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Background: Prostate cancer represents a substantial public
health burden worldwide. It is the second leading cause of
cancer death among men in the United States. A family
history of the disease is among the most well-established risk
factors for prostate cancer. Efforts to localize prostate can-
cer susceptibility alleles by using genetic linkage analysis
methods have been hindered by genetic heterogeneity, in-
complete penetrance, disease phenocopies, and the lack of
DNA samples from parents of individuals with late-onset
prostate cancer. Methods: We performed a combined
genome-wide linkage analysis among 426 families from four
existing hereditary prostate cancer (HPC) study populations
to systematically search for prostate cancer susceptibility
genes. To decrease the degree of locus heterogeneity, we
analyzed subsets of families with similar clinical and demo-
graphic characteristics. Nonparametric multipoint linkage
was the primary method of analysis. Results are presented as
allele-sharing logarithm of the odds (LOD) scores, and all
reported P values are two-sided. Results: The strongest evi-
dence for prostate cancer linkage was found at chromosome
region 17q22 (nonparametric multipoint Kong and Cox
allele-sharing LOD score � 3.16 at marker D17S787; P �
.00007). Stratified analyses revealed several additional chro-
mosomal regions that are likely to segregate prostate cancer
susceptibility genes among specific subsets of HPC families,
including 15q11 among families with late-onset disease
(allele-sharing LOD � 5.57 at marker D15S128; P<.00001)
and 4q35 among families with four or more affected family
members (allele-sharing LOD � 3.10 at marker D4S1615;
P � .00008). Conclusion: Fine mapping studies to facilitate
identification of prostate cancer susceptibility genes in these
linked regions are warranted. [J Natl Cancer Inst 2004;96:
1240–7]

The genetic predisposition to prostate cancer is well estab-
lished (1) and possibly the strongest among all common cancers
(2). Evidence for major prostate cancer susceptibility genes that
segregate in families has been obtained from several complex
segregation analyses, with the majority supporting a dominant
mode of inheritance (2–7) and the remainder supporting reces-
sive or X-linked modes of inheritance (8,9). At least five can-
didate prostate cancer susceptibility genes have been reported
thus far, including ELAC2/HPC2 (10), RNASEL (11), SR-A/
MSR1 (12), CHEK2 (13), and BRCA2 (14). However, these
genes, if confirmed, likely account for only a small fraction of
the observed genetic predisposition to prostate cancer.

The use of genetic linkage studies to identify disease suscep-
tibility genes in families with multiple affected members has
proven to be a fruitful approach for those rare diseases that show
Mendelian inheritance. This approach is most effective when
locus heterogeneity and phenocopies of disease (i.e., disease
caused by environmental risk factors) are low and when the
sample sizes (i.e., the number of families) are large. However,
for prostate cancer, there is evidence for a substantial number of
susceptibility loci as well as a high rate of sporadic disease in the
general population. In addition, most individual prostate cancer
linkage studies are based on a relatively small number of fam-
ilies, typically fewer than 100 extended pedigrees. This combi-
nation of factors makes it particularly difficult to successfully
apply genetic linkage methods to this disease. The current in-
conclusive status of prostate cancer linkage studies reflects this
complexity: multiple prostate cancer loci have been reported for
different sets of families, but none of the loci has been consis-
tently observed in replication studies. One effective approach to
overcome the problems of small sample size, locus heterogene-
ity, and disease phenocopies is to combine data from several
different study populations. This approach not only increases the
sample size but also could potentially decrease the degree of
locus heterogeneity by enlarging the number of families that
have similar clinical and demographic characteristics. We com-
bined four existing hereditary prostate cancer (HPC) study pop-
ulations to perform a genome-wide linkage analysis to system-
atically search for prostate cancer susceptibility genes. With a
total of 426 HPC families, this combined analysis is the largest
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genome-wide scan for prostate cancer susceptibility genes to
date.

SUBJECTS AND METHODS

Study Populations

This study included four HPC family study populations and a
total number of 426 families. Written informed consent was
obtained from all participants, and study protocols were re-
viewed and approved by the institutional review boards at each
institution.

