to screen for known cancer syndrome 

patterns. Age at diagnosis and histology were also studied in conjunction with 

familiality. Furthermore, phenotype descriptions are slightly different between the 

present and previous study, most importantly, Non-Hodgkins lymphoma (NHL) was 

presented as one phenotype in Appendix I, but was split into two groups in the previous 

paper (Amundadottir et al. 2004).  

 

Summary of results 

 

The calculations show significantly elevated incidence of testicular cancer among first 

(RR=3.5) and fourth degree relatives (RR=1.6) of the testicular cancer patients. The 

effect for first degree relatives was entirely contributed by affected brothers (RR=5.7). 

Significant GIF (genealogy index of familiality) was also observed for testicular cancer, 

even after removing all relations between patients that were related by four meiotic 

events or less (P=0.007) (Table 5). Non-seminoma contributed more to the familiality. 

The GIF was 4.14 (P=0.004) for non-seminoma but was not significant for seminoma. 

Patients with thyroid cancer and NHL were significantly more related to testicular 

cancer patients than expected according to the GIF estimates. No cancer type was 

observed more often than expected by chance among children and fathers of the 

testicular cancer patients, but esophagus (RR=7.3) and colon cancer (RR=2.4) were 

significantly more common among the mothers (Table 6). Testicular cancer in pedigrees 
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selected through ARR estimates (“high risk” pedigrees) was diagnosed ~10 years earlier 

than in patients belonging to other pedigrees. The distribution of cancer types other than 

testicular cancer in these high risk pedigrees was in accordance with results of GIF 

estimates but was not significant for any individual site.     

 

Discussion 

 

The combined results support hereditary influences in the etiology of testicular cancer in 

Iceland. The risk of testicular cancer among first degree relatives of the patients 

(RR=3.5) was comparable to previous estimates from other populations (Dieckmann and 

Pichlmeier 2004). However, our results are based on a very small sample size and in fact 

three pairs of brothers represent the only “nuclear family” co-occurrences. Lack of 

testicular cancer in fathers or grandfathers may be partly explained by the small number 

of these individuals at the age of susceptibility (between 15 and 45 years) in the years 

following the establishment of the ICR (1955).  

 Another observation which supports hereditary influences in testicular cancer is 

the fact that positive family history, as defined by cut-offs set using the ARR estimates, 

is associated with early age at diagnosis and a preference for the non-seminoma 

histology type (also supported by GIF calculations). In agreement, family aggregation of 

cancer is characterized by earlier age at diagnosis, particularly when caused by high risk 

cancer predisposing mutations. In addition, non-seminoma histology seems more likely 

to be caused by inherited factors since there are naturally occurring mutations in mice 

that predispose to teratocarcinoma (TER) but analogous germ-line mutations causing 

seminoma have not been described.  

 Two cancer types seem to be overrepresented among testicular cancer relatives 

when all methods are considered together i.e. cancer of the thyroid and NHL. 

Interestingly, NHL was also the most common second primary cancer diagnosed in 

testicular cancer patients. An elevated risk of lymphoma has previously been 

demonstrated in relatives of testicular cancer patients but not cancer of the thyroid 

(Hemminki and Li 2004; Thomas et al. 1999). According to the GIF estimates there 

seems to be a significant deficit of three cancer types among the relatives, i.e. cancer of 
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the uterus, ovary and larynx. This could mean that the geographical distribution of these 

cancer types does not overlap with testicular cancer, or that the genetic risk factors for 

testicular cancer actually protect against the formation of these cancer types.  

 Interestingly, prostate cancer is significantly more common among first and 

second degree relatives of testicular cancer patients according to the RR estimates. 

However, GIF estimates were not significant. The relationship appears restricted to 

nuclear families which may suggest the effect of shared environmental factors. A slight 

excess (non-significant) of prostate cancer cases was found among the selected high risk 

testicular cancer pedigrees (OR=1.29) and their age at onset was lower than other cases 

i.e. 67.3 vs. 73.9, respectively.  However, the difference in age at diagnosis was not 

significant, possibly due to small number of cases. In addition, one of the high risk 

testicular cancer pedigrees showed a particularly noteworthy co-segregation with 

prostate cancer (Ped-4, fig I, Appendix I).             

 A systematic search through all of the testicular cancer pedigrees was performed 

in order to identify known cancer syndrome patterns. Two of the pedigrees were 

compatible with a mild form of Li-Fraumeni i.e. the Li-Fraumeni like syndrome. One of 

these pedigrees is shown in Appendix I (Ped-1, fig 1). In addition, one pedigree was 

compatible with the HBOC syndrome which may be attributed to mutations in BRCA1 

or BRCA2. Occurrence of thyroid cancers and NHL was seen in the Li-Fraumeni like 

pedigrees suggesting that the connection between these cancer types and testicular 

cancer could in fact be due to a high risk mutation. Mutation screening excluded the 

possibility that these observations could be attributed to the only known BRCA2 germ-

line mutation contributing to HBOC in Iceland or a known mutation in CHK2 which has 

been implicated in the Li-Fraumeni syndrome (data not shown) (Johannesdottir et al. 

1996; Vahteristo et al. 2001).    
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Figure 7. A pedigree with multiple occurrences of testicular cancer.  
 

Other cancer types among first and second degree relatives are also shown. Testicular cancer patients are 
denoted by black symbols and other cancer types by color. The cancer type and the age at diagnosis 
approximated to five years intervals are given beneath the symbols. Unaffected relatives that do not link 
affected individuals in the pedigree have been omitted.      
 

 Relatives within high risk testicular cancer pedigrees selected on basis of ARR 

estimates did in no case show a significant excess of any cancer type after correction for 

multiple testing. However, four types of cancer were in significant excess prior to 

correction i.e. cancer of the small intestine (OR=5.4), Hodgkins disease (OR=5.4), NHL 

(OR=3.1) and brain cancer (OR=2.9). Other tumor types that commonly segregated in 

these pedigrees included meningioma (OR=1.5), cancer of thyroid (OR=1.8), lip and 

connective tissue (OR=3.6). A further inspection of these cases revealed two potentially 

important findings. Firstly, excess of small intestinal tumors was due to occurrence of 

extremely rare neuroendocrine tumors termed carcinoids. On further inspection, four out 
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of 73 cancer-affected relatives in the high-risk pedigrees were diagnosed with intestinal 

carcinoid tumor (5.5%) but only a single case was found among 781 relatives in “low-

risk” testicular cancer pedigrees (0.13%). The difference is highly significant with the 

Fisher exact test (P=0.0002), however, a statistical test seems inappropriate here due to 

the manner in which this observation is made. Finally, all thyroid cancer cases in these 

high risk pedigrees were diagnosed at a very early age (>41 years). The mean age at 

diagnosis for thyroid cancer was 32 years in the high-risk pedigrees (N=7) but 59 years 

among the other cases (N=30). Thyroid cancer in combination with other cancer types, 

including intestinal carcinoids, is suggestive of multiple endocrine neoplasia (MEN) 

(Asai et al. 2006). The histology type in MEN however, is usually medullary thyroid 

cancer, while all of the cases within the high-risk pedigrees are of the papillary type.  

In addition to thyroid cancer, the age at onset of cancer in the high-risk testicular cancer 

pedigrees was earlier for every other cancer type that had sufficient number for 

comparison, including cancer of the digestive tract  (-1 year), lungs (-2 years), breast (-3 

years) and prostate (-7 years). In fact, when all cancer types are considered jointly, those 

occurring in the high-risk testicular cancer pedigrees occur on average ten years earlier 

(non-parametric and T-test P values <0.0001).   
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Figure 8. Age at onset of cancer in testicular cancer pedigrees.  

 
Distribution of age at diagnosis of all cancers among relatives within high-risk testicular cancer pedigrees 
(orange bars, N=73) on the basis of ARR estimates (see material and methods (Appendix I)), or members 
from pedigrees defined as low-risk for testicular cancer (blue bars, N=838). Testicular cancer occurrences 
are not included. 
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Conclusion: The results of the present genetic epidemiology study suggest that a 

proportion of testicular cancer incidences are due to inherited factors that influence the 

time of diagnosis, histology type, and the occurrence of other types of cancer, 

particularly lymphoma and thyroid cancer. Occurrence of early onset cancer and rare 

cancer types such as carcinoid tumor in members of pedigrees with the highest 

incidence of testicular cancer suggest that the underlying genes may predispose to a 

multi-cancer syndrome with elements similar to both Li-Fraumeni and MEN. 

 

Genetic analysis of testicular germ cell cancer in the Icelandic population 

(Appendix II) 

 

In order to locate potential susceptibility genes in testicular cancer, a genome-wide 

linkage search was conducted using pedigrees constructed by aid of the IGD. 

Subsequently, a follow-up study based on fine-mapping with additional microsatellite 

markers, haplotype analysis and allelic-association was performed on genetic loci that 

showed a suggestive LOD score in the analysis (LOD >1). The linkage analysis was 

performed using four different pedigree configurations i.e. based on linking genotyped 

patients (N=135) by a maximum of six (N=12), seven (N=23) or eight (N=36) meiotic 

events. In addition, pedigrees were configured to assume X-linked transmission using a 

maximum depth of eight meiosis (N=20).  

 

Summary of results 

 

A genome-wide linkage scan with the Allegro software did not identify any loci 

showing significant LOD score (LOD ≥ 3.5), however, four loci with a suggestive LOD 

(LOD>1) score i.e. 3q13.33-q22.1, 22q13.2-q13.31, 15q12-q13.3 and 20p13, were 

further evaluated by genotyping additional markers and performing haplotype and allele 

association analysis. A negative signal was obtained over the X-chromosome where a 

previous study has reported a testicular cancer susceptibility gene (Rapley et al. 2000). 

The highest LOD score for a single pedigree was obtained at chromosome 2. The 

maximum LOD score in this pedigree (see figure 12) was high, or 3.4, which can be 
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attributed to the small prior probability of IBD sharing due to large distance between 

affected individuals.  

 

 
Figure 9. Haplotype sharing at chromosome 2q between three affected members in a testicular 
cancer pedigree.  
 

Names of microsatellite markers and cM position according to the deCODE genetic map (Kong et al. 
2002) is given. The two haplotypes for each affected individual are shown beneath symbols. The numbers 
characterizing the haplotypes represent microsatellite allele sizes. Genotyped children of the affected 
individuals that aid in determination of the haplotype phase are not shown. The shared haplotype (purple 
color) extends ~20 cM. One of the patients was homozygous for the shared haplotype due to an 
inheritance loop in the pedigree.     
 

 Of the four loci with suggestive LOD score, two were subjected to fine-mapping 

since there were indications that the transmitted haplotype was shared between distinct 

pedigrees linked to these regions. These regions were 15q12-q13.3 and 20p13. 

Extensive haplotype sharing of 2.2 Mb could be demonstrated in two of the pedigrees 

contributing to linkage in region 15q12-q13.3. These pedigrees represent two out of 
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three brother-pairs known to be affected with testicular cancer in the Icelandic 

population. Due to small size of the testicular cancer group, we performed association 

analysis of the patient material that strictly targeted the shared 2.2 mega base haplotype. 

The analysis identified a smaller three-marker haplotype associated with a risk of 4.7 

(P=0.0008) in the whole group of 124 patients. Approximately 11% of the patients carry 

a copy of this haplotype but only 2.6% of controls. Further non-restricted association 

analysis of the region did not identify other risk haplotypes. The location of this risk 

haplotype is between the genes GABRG3 and OCA2 (25.4 Mb Genome browser, build 

34, http://genome.ucsc.edu/).  

 

 

 

 

Figure 10. Linkage disequilibrum (LD) structure in the region of the 15q risk haplotype.  
 

The risk haplotype is outlined by alleles of the markers DG15S112-DG15S113-D15S1002. The markers 
of the risk haplotype are shown by arrows and the DG15S1061 marker that breaks up the risk haplotype is 
also shown (Table 7 in Appendix II). The LD structure was derived from dense SNP genotypes from 
Icelandic population controls. The level of the red color indicates the strength of the pair-wise correlation 
coefficients (r2) between SNP’s in the region. The orientation of the genes GABRG3 and OCA2 is “tail-to-
tail” in the diagram.      
 

Discussion 

 

The present genetic analysis of testicular cancer in Iceland was based on a small sample 

size in comparison to linkage studies in general. In order to increase the number of 

pedigrees in the analysis, patients were linked by greater distances than done previously, 
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from 6 up to 8 meiotic events. The prior probability of sharing between patients related 

6 to 8 meiosis is small, and each pedigree may therefore contribute strongly to the 

combined LOD score. It can be argued that distant relationships are less likely to be 

driven by inherited factors, therefore, the pedigrees that are formed on a smaller 

maximum distance i.e. 6 meiosis, are fewer but more likely to be relevant in the context 

of genetic predisposition. Only 12 pedigrees were formed on a distance of six meioses 

or less, a number that is very unlikely to reveal candidate susceptibility mutations by 

linkage analysis alone. Other complementary methods must be used to identify risk 

factors e.g. haplotype and allelic-association analysis. However these methods are not 

expected to be helpful unless a significant proportion of testicular cancer patients in the 

population carry an identical founder mutation. The analysis of tumors from pedigrees 

contributing to linkage peaks can also give complementary information, however, since 

tumor material from these pedigrees is limited, such a comparison did not add much to 

the linkage results (data not shown). In one case however, a tumor from carrier showed 

wild-type haplotype loss in a pedigree contributing to the linkage score at 20p13, in 

accordance with Knudsons two-hit theory for TSGs.     

 Of the suggestive linkage signals at 3q13.33-q22.1, 15q12-q13.3, 22q13.2-

q13.31 and 20p13, evidence suggesting the existence of a founder disease mutation was 

only found at 15q12-q13.3.  Targeted association analysis of this region identified a 

three marker risk haplotype located between the genes GABRG3 and OCA2. The 

GABRG3 gene encodes a receptor for a brain neurotransmitter which has been 

associated with alcohol dependence (Dick et al. 2004). Mutations in the OCA2 gene 

have been associated with oculocutaneous albinism, eye color variation and the risk of 

melanoma in humans (Duffy et al. 2007; Jannot et al. 2005). OCA2 encodes a trans-

membrane protein that may be involved in the transport of small molecules such as 

tyrosine (Lee et al. 1995). In addition, 15q has been described as one of the most 

unstable regions of the genome (Donlon et al. 1986). This region is involved Angelman 

and Prader-Willi (PWS) neuro-developmental syndromes caused by de-novo deletions 

in the region and imprinting effects. Interestingly, PWS which is caused by paternally 

originated deletions is characterized by hypogonadism and undescended testis which is a 

very strong risk factor for testicular cancer. The three markers of the risk haplotype are 



100 

contained in one linkage disequilibrium block (LD) according to the LD structure in the 

Icelandic population. The LD block may overlap with the last two exons of the 

GABRG3 gene, however, the marker DGS151061 which is located within the GABRG3 

gene at the block boundary seems to break up the risk haplotype. Interestingly, a 

translocation involving the testis specific gene TSPY [t(Y;15)(p11.2;q12)] involved in 

gonadoblastoma, and GABRG3, has been described in a family were a male carrier had a 

mild developmental delay and hypogonadism (Gole et al. 2004). Furthermore, the distal 

boundary of the translocation break was defined by the marker D15S1002 which is also 

the distal marker of the risk haplotype in our study (Appendix II).     

 Exploration of the cancer family history in pedigrees contributing positively to 

the LOD score at 15q12-q13.3 did not suggest segregation of a strongly predisposing 

multi-cancer syndrome mutation. Furthermore, incidences of thyroid cancer or NHL, 

which show the strongest association with familial testicular cancer (Appendix I), were 

not particularly noticeable in these pedigrees.    

 In a previous genetic-linkage study by the international testicular cancer linkage 

consortium (ITCLC), a genome-wide significant support for susceptibility locus in the 

Xq27 region was obtained. However, in follow-up studies using larger material evidence 

supporting this observation seem weakened (Crockford et al. 2006; Rapley et al. 2000). 

No significant autosomal susceptibility loci have been reported by the ITCLC in their 

genome-wide linkage scan although suggestive LOD scores (LOD>1) have been 

reported close by two of the regions reported in Appendix II, at 15q and 3q.  

 

Conclusion: Suggestive linkage signals were identified at 3q13.33-q22.1, 15q12-q13.3, 

22q13.2-q13.31 and 20p13. Additionally, three pedigrees share a common rare 

haplotype at 15q12-q13.3, which is also more common in the remaining group of 

patients as compared to population based controls. This observation, along with the 

known relation of this region to PWS, characterized by symptoms that are well known 

risk factors for testicular cancer, encourages further investigation of this area in 

independent populations.            

 



101 

Y-chromosome haplotypes in patients with prostate and testicular cancer in 

Iceland (Appendix III) 

 

In this study, the male-specific portion of the Y-chromosome (MSY) was genotyped in a 

group of prostate and testicular cancer patients and population based controls in order to 

identify genetic risk factors. Two types of analysis were performed. First, a conventional 

estimation of the odds ratio was performed for each individual haplotype. The age at 

diagnosis with respect to haplotype carrier status was further compared in the prostate 

cancer group. Secondly, a phylogenetic test of population differentiation was performed 

in order to reveal the potential effect of common gene variation that may reside on many 

different but related haplotypes. This test is based on calculating the number of 

mutational differences between subject groups in order to determine if they are derived 

from the same population. The test is highly sensitive to bias due to under- or 

overrepresentation of a family of haplotypes, rather than single haplotypes.  

  

Summary of results 

 

Genotypes for all eleven polymorphic microsatellite Y-chromosome markers were 

available for 899 prostate cancer patients, 114 testicular cancer patients and 780 male 

controls (N=780), leading to identification of 239 distinct haplotypes. Most of the Y-

chromosome haplotypes are very rare (<1%) but three occurred at a frequency higher 

than 5%. None of the haplotypes occurred at a significantly higher frequency in either 

prostate or testicular cancer patients according to OR estimates (Table 9, Appendix III). 

Four out of ten of the most common haplotypes have an OR above 1.2 in prostate cancer 

and two of these have an OR above 1.5 in testicular cancer (Table 9, Appendix III). 

Since these haplotypes are all rare, a much larger sample size would be required to 

establish a significant p-value should the risk hold true, particularly since the p-value 

needs to be corrected for the number of haplotypes tested and possibly geographical 

ancestry. Our attempts to establish a connection between Y-chromosome haplotype 

status and the age at diagnosis did not result in significant findings. Two parameters are 

estimated in the population differentiation test i.e. the mean mutational differences 
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between patient groups and the variance of the mutational differences. In case of both 

testicular and prostate cancer, the test did not indicate a different distribution of 

haplotypes between cases and controls. These results were also reflected in a haplotype-

joining diagram showing the relatedness of all the Y-chromosome haplotypes and their 

distribution in patients and controls (Figure 14).  

 

Discussion 

 

Only a handful of studies have addressed the influence of Y-chromosome variation on 

the risk of prostate and testicular cancer. One previous study found evidence supporting 

Y-chromosome influence on the risk of prostate cancer by comparing microsatellite 

polymorphism of the marker DYS19 in 90 Japanese patients and 99 controls (Ewis et al. 

2002). In addition, a large multi-ethnic study of 930 cases identified one haplotype with 

significantly elevated risk (OR=1.63, 95% CI 1.07-2.47), however, this effect seemed 

restricted to a Japanese subgroup of patients (Paracchini et al. 2003).    

 A previous study of testicular cancer in an English population did not show 

association between Y-chromosome haplotypes and testicular cancer risk (Quintana-

Murci et al. 2003). However, this study was based on a very small number of cases (N = 

43). Similarly, our study does not support the existence of a major risk factor on the Y-

chromosome in testicular cancer, but due to the small sample size, rare risk factors 

cannot be entirely excluded. In fact, a rare inherited deletion of the AZF region, present 

in a population frequency of 1.3%, has been associated with approximately two-fold risk 

of testicular cancer (Nathanson et al. 2005). Detection of such association signals was 

beyond the power of the present study.  

 

Conclusion: The results do not suggest that common gene variation on the Y-

chromosome confers risk of either prostate or testicular cancer in Iceland. However, we 

cannot rule out the possibility that rare Y-chromosome haplotypes contribute moderate 

or small risk to these diseases as suggested by studies of other populations.   
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Genetic analysis of prostate cancer in the Icelandic population (Papers III-V) 

 

Summary of results 

 
First prostate cancer risk variant on chromosome 8q24 (Paper III) 

 

Genetic-linkage analysis of 323 pedigrees consisting of 871 Icelandic prostate cancer 

patients genotyped with a set of 1068 genome-wide distributed microsatellite markers 

identified a region showing suggestive evidence for linkage (max LOD score = 2.11) at 

chromosome 8q24. The 10 Mb candidate region (125-135 mb, Genome browser, build 

34, http://genome.ucsc.edu/) was further mapped by genotyping 869 prostate cancer 

patients and 596 population controls with additional 358 microsatellite markers. 

Association analysis using these markers identified a positive association (OR=1.79, 

P=3.0 x 10-6) with the -8 allele of the marker DG8S737. This association signal was 

confirmed in an additional series of Icelandic cases (N=422) and controls (N=401). The 

frequency of the DG8S737 (-8) allele was 7.8% in controls and 13.1% in cases. A 

second round of fine-mapping focusing on the 600 kb region surrounding DG8S737, 

using 60 SNPs and 12 microsatellite markers, clearly indicated that the association 

signal was confined to a single LD block. A SNP was identified (rs1447295, allele A) 

that gave an association signal similar to DG8S737 and was highly correlated with it. 

These two markers were then genotyped in additional three patient/control series from 

Sweden (1435 cases, 779 controls) and US i.e. Chicago (458 cases and 247 controls of 

European ancestry) and Michigan (246 cases and 352 controls of African ancestry). The 

signal was confirmed in all cohorts for DG8S737 (-8) and the OR was 1.38, 2.10, 1.6, 

respectively. The rs1447295 (A) risk allele was not significant in the U.S. series, 

although in case of Chicago, this may be due to small sample size (OR=1.66, P=6.7 x 

10-3). The population attributable risk (PAR) was estimated to be about 8% in men of 

European ancestry but due to higher population frequency in African Americans, the 

PAR was two times higher, or 16%. In all the groups combined, the DG8S737 (-8) allele 

was significantly more common among patients with Gleason score 7-10 than patient 

with Gleason scores 2-6 (P=0.02). Rs1447295 showed poor correlation with DG8S737 
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in Africans as revealed by analysis of the LD block containing these markers in 

HapMap samples.  

 The 92 kb LD block containing the novel risk variants did not overlap with any 

known genes but one spliced EST (expressed sequence tag) and three single ESTs were 

found in the region. RACE (rapid amplification of cDNA ends) and RT-PCR of the 

spliced EST revealed a variant that contained as many as six exons, however, whether or 

not this potential gene codes for a functional RNA or protein remains to be 

demonstrated.    

 

Second prostate cancer risk variant on chromosome 8q24 (Paper IV) 

 

A genome-wide association analysis was performed following genotyping of 1453 

prostate cancer patients and 3064 control individuals with the Illumina HumanHap300 

Beadchip. By single marker analysis, four of the 315.515 SNPs contained on the chip 

showed a significant association to prostate cancer after correction for multiple testing 

and relatedness of the subjects. The most significant marker was rs1447295 (OR=1.71, 

P=1.6 x 10-14) at 8q24 which had been identified previously in a study of Icelandic 

cases and controls. The three other significant SNPs turned out to be in the same LD 

block as rs1447295 and were highly correlated with it. Multipoint haplotype association 

analysis performed using pre-defined LD block-restricted haplotypes of consecutive 

SNPs constructed from HapMap data, identified a second signal in the 8q24 region that 

was independent of the rs1447295 marker. The haplotype capturing this signal (HapC) 

consisted of 14 SNP alleles and was contained in an LD block 300 kb centromeric to 

rs1447295. The estimated frequency of HapC was 6.3% in affected individuals but 3.1% 

in controls. The OR for HapC was 2.08 (P=1.4 x 10-10) and the genotype risk matched a 

multiplicative model as observed previously for the rs1447295 genotypes (Paper III). In 

the HapMap data, the SNP rs16901979, that was not contained on the HumanHap300 

chip, was found to be highly correlated with HapC (r2=1). Rs16901979, the HapC SNPs 

and rs1447295, were genotyped in case control series from Spain (385 cases, 892 

controls), The Netherlands (367 cases, 1302 controls) and two U.S. series i.e. from 

Chicago (458 cases, 251 controls, European ancestry) and Baltimore (373 cases, 372 
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controls of African ancestry). All the risk variants were confirmed in the external 

case/control series except that rs1447295 (A) was not associated with the disease in 

African Americans (Baltimore) as in the previous study (Paper III). Positive carrier 

status for the rs16901979 (A) risk allele was associated with slightly earlier age at 

diagnosis in all the cohorts combined (P=0.008). The joint PAR for rs1447295 (A) and 

rs16901979 (A) was 0.13 in populations of European ancestry but 0.31 in African 

Americans. The 99-kb LD block containing HapC and the rs16901979 marker did not 

contain any genes although a few ESTs of unknown significance have been located in 

the region. 

 

Prostate cancer risk factors on chromosome 17 (Paper V) 

 

An extended genome-wide association analysis was performed using 1501 prostate 

cancer patients and 11.290 controls genotyped with the Illumina HumanHap300 

Beadchip. Apart from previously identified prostate cancer risk variants at 8q24, none of 

the 310.520 SNPs passing quality tests were significantly associated with the disease. 

However, a follow-up analysis was performed, seeking confirmation of the strongest 

association signals found at chromosome 17q, which previously has been linked to 

prostate cancer by linkage analysis. Of the SNPs located on 17q, we selected six 

showing the lowest p-values (>5 x 10-4) for further analysis. These SNPs represented 

two regions on 17q, i.e. a region of loose LD structure overlapping the 5’ end of the 

TCF2 (HNF1β) gene at 17q12 (rs7501939, rs3760511), and a gene-free region at 17q24 

(rs1859962, rs7214479, rs6501455, rs983085).  

 The candidate SNPs were genotyped in additional case control series from the 

Netherlands (997 cases, 1464 controls), Spain (456 cases, 1078 controls), and the U.S. 

(536 cases, 514 controls). One SNP in each region was significantly associated with 

prostate cancer when all four case/control series were combined i.e. rs7501939 (C) 

(OR=1.19, P=4.7 x 10-9) at 17q12 and rs1859962 (G) (OR=1.2, P= 2.5 x 10-10) at 17q24. 

In order to refine these association signals, additional SNPs that were not on the 

HumanHap300 chip, but were correlated (r2>0.5) with rs7501939 according to the 

Hapmap data, were genotyped in the same subjects. One of the correlated SNPs, 
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rs4430796, improved the association signal (OR=1.22, P=2.5 x 10-11). Genotype specific 

risks suggested a multiplicative model for rs4430796 (A), but a dominant model (full 

model) gave the best fit for rs1859962 (G). Both these risk alleles are common in all 

populations studied (>45%). Consequently, the estimated PAR was high, or 0.19 and 

0.21 for rs4430796 (A) and rs1859962 (G), respectively.  

 Since mutations of the TCF2 gene are potential risk factors in type II diabetes 

(T2D), and an inverse correlation has been described in the literature between prostate 

cancer and T2D, we genotyped rs7501939 in a group of 1380 Icelandic TD2 patients 

that were under study at deCODE genetics. A significant protective effect was shown 

for the rs7501939 (C) allele (OR=0.88, P=0.0021). To confirm these findings, both 

rs7501939 and rs4430796 were genotyped in seven additional T2D case control groups 

of European (6194 cases, 11039 controls), West African (867 cases, 1115 controls) and 

Asian (1495 cases, 993 controls) ancestry. A protective effect could be demonstrated for 

both rs7501939 (C) (OR=0.91, P=3.4 x 10-5) and rs4430796 (A) (OR=0.92, P=1.8 x 10-

5) in all these cohorts combined. Although the results for each of these groups separately 

were not always significant, the OR was consistently in the same direction.   

 

Discussion 

 

The SNPs identified in the three studies described above are the first genetic risk 

variants for prostate cancer to be confirmed in large series of subjects from diverse 

populations. Moreover, the results have been validated by independent research groups. 

By estimating African ancestry across the genome in Caucasian prostate cancer patients 

using a method called admixture mapping, Freedman et al. identified 8q24 as a major 

risk locus, and presented confirmation of the effect of rs1447295 (A) by allelic-

association analysis in the same paper (Freedman et al. 2006). The OR obtained after 

adjusting for ethnicity was slightly lower (OR=1.36, P=4.2 x 10-9) in this study than 

reported in Paper III.  

 Four studies focusing entirely on the rs1447295/DG8S737 markers, recently 

confirmed the rs1447295 (A) signal in populations from Australia and the U.S 

(Schumacher et al. 2007; Severi et al. 2007; Suuriniemi et al. 2007; Wang et al. 2007b). 
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The largest of these studies was based on 6637 cases and 7361 controls from the 

National Cancer Institute (NCI) (Schumacher et al. 2007). The rs1447295 A allele was 

significantly associated with prostate cancer among Caucasians (P=1.23 x 10-13). 

Compared to wild-type homozygotes, carriers of one copy of the disease allele had an 

OR =1.34 (95% CI 1.2-1.5), and homozygotes of the disease allele had an OR=1.86 

(95% CI 1.3-2.7). In this replication study, the effect of rs1447295 (A) was evaluated 

with respect to pathological and clinical data including tumor stage, Gleason score and 

mortality. None of these variables was correlated with positive carrier status implying 

that the variant mainly influences incidence but not progression of prostate cancer. 

Furthermore, BMI, height and family history of prostate cancer, was not associated with 

positive carrier status. In a separate replication study using 821 prostate cancer cases 

and 732 population controls from Australia, the association between the disease and 

positive rs1447295 (A) carrier status was also highly significant (P=5 x 10-4; OR=1.52, 

95% CI 1.2-1.9) (Severi et al. 2007). This study did not find association between 

positive carrier status and the aggressiveness of prostate cancer. In contrast, the results 

of a study of 1121 prostate cancer patients and 545 population-based controls from the 

U.S showed a highly significant association between rs1447295 (A) carrier status and 

both familial (OR=1.93, 95% CI 1.4-2.7) and aggressive prostate cancer (OR=1.87, 95% 

CI 1.3-2.7), but not sporadic prostate cancer (OR=1.16, 95% CI 0.8-1.6) (Wang et al. 

2007b). Another study of 630 U.S patients and 564 controls reported association 

between rs1447295 (A) carrier status and aggressive prostate cancer (OR=1.4, 95% CI 

1.2-2.8) (Suuriniemi et al. 2007). Interestingly, the two U.S studies mentioned above 

both reported a significant association between the -10 allele of the DG8S737 

microsatellite marker and aggressive prostate cancer, but did not find such an effect for 

the -8 allele which is associated to prostate cancer diagnosis in the Icelandic population 

(Suuriniemi et al. 2007; Wang et al. 2007b). However, both these microsatellite alleles 

are highly correlated with rs1447295 (A).  

 Two additional studies, recently reported a more extensive analysis of the 8q24 

region (Haiman et al. 2007b; Yeager et al. 2007). These studies confirm previous 

association with  rs1447295 and correlated markers and one of them confirms the 

association between rs16901979 (A) and prostate cancer (Haiman et al. 2007b). Both 
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studies claim the discovery of additional genetic risk variants that are independent of 

signals driven by rs1447295 or rs16901979, e.g. Haiman et al. describes discovery of 

seven independent association signals (Haiman et al. 2007b). Three of these markers are 

contained within the LD block containing rs16901979 (block 2; rs13254738, rs6983561, 

Broad11934905) and two are contained in the LD block containing rs1447295 (block 1; 

DG8S737, rs10090154). In addition, two of the markers are contained in a separate LD 

block between the previously identified signals (block 3; rs6983267, rs7000448). This 

LD block (block 3) is directly adjacent to block 1 in the centromeric direction. In the 

study by the Cancer Genetic Markers of Susceptibility project (CGEMS, 

http://cgems.cancer.gov/) the rs6983267 marker (block 3) was also identified as an 

additional risk variant. After correcting for the influence of rs1447295, this SNP 

remained highly significant (P=6.62 x 10-10) (Yeager et al. 2007). In summary, it seems 

that there are at least three genetic variants on 8q24 that independently influence the risk 

of prostate cancer.     

