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The International Consortium for Prostate Cancer Genetics (ICPCG) is an international
collaborative effort to pool pedigrees with hereditary prostate cancer (PC) in order to replicate
linkage findings for PC. A strength of the ICPCG is the large number of well-characterized
pedigrees, allowing linkage analyses within large subsets. Given the heterogeneity and
complexity of PC, the historical difficulties of synthesizing different studies reporting positive
and negative linkage replication, and the use of different statistical analysis methods and
different stratification criteria, the ICPCG provides a valuable resource to evaluate linkage for
hereditary PC. To date, linkage of chromosome 20 (HPC20) to hereditary PC has been one of the
strongest linkage signals, yet the efforts to replicate this linkage have been limited. This paper
reports a linkage analysis of chromosome 20markers for 1,234 pedigrees withmultiple cases of
PC ascertained through the ICPCG, and represents the most thorough attempt to confirm or
refute linkage to chromosome 20. From the original 158 Mayo pedigrees in which linkage was
detected, themaximumheterogeneity LOD (HLOD) score, under a recessivemodel,was 2.78. In
contrast, for the 1,076 pedigrees not included in the original study, the maximumHLOD score
(recessive model) was 0.06. Although, a few small linkage signals for chromosome 20 were
found in various strata of this pooled analysis, this large study failed to replicate linkage to
HPC20. This study illustrates the value of the ICPCG family collection to evaluate reported
linkage signals and suggests that the HPC20 region does not make a major contribution to PC
susceptibility. Prostate 63: 276–290, 2005. # 2004 Wiley-Liss, Inc.
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INTRODUCTION

Prostate cancer (PC) is the most frequent cancer
among men in most developed countries, yet little is
known about its causes. Older age, African-American
ancestry, and a positive family history of PC have long
been recognized as important risk factors. Further-
more, there is a growing body of evidence that genetics
is likely to play a key role (for detailed reviews, see
References 17,27,36). Familial aggregation studies have
generally found consistent levels of PC risk; a recent
meta-analysis of 11 case-control studies and two cohort
studies that reported the risk of PC according to family
history among first degree relatives estimated a pooled
odds ratio (OR) of 2.5 (95% CI 2.2–2.8) [20]. In all but
one of these studies, theORwas greater if a brotherwas

affected than if a father was affected. Segregation
analyses of the inheritance pattern of PChave generally
supported rare autosomal dominant susceptibility alle-
les, although not all studies have supported a model
this simple. For example, Cui et al. [11] concluded that a
two-locus model fit best, with early-onset pedigrees
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more likely explainedbyanautosomaldominant effect,
and late-onset pedigrees more likely explained by
either an autosomal recessive or X-linked effect. A
recent large study of twins by Lichtenstein et al. [25]
based on Swedish, Danish, and Finnish twin registries,
estimated that the proband-wise concordance rate
(interpreted as the recurrence risk in a co-twin of an
affectedman) was 21.1% forMZ twins and 6.4% for DZ
twins. In a subsequent analysis and interpretation of
this same data, Risch [35] suggested that PCmay not be
explained by independent rare autosomal dominant
genes, but maybe by recessive and/or multiple inter-
acting genes. The result from Lichtenstein et al. are
remarkably similar to an earlier large study of World
War II veteran twins from the USA, which reported a
proband-wise concordance rate of 27.1% for MZ twins
and 7.1% for DZ twins [32]. Despite this growing
evidence that genetics is likely to play an important role
in PC, the findings from linkage studies have been
disparate.

Linkage of PC susceptibility was first reported for
chromosome 1q23-25 (HPC1 region) [42]. However,
follow-up studies provided conflicting conclusions.
Because of these early studies, the International
Consortium for Prostate Cancer Genetics (ICPCG)
was formed in order to bring together many of the
groups investigating the genetic linkage of PC. This
collaboration led to the combination of 772 families
from nine international groups in an effort to evaluate
the strength of evidence for linkage to HPC1. An
advantage of this collaborative effort was the ability to
create homogeneous subsets of a large number of
pedigrees, in an effort to control the large amount of
heterogeneity that is likely to dilute linkage signals.
Some weak confirmatory linkage evidence was found,
with a heterogeneity LOD score (HLOD) of 1.4 [47]. The
evidence of linkage to HPC1 was found to be greater
among 491 pedigrees with male-to-male disease
transmission, with an HLOD¼ 2.6. Thus, this study
provided some supportive evidence for a PC suscept-
ibility gene, although the fraction of such families that
segregate this gene is likely to be small.