Study population 1 consisted of 188 HPC families re-
cruited at the Brady Urology Institute at Johns Hopkins
Hospital (Baltimore, MD). A detailed description of this
study population has been presented elsewhere (15,16). Each
of these families had at least three first-degree relatives
affected with prostate cancer. The majority of the families
(�65%) were ascertained through referrals generated as a
response to a letter by P. C. Walsh to 8000 urologists through-
out the country. Approximately 23% of the families were
identified through family history records for patients treated
for prostate cancer at Johns Hopkins Hospital. The remaining
families (�12%) were ascertained through individuals who
contacted us in response to articles describing our prostate
cancer family studies that were published in a variety of lay
publications. Prostate cancer diagnosis was verified by re-
viewing the medical records for each affected male studied.
Age at diagnosis of prostate cancer was confirmed either
through medical records or through two other independent
sources (such as reports from family members). DNA was
extracted from whole blood that was obtained from living
affected individuals as well as unaffected family members
who contributed information to linkage analyses. The mean
within-family age at prostate cancer diagnosis (i.e., the mean
age at diagnosis for all prostate cancer patients within one
family) for this study population was 64.4 years (range �
43.0 –76.0 years).

Study population 2 consisted of 175 HPC families recruited at
the University of Michigan (Ann Arbor). A detailed description
of this study population has been presented elsewhere (17).
Briefly, since 1995, the Prostate Cancer Genetics Project
(PCGP), a family-based study designed to examine the molec-
ular basis for inherited prostate cancer susceptibility, has re-
cruited men with early-onset prostate cancer and/or a family
history of prostate cancer. The PCGP currently has more than
2500 participants from more than 900 families. Most of the
families were recruited directly from the University of Michigan
Comprehensive Cancer Center; other sources included direct
patient or/physician referrals. Prostate cancer diagnoses were
routinely verified by review of medical records; occasionally,
when medical records were not available, confirmation of the
diagnosis was achieved by independent reports from two family
members. All of the families from this population included in
this study had three or more confirmed cases of prostate cancer
or two members who were diagnosed with the disease at or
before age 55 years. DNA was extracted from whole blood that
was obtained from living affected PCGP participants as well as
from unaffected family members who contributed information to
linkage analyses. The mean within-family age at prostate cancer

diagnosis for this study population was 64.0 years (range �
49.5–78.2 years).

Study population 3 consisted of 50 HPC families recruited
at the University of Umeå (Umeå, Sweden). A detailed de-
scription of this study population has been presented else-
where (18). Briefly, since 1995, the Department of Oncology
at the University of Umeå, in collaboration with urologists
and oncologists throughout Sweden, has recruited families
with hereditary prostate cancer. All prostate cancer diagnoses
were confirmed through the Swedish National Cancer Regis-
try and by examination of medical records. The majority of
patients (79%) had clinical symptoms at diagnosis, and 60%
were diagnosed with locally advanced or metastatic disease.
Blood for DNA extraction was collected from affected men
and their spouses and children so that genotypes could be
determined. Each of the 50 families from this population had
at least three male members with prostate cancer, and at least
two of the affected men had a known or inferred genotype.
The mean within-family age at prostate cancer diagnosis for
this study population was 69.1 years (range � 56.0 –77.5
years).

Study population 4 consisted of 13 HPC families recruited at
the University of Tampere and Tampere University Hospital
(Tampere, Finland). A detailed description of this study popu-
lation has been presented elsewhere (19). Briefly, these 13
multiplex families were selected from a total of 57 linkage
families previously used for HPC1 and HPCX analyses (20,21)
solely on the basis of their informativeness for linkage analyses
(i.e., they represented the largest number of cases and best-
sampled families). None of these families exhibited bilineality of
prostate cancer history. Prostate cancer diagnoses were con-
firmed using the Finnish Cancer Registry or individual patient
records obtained from regional hospitals. All living affected
cases, as well as the spouse and adult-aged offspring, were
contacted to obtain informed consent and to request a blood
sample for linkage analyses. The mean within-family age at
prostate cancer diagnosis for this study population was 68.6
years (range � 56.5–77.0 years).