 The 8q24 region has not been reported previously by prostate cancer research 

teams performing genetic-linkage analysis, however, chromosome gains and 

amplifications in this region are common in prostate tumors (Alers et al. 2000). These 

alterations may be driven by selective advantage of increased MYC proto-oncogene 

copy number (Wade and Wahl 2006). Interestingly, the DG8S737 marker is located 

approximately 270 kb proximal to MYC. If we assume that cancer predisposition due to 

the two genetic variants at 8q24 is caused by the same target, the MYC gene seems to be 

the most likely candidate. However, since amplifications and increased MYC protein 

expression is observed in a variety of tumor types, including breast cancer, we would 

expect a measurable risk for rs1447295 (A) in other cancer types as well (Wade and 

Wahl 2006). In contrast, studies by both deCODE and the NCI show that this allele is 

not associated with breast cancer (Schumacher et al. 2007; Stacey et al. 2007). If the 

MYC gene contributes to the biological effect, it must do so through the action of tissue 

specific factors e.g. androgen responsive elements. Interestingly, previous studies have 

shown that MYC mediates growth signals from the androgen receptor in prostate tissue 

(Bernard et al. 2003). In addition, a binding motif for the MYC protein has also been 

described within the androgen receptor gene (Grad et al. 1999). The possible 
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contribution of hormones in the biological effect conferred by the 8q24 risk variants 

remain to be elucidated.  

 Although the marker rs1447295 does not seem associated to breast cancer, 

recent results suggest that the 8q24 candidate region may also be of importance in both 

colorectal and breast cancer. The marker rs6983267, previously identified as a prostate 

cancer risk variant in the studies of Haiman et al. and Yeager et al. (Haiman et al. 

2007b; Yeager et al. 2007) was also identified as a major risk factor in colorectal cancer 

by independent studies (Gruber et al. 2007; Haiman et al. 2007a; Tomlinson et al. 2007; 

Zanke et al. 2007). This marker has common alleles (minor allele frequency >0.4) in 

Caucasians and is associated with an OR ~1.2 in both colorectal and prostate cancer 

(Haiman et al. 2007a). Another study identified yet another variant at 8q24 

(rs13281615) that was among the six most significant hits in a large genome-wide 

association study of breast cancer (Easton et al. 2007). This variant also has a high 

minor allele frequency (0.4) and is associated with a modest increase in the risk of 

breast cancer (OR~1.08). This risk variant is located ~60 kilobases centromeric to 

rs6983267, in a distinct LD block. These results suggest that at least one of the genetic 

risk variants at 8q24 may contribute to more than one cancer type although most seem to 

be tissue specific.    

 
Locus          SNP variant   Ctrl.freq OR (CI 95%)         PAR 
 
8q24  rs1447295 (A)  0.09  1.60 (1.43-1.77) 0.08  
8q24  rs16901979 (A) 0.03  1.79 (1.53-2.11) 0.04 
17q12  rs4430796 (A)  0.49  1.22 (1.15-1.30) 0.19  
17q24  rs1859962 (G)  0.46  1.20 (1.14-1.27) 0.21 
 

Table 3. Summary of genetic risk variants identified in the Icelandic population by allelic-association.  
 
Shown is the cytogenetic location, risk allele name, frequency of the risk allele in disease free individuals, 
odds ratio (OR) with the accompanying 95% confidence intervals and the estimated population 
attributable risk (PAR). Two of the variants are located on distinct LD blocks at 8q24 that are separated 
by 300 kb but independently confer risk of prostate cancer. The combined PAR for the 8q24 variants is 
13% in populations of European ancestry (Paper IV). The 17q variants confer lower risk but higher PAR 
in  populations of European ancestry due to high population frequency. 
 

 At present, there have not been any independent follow-up studies that especially 

target the prostate cancer risk variants identified on chromosome 17q. However, these 
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markers were genotyped in a large number of cases and controls by the CGEMS 

(http://cgems.cancer.gov/). Although the 17q markers do not reach genome-wide 

significance in the CGEMS series, they are nominally significant, and show the same 

direction of allele differences between cases and controls as reported in Paper V. The 

CGEMS results can therefore be considered as an independent confirmation of the 

results.       

 The genetic signal observed at 17q24 is in some distance (~1 mb) proximal to 

the SOX9 gene and distal to KCNJ2. Despite the long distance, DNA elements that are 

located in the vicinity of the marker rs1859962 have been shown to influence expression 

of SOX9 (Bishop et al. 2000; Hill-Harfe et al. 2005). SOX9 is involved in sex-

determination and may influence differentiation of Sertoli cells of the testis (Morais da 

Silva et al. 1996). Interestingly, this transcription factor has also been shown to regulate 

the expression of the androgen receptor in prostate cancer (Wang et al. 2007a).   

 The TCF2 gene on chromosome 17q12 encodes a transcription factor which is 

probably involved in early differentiation of epithelial cells. Mutations of the gene are a 

known cause of MODY5 syndrome (maturity-onset diabetes of the young type 5) which 

includes renal cysts and diabetes syndrome (Bellanne-Chantelot et al. 2004; Edghill et 

al. 2006; Horikawa et al. 1997). Potential risk variants within this gene have also been 

identified in patients with T2D (Furuta et al. 2002). The inverse effect of rs7501939 

carrier status in prostate cancer and T2D is in-line with the results of epidemiological 

studies showing significantly decreased risk of prostate cancer among patients 

diagnosed with T2D (Calton et al. 2007; Kasper and Giovannucci 2006). It has been 

speculated that this effect is caused by decreased levels of IGF-1 and testosterone that 

has been observed in diabetes patients (Giovannucci et al. 2003; Rhoden et al. 2005). 

Expression of TCF2 has been observed in progenitor cells of the mouse pancreas 

suggesting involvement in cellular differentiation of the pancreas. Interestingly, the 

development of the pancreas in mice appears to be partly controlled by feedback circuits 

between expression of TCF2 and SOX9, which also is required for maintaining the 

pancreatic progenitor cell pool (Lynn et al. 2007; Seymour et al. 2007). The relationship 

between diabetes and prostate cancer has been known for a long time although clear 
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statistical support is relatively recent. The identification of a genetic factor contributing 

to this effect will greatly facilitate identification of the underlying molecular events.      

 Further experimental data is needed in order to establish a link between the 

genetic risk variants identified in our studies and the three candidate genes i.e. MYC, 

SOX9 and TCF2. The effect of these variants could also be due to other genes or genetic 

elements that are located within our candidate regions. The identification of the true 

molecular targets is not necessarily an easy task since the risk conferred by these genetic 

variants is relatively low and we can expect the biological differences between carriers 

and non-carriers to be subtle.   

 

Conclusion: To summarize the results of these three papers, we have identified four 

common genetic variants which confer low-to-moderate increase in the risk of prostate 

cancer, of which one is protective against diabetes type II.  

 

Contribution of the identified genetic risk factors to co-segregation of prostate and 
testicular cancer 
 

Targeted association analysis clearly shows that the 15q12-q13.3 risk haplotype 

identified in testicular cancer (Appendix II) does not influence the risk of prostate 

cancer. In fact, the frequency of the risk variant (1.2%, N=1466) was less than the 

frequency observed in control subjects (OR=0.78, p-value 0.28). This may have been 

anticipated since prostate cancer is rare in the testicular cancer pedigrees showing 

segregation of the risk haplotype. Furthermore, the 8q24 and 17q24 risk variants 

identified as moderate-to-low risk factors for prostate cancer did not show increased 

frequency in the testicular cancer cases (N=148) (table 4).  
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Variant   Region N controls   N patients  OR P-value 
 
rs1447295 (A)  8q24  12828  148  0.82 0.28  
rs16901979 (A) 8q24  7333  147  0.89 0.67  
rs4430796 (A)  17q12  12788  148  1.25 0.06   
rs1859962 (G)  17q24  12763  147  0.96 0.70  
 

Table 4. Allele association analysis of four prostate cancer risk variants in testicular cancer.  
 
The name of the variant, chromosome location, OR, p-value and the number of subjects in the cases and 
control groups is given.    
 

Association analysis of the risk variant within the TCF2 gene generated OR that was 

comparable to that obtained in association analysis of prostate cancer, however, this was 

not significant and could be a side-effect of the small sample size (N=148).   

 

Conclusion: None of the nucleotide variants conferring risk of either prostate or 

testicular cancer seem likely to drive the familial co-clustering of prostate and testicular 

cancer, however, the effect of the low-risk prostate cancer variants, particularly in 

TCF2, needs to be further evaluated using a larger set of testicular cancer cases.    
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GENERAL DISCUSSION, CONCLUSIONS AND SUGGESTIONS FOR 

FURTHER WORK 

 

The major aim of this thesis was to identify genetic risk factors in cancers of the testis 

and prostate, cancer types originating in organs that contribute to sperm production and 

male hormone levels (Marieb 1998). Although the cellular origin of these cancer types 

is distinct, there are several reasons for viewing potential genetic risk factors influencing 

these cancer types in context. Androgen metabolism is central to both diseases but is 

presumed to influence them in a different manner i.e. deprivation early in fetal life may 

cause testicular atrophy and cancer while high serum levels later in life may promote 

prostate cancer. In accordance, it has been suggested that genetic variants modifying 

androgen activity such as glutamine repeat length in the androgen receptor, influences 

risk of both types of cancers, but adversely (Garolla et al. 2005; Giwercman et al. 2004; 

Stanford et al. 1997). The vicinity of these organs also suggests that they may share risk 

factors e.g. chemical or infectious carcinogens. Therefore, defects in genes encoding 

proteins protecting against carcinogens might confer susceptibility to both cancer types. 

Finally, a related argument can be made for overlapping genetic etiology of the male-

specific cancers on the basis of general cancer predisposition i.e. mutations affecting 

“housekeeping” functions such as DNA repair, can be expected to predispose to cancer 

in many organs. Some cancer syndromes such as Li-Fraumeni, HBOC and HNPCC are 

attributed to mutations in such genes (Lynch et al. 1994; Lynch et al. 1997).       

 The number of affected individuals that can possibly be recruited from the 

Icelandic population sets limits to the scope of the current study. In particular, the 

number of testicular cancer patients does not favor the detection of common genetic 

variants conferring low to moderate risk by association analysis. For the purpose of 

identifying high-risk alleles with genetic-linkage analysis, the number of testicular 

cancer pedigrees is also a limiting factor. However, in case of high risk founder 

mutations such as the Icelandic 999del5 mutation in BRCA2 causing breast cancer, a 

combination of linkage, haplotype and allelic-association could prove successful 

(Gudmundsson et al. 1996). Indeed, we identified a region by linkage analysis on 

chromosome 15q12-q13.3 that showed haplotype sharing between three pedigrees, 
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including two out of three affected siblings with testicular cancer in the population. In 

relation to the familiality observed in testicular cancer, it is clear that if carriers of the 

15q12-q13.3 haplotype are removed, very little remains of the excess familiality 

observed in the Icelandic population. In fact, the sibling risk (RR~6-13) is the highest in 

testicular cancer for any cancer type. Although extensive pedigree analysis did not find 

a close genealogical path linking the affected brother-pairs in the Icelandic population, 

the observation that these pedigrees contributed in three out of four linkage peaks 

reported, supports genetic influences. The findings may favor a genetic model for 

testicular cancer that assumes an interaction between two or more rare genetic factors 

(epistasis), instead of a recessive or X-linked mode of inheritance as previously 

suggested (Heimdal et al. 1997). However, this should be viewed in context of the small 

sample size and the possibility of genetic heterogeneity.     

 In prostate cancer, rare predisposing mutations have been previously reported in 

studies of populations outside Iceland (Carpten et al. 2002; Tavtigian et al. 2001; Xu et 

al. 2002a). In most cases, large families with early diagnosis and Mendelian compatible 

transmission have contributed to these findings. Although genetic epidemiology 

evidence shows that the level of familiality in Iceland is similar to that observed in other 

populations, there are some important differences. Most notably, the age at diagnosis of 

prostate cancer in Iceland does not seem related to the level of familiality suggesting 

that highly penetrant risk variants are simply lacking in this population. We also 

observed this at the pedigree level i.e. through a systematic search of high-risk pedigrees 

we did not identify any multi-generational pedigree with a substantially low age at 

diagnosis of prostate cancer (unpublished data). This is also in-line with our genetic 

studies that have failed to confirm the effect of the rare prostate variants identified in 

other populations. Subsequently, the genetic etiology of prostate cancer in the Icelandic 

population might largely be attributed to low risk variants. By a combination of linkage 

and allelic-association analysis we identified four novel prostate cancer risk variants that 

confer low-to-moderate risk of the disease, two in 8q24 and one each in 17q12 and 

17q24. Importantly, the effects of these variants were confirmed in independent case-

control series from Europe and the US. The 8q24 variants have additionally been 

confirmed by independent research groups using populations of different ethnicity 
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which further establishes these findings as an important milestone in the field of prostate 

cancer genetics (Freedman et al. 2006; Haiman et al. 2007b; Platz 2007; Schumacher et 

al. 2007; Wang et al. 2007b; Yeager et al. 2007). These variants represent the first 

genetic risk factors of prostate cancer to be consistently replicated across different 

populations.   

 The studies included in the present thesis report the association of common 

genetic risk variants at 8q24, 17q12 and 17q24 in prostate cancer. Furthermore, a rare 

variant located in the PWS region at 15q12-q13.3 was identified as a potentially 

important risk factor in testicular cancer. Apart from further statistical evaluation of the 

impact of the prostate cancer risk variants in testicular cancer in extended patient series, 

the genetic risk variants need to be systematically evaluated in other cancer types in 

order to fully understand the tissue specificity. Future statistical tasks also include 

identifying potential confounding factors, both genetic and environmental, that may 

shed further light on the manner in which these variants influence cancer formation. 

Already, the results accumulated for the 8q24 prostate cancer risk factors can be 

translated into risk models and used to identify individuals within a healthy male 

population that have over four-fold risk of the disease. The use of genotype information 

for prediction of disease outcome or response to particular type of therapy is an 

additional possibility that needs to be addressed in large case-control settings involving 

thousands of participants. The biological characterization of these risk variants is urgent 

and may open up new possibilities in the prevention and treatment of the male-specific 

cancers. Although three of the four risk variants are not associated with known genes, 

eventually they facilitate tumorigenesis by effecting the expression of critical genes. The 

influence of the variants on gene expression needs to be evaluated in systems using 

malignant and non-malignant prostate tissue and cell lines. Furthermore, experiments 

characterizing transcription factors binding to these regions, chromosome 

rearrangements, and other possible events leading to the malignant phenotype, need to 

be carried out in order to reveal the route by which these variants influence the 

transformation process. 
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APPENDIX I: FAMILIAL TESTICULAR CANCER IN ICELAND 

 

Background 

 

Testicular cancer is one of the most common neoplasm affecting young males at 

ages 15-35 years, particularly in Western countries. The incidence of this disease has 

increased substantially over the last decades, possibly due to rising levels of man-made 

chemicals in the environment (Huyghe et al. 2003; Jensen et al. 1995; Pflieger-Bruss et 

al. 2004). Several risk factors have been identified including a history of undescended 

testis (cryptorchidism), testicular dysgenesis, infertility, Klinefelter´s syndrome and 

prior diagnosis of testicular lesions (Lanfranco et al. 2004; Oliver 1997; Schottenfeld et 

al. 1980).  

A contribution of genetics to the risk of testicular cancer has been proposed on 

basis of its occurrence among close relatives. Brothers of patients are particularly at 

high risk of developing the disease (4-12 fold), but the risk appears to be much smaller 

for fathers and sons (Heimdal et al. 1996b; Sonneveld et al. 1999b). In addition, 

testicular cancer patients have been shown to cluster in families with patients affected 

by other types of cancers including lip cancer, melanoma, leukaemia and lymphoma, 

suggesting common underlying genetic factors (Thomas et al. 1999).  A study of 

familial cancer incidence in Sweden suggested that inheritance may explain up to 25% 

of the risk promoting testicular cancer (Czene et al. 2002). Only two other cancer 

phenotypes had a greater risk attributable to genetic factors in this study i.e. cancer of 

the thyroid gland (53%) and a combined phenotype for the endocrine system (28%). 

Likewise, testicular cancer shows among the greatest familiality in studies of cancer 

occurrences in the Utah Population Database (Cannon-Albright et al. 1994).  

Many of the pedigrees identified in studies evaluating the familiality of testicular 

cancer consist of affected brothers. However, such occurrences may be influenced by 

shared environment in childhood in addition to genetic factors. Maternal environment 

during pregnancy is thought to be particularly important in this regard and a number of 

studies support the hypothesis that high levels of intra-uterine estrogens elevate the risk 
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of subsequent testicular cancer in sons (Depue et al. 1983; Henderson et al. 1979; 

Sabroe and Olsen 1998; Swerdlow et al. 1987a). In order to identify characteristics of 

testicular cancer associated with genetic susceptibility, it may therefore be necessary to 

include more distantly affected relatives in the family criteria. 

The extensive and reliable sources of genealogical information in Iceland have 

proved to be valuable for studies of genetic disease. A genealogy database constructed 

by deCODE Genetics presently contains over 700.000 entries, including nearly all 

Icelanders born from the 18th to 21st century, and a large fraction of inhabitants ever 

living to adulthood since the country was settled eleven centuries ago (Hakonarson et al. 

2003).  

In our previous study of cancer familiality in Iceland, joining information from 

the genealogy database and the Icelandic Cancer Registry (ICR), the risk of testicular 

cancer was found to be significantly elevated in both 1st and 4th degree relatives (RR = 

3.52 and 1.86) suggesting contribution of genetic components to the risk (Amundadottir 

et al. 2004). Furthermore, increased risk of cancer at other sites was found in relatives of 

testicular cancer patients e.g. prostate (RR = 1.59) and oesophageal cancer (RR = 2.37) 

incidence was elevated in 1st degree relatives. The risk of prostate cancer (RR = 1.23), 

stomach cancer (RR = 1.35) and myeloid leukaemia (RR = 1.97) was increased in 2nd 

degree relatives. Breast (RR = 1.23), thyroid (RR = 1.40) and colon cancer (RR = 1.33) 

incidence was elevated in 3rd degree relatives and prostate (RR = 1.17), and lung cancer 

(RR = 1.11) in 4th degree relatives. 

 In the present analysis, we extend these findings by applying kinship 

calculations and studying the characteristics of familial testicular cancer cases defined 

by weighting the potential genetic contribution of all known ancestors of patients born 

between the years 1810 and 1850. These approaches may help to identify phenotypic 

associations formed by strongly predisposing genes and yield information that will 

prove useful for modelling future genetic analysis.       
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Materials and methods 

 

This study is population-based, including every registered case of testicular cancer in 

Iceland since 1955. A list of patients diagnosed during the period 1955 to 2002 with 

testicular cancer of germ-cell origin (n=222) was obtained from the ICR. From the 

Department of Pathology, University Hospital of Iceland (DPLSH), we obtained 

information on additional 17 testicular cancer cases that were diagnosed before January 

1955. All available histology sections from the tumors (n=214) were re-evaluated by a 

pathologist (BAA). Seminoma histology was manifested in 118 patients with a median 

age at onset 38.5 years. Non-seminoma was observed in 96 patients, of which 70 were 

mixed germ-cell tumors, 18 embryonal carcinomas, 6 teratomas and one childhood yolk 

sac tumor. The median age at diagnosis of non-seminoma was 28 years. Eighteen 

patients were diagnosed with a second primary cancer in a different organ, all of which 

occurred after the diagnosis of TC. These include prostate cancer (n=3), non-Hodgkins 

lymphoma (n=3), stomach cancer (n=2) and urinary bladder cancer (n=2). Cancer of the 

brain, lung, kidney, rectum, skin (non-melanoma) and thyroid, as well as leukemia and 

melanoma occurred in one patient each.  For further classification, a total of 27 

phenotypes were defined according to the 10th revision of the International classification 

of diseases (ICD) and SNOMED morphology codes (Cimino 1996).  

Relatedness was assessed by calculating the genealogical index of familiality 

(GIF). This method, which is based on kinship coefficients (KC), has been used 

previously to estimate familiality of cancer in Iceland and the Utah genealogy 

(Gudbjartsson et al. 2002; Thomas et al. 1999). KCs express the probability that 

homologues autosomal genes, picked at random from two individuals are identical by 

descent. Using information in deCODE Genetics genealogy database, KCs were 

calculated for all possible paths of common ancestry except those exceeding nine 

meiotic events in the genealogy database. Relatedness in a particular group of patients 

was evaluated by averaging KCs between all possible pairs of individuals within that 

group (PKC). Parallel calculations were made for 1000 equally sized control groups 

(CKC) in order to establish a test of significance. The mean of the distribution for all 

CKCs (MCKC) and associated standard deviation (STdev CKC) was calculated and the 
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GIF (standardized) was then obtained as follows: (PKC-MCKC)/STdev CKC. 

Estimation of relatedness between two patient groups, a and b, was done by averaging 

KCs between all possible ab pairs of individuals. In this case, the level of significance 

was found from the distribution of 1000 estimations with both groups a and b 

substituted by controls. The GIF was calculated in the same manner as described above. 

Individuals selected from the genealogy database as controls were matched to the 

subjects for sex, year of birth, and connectivity i.e. the number of known founders five 

generations back in the genealogical database. In order to determine the importance of 

more distant relations, relationships of distance from 1st to 5th degree were successively 

excluded in estimations of the GIF. As an example, a modified GIF excluding paths 

shorter than three meiotic events (GIF2), ignores KCs from relationships of proband to 

parents, grandparents, children, grandchildren, and siblings.  

The risk of cancer in relatives of testicular cancer patients (risk ratios, RRs) was 

estimated as previously by computing the ratio of cancer incidence in a group of 

relatives to that observed in a sample representing the general population (Amundadottir 

et al. 2004). Calculations of GIF and RR were performed with all cancer types in the 

ICR counting more than 200 patients in December 2002.  

Familial testicular cancer was defined through risk estimates calculated for 

ancestors in the genealogy database (ARR). The calculations were based on 239 

testicular cancer patients (PT) of the combined ICR and DPLSH lists. For this patient 

group, we identified all ancestors born later than the year 1505. Then, we counted the 

total number of descendants in Iceland of these ancestors born within the birth-year 

range of the patients (UT). For each individual ancestor, we counted his or her total 

number of descendants (UN), born within the patients birth-year range, and the subset of 

descendants that were testicular cancer patients (PN). Finally, the risk of inheriting 

testicular cancer predisposition from each ancestor was evaluated by calculating the 

“ancestor relative risk” (ARR) = (PN/PT)/(UN/UT). Familial testicular cancer cases 

were selected from the pedigrees of ancestors born between 1810 and 1850, that had 

ARR values >12 (n=27). Other cancer types were mapped to these pedigrees by cross-

matching identifiers for descendents of each ancestor to a list containing all incidences 

of cancer in 1st and 2nd degree relatives of the patients. For statistical evaluation, cancer 
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occurrences were ignored if they were incompatible with the pattern of inheritance as 

delineated by testicular cancer cases. Incidence of other cancer types in the selected 

testicular cancer pedigrees was assessed by relative risk estimates using 95% confidence 

limits obtained by the method of Armitage and Berry (Armitage and Berry 1994).  

The histology type was compared between familial and non-familial cases using 

a chi-square test. A Kolmogorov-Smirnoff (KS) non-parametric test was used to assess 

differences in the age at onset between these patients groups. Calculation of the ARR 

and identification of familial testicular cancer cases was performed at deCODE genetics, 

using in-house genealogy clustering tools.  

All subjects lists used were encrypted by the national Data Protection Authorities 

(DPA). The study has been approved by the Icelandic National Bioethics Committee 

(ref. 00/087-AF) and the DPA. 

 

Results 

 

In the present study, we calculated kinship coefficients, RRs, and characterized 

the cancer spectrum in selected testicular cancer pedigrees in order to obtain a better 

understanding of genetic influences in the etiology of testicular cancer. The analysis 

covered 27 cancer types counting 29.039 cases registered in the ICR.     

 

Kinship calculations  

 

KC based estimations of the genealogy index of familiality (GIF) extend deep 

into the genealogy and take a large number of relationships into account which may 

seem suitable for detection of genetic influences in rare diseases. The results are shown 

in table 5. Overall, testicular cancer patients were significantly more related to each 

other than individuals in matched control groups (p=0.006). The GIF was approximately 

three standard deviations (2.97) higher than the mean GIF for the control groups. Excess 

kinship was not solely contributed by close relatives since excluding paths of common 

ancestry that were five meiotic events or less (GIF4) still resulted in a significant p-

value (p=0.007). Estimations of GIF were also done separately for the two major 
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histology groups (data not shown). Patients affected with non-seminoma were more 

related to one another than expected by chance but not patients with seminoma. The GIF 

for non-seminoma was 4.15 (p=0.004) and was also significant after excluding paths of 

1-2 meioses, or 4.7 (GIF1, p=0.002) and 2.9 (GIF2, p=0.010) respectively.  

Patients with non-Hodgkins lymphoma (NHL) and thyroid cancer were 

significantly related to the testicular cancer patients. The relatedness remained 

significant when connections to parents and children were excluded (GIF1), but only 

NHL was significant when relationships to siblings and grandparents were also excluded 

(GIF2). Cancer of connective tissue also showed significant kinship with testicular 

cancer, but only after omitting relations between the probands and parents and children 

(GIF1).  

 

 

 

Table 5. Evaluation of kinship between testicular cancer patients and patients diagnosed with cancer 
at 26 other sites by the genealogical index of familiality (GIF) 
 

GIF was calculated by including all possible paths of common ancestry (GIF), or excluding short paths 
corresponding to a maximum distance of 1-5 meiotic events between patients (GIF1-5, see materials and 
methods). * Estimates of kinship within the testicular cancer patient group. 
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Relative risk calculations  

 

Estimates of RR for close relatives of testicular cancer patients and their mates 

are presented in table 6. The increased risk of testicular cancer among 1st degree 

relatives appears to be solely due to contribution of affected brothers (RR = 5.7) as none 

of the testicular cancer patients had an affected father or son. The relative risk of 

testicular cancer among nephews and uncles was increased, but not significantly so. The 

incidence of other cancer types was not significantly elevated in fathers of patients, 

however, mothers had an increased incidence of esophageal cancer (RR= 7.28) and 

colon cancer (RR = 2.44). Siblings were at a higher risk of developing Hodgkins disease 

(RR = 4.13) in addition to testicular cancer.  Six cancer types showed significantly 

elevated relative risk in grandparents, including cancer of the cervix (RR = 3.52), 

leukemia (RR = 3.20), liver (RR = 2.67), bladder (RR = 2.04), lung (RR = 1.78), and 

stomach (RR = 1.60). Finally, we observed significantly increased relative risk of non-

Hodgkins lymphoma (RR = 2.22) and thyroid cancer (RR = 1.75) in aunts and uncles.  

 
Table 6. Cancer occurrence in close relatives and mates of Icelandic testicular cancer patients 
 
Significant risk ratios (RR) are indicated by boldface characters. The 95% confidence interval is given for 
each estimate of RR.   
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Characterization of testicular cancer pedigrees associated with high ARR estimates 

 

By establishing a set of selected testicular cancer pedigrees through ancestral 

relative risk (ARR) estimates, we believe that more specific questions can be asked 

concerning the nature of the associations already detected by the KC and RR methods. 

Familial cases were defined by ancestors with more than twelve times the expected 

prevalence of testicular cancer among descendants. By choosing this arbitrary cut-off, a 

total of 27 pedigrees were formed. These included 23% of the testicular cancer cases (n 

= 54) which is in-line with previous estimates of genetic contribution in this disease 

(Czene et al. 2002; Heimdal et al. 1996a; Nicholson and Harland 1995). 

Most of the testicular cancer pedigrees consisted of two testicular cancer patients 

(n=23), three pedigrees contained three patients and a single pedigree consisted of four 

patients. Overlap was allowed between pedigrees so that five of the patients appear in 

two families. The median age at onset for testicular cancer patients within the pedigrees 

was 29 years, or ten years younger than other testicular cancer patients. The difference 

between the groups was highly significant (p-value =0.004). Non-seminoma histology 

was more common among familial cases, or 59%, in comparison to 40% in other 

patients. The difference was significant by the chi-square test (p=0.032). Examples of 

four of the testicular cancer pedigrees are shown in figure 11. 

A total of 718 1st and 2nd degree relatives of testicular cancer patients were 

diagnosed with other cancer types. Out of these, 10% (n=72) mapped into the selected 

testicular cancer pedigrees in a manner consistent with the transmission of an autosomal 

susceptibility allele. Within these testicular cancer pedigrees, we observed elevated 

incidences (RR >1.5) for cancer of small intestine (RR=9.9; 95%CI 1.4-69), Hodgkins 

disease (RR= 10.1 95%CI 2.1-49), non-Hodgkins lymphoma (RR=4.0; 95%CI 1.3-

12.6), brain cancer (RR=3.7; 95%CI 1.2-11.2) and thyroid cancer (RR=2.40; 95%CI 

1.1-5.24). However, the number of cases within the selected testicular cancer pedigrees 

was usually small (n=2-7) and in no case did the significance survive a Bonferroni 

correction for multiple testing. The observed histology at each of these cancer sites was 

usually in keeping with the expected histology spectrum although two occurrences of 

small intestinal cancer in the selected pedigrees turned out to be malignant carcinoid 
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tumors which are extremily rare. A further search for malignant intestinal carcinoids 

among all 1st and 2nd degree relatives of testicular cancer patients revealed additional 

three cases, one located in the small intestine and two in the stomach. Interestingly, out 

of the five cases found, four belonged to testicular cancer pedigrees associated with high 

ARR (RR=41; 95%CI 4.6-362). However, since this discovery is made by retrospective 

inspection of the histology assignment, the possibility of observation bias must be taken 

into account.     

Within the selected testicular cancer pedigrees, the distribution of age at 

diagnosis for cancer types other than testicular cancer did not markedly deviate from the 

mean except for thyroid cancer, in which case all seven patients were diagnosed at 

young age i.e. 40 or younger (p-value = 0.0006).   

We investigated the occurrence of multiple primary cancer, childhood cancers 

and specific histology types within the selected testicular cancer pedigrees in order to 

identify patterns of known cancer syndromes. Multiple primary cancers were identified 

in 55 of the 718 affected relatives (7.7%) and three cases of childhood cancers were 

found (0.4%). In two of the 27 (7%) pedigrees, a childhood cancer was diagnosed in a 

close relative of a testicular cancer patient. One of them had astrocytoma of the brain, 

and the other acute myeloid leukemia. Interestingly, parents of both these patients had 

early onset thyroid cancer in addition to a primary cancer at other site i.e. breast and 

non-Hodgkins lymphoma. Both pedigrees are compatible with the definition of the Li-

Fraumeni like syndrome. One of the pedigrees is displayed in figure 11 (Ped-1). Other 

unusual findings in this pedigree include a malignant meningioma and a neuroendocrine 

tumor of the pancreas. Testicular cancer patients or relatives with multiple primary 

cancers (n=73) were found in three additional pedigrees, however, the cancer spectrum 

surrounding these patients did not match a known cancer syndrome.  
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Figure 11. Examples of four testicular cancer pedigrees selected by ancestor relative risk (ARR) 
estimates. 
 
