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Prostate cancer is the most frequent cancer among men in most developed countries, yet little is known
about its causes. Older age, African ancestry and a positive family history of prostate cancer have long been
recognized as important risk factors. The evidence that genetics probably plays a critical role is based on a
variety of study designs, including case–control, cohort, twin and family-based, all of which are reviewed in
detail. The search for prostate cancer susceptibility genes by linkage studies offered early hope that finding
genes would be as ‘easy’ as finding genes for breast cancer and colon cancer susceptibilities. However, this
hope has been dampened by the difficulty of replicating promising regions of linkage. This review provides
updates on recent developments, and a broad view of the disparate findings from different linkage studies.
Early linkage results have provided targeted candidate regions for prostate cancer susceptibility loci,
including HPC1 on chromosome 1q23–25, PCAP on chromosome 1q42–43, CAPB on chromosome 1p36,
linkage to chromosome 8p22–23, HPC2 on chromosome 17p, HPC20 on chromosome 20q13, and HPCX on
chromosome Xq27–28. These linkage findings lead to refined mapping and mutation screening of several
strong candidate genes, including ELAC2, RNASEL and MSR1. Up to now, a total of 10 genome-wide linkage
scans for prostate cancer susceptibility have been completed, and are reviewed. Furthermore, recent
findings that Gleason’s grade, a measure of aggressiveness of prostate cancer, is linked to several genomic
regions are reviewed. Finally, the roles of environmental and dietary risk factors, and common genetic
polymorphisms of genes likely to play a role in common forms of prostate cancer, are briefly discussed
within in the context of searching for genes that influence prostate cancer risk.

INTRODUCTION

Prostate cancer is the most frequent cancer among men in most
developed countries, yet little is known about its causes. Older
age, African ancestry and a positive family history of prostate
cancer have long been recognized as important risk factors, yet
we are only at the early stage of unraveling the complex genetic
and environmental influences on this disease. Over the past 20
years, the body of evidence that genetics plays a key role has
grown immensely, ranging from familial aggregation and twin
studies, to family-based linkage studies, to detection of likely
functional genes via mutation screening, to molecular epide-
miological studies of both rare and common polymorphisms of
candidate genes. However, the evidence also points toward a
much more complex genetic basis of prostate cancer than
initially anticipated. This review highlights key findings from a
wide range of study designs in an effort to guide the reader
through the current understanding of the genetic factors that

influence the susceptibility to prostate cancer, and possibly
those that modulate its clinical course of disease. Much of
this review is focused on genes that are likely to be involved in
hereditary prostate cancer, although environmental risk factors
and the potential influence of common polymorphic genes
are briefly discussed, recognizing that the risk for prostate
cancer may result from a complex interaction of all of these
factors.

INCIDENCE OF PROSTATE CANCER AND

THE INFLUENCE OF PSA

Prostate cancer is a major health burden throughout the world,
although there is a large variation in its incidence. The highest
rates are in the USA, Canada, Sweden, Australia and France
(48.1–137.0 cases per 100 000 person-years during 1988–
1992); European countries have intermediate rates (23.9–31.0
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cases per 100 000 person-years), and Asian countries the
lowest rates (2.3–9.8 cases per 100 000 person-years) (1).
Although the causes of this variation are likely to be
differences in screening methods, diet and health-related
behaviors, clinical practice patterns and environmental risk
factors, the role of genetic differences is unknown. The
observation that prostate cancer risk increases for Japanese
migrants to Hawaii (2) and Japanese migrants to Los Angeles
(3), and the large variation of the incidence of prostate cancer
among Chinese in different geographic locations (e.g. Asia
versus the USA) (4), suggests that diet and environmental
differences play a major role. There is, however, consistent
evidence across different racial and ethnic groups that a family
history of prostate cancer increases the risk that a man will get
prostate cancer. As will be shown, genetics is likely to play an
important role in some forms of prostate cancer, which in turn
may influence the future prevention, diagnosis and treatment of
this disease.
For the USA, the American Cancer Society predicts that

during 2003 there will be 220 900 newly diagnosed cases of
prostate cancer, that the lifetime probability of developing
invasive prostate cancer is 16.67% (about 1 in 6), and that there
will be 28 900 deaths due to prostate cancer. For men, prostate
cancer is the most frequent of all cancers (33%; followed by
lung and bronchus cancers at 14%), and the second most
frequent for deaths due to cancer (10% prostate cancer; 31%
lung and bronchus cancers) (5). The interpretation of the
published literature regarding the potential roles of familial and
genetic risk factors on prostate cancer is clouded, however, by
changes in how prostate cancer has been diagnosed over the
past 15–20 years. In 1986, the Food and Drug Administration
approved the prostate-specific antigen (PSA) test for use in
monitoring prostate cancer progression. Its use as a screening
test for prostate cancer diagnosis increased from 1988 (6). This
has had a dramatic influence on local (7) and national trends of
prostate cancer incidence (5), with rates increasing greatly
during 1988–1992, declining sharply during 1992–1995, and
leveling off during 1995–1999 (8,9). Prior to the advent of PSA
testing, diagnosis of prostate cancer was primarily by clinical
symptoms, or detected by transurethral resection of the prostate
for benign prostatic hyperplasia, and the lifetime probability of
a clinical prostate cancer diagnosis was only � 9% for both
Caucasians and African Americans (10). The consequence of
PSA screening has been diagnosis of earlier stage disease, with
an average lead-time (time by which the PSA advances the
diagnosis of prostate cancer) of 3–7 years (11–13). Also, the
types of cancers detected during 1988–1992 (when prostate
cancer rates were sharply rising, shortly after the advent of PSA
screening), are likely to be ‘length-biased’, whereby cases with
a longer natural history of disease progression, and hence less
aggressive cancers, tend to be detected by the introduction of
the new screening procedure. Hence, the age of diagnosis and
the clinical severity of prostate cancer have changed due to the
use of PSA, both as a screening tool and as confirmatory
evidence for suspicious clinical symptoms. As discussed below,
it is very likely that the aggressiveness of prostate cancer is
influenced by genes, and so the recent trend for diagnosis of
early-stage and less aggressive prostate cancer clouds the
interpretation of the historical literature of the genetic
epidemiology of this disease.

EPIDEMIOLOGICAL EVIDENCE OF

PROSTATE CANCER GENETICS

A positive family history is one of the strongest risk factors for
prostate cancer. Approximately 10–15% of men with prostate
cancer have at least one relative who is also affected (14,15).
Furthermore, there is substantial evidence that genetics is likely
to play a key role, at least for men with a positive family
history. The evidence for this comes from a variety of study
designs, including case–control, cohort, twin, and family-
based, all of which are discussed below in greater detail.

Case–control and cohort studies

The case–control design is a powerful and efficient method to
evaluate the association of potential risk factors with prostate
cancer. A large number of case–control studies have eval-
uated the risk of a positive family history, and results have
consistently shown that having at least one first degree relative
affected with prostate cancer conveys an odds ratio (OR) of
�2.5. A word of caution on the interpretation of the OR is
warranted for a common disease like prostate cancer. The OR
is calculated by categorizing the cases and controls according
to presence or absence of prostate cancer among their first-
degree relatives, and the OR is used as a measure of association
between the presence/absence of disease in the cases/controls
and presence/absence of disease in their relatives. For rare
diseases, the OR provides a good approximation to the relative
risk. In our context, the relative risk is the ratio of the
probability of disease for a man with a positive family history
divided by the probability of disease for a man with a negative
family history. For common diseases, such as prostate cancer,
the OR overestimates the true relative risk.
A meta-analysis of 11 case–control studies (14–25) and two

cohort studies (26,27) that reported the risk of prostate cancer
according to family history among first degree relatives
estimated a pooled OR of 2.5 (95% CI 2.2–2.8, with a range
of 2.0–3.9) (28). In all but one of these studies, the OR was
greater if a brother was affected than if a father was affected.
The pooled estimates of ORs were 3.4 if a brother was affected
(95% CI 2.9–4.1) and 2.5 if a father was affected (95% CI 2.1–
3.1). The OR associated with a positive family history was
greater if a man was diagnosed at age <65 year (OR of 4.3)
than at age >65 years (OR of 2.4). Four studies reported the
risk of prostate cancer according to having more than one
affected first-degree relative, and these ORs ranged from 2.8 to
9.4; the pooled estimate was 3.5. More refined estimates of
ORs according to the number of affected first-degree relatives
were provided by Steinberg et al. (18). They estimated the OR
to increase from 2.2 to 4.9 to 10.9 if there were one, two, or
three or more affected first-degree relatives. Whittemore et al.
(15) found somewhat similar results, considering the sparse-
ness of the number of men with more than one affected relative:
two or more affected first-degree relatives gave ORs of 9.7
among African Americans, 3.9 among Caucasians, yet only 1.6
among Asian Americans.
Although the findings from these case–control studies

suggest shared familial risk factors for prostate cancer, possibly
genetic, they can be biased for several reasons. The information
about family history is usually obtained after the case is
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diagnosed with prostate cancer. This can cause ‘referral bias’,
whereby the cases are more aware of the diagnosis of prostate
cancer among family members than the controls, or the cases
are more likely to misinterpret prostate problems as cancer. For
many case–control studies, it was rare to obtain pathologic
confirmation of cancers among relatives. An alternative to the
case–control study design is a cohort study in which men are
followed until their current age, occurrence of prostate cancer
or death. A significant advantage of registries and cohort
studies is that they are not as prone to recall bias. In addition,
these types of cohort studies allow estimation of relative risks,
in place of approximating relative risks by ORs. Two studies
used the relatives of cases and the relatives of controls as
cohorts, and computed the relative risk of disease among the
relatives according to the disease status of cases/controls. Using
690 consecutive cases undergoing radical prostatectomy and
diagnosed prior to 1989, Isaacs et al. (21) estimated a relative
risk of 1.76 for first-degree relatives. Using 101 incident cases
diagnosed during 1988–1995 from a population-based registry
in Iowa, Cerhan et al. (29) estimated a relative risk of 3.2 for
first-degree relatives; this risk was greater if a brother had
prostate cancer (RR¼ 4.5) than if a father had prostate cancer
(RR¼ 2.3). Without availability of controls, two other studies
compared the observed number of prostate cancers among
relatives of cases with the number expected, where the expected
numbers were calculated according to population-based age-
specific incidence rates. The ratio of the observed to expected
number of cancers is called a standardized incidence ratio
(SIR), which approximates a relative risk. Grönberg et al. (30)
found that sons of Swedish men affected with prostate cancer
had an SIR¼ 1.70, and Cunningham et al. (31) found that first-
degree relatives of cases who were diagnosed with prostate
cancer at a Houston VA medical center had an SIR¼ 1.61.
These cohort studies provide results that are consistent with the
ORs provided by case–control studies, although with somewhat
lower estimates of relative risk.
A consistent finding across many studies has been an

increased risk of prostate cancer when a brother is affected with
prostate cancer compared with when a father is affected. Some
have suggested that this could be caused either by X-linked or
recessive genetic components (32,33). However, diagnosing a
man with prostate cancer may increase the chance that his male
relatives will seek a prostate cancer screening test. This can
bias the relative risk for affected brothers to be greater than that
for affected fathers. The study by Steinberg et al. (18), which
also found the OR to be greater when a brother was affected
than when a father was affected, was conducted before PSA
screening was introduced, strengthening the hypothesis that
there may be a genetic cause for this difference in relative risks.
To address this issue more directly, Staples et al. (34)
conducted a study in Australia for men diagnosed with prostate
cancer during 1994–1998, and estimated the OR to be 3.9
when a brother was affected, and 2.9 when a father was
affected. When the data was stratified according to year of
diagnosis of the relative (prior to, or after, 1992), the ORs for
when a brother was affected were 3.1 (prior to 1992) and 3.9
(after 1991), and for when a father was affected, 2.8 (prior to
1992) and 2.5 (after 1991). The authors interpreted this to mean
that the introduction of PSA testing may have inflated the risks
associated with an affected brother. Further evidence that PSA

screening may influence the estimates of familial relative risks
come from PSA screening studies. A randomized prostate trial
of the efficacy of PSA screening in Finland estimated that the
relative risk of screen-detected prostate cancer, comparing men
with a positive versus negative family history, was 1.3 (35). In a
screening study in Quebec (33), the estimated relative risk was
1.7 for an affected first-degree relative (relative risk of 2.6 if a
brother was affected). Because these relative risks are some-
what less than those reported for case–control and cohort
studies based on clinical (as well as PSA-detected) diagnoses, it
may be that prostate cancers detected solely by PSA screening
are less likely to have a genetic etiology.
Most of the above studies of familial aggregation of prostate

cancer were based on Caucasians from the USA, Canada,
Sweden and Australia. There have been a number of reports,
however, that demonstrate similar familial risks for different
racial/ethnic groups. Monroe et al. (32) conducted a popula-
tion-based cohort study of African Americans, Hispanics,
Japanese and Whites, and found similar risks for all four
groups (relative risks ranged 1.8–2.5 if fathers were affected).
Whittemore et al. (15) found that the ORs due to a positive
family history among first-degree relatives were 1.9 for
Caucasians, 2.7 for Asian Americans, and 3.0 for African
Americans, and these differences were not statistically
significant. Cunningham et al. (31) found similar SIRs for
African Americans (SIR¼ 1.58) and non-African Americans
(SIR¼ 1.65). Among black men from Jamaica, Glover et al.
(24) estimated an OR of 2.1 when a first-degree relative was
affected with prostate cancer. Finally, Stone et al. (36) found
similar ORs according to positive family history for Hispanics
(OR¼ 2.7) and non-Hispanic Whites (OR¼ 2.0). In summary,
although the incidence and outcome for prostate cancer may
differ among different racial and ethnic groups, the increased
risk for prostate cancer attributed to family history of this
disease is quite consistent across different ethnic backgrounds,
supporting the possibility of a common genetic basis for this
disease.

