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Task 1: Case ascertainment, contact, consent, interview, DNA extraction and pathology
confirmation.

o Obtain approval for this study from relevant IRBs.

As discussed in our previous report, we did not pursue ethical approval at the
Chicoutimi site and limited ethics approval to McGill University Hospital sites
and Sion and affiliated hospitals and clinics, Le Valais, Switzerland.

o Identify all prevalent cases of prostate cancer at hospitals serving the three
populations under study: Chicoutimi, McGill University Hospitals (Quebec) and
Sion and affiliated regional hospitals, Valais, Switzerland. This will be carried
out by contacting medical records, out-patient charts and cancer registries,
confirming that the patient is living and then seeking permission from treating
physicians (who are collaborators on this proposal) to contact their patients by
letter.

Montreal: This goal was achieved at the McGill University Hospitals last year
and has been on-going this year. One hundred and eighty-five cases were
ascertained in total.

Valais: The head of the Registre Valaisan des Tumeurs has established a list of
all patients diagnosed with prostate cancer since 1997 and who are residents in
the canton du Valais (n = 730). Only patients whose surnames indicate an origin
from the canton du Valais (based on the data from the Association Valaisanne
d’Etude Génealogique) were conserved and thus considered as eligible for the
study (n = 558). At the end of February 2004, a mailing was sent to the private
physicians in charge of the living patients. We proposed that they send an
information sheet about the research project to their patients with the phone
number of the research nurse to be contacted. This mode of recruitment turned
to be not efficient (<40 patients recruited).

o Identify incident cases through urology clinics at the three centres (Chicoutimi,
McGill University, Sion). Method of contact as for prevalent cases: also,
eligible individuals will be approached directly in the clinic.

Montreal: This goal has been achieved at the Montreal site. McGill Urology
Associates are helping to identify new cases of prostate cancer.

Chicoutimi: As stated above, we have abandoned our efforts at this site.

Valais: With the collaboration of the Service of Radio-oncology at the Hospital
of Sion, the Institute of pathology of the Institut Central des Hopitaux Valaisans
and 5 urologists in private practice in the canton du Valais, a series of prevalent
cases eligible for this research study were recruited.



Contact relatives via case

Montreal: 42 controls have been recruited into the study at this site
Valais: There have been no controls recruited to date at this site (see below)

Consent all eligible participants (case n~640)

Montreal: A total of 195 patients at the McGill University Hospital sites have
given their consent to participate. We have DNA from 185 men. We have
appointments to meet another 15 men that wish to participate in this study over
the next few months. We have purchased DNA from Ashkenazi Jewish controls
from Israel, as recruitment of controls was very slow in Montreal. A total of 18
affected men have refused to participate and we have found 7 of the ascertained
are deceased.

Valais: A total of 190 patients at the Sion Hospital site have given their consent
to participate. 1 person was excluded. So far, 185 DNA samples have been
collected. The Sion research team has found getting access to familial controls
quite difficult and, in agreement with the PI, Dr William Foulkes, the Sion team
has started to collect non-familial age- and ethnically-matched male controls
from the blood donors’ clinic in the Hospital of Sion and from a local familial
medicine clinic. Currently, we have DNA from 51 controls and we expect to
collect 140 DNA samples in the next 2 months, to reach a total of at least 190
controls.

Interview and construct three-generation pedigree for each case and control
Montreal: A total of 195 pedigrees have been drawn for cases for McGill
University Hospital site since the commencement of the study. We have also
drawn 42 pedigrees for the controls that have participated in the study.

Valais: A total of 185 pedigrees have been drawn for cases at the Sion site.

Show Ishihara charts to cases

Ishihara charts have been shown to all participants and controls at all sites
where the study is being conducted (McGill and Valais).

Draw blood from all consenting participants

Blood has been drawn from >95% of participants that have been consented at all
sites (Montreal and Valais)

Extract DNA locally at each participating centre, transfer aliquots of DNA to PI
laboratory for quality check and storage

DNA has been extracted at the McGill University Hospital and the Switzerland



site. An aliquot of DNA from the Sion site will be transferred to the PI
laboratory.

Transfer representative slides and blocks to Montreal for central pathology
review

Slides and blocks from patients ascertained at the McGill University Hospital
site have been transferred to a central pathologist for his review. The pathologist
has completed his review of the material from 178 of the participating patients.
We now have a standard Gleason Score for all cases where we have been able to
locate a pathology block. Cases at the Sion site will be reviewed both in
Switzerland and in Montreal

Create central database at the Montreal General Hospital Research Institute

We have developed a database at the McGill University Hospital sites and it is
continually updated as more cases and controls are recruited.

Tasks 2 and 3: Genotyping of DNA from cases and controls, followed by statistical

N —

analysis

Specific Aims for this reporting period:

To study CHEKZ and its contribution to prostate cancer in the AJ population.
To study the recently identified breast cancer susceptibility gene PALB2 in
selected familial cases of prostate cancer.

Studies and Results:

Project 1: CHEK?2 in the Ashkenazi Jewish Population

To investigate whether CHEK2 plays an important role in the development of
prostate cancer (PRCA) in the Ashkenazi Jewish (AJ) population, we re-
sequenced all exons and intron-exon boundaries of CHEK2 in 75 AJ individuals
with prostate, breast or no cancer (n = 25 each). We identified seven coding SNPs
(five are novel) that changed the amino acid sequence, resulting in R3W, E394F,
Y424H, S428F, D438Y, P509S and P509L. We determined their frequency in
probands from 76 AJ families collected by members of the International
Consortium for Prostate Cancer Genetics (ICPCG) where > 2 men were affected
by PRCA and > 1 affected man provided a DNA sample. Only one variant,
Y424H was identified in more than two families with an affected proband. Exon
11 was screened in nine additional families for a total of 85 families with at least
one affected genotyped. The Y424H variant occurred in nine affected cases from
four different families. In one family, all three affected cases had the variant. In
another, four of the five affected cases carried the Y424H variant. For the other
two families, only one affected case out of two or three had this variant.
Bioinformatic analysis showed that Y424H is a radical missense substitution that
falls at a position that is invariant in vertebrate CHEK2 orthologs. Both SIFT and



Align/GV-GD predict that this is a loss of function mutation. However, Y424H
frequency was 8/702 in prevalent cases and 5/545 in controls (OR 1.23, 95%CI:
0.35-4.82, P =.79). Functional studies suggested that Y424H behaves like wt
CHEK2. These results suggest that while the Y424H variant may have a subtle
influence on PRCA risk, CHEK2 has a minor overall role in PRCA susceptibility
in the AJ population.

Project 2: PALB2 and prostate cancer

PALB2 (Partner And Localiser of BRCAZ2) is a new breast cancer susceptibility
gene. Because BRCA?2 is also a prostate cancer susceptibility gene, we screened
35 prostate cancer cases (14 Ashkenazi Jewish (AJ) and 21 French Canadian (FC)
males) who had a family history of cancer defined as two or more affected cases
and that were previously screened for the AJ or FC BRCA1/BRCA2 founder
mutations as well as CHEK2:1100delC and were found not to carry these
mutations. We also analysed breast cancer cases at the same time. One mutation
was found in a family without prostate cancer, but no clearly pathogenic
mutations were identified in any of the other 67 strong family history breast
cancer probands sequenced (average BRCAPRO score 0.58), in the FC moderate
family history series or in the familial prostate cancer cases. A number of PALB2
sequence variants were identified, all of which have been previously reported.
The variant frequencies were similar to those already reported and common
variants (frequency greater than 1%) such as Q559R, E672Q, G998E and T1100T
were present in all three groups tested, with the exception of L337S, which was
not seen in the FC population. These data reduce the likelihood that a significant
fraction of non-BRCA1/BRCA2 familial breast/ovarian/prostate cancer in the AJ
and FC populations is due to common founder mutations in PALB2.

Significance:

Identification of variants in candidate genes in founder populations is an
important step for validating their candidacy as prostate cancer susceptibility
genes.

Task 4: Manuscript preparation

Report major findings (2005-2006)

Published papers:

Full papers

1.