Other chromosomal regions have been reported to
be linked to PC susceptibility, including chromosome
1q42.2-43 (PCAP) [4]; chromosome Xq27-28 (HPCX)
[49]; chromosome1p36 thatmaybe involved in families
with bothbrain andPC (CAPB) [16]; chromosome8p22-
23 [50]; chromosome 17p (HPC2 region) [43]; chromo-
some 7q in Jewish families [15]; and chromosome 20q13
(HPC20) [3]. Possible candidate genes harboring dis-
ease-associated variants have been suggested for HPC1
(RNASEL), 8p (MSR1), and HPC2 (ELAC2), although
none have been definitively established. In addition
to these early reports, ten genome-scans have been
recently published, ofwhich eightwere summarized in

Reference 13, and all ten summarized in Reference 36.
Three chromosomes, 4, 6, and 7, had LOD scores of at
least 1.0 across five independent studies, and two
chromosomes, 11and16,hadLODscoresof at least 2 for
two independent studies. Perhaps one of the most
remarkable observations was that no single chromo-
some provided consistent strong linkage evidence, say
LOD scores at least 3.0, across two or more studies.
Given the large amount of heterogeneity of PC, subset
analyses are warranted, stratifying by factors such as
age at diagnosis, amount of family history, and severity
of disease. However, such an analysis would require
pooling of a large number of families to achieve
large enough subsets to have adequate power to
evaluate linkage, which this ICPCG study achieves.

This report has two aims. The first aim is to describe
the large international collaborative effort by the
ICPCG to study PC genetics. The second aim is to
evaluate linkage for chromosome 20q13, in an effort to
replicate the findings of Berry et al. [3]. This initial
study, conducted at the Mayo Clinic, analyzed 162
families. Evidence of linkage to markers on chromo-
some 20 was found, with a maximum HLOD of 1.08
under a dominant model, and 2.94 under a recessive
model. The linkage evidence was strongest among
families with an average age at diagnosis 65 years,
fewer than five men affected, and no male-to-male
disease transmission. Interestingly, these results are
consistent with segregation results from Cui et al. [11],
which suggested that for older-onset disease, a reces-
sive model is more likely. Attempts to replicate the
chromosome 20 region have thus far produced only
very weak linkage evidence. In a study of 159 families,
Zheng et al. [51] found a maximumHLOD 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. In another study
of 172 families, Bock et al. [5] found an HLOD of 0.08,
with stronger evidence provided by a subset of
16 African-American families (HLOD¼ 0.86). Finally,
in a study of 66 families [7], HLODs of 0.03–0.11 were
found, depending on the assumed penetrance. Inter-
estingly, the four genes CSEIL, ZNF217, MYBL2, and
STK15 within 20q13 have been shown to be over-
expressed in PC, and two of these (MYBL2 and STK15)
are over-expressed in prostate metastases [1]. How-
ever, linkage to HPC20 has yet to be confirmed, and no
susceptibility genes in this region have been identified.

METHODS

Ascertainmentof Families

The ICPCG provides infrastructure and scientific
leadership to facilitate collaborative studies across a
large number of groups studying the genetic basis of
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PC. An important aim of the ICPCG is to provide
mechanisms to replicate linkagefindings for hereditary
PC in a large collection ofwell-characterized pedigrees,
given the historical difficulty of any single group of
investigators replicating a linkage finding for this
complex disease [13,30,36]. Eleven groups participated
in this combined linkage analysis of chromosome
20q13, with a total of 1,234 hereditary PC pedigrees.
Although the methods of pedigree ascertainment and
confirmation of PC diagnoses differed somewhat
across the different groups, only affected men with
their PC diagnosis confirmed by medical records or
death certificates were included in this analysis. The
research protocols and informed consents were
approved by each group’s institutional review boards.
The 11 groups that participated in this linkage analysis
are briefly summarized below.

ACTANE (Anglo/Canadian/Texan/Australian/
Norwegian/EU Biomed). Details of ACTANE ascer-
tainment are provided by Edwards et al. [14]. A
summary of the participating groups are as follows:

* Anglo (UK): The UK Familial Prostate Cancer Study
ascertains blood samples from families inwhich three
or more men are affected with PC, or in which two
relatives are affected with PC with at least one
diagnosed at age <65 years. Over 80% of the cases in
theUKserieshadpresentedsymptomaticallyandhad
clinicallydetectabledisease.All caseswereverifiedby
histology report or death certificate.