Marker Genotyping

Standard techniques were used to isolate genomic DNA
from blood samples. All DNA samples were genotyped in a
single laboratory at the National Human Genome Research
Institute (Cancer Genetics Branch Laboratory, Bethesda,
MD) by using 406 short tandem-repeat markers that had an
average intermarker spacing of approximately 10 cM and an
average heterozygosity of 80%. Polymerase chain reaction
(PCR) assays, using fluorescently labeled primers, were car-
ried out using a Genesis 200 robot (Tecan, Research Triangle
Park, NC). All PCR assays were done in a 15-�L volume that
contained 20 ng of genomic DNA, each of the primers at 0.33
mM, each deoxynucleotide triphosphate at 0.25 mM, 2.5 mM
MgCl2, 10 mM Tris–HCl, 50 mM KCl, and 0.5 U Taq
polymerase. PCR amplification was performed using Gene-
Amp thermocyclers (models 9600 and 9700; Applied Biosys-
tems, Foster City, CA) and the following conditions: 95 °C
for 12 minutes; 10 cycles of 94 °C for 15 seconds, 55 °C for
15 seconds, and 72 °C for 30 seconds; 20 cycles of 89 °C for
15 seconds, 55 °C for 15 seconds, and 72 °C for 30 seconds;
and a final extension at 72 °C for 10 minutes. We combined
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5–15 �L of each PCR product (depending on the yield) with
the PCR products of up to 20 other markers of appropriate
size and fluorescent label. The combined PCR products were
separated using DNA sequencers (model 377 or 3100; Ap-
plied Biosystems) that allow multiple fluorescently labeled
markers to be run in a single lane. ROX 500 or 400 (Applied
Biosystems) was run as an internal size standard. Allele size
was calculated with the local southern algorithm available in
GeneScan Analysis software (Applied Biosystems). Allele
calling and binning was done using Genotyper software (Ap-
plied Biosystems). All genotyping included a Centre d’Etude
du Polymorphisme Humain reference individual (specifically,
family number 1347, individual number 02) for quality con-
trol purposes. We evaluated the genotyping error rate by
including 1% of samples as blinded duplicates. We detected
11 genotyping errors among the 12 992 duplicated genotypes
(0.085% error rate).

Statistical Analyses

Because of uncertainty about the mode(s) of inheritance of
prostate cancer, we used nonparametric multipoint linkage
analyses as the primary method of analysis, although para-
metric multipoint analyses were also performed. We used the
Merlin computer program, version 0.9.8 (22), to analyze
linkage among affected pairs of relatives. We compared the
estimated marker identity-by-descent (IBD) allele sharing
among various affected pairs of relatives with the values
expected under the null hypothesis of no linkage. The scoring
function all was used as the primary choice for measuring
IBD sharing; we also used the scoring function pairs in some
analyses, as previously described (23). Allele-sharing loga-
rithm of the odds (LOD) scores were then calculated by using
equal weights for all families as described by Kong and Cox
(24). P values for LOD scores were calculated by assuming
that the statistic was normally distributed and were not ad-
justed for multiple tests. Marker allele frequencies were es-
timated from pedigree founders and were calculated for each
of the four study populations. Haldane’ s mapping function
was used in the multipoint analyses. For the parametric analy-
ses, we used the autosomal dominant model described by
Smith et al. (25). In the recessive model, the disease allele
frequency was assumed to be 0.15 and the penetrances for
men with risk and non-risk genotypes were assumed to be 1.0
and 0.001, respectively. These assumptions were based on
segregation analysis results of Schaid et al. (4). A maximum
likelihood approach was used to estimate the proportion of
linked families (�), by maximizing the heterogeneity LOD
score (HLOD), as implemented in the computer program
GENEHUNTER, version 2.0 (26). All statistical tests were
two-sided.

RESULTS

A total of 426 HPC families were included in this combined
analysis. Table 1 shows the numbers of families from each study
population grouped according to the mean age at prostate cancer
diagnosis, the number of affected family members, ethnicity,
and whether there was evidence of male-to-male disease trans-
mission. Each of these subsets contained a large number of HPC
families. For example, 285 HPC families had at least four men

affected with prostate cancer and 201 HPC families had a mean
age at diagnosis of less than 65 years.