Xu J, Dimitrov L, Chang BL, Adams TS, Turner AR, Meyers DA, Eeles RA,
Easton DF, Foulkes WD, Simard J, Giles GG, Hopper JL, Mahle L, Moller P,
Bishop T, Evans C, Edwards S, Meitz J, Bullock S, Hope Q, Hsieh CL, Halpern J,
Balise RN, Oakley-Girvan I, Whittemore AS, Ewing CM, Gielzak M, Isaacs SD,
Walsh PC, Wiley KE, Isaacs WB, Thibodeau SN, McDonnell SK, Cunningham
IM, Zarfas KE, Hebbring S,Schaid DJ, Friedrichsen DM, Deutsch K, Kolb S,



Badzioch M, Jarvik GP, Janer M, Hood L, Ostrander EA, Stanford JL, Lange EM,
Beebe-Dimmer JL, Mohai CE, Cooney KA, lkonen T, Baffoe-Bonnie A,
Fredriksson H, Matikainen MP, Tammela TLj, Bailey-Wilson J, Schleutker J,
Maier C, Herkommer K, Hoegel JJ, Vogel W, Paiss T, Wiklund F, Emanuelsson
M, Stenman E, Jonsson BA, Gronberg H, Camp NJ, Farnham J, Cannon-Albright
LA, Seminara D; ACTANE Consortium. A combined genomewide linkage scan
of 1,233 families for prostate cancer-susceptibility genes conducted by the
international consortium for prostate cancer genetics. Am J Hum Genet 77(2):219-
29, 2005.

Schaid DJ, McDonnell SK, Zarfas KE, Cunningham JM, Hebbring S, Thibodeau
SN, Eeles RA, Easton DF, Foulkes WD, Simard J, Giles GG, Hopper JL, Mahle L,
Moller P, Badzioch M, Bishop DT, Evans C, Edwards S, Meitz J, Bullock S, Hope
Q, Guy M, Hsieh C-L, Halpern J, Balise RR, Oakley-Girvan I, Whittemore AS, Xu
J, Dimitrov L, Chang B-L, Adams TS, Turner AR, Meyers DA, Friedrichsen DM,
Deutsch K, Kolb S, Janer M, Hood L, Ostrander EA, Stanford JL, Ewing CM,
Gielzak M, Isaacs SD, Walsh PC, Wiley KE, Isaacs WB, Lange EM, Ho LA,
Beebe-Dimmer JL, Wood DP, Cooney KA, Seminara D, Ikonen T, Baffoe-Bonnie
A, Fredriksson H, Matikainen MP, Tammela T LJ, Bailey-Wilson J, Schleutker J,
Maier C, Herkommer K, Hoegel JJ, Vogel W, Paiss T, Wiklund F, Emanuelsson
M, Stenman E, Jonsson B-A, Gronberg H, Camp NJ, Farnham J, Cannon-Albright
LA, Catalona WJ, Suarez BK, Roehl KA. Pooled genome linkage scan of
aggressive prostate cancer: results from the International Consortium for Prostate
Cancer Genetics. Human Genetics 120(4):471-85, 2006.

Tischkowitz MD, Xia B, Sabbaghian N, Reis-Filho JS, Hamel N, Li G, van Beers
E, Lil L, Khalil T, Quenneville L, Omeroglu A, Poll A, Lepage P, Wong N,
Nederlof PM, Ashworth A, Tonin PN, Narod SA, Livingston DM, Foulkes WD.
Analysis of PALB2/FANCN-associated breast cancer families. To be submitted
February 2007.

Tischkowitz MD, Chen LQ, Friedrichsen-Karyadi DM, Kirchhoff T, Hamel N,
Tavtigian SV, Kolb S, Nelson PS, Hood L, Narod SA, White KA, Ostrander EA,
Isaacs WB, Offit K, Cooney KA, Stanford JL, Foulkes WD. Identification and
characterization of novel SNPs in CHEK?2 in Ashkenazi Jewish men with prostate
cancer. To be submitted March 2007
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mutations, including familics with large numbers of affected individuals or carly age at diagnosis. Stronger cvidence
of linkage in several regions was identified, including a “significant™ hnkage ar 22q12, with a LOD score of 3.57,
and five suggesnive linkages (1q25, 8q13, 13q14, 16p13, and 17q21) in 269 familics with at least five affected members.
In addition, four additional suggestive linkages (3p24, 5q35, 11922, and Xq12) were found in 606 familics with
mean age ar diagnosis of =65 years. Although ir is difficult to determine the true statistical significance of these
findings, a conservarive interpretation of these resulets would be that if major PC-susceptibility genes do exast, they
are most likely located in the regions generating suggestive or significant linkage signals in this large study.

Received March 22, 2005, accepted for publication May 27, 2005, Introduction
electronically published June 29, 2005,

Address for correspondence and reprints: D William B. Isaacs,

Marburg 115, Johns Hopkins Hospital, 600 North Wolfe Street, Bal-
timore, MD 21287, E-mail: wisaacs@jhmi.edu
* The authors” affiliations can be found in the Acknowledgments.
@ 2005 by The American Sociery of Human Genetics. All rights reserved.
OO 29297 2005/ T702-0005515.00

Famulial clustering of prostate cancer (PC [MIM 176807])
has been consistently recognized for many years (re-
viewed by [saacs and Xu [2002]). Segregation analyses
and twin studies strongly suggest that genetic factors ex-
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plain at lcast some of the familial aggregation of PC
(reviewed by Schaid [2004]). Research groups world-
wide have recruited families with multuple members with
PC and have performed linkage analyses to search for
PC-suscepubility genes. More than a dozen genomewide
screens have been performed (Easton ot al. 2003), and
numerous regions have been suggested as harboring he-
reditary PC (HPC) genes. Furthermore, scveral gencs in
regions linked to PC have been proposed as candidate
HPC genes, notably ELAC2 (MIM 6035367), RNASEL
(MIM 180435), and MSR1 (MIM 153622) (Tavtigian et
al. 2001; Carpten et al. 2002; Xu et al. 2002),

Diespite these extensive efforts, linkage findings sug-
gested by individual groups and proposed associations
with variants in candidate genes have not been repro-
ducibly replicated by other groups. The difficultics in
mapping PC genes have been widely discussed (Isaacs
and Xu 2002, Edwards and Ecles 2004, Ostrander et
al. 2004; Schaid 2004). Briefly, it is likely that multiple
genes predispose to PC and that no single gene is suf-
ficiently important to provide a reliable linkage signal
when a small number of familics are analyzed. PC link-
age may be further complicated by phenocopies, par-
ticularly given the high prevalence of the discase and
widespread use of prostate-specific antigen screcning.
Thesc difficultics are inherent to PC-linkage studics, and,
although they cannot be completely overcome, several
approaches can be used to reduce their impact. One ap-
proach is to study a much larger number of families,
which should improve the statistical power to detect
regions containing genes that are mutated in a small
proportion of familics. Another approach is to study
subscts of families with PC that arc more likely both to
segregate mutations in genes conferring a strong PC risk
and to have a reduced number of phenocopics, such as
those with a large number of affected members and/or
affected members with carly ages at diagnosis.

The Internarional Consortium for Prostate Cancer Ge-
netics (ICPCG) was formed to facilitate the task of PC-
susceptibility gene identification through the combined
analyses of linkage data from familics with PC. In the
present study, we describe the results from a combined
genomewide screen for PC-susceptibility genes among
1,233 PC-affected families within the ICPCG, the larg-
est study of its kind to date.

Maethods

Ascertainment of Families

The overall ICPCG study population was described in
detail elsewhere (Schaid et al. 2005). All members of
the ICPCG recruited their study population, supported
through their own research funding. Ten [CPCG groups
participated in this combined genomewide screen, AC-

Am. J. Hum. Gener. 77:219-229, 2003

TANE (Anglo/Canadian/Texan/Australian/Norweglan/
European Union Biomed), BG/CAHI (British Colum-
bia, California, and Hawau), Johns Hopkins Unrversity
(JHU), Mayo Clinic, University of Michigan, PROGRESS
(Prostate Cancer Genetic Research Study, Fred Hutchin-
son Cancer Rescarch Center), University of Tampere in
Finland, University of Ulm in Germany, University of
Umeca in Sweden, and University of Utah. There were
1,233 PC pedigrees in this combined analysis. The re-
scarch protocols and informed consent procedures were
approved by each group’s mstitutional review board.

Definition of Affection Status and Classification
of Pedigrees

Affected individuals were defined as “those men af-
fected with PC who had been confirmed by either medi-
cal records or death certificates.” Affected individuals
withour either medical records or death-ceruficate con-
firmation were considered as having unknown affection
status (hence, instances of self-reported PC and of PC
status that was based solely on family-history intervicws
were considered of unknown status). Because of this re-
stricted definition, some pedigrees had fewer affected men
than were previously reported in publications by the re-
spective groups. All men withour a diagnosis of PC were
coded as having unknown affection status, regardless of
whether they had undergone screening for PC. Hence,
all analyscs were based on the sharing of marker geno-
types among affected individuals, with no consideration
of the phenotvpe for the remaining subjects. Although
such an approach may result in some loss of power, 1t
provided a uniform approach across all participating
groups.