The ARR associated with the founders of each pedigree is given. This estimate reflects the relative 
incidence of testicular cancer among descendents of founders in the genealogy database that were born 
between 1810 and 1850 (see materials and methods). Patients diagnosed with other cancer types are 
displayed only if they were 1st or 2nd degree relatives of a testicular cancer patient. Three of the pedigrees 
(Ped-1, 3, 4) have distant branches containing additional testicular cancer patients that are not shown. For 
the sake of personal protection issues, the pedigrees have been modified slightly. Unaffected siblings or 
children not needed for the pedigree structures were omitted. The patient age at onset of cancer is shown 
approximated to five year periods. The cancer type/site is given; se = seminoma, ns= non-seminoma, bn = 
brain, br = breast, ho = Hodgkins disease, lp = lip, lu = lung, mn = meningioma, nhl = non-Hodgkins-
lymphoma, ov = ovary, pa = pancreas, pr = prostate, si= small intestine, st = stomach, th = thyroid.  
 

Discussion 

 

The importance of familial influences in the development of testicular cancer has 

been underlined by many previous studies (Czene et al. 2002; Heimdal et al. 1996a; 

Nicholson and Harland 1995; Tollerud et al. 1985). However, the majority of these are 

based on information gathered on close relatives of the patients, in which case both 

genetic and environmental factors may strongly influence the results. The availability of 

extensive genealogical data in Iceland allows distant relatives to be more accurately 

linked than possible elsewhere. Since distant relatives are not expected to share 



126 

environment more than individuals in the background population, excess of such 

relations within a group of patients is generally taken to signify genetic contribution. We 

have shown by RR and kinship calculations, that patients with testicular cancer in the 

Icelandic population are more related to one another than individuals in groups of 

matched controls. The degree of relatedness extends to members outside the nuclear 

family, i.e. to 4th degree relatives, suggesting that genetic factors are important 

contributors to the risk of TC.     

Characteristics of familial testicular cancer in the Icelandic population include 

diagnosis at early age (~10 years earlier) and preference for non-seminoma. These two 

factors are related to each other as non-seminoma histology is generally presented 

earlier in life. However, younger diagnosis was observed for both major histology types 

among familial testicular cancer cases suggesting that age at onset is an independent 

predictor of familiality. The relationship between age at onset and familial cancer in 

general has been well established although it is not commonly reported in studies of 

testicular cancer (Forman et al. 1992; Heimdal et al. 1996a). The relationship between 

histology type of testicular cancer and family clustering has not been described 

previously in humans although one form of genetic susceptibility in mice appears to 

predispose specifically to teratoma, a histology commonly present in non-seminoma 

tumors (Asada et al. 1994).   

Characterization of familial testicular cancer in previous studies has mostly 

relied on the rare occurrences of the disease in brothers or fathers of patients. In this 

study, affected brothers constituted only 2.5% (n=6) of the total patient material. 

According to the genealogy database, the three families harboring affected brothers 

were no more related to each other than average persons in the population. In addition, 

these pedigrees appeared not to be associated with a particularly high ARR estimates. 

This may contrast the general view that relatively high incidence of the disease in 

brothers can be taken as a sign of genetic predisposition. However, it cannot be 

excluded that occurrence of testicular cancer in brothers reflect unique combinations of 

parental alleles or recently generated mutations. The series of testicular cancer pedigrees 

characterized in this study is in accordance with the conclusion of a recent Norwegian 

study indicating that distribution of family susceptibility is skewed, so that most 
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testicular cancer families have a very low risk and only a few families, mostly those 

characterized by affected brothers, have a high risk of the disease (Moger et al. 2004).  It 

is also of interest to note that most of the pedigrees identified through “high-risk” 

ancestors had a small number of patients (2-4) indicating that the segregating 

susceptibility alleles confer low life-time risk of the disease.   

According to estimation of kinship between cancer sites, the strongest familial 

association was between testicular cancer and non-Hodgkins lymphoma (NHL). We also 

found that NHL occurs commonly in our set of selected testicular cancer families further 

suggesting the involvement of shared genetic factors. Moreover, NHL was the most 

common type of second primary cancer in testicular cancer patients although this may 

be related to the side-effects of therapy. The majority of NHL diagnosed in testicular 

cancer relatives (70%) and every case occurring as a second primary in testicular cancer 

patients were categorized as diffuse large cell lymphomas. A familial association 

between testicular cancer and lymphomas has also been shown in some previous studies 

(Hemminki and Li 2004; Thomas et al. 1999). Cancer syndromes that clearly include 

testicular cancer and NHL do not exist, however, both types of malignancy may occur at 

elevated frequency in Klinefelter´s disease caused by congenital aberrations involving 

the X-chromosome (Lanfranco et al. 2004).  

 The kinship calculations also indicated an association between testicular cancer 

and cancer of the thyroid. Like NHL, thyroid cancer was also overrepresented within the 

testicular cancer pedigrees selected by ARR estimates. Interestingly, every thyroid 

cancer case within these pedigrees was diagnosed at early age (23-40 years). However, 

none was diagnosed as medullary thyroid cancer which would have suggested an 

underlying predisposition to multiple endocrine neoplasia type II (Utiger 1994).  

 Other cancer types that were commonly observed in the selected testicular 

cancer pedigrees included Hodgkins disease, cancer of the brain, and carcinoid tumor of 

the gastrointestinal tract. An association of brain cancer and carcinoid tumor is seen in 

neurofibromatosis type 1, a MEN syndrome that is mainly characterized by 

predisposition to fibromatous tumors of the skin (Hirsch et al. 2001; Korf 2000). Of the 

known cancer predisposing genes, none is associated with a spectrum of cancer 

observed in the testicular cancer pedigrees although some overlap can be found.  For 
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example, the PTEN gene on chromosome 10q23 has been implicated in cancer of the 

brain, breast, prostate, testis, thyroid and non-hodgkins lymphoma. Germ-line mutations 

in this gene account for Cowdens disease and the Bannayan-Zonana syndrome, 

characterized by increased frequency of intestinal hamartomas and various cancers 

(Butler et al. 1999; Eng 1999; Kimura et al. 2003; Li et al. 1997; Nakahara et al. 1998; 

Sansal and Sellers 2004).   

 Among the selected testicular cancer pedigrees, two were compatible with a mild 

form of the Li-Fraumeni syndrome (Birch et al. 1994). Common to these two pedigrees 

is diagnosis of a childhood cancer (astrocytoma of brain and acute myeloid leukemia), 

multiple primary cancer, breast cancer and early onset thyroid cancer. Other cancer 

types in these pedigrees include benign and malignant meningioma, neuroendocrine 

tumor of pancreas, non-Hodgkin lymphoma and carcinoid tumor of small intestine. An 

association of testicular cancer with Li-Fraumeni syndrome has been proposed 

previously, however the cancer spectrum observed in the two candidate pedigrees is not 

typical of segregating TP53 or CHK2 gene mutations causing the Li-Fraumeni 

syndrome (Birch et al. 1994; Hartley et al. 1989; Heimdal et al. 1996b). Since the two 

pedigrees include all cancer types overrepresented in the selected testicular cancer 

pedigrees except for Hodgkins disease, this observation may reflect transmission of 

mutations in a single gene, conferring a multi-cancer phenotype.        

 The common cancer predisposing syndromes including hereditary breast and 

ovary cancer (HBOC), human non-polyposis colorectal cancer (HNPCC), and hereditary 

prostate cancer (HPC) were not observed in any of the selected testicular cancer 

pedigrees. In order to further evaluate the role of these diseases, we searched the whole 

patient material according to published criteria (Carter et al. 1993; Lynch et al. 1994; 

Vasen et al. 1999). One of the testicular cancer patients clearly belonged to a HBOC 

family, but criteria for the other common cancer predisposing syndromes were in no 

case fulfilled. From this it appears that predisposing germ-line mutations that are 

relatively common causes of cancer in the general population e.g. mutations in the 

BRCA1-2, hMSH2 and hMLH1 genes, do not explain a significant portion of testicular 

cancer in the Icelandic population.             
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 In addition to genetic risk, the pattern of cancer incidence in close relatives of 

testicular cancer patients and their mates is likely to be under strong influence of 

environmental factors. Since risk of the disease is thought to be largely determined at 

early stages of development (in utero), maternal influences may be particularly 

important (Wanderas et al. 1998). Previous studies have implicated exposure to 

chemicals disrupting endocrine function in utero, and more recently, maternal smoking 

during pregnancy was suggested to be an important risk factor (Brown et al. 1986a; 

Coscrove et al. 1977; Kaijser et al. 2003; Pettersson et al. 2004). Among the smoking 

related cancers, cancer of the esophagus, kidney and pancreas were more common in 

mothers of testicular cancer patients than expected (RR>1.5) (Sasco et al. 2004). 

However, in contrast to this hypothesis, six other smoking related sites, including lung 

cancer, were less common than expected. The observed pattern of cancer incidence in 

mothers seems to be more consistent with dietary influences, and four of six cancer 

types associated with obesity (esophagus, colon, rectal and kidney cancer) show 

elevated incidence (Key et al. 2002). However, only cancer of the esophagus and colon 

occurred at significantly elevated frequency in the mothers.  

 The results of the current study indicate that the risk of testicular cancer in the 

Icelandic population is partly due to inherited factors. The hereditary form appears to be 

associated with an early age at onset and non-seminoma histology. The outcome of 

kinship calculations and investigation of selected testicular cancer pedigrees further 

suggest that the responsible genes may confer susceptibility to other cancers, 

particularly NHL and thyroid cancer, however, known cancer syndromes appear to 

explain only a relatively small proportion (<3%) of testicular cancer occurrences in the 

Icelandic population.  
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APPENDIX II: GENETIC ANALYSES OF TESTICULAR CANCER IN THE 

ICELANDIC POPULATION 
 

Background 

 

Over the last three decades, the incidence of testicular cancer has increased considerably 

in most industrialized countries (Gudbjartsson et al. 2003; Huyghe et al. 2003; McGlynn 

et al. 2003; Moller 2001; Power et al. 2001). Although still a minor fraction of cancer at 

all ages, testicular cancer is the most commonly diagnosed neoplasm in men between 20 

and 35 years of age. Environmental or lifestyle factors responsible for increased 

prevalence of the disease have not been identified yet. The best established risk factors 

include previously diagnosed testicular cancers, family history of the disease, and a 

history of undescended testis (UDT) (Forman et al. 1992; Osterlind et al. 1991; 

Swerdlow et al. 1997b). Other disorders of the male urogenital system such as testicular 

atrophy, inguinal hernia, hypospadias, hydrocele and infertility have also been 

associated with an increased risk of the disease (Harland et al. 1998; Jacobsen et al. 

2000a; Prener et al. 1996).  

 The incidence of testicular cancer varies profoundly between countries and 

continents, being considerably greater in Europe, Oceania and America than in Africa 

and Asia (Parkin et al. 2001). Substantial variations between ethnic groups are also 

observed, e.g., the incidence is four times greater in Americans of European ancestry 

than of African descent (Brown et al. 1986b).  

 The high incidence of testicular cancer among close relatives of testicular cancer 

cases suggests a contribution of genetic factors to the risk of the disease. The risk is 

particularly high in brothers of patients, or 6 to 10-fold higher than for men in the 

general population. The risk among fathers and sons of patients however, is only about 

half of that observed for brothers (Amundadottir et al. 2004; Forman et al. 1992; 

Hemminki and Li 2004). On the basis of this observation, some authors have suggested 

a recessive or an X-linked mode of inheritance for familial predisposition to testicular 

cancer (Heimdal et al. 1997; Rapley et al. 2000).   



131 

 Additional support for genetic etiology comes from backcross linkage studies of 

naturally occurring mouse strains (129/Sv) with high rates of spontaneous testicular 

cancer formation. These studies have mapped genes predisposing to one particular 

histology subgroup of testicular cancers, teratocarcinoma, to mouse chromosomes 18 

and 19 (Asada et al. 1994; Matin et al. 1999). Additional studies with the 129/Sv mouse 

strain have suggested that as many as 100 genes could be controlling the susceptibility 

to testicular cancer (Lam and Nadeau 2003).       

 Despite the observation of high familial risk in humans, a limited number of 

extended pedigrees with a clear segregation of testicular cancer have been described. In 

order to pool the limited resources, an International Testicular Cancer Linkage 

Consortium (ITCLC) was formed, aiming to identify genetic factors by linkage analysis. 

The ITCLC published the first significant genome-wide LOD score for testicular cancer 

at Xq27 (Rapley et al. 2000). A maximum LOD score of 4.7 was obtained after 

stratification for the presence of bilateral testicular cancer. In that study, positive linkage 

was mostly contributed by sib-pairs or sib-trios, rather than by larger families of 3-5 

affected individuals. Suggestive LOD scores have also been reported by the ITCLC at 

several autosomal loci including 2p23, 3p12, 3q26, 12p13-q21, 16p13 and 18q21-q23 

(Crockford et al. 2006; 1998; Rapley et al. 2003). Since the pedigrees recruited by the 

ITCLC originate in different countries, the results of the linkage analysis could be 

influenced by genetic heterogeneity i.e. the existence of country or region specific 

mutations.    

 The problem of genetic heterogeneity may be less prominent in studies of small 

isolated populations such as the Icelanders (Helgason et al. 2003). In Iceland the gene 

pool has been shaped to a significant degree by random fluctuations in allele frequencies 

due to a relatively small effective population size in the past. This phenomenon, which 

commonly is referred to as founder effect, is more pronounced in Iceland than most 

other European populations (Helgason et al. 2000a). Founder effects may lead to 

increased frequencies of specific mutations as observed in the BRCA2 gene conferring 

risk of early onset breast cancer in Iceland (Arason et al. 1998; Neuhausen 2000).  

Familial clustering of testicular cancer patients is more prevalent in Iceland than 

expected by chance alone (Amundadottir et al. 2004). Increased risk of testicular cancer 
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is not only observed in close relatives of patients, but is also measurable in relatives 

outside the nuclear family e.g. 4th degree relatives, suggesting the influence of genetic 

factors.  

 The purpose of the present study was to search for genetic risk factors for 

testicular cancer in the Icelandic population using classical tools of genetics analysis 

including linkage, haplotype and allelic association analysis. In spite of the small 

number of patients diagnosed with testicular cancer in Iceland since the foundation of 

the Icelandic Cancer Registry in 1955 (N=222), we identified several pedigrees that 

were informative for linkage analysis. The pedigrees were generated using deCODE’s 

Icelandic Genealogy Database (IGD) containing records for the majority of Icelandic 

inhabitants (~714.000) since the original settlement more than 1100 years ago, allowing 

accurate links to be made between distantly related patients. 

 

Materials and methods 

 

Subjects  

 

Records of patients diagnosed with testicular cancer were obtained from the Icelandic 

Cancer Registry and the Department of Pathology, University Hospital of Iceland. The 

total number of patients diagnosed in the period 1955-2002 was 222 of which 160 were 

alive. 135 patients and 415 living relatives gave informed consent for participation in 

the study and donated blood samples. Of these patients, 78 (54%) were diagnosed with 

pure seminoma, 45 (31%) had non-seminomatous tumors of mixed histology type and 

12 (8%) were categorized as pure embryonal carcinomas. The median age at diagnosis 

within the patient group was 33 years. One patient was diagnosed in childhood. The 

study protocol was approved by the Data Protection Commission (ref. TND200000596) 

and the National Bioethics Committee of Iceland (ref. 00/087-AF). 
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Pedigrees 

 

Pedigrees used for the assessment of linkage were derived using information from 

deCODE genetics genealogy database and in-house pedigree clustering programs 

(Hakonarson et al. 2003). The clustering tools are formulated to link as many patients as 

possible and prioritize short paths of kinship over long. The method allowed for the 

formation of multi-lineal pedigrees, i.e. more than single ancestor origin within the 

pedigree. In order to maximize the efficiency of the genetic analysis programs there is 

also a limit to the size of pedigrees. Four different pedigree configurations were used. 

For analysis of autosomal loci, patients were linked by a maximum distance of 6, 7, or 8 

meiotic events (6-8M). The number of resulting pedigrees was 12, 23 and 36, 

respectively. Patients were allowed to be in two separate pedigrees at most. For 

pedigrees formed under the 6M configuration, only one patient was in more than one 

pedigree. However, at 8M, 20 of the 73 (27%) patients contributed to two separate 

pedigrees. For analysis of the X-chromosome, subset of pedigrees compatible with 

segregation of a X-linked disease was derived using a maximum clustering distance of 

8M (N=17).  

 

Genotyping  

 

Genotyping was done using a genome-wide framework set of 1068 microsatellite 

markers contained within the deCODE marker map (Gretarsdottir et al. 2002; Kong et 

al. 2002). The average distance between markers was ~ 4 cM. One of the primers in 

each primer pair was labeled with a fluorescent dye. The samples were subjected to 

multiplex PCR under conditions previously described (Thorgeirsson et al. 2003). The 

resulting PCR products were pooled into predefined panels of 8-16 markers, mixed with 

size standards and electrophoresed on ABI 3700 sequencing machines. Data was 

retrieved using the Genescan peak-calling software and the program DAC, which is a 

product of deCODE genetics used for automatic allele calling (Thorgeirsson et al. 

2003).  
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Linkage Analysis  

 

The program Allegro was used to conduct multipoint non-parametric linkage analysis 

(Gudbjartsson et al. 2000). Allele frequencies were extracted from deCODE’s genotype 

database containing thousands of genotypes for each marker. A genetic marker map 

developed by the company was used to assign marker locations (Kong et al. 2002). 

Allegro was configured for the S-pairs scoring function and a weighting scheme was 

used for summing up the total LOD score, that is midway between weighting each 

family equally and weighting the patient pairs equally (Gudbjartsson et al. 2000).  

 

Haplotype and association analysis  

 

Pedigrees that contributed to the LOD score in regions identified by linkage analysis 

(LOD>1) were pooled and the segregating haplotypes identified using all available 

genotyped relatives. The haplotypes were compared between the different pedigrees in 

order to identify regions of potential sharing. Furthermore, haplotypes that appeared to 

be shared between two or more contributing pedigrees were subjected to an allelic 

association test using the program NEMO (Gretarsdottir et al. 2003).  In this test, every 

1-3 marker allele combination of the observed shared haplotype was compared between 

cases (n=124) and population based controls (n=657).      

 

Results 

Linkage analysis 

 

A genome-wide linkage scan was performed to search for testicular cancer 

predisposition loci using a framework set of 1068 microsatellite markers. A registry-

based nation-wide cohort that consists of all men diagnosed with testicular cancer in 

Iceland from 1955-2002 was used in this study. The total cohort contained 135 testicular 

cancer cases. The linkage scans were done using pedigrees derived from clustering the 

patients at a maximum distance of 6, 7 or 8 meiotic events. The results are shown in 

Figure 12. Four autosomal chromosome loci gave a maximum LOD score of 1 or higher 
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under any one of the pedigree settings used. The cytogenetic locations of these loci 

correspond to 15q12-q13.3 (max LOD=1.5), 22q13.2-q13.31 (LOD=1.3), 20p13 

(LOD=1.2) 3q13.33-q22.1 (LOD=1). The highest LOD score at 15q12-q13.3 resulted 

from clustering the patients at a maximum distance of 6 meiotic events. The total 

number of separate patient pairs in these 6M pedigrees was sixteen, of which seven 

(44%) shared a 15q12-q13.3 haplotype due to the common ancestry. The LOD score in 

this region decreased profoundly at higher clustering distances and was reduced by more 

than half under the 8M pedigree configuration. 

 The highest LOD score for a single pedigree in these candidate regions was 

obtained at 20p13-q12 (LOD= 2.2). The pedigree is made up of two affected brothers 

and an additional related patient linked by a distance of eight meiotic events. This 

pedigree explains a significant portion of the linkage signal at 20p13 along with another 

pedigree, also containing a pair of affected brothers.   

 In order to increase the information content of the identity-by-descent sharing to 

a level of 90% or above, all samples were genotyped with additional microsatellite 

markers in three of the regions giving LOD score above 1, i.e. at 20p13-p12 (38 

markers), 15q12-q13.3 (35 markers) and 3q13.33-q22.1 (7 markers). The 20p13-p12 and 

15q12-q13.3 regions were especially emphasized due to the noticeable contribution of 

pedigrees containing affected brothers. The location of informative recombination in the 

contributing pedigrees was used as guideline to select additional markers for 

genotyping. LOD-scores at these candidate loci were recalculated after additional 

genotyping using the same set of pedigrees as done in the genome-wide-scan. The 

maximum LOD score at 15q12-13.3 increased to 1.91 at marker D15S1019 at 6 meiotic 

events, at 20p13-p12.3 it remained the same and at 3q13.33-q22.1 it increased to 1.28 at 

marker D3S1267.  
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Figure 12. Linkage analysis of testicular cancer in the Icelandic population 
 
The pedigree configuration used in the analysis is indicated by color. For the autosomal chromosomes, a 
black line indicates LOD scores obtained using pedigrees formed by clustering the patients at a maximum 
distance of 6 meiotic events (6M) and the red and green lines at a distance of 7 and 8M, respectively. 
Only one type of analysis was done for the X-chromosome using X-compatible pedigrees made by 
clustering the patients at a distance of 8M (black line). (See material and methods for further information).    
 

Haplotype and allelic association analysis 

 

A comparison of the segregating haplotypes between pedigrees contributing positively 

to the linkage peaks was made in all the four regions with LOD scores above 1 (15q12-

q13.3, 22q13.2-q13.31, 20p13-p12, 3q13.33-q22.1). The strongest evidence for 

haplotype sharing between separate pedigrees was seen at 15q12-q13.3. Two of the 

pedigrees consisting of affected brothers (Table 7a: F1a, F1b and F2a and F2b) shared a 

haplotype including low frequency alleles (0.7-2.2%) at four markers (DG15S1558, 

D15S219, D15S156 and DG15S116). The region of sharing covered 2.2 Mb from the 

most centromeric marker DG15S1166 to DG15S122. One additional patient (Table 7b: 

S2) shared a 1.8 Mb (DG15S1166-DG15S128) segment of the same rare haplotype 
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(Hap1) with these pedigrees. In this case, the shared haplotype was transmitted to the 

patient from his mother who also had an affected brother of unknown carrier status. 

 

Table 7. Extended haplotypes from testicular cancer patients carrying the DG15S112/6-DG15S113/6-
DG15S1002/16 allele combination at 15q12 
 
The marker name and location in the human genome (Genome browser, build 34) is given. The 6-6-16 
haplotype is defined by allele 6 of DG15S112, allele 6 of DG15S113 and allele 16 of D15S1002 (shaded 
area). Three different background haplotypes were observed for the 6- 6-16 combination (Hap1-3) as 
indicated.  a) Two pairs of affected brothers (F1-2) and one additional pedigree contributing to the 15q12 
linkage signal (F3). The prevalence of all alleles shared between these three pedigrees is given (frq). b) 
Extended haplotypes from six additional patients found to carry the 6-6-16 haplotype (S1-6). Haplotype 
phase information was estimated by the Allegro program using all available genotyped 1st and 2nd degree 
relatives. When two alleles are given, the phase could not be determined. 
  

 Allelic association analysis was performed with 124 testicular cancer cases and 

657 population based controls. When the allele combinations of the 1.8 Mb 15q12-q13.3 

haplotype were tested for association in the whole patient material (see materials and 

methods) a smaller shared haplotype involving the marker/alleles DG15S112/6-

DG15S113/6-DG15S1002/16 was discovered (uncorrected P-value =0.0008) (Table 7). 

This haplotype was about five-times (relative risk = 4.7) more common among patients 
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(5.5% allelic frequency) than controls (1.2%, Table 8). It was also found to be shared 

between affected members of one additional pedigree contributing to the positive LOD 

score at 15q12-q13.3 (Table 7a: F3a, F3b). When the affected brother pairs originally 

drawing our attention to this region were omitted from the analysis, the relative risk was 

3.6 (P=0.0112) and the p-value did not survive a Bonferroni correction made for the 

number of tests (N = 57) (Table 8).   

 

 

Table 8. Association of the 6- 6- 16 haplotype at 15q12 to testicular cancer cancer in Iceland 
 
Shown is the relative risk (RR) calculated for the 6-6-16 haplotype and its associated p-value. The 
haplotype frequency in affected and controls is also shown.  Calculations were either done for all patients, 
or by skipping two of the affected brother pairs originally pinpointing the haplotype, or by omitting all 
carriers from pedigrees contributing to the LOD score at 15q12. *p-value was insignificant after 
Bonferroni correction for multiple testing.      
 

Further extension of the 6-6-16 haplotype among the cases revealed three distinct 

background haplotypes (Hap1-3, Table 7). The frequencies of these among cases 

(N=109) were 2.29% (Hap1), 1.38% (Hap2) and 1.84% (Hap3). The corresponding 

haplotype frequencies among informative controls (N=582) was 0.52% (Hap1), 0.41% 

(Hap2) and 0.17% (Hap3), respectively. There was no evidence for additional 

background haplotypes among the control samples.    

 The candidate region pinpointed by the 6-6-16 haplotype is only 86 kilobases of 

size, as defined by the interval between the neighboring markers DG15S1061 and 

DG15S114 that break off the association signal. The centromeric border of this region 

(DG15S1061) extends 7 kilobases into the GABRG3 gene but the telomeric end 

(DG15S114) is located between GABRG3 and the OCA2 gene.   

 Sharing of a four marker haplotype at 20p13 was noted between two pedigrees 

linked to the region (Figure 13). The haplotype spans approximately 1.4 Mb and is 

characterized by the marker alleles DG20S101/6-D20S181/4-D20S193/2-D20S473/3. 

Association analysis targeting this specific haplotype in the whole patient material did 
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not reveal a greater frequency in patients than in controls. The population frequency of 

this haplotype was fairly common (12%) and sharing between the two families may 

therefore be due to chance.  

 
Figure 13. Comparison of haplotypes between two testicular cancer pedigrees positively linked to the 
20p13 region. 
 
Both pedigrees consist of affected brothers and a close affected relative. All patients in these pedigrees 
were diagnosed with non-seminoma except person V2 in pedigree A. The portion of the haplotype that is 
shared between patients of the pedigree is shaded. Genotyped children and healthy siblings of the patients 
are not shown. Alleles denoted by italic type-settings have been inferred from genotyped relatives. 
*Genotyped individuals.   
     

 Comparison of haplotypes between pedigrees contributing to 3q13.33-q22.1 and 

22q13.2-q13.31 did not in any case reveal sharing suggesting common ancestry. 

However, it should be noted that the marker density at 3q13.33-q22.1 and 22q13.2-

q13.31 was less than 1 marker/Mb, and detection of sharing in these regions may 

therefore heavily depend on genealogical distance between pedigrees and possession of 

rare alleles. 
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Discussion 

 

At present, the genes underlying predisposition to testicular germ cell cancer in humans 

are unknown. In this study, a genome-wide linkage analysis was performed in order to 

locate susceptibility to the disease in the Icelandic population. The linkage results were 

followed-up by haplotype and allele association analysis in order to reveal signals of 

segregating mutations.  

 The linkage analysis at 6, 7 and 8 meiotic events did not produce any loci of 

genome-wide significance. However, moderate LOD scores (LOD>1) were observed at 

15q12-q13.3, 22q13.2-q13.31, 20p13 and 3q13.33-q22.1. After improving the 

information content over the candidate regions with additional markers, the highest 

LOD score (LOD=1.91) was observed at 15q13.1 for the marker D15S1019. This score 

was obtained using the shortest pedigree clustering distance (6 meiotic events) and was 

contributed by almost half the patient pairs formed under this setting.  

 The candidate regions reported here have not been implicated previously in 

testicular cancer, however, some of the suggestive LOD scores obtained by the ITCLC 

(International Testicular Cancer Linkage Consortium) are located nearby i.e. at 3q26 

(LOD=1.94), 3p12 and 15q14-q22 (LOD=1.41) (Crockford et al. 2006; ITCLC 1998; 

Rapley et al. 2003). Interestingly, the maximum LOD score observed at 3q13.33-q22.1 

in our analysis is located directly between two of the linkage peaks recently reported by 

the ITCLC (Crockford et al. 2006). The marker D3S1267 defining the highest 

multipoint LOD score in our study is 33 Mb away from D3S1607 bordering the 3q26 

candidate region and 22 Mb from D3S1271 defining the 3p12 candidate region border 

reported by the ITCLC. Furthermore, the 15q region reported by ITCLC between the 

markers D15S144 and D15S153 is only 4 Mb from the peak marker in the current 

analysis (ITCLC 1998).   

 The candidate region on chromsome 20 is largely contributed by two pedigrees 

consisting of brother pairs and a close affected relative (Figure 13). The overlap 

between segregating haplotypes extends over a region of 3.5 Mb but convincing signs of 

sharing between the separate pedigrees contributing to the LOD score were not 
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observed. We did however find some cases of extensive haplotype sharing between the 

linked pedigrees and single individuals within the patient group (data not shown). As an 

example, a 12 cM portion of the haplotype shared between patients in Pedigree B 

(Figure 13) was found in three other testicular cancer cases, including the only patient in 

our series with bilateral testicular cancer and the only patient diagnosed in childhood. A 

number of candidate genes are located in the region at 20p13-p12.3 including GFRA4, 

GNRH2, STK35, CDC25B and SMOX. GFRA4 is a particularly interesting candidate 

since it encodes a protein that mediates activation of the RET tyrosine kinase receptor 

implicated in the etiology of testicular cancer through interaction with GDNF (Meng et 

al. 2001).  

 Haplotype analysis of the 15q12-q13.3 region revealed sharing of an extremely 

rare haplotype (allele frequency ~ 0.5%) between affected members of three unrelated 

pedigrees (Hap1 in Table 7). Although there were only five carriers, we consider this 

finding noteworthy, particularly since among the carriers there are two out of the three 

pairs of brothers diagnosed with testicular cancer in Iceland from the beginning of 

cancer registration in 1955. Furthermore, the Hap1 carriers represent 62% (5 of 8) of our 

genotyped patients that had an affected second degree relative or closer. By three-point 

association analyses specifically targeting combinations of Hap1 we identified a smaller 

haplotype conferring risk to the disease in the patient group as whole. This three-marker 

haplotype (DG15S112/6-DG15S113/6-DG15S1002/16) was carried by approximately 

11% (allelic frequency 5.48%) of the testicular cancer patients but only 2.6% of the 

controls.  

 The candidate region on chromosome 15 is one of the most frequent sites of 

genomic rearrangements in humans. Two contiguous gene syndromes characterized by a 

complex neuro-developmental phenotype map to this region, the Prader-Willi syndrome 

(PWS) and Angelman syndrome (AS). These rare diseases are mostly caused by de novo 

deletions at 15q11-13. The phenotype of both AS and PWS is under the control of 

imprinted genes. Paternal deletions lead to PWS while AS is caused by a deletion of 

maternal chromosomes. Interestingly, one of the major characteristics of PWS is the 

occurrence of undescended testis (UDT) with hypogonadism (Crino et al. 2003). 

However, even though UDT is the strongest known risk factor for testicular cancer, 
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reports of PWS patients developing the disease are scarce (Jaffray et al. 1999; Robinson 

and Jones 1990). PWS deletions are thought to be promoted by large genomic 

duplications in the four regions of common breakpoints termed BP1 to BP4 (Christian et 

al. 1999). The markers of the 15q12 risk haplotype are situated between two of these 

breakpoint clusters, BP2 and BP3. More precisely, they map between two known genes, 

GABRG3 coding for a receptor of an inhibitory neurotransmitter in brain and OCA2, 

encoding an integral membrane protein involved in small molecule transport. Borders 

outlined by the risk haplotype extend into the GABRG3 gene but not to OCA2. 

Comparison of haplotypes between pedigrees showing evidence for linkage to the 

15q12-q13.3 region also suggested less extensive identical-by-descent sharing at other 

locations within the PWS region (data not shown), however, these additional locations 

were not underscored by targeted association analysis as was the DG15S112/6-

DG15S113/6-DG15S1002/16 haplotype. 