Results of nonparametric multipoint linkage analyses for
prostate cancer susceptibility genes among the 426 HPC families
are plotted in Fig. 1. The strongest evidence for prostate cancer
linkage was found at chromosome region 17q22, which gave a
nonparametric multipoint Kong and Cox allele-sharing LOD
score (henceforth referred to as a LOD score) of 3.16 at marker
D17S787 (P � .00007) when the IBD scoring function all was
used (Fig. 2). Slightly stronger evidence for linkage at this
marker was obtained when we used the IBD scoring function
pairs (LOD score � 3.40; P � .00004). The statistically signif-
icant linkage at this region could be partially influenced by
marker allele frequencies because parental genotyping informa-
tion was incomplete in most of the HPC families. However, the
influence of the marker allele frequencies appears to be limited
because the LOD scores in this chromosomal region continued
to suggest a linkage when we used conservative marker allele
frequency estimates that were based on all family members
within each study; from this analysis, the LOD score at D17S787
was 2.32 (P � .0005). One hundred ninety-seven HPC families
provided positive LOD scores at marker D17S787. Among
them, 62 HPC families had LOD scores greater than 0.30, and 15
families had LOD scores greater than 0.5.

To evaluate the statistical significance of the linkage at
17q22, we used the simulation function of the computer program
Merlin to randomly simulate 200 replicates of the genome-wide
scan data, assuming no linkage. Each of these replicates con-
sisted of 406 markers that were based on the exact pedigree
structure (including missing data patterns) of our 426 HPC
families and the marker information reported in our study. We
then analyzed each replicate using nonparametric multipoint
analysis with the IBD scoring function all and marker allele
frequencies estimated from pedigree founders. Only nine of the
200 replicates produced a LOD score greater than 3, suggesting

Table 1. Characteristics of families in the combined analysis

Characteristic

Study population
No. of families (No. of genotyped

individuals)*

Total
426 (1950)

1
188 (1033)

2
175 (640)

3
50 (190)

4
13 (87)

Mean age at diagnosis, y
�65 96 91 10 4 201
�65 92 84 40 9 225

Number of affected family
members
�3 28 96 13 4 141
4 47 45 17 5 114
�5 113 34 20 4 171

Race/ethnicity
White 154 157 50 13 374
Black 15 16 0 0 31
Jewish 17 0† 0† 0† 17
Other 2 2 0 0 4

Male-to-male transmission
Yes 123 126 37 6 292
No 65 49 13 7 134

*Study population 1: Johns Hopkins Hospital (Baltimore, MD); study popu-
lation 2: University of Michigan (Ann Arbor, MI); study population 3: Univer-
sity of Umeå (Umeå, Sweden); study population 4: University of Tampere and
Tampere University Hospital (Tampere, Finland).

†Information about Jewish heritage was not specifically requested in the
study.
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that, given our marker map and missing data pattern, the chance
of obtaining a LOD score of 3.0 from a genome-wide scan when
there is no major susceptibility gene in the genome (i.e., the
false-positive rate) was 4.5%. Therefore, results of this genome-
wide scan of 426 HPC families provided statistically significant
evidence that 17q22 harbors a prostate cancer susceptibility
gene. Specifically, the estimated genome-wide empirical P value
for the LOD score (3.16) observed at marker D17S787 was .03.

Nonparametric multipoint linkage analysis produced sugges-
tive evidence (i.e., LOD scores greater than 2) for a prostate
cancer linkage in four chromosomal regions in addition to 17q22
(Fig. 1). At the 2q32 region, a maximum LOD score was found
at marker D2S117 (LOD � 2.31; P � .0006). At the 15q11
region, a maximum LOD score was found at marker D15S128
(LOD � 2.21; P � .0007). At the Xq27 region, a maximum
LOD score was found at marker DXS1227 (LOD � 2.19; P �
.0007). At the 6q22 region, a maximum LOD score was found at

marker D6S287 (LOD � 2.15; P � .0008). We obtained similar
linkage results in these regions regardless of which IBD scoring
function (i.e., all or pairs) was used. On the basis of the genome-
wide simulation described above, the chance of observing at
least one region in the genome with a LOD score of 2.0 or
greater is 76.5%, and the chance of observing four regions in the
genome with LOD scores of 2 or greater is 2.0% under the null
hypothesis of no linkage. Therefore, our observation of four
regions in the genome with LOD scores greater than 2 provides
statistical evidence that at least one of these four regions is also
likely to harbor a prostate cancer susceptibility gene.

