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Abstract

In most developed countries, prostate cancer is the most frequently diagnosed malignancy in men.
The extent to which the marked racial/ethnic difference in its incidence rate is attributable to screening
methods, environmental, hormonal and/or genetic factors remains unknown. A positive family history
is among the strongest epidemiological risk factors for prostate cancer. It is now well recognized that
the role of candidate genetic markers to this multifactorial malignancy is more difficult to identify
than the identification of other cancer susceptibility genes. Indeed, despite the localization of several
susceptibility loci, there has been limited success in identifying high-risk susceptibility genes
analogous to BRCA1 or BRCA2 for breast and ovarian cancer. Nonetheless, three strong candidate
susceptibility genes have been described, namely ELAC2 (chromosome 17p11/HPC2 region),
2′-5′-oligoadenylate-dependent ribonuclease L (RNASEL), a gene in the HPC1 region, and
Macrophage Scavenger Receptor 1 (MSR1), a gene within a region of linkage on chromosome 8p.
Additional studies using larger cohorts are needed to fully evaluate the role of these susceptibility
genes in prostate cancer risk. It is also of interest to mention that a significant percentage of men
with early-onset prostate cancer harbor germline mutation in the BRCA2 gene thus confirming its role
as a high-risk prostate cancer susceptibility gene. Although initial segregation analyses supported
the hypothesis that a number of rare highly penetrant loci contribute to the Mendelian inheritance of
prostate cancer, current experimental evidence better supports the hypothesis that some of the
familial risks may be due to inheritance of multiple moderate-risk genetic variants. In this regard, it is
not surprising that analyses of genes encoding key proteins involved in androgen biosynthesis and
action led to the observation of a significant association between a susceptibility to prostate cancer
and common genetic variants in some of those genes.
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Introduction

In most developed countries, prostate cancer is the most fre-
quently diagnosed non-cutaneous malignancy among men. In
the United States, one in eight men will develop prostate
cancer during his life. The incidence of prostate cancer varies
markedly throughout the world, with the United States,
Canada, Sweden, Australia and France having the highest
rates (ranging from 48.1 to 137.0 cases per 100 000 person-
years as estimated between the 1988–1992 period), whereas

Endocrine-Related Cancer (2003) 10 225–259 Online version via http://www.endocrinology.org
1351-0088/03/010–225  2003 Society for Endocrinology Printed in Great Britain

most European countries have intermediate rates (23.9 to
31.0 cases per 100 000 person-years). The lowest prevalence
is observed in Asian populations (2.3 to 9.8 cases per
100 000 person-years) (Hsing et al. 2000b). The extent to
which this racial/ethnic difference is attributable to screening
methods, environmental, hormonal and/or genetic factors is
unknown. Although early detection using prostate-specific
antigen (PSA) and improved treatment have emerged as the
most critical strategies to decrease prostate cancer mortality
(Labrie 2003), the potential of early detection through
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genetic indicators is also particularly relevant. Nevertheless,
scientists involved in cancer genomics acknowledge that
obvious heterogeneity exists, making the association of can-
didate genetic markers to this multifactorial malignancy more
difficult than the identification of susceptibility genes for
some common cancers such as breast, ovary and colon
cancer.

A positive family history is among the strongest epide-
miological risk factors for prostate cancer. Familial clustering
of prostate cancer was first reported by Morganti et al.
(1956). Thereafter, various case-control and cohort studies
have investigated the role of family history as a risk factor
for prostate cancer (for recent reviews see Eeles 1999,
Ostrander & Stanford 2000, Singh 2000, Nwosu et al. 2001).
Much evidence comes from the study of pedigrees having a
large number of cases, as those observed in the Utah popula-
tion (Cannon et al. 1982, Eeles et al. 1996). The relative risk
of prostate cancer increases markedly when the age of the
index case decreases or when the number of affected indi-
viduals in a cluster increases, thus suggesting that this
increased risk has a genetic component. For example, the
brother of a proband diagnosed at age 50 has a 1.9-fold rela-
tive risk of developing prostate cancer compared with the
brother of a case diagnosed at age 70 (Carter et al. 1992).
Moreover, having one, two or three affected first-degree rela-
tives increases the relative risk by 2.2-, 4.9- and 10.9-fold
respectively (Steinberg et al. 1990). It should be noted that
family studies offer the opportunity to estimate risks of sib-
lings and parent-offspring pairs, but cannot distinguish
between genetic and non-genetic causes of familial aggre-
gations of cancer. In contrast, comparisons of the concord-
ance of cancer between monozygotic and dizygotic pairs of
twins provide valuable information on whether the familial
clustering is due to hereditary or environmental influences.
Thus, the importance of inherited predisposition to prostate
cancer is also supported by the finding that monozygotic
twins have a fourfold increased concordance rate of prostate
cancer compared with dizygotic twins (Carter et al. 1992).
In support of this latter observation, it has recently been esti-
mated, using the combined data from 44 788 pairs of twins
listed in Swedish, Danish and Finnish twin registries, that
42% (95% confidence interval (CI) = 29%–50%) of all pros-
tate cancer risk may be explained by inheritable factors
(Lichtenstein et al. 2000).

The first segregation analysis, which included 691 famil-
ies affected by prostate cancer ascertained through 740
consecutive probands undergoing radical prostatectomy, sug-
gested that inherited predisposition was due to a rare, highly
penetrant autosomal dominant allele(s) with a population fre-
quency of 0.003, and with carriers having an 88% cumulative
risk of disease by 85 years of age compared with only 5%
in non-carriers (Carter et al. 1992). The gene accounted for
approximately 43% of prostate cancer cases diagnosed before
age 55 and 9% of cases diagnosed through age 85. In two
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other segregation analyses, similar transmission models were
proposed (Grönberg et al. 1997, Schaid et al. 1998); how-
ever, the Grönberg model proposed a more common allele
(1.67%) and a lower life span penetrance (63%). All these
studies thus supported the presence of at least one highly
penetrant autosomal dominant prostate cancer predisposition
gene. However, consistently higher risks observed in brothers
of prostate cancer-affected relatives compared with sons of
affected individuals have led to hypotheses of an X-linked,
recessive, and/or imprinted component to the genetics of
prostate cancer susceptibility (Monroe et al. 1995, Narod et
al. 1995). Finally, Cui et al. (2001) recently suggested a
model of a dominantly inherited increased risk that was
greater at younger ages, whereas a recessive or X-linked risk
was greater at older ages.

Mapping putative loci for prostate cancer
susceptibility genes

Several factors may contribute to the difficulty of identifying
prostate cancer susceptibility genes (Eeles et al. 1996, Eeles
1999, Ostrander & Stanford 2000, Singh 2000, Nwosu et al.
2001, Simard et al. 2002a). Prostate cancer is typically diag-
nosed at a late age, thus often making it difficult to obtain
DNA samples from living affected men for more than one
generation. Another significant problem is the lack of clear
distinguishing features between hereditary and sporadic
forms of the disease, making it difficult to distinguish, within
high-risk pedigrees, men who have developed a cancer that
is sporadic rather than due to an inherited germline mutation
(phenocopies). Indeed, the presence within a pedigree of a
sporadic case who harbors a meiotic recombinant within a
bona fide region of linkage that is not actually relevant to his
disease can push a peak of logarithms of the odds (LOD)
score away from the true location of an underlying suscepti-
bility gene or lead a positional cloning team to incorrectly
narrow a putative region of linkage, thus misleading scientists
to focus their analysis of candidate genes in the wrong chromo-
somal region. A particularly difficult problem is the apparent
genetic heterogeneity of the trait; appropriate analysis would
require development of statistical transmissionmodels that can
take into account multiple susceptibility genes, many of which
are apparently of moderate or modest penetrance (Eeles 1999,
Ostrander & Stanford 2000, Singh 2000, Nwosu et al. 2001).

To date, chromosome by chromosome results of genome
scans for prostate cancer susceptibility loci have been pub-
lished by four independent groups. Three additional indepen-
dent groups have published focused results derived from at
least nearly complete genome scans. Because most of the
subsequent replication studies are based on the family sets
assembled for these genome scans, we will identify most of
the study sets either by the acronym for the underlying family
study or by the name of the research center most clearly asso-
ciated with ascertainment of the family set (Tables 1 and 2).
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Table 1 Group 1 linkages

References Family set assemble for Ascertainment criteria/analytic Linkage results Remarks
genome scans methods/covariates

HPC1 at 1q23-25
Hypothesis generating linkage analysis

Smith et al. Johns-Hopkins pedigree Ascertained on the basis of early Multipoint hetLOD score = 5.43 Heterogeneity analysis suggested that HPC1
(1996) resource onset familial prostate cancer accounts for up to 34% of prostate cancer

families with � 4 cases
Confirmatory and/or subsequent supportive studies

Grönberg et Johns-Hopkins pedigree Stratification of pedigrees by age LOD score = 5.10 Evidence of linkage was prominent in the subset
al. (1997) resource of onset and the number of of 21 families that have an average age at

afftected individuals diagnosis < 65 yrs as well as � 5 members
affected

Cooney et al. 59 prostate cancer pedigrees Entire data set NPL Z score = 1.58 More evidence of linkage was observed in a
(1997) (University of Michigan Prostate subset of 20 families that fulfilled one or more of

Cancer Genetics Project) the clinical diagnostic criteria for hereditary
prostate cancer. However, this study did not
exceed the threshold recommended by Lander &
Kruglyak (1995)

Hsieh et al. Stanford/USC pedigree Stratification of pedigrees by mean 3-point NPL Z score = 1.83 The evidence for linkage is strongest in the
(1997) resource age at onset younger-onset families (< 67 yrs). However, this

study did not exceed the threshold
recommended by Lander & Kruglyak (1995)

Neuhausen et Utah high risk pedigrees Entire data set 3-point LOD score = 2.43 Stronger evidence of linkage was found in
al. (1999) Stratification of pedigrees into 3-point LOD score = 2.82 pedigrees with younger ages at diagnosis (mean

quartiles by ascending median age median age of the youngest quartile = 64.5 yrs
at diagnosis (62.0–65.8 yrs))

Xu (2000) Meta-analysis from 772 HPC1 accounted for only a small proportion of all
hereditary prostate cancer families (�6%) and played a predominant role in
families from the International families with several members affected (> 5
Consortium for Prostate Cancer cases), at an early age (� 65 yrs) and with
Genetics 2000 male-to-male disease transmission

Goode et al. PROGRESS pedigree resource Stratification of pedigrees by NPL score = 2.55 HPC1 linkage may be most common among
(2001) disease aggressiveness families with more severe prostate cancer and

Stratification of pedigrees by NPL score = 3.47 older-onset families showed stronger suggestion
disease aggressiveness and by of HPC1 linkage (> 66% of cases with
age at diagnosis aggressive disease (Gleason score 7–10 or

stage C or D) per family and � 65 yrs).
Stratification by age at diagnosis gave a result
opposite from that obtained from the Utah high
risk pedigrees and contrary to the set of criteria
used to ascertain the set of pedigrees from
which the linkage was first described.

Previous studies using the PROGRESS pedigree
resource, McIndoe et al. (1997) (49 high-risk
families) and Goode et al. (2000) (150 high-risk
families) did not confirm the linkage for this
region
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Table 1 Continued

References Family set assemble for Ascertainment criteria/analytic Linkage results Remarks
genome scans methods/covariates

Xu et al. Johns-Hopkins pedigree Stratification of pedigrees by LOD score = 2.76 The evidence for linkage mainly came from a
(2001b) resource male-to-male disease transmission subset of families with male-to-male transmission

(expanded pedigree set) Stratification of pedigrees by age LOD score = 3.05 and early age of onset (< 65 yrs)
of onset

Goddard et al. WUSM pedigree resource Model with various covariates LOD score = 3.25 A large peak, located �30 cM centromeric to the
(2001) including Gleason score most significant marker described by Smith et al.

(1996) was found only when Gleason score was
included as a covariate
Previous study using the WUSM pedigree
resource, Suarez et al. (2000a) did not initially
find evidence for HPC1

Independent studies showing no evidence of linkage
Berthon et al. Progene pedigree resource 2-point LOD scores = −1.89 to
(1998) −13.12 (θ = 0.0)

Eeles et al. 136 pedigree prostate cancer 2-point LOD scores = −2.49 to
(1998) genetics resource assembled −11.42 (θ =0.00)

by an Anglo/Canadian/Texas/
Australian/Norwegian/EU
Biomed consortium (ACTANE)

Berry et al. Mayo Clinic pedigree resource 2-point LOD scores = −25.4 to
(2000a) −68.9 (θ = 0)

Suarez et al. 45 new multiplex sibships and
(2000b) 4 expanded families from

WUSM pedigree resource

PCAP at 1q41-43
Hypothesis generating linkage analysis

Berthon et al. Progene pedigree resource Stratification of pedigrees by age LOD score = 3.30 PCAP is reported to be responsible for 40 to
(1998) of onset 50% of French and German prostate families.