 A former study of the International Testicular Cancer Linkage Consortium 

(ITCLC) reported significant linkage to testicular cancer at Xq27 (Rapley et al. 2000). 

In the current study, the maximum LOD score at the X chromosome did not exceed 0.2. 

It must be noted that the pedigrees originally used to obtain the significant linkage 

signal at Xq27 are very different from the ones used in this study. Most of the families 

enrolled by the ITCLC are sib-pairs/trios although a smaller collection of more extended 

pedigrees does exist (Rapley et al. 2003). Furthermore, in the analysis performed by the 

ITCLC, stratification of the pedigree material revealed preferences for linkage to 

pedigrees with bilateral testicular cancer and diagnosis of UDT. In Iceland, only three 

pairs of brothers have been diagnosed with testicular cancer since the foundation of the 

Cancer Registry in 1955, representing 2.7% of all cases. In addition, bilateral disease is 

rare and was only diagnosed in one patient in the period. Thus, absence of a linkage 

signal at Xq27 may be explained by the composition of the patient material. 

Although the patients enrolled in the current study represent about 60% of all testicular 

cancer cases diagnosed from beginning of the Icelandic Cancer Registry in 1955, their 

number is relatively small for conducting a conventional population based linkage 

study. To compensate for this, we increased the number of contributing pedigrees by 

using our extensive genealogy database to identify more extended paths of kinship than 
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traditionally used in studies of this sort. Analysis of the resulting pedigrees may in 

conjunction with haplotype analysis help identify rare alleles conferring high-risk of the 

disease. However, it seems very unlikely that risk alleles of higher frequency (>10%) 

can be detected in our material since such alleles are likely to be transmitted through 

other paths than those linking patients by 6-8 meiotic events.  

 In the current study we used linkage, haplotype and association analysis to 

identify regions of the genome contributing risk to testicular cancer. Significant LOD 

scores were not obtained but results of the combined approach identified a candidate 

region at 15q12-q13.3. Further studies of other populations are needed in order to 

elucidate whether or not this locus explains a significant part of the exceptionally high 

familial risk associated with diagnosis of testicular cancer.     
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APPENDIX III: Y-CHROMOSOME HAPLOTYPES IN ICELANDIC PATIENTS 

WITH PROSTATE AND TESTICULAR CANCER 

 
Background 

 

The importance of Y-chromosome genes in the etiology of diseases in males is largely 

unknown. There have been reports associating Y-chromosome haplotypes to variety of 

phenotypes including high blood pressure and alcoholism although further support is 

lacking (Ellis et al. 2000; Kittles et al. 1999).  

 The most commonly cited example of Y-chromosome influence on phenotype is 

the contribution of deletions in so-called AZF (azoospermia factor) regions to male 

infertility (Elliott and Cooke 1998; Noordam and Repping 2006). Some AZF deletions 

appear to be germ-line and are carried by a substantial number of males in modern 

populations despite negative impact on fertility (Repping et al. 2003; Repping et al. 

2004). Some aspects of infertility that are known to be influenced by AZF deletions i.e. 

cryptorchidism, gonadal dysgenesis and reduced sperm counts, are also known risk 

factors of testicular cancer. In fact, one type of inherited AZF microdeletion (gr/gr) has 

been associated with increased susceptibility of testicular cancer, particularly in patients 

with testicular dysgenesis syndrome (Nathanson et al. 2005; Skakkebaek et al. 2001). Y-

chromosome deletions have additionally been linked to cancer in studies of 

gonadoblastoma, a rare tumour of intersex individuals (Tsuchiya et al. 1995).  

 The TSPY (Testis-specific protein Y) gene, that is present in multiple copies on 

the Y-chromosome, is a common target of these deletions. TSPY is also an excellent 

candidate in testicular and prostate cancer, on the basis of chromsome deletions, 

expression pattern and homology to the SET oncogene (Lau et al. 2000; Lau 1999; Lau 

et al. 2003; Schnieders et al. 1996; Vijayakumar et al. 2006). Interestingly, inherited 

copy number variation with respect to TSPY has been described, which potentially may 

contribute to genetic susceptibility to cancer in males (Repping et al. 2006).  

 The aim of the present study was to evaluate the role of inherited Y-chromosome 

variation on the risk of developing prostate and testicular cancer in the Icelandic 

population. This was achieved by comparing haplotypes of eleven well characterised 
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microsatellite markers between a large number of patient and control samples.  The 

methods involved calculating odds ratios and performing a test of population 

differentiation.  

 

Materials and methods 

 

Subjects 

 

Lists of Patients with prostate and testicular cancer were obtained from the Icelandic 

Cancer Registry and Department of Pathology at Landspitali – University-Hospital in 

Iceland. Following a letter of invitation, participants donated a blood sample and gave 

informed consent. Participants included 1291 individuals affected with prostate cancer 

and 135 patients with testicular cancer. All subjects were recorded in the Icelandic 

genealogy database which contains information on the majority of contemporary 

Icelanders and an estimated 70% of all individuals born in the country since the days of 

the settlement approximately 1100 years ago. Controls were obtained through deCODE 

genetics control population (N=401) and obesity project (consisting of 379 individuals 

with low body mass index i.e. BMI<25). The patients were subjected to genealogy 

clustering using software developed at deCODE genetics (Hakonarson et al. 2003). For 

further analysis, only one individual was selected from each nuclear pedigree consisting 

of brothers or father-son pairs in order to minimize variance conferred by familial 

relations.  

 All testicular tumours diagnosed in the patients included were of germ-cell 

origin, 78 were histologically classified as seminoma and 57 as non-seminoma. The 

medium age at onset of cancer in this group of patients was 32 years, but one of the 

patients was diagnosed in childhood (<5 years).  

 The prostate cancer patients included in the study were all diagnosed with  

malignant adenocarcinoma. The medium age at diagnosis of prostate cancer was 70 

years.  
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 All personal identifiers were coded under the supervision of the Icelandic Data 

Protection Commmission before entering the study. The study was approved by the 

National Bioethics Committee of Iceland.  

 

Genotyping  

 

DNA was extracted from blood samples using standard laboratory procedures. The 

following microsatellite markers were used in the study: DXY156, DY19, DYS385, 

DYS388, DYS390, DYS391, DYS392, DYS393, DYS426, DYS436, DYS437,  and 

DYS439. All these markers are derived from sequences of the male specific region of 

the Y-chromosome (MSY) and have been characterised extensively.  

 PCR was done using conditions described previously (Thorgeirsson et al. 2003). 

The PCR products were pooled into two panels of markers and analysed on ABI 3700 

sequencing machines with internal size standards. Genotypes were reviewed and edited 

using the Decode GT editor (Palsson et al. 1999). The quality of the resulting genotypes 

was monitored by inheritance checks, using pedigrees structured on basis of information 

from the Icelandic genealogy database. Samples with missing genotypes were excluded 

from the study. The number of patients obtained with quality genotypes was 114 and 

899 for testicular and prostate cancer, respectively.  

   

Statistical methods  

 

The distribution of Y-chromosome haplogroups among cases and controls was 

compared by estimating the average minimum mutational difference of all possible 

haplotype pairs formed between and within the control and cancer groups. The variance 

of the number of mutational differences was also estimated. In this test, a shift in the 

microsatellite mobility corresponding to one repeat unit was considered as one 

mutational event. A pairwise randomisation test involving 1000 iterations was used to 

obtain the expected haplotype composition for the two groups under comparison. These 

randomisations were the basis of a significance test (CI 95%) of departure from 

expected mean and variance of mutational differences within and between groups. 
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 Differences in age at onset of prostate cancer between carriers of the most 

common Y-chromosome haplotypes were assessed using a T-test and the non-

parametric Mann-Witney U-test.  

 Differences in haplotype frequencies between cases and controls were assessed 

by calculating odds ratios (OR) and the associated 95% confidence limits using the 

method of Armitage and Berry (Armitage and Berry 1994). Odds ratios were also used 

to compare the frequency of prostate cancer among fathers and brothers of patients 

carrying specific Y-chromosome haplotypes.  

 

Results 

 
After elimination of closely related subjects, subjects with a possible Y-chromosome 

inheritance error and missing genotypes, the number of prostate cancer patients available 

for comparison was 899 and the number of testicular cancer patients was 114.  A total of 

239 distinct Y-chromosome haplotypes were observed in the 1793 individuals included in 

the study. The frequency of these haplotypes ranged from 0.07%-15% and only four 

occurred in more than 5% of the patients. The number of distinct haplotypes was 171  in 

the prostate cancer patients group (58% recurrent) and 59  in the testicular cancer patient 

group (29% recurrent). Odds ratios expressing differences in frequencies between cases 

and controls are given in Table 9. None of the haplotypes was significantly associated to 

prostate or testicular cancer. One of the haplotypes (haplotype 2 in Table 9) was 

significantly less common among patients than controls, however, the P-value does not 

survive Bonferroni correction for the number of tests.  

 An additional test was performed for the prostate cancer series in order to see if 

Y-chromosome haplotype status influenced the age at diagnosis of the disease.  Here, 

the mean age at diagnosis for carriers of each specific haplotype was compared to the 

remaining patients of the series by a t-test and a comparison was also made using the 

non-parametric Mann-Witney U-test. Carriers of one of the haplotypes (no. 6, Table 9) 

were diagnosed at a significantly younger age (P = 0.03), or approximately four years 

younger than rest of the group (67 years).  However, this haplotype was no more 

frequent in cases than controls. Since there were only 22 carriers, we increased the 



148 

sample size by inferring haplotype status to affected non-genotyped patrilineal relatives. 

When affected relatives within a distance of 6 meiosis were added, 24 more carriers of 

haplotype 6 were identified. The mean age at diagnosis for the combined group of 

carriers was similar to the remains of the series (70.3 years) suggesting that the initial 

signal was due to chance. For the testicular cancer group, a similar comparisons with 

respect to age at diagnosis or other phenotypes was not feasible due to the small sample 

sise.  

 
Table 9. Comparison of Y-chromosome haplotypes between series of prostate (PC) and testicular 
cancer (TC) patients and population based controls.  
 
Shown are the eleven most common haplotypes observed in the Icelandic population. The alleles of each 
marker is given by a two-digit  number reflecting the microsatellite repeat length. The markers 
characterising these haplotypes are DYS393, DXY156, DYS19, DYS391, DYS388, DYS390, DYS392, 
DYS436, DYS426, DYS437, DYS439, respectively.  The prevalence of each haplotype among the 
controls is given in percentages (% Ctrl). The corresponding haplogroup (Hpg) as described by Helgason 
et al., is shown  (Helgason et al. 2000b). The number of carriers for a particular haplotype are given for 
the 780 controls (#Ctrl), 114 testicular cancer patients (#TC) and 899 prostate cancer patients (#PC). The 
odds ratio (OR) i.e. the ratio of the proportion of carriers among cases and proportion of carriers in 
controls is given with its accompanying 95% confidence interval.     
    

 The risk of prostate cancer in first degree relatives (brothers, fathers and sons 

born prior to 1950) was also calculated with respect to haplotype status. An increased 

risk of prostate cancer was seen among relatives sharing haplotype 1 (OR=1.3), 3 

(OR=1.4), 4 (OR=2) and 8 (OR=1.43) in Table 9. None of these odds ratios was 

significant although the high prevalence of patients among relatives of haplotype 4 

carriers was of borderline significance (95% CI, 1-3.95). A similar comparison could 

not be done for testicular cancer group due to the small number of cases in the study. 
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Only two of the testicular cancer patients had an affected first degree relative, these 

were brothers in both cases. 

 A test of population differentiation was performed between the three groups in 

this study. The results are shown in Table 10a and b. The mean number of mutational 

differences with respect to paired haplotypes between or within groups was in the range 

8.57-8.76, but was in no case significantly different from expectations (Table 10a). 

a) 

Pop1 Pop2 Pop 12 (Obs-exp)/SD P-value Pop 1 (Obs-exp)/SD P-value Pop 2 (Obs-exp)/SD P-value

PrCa Control -0.86 0.204 -0.77 0.227 0.82 0.212

PrCa TeCa 0.22 0.391 -0.23 0.386 0.31 0.362

TeCa Control 0.34 0.367 -0.30 0.379 0.17 0.42

  

b) 

Pop1 Pop2 Pop 12 (Obs-exp)/SD P-value Pop 1 (Obs-exp)/SD P-value Pop 2 (Obs-exp)/SD P-value

PrCa Control -1.02 0.154 -0.50 0.309 0.78 0.2

PrCa TeCa 0.48 0.299 -0.42 0.309 0.39 0.335

TeCa Control -0.06 0.499 -0.01 0.486 -0.03 0.488

  
Table 10. Results of a population differentiation test using Y-chromosome haplotypes.  
 
For each comparison, the two subject groups are indicated (Pop1, Pop2) i.e. prostate cancer patients (PrCa), 
testicular cancer patients (TeCa) and control (Control). For each comparison the expected mean (10a) and 
variance (10b) of the number of mutational differences was obtained from 1000 randomisations using the 
pool of haplotypes in both groups (see materials and methods). The difference between observed and the 
expected values divided by the standard deviation obtained from the randomisation process is given (Obs-
exp)/SD.  The accompanying two-sided p-values are also shown.  Pop 12 refers to calculation of mutational 
distances of all haplotypes in population 1 paired against all haplotypes in population 2. Pop1 and Pop2, 
refer to a comparison of each population to the joint pool of haplotypes. 10a. Observed and expected mean 
number of mutational differences between pairs of haplotypes (two sided p-values). 10b. Observed and 
expected variance of the number of mutational differences between pairs of haplotypes (two sided p-
values) 
 

The largest difference was observed between controls and the testicular cancer group 

but the smallest difference was observed between the prostate and testicular cancer 

cohort. The variance of the mutational difference was in the range 5.16-5.07. It was 

highest for comparison between controls and the testicular cancer group and lowest 

within the prostate cancer patient group. The variance was in no case significantly 

different from expectations in any of the comparison made (Table 10b).  

 In Figure 14, the haplotype distribution for cases and controls of this study are 

displayed in a phylogenetic network diagram (Figure 14). The visualised distribution is 
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in-line with the outcome of our population differentiation test showing no clear 

distinction between the three groups under study.   

 
Figure 14. A haplotype joining network diagram displaying the distribution of Y-chromosome 
haplotypes.  
 
Each circle represents a single Y chromosome haplotype, its size being proportional to its prevalence. The 
portion of each type of subjects among carriers is indicated by color i.e. A control population (N=401) is 
yellow, testicular cancer patients (N=114) are denoted with red color and prostate cancer patients (N=899) 
as blue. Each straight line connecting two haplotypes represents one mutational event, i.e. a shift of one 
repeat unit in any one of the eleven microsatellite markers used.  
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Discussion 

 

In the present study, we used a highly sensitive test of population differentiation to  

compare the distribution of Y-chromosome haplogroups and their sub-lineages in 

Icelandic patients with testicular or prostate cancer and population based control 

samples. A previous study of the distribution of Y-chromosomes in the Icelandic 

population revealed domination of three main phylogenetic groups of haplotypes, 

present in a frequency of 41% (hg1), 34% (hg2) and 24% (hg3) (Helgason et al. 2000b). 

The prevalence of these Icelandic Y-chromsome haplogroups among patients in this 

study was in accordance with previous estimates by Helgason et al. Our results suggest 

that none of the major Y-chromosome haplogroups confers excess risk of male specific 

cancer in the Icelandic population, and such an effect due to specific sub-lineages was 

not detected by this test. It therefore seems unlikely that common mutations generated 

on the male specific Y-chromosome background in a distant past influence the risk of 

prostate or testicular cancer.  

 The second question we attempted to answer in this study,  i.e. whether or not 

more recently generated mutations confer cancer risk, gives a less conclusive results 

(Table 9). None of the haplotypes observed were significantly associated with increased 

risk of either testicular or prostate cancer. Two of the most common haplotypes (Table 

9) show elevated frequency in testicular cancer (OR= 1.54 and 2.01) and five in prostate 

cancer (OR=1.19 to 1.55) . The frequency of these haplotypes in the population ranges 

from 2-4%. We have limited power to detect effects in this range since for a 5% variant 

conferring OR~1.5, the sample size of controls and prostate cancer patients needs to be 

doubled to in order to become significant (data not shown). For this reason, we 

performed additional tests to evaluate the role of these haplotypes in cancer. Firstly, we 

estimated the risk of cancer in first degree relatives of the haplotype carriers and 

secondly, we compared the age at which different groups of haplotype carriers were 

diagnosed. We did not consider this option for testicular cancer due to the small sample 

size. Increased incidence of prostate cancer was observed in the patrilineal relatives of 

some of the haplotype carriers relative to the remaining patients. This effect was seen in 

four out of the five patient groups carrying haplotypes with increased prevalence in 
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prostate cancer patients. However, this was only marginally significant for one of the 

haplotypes i.e. haplotype 4 in Table 9 (95% CI, 1-3.95).    

 Young age at diagnosis has been correlated with positive family history of 

prostate cancer and has been suggested to reflect genetic predisposition (Johns and 

Houlston 2003). We compared age at diagnosis of prostate cancer between the different 

groups of haplotype carriers. This comparison revealed significant differences in the age 

at diagnosis for only one of the haplotypes tested, i.e. haplotype 6 in Table 9. However, 

this was inconsistent with the OR (~1) observed for this particular haplotype and low 

risk of the disease in relatives of the carriers sharing the Y-haplotype (OR=0.97). Since 

the Y-chromosome lineage can be tracked using genealogy records only, we doubled the 

number of carriers for this particular haplotype by extending the paternal pedigree in 

order to see if additional cases identified were consistently diagnosed at younger ages. 

However, in contrast to the original finding, the average age at diagnosis in these 

patients was similar to the average in the whole patient group.    

 Two previous studies have investigated the influence of Y-chromosome 

variation on the risk of male specific cancer. One study focusing on testicular cancer in 

the English population did not find a correlation between Y-chromosome haplogroup 

and cancer risk (Quintana-Murci et al. 2003). However, the number of cases was very 

small in this study (N=43). Another study including 930 prostate cancer cases and 1230 

controls from four different populations was mostly negative, but found some evidence 

for positive association to a rare Y-chromosome lineage (OR=1.6, 95% CI 1.07-2.47) in 

a Japanese patient series (Paracchini et al. 2003). Interestingly, positive carrier status 

with respect to the risk haplotype was associated with more aggressive disease and 

younger age at onset. These results cannot be put directly into context of our own 

findings since this particular Y-chromosome lineage appears restricted to the Japanese 

population.   

 In summary, our results indicate that the common Y-chromosome haplogroups 

do not contribute to occurrences of male-specific cancer. Furthermore, we have more or 

less ruled out the possibility that Icelandic Y-chromosomes, occurring in a noticeable 

population frequency, carry a mutation the confer high risk of prostate or testicular 

cancer.  However, some of the rare haplotypes need to be further evaluated in a 
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considerably larger material in order to determine a small or moderate contribution 

(OR~1.2-1.6) to the risk of these diseases.   
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Abstract Putative prostate cancer susceptibility loci have
recently been identified by genetic linkage analysis on chro-
mosomes 1q24–25 (HPC1), 1q44.2–43 (PCaP), and Xq27–
28 (HPCX). In order to estimate the genetic linkage in Ice-
landic prostate cancer families, we genotyped 241 sam-
ples from 87 families with eleven markers in the HPC1 re-
gion, six markers at PCaP, and eight at HPCX. Concur-
rently, we assessed allelic imbalance at the HPC1 and
PCaP loci in selected tumors from the patients. For each
of the candidate regions, the combined parametric and
non-parametric LOD scores were strongly negative. Evi-
dence for linkage allowing for genetic heterogeneity was
also insignificant for all the regions. The results were neg-
ative irrespective of whether calculations were performed
for the whole material or for a selected set of early age at
onset families. The prevalence of allelic imbalance was re-
latively low in both the HPC1 (0%–9%) and PCaP (5%–
20%) regions and was not elevated in tumors from posi-
tively linked families. Our studies indicate that the puta-
tive cancer susceptibility genes at chromosomes 1q24–25,
1q44.2–43, and Xq27–28 are unlikely to contribute signif-
icantly to hereditary prostate cancer in Iceland and that se-
lective loss of the HPC1 and PCaP loci is a relatively rare
somatic event in prostate cancers.

Introduction

Chromosome regions that are potentially associated with
susceptibility to prostate cancer have been mapped by 

genetic linkage analysis to 1q24–25 (HPC1), 1q44.2–43
(PCaP), 1p36, and Xq27–28 (HPCX; Berthon et al. 1998;
Smith et al. 1996; Xu et al. 1998). One additional candi-
date has been assigned to chromosome 1p36 (CAPB) but
seems mainly to be important in rare families with the oc-
currence of early onset prostate cancer and brain cancer
(Gibbs et al. 1999). Some follow-up studies have pro-
vided weak statistical support for the existence of HPC1
and HPCX (Cooney et al. 1997; Lange et al. 1999; Neu-
hausen et al. 1999), whereas positive results for PCaP and
CAPB have not been convincingly replicated by indepen-
dent studies.

In small, genetically isolated populations, germ-line mu-
tations causing inherited disease can reach high frequency
because of genetic drift. Such founder mutations are char-
acterized by a unique set of alleles or haplotypes that may
be revealed when comparing a group of patients and heal-
thy individuals. With respect to the prostate cancer sus-
ceptibility loci, the finding of a common ancestral haplo-
type in a founder population would add evidence to the
existence of susceptibility genes in these regions and may
offer valuable information for gene mapping. This has
prompted us to conduct a study on Icelandic prostate cancer
families by means of parametric and non-parametric link-
age analysis, focusing on the candidate regions at 1q24–
25 (HPC1), 1q44.2–43 (PCaP), and Xq27-q28 (HPCX).
In addition, we have tested for allelic imbalance in tumor
DNA at the autosomal loci in order to detect somatic dele-
tions. As we have previously demonstrated for the breast
cancer susceptibility gene BRCA2, the assessment of al-
lelic imbalance in familial cancers may facilitate the de-
tection of mutated tumor suppressor gene alleles in popu-
lation-based family studies (Arason et al. 1998).

Subjects and methods

The selection of families was population-based, starting from 1732
prostate cancer patients registered during the period 1965–1996 in
the files of the Department of Pathology at the University Hospital
of Iceland. Via information from the Icelandic Genealogical Com-
mittee, 233 patients were identified who had an affected first-de-
gree relative; this lead to the identification of 111 prostate cancer

Jon T. Bergthorsson · Gudrun Johannesdottir ·
Adalgeir Arason · Kristrun R. Benediktsdottir ·
Bjarni A. Agnarsson · Joan E. Bailey-Wilson ·
Elizabeth Gillanders · Jeffrey Smith · Jeff Trent ·
Rosa B. Barkardottir

Analysis of HPC1, HPCX, and PCaP 
in Icelandic hereditary prostate cancer

Hum Genet (2000) 107 :372–375
DOI 10.1007/s004390000384

Received: 25 May 2000 / Accepted: 7 August 2000 / Published online: 11 October 2000

ORIGINAL INVESTIGATION

J. T. Bergthorsson · G. Johannesdottir · A. Arason ·
K. R. Benediktsdottir · B. A. Agnarsson · R. B. Barkardottir (✉ )
Laboratory of Cell Biology, Department of Pathology, 
University Hospital of Iceland, House 14, Landspitalinn, 
101 Reykjavik, Iceland 
e-mail: rosa@rsp.is, Tel.: +354 5601906, Fax: +354 5601943

J. E. Bailey-Wilson · E. Gillanders · J. Smith · J. Trent
Prostate Cancer Investigating Group, 
National Human Genome Research Institute, 
National Institutes of Health, Bethesda, MD 20892, USA

© Springer-Verlag 2000



families,. 63 of which had more than two patients diagnosed with
the disease. Paraffin tissue was obtained from 241 individuals from
87 families that were informative for linkage analysis (Table 1). Of
these families, 21 was categorized as early onset, since they had
two or more family members diagnosed with prostate cancer be-
fore the age of 67 years. The study was approved by the Ethics
Committee of the University Hospital of Iceland and the Icelandic
Data Protection Commission.

Genotyping was performed with eleven markers in the HPC1
region (covering ~10 cM), six markers at PCaP (~20 cM), and
eight at HPCX (~20 cM) by using an ABI 377 sequencer as previ-
ously described (Smith et al. 1996). Linkage analysis was carried
out with the Fastlink (Lathrop and Lalouel 1984) and Genehunter
programs (Cottingham et al. 1993; Kruglyak et al. 1996). A domi-
nant model as described by Smith et al. (1996) was used for the au-
tosomal loci. We employed the model recommended by Xu et al.
(1998) for the X-linked markers. Allele frequencies were obtained
from the data by using single affected persons from each family
and from the genotypes of 59 healthy unrelated individuals.

Six of the markers in the HPC1 region and five at PCaP were
used to detect allelic imbalance. These were: D1S215-D1S2883-
D1S466-D1S158-D1S202-D1S422 (HPC1) and D1S2850-D1S2785-
D1S321-D1S304-D1S2811 (PCaP). Imbalance was estimated by
eye comparison of normal and tumor band intensities following
manual electrophoresis of the polymerase chain reaction products
and visualization by enhanced chemiluminescence. Normal-tumor
pairs (n=35) from 22 families were studied excluding samples
where less than two informative markers could be scored for each
region.

Results

Linkage calculations were carried out on the combined
data and also for the early age at onset family subset sep-
arately (Table 2). In addition, we separately analyzed fam-

373

Table 1 Characteristics of the
Icelandic prostate cancer fami-
lies subjected to linkage analy-
ses

All families Early age at onset families

No. of families 87 21
No. of patients 221 76
No. of genotyped samples 241 95
No. of patients genotyped per family 2.54 (range: 2–7) 3.62 (range: 2–7)
No. of individuals genotyped per family 2.77 (range: 2–9) 4.52 (range: 2–9)
Mean age at diagnosis 72.89 (range: 49–96) 66.7 (range: 50–91)

Table 2 Linkage calculations
for early age at onset prostate
cancer families and estimation
of the prevalence of allelic im-
balance in familial tumors (ND
not done). The results shown
are the percentage of normal-
tumor pairs displaying allelic
imbalance (AI), two point LOD
scores calculated by ILINK
with the recombination fraction
(θ) maximized, the combined
multipoint LOD scores com-
puted with Genehunter, the
multipoint LOD score under
heterogeneity (HLOD) with α
being the estimated proportion
of linked families, and the
multipoint non-parametric
(NPL) Z score with the accom-
panying P-value

Two-point analyses Multipoint analyses

Marker AI % Zmax (θ) LOD score HLOD (α) NPL Z (P-value)

HPC1:
D1S215 0% (n=12) 0.00 (0.49) –14.94 0.00 (0.00) –0.74 (0.77)
D1S2883 7% (n=28) 0.00 (0.50) –16.72 0.00 (0.00) –0.82 (0.79)
D1S466 3% (n=29) 0.00 (0.50) –16.18 0.00 (0.00) –0.63 (0.73)
D1S158 0% (n=28) 0.00 (0.48) –15.70 0.03 (0.04) –0.08 (0.51)
D1S2127 ND 0.00 (0.50) –14.95 0.05 (0.05) 0.16 (0.42)
D1S240 ND 0.19 (0.17) –15.69 0.04 (0.05) 0.11 (0.44)
D1S444 ND 0.00 (0.50) –15.98 0.03 (0.04) 0.01 (0.48)
D1S191 ND 0.00 (0.50) –18.88 0.02 (0.03) –0.09 (0.52)
D1S2848 ND 0.08 (0.32) –19.47 0.00 (0.01) –0.50 (0.68)
D1S202 9% (n=23) 0.00 (0.50) –16.78 0.00 (0.01) –0.52 (0.69)
D1S422 0% (n=20) 0.00 (0.49) –14.47 0.00 (0.00) –0.67 (0.74)

PCaP:
D1S446 ND 0.00 (0.50) –16.75 0.00 (0.00) 0.43 (0.33)
D1S2850 20% (n=25) 0.00 (0.50) –16.39 0.00 (0.00) 0.25 (0.38)
D1S2785 12% (n=25) 0.04 (0.38) –13.67 0.00 (0.02) 0.36 (0.34)
D1S321 11% (n=9) 0.00 (0.50) –14.00 0.00 (0.02) 0.29 (0.37)
D1S304 9% (n=11) 0.00 (0.50) –14.01 0.00 (0.02) 0.30 (0.37)
D1S2811 5% (n=21) 0.13 (0.50) –13.26 0.00 (0.03) 0.54 (0.28)

HPCX:
DXS984 0.00 (0.50) –14.98 0.01 (0.03) –0.10 (0.53)
DXS1205 0.00 (0.50) –19.07 0.00 (0.03) –0.18 (0.56)
DXS8043 0.31 (0.34) –21.08 0.24 (0.13) 0.09 (0.54)
DXS1200 0.00 (0.50) –18.35 0.19 (0.12) –0.04 (0.50)
DXS731 0.00 (0.50) –17.03 0.18 (0.11) –0.02 (0.50)
DXS1193 0.11 (0.41) –20.27 0.14 (0.10) –0.05 (0.51)
DXS1113 0.00 (0.50) –16.44 0.14 (0.10) 0.01 (0.48)
DXS1108 0.00 (0.50) –16.97 0.00 (0.02) –0.25 (0.59)



ilies lacking male-to-male disease transmission when we
calculated linkage to the chromosome X markers. Maxi-
mum two-point LOD scores for the whole data set were
small for all the markers genotyped. The highest obtained
was 0.32 (θ=0.19) for the marker D1S240 in the HPC1 re-
gion. Analysis of the early age at onset family subset (Table
2) did not lead to a profound change in the LOD score at
this or other marker loci. Moreover, non-parametric two-
point LOD scores (NPL) were insignificant for all the
markers tested. Multipoint LOD scores were highly nega-
tive in all the candidate regions and only yielded low 
positive scores when calculated under the assumption of
linkage heterogeneity (HLOD). The highest HLOD score
of 0.24 was observed near the marker DXS8043 with the
proportion of linked families (α) being 13% in the young
age at onset subgroup. Noticeable positive multipoint
HLOD scores did not result when calculations for the
HPCX region were carried out separately for families
without male-to-male transmission.

In single families, positive multipoint LOD scores of
0.5 or higher were observed in three families in the PCaP
region and four in the regions of HPC1 and HPCX. The
highest multipoint LOD score observed in a single family
was 1.16 obtained with HPC1 markers. We were unable to
identify a haplotype that was common between these fam-
ilies. Moreover, when we stratified families or patients
according to age at onset of the disease. We did not ob-
serve clustering of any specific haplotype in the young
age at onset set.

The frequency of allelic imbalance ranged from 0%–
9% in the HPC1 region and 5%–20% in the PcaP region,
being highest at the proximal PCaP marker D1S2850 (see
Table 2). In the HPC1 region, only one tumor showed al-
lelic imbalance at more than one marker locus. This tumor
was from a member of a family with a multipoint LOD
score of 1.16 in the HPC1 region. When the imbalance
was presumed to result from a genomic deletion, the puta-
tively linked haplotype in this family was found to be lost
in the tumor. If a mutation in a tumor suppressor gene co-
segregated with the linked haplotype in this family, we
would expect the loss of the wild-type allele according to
the Knudson two-hit theory (Knudson 1971). Allelic im-
balance in the PCaP region was observed in one positively
linked family, but whether the allele remaining in the tu-
mor belonged to the putatively linked haplotype could not
be resolved.