* Canada: Families with at least two affected men
with PC were recruited in Montreal over the years
1992–1999. Families were identified through a PC
clinic associated with McGill University, through
referral by urologists elsewhere in Canada and
through the Patient Advocates for Advanced
Cancer Treatment (PAACT). At least 50% of the
cases were detected as a result of PSA screening.

* Texas: Index cases were patients referred to the
University of Texas M.D. Anderson Cancer Center,
Houston, TX. Diagnoses of PC were subsequently
confirmed by pathological review. Approximately
40% were clinically detected.

* Australia: Families were ascertained from a popula-
tion-based case-control study conducted in Mel-
bourne, Sydney, and Perth between 1994 and 1998
[11]. All probands had histopathological confirma-
tion of PC with Gleason scores of >4. Affected
family members’ diagnoses were verified on the
National Cancer Registry or by medical record
where possible. Approximately 65% of all cases
were clinically detected.

* Norway: Families were ascertained through the
Department of Medical Genetics at the Norwegian

Radium Hospital. Diagnoses of PC were confirmed
by medical records or the Norwegian Cancer
Registry. Families were also ascertained via urology
clinics in Ullevaal Hospital. All Norwegian cases
presented symptomatically.

* EU Biomed: These families were collected from
major urological centers over Europe. For this
study, none were large enough to include in this
linkage analysis.

BC/CA/HI (British Columbia, California, Hawaii).
Families were ascertained to have three or more
medically verified diagnoses of PC among first- or
second-degree relatives. The families were identified
from a multiethnic case-control study conducted in
Hawaii, Los Angeles, San Francisco, and Vancouver
[44], as well as from screens of the British Columbia
Cancer Registry and the San Francisco-OaklandCancer
Registry and from publicity in the San Jose Mercury
News. Most families fulfilled one or more of the
proposed criteria for families in which PC is likely to
be hereditary (i.e., three or more affected individuals
within one nuclear family, affected individuals in
three generations, and/or two or more individuals
affected at <55 years of age). For further details, see
Reference 18.

CeRePP (Centre de Recherche pour les Pathologies
Prostatiques), France. Families with at least three
affected men were selected for linkage analysis,
including the 37 French pedigrees that were analyzed
in a previous genome-wide screen [4]. All familieswere
from south and west Europe; some families from
France appeared to originate from Spain and Portugal.
For this analysis, two other families originating from
North Africa (one from Tunisia and one from Algeria)
were also included. All affected men who were
genotyped had their PC confirmed by a pathological
record. For further details, see References 7,8.

JHU (Johns Hopkins University). All hereditary PC
families, each having at least three first-degree relatives
affected with PC, were collected and studied at the
Brady Urology Institute at Johns Hopkins Hospital
(Baltimore, MD). Families were ascertained from three
sources. A majority of them were ascertained through
referrals generated as a response to a letter to 8,000
urologists throughout the country. The second source
was from family history records of the patient popula-
tion seen at Johns Hopkins Hospital for treatment of
PC. The third source was the respondents to articles
published in a variety of lay publications describing the
PC family studies. PC diagnosis was verified by
medical records for each affectedmale studied. Further
details can be found in Reference 48.
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Mayo (Mayo Clinic). All men who received either a
radical prostatectomy for clinically localized PC in the
Department of Urology, or radiation therapy in the
Division ofRadiationOncology,MayoClinic,were sent
a family cancer-history survey [37]. From the surveys,
families were selected for further follow-up because
they reported at least three men with PC in the family,
of which twomenmay be alive for recruitment. Family
histories were confirmed and extended by telephone
interviews. Additionalmenwere referred for theMayo
Prostate Cancer Family Study, primarily through the
Department of Urology. Medical records were review-
ed for allMayoClinic patients, andmedical records and
paraffin-embedded tumorblockswere requested for all
men seen outside of the Mayo medical system. For
further details, see References 2,3,12,37. In the initial
report of linkage to chromosome 20, 162 families were
used [3]. However, after completing all markers for
the genome screen, three families were identified to
have questionable paternity, via relationships checks
by the softwareRelpair [6]. In addition,medical records
were not available to confirm PC for one family. These
four families were excluded from this current pooled
analysis.