Stronger evidence was reached with early-onset
families (< 65 yrs)

Confirmatory and/or subsequent supportive studies
Suarez et al. WUSM pedigree resource Stratification of the pedigrees on Z score = 2.10 Pedigrees with greater family history showed
(2000a) the basis of the family history modest evidence of linkage in the region (� 3

first-degree relatives with a diagnosis of prostate
cancer)

Gibbs et al. PROGRESS pedigree resource Recessive model analysis 2-point LOD score = 1.99 This analysis provides some supportive evidence
(2000) Recessive model analysis and 2-point LOD score = 1.46 under a recessive analysis model. Most of the

stratification of pedigrees by evidence was found in the earlier onset group
average age at diagnosis (< 66 yrs)

Previous study using the PROGRESS pedigree
resource, Gibbs et al. (1999a) found suggestive,
but not significant, evidence for linkage
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Table 1 Continued

References Family set assemble for Ascertainment criteria/analytic Linkage results Remarks
genome scans methods/covariates

Cancel-Tassin Progene pedigree resource Entire data set NPL score = 2.80 Analysis of 64 prostate cancer families from
et al. (2001a) (expanded pedigree set) Stratification of pedigrees by NPL score = 2.03 south and west Europe. Significant evidence of

average age at diagnosis linkage from families with an earlier age of
diagnosis (� 65 yrs)

Xu et al. Johns-Hopkins pedigree Although the linkage results were not statistically
(2001b) resource significant, results were consistent with a

prostate susceptibility locus

Goddard et al. WUSM pedigree resource Model with various covariates LOD score = 1.90 Subsequent analysis of the genome scan of
(2001) including male-to-male Suarez et al. (2000a) (WUSM pedigree resource)

transmission with various covariates, weak evidence of
linkage remained

Independent studies showing no evidence of linkage
Whittemore et Stanford/USC pedigree Multipoint Z scores = −10.18 to
al. (1999) resource −14.69

Berry et al. Mayo Clinic pedigree resource Entire data set 2-point LOD scores = −18.94 to Suggestive evidence for linkage was found in a
(2000a) −64.9 (θ = 0) subset 21 families with male-to-male disease

transmission, average age at diagnosis < 66 yrs
Stratification of pedigrees by Multipoint NPL score = 1.45 and at least 5 affected individuals
male-to-male disease
transmission, number of affected
individuals and average age at
diagnosis

Hsieh et al. Stanford/USC pedigree Multipoint KC Z score � 0
(2001) resource

HPCX at Xq27-28
Hypothesis generating linkage analysis

Xu et al. Johns-Hopkins, Mayo Clinic 2-point LOD score = 4.60 and Linkage was estimated to account for 16% of
(1998) (United States), Tampere multipoint LOD score = 3.85 prostate cancer in the data set of 360 families

(Finland) and Umea (Sweden)
pedigree resources

Confirmatory and/or subsequent studies
Lange et al. 153 prostate cancer pedigrees Stratification of pedigrees by NPL Z score = 1.89 at marker Evidence of linkage was marginally higher in the
(1999) (University of Michigan evidence of male-to-male disease DXS294 subset of families without male-to-male

Prostate Cancer Genetics transmission transmission and early-onset prostate cancer
Project) Stratification of pedigrees by NPL Z score = 1.51 at marker (< 65 yrs). However, the highest LOD score from

male-to-male disease transmisison DXS1108 their study is observed in the families with
and age at diagnosis male-to-male transmission which is

counterintuitive for an X-linkage

Schleutker et 57 Finnish prostate cancer Stratification of pedigrees by 2-point maximum LOD score = Most of the HPCX positivity came from a
al. (2000) families (Tampere pedigree male-to-male disease transmission 3.12 subgroup of families having no male-to-male

resource) and average age at diagnosis transmission and a late age of diagnosis (> 65
yrs)
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Table 1 Continued

References Family set assemble for Ascertainment criteria/analytic Linkage results Remarks
genome scans methods/covariates

Hsieh et al. Standford/USC pedigree Entire data set 1-pont KC Z score = 2.57 The 1-point KC Z-scores at two markers were
(2001) resource elevated in families without evidence of

Stratification of pedigrees by Multipoint KC Z score = 2.06 in male-to-male transmission. However, most of the
male-to-male disease transmission families with male-to-male multipoint evidence of linkage is in the families

transmission with male-to-male transmisison
1-point KC Z score = 2.10 in
families without male-to-male
transmission

Bochum et al. 104 German prostate cancer Entire data set NPL Z score = 1.20 The subset of families with an early age at onset
(2002) families Stratification of pedigrees by NPL Z score = 2.32 (� 65 yrs) contributed disproportionately to the

average age at diagnosis evidence of linkage

Independent studies showing no evidence of linkage
Suarez et al. WUSM pedigree resource Entire data set Multipoint Z score = −0.163
(2000a)
Peters et al. PROGRESS pedigree resource Althought this analysis did not show statistically
(2001) significant evidence for linkage, the results are

consistent with a small percentage of families
being linked.

Goddard et al. WUSM pedigree resource Model without covariate LOD score = 0.26 They did not observe an increase in the
(2001) Model with various covariates: LOD score = 3.06 evidence for linkage among families with

Gleason score was the covariate transmission that was consistent with an
X-linkage mode of inheritance (i.e. families that
did not have male-to-male transmission)

HPC20 at 20q11-13
Hypothesis generating linkage analysis

Berry et al. Mayo Clinic pedigree resource Entire data set 2-point LOD score = 2.69 and Multipoint NPL and multipoint hetLODs were
(2000b) Multipoint NPL score = 3.02 higher in families with < 5 cases, age at

Stratification of pedigrees by Multipoint NPL score = 3.69 diagnosis � 66 yrs and without male-to-male
male-to-male disease transmission. Linkage in the no male-to-male
transmission, number of affected transmission group was unanticipated.
individuals and average age at
diagnosis

Confirmatory and/or subsequent studies
Zheng et al. Subset of Johns-Hopkins Stratification of pedigrees by NPL score = 1.94 Stronger evidence of linkage was found in
(2001) pedigree resource average age at diagnosis subsets of families with later age at diagnosis

Stratification of pedigrees by the NPL score = 1.74 (� 65 yrs), � 4 affected family members, or
number of affecteds without male-to-male transmission

Bock et al. 172 hereditary prostate cancer Z score = 1.99 The strongest evidence for linkage was seen in a
(2001) families (University of Michigan subset of 16 African-American families.

Prostate Cancer Genetics
Project)
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Table 1 Continued

References Family set assemble for Ascertainment criteria/analytic Linkage results Remarks
genome scans methods/covariates

Independent studies showing no evidence of linkage
Smith et al. Johns-Hopkins pedigree
(1996) resource

Suarez et al. WUSM pedigree resource
(2000a)

Cancel-Tassin
et al. (2001b)

Hsieh et al. Stanford/USC pedigree Multipoint KC Z score � 0
(2001) resource

CAPB at 1p36-35
Hypothesis generating linkage analysis

Gibbs et al. PROGRESS pedigree resource LOD score = 3.22 A subset of 12 pedigrees with both prostate
(1999b) cancer and primary brain cancer

Confirmatory and/or subsequent studies
Suarez et al. WUSM pedigree resource Stratification of pedigrees Z score = 3.78 Suggestive linkage has been observed in a
(2000a) according to whether they were subset of prostate cancer pedigrees that

positive for breast cancer reported a family history of breast cancer

Witte et al. WUSM pedigree resource Gleason score was used as a P = 0.003 The analysis demonstrated slight linkage to
(2000) quantitative trait of prostate tumor Gleason score (P < 0.01) with peaks between

aggressiveness D1S1622 and D1S3721

Badzioch et 207 pedigree prostate cancer Stratification of pedigrees into NPL score = 1.60 (youngest Slight evidence of linkage in subsets of families
al. (2000) genetics resource assembled quartiles by average age at quartile: mean age at onset with earlier age at diagnosis. No evidence for

by an Anglo/Canadian/Texas/ diagnosis < 59 yrs) linkage in any two-tumor type combination (for
Australian/Norwegian/EU NPL score = 1.02 (second instance brain and prostate)
Biomed consortium (ACTANE) quartile: mean age at onset

60–69 yrs)

Xu et al. Johns-Hopkins pedigree LOD score = 0.61 (P = 0.09) Slight evidence of linkage in families with both
(2001b) resource prostate cancer and primary brain cancer

Independent studies showing no evidence of linkage
Smith et al. Johns-Hopkins pedigree
(1996) resource

Berry et al. Mayo Clinic pedigree resource 2-point LOD scores = −2.71 to There was no evidence for linkage to CABP in
(2000a) −9.9 (θ = 0) the brain cancer-prostate cancer subset

w
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Table 2 Group 2 linkages

References Family set assemble for Ascertainment criteria/analytic Linkage results Remarks
genome scans methods/covariates

4q24-25
Hypothesis generating linkage analysis

Smith et al. Johns-Hopkins pedigree 2-point LOD score � 1.6 In the initial genome scan of the Johns-Hopkins
(1996) resource pedigree resource, the second-highest 2-point

LOD score was on chromosome 4q at D4S430
Confirmatory and/or subsequent studies

Suarez et al. WUSM pedigree resource Entire data set 2-point LOD score � 1.3 The linkage signal occurs in the late-age-at-onset
(2000a) Stratification of pedigrees by Z score = 2.85 group (� 65 yrs) at a marker 12 cM from the

average age at diagnosis linkage hint observed in the Johns-Hopkins data

Goddard et WUSM pedigree resource Model with various covariates: LOD score = 2.80 Subsequent analysis of the genome scan of
al. (2001) number of affecteds was the Suarez et al. (2000a) (WUSM pedigree resource)

covariate with various covariates, evidence at 4q remained

Hsieh et al. Stanford/USC pedigree 2-point Z scores Best evidence is 30–40 cM distal to the best
(2001) resource between 1.8 and 2.0 evidence reported by the WUSM group.

Independent studies showing no evidence of linkage
Gibbs et al. PROGRESS pedigree resource
(2000)

8p23-22
Linkage analysis (arguably a pre-existing hypothesis from tumor LOH studies)

Smith et al. Johns-Hopkins pedigree Modest hints of linkage were detected
(1996) resource

Gibbs et al. PROGRESS pedigree resource The entire data set was analyzed 2-point LOD score = 2.17 Evidence of linkage was strongest in the later
(2000) under a recessive model age at diagnosis subset (� 66 yrs)

Recessive model analysis and 2-point LOD score = 2.05
stratification of pedigrees by
average age at diagnosis

Goddard et al. WUSM pedigree resource Model with various covariates: LOD score = 2.56 Subsequent analysis of the genome scan of
(2001) number of affecteds was the Suarez et al. (2000a) (WUSM pedigree resource)

covariate with various covariates, modest hints of linkage
were detected

Confirmatory and/or subsequent studies
Xu et al. Johns-Hopkins pedigree Stratification of pedigrees by NPL score = 2.64 Pedigrees linked tend to have late onset (� 65
(2001c) resource average age at diagnosis yrs), large number of affecteds and male-to-male

disease transmission

16p13
Hypothesis generating linkage analysis

Suarez et al. WUSM pedigree resource Z score = 2.81 at 16p
(2000a) Z score = 3.15 at 16q

Gibbs et al. PROGRESS pedigree resource Recessive model analysis and 2-point LOD score = 1.58 Evidence of linkage was strongest in the younger
(2000) stratification of pedigrees by age at diagnosis subset (< 66 yrs)

average age at diagnosis
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Table 2 Continued

References Family set assemble for Ascertainment criteria/analytic Linkage results Remarks
genome scans methods/covariates

Confirmatory and/or subsequent studies
Goddard et al. WUSM pedigree resource Model with various covariates: LOD score = 2.68 Subsequent analysis of the genome scan of
(2001) number of affecteds was the Suarez et al. (2000a) (WUSM pedigree resource)

covariate with various covariates, evidence at 16p was
stronger than at 16q

Independent studies showing no evidence of linkage
Smith et al. Johns-Hopkins pedigree
(1996) resource

Hsieh et al. Stanford/USC pedigree multipoint KC Z score � 0
(2001) resource

HPC2/ELAC2 at 17p11
Hypothesis generating linkage analysis

Tavtigian et Utah high-risk prostate cancer A dominant model integrated with 2-point LOD score = 4.50 The mean number of cases per pedigrees was
al. (2001) pedigrees Utah age-specific incidence was 10.2 and the mean age at diagnosis was 68.3

used yrs
Confirmatory and/or subsequent studies

Hsieh et al. Stanford/USC pedigree 2-point Z score = 2.44 The 2-point Z-score was observed at D17S1303,
(2001) resource a marker within the HPC2/ELAC2 region