Family-based segregation analyses

Family-based segregation analyses provide a quantitative
method to evaluate whether the observed aggregation of
disease in a series of families fits the expected distribution
based on a genetic (or purely environmental) model. The
genetic models are based on Mendelian segregation of alleles
within families, the population frequency of the putative
susceptibility allele, and the penetrance of the underlying
genotypes (usually age-dependent penetrance). To date, eight
segregation analyses of prostate cancer have been published,
using different types of pedigrees, different sources for
ascertainment, and from different countries. These studies are
summarized in Table 1. The studies by Carter et al. (37), Schaid
et al. (38) and Verhage et al. (39) are similar because all three
selected probands who were eligible for a radical prostatect-
omy, and hence have localized disease with a good prognosis.
All three studies found that the best fitting model was a rare
autosomal dominant susceptibility allele (allele frequency
ranging 0.003–0.006) with a high life-time penetrance for
carriers (ranging 88–97%). The study by Valeri et al. (40) was
based on an unselected series of hospital-based probands, and
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they too found that an autosomal dominant model fit best,
with a 10-fold smaller allele frequency (0.0003) and lifetime
penetrance of 99% for men in the same generation as the
proband, and of 86% for men in the same generation as
the probands’ fathers. A unique aspect of the analysis by Valeri
et al. was allowance for residual correlations among family
members that were not explained by the genetic model. They
found that there was unexplained dependence among brothers.
The results from Schaid et al. (38) were also consistent with
unexplained departures from a simple autosomal dominant
model. They found that the autosomal dominant model
provided a good fit only when probands were diagnosed
at age <60 years and departure of parental genotype fre-
quencies from Hardy–Weinberg equilibrium was allowed. This
departure was required because there was an excess of putative
homozygous carriers compared with that predicted by Hardy–
Weinberg frequencies. Furthermore, the age-adjusted relative
risk for brothers was greater than that for fathers. Hence, the
studies of Schaid et al. and Valeri et al. suggest that there may
be additional genetic or shared environmental factors that the
simple autosomal dominant model cannot explain.
In contrast to the above hospital-based selection of probands,

the study by Grönberg et al. (41) selected probands from a
population-based registry in Sweden, which did not use PSA to
screen for prostate cancer. This study also found that an
autosomal dominant model fit best, but with a more frequent
susceptibility allele (0.017) and a lower penetrance (63%).
A limitation of this study, and those discussed above, is that
the analyzed pedigrees were only first-degree relatives of the
probands (chosen because the family history provided by the
probands is most accurate for first-degree relatives, but less so
for more distant relatives). These types of small pedigrees, for
which prostate cancer information comes mainly from fathers
and brothers, because sons are often too young to be at risk for
prostate cancer, provide limited information to discriminate
between autosomal or X-linked and dominant or recessive
modes of inheritance, particularly when penetrance is incom-
plete and there is a high rate of phenocopies. The study by Cui
et al. (42) overcomes some of this limitation, by using paternal
and maternal uncles, in addition to fathers and brothers of the

probands. Their probands were sampled from a population-
based registry in Australia. Furthermore, they evaluated genetic
models that allowed for either one or two loci. The model that
provided the best fit to their data included a rare autosomal
dominant allele that has large risk at younger ages, and a more
common allele that is either autosomal recessive or X-linked,
and has a larger effect at older ages. The recessive component
gave a slightly better fit than the X-linked component, but it
was difficult to accurately discriminate between these two
genetic effects. Because the risk alleles from the putative
dominant and recessive loci were rare (frequency of 0.017 for
dominant allele and frequency of 0.084 for recessive allele),
it would be very rare for a single pedigree to segregate
susceptibility alleles from both loci. Hence, their two-locus
model is essentially a model of heterogeneity, with early-onset
pedigrees more likely explained by an autosomal dominant
effect, and late-onset pedigrees more likely explained by either
an autosomal recessive or X-linked effect. It is interesting that
the autosomal dominant allele frequency and penetrance from
this Australian population-based sample are similar those
observed by Grönberg et al. for their Swedish population-based
sample. A third population-based sample of White, African
American, and Asian American probands from the USA and
Canada were evaluated for their family history, and segregation
analysis found that an autosomal dominant model gave an
adequate fit, with an estimated allele frequency of 0.024, and
life-time penetrances of 75.3% for African Americans and
Whites, and 44.4% for Asian-Americans (43). Both recessive
and X-linked models fit poorly. However, a mutifactorial
model, which allows for multiple genes, each having low
penetrance, fit just as well as the autosomal dominant. Because
the multifactorial model requires fewer parameters than the
autosomal dominant model, the authors suggested that the
multifactorial model may be the best choice.
Finally, the study by Conlon et al. (44) used a completely

different strategy. They analyzed highly selected pedigrees that
were ascertained for a linkage study, and used a statistical method
that simultaneously estimates the number of susceptibility
loci, the allele frequencies, and their effects on age of diag-
nosis (dominant /recessive), as well as allowing for covariates.

Table 1. Studies of complex segregation analysis of prostate cancer

Author No. families Family typea Population Probandb Most likely
genetic modelc

Lifetime
penetrance (%)

Disease allele
frequency

Carter, 1992 (37) 691 Nuclear (F,B) USA RP AD 88 0.003
Grönberg, 1997 (41) 2857 Nuclear (F,S) Sweden Population registry AD 63 0.017
Schaid, 1998 (38) 4228 First-degree (F,B,S) USA RP AD 89 0.006
Verhage, 2001 (39) 1119 Nuclear (F,B) USA RP AD 97 0.004
Cui, 2001 (42) 1476 Pedigree (F,B,U) Australia Population registry AD 70 (AD) 0.017 (AD)

AR or X 100 (AR or X) 0.084 (AR)
Gong, 2002 (43) 1719 First-degree (F,B,S) USA, Canada Population registry AD (or MF) 75 (African

American, White)
0.024

44 (Asian American)
Conlon, 2003 (44) 263 Pedigree USA Multiplex for linkage 2-3 loci (2 AD) n.a. n.a.
Valeri, 2003 (40) 691 Nuclear (F,B) France Hospital AD 86% (F) 0.0003

99% (B)

aFamily type composed of: father (F), brothers (B), sons (S), uncles (U).
bProband ascertained according to: radical prostatectomy (RP), population registry, hospital series of cases, or multiplex pedigrees selected for linkage analyses.
cGenetic models: autosomal dominant (AD), autosomal recessive (AR), X-linked (X), multifactorial (MF).
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Importantly, they found that allowing for prostate cancer
diagnosis before or after 1988 (a surrogate for whether or not
the cancer was diagnosed by PSA screening) improved the fit
of their models. The best fitting model included two or three
susceptibility loci, which explained 92% of the variation of age
at diagnosis, and the two loci with largest effects were
autosomal dominant. The novelty of their approach is the
flexibility in the genetic model. However, this study requires
cautious interpretation, because it was impossible to correct for
how the pedigrees were ascertained, so allele frequency
estimates are inflated, as might be the genetic effects on age
of diagnosis. Furthermore, because their ascertainment of
pedigrees favored those that appeared to have autosomal
dominant transmission, it is not surprising that the best fitting
model included dominant effects. The importance of this study
is that it shows that many of the pedigrees selected for genetic
linkage studies of prostate cancer may not be explained by a
single locus.

Twin studies

Although excessive aggregation of prostate cancer within
families suggests that genes may play a role, family studies
cannot distinguish between genetic and non-genetic causes. In
contrast, twin studies can provide information on genetic
etiology. If the concordance rate of prostate cancer is greater for
monozygotic (MZ) than dizygotic (DZ) pairs of twins, then
genetic effects are likely to be involved, since MZ twins share
100% of their genes and DZ twins share 50% of their genes. A
critical assumption is that shared environmental factors are the
same for MZ and DZ twins, including health-related behaviors.
For example, it is assumed that screening for prostate cancer is
the same for MZ and DZ twin pairs, which is much more likely
than similar screening practices for men of different genera-
tions in family studies. A number of twin studies of prostate
cancer have been published, but some of them (45,46) are
incorporated into a recent large study of twins by Lichtenstein
et al. (47) based on Swedish, Danish and Finnish twin registries.
This study estimated that the probandwise concordant rate
(interpreted as the recurrence risk in a co-twin of an affected
man) was 21.1% for MZ twins and 6.4% for DZ twins, and
that 42% of the risk of prostate cancer can be explained by
heritable factors. However, the interpretation of this heritability
is problematic. For example, if the genetic relative risk for
prostate cancer is constant over different populations, but the
prevalence of disease changes, then the heritability will also
change. Careful discussion of these issues, along with alter-
native interpretations of the twin study by Lichtenstein et al.,
is provided by Risch (48). In this report, Risch emphasizes
that the familial risk ratio, which is the risk of disease for a
given type of relative divided by the population prevalence, is
a simple, yet meaningful measure of genetic risk. For MZ
twins this risk ratio is denoted lM, and for DZ twins, lD.
Furthermore, the ratio RMD¼ (lM7 1)/(lD7 1) can provide
genetic insights. This ratio is �2 for a disease caused by rare
dominant genes, allowing for different rare genes in different
families (locus heterogeneity). In contrast, for a recessive gene,
this ratio is �4 if the gene is rare, but approaches 2 for a
common allele. However, if the risk for disease is associated
with multiple interacting alleles (i.e. multiplicative effects),

then RMD can achieve values much greater than 2. When
applied to prostate cancer among twins in the Lichtenstein
study, Risch estimated that RMD¼ 3.86, and suggested that
prostate cancer may not be explained by independent rare
autosomal dominant genes, but maybe by recessive and/or
multiple interacting genes.
Another large study of World War II veteran twins from the

USA reported that the probandwise concordant rate was 27.1%
for MZ twins and 7.1% for DZ twins (49). The results from this
study are reanalyzed according to the methods of Risch, and
presented in Table 2, along with the results from Lichtenstein
et al. This table illustrates that these two twin studies are
remarkably consistent in terms of prevalence of prostate cancer,
the probandwise concordance rates, the relative risks to co-
twins, and the MZ :DZ ratio. In particular, this RMD ratio is
much larger than 2. These two studies represent 1903 affected
men from 34 487 twin pairs. The weighted average RMD across
both studies, using the total number of pairs from each study as
weights, is 4.46. This provides strong evidence that the genetics
of prostate cancer is much more complex than rare autosomal
dominant mutations.

Definition of hereditary PC

Hereditary prostate cancer has been defined by Carter et al.
(50) as families that meet at least one of the following three
criteria: (1) a cluster of three or more relatives affected with
prostate cancer in any nuclear family; (2) the occurrence of
prostate cancer in each of three successive generations in either
of the proband’s paternal or maternal lineages; or (3) a cluster
of two relatives, both affected with prostate cancer at 55 years
of age or younger. This definition is somewhat biased towards
autosomal dominant transmission, and would likely miss some
families with autosomal recessive or X-linked transmission.
Nonetheless, it has been an operational definition used in a
large number of studies, particularly those focused on linkage.
In an effort to discriminate between hereditary and non-
hereditary forms of prostate cancer, a number of investigators
have applied the Carter criteria to prostate cancer cases, in
order to explore the clinical features that might discriminate
between genetic and non-genetic forms of this disease. No
clinical or pathologic characteristics have been found to
differ between hereditary and non-hereditary forms of prostate
cancer (50,51), and the main difference is an earlier age of
diagnosis for hereditary prostate cancer, 6–7 years (51). Hence,
based solely on clinical information, it has been difficult
to discriminate between likely phenocopies versus genetic
cases within pedigrees, as well as to form homogeneous subsets
of pedigrees that are likely to be enriched for susceptibility
genes.

Familial co-aggregation of prostate and other cancers

A number of studies have suggested that prostate cancer and
female breast cancer tend to occur in some families at
frequencies greater than expected by chance alone. It has been
argued that there may be a common genetic basis for prostate
cancer and breast cancer, since they are the most common
cancers with approximately equal life-time risks, they are
both strongly influence by steroid hormones, gonadal removal

Human Molecular Genetics, 2004, Vol. 13, Review Issue 1 R107

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/13/suppl_1/R
103/617526 by guest on 21 August 2022



reduces the risk of cancer in both sexes, and antiestrogens
possibly prevent breast cancer and antiandrogens possibly
prevent prostate cancer [see Lopez-Otin and Diamandis (52),
for a review]. Although some epidemiologic evidence supports
this, not all data regarding the potential familial association
between breast and prostate cancers are consistent. A number
of studies selected female probands with breast cancer, and
found that male relatives were at an increased risk for prostate
cancer (26,53–56). Other studies, also with female breast
cancer probands, did not find an elevated risk of prostate cancer
among relatives (57,58). Differences in these findings may be
partly attributed to how female probands were selected, because
recent data suggests that the risks for prostate cancer may be
greatest when female probands are diagnosed with breast
cancer at an extremely early age, less than 36 years (59).
When selecting male prostate cancer probands, some studies

have found an elevated risk of breast cancer among female
relatives (14,17,60,61), while others have not found such an
elevated risk (21,62–64). Sellers et al. (65) found that a family
history of both prostate and breast cancer increased the risk for
postmenopausal breast cancer among relatives, compared with
a family history of only breast cancer. Cerhan et al. (29) found
that for probands with prostate cancer, the prostate cancer risk
to their relatives increased if a mother or sister had breast or
ovarian cancer. Two other studies failed to find association of
breast and prostate cancer (66,67).
The genes BRCA1 and BRCA2, which increase the risk for

breast cancer, have been studied for their risk on prostate
cancer. BRCA1 is on chromosome 17q21 and encodes a protein
that has been implicated in the regulation of cell cycle
progression and various transcriptional pathways. Population-
based studies of Ashkenazi Jews have evaluated the two
common BRCA1 founder mutations among this ethnic group,
185delAG and 5382insC. Based on two large epidemiologic
studies, the risk of prostate cancer among carriers of these
founder mutations appears to be double that of non-carriers,
with a cumulative risk of 30% by age 80 (68,69). However,
there are no clear prostate cancer histopathologic features
portrayed by these mutations (70), Furthermore, because the
frequency of these founder mutations is not large, �2%, it has
not been unusual for clinical studies to find that Ashkenazi men
with prostate cancer do not carry these BRCA1 mutations
(71–74). The gene BRCA2, residing on chromosome 13q12,

has provided somewhat consistent evidence that it leads to an
increased risk of prostate cancer, with relative risks estimated
as high as 5-fold (75) to 7-fold (76), and the evidence points to
a more important role for prostate cancer at a young age.
Similar to studies of BRCA1, clinical studies have found that
the mutations of BRCA2 are rare in men with prostate cancer
who have a strong family history of prostate cancer (77).
Overall, it appears that men who carry a mutation of either
BRCA1 or BRCA2 are at a significantly increased risk of
prostate cancer, but these mutations are rare and explain only a
very small fraction of hereditary prostate cancers.
As a whole, the studies of the familial aggregation of breast

and prostate cancers suggest that if there is an association
between these types of cancers in families, the association is
weak, and likely to be due to multiple genetic and environ-
mental factors. Studies of extremely high risk families, either
high risk for breast cancer or high risk for prostate cancer,
suggest that some families may have unusually large amounts
of aggregation of both cancer types, and that a single gene
(e.g. BRCA2) may explain some unusual families. But, for
the majority of hereditary prostate cancer families, it does
not appear that a single gene, nor perhaps a few genes, will
be found to explain the aggregation of breast and prostate
cancers.
Beyond breast cancer, some studies have suggested that

brain/CNS cancers co-aggregate in families with prostate
cancer. Studying probands with prostate cancer, Cannon et al.
(17) found an increased risk for brain/CNS cancers to their
relatives (relative risks of 2.7 for sisters and 1.3 for brothers).
Isaacs et al. (21) also found an elevated risk for CNS
cancer, but only among families with hereditary prostate
cancer: RR¼ 3.0 if hereditary prostate cancer, but RR¼ 0.8 if
only familial prostate cancer. The distinction between familial
and hereditary prostate cancer was based on the Carter criteria.
A study of offspring of Swedish men with prostate cancer
did not find significantly elevated risks of brain cancer among
their offspring (63). This study, however, was not enriched for
hereditary prostate cancer. Some genetic linkage studies have
suggested that there may be a susceptibility locus for both
brain and prostate cancers on chromosome 1, yet restricted to
families with a strong family history of prostate cancer (78).
As discussed below, the replication of this finding has not been
consistent.

Table 2. Summary of twin studies by Lichtenstein et al. (47) and Page et al. (49)

Twin study Twin type No. of concordant
affected pairs (C )

No. of
discordant pairs (D)

Total no.
pairsa (N )

Probandwise
concordance
rate, %

Prevalence of
prostate
cancer,b % (K)

Relative
riskc (l)

MZ :DZ
ratiod (RMD)

Lichtenstein MZ 40 299 723 21.1 2.34 8.05 3.85
DZ 20 584 13 769 6.4 2.27 2.83
Total 60 883 21 000 2.39

Page MZ 57 306 5933 27.1 3.54 7.67 5.42
DZ 17 446 7554 7.1 3.18 2.23
Total 74 752 13 487 3.34

aThe total number of MZ and DZ pairs for the study by Page et al. were kindly provided by personal communication from Dr William Page.
bK¼ (2C þ D)/(2N).
cl¼ 4CN/(2C þ D)2.
dRMD¼ (lM�1)/(lD�1).
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Because the co-occurrence of prostate cancer with other
cancers has not been consistent across different studies, some
investigators view the genetic susceptibility to prostate cancer
to be site-specific for only prostate cancer. Although this may
be the case for many prostate cancer families, there remains the
possibility that some families may be genetically prone to
combinations of multiple cancers, including prostate, breast
and brain cancers. Further progress on resolving this will likely
await identification of susceptibility genes for prostate cancer,
so that well-designed studies can be used to evaluate the likely
subtle effects of underlying genes on cancer phenotypes.