Michigan (University of Michigan). Men with PC
who had at least one living affected relative were asked
to participate in the University of Michigan Prostate
Cancer Genetics Project by providing a blood sample,
extended family history, and access tomedical records.
Eligibility criteria for inclusion of a family in the
current study included: having at least three family
members with confirmed cases of PC or having two
confirmed cases occurring in men �55 years old and
having available DNA on at least two confirmed cases
(excluding father–son pairs). For further details, see
Reference 24.

PROGRESS (Prostate Cancer Genetic Research
Study, Fred Hutchinson Cancer Research Center).
Two hundred seventy one HPC families were as-
certained from throughout North America and
several other countries by advertising a toll-free
number via public media, health-related publications,
and the internet, as well as communications with
urologists, other health-care professionals, and PC
support groups as described previously [26]. To be
eligible for the study, families were required to meet at
least one of the following criteria: (1) have three ormore
first-degree relatives with PC; (2) have three genera-
tions with PC, either through paternal or maternal
lineage; or (3) have two first-degree relatives with PC
diagnosed before age 65 or who were African-Amer-
ican. All PC survivors and selected unaffectedmen and
womenwere invited to join the Prostate CancerGenetic

Research Study (PROGRESS). On average, eight mem-
bers of each family completed a study questionnaire on
medical and family cancer history and provided a
blood sample. Medical records and death certificates
were used to confirm PC diagnoses. For further details,
see Reference 19.

Tampere (University of Tampere), Finland. Ten
multiplex PC families were selected from a total of
57 families previously used for HPC1 and HPCX
linkage analyses [39,49]. None of these families
exhibited bilineality of PC history. The remaining
47 families were not genotyped because there were
only 1 or 2 sampled affected persons per family.
Families were selected based on informativeness for
linkage analyses, which was evaluated by the number
of affected relatives in the families and the number of
affected relatives for whom a blood sample was avai-
lable for genotyping. At least threemembers per family
had to be affected with PC and blood specimens had to
be available for at least three affected relatives per
family. All affected men were either first- or second-
degree relatives of the probands.Adetaileddescription
of the original collection of 57 families, confirmation of
diagnoses through the Finnish Cancer Registry or
hospital medical records, and prostate specific antigen
(PSA) testing for unaffected males in the families is
presented elsewhere [38,39].

Ulm (University of Ulm), Germany. Families were
ascertained into the University of Ulm Prostate Cancer
Genetics Projects. The collection of PC families has been
described in detail previously [33]. Briefly, the pro-
bands’ self-reported family history of PChas been used
as a guide for recruitment of affected and relevant
unaffected relatives. Familieswith at least two relatives
with both histologically confirmed PC and available
DNA were recruited. The families were all Caucasian
and originated from all over Germany, with the
majority resident in the Southern part. For additional
details, see Reference 34.

Umeå (Umeå University), Sweden. Families with
hereditary PC have been collected since 1995 and have
been ascertained mainly by collaborating urologists
and oncologists throughout Sweden. All diagnoses of
PC in the families were confirmed both by reference to
the Swedish National Cancer Registry and direct
examination of medical records. The majority of the
cases (79%) had clinical symptoms at diagnosis and
60% of the cases were diagnosed with a locally
advancedormetastatic tumor. Bloodhas been collected
for DNA extraction, both from affected men and their
spouses and from the children, so that inferred geno-
types can be determined. For the present study,
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families having a minimum of three men affected with
PC, in which we have at least two affected men with
known or inferred genotypes, were selected. For
additional details, see Reference 45.

Utah (University of Utah). The Utah pedigrees were
ascertained from the Utah Population Database, which
combines a genealogy containing approximately eight
generations of Utah pioneers and their descendants
with a cancer registry containing�30 years of complete
cancer registration for the state of Utah [40]. Appro-
ximately, 298 families have been ascertained by
observation of a significant excess of PC cases among
descendants of a single founder, with no age-at-
diagnosis criteria. Of these, genotyping has been com-
pleted on �140 pedigrees. Because the Utah pedigrees
are considerably larger than those submitted by the rest
of the consortium, they were split into independent
sub-pedigrees to be small enough to be analyzed by
Genhunter-Plus [23], the analysis tool chosen for the
consortium data set. Pedigrees were split using an
algorithm that creates independent sub-pedigrees
containing at least three affected individuals of no
more than second degree relationship. Some pedigrees
yielded no sub-pedigrees, while others yielded one or
more. Because only phenotype, and not genotype,
information was used, the splitting was done in an
unbiased manner. A portion of the sub-pedigrees were
still too large for analysis byGenehunter-Plus andwere
further trimmed using the automatic trimming func-
tion in Genehunter. In some cases, this automatic
trimming produced pedigrees with little linkage infor-
mation because it deleted unaffected members who
were necessary to infer the genotype of a deceased case
with PC.