Genotyping and Consensus Genetic Map

Various methods were used by different groups to ge-
notype microsatcllite markers in their respective genome-
wide screen, as described in detail elsewhere (Hsich ot
al. 2001; Cunningham ct al. 2003; Intcrnational AC-
TANE Consortium 2003; Janer et al. 2003; Lange et al.
2003; Schleutker ct al. 2003; Wiklund et al. 2003, Xu
et al. 2003; Maier et al. 2005; Camp et al., in press).
Ifferent scts of genomewide-screcn markers were uscd
by these 10 groups (see individual references for com-
plete description of markers], with a range of informa-
tion contents of (,.38-0.57 across the various groups and
a total of 1,322 markers. To facilitate a combined link-
age analysis, we generated a conscnsus map by aligning
all these markers to the draft human reference sequence
(physical position) on the basis of the Human hgl3 as-
sembly (released November 14, 2002 ). Ten of these mark-
ers could not be unigquely located in the human reference
sequence and were dropped from the combined analysis.
The genetic position of the aligned markers was pri-
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marily determined on the basis of the deCode map (Kong
etal. 2002). Among the 1,312 mapped markers, we were
able to find the deCode genctic position for %64 markers.
For the remaining 348 markers, for which only physical
position was available, we estimated their genetic posi-
tions by interpolation based on the flanking markers for
which both physical positions and deCode positions are
available.

Linkage-Analysis Methods

The combined linkage analysis was performed in two
stages. In the first stage, the linkage analyses were per-
formed by cach of the 10 groups, by use of the same
definition of affection status and parametric model and
the same linkage programs and options. All linkage re-
sults were based on multipoint calculations implemented
in the Genehunter-Plus software (Kruglyak et al. 1996;
Kong and Cox 1997). Because of their large size, the Urah
pedigrees were selected from the larger ser of all Urah
pedigrees with ar least four subjects with PC with no
more than two meioses scparating them (Camp et al.
2005); these pedigrees were then further trimmed to
allow analysis by Genchunter-Plus. The analysis per-
formed by cach group was implemented by scripts pro-
vided by the ICPCG Data Coordinating Center (DCC),
to facilitate consistency and automation. Although dif-
ferent genomewide screen markers were used among
groups, the marker position was determined on the basis
of the conscnsus map described above; thercfore, the
length of each chromosome was the same across all the
groups. The linkage was evaluated at a resolution of 1
cM for cach chromosome. The output files containing
pedigree-specific linkage informartion at every ¢M across
the genome were sent to the DCC. In the second stage,
a combined analysis was performed at the DCC. For
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nonparametric linkage analysis, the combined allele-shar-
ing LOD score was evaluated for cach chromosome on
the basis of the family-specific allele sharing at cach cen-
timorgan by use of the computer program ASM (Kong
and Cox 1997). For the parametric linkage analysis, the
combined LOD score with the assumption of hetero-
geneity (HLODY) was evaluated for each chromosome,
on the basis of the family-speafic LOD score at cach
centimorgan, by use of the compurer program HOMOG
(Ort 1999), Throughout the present study, we used LOD
scores to describe HLODs for the results of parametric
analyses and allele sharing LODs for nonparametric
analyscs.

The allele frequencies used were population specific;
that is, for cach marker, allele frequencies were estimated
by counting alleles across all families within each indi-
vidual group, withour consideration of genetic relation-
ships. Although not fully efficient, this provides straight-
forward, unbiased allele-frequency estimates. Because few
families within anv participating group had a known non-
white racial background, allele frequencies were est-
mated from the pool of all data within a group, withour
consideration of race. Both nonparametric and para-
metric linkage analyses were performed. Allele-sharing
nonparametric linkage analysis was performed, because
thar did not require specification of a model and would
be expected to have good power against a wide range of
alternative models. The lincar allele-sharing model was
implemented using ASM (Kong and Cox 1997). Families
were weighted equally, and the score function “all” was
used, which provides more evidence of linkage than does
the “pairs” option whenever most affected individuals
in a pedigree share the same allele that 1s identical by
descent. For the parametric linkage analyses, a dominant
model and a recessive model were used. The dominant

Table 1
Characteristics of Families
MEaw Ace
AT D1aGross® T
{YEARS) Mo, oF AFFECTED MEMEBERS Race” N.E-::T;LF

[CPCG MEMEER, =k £ 2 3 4 =5 White  Black  FamiLies
ACTAME 41 21 13 iz 11 3 &4 0 64
BCACAMHI 41 57 24 54 1€ 4 23 7 9%
HU 9 93 2 26 47 112 149 17 188
Mayo Clinic 72 87 70 58 21 10 158 0 159
PROGRESS 141 113 38 107 66 42 240 8 254
University of Michigan 103 73 55 T 29 14 158 1a 178
University of Tampere 3 7 Q 2 5 3 10 0 10
University of Ulm 24 55 &0 42 29 3 139 0 139
University of Umea 10 40 0 13 17 20 50 0 50
University of Utah _1s 79 18 _14 14 _4% 95 _0 95

Total a6 82 285 424 255 289 1186 48 1,233

* Information about family mean age at diagnosis was not available for two familics
* Mineteen families are fram other ethnic groups, such as Asian, Hispanic, or Native American
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of a dominant model (Bfwe line), a recessive model (red line), and nonparametrc analysis (yellow lne) are plotted by individual chromosome

for the whole genome.

model was similar to the one used to map HPCI (MIM
601518) (Smuch er al. 1996). The frequency of the sus-
ceptibility allele was assumed to be 0,003, with a pene-
trance of 0,001 for noncarriers and 1.0 for carriers, Un-
affected subjects were coded as having noninformative
phenotypes. The recessive model was similar to the domi-
nant model, except that the susceptibility-allele frequency
was sct to .15 and the penctrance for heterozygous
carricrs was sct cqual to the penctrance for homozygous
noncarricrs. Stratified linkage analyses were also per-
formed in two predetermined subsets of families: 269
families with at least five affected members, and 606
families with family mean age at diagnosis of =65 years.
The planned analyses were developed and approved by
members of the ICPCG,

We summarized our linkage results on the basis of the
proposed guidelines for reporting linkage results of a ge-
nomewide screen: a cutoff LOD score of 3.30 as “sig-
nificant” evidence of linkage and a cutoff LOD score of
1.86 as “suggestive™ evidence of linkage (Lander and
Kruglyak 1995). On the basis of asymptotic arguments,
a LOD score of 3.30 1s cxpected to occur 0.05 times in

a genome screen that makes use of a fully informative
marker set, and a LOD score of 1.86 is expected to occur
once by chance.

Resulis

Analyses of All Families

Table 1 summarizes the characteristics of the 1,233 PC-
affected families from 10 different ICPCG groups that
were included in the analysis. Fifty-one percent of fami-
lies had a mean age at onset of <65 vears; 22% had five
or more affected family members.

We first performed a combined genomewide linkage
analysis of the complete set of 1,233 PC-affected fami-
lies, using parametric and nonparametric approaches.
Although no significant evidence of linkage was ob-
scrved in the genome, evidence of suggestive PC linkage
wasobserved at five chromosomal regions, 5q12, 8p21,
15q11,17q21, and 22q12 (fig. 1 and tablc 2}. The high-
est overall LOD score in the genome was 2.28 from the
nonparametric analysis, found ncar marker D5S2858 on
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Table 2
Chromosomal Regions with Suggestive Evidence of Linkage
1-LOD Drop
[isTaNCE —
FROR
FTER MEAREST AMALYSIS Genetic Fhysical
PoruLamon anp REcion oM Marker Tvee LoD (cM) {Mb)
Primary analysis: entire set of families (N = 1,233):
Sq12 77 DAS1ESE Monparametric 118 Ae-9a 4378
8pll 46 D&51048  Dominant 1.7 3851 11-31
15911 1 DI5S817  Recessive 210 0-14 025
17921 7 D1751820 Dominant 1.9%  a&-85 35-54
11912 42 DI25283  Dominant 1.5 3547 19437
Secondary analysis: subset of families with at least five affected family members (7 = 289):
1925 184 Di152818  DMopparametric 161 170-1%8 185-1%
813 Bl D&si43 Recessive 141 Ti-R0 RE-TS
13914 56 DI351807 Recessive 127 4267 387
16pl3 M DIeSTe4  Monparametric 188  1%-da 9-13
17q21 77 DIT51820 Dominant 104 Ae-E3 39-53
12912 42 D225283  Dominant 157 31500 42
Secondary amalysis subget of families with mean age at diagnosia of =65 vears (7 = 608):
3p24 57 D352431  Dominant 137 47-6% 1849
Sq3s 17%  Difi45é  Dominant 205 186-193 182-174
11922 10z D1158%8  Recessive 120 &%111  81-111
Hql2 &0 DX57131 Dominant 130 AI-80 40-85

5q12 (77 M from pter). The linkage results for each
individual family collection for cach of these five chro-
mosomal regions are shown in table 3. As scen in table
3, with the exception of 1721, the LOD scores for cach
of the highlighted regions are higher in the combined
analysis than thosc observed in any individual group,
reaching a suggestive level of evidence only 1n the com-
bined family data.