SEARCHING FOR GENES BY LINKAGE STUDIES

The search for prostate cancer susceptibility genes by linkage
studies offered early hope that finding genes would be as ‘easy’
as finding genes for breast cancer and colon cancer suscep-
tibilities. An advantage of linkage studies is that the entire
genome can be screened in an efficient manner, using genetic
markers (usually short tandem repeats) to search for regions
that show excessive sharing of inherited alleles among affected
men. Over the past 7 years there have been many published
reports of suggestive linkage of prostate cancer susceptibility
to different chromosomes. These findings have accumulated
during the conduct of ongoing linkage studies, often repre-
senting snapshots in time of an incomplete accumulation
of families, and incomplete genome scans. A chronological
summary of these reports is provided, along with efforts to
replicate initial ‘positive’ findings.
Interpretation of the literature on prostate cancer linkage is

hampered by loose-adherence to statistical criteria for claiming
a positive linkage finding, and for claiming when a linkage
finding has been replicated. Many reports summarize linkage
results by either multipoint heterogeneity lod scores (HLOD) or
multipoint model-free NPL scores, and some report only two-
point LOD scores. The multipoint accounts for all the genetic
markers simultaneously, providing more information than
separate two-point analyses. The lod score is the probability
of the observed data under linkage versus no linkage, on the
log-10 scale, and heterogeneity allows for only a fraction of
the pedigrees to be linked. The model-free methods do not
require an assumed mode of inheritance, penetrance, or allele
frequency for the putative susceptibility allele, which can be
an advantage for a complex disease such as prostate cancer.
However, the NPL scores and lod scores are on different scales.
To make them comparable for this review, NPL scores are
converted to lod scores by the equation NPL7 LOD¼NPL2/
[2 ln(10)]. Traditionally, an LOD score of 3 or greater has been
considered statistically significant evidence for an initial
positive linkage finding (corresponding to a traditional P-value
of 10�4). Recent emphasis has been placed on higher LOD
scores for complex traits, such as an LOD score of 3.3 for
pedigree linkage and an LOD score of 3.6 for affected sib-pair
allele sharing statistics (79), although debate surrounds the
actual cutoff (80,81). For replicating a linkage finding, a
P-value of 0.01 has been suggested (79), which corresponds
to an LOD score of �1.2. For this review, LOD scores are
presented, and initial linkage reports are qualified as significant

if LOD scores are at least 3, and replication attempts are
qualified as confirmatory if LOD scores are at least 1.2.
The review below summarizes linkage reports for chromo-

somal regions, and for some of these regions, subsequent
studies of candidate genes. Each subsection is denoted by the
accepted nomenclature of either the chromosomal region or the
candidate gene. It is important to recognize that the studies
differ in many ways, such as the ascertainment criteria (e.g.
affected sib-pairs versus pedigrees with many affected subjects;
hospital-based versus population-based registries), confirma-
tion of prostate cancer (e.g. death certificates, medical records,
or family history), methods of analysis (e.g. penetrance models
for age-dependent penetrance, model-based versus model-free
analyses), and definitions for subset analyses (e.g. age cutoffs
for young versus old age of diagnosis). Furthermore, different
publications from the same investigators often contain over-
lapping pedigrees, reflecting the ongoing recruitment of
pedigrees. So, some studies from the same investigators cannot
be considered as independent replication of earlier results.
Ultimately, a pooled analysis of data from genome-wide
linkage scans, with standardized definitions for clinical and
subset criteria, as well as standardized analytic methods, would
greatly facilitate understanding of the linkage results for
prostate cancer. More detailed summaries of linkage reports
can be found elsewhere (82).

HPC1 region and RNASEL gene

Significant linkage to chromosome 1q23–25 was first reported
in 1996 among 91 families from North America and Sweden,
with a maximum HLOD of 5.43 for chromosome 1q23–25, and
an estimated 34% of the pedigrees linked to this region (83).
This region is now denoted HPC1. Although the estimated
fraction of linked pedigrees appears impressive, this estimate is
likely to be biased (84), as emphasized in a follow-up study
of HPC1 (85). In a subsequent analysis of the same set of
families, the strongest evidence for linkage to HPC1 was found
among men with an early age of diagnosis (HLOD¼ 4.88 if
age< 66 years; HLOD¼ 0.28 if age� 66 years), and the
evidence increased if in addition there were at least five men
affected (86). Despite this strong initial evidence, the linkage
for HPC1 has been difficult to replicate with confidence. Two
reports found somewhat weak supporting evidence for linkage.
One study found an NPL7 LOD of 0.54 among 59 families,
and slightly stronger evidence among 20 families with
hereditary prostate cancer (NPL7 LOD¼ 0.64) (87). A second
study found an NPL7 LOD of 0.19 among 92 families (88). A
study of 41 extended pedigrees from Utah, having a total of
440 prostate cancers, found stronger confirmation with an LOD
score of 2.43 (89). Another study found much stronger
confirmation if Gleason grade was used as a covariate to
adjust for differences in grade, with an adjusted LOD score of
3.25 among 254 families (90); no linkage evidence was found
if grade was not considered (91). Men with a higher grade
provided stronger evidence of linkage for HPC1, which is
consistent with two other reports that found either higher grade
or stage among the families most likely linked to HPC1
(92,93).
Other studies failed to confirm linkage to HPC1, with LOD

scores ranging from 0.0 to 0.02. As a whole, the numbers of
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families per study were substantial: 47 families (94), 91
families (95), 150 families (96), and 144 families (97).
Although the latter study by Berry et al. (97) did not find
evidence for linkage in the pool of all families, they found
some suggestive evidence in a subset of 102 families that
showed male-to-male disease transmission—consistent with
autosomal dominance—with an NPL7 LOD score of 0.86. Xu
et al. (85) expanded collection of families beyond the original
set of families reported by Smith et al. (83), and the evidence of
linkage was maintained; HLOD¼ 2.54, but the 80 new families
contributed only an HLOD of 0.44. Because of the many
conflicting reports on linkage with HPC1, the International
Collaboration on Prostate Cancer Genetics pooled 772 families
from nine international groups (all represented by the prior
reports on HPC1 linkage), and found confirmatory linkage
evidence with an HLOD of 1.4 (98). The evidence was greater
among 491 pedigrees with male-to-male disease transmission,
with an HLOD¼ 2.6. In total, there is convincing evidence that
HPC1 is likely to harbor a susceptibility gene for prostate
cancer among families with a very early age of onset and a
strong family history of this disease. Although the fraction of
such families that segregate this gene is unknown, it is likely to
be a small fraction.
Because early studies showed linkage of HPC1 to chromo-

some 1q24–25, Carpten et al. (99) used recombination mapping
and candidate gene studies to map several genes to this region,
including the gene RNASEL. RNase L mediates antiviral and
proapoptotic activities of the interferon-inducible 2–5A system,
and so is likely to host responses to infections, which may
play a role in susceptibility to prostate cancer (100). To identify
this gene, index cases from a set of 26 families at high risk for
prostate cancer were screened; this set included eight pedigrees
linked to HPC1 and having at least four affected men sharing
an HPC1 haplotype. A nonsense mutation, Glu265X, was
detected in an index case of European ancestry, and found to be
present in all three of his affected brothers (the affected father
did not have DNA available). An initiation codon mutation,
Met1Ile, was detected in an African American index case, and
four out of six affected men in this family carried it. Functional
studies suggested that both mutations prevent synthesis of
functional RNase L. In a follow-up study by Rokman et al.
(101) of 116 index cases with hereditary prostate cancer, a
truncating mutation, E262X, was found in five (4.3%) cases;
four of these five index cases came from families with at least
three men with prostate cancer, suggesting that E262X may be
most critical for families with a large number of affected men.
This was supported by another component of Rokman’s study
that used a series of 492 Finnish men unselected for prostate
cancer, and hence few with a strong family history of prostate
cancer, along with 566 healthy male blood donors; no
significant difference for carriers of E262X was detected, with
an OR of 1.15. Another study among 95 men with prostate
cancer from 75 families found the E262X mutation in one
family, with two of three affected brothers heterozygous
carriers (102). A total of six missense and nonsense mutations
in RNASEL were detected in this study, of which five were
previously found by Carpten et al. (99).
In a separate study of Ashkenazi Jews, a novel frameshift

mutation (471delAAAG) in RNASEL was detected, which leads
to premature truncation of the protein, and was estimated to be

as frequent as 4% in this population (103). Using families from
the USA, Casey et al. (104) evaluated a common missense
variant of RNASEL, Arg462Gln. From 423 cases and 454
sibling controls, it was estimated that heterozygous carriers had
an OR of 1.46, and homozygous carriers had an OR of 2.12,
giving a population attributable fraction for this variant of 13%.
However, another study found an opposite trend, with ORs of
0.83 for heterozygotes and 0.54 for homozygotes (105).
Furthermore, a study from Japan based on 101 familial
prostate cancers and 105 controls did not find the Arg462Gln
variant among cases, but found 7.6% of the controls to carry it
(106). Nonetheless, this study did find an increased prostate
cancer risk for a different RNASEL variant, Asp541Glu, with an
OR of 3.07. In summary, a number of studies provide strong
support, both functional and epidemiological, that RNASEL
plays a role in hereditary prostate cancer, yet other studies have
suggested that its role may be small. Further work will be
required to sort out the roles of the various variants of the
RNASEL gene.

PCAP region

Linkage to chromosome 1q42.2–43 was detected in 47 French
and German families in 1998, with an HLOD of 2.2 (50%
families estimated as linked), and with stronger evidence
among men diagnosed at age <60 years (HLOD¼ 3.3) (94).
The replication of this finding has been difficult. Minimal
suggestive evidence was reported among 159 pedigrees, with
an HLOD of 0.24 (85). A follow-up study that used 64 families,
37 of which were in the initial report by Berthon et al. (94),
found an HLOD of 2.65 (107). When subset to the 27 new
families, the maximum two-point LOD score was 0.86,
suggesting that most of the evidence for linkage came from
the original families. Most other reports found no evidence for
linkage: (1) using 230 families alone (91) or combined with 49
new families from Washington University (108); (2) using 94
families in a genome scan (109) or expanded to 152 families to
examine linkage with PCAP (110); (3) using 144 families (97);
(4) using 97 families (111). In spite of this, a reanalysis of 254
families from Washington University found some evidence
for linkage to the region of PCAP with a LOD score of 2.84,
after adjusting for both male-to-male transmission and Gleason
grade (without adjustment, the LOD score was 0.32). A likely
candidate gene in this region is the Prostate Carcinoma
Tumor Antigen-1 (PCTA-1). However, based on a screen for
deleterious mutations among 77 familial cases from German
and French pedigrees, none of the identified sequence variants
of PCTA-1 were likely to be functional, and further evaluations
suggested that it is not likely to play a major role in hereditary
prostate cancer (112).

HPCX region

Significant linkage to chromosome Xq27–28 was detected in
360 families from four groups representing North America,
Finland, and Sweden (113). The maximum HLOD was 3.85,
with an estimated 16% of the families linked. Because X-linked
inheritance implies transmission of a susceptibility allele from
mothers to sons, but not from fathers to sons, families were
stratified according to male-to-male (M–M) inheritance of
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prostate cancer. Consistent with this logic, the 129 families
without M–M inheritance provided stronger linkage evidence
(HLOD¼ 2.46) than the 190 families with M–M inheritance
(HLOD¼ 1.47). See Schleutker et al. (114) for further analysis
of the Finnish families. A number of studies have provided
some supporting evidence of linkage to HPCX, to varying
degrees of confidence. Among 153 families, Lange et al. (115)
found a two-point NPL7 LOD of 0.24, although, contrary to
expectation, the evidence was stronger among the 43 families
with M–M transmission (two-point NPL7 LOD¼ 0.78) than
among the 110 families without M–M transmission (two-point
NPL–LOD¼ 0.17). After sub-setting the families without M–
M transmission to early age of diagnosis, the NPL7 LOD
increased to 0.50. In a genome-wide scan of 98 families, Hsieh
et al. (116) found confirmatory linkage with an NPL7 LOD of
1.43. Among 104 German families, Bochum et al. (117) found
an HLOD of 0.72, although, contrary to expectation, the
linkage evidence was greater among the 41 families with M–M
transmission (HLOD¼ 0.93) than among the 63 families
without M–M transmission (HLOD¼ 0.08). If there is a
susceptibility locus on the X-chromosome, there must be a
large amount of error when attempting to use family history to
classify pedigrees as likely segregating an X-linked mutation.
Among 186 families, Peters et al. (118) found a maximum two-
point LOD score of 0.63, and this increased to 1.14 among the
subset of 23 families without M–M transmission. Among 254
families, Goddard et al. (90) found an LOD score of 3.06, after
adjusting for Gleason grade (without adjustment, the LOD
score was 0.26). Although the androgen receptor gene may play
a role in prostate cancer, it is not likely to be the HPCX
susceptibility gene, because these two loci are separated by
more than 50 cm. To date, no prostate cancer susceptibility
genes have been identified in the HPCX region.

CAPB region

Because epidemiologic studies have suggested a familial
association between prostate and brain cancers, and loss of
heterozygosity has been frequently observed in tumors of the
brain and CNS, Gibbs et al. (78) screened for linkage in a
subset of 12 families with a history of both prostate and
primary brain cancers. A maximum two-point LOD score of
3.22 on chromosome 1p36 was found, which increased to 3.65
in the subset of six families with an average age of prostate
cancer diagnosis <66 years. This finding has not been
convincingly replicated. In a follow-up study by the same
group of investigators, the strongest evidence for linkage
among 21 families with primary brain cancer was on
chromosome 6 (HLOD¼ 2.34), but still with some evidence
for linkage to chromosome 1 (HLOD¼ 1.75) (119). Among
nine families from the UK with both prostate and brain cancers,
an HLOD of 0.07 was found, which increased to 0.48 among
five families with an average age of prostate cancer diagnosis
<66 years (120). Xu et al. (85) found stronger confirmatory
evidence among 12 families with a history of prostate cancer
and primary brain cancer, with a two-point LOD score of 3.22.
Two other studies found no evidence for linkage, with all LOD
scores negative in a set of six families (107), and in another set
of 13 families (97). In summary, the most consistent linkage for
CAPB has been within families with a strong family history of

prostate cancer and a young age of prostate cancer diagnosis.
These observations highlight the importance of collecting and
confirming information on other cancers among family
members. A major hurdle to confirm the linkage of CAPB is
the few families that have both prostate and brain cancers.

HPC20 region

In 2000, Berry et al. (121) reported suggestive linkage for
chromosome 20q13. Among 162 families, using an assumed
dominant model, an HLOD of 1.08 was found, and using an
assumed recessive model, an HLOD of 2.94 was found. The
linkage evidence was strongest among families with an average
age of diagnosis �65 years, less than five men affected, and no
M–M disease transmission. Interestingly, these results are
consistent with segregation results from Cui et al. (42), which
suggested that for older-onset disease, a recessive model is
more likely. Among 159 families, Zheng et al. (122) found
somewhat consistent results, with a maximum HLOD of 0.08
for a dominant model and an HLOD of 0.42 for a recessive
model, with the strongest evidence in the same types of
families as those found by Berry et al. (121). In another study
of 172 families, Bock et al. (123) found an HLOD of 0.08, with
stronger evidence provided by a subset of 16 African American
families (HLOD¼ 0.86). In another study of 66 families,
HLODs of 0.03–0.11 were found, depending on the assumed
penetrance (124). Interestingly, the four genes CSEIL, ZNF217,
MYBL2, and STK15 within 20q13 have been shown to be over-
expressed in prostate cancer, and two of these (MYBL2 and
STK15) are overexpressed in prostate metastases (125).
However, linkage to HPC20 has yet to be confirmed, and no
susceptibility genes in this region have been identified.

8p22–23 region and MSR1 gene

In 2001, Xu et al. (126) reported suggestive linkage to
chromosome 8p22–23 among 159 families, with an HLOD
of 1.84. This was an exciting finding, because this region is
frequently found to have loss of heterozygosity in prostate
cancer tumors. Linkage to 8p22–23 was supported in an
independent study of 57 families from Sweden (HLOD¼ 1.08)
(127). Results from subset analyses, however, were opposite
from those of Xu et al.: Xu et al. (126) found strongest
evidence for linkage in families with an average age of
diagnosis �65 years and a larger number of men affected, yet
Wiklund et al. (127) found stronger evidence in families with
younger age of diagnosis and fewer number of affected men.
In a mutation screening study of hereditary prostate cancer
families, six rare missense mutations and one nonsense
mutation were detected in the macrophage scavenger receptor
1 gene (MSR1), and these were found to co-segregate with
prostate cancer (128). The MSR1 gene encodes proteins that
function with host responses to infections, which may play a
role in susceptibility to prostate cancer (100). In a follow-up
study of 301 non-hereditary prostate cancer cases and 250
controls, five common variants within MSR1 were found, with
statistically significant differences in allele frequencies (129).
One of the largest differences was for a SNP in the promoter
region, with allele frequencies of 7.6% among controls and
12.3% among cases. In contrast, Wang et al. (130) could not
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detect an association of MSR1 variants with prostate cancer,
using 438 familial cases, 499 sporadic cases, and 493 controls.
A nonsense mutation (R293X) was detected, but its allele
frequency was highest among controls (3.25%) compared with
the familial (1.64%) and sporadic (2.82%) groups. Another
study of similar size from Finland also found no significant
associations (131). Understanding the role of MSR1 will
require more thorough evaluations and replication.