Independent studies showing no evidence of linkage
Xu et al. Johns-Hopkins pedigree
(2001a) resource

Suarez et al. WUSM pedigree resource
(2001)

19q13
Hypothesis generating linkage analysis

Witte et al. WUSM pedigree resource Gleason score was used as a P = 0.0004 Evidence for prostate cancer aggressiveness
(2000) quantitative trait of prostate tumor genes

aggressiveness

Confirmatory and/or subsequent studies
Slager et al. Mayo Clinic pedigree resource Gleason score was used as a P = 0.0001 Significant evidence for an aggressiveness locus
(2002) quantitative trait of prostate tumor

aggressiveness
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Sources of the four genome scans that have, to date, been
well described are: a Johns-Hopkins/Sweden collaboration –
‘Johns-Hopkins set’ (Smith et al. 1996); the Seattle based
Prostate Cancer Genetic Research Study – ‘PROGRESS set’
(Gibbs et al. 1999b, 2000); a family collection ascertained
largely through staff urologists at the Washington University
School of Medicine and consisting mostly of affected sib
pairs – ‘WUSM set’ (Suarez et al. 2000a, Witte et al. 2000,
Goddard et al. 2001) and a family collection that developed
out of a multiethnic case-control study ascertained in Hawaii,
California, British Columbia, and Ontario – ‘Stanford/USC
set’ (Hsieh et al. 2001). Sources of three additional genome
scans that have both identified candidate loci and contributed
to replication studies are: a collection of large Utah pedigrees
ascertained through a genealogy/cancer diagnosis resource
for an excess of closely and distantly related prostate cancer
cases among the descendants of a single ancestor – ‘Utah
set’ (Neuhausen et al. 1999, Tavtigian et al. 2001); a family
collection ascertained through the Mayo Clinic radical pros-
tatectomy database – ‘Mayo set’ (Berry et al. 2000a); and a
set of French and German prostate cancer pedigrees – ‘Pro-
gene set’ (Berthon et al. 1998).

Largely as a result of analysis of these seven collections
of prostate cancer pedigrees, hints of linkage have been
described on every autosome as well as the X chromosome.
Many of the stronger hints have either been cross-referenced
between genome scans, reevaluated on one or more of the
independent family sets used in one of the other genome
scans, or further evaluated on an extended version of the
family set from which the hint of linkage was originally
derived. Recognizing that strength of evidence in support of
these various hints of linkage exists on a continuum which
is complicated by different ascertainment criteria for the
underlying family collections as well as differences in ana-
lytical methods, it seems useful to summarize two groups of
linkages.

The first group (five linkages) (Table 1) is supported by
at least one analysis with LOD > 3.0 and nominal support
from at least two or more independent analyses. In chrono-
logical order by when the hypothesis-generating linkage was
first described, these are: HPC1 at 1q23-25 (Johns-Hopkins
set) (Smith et al. 1996, Xu et al. 2001b), PCAP at 1q41-43
(Progene set) (Berthon et al. 1998), HPCX at Xq27-28
(Johns-Hopkins set) (Xu et al. 1998), CAPB at 1p36-35
(PROGRESS set) (Gibbs et al. 1999b), and HPC20 at
20q11-13 (Mayo set) (Berry et al. 2000b) (Fig. 1).

The second group (five linkages) (Table 2) is supported
by at least one analysis with LOD > 2.5 and nominal support
from at least one independent study, but without reaching
the group one criteria. This time ordered by chromosomal
location with reference given here to the report presenting
strongest evidence of linkage to the locus, these are: a hint
of linkage at chromosome (Chr) 4q24-25 (WUSM set)
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(Suarez et al. 2000a), a hint of linkage at Chr 8p23-22
(Johns-Hopkins set) (Xu et al. 2001c), a hint of linkage at
Chr 16p13 (WUSM set) (Suarez et al. 2000a), a hint of link-
age at Chr 17p11 (HPC2/ELAC2) (Utah set) (Tavtigian et al.
2001), and a hint of linkage to tumor aggressiveness at Chr
19q (WUSM set) (Witte et al. 2000) (Fig. 1).

As one considers the evidence supportive of each of the
linkages presented in Tables 1 and 2, it is important to recog-
nize that the multiple testing inherent in executing a complete
genome scan for disease susceptibility will generate false-
positive hints of linkage. Even without error in genotyping
or analysis, it is very common to generate false positives with
LOD scores between 2.0 and 3.0. Indeed common problems
such as miss-specifying allele frequencies contribute to an
appreciable level of false positives with LOD scores between
3.0 and 4.0. Until an underlying susceptibility gene has been
found, the best evidence in support of a candidate linkage is
concordance with independent genome scans or independent
targeted analyses of the region with evidence of linkage.
Given the number of independent genome scans for prostate
cancer susceptibility gene(s) that have been reported to date,
along with the multiple testing burden created by the analysis
of those data with many different models, it would not be
surprising to find examples of false-positive results that have
been independently corroborated by other false-positive
results. However, it is very clear from segregation studies
that sequence variants that confer risk of prostate cancer do
exist which implies that some of the reported hints of link-
age, and most likely those with stronger independent support,
almost certainly reflect the presence of an underlying prostate
cancer susceptibility gene.

Genes contributing to familial prostate
cancer

It is one thing to have a hint of linkage, or better still a well
supported linkage, for a disease susceptibility locus. It is
quite another thing to identify the underlying susceptibility
gene and risk conferring sequence variants in that gene. From
the point of view of the positional cloner, every gene within
reasonably well defined bounds of a genetic linkage is a can-
didate gene for the linked trait. When a research group finds
sequence variants in such a gene that appear to explain an
appreciable fraction of the apparently linked families and
appear to confer increased risk of the trait in question, the
gene is then properly recognized as a ‘strong’ candidate gene.
However, one must recognize that as mutation screening/
gene sequencing technology has improved, positional cloners
have been able to thoroughly screen more and more genes
within regions of linkage. This is a form of multiple testing;
consequently, as the number of candidate genes screened
within any given region or for any given trait increases, so
does the likelihood of observing a false positive. Therefore,
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Figure 1 Localization of prostate cancer susceptibility loci reported in the literature. The first group of linkages identified by
ovals, are supported by at least one analysis with LOD > 3.0 and nominal support from at least two or more independant
analyses. HPC1 at 1q23-25 (Smith et al. 1996, Xu et al. 2001b), PCAP at 1q41-43 (Berthon et al. 1998), HPCX at Xq27-28 (Xu
et al. 1998), CAPB at 1p36-35 (Gibbs 1999b). The second group of linkages identified by boxes, are supported by at least one
analysis with LOD > 2.5 and nominal support from at least one independant study. 4q24-25 (Suarez et al. 2000a), 8p23-22 (Xu
et al. 2001c), 16p13 (Suarez et al. 2001), HPC2/ELAC2 at 17p11 (Tavtigian et al. 2001) and 19q13 (Witte et al. 2000), HPC20
at 20q11-13 (Berry et al. 2000b).

when the discovery of a strong candidate susceptibility gene
is published, the publication should be regarded as an
hypothesis-generating study and should then be judged both
on the basis of how well the initial hypotheses (or new
closely related hypotheses) stand up to independent reana-
lysis and on the basis of how well the data indicating that
the gene is in fact a susceptibility gene explain the genetic
linkage from which the gene was localized.

To date, three strong candidate familial prostate cancer
susceptibility genes have been described, one each from three
of the linkages described in the proceeding section. These
are in chronological order ELAC2 (Chr 17p11/HPC2/ELAC2
region) (Tavtigian et al. 2001), 2′-5′-oligoadenylate-
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dependent ribonuclease L (RNASEL) (Chr 1q23-25/HPC1
region) (Carpten et al. 2002), and macrophage scavenger
receptor 1(MSR1) (Chr 8p region) (Xu et al. 2002).

ELAC2 (Chr 17p11/HPC2/ELAC2 region)

The discovery of the first prostate cancer susceptibility gene
characterized by positional cloning was achieved through a
long-standing collaboration between Myriad Genetics and
several academic groups, taking advantage of the Utah
Family Resource which has proven to be an invaluable asset
for cloning of cancer susceptibility genes in the past (Cannon
1982, Cannon-Albright et al. 1992, Miki et al. 1994, Wooster
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Figure 2 Recombinant, physical and transcript map centered at the human ELAC2 locus on chromosome 17p. Key
recombinants: key recombinants under the arrows, which represent meiotic recombinants, are indicated by the number of the
kindred in which the recombinant occurred and, in parentheses, the number of cases carrying the haplotype on which the
recombinant occurred. BAC contig: BAC contig tilling path across the interval. The T7 end of each BAC is denoted with an
arrowhead. Candidate genes: candidate genes are identified in the interval and below is an expanded view of the structure of
the ELAC2 gene (Tavtigian et al. 2001). From Simard et al. (2002a); copyright owner, The Endocrine Society.

et al. 1994). A genome-wide search for prostate cancer pre-
disposition loci using a small set of Utah high risk prostate
cancer pedigrees and a set of 300 polymorphic markers car-
ried out by Cannon-Albright’s group provided evidence for
linkage to a locus on chromosome 17p (Fig. 2) (Tavtigian et
al. 2001). These pedigrees were not selected for early age of
cancer onset, but consisted of a subset of families ascertained
using the Utah Population Database.

Positional cloning and mutation screening within the
refined interval identified a gene ELAC2 (MIM 605367),
harboring a frameshift mutation, 1641insG, that segregated
with prostate cancer in the high-risk pedigree kindred 4102.
Three out of four male carriers of the frameshift of age > 45
years had been diagnosed with prostate cancer, and the fourth
had a PSA of 5.7 at age 71. The frameshift, which occurred
within the most highly conserved segment of the protein and
eliminated one-third of the protein including several other
conserved segments, was predicted to be highly disruptive to
the gene product’s function. A second high-risk Utah pedi-
gree was found to segregate an allele of ELAC2 that carried
three missense changes: Ser217Leu (q = 0.30), Ala541Thr
(q = 0.04) and Arg781His (very rare or pedigree specific). Of
14 prostate cancer cases in the pedigree, six carried the triple
missense allele, six did not carry, and two were unknown.
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Of eight male carriers of the triple missense allele who were
over age 45 and within the generations of the pedigree for
which phenotype information is known, six were prostate
cancer cases, one died of heart disease at age 62, but had two
sons and a grandson who carried the allele and were cases,
and the remaining one had a PSA of 0.6 at age 60. Another
interesting point about the pedigree is that the youngest age-
at-diagnosis carrier of the triple missense allele (diagnosed
at age 50) was homozygous for the Leu217 and Thr541 vari-
ants. In addition, an ovarian cancer case in the pedigree,
diagnosed at age 43, also carried the triple missense allele.
The 17p11 tLOD (Abkevich et al. 2001) for this pedigree,
which peaks at a microsatellite marker within ELAC2 and is
almost entirely accounted for by the triple missense allele,
was 1.3 (Tavtigian et al. 2001).

Towards an understanding of the function of
ELAC2
At the time of its cloning, the function of ELAC2 was
unclear. Sequence analysis predicted the gene to encode a
metal-dependent hydrolase domain conserved among eukary-
otes, archaebacteria, and eubacteria, and bearing striking
sequence similarity to domains present in two better under-
stood protein families, namely the PSO2 (SNM1) DNA
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Figure 3 A schematic multiple protein alignment of ELAC superfamily members including the ELAC1, PSO2 and CPSF73
families and the ELAC2 orthologs. The conserved motifs are indicated by black boxes. Localization of known motifs are outlined
by an arrow. From Simard et al. (2002a); copyright owner, The Endocrine Society.

inter-strand crosslink repair proteins and the 73 kDa subunit
of mRNA 3′ end cleavage and polyadenylation specificity
factor (CPSF73). This gene was designated ELAC2 because
it is the larger of two human genes that were found to be
homologues of Escherichia coli elaC (Fig. 3) (Tavtigian et
al. 2001, Simard et al. 2002a). From analysis of the complete
genome sequences available to date, it appears that all pro-
karyote and archaebacterial genomes encode one or two
genes that are orthologous to E. coli elaC, whereas all eukar-
yotes encode one or two genes that are orthologous to
ELAC2, which is actually comprised of homologous amino
and carboxy halves and appears to have arisen as a direct
repeat-duplication of an ancestral elaC-like gene. The first
amino half of ELAC2s has suffered considerable sequence
divergence, but the carboxy half is very similar to prokary-
otic elaCs. Many eukaryotes, including the so-far sequenced
vertebrates and plants, but not the protostomate invertebrates,
encode one or two copies of another member of the gene
family, ELAC1. This gene is of similar size and structure to
the prokaryotic elaCs. Recently, in vitro analyses have
clearly demonstrated that the prokaryotic elaCs encode
binuclear zinc-dependent phosphodiesterases (Vogel et al.
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2002). In addition, both archaebacterial elaCs and plant
ELAC1s have been demonstrated to have a tRNA 3′ endo-
nuclease activity, RNase Z, that is required for tRNA matu-
ration (Schiffer et al. 2002). Given that the closely related
CPSF73 genes play a role is mRNA 3′ end cleavage and
polyadenylation, this latter result in not at all surprising. An
interesting remaining question, though, is whether ELAC2s
also encode RNase Z and what sort of functional specializ-
ation has occurred during the divergence between ELAC1
and ELAC2. However, a first biological insight into the func-
tion of ELAC2 has recently been published. It has been
shown that overexpression of ELAC2 in tumor cells results
in an increase in G2 cells, suggesting that the protein when
overexpressed may alter mitotic entry. Korver et al. (2003)
provided evidence that overexpressed ELAC2 binds to
γ-tubulin and may disrupt normal γ-tubulin function to induce
a G2 delay.