Analyses of Subsets of Families

We also performed linkage analyses in subsets of fami-
lics that might be more likely to scgregate genes con-
ferring strong PC risk: families with at least five atfected
members or with family mean age ar diagnosis of =635
years. As hypothesized, we found stronger evidence of
linkage among 269 familics with at lcast five atfected

Table 3

members—one region with significant evidence of link-
age and four additional regions with suggestive evidence
of linkage (fig. 2 and table 2). The strongest evidence of
linkage in the genome was found at 22q12 with use of
the dominant model, with LOD score of 3.57 ar 42 <M
{ncar marker [0225283). This LOID score exceeded the
criterion of significant evidence of linkage in the ge-
nomewide screen. Evidence of linkage ar this region was
provided by multiple ICPCG groups {fig. 3). Of the 10
groups, 4 had a LOD score > 1.0 at this region, including
a LOD score of 2.05 from the Mayo group, a LOD score
of 1.57 from the Michigan group, a LOD score of 1.31
from the Utah group, and a LOD score of 1.22 from
the JHU group. It is noted that linkage evidence at this
region was obscrved in the complete sct of 1,233 famui-
lies (LOD score of 1.95 at 42 ¢M) and was strengthened

Support for Linkage from Each Group at Chromesomal Regions with Suggestive Linkage

LOD Score Y CHROMOSOMAL REGION AND MoDEL

5912 (77 M) 8p21 {46 cM) 15911 (1 <My 17921 (77 M) 22q12 (42 cM)
POPULATION Monparametric Dominant Recessive Dominant Dominant
All groups (N = 1,233) 228 1.97 2,10 1.99 1.95
ACTANE (n = 64} 0o 00 0 0 (1]
BOACAMHL (n = 98) 117 00 26 Th 00
JHU {# = 188} 29 16 95 72 1.28
Mayo Clinic (n = 15%) 32 09 o0 00 1.10
PROGRESS (n = 254) 25 164 64 01 00
University of Michigan (v = 178} 01 28 1.06 307 13
University of Tampere (s = 10) 0o 19 0 42 02
University of Ulm in = 139} 38 77 04 00 00
University of Umed (v = 50) 1.62 00 37 0 00
University of Utah (n = %5) 27 17 0 03 1.47
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chremosome for the whele genome.

in this subser. When families with at least five atfected
family members were removed from the analysis, no
evidence of linkage at this region was found in the re-
maining 964 familics. In addition to the 22q12 region,
five additional regions reached suggestive evidence of PC
linkage in this subsct of families with at least five affected
family members (fig. 2 and table 2).

For 606 familics with family mean age at diagnosis of
=435 years, suggestive evidence of PC linkage was found
at four chromosomal regions (fg. 4 and table 2), with
the highest LOD score of 2.37 near marker D352432
at 3p24 (57 cM). The four PC linkages identificd in chis
subsct of familics were unique to the carly-age-at-diag-
nosis subsct. No evidence of linkage at these four regions
was obscrved in the complete set of 1,233 families.

Discussion

We have described results from the largest PC genome-
wide screen reported to date, with combined linkage data
from 1,233 PC-affected families collected by 10 different

groups in the [ICPCG. From the primary analysis of the

entire st of the tamilies, we identified five chromosomal
regions (5q12, 8p21, 15q11, 17q21, and 22q12) with
suggestive evidence of linkage. With one exception (i.c.,
17g21), the threshold for suggestive evidence of linkage
was reached only in the combined analysis, which em-
phasizes the advantage of this combined approach.

Importantly, we found significant cvidence of linkage
at the 22q12 region in 269 familics with at least five
affected members, a subser of PC-affected families that
is more likely to segregare murations in genes conferring
a strong PC risk. Suggestive evidence of linkage at five
other regions (19235, 8q13, 13q14, 16p13,and 17q21)
was also observed in this subset of families. In addition,
four additional regions (3p24, 5935, 11922, and Xq12)
were found to have suggestive evidence of PC linkage
in 606 families with family mean age at diagnosis of =63
years.

We recognize that many of the regions identified in
this study may represent false positive findings due to
multiple tests in a genomewide screen and that it is dif-
ficult to disscct truc linkages from false signals. On the
basis of the assumption of a fully informative marker
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Figure 3
maodel. LODY scores are plotted for each of the 10 [CPCG groups.

map, LOD scores =3.30 or 1.86 would have been ex-
pected to occur 0.05 times and 1 time, respectively, in
a single genomewide screen. Here, we performed nine
genomewide screens (three in the primary analyses and
six in the subgroup analyses); this needs to be considered
when interpreting the results. However, these nine an-
alyses are not independent. Using the method of Camp
and Farnham (2001), we determined that the nine non-
independent analyses performed were equivalent to ~3.2
independent genomewide screens. We therefore estimate
that, after correcting for multiple testing, regions with
a LOD score of »3.30 (significant evidence) in at least
one analysis would be expected 0.25 times in 5.2 inde-
pendent screens and regions with a LOD score of =1.86
{suggestive evidence), 5.2 times. Our empirical results
{onc observed LOD scorc of 3.57 and 13 regions with
LOD scores =1.86) therefore exceeded the expectation
under the null hypothesis of no linkage. Furthermaore,
these thresholds may be unduly conscrvative for the less-
than-informative real dara used in these genomewide
screens, Although it is difficult to determine the true
statistical significance of these findings, a conservative

225

3.57

.1-1-1'"'!-1._
0 2 4 6 B 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68
M (Kosambi)

Parametric linkage analysis of chromosome 22 among families with at least five affected members with use of the dominant

interpretation of these results would be that if major
PC-susceptibility genes do exist, they are most likely to
be located in the regions generating suggestive or sig-
nificant linkage signals. Therefore, results from this
analysis are likely to be helpful in prioritizing any efforts
to identify PC-susceptibility genes.

Lack of reproducibility among PC-linkage studies in
recent years demonstrates the difficulties faced in the
ctfort to identify PC-suscepribility genes with the link-
age approach (Isaacs and Xu 2002, Edwards and Ecles
2004; Ostrander et al. 20043 Schaid 2004). One of the
major difficultics is generic heterogeneity duc to mulriple
but incompletely penetrant PC-susceptibility genes. Each
of these genes may be responsible for a small fraction
of PC-affected families. In this study, we planned two
approaches to address the impact that these difficultics
have on identification of PC linkage. Onc approach was
to perform linkage analysis in a large number of PC-
affected familics, to increase the statistical power to de-
tect linkage. This approach led to the identification of
five regions with evidence suggestive of linkage in the
complete set of 1,233 families. However, the failure to
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Combined genomewide screen for PC-susceptibility genes with use of nonparametric and parametric multipoint linkage analyses

among &06 familics with family mean age at diagnosis =65 years recruited from 10 ICPCG members. LOD scores obtained from parametric
analysis with use of a dominant model { Blse firne), a recessive model (red Fne), and nonparametric analysis (vellow lime) are plotted by individual

chromosome for the whole genome.

identify significant linkage in the genome, even with this
large number of families, indicates a substantial degree
of genetic heterogeneity and suggests that this approach
alone is insufficient to uncover a significant signal if it
is present. Our sccond approach was to focus on sub-
scts of familics that are more likely to scgregate highly
penctrant mutations, including families wich large num-
bers of affected individuals andfor carly age ar diag-
nosis. This latter :l.ppm.l-.h appeared to be more cffec-
tive; stronger evidence of linkage was found in several
regions among these subsets of families than from the
complete sct of familics. The most noteworthy finding
was the considerable increase in evidence of linkage at
22q12—from a LOD score of 1.95 (suggestive linkage)
in the complete set of families to a LOD score of 3.57
isignificant linkage) in 269 families with at least five
affected members. It is important to note that the large
number of families in our combined study makes it pos-
sible to analyze sufficient numbers in cach subsct of
familics. Linkage studics in familics with large numbers
of affected individuals andfor carly ages ar diagnosis

have proved to be cffective in identifying breast cancer—
susceptibility genes (Hall et al. 1990; Easton et al. 1993).