Discussion

Our failure to observe significant evidence for linkage in
prostate cancer families to the candidate chromosome re-
gions studied here may reflect genetic heterogeneity, i.e.,
that other gene loci are more important in the Icelandic
population, or merely our inadequate power to detect
these loci in the sample, since it is well known that the
sample size required to detect linkage is very large if only
a small proportion of families are linked to the regions be-
ing studied. In a recent report on the results of a genome-

wide scan of 504 affected brother pairs, nominally posi-
tive linkage signals have been found on chromosomes 2q,
12p, 15q, and 16 (Suarez et al. 2000). The positive regions
do not overlap with those identified by Smith et al. (1996)
in a previous genome-wide screening study, perhaps re-
flecting marked locus heterogeneity in this disease. Dis-
crepancies between the results of these two studies, both
of which are based on US families, could be caused by
different approaches in selecting families. It has been doc-
umented, in this regard, that families with many affected
individuals and early onset prostate cancer are more likely
to be linked to the HPC1 region (Gronberg et al. 1997). A
large proportion of our families are brother pairs or small
families, as in the study of Suarez et al. (2000), perhaps
explaining the reason that linkage to HPC1 has not been
detected in the present analysis. However, because of our
method of recruiting families, we expect to have obtained
most of the severe prostate cancer pedigrees in the popu-
lation. Negative HPC1 linkage in this study is therefore
likely to reflect a low frequency or absence of mutated
HPC1 alleles in the population. Follow-up studies on the
HPC1 locus indicate that the frequency of positive linkage
is much lower in Western populations than originally esti-
mated. In particular, a large collaborative survey includ-
ing 772 families (Xu 2000) has found 6% of the families
to be linked to HPC1, as opposed to 34% reported by
Smith et al. (1996). Interestingly, the omission of families
without male-to-male disease transmission substantially
raises the LOD score in this study, perhaps indicating that
chromosome X linkage is an important contamination fac-
tor. Since we did not pre-plan stratification according to
male-to-male transmission, such analysis was not per-
formed for the HPC1 markers. However, the results clear-
ly show that linkage to HPCX is unlikely to interfere with
calculations for the other loci in this study.

Analysis of the familial prostate tumor tissue has
shown that allelic imbalance is infrequent at both the
HPC1 and PCaP loci and is not related to the outcome of
linkage calculations for the families. Chromosome aberra-
tions at the HPC1 region have previously been shown to
be uncommon in sporadic prostate cancers (Latil et al.
1997), and our study confirms an earlier observation of
low frequency in familial prostate cancers (Dunsmuir et
al. 1998). Nevertheless, the possibility that selection for
1q24–25 deletions is confined to relatively rare HPC1-
linked families has not been excluded.

We have used linkage analysis in combination with
haplotype analysis and assessment of allelic imbalance to
determine whether the putative cancer susceptibility
genes at 1q24–25, 1q44.2–43, and Xq27–28 can be impli-
cated as important causes of hereditary prostate cancer in
Iceland. The results suggest that these regions are unlikely
to contribute significantly to the disease in the population.
Our study does not exclude the possibility that a small
portion of our families are linked in each of these regions,
although the absence of haplotype sharing between poten-
tially linked families, in addition to the lack of wild-type
allele deletions at the autosomal loci, argues against the
view that these families are truly linked.
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Abstract Testicular germ cell tumors (TGCT) arise by multistep carcinogenesis pathways involving selective
losses and gains of chromosome material. To locate cancer genes underlying this selection, we per-
formed a genome-wide study of allelic imbalance (AI) in 32 tumors, using 710 microsatellite
markers. The highest prevalence of AI was found at 12p, in line with previous studies finding con-
sistent gain of the region in TGCTs. High frequency of AI was also observed at chromosome arms
4p, 9q, 10p, 11q, 11p, 13q, 16q, 18p, and 22q. Within 39 candidate regions identified by mapping of
smallest regions of overlap (SROs), the highest frequency of AI was at 12p11.21~p11.22 (62%),
12p12.1~p13.1 (53%), 12p13.1~p13.2 (53%), 11q14.1~q14.2 (53%), 11p13~p14.3 (47%),
9q21.13~q21.32 (47%), and 4p15.1~p15.2 (44%). Two genes known to be involved in cancer reside
in these regions, ETV6 at 12p13.2 (TEL oncogene) and WT1 at 11p13. We also found a significant
association (P 5 0.02) between AI at 10q21.1~q22.2 and higher clinical stage. This study contrib-
utes to the ongoing search for genes involved in transformation of germ cells and provides a useful
reference point to previous studies using cytogenetic techniques to map chromosome changes in
TGCTs. � 2006 Elsevier Inc. All rights reserved.

1. Introduction

Over the decades, the incidence of testicular cancer has
increased substantially in Western countries [1]. The dis-
ease is typically diagnosed in males between 15 and 35
years old and represents one of the most common malig-
nancies of this age group in Europe, North America, and
Australasia. A small fraction of patients are diagnosed in
childhood, between birth and 6 years of age. The majority
of testicular tumors (95%) derive from primitive germ cells
and are consequently termed testicular germ cell tumors
(TGCT). A small fraction of the tumors may have other ori-
gins (e.g., in specialized stroma, including the Leydig or
Sertoli cells of the testis). Histologically, TGCTs are clas-
sified as either seminomas (50%), or nonseminomas
(50%). The latter group includes various cell types of

embryonic and extraembryonic origin including the tera-
tomas, embryonal carcinoma, choriocarcinoma, and yolk
sac tumors. These different histology types may appear in
pure forms or in various combinations within one and the
same tumor [2]. A benign intermediate stage termed intra-
tubular germ cell neoplasia (ITGCN) is believed to precede
both seminomatous and nonseminomatous TGCTs [3].

Analyses of the DNA content in TGCTs have indicated
that their genome is near triploid; seminomas are hypertri-
ploid and nonseminomas hypotriploid. This may result
from poly- or tetraploidization in early phases of tumor
formation, followed by series of selective losses and gains
of chromosome material [4–6]. Isochromosome formation
involving the short arm of chromosome 12dthat is,
i(12p)dis the most distinctive cytogenetic finding in
TGCTs and overrepresentation of 12p is observed in the
majority of the tumors. In addition, a small fraction of
TGCTs (10%) may display a restricted high-level amplifi-
cations in the region [7–11]. Studies using comparative
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genomic hybridization (CGH) analyses have also docu-
mented frequent gain of material on chromosomes 7, 8,
14, 21, and X and loss at chromosomes 11, 13, and 18
[9,10,12]. Previous studies using restriction fragment length
polymorphism (RFLP) or microsatellite polymerase chain
reaction (PCR) markers to map genetic changes in TGCTs
have mostly focused on predefined regions of the genome,
sites of important genes, or chromosomes implicated by cy-
togenetic analysis. The regions highlighted by these studies
include 3q, 5q, 12q, and 18q [13–17]. One study using
Southern blot analysis covering 21 chromosome arms has
been reported, but only a few markers from each chromo-
some arm were used [14]. Despite all efforts at mapping
chromosome aberrations in TGCTs, the underlying genes
remain unknown.

Our objective was to obtain a genome-wide overview of
allelic imbalance (AI) in TGCTs, in order to locate chromo-
some regions involved in the development of the disease,
and secondarily to compare the distribution of imbalances
with chromosome dosage changes mapped by CGH. We
mapped AI in 32 TGCTs, 15 seminomas, and 17 nonsemi-
nomas, using a set of 710 microsatellite markers. To our
knowledge, such a comprehensive set of markers with a
density similar to the resolution of metaphase-based CGH
(5–10 mbp) has not been used previously to map AI in
TGCTs.

2. Materials and methods

The patients included in this study underwent surgery
for testicular germ cell cancer at the University Hospital
of Iceland between 1991 and 1999. Samples were taken
for histological evaluation and a representative area of the
tumor and normal testis tissue, typically 4–15 mm in diam-
eter, was fresh frozen (280�C). To avoid contamination,
the normal testicular tissue was taken as far away from
the tumor as possible, from an area judged by the patholo-
gist to be nonmalignant. Additional histological sections
were taken from the tumor samples for evaluation of tumor
cell percentage. The clinical stage according to the Boden
and Gibb staging system [18,19], age at diagnosis, and
the histology type are given in Table 1.

For the present study, 27 normal–tumor pairs were ob-
tained as fresh-frozen tissue samples and 5 additional pairs
as paraffin-embedded tissue; in all, 17 pairs were from non-
seminomas and 15 from seminomas. DNA was extracted
from 50–100 mg of tissue using the Qiagen (Valencia,
CA) DNeasy tissue kit according to protocols supplied with
the kit. Genotyping was done using 1,070 microsatellite
markers from a genome-wide marker set developed at
deCODE genetics. One primer of each primer pair was
fluorescently labeled. PCR conditions were as described
previously [20]. The PCR products were pooled into panels
of 8–16 markers, mixed with size standards, and analyzed
on ABI 3700 sequencing machines. Data were retrieved

using GeneScan software (Applied Biosystems, Foster City,
CA) and alleles were identified automatically using the pro-
gram DAC, developed at deCODE Genetics [20]. In addi-
tion, the genotypes were edited manually to make sure
that identical alleles were called in normal and tumor sam-
ples from the same patient. Information on genotype and
signal intensity of alleles was exported to a Microsoft Excel
file for further analysis.

Determination of AI was according to the following
guidelines. For each heterozygous marker, the peak height
of the two alleles (A1, A2) in normal and tumor tissue was
obtained (see Fig. 1 for clarification). The proportion of the
two peak heights in normal tissue (Pn 5 NA1/NA2) and tu-
mor tissue (Pt 5 TA1/TA2) was calculated. The estimator
of AI (PAI) was defined as the proportion Pn/Pt if Pn ! Pt
or Pt/Pn if Pn O Pt. For example, a PAI value of 0.7
would indicate that the signal strength of one of the alleles is
reduced by 30% in the tumor compared to the normal tis-
sue. The distribution of PAI for all heterozygous markers
of each normal–tumor pair was plotted (Fig. 2). Cutoff levels
for AI were then assigned to each sample individually ac-
cording to the PAI distribution. If the histogram appeared

Table 1

Clinical and pathological information

Patient Age at dx Stage Histology

1 39 I S, ITGCT

2 42 II S

3 45 II S

4 42 I S

5 46 II S, ITGCT

6 34 I S

7 29 II S, ITGCT

8 26 I S, ITGCT

9 27 I S, ITGCT

10 24 I S

11 25 II S

12 40 I S, ITGCT

13 27 II S, ITGCT

14 19 I S, ITGCT

15 28 I S, ITGCT

16 2 I YST

17 37 I EC

18 31 II EC, ITGCT

19 20 I MT, ITGCT

20 47 I YST, S

21 31 III EC, MT, ITGCT

22 27 I EC, MT, ITGCT

23 43 I IT, EC, S, C, ITGCT

24 19 I YST, MT

25 30 III EC, IT, P, ITGCT

26 29 I MT, EC, C

27 23 I MT, YST, IT

28 18 I IT, EC

29 19 II MT, EC, IT, ITGCT

30 17 II MT, YST, EC

31 33 I S, EC

32 42 I S, EC, YST, MT, IT, ITGCT

Abbreviations: C, choriocarcinoma; dx, diagnosis; EC, embryonal

carcinoma; IT, immature teratoma; ITGCT, intratubular germ cell tumor;

MT, mature teratoma; S, seminoma; YST, yolk-sac tumor.
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as a mixture of normal distributions, or as separate clusters
of PAI scores (examples in Fig. 2), the cutoff was assigned
to the lowest point between clusters. Accordingly, all PAI
values ! 0.55 in Fig. 2a (vertical line) and all PAI values
! 0.675 in Fig. 2b were defined as AI. The mean value of
the cutoffs defined in this manner was 0.5 (range 0.34–0.7).

If the distribution of PAI values did not show identifiable
clusters, as seen for the sample in Fig. 2c (this was the case
for 12 normal–tumor pairs), the cutoff value was fixed at
0.7. This value was obtained on basis of estimation of the
signal-to-noise ratio associated with different threshold lev-
els. For evaluation of the signal-to-noise ratio, we assumed
that the occurrence of noise-related positive PAI values is
random across the genome and that PAI values underlying
true chromosome abnormalities are more likely to co-
cluster at certain chromosome regions. For combined data
of the 12 tumors without identifiable PAI clusters, the ratio
of isolated positive PAI values against clustered values (two
or more adjacent) was plotted for six different cutoff levels:
0.60, 0.65, 0.70, 0.75, 0.80, and 0.85. We observed only
a small change in this ratio when the cutoff was elevated
from 0.65 to 0.70 (5%), but a noticeable increase was seen

between 0.7 and 0.75 (32%), and an even higher increase
was observed when the cutoff was elevated from 0.75 to
0.80 (44%). Accumulation of false-positive scores in these
tumors therefore appears to begin at a point between 0.70

Fig. 1. Estimation of allelic imbalance (AI) from the output of the ABI

3700 genetic analyzer: chromatograms showing the genotypes of two nor-

mal–tumor tissue pairs. AI is evident in sample 1, seen as proportionally

diminished fluorescent signal of a 140-bp allele (TA1) in the tumor

DNA compared to the normal DNA. The tumor of sample 2 is unaltered.

Fig. 2. Histograms showing the distribution of allelic imbalance estimates

(PAI) for three different samples (a, b, and c). The PAI value is shown on

the x-axis and the number of observations on the y-axis. The vertical lines

represent a cutoff value for determination of AI as described in the materi-

als and methods section. For each of these samples, the distribution was

based on more than 400 informative microsatellite markers.
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and 0.80; a cutoff of 0.70 was therefore considered a reason-
ably conservative choice.

Fisher’s exact test was used to evaluate differences in the
frequency of AI between histology types and clinical stage.
We used a chi-square test with Yates correction to compare
AI frequency at the smallest regions of overlap (SROs) be-
tween tumors with high versus low levels of overall AI. The
Spearman rank correlation test was used to test for associa-
tion between PAI cutoff values for individual samples and
the tumor cell fraction estimated by microscopic evaluation.

All patients contributing to this study gave their in-
formed consent. Personal identifiers were encrypted prior
to analysis by protocols approved by the Icelandic Data
Protection Authority. The study was also approved by the
Icelandic Bioethics committee.

3. Results

Normal and malignant tissue from 32 patients diagnosed
with TGCT was genotyped with microsatellite markers for
evaluation of AI throughout the genome. Of the 1,070
markers initially used, 710 (66%) generated PCR products
of quality suitable for further analysis. The median number
of informative markers per sample of fresh-frozen tissue
(n 5 27) was 470 (range 129–510); for paraffin tissue sam-
ples (n 5 5), the median number was 233 (range 129–509).
The average genetic distance between the microsatellite
markers used in this study was 4.9 cM.

The median percentage of tumor cells in the samples
was 75% (range 30–95%). According to a nonparametric
correlation test, the PAI cutoff value for individual samples
was inversely correlated with the tumor cell percentage
(P 5 0.017). The total number of markers positive for AI
in the samples was independent of the tumor cell fraction,
however, indicating that variation due to normal cell con-
tamination is minimized by our method of assigning cutoff
values.

In many cases, samples displayed AI over an entire chro-
mosome. Such events were most common for chromosomes
11 and 13, where the whole chromosome displayed AI in
25% of the samples (n 5 8). Seven samples displayed AI
for the whole chromosome 15 (22%) and six samples for
chromosome 5 (18%). Whole chromosome involvement
was less common for other regions of the genome; for chro-
mosomes 1, 8, 14, and 17, none were observed.

The highest frequency of AI for a single marker was seen
for D12S1725 (61%), located near the telomere of the short
arm of chromosome 12 (12p13.2). Considering only themost
commonly involved marker on each chromosome arm, the
highest frequency of AI on the other chromosomes was ob-
tained for D11S1887 (at 11q14, 55%), D18S464 (18p11,
50%), D11S1776 (11p13, 44%), D3S3532 (3p14, 41%),
D16S3253 (16q12, 41%), D6S446 (6q27, 40%), D15S816
(15q26, 40%), D13S1256 (13q33, 39%), D9S1824 (9q32,
38%), D22S539 (22q11, 36%), and D10S591 (10p15,

36%). We also calculated the percentage of AI using frames
of three adjacent markers. Counting only the maximumAI%
on each chromosome arm using this approach, the sites most
commonly displaying AI were 12p13 (52%), 11q14~q21
(44%), 11p13 (36%), 13q13~q14 (32%), 18p11 (32%),
4p16 (30%), 16q12~q21 (30%), 9q31~q32 (29%), 10p15
(29%), and 22q13 (27%). A table containing information
about the percentage of AI over the genome using both these
approaches is available from the corresponding author upon
request.

A comparison of the prevalence of AI between the two
major histology types is presented in Fig. 3. A noticeable
difference between seminomas and nonseminomas was seen
at number of locations, including 3p, 4q, 5p, 5q, 6q, 9q, 11q,
13q, and 19q. The difference in each marker was assessed
using Fisher’s exact test. A significant difference was found
at the location of two markers: D5S400 (P 5 0.048) at
5q35.1 and D13S326 (P 5 0.022) at 13q14.1; however,
these P-values are insignificant after adjusting for the large
number of tests.

Determination of the smallest possible region of overlap-
ping AI (SRO) led to the identification of 39 candidate loci in
the whole genome (Table 2). The size range for these SROs
was between 1 and 32Mbp (average 9.9Mbp). The frequency
of AI within the different SROs ranged between 19 and 62%
and was highest at the following sites: 12p11.21~p11.22
(62%), 12p12.1~p13.1 (53%), 12p13.1~p13.2 (53%), and
11q14.1~q14.2 (53%). Although the distribution of the SROs
was generally in linewith the prevalence ofAI in the genome,
we were not able to identify any SRO at some chromosomes
commonly displaying AI, including chromosomes 5, 13, and
16q.

For all samples, the median number of SROs was 8.5
(range 1–16). A category of tumors with high-level genetic
instability was defined as samples including >9 SROs
(n 5 16); tumors with !9 SROs (n 5 16) were considered
low instability. Differences in the prevalence of AI within
these two categories were evaluated by calculating odds
ratios. Chromosome locations displaying AI at least two
times more often than expected among the low-instability
category included the following sites: 1p31.1~p31.3,
3p12.3~p13, 3p14.2~p21.31, 4q28.2~q31.1, 4p15.1~p15.2,
and 10q26.3~qtel. Furthermore, allelic imbalance at
2p11.2~q14.1, 20p12.1~q11.23, and 22q13.31~q13.32 ap-
peared almost restricted to high-level genetic instability.
The observed differences between the high- and low-instabil-
ity categories did not reach statistical significance at any of
the SROs according to chi-square analysis.

Clinical stage did not correlate with the overall level of
AI. The mean number of SROs was 7.7 in tumors from pa-
tients with stage II–III disease and 8.6 in tumors from pa-
tients with stage I disease. Certain regions, however, were
more commonly involved in the stage II–III tumors, includ-
ing 3p14.2~p21.31, 10p12.33~p13, and 10q21.1~q22.2,
which was the only location showing a significantly higher
prevalence according to the Fisher exact test (P 5 0.02).
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Fig. 3. The prevalence of allelic imbalance (AI), displayed for seminoma (gray) and nonseminoma (black) separately. The distance from the start (p-tel) of

the chromosome is given on the x-axis in centimorgans (cM) and the percentage of AI is shown on the y-axis. The frequency of AI was estimated using

informative test of three consecutive markers.
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The SRO at 10q21.1~q22.2 was positive for AI in 7 of 11
(63%) stage II–III tumors, but only 4 of 21 (19%) stage I
tumors.

4. Discussion

We used microsatellite markers to create a genome-wide
map of AI in 32 TGCTs. A novel method for ascertaining
AI was employed, based on the sample-specific profiles
of normal and tumor allele intensity ratios. One of the main
purposes for assigning tumor-specific AI cutoff levels was
to correct for the aberrant ploidy levels observed in TGCTs.
In contrast to a near-diploid genome seen in most organ-
specific solid tumors, the average genome of TGCTs is trip-
loid, meaning that the ratio of parental chromosomes could

be skewed for a large part of the genome. In fact, for the
majority of the tumors in this study (62%), more then half
of all measured PAI values were smaller than 0.85, which
has been suggested to be a reasonable cutoff value for AI
on basis of repeated analysis of normal heterozygous gen-
otypes [21]. We believe that with the present method, mod-
erate changes in allele proportions can be successfully
filtered out, highlighting changes more likely to result from
selective events (e.g., loss of tumor suppressor genes, or
amplification of oncogenes).

Our results show a high degree of variability with re-
spect to the distribution of AI in the TGCTs analyzed.
The most commonly involved chromosome arms include
4p, 9q, 10p, 11p, 11q, 12p, 13q, 16q, 18p, and 22q. Some
of the highlighted regions have also been reported by other
groups using microsatellite markers, including 11p, 11q,

Table 2

Smallest regions of overlap

SRO location Markers Size, Mb AI, % Candidate genes

1p36.13~p36.21 D1S434–D1S2644 6.4 31.2 SDHB, PAX7, PRDM2, SPEN

1p34.3~p35.2 D1S470–D1S255 7.4 31.2 LCK, SFPQ, PTP4A2, HDAC1, STK22C, RBBP4

1p31.1~p31.3 D1S2788–D1S481 14.1 28.1 ARHI
1q32.1 D1S413–D1S2717 5.3 25.0 PTPRC

2p11.2~q14.1 D2S2216–D2S2254 31.8 34.4 LAF4, PAX8, BCL2L11

2q24.3~q31.3 D2S2330–D2S364 16.3 34.4 CHN1, HOXD13, HOXD11

2q32.1~q32.3 D2S364–D2S117 12.6 31.2 PMS1

2q36.1~q37.1 D2S133–D2S427 7.6 37.5 SERPINE2

3p14.2~p21.31 D3S1581–D3S1600 14.7 28.1 NCKIPSD, FHIT

3p12.3~p13 D3S3551–D3S3653 4.8 25.0 PROK2

3q29 D3S1265–D3S1311 1.5 37.5 TFRC, PAK2
4p15.1~p15.2 D4S391–D4S1587 8.0 43.7 PCDH7

4q28.2~q31.1 D4S1615–D4S424 14.1 25.0 PHF17

6q25.2~q26 D6S441–D6S305 8.3 34.4 WTAP
6q27 D6S297–D6S446 3.3 37.5 FGFR1OP, MLLT4

7p11.2~q11.22 D7S499–D7S2500 13.5 21.9 SBDS

7q21.1~q31.1 D7S2409–D7S2418 18.6 25.0 CALCR, CDK6

9q21.13~q21.32 D9S1876–D9S167 10.5 46.9 RORB
9q31.3~q33.1 D9S1675–D9S1776 4.9 40.6 DEC1

10p12.33~p13 D10S191–D10S548 4.2 34.4 DCLRE1C, RSU1

10q21.1~q22.2 D10S539–D10S556 22.2 34.4 CCDC6, CXXC6, MYST4

10q26.3~qtel D10S169–qtel 3.1 31.3 BNIP3, NKX6-2
11p13~p14.3 D11S4080–D11S907 9.0 46.9 WT1, LMO2, FSHB

11p12~q12.1 D11S1785–D11S4191 17.4 43.8 EXT2, DDB2, MADD, PTPRJ

11q14.1~q14.2 D11S937–D11S1780 9.8 53.1 PICALM

12p13.1~p13.2 D12S1697–D12S364 2.0 53.1 ETV6

12p12.1~p12p13.1 D12S364–D12S1591 10.3 53.1 SOX5, RECQL, EPS8, PTPRO

12p11.21~p11.22 D12S1704–D12S345 3.1 62.5 DDX11, PTX1

12q21.31~q23.1 D12S1708–D12S2081 15.3 21.9 BTG1, KITLG
12q24.23~q24.31 D12S395–D12S2073 1.1 28.1 MSI1

14q21.1~q21.3 D14S552–D14S748 5.5 28.1 BTBD5

15q13.3~q14 D15S165–D15S146 8.9 31.2 NUT, TPM3

17q12~q22 D17S1867–D17S787 18.2 18.7 MLLT6, ERBB2, RARA, BRCA1, ETV4

18p11.21~p11.31 D18S63–D18S453 9.5 28.1 PTPN2

18q21.32~q21.33 D18S1129–D18S68 4.9 31.2 BCL2, CDH20

19q13.43~qtel D19S573–qtel 2.0 40.6 PEG3, BC-2

20p12.1~q11.23 D20S904–D20S107 23.8 28.1 SRC, E2F1, BCL2L1, RBL1
22q11.21~q11.23 D22S427–D22S315 7.4 37.5 PNUTL1, BCR, SMARCB1, HIC2, MAPK1

22q13.31~q13.32 D22S1165–D22S1169 5.1 37.5 SMC1L2, GTSE1, LDOCL1

Abbreviation: SRO, smallest region of overlap.

Cytogenetic location, marker interval, size of the regions in megabases, percentage of samples displaying AI in the interval and candidate genes in the

region are shown. The names of genes included in a census of known cancer genes [31] are highlighted in bold face type.
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12p, 13q, and 22q, [14,15,22,23]. A direct comparison to
other studies using microsatellite markers may be very mis-
leading, however, because most of them were targeted to
specific regions and used different methods to ascertain AI.

Previous studies mapping genomic deletions by CGH
have shown consistent involvement of chromosomes 4, 5,
9, 11, 13, and 18 [9,10,12,24–26]. These chromosomes
are all associated with high prevalence of AI in the present
study although some differences exist in respect to subchro-
mosomal location. For example, in contrast to our results,
losses of 4q are more often reported by CGH than 4p losses
[24,25]. The same applies to chromosome 18, where
a higher percentage of AI was observed for the short arm,
although most CGH studies report higher percentage of
18q deletions. The most consistently reported regions of
chromosome gain identified by CGH in TGCTs are on
chromosomes 2p, 7, 8, 12p, 14q, 15q, 17q, and 21q
[9,10,12,24–26]. Of these sites, 12p was the only region
of common AI in the present study. In fact, the lowest fre-
quency of AI was observed at chromosome 8 and involve-
ment of chromosome arms 2p, 7, 17q, and 21q was
uncommon. This strongly indicates that gain of chromo-
some material in these regions does not involve preference
for specific alleles.

It has been suggested that differentiation of TGCTs into
the various histological forms may partly be directed by ge-
nomic rearrangements. In particular, analysis of mixed tu-
mors has shown that different histologies within a single
tumor share many of the chromosomal rearrangements,
but also possess a unique set of changes [13]. The greatest
difference observed between the two major histology clas-
ses was seen at 5q35.1 (more prevalent in nonseminoma)
and 13q14.1 (seminoma associated). Although significant
P-values were obtained for markers at these specific sites,
the difference can be seen visually for entire chromosomes
5 and 13 (Fig. 3). Previous CGH studies have usually not
included sufficient number of samples to allow comparison
between histology types; however, one study including 33
tumors reported a preference for gain at 17q and 12p and
loss at 10q in nonseminoma [25]. These observations were
not supported by our data, except that we found a trend for
higher prevalence of AI in the nonseminomas at 12p
(Fig. 3).

The majority of TGCTs harbor the i(12p) cytogenetic
marker [27,28]. Furthermore, gain of 12p material found in
most TGCTs has been linked to invasive growth and has a po-
tential prognostic value [29]. In addition, high level amplifi-
cations have been observed at 12p22.2~p12.1 in ~8% of all
TGCTs, mostly in tumors not harboring an i(12p). In our
study, 12p was the most frequently involved region, with
a prevalence of 61% at D12S1725 close to the CCND2 (Cy-
clin D2) gene at 12p13.32. In some cases, the whole chromo-
some arm showed AI (30%); however, in a larger portion of
the samples partial AI was displayed. Three different SROs
were identified at 12p13.1~p13.2, 12p12.1~p13.1, and
12p11.21~p11.22, suggesting the existence of multiple gene

targets. Detailed analysis of 12p amplicons using CGH-array
experiments and the comparative expressed sequence hy-
bridization (CESH) technique have highlighted a region of
~3Mbp at 12p11.2~p12.1, contained within one of the SROs
defined in this study [11,30].

A total of 39 small regions of overlapping AI (SRO)
were identified in this study (Table 2). The size of these re-
gions was in the range of 1 to 32 cM (mean 9.9 cM), and
the number of annotated genes varies from one to over hun-
dred. Only one gene within the commonly involved SROs
at 12p (i.e., the TEL oncogene, ETV6, at 12p13.2) is known
to be causally implicated in oncogenesis [31]. This gene
encodes an ETS family transcription factor involved in
a large number of chromosomal rearrangements in leuke-
mia, breast cancer, and congenital fibrosarcoma. Additional
candidate genes within the SROs at 12p include CMAS at
12p12.1, ETNK1 (alias EKI1) at 12p12.1 and LRP6 at
12p13.2, all of which have been found highly overex-
pressed in TGCT [11]. Other known cancer genes within
the most commonly involved sites include WT1, LMO2,
EXT2, and DDB2 on chromosome 11. The WT1 gene has
previously been implicated in the development of TGCT
on the basis of involvement in sexual development, gonado-
genesis, and chromosome instability. Germline mutations
in this gene, which encodes a zinc-finger transcription fac-
tor, predisposes to embryonic kidney cancer termed Wilms
tumor and other developmental syndromes [32]; however,
arguments against WT1 being the primary target of dele-
tions in the 11p region have also been reported [33,34].
The candidate region identified at 4p15.1~p15.2 covers
~8 Mbp. The region is of particular interest because it
seems to be more commonly involved in tumors with small
overall number of genetic changes. According to CGH
studies, the majority of copy number changes observed in
testicular tumors at 4p are chromosome losses [10,12,25].
Despite its large size, the region contains only one known
gene, PCDH7. This gene encodes a protein that mediates
cell-to-cell adhesion in mouse fibroblasts, and is contained
within a region of common loss in hepatocellular carcino-
ma [35,36].

Four of the SROs identified in the present study overlap
with regions (n 5 14) identified in a recent study of TGCT
using the CGH-array technique [37]. Two of these regions
were associated with chromosome gains (17q12~q22,
22q13), and two with losses (3q29, 11p12~q12). The SRO
at 3q29 was the smallest candidate region of loss (0.87
Mbp) identified in the study of McIntyre et al. [37] and
was also among the smallest SROs identified in the present
study (1.5 Mbp). This region harbors a number of known
genes, including PAK2, a candidate tumor suppressor gene
involved in downregulation of the MYC oncoprotein [38].

The present genome-wide AI study was designed to
minimize the influence of normal tissue contamination,
clonal heterogeneity, and aberrant ploidy levels. In line with
previous findings in TGCTs, the most commonly involved
region was the short arm of chromosome 12. Other regions
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implicated are mostly consistent with locations of chromo-
some losses observed by previous metaphase based CGH
studies, but novel candidate loci were also identified (e.g.,
regions on chromosome arms 4p, 10p, and 18p). Although
our objective was mainly to obtain an overview of the ge-
nomic changes in TGCTs, some of the candidate regions
are small enough to pinpoint specific genes. In most cases,
however, a more targeted analysis using a denser set of mi-
crosatellite markers, or CGH-microarrays, is needed to fur-
ther narrow down the chromosome regions likely to harbor
candidate genes in TGCT.
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A common variant associated with prostate cancer in 
European and African populations
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Gudmundur V Einarsson3, Rosa B Barkardottir2, Jeffrey R Gulcher1, Augustine Kong1, Unnur Thorsteinsdottir1 
& Kari Stefansson1

With the increasing incidence of prostate cancer, identifying 
common genetic variants that confer risk of the disease is 
important. Here we report such a variant on chromosome 
8q24, a region initially identified through a study of Icelandic 
families. Allele –8 of the microsatellite DG8S737 was 
associated with prostate cancer in three case-control series 
of European ancestry from Iceland, Sweden and the US. The 
estimated odds ratio (OR) of the allele is 1.62 (P = 2.7 × 10−11). 
About 19% of affected men and 13% of the general population 
carry at least one copy, yielding a population attributable risk 
(PAR) of ∼8%. The association was also replicated in an African 
American case-control group with a similar OR, in which 
41% of affected individuals and 30% of the population are 
carriers. This leads to a greater estimated PAR (16%) that may 
contribute to higher incidence of prostate cancer in African 
American men than in men of European ancestry.