HPC2 region and ELAC2 gene

In 2001, Tavtigian et al. (132) reported significant linkage to
chromosome 17p based on 33 pedigrees with a multipoint LOD
score of 4.3. Positional cloning and mutation screening lead to
detection of a gene, ELAC2, that harbored mutations that
segregated with prostate cancer in two pedigrees. Two common
missense variants, Ser217Leu and Ala541Thr, were also found
to be associated with prostate cancer. At about the same time,
Rebbeck et al. (133) found that men who carried both Leu217
and Thr541 variants were at an increased risk of prostate
cancer, with an OR of 2.37. In contrast, in a linkage study of
six markers around the HPC2 locus, Xu et al. (134) found no
evidence for linkage using 159 families, even after exploring
subsets of pedigrees according to age of prostate cancer
diagnosis, number of affected men, or race. Rokman et al.
(135) screened for mutations of the ELAC2 gene in 66 prostate
cancer families from Finland, but no truncating mutations were
found. From this same study, no associations of Leu217 or
Thr541 were found using 107 hereditary and 467 unselected
prostate cancer cases, and 568 controls. Shortly after these
initial reports, a number of contradictory association studies
were published, with varying criteria for selection of cases and
controls. A meta-analysis by Camp and Tavtigian (136) of six
studies (132–134,137–139) published until July 2002 estimated
a summary OR of 2.4 when comparing familial cases versus
controls, and a reduced OR of 1.3 when comparing all cases
(familial and sporadic) to controls. A subsequent large
Australian population-based study of 825 cases and 732
controls found no association of Leu217 or Thr541 with
prostate cancer (140). Their meta-analysis, which added their
data to the study of Rokman (135) and the six studies from
Camp’s meta-analysis, estimated summary ORs of 1.04 for
Leu217 homozygotes and 1.18 for carriers of Thr541. These
risks did not differ significantly from 1, so it was concluded
that there is no evidence of associations of ELAC2 polymorph-
isms with prostate cancer. However, this study was dominated
by sporadic prostate cancers, so it is still possible that ELAC2
may play a role, albeit a relatively small role, in hereditary
prostate cancer. In another large population-based study of 591
cases and 538 controls from the USA, published after the meta-
analyses, a statistically elevated OR of 1.84 was found for
Leu217 homozygotes, but no association was found for the
Thr541 variant (141). Other studies published after the meta-
analyses have been inconsistent. A study of 199 cases and 525
controls from Canada found that carriers of Leu217 were at an
elevated risk, with OR¼ 1.6 (but not when considering only
homozygotes for Leu217), and that carriers of Thr541 had an
increased risk for late-onset prostate cancer (142). In a study of
432 cases and 469 controls from the UK, no association was
found for Thr541, but the Leu217 variant was not evaluated

(143). Among 119 cases and 223 controls, all Afro-Caribbean
from Tobago, no significant associations were found for either
variant (144). Three recent studies from Japan gave incon-
sistent results. Among 350 cases and 356 controls, both Leu217
and Thr541 variants were statistically more frequent among
cases than controls (145). The second study of 98 sporadic
cases and 255 controls found an association with the Leu217
variant (OR¼ 3.11); no subjects had the Thr541 variant (146).
The third study used 81 cases with a family history of prostate
cancer and 106 controls, and found no association of either
variant with prostate cancer (147). A limitation of these studies
from Japan is that the Leu217 and Thr541 variants are less
frequent among Japanese than among Caucasians, which
implies weaker power to detect associations. Overall, it appears
that if HPC2/ELAC2 plays a role in prostate cancer, it is a weak
role for most forms of prostate cancer.

Genome-wide linkage scans

Recently, a number of studies have completed their planned
genome-wide linkage scans, and these are summarized in
Table 3. Two earlier published linkage scans are not presented
in Table 3 (83,109), because they are now superseded by
subsequent studies presented in this table. Two different types
of analyses are presented for the study by Suarez et al. (91)—
those presented in the initial report, and those from a
subsequent analysis by Goddard et al. (90) based on the same
set of families, but using a different statistical method that
allowed adjustment for covariates. Eight of the studies in Table
3 were published in the same journal (Prostate), along with a
summary (148). The evidence for linkage to each chromosome
is summarized as a score of 1, 2 or 3, corresponding to a
maximum LOD score on the chromosome within the ranges of
1–2, 2–3, or >3. To evaluate whether there is consistent
evidence for linkage, a minimal LOD score of 1 was used. The
last column of Table 3 gives a count of the number of studies
with an LOD score of at least 1. Three chromosomes, 4, 6 and
7, had LOD scores of at least 1 across five independent studies.
The analyses by Goddard et al. (90) provide many more large
LOD scores than any other study, and so further use of their
analytic methods across different studies is warranted to
determine if their results can be reproduced. If we ignore the
analyses of Goddard et al., two chromosomes, 11 and 16,
have LOD scores of at least 2 for two independent studies.
Interestingly, chromosome 16 was initially detected, and
replicated, among two independent studies that sampled
affected sib-pairs, which differs from the other studies that
tended to require a family history of at least three men with
prostate cancer. Table 3 illustrates the extreme difficulty in
finding consistent linkage results across different studies. A
limitation of this presentation is that it summarizes linkage
findings in the total of each set of families. Given the large
amount of heterogeneity of prostate cancer, subset analyses
are warranted, such as by age of diagnosis, amount of family
history, severity of disease, etc. However, such an analysis
would require a pooled analysis with consistent definitions
across studies, and more stringent cutoffs for claiming positive
linkage results, to avoid the increased chance of false-positive
findings from analyzing multiple subsets.
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Table 3. Summary of genome-wide screens for prostate cancer susceptibility loci. For each chromosome, 1, 2 and 3 are ranges for LOD scores of 1–2, 2–3, and >3. LOD scores are either HLODs or
NPL7LODs

Author Suarez,
2000 (91)

Goddard,
2001 (90)

Witte,
2003 (153)

Hsieh,
2001 (116)

Cunningham,
2003 (182)

Edwards,
2003 (183)

Janer,
2003 (119)

Lange,
2003 (184)

Schleutker,
2003 (185)

Wiklund,
2003 (186)

Xu,
2003 (187)

No. studies
with LOD> 1

No. families 230 124 98 160 64 254 175 13 50 188
Population USA USA Canada

USA
USA Australia

Canada
Texas
Norway
UK

USA USA Finland Sweden USA

Chromosome
1 3 1 2
2 1 3 1 2 3
3 3 1 2 1 4
4 2 1 1 1 2 5
5 2 1 1 1 4
6 1 1 1 2 1 5
7 1 2 1 1 1 5
8 2 1 1 3
9 1 2 2
10 1 1
11 2 1 1 3 4
12 1 2 1 2
13 0
14 2 1
15 1 2 1 2
16 2 2 2 2
17 2 1
18 1 1 2
19 1 2 2
20 1 3 1 3
21 3 1
22 0
X 3 1 1 3
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Linkage with prostate cancer aggressiveness

In contrast to the above linkage analyses that focused on
susceptibility to prostate cancer, Witte et al. (149) screened for
linkage with Gleason’s grade of prostate cancer. Gleason’s
grade is a measure of prostate tumor differentiation, ranging from
2 to 10, and is considered to measure aggressiveness of the
disease. Analyzing Gleason grade as a quantitative trait differs
from treating it as a stratification factor to assess linkage
heterogeneity. For linkage with a quantitative trait, it is exp-
ected that men who share similar Gleason grade (e.g. a pair
of brothers with both low scores, or both high scores) also
share inherited regions of the genome, as indirectly measured
via the genetic markers. For linkage heterogeneity, it is
assumed that some subsets are not linked (e.g. low Gleason
grade) and that some subsets are linked (e.g. high Gleason
grade). Using Gleason grade as a quantitative trait, Witte et al.
analyzed 513 affected men from 233 families and found
evidence for linkage on several chromosomes. Although they
report their findings by P-values, these are converted to LOD
scores for this review (LOD¼ w21,1�2plog10(e)/2, where w21,1�2p

is the quantile of a chi-square distribution with one degree of
freedom, at the percentile 17 2p, p is the P-value, and e is the
base of the natural logarithm). They found LOD scores of 2.7
for chromosome 5q31–33, 2.4 for chromosome 19q12, and 2.2
for chromosome 7q32 (149). Further fine-mapping and loss of
heterozygosity in prostate tumors helped to refine regions on
chromosomes 7 and 19 (150,151). An independent study of
364 men from 161 families confirmed linkage of Gleason’s
grade with chromosome 19q (LOD¼ 3.9), provided supportive
linkage evidence for chromosome 5 (LOD¼ 1.4), but found no
linkage for chromosome 7 (152). In addition, chromosomes 4
and 15 were found to have suggestive linkage (LOD scores of
2.9 and 1.9, respectively). In a second independent replicate
sample of 259 men from 114 families, Witte et al. (153) found
supportive linkage for chromosomes 7q32 (LOD¼ 2.1), 5p15
(LOD¼ 1.6), and 9q34 (LOD¼ 1.2). Another study from
Germany confirmed linkage of chromosome 7 with aggres-
siveness of prostate cancer, but used the American Joint
Committee on Cancer grade I–IV, because Gleason grade was
not frequently used (154). Instead of analyzing aggressiveness
as a quantitative trait, they essentially subset their families to
those with at least two men with grade III disease. Among 10
families with high-grade disease, the LOD score was 1.4 for
7q31–33. All of these studies suggest that prostate cancer
aggressiveness may be modified by several genes. It is
somewhat surprising that there is sufficient power to detect
linkage with Gleason grade, because although it can range from
2 to 10, the majority of men have scores of 5–7 [75% in the
study by Witte et al. (149), and 78% in the study by Slager et al.
(152)]. Furthermore, the increase of disease aggressiveness is
smaller when changing from a score of 5–6, than from a score
of 6–7. Despite this narrow range in actual scores, linkage with
Gleason grade has been strongly supported for some chromo-
somes. Future work may benefit by using additional clinical
information in order to better discriminate, on a broader
quantitative scale, the entire spectrum of disease aggression. It
is important to recognize that some of the chromosomes found
linked to Gleason grade have only weak evidence for linkage
to prostate cancer susceptibility (e.g. chromosomes 5 and 19),

which suggests that genes that influence susceptibility to
prostate cancer may differ from those that influence the
aggressiveness of disease after it has occurred. Refined use
of clinical information and statistical methods may help to
distinguish between genes that influence the entire spectrum
of disease aggressiveness, versus genes that influence disease
susceptibility in only a subset of the most aggressive
cancers (155).

COMMON GENETIC POLYMORPHISMS

In contrast to the above family-based approaches to identify the
rare moderate-to-high penetrant susceptibility genes, a large
number of studies have focused on more common genetic
polymorphisms that are likely to have small relative risks, yet
large population attributable risks due to their higher
frequencies in populations. Given the difficulty in reproducing
linkage studies for the presumably high penetrant genes, it may
be worthwhile to consider whether common genetic poly-
morphisms might play a role in the modulation of genes related
to hereditary prostate cancer. This is purely speculative at this
point, but all evidence seems to point towards the effects of
multiple genes involved in the risk for prostate cancer.
The most likely candidate genes are those involved in the

metabolism of testosterone and other androgens, because
the growth of prostatic cells depends on testosterone. Genes
that encode products that likely play a critical role inducing
androgen stimulation of the prostate are: (1) the androgen
receptor (AR) gene, located on chromosome Xq11–12, which
encodes the androgen receptor that is involved in androgen
binding and transport; (2) the steroid 5-a-reductase type II
(SRD5A2) gene, located on chromosome 2p23, whose enzyme
product converts testosterone to the more potent androgen
dihydrotestoserone; (3) the cytochrome p450c17a (CYP17)
gene, located on chromosome 10q24.3, whose enzyme product
regulates steps in testosterone biosynthesis; and (4) two genes
of the HSD3B gene family, located on chromosome 1p13.13,
which encode 3beta-hydroxysteroid dehydrogenases that are
involved in metabolism of dihydrotestoserone in the prostate,
as well as catalysis of testoserone biosynthesis. These genes
have been extensively studied and reviewed elsewhere
(156,157). Like many other candidate gene studies of prostate
cancer, associations of these four genes with prostate cancer
have been difficult to replicate in a consistent manner. For
example, a recent meta-analysis of the SRD5A2 gene concluded
that the V89L allele was not associated with prostate cancer,
and that the A49T and TA repeat alleles may have a modest
effect, but bias and chance findings could not be excluded
(158). Another meta-analysis of the CYP17 gene suggested that
it is not likely to increase the risk of prostate cancer for men
of European descent, although it may increase risk for men
of African descent (159). For the AR gene, a large number of
studies have evaluated the risk associated with the number
of microsatellite repeats of CAG and CGN in exon 1 of the AR
gene. Longer AR variants have decreased transcriptional
activity and decreased binding affinity for androgens, and so
may offer protection from prostate cancer, whereas shorter
variants may increase prostate cancer risk. This in fact has been
observed in some studies, but not all. See Coughlin and Hall
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(157) for a thorough review. For the HSD3B genes, a weak
association of prostate cancer with the HSD3B1 gene was
found, and stronger association was found when the joint effect
of the two genes HSD3B1 and HSD3B2 was considered,
especially for hereditary prostate cancer (160). Because fewer
studies have focused on the HSD3B genes, more work is
required to understand their potential roles in prostate cancer.
Besides genes involved with androgen metabolism, a number

of studies have evaluated genes involved in the metabolism of
environmental carcinogens (such as CYP2D6, CYP2C19,
GSTM1, GSTP1, GSTT1, NAT1 and NAT2), the vitamin D
receptor (VDR), and the gene that encodes PSA—KLK2. For a
review of these genes, see Coughlin and Hall (157) and
Rebbeck (161). Many of the studied genes have strong
biological support, yet consistent and replicable prostate cancer
risks associated with these candidate genes have not been
achieved.

DIETARY AND ENVIRONMENTAL

RISK FACTORS

A large number of studies have evaluated the risk of dietary and
environmental exposures on the risk of prostate cancer, yet with
mixed findings. These are briefly reviewed to illustrate that
non-genetic risk factors have been as difficult to replicate as
genetic risk factors. Given that dietary and behavioral risks are
likely to cluster within families, discriminating genetic from
non-genetic risks will be particularly challenging, yet likely
critical since the magnitude of risk is about the same for both
genetic and non-genetic risk factors.
A substantial number of studies have reported positive

associations of total or saturated animal fat with prostate
cancer, yet other reports have failed to replicate these findings.
The consumption of red meat has demonstrated more consistent
positive associations with prostate cancer than studies on fat,
with risk ratios tending to be at least 1.3. Although the
components of red meat that promote the development of
prostate cancer are not known, several hypotheses have been
posed: (1) red meat is a major source of zinc, which is essential
for testosterone synthesis, and high levels of testosterone
increase the risk of prostate cancer (although conflicting studies
have suggested that zinc may protect against prostate cancer)
(162); (2) cooking meats at high temperatures, or on charcoal
grills, causes the formation of carcinogens in the form of
heterocyclic aromatic amines and polycyclic aromatic hydro-
carbons; (3) diets high in meat may be deficient in antic-
arcinogenic constituents found primarily in plant foods. For a
review on the risk of fat and meat consumption, see Kolonel
(163). The role of fruit and vegetables has not been consistent,
although there is a trend for studies suggesting that vegetables
(including tomatoes, legumes, and beans) tend to decrease the
risk of prostate cancer; for a review, see Chan and Giovannucci
(164). High intake of tomatoes, which contain the antioxidant
carotenoid lycopene, has been associated with reduced risk of
prostate cancer (165). Vitamin E and selenium, which are also
antioxidants, may also reduce the risk of prostate cancer
(162,166–168). Vitamin D has been suggested to reduce the risk
of prostate cancer, and 1,25 dihydoxyvitamin D3 (1,25 D) a
vitamin D metabolite, consistently inhibits prostate cancer cell

growth and development. Epidemiologic studies have suggested
that dairy calcium may increase the risk of prostate cancer,
which may occur because calcium intake can suppress
circulating 1,25 D levels. However, the large body of literature
on vitamin D has been mixed with positive and negative
findings (169).
The association of prostate cancer with behavioral risk

factors have been evaluated in a large number of case–control
studies. The results for risk factors such as physical activity,z
sexual activity, and use of tobacco and alcohol have generally
indicated that these factors can be ruled out, at least by the
crude methods of measuring these behaviors (reviewed in
170,171). A large number of studies has evaluated the risk of
various occupations for prostate cancer. Although no occupa-
tion, or particular occupational exposure, has provided
persuasive evidence, three meta analyses reported a slightly
increased and statistically significant risk conferred by farming,
with summary relative risks on the order of 1.1. Although
pesticides and herbicides are likely candidates, studies of them
have not provided consistent results (172), and most studies
have not measured exposure at the individual-level. Other
confounding risk factors, such as diet and physical activity,
complicate the evaluation of farming risk.