We examined the potential impact of marker allele frequen-
cies on these linkage results and found that three (2q32, Xq25,
and 6q22) of the four regions remained suggestive for linkage
when conservative marker allele frequency estimates based on
all family members were used (data not shown). However the
evidence for linkage in the 15q11 region decreased considerably

Fig. 2. Nonparametric linkage
analysis for chromosome 17
among 426 hereditary prostate
cancer families. Allele-sharing
logarithm of the odds (LOD)
scores based on the scoring func-
tions all (solid blue line) or pairs
(dotted pink line) are plotted by
map position for chromosome 17.

Fig. 1. Combined genome-wide
screen for prostate cancer sus-
ceptibility genes using nonpara-
metric multipoint linkage analy-
sis among 426 hereditary pros-
tate cancer families. Allele-
sharing logarithm of the odds
(LOD) scores based on the scor-
ing functions all (solid blue
line) or pairs (dotted pink line)
are plotted by individual chromo-
somes for the whole genome.
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when we used the allele frequencies from all family members
(LOD � 0.99; P � .02).

Results of parametric multipoint linkage analyses provided
similar, albeit weaker, evidence for linkage compared with the
results of nonparametric linkage analyses. Using parametric
analyses, we found that the 17q22 region was also the region
with the strongest evidence for linkage in the genome. The
maximum parametric multipoint LOD score, assuming hetero-
geneity (HLOD), was 2.45 at D17S787 (P � .0008), assuming
a recessive mode of inheritance for the disease.

To potentially lower the degree of locus heterogeneity, we
performed nonparametric linkage analysis among subsets of
HPC families that had similar clinical and demographic char-
acteristics. The linkage results using marker allele frequen-
cies estimated from pedigree founders, stratified by the mean
within-family age at prostate cancer diagnosis, are shown in
Fig. 3. Among the 201 HPC families for which the mean age
at diagnosis was less than 65 years, we obtained statistically
significant evidence for linkage at chromosome region 17q22
(LOD � 3.00 at marker D17S944; P � .0001). Based on 100
replicates of genome-wide scan data, assuming no linkage in
this subset of families, there is a 6% chance that this finding
is false. D17S944 is located approximately 7 cM away from
D17S787, the marker with the highest LOD score in the
complete set of families. We also obtained statistically sug-
gestive evidence for linkage at Xq27 in this subset of families
(LOD � 2.30 at marker DXS1227; P � .0006). The linkage
results were similar when conservative marker allele frequen-
cies that were based on all family members were used in the
analyses. For example, the LOD score at D17S944 was 2.20
(P � .0007), and the LOD score at DXS1227 was 2.12
(P � .0009).

Among the 226 HPC families for which the mean age at
diagnosis was 65 years or older, multiple regions with extremely
strong evidence for linkage were found. When marker allele
frequencies estimated from pedigree founders were used, we
observed a maximum LOD score of 5.57 (P�.00001) at the
15q11 region. Among 100 replicates of genome-wide scan data
that assumed no linkage in this subset of families, no replicate
reached a LOD score of this magnitude. The linkage peak was
observed at marker D15S128, one of the four markers that were
positive in the overall nonparametric multipoint linkage analy-
sis. At the 2q32 region, a maximum LOD of 3.41 (P � .00004)
was found at marker D2S117, which was also one of the four
markers that were positive in the overall nonparametric multi-
point linkage analysis. On chromosome 8, an approximately
50-cM region that extended from 8p21 to 8q12 had statistically
significantly elevated LOD scores and a maximum LOD of 3.28
at marker D8S1771 (P � .00005). The evidence for linkage at
each of these regions in this subset of families was considerably
weaker when conservative marker allele frequencies based on all
family members were used (i.e., the LOD scores were 2.68, 1.86,
and 1.72 at 15q11, 2q32, and 8p21–q12, respectively).