Northern blots have revealed that the ELAC2 transcript
is present in most human tissues (Tavtigian et al. 2001). In
order to examine its expression at higher resolution in pros-
tate, we undertook an immunohistochemical study using a
polyclonal antibody raised in rabbits against a peptide
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corresponding to amino acids 812-826 of human ELAC2
(Korver et al. 2003). The expression of ELAC2 was evalua-
ted in normal as well as in pathological prostate. Immuno-
staining was performed using paraffin blocks of normal
human prostate, symptomatic benign hyperplasia (BPH), low
and high grades of prostatic intraepithelial neoplasia and dif-
ferent Gleason grades of prostatic adenocarcinoma. The pros-
tatic intraepithelial neoplasia (PIN) is believed to be precan-
cerous and high-grade PIN is considered the precursor of
most cases of prostate cancer (McNeal et al. 1991, Bostwick
1995, Bostwick & Dundore 1997). For the precise detection
of the ELAC2 protein, three serial consecutive sections of
each specimen were immunostained. Anti-ELAC2 antibody
was used in the first section, anti-high molecular weight cyto-
keratin antibody was used in the second section as a well
known marker for basal cells (Bostwick & Dundore 1997)
and finally anti-PSA was used in the third section as a marker
for luminal cells and cancerous cells. Thus, the examination
of the three immunostained serial consecutive sections facili-
tated the precise localization of the ELAC2 (Figs 4 and 5).

In normal prostate and in BPH, the epithelium is a strati-
fied columnar structure composed of two layers of cells: a
continuous basal layer of low cuboidal cells upon which
stands a layer of columnar secretory or luminal cells (El-Alfy
et al. 2000). Basal cell layer disruption or absence charac-
terizes high-grade PIN and early invasive cancer. The expres-
sion of ELAC2 in normal prostate and in BPH was
exclusively localized in the basal cells (Fig. 4a,b). In speci-
mens containing adenocarcinoma, only basal cells were
labeled in the noncancerous epithelium (Fig. 5a–c). The
remaining basal cells of PIN acini were also found to be
labeled (Fig. 4c–e) as well as the basal portion of the luminal
cells, while the ELAC2 was not detected in the apical region
of most luminal cells (Fig. 4a–e). In all the examined aden-
ocarcinoma with different Gleason scores, all cancerous cells
were well labeled (Fig. 5).

Association studies of common missense
variants in ELAC2 with risk of prostate
cancer
In the original analysis, both of the common missense
changes in ELAC2 were tested for association with familial
prostate cancer (Tavtigian et al. 2001); the results suggested
that both Leu217 and Thr541 (Fig. 6) conferred increased
risk of disease, and allowed us to postulate five hypotheses.
(1) There is very strong linkage disequilibrium between the
two variants, such that virtually all instances of Thr541 (q =
0.04) occur on an allele that also carries Leu217 (q = 0.30).
(2) Both sequence variants confer modestly increased risk of
disease. (3) The odds ratio (OR) measured for that risk of
disease depends on the nature of the case-control comparison
conducted. For instance, when we compared Leu217 carrier
frequencies between familial cases and male controls who
were cancer free and had little family history of cancer, we
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found an OR for Leu217 homozygotes of 2.4 (P = 0.026),
but when we compared those same cases to unaffecteds from
the prostate cancer pedigrees, the OR dropped to 1.5 (P =
0.014). Similarly, when we compared Thr541 carrier fre-
quencies between familial cases and male controls who were
cancer free and had little family history of cancer, we found
an OR for carriage of Thr541 of 3.1 (P = 0.022), but when
we compared those same cases to unaffecteds from the pros-
tate cancer pedigrees, there was very little evidence for
increased risk of disease. (4) In our data, most of the
increased risk appeared to be in the earlier age of onset cases.
As essentially all segregation analyses that have examined
the familial component of prostate cancer have concluded
that early onset cases are disproportionately likely to have a
genetic basis, it would seem likely that the missense changes
in ELAC2 confer relatively higher risk in early onset rather
than later onset prostate cancer cases. (5) Finally, we pre-
dicted that the order of risk conferred by the three common
missense alleles was Ser217/Ala541 < Leu217/Ala541 <
Leu217/Thr541 (Tavtigian et al. 2001) (Fig. 6).

To confirm our observation in a cohort unselected for
family history, Rebbeck et al. (2000) studied 359 incident
cancer prostate case subjects and 266 male control indi-
viduals that were frequency matched for age and race and
were identified from a large health-system population.
Among control individuals, the Leu217 frequency was
31.6%, whereas the Thr541 frequency was 2.9%. They
observed that the relative risk of having prostate cancer is
increased in men carrying the Leu217/Thr541 allele (OR =
2.37; 95% CI = 1.06–55.29). This risk did not differ signifi-
cantly by family history or race.

Since that time, seven additional analyses of ELAC2
have been published (Rokman et al. 2001, Suarez et al. 2001,
Vesprini et al. 2001, Wang et al. 2001, Xu et al. 2001a,
Meitz et al. 2002, Shea et al. 2002). Results have varied from
significantly higher carrier frequencies of the Leu217/Thr541
allele in familial cases compared with low risk controls
(OR = 2.83, P = 0.008), but without evidence of increased
risk when familial cases were compared with unaffected men
from those same pedigrees (Suarez et al. 2001), to essentially
no evidence of any increased risk at all (Vesprini et al. 2001,
Shea et al. 2002).

Heterogeneity in the association study results led us to
prepare a meta-analysis of the data published through July
2002 (Table 3) (Camp & Tavtigian 2002). From that analysis
and excluding the data from our hypothesis generating study,
there was strong evidence that carriage of the Leu217/Thr541
allele is significantly associated with risk of prostate cancer.
However, that risk varied depending on the nature of the
case-control comparison made. In very discordant sets
(familial cases versus low risk controls, based on familial
cases from the Johns-Hopkins and WUSM pedigree
resources (Suarez et al. 2001, Xu et al. 2001a)), the OR
was relatively higher and the evidence stronger (OR = 1.96,
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Figure 4 Paraffin sections of human prostate obtained from a patient with symptomatic benign prostatic hyperplasia (BPH),
undergoing transurethral prostatectomy (a and b). Sections were immunostained with anti-ELAC2 antibody after a microwave
retrieval technique. To visualize the biotin/streptavidin-peroxidase complex, diaminobenzidine was used as the chromogen
under microscope monitoring, followed by hematoxylin counterstaining. In the epithelial cells lining the acini, all basal cells are
labeled (arrows), while the ELAC2 is not detected in luminal cells (arrowheads). Fibromuscular stromal cells as seen at low (a)
and high (b) magnification are not labeled. Consecutive serial sections (c, d and e) of a needle biopsy specimen displaying
high-grade prostatic intraepithelial neoplasia (PIN) are immunostained with anti-ELAC2 antibody (c), or high molecular weight
cytokeratin antibody as a marker of basal cells (d), or prostate-specific antigen (PSA) antibody as a marker of luminal cells (e).
Acini containing PIN are characterized by the disruption or the absence of their basal cell layer as demonstrated in (d), while
the expression of ELAC2 (c) could be detected in the cytoplasm of the remaining basal cells (thick arrow). In the luminal cells of
PIN (c), the ELAC2 is detected only in the basal portion of the cells (thin arrows), while no labeling could be detected in their
apical region (arrowheads). Only the luminal cells of PIN (arrowheads) are labeled when the PSA antibody is used (e), while the
basal cells are not labeled (thick arrow).
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Figure 5 Two sets of consecutive serial sections (a–c and d–f) of two prostatic adenocarcinoma immunostained with
anti-ELAC2 antibody (a and d), or high molecular weight cytokeratin antibody as a marker for basal cells (b and e) or PSA as a
marker for luminal cells and which also labels cancerous cells (c and f). In a set of serial sections which include identified
adenocarcinoma of Gleason score of four (a, b and c) as well as some noncancerous tissue, the expression of the ELAC2 protein is
detected in all cancerous cells (arrowheads), while in the noncancerous epithelium, only basal cells are labeled (arrows). Similar
expression of ELAC2 is observed in all cancerous cells of an adenocarcinoma graded as Gleason score of six (d, e and f).

P = 0.008), whereas in a comparison of all cases versus all
controls, which is numerically dominated by sporadic cases
and population controls, the OR was reduced and not quite
significant (OR = 1.25, P = 0.081). Results with Leu217 fol-
lowed a similar trend, but with lower odds ratios and less
significant P-values. For instance, in the comparison of fam-
ilial cases to low risk controls, the result for Leu217 domi-
nant was OR = 1.37, P = 0.017, again based on familial cases
from the Johns-Hopkins and WUSM pedigree resources
(Suarez et al. 2001, Xu et al. 2001a, Camp & Tavtigian
2002). As the case control comparisons made by the Johns-
Hopkins and WUSM groups most closely match the format
of our original case-control analysis (Tavtigian et al. 2001)
and actually corroborate four of the five hypotheses gener-
ated from our data, although there was no evidence for rela-
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tively higher risk in early onset cases, this would seem very
strong evidence in support of risk conferred by the Leu217
and Thr541 variants, albeit at slightly lower odds ratios than
we originally described.

Subsequent to the preparation of the meta-analysis, two
more ELAC2 association studies were published (Meitz et al.
2002, Shea et al. 2002). Analysis of a series of British pros-
tate cancer cases, many of them diagnosed before the age of
55, and population controls (Meitz et al. 2002) found a trend
towards elevated risk in Leu217/Thr541 carriers, although
the effect was not significant. Stratification by age at diag-
nosis demonstrated that most of the risk was present in the
earlier onset cases (diagnosis � age 55) (OR = 1.50, 95%
CI = 0.79-2.85). In addition, very slightly increased risk was
seen in Leu217 carriers, although this was not nearly
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Figure 6 Location of sequence variants in ELAC2, RNASEL and MSR1 genes. Dark gray boxes indicate homologies to known
protein domains. High penetrance mutations of ELAC2 are identified by a box whereas common low penetrance mutations are
indicated by an oval. The significance of the other missense mutations detected in ELAC2 is still unknown. Mutations of
RNASEL and MSR1, which are identified by a box, have been suggested to be associated with increased risk of prostate
cancer. The functional significance of the other missense mutations shown under the RNASEL and MSR1 proteins diagrams
are unknown.

significant. Still, as the overall trend matches that observed
in the meta-analysis, the result can be viewed as supportive.
In contrast, a case control comparison of Afro-Caribbeans
from Tobago resulted in OR of 1.0 (Shea et al. 2002). In
fact, Thr541 was not even observed in this population, which
has relatively little admixture from the European gene pool,
suggesting that the Leu217/Thr541 allele is either European
or Eurasian in origin.