Three pieces of evidence from our study increase our
confidence that the linkage at 22q12 is duc to PC-sus-
ceptibility genels) at this region. First, the LOD scorc
at this region reached the criterion of significant linkage.
The chance of ohserving this magnitude of LOD score
in the genome under a null hypothesis of no linkage is
<0.25 times in our study. Second, this linkage was iden-
tified in the families with at least five affected members,
a subset of families that is more likely to segregate mu-
tations in genes conferring strong PC risk. Third, the
cvidence of linkage at this region was supported by mul-
tiple individual groups; of six groups with =10 such
large families, four had LOD scores »1 in this interval.
The relatively good reproducibility of this linkage find-
ing is an unusual ohservation in PC-linkage studies
iEaston et al. 2003). More than 129 known genes are
in the 1-LOD drop interval (29-37 Mb). An important
candidate gene, CHEK2 (MIM 604373, is outside the
interval, at ~27 Mb.
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Because the mode of inheritance for PC is uncertain,
we performed linkage analysis using both parametric
{dominant or recessive) and nonparametric methods. In
general, evidence of PC linkage was consistently pro-
vided by both parametric and nonparametric methods,
although with different strengths at different regions.
Paramectric analysis will have better power to detect
linkage when an assumed genetic model approximartes
the underlying mode of inheritance of a discasc suscep-
tibility gene (Clerget-Darpoux er al. 19864, 19864; Lio
and Morton 1997). Nonparametric analysis, by assess-
ment of allele sharing among affected individuals within
a pedigree, may have better power when the underlying
genetic model cannot be specified with any confidence
(Whittemore and Halpern 1994).

Most of the linkage regions identified in the present
study are broad. The information content of the marker
scts used in these analyses is generally low, particularly
since most of our families are small and often do not
include genotypes of all parents. Further genotyping at
a higher density, with use of cither microsatellite mark-
ers or SMNPs, should improve informativeness. An addi-
tional approach currently under way by the ICPCG in-
corporatcs clinical and pathological tumor variables in
the assignment of affected status, to emphasize clinically
aggressive discase in this large data set. Hopefully, these
approaches should help to confirm or refutc the evi-
dence of linkage and narrow the regions of interest.

During the last decade, tremendous effort has been put
forth to identify major susceptibility genes for PC. Link-
age studies with smaller numbers of PC-affected fami-
lics have identified and implicated many chromosomal
regions that might harbor PC-susceptibility genes. The
large number of different regions that have been impli-
cated—and the general lack of reproducibility among
these studies—has provided a tenuous foundation for
subsequent PC-gene identification. In this context, results
from the current study, with a very large number of fam-
ilies in the overall analysis, provides a strong basis for
prioritizing regions for PC-gene identification.
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Abstract
cancers vary substantially in their propensily Lo pro-
gress to a hfe-threatening stage, the molecular events

While it is widely appreciated that prostate

responsible for this progression have not been wdenti-
fied. Understanding these molecular mechanisms could
provide important prognostic information relevant to
more effective clinical management of this heteroge-
neous cancer. Hence, through genetic linkage analyses,
we examined the hypothesis that the tendency Lo
develop aggressive prostate cancer may have an
mportant genelic component. Starting with 1,233
familial prostate cancer families with genome scan data
available from the International Consortium for Pros-
tate Cancer Genetics, we sclected those that had at
least three members with the phenotype of chnically
ageressive prostate cancer, as defined by either high
tumor grade andfor stage, resulting in 166 pedigrees
(13%). Genome-wide linkage data were then pooled to
perform a combined linkage analysis for these families.
Linkage signals reaching a suggestive level of signifi-
cance were found on chromosomes 6p22.3 (LOD =
30), 11g14.1-143 (LOD = 2.4), and 20pl11.21-gl1 121
(LOD = 2.5). For chromosome 11, stronger evidence
of linkage (LOD = 3.3) was observed among pedigrees
with an average at diagnosis of 65 years or younger.
Other  chromosomes  that  showed  evidence  for
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heterogeneity in linkage across strata were chromo-
some 7, with the strongest hnkage signal among
pedigrees without male-to-male discase transmission
(7Tg21.11, LOD =4.1). and chromosome 21, with
the strongest hinkage signal among pedigrees that
had African ancestry  (21g22.13-223;
LOD = 32). Qur lindings suggest several regions that
may contain genes which, when mutated, predispose

American

men o develop a more aggressive prostale cancer
phenotype. This provides a basis for attempts to wen-
tfy these genes, with potential clmical utihty for men
with aggressive prostate cancer and their relatives.

Introduction

There 18 much evidence that prostate cancer, the most
frequent of all cancers inmen (Jemal et al. 2004, has a
famihial, if not genetic, etiology. This evidence 1s sup-
ported by a variety of study designs, including case—
control, cohort, twin, and family-based studies
(Gronberg 2003; Schaid 2004), although linkage studies
to find genes associated with high prostate cancer risk
have been disappointing. Early linkage results impli-
cated targeted candidate regions for prostate cancer
susceptibility loct, including HPCl on chromosome
1gZ3=25 (Smith et al. 1996; Xu 2000: Carpten et al.
2002y, PCAF on chromosome 1g42-43 (Berthon et al.
1998), CAPB on chromosome 1p36 (Gibbs et al. 1999),
chromosome 8p22-23 (Xu et al. 2001), HPC2Z on
chromosome 17p (Tavtigian et al. 2001}, HPC2) on
chromosome 20913 (Berry et al. 2000), and HPCX
on chromosome Xg27-28 (Xu etal. 1995). A few of the
targeted hnkage studies have led to the wdentification

@ Springer
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of candidate susceptibility genes including RNASEL
(HPC1) on chromosome 1 (Carpten et al. 2002),
ELACZ (HPCZ) on chromosome 17 (Tavugian et al
2001), and M5RK1 on chromosome 8 (Xu et al, 2002),
Despite these promising lindings, however, conlirma-
tory studies for these genes have provided mixed
results. A number of studies provide strong support,
both functional and epidemiological, while other

studies suggest that the roles of these genes, in terms of

individual nsks and/or prevalence of mutations, might
be small (Ostrander and Stanford 2000; Schaid 2004).

In addition to targeted linkape analyses, at least 12
genome hnkage scans based on microsatellite markers
have now been performed (Easton et al. 2003; Matsw
et al. 2004; Schaid 2004; Camp et al. 2003). Overall, the
cumulative data across all of these studies show some
suggestive evidence for linkage to almost every chro-
mosome. Although there s some overlap among
studies for chromosomal regions that show suggestive
to moderate evidence for hinkage, there 18 no evidence
for a single {or a common few) major susceptibility
loct. In total, these studies illustrate the difficulty in
consistent results  across  different

finding linkapge

studies and emphasize the hkely large amount of

genctic heterogencity of prostate cancer risk. Fur-
thermore, these results sugpest that if linkage analysis
i5 o be used successfully to idenufy prostate cancer
susceptibility genes, innovative approaches to address
such extensive genetic heterogeneity will be required.

The diagnosis of prostate cancer 1s common—in the
LS. approximately one in six men 18 diagnosed with
prostate cancer in his lifetime. The development of
prostate cancer 1s even more common—estimates from
autopsy studies indicate that between 40 and 70% of
men over age 70 will have cancer in their prostates, at
least in the form of histologically identifiable lesions. It
i5 clear that only a subset of these lesions are detected
climcally and that only a subset of these chnmcally de-
tected cancers will progress Lo life-threatening disease.
A recent study of the use of prostate-specilic antigen
(PSA) to screen for prostate cancer estimated that
15-37% of men are overdiagnosed with prostate can-
cer. meaning that they have clinically insignificant
prostate cancer that otherwise would not be detected
in their lifetime (Etziom et al. 2002). Correspondingly,
wlentification of genetic factors that affect the aggres-
siveness of prostale cancers 18 an mmportant guestion
both mechamstically and chimcally. Most previous at-
tempts to identify prostate cancer susceptibility genes
using hnkage analysis have focused on families with
multiple members affected with prostate cancers
regardless of clineal-pathologie characteristics. The
few studies that focused on families with men

@ Springer

dhagnosed with clearly agpressive disease have been
hampered by the small number of familics avalable
within individual study samples. To overcome these
limitations, we used genome-wide hinkage to evaluate
evidence for linkage in a set of umque famihies, each
with at least three men affected with aggressive pros-
lale cancer.

From a genetic perspective, it 18 unclear whether so-
called chimeally insignificant cancers share the same
molecular risk factors as their aggressive counterparts.
If they do, it 18 important to understand the molecular
determinants of risk for all prostate cancers, although
such factors would likely be extremely common, since
the discase 1s so common, at least in most western
populations. On the other hand, if genenc susceptibility
formore aggressive prostate cancer s mediated through
different, or additional, mechanisms, it is important Lo
characterize those specilic mechanisms and identify the
genes involved. From a chnical perspective, it is
important o understand the predisposition W an
aggressive form of the disease, because such cancerscan
cause disability and death 1if not effectively treated.