CONCLUSIONS AND FUTURE DIRECTIONS

A large body of evidence supports the view that genetics plays
a critical role in prostate cancer susceptibility, yet there are
likely to be multiple genes with small to moderate risks. Some
families may be segregating a gene with high penetrance, but
these families are quite rare. To increase the ability to detect
linkage for common complex diseases, a successful strategy
has been to study subsets of families that have Mendelian
transmission of the disease. This strategy was successful for
finding the BRCA1 and BRCA2 susceptibility loci for breast
cancer, mainly because the families that carried these genes had
a much earlier age of onset, some 20 years younger than
average. For prostate cancer, use of age of diagnosis to create
Mendelian subsets has been challenging, because the mean age
of diagnosis for families that look hereditary is only about 6–7
years younger than the non-hereditary forms of disease. To
date, there have been no clear clinical features that discriminate
hereditary versus non-hereditary forms of prostate cancer.
Perhaps reconsidering the definition of ‘hereditary’ prostate
cancer would help, given the recent studies that suggest that
X-linked or autosomal recessive components may have a role.
Also, more careful use of clinical information on disease
aggressiveness may help, given the reproducible linkage
findings for Gleason grade. Furthermore, careful consideration
of how prostate cancer diagnosis was determined may help, in
order to separate men with clinical symptoms versus those
identified solely by an elevated PSA. Critical insights may be
gained from the study of the genetics of prostate cancer in
more homogeneous groups, such as African American men (173).
The linkage findings for prostate cancer have given high

hopes, and confusion. Fine-mapping promising regions have
lead to important clues, such as the ELAC2, RNASEL and
MSR1 genes. Conflicting reports of the effects of these genes,
and failure to replicate other linkage regions, clouds the
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understanding of the genetics of prostate cancer. A particular
challenge for linkage studies of prostate cancer is the late age
of diagnosis, so DNA is primarily collected for men of a single
generation, mainly siblings and cousins. It is possible to infer the
missing genotypes of earlier generations, in fact for any deceased
man who had prostate cancer, by collecting DNA on any
available spouse and offspring. Although this strategy increases
the linkage information, it increases the cost and time of a study,
and not all studies have gone to this effort. Another complication
is verifying prostate cancer diagnoses for deceased relatives.
Death certificates are sometimes used, but their availability varies
across the different states in the USA. Medical records are
sometimes used, but their availability also differs, particularly for
men diagnosed decades earlier. Other complications are the high
rate of phenocopies, and changing diagnostic criteria, mainly
through increasing use of PSA-screening.
The inability to replicate linkage findings, as well as associ-

ation studies, has been a trademark of most common com-
plex diseases, and discussed broadly in the literature. Some
reasons why linkage studies are difficult to replicate are:
(1) differences in how families are ascertained [e.g. affected
sib pairs, versus large pedigrees with many affected (174)];
unselected prostate cancers versus selection favoring young
age of diagnosis, or favoring clinically symptomatic disease;
(2) differences in linkage information content (e.g. number
of families, size of families, number of genotyped family
members and their relationships); (3) differences in laboratory
quality of genotypes—undetected genotype errors can drama-
tically influence linkage results (175); (4) differences in
statistical analytic methods (e.g. model-based can be influenced
by different penetrances and mode of transmission, and model-
free can be influenced by different marker allele frequencies);
(5) population differences in susceptibility loci; (6) locus
heterogeneity (i.e. different linked loci in different families);
and (7) statistical fluctuations. This latter statistical issue can
arise simply because the initial report is a false-positive finding.
The chance of a false-positive result increases with the number
of statistical tests performed on different subsets, or on
different definitions of ‘affected’. However, even if the initial
report is a true-positive, it too can be difficult to replicate due to
statistical fluctuations. Typically, the first extreme LOD score
value leads to claims of a positive finding, but subsequent
attempts to replicate linkage to a given region tend to regress
toward smaller LOD scores. In some sense, this is like tracking
your blood pressure. Sometimes it is high, which raises
concerns, but when tracked over time, the extreme high and
low values tend to regress toward the mean value. This
statistical fluctuation for linkage studies is magnified when
there are multiple susceptibility loci. For example, if a disease
is caused by K independent susceptibility loci of approximately
equal effects, then the first linkage study will report a positive
linkage finding if any of these K loci provide a large lod score.
By statistical chance, the linkage signal for one of the loci
may be much larger than all other loci in a given study. An
independent replication study, however, would focus only on
the one ‘positive’ region, and in an independent set of families,
the linkage signal is not likely to be as extreme as in the first
report. To overcome this statistical regression to the mean,
Suarez et al. (176) have shown, by simulation experiments, that
the sample size required to replicate an initial positive linkage

finding should be much larger than the sample size of the initial
study. For K loci of equal effects, they showed that the sample
size for the replicate study should be (K7 1) times larger than
the initial study (176). Although this level of rigor has not
yet been achieved for most of the published linkage reports,
future efforts by the International Collaboration of Prostate
Cancer Genetics may move replication efforts forward by
pooled analyses of a large number of pedigrees collected
throughout the world, as has been done for the pooled analysis
of HPC1 (98).
A limitation of linkage studies is their weak power to find

susceptibility genes of small to moderate effects. An alternative
is genome-wide association studies, which tend to have greater
power to detect genes of small risk (177). Careful choice of
single nucleotide polymorphisms (SNPs) within candidate
genes (178) may provide the most powerful method to find
relatively common genes of small risk. However, association
studies have a limitation that linkage studies do not have. When
studying a candidate gene by association, it is difficult to
decide when to conclude that the gene does not have a role in
prostate cancer. Finding no association of multiple variants
within a gene does not rule the gene out, because there could
still be other unmeasured variants of the gene that increase
prostate cancer risk. Linkage overcomes this, because it simply
uses co-segregation of genomic regions with disease. A
compromise between the two strategies is a hybrid use of
both linkage and association in order to screen for shared
haplotypes both within and between families. Selection of
haplotype-tagged SNPs for genome-wide haplotype associa-
tions, as currently being developed by the HapMap project
(179), is anticipated to capture genomic information in the form
of haplotype blocks. If all alleles within a haplotype block are
highly correlated among themselves (i.e. the tagged SNPs as
well as the causative susceptibility allele), then the block
should capture sufficient information to fully interrogate a
particular region of the genome, allowing one to detect an
association with an economy of scale, and also allowing one to
rule out the role of a region if no significant association is
detected. It remains to be shown how well this approach will
work for common complex diseases, but it does offer a new
future research direction for studying the genetic basis of
prostate cancer.
Given the large body of evidence that prostate cancer is likely

to have a strong genetic basis, and given the difficulty of
finding inherited susceptibility genes, the evidence that prostate
cancer is likely to be caused by multiple genes, possibly
interacting in complex manners, and possibly interacting with
environmental factors, continues to grow. Furthermore, it is
certainly possible that the common polymorphisms involved in
androgen metabolism, and perhaps those involved in metabo-
lism of environmental carcinogens, might modulate the effects
of the higher-risk susceptibility genes responsible for heredi-
tary prostate cancer. Unfortunately, most studies of candidate
genes tend to focus on one gene at a time. Future studies of
candidate genes, whether for sporadic or hereditary forms of
prostate cancer, may need to consider the simultaneous effects
of multiple genes. To do so would require much larger sample
sizes, particularly if the effect of each gene tends to be small,
and even more so if interactions among genes exists. This may
require the efforts of larger collaborative groups, with stringent
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criteria for disease diagnosis, and collection of pertinent
epidemiological and clinical information. Furthermore, more
sophisticated statistical modeling of complex genetic pathways
may be required to decipher the interrelated effects of each
gene (180). In addition, more innovative study designs and
genomic methodologies may be necessary. For example,
identification of genes that play a major role in regulating
other genes may require the measurement of the expression of
many genes in prostate cancer tissues, and then use of the
amount of gene expression as a quantitative trait for genome-
wide linkage studies. This approach has shown promise to map
metabolism genes related to obesity in a mouse model (181).
Because the availability of fresh tissues among affected family
members may be limiting, as well as the costs of gene
expression experiments, novel study designs that attempt to
maximize the amount of information per family will be crucial.
Our understanding of the complexities of prostate cancer

genetics has grown, with many suggestions of promising leads.
Studies of common polymorphisms of genes related to the
metabolism and biosynthesis of androgens and other steroids
have provided a biological foundation for future research. Our
understanding of the genes related to hereditary forms of
prostate cancer is clearly in its infancy, and the challenge will
be to detect genes of small to moderate effects. Future efforts
will require more critical use of clinical information, careful
study designs that make use of biological markers of disease
aggressiveness, larger studies that facilitate creation of
homogeneous subsets, and advances in statistical methods to
amplify the signals from susceptibility genes in the presence of
a variety of heterogeneous factors. We have clearly just begun
to understand some of the complexities, and we can only hope
that Aristotle was correct when he said that ‘Well begun is half
done’ (Aristotle, 384–322 BC, Politics, quoting a proverb).

ACKNOWLEDGEMENTS

Supplemental data for Table 2 was kindly provided by
Dr William Page. Encouragement and support from my father,
Arnold R. Schaid, are graciously honored. This review was
supported by the US Public Health Service, National Institutes
of Health (CA72818; CA15083; CA89600; CA91956;
GM67768).

REFERENCES

1. Hsing, A., Tsao, L. and Devesa, S. (2000) International trends and patterns
of prostate cancer incidence and mortality. Int. J. Cancer, 85, 60–67.

2. Kolonel, L. (1997) Racial and geographic variations in prostate cancer and
the effects of migration. In Fortner, J. and Sharp, P. (eds), Accomplishments
in Cancer Research. Lippincot-Raven, Philadelphia, PA, pp. 221–230.

3. Shimizu, H., Ross, R., Bernstein, L., Yatani, R., Henderson, B. and Mack,
T. (1991) Cancers of the prostate and breast among Japanese and white
immigrants in Los Angeles County. Br. J. Cancer, 63, 963–966.

4. Parkin, D., Whelan, S., Ferlay, J., Raymond, L. and Young, J. (1997)
Cancer Incidence in Five Continents, Vol. VII. International Agency for
Research on Cancer, Lyon.

5. Jemel, A., Murray, T., Samuels, A., Ghafoor, A., Ward, E. and Thun, M.
(2003) Cancer statistics, 2003. CA Cancer J. Clin., 53, 5–26.

6. Legler, J., Feuer, E., Potosky, A., Merrill, R. and Kramer, B. (1998)
The role of prostate-specific antigen (PSA) testing patterns in the recent
prostate cancer incidence decline in the USA. Cancer Causes Control,
9, 519–557.

7. Jacobsen, S., Katusic, S., Bergstrahl, E., Oesterling, J., Ohrt, D., Klee, G.,
Chute, C. and Lieber, M. (1995) Incidence of prostate cancer diagnosis in
the eras before and after serum prostate-specific antigen testing. JAMA,
274, 1445–1449.

8. Ries, L., Eisner, M., Kosary, C., Hankey B.F., Miller B.A., Clegg L.,
Mariotto A., Fay M.P., Feuer E.J. and BK, E. (1999) SEER Cancer
Statistics Review, 1973–1999. Available at: http://seer.cancer.gov/csr/
1973-1999/. National Cancer Institute, Bethesda, MD.

9. Edwards, B., Howe, H., Ries, L., Thun MJ, Rosenberg HM, Yancik R,
Wingo P.A., Jemal A. and EG, F. (2002) Annual report to the nation on the
status of cancer, 1973-1999, featuring implications of age and aging on
U.S. cancer burden. Cancer, 94, 2766–2792.

10. DEVCAN probability of developing or dying of cancer software;
http://srab.cancer.gov/devcan.

11. Hugosson, J., Aus, G., Becker, C., Carlsson, S., Eriksson, H., Lilja, H.,
Lodding, P. and Tibblin, G. (2000) Would prostate cancer detected by
screening with prostate-specific antigen develop into clinical cancer if left
undiagnosed? A comparison of two population-based studies in Sweden.
BJU Int., 85, 1078–1084.

12. Pearson, J., Luderer, A., Metter, E., Partin, A., Chao, D., Fozard, J. and
Carter, H. (1996) Longitudinal analysis of serial measurements of free and
total PSA among men with and without prostatic cancer. Urology, 48, 4–9.

13. Gann, P., Hennekens, C. and Stampfer, M. (1995) A prospective
evaluation of plasma prostate-specific antigen for detection of prostate
cancer. JAMA, 273, 289–294.

14. Hayes, R.B., Liff, J.M., Pottern, L.M., Greenberg, R.S., Schoenberg, J.B.,
Schwartz, A.G., Swanson, G.M., Silverman, D.T., Brown, L.M.,
Hoover, R.N. et al. (1995) Prostate cancer risk in U.S. blacks and whites
with a family history of cancer. Int. J. Cancer, 60, 361–364.

15. Whittemore, A.S., Wu, A.H., Kolonel, L.N., John, E.M., Gallagher, R.P.,
Howe, G.R., West, D.W., Teh, C.Z. and Stamey, T. (1995) Family history
and prostate cancer risk in black, white, and Asian men in the United
States and Canada. Am. J. Epidemiol., 141, 732–740.

16. Schuman, L.M., Mandel, J., Blackard, C., Bauer, H., Scarlett, J. and
McHugh, R. (1977) Epidemiologic study of prostatic cancer: preliminary
report. Cancer Treat Rep., 61, 181–186.

17. Cannon, L., Bishop, D., Skolnick, M., Hunt, S., Lyon, J. and Smart, C.
(1982) Genetic epidemiology of prostate cancer in the Utah Mormon
genealogy. Cancer Surv.. 1, 47–69.

18. Steinberg, G.D., Carter, B.S., Beaty, T.H., Childs, B. and Walsh, P.C. (1990)
Family history and the risk of prostate cancer. Prostate, 17, 337–347.

19. Spitz, M., Currier, R., Fueger, J., Babaian, R. and Newell, G. (1991)
Familial patterns of prostate cancer: a case–control analysis. J. Urol., 146,
1305–1307.

20. Keetch, D.W., Rice, J.P., Suarez, B.K. and Catalona, W.J. (1995) Familial
aspects of prostate cancer: a case control study. J. Urol., 154, 2100–2102.

21. Isaacs, S., Kiemeney, L., Baffoe-Bonnie, A., Beaty, T. and Walsh, P.
(1995) Risk of cancer in relatives of prostate cancer probands. J. Natl
Cancer Inst., 87, 991–996.

22. Lesko, S.M., Rosenberg, L. and Shapiro, S. (1996) Family history and
prostate cancer risk. Am. J. Epidemiol., 144, 1041–1047.

23. Ghadirian, P., Howe, G.R., Hislop, T. and Maisonneuve, P. (1997) Family
history of prostate cancer; a mutli-center case–control study in Canada.
Int. J. Cancer, 70, 679–681.

24. Glover, F., Coffey, D., Douglas, L., Russell, H., Cadigan, M., Tulloch, T.,
Wedderburn, K., Wan, R., Baker, T. and Walsh, P. (1998) Familial study of
prostate cancer in Jamaica. Urology, 52, 441–443.

25. Bratt, O., Kristoffersson, U., Lundgren, R. and Olsson, H. (1999) Familial
and hereditary prostate cancer in southern Sweden. A population-based
case–control study. Eur. J. Cancer, 35, 272–277.