From the meta-analysis, if we assume a carrier frequency
of 6.6% for risk genotypes (using pooled data), an OR of
1.3 translates to a population-attributable risk (PAR) of 2%
(Lillienfeld & Lillienfeld 1980). This is perhaps a more
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realistic expectation for common variants in a complex dis-
ease. Thus, to estimate the percentage of PAR for various
populations, we have analyzed the frequency distribution of
the ELAC2 polymorphisms in a worldwide sample of popula-
tions (Table 4). Leu217 allele is evenly spread all over the
world, except for South-East Asia where it is virtually
absent – found only on one chromosome out of 78 analyzed.
In contrast, its frequency might be higher than the average
in certain local populations as observed in a number of
groups from or of Middle-Eastern descent. The worldwide
frequency of Thr541 allele is much lower, in 0–5% range,
but its concentration may be higher in certain regions (e.g.
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Table 3 Results of Mantel-Haenszel meta-analysis, including and excluding data of Tavtigian et al. (2001) for the three case/
control comparisons

Comparison, inclusiveness and measurea Analysis

Leu 217 Leu 217 Thr 541 Multi-locusb

dominant recessive dominant

Men with familial prostate cancer vs low-risk control individuals
Without data of Tavtigian et al. (2001)

OR (95% CI) 1.37 (1.06–1.78) 1.18 (0.75–1.85) 1.96 (1.19–3.22) 2.21 (1.32–3.69)
P 0.017 0.48 0.0080 0.0026
Total sample size 928 928 918 529

With data of Tavtigian et al. (2001)
OR (95% CI) 1.30 (1.05–1.61) 1.48 (1.01–2.16) 2.23 (1.44–3.46) 2.44 (1.55–3.83)
P 0.016 0.044 0.00033 0.00011
Total sample size 1505 1505 1495 856

All men with prostate cancer vs low-risk control individuals
Without data of Tavtigian et al. (2001)

OR (95% CI) 1.17 (0.96–1.42) 0.96 (0.67–1.37) 1.81 (1.23–2.68) 1.86 (1.25–2.77)
P 0.11 0.81 0.0029 0.0023
Total sample size 1706 1706 1680 985

With data of Tavtigian et al. (2001)
OR (95% CI) 1.17 (0.98–1.39) 1.18 (0.86–1.62) 2.01 (1.40–2.88) 2.05 (1.42–2.96)
P 0.075 0.31 0.00014 0.00012
Total sample size 2283 2283 2257 1312

All men with prostate cancer vs all control individuals
Without data of Tavtigian et al. (2001)

OR (95% CI) 1.09 (0.95–1.24) 1.02 (0.81–1.29) 1.25 (0.97–1.60) NA
P 0.21 0.86 0.081 NA
Total sample size 3596 3596 3571 NA

With data of Tavtigian et al. (2001)
OR (95% CI) 1.10 (0.97–1.24) 1.13 (0.90–1.41) 1.35 (1.07–1.72) NA
P 0.15 0.29 0.013 NA
Total sample size 4173 4173 4148 NA

aMen with familial prostate cancer vs low risk control individuals comparison includes data from Xu et al. (2001a) (familial
prostate cancer only) and Suarez et al. (2001). All men with prostate cancer vs low risk control individuals includes data from
Xu et al. (2001a) (familial and sporadic prostate cancer), Suarez et al. (2001), and Rebbeck et al. (2000). All men with prostate
cancer vs all control individuals comparison includes data from Xu et al. (2001a) (familial and sporadic prostate cancer), Suarez
et al. (2001), Rebbeck et al. (2000), Vesprini et al. (2001) (male control individuals only), and Wang et al. (2001).
b Association test for carriage of both Leu217 and Thr541 versus carriage of neither.
NA indicates that data were not available from the relevant published papers to perform the multi-locus analysis.

Adapted from Camp & Tavtigian (2002).

the Americas) or groups (e.g. Druze or certain Jewish
populations). Interestingly and as previously observed,
Thr541 always occurs in combination with Leu217 allele,
suggesting origin of this mutation on the chromosome carry-
ing this particular allele, and tight linkage disequilibrium
between the two of these. As shown in Table 4, frequency
of Leu217 and Thr541 varies considerably from one popula-
tion to the other. Combining these results with ORs estimated
in the meta-analysis of Camp and Tavtigian (Table 3) for
carriage of a dominant Thr541 allele, it is tempting to specu-
late that the estimated percentage of population-attributable
risk due to this allele in different populations could be as
elevated as 15% in Druze or certain Jewish populations as
illustrated in Fig. 7. It is interesting to observe in Fig. 7 that
a common low penetrance variant may be responsible for a
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percentage of PAR similar or higher than that conferred by
a rare but highly penetrant susceptibility gene. Nevertheless,
it is important to note that this hypothesis should be con-
firmed by direct analysis for each population. The disease-
associated missense variant, Glu622Val (E622V), found in
Finnish populations with a 1% population prevalence
(Rokman et al. 2001) has not been observed in any of the
previous samples of populations.

Overall, mutation screening results indicate that inacti-
vating mutations in ELAC2, and even pedigree specific mis-
sense changes, are exceedingly rare (Rokman et al. 2001,
Suarez et al. 2001, Tavtigian et al. 2001, Wang et al. 2001,
Xu et al. 2001a). Consequently, it will be very difficult to
determine whether, or to what extent, such variants confer
increased risk of prostate cancer. In fact, there is little
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Table 4 Frequency of Leu217 and Thr541 in different populations

Regions Number of Ser217Leu Ala541Thr
samplesa Leu-frequency (%) Thr-frequency (%)

±SD ±SD

Sub-Saharan Africa 46 32.6 ± 4.9 1.6 ± 1.6
Americas 39 25.6 ± 4.9 8.3 ± 3.6
Europe 73 26.7 ± 3.7 3.4 ± 1.9
South-East Asia 39 1.3 ± 1.3 0
Middle-East

Palestinian 22 22.7 ± 6.3 4.6 ± 3.1
Beduin 30 31.7 ± 6.0 3.3 ± 2.3
Druze 35 45.7 ± 6.0 14.3 ± 4.2
Jewish

Ashkenazian 40 48.8 ± 5.6 12.5 ± 3.7
Moroccan 30 25.0 ± 5.6 3.3 ± 2.3
Bulgarian & Turkish 30 40.0 ± 6.3 8.3 ± 3.6
Iranian 21 59.5 ± 7.6 14.3 ± 5.4
Iraquian 29 31.0 ± 6.1 5.2 ± 2.9
Yemenite 30 26.7 ± 5.7 3.3 ± 2.3

aSub-Saharan-African sample included African-Americans and African Pygmies from Coriell, as well as African individuals from
Montreal. Europe was represented by Canadians of European descent from Montreal and Italians, South-East Asia by
individuals from that region living in Montreal, whereas Americas by Amerindians from Ontario and Saskatchewan as well as by
Coriell samples from South and Central America (note that not all of the above samples were typed for Ala/Thr541
polymorphism). Middle-East was represented by samples from the collection of the National Laboratory for the Genetics of
Israeli populations at Tel-Aviv University. When applicable, the informed consent was obtained from individuals donating
genomic samples and the study was approved by the Ethics Committee at the Sainte-Justine Hospital. SD = square root of the
variance = freq A × freq B/n; A is allele 1, B is allele 2 and n is the number of chromosomes

Figure 7 Population attributable risks (PAR) as a function of
carrier frequency of the deleterious genotype in the reference
population (f ) and the various levels of odds ratio (OR) for
that deleterious genotype. PAR = 100% × f (OR-1)/
[f (OR-1) + 1)] (Lillienfeld & Lillienfeld 1980). Bold lines
indicate odds ratio (OR) conferred by genotype. Shaded area
represents estimations of the percentage of population-
attributable risk conferred by Thr 541 allele in ELAC2 using
combined data from tables 3 and 4. It is important to note
that additional experiments with large cohorts from each
population should be done to confirm or refute the validiy of
this hypothesis.
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evidence that ELAC2 is a tumor suppressor. Knowing that
knockout of the ELAC2 ortholog in Saccharomyces cerevis-
iae is lethal, one might hypothesize that at least one func-
tioning allele is required for cellular viability. On the other
hand, the Leu217 and Thr541 missense changes are quite
common and will eventually be used to tightly constrain the
role that this gene plays in prostate cancer genetics. Finally,
it must be noted that while the open reading frame of ELAC2
has been thoroughly screened for sequence variants, the pro-
moter and upstream transcriptional regulatory sequences
have not. Thus the possibility remains that some of the incon-
sistency in current results is due to varying levels of linkage
disequilibrium with as yet unknown sequence variants.

RNASEL (HPC1 region)

The best supported linkage to prostate cancer susceptibility
is the HPC1 locus at Chr 1q23/25. One of the candidate
genes within the broadly-defined HPC1 region is 2′-5′-
oligoadenylate-dependent ribonuclease L (RNASEL; MIM
601518 and 180435). The gene encodes a constitutively
expressed latent endoribonuclease that mediates the antiviral
and proapoptotic activities of the interferon-inducible 2-5A
system.

Mutation screening of RNASEL from the germline DNA
of one index case from each of 26 pedigrees selected from
the Johns-Hopkins pedigree resource, including eight pedi-
grees that showed linkage to the HPC1 locus and that had at
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least four affected individuals sharing an HPC1 haplotype,
revealed two particularly interesting mutations: the nonsense
mutation Glu265X and the initiation codon mutation Met1Ile
(Carpten et al. 2002) (Fig. 6). The nonsense mutation
Glu265X was found in an index case from a pedigree of
European ancestry. There were five prostate cancer cases in
the pedigree, and their average age at diagnosis was 67.6
years. DNA was available from four of the five cases, all
brothers, and they all carried this mutation. It is not known
whether the fifth case, the father, was a carrier; however, this
may not be relevant because the mother was diagnosed with
breast cancer at age 59. The Met1Ile mutation was found in
the African-American pedigree 097 and is either very rare or
pedigree-specific. The six prostate cancer cases in pedigree
097 had an average age at diagnosis of 59. The four out of
six cases who carried the mutation had an average age at
diagnosis of 57.8 years while the two non carriers were diag-
nosed at ages 59 and 64. Interesting data in support of a role
for these mutations in their carrier’s prostate tumors was that
tumor material was available from several carriers, PCR from
microdissected tumor material indicated that loss of hetero-
zygosity (LOH) was present, and it was the wild-type allele
that was lost. On the other hand, genotyping indicated that
the Glu265X mutation has an appreciable frequency in the
US Caucasian population, about 0.5%, and there was no
obvious carrier frequency difference between cases and con-
trols.

RNASEL was subsequently mutation screened in a series
of Finnish familial prostate cancer cases and certain sequence
variants from the gene typed in a Finnish case control series
(Rokman et al. 2002). The Glu265X nonsense mutation was
found in five of 116 patients with familial prostate cancer
and seemed to be most common in families with four or more
cases. Genotyping in the case-control series revealed that the
nonsense mutation was most common in familial cases
(q = 0.022), at intermediate frequency in sporadic cases (q =
0.010), and least common in controls (q = 0.009). The differ-
ence between cases and controls was significant (OR = 4.56,
P = 0.04). In addition, one of four common missense vari-
ants, Arg462Gln, also trended towards being more common
in cases than controls (OR = 1.96, P = 0.07).

Mutation screening of RNASEL in a series of Ashkenazi
prostate cancer patients revealed a founder mutation,
471delAAAG, at appreciable allele frequency in that ethnic
group (Rennert et al. 2002). In a small case control series,
the frequency of this variant was highest in cases (q = 0.035),
intermediate in population controls (q = 0.020), and lowest
in elderly cancer-free men (q = 0.012). Although the carrier
frequency difference between cases and controls was not sig-
nificant (OR = 3.0, P = 0.17), cases who carried the variant
were younger at diagnosis than cases who did not (65 versus
74.4 years, P < 0.001).

In addition to the Finnish group, two other groups have
published association studies of the Arg462Gln missense
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variant. Importantly, Casey et al. (2002) compared the in
vitro enzymatic activity of protein encoded by the two alleles
on a synthetic substrate, finding that the Gln462 variant had
only about 30% of the activity of the more common Arg462
allele. In their association study, which was carried out on a
series of discordant sibling pairs including 423 cases and 454
controls, they found a trend of increasing risk from Arg462
homozygotes to Gln462 homozygotes (ORs of 1.46 and 2.12
respectively, trend test P = 0.011) (Casey et al. 2002). In con-
trast, in their analysis of a case control series derived from
the Mayo Clinic pedigree resource, Wang et al. (2002) found
exactly the opposite trend: ORs were 0.83 and 0.54 (P =
0.02) for heterozygotes and Gln462 homozygotes respect-
ively. In addition, the protective effect of the Gln462 variant
was most apparent in early onset cases; ORs were 0.63 and
0.29 (P = 0.0008) for heterozygotes and Gln462 homozy-
gotes diagnosed at � 64 years respectively (Wang et al.
2002).

In summary, published analyses of the three inactivating
mutations so far described in RNASEL, Met1Ile,
471delAAAG, and Glu265X, trend towards evidence that
these variants confer risk of prostate cancer, with best evi-
dence in earlier onset cases as predicted from the nature of
the linkage evidence at HPC1. Data with respect to the mis-
sense change Arg462Gln are clearly conflicting. As
471delAAAG appears to be an Ashkenazi founder mutation
with an appreciable allele frequency in that population,
Glu265X appears to have an appreciable frequency in Euro-
pean populations, and Arg462Gln is a common missense
change, it should not take a very long time for independent
follow-on studies to tightly determine the risk conferred by
these sequence variants and thereby clarify the role of this
gene in hereditary prostate cancer.

MSR1 (Chr 8p region)

One of the ‘Group 2’ linkages described above in ‘Mapping
putative loci for prostate cancer susceptibility genes’ is at
Chr 8p. As part of the justification for scrutinizing 8p was
longstanding evidence for a prostate cancer tumor suppressor
in the region, there is some expectation that any susceptibility
gene underlying the linkage should be a tumor suppressor
and therefore subject to inactivating mutations. In addition,
as this is a region of linkage, one would expect to see such
germline mutations at higher frequency in familial as
opposed to sporadic cases. Similarly, as the majority of the
linkage evidence for the region seems to come from pedi-
grees with older average age at diagnosis, one would expect
to see a germline mutation bias towards older (or at least not
markedly towards younger) age at diagnosis cases.