Genotyping andMarkerMap

The genetic markers used in this analysis are pre-
sented in Table I. These markers represent a combina-
tion of markers that were genotyped by different
groups for either their genome scans, fine-scale map-
ping, or both. Details of genotyping methods can be
found in previous publications by the respective
groups.

A consensus map of the genetic markers from the
different groups was created as follows. A total of 45
different markers on chromosome 20 were used by
ICPCG members. For our analysis, the order of these
markers was determined from UCSC Goldenpath
(version hg13, released November 14, 2002). The
marker distance was based on the de Code map [22].
All markers except one were successfully mapped to
Golden path or de Code maps. For the unmapped
marker, its primer information was used with an ePCR
procedure to map this marker to the physical map of

Golden path. The map position of this marker was
determined by interpolation from flanking markers.
Because some groups did not have either the first or last
markers from this consensus map, dummy non-
informative markers (i.e., homozygous for all subjects)
were used as anchors for these groups (see Table I).
This allowed us to align all group’s linkage files to the
consensus map, allowing for different groups using
different markers. All groups computed LOD scores at
1 cM intervals along the consensus map, using the
Genehunter-Plus software [21,23].

Def|nition of Affection
Status andClassif|cation of Pedigrees

Affected individuals were defined as those men
affected with PC that had been confirmed by either
medical records or death certificates. Affected indivi-
duals without either medical records or death certi-
ficate confirmation were considered as unknown
affection status (hence, self-reported PC, or PC based
solely on family-history interviews were considered
unknown). Because of this restricted definition, some
pedigrees had fewer counts of affected men than
previously reported in publications by the respective
groups. Furthermore, because some groups allowed
self-report as unaffected, while others required ver-
ification by PSA screening, all unaffected subjects were
coded as unknown affection status. This decision was
made in order to have a standard definition of affection
status across all participating groups. Hence, all
analyses were based on the sharing of marker geno-
types among affected individuals, with no considera-
tion of the phenotype for unaffected individuals.

A pedigree was classified as hereditary PC (HPC) if
it met the criteria of Carter et al. [9]. At least one of the
following three criteria must have been met: (1) three
consecutive generations of PC along a line of descent;
(2) at least three first-degree relatives with a diagnosis
of PC; (3) twoormore relativeswith adiagnosis of PCat
age �55 years. Furthermore, because linkage of PC
susceptibility to chromosome X has been reported [49],
pedigrees were classified according to paternal trans-
mission (yes vs. no). Pedigrees classified as ‘‘yes’’ for
paternal transmission were consistent with autosomal
dominant transmission, allowing for incomplete pene-
trance. For example, pedigrees would be classified as
‘‘yes’’ if a father and son both had PC, or if the father
was unaffected, but paternal cousins both had PC.
Pedigrees that had clear X-transmissionwere classified
as ‘‘no’’ for paternal transmission. Pedigrees that did
not have sufficient information to distinguish in-
complete penetrance for an autosomal dominant sus-
ceptibility allele versus X-transmission (e.g., nuclear
families with unaffected fathers) were considered as
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unknown and were combined with the no paternal
transmission group for this analysis.

LinkageAnalysisMethods

The linkage analyses for each set of families were
performed by each group using a common method of
analysis, implemented in Perl scripts to facilitate
consistency and automation. The output files contain-
ing pedigree-specific LOD scores were sent to the Data
CoordinatingCenter,which then combined thedata for
the linkage analyses. The planned analyses were
developed and approved by members of the ICPCG.