Figure 4 shows the linkage results, stratified by the number of
affected family members, obtained using marker allele frequen-
cies estimated from pedigree founders. Among the 285 HPC
families that had four or more affected family members, there
was statistically significant evidence for linkage at the 17q22
region (LOD � 3.87 at marker D17S787; P � .00001). Among
100 replicates of genome-wide scan data that assumed no link-
age in this subset of families, only one replicate had a LOD score

of this magnitude. In addition, we identified a new prostate
cancer linkage region at 4q35 (LOD � 3.1 at D4S1615; P �
.00008). The chance that this finding was a false-positive was
4%, based on the simulation results. The LOD scores were lower
(LOD � 2.56 at D17S787; P � .0001 and LOD � 2.24 at
D4S1615; P � .0007) when we used conservative marker allele
frequencies that were based on all family members.

DISCUSSION

To date, this is the largest set of prostate cancer families
analyzed by genome-wide scanning techniques. The strongest
evidence for linkage was obtained at 17q22, which had a LOD
score of 3.16 among 426 HPC families. On the basis of simu-
lation results, this linkage was statistically significant at a
genome-wide level. Furthermore, we obtained suggestive evi-
dence for linkage (i.e., LOD scores greater than 2) at four other
chromosomal regions, 2q32, 15q11, Xq25, and 6q22. Stratified
linkage analyses among subsets of families that had similar
clinical and demographic characteristics revealed two additional
chromosome regions that are likely to contain prostate cancer
susceptibility genes that segregate in those HPC families, in-
cluding the 15q11 region among HPC families with late-onset
prostate cancer and the 4q35 region among HPC families with
four or more affected family members.

Prostate cancer is the most common cancer and the second
leading cause of cancer death among men in the United States.
In 2004, an estimated 230 110 new prostate cancer cases will be
diagnosed, accounting for more than 33% of all cancers affect-
ing men. More than 29 000 deaths are expected to result annu-
ally from this disease (27). Among the many suggested risk
factors for prostate cancer, age, race, and family history are the
three strongest and most consistently observed. Results from
many family studies that have used either retrospective or cohort
study designs provide consistent evidence for the aggregation of
prostate cancer in families (1). Results of studies among twins
suggest that a substantial portion of this familial aggregation is
due to genetic factors because concordance rates for prostate
cancer are higher among monozygotic twins than among dizy-
gotic twins (28,29). More recently, Lichtenstein et al. (2) found
concordance rates of 21% and 6% in monozygotic twins and
dizygotic twins, respectively, and concluded that 42% (95%
confidence interval � 29% to 50%) of the variation in prostate
cancer risk may be accounted for by heritable factors. Results of
segregation studies provide further evidence that genetic suscep-
tibility to prostate cancer is most consistent with a major gene(s)
on a polygenic background. Specifically, these segregation stud-
ies have suggested that 1) the familial aggregation of prostate
cancer is best explained by the autosomal dominant inheritance
of a rare and high-risk allele (3–7); 2) this inherited form of
prostate cancer accounts for a substantial proportion of early-
onset disease and is responsible for approximately 9% of all
prostate cancers (3); 3) a dominant inheritance model is the best
fit for families with early-onset prostate cancer, whereas a re-
cessive or X-linked model is the best fit for families with
late-onset prostate cancer (8); and 4) two-gene models fit the
data better than single-gene models (8,9).

During the last decade, tremendous efforts have been made to
identify major prostate cancer susceptibility genes. Results of
genetic linkage studies have suggested that multiple chromo-
somal regions harbor prostate cancer susceptibility genes, in-
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cluding HPC1 at 1q24–25 (25,30), PCAP at 1q42–43 (31),
HPCX at Xq27–28 (20), CAPB at 1p36 (32), HPC20 at 20q13
(33), a locus at 16q (34), and a locus at 8p22–23 (35). Attempts
to replicate these results in other series of HPC families have
yielded mixed results, however, leading to a pessimistic view
regarding the utility of prostate cancer linkage studies. Never-
theless, these seemingly conflicting results are not unexpected,
given the difficulties in performing linkage studies of genetically
complex diseases and the small number of families involved in
these published studies. Linkage analysis for prostate cancer is a
difficult undertaking for the following reasons. First, there appears
to be a substantial degree of genetic heterogeneity in prostate
cancer, with potentially multiple modes of inheritance (dominant,
recessive, and X-linked) and multiple disease-causing genes (i.e.,
locus heterogeneity). Second, because of the high prevalence of this
disease and the multiple environmental risk factors, phenocopies of