Very recently, mutation screening of candidate genes
from the 8p region in index cases from the Johns-Hopkins
family resource revealed a number of rare mutations in the
gene Macrophage Scavenger Receptor 1 (MSR1; MIM
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176807) (Xu et al. 2002). From the first 159 prostate cancer
pedigrees screened, one nonsense mutation and six rare mis-
sense mutations were found. After genotyping for these vari-
ants was completed on the initial 159 pedigrees plus a second
set of 31 prostate cancer pedigrees, a total of 13 of the pedi-
grees was found to harbor one or another (and in some cases
two) of these rare variants. There were individual pedigrees
where the sequence variant segregated quite closely with
prostate cancer, and others where the pattern of segregation
was equivocal. Overall, a family based linkage/segregation
test provided evidence that there was disproportionate segre-
gation of these variants with disease (P = 0.0007). From the
point of view of follow-up studies, a very useful point was
that six of the 13 pedigrees in which a mutation was found,
all of European descent, harbored the nonsense mutation
Arg293X. That nonsense variant was also found to be more
common in ‘non-hereditary’ prostate cancer cases than dis-
ease-free male controls (8/317 vs 1/256, Fisher exact test
(FET) P-value = 0.047).

MSR1 is a transmembrane protein that functions as a
homotrimeric receptor for a number of polyanionic ligands
including a variety of bacteria (Fig. 6). The Arg293X
mutation would remove most of the extracellular ligand bind-
ing domain as well as the conserved extracellular scavenger
receptor cystein-rich domain. Thus the Arg293X nonsense
mutation would clearly interfere with MSR1 function. Over-
all, the initial report presented modest but plausible evidence
that MSR1 is a prostate cancer susceptibility gene. If the
allele frequency of the Arg293X turns out be in the range of
1.0% to 1.5% in prostate cancer cases of European ethnicity,
as indicated from the initial mutation screening and associa-
tion evidence, then that specific variant should provide an
accessible and powerful tool to evaluate the genetic role that
this gene plays in prostate cancer susceptibility. More
recently, Xu et al. (2003) studied five common sequence
variants of MSR1 in 301 prostate cancer patients at Johns
Hopkins Hospital with non hereditary prostate cancer and
250 control subjects who had normal digital rectal examin-
ation and PSA levels ( < 4 ng/ml). The five sequence variant
genotypes included an SNP in the promoter region, a 15-bp
insertion/deletion in intron 1, an SNP in intron 5, a missense
change in exon 6 (P275A) and a 3-bp insertion/deletion in
intron 7. Haplotype analysis show a significant difference in
the haplotype frequencies from a global score test (P =
0.011). Moreover, it appears that the significant association
between the common MSR1 sequence variants and the pros-
tate cancer risk is independent of the impact of the known
rare MSR1 mutation. Indeed, the haplotype giving the best
P-value did not harbor any of the rare mutations

Risk of prostate cancer in BRCA1 and BRCA2
carriers

Epidemiological studies of prostate and breast cancer have
revealed that clustering of these cancers occurs in certain
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families (Anderson & Badzioch 1992, Tulinius et al. 1992).
Anderson and Badzioch observed a doubling of breast cancer
risk in families with prostate cancer history. An estimated
relative risk of prostate cancer of 3.33 was calculated for
obligate male carriers of a deleterious BRCA1 mutation when
compared with the general population in a cooperative study
using 33 BRCA1-linked breast/ovarian cancer families (Ford
et al. 1994). More recently, the Breast Cancer Linkage Con-
sortium conducted another study including 11 487 indi-
viduals from 699 families segregating a BRCA1 mutation that
were ascertained in 30 centers across Europe and North
America. There was again some evidence of an elevated risk
of prostate cancer in BRCA1 mutation carriers younger than
65 years old (relative risk (RR) = 1.82, 95% CI = 1.01–3.29,
P = 0.05), but not in those 65 years old or older (RR = 0.84,
95% CI = 0.53–1.33, P = 0.45).

On the other hand, in another recent study from the
Breast Cancer Linkage Consortium including 173 breast/
ovarian families with a deleterious BRCA2 (MIM 600185)
mutation, a significantly increased risk (RR = 4.65) for pros-
tate cancer was observed. Furthermore, this risk was even
higher before age 65 (RR = 7.33) and the estimated cumulat-
ive incidence before 70 was 7.5%–33%, depending on which
reference population was used (The Breast Cancer Linkage
Consortium 1999). Moreover, the founder Icelandic BRCA2
mutation (999del5) was also associated with increased risk
of prostate cancer (Sigurdsson et al. 1997, Thorlacius et al.
1996). The relative risk of prostate cancer was calculated to
be 4.6 in first-degree relatives and 2.5 in second degree rela-
tives (Sigurdsson et al. 1997). Futhermore, another popula-
tion-based estimate shows a cumulative risk for 999del5
mutation carriers of only 7.6% at age 70 (Thorlacius et al.
1998). Several analyses of germline DNA from prostate
cancer cases with or without a family history have revealed
that there is no increased frequency of the founder Ashkenazi
Jewish BRCA1 and BRCA2 mutations over that expected in
this population (Lehrer et al. 1998, Hubert et al. 1999, Nas-
tiuk et al. 1999, Wilkens et al. 1999). This apparent discrep-
ancy may be consistent with the positional effect of the Ash-
kenazi Jewish founder BRCA2 mutation 6174delT which lies
within the ‘ovarian cancer cluster region’ (OCCR). Indeed,
Thompson and Easton (2001) found that the risk of prostate
cancer was lower in carriers of BRCA2 mutations located in
the OCCR (nucleotides 3035–6629) than in carriers of other
mutations (RR = 0.48). Note that mutations in this region,
which is coincident with the BRC repeat domain responsible
for RAD51 binding are also associated with a reduced risk
of breast cancer, but a higher risk of ovarian cancer. A recent
study in a Swedish family in which the father and four of his
sons were diagnosed with prostate cancer at the exceptionally
early ages of 51, 52, 56, 58 and 63 respectively, supports an
increased risk of prostate cancer in BRCA2 carriers
(Grönberg et al. 2001).
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However, DNA samples from affected individuals in 38
prostate cancer familial clusters were analyzed for germline
mutations in BRCA1 and BRCA2 genes to assess the potential
contribution of each of these genes to familial prostate cancer
(Gayther et al. 2000). No germline mutations were found in
BRCA1, but two novel deletions were found in BRCA2 in
two of 16 patients who received diagnosis at ages 52 and 56
years, whereas no mutations were found among the 22 older
patients who received diagnosis at or after 60 years of onset.
These authors proposed that germline mutations in BRCA2
may therefore account for about 5% of prostate cancers in
familial clusters. On the other hand, in another study, BRCA1
and BRCA2 mutation screening was performed on the pros-
tate cancer proband and on an additional family member
affected with breast or prostate cancer from each of the 22
cancer families (Sinclair et al. 2000). None of the 43 samples
screened contained a protein truncating mutation in either
BRCA1 or BRCA2. It is important to note that, in contrast to
the UK study described above (Gayther et al. 2000), these
American families were selected from a large collection of
high-risk prostate cancer families (at least three cases of
prostate cancer) for having at least two cases of breast or
ovarian cancer, in order to maximize the odds of detecting
mutations in BRCA1 or BRCA2. Very recently, to establish
the contribution of BRCA2 mutations to early-onset prostate
cancer, Eeles’ group have screened a total of 263 men diag-
nosed at ages � 55 years, who were unselected for family
history (Edwards et al. 2003). Protein-truncating mutations
were found in six men (2.3%; 95% CI = 0.8%-5.0%) and all
of these mutations were clustered outside the OCCR. The
estimated relative risk of developing prostate cancer by age
56 years for male BRCA2 mutation carriers was 23-fold.
They therefore estimate the absolute risk of prostate cancer
in BRCA2 carriers to be ~ 1.3% by age 55 years and 10% by
age 65 years knowing that the cumulative risk by age 55 and
65 years in the general population in the UK are � 0.06%
and 1.5% respectively. The Eeles’ team estimated that
BRCA2 mutations account for 6% of the excess familial risk
of the disease and is responsible for a significant fraction
of early-onset prostate cancer cases outside of families with
multiple cases of breast-ovarian cancer. Thus, BRCA2 is a
high-risk gene for which definitive evidence of susceptibility
to prostate cancer has been demonstrated in several indepen-
dent studies.

Common low-penetrance allelic variants
of genes involved in androgen
biosynthesis and action

In the general population, we observe an inter-individual
variability in the susceptibility to cancer; however little is
known about the underlying genes contributing to this varia-
bility. Although a number of rare highly penetrant loci con-
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tribute to the Mendelian inheritance of prostate cancer as
described above, some of the familial risks may be due to
shared environment and more specifically to common low-
penetrance genetic variants, which alter predisposition to
prostate cancer. Prostate cancer has proven to be the most
hormone-sensitive cancer to hormonal manipulation (Labrie
2003). It is not surprising that analyses of genes encoding
key proteins involved in androgen biosynthesis and action
led to the observation of a significant association between
common genetic variants and a susceptibility to prostate
cancer (Ross et al. 1999, Singh 2000, Makridakis & Reich-
ardt 2001, Nwosu et al. 2001). Such analyses provided some
understanding of how common low-penetrance polymor-
phisms present in a number of these candidate genes were
involved in prostate cancer onset, progression and response
to treatment for the disease.

Androgen receptor

Because androgen action in prostate cells is mediated through
an interaction with the androgen receptor (AR), it was first
suggested that abnormalities in the AR gene, which is located
on Xq11-12 (~50 cM centromeric to HPCX), could play a
key role in prostate cell proliferation and differentiation as
well as in carcinogenesis (Fig. 8). In this regard, the precise
molecular events leading from androgen-sensitive prostate
cancer to androgen-refractory prostate cancer are of special
interest (see Grossmann et al. 2001, Henshall et al. 2001,
Linja et al. 2001, Montgomery et al. 2001 for reviews).
Indeed, some of the pathways identified appear to directly
involve the modulation of AR’s ability to respond to specific
ligands. Briefly, mutations in the AR hormone binding
domain, or amplification of the AR gene could result in an
increased sensitivity to androgens made locally in the pros-
tate from the inactive steroid precursors, dehydroepiandros-
terone (DHEA) and its sulfate (DHEA-S). These androgens
of adrenal origin do not bind to the AR, but exert androgenic
action after their conversion into active androgens in target
tissues. Thus, recurrent hormone-refractory tumors may not
always be androgen-independent, as often thought, but rather
clonal expansion of hypersensitive cells that are able to grow
due to intracrine formation of androgens originating from
adrenal precursors and which are converted to bioactive
dihydrotestosterone (DHT) in the prostate tissue may cause
failure to monotherapy.

Secondly, the occurrence of mutations in several portions
of the AR could allow this receptor to respond to other ster-
oids or to some antiandrogens. Alternatively, coactivators
may increase the sensitivity of the AR to androgens and even
to other nonandrogenic molecules (Grossmann et al. 2001).
Furthermore, there is accumulating evidence that additional
mechanisms, that do not result from mutations in the AR,
may involve stimulation of AR transactivation by various
factors and cytokines independently of androgens, thus
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Figure 8 Chromosomal localization and schematic representation of HSD3B1, HSD3B2, SRD5A2 and AR genes, mRNA
species and corresponding proteins. Exons are represented by black boxes indicating the coding regions, whereas open boxes
represent the non-coding regions. Introns are represented by black bold lines. Positions of sequence variants are shown by an
arrow in reference to nucleic or amino acid sequences on the genes or proteins. Polymorphisms which have been suggested to
be associated with increased risk of prostate cancer are encircled.

facilitating the growth of prostate cancer cells despite maxi-
mal androgen blockade or acquisition of metastatic pheno-
type (Grossmann et al. 2001).