The incidence of prostate cancer has increased markedly over the last 
decades and is now the most prevalent noncutaneous cancer in males in 
developed regions of the world1. The only firmly established risk factors 
for prostate cancer are age, family history of prostate cancer and ethnic-
ity2,3. African Americans have among the highest incidence of prostate 
cancer and mortality rate attributable to this disease. African Americans 

are 1.6 times more likely to develop prostate cancer, and 2.4 times more 
likely to die from this disease, than European Americans4. Genetic fac-
tors probably contribute to such differences, along with a combination 
of environmental factors. However, in spite of compelling evidence for 
the role of genetics in prostate cancer5, the search for common germline 
risk variants has been largely unrewarding6.

In an attempt to identify genetic variants underlying risk of pros-
tate cancer, we conducted a genome-wide linkage scan using 1,068 
microsatellite markers typed for 871 Icelandic men with prostate 
cancer that grouped into 323 extended families (see Methods and the 
Supplementary Note online). This scan produced a suggestive linkage 
signal on chromosome 8q24 with a maximum lod score of 2.11 (D8S529 
at 148.25 cM) (Fig. 1a).

To refine the source of this linkage signal, we genotyped an additional 
358 microsatellite and indel markers spanning 18.6 cM on chromosome 
8 from 125–135 Mb (NCBI Build 34) in 869 unrelated men with prostate 
cancer and 596 population controls (case-control group I) (Fig. 1a,b). 
We tested a total of 1,624 alleles. The strongest association to prostate 
cancer was observed for allele –8 of the microsatellite DG8S737, with 
an OR of 1.79 (P = 3.0 × 10−6) (Fig. 1b and Table 1). As population 
controls were used, the OR can also be considered an estimate of rela-
tive risk (RR) per copy carried based on the multiplicative model of 
risk7,8. This association was replicated in a second Icelandic case-con-
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University Feinberg School of Medicine, Chicago, Illinois 60611, USA. 9Department of Psychiatry, Washington University School of Medicine, St. Louis, Missouri 
63110, USA. 10Department of Human Genetics, University of Chicago, Chicago, Illinois 60637, USA. 11Department of Internal Medicine, University of Michigan, 
Ann Arbor, Michigan 48109, USA. 12These authors contributed equally to this work. Correspondence should be addressed to K.S. (kstefans@decode.is) or U.T. 
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trol group of 422 men with prostate cancer and 401 population-based 
controls (case-control group II), in which the OR of allele –8 was 1.72 
(P = 0.0018). In the combined Icelandic case-control groups I and II 
(1,291 affected men and 997 controls), the DG8S737 –8 allele had a 
frequency of 13.1% in affected men and 7.8% in controls (OR = 1.77, 
P = 2.3 × 10−8) (Table 1), corresponding to a PAR of 11%. DG8S737 
(128.433096 Mb; Supplementary Table 1 online) is a dinucleotide AC 
repeat located within a linkage disequilibrium (LD) block that spans 92 
kb on chromosome 8q24.21 (128.414 to 128.506 Mb, NCBI Build 34) in 
the Utah CEPH (CEU) HapMap samples (all references to the HapMap 
data in the text are to release 19).

To further investigate the nature and extent of the association signal, 
we genotyped 63 SNPs and 12 additional microsatellites in a 600-kb 
region surrounding DG8S737 (Fig. 1c,d and Supplementary Tables 1 
and 2 online). In total, 53 SNPs and six microsatellites were located within 

the LD block that contains DG8S737, captur-
ing most of its haplotype diversity, according 
to the CEU HapMap data. Of these SNPs, 37 
were significantly associated with prostate can-
cer (P < 0.001), with allele A of SNP rs1447295 
showing the strongest association (OR = 1.72, 
P = 1.7 × 10−9) (Table 1). Sixteen of the SNPs 
belong to the same LD equivalence class (r2 = 
1) as rs1447295 in the CEU HapMap sample 
and therefore showed comparable association. 
In the Icelandic samples, allele –8 of DG8S737 
and allele A of rs1447295 were substantially 
correlated (r2 ≈ 0.5) (Supplementary Table 3 
online). This correlation was lower in the CEU 
HapMap sample (r2 ≈ 0.3), but no other SNP 
in the HapMap data had a higher correlation 
(Supplementary Table 3). In other words, the 
SNPs that were most associated with allele 
–8 of DG8S737 are also most associated with 
prostate cancer.

In an effort to identify new risk variants, we sequenced pools of 
DNA samples consisting of 117 Icelandic men with prostate cancer 
and 109 controls across the 92-kb LD block region (92% coverage) 
(Supplementary Methods online). Few new SNPs were identified, and 
none showed stronger association to prostate cancer in the combined 
Icelandic case-control group than allele –8 of DG8S737 or allele A of 
rs1447295.

We next attempted to replicate this association in 1,435 unrelated men 
with prostate cancer and 779 population-based controls from Sweden, 
and in 458 European American men with prostate cancer and 247 con-
trols from Chicago. The frequency of the DG8S737 –8 allele was sig-
nificantly greater in affected men than in controls for both the Swedish 
(OR 1.38, P = 0.0043) and European American (OR 2.10, P = 0.0029) 
case-control groups. We obtained a similar outcome for the rs1447295 A 
allele (Table 1), indicating that the variants initially identified in Iceland 

Figure 1  A schematic view of the linkage and 
association results, marker density and LD 
structure in a region on chromosome 8q24.21. 
(a) Linkage scan results for chromosome 
8q performed with 871 Icelandic men with 
prostate cancer in 323 extended families. 
(b) Single-marker association results for 
unrelated prostate cancer cases (case-control 
group I, n = 869), using 358 microsatellites 
and insertions-deletions (indels) (blue 
diamonds), distributed over a 10-Mb region. 
(c) Single-marker association results for all 
prostate cancer cases (N = 1291). Filled red 
squares denote P values for the 63 SNPs and 
12 microsatellites added to this region; blue 
diamonds denote the values for the other 
markers already typed in this region from b. 
(d) Pairwise LD from the CEU HapMap 
population for the 600 kb region from c. 
Filled gray triangles at the bottom indicate the 
location of the c-MYC gene and the AW183883 
EST discussed in the main text. A scale for r2 
is provided on the right. Black vertical lines 
represent the density of microsatellites (in b) 
or microsatellites and SNPs (in c) used in the 
association analysis.
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are likely to be associated with increased risk of prostate cancer in most 
populations of European ancestry.

The rs1447295 A allele is more common than the DG8S737 –8 
allele, and most chromosomes that carry the –8 allele also carry the A 
allele. Investigating the risk jointly (Supplementary Table 4 online and 
Supplementary Methods), we found that the chromosomes that carry 
both the –8 allele and the A allele have the highest risk. The chromo-
somes that carry the A allele but not the –8 allele have lower risk than 
the former, but they still have significantly higher risk than chromo-
somes that carry neither allele (OR = 1.25, P = 0.015). These results 
indicate that neither the DG8S737 –8 nor the rs1447295 A alleles by 
themselves can fully explain the risk profile. Hence, either there are mul-
tiple functional variants in the region, or these alleles are both in strong, 
but imperfect, LD with a presently unknown risk variant. Accordingly, 
both markers should be genotyped in replication studies in populations 
of European ancestry.

We undertook a third replication study in 246 African American men 
with prostate cancer and 352 controls to determine whether the variants 
identified above are also associated with prostate cancer in a group with 
high incidence of the disease. If so, then the greater genetic diversity 
in African Americans could provide greater resolution to pinpoint the 
unknown risk variant. This assumption was supported by an analysis 

of the 92-kb LD block in the Nigerian Yoruba (YRI) HapMap sample, 
which uncovered both greater genetic diversity and weaker LD in the YRI 
sample than in populations of European ancestry. Specifically, although 
19 SNPs, including rs1447295, are in the same equivalence class (r2 = 1) 
in the CEU HapMap data, they belong to 13 different equivalence classes 
in the HapMap YRI sample (Supplementary Table 3). Consequently, 
in addition to DG8S737, we genotyped 17 of the 19 equivalent SNPs 
(including rs1447295) in the African American case-control group. Of 
the two omitted, one was perfectly correlated with two other SNPs we 
genotyped, and the other was nonpolymorphic, in the YRI samples.

Allele frequency differences between the YRI HapMap sample and the 
groups of European ancestry raised the possibility that spurious associa-
tion results could arise from differences in the distribution of European 
ancestry among the African American men in the affected and control 
groups. To control for ancestry, we genotyped 30 microsatellites that are 
randomly distributed in the genome and informative for distinguish-
ing between African and European ancestry. An analysis of these data 
with Structure9–11 did not show any significant differences in European 
ancestry between affected individuals and controls.

The frequency of allele –8 of DG8S737 was 23.4% in African American 
men with prostate cancer and 16.1% in controls, with an OR of 1.60 (P = 
0.0022). Of the 17 SNPs that we genotyped, rs1447295 gave the lowest, 

Table 1  Association of alleles at chromosome 8q24 to prostate cancer in Iceland, Sweden and the US

Allelic frequency

Study population
(N cases/N controls) Marker Allele Cases Controls OR P value

Iceland

 Group Ia

(869/596) DG8S737 –8 0.134 0.080 1.79 3.0 x 10−6

 Group IIb 

(422/401) DG8S737 –8 0.124 0.076 1.72 1.8 × 10−3

 Combined groups I and IIb

(1,291/997) DG8S737 –8 0.131 0.078 1.77 2.3 × 10−8

rs1447295 A 0.169 0.106 1.72 1.7 × 10−9

Swedenc 

(1,435/779) DG8S737 –8 0.101 0.079 1.38 4.3 × 10−3

rs1447295 A 0.164 0.133 1.29 4.5 × 10−3

European Americans,
Chicago

(458/247) DG8S737 –8 0.082 0.041 2.10 2.9 × 10−3

rs1447295 A 0.127 0.081 1.66 6.7 × 10−3

African Americans,
Michiganb,d

(246/352) DG8S737 –8 0.234 0.161 1.60 2.2 × 10−3

rs1447295 A 0.344 0.313 1.15 0.29

Shown are alleles for the markers DG8S737 and rs1447295 at 8q24.21 and the corresponding numbers of cases and controls (N), allelic frequencies of variants in affected and control individu-
als, odds ratio (OR) and two-sided P values.

aIndividuals are unrelated at three meioses. bThe association analysis was adjusted for the relatedness of some of the individuals. cThe P values and the OR values were adjusted for a covariate 
that represented the two different centers (see Methods). dThe results shown were adjusted for European and African ancestry between affected individuals and controls and were practically iden-
tical to unadjusted results.
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albeit not significant, P value (P = 0.29) (Table 1). This indicates that 
DG8S737 –8, rather than the SNPs, is either itself a functional variant 
or is very tightly associated with a presently unknown risk variant both 
in populations of European and of African ancestry. Although the latter 
possibility might seem unlikely given the considerable range of allele 
sizes exhibited by DG8S737 (Supplementary Table 5 online), a phylo-
genetic analysis indicated that this marker has only a moderate muta-
tion rate, with strong correlation between allele size and SNP haplotype 
background in the HapMap samples (Supplementary Fig. 1 online).

Assessment of the HapMap YRI data showed that the three SNPs that 
are most strongly correlated with the –8 allele of DG8S737 (r2 = 0.32 
to 0.34) were among the 17 SNPs genotyped in the African American 
samples (Supplementary Table 3). Thus, it is highly unlikely that any 
SNP within the LD block in the HapMap data will show a strong asso-
ciation to prostate cancer in African Americans. Even though the OR is 
similar in the case-control groups of African and European ancestry, the 
estimated PAR in African Americans is considerably higher (16% versus 
5%–11%) because of the greater frequency of DG8S737 –8. This allele 
is even more common in the YRI HapMap samples (22.5%), raising the 
possibility that the PAR captured by DG8S737 –8 may even be greater in 
African populations. We found that the multiplicative risk model fitted 
the data adequately for populations of both European and African ances-
try. Genotype counts and model-free estimates of genotype-specific RR 
values can be found in Supplementary Tables 6 and 7 online.

We next sought to determine whether the risk variants associate 
more strongly with aggressive forms of prostate cancer as reflected 
by high Gleason scores. In all four case-control groups, the frequency 
of DG8S737 –8 was significantly greater in men with prostate cancer, 

with combined Gleason scores of 7 to 10, than in controls (Table 2). 
Moreover, the frequency of allele –8 was greater in affected individuals 
with high (7–10) than with low (2–6) Gleason scores in all four case-
control groups combined (OR = 1.21, P = 0.02) and the three European 
ancestry case-control groups combined (OR = 1.18, P = 0.07), but the 
difference is modest. An analysis of 510 Icelandic men diagnosed with 
benign prostatic hyperplasia (BPH), but not prostate cancer, showed no 
significant excess of either allele –8 of DG8S737 or allele A of rs1447295 
(data not shown) indicating that these variants increase the risk of 
malignant prostate tumors only, and might have a stronger association 
with the more aggressive forms.

As only the microsatellite allele showed significant association in the 
African American case-control group, and it is contained in a smaller LD 
block in African Americans than in populations of European ancestry 
(Supplementary Fig. 2 online), we propose that the region most likely 
to contain the functional variant can be narrowed down to positions 
128.414–128.474 Mb (NCBI build 34). This region contains one spliced 
EST (AW183883) and three single-exon ESTs (BE144297, CV364590 and 
AF119310) in addition to a few predicted genes, but no known genes12. 
No microRNAs have been detected within the block13. Expression 
analysis in various cDNA libraries confirmed only the expression of the 
AW183883 EST (Supplementary Methods). We identified four differ-
ent splice variants of AW183883 by 5′and 3′ RACE that were verified by 
RT-PCR and RNA blot analysis (Fig. 2a). Using the AW183883 EST as a 
probe on an RNA blot, we detected a ∼1.5-kb signal only in testis, con-
sistent with the size of the two longer forms. The two shorter transcripts 
harboring exons 6–8 were detected only in normal (0.6-kb transcript) 
and malignant (0.6- and 0.9-kb transcripts) prostate cell lines, not in 

Figure 2  RNA expression of identified splice 
variants derived from the EST AW 183883. 
(a) Schematic representation of the four AW 
splice variants identified. Exons are shown as 
rectangles and introns as lines. The transcripts 
extend from 128.258–128.451 Mb on 
chromosome 8q24. The length of exons is 
as follows: exon 1: 503 bp; exon 2: 343 bp; 
exon 3: 103 bp; exon 4: 88 bp; exon 5: 371 
bp; exon 6: 135 bp; exon 6 (long): 546 bp; 
exon 7: 140 bp and exon 8: 246 bp. Shown 
are locations of the microsatellite marker 
DG8S737 and the SNP rs1447295 relative 
to the splice variants. Figure is not drawn to 
scale. (b) RNA blot analysis of polyA RNA 
isolated from various human tissues. The 
membrane was hybridized with the 351-bp 
full-length AW183883 EST cDNA (exons 
1 and 2). PBL, peripheral blood leukocyte. 
Note the 1.5-kb band in testis. (c) RNA blot 
analysis of human polyA RNA from normal and 
malignant prostate cell lines. The membrane 
was hybridized with a 657-bp PCR-amplified 
probe corresponding to exons 6–8 (see 
Supplementary Methods for sequence). Note 
the ∼600 bp band in the RWPE-1/PZ-HPV-7 
and CA-HPV-10 lines and the ∼900-bp band 
in the LNCaP cell line. The RWPE-1 and 
PZ-HPV-7 cell lines are derived from normal 
prostate and the others from prostate cancer. 
The membrane in b was also hybridized with a 
probe specific for exon 6–8 but gave no signal. 
Similarly, the AW183883 EST cDNA (exons 
1 and 2) probe did not give a signal when 
hybridized to the membrane in c.

a
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the other tissues analyzed (Fig. 2b,c). The predicted ORFs for these 
transcripts did not show significant homology to known proteins.

We note that 8q24 is the most frequently gained chromosomal region 
in prostate tumors14. Gain in this region has been associated with aggres-
sive tumors, hormone independence and poor prognosis15. However, 
DNA blot analysis of the 92-kb LD region using germline-derived (N = 
31) and tumor-derived (N = 15) DNA showed no differences between 
carriers and noncarriers of the DG8S737 –8 allele (data not shown). 
Also notable is the proximity of DG8S737 to the well-known oncogene 
c-MYC (∼270 kb telomeric). However, we did not observe any signifi-
cant correlation between SNPs located in the c-MYC gene and either 
prostate cancer risk or the risk variants identified in this study (data not 
shown). Nevertheless, it is possible that the risk variant modifies c-MYC 
regulation by predisposing to genomic instability or altering long-range 
regulation of expression, although we have not uncovered any evidence 
supporting these possibilities.

In summary, we have demonstrated significant association of prostate 
cancer risk to the DG8S737 –8 and rs1447295 A alleles in three case-

Table 2  Association of alleles at chromosome 8q24 to high and low Gleason scores in Iceland, Sweden and the US

Study population (N cases/
N controls) Marker Allele

Allelic frequency

OR P valueCases Controls

Icelandb 

      Biopsy Gleason 7–10

 (289/997) DG8S737 –8 0.146 0.078 2.00 4.0 × 10−6

rs1447295 A 0.179 0.106 1.84 7.3 × 10−6

Biopsy Gleason 2–6

 (548/997) DG8S737 –8 0.131 0.078 1.78 3.4 × 10−6

rs1447295 A 0.170 0.106 1.73 6.7 × 10−7

Swedena 

Gleason 7–10

 (625/779) DG8S737 –8 0.107 0.079 1.42 1.0 × 10−2

rs1447295 A 0.167 0.133 1.29 2.0 × 10−2

Gleason 2–6

 (678/779) DG8S737 –8 0.094 0.079 1.31 4.5 × 10−2

rs1447295 A 0.158 0.133 1.25 3.4 × 10−2

European Americans, 
Chicago

Biopsy Gleason 7–10

 (149/247) DG8S737 –8 0.108 0.041 2.83 4.4 × 10−4

rs1447295 A 0.151 0.081 2.03 2.7 × 10−3

Biopsy Gleason 2–6

 (306/247) DG8S737 –8 0.071 0.041 1.78 3.6 × 10−2

rs1447295 A 0.116 0.081 1.50 5.1 × 10−2

African Americans, 
Michiganb,c

Biopsy Gleason 7–10

 (112/352) DG8S737 –8 0.273 0.161 1.96 3.3 × 10−4

rs1447295 A 0.352 0.313 1.19 0.28

Biopsy Gleason 2–6

 (121/352) DG8S737 –8 0.211 0.161 1.40 8.2 × 10−2

rs1447295 A 0.341 0.313 1.14 0.43
Shown are alleles for the markers DG8S737 and rs1447295 at 8q24.21 and the corresponding numbers of cases and controls (N), frequencies of variants in affected and control individuals, 
odds ratio (OR) and two-sided P values. About 80% Swedish Gleason scores are from biopsy material and the rest from surgery.

aThe P values and the ORs were adjusted for a covariate that represented the two different centers (see Methods). bThe association analysis was adjusted for the relatedness of some of the indi-
viduals. cThe results shown were adjusted for European and African ancestry between affected individuals and controls and were practically identical to unadjusted results.

control groups of European ancestry (in which rs1447295 A is perfectly 
correlated with alleles from at least 18 other nearby SNPs). Combining 
results from these groups gave an estimated OR of 1.62 (P = 2.7 × 10−11) 
for DG8S737 –8 and an OR of 1.51 (P = 1.0 × 10−11) for rs1447295 A. 
Assuming population frequencies of 6.6% and 10.7% (averages from the 
three groups), and using OR as an estimate of RR, the corresponding 
PAR was approximately 8% and 10%, respectively, for these two markers. 
The association between prostate cancer and the DG8S737 –8 allele was 
also replicated in an African American case-control group with nearly 
identical OR, but association in this group was not demonstrated for 
the HapMap SNPs that showed the strongest correlation in the CEU and 
the YRI samples with the –8 allele of DG8S737.

We identified the risk variants described here through a positional 
cloning approach, starting with linkage analyses. However, the associa-
tion signal could have been detected, in theory, by genome-wide associa-
tion in populations of European ancestry using common SNPs through 
either rs1447295 or one of its LD equivalents. Based on the P value from 
the combined European ancestry case-control groups, the result would 
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remain highly significant even if it were necessary to adjust for the testing 
of hundreds of thousands of common SNPs. In contrast, if based solely 
on SNPs contained in release 19 of the HapMap project, our analyses 
suggest that a genome-wide association study would not capture this 
association signal in African American or African samples. Consequently, 
we postulate that either the –8 allele confers risk, or it is more closely 
correlated with the risk variant than any of the current HapMap SNPs. 
If the latter hypothesis is true, then the lesser LD in African Americans 
indicates that the unknown variant is located within a 60-kb region of 
strong LD containing DG8S737. Also noteworthy is the relatively high 
population frequency, in African Americans, of the –8 allele, which con-
fers an estimated PAR of about 16% and could alone produce more than 
a 10% greater incidence of prostate cancer in African Americans than in 
European Americans. Thus, this genetic variant might account, in part, 
for the higher incidence of prostate cancer in African Americans.

METHODS
Icelandic study population. Men with prostate cancer were identified based on a 
nationwide list from the Icelandic Cancer Registry containing all 3,815 Icelandic 
men with prostate cancer diagnosed from 1 January 1955 to 31 December 2004. 
A total of 1,291 affected individuals were recruited for this study out of the 1,425 
affected individuals who were alive from November 2000 to June 2005 (a partici-
pation rate of 90.6%). For the linkage analysis, the deCODE genetics genealogi-
cal database16 was used to group 871 affected individuals into 323 informative 
pedigrees. All 1,291 affected individuals were used in the case-control association 
analysis, but they were divided into two groups. Case-control group I (869 cases 
and 596 controls) consisted of unrelated individuals (at three meiosis). Some 
of the cases in case-control group II (422 cases and 401 controls) were related 
within three meiosis (28 relationships), and the same was true for some cases in 
the combined group of 1,291 cases and 997 controls (140 relationships). In the 
association analysis, we adjusted for the relatedness in these groups as described 
below. The 997 controls were randomly selected from the Icelandic genealogi-
cal database (see Supplementary Note for a more detailed description of the 
Icelandic study population).

The study was approved by the Data Protection Commission of Iceland and 
the National Bioethics Committee of Iceland. Written informed consent was 
obtained from all affected individuals, relatives and controls. Personal identifiers 
associated with medical information and blood samples were encrypted with a 
third-party encryption system as previously described17.

Swedish and US study populations. CAPS1 (‘Cancer of the Prostate in Sweden 
1’) is a population-based case-control study with enrollment from January 
2001 through September 2002 (ref. 18). Genotypes from 1,435 Swedish men 
with prostate cancer and 779 controls were used in this study. Informed con-
sent was obtained from all subjects, and the study was approved by the Ethics 
Committees at the Karolinska Institute and Umea University.

The European American study population consisted of 458 men with prostate 
cancer, recruited from the Pathology Core of Northwestern University’s Prostate 
Cancer Specialized Program of Research Excellence (SPORE) from May 2002 to 
June 2005. The 247 European American controls were recruited as healthy con-
trol subjects for genetic studies at the University of Chicago and Northwestern 
University Medical School. Study protocols were approved by the Institutional 
Review Boards of Northwestern University and the University of Chicago. All 
subjects gave written informed consent.

The African American study population consisted of 352 male controls 
recruited through the Flint Men’s Health Study (FMHS) and 246 men with 
prostate cancer from FMHS and the University of Michigan Prostate Cancer 
Genetics Project (PCGP)19,20. Affected individuals and controls were of self-
reported African American ethnicity. Informed consent was obtained from all 
study participants, and protocols were approved by the Institutional Review 
Board at the University of Michigan Medical School (see Supplementary Note 
for more detailed descriptions of the Swedish and US study populations).

Linkage analysis. A genome-wide linkage scan was performed in Iceland with a 
framework set of 1,068 microsatellites. For multipoint linkage analysis, we used an 

affected-only allele-sharing method21 as implemented in the program Allegro22 
and as previously described23. Our genetic map24 was used. An additional 25 
markers were typed in the region of suggestive linkage to increase the informa-
tion content.

Association analysis. For single-marker association to prostate cancer, we used 
a likelihood ratio test to calculate a two-sided P value for each allele. Each allele 
was tested separately with the complementary alleles (when there was more than 
one complementary allele, they were collapsed into a single composite allele). 
We attempted to genotype all individuals reported in Table 1 for DG8S737 and 
rs1447295. For both markers, yield was higher than 90% in every group (see 
Supplementary Table 6 for details), and every individual had a genotype for at 
least one of the two markers. As the two markers were in strong LD, when the 
genotype of one marker was missing for an individual, the genotype of the other 
marker was used to provide partial information through a likelihood approach. 
This ensured that results for both markers presented in Tables 1 and 2 were always 
based on the same individuals, allowing meaningful comparisons. A likelihood 
procedure described in a previous publication8, implemented in the NEMO soft-
ware, was used for haplotype analyses (see Supplementary Methods for details). 
We tested the association of an allele to prostate cancer using the signed (+ for 
excess in affected individuals; – for deficit) square root of a standard likelihood 
ratio statistic that, if the subjects were unrelated, would have asymptotically a 
standard normal distribution under the null hypothesis.

Allelic frequencies rather than carrier frequencies are presented for the 
markers. Allele-specific OR and RR were calculated assuming a multiplica-
tive model7. Results from multiple case-control groups were combined using 
a Mantel-Haenszel model25 in which the groups were allowed to have different 
population frequencies for alleles, haplotypes and genotypes but were assumed 
to have common relative risks. As described above, the case-control samples from 
Sweden came from two centers that have individually been frequency matched 
by geography and age. The results for the Swedish case-control study as a whole, 
presented in Tables 1 and 2, were also calculated using a Mantel-Haenszel model 
to adjust for a covariate that represents the different centers. For each of the four 
case-control groups, there was no significant deviation from Hardy-Weinberg 
equilibrium (HWE) in the controls.

Correction for relatedness. Some of the individuals with prostate cancer in the 
Icelandic case-control groups were related to each other (see above). The geno-
types of closely related individuals are not independent, causing the standard 
deviation of the aforementioned association test statistic to be >1, which, if not 
corrected for, would lead to P values that are anticonservative. An adjustment for 
relatedness was performed using a previously described procedure26. We simu-
lated 10,000 sets of genotypes for the marker DG8S737 through the genealogy 
of 708,683 Icelanders. With each simulated set, we recalculated the statistic by 
treating the simulated genotypes as real genotypes of the affected individuals and 
controls in the study. From the simulations, the true standard deviation of the 
statistic under the null hypothesis was 1.018 for allele –8, and this value was used 
to calculate the P values for the Icelandic total case-control group of 1,291 men 
with prostate cancer and 997 controls. Based on similar simulations, the adjust-
ment factor for allele A of rs1447295 was found to be slightly lower, as expected, 
owing to the higher frequency of allele A compared to allele –8. We decided 
to use the higher adjustment factor of 1.018 throughout for simplicity. Hence, 
the results reported for allele A are slightly conservative. A similar procedure 
was used to adjust for the relatedness of some men with prostate cancer in the 
Michigan African American case-control group. Apart from the given relation-
ships among some individuals in the PCGP African American Michigan study, 
further investigations with RELPAIR27,28 using the ethnicity marker genotypes 
uncovered 14 additional cryptic relationships, 11 of them first-degree and three 
second-degree. Among the first-degree relations, seven are within groups (five 
case-case and two control-control) and four are between groups (case-control). 
The reported associations results were adjusted for both the known relations 
and the cryptic relations.

Evaluation of genetic ancestry. We used the program Structure10 to estimate the 
genetic ancestry of individuals. Structure infers the allele frequencies of K ances-
tral populations on the basis of multilocus genotypes from a set of individuals 
and a user-specified value of K and assigns a proportion of ancestry from each 

NATURE GENETICS | VOLUME 38 | NUMBER 6 | JUNE 2006 657

©
20

06
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
eg

en
et

ic
s



LETTERS

of the inferred K populations to each individual. The analysis of our data set 
was run with K = 3, with the aim of identifying the proportion of African and 
European ancestry in each individual. The statistical significance of the difference 
in mean European ancestry between African Americans with prostate cancer and 
controls was evaluated by reference to a null distribution derived from 10,000 
randomized data sets.

To evaluate genetically estimated ancestry of the case-control groups from the 
US, we selected 30 unlinked microsatellite markers from about 2,000 microsatel-
lites genotyped in a previously described10 multiethnic cohort of 35 European 
Americans, 88 African Americans, 34 Chinese and 29 Mexican Americans. Of 
the 2,000 microsatellite markers, the selected set showed the most significant 
differences between European Americans, African Americans and Asians and 
also had good quality and yield.

Accession codes. GenBank: newly identified splice variants derived from the 
AW183883 EST: DQ515896 (exons 1-2-3-4-5), DQ515897 (exons 1-2-3-4-6-8), 
DQ515898 (exons 6-7-8) and DQ515899 (exons 6–8).

Note: Supplementary information is available on the Nature Genetics website.
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Genome-wide association study identifies a second
prostate cancer susceptibility variant at 8q24
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Adam Baker1, Asgeir Sigurdsson1, Kristrun R Benediktsdottir2, Margret Jakobsdottir1, Jianfeng Xu3,
Thorarinn Blondal1, Jelena Kostic1, Jielin Sun3, Shyamali Ghosh1, Simon N Stacey1, Magali Mouy1,
Jona Saemundsdottir1, Valgerdur M Backman1, Kristleifur Kristjansson1, Alejandro Tres4,7, Alan W Partin5,
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Sebastian Navarrete9, Sarah D Isaacs5, Katja K Aben10, Theresa Graif11, John Cashy11, Manuel Ruiz-Echarri4,
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William J Catalona11, Rosa B Barkardottir2, Jeffrey R Gulcher1, Unnur Thorsteinsdottir1,
Augustine Kong1 & Kari Stefansson1

Prostate cancer is the most prevalent noncutaneous cancer in
males in developed regions1, with African American men
having among the highest worldwide incidence and mortality
rates2. Here we report a second genetic variant in the 8q24
region that, in conjunction with another variant we recently
discovered3, accounts for about 11%–13% of prostate cancer
cases in individuals of European descent and 31% of cases in
African Americans. We made the current discovery through a
genome-wide association scan of 1,453 affected Icelandic
individuals and 3,064 controls using the Illumina HumanHap
300 BeadChip followed by four replication studies. A key step
in the discovery was the construction of a 14-SNP haplotype
that efficiently tags a relatively uncommon (2%–4%)
susceptibility variant in individuals of European descent that
happens to be very common (B42%) in African Americans.
The newly identified variant shows a stronger association with
affected individuals who have an earlier age at diagnosis.

Using Icelandic family and case-control data, we recently discovered
two correlated variants at 8q24 (allele A of SNP rs1447295 (rs1447295 A)

and allele -8 of microsatellite marker DG8S737 (DG8S737 -8)) that are
associated with prostate cancer3. We replicated the association signal in
two case-control groups of European ancestry (for both rs1447295 A and
DG8S737 -8) and in one African American group, in which only
DG8S737 was significant3. This association has been further replicated
by other groups for rs1447295 A in European Americans, Latino
Americans, Japanese Americans and Native Hawaiians (ref. 4 and the
Cancer Genetic Markers of Susceptibility Project; see URL in Methods
section). However, these alleles account only for a small fraction of the
original linkage signal at 8q24 generated by the Icelandic prostate cancer
families3 and of the admixture signal reported in ref. 4 (Fig. 1a).

