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Identification of new genetic risk factors for prostate cancer
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Review

Abstract

There is evidence that a substantial part of genetic predisposition to prostate cancer (PCa) may be due to lower 
penetrance genes which are found by genome-wide association studies.  We have recently conducted such a study 
and seven new regions of the genome linked to PCa risk have been identified.  Three of these loci contain candidate 
susceptibility genes: MSMB, LMTK2 and KLK2/3.  The MSMB and KLK2/3 genes may be useful for PCa screening, and 
the LMTK2 gene might provide a potential therapeutic target.  Together with results from other groups, there are now 23 
germline genetic variants which have been reported.  These results have the potential to be developed into a genetic test.  
However, we consider that marketing of tests to the public is premature, as PCa risk can not be evaluated fully at this stage 
and the appropriate screening protocols need to be developed.  Follow-up validation studies, as well as studies to explore 
the psychological implications of genetic profile testing, will be vital prior to roll out into healthcare.  
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1     Genome-wide association studies

Genome-wide association studies (GWAS) have re-
centl y emerged as a powerful new approach to identify 
common disease alleles.  These studies have been made 
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been found to contain multiple SNPs associated with risk 
of PCa [19] and other cancers, including colon, breast and 
ovarian [20], but interestingly appears to have no genes 
in the region of interest.  Further studies are underway by 
many research groups to look for genes in this region, or 
work out a mechanism by which these genotypes might 
result in increasing cancer risk.  

Dr Rosalind Eeles and her team at the Institute of 
Cancer Research have been studying the genetic causes of 
PCa since 1993 when the Familial Prostate Cancer study, 
now known as the UK Genetic Prostate Cancer Study 
(UKGPCS), was established.  The UKGPCS looks at three 
different sets of patients; a subset with a family history of 
PCa, a subset with early-onset PCa (diagnosed aged ≤ 60 
years, with or without a family history) and a series of PCa 
patients from the Royal Marsden NHS Foundation Trust 
(diagnosed at any age, with or without a family history).  
Using DNA samples from these patients, it is hoped to find 
susceptibility genes with different levels of penetrance.

3     Collection of case and control samples

In GWAS studies, genotype frequencies are compared 
between cases and controls at large numbers of tagSNPs in 
order to look for a variation that is associated with disease.  
We conducted a two-stage PCa GWAS using samples 
amalgamated from four collaborative studies.  UK cases 
were provided from the UKGPCS run at the Institute of 
Cancer Research by Dr Rosalind Eeles, with substantial 
support from Cancer Research UK.  UK controls were 
from both the Prostate Cancer Research Foundation 
component of the UKGPCS (coordinated by Professor 
Kenneth Muir at the University of Nottingham, UK) and 
from the ProtecT study, a national study of community-
based PSA testing and a randomized trial of subsequent 
PCa treatment that is led by Professor David Neal at the 
University of Cambridge (UK), and funded by Cancer 
Research UK and the Department of Health of England 
(UK).  Further data collection was funded by Prostate 
UK.  Australian samples were provided from three studies: 
the Early-Onset Prostate Cancer Study (EOPCFS), the 
Risk Factors for Prostate Cancer Study (RFPCS), and the 
Melbourne Collaborative Study (MCCS).  These samples 
were collected by Professor John Hopper at the University 
of Melbourne (Australia) and Professor Graham Giles 
at the Cancer Council Victoria (Australia) with local 
Aus tra lian funding.  Case and control samples have to 
be matched ethnically as closely as possible to avoid 
adding any extra bias to the experiment.  Therefore we 
chose only Caucasian samples of European ancestry and 
excluded known non-whites so that the ethnic background 
of samples was homogeneous.  In addition, we broadly 
matched cases and controls geographically in the UK for 

possible following the completion of the International 
HapMap Project in 2005 [1] which provided researchers 
with a computerized database that contains a map of 
human genetic variation, or tagSNPs.  There are millions 
of single-nucleotide polymorphisms (SNPs) in the human 
genome; these are classed as a variation in a single nucleo-
tide (A, T, C or G) in the DNA sequence between members 
of a species.  The variation must be present in at least 1% 
of a population for it to be considered an SNP.  It is not 
currently feasible to genotype every single SNP from a 
person’s genome, but tagSNPs represent blocks within the 
genome with high linkage disequilibrium (LD), and can 
be used to rapidly scan a person’s DNA to find genetic 
variations associated with particular diseases.  GWAS 
have also recently become accessible to more research 
groups due to the development of high-throughput SNP 
arrays and the decreasing costs of this rapidly-advancing 
technology.  