Supportung our hypothesis that the more aggressive
prostate cancers are more likely to have a genetic cause,
several studies have found hinkage of Gleason grade to
a number of genomic regions, Gleason grade 1s used to
measure prostate wwmor differentiation and is consid-
ered a measure of cancer aggressiveness. Although the
Gleason sum scale ranges from 2 to 10, most tumors are
scored in a much more narrow range, most commonly 6
and 7. Using Gleason grade in quantitative trait inkage
analyses, the reported linkage regions include chro-
mosomes 5g31-33, 7g32, and 19g12 (Witte et al. 2000;
Mewille et al. 2002, 2003; Paiss et al. 2003), 934 (Newville
et al. 2003), 4 (Slager et al. 2003), and 1p13-g21, 5pl3-
gll, and 6g23 (Slager ¢t al. 20060). Furthermore, two
recent studies reported mteresting hnkage signals from
genome linkage scans restricted to men with clinically
agpressive prostate cancer. One recent study (Chang
et al. 2005 ) reported suggestive evidence for linkage on
chromosome X (HLOD = 2.54) and on chromosome 22
(HLOD = 2.06), while another (Stanford et al. 2006)
found suggestive evidence for inkage on chromosome
22 (dominant HLOD = 2.18). Although neither study
found a LOD score greater than 3.0, the criterion typ-
wcally used to define statstically significant inkage, it 1s
intriguing that both studies were consistent for their
findings on chromosome 22, Since the above-mentioned
studies were carried out on limited numbers of families,
the power o detect lmKage in restncted subsets of
familics with aggressive disease was limited.

Because it has not been possible to discover prostate

cancer susceptibility genes, and considering our
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hypothesis that aggressive prostale cancer may be
more genetically homogeneous, we used the Interna-
tonal Consortium for Prostate Cancer Genetics (1C-
PCG) o pool pedigrees that had at least three men
with aggressive prostate cancer. Pooling was necessary
Lo obtain a sufficiently large sample size o perform a
genome-wide linkage scan. Other pooled analyses by
the ICPCG have been used to evaluate linkage for
prostate cancer not restricted to the aggressive phe-
notype on chromosomes 1 (Xu 2000) and 20 (Schaid
and Chang 2005), as well as a pooled genome linkage
scan (Xu et al. 2003).

Methods
Ascertamment of pedigrees

The ICPCG study sample has been described in detail
elsewhere (Schaid and Chang 2005 Xu et al. 2005).
Eleven research groups participated in this combined
linkage analysis of aggressive prostate cancer pedi-
grees, providing 166 pedigrees. Although the methods
of pedigree ascertainment and confirmation of prostate
cancer diagnoses differed somewhat across the groups,
only men with aggressive prostate cancer diagnosis
confirmed by medical records or death ceruficates were
included in this analysis.

Defimtion of aggressive discase

Clinical data were used to classify affected men into
three groups according to the aggressiveness of thear
prostate cancer. The classification criteria, presented in
Table 1, were developed by the ICPCG Epidemiology
subcommittee and are similar to those used in other
recent linkage analyses of chinically significant discase

Table 1 Definition of prostale cancer aggressivensss

(Chang et al. 2005, Stanford et al. 2006). Men with
aggressive prostate cancer were those who had at least
one of the following characteristics: regional or distant
stage (stage T3, T4, N1, or M1, based on the radical
prostatectomy specmen for patients treated with sur-
gery; otherwise, based on chimeal stage); tumor Glea-
son grade at diagnosis = 7 (or poorly differentiated
grade if no Gleason grade was available); pretreatment
P5A at diagnosis = 20 ng/ml; death from metastatic

Pedigrees were included in the analyses if they had
three or more men with aggressive disease, of whom at
least two men had aggressive disease and genolype
data. Men with aggressive discase were coded as af-
fected, and all other subjects were coded as unknown
phenotype (e, men with chmeally insignificant and
moderate disease did not contribute their phenotypes
to the hnkage analyses). This approach avoids the
complication of unaffected men who have not been
screened for prostate cancer, and avoilds attempting to
maodel the unknown parameters that might influence
the penetrance of less agpgressive prostale cancers.
Hence, we focused solely on evidence for genetic
lmkage to aggressive discase.

Each participating group submitted to the Data
Coordinating Center (DOC) summary  mformation
about ecach pedigree, including mean age at diagnosis
of aggressive discase, number of men with aggressive
discase who had genotype data, hereditary prostate
cancer (HPC), and male-to-male transmission of
prostate cancer. A pedigree was classified as HPCaf 1t
melt the criteria of Carter et al. (1993). At least one of
the following three criteria must have been met: (1)
three consecutive generations of prostate cancer along
a line of descent; (2) at least three first-degree relatives
with a diagnosis of prostate cancer; (3) wo or more
relatives with a diagnosis of prostate cancer at age =55

Insignificant: a subject was classified as having had clinically insignificant disease if he had ol of the following characteristics:
» Clinically unapparent tumor al diagnosis (stage A, NOS, Tla, Tlb, or Tlc)

» Tumor in only one lobe if radical prostatectomy was done (T2a)

» Mo evidence of non-localized disease (node negative WX or NO; no metastasis, MO, confined o prosiate, T2a)
» Tumor Gleason grade at dingnosis < 6; if no Glesson grade, then not moderately or poorly differentiated

» Pretreatment FSA at diagnosis < 4 ng/ml

o If deceased, prostate cancer not listed as primary cause of death on death certificats
Aggressive: a subject was classified as having had aggressive disesse if he had any of the following characteristics:
» Regional or distant stage (stage T3, T4, W1, or M1, based on pathology if radical prostaleciomy wis done; otherwise, clinical stapge)

» Tumor Gleason grade at diagnosis = 7
« Poorly differentiated grade (if no Glesson grade available )
» Pretreatment PSA at diagnosis = 20 ngiml

o If deceased, death from metastatic prostate cancer before age 65 vears
Muoderate: a subject was classilied as having had moderate disease if clinical data were available and he did not meet the criteria [or

insignificant or aggressive disease
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years. Furthermore, because inkage of prostate cancer
susceptibility to chromosome X has been reported (Xu
et oal. 1998), pedigrees were classified according Lo
male-to-male transmission (yes versus no ). Pedigrees
classified as “ves” were consistent with autosomal
dominant transmission, allowing for incomplete pene-
trance. For example, pedigrees were classified as “yes”
if a father and son both had prostate cancer, or if the
father was unaffected, but paternal cousing both had
prostate cancer. All other pedigrees were classified as
“no’” this means that the “no” group mcludes pedi-
grees that have a clear pattern of X-hnked transmission
and pedigrees that did not have safficient information
to distinguish mecomplete penetrance for an autosomal
dominant susceptibility allele versus X-hnked trans-
mission (¢.g., nuclear families with unaffected fathers).

Genolyping and consensus genclic map

The participating groups used a total of 1,322 micro-
satellite markers, although the genotype methods and
the sets of markers differed across the groups. Details
of the genotype methods and construction of a con-
sensus map are given ebBewhere (Xu et al. 2005).
Briefly, a consensus map was created by alipming all
markers o the draft human reference sequence
(physical position) based on the Human hgl3 assembly
(released Movember 14, 2002). Ten of these markers
could not be umquely located in the human reference
sequence and were dropped from the combined anal-
ysis. The genetic posittons of the aligned markers were
determined from the deCode map (Kong et al. 2002).
Among the 1,312 mapped markers, the deCode genetic
position was available for 964 markers. The genctc
positions for the remaining 348 markers, where only
physical positions were available, were estimated by
mterpoelation between the flanking markers where
both physical positons and deCode positions were
available.

Statistical analyses

Linkape analyses were performed by each of the 11
groups using common methods of analysis. Output files
from Genchunter-Plus (Kruglvak et al. 1996 Kong and
Cox 1997) contaming pedigree-specific linkage infor-
mation at 1 ¢M intervals across the genome were sent
to the ICPCG DCC. The analyses were developed and
approved by members of the ICPCG and are described
in detail elsewhere (Schaiwd and Chang 2005). Both
parametric and non-parametne inkage analyses were
performed. For parametric analyses, dominant and
recessive models were used. The dominant model, the

72

same as that used w map HPCL (Smith et al. 1996), had
two liability classes. Men with aggressive prostate
cancer were placed in the first hability class with pen-
etrances of .001 and 1.0 for non-carriers and carriers,
respectively. All other subjects were placed ina second
uninformative liability class, e, assigned penctrance
of 0.5 for all genotypes. Hence, analyses were for
agpressive affecteds only, yet other family members
with genotypes helped to infer the missing genotypes
among parents. The frequency of the susceptibility
allele was set at 0,003, The recessive model was similar
to the dommant model, except that the susceplibnhty
allele frequency was sel at 0,15, and the penetrances
for heleroeygous carriers and homozygous non-carrners
were assumed to be equivalent. These model-based
analyses allowed for a fraction of linked pedigrees by
compuling heterogeneity LOD scores using the algo-
rithm of HOMOG, estimating a single fraction of
linked pedigrees () for all positions on a chromosome
(HLOD-DDOM for the dominant model and HLOD-
REC for the recessive model). For the non-parametric
analyses, Kong and Cox LOD scores for the linear
(KCLOD-LIN) and exponential (KCLOD-EXF)
allele-sharmg models were calculated by the ASM
software (Kong and Cox  1997). Pedigrees were
weighted equally, and the score function “all” was
used. All hnkage results were based on multupoint
caleculations by the Genechunter-Plus software ( Krugl-
yvak et al. 1996; Kong and Cox 1997).