The allele frequencies for eachmarker in each group
were estimated by counting alleles across all families,

ignoring genetic relationships. Because there were few
families within each participating group that had a
non-Caucasian race background, allele frequencies
were estimated from the pool of all data within a
group, ignoring race. Although not optimal, this pro-
vides more robust allele frequency estimates, particu-
larly for the many alleles of some of the microsatellite
markers. Four parametric models were used for
chromosome 20—two dominant and two recessive
models. The first autosomal dominantwas the ‘‘Smith’’
model that was used to map HPC1 [42], with two
liability classes. The frequency of the susceptibility
allele was 0.003. Affected men were placed in the first
liability class, for which the penetrance was 0.001 for

TABLE I. Chromosome 20MarkersUsedbyMembers of the ICPCG

Marker Position (cM) ACTANE BC/CA/HI CeRePP JHU Mayo Michigan PROGRESS Tampere Ulm Umeå Utah

D20S117 2.9 d d d þ þ þ d þ þ þ d
D20S473 10.82 þ
D20S889 11.93 þ þ þ þ þ þ
D20S482 13.21 þ
D20S95 18.4 þ
D20S115 24.66 þ þ þ þ þ þ
D20S177 27.52 þ
D20S851 27.69 þ
D20S186 34.58 þ þ þ þ þ þ
D20S604 35.78 þ þ
D20S852 39.56 þ
D20S112 44.35 þ þ þ þ þ þ
D20S470 44.46 þ þ
D20S471 49.03 þ
D20S912 50.95 þ
D20S477 51.9 þ þ
D20S195 57.66 þ þ þ þ þ þ
D20S478 60.72 þ þ þ
D20S107 61.78 þ þ þ þ þ þ
D20S170 63.29 þ
D20S119 69.4 þ þ þ þ þ þ
D20S481 69.4 þ þ þ
D20S891 72.46 þ þ þ þ
D20S178 73.83 þ þ þ þ þ
D20S866 75.75 þ
D20S887 76.13 þ þ þ þ þ
D20S109 77.86 þ þ þ
D20S196 78.47 þ þ þ þ þ þ þ
D20S857 80.74 þ
D20S893 81.65 þ þ þ
D20S902 83.04 þ þ þ þ
D20S480 83.19 þ þ þ
D20S120 86.68 þ þ þ þ þ þ
D20S100 88.96 þ þ þ þ þ þ
D20S149 92.09 þ
D20S430 93.75 þ
D20S171 98.63 þ þ d þ þ þ þ þ þ þ þ

þ, marker genotyped; d, dummy non-informative anchor marker.
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non-carriers and 1.0 for carriers. All unaffected subjects
were placed in the second liability class, for which the
penetrance was 0.5 for all genotypes (i.e., non-informa-
tive). The second autosomal dominant model had six
liability classes. The allele frequency was the same as
the two-liability model, but the five age-specific
liability classes, which allowed a more refined age-
dependent dominant model, were derived from com-
plex segregation analysis [10] and data from the
surveillance, epidemiology, and end results (SEER)—
see Reference 47 for details. The respective penetrances
for non-carriers and carriers were: (0.00038, 0.0018) for
affected men with age at diagnosis �49 years; (0.00061,
0.0084), age 50–59; (0.0032, 0.03), age 60–69; (0.0082,
0.04), age 70–79; (0.0086, 0.015), age �80; unaffected
subjects were placed in the sixth liability class, for
which the penetranceswere again set equal to 0.5 for all
genotypes to be non-informative. The autosomal
recessive models were variants of the above two
dominant models, except that the susceptibility allele
frequency was set to 0.15 and the penetrance for
heterozygous carriers set equal to the penetrance for
homozygous non-carriers. The allele frequency of 0.15
was based on segregation analyses of the Mayo Clinic
family cancer-history survey, assuming a recessive
model, without Hardy–Weinberg equilibrium [37]. All
parametric analyses utilized the HLOD score [31].

The nonparametric (model-free) allele-sharing
methods of Kong and Cox [21] were used, and we
report the KC-LOD score based on the exponential
allele-sharing model, as implemented in the combined
software of Genehunter-Plus and ASM. All linkage
results were based on multipoint calculations by the
Genehunter-Plus software [23]. Families were weight-
ed equally, and the score function ‘‘all’’ was used,
which provides more evidence for linkage than the
‘‘pairs’’ option whenever most affecteds in a pedigree
share the same allele identical by descent.