26. Goldgar, D.E., Easton, D.F., Cannon-Albright, L.A. and Skolnick, M.H.
(1994) Systematic population-based assessment of cancer risk in
first-degree relatives of cancer probands. J. Natl Cancer Inst., 86,
1600–1608.

27. Hemminki, K. and Czene, K. (2002) Age specific and attributable risks
of familial prostate carcinoma from the family-cancer database. Cancer,
95, 1346–1353.

28. Johns, L.E. and Houlston, R.S. (2003) A systematic review and meta-
analysis of familial prostate cancer risk. BJU Int., 91, 789–794.

29. Cerhan, J., Parker, A., Putnam, S., Chiu, B.C.-H., Lynch, C., Cohen, M.,
Torner, J. and Cantor, K. (1999) Family history and prostate cancer risk in
a population-based cohort of Iowa men. Cancer Epidemiol. Biomark.
Prev., 8, 53–60.

Human Molecular Genetics, 2004, Vol. 13, Review Issue 1 R117

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/13/suppl_1/R
103/617526 by guest on 21 August 2022



30. Grönberg, H., Damber, L. and Damber, J. (1996) Familial prostate cancer
in Sweden. A nationwide register cohort study. Cancer, 77, 138–143.

31. Cunningham, G., Ashton, C., Annegers, J., Souchek, J., Klima, M. and
Miles, B. (2003) Familial aggregation of prostate cancer in African-
Americans and White Americans. Prostate, 56, 256–262.

32. Monroe, K.R., Yu, M.C., Kolonel, L.N., Coetzee, G.A., Wilkens, L.R.,
Ross, R.K. and Henderson, B.E. (1995) Evidence of an X-linked or
recessive genetic component to prostate cancer risk. Nat. Med., 1, 827–829.

33. Narod, S., Dupont, A., Cusan, L., Diamond, P., Gomez, J., Suburu, R. and
Labrie, F. (1995) The impact of family history on early detection of
prostate cancer. Nat. Med., 1, 99–101.

34. Staples, M.P., Giles, G.G., English, D.R., McCredie, M.R., Severi, G.,
Cui, J.S. and Hopper, J.L. (2003) Risk of prostate cancer associated with a
family history in an era of rapid increase in prostate cancer diagnosis
(Australia). Cancer Causes Control, 14, 161–166.

35. Makinen, T., Tammela, T.L., Stenman, U.H., Maattanen, L., Rannikko, S.,
Aro, J., Juusela, H., Hakama, M. and Auvinen, A. (2002) Family history
and prostate cancer screening with prostate-specific antigen. J. Clin.
Oncol., 20, 2658–2663.

36. Stone, S.N., Hoffman, R.M., Tollestrup, K., Stidley, C.A., Witter, J.L. and
Gilliland, F.D. (2003) Family history, Hispanic ethnicity, and prostate
cancer risk. Ethn. Dis., 13, 233–239.

37. Carter, B.S., Beaty, T.H., Steinberg, G.D., Childs, B. and Walsh, P.C.
(1992) Mendelian inheritance of familial prostate cancer. Proc. Natl Acad.
Sci. USA, 89, 3367–3371.

38. Schaid, D., McDonnell, S., Blute, M. and Thibodeau, S. (1998) Evidence
for autosomal dominant inheritance of prostate cancer. Am. J. Hum.
Genet., 62, 1425–1438.

39. Verhage, B.A., Baffoe-Bonnie, A.B., Baglietto, L., Smith, D.S.,
Bailey-Wilson, J.E., Beaty, T.H., Catalona, W.J. and Kiemeney, L.A.
(2001) Autosomal dominant inheritance of prostate cancer: a confirmatory
study. Urology, 57, 97–101.

40. Valeri, A., Briollais, L., Azzouzi, R., Fournier, G., Mangin, P., Berthon, P.,
Cussenot, O. and Demenais, F. (2003) Segregation analysis of prostate
cancer in France: evidence for autosomal dominant inheritance and
residual brother-brother dependence. Ann. Hum. Genet., 67, 125–137.

41. Grönberg, H., Damber, L., Damber, J.-E. and Iselius, L. (1997)
Segregation analysis of prostate cancer in Sweden: Support for dominant
inheritance. Am. J. Epidemiol., 146, 552–557.

42. Cui, J., Staples, M.P., Hopper, J.L., English, D.R., McCredie, M.R. and
Giles, G.G. (2001) Segregation analyses of 1,476 population-based
australian families affected by prostate cancer. Am. J. Hum. Genet.,
68, 1207–1218.

43. Gong, G., Oakley-Girvan, I., Wu, A.H., Kolonel, L.N., John, E.M.,
West, D.W., Felberg, A., Gallagher, R.P. and Whittemore, A.S. (2002)
Segregation analysis of prostate cancer in 1,719 white, African-American
and Asian-American families in the United States and Canada. Cancer
Causes Control, 13, 471–482.

44. Conlon, E.M., Goode, E.L., Gibbs, M., Stanford, J.L., Badzioch, M.,
Janer, M., Kolb, S., Hood, L., Ostrander, E.A., Jarvik, G.P. et al. (2003)
Oligogenic segregation analysis of hereditary prostate cancer pedigrees:
evidence for multiple loci affecting age at onset. Int. J. Cancer, 105,
630–635.

45. Ahbom, A., Lichtenstein, P., Malmstrom, H., Feychting, M.,
Hemminki, K. and Pedersen, N. (1997) Cancer in twins: genetic and
nongenetic familial risk factors. J. Natl Cancer Inst., 89, 287–293.

46. Grönberg, H., Damber, L. and Damber, J.-E. (1994) Studies of
genetic factors in prostate cancer in a twin population. J. Urol., 152,
1484–1489.

47. Lichtenstein, P., Holm, N.V., Verkasalo, P.K., Iliadou, A., Kaprio, J.,
Koskenvuo, M., Pukkala, E., Skytthe, A. and Hemminki, K. (2000)
Environmental and heritable factors in the causation of cancer: analyses of
cohorts of twins from Sweden, Denmark, and Finlandd. New Engl. J.
Med., 343, 78–85.

48. Risch, N. (2001) The genetic epidemiology of cancer: interpreting familial
and twin studies and their implications for molecular genetic approaches.
Cancer Epidemiol. Biomark. Prev., 10, 733–741.

49. Page, W.F., Braun, M.M., Partin, A.W., Caporaso, N. and Walsh, P. (1997)
Heredity and prostate cancer: A study of World War II veteran twins.
Prostate, 33, 140–145.

50. Carter, B., Bova, G., Beaty, T., Steinberg, G., Childs, B., Isaacs, W. and
Walsh, P. (1993) Hereditary prostate cancer: epidemiologic and clinical
features. J. Urol., 150, 797–802.

51. Bratt, O. (2002) Hereditary prostate cancer: clinical aspects. J. Urol.,
168, 906–913.

52. Lopez-Otin, C. and Diamandis, E.P. (1998) Breast and prostate cancer: an
analysis of common epidemiological, genetic, and biochemical features.
Endocr. Rev., 19, 365–396.

53. Macklin, M. (1954) The genetic basis of human mammary cancer.
Proceedings of Second National Cancer Conference. American Chemical
Society, New York, pp. 1074–1087.

54. Thiessen, E. (1974) Concerning a familial association between breast
cancer and both prostatic and uterine malignancies. Cancer, 34,
1102–1107.

55. Tulinius, H., Egilsson, V., Olafsdottir, G.H. and Sigvaldason, H. (1992)
Risk of prostate, ovarian, and endometrial cancer among relatives of
women with breast cancer. Br. Med. J., 305, 855–857.

56. Arason, A., Barkardottir, R.B. and Egilsson, V. (1993) Linkage analysis of
chromosome 17qmarkers and breast-ovarian cancer in Icelandic families, and
possible relationship to prostatic cancer. Am. J. Hum. Genet., 52, 711–717.

57. Grabrick, D.M., Cerhan, J.R., Vierkant, R.A., Therneau, T.M., Cheville,
J.C., Tindall, D.J. and Sellers, T.A. (2003) Evaluation of familial clustering
of breast and prostate cancer in the Minnesota Breast Cancer Family
Study. Cancer Detect. Prev., 27, 30–36.

58. Negri, E., Braga, C., La Vecchia, C., Franceschi, S. and Parazzini, F. (1997)
Family history of cancer and risk of breast cancer. Int. J. Cancer, 72, 735–738.

59. Loman, N., Bladstrom, A., Johannsson, O., Borg, A. and Olsson, H.
(2003) Cancer incidence in relatives of a population-based set of cases of
early-onset breast cancer with a known BRCA1 and BRCA2 mutation
status. Breast Cancer Res., 5, R175–R186.

60. Anderson, D.E. and Badzioch, M.D. (1992) Breast cancer risks in relatives
of male breast cancer patients. J. Natl Cancer Inst., 84, 1114–1117.

61. Valeri, A., Fournier, G., Morin, V., Morin, J.F., Drelon, E., Mangin, P.,
Teillac, P., Berthon, P. and Cussenot, O. (2000) Early onset and familial
predisposition to prostate cancer significantly enhance the probability for
breast cancer in first degree relatives. Int. J. Cancer, 86, 883–887.

62. Bratt, O., Kristoffersson, U., Lundgren, R. and Olsson, H. (1997) The
risk of malignant tumours in first-degree relatives of men with early
onset prostate cancer: a population-based cohort study. Eur. J. Cancer,
33, 2237–2240.

63. Damber, L., Grönberg, H. and Damber, J.E. (1998) Familial prostate
cancer and possible associated malignancies: nation-wide register cohort
study in Sweden. Int. J. Cancer, 78, 293–297.

64. Kalish, L.A., McDougal, W.S. and McKinlay, J.B. (2000) Family history
and the risk of prostate cancer. Urology, 56, 803–806.

65. Sellers, T.A., Potter, J.D., Rich, S.S., Drinkard, C.R., Bostick, R.M.,
Kushi, L.H., Zheng, W. and Folsom, A.R. (1994) Familial clustering of
breast and prostate cancers and risk of postmenopausal breast cancer.
J. Natl Cancer Inst., 86, 1860–1865.

66. Andrieu, N., Clavel, F., Auquier, A., Gairard, B., Bremond, A., Lansac, J.,
Piana, L., Flamant, R. and Renaud, R. (1991) Association between breast
cancer and family malignancies. Eur. J. Cancer, 27, 244–248.

67. Rosenblatt, K.A., Thomas, D.B., McTiernan, A., Austin, M.A.,
Stalsberg, H., Stemhagen, A., Thompson, W.D., Curnen, M.G.,
Satariano, W., Austin, D.F. et al. (1991) Breast cancer in men: aspects
of familial aggregation. J. Natl Cancer Inst., 83, 849–854.

68. Struewing, J.P., Hartge, P., Wacholder, S., Baker, S.M., Berlin, M.,
McAdams, M., Timmerman, M.M., Brody, L.C. and Tucker, M.A.
(1997) The risk of cancer associated with specific mutations of BRCA1
and BRCA2 among Ashkenazi Jews. New Engl. J. Med., 336,
1401–1408.

69. Warner, E., Foulkes, W., Goodwin, P., Meschino, W., Blondal, J., Paterson,
C., Ozcelik, H., Goss, P., Allingham-Hawkins, D., Hamel, N. et al. (1999)
Prevalence and penetrance of BRCA1 and BRCA2 gene mutations in
unselected Ashkenazi Jewish women with breast cancer. J. Natl Cancer
Inst., 91, 1241–1247.

70. Giusti, R.M., Rutter, J.L., Duray, P.H., Freedman, L.S., Konichezky, M.,
Fisher-Fischbein, J., Greene, M.H., Maslansky, B., Fischbein, A., Gruber,
S.B. et al. (2003) A twofold increase in BRCA mutation related prostate
cancer among Ashkenazi Israelis is not associated with distinctive
histopathology. J. Med. Genet., 40, 787–792.

71. Hubert, A., Peretz, T., Manor, O., Kaduri, L., Wienberg, N., Lerer, I.,
Sagi, M. and Abeliovich, D. (1999) The Jewish Ashkenazi founder
mutations in the BRCA1/BRCA2 genes are not found at an increased
frequency in Ashkenazi patients with prostate cancer. Am. J. Hum. Genet.,
65, 921–924.

R118 Human Molecular Genetics, 2004, Vol. 13, Review Issue 1

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/13/suppl_1/R
103/617526 by guest on 21 August 2022



72. Lehrer, S., Fodor, F., Stock, R.G., Stone, N.N., Eng, C., Song, H.K. and
McGovern, M. (1998) Absence of 185delAG mutation of the BRCA1
gene and 6174delT mutation of the BRCA2 gene in Ashkenazi Jewish
men with prostate cancer. Br. J. Cancer, 78, 771–773.

73. Nastiuk, K.L., Mansukhani, M., Terry, M.B., Kularatne, P., Rubin, M.A.,
Melamed, J., Gammon, M.D., Ittmann, M. and Krolewski, J.J. (1999)
Common mutations in BRCA1 and BRCA2 do not contribute to early
prostate cancer in Jewish men. Prostate, 40, 172–177.

74. Vazina, A., Baniel, J., Yaacobi, Y., Shtriker, A., Engelstein, D.,
Leibovitz, I., Zehavi, M., Sidi, A.A., Ramon, Y., Tischler, T. et al. (2000)
The rate of the founder Jewish mutations in BRCA1 and BRCA2 in
prostate cancer patients in Israel. Br. J. Cancer, 83, 463–466.

75. Edwards, S.M., Kote-Jarai, Z., Meitz, J., Hamoudi, R., Hope, Q., Osin, P.,
Jackson, R., Southgate, C., Singh, R., Falconer, A. et al. (2003) Two
percent of men with early-onset prostate cancer harbor germline mutations
in the BRCA2 gene. Am. J. Hum. Genet., 72, 1–12.

76. The Breast Cancer Linkage Consortium (1999) Cancer risks in BRCA2
mutation carriers. J. Natl Cancer Inst., 91, 1310–1316.

77. Sinclair, C.S., Berry, R., Schaid, D., Thibodeau, S.N. and Couch, F.J.
(2000) BRCA1 and BRCA2 have a limited role in familial prostate cancer.
Cancer Res., 60, 1371–1375.

78. Gibbs, M., Stanford, J.L., McIndoe, R.A., Jarvik, G.P., Kolb, S.,
Goode, E.L., Chakrabarti, L., Schuster, E.F., Buckley, V.A., Miller, E.L.
et al. (1999) Evidence for a rare prostate cancer-susceptibility locus at
chromosome 1p36. Am. J. Hum. Genet., 64, 776–787.

79. Lander, E. and Kruglyak, L. (1995) Genetic dissection of complex traits:
guidelines for interpreting and reporting results. Nat. Genet., 11, 241–247.

80. Witte, J.S., Elston, R.C. and Schork, N.J. (1996) Genetic dissection of
complex traits. Nat. Genet., 12, 355–356; author reply 357–358.

81. Sawcer, S., Jones, H.B., Judge, D., Visser, F., Compston, A., Goodfellow, P.N.
andClayton, D. (1997) Empirical genomewide significance levels established
by whole genome simulations. Genet. Epidemiol., 14, 223–229.

82. Simard, J., Dumont, M., Labuda, D., Sinnett, D., Meloche, C., El-Alfy, M.,
Berger, L., Lees, E., Labrie, F. and Tavtigian, S.V. (2003) Prostate cancer
susceptibility genes: lessons learned and challenges posed. Endocr. Relat.
Cancer, 10, 225–259.

83. Smith, J.R., Freije, D., Carpten, J.D., Grönberg, H., Xu, J., Isaacs, S.D.,
Brownstein, M.J., Bova, G.S., Guo, H., Bujinovszky, P. et al. (1996) Major
susceptibility locus for prostate cancer on chromosome 1 suggested by a
genome-wide search. Science, 274, 1371–1374.

84. Whittemore, A.S. and Halpern, J. (2001) Problems in the definition,
interpretation, and evaluation of genetic heterogeneity. Am. J. Hum.
Genet., 68, 457–465.

85. Xu, J., Zheng, S.L., Chang, B., Smith, J.R., Carpten, J.D., Stine, O.C.,
Isaacs, S.D., Wiley, K.E., Henning, L., Ewing, C. et al. (2001) Linkage of
prostate cancer susceptibility loci to chromosome 1. Hum. Genet., 108,
335–345.