Because some studies sugpest that carly age at
prostate cancer diagnosis increases the likelihood of a
genetic etiology, and some families fit an autosomal
dominant mode of transmission  (see reviews by
Grinberg 2003; Schawd 2004) we attempted to create
genetically homogeneous subsets. To do this, we
stratified pedigrees according to mean age at diagnosis
of aggressive prostate cancer (< 65, > 65 years), num-
ber of men with both aggressive prostate cancer and
genotype data per pedigree (< 4 versus 44, evidence
of HPC for any type of prostate cancer, as defined
elsewhere (Carter et al. 1993), and racial ancestry.
Furthermore, pedigrees were classified according to
male-to-male transmission of any form of prostate
cancer (“yves” versus “no’”).

Like others, we computed the maximum LOD
scores within subsets. However, using this strategy
alone can be misleading. The magmtude of the maxi-
mum LOD score depends on the number of pedigrees
and their information contenl. Strata with more
informative pedigrees, and a larger number of them,
can  give larger hnkage signals than other less-
informative strata. Thus, it would be incorrect to
interpret the results toindicate that only the strata with
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large linkage sipnals show evidence for linkage.
Furthermore, examining multiple subsets can inflate
the false-positive rate. To avoid these problems, there
should be significant heterogeneity of the hinkage sig-
nals across strata, because one would not expect to find
heterogeneity in the absence of hnkage. Hence, to aid
our interpretations, we wested for statistically signifi-
cant different hnkage sipnals across strata by hikelihood
ratio statistics, constructed as follows. For the para-
metric HLOD statsties, we allowed each stratum to

have its own parameter representing the fraction of

nked pedigrees within the stratum (), vel we as-
sumed that all strata share the same position of inkage
on a chromosome (). For K strata there were (K+1)

parameters to estimate. Under the null hypothesis of

homogeneily there were only two
parameters Lo estimate, the common value of 2 and #.
By maximizing the HLOD functions under the null
hypothesis (HLOD, ) and under the alternative
hypothesis (HLOD, ), we computed a ikelihood ratio
statistic, 2(HLOD,, - HLOD,, ;). and used the z}_,
distribution to determine probability values. Similar
likelihood ratio statistics were computed using the KO
LOD scores.

Toillustrate the amount of heterogeneity of inkage,
we present the estimated « parameters for each stra-
tum. Statistically sigmficant heterogeneily can arse
from differences in the z parameters. However, the
estimated x's must be viewed cautiously, because they
are most hkely based. Bias can occur when the as-
sumed penetrance 1s not correct (e.g., when penetrance
varies over ctologically relevant genes), when the
phenocopy rate 1s misspecified, and the hkelihood used
in HOMOG s not correct for estimating 2 (Whitte-
more and Halpern 2001 ).

We summarized our hnkage results based on the
proposed puwdelines for reporting hinkage results of a
genome-wide screen: a cutofl of LOD = 330 as “sig-
nmificant” evidence for hnkage, and
LOD = 1.86 as “suggestive” evidence for linkage
(Lander and Kruglyak 1995). Based on asymptotic
arguments, a LOD score of 330 15 expected to occur
(.05 umes in a genome screen using a fully informatve
marker set and a LOD score of 1LB6 1s expected to
oceur once by chance.

Although computing P-values for extreme linkage
stabistcs by simulations 15 an wdeal way Lo evaluate the
statistical significance of large LOD scores, we could
not compute these by the usual methods that rely on
the raw genotype and phenotype data. The data were
collected during a period of time when informed con-
sents did not request sending data to a central location,
and some mstitutions felt that they would need to

across  strata,
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a cutoff of

reconsenl participants in order to submit their raw data
to a central location. To overcome this hmitation, we
computed empirical P-values in a himited (1.e., con-
servative ) manner. To compute permutation P-values,
we use the rapid permutation strategy for score sta-
ustics proposed by Lin (2005). He showed that under
the null hypothesis, and conditional on the data, per-
mutation F-values can be computed by multiplying an
observed score statistic for an observation (in our case,
each pedigree 1s an observation) by a standard normal
random variable, and then computing the desired
summary statistic. In our application, the NPL scores
per pedigree are score statistics for the Kong and Cox
allele-sharmg models (both linear and exponential)
(Kong and Cox 1997). S0, for each of 10000 simula-
nons, we generated a random normal vanable per
pedigree, muluplied the observed NPL scores by the
random variable, computed the summary NPL over all
pedigrees, and then determined the maximum sum-
mary statistic over all positions on a chromosome. The
method by Lin is appropriate when the different sta-
tstics (c.g., maximum LOD scores per chromosome)
have the same null distribution. However, this i not
the case, because longer chromosomes are more hikely
to have larger LOD scores than shorter chromosomes,
because longer chromosomes have less dependence
due o more recombimmations. This can be verified by
asymplolic approximations gven elsewhere (Feingold
et al. 1993). Hence, we computed permutation P-values
separately for each chromosome, and then used Ben-
jamini and Hochberg's (Benjamint and Hochberg
1995) step-up method to determine P-values corrected
for testing multiple chromosomes while controlling the
false-discovery rate. An advantage of this approach is
that by conditioning on the observed NPL scores, it
implicitly condittons on the lmkage information m a
pedigree, in contrast to other approaches that assume
fully informative markers for simulations. A hmitation,
however, 15 that it s well known that NPL summary
statistics have less power than the Kong and Cox LOD
scores when linkape information 15 not complete.
Hence, our reported permutation P-values are likely
too large, compared to what might be achieved with
the raw data.

Results

The charactenstcs of the 166 aggressive prostate can-
cer pedigrees from the 11 groups of the ICPCG are
summarized in Table 20 Among these pedigrees, 44%
had a mean age at diagnosis of 63 years or younger,

% had at least four men with aggressive prostate
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Table 2 Characteristics of the ICPCG pedigress used [or aggressive prostale cancer link age

ICPCG member Mean age at = No. with Heraditary  Male-to- Race Total
agpressive appressive prosiale male no, of
disease disease and  cancer pedigrees
diagnosis penolype
(vears) data
=H5 =65 2-3 4 Mo Yes Yes  MNo o Alrican Oiher Cancasian

Amencan

ACTANE 1 1 1 1 1 1

BC/CA/HI 1 2 3 1 2 1 2 2 1 3

JHU 10 13 16 7 23 2 3 2 2 2

Mayo Clinic B 10 15 3 10 B 10 8 18 18

Fred Hutchinson' ISB 17 2 2 10 7 30 17 20 1 2 34 37

University of Michigan 14 8 17 5 8 14 14 8 3 1 18 22

Washington University 4 4 f 2 1 7 7 1 1 7 8

University of Tampere 2 2 LS LS 3 1 B 4

University of Ulm a9 5 13 1 3 11 7 7 14 14

University of Umea 1 7 7 1 1 7 2 f B 8

University of Llah 7 21 16 2 17 11 25 3 2 2

All 73 93 121 45 48 118 107 59 B 4 154 166

[T
A

cancer and genotype data, 7 met the Carter eniteria
for HPC, and 92% had Caucasian ancestry (8 pedigrees
had African American ancestry; 1 pedigree, Asian; |
pedigree, Hispanic; 2 pedigrees, Native American).
The linkage results for the pool of all 166 pedigrees
are summarized in Table 3. Sugpgestive nkage results
(LOD scores = L86) were observed on chromosomes
op. 11q, and 20p. Sce Fig 1 for plots of LOD scores for
these chromosomes. The largest LOD scores were
found at chromosome 6p22.3, with KCLOD-LIN =
300 and KCLOD-EXP = 2.63 (42 ¢M). The recessive
model HLOD-REC was 220 in this region of chro-
mosome 6 (43 ¢cM). Al chromosome 11g14.1-14.3, the
recessive model HLOD-REC was 2.40 (89 ¢M), with
weaker evidence provided by the allele-sharing models
(KCLOD-LIN = 1.81 and KCLOD-EXP =191 at
88 cM). At chromosome 20p11.21-gq11.21, the largest
LOD score was an HLOD-DOM of 2.49 (54 ¢M). The
permutation P-values are consistent with these findings,
with chromosome 6 having the smallest P-value
(F=0004; pFDR = 0.08), and chromosomes 11 (P =
0.017; pFDR = 0.196) and 20 (P = 0057, pFDR =
0.263) less sipnificant. However, because chromosome
20 showed the largest LOD score by the dominant
model, the true level of statistical sigmificance for
chromosome 20 15 not well approxmated by the per-
mutation P-values, which are based on the NPL scores.