RESULTS

Pedigree Characteristics

The number of pedigrees contributed by each group,
and the characteristics of the pedigrees, are presented
in Table II. Among the total of 1,234 pedigrees, the
mean age at diagnosis of the cases was 65 years. This
mean varied across the groups from 64 to 69 years. For
analysis purposes, we chose three age groups, based on
the distribution of the pedigree average age at diag-
nosis over all groups. The extreme lowest and highest
age groupswere chosen to represent approximately the
lower and upper 20% of the distribution. The three age
groups were: mean age �60 years (221 pedigrees),
mean age 60–70 years (792 pedigrees), and mean age
>70 years (221 pedigrees). The mean number of men

per pedigree with PC confirmed by medical records or
death certificates was 3.8, and this mean ranged from
2.8 to 5.8 across thedifferent groups.Although theprior
ICPCG combined linkage analyses for HPC1 stratified
pedigrees according to �4 versus �5 affected men per
pedigree, our larger number of pedigrees allowed us to
stratify according tomore extreme family history.Here,
we stratified according to �3 affected men (672 pedi-
grees); 4–5 affected men (413 pedigrees); and �6
affectedmen (149 pedigrees). Therewere 836 pedigrees
that met the Carter criteria for HPC, and 398 that did
not. Furthermore, therewere 587 pedigrees thatmet the
definition of paternal transmission of PC, and 647 pedi-
grees that did not. Finally, 1,156 pedigrees were
classified as of Caucasian ancestry, 40 pedigrees had
African or African-American ancestry, and 38 pedi-
grees had other racial ancestry (e.g., Asian, Hispanic).

Linkage Results

To evaluate replication of linkage for chromosome
20, we present the linkage results separately for the
pedigrees from the Mayo Clinic that generated
the hypothesis, and for the ICPCG pedigrees excluding
the Mayo Clinic series. In addition, we present results
for the full dataset. For the purpose of this report, we
use ‘‘ICPCG-Other’’ to denote the set of ICPCG pedi-
grees after removing the Mayo pedigrees. The Mayo
pedigrees are reanalyzed here, because these analyses
are for affecteds only, in contrast to the initial report
that used phenotype data for all pedigree members,
even those without genotype data. Hence, the results
for the Mayo pedigrees serve as a reference when
examining the linkage results for the independent set of
ICPCG-Other pedigrees. The parametric and model-
free LOD scores are presented in Figure 1. For theMayo
pedigrees analyzed by the two-liability model, themax
HLODwas 2.78 for the recessivemodel and 1.24 for the
dominantmodel,with bothmaximaoccurring at 73 cM.
The max KC-LOD was 2.22 at 64 cM. The markers
flanking these maxima can be found in Table I. In
contrast, the ICPCG-Other pedigrees show no linkage
evidence for any model (HLOD 0.44 under the
dominant model, 0.06 under the recessive model, and
KC-LOD of 0.01). Figure 1 shows that the ICPCG-Other
pedigrees have somewhat less than expected allele
sharing in the region where the Mayo pedigrees have
excessive allele sharing (at the region around 70 cM).
The combined dataset also showed no evidence of
linkage to chromosome 20.

Linkage Results: Subsets

The original report for linkage of theMayopedigrees
found greater evidence of linkage in pedigrees with
either a later average age at diagnosis, fewer affected
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Fig. 1. Multipoint parametric andmodel-free LOD scores for the Mayo pedigrees and the International Consortium for Prostate Cancer
Genetics (ICPCG)-other pedigrees. Parametric models are for two- and six-liability class models; Dom-heterogeneity LOD (HLOD) and
Rec-HLOD.Model-freeLODscoreis theKongandCox(KC)LODscore.
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men (<5 men with PC), or no male-to-male transmis-
sion of PC. We reanalyzed the Mayo pedigrees, using
the more refined strata in this report. The linkage
results for our chosen strata are presented in Table III
for the Mayo pedigrees, the ICPCG-Other pedigrees,
andboth combined. For theMayopedigrees, the largest
linkage signals (based on the recessive HLOD and the
KC-LOD) were for pedigrees with an average age at
diagnosis of 60–70 years (although the pedigrees with
an average age>70 years had similar LODscores),with
fewer affected (strongest for pedigreeswith�3 affected
men, but some signal for pedigrees with 4–5 affected
men),withHPCbyCarter criteria, andwith nopaternal
transmission. For the ICPCG-Other pedigrees, the
largest LOD scores were for the recessive HLOD, with
values of 1.53 for ‘‘other’’ race, and 1.45 for 4–5 affected
menper pedigree. Because theMayopedigrees showed
the largest LOD scores for pedigrees that had either a
greater average age at PCdiagnosis, fewer affected, and
no paternal transmission, we evaluated linkage among
the subset of pedigrees thatmet all three characteristics:
average age at diagnosis >60 years, �3 affected men,
and no paternal transmission. There were 87 Mayo
pedigrees that met all three criteria, and the maximum
LOD scores ranged from 2.01 to 2.34 for the different
analysis models. In contrast, among the 274 ICPCG-
Other pedigrees that met all three criteria, no LOD
scores were greater than zero.