86. Grönberg, H., Xu, J., Smith, J.R., Carpten, J.D., Isaacs, S.D., Freije, D.,
Bova, G.S., Walsh, P.C., Collins, F.S., Trent, J.M. et al. (1997) Early
age at diagnosis in families providing evidence of linkage to the hereditary
prostate cancer locus (HPC1) on chromosome 1. Cancer Res., 57,
4707–4709.

87. Cooney, K.A., McCarthy, J.D., Lange, E., Huang, L., Miesfeldt, S.,
Montie, J.E., Oesterling, J.E., Sandler, H.M. and Lange, K. (1997)
Prostate cancer susceptibility locus on chromosome 1q: a confirmatory
study. J. Natl Cancer Inst., 89, 955–959.

88. Hsieh, C.-L., Oakley-Girvan, I., Gallagher, R.P., Wu, A.H., Kolonel, L.N.,
Teh, C.Z., Halpern, J., West, D.W., Paffenberger, R.S. Jr and Whittemore,
A.S. (1997) Re: Prostate cancer susceptibility locus on chromosome 1q: a
confirmatory study. J. Natl Cancer Inst., 89, 1893–1894.

89. Neuhausen, S.L., Farnham, J.M., Kort, E., Tavtigian, S.V., Skolnick, M.H.
and Cannon-Albright, L.A. (1999) Prostate cancer susceptibility
locus HPC1 in Utah high-risk pedigrees. Hum. Mol. Genet., 8,
2437–2442.

90. Goddard, K.A., Witte, J.S., Suarez, B.K., Catalona, W.J. and Olson, J.M.
(2001) Model-free linkage analysis with covariates confirms linkage
of prostate cancer to chromosomes 1 and 4. Am. J. Hum. Genet., 68,
1197–1206.

91. Suarez, B.K., Lin, J., Burmester, J.K., Broman, K.W., Weber, J.L.,
Banerjee, T.K., Goddard, K.A.B., Witte, J.S., Elston, R.C. and
Catalona, W.J. (2000) A genome screen of multiplex prostate cancer
sibships. Am. J. Hum. Genet., 66, 933–944.

92. Grönberg, H., Isaacs, S., Smith, J., Carpten, J., Bova, G., Freije, D., Xu, J.,
Meyers, D., Collins, F., Trent, J. et al. (1997) Characteristics of prostate
cancer in families potentially linked to the hereditary prostate cancer 1
(HPC1) locus. JAMA, 278, 1251–1255.

93. Goode, E.L., Stanford, J.L., Peters, M.A., Janer, M., Gibbs, M., Kolb, S.,
Badzioch, M., Hood, L., Ostrander, E.A. and Jarvik, G.P. (2001) Clinical
characteristics of prostate cancer in an analysis of linkage to four putative
susceptibility loci. J. Clin. Cancer Res., 7, 2739–2749.

94. Berthon, P., Valeri, A., Cohen-Akenine, A., Drelon, E., Paiss, T., Wohr, G.,
Latil, A., Millasseau, P., Mellah, I., Cohen, N. et al. (1998) Predisposing
gene for early-onset prostate cancer, localized on chromosome 1q42.2–43.
Am. J. Hum. Genet., 62, 1416–1424.

95. Eeles, R.A., Durocher, F., Edwards, S., Teare, D., Badzioch, M.,
Hamoudi, R., Gill, S., Biggs, P., Dearnaley, D., Ardern-Jones, A. et al.
(1998) Linkage analysis of chromosome 1q markers in 136 prostate cancer
families. Am. J. Hum. Genet., 62, 653–658.

96. Goode, E.L., Stanford, J.L., Chakrabarti, L., Gibbs, M., Kolb, S.,
McIndoe, R.A., Buckley, V.A., Schuster, E.F., Neal, C.L., Miller, E.L.
et al. (2000) Linkage analysis of 150 high-risk prostate cancer families at
1q24–25. Genet. Epidemiol., 18, 251–275.

97. Berry, R., Schaid, D.J., Smith, J.R., French, A.J., Schroeder, J.J.,
McDonnell, S.K., Peterson, B.J., Wang, Z.Y., Carpten, J.D., Roberts, S.G.
et al. (2000) Linkage analyses at the chromosome 1 loci 1q24–25 (HPC1),
1q42.2–43 (PCAP), and 1p36 (CAPB) in families with hereditary prostate
cancer. Am. J. Hum. Genet., 66, 539–546.

98. Xu, J. (2000) Combined analysis of hereditary prostate cancer linkage to
1q24–25: Results from 772 hereditary prostate cancer families from the
International Consortium for Prostate Cancer Genetics. Am. J. Hum.
Genet., 66, 945–957.

99. Carpten, J., Nupponen, N., Isaacs, S., Sood, R., Robbins, C., Xu, J.,
Faruque, M., Moses, T., Ewing, C., Gillanders, E. et al. (2002) Germline
mutations in the ribonuclease L gene in families showing linkage with
HPC1. Nat. Genet., 30, 181–184.

100. Nelson, W.G., De Marzo, A.M. and Isaacs, W.B. (2003) Prostate cancer.
New Engl. J. Med., 349, 366–381.

101. Rokman, A., Ikonen, T., Seppala, E.H., Nupponen, N., Autio, V.,
Mononen, N., Bailey-Wilson, J., Trent, J., Carpten, J., Matikainen, M.P.
et al. (2002) Germline alterations of the RNASEL gene, a candidate HPC1
gene at 1q25, in patients and families with prostate cancer. Am. J. Hum.
Genet., 70, 1299–1304.

102. Chen, H., Griffin, A.R., Wu, Y.Q., Tomsho, L.P., Zuhlke, K.A., Lange, E.M.,
Gruber, S.B. and Cooney, K.A. (2003) RNASEL mutations in hereditary
prostate cancer. J. Med. Genet., 40, e21.

103. Rennert, H., Bercovich, D., Hubert, A., Abeliovich, D., Rozovsky, U.,
Bar-Shira, A., Soloviov, S., Schreiber, L., Matzkin, H., Rennert, G. et al.
(2002) A novel founder mutation in the RNASEL gene, 471delAAAG, is
associated with prostate cancer in Ashkenazi Jews. Am. J. Hum. Genet.,
71, 981–984.

104. Casey, G., Neville, P.J., Plummer, S.J., Xiang, Y., Krumroy, L.M., Klein, E.A.,
Catalona, W.J., Nupponen, N., Carpten, J.D., Trent, J.M. et al. (2002)
RNASEL Arg462Gln variant is implicated in up to 13% of prostate cancer
cases. Nat. Genet., 32, 581–583.

105. Wang, L., McDonnell, S., Elkins, D., Slager, S., Christensen, E., Marks, A.,
Cunningham, J., Peterson, B., Jacobsen, S., Cerhan, J. et al. (2002)
Analysis of the RNASEL gene in familial and sporadic prostate cancer.
Am. J. Hum. Genet., 71, 116–123.

106. Nakazato, H., Suzuki, K., Matsui, H., Ohtake, N., Nakata, S. and
Yamanaka, H. (2003) Role of genetic polymorphisms of the RNASEL
gene on familial prostate cancer risk in a Japanese population. Br. J.
Cancer, 89, 691–696.

107. Cancel-Tassin, G., Latil, A., Valeri, A., Mangin, P., Fournier, G., Gerthon, P.
and Cussenot, O. (2001) PCAP is the major known prostate cancer
predisposing locus in families from south and west Europe. Eur. J. Hum.
Genet., 9, 135–142.

108. Suarez, B.K., Lin, J., Witte, J.S., Conti, D.V., Resnick, M.I., Klein, E.A.,
Burmester, J.K., Vaske, D.A., Banerjee, T.K. and Catalona, W.J. (2000)
Replication linkage study for prostate cancer susceptibility genes.
Prostate, 45, 106–114.

109. Gibbs, M., Stanford, J.L., Jarvik, G.P., Janer, M., Badzioch, M.,
Peters, M.A., Goode, E.L., Kolb, S., Chakrabarti, L., Shook, M. et al.
(2000) A genomic scan of families with prostate cancer identifies multiple
regions of interest. Am. J. Hum. Genet., 67, 100–109.

Human Molecular Genetics, 2004, Vol. 13, Review Issue 1 R119

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/13/suppl_1/R
103/617526 by guest on 21 August 2022



110. Gibbs, M., Chakrabarti, L., Stanford, J.L., Goode, E.L., Kolb, S.,
Schuster, E.F., Buckley, V.A., Shook, M., Hood, L., Jarvik, G.P.
et al. (1999) Analysis of chromosome 1q42.2–43 in 152
families with high risk of prostate cancer. Am. J. Hum. Genet., 64,
1087–1095.

111. Whittemore, A.S., Lin, I.G., Oakley-Girvan, I., Gallagher, R.P., Halpern, J.,
Kolonel, L.N., Wu, A.H. and Hsieh, C.-L. (1999) No evidence of linkage
for chromosome 1q42.2–43 in prostate cancer. Am. J. Hum. Genet., 65,
254–256.

112. Maier, C., Rosch, K., Herkommer, K., Bochum, S., Cancel-Tassin, G.,
Cussenot, O., Haussler, J., Assum, G., Vogel, W. and Paiss, T. (2002) A
candidate gene approach within the susceptibility region PCaP on 1q42.2–
43 excludes deleterious mutations of the PCTA-1 gene to be responsible
for hereditary prostate cancer. Eur. Urol., 42, 301–307.

113. Xu, J., Meyers, D., Freije, D., Isaacs, S., Wiley, K., Nusskern, D., Ewing, C.,
Wilkens, E., Bujinovszky, P., Bova, G.S. et al. (1998) Evidence for a
prostate cancer susceptibility locus on the X chromosome. Nat. Genet., 20,
175–179.

114. Schleutker, J., Matikainen, M., Smith, J., Koivisto, P., Baffoe-Bonnie, A.,
Kainu, T., Gillanders, E., Sankila, R., Pukkala, E., Carpten, J. et al. (2000)
A genetic epidemiological study of hereditary prostate cancer (HPC) in
Finland: frequent HPCX linkage in families with late-onset disease. Clin.
Cancer Res., 6, 4810–4815.

115. Lange, E.M., Chen, H., Brierley, K., Perrone, E.E., Bock, C.H.,
Gillanders, E., Ray, M.E. and Cooney, K.A. (1999) Linkage analysis of
153 prostate cancer families over a 30-cM region containing the putative
susceptibility locus HPCX. Clin. Cancer Res., 5, 4013–4020.

116. Hsieh, C.-L., Oakley-Girvan, I., Balise, R.R., Halpern, J., Gallagher, R.P.,
Wu, A.H., Kolonel, L.N., O’Brien, L.E., Lin, I.G., Van Den Berg, D.J. et al.
(2001) A genome screen of families with multiple cases of prostate cancer:
evidence of genetic heterogeneity. Am. J. Hum. Genet., 69, 148–158.

117. Bochum, S., Paiss, T., Vogel, W., Herkommer, K., Hautmann, R. and
Haeussler, J. (2002) Confirmation of the prostate cancer susceptibility
locus HPCX in a set of 104 German prostate cancer families. Prostate, 52,
12–19.

118. Peters, M.A., Jarvik, G.P., Janer, M., Chakrabarti, L., Kolb, S., Goode, E.L.,
Gibbs, M., DuBois, C.C., Schuster, E.F., Hood, L. et al. (2001) Genetic
linkage analysis of prostate cancer families to Xq27–28. Hum. Hered., 51,
107–113.

119. Janer, M., Friedrichsen, D.M., Stanford, J.L., Badzioch, M.D., Kolb, S.,
Deutsch, K., Peters, M.A., Goode, E.L., Welti, R., DeFrance, H.B. et al.
(2003) Genomic scan of 254 hereditary prostate cancer families. Prostate,
57, 309–319.

120. Badzioch,M., Eeles, R., Lebalanc, G., Foulkes, W.D., Giles, G., Edwards, S.,
Goldgar, D., Hopper, J.L., Bishop, D.T., Moller, P. et al. (2000) Suggestive
evidence for a site specific prostate cancer gene on chromosome 1p36.
The CRC/BPG UK Familial Prostate Cancer Study Coordinators and
Collaborators. The EU Biomed Collaborators. J. Med. Genet., 37,
947–949.

121. Berry, R., Schroeder, J., French, A., McDonnell, S., Peterson, B.,
Cunningham, J., Thibodeau, S. and Schaid, D. (2000) Evidence for a
prostate cancer-susceptibility locus on chromosome 20. Am. J. Hum.
Genet., 67, 82–91.

122. Zheng, S.L., Xu, J., Isaacs, S.D., Wiley, K., Chang, B., Bleecker, E.R.,
Walsh, P.C., Trent, J.M., Meyers, D.A. and Isaacs, W.B. (2001) Evidence
for a prostate cancer linkage to chromosome 20 in 159 hereditary prostate
cancer families. Hum. Genet., 108, 430–435.

123. Bock, C.H., Cunningham, J.M.,McDonnell, S.K., Schaid, D.J., Peterson, B.J.,
Pavlic, R.J., Schroeder, J.J., Klein, J., French, A.J., Marks, A. et al. (2001)
Analysis of the prostate cancer-susceptibility locus HPC20 in 172 families
affected by prostate cancer. Am. J. Hum. Genet., 68, 795–801.

124. Cancel-Tassin, G., Latil, A., Valeri, A., Guillaume, E., Mangin, P.,
Fournier, G., Berthon, P. and Cussenot, O. (2001) No evidence of linkage
to HPC20 on chromosome 20q13 in hereditary prostate cancer. Int. J.
Cancer, 93, 455–456.

125. Bar-Shira, A., Pinthus, J.H., Rozovsky, U., Goldstein, M., Sellers, W.R.,
Yaron, Y., Eshhar, Z. and Orr-Urtreger, A. (2002) Multiple genes in
human 20q13 chromosomal region are involved in an advanced prostate
cancer xenograft. Cancer Res., 62, 6803–6807.

126. Xu, J., Zheng, S.L., Hawkins, G.A., Faith, D.A., Kelly, B., Isaacs, S.D.,
Wiley, K.E., Chang, B., Ewing, C.M., Bujinovszky, P. et al. (2001)
Linkage and association studies of prostate cancer susceptibility: evidence
for linkage at 8p22–23. Am. J. Hum. Genet., 69, 341–350.

127. Wiklund, F., Jonsson, B.A., Goransson, I., Bergh, A. and Grönberg, H.
(2003) Linkage analysis of prostate cancer susceptibility: confirmation of
linkage at 8p22–23. Hum. Genet., 112, 414–418.

128. Xu, J., Zheng, S.L., Komiya, A., Mychaleckyj, J.C., Isaacs, S.D., Hu, J.J.,
Sterling, D., Lange, E.M., Hawkins, G.A., Turner, A. et al. (2002)
Germline mutations and sequence variants of the macrophage
scavenger receptor 1 gene are associated with prostate cancer risk. Nat.
Genet., 32, 321–325.

129. Xu, J., Zheng, S.L., Komiya, A., Mychaleckyj, J.C., Isaacs, S.D., Chang, B.,
Turner, A., Ewing, C.M., Wiley, K.E., Hawkins, G.A. et al. (2003)
Common sequence variants of the macrophage scavenger receptor 1
gene are associated with prostate cancer risk. Am. J. Hum. Genet.,
72, 208–212.

130. Wang, L., McDonnell, S.K., Cunningham, J.M., Hebbring, S., Jacobsen, S.J.,
Cerhan, J.R., Slager, S.L., Blute, M.L., Schaid, D.J. and Thibodeau, S.N.
(2003) No association of germline alteration of MSR1 with prostate
cancer risk. Nat. Genet., 35, 128–129.

131. Seppala, E.H., Ikonen, T., Autio, V., Rokman, A., Mononen, N.,
Matikainen, M.P., Tammela, T.L. and Schleutker, J. (2003) Germ-line
alterations in MSR1 gene and prostate cancer risk. Clin. Cancer Res., 9,
5252–5256.