Given the high heritability of prostate cancer5, we conducted a
genome-wide association study using the Illumina Hap300 chip. After
eliminating problematic SNPs based on yield and other considerations
(Supplementary Methods online), we tested 316,515 SNPs individu-
ally for association with prostate cancer in 1,453 individuals with
prostate cancer and 3,064 controls from Iceland. We adjusted the
results for relatedness between individuals and potential population
stratification (see Methods). The previously identified SNP rs1447295
A at 8q24 gave the most significant result (odds ratio (OR) ¼ 1.71;
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P ¼ 1.6 � 10–14; Table 1). Three other SNPs showed significant
association with prostate cancer (P o 1 � 10–11), but they were all
located within the same LD block as rs1447295 and strongly correlated
with it (r2 ¼ 0.75–0.95), hence reflecting the same association signal
(Fig. 1b). No other SNPs showed a genome-wide significant associa-
tion (P o 1.58 � 10–7) with prostate cancer (data not shown).

We next tested 346,437 two-marker haplotypes identified as effi-
cient surrogates (r2 4 0.8) for a set of SNPs typed in the HapMap
project (release 20) that have minor allele frequencies 45% in the
CEU HapMap samples but that are neither on the Hap300 SNP chip
nor efficiently tagged by individual SNPs on this chip6. Three such
haplotypes were associated with prostate cancer, but again, all were
located within the same LD block and correlated with rs1447295
(r2 ¼ 0.47–0.76; Fig. 1b).

We were concerned that at-risk variants for prostate cancer that
have lower frequencies (o5%) and yet are not very rare (41%) might
not be efficiently tagged by the approaches described above, so we
divided the genome into 22,306 LD blocks based on the recombina-
tion hotspots identified in ref. 7. For each LD block, we investigated
haplotypes constructed from SNPs on the Hap300 chip in such a way

that they included all consecutive SNPs
within each block. We selected haplotypes
with estimated frequencies above 1%, giving
us 243,957 block haplotypes. Of these block
haplotypes, 61% had estimated frequencies
below 5% in the Icelandic population. The
test of these block haplotypes resulted in two
that could be considered significant genome-
wide. One was strongly correlated with
rs1447295. Notably, the other block haplo-
type, designated HapC (defined by 14 SNPs;
see Table 1 and Supplementary Table 1
online), was located in a different LD block
about 300 kb upstream from rs1447295 on

8q24 (Fig. 1c). It was weakly but significantly associated with
rs1447295 (r2 ¼ 0.011, D¢ ¼ 0.2, P ¼ B3 � 10–8). HapC was
associated to prostate cancer with an OR of 2.08 (P ¼ 1.4 � 10–10;
Table 1). The estimated frequency was 6.3% in affected individuals
and 3.1% in controls (Table 1). After adjusting for the effect of
rs1447295 A, assuming that the risks of the two variants are multi-
plicative, we found that the OR for HapC was 1.88 and remained
highly significant (P ¼ 4.1 � 10–8, Table 2).

Overall, the single-SNP tests, the two-marker haplotype tests and
the block haplotype tests added up to 906,909 separate association
tests. Applying Bonferroni correction to the association of HapC with
adjustment for rs1447295 A gave a P value of 0.037. The HapMap data
indicate that allele A of rs16901979 (rs16901979 A), which is not on
the Hap300 chip, was strongly correlated with HapC in CEU HapMap
samples (D¢ ¼ 1, r2 ¼ 1.0). Notably, only two (1.7%) copies of each
were observed in the 60 CEU parents. The genotyping of rs16901979
in the Icelandic samples confirmed its correlation to HapC (D¢¼ 0.98,
r2 ¼ 0.70 in controls). Furthermore, rs16901979 A also showed
significant association to prostate cancer, with an OR of 1.63
(P ¼ 2.4 � 10–6, Table 2), after adjusting for the effect of rs1447295 A.
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Figure 1 Schematic view of the linkage and

association results, marker density and LD

structure in a region on chromosome 8q24.21.

(a) Linkage scan results for chromosome 8q from

871 Icelandic individuals with prostate cancer in

323 extended families (see ref. 3 for a detailed

description). The interval between the two dashed

horizontal lines corresponds to the admixture

signal reported by ref. 4 that is associated with

prostate cancer. (b) Single-marker (blue circles),

two-marker (red circles) and LD-block haplotype

(green circles) association results for all Icelandic

individuals with prostate cancer (n ¼ 1,453),

using 1,660 SNPs from the HumanHap300 chip

along with marker rs16901979, distributed over
a 10-Mb region. Shown are P values o0.1,

corrected for relatedness. (c) Association results

from b, shown in greater detail, for a 1.4-Mb

interval on 8q24.21. Filled black circles

represent all 225 SNPs used in the association

analysis of the 1.4-Mb interval, and the orange

boxes denote the recombination hotspots (see

main text for details). (d) Pairwise correlation

coefficient (r2) from the CEU HapMap population

for the 1.4-Mb region in c; the blue boxes at the

bottom indicate the location of the FAM84B

(NSE2), AF268618 (POU5FLC20) and MYC

(c-MYC) genes and the AW183883 EST previ-

ously described3. A scale for r2 is shown at right.
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We proceeded to test the association of rs16901979 A and HapC in
conjunction with rs1447295 A in three prostate cancer case-control
groups of European ancestry from the Netherlands, Spain and the US.
The associations of both rs16901979 A and HapC with prostate cancer
were consistently replicated (Tables 1 and 2). Combining the results
from these three replication groups8 and adjusting for rs1447295 A
gave an estimated OR of 1.71 for rs16901979 A and an estimated OR
of 2.14 for HapC. Including the Icelandic data gave an estimated OR
of 1.66 for rs16901979 A and an estimated OR of 1.96 for HapC. Based
on the same data, the OR for rs1447295 A was 1.53 after adjusting for
the effect of rs16901979 A and 1.54 after adjusting for the effect of
HapC (Table 2). Further investigation showed that the multiplicative
model provided an adequate fit for the joint risk of rs1447295 A with
either rs16901979 A or HapC (Supplementary Fig. 1 online), giving a
combined population attributable risk (PAR) of approximately 13% in
populations of European ancestry (Table 2). Because of the ‘winner’s
curse’9,10, we are not indifferent to the possibility that the estimated
effects resulting from the Icelandic discovery samples may be slightly
biased. The effects of HapC and rs16901979 A, as estimated from the
three European replication groups combined, are actually larger than
the estimates computed based on the Icelandic samples. However, the

estimates of the effect of rs1447295 A are lower for the replication
groups. Based on the European replication groups only, we
estimated the joint PAR of rs1447295 A with either rs16901979 A or
HapC to be 11% (Table 2).

We next investigated the corresponding effect in African Americans.
Notably, although we could not identify copies of HapC in the
Nigerian Yoruba (YRI) HapMap samples, the frequency of
rs16901979 A was 54.6% in this group. By genotyping 373 African
American affected individuals cases and 372 controls from Baltimore,
we found rs16901979 A to be significantly associated with the disease.
Its frequency was 49.7% in affected individuals and 42.5% in controls
(OR ¼ 1.34, P ¼ 0.0049). The OR was smaller than that estimated for
individuals of European descent, but not significantly so (P ¼ 0.11).

The large admixture effect at the 8q24 region estimated in ref. 4
raised the concern that admixture could create extended linkage
disequilibrium and that the observed association of rs16901979 A to
prostate cancer in African Americans might be due to a linked variant
located up to a few Mb away. Although this cannot be completely
ruled out, it seems unlikely, as the association of rs16901979 A with
the disease was first identified in Icelandic samples, in which recent
African admixture is not an issue, and was subsequently confirmed in

Table 1 Association results of HapC, rs16901979 and rs1447295 on chromosome 8q24 with prostate cancer in Iceland, Spain,

The Netherlands and the US

Frequency

Study populations (N cases/N controls) Affected individuals Controls OR (95% c.i. ) P value

European ancestry

Icelanda (1,453/3,064)

HapCb 0.063 0.031 2.08 (1.66–2.60) 1.4 � 10–10

rs16901979 A 0.073 0.042 1.80 (1.47–2.20) 9.9 � 10–9

rs1447295 A 0.165 0.104 1.71 (1.49–1.95) 1.6 � 10–14

Spain (385/892)

HapCb 0.053 0.025 2.13 (1.34–3.40) 1.4 � 10–3

rs16901979 A 0.066 0.040 1.71 (1.17–2.49) 5.2 � 10–3

rs1447295 A 0.103 0.074 1.44 (1.07–1.94) 0.017

The Netherlands (367/1,302)

HapCb 0.031 0.016 1.85 (1.05–3.27) 0.035

rs16901979 A 0.034 0.022 1.58 (0.96–2.58) 0.070

rs1447295 A 0.144 0.108 1.39 (1.09–1.78) 9.0 � 10–3

Chicago (458/251)

HapCb 0.042 0.016 3.02 (1.36–6.68) 6.5 � 10–3

rs16901979 A 0.053 0.023 2.43 (1.32–4.50) 4.6 � 10–3

rs1447295 A 0.124 0.083 1.56 (1.08–2.27) 0.019

All European replicationsc

HapCb - 0.019 2.16 (1.55–3.00) 4.4 � 10–6

rs16901979 A - 0.028 1.79 (1.36–2.34) 2.4 � 10–5

rs1447295 A - 0.088 1.44 (1.21–1.70) 2.5 � 10–5

All Europeanc

HapCb - 0.022 2.10 (1.75–2.53) 3.1 � 10–15

rs16901979 A - 0.031 1.79 (1.53–2.11) 1.1 � 10–12

rs1447295 A - 0.092 1.60 (1.43–1.77) 6.4 � 10–18

African American ancestry

Baltimore (373/372)

rs16901979 A 0.497 0.425 1.34 (1.09–1.64) 4.9 � 10–3

rs1447295 A 0.315 0.313 1.01 (0.81–1.25) 0.96

All P values shown are two sided. For HapC, rs16901979 A and rs1447295 A, we show the corresponding numbers of cases and controls (N), allelic frequencies of variants in
affected and control individuals, the OR with 95% c.i. and P values.
aThe association analysis was adjusted for the relatedness of some of the individuals. bHapC consists of the following 14 SNPs (alleles): rs1456314 G, rs17831626 T, rs7825414 G, rs6993569 G,
rs6994316 A, rs6470494 T, rs1016342 C, rs1031588 G, rs1016343 T, rs1551510 G, rs1456306 C, rs1378897 G, rs1456305 T and rs7816535 G (Supplementary Table 4 online). cFor the
combined study populations of European descent, the reported control frequency was the average, unweighted control frequency of the relative European populations, whereas the OR and the
P values were estimated using the Mantel-Haenszel model.
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three European case-control groups. In addition, rs1447295 A was not
significantly associated with prostate cancer in the African American
case-control group from Michigan3, and it was also not associated
with the disease in the Baltimore samples reported here (Table 1).
Instead, in the Michigan data, we estimated that allele -8 of DG8S737,
which is in the same LD block as rs1447295, had an OR of 1.60 (95%
confidence interval (c.i.) ¼ 1.18–2.16). We observed a smaller and
nonsignificant OR of 1.14 (95% c.i. ¼ 0.85–1.51) with the Baltimore
samples. Combining the DG8S737 -8 results from these two African
American sample groups gave an OR of 1.34 (95% c.i. ¼ 1.09–1.64),
with a population frequency of about 17.5% and PAR of about 10.5%.

Association of variants in the 8q24 region with an earlier age of
diagnosis has been suggested previously4. In the Icelandic cases, which
was a population-based sample, each copy of rs16901979 A was
estimated to decrease age at diagnosis by 1.4 years (P ¼ 0.018, with
similar results for HapC; Supplementary Table 2 online). When we
combined results from all five groups of affected individuals, using
group indicator as a covariate, the association became more significant
(P ¼ 0.008), but the estimated effect was lower (0.9-year decrease).
These results support the notion that carriers of rs16901979 A not
only have an increased risk for prostate cancer but also that the relative
risk is larger for early-onset cases. However, as the groups of affected
individuals studied here are not population based samples in general
and because they resulted from different ascertainment schemes, a
more precise estimate of the effect on age at diagnosis will require
further investigation.

HapC and rs16901979 are fully encompassed within a 99-kb LD
block (128.141 Mb to 128.239 Mb; NCBI build 35) on chromosome
8q24. Three spliced and several unspliced ESTs have been localized to
this region, but it does not contain any known genes or microRNAs
(University of California Santa Cruz (UCSC) Genome Browser, May
2004 assembly; Fig. 1d). RT-PCR analysis on various cDNA libraries,
including those derived from the prostate, did not detect the expres-
sion of any of the spliced ESTs (Supplementary Methods).

The two genomic regions on 8q24 showing association to prostate
cancer are in a gene-poor area characterized by a high recombination
rate: B2 cM/Mb, compared with the genome-wide average of 1.2 cM/
Mb. The only reported ‘known gene’ in the interval defined by these
two regions (spanning B550 kb) was a retrotransposed gene named
AF268618 (POU5FLC20) (from the UCSC Genome Browser, May 2004
assembly; Fig. 1d). Furthermore, we identified additional exons of the
AW183883 EST in this region3. Two known genes, FAM84B (also
known as NSE2) and MYC (also known as c-MYC), were located
centromeric and telomeric to this interval, respectively (Fig. 1d), but
we did not observe any association between variants of these genes and
prostate cancer or with the risk variants reported in the current study
or our previous study3. Similarly, we did not detect differences in
expression of AF268615, FAM84B, MYC or the AW183883 splice vari-
ants between carriers and noncarriers of either rs1447295 A, HapC or
rs16901979 A in tumor or normal prostate tissue (data not shown).

The distal end of the common fragile site 8C (FRA8C) has been
mapped to this genomic interval11, as have multiple integration sites

Table 2 Joint analysis of the association of HapC/rs16901979 and rs1447295 on chromosome 8q24 with prostate cancer in Iceland, Spain,

The Netherlands and the US

HapC/rs16901979 A rs1447295 A

Study populations (N cases/N controls) ORd (95% c.i.) P valued ORd (95% c.i.) P valued Joint PARe

European ancestry

Icelanda (1,453/3,064)

HapC 1.88 (1.50–2.36) 4.1 � 10–8 1.61 (1.40–1.85) 1.4 � 10�11 0.167

rs16901979 A 1.63 (1.33–2.00) 2.4 � 10–6 1.63 (1.42–1.87) 2.9 � 10�12 0.165

Spain (385/892)

HapC 2.17 (1.36–3.46) 1.1 � 10–3 1.46 (1.08–1.97) 0.013 0.116

rs16901979 A 1.64 (1.13–2.40) 0.010 1.38 (1.02–1.86) 0.034 0.102

The Netherlands (367/1,302)

HapC 1.82 (1.03–3.23) 0.039 1.38 (1.08–1.76) 0.01 0.102

rs16901979 A 1.51 (0.92–2.48) 0.10 1.37 (1.07–1.75) 0.012 0.096

Chicago (458/251)

HapC 2.83 (1.27–6.30) 0.011 1.51 (1.03–2.21) 0.033 0.134

rs16901979 A 2.32 (1.25–4.32) 8.0 � 10–3 1.50 (1.03–2.18) 0.034 0.134

All European replicationsb

HapC 2.14 (1.54–2.98) 5.7 � 10–6 1.43 (1.21–1.69) 3.4 � 10–5 0.111

rs16901979 A 1.71 (1.31–2.24) 1.0 � 10–4 1.40 (1.18–1.66) 1.0 � 10–4 0.105

All Europeanb

HapC 1.96 (1.63–2.36) 1.3 � 10–12 1.54 (1.38–1.71) 4.0 � 10–15 0.131

rs16901979 A 1.66 (1.41–1.95) 1.0 � 10–9 1.53 (1.38–1.70) 3.5 � 10–15 0.130

African American ancestry

Baltimorec (373/372)

rs16901979 A 1.34 (1.09–1.64) 4.9 � 10–3 - - 0.240

All P values shown are two sided. For the study populations of European descent, each row contains the results from a joint analysis of two variants: either HapC and rs1447295 A
or rs16901979 A and rs1447295 A. For example, the first row indicates that for the Icelandic samples, HapC has an estimated OR of 1.88 (P ¼ 4.1 � 10–8) after adjusting for the
effect of rs1447295; and rs1447295 A has an estimated OR of 1.61 (P ¼ 1.4 � 10–11) after adjusting for the effect of HapC. For HapC, rs16901979 A and rs1447295 A, we
show the corresponding numbers of cases and controls (N), the OR with the 95% c.i., P values and population attributable risk (PAR).
aThe association analysis was adjusted for the relatedness of some of the individuals. bFor the combined study populations of European descent, the OR and the P value were estimated using the
Mantel-Haenszel model using the average, unweighted control frequency estimates from Table 1. cResults adjusted or unadjusted for genome-wide ancestry are identical. dOR and P values for HapC
and rs16901979 A were adjusted for rs1447295 A, and similarly, OR and P values for rs1447295 A were adjusted for HapC/rs16901979 A. eThe PAR calculation was based on the frequencies
reported in Table 1. The PAR for study populations of European descent was combined for the two 8q24 variants (HapC/rs16901979 A and rs1447295 A), whereas the PAR shown for the
Baltimore study population is for rs16901979 A only.
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for human papillomaviruses (HPV) in cervical cancer12. Although
studies investigating the role of HPV infections in the development of
prostate cancer have yielded conflicting results13, our results warrant
further investigation into this issue. Moreover, the fact that 8q24 is the
most frequently gained chromosomal region in prostate tumors14

raises the possibility that the risk variants described here could
predispose to prostate cancer through increased genomic instability.

In summary, we found two variants in the 8q24 region that
contribute significantly to the risk of prostate cancer in four popula-
tions of European descent. Notably, although HapC/rs16901979 and
rs14472975 are separated by about 300 kb in the genome and are
located in distinct LD blocks, they maintain some correlation with
each other. We replicated the association of rs16901979 A with the
disease in African Americans, albeit with a lower estimated
OR. However, with a frequency of approximately 42% in African
Americans, rs16901979 A alone has an estimated PAR of 24%. With
the updated estimates for the effect of DG8S737 -8 in African
Americans, the two variants have a combined estimated PAR of 31%
and could account for a large fraction of the excess of prostate cancer
rates in African Americans relative to European Americans. This part
of the genome seems to be a key contributor to prostate cancer risk,
and it would not be surprising if there were other at-risk variants in
this region yet to be identified. In addition, although it is difficult to
separate the effect of rs16901979 A from that of HapC because of the
strong correlation, the latter does seem to confer a slightly higher risk
in individuals of European descent. Either HapC is in stronger
association with the putative mutation than rs16901979 A is, or it
may also be capturing the risk of an additional lower risk variant.

METHODS
Icelandic study population. Men diagnosed with prostate cancer were identi-

fied based on a nationwide list from the Icelandic Cancer Registry (ICR) that

contained all 3,886 Icelandic individuals with prostate cancer diagnosed from

January 1, 1955, to December 31, 2005. The Icelandic prostate cancer sample

collection included 1,615 individuals (diagnosed from December 1974 to

December 2005) who were recruited from November 2000 until June 2006

out of the 1,968 affected individuals who were alive during the study period

(a participation rate of about 82%). A total of 1,541 affected individuals were

included in a genome-wide SNP genotyping effort, using the Infinium II assay

method and the Sentrix HumanHap300 BeadChip (Illumina). Of these, 1,453

(94%) were successfully genotyped according to our quality control criteria

(Supplementary Methods) and were used in the present case-control associa-

tion analysis. The mean age at diagnosis for all consenting participants was

71 years (with a median age of 71 years), and the range was 40–96 years; the

mean age at diagnosis was 73 years for all individuals with prostate cancer in

the ICR. The median time from diagnosis to blood sampling was 2 years

(range, 0–26 years). The 3,064 controls (1,548 males and 1,518 females) used in

this study consisted of 599 controls randomly selected from the Icelandic

genealogical database and 2,465 individuals from other ongoing non-cancer

genome-wide association studies at deCODE. The controls had a mean age of

62.6 years (with a median age of 62 years), and the range was 22–97 years (see

ref. 3 for a more detailed description of the Icelandic study population). The

male controls were absent from the nationwide list of individuals with prostate

cancer, according to the ICR.

The study was approved by the Data Protection Commission of Iceland and

the National Bioethics Committee of Iceland. Written informed consent was

obtained from all participants. Personal identifiers associated with medical

information and blood samples were encrypted with a third-party encryption

system, as previously described15.

Dutch, Spanish and US study populations. The Dutch study population

consisted of 367 individuals of self-reported European descent with prostate

cancer; specimens were collected at the Urology Outpatient Clinic of the

Radboud University Nijmegen Medical Centre (RUNMC) from January 1999

to June 2006. The average age at diagnosis for the affected individuals was

64 years (median, 63 years), and the range was 49–83 years. The 1,302 control

individuals were cancer free and were matched for age with the cases. They

were recruited as part of the Nijmegen Biomedical Study, a population-based

survey conducted by the Department of Epidemiology and Biostatistics and the

Department of Clinical Chemistry of the RUNMC, in which 9,371 individuals

participated from a total of 22,500 randomly selected age- and sex-stratified

inhabitants of Nijmegen. Control individuals from the Nijmegen Biomedical

Study were invited to participate in a study on gene-environment interactions

in multifactorial diseases such as cancer. All 1,302 participants in the present

study are of self-reported European descent and were fully informed about the

goals and the procedures of the study. The study protocol was approved by the

Institutional Review Board of Radboud University, and all study subjects gave

written informed consent.

The Spanish study population consisted of 385 individuals with prostate

cancer recruited from the Oncology Department of Zaragoza Hospital from

June 2005 to June 2006. During the 12-month interval when the study samples

were collected, 700 patients were eligible. Of these, about 600 (B85%) patients

were approached, and 440 enrolled (73% participation rate). All patients were

of self-reported European descent. Clinical information, including age at onset,

grade and stage, was collected from medical records. The average age at

diagnosis for the patients was 69 years (median, 71 years), and the range was

45–83 years. The 892 Spanish control individuals were approached at the

University Hospital in Zaragoza and were confirmed to be free of prostate

cancer before they were included in the study. Study protocols were approved

by the Institutional Review Board of Zaragoza University Hospital. All

participants gave written informed consent.

The Chicago study population consisted of 458 individuals with prostate

cancer recruited from the Pathology Core of Northwestern University’s Prostate

Cancer Specialized Program of Research Excellence (SPORE) from May 2002 to

June 2005. The average age at diagnosis for the patients was 59 years (median,

59 years), and the range was 39–77 years. The 251 European American controls

were recruited as healthy control subjects for genetic studies at the University of

Chicago and Northwestern University Medical School. Study protocols were

approved by the Institutional Review Boards of Northwestern University and

the University of Chicago. All participants gave written informed consent.

The African American study population cases consisted of 373 prostate

cancer patients undergoing treatment for prostate cancer in the Department of

Urology at Johns Hopkins Hospital from 1999 to 2006. The average age at

diagnosis was 57 years (median, 56 years), and the range was 36–74 years. The

372 control individuals were men undergoing disease screening and were not

thought to have prostate cancer on the basis of a physical exam and a serum

prostate-specific antigen (PSA) value below 4 ng/ml. Both cases and controls

were self-reported African Americans. The Institutional Review Board of Johns

Hopkins University approved the study protocol.

Block haplotypes. Haplotype blocks were defined using the definition of

recombination hotspots from the snpRecombHotspotHapmap track of the

UCSC genome browser (hg16 build 34). These recombination hotspots were

calculated from HapMap release 16a by the mathematical genetics group at the

University of Oxford, using the likelihood ratio test described in refs. 7 and 16.

In total, a set of 22,491 recombination hotspots were identified, representing

8.34% of the genome (average size, 10.6 kb).

We then defined LD blocks as the region between the boundaries of two

consecutive recombination hotspots. Within each LD block, we used all

genotyped SNPs from the Hap300 chip to describe the haplotype diversity. If

the number of genotyped SNPs in a block was larger than 20, we reduced this

number to 20 by tagging the haplotype diversity. When a gap between two

genotyped SNPs was larger than 100 kb, we divided the block into two parts.

The 22,306 LD blocks yielded a total of 246,965 haplotypes (block haplo-

types) with 41% frequency in the study population. After eliminating single

SNPs and two-marker haplotypes already described in ref. 6, we tested 243,957

block haplotypes for association with prostate cancer. The average frequency of

all tested block haplotypes was 8%, and 61% had a frequency o5% for the

combined Icelandic case and control sample set.

Association analysis. All Icelandic case- and control-samples were assayed with

the Infinium HumanHap300 SNP chip (Illumina). This chip contains 317,503
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SNPs and provides about 75% genomic coverage in the Utah CEPH (CEU)

HapMap samples for common SNPs at r2
Z 0.8 (ref. 17). For the asso-

ciation analysis, we used only 316,515 SNPs because 996 SNPs were deemed

unusable for reasons such as monomorphism, low yield and failure of

Hardy-Weinberg equilibrium (see Supplementary Methods and Supplemen-

tary Table 3 online for distribution of association results by chromosome

and significance level). Samples with a call rate o98% were excluded from

the analysis.

We attempted to genotype all individuals reported in Tables 1 and 2 for

rs16901979 and the 14 HapC SNPs. For each of the SNPs, the yield was 490%

in every group. As rs16901979 and the HapC SNPs were in strong LD,

whenever the genotype of rs16901979 was missing for an individual, we used

the genotypes of the HapC SNPs to provide partial information through a

likelihood approach, as we have used before3. This ensured that results

presented in Tables 1 and 2 were always based on the same number of

individuals, allowing meaningful comparisons of results for HapC and

rs16901979. For the association analyses, we used a likelihood procedure

described in a previous publication18 implemented in NEMO software. We

tested the association of an allele to prostate cancer using a standard likelihood

ratio statistic that, if the subjects were unrelated, would have asymptotically a

w2 distribution with 1 degree of freedom under the null hypothesis.

Allelic frequencies rather than carrier frequencies are presented for the markers.

Allele-specific OR values were calculated assuming a multiplicative model for

the two chromosomes of an individual19. Results from multiple case-control

groups were combined using a Mantel-Haenszel model8 in which the

groups were allowed to have different population frequencies for alleles,

haplotypes and genotypes but were assumed to have common relative

risks. For each of the five case-control groups, there was no significant

deviation from Hardy-Weinberg equilibrium (HWE) in the controls. The same

is true for the cases, indicating that for HapC, rs16901979 and rs1447295

individually, the risk resulting from the two chromosomes each person

carries is adequately fit by the multiplicative model. All four of the

European sample groups included both male and female controls. We

did not detect any significant difference (P 4 0.05) between male

and female controls for HapC, rs16901979 or rs1447295 for each of

the groups.

Correction for relatedness and genomic control. Some of the individuals in

the Icelandic case-control groups were related to each other, causing the

aforementioned w2 test statistic to have a mean 41 and median 40.6752.

We estimated the inflation factor in three ways: (i) using a

previously described procedure in which we simulated genotypes through the

genealogy of 708,683 Icelanders20, (ii) by calculating the average of the 316,515

w2 statistics and (iii) by computing the median of the 316,515 w2 statistics and

dividing it by 0.6752. (ii) and (iii) are methods of genomic control21,22 and

adjust for both relatedness and potential population stratification.

The inflation factors, estimated by (i), (ii) and (iii), were 1.095, 1.1048 and

1.1099, respectively. The differences among these three estimates were not

statistically significant. Results shown here are based on adjusting the w2

statistics by dividing each of them by 1.1099. Supplementary Figure 2 online

shows a QQ plot of the w2 statistics, before and after adjustment, against

the w2 distribution.

Two-variant analysis. In Table 2, for the case-control groups of European

descent, the OR values and P values for HapC and rs16901979 were adjusted

for rs1447295 in the sense that the risk associated with rs1447295 was treated as

a nuisance parameter in the estimation of the OR values and the testing of the

effects of HapC and rs16901979. Similarly, the OR and P value for rs1447295

were adjusted for HapC or rs16901979. For the results in Table 2, the risks of

the two variants were assumed to be multiplicative, and, if there were no

missing data, the analysis would correspond to performing a logistic regression

with no interaction terms. The likelihood approach that we used incorporated

incomplete data by integrating them out. Results from fitting a model that

allowed for interactions between the two variants are provided in Supplemen-

tary Methods and Supplementary Figure 1, but note that this larger model

does not provide a fit to the data that is significantly better than the multi-

plicative model.

Ancestry of the African American samples from Baltimore. No significant

difference was observed between cases and controls in average genome-

wide African ancestry (Supplementary Methods). The association results

observed were practically identical regardless of whether we adjusted for

genome-wide ancestry.

URLs. Cancer Genetic Markers of Susceptibility Project: http://cgems.cancer.

gov. UCSC Genome Browser: http://www.genome.ucsc.edu.

Requests for materials. kstefans@decode.is or augustine.kong@decode.is.

Note: Supplementary information is available on the Nature Genetics website.
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Two variants on chromosome 17 confer prostate cancer
risk, and the one in TCF2 protects against type 2 diabetes
Julius Gudmundsson1,30, Patrick Sulem1,30, Valgerdur Steinthorsdottir1, Jon T Bergthorsson1,
Gudmar Thorleifsson1, Andrei Manolescu1, Thorunn Rafnar1, Daniel Gudbjartsson1, Bjarni A Agnarsson2,
Adam Baker1, Asgeir Sigurdsson1, Kristrun R Benediktsdottir2, Margret Jakobsdottir1, Thorarinn Blondal1,
Simon N Stacey1, Agnar Helgason1, Steinunn Gunnarsdottir1, Adalheidur Olafsdottir1, Kari T Kristinsson1,
Birgitta Birgisdottir1, Shyamali Ghosh1, Steinunn Thorlacius1, Dana Magnusdottir1, Gerdur Stefansdottir1,
Kristleifur Kristjansson1, Yu Bagger3, Robert L Wilensky4, Muredach P Reilly4, Andrew D Morris5,
Charlotte H Kimber6, Adebowale Adeyemo7, Yuanxiu Chen7, Jie Zhou7, Wing-Yee So8, Peter C Y Tong8,
Maggie C Y Ng8, Torben Hansen9, Gitte Andersen9, Knut Borch-Johnsen9–11, Torben Jorgensen11,
Alejandro Tres12,13, Fernando Fuertes14, Manuel Ruiz-Echarri12, Laura Asin13, Berta Saez13, Erica van Boven15,
Siem Klaver16, Dorine W Swinkels16, Katja K Aben17, Theresa Graif18, John Cashy18, Brian K Suarez19,
Onco van Vierssen Trip20, Michael L Frigge1, Carole Ober21, Marten H Hofker22,23, Cisca Wijmenga24,25,
Claus Christiansen3, Daniel J Rader4, Colin N A Palmer6, Charles Rotimi7, Juliana C N Chan8,
Oluf Pedersen9,10, Gunnar Sigurdsson26,27, Rafn Benediktsson26,27, Eirikur Jonsson28,
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We performed a genome-wide association scan to search for
sequence variants conferring risk of prostate cancer using
1,501 Icelandic men with prostate cancer and 11,290 controls.
Follow-up studies involving three additional case-control
groups replicated an association of two variants on
chromosome 17 with the disease. These two variants, 33 Mb
apart, fall within a region previously implicated by family-
based linkage studies on prostate cancer. The risks conferred

by these variants are moderate individually (allele odds ratio
of about 1.20), but because they are common, their joint
population attributable risk is substantial. One of the variants is
in TCF2 (HNF1b), a gene known to be mutated in individuals
with maturity-onset diabetes of the young type 5. Results from
eight case-control groups, including one West African and one
Chinese, demonstrate that this variant confers protection
against type 2 diabetes.
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Firmly established risk factors for prostate cancer are age, ethnicity
and family history. Despite a large body of evidence for a genetic
component to the risk of prostate cancer, sequence variants on 8q24
are the only common variants reported so far that account for
substantial proportion of cases1–4.

In the present study, we began with a genome-wide SNP association
study, applying 310,520 SNPs from the Illumina Hap300 chip to
search for sequence variants conferring risk of prostate cancer using
Icelandic cases and controls. We expanded the data from a previously
reported study2 by increasing the number of cases from 1,453 to 1,501
and the number of controls from 3,064 to 11,290. This corresponds to
a B34% increase in effective sample size. Apart from the variants on
8q24 (refs. 1,2) and SNPs correlated with them, no other SNPs
achieved genome-wide significance (Supplementary Fig. 1 online).
However, we assumed that a properly designed follow-up strategy
would lead to the identification of additional susceptibility variants for
prostate cancer.