disease are likely to be common, even among HPC families. In fact,
some of the clustering of prostate cancer observed among HPC
families is probably due to chance rather than to shared genes.
Third, incomplete and age-dependent penetrance of prostate cancer
genes poses additional difficulties because of the potential for
misclassification of gene carriers.

One effective approach to overcoming these difficulties is to
increase the number of families in genetic linkage studies. As
long as mutations in one specific major gene are responsible for
some fraction of hereditary prostate cancer, linkage information
will be present in some of these “ linked” families. The power to
detect a major prostate cancer gene ultimately depends on how
many linked families are included in the study population. The
larger the study population, the more likely it is that a major
gene can be detected. Furthermore, when the study population
includes a large number of families, it is possible to stratify

Fig. 3. Combined genome-wide
screen for prostate cancer suscep-
tibility genes using nonparametric
multipoint linkage analysis in he-
reditary prostate cancer (HPC)
families stratified by the mean
within-family age at prostate can-
cer diagnosis. The allele-sharing
logarithm of the odds (LOD)
scores for 201 HPC families
among which the mean age at
prostate cancer diagnosis was
younger than 65 years (solid blue
line) and 226 HPC families
among which the mean age at
prostate cancer diagnosis was 65
years or older (dotted pink line)
are plotted by individual chromo-
somes for the whole genome.

Fig. 4. Combined genome-wide
screen for prostate cancer suscep-
tibility genes using nonparametric
multipoint linkage analysis among
hereditary prostate cancer (HPC)
families stratified by the number
of affected family members. The
allele-sharing logarithm of the
odds (LOD) scores for 285 HPC
families with four or more affected
family members (solid blue line)
and 142 HPC families with three
or fewer affected family members
(dotted pink line) are plotted by
individual chromosomes for the
whole genome.
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families by clinical and demographic characteristics, such as the
mean age at diagnosis, the number of affected members, and
race/ethnicity. This approach is likely to reduce the degree of
genetic heterogeneity. Our combined linkage study represents a
step toward this effort, and our finding of a statistically signif-
icant linkage at 17q22 demonstrates the advantages of studying
large numbers of families.

Our results provide considerable evidence that strongly sug-
gests the presence of a prostate cancer susceptibility gene or
genes in the 17q22 region. First, our simulation study, which
was based on the exact pedigree structure and marker informa-
tion from our dataset, provided an estimated genome-wide em-
pirical P value of .03 for the LOD score (3.16) observed at
17q22. In other words, when there is no major prostate cancer
susceptibility gene in the genome, the chance of obtaining a
LOD score of this magnitude in a genome-wide scan is only
approximately 3%. This empirical genome-wide P value is sim-
ilar to the P values for genome-wide statistical significance
proposed by Lander and Kruglyak (36). Second, the observed
LOD scores at 17q22 were robust to marker allele-frequency
estimates because the linkage results obtained using conserva-
tive allele frequency estimates from all family members were
not substantially lower than those obtained using allele-
frequency estimates from founders only. Third, evidence for a
prostate cancer linkage at 17q22 came from three of the four
study populations; the 175 HPC families from study population
2 had a LOD of 2.17 at D17S787, the 188 HPC families from
study population 1 had a LOD of 1.38 at D17S787, and the 13
HPC families from study population 4 had a LOD of 0.68 at
D17S787. Fourth, evidence for linkage at this chromosomal
region was observed across different races and ethnicities. Fi-
nally, evidence for a prostate cancer linkage at 17q22 was
strongest among the 201 families with early-onset disease and
among the 285 families with four or more affected family
members. Both of these subsets of families may be enriched for
an inherited form of prostate cancer.