132. Tavtigian, S., Simard, J., Teng, D., Abtin, V., Baumgard, M., Beck, A.,
Camp, N., Carillo, A., Chen, Y., Dayananth, P. et al. (2001) A strong
candidate prostate cancer susceptibility gene at chromosome 17p. Nat.
Genet., 27, 172–180.

133. Rebbeck, T.R.,Walker, A.H., Zeigler-Johnson, C.,Weisburg, S.,Martin,A.M.,
Nathanson, K.L., Wein, A.J. and Malkowicz, S.B. (2000) Association of
HPC2/ELAC2 Genotypes and Prostate Cancer. Am. J. Hum. Genet., 67,
1014–1019.

134. Xu, J., Zheng, S.L., Carpten, J.D., Nupponen, N.N., Robbins, C.M.,
Mestre, J., Moses, T.Y., Faith, D.A., Kelly, B.D., Isaacs, S.D. et al. (2001)
Evaluation of linkage and association of HPC2/ELAC2 in patients with
familial or sporadic prostate cancer. Am. J. Hum. Genet., 68, 901–911.

135. Rokman, A., Ikonen, T., Mononen, N., Autio, V., Matikainen, M.P.,
Koivisto, P.A., Tammela, T.L., Kallioniemi, O.P. and Schleutker, J. (2001)
ELAC2/HPC2 involvement in hereditary and sporadic prostate cancer.
Cancer Res., 61, 6038–6041.

136. Camp, N.J. and Tavtigian, S.V. (2002) Meta-analysis of associations of the
Ser217Leu and Ala541Thr variants in ELAC2 (HPC2) and prostate cancer.
Am. J. Hum. Genet., 71, 1475–1478.

137. Suarez, B.K., Gerhard, D.S., Lin, J., Haberer, B., Nguyen, L., Kesterson, N.K.
and Catalona, W.J. (2001) Polymorphisms in the prostate cancer
susceptibility gene HPC2/ELAC2 in multiplex families and healthy
controls. Cancer Res., 61, 4982–4984.

138. Vesprini, D., Nam, R.K., Trachtenberg, J., Jewett, M.A., Tavtigian, S.V.,
Emami, M., Ho, M., Toi, A. and Narod, S.A. (2001) HPC2 variants and
screen-detected prostate cancer. Am. J. Hum. Genet., 68, 912–917.

139. Wang, L., McDonnell, S.K., Elkins, D.A., Slager, S.L., Christensen, E.,
Marks, A.F., Cunningham, J.M., Peterson, B.J., Jacobsen, S.J., Cerhan, J.R.
et al. (2001) Role of HPC2/ELAC2 in hereditary prostate cancer. Cancer
Res., 61, 6494–6499.

140. Severi, G., Giles, G.G., Southey, M.C., Tesoriero, A., Tilley, W., Neufing, P.,
Morris, H., English, D.R., McCredie, M.R., Boyle, P. et al. (2003)
ELAC2/HPC2 polymorphisms, prostate-specific antigen levels, and
prostate cancer. J. Natl Cancer Inst., 95, 818–824.

141. Stanford, J.L., Sabacan, L.P., Noonan, E.A., Iwasaki, L., Shu, J., Feng, Z.
and Ostrander, E.A. (2003) Association of HPC2/ELAC2 polymorphisms
with risk of prostate cancer in a population-based study. Cancer
Epidemiol. Biomarkers Prev., 12, 876–881.

142. Adler, D., Kanji, N., Trpkov, K., Fick, G. and Hughes, R.M. (2003) HPC2/
ELAC2 gene variants associated with incident prostate cancer. J. Hum.
Genet., 48, 634–638.

143. Meitz, J.C., Edwards, S.M., Easton, D.F., Murkin, A., Ardern-Jones, A.,
Jackson, R.A., Williams, S., Dearnaley, D.P., Stratton, M.R., Houlston, R.S.
et al. (2002) HPC2/ELAC2 polymorphisms and prostate cancer risk:
analysis by age of onset of disease. Br. J. Cancer, 87, 905–908.

144. Shea, P.R., Ferrell, R.E., Patrick, A.L., Kuller, L.H. and Bunker, C.H.
(2002) ELAC2 and prostate cancer risk in Afro-Caribbeans of Tobago.
Hum. Genet., 111, 398–400.

145. Fujiwara, H., Emi, M., Nagai, H., Nishimura, T., Konishi, N., Kubota, Y.,
Ichikawa, T., Takahashi, S., Shuin, T., Habuchi, T. et al. (2002) Association
of common missense changes in ELAC2 ( HPC2) with prostate cancer in a
Japanese case–control series. J. Hum. Genet., 47, 641–648.

R120 Human Molecular Genetics, 2004, Vol. 13, Review Issue 1

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/13/suppl_1/R
103/617526 by guest on 21 August 2022



146. Takahashi, H., Lu, W., Watanabe, M., Katoh, T., Furusato, M., Tsukino, H.,
Nakao, H., Sudo, A., Suzuki, H., Akakura, K. et al. (2003) Ser217Leu
polymorphism of the HPC2/ELAC2 gene associated with prostatic cancer
risk in Japanese men. Int. J. Cancer, 107, 224–228.

147. Suzuki, K., Ohtake, N., Nakata, S., Takei, T., Matsui, H., Ono, Y.,
Nakazato, H., Hasumi, M., Koike, H., Ito, K. et al. (2002) Association of
HPC2/ELAC2 polymorphism with prostate cancer risk in a Japanese
population. Anticancer Res., 22, 3507–3511.

148. Easton, D.F., Schaid, D.J., Whittemore, A.S. and Isaacs, W.J. (2003)
Where are the prostate cancer genes?—A summary of eight genome wide
searches. Prostate, 57, 261–269.

149. Witte, J., Goddard, K., Conti, D., Elston, R., Lin, J., Suarez, B., Broman, K.,
Burmester, J., Weber, J. and Catalona, W. (2000) Genomewide scan
for prostate cancer-aggressiveness loci. Am. J. Hum. Genet., 67,
92–99.

150. Neville, P.J., Conti, D.V., Paris, P.L., Levin, H., Catalona, W.J., Suarez, B.K.,
Witte, J.S. and Casey, G. (2002) Prostate cancer aggressiveness locus on
chromosome 7q32–q33 identified by linkage and allelic imbalance
studies. Neoplasia, 4, 424–431.

151. Neville, P.J., Conti, D.V., Krumroy, L.M., Catalona, W.J., Suarez, B.K.,
Witte, J.S. and Casey, G. (2003) Prostate cancer aggressiveness
locus on chromosome segment 19q12–q13.1 identified by linkage
and allelic imbalance studies. Genes Chromosomes Cancer, 36,
332–339.

152. Slager, S., Schaid, D., Cunningham, J., McDonnell, S., Marks, A.,
Peterson, B., Hebbring, S., Anderson, S., French, A. and Thibodeau, S.
(2003) Confirmation of linkage of prostate cancer aggressiveness with
chromosome 19q. Am. J. Hum. Genet., 72, 759–762.

153. Witte, J.S., Suarez, B.K., Thiel, B., Lin, J., Yu, A., Banerjee, T.K.,
Burmester, J.K., Casey, G. and Catalona, W.J. (2003) Genome-wide scan
of brothers: replication and fine mapping of prostate cancer susceptibility
and aggressiveness loci. Prostate, 57, 298–308.

154. Paiss, T.,Worner, S., Kurtz, F., Haeussler, J., Hautmann, R.E., Gschwend, J.E.,
Herkommer, K. and Vogel, W. (2003) Linkage of aggressive prostate
cancer to chromosome 7q31–33 in German prostate cancer families. Eur.
J. Hum. Genet., 11, 17–22.

155. Schaid, D., Olson, J., Gauderman, W. and Elston, R. (2003) Regression
models for linkage: issues of traits, covariates, heterogeneity, and
interaction. Hum. Hered., 55, 86–96.

156. Ross, R.K., Pike, M.C., Coetzee, G.A., Reichardt, J.K., Yu, M.C.,
Feigelson, H., Stanczyk, F.Z., Kolonel, L.N. and Henderson, B.E. (1998)
Androgen metabolism and prostate cancer: establishing a model of genetic
susceptibility. Cancer Res., 58, 4497–4504.

157. Coughlin, S.S. and Hall, I.J. (2002) A review of genetic polymorphisms
and prostate cancer risk. Ann. Epidemiol., 12, 182–196.

158. Ntais, C., Polycarpou, A. and Ioannidis, J.P. (2003) SRD5A2 gene
polymorphisms and the risk of prostate cancer: a meta-analysis. Cancer
Epidemiol. Biomarkers Prev., 12, 618–624.

159. Ntais, C., Polycarpou, A. and Ioannidis, J.P. (2003) Association of the
CYP17 gene polymorphism with the risk of prostate cancer: a meta-
analysis. Cancer Epidemiol. Biomarkers Prev., 12, 120–126.

160. Chang, B.L., Zheng, S.L., Hawkins, G.A., Isaacs, S.D., Wiley, K.E.,
Turner, A., Carpten, J.D., Bleecker, E.R., Walsh, P.C., Trent, J.M. et al.
(2002) Joint effect of HSD3B1 and HSD3B2 genes is associated with
hereditary and sporadic prostate cancer susceptibility. Cancer Res., 62,
1784–1789.

161. Rebbeck, T.R. (2002) Inherited genotype and prostate cancer outcomes.
Cancer Epidemiol. Biomarkers Prev., 11, 945–952.

162. Platz, E. and Helzlsouer, K. (2001) Selenium, zinc, and prostate cancer.
Epidemiol. Rev., 23, 93–101.

163. Kolonel, L. (2001) Fat, meat, and prostate cancer. Epidemiol. Rev., 23,
72–81.

164. Chan, J. and Giovannucci, E. (2001) Vegetables, fruits, associated
nutrients, and the risk of prostate cancer. Epidemiol. Rev., 23, 82–85.

165. Gann, P., Ma, J., Giovannucci, E., Willett, W., Sacks, F., Hennekens, C.
and Stampfer, M. (1999) Lower prostate cancer risk in men with elevated
plasma lycopene levels: results of a prospecitve analysis. Cancer Res., 59,
1225–1230.

166. Heinonen, O., Albanes, D., Virtamo, J., Taylor, P., Huttunen, J., Hartman, A.,
Haapakoski, J., Malila, N., Rautalahti, M., Ripatti, S. et al. (1998) Prostate
cancer and supplementation with alpha-tocopherol and beta-carotene:
incidence and mortality in a controlled trial. J. Natl Cancer Inst., 90,
440–446.

167. Clark, L., Combs, G.J., Turnbull, B., Slate, E., Chalker, D., Chow, J.,
Davis, L., Glover, R., Graham, G., Gross, E. et al. (1996) Effects of
selenium supplementation for cancer prevention in patients with
carcinoma of the skin. A randomized controlled trial. Nutritional
Prevention of Cancer Study Group. JAMA, 276, 1957–1963.

168. Clark, L., Dalkin, B., Kongrad, A., Combs, G.J., Turnbull, B., Slate, E.,
Witherington, R., Herlong, J., Janosko, E., Carpenter, D. et al. (1998)
Decreased incidence of prostate cancer with selenium supplementation:
results of a double-blind cancer prevention trial. Br. J. Urol., 81, 730–734.

169. Chan, J. and Giovannucci, E. (2001) Dairy products, calcium, and
vitamin D and risk of prostate cancer. Epidemiol. Rev., 23, 87–92.

170. Boyle, P., Severi, G. and Giles, G.G. (2003) The epidemiology of prostate
cancer. Urol. Clin. N. Am., 30, 209–217.

171. Grönberg, H. (2003) Prostate cancer epidemiology. Lancet, 361, 859–864.
172. Parent, M.-E. and Siemiatycki, J. (2001) Occupation and prostate cancer.

Epidemiol. Rev., 23, 138–143.
173. Powell, I.J., Carpten, J., Dunston, G., Kittles, R., Bennett, J., Hoke, G.,

Pettaway, C., Weinrich, S., Vijayakumar, S., Ahaghotu, C.A. et al. (2001)
African-American heredity prostate cancer study: a model for genetic
research. J. Natl Med. Assoc., 93, 120–123.

174. Schaid, D.J., Buetow, K., Weeks, D.E., Wijsman, E., Guo, S.W., Ott, J. and
Dahl, C. (1999) Discovery of cancer susceptibility genes: study designs,
analytic approaches, and trends in technology. J. Natl Cancer Inst.
Monogr., 1–16.

175. Sobel, E., Papp, J.C. and Lange, K. (2002) Detection and integration of
genotyping errors in statistical genetics. Am. J. Hum. Genet., 70, 496–508.

176. Suarez, B.K., Hampe, C.L. and VanEedewegh, P. (1994) Problems of
replicating linkage claims in psychiatry. In Gershon, E. and Cloninger, C.
(eds), Genetic Approaches to Mental Disorders. American
Psychopathological Association Series, Washington, DC, pp. 23–46.

177. Risch, N. and Merikangas, K. (1996) The future of genetic studies of
complex human diseases. Science, 273, 1516–1517.

178. Tabor, H., Risch, N. and Myers, R. (2002) Candidate-gene approaches for
studying complex genetic traits: Practical considerations. Nat. Rev. Genet.,
3, 1–7.

179. Gibbs, R.A., Belmont, J.W., Hardenbol, P., Willis, T.D., Yu, F., Yang, H.,
Ch’ang, L.Y., Huang, W., Liu, B., Shen, Y. et al. (2003) The International
HapMap Project. Nature, 426, 789–796.

180. Conti, D.V., Cortessis, V., Molitor, J. and Thomas, D.C. (2003) Bayesian
modeling of complex metabolic pathways. Hum. Hered., 56, 83–93.

181. Lan, H., Stoehr, J.P., Nadler, S.T., Schueler, K.L., Yandell, B.S. and
Attie, A.D. (2003) Dimension reduction for mapping mRNA abundance
as quantitative traits. Genetics, 164, 1607–1614.

182. Cunningham, J.M., McDonnell, S.K., Marks, A., Hebbring, S.,
Anderson, S.A., Peterson, B.J., Slager, S., French, A., Blute, M.L.,
Schaid, D.J. et al. (2003) Genome linkage screen for prostate cancer
susceptibility loci: results from the Mayo Clinic Familial Prostate Cancer
Study. Prostate, 57, 335–346.

183. Edwards, S., Meitz, J., Eles, R., Evans, C., Easton, D., Hopper, J., Giles, G.,
Foulkes, W.D., Narod, S., Simard, J. et al. (2003) Results of a genome-
wide linkage analysis in prostate cancer families ascertained through the
ACTANE consortium. Prostate, 57, 270–279.

184. Lange, E.M., Gillanders, E.M., Davis, C.C., Brown, W.M., Campbell, J.K.,
Jones, M., Gildea, D., Riedesel, E., Albertus, J., Freas-Lutz, D. et al.
(2003) Genome-wide scan for prostate cancer susceptibility genes using
families from the University of Michigan prostate cancer genetics project
finds evidence for linkage on chromosome 17 near BRCA1. Prostate, 57,
326–334.

185. Schleutker, J., Baffoe-Bonnie, A.B., Gillanders, E., Kainu, T., Jones, M.P.,
Freas-Lutz, D., Markey, C., Gildea, D., Riedesel, E., Albertus, J. et al.
(2003) Genome-wide scan for linkage in finnish hereditary prostate cancer
(HPC) families identifies novel susceptibility loci at 11q14 and 3p25–26.
Prostate, 57, 280–289.

186. Wiklund, F., Gillanders, E.M., Albertus, J.A., Bergh, A., Damber, J.E.,
Emanuelsson, M., Freas-Lutz, D.L., Gildea, D.E., Goransson, I., Jones,
M.S. et al. (2003) Genome-wide scan of Swedish families with hereditary
prostate cancer: suggestive evidence of linkage at 5q11.2 and 19p13.3.
Prostate, 57, 290–297.

187. Xu, J., Gillanders, E.M., Isaacs, S.D., Chang, B.L., Wiley, K.E.,
Zheng, S.L., Jones, M., Gildea, D., Riedesel, E., Albertus, J. et al.
(2003) Genome-wide scan for prostate cancer susceptibility genes in
the Johns Hopkins hereditary prostate cancer families. Prostate, 57,
320–325.

Human Molecular Genetics, 2004, Vol. 13, Review Issue 1 R121

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/13/suppl_1/R
103/617526 by guest on 21 August 2022