Like others5, we believe that results from family-based linkage
studies should be taken into account when evaluating the association
results of a genome-wide study. However, instead of using linkage
scores to formally weight the statistical significance of different SNPs5,
we used them to prioritize follow-up studies. The long arm of
chromosome 17 has been reported in several linkage studies of
prostate cancer6–8, but no susceptibility variants have yet been
found9–11. Hence, we decided to focus on this region first.

We selected for further analysis six SNPs on chromosome 17q
having the lowest P values (o5 � 10–4) and ranking from 68 to 100
among the most significantly associated SNPs in our genome-wide
analysis (Fig. 1). These SNPs mapped to two
distinct regions on chromosome 17q that are
both within a region with LOD scores ranging
from 1–2 but outside the proposed 10-cM
candidate gene region reported in a recent
linkage analysis8. One locus was on 17q12
(rs7501939 and rs3760511), encompassing
the 5¢ end of the TCF2 (HNF1b) gene,
where the linkage disequilibrium (LD) is
weak (based on the Utah CEPH (CEU) Hap-
Map data set). The second locus is in a gene-
poor area on 17q24.3 (rs1859962, rs7214479,
rs6501455 and rs983085) where all four SNPs

fall within a strong LD block (based on the
CEU HapMap data set). The two loci are
separated by approximately 33 Mb, and
we did not observe any LD between them
(see Supplementary Table 1 online for r2 and
D¢ values).

We genotyped five of the six SNPs in three
prostate cancer case-control groups of Euro-
pean ancestry (Table 1). The assay for
rs983085 on 17q24.3 failed in genotyping,
but this SNP is almost perfectly correlated
with rs6501455 (r2 ¼ 0.99) and is therefore
expected to give comparable results. For each
of the replication study groups, the observed
effect of four of the five SNPs were in the
same direction as in Iceland. One SNP,
rs6501455, showed an opposite effect in the
Chicago group. When results from all four
case-control groups were combined, two
SNPs achieved genome-wide significance,

rs7501939 allele C (rs7501939 C) at 17q12 (odds ratio (OR) ¼ 1.19,
P ¼ 4.7 � 10–9) and rs1859962 allele G (rs1859962 G) at 17q24.3
(OR ¼ 1.20, P ¼ 2.5 � 10–10) (Tables 2 and 3). In an effort to refine
the signal at the 17q12 locus, we selected three SNPs (rs4239217,
rs757210, rs4430796) that were substantially correlated with rs7501939
(r2 4 0.5) based on the CEU HapMap data. One of these, rs4430796,
showed an association to prostate cancer that was stronger than that of
rs7501939. Specifically, with all groups combined, allele A of
rs4430796 had an OR of 1.22 with a P of 1.4 � 10–11 (Table 2).
A joint analysis showed that the effects of rs7501939 and rs3760511
were no longer significant after adjusting for rs4430796 (P ¼ 0.88 and
0.58, respectively), whereas rs4430796 remained significant after
adjusting for both rs7501939 and rs3760511 (P ¼ 0.0042). At
17q24.3, our attempt at refining the signal did not result in any
SNP that was more significant than rs1859962. Among the Illumina
SNPs, rs7114479 and rs6501455 were not significant (P 4 0.75) with
adjustment for the effect of rs1859962, whereas rs1859962 remained
significant after adjusting for the other two SNPs (P ¼ 7.4 � 10–4).
Henceforth, our focus was on rs4430796 at 17q12 and rs1859962 at
17q24.3. However, at 17q12, because rs7501539 was a part of the
original genome-wide scan, we have included it in the discussion when
appropriate. For replication efforts, we recommend including at least
the three abovementioned SNPs. We note that in the results released
by the Cancer Genetic Markers of Susceptibility study group (see URL
below), these three SNPs also show nominal, but not genome-wide,
significant association with prostate cancer.

For men with prostate cancer diagnosed at age 65 or younger,
the observed OR from the combined analysis was slightly higher (1.30
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Figure 1 A schematic view of the genome-wide association results for chromosome 17q. Shown are

results from the genome-wide association analysis performed in the Icelandic study population. The

results plotted are for all Illumina Hap300 chip SNPs that are located between position 30 Mb and the

telomere (B78.6 Mb; build 35) on the long arm of chromosome 17 (blue diamonds). The six SNP

markers circled in red and listed in Table 2 all fall within the linkage region described in ref. 8.

Table 1 Characteristics of men with prostate cancer and controls from four sources

Study population

Affected

individuals Controls Aggressivea (%)

Mean age at

diagnosis (range)

Age at diagnosis

o65 years (%)

Iceland 1,501 11,290 50 70.8 (40–96) 22

Nijmegen, The Netherlands 999 1,466 47 64.2 (43–83) 52

Zaragoza, Spain 456 1,078 37 69.3 (44–83) 19

Chicago 537 514 48 59.6 (39–87) 70

Total: 3,493 14,348

a‘Aggressive’ is defined here as cancers with Gleason scores of 7 or higher and/or a stage of T3 or higher and/or node-positive
disease and/or metastatic disease.
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for rs4430796 A and 1.27 for rs1859962 G). For each copy of the
at-risk alleles, carriers were diagnosed with prostate cancer 2 months
younger for rs4430796 and 5 months younger for rs1859962,
compared with noncarriers with prostate cancer. However, this
observation was not statistically significant and therefore requires
further investigation.

We did not observe any interaction between the risk variants on
17q12 and 17q24.3; a multiplicative or log-additive model provided an
adequate fit for the joint risk of rs4430796 and rs1859962. We
estimated genotype-specific ORs for each locus individually
(Table 4). Based on results from all four groups, a multiplicative
model for the genotype risk provided an adequate fit for rs4430796 at
17q12. However, for rs1859962 at the 17q24.3 locus, the full model
provided a significantly better fit than the multiplicative model
(P ¼ 0.006), a result driven mainly by the Icelandic samples.
Specifically, the estimated OR of 1.33 for a heterozygous carrier of
rs1859962 G was substantially higher than the 1.20 estimate implied
by a multiplicative model.

The SNPs rs7501939 and rs4430796 on 17q12 are located in the first
and second intron of the TCF2 gene, respectively. To the best of our
knowledge, sequence variants in TCF2 have not been previously
implicated in the risk of prostate cancer. More than 50 different
exonic TCF2 mutations have been reported in individuals with renal
cysts, maturity-onset diabetes of the young type 5 (MODY5), pan-
creatic atrophy and genital tract abnormalities12,13. We sequenced all
nine exons of TCF2 in 200 Icelandic men with prostate cancer and 200
Icelandic controls without detecting any mutations explaining our
association signal (data not shown).

Notably, several epidemiological studies have demonstrated an
inverse relationship between type 2 diabetes (T2D) and the risk of
prostate cancer (see ref. 14 and references therein). A recent meta-
analysis estimated the relative risk of prostate cancer to be 0.84 (95%
confidence interval (c.i.), 0.71–0.92) among diabetes patients14. There-
fore, we decided to investigate a potential association between T2D
and the SNPs in TCF2 showing the strongest association with prostate
cancer in our data.

We typed the Illumina SNP rs7501939 in 1,380 individuals with
T2D (males in this group were not known to have prostate cancer,
according to the Icelandic Cancer Registry list of individuals with
prostate cancer diagnosed from 1955 to 2006). When compared with
9,940 controls not known to have either prostate cancer or T2D,
rs7501939 C showed a protective effect against T2D (OR ¼ 0.88,
P ¼ 0.0045) in these samples. For the same samples, allele A of the
refinement SNP rs4430796 gave a comparable result (OR ¼ 0.86,
P¼ 0.0021). To validate this association, we typed both rs7501939 and
rs4430796 in seven additional T2D case-control groups of European,
African and Asian ancestry (Supplementary Note online). In all seven
case-control groups, rs7501939 C and rs4430796 A showed a protec-
tive effect against the disease (that is, an OR o1.0). Combining results
from all eight T2D case-control groups, including the Icelandic group,
gave an OR of 0.91 (P ¼ 9.2 � 10–7) for rs7501939 C and an OR of
0.91 (P ¼ 2.7 � 10–7) for rs4430796 A (Table 5). In a joint analysis,
the effect of rs4430796 remained significant with adjustment for
rs7501939 (P ¼ 0.016), whereas rs7501939 did not after adjusting
for rs4430796 (P ¼ 0.41). We note that the former was mainly driven
by the data from West Africa, where the correlation between the two

Table 2 Association results for SNPs on 17q12 and prostate cancer in Iceland, The Netherlands, Spain and the US

Frequency

Study population (N cases/N controls) and variant (allele) Cases Controls OR (95% c.i.) P value

Iceland (1,501/11,289)

rs7501939 (C) 0.615 0.578 1.17 (1.08–1.27) 1.8 � 10–4

rs3760511 (C) 0.384 0.348 1.17 (1.08–1.27) 1.6 � 10–4

rs4430796 (A) 0.558 0.512 1.20 (1.11–1.31) 1.4 � 10–5

The Netherlands (997/1,464)

rs7501939 (C) 0.648 0.589 1.29 (1.15–1.45) 2.4 � 10–5

rs3760511 (C) 0.362 0.338 1.11 (0.99–1.25) 0.086

rs4430796 (A) 0.568 0.508 1.28 (1.14–1.43) 3.1 � 10–5

Spain (456/1,078)

rs7501939 (C) 0.583 0.566 1.07 (0.92–1.26) 0.37

rs3760511 (C) 0.277 0.257 1.11 (0.93–1.32) 0.25

rs4430796 (A) 0.469 0.454 1.06 (0.91–1.24) 0.45

Chicago (536/514)

rs7501939 (C) 0.637 0.588 1.15 (1.03–1.47) 0.021

rs3760511 (C) 0.347 0.294 1.28 (1.06–1.54) 9.4 � 10–3

rs4430796 (A) 0.563 0.477 1.41 (1.19–1.67) 9.4 � 10–5

All excluding Iceland (1,989/3,056)a

rs7501939 (C) – 0.581 1.21 (1.12–1.32) 5.6 � 10–6

rs3760511 (C) – 0.296 1.15 (1.05–1.25) 2.4 � 10–3

rs4430796 (A) – 0.480 1.24 (1.14–1.35) 2.0 � 10–7

All combined (3,490/14,345)a

rs7501939 (C) – 0.580 1.19 (1.12–1.26) 4.7 � 10–9

rs3760511 (C) – 0.309 1.16 (1.09–1.23) 1.4 � 10–6

rs4430796 (A) – 0.488 1.22 (1.15–1.30) 1.4 � 10–11

All P values shown are two sided. Shown are the numbers of cases and controls (N), allelic frequencies of variants in affected and control individuals, the allelic odds ratio (OR) with
95% confidence interval (95% c.i.) and P values based on the multiplicative model.
aFor the combined study populations, the reported control frequency was the average, unweighted control frequency of the individual populations, whereas the OR and the P values were estimated
using the Mantel-Haenszel model.
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SNPs is substantially lower than in individuals of European ancestry
(r2 ¼ 0.22 and r2 ¼ 0.77 in the Yoruba and CEU HapMap samples,
respectively). For T2D, a recent report15 describes similar findings
(OR ¼ 0.89, P ¼ 5 � 10–6) for allele G of the SNP rs757210, which is
substantially correlated with rs4430796 A (D¢ ¼ 0.96; r2 ¼ 0.62; based
on the CEU HapMap data set). This reinforces the finding that one or

more variants in TCF2 that confer risk of prostate cancer are
protective against T2D. Notably, removing individuals with T2D
from the Icelandic case-control group had minimal impact on the
association of rs4430796 with prostate cancer (Supplementary Note).

The more distal SNP, rs1859962, on chromosome 17q24.3 is in a
177.5-kb LD block spanning positions 66.579 Mb to 66.757 Mb

Table 3 Association results for SNPs on 17q24.3 and prostate cancer in Iceland, The Netherlands, Spain and the US

Frequency

Study population (N cases/N controls) and variant (allele) Cases Controls OR (95% c.i.) P value

Iceland (1,501/11,290)

rs1859962 (G) 0.489 0.453 1.16 (1.07–1.26) 3.1 � 10–4

rs7214479 (T) 0.451 0.415 1.16 (1.07–1.26) 3.3 � 10–4

rs6501455 (A) 0.538 0.501 1.16 (1.07–1.26) 3.0 � 10–4

rs983085 (C)a 0.542 0.504 1.16 (1.07–1.26) 2.0 � 10–4

The Netherlands (999/1,466)

rs1859962 (G) 0.522 0.456 1.30 (1.16–1.46) 6.8 � 10–6

rs7214479 (T) 0.474 0.428 1.20 (1.07–1.35) 1.5 � 10–3

rs6501455 (A) 0.544 0.488 1.25 (1.12–1.40) 1.1 � 10–4

Spain (456/1,078)

rs1859962 (G) 0.512 0.476 1.15 (0.99–1.35) 0.071

rs7214479 (T) 0.455 0.426 1.13 (0.96–1.32) 0.14

rs6501455 (A) 0.581 0.552 1.13 (0.97–1.32) 0.13

Chicago (537/510)

rs1859962 (G) 0.513 0.456 1.25 (1.06–1.49) 9.8 � 10–3

rs7214479 (T) 0.460 0.416 1.20 (1.01–1.42) 0.041

rs6501455 (A) 0.549 0.586 0.86 (0.72–1.02) 0.083

All excluding Iceland (1,992/3,054)b

rs1859962 (G) – 0.463 1.25 (1.15–1.35) 8.3 � 10–8

rs7214479 (T) – 0.423 1.18 (1.09–1.28) 7.0 � 10–5

rs6501455 (A) – 0.542 1.12 (1.05–1.20) 6.2 � 10–3

All combined (3,493/14,344)b

rs1859962 (G) – 0.460 1.20 (1.14–1.27) 2.5 � 10–10

rs7214479 (T) – 0.421 1.17 (1.10–1.24) 8.1 � 10–8

rs6501455 (A) – 0.532 1.14 (1.08–1.21) 6.9 � 10–6

All P values shown are two sided. Shown are the numbers of cases and controls (N), allelic frequencies of variants in affected and control individuals, the allelic odds ratio (OR) with
95% confidence interval (95% c.i.) and P values based on the multiplicative model.
aSNPs rs983085 and rs6501455 were almost perfectly correlated (r2 ¼ 0.99), but rs983085 failed in genotyping in the non-Icelandic groups. bFor the combined study populations, the reported
control frequency was the average, unweighted control frequency of the individual populations, whereas the OR and the P values were estimated using the Mantel-Haenszel model.

Table 4 Model-free estimates of the genotype OR of rs4430796 (A) at 17q12 and rs1859962 (G) at 17q24.3

Genotype ORa

Study group and variant (allele) Allelic OR 00 0X (95% c.i.) XX (95% c.i.) P valueb P valuec PAR

Iceland

rs4430796 (A) 1.20 1 1.12 (0.97–1.29) 1.40 (1.19–1.64) 0.31 8.3 � 10–5 0.14

rs1859962 (G) 1.16 1 1.35 (1.18–1.54) 1.33 (1.13–1.57) 3.4 � 10–3 2.3 � 10–5 0.19

All except Iceland

rs4430796 (A) 1.24 1 1.34 (1.18–1.52) 1.56 (1.32–1.84) 0.12 4.5 � 10–7 0.23

rs1859962 (G) 1.25 1 1.32 (1.17–1.49) 1.57 (1.33–1.84) 0.24 2.9 � 10–7 0.22

All combined

rs4430796 (A) 1.22 1 1.24 (1.13–1.36) 1.48 (1.32–1.66) 0.57 2.0 � 10–10 0.19

rs1859962 (G) 1.20 1 1.33 (1.21–1.44) 1.45 (1.29–1.62) 6.0 � 10–3 5.1 � 10–11 0.21

PAR, population attributable risk; OR, odds ratio; 95% c.i., 95% confidence interval.
aGenotype odds ratios for heterozygous (0X) and homozygous carriers (XX) compared with non-carriers (00). bTest of the multiplicative model (the null hypothesis) versus the full model (one degree
of freedom). cTest of no effect (the null hypothesis) versus the full model (two degrees of freedom).
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(National Center for Biotechnology Information (NCBI) build 35),
based on the CEU HapMap group. The closest telomeric gene is SOX9,
located B900 kb away from the LD block. One mRNA (BC039327)
and several unspliced ESTs have been localized to this region, but it
does not contain any known genes (University of California Santa
Cruz Genome Browser, May 2004 assembly). RT-PCR analysis of
various cDNA libraries, including those derived from the prostate,
detected expression of the BC039327 mRNA only in a testis library
(data not shown), in line with previously reported results16.

In summary, we have found that two common variants on
chromosome 17q, rs4430796 A and rs1859962 G, contribute to the
risk of prostate cancer in four populations of European descent.
Together, based on the combined results, these two variants have an
estimated joint population attributable risk (PAR) of B36%, which is
substantial from a public health viewpoint. The large PAR is a
consequence of the high frequencies of these variants. However, as
their relative risks, as estimated by the ORs, are not high, the sibling
risk ratio17 that they account for is only B1.009 for each variant
separately and B1.018 jointly. As a consequence, they can explain only
a small fraction of the familial clustering of the disease and can
therefore generate only modest linkage scores. We were most intrigued
that the variant in TCF2 is associated with increased risk of prostate

cancer but reduced risk of T2D in individuals of European, African
and Asian descent. The discovery of a sequence variant in the TCF2
gene that accounts for at least part of the inverse relationship between
these two diseases provides a step toward understanding the complex
biochemical checks and balances that result from the pleiotropic
impact of singular genetic variants. Previous explanations of the
well-established inverse relationship between prostate cancer and
T2D have centered on the impact of the metabolic and hormonal
environment of diabetic men. However, we note that the protective
effect of both the TCF2 SNPs against T2D is too modest for its impact
on prostate cancer risk to be merely a by-product of its impact on
T2D. Indeed, we favor the notion that the primary functional impact
of rs4430796 (or a presently unknown correlated variant) is on one or
more metabolic or hormonal pathways important for the normal
functioning of individuals throughout their lives that incidentally
modulate the risk of developing prostate cancer and T2D late in life.

METHODS
Icelandic study population. Men diagnosed with prostate cancer were identi-

fied based on a nationwide list from the Icelandic Cancer Registry (ICR) that

contained all 3,886 Icelandic prostate cancer patients diagnosed from January 1,

1955, to December 31, 2005. The Icelandic prostate cancer sample collection

Table 5 Association results for SNPs in the TCF2 gene on 17q12 and type 2 diabetes

Frequency

Study population (N cases/N controls) and variant (allele) Cases Controls OR (95% c.i.) P value

Icelanda (1,380/9,940)

rs7501939 (C) 0.549 0.582 0.88 (0.80–0.96) 0.0045

rs4430796 (A) 0.482 0.521 0.86 (0.78–0.95) 0.0021

Denmark A (264/596)

rs7501939 (C) 0.525 0.593 0.76 (0.62–0.93) 0.0088

rs4430796 (A) 0.452 0.530 0.73 (0.60–0.90) 0.0032

Denmark B (1,365/4,843)

rs7501939 (C) 0.579 0.596 0.93 (0.85–1.02) 0.11

rs4430796 (A) 0.507 0.528 0.92 (0.85–1.00) 0.062

Philadelphia (457/967)

rs7501939 (C) 0.569 0.613 0.83 (0.71–0.98) 0.028

rs4430796 (A) 0.477 0.527 0.82 (0.70–0.96) 0.013

Scotland (3,741/3,718)

rs7501939 (C) 0.607 0.615 0.97 (0.91–1.03) 0.31

rs4430796 (A) 0.517 0.526 0.97 (0.91–1.03) 0.29

The Netherlands (367/915)

rs7501939 (C) 0.563 0.579 0.94 (0.79–1.11) 0.46

rs4430796 (A) 0.494 0.506 0.95 (0.79–1.14) 0.58

Hong Kong (1,495/993)

rs7501939 (C) 0.768 0.791 0.87 (0.76–1.00) 0.054

rs4430796 (A) 0.731 0.754 0.89 (0.78–1.01) 0.073

West Africab (867/1,115)

rs7501939 (C) 0.400 0.437 0.87 (0.77–0.99) 0.042

rs4430796 (A) 0.271 0.313 0.80 (0.69–0.92) 0.0024

All groups excluding Iceland

rs7501939 (C) – – 0.91 (0.87–0.95) 3.4 � 10–5

rs4430796 (A) – – 0.92 (0.88–0.95) 1.8 � 10–5

All groups combined (9,936/23,087)

rs7501939 (C) – – 0.91 (0.87–0.94) 9.2 � 10–7

rs4430796 (A) – – 0.91 (0.87–0.94) 2.7 � 10–7

All P values shown are two sided. Shown are the numbers of cases and controls (N), allelic frequencies of variants in affected and control individuals, the allelic odds ratio (OR) with
95% confidence interval (95% c.i.) and P values based on the multiplicative model.
aMen known to have prostate cancer were excluded from the Icelandic T2D group (both affected individuals and controls). bResults for the five West African tribes have been combined using a
Mantel-Haenszel method. The frequency of the variant in West African affected individuals and controls is the weighted average over the five tribes.
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included 1,615 patients (diagnosed from December 1974 to December 2005)

who were recruited from November 2000 until June 2006 out of the 1,968

affected individuals who were alive during the study period (a participation

rate of about 82%). A total of 1,541 affected individuals were included in a

genome-wide SNP genotyping effort, using the Infinium II assay method and

the Illumina Sentrix HumanHap300 BeadChip. Of these, 1,501 (97%) were

successfully genotyped according to our quality control criteria (Supplemen-

tary Methods online) and were used in the present case-control association

analysis. The mean age at diagnosis for the consenting patients was 71 years

(median 71 years; range, 40–96 years), and the mean age at diagnosis was

73 years for all individuals with prostate cancer in the ICR. The median time

from diagnosis to blood sampling was 2 years (range, 0–26 years) (see ref. 1 for

a more detailed description of the Icelandic prostate cancer study population).

No significant difference was seen in frequencies of rs7501939 (C), rs4430796

(A) or rs1859962 (G) between men diagnosed before 1998 and those diagnosed

in 1998 or later (P ¼ 0.74, P ¼ 0.87 and P ¼ 0.35, respectively). More

specifically, using only cases diagnosed in 1998 or later (N ¼ 880) versus all our

controls (N ¼ 11,289), we obtained OR values of 1.16 (P ¼ 0.004), 1.20 (5.5 �
10–4) and 1.20 (5 � 10–4) for rs7501939 (C), rs4430796 (A) and rs1859962 (G),

respectively. The 11,290 controls (5,010 males and 6,280 females) used in this

study consisted of 758 controls randomly selected from the Icelandic genealo-

gical database and 10,532 individuals from other ongoing genome-wide

association studies at deCODE (specifically, B1,400 from studies on T2D,

B1,600 from studies on breast cancer and 1,800 from studies on myocardial

infarction; studies on colon cancer, anxiety, addiction, schizophrenia and

infectious diseases provided B700–1,000 controls each). The controls had a

mean age of 66 years (median, 67 years; range, 22–102 years). The

male controls were absent from the ICR’s nationwide list of prostate

cancer patients.

The study was approved by the Data Protection Commission of Iceland and

the National Bioethics Committee of Iceland. Written informed consent was

obtained from all patients, relatives and controls. Personal identifiers associated

with medical information and blood samples were encrypted with a third-party

encryption system as previously described18.

Study populations from The Netherlands, Spain and the US. The total

number of men with prostate cancer from the Netherlands in this study was

1,013, of whom 999 (98%) were successfully genotyped. This study population

comprised two recruitment sets of men with prostate cancer: Group A,

comprising 390 hospital-based affected individuals recruited from January

1999 to June 2006 at the Urology Outpatient Clinic of the Radboud University

Nijmegen Medical Centre (RUNMC), and Group B, consisting of 623 affected

individuals recruited from June 2006 to December 2006 through a population-

based cancer registry held by the Comprehensive Cancer Centre East. Both

groups were of self-reported European descent. The average age at diagnosis for

patients in Group A was 63 years (median, 63 years; range, 43–83 years). The

average age at diagnosis for patients in Group B was 65 years (median 66 years;

range, 43–75 years).

The 1,466 control individuals from The Netherlands were cancer free and

were matched for age with the cases. They were recruited as part of the

Nijmegen Biomedical Study, a population-based survey conducted by the

Department of Epidemiology and Biostatistics and the Department of Clinical

Chemistry of the RUNMC, in which 9,371 individuals participated from a total

of 22,500 age- and sex-stratified randomly selected inhabitants of Nijmegen,

The Netherlands. Control individuals from the Nijmegen Biomedical Study

were invited to participate in a study on gene-environment interactions in

multifactorial diseases such as cancer. All the 1,466 participants in the present

study are of self-reported European descent and were fully informed about the

goals and the procedures of the study. The study protocol was approved by the

Institutional Review Board of Radboud University, and all study subjects gave

written informed consent.

The Spanish study population consisted of 464 men with prostate cancer, of

whom 456 (98%) were successfully genotyped. The cases were recruited from

the Oncology Department of Zaragoza Hospital in Zaragoza, Spain, from June

2005 to September 2006. All were of self-reported European descent. Clinical

information, including age at onset, grade and stage, was obtained from

medical records. The average age at diagnosis for the patients was 69 years

(median, 70 years; range, 44–83 years). The 1,078 Spanish control individuals

were approached at Zaragoza University Hospital and were confirmed to be

prostate cancer free before they were included in the study. Study protocols

were approved by the Institutional Review Board of Zaragoza University

Hospital. All subjects gave written informed consent.

The Chicago study population consisted of 557 men with prostate cancer, of

whom 537 (96%) were successfully genotyped. The affected individuals were

recruited from the Pathology Core of Northwestern University’s Prostate

Cancer Specialized Program of Research Excellence (SPORE) from May 2002

to September 2006. The average age at diagnosis for the affected individuals was

60 years (median, 59 years; range, 39–87 years). The 514 European American

controls were recruited as healthy control subjects for genetic studies at the

University of Chicago and Northwestern University Medical School. Study

protocols were approved by the Institutional Review Boards of North-

western University and the University of Chicago. All subjects gave written

informed consent.

For description of the diabetes case-control groups, see the Supple-

mentary Note.

Association analysis. All Icelandic case and control samples were assayed with

the Illumina Infinium HumanHap300 SNP chip. This chip contains 317,503

SNPs and provides about 75% genomic coverage in the Utah CEPH (CEU)

HapMap samples for common SNPs at r2
Z 0.8. For the association analysis,

310,520 SNPs were used; 6,983 SNPs were deemed unusable owing to reasons

such as monomorphism, low yield (o95%) and failure of Hardy-Weinberg

equilibrium (HWE) (Supplementary Methods). Samples with a call rate

o98% were excluded from the analysis. Single-SNP genotyping for the five

SNPs reported here and the four case-control groups was carried out

by deCODE Genetics, applying the Centaurus19 (Nanogen) platform to

all populations studied (Supplementary Methods and Supplementary

Table 2a online). For the five SNPs genotyped by both methods in

1,501 affected individuals and 758 controls from Iceland, the concordance rate

for genotypes was 499.5% between the Illumina platform and the

Centaurus platform.

For SNPs that were in strong LD, whenever the genotype of one SNP was

missing for an individual, the genotype of the correlated SNP was used to

provide partial information through a likelihood approach, as we have done

before1. This ensured that results presented in Tables 2–5 were always based on

the same number of individuals, allowing meaningful comparisons of results

for highly correlated SNPs. A likelihood procedure described in a previous

publication20 and implemented in NEMO software was used for the association

analyses. We attempted to genotype all individuals and all SNPs reported in

Tables 2–5. For each SNP, the yield was 495% in every group. The only

exception was in the case of refinement marker rs4430796, which was not a part

of the HumanHap 300 chip. For this SNP, using a single SNP assay to genotype,

we attempted to genotype 1,883 of the 11,290 Icelandic controls (genotyping

was successful for 99% of them (1,860 individuals)) as well as all affected

Icelandic individuals and all individuals from the replication study groups.

Most notably, for the 17q12 locus, when we evaluated the significance of one

SNP (for example, rs4430796, rs7501939 or rs3760511) with adjustment for

one or two other SNPs, whether we used all 11,289 Icelandic controls that had

genotypes for at least one of the three markers in Table 2 and handled

the missing data by applying a likelihood approach as mentioned above or

whether we applied logistic regression only to individuals that had genotypes

for all three markers, the resulting P values are very similar. We tested the

association of an allele with prostate cancer using a standard likelihood ratio

statistic that, if the subjects were unrelated, would have asymptotically a w2

distribution with one degree of freedom under the null hypothesis. Allelic

frequencies rather than carrier frequencies are presented for the markers in the

main text, but genotype counts are provided in Supplementary Table 3 online.

Allele-specific ORs and associated P values were calculated assuming a multi-

plicative model for the two chromosomes of an individual21. For each of the

four case-control groups, there was no significant deviation from HWE in the

controls (P 4 0.01). When estimating genotype-specific OR (Table 3), we

estimated genotype frequencies in the population assuming HWE. We feel that

this estimate is more stable than an estimate calculated using the observed

genotype counts in controls directly. However, we note that these two
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approaches gave very similar estimates in this instance. Results from multiple

case-control groups were combined using a Mantel-Haenszel model22 in which

the groups were allowed to have different population frequencies for alleles,

haplotypes and genotypes but were assumed to have common relative risks. All

four of the European sample groups include both male and female controls. We

did not detect a significant difference between male and female controls for

SNPs in Tables 2–4 for each of the groups after correction for the number of

tests performed. We note that for all the three significant variants (rs7501939,

rs4430796 and rs1859962) reported in Tables 2 and 3, we did not detect any

significant differences in frequencies among the different groups of affected

individuals (see description of Icelandic control samples) that make up the

Icelandic genome-wide control sets (P ¼ 0.30, 0.55 and 0.88, respectively). The

individuals with T2D were removed when this test was performed for

rs7501939 and rs4430796. Our analysis of the data does not indicate any

differential association by gender of rs7501939 or rs4430796 to T2D. We used

linear regression to estimate the relationship between age at onset for prostate

cancer and number of copies of at-risk alleles (for rs7501939 and rs1859962)

carried by affected individuals, using group as an indicator.

To investigate potential interaction between rs7501939 C and rs1859962 G

located at 17q12 and 17q24.3, respectively, we performed two analyses. First, we

checked for the absence of significant correlation between those alleles among

cases. Second, using logistic regression, we demonstrated that the inter-

action term was not significant (P ¼ 0.57). The joint PAR was calculated as

1 – ((1 – PAR1) � (1 – PAR2)), where PAR1 and PAR2 are the individual PARs

for each SNP calculated under the full model and assuming no interaction

between the SNPs.

We note that for the SNP rs757210, others have reported the results for allele

A15. However, in the main text, we provide their corresponding results for the

other allele (allele G of rs757210) because that allele was the one positively

correlated with our reported allele C of rs7501939.

Correction for relatedness and genomic control. Some individuals in the

Icelandic case-control groups were related to each other, causing the afore-

mentioned w2 test statistic to have a mean 41. We estimated the inflation

factor by calculating the mean of the 310,520 w2 statistics, which is 1.098. Using

a method of genomic control23 to adjust for both relatedness and potential

population stratification, results presented here are based on adjusting the

w2 statistics by dividing each of them by 1.098. Supplementary Figure 1 is a

Q-Q plot of the observed w2 statistics, before and after adjustment, against the

w2 distribution with one degree of freedom.

URLs. Cancer Genetic Markers of Susceptibility Project: http://cgems.cancer.

gov/. University of California Santa Cruz Genome Browser: http://www.

genome.ucsc.edu.

Requests for materials: kstefans@decode.is or julius.gudmundsson@decode.is
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