The first phases of a large UK GWAS on PCa have been 
completed this year by scientists at the Institute of Cancer 
Research and University of Cambridge in collaboration 
with researchers in Australia and the UK.  This research 
has resulted in the identification of seven new sites in the 
human genome that are linked to a risk of developing PCa, 
and the findings have been published in Nature Genetics [2] 
alongside two other studies carried out in the United States 
[3] and Iceland [4].

2     Prostate cancer risk and genetics

PCa is now the commonest cancer in men in the 
Western world (Cancer Research UK Factsheets, 2008).  
However, its etiology remains poorly understood and no 
definite lifestyle risk factors have been identified.  PCa 
shows consistent evidence of familial aggregation and 
it is known that the relative risk (RR) of PCa is about 
two-fold in first-degree relatives of affected men, and 
that this is higher when the diagnosis is of early-onset 
(reviewed in [5]).  In contrast to some other cancer types, 
little is known about which genes could be involved in 
PCa susceptibility.  In a very small number of cases, PCa 
is associated with germline alterations in the BRCA2 
gene [6] and other genes in the DNA repair pathway, 
however these mutations explain less than 10% of the 
familial relative risk of PCa.  Linkage studies based on 
multiple case families have not identified reproducible 
susceptibility loci [7], suggesting that PCa is genetically 
complex and that PCa predisposition may be mediated 
through multiple common low-penetrance alleles.  A more 
powerful approach for identifying lower penetrance loci is 
through case-control GWAS, and previous GWAS in PCa 
have identified common alleles on 8q and on 17q to be 
associated with PCa risk [8–18].  Chromosome 8q24 has 
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stage 1 to reduce as far as possible any bias generated by 
population substructure.

4     Analysis of samples

In the first stage of the UK GWAS, we genotyped 2 000 
case and 2 000 control samples and received usable data 
on 1 854 cases and 1 894 controls.  For this first stage we 
specifically selected cases that were diagnosed through 
clinical symptoms rather than through routine screening 
by PSA, in order to maximize the proportion of cases 
that cause morbidity and mortality.  The case series was 
further ‘enriched’ by including men diagnosed at early 
onset (age ≤ 60 years) or with a family history of PCa, 
as such individuals are thought to be more likely to carry 
susceptibility alleles, and including them in the GWAS would 
thereby increase statistical power.  Controls were men aged ≥ 50 
years and who had a baseline PSA < 0.5 ng mL-1, since men 
with low PSA concentrations are known to be at a low risk for 
the subsequent development of clinically significant PCa.

For each sample, data were collected on 541 129 tagSNPs 
using the Illumina Infinium platform, and analysis of this 
data was carried out by Professor Douglas Easton and Ali 
Amin from the University of Cambridge (UK).  Our stage 
1 results showed that a total of 53 tagSNPs were significant 
at the P < 10-6 level compared with 0.5 expected by chance, 

therefore pulling out more hits that we had anticipated at this 
stage.  Of these, 20 tagSNPs were on chromosome 8q, and 6 
were on chromosome 17q, both of which had previously been 
reported by other research groups [8, 12].  However, the other 
27 tagSNPs were found to be in 8 novel genetic regions and 
after further analyses, 11 of the tagSNPs were independently 
significant (not in LD with other SNPs).

To confirm the associations from stage 1, our laboratory 
team at the Institute of Cancer Research evaluated the 11 
independently significant SNPs using the Taqman assay in 
DNA samples that had been collected for our second stage 
of the GWAS.  We produced genotype data for a further 
3 268 PCa cases and 3 366 controls.  Using a stringent P 
value for genome-wide significance accepted to be a cut-
off of P < 10-7, the associations were confirmed in 8 of the 
11 SNPs, and these were located in seven loci (two were on 
chromosome 10).  These seven newly identified susceptibility 
regions are on human chromosomes 3, 6, 7, 10, 11, 19 and X.  
Figure 1 shows a summary of these results.