Accounting for more than half of the AR, the NH2-
terminal transactivation domain is encoded by exon 1. Within
this domain, there are two polymorphic microsatellite trinu-
cleotide repeats located ~1.1 kb apart, namely a CAG repeat
and a downstream GGN polymorphism encoding variable
length polyglutamine and polyglycine regions respectively.
The CAG repeat varies in length between 11 and 31 repeats
in the germline DNA of normal men (see Montgomery et al.
2001 for a review) and shows an inverse relationship
between the length of repeats and the transcriptional activity
of the AR (Chamberlain et al. 1994, Kazemi-Esfarjani et al.
1995, Beilin et al. 2000). A recent study using the rat proba-
sin promoter, an androgen- and prostate-specific reporter,
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further supported the inverse relationship between AR tran-
scriptional activity and the number of CAG repeats (15
versus 31 CAG) and provided evidence that this finding was
cell specific, thus suggesting the involvement of accessory
factors differentially expressed between different cell lines
(Beilin et al. 2000). It is also of interest to mention that
extended polyglutamine tract interacts with caspase-8 and
-10 in nuclear aggregates (U et al. 2001) and increasing its
length negatively affects p160-mediated coactivation of the
AR (Irvine et al. 2000). Coetzee and Ross (1994) have sug-
gested that enhanced activity of the AR, attributable to poly-
morphisms in the AR gene, might alter the risk of prostate
cancer. Accordingly, the association of CAG repeat length
and prostate cancer risk has been examined in several case-
control studies but the results are inconclusive (Table 5). As
several of these studies show an association between shorter
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Table 5 Comparison of case/control studies of AR-CAG and AR-GGC/N polymorphism and prostate cancer risk

References Study No. CAG OR/RR 95% CI Remarks
population cases/ com-

controls parison

Studies showing association between shorter CAG repeat length and increased prostate cancer risk
Irvine et al. Non-Hispanic 19/15 � 22 1.0 Referent Modest association
(1995) white men (Los 38/24 < 22 1.25 0.88–1.73

Angeles county)

Hakimi et al. Caucasians 53/359 >17 1.0 Referent
(1997) (United States) 6/11 � 17 3.7 1.3–10.5

Ingles et al. Non-Hispanic 19/68 � 22 1.0 Referent This study was an extension of the
(1997) white men 14/56 20–21 0.89 0.41–1.94 earlier Irvine et al. (1995)

(Los Angeles 24/45 < 20 1.91 0.94–3.88 investigation. The AR short alleles
county) adjusted (< 20) were more strongly

OR = 2.1 1.01–4.0 associated with advanced disease
than with localized disease

Xue et al. Non-Hispanic 33/114 > 20 1.0 Referent A statistically significant increase in
(2000) white men 24/42 < 20 1.97 1.05–3.72 risk was conferred by either a short

(Los Angeles CAG repeat or PSA genotype GG,
county) either alone or in combination

Hsing et al. Chinese 74/154 � 23 1.0 Referent The median repeat length among
(2000a) 116/146 < 23 1.65 1.14–2.39 the China population was longer –

23 repeats – than that observed for
Western men.

Giovannucci Predominantly 60/72 � 26 1.0 Referent An association was observed for
et al. Caucasians 98/115 24–25 1.02 0.66–1.58 both advanced stage (RR = 2.2)
(1997) 116/119 22–23 1.17 0.76–1.80 and high grade tumors (RR = 1.9)

113/101 21 1.32 0.87–2.09
69/65 20 1.28 0.79–2.08
62/61 19 1.22 0.75–2.00
69/55 � 18 1.52 0.92–2.49

Stanford et al. Caucasians 136/140 � 22 1.0 Referent
(1997) (United States) 145/126 < 22 1.23 0.88–1.73

Miller et al. Caucasians 71/34 � 22 1.0 Referent The OR for prostate cancer
(2001) (United States) 66/35 < 22 1.13 0.54–2.37 associated with short CAG repeats

was higher in sibships with a
median age of < 66 yrs at diagnosis
(OR = 1.72)

Studies showing no significant association between shorter CAG repeat length and increased prostate cancer risk
Ekman (1999) Swedish and No difference was observed in

Japanese number of CAG repeats between
sporadic and hereditary prostate
cancer. CAG repeats were shorter
among Swedish prostate cancer
patients than among Swedish
controls; Japanese prostate cancer
patients had longer repeats than
Japanese controls

Bratt et al. Swedish 92/93 1 CAG 0.97 0.91–1.04 For men with non-hereditary
(1999) decrement prostate cancer, shorter CAG

repeats correlated with younger
age at diagnosis (P = 0.03) high
grade (P = 0.07) and high stage
(P = 0.07)
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Table 5 Continued

References Study No. CAG OR/RR 95% CI Remarks
population cases/ com-

controls parison

Correa- French and 39/28 � 24 1.0 Referent
Cerro et al. German 30/22 22–23 1.02 0.49–2.13
(1999) 34/35 20–21 1.43 0.73–2.82

29/20 � 19 0.96 0.45–2.03

Edwards et al. Caucasians 74/178 > 21 1.0 Referent
(1999) (United 88/212 � 21 1.0 0.96–1.03

Kingdom)

Lange et al. Caucasians 133/305 � 26 1.0 Referent
(2000) (United States) � 18 0.73 0.31–1.69

Beilin et al. Australian 456/456 No evidence of a relationship of
(2001) CAG repeat length to severity of

prostate cancer was found.
However, a shorter repeat CAG
sequence was associated with
earlier age at diagnosis

Latil et al. White French 41/30 > 24 1.0 Referent
(2001) origin 55/36 23–24 1.12 0.59–2.10

61/45 21–22 0.99 0.54–1.82
68/45 � 20 1.11 0.60–2.02

Chang et al. Predominantly 164/81 � 22 1.0 Referent
(2002b) Caucasians 162/99 � 21 0.81 0.56–1.17

(United States)

Chen et al. Predominantly 156/147 � 22 1.0 Referent
(2002) Caucasians 144/153 < 22 0.89 0.65–1.23

(United States)

References Study No. GGC/N OR/RR 95% CI Remarks
population cases/ com-

controls parison

Studies showing association between shorter GGC/N repeat length and increased prostate cancer risk
Hakimi et al Caucasians 46/106 > 14 1.0 Referent
(1997) (United States) 8/4 � 14 4.6 1.3–16.1

Stanford et al. Caucasians 56/75 > 16 1.0 Referent Men with GGC � 16 were at
(1997) (United States) 201/175 � 16 1.60 1.07–2.41 increased risk regardless of age at

diagnosis (OR = 1.40 in men < 60
yrs and OR = 2.23 in men 60–64 yrs)

Chang et al. Predominantly 100/72 � 17 1.0 Referent
(2002b) Caucasians 227/102 � 16 1.58 1.08–2.32

(United States)

Platz et al. United States 244/369 Not 23 1.0 Referent Modest association but not
(1998) male 338/425 23 1.2 0.97–1.49 statistically significant

participants in
the Physician’s
Health Study

Irvine et al. Non-Hispanic 10/21 16 1.0 Referent Modest association but not
(1995) white men 27/16 Not 16 1.18 Not given statistically significant

(Los Angeles
county)

Hsing et al. Chinese 147/239 � 23 1.0 Referent Modest association but not
(2000a) 39/56 < 23 1.12 0.71–1.78 statistically significant
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Table 5 Continued

References Study No. GGC/N OR/RR 95% CI Remarks
population cases/ com-

controls parison

Studies showing no significant association between shorter GGC/N repeat length and increased prostate cancer risk
Edwards et al. Caucasians 64/116 > 16 1.0 Referent
(1999) (United 98/168 � 16 1.06 0.57–1.96

Kingdom)

Miller et al. Caucasians 51/25 > 16 1.0 Referent A reduced risk was found among
(2001) (United States) 82/44 � 16 0.98 0.46–2.06 men diagnosed at age < 66 yrs

(OR = 0.36) and an increased risk
among men diagnosed at age � 66
yrs (OR = 1.56)

Chen et al. Predominantly 115/100 > 17 1.0 Referent A reduced risk associated with
(2002) Caucasians 185/200 � 17 0.8 0.57–1.12 � 17 GGC/N repeats in men � 70

(United States) 144/127 Not 17 1.0 Referent yrs (OR = 0.51) was observed
156/173 17 0.79 0.57–1.09

References Study No. CAG and OR/RR 95% CI Remarks
population cases/ GGC/N

controls comparison

Studies showing association between CAG and GGC/N repeat length and increased prostate cancer risk
Irvine et al. Non-Hispanic 34/28 Other 1.0 Referent
(1995) white men (Los 23/9 < 22, not 16 2.10 Not given

Angeles county)

Stanford et al. Caucasians 22/32 � 22, > 16 1.0 Referent
(1997) (United States) 32/41 � 22, � 16 1.15 0.56–2.35

97/93 < 22, > 16 1.54 0.83–2.86
98/77 < 22, � 16 2.05 1.09–3.84

Platz et al. United States 66/119 > 23, not 23 1.0 Referent
(1998) male 90/133 > 23, 23 1.17 0.77–1.77

participants in 75/116 21–23, not 23 1.39 0.93–2.06
the Physician’s 152/185 21–23, 23 1.22 0.82–1.83
Health Study 103/134 < 21, not 23 1.49 1.02–2.15

96/107 < 21, 23 1.62 1.07–2.44

Hsing et al. Chinese 53/120 � 23, � 23 1.0 Referent
(2000a) 19/29 � 23, < 23 1.48 0.76–2.88

94/115 < 23, � 23 1.85 1.21–2.82
20/26 < 23, < 23 1.75 0.9–3.41

Chang et al. Predominantly 42/30 � 22, � 17 1.0 Referent
(2002b) Caucasians 109/46 � 22, � 16 1.62 0.92–2.95

(United States) 50/39 � 21, � 17 0.92 0.49–1.72
99/54 � 21, � 16 1.29 0.72–2.29

Studies showing no significant association between CAG and GGC/N repeat length and increased prostate cancer risk
Miller et al. Caucasians 21/8 � 22, > 16 1.0 Referent
(2001) (United States) 45/26 � 22, � 16 0.63 0.18–2.2

29/17 < 22, > 16 0.69 0.17–2.74
35/17 < 22, � 16 1.06 0.25–4.46

Chen et al. Predominantly 49/29 � 22, > 17 1.0 Referent
(2002) Caucasians 107/118 � 22, � 17 0.54 0.32–0.91

(United States) 66/71 < 22, > 17 0.55 0.31–0.98
78/82 < 22, � 17 0.56 0.32–0.98

Adapted from Coughlin & Hall (2002) and Chen et al. (2002).
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AR CAG repeat lengths (a short CAG has been defined as
ranging from < 17 to < 23 repeats, depending on the study)
and increased prostate cancer risk, it is not entirely clear
whether the association is with diagnosis of prostate cancer,
response to endocrine therapy or severity of disease. On the
other hand, several other studies suggested that CAG repeat
length is not associated with prostate cancer risk, age of
onset, histological grade and stage of disease at diagnosis or
several clinical parameters, including response to hormonal
therapy, time to progression after hormonal therapy, disease-
free survival and overall survival (see Montgomery et al.
2001, Chen et al. 2002, Coughlin & Hall 2002 for recent
reviews). Finally, a recent study compared repeat lengths of
140 men with prostate cancer with their brothers (n = 70)
without disease from 51 high-risk sibships, stratified by
median age at diagnosis of affected men within each sibship.
Men with both a short CAG repeat length ( < 22) and a short
GGN repeat ( � 16) array were not at higher risk (OR = 1.06;
95% CI = 0.25–4.46) compared with men with two long
repeats (CAG repeat � 22 and a GGN repeat > 16), thus sug-
gesting that the CAG and GGN repeats in the AR gene do
not play a major role in familial prostate cancer (Miller et al.
2001). More recently, a case-control study nested within the
β Carotene and Retinol Efficacy Trial including 300 cases
and 300 controls showed there was no appreciable difference
in the mean number of GGC repeats between cases and con-
trols and the risk in men at or below the mean number of
GGC repeats (17) was 0.80 (95% CI = 0.57–1.12) (Chen et
al. 2002). Moreover, these authors found a decrease in pros-
tate cancer risk among men with CAG < 22 and GGC � 17,
or CAG < 22 and GGC > 17 or CAG � 22 and GGC � 17
when compared with men with CAG � 22 and GGC > 17.
These results are thus in contrast with two other studies
showing that the presence of a short repeat length for either
or both CAG and GGC alleles was associated with an
increased risk of prostate cancer (Stanford et al. 1997, Hsing
et al. 2000a). Finally, using the Johns Hopkins set, a signifi-
cant association was observed in the frequencies of the � 16
GGC repeat alleles in 159 hereditary prostate cancer (HPC)
(71%), 245 sporadic cases (68%) compared with 211 controls
(59%), thus supporting the thesis that GGC repeats were
associated with prostate cancer risk (P = 0.02) (Chang et al.
2002b). Furthermore, male-limited X-linked transmission/
disequilibrium (XLRC-TDT) was also used by these authors
to demonstrate the preferential transmission of short � 16
GGC repeat alleles from heterozygous mothers to their affec-
ted sons (z′ = 2.65, P = 0.008). The stronger evidence for
linkage in the families with male-to-male transmission may
be explained by the hypothesis that AR is a strong modifier
gene that works in conjunction with autosomal susceptibility
gene(s). In support of this interpretation, Cui et al. (2001)
observed that the two-loci model, combining autosomal
dominant with either an autosomal recessive or X-linked
model, fit their data better than did a single-locus model in
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segregation analyses. Further association studies using larger
cohorts of preferably > 1000 blood samples from prostate
cancer cases versus ethnically matched controls, and well
characterized clinical data, will thus be important to clarify
the role of these low-penetrance trinucleotide polymorphic
repeats in prostate cancer development and progression,
taking into account their potential gene-gene and gene-
environment interactions, which likely cumulate to contribute
to an overall prostate cancer risk and to disease character-
istics.