One of the potential candidate genes in the 17q22 region is
BRCA1. However, D17S787, the marker that provided the
strongest evidence for linkage at this region, is almost 12 Mbp
distal to the BRCA1 gene. Nonetheless, although the role of
BRCA1 in prostate cancer is not fully understood, results of
several studies have suggested that men who carry BRCA1
mutations have an elevated risk of prostate cancer (37). Among
11 487 individuals from 699 families segregating a BRCA1
mutation that were ascertained in 30 centers across Europe and
North America by the Breast Cancer Linkage Consortium, male
BRCA1 mutation carriers younger than 65 years had an elevated
risk for prostate cancer (relative risk � 1.82, 95% confidence
interval � 1.01 to 3.29) whereas male BRCA1 mutation carriers
who were age 65 years or older did not (38). So far, most of the
published studies on BRCA1 and prostate cancer have focused
on deleterious mutations (i.e., nonsense or frameshift muta-
tions). The role of other sequence variants (i.e., missense muta-
tions) of the BRCA1 gene in prostate cancer susceptibility may
also be important and warrants further systematic investigation.

We also obtained suggestive evidence for prostate cancer
linkage at several other chromosomal regions (i.e., 2q32,
15q11, Xq27, and 6q22) in the complete dataset of 426 HPC
families. On the basis of results from a genome-wide simu-
lation of 200 replicates, the chance of observing four chro-
mosomal regions with LOD scores of 2 or greater in a single

replicate is 2%. Evidence for linkage at 2q32 was previously
reported among 564 men from 254 families with prostate
cancer by Goddard et al. (39). A LOD score of 2.48 was
found for marker D2S434, which is 20 cM telomeric to our
peak marker, D2S117. That study also provided evidence for
a linkage at 15q11, based on a LOD score of 2.42 at marker
D15S165, which maps approximately 6 cM centromeric to
our peak marker, D15S128. Evidence for a prostate cancer
linkage at Xq was previously reported by our group in a
combined analysis of 360 HPC families (20). The linked
region extended from Xq26 to Xq28, with the highest linkage
observed at marker DXS297. The peak marker identified in
the current study, DXS1227, is in this region and is approx-
imately 5 cM closer to the centromere than DXS297. It is
important to note that 193 HPC families in the current study
were included in that previous study (20); therefore, the
results of this study are not an independent replication of the
previous study, but rather, they provide additional support for
a prostate cancer susceptibility gene or genes at Xq.

One potential limitation of a combined linkage analysis such as
this one is the possibility of introducing clinical heterogeneity due
to differences in study subject ascertainment, as well as differences
in screening and diagnostic practices among the different research
centers, especially when the centers are located in different coun-
tries. Although we tried to minimize sources of heterogeneity (e.g.,
by using standardized diagnostic criteria for prostate cancer cases),
some clinical heterogeneity remained. As one example, the mean
age at diagnosis tended to be earlier among the two U.S. study
populations than among the two European study populations, prob-
ably because of the widespread use of prostate-specific antigen
screening in the United States.

The large number of HPC families in our study will make it
possible to test for gene–gene interactions in future linkage
analyses. It is likely that multiple genes acting independently
(i.e., locus heterogeneity) and/or simultaneously (i.e., epistasis)
will increase the susceptibility to a genetically complex disease
such as prostate cancer. Linkage analyses that model gene–gene
interactions will most likely improve the statistical power to
detect disease susceptibility genes. Combined linkage analysis
using a large number of families is a good first step toward
achieving appropriate statistical power.

A novel aspect of this study—its size—is the combination
of data from four different familial prostate cancer study
populations. The International Consortium for Prostate Can-
cer Genetics has an even larger combined analysis of linkage
data from at least 10 different study populations currently
underway. It will be interesting to see how the results of these
multi-institutional studies compare. In the meantime, results
of this large genome-wide scan for prostate cancer suscepti-
bility genes provide a basis for renewed interest, excitement,
and confidence in genetic linkage studies of prostate cancer.
Fine-mapping studies and identification of prostate cancer
susceptibility genes in these linked regions are warranted and
are currently underway.
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