5     Identification of candidate genes within loci

The seven novel genetic loci found in the UK GWAS 
contain several plausible candidate genes, which could 
functionally contribute to cancer development and pro-
gres  sion.  The top association was found on chromosome 

Figure 1. Summary of the UK prostate genome-wide association studies (GWAS) study and results.
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10, just 2 bp upstream of the transcription start site of the 
microseminoprotein B (MSMB) gene.  MSMB encodes PSP94, 
a member of the immunoglobulin-binding factor family 
synthesized by epithelial cells of the prostate and secreted 
into seminal plasma.  Loss of expression of PSP94 is 
associated with recurrence after radical prostatectomy, 
suggesting that this SNP may be causally related to 
disease risk [21].  Since PSP94 can be measured in the 
blood this may provide a future screening target.

The region identified on chromosome 7 harbors the 
gene LMTK2 (also known as BREK; Brain-Enriched 
Kinase) which codes for a signaling protein [22] and there-
fore may be a new target for drug treatments.  

The chromosome 19 hit contains the kallikrein genes 
KLK2 and KLK3.  These code for the proteins hK2 (human 
glandular kallikrein) and prostate-specific antigen (PSA) 
respectively, which are serine proteases.  PSA is used as 
serum marker in PCa screening and disease monitoring 
and there is evidence that hK2 may also be useful for 
screening and prognosis [23].  Twenty-four  SNPs in the 
KLK3 (PSA) gene have subsequently been evaluated in 
men from five studies and no association was reported 
with PCa risk [24].  In our stage 1, the controls were 
selected for low PSA levels, however, the stage 2 controls 
were not selected for a low PSA and yet we still saw an 
association.  A subsequent study from 13 groups world-
wide where the controls were not selected for a low PSA 
level, still showed an association of the chromosome 19 
SNP (between KLK2 and KLK3) with PCa risk, so we 
consider this to be a real effect  [25]. 

The chromosome 6 association is in intron 5 of SLC22A3, 
one of the organic cation transporter (OCT) genes, which 
are critical for elimination of some drugs and environmental 
toxins [26].  Many genes are near the SNP of interest on the 
X chromosome and are listed in Figure 1.  The NUDT10 
and NUDT11 genes encode enzymes that determine the 
rate of phosphorylation in DNA repair, stress responses and 
apoptosis [27].  The SNP found in chromosome 3 lies in a 
gene-poor region and the chromosome 11 hit is in a gene 
desert, making it difficult to associate these with obvious 
genes at this stage in the research.  

The results so far confirm that PCa is genetically 
complex and have given us clues as to which regions of 
the genome to explore further.  The fact that the SNPs 
which have been identified are in a variety of areas within 
the genome, for instance introns and gene deserts, and 
none are in coding regions of DNA, suggests that diverse 
pathways are likely to be involved.  Resequencing and 
fine-mapping of all of the seven regions, as well as further 
genotyping and functional analyses, will be required to 
identify the causal variants.

6    Other prostate GWAS studies: how do our results 

compare?

Two other groups of researchers also published their 
PCa GWAS findings in the same issue of Nature Genetics 
as our team.  These were a group called CGEMS in the 
USA [3] and the deCODE group in Iceland [4].  Both 
groups also confirmed the previously reported associations 
at chromosomes 8q and 17q in their sample sets, verifying 
these as strong hits in a global population.  The American 
group also found the same hits as we did on chromosomes 
10 and 11, but found novel tagSNP associations on chro-
mo somes 7 and 10.  The deCODE team identified the same 
region on the X chromosome as our study, and have found 
a novel region on chromosome 2p15 in their population.

One other GWAS has investigated aggressive PCas 
that were defined by having at least one of the following: 
stage T3/T4, N+, M+, Grade III, Gleason score ≥ 8, or 
preoperative serum PSA of at least 50 ng mL-1 [28].  This 
group reported a different association on chromosome 
9 located within the DAB2IP gene, which encodes a 
novel Ras GTPase-activating protein and putative tumor 
suppressor.  This phenotypic association remains to be 
validated by other research groups.  In addition, this 
research group recently identified a second independent 
risk locus in chromosome 17q12 within the HNF1B gene 
by fine-mapping of this region [29].