5α-Reductase type 2

One of the best candidate genes is the 5α-reductase type 2
gene (SRD5A2), which catalyzes the conversion of testos-
terone into the more active androgen DHT and maps to
2p22-23 (Morissette et al. 1996) (Fig. 8). Intraprostatic DHT
is the most meaningful parameter of androgen action in pros-
tatic tissue (Fig. 9). Indeed, the importance of intracrine for-
mation of active androgens is in concordance with the obser-
vation that after elimination of testicular androgens by
medical or surgical castration, the intraprostatic concentra-
tion of DHT remains approximately 40% of that measured in
the prostate of intact 65-year-old men, thus leaving important
amounts of free androgen to continue stimulating the growth
of the prostate cancer (Labrie et al. 1998). However, male
pseudohermaphrodites with 5α-reductase deficiency caused
by mutations in the SRD5A2 gene exhibit external genital
ambiguity and hypoplastic prostate, thus supporting the cru-
cial role of this enzyme in normal prostate development.
Modulation of 5α-reductase activity may account for part of
the substantial racial/ethnic disparity in prostate cancer risk
(Ross et al. 1992, Reichardt et al. 1995, Makridakis et al.
1997). Furthermore, one variant, Ala49Thr, has been
reported to increase the catalytic activity of this enzyme
(Makridakis et al. 2000) and is associated with an increased
risk of advanced prostate cancer (Makridakis et al. 1999,
Jaffe et al. 2000, Margiotti et al. 2000). This low-penetrance
allele appears to increase the risk of prostate cancer in
African-Americans, Latinos and Italians by 7.2- (P < 0.001),
3.6- (P < 0.04) and 7.7-fold (P < 0.11) respectively
(Makridakis et al. 1999, Jaffe et al. 2000, Margiotti et al.
2000). In contrast, the prevalence of the A49T variant in 449
Finnish prostate cancer patients was 6.0%, not differing sig-
nificantly from 6.3% observed in 223 patients with BPH or
5.8% in 588 population-based controls. Furthermore, there
was no association between A49T and the family history of
the patients nor with tumor stage or grade (Mononen et al.
2001). Finally, the T allele was not observed in a population-
based case control study in China after the genotyping of 191
cases and 304 controls (Hsing et al. 2001). It is also of inter-
est to know that substantial pharmacogenetic variation
among the SRD5A2 sequence variants was observed when
three competitive inhibitors (Finasteride, GG745 and

Downloaded from Bioscientifica.com at 05/22/2023 05:07:53PM
via free access



Simard et al.: Prostate cancer susceptibility genes

Figure 9 Major enzymatic pathways involved in the formation and inactivation of androgens in human, and the relative
importance (%) of adrenal steroid precursors in the intraprostatic concentration of DHT in adult men. A-DIONE,
androstanedione; ADT, androsterone; ADT-G, androsterone glucuronide; ADT-S, androsterone sulfate; DHEA,
dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate; DHT, dihydrotestosterone; PREG, pregnenolone; PROG,
progesterone; epi-ADT, epi-androsterone; TESTO, testosterone; AR, androgen receptor; CYP17, cytochrome P450c17,
17α-hydroxylase/17,20 lyase; P450scc, cholesterol side-chain cleavage enzyme; RoDH-1, retinol dehydrogenase type 1; UGT,
UDP-glucuronosyltransferase; 3α-DIOL, 5α-androstane-3α, 17β-diol; 3α-DIOL-G, 5α-androstane-3α, 17β-diol-glucuronide; 3α
HSD, 3α-hydroxysteroid dehydrogenase; 3(α � β) HSE, 3(α� β) hydroxysteroid epimerase; 3β-DIOL, 5α-androstane-3β,
17β-diol; 3β HSD, 3β hydroxysteroid dehydrogenase/∆5-∆4-isomerase; 4-DIONE, androstenedione; 5-DIOL,
androst-5-ene-3β,17β-diol; 5-DIOL-S, androst-5-ene-3β,17β-diol sulfate; 17β HSD, 17β hydroxysteroid dehydrogenase. From
Simard et al. (2002a); copyright owner, The Endocrine Society.

PNU157706) were tested, thus providing relevant infor-
mation to take into account when prescribing such inhibitors
for the chemoprevention or treatment of prostate diseases
(Makridakis et al. 1999, 2000).

CYP17

Another key enzyme involved in the testicular synthesis of
androgens is encoded by the CYP17 gene, namely the cyto-
chrome P450c17, which catalyzes 17α-hydroxylase and
17,20-lyase activities (Fig. 9). The CYP17 gene is mapped to
10q24.3 and consists of 8 exons. A single-base change (a T
(A1 allele) to C (A2 allele) transition) creates an additional
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putative Sp1-type (CCACC box) transcriptional factor bind-
ing site that was postulated to increase its gene expression.
Nedelcheva Kristensen et al. (1999) showed that neither the
A1 nor A2 allele could form a complex with the Sp1 protein
in electrophoretic mobility shift assays. Moreover, a recent
study using a promoter/reporter gene construct containing
sequences from −227 to + 61 with either a T or C at pos-
ition + 27 demonstrated that this polymorphism is not associ-
ated with an altered transcriptional activity (Lin & Miller
2001). Nevertheless, three independent association studies
reported a small but positive association between the A2
allele and an increased risk for prostate cancer (Lunn et al.
1999, Gsur et al. 2000, Yamada et al. 2001). On the other
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hand, two other studies showed that the A1 allele is the risk
allele for prostate cancer (Wadelius et al. 1999, Habuchi
et al. 2000). Considering its essential role in androgen
biosynthesis, a recent study was designed to further evaluate
the impact of this polymorphism and to investigate what is
the potential role of this gene in hereditary prostate cancer
(Chang et al. 2001). These authors performed a genetic link-
age study and family-based association analysis in 159 famil-
ies (Johns-Hopkins set), each of which contained at least
three first-degree relatives with prostate cancer. It is of inter-
est to note that a linkage analysis is insensitive to allelic het-
erogeneity, thus if a mutation has a high penetrance and there
are multiple such mutations within a gene, a linkage study is
likely to detect such a gene, whereas family-based or popula-
tion-based association approaches are likely to fail (Chang
et al. 2001). Thus, information concerning specific sequence
variants within a gene is not necessary for a linkage study,
but is essential for association studies. Their analyses suggest
evidence for linkage at marker D10S222 with a LOD score of
1.03 (P < 0.01). However, they did not observe a statistically
increased risk of sporadic prostate cancer or hereditary pros-
tate cancer in subjects with the A2 variant following geno-
typing of the polymorphism in 159 HPC probands, 249 spor-
adic cases and 211 unaffected control subjects. They
concluded that CYP17 gene or other genes in this region may
increase the susceptibility to prostate cancer, whereas the
polymorphism in the 5′ promoter region has a minor if any
effect in increasing prostate cancer susceptibility in their
study sample.

3β-Hydroxysteroid dehydrogenases

The 3β-hydroxysteroid dehydrogenase/∆5-∆4 isomerase
(3β-HSD) isoenzymes are responsible for the oxidation and
isomerisation of ∆5-3β-hydroxysteroid precursors into ∆4-
ketosteroids, thus catalyzing an essential step in the forma-
tion of all classes of active steroid hormones. In humans,
expression of the type I isoenzyme accounts for the 3β-HSD
activity found in placenta and peripheral tissues, whereas the
type II 3β-HSD isoenzyme is predominantly expressed in the
adrenal gland, ovary and testis and its deficiency is respon-
sible for a rare form of congenital adrenal hyperplasia
(Simard et al. 2002b). To evaluate the possible role of these
enzymes encoded by HSD3B genes (Fig. 9) in prostate cancer
susceptibility, a recent study screened a panel of DNA
samples collected from 96 men with or without prostate
cancer for sequence variants in the putative promoter region,
exons, exon-intron junctions, and 3′-untranslated region of
HSD3B1 and HSD3B2 genes by direct sequencing (Chang et
al. 2002a). Four of the 11 single nucleotide polymorphisms
(SNPs) were informative. These four SNPs were further
genotyped in a total of 159 hereditary prostate cancer pro-
bands (Johns-Hopkins set), 245 sporadic prostate cancer
cases, and 222 unaffected controls. Although a weak associa-
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tion between prostate cancer risk and a missense polymor-
phism (HSD3B1-N367T) was found, stronger evidence for
association was found when the joint effect of the two genes
was considered. Indeed, men with the variant genotypes at
either HSD3B1-N367T or HSD3B2-c7519g had a relative
risk of 1.76 (95% CI = 1.21–2.57, P = 0.003) of developing
prostate cancer compared with men who were homozygous
wild-type at both genes, whereas the risk for the hereditary
type of prostate cancer was stronger, with a relative risk of
2.17 (95% CI = 1.29–3.65, P = 0.003). Most importantly, the
subset of hereditary prostate cancer probands, whose families
provided evidence for linkage at 1p13, predominantly con-
tributed to the observed association (Chang et al. 2002a).
Additional studies are warranted to confirm these findings.

Conclusion

The clearest conclusion emerging from the linkage studies
described above is perhaps that no single susceptibility locus
mapped to date is by itself responsible for a large portion of
familial prostate cancers, at least not with the combination
of penetrance and clinical features that allowed linkage to
and positional cloning of the so-far known colon and breast
cancer predisposition genes. Thus, locus heterogeneity is a
major parameter in the identification or confirmation of link-
age for many data sets. Indeed, the possible existence of mul-
tiple prostate cancer genes may well explain why there has
been limited confirmatory evidence of linkage for currently
known highly-penetrant susceptibility loci/genes. As
methods for statistical modeling improve, geneticists will
have better tools to deal with the apparent extreme hetero-
geneity within data sets (Goddard et al. 2001, Nwosu et al.
2001, Schaid et al. 2001).

To clarify the role of low-penetrance polymorphisms in
prostate cancer development and progression, association
studies using larger cohorts of preferably > 1000 blood
samples from prostate cancer cases versus ethnically matched
controls, and well characterized clinical data, will thus be
important (Singh et al. 2000). It will also be necessary to
investigate, using various complementary genetic epidemiol-
ogical approaches, the potential role of the other key
steroidogenic enzymes involved in the formation and/or
inactivation of androgens, such as the numerous 17β-HSDs,
3α-HSDs, UDP-glucuronosyltransferases etc. (Fig. 9). We
should also take into account the potential gene–gene and
gene–environment interactions of low or moderate penetr-
ance genes, which likely cumulate to contribute to an overall
prostate cancer risk and to disease characteristics. In this
regard, when several SNPs occur in the same gene/locus or
a chromosomal region, it will be crucial to establish in each
individual tested using haplotyping, if possible, an exhaustive
genomic profiling for all selected sequence variants. This will
allow a better estimate of their global contribution in various
mechanisms involved in prostate cancer, such as in pathways

Downloaded from Bioscientifica.com at 05/22/2023 05:07:53PM
via free access



Simard et al.: Prostate cancer susceptibility genes

involved in the fine control of intracellular androgen
bioavailability and in the signal transduction of their cell-
specific action.

In parallel, characterization of gene expression profiles
that molecularly distinguish prostatic neoplasms may identify
new target candidate genes involved in prostate cancer risk
in addition to elucidating useful new clinical biomarkers
leading to an improved classification of prostate cancer. This
will be of special interest if such a signature may help to
distinguish hereditary versus sporadic prostate carcinomas,
as has recently been achieved for breast cancer (van ‘t Veer
et al. 2002). Moreover, the integration of gene expression
data with the knowledge of the human genome sequence as
well as those of experimental models will be useful to accel-
erate positional cloning approaches that are often hampered
by incomplete phenotypic penetrance, small pedigree size
and limited access to DNA samples from affected indi-
viduals. The elucidation of transcriptomes of normal and
tumoral prostate tissues can effectively focus efforts on a
manageable subset of genes, thus facilitating the candidate
gene approaches, especially when genetic maps cover a
broad chromosomal region as frequently observed for pros-
tate cancer susceptibility loci. Integrating both expression
and functional information may further speed gene discovery
via the candidate gene approach, as recently suggested for
retinal disease genes (Blackshaw et al. 2001).

We are at the very early phases of functional genomics
and rapid advances are also anticipated in more quantitative
proteomics and bioinformatics, which should dramatically
increase the likelihood of finding clinically relevant candi-
date genes, gene clusters and signaling pathways that will
translate into better diagnostic or more targeted therapeutic
strategies for men with prostate cancer.
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