Because there could be linkage heterogeneity across
the various groups comprising the ICPCG, we present
in Table IV the LOD scores for each of the 11 ICPCG
groups. The only other group, besides Mayo, that
shows some linkage signal for chromosome 20 was
JHU, with a recessive HLOD of 1.41 (KC-LOD of 1.32).
To evaluate whether the linkage information content
varied across the groups, we computed themean infor-
mation content—averaged over pedigrees; this entropy
information content is described elsewhere [23]. The
last columnof Table IV illustrates themean information
content over chromosome 20 from 60 to 80 cM. Within
this interval, the average information for the Mayo
pedigrees did not differ dramatically from that for
many of the other groups. Given the body of evidence
from the other studies, particularly other studies in the
USA that have similar compositions as theMayo study
(e.g., Michigan and PROGRESS), there is little evidence
of replication of linkage for chromosome 20.

DISCUSSION

The ICPCG has assembled a very large collection of
well-characterized families with multiple cases of PC.
This collection provides the basis for rapid follow-up of
reported linkage findings, allowing stratification on
important pedigree features that are likely to help

resolve the complex heterogeneity of this disease.
Furthermore, this collaborative effort provides a forum
of scientific interaction, which may lead to new ap-
proaches to evaluate the complex genetics of PC. As
demonstrated in this report, the ability to follow-up
reported linkage findings for PC in a large number of
pedigrees is critical, given the disparate linkage
findings reported to date.

This study of linkage to chromosome 20 failed to
replicate linkage to HPC20. Although, this may be
viewed as a negative result, it is an important finding,
because the reported linkage to HPC20 for the Mayo
pedigrees is one of the strongest linkage results in the
literature. This pattern is reminiscent of that for HPC1,
where initially strong linkage [42] has proved difficult
to replicate in a much larger set of families [47]. The
simplest explanation is that the initial linkage report for
HPC20 by Berry et al. [3] was a false-positive finding.
However, there remains the possibility that there is
something particularly unusual about the Mayo pedi-
grees. Comparing the characteristics of the Mayo
pedigrees to the pool of all ICPCG pedigrees, there
are some differences. On average, the Mayo pedigrees
tend to have fewer men with confirmed PC than the
pool of ICPCG pedigrees; 80% of Mayo pedigrees had
three or fewer men with confirmed PC, whereas the
pool of all ICPCG pedigrees had 54% in this category.
Also, 31% of theMayo pedigreesmet the Carter criteria
for HPC, in contrast to 68% of all ICPCG pedigrees.
However, even after stratifying the ICPCGpedigrees to
control for some of these differences, we could not
replicate linkage in the ICPCG-Other pedigrees in any
of the strata. There remains the possibility that the
discrepant results represent population differences. A
large fraction of pedigrees in the Mayo study have
Scandinavian ancestry, apopulation that is not strongly
represented in the rest of the ICPCG.

Finally, unraveling the genetics of PC may be
particularly challenging because it is such a common
disease, and many pedigrees (if not most) will likely
contain phenocopies. One phenocopy in a relatively
small pedigree can eliminate the linkage signal. Thus,
the current difficulty in replicating many of the report-
ed linkage studies, including that for HPC20, may be
due to a high frequency of phenocopies. Currently,
there are no known tumor or clinical features that help
to distinguish hereditary versus non-hereditary PC. As
a result, the phenocopy rate is unknown, making it
difficult to account for phenocopies when performing
linkage analysis.Unfortunately, this issuewill continue
to cause problems with data analysis until it is under-
stood inmore detail. Future linkage studies for PCmay
benefit by considering only the most extremely
aggressive cases, or even use of pathology information
as quantitative traits, as exemplified by the linkage
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signals provided by Gleason’s grade of PC aggressive-
ness [28,29,41,46].

In summary, given our current state of knowledge, a
combined linkage analysis of marker data from over
1,200 PC families collected by the ICPCG suggests little
evidence for the existence of an HPC gene at 20q13.
The ICPCG family collection represents a valuable
resource to evaluate reported linkages in PC, and
should prove critical in efforts to define regions for
further study.
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