The results of the different GWAS studies are sum-
marized in Figure 2, which shows the associations found 
by each study on each chromosome.  The seven novel hits 
from the UK study are labeled in red, and the three purple 
arrows show the previously published associations that 
our results validated.  With seven novel loci, our results 
represent the largest number of genetic risk factors found 
in one genome-wide cancer study to date.  The fact that we 
have found more loci than the other groups, and also that 
we could confirm the previously reported loci at genome-
wide levels of significance after our stage 1 analysis is 
probably due to the size of the study, and perhaps also the 
enrichment of cases with early age at diagnosis or family 
history of PCa.  

The GWAS groups are each already testing whether 
the hits from the other groups can be verified in their 
own datasets, and it is likely that many other loci will 
be detectable by further follow-up of this and other 
scans, together with combined analyses of multiple 
scans.

7     Risk counseling for the future

Our seven newly identified loci together explain 
approximately 6% of the familial risk of PCa, with MSMB 
being the most significant contributor (~2% of the familial 
risk, comparable to the two strongest 8q loci).  Taken 
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together, these and previously reported loci now explain 
approximately 15% of familial risk in PCa.  As expected, 
the relative risks conferred by these loci individually 
are low, for instance, the homozygote odds ratio for the 
MSMB hit was 1.61-fold.  It is possible, however, that the 
associations we have found with the tagSNPs will become 
stronger once the causal variant SNP has been pinpointed 
with fine-mapping.  We also anticipate that the combined 
effect of these associations may be substantial, so that if a 
man has all seven risk variants in his DNA, he will have a 
much higher risk of developing PCa than a man with only two 
risk variants for example.  As other new SNPs are identified, 
it may be possible in the future to define genotypes that are 
sufficiently predictive of risk to be of clinical use.

Eventually we would like to be able to use genotyping 
results to compile a genetic profile for a patient, so that we 
can accurately predict who has a high risk of developing 
PCa and therefore target screening to those men who are 
most likely to benefit.  The results do have the potential 
to be developed into a genetic test, but at the moment 
the marketing of tests to the public is premature until the 
associations that have been found are further validated and 

better understood.  In addition, further research needs to be 
carried out to identify how genetic profiling helps to tailor 
PCa screening regimes, for example we need to determine 
for a specific genotype, how often PSA testing would 
need to be done, and whether and when biopsy should be 
carried out.  We also need to consider the acceptability 
of such tests and the psychological implications and 
these need careful study.  We need to answer questions 
such as who would come forward for testing, how much 
counseling would they require, and what would they be 
advised to do if they were found to have a higher risk of 
developing PCa than the general population.

8     Future work

Although our stage 2 samples have been tested at 
the Institute of Cancer Research for the 11 independently 
significant SNPs that were flagged up at the end of stage 
1, this whole set has also been run at Illumina for another 
47 000 tagSNPs.  This set of tagSNPs was selected by us 
as having the greatest differences between cases compared 
with controls in our stage 1 data.  The results of the stage 

Figure 2. Summary of loci associated with prostate cancer (PCa) risk identified by our study and other genome-wide association studies 
(GWAS). (Figure drawn by Dr Kote-Jarai, The Institute of Cancer Research, Sutton, UK).



New prostate cancer genetic risk factors identified
Michelle Guy et al.

Asian Journal of Andrology  |  http://www.asiaandro.com;  aja@sibs.ac.cn 

54

npg

2 Illumina analyses will be ready shortly and may provide 
us with more novel hits to investigate further.

We are also validating the tagSNPs identified by the 
other GWAS studies in our own sample sets so that we can 
see whether there is variation perhaps between different 
populations, e.g. European and African ancestry.  This 
question will also be addressed in our stage 3 GWAS 
where we intend to genotype 10 000 cases and 10 000 
controls from different countries and ethnic backgrounds 
for the top hits from stages 1 and 2 to verify whether 
there are strong associations that affect all populations, or 
whether some populations have their own unique geno-
typic variations that confer an increased risk of PCa.  This 
may give us an explanation for the differences in PCa 
incidence and aggressiveness in black men compared to 
other ethnic groups.

The UKGPCS is continuing to collect early-onset 
and familial PCa cases to include in stage 3 of the UK 
GWAS.  Currently over 130 hospitals throughout the UK 
have local approval to refer patients to the study, and all 
consultants who refer are added to the list of collaborators 
for publication purposes (over 300 collaborators).  If you 
would like to refer patients to the study or find out more, 
please find our contact details and more information on 
our website at www.icr.ac.uk/ukgpcs.   
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