Heterogeneity across strata and subset results

Our results from evaluating heterogeneily across strata
sugpested that there might be heterogeneity for six

chromosomes: chromosomes 5, 6, 7, 11, 20, and 21. As
summarized in Table 4, the linkage results for these
chromosomes varied substantially according to the
strata analyzed. See also Fig. 1 for the LOD scores
plotted within each of the strata for these chromo-
somes. Three of these six chromosomes were those for
which suggestive linkage evidence was found in the
pool of all 166 pedigrees: chromosomes 6, 11, and 20,
For chromosomes 6 and 20), the stronger inkage signals
were found in the subset of pedigrees with an average
age at diagnosis greater than 65 years; for chromosome
6, the strongest linkage signal was KCLOD-LIN =
274, while for chromosome 20, the strongest hinkage
signal  was HLOD-DOM =265 In contrast, for
chromosome 11, the strongest inkage signal was for
pedigrees with an average age at diagnosis of 65 vears
or vounger, with HLOD-REC = 331

The three other chromosomes that showed evidence
for heterogeneity across strata were chromosomes 5, 7,
and 21. Chromosomes 5 and 7 showed the strongest
hinkage signal among pedigrees without male-to-male
disease  transmussion  (5g212-22.1, KCLOD-LIN =
224 Tg21.11, HLOD-DOM = 4.09). Chromosome
21g22.13-22.3 showed the strongest hinkage signal for
pedigrees  that had  Afrncan  American  ancestry
(HLOD-DOM = 3.19). Each of these subset hinkage
signals was located within approximately 5 ¢M of the
maximum LOD score observed in the full set of pedi-
grees for the corresponding chromosomes (Table 3).

Previous linkage to chromosome 20 has been re-
ported by the Mayo Clinie group (Berry et al. 2000), of
which 18 of the ongmal Mayo Clime pedigrees were
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Table 3 Maximum LOD scores [or each chromosome

Chromosome  Allele-sharing Allele-sharing Simulation Dovmin ant Recessive

exponential madel lingar maodel Pevalues maode] msdel
KCLOD-EXP M KCLOD-LIN <M Empiric FDR HLOD ¢M o HLOD M =

1 .53 156 060 154 0556 0765 0.3 138 007 043 188 0.9
2 0.R2 B3 0R2 83 0398 0,765 0.9 67 010 0.9 66 013
3 0.24 171 026 168 0.760 0832  0.05 M 002 05 175 011
4 1.42 0 143 0 0192 0568 1.25 0 02 1.09 0 02
5 1.39 96 164 101 0u041 0,23 0.87 B 014 119 117 016
6 263 2 300 2 0004 0080  1.21 4 015 2.3 43 028
7 0.47 32 045 33 D484 0,765 043 2 007 1 35 014
B .89 136 078 136 0242 0618 117 137 015 079 136 015
9 0.21 46 026 46 0714 0832 012 137 005 057 110 0,10
10 0.34 Bl 023 95 D667 0832 097 Bl 008 075 Bl 010
1n* 1.91 B8 1Bl 88 0017 0.19% 0.71 78 011 240 89 027
2 1.81 2 1.82 2 033 0,23 1.61 P 0.19 0.8 22 015
13 0.33 12: 0.26 123 0.545 0765 1.0 123 013 0.8 123 013
14 002 91 002 91 0930 093 0 0 0 .08 94 003
15 0.25 B0 030 22 D566 0765 014 133 006 0.5 Bl 011
16 0.49 39 048 39 0341 0765 092 N 013 0T 40 014
17 0.32 458 02 48 053 0,765 038 5 007 048 47 010
18 0.74 97 084 98 019 0.568 035 91 007 051 95 011
19 0.11 36 010 36 0932 0832 029 3 006 010 77 005
i 1.43 52 116 52 0057 0263 249 M 018 148 52 016
2 0.01 79 001 79 DB 0DERZ O 0 0 0.14 78 009
2 0.20 2 014 2 0.490) 0765 079 19 011 0.6l 18 013
X 0.94 134 093 133 0198 0.568 1.0 13 015 0% 136 0.2

* Chromosomes with LOD scores = 2.0

also included in this analysis. Excluding these 18 Mayo
Climie pedigrees resulted iman HLOD-DOM of 1.850n
chromosome 20, suggesting that the pedigrees with
aggressive prostate cancer from the remaining ICPCG
members contribute a large fraction to this lnkage
signal. Furthermore, two of the groups participating in
this pooled analysis recently reported their own gen-
ome-wide linkage scans for aggressive prostate cancer
[Johns Hopkins University (Chang et al. 20035); Fred
Hutchinson Cancer Center/Institute of Systems Biol-
ogy (Stanford et al. 2000)]. To determine whether our
findings were influenced by the pedigrees from these
prior studies, and to determine the influence from each
group, we analyzed the linkage signals for cach group
that had at least ten pedigrees; all groups with fewer
pedigrees were combined into a single “others” group.
The heterogeneity results presented in Table 5 1llus-
trate significant heterogeneity across groups for chro-
mosomes 1 and 2, but not for the regions on
chromosomes 6, 11, and 20. For chromosome 1, the
heterogeneily was most obvious for the dominant
model, with pedigrees from Johns Hopkins, Mayo
Climie, and Umversity of Michigan giving the largest
LOD scores. For chromosome 2, the recessive model
gave the largest heterogeneity, with pedigrees from the

“others”™ group giving the largest LOD score, followed
by pedigrees from the Mayo Chime.

Discussion

Our main findings, based on the pool of 166 pedigrees
with aggressive prostate cancer, were statistically sig-
nificant evidence for linkage for chromosome 6 and
suggestive linkage signals, with LOD scores at least 2.0,
on chromosomes 11, and 20. In the stratified analyses,
we found evidence for significantly different linkage
signals across strata for these three chromosomes, and
in some strata, the linkage signals for chromosomes 11
and 20 increased. In fact, the strongest signal was at
chromosome 11g14.1-14.3, from the 73 pedigrees with
yvounger ages al diagnosis. From a genetic perspective,
this is enticing: the strength of familial risks for pros-
tate cancer are greater for earhier age at diagnosis
(Johns and Houlston 2003). The straufied analyses
provided addinonal interesting hnkage signals on
chromosomes 5, 7, and 21.

A hallmark of genetically inherited cancer syn-
dromes 18 the tendency for cancers to begin, or at least
become clinically detectable, at an earlier age than
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Fig. 1 LOD scores for chromosomes and strata with statistically
significant linkage heterogeneity and LOD scores > 2 in at least
ong stratum—chromosomes 5, 6, 7, 11, 20, and 21 (MTM male-

their non-genetic counterparts (Lindor et al. 1998). For
this reason, age at diagnosis 15 frequently wsed as a
potential mdicator of inherited prostate cancers.
However, age at diagnosis 1s a poor surrogate for age at
onsel of prostate cancer, because age at diagnosis 15
strongly influenced by screening practices. For exam-
ple, a man not previously screened for prostate cancer,
vet diagnosed at age 70 with metastatic prostate can-
cer, possibly could have been diagnosed 10-20 years
earlier had he been screened for prostate cancer. A
man diagnosed at age 35 with a low-volume, low-grade
cancer may be just one of the substantial proportion of
men of this age in the general population who have
within their prostates small amounts of cancerous cells
that have minimal clinical significance. On the other
hand, 1f this latter man had such extensive cancer that
it was no longer confined o the prostate, it would
suggest that the cancer had been present for a number
of vears, and it was “early-onset” disease. Therefore,

to-male transmission of prostate cancer, Age Dx age at
diagnosis). The fine colory represent different linkage tests (see
figure lepgend)

our focus on clincally aggressive prostate cancer not
only emphasizes a clinically important phenotype, but
also, in the case of aggressive discase at an carly age, it
increases the likehhood that we are studying truly
carly-onset disease. Using families that have multiple
men affected with apgressive disease provides an
opportunity to enrich the study sample for genctic
influences that may be detectable by linkage analysis.
Our finding of a LOD score greater than 3.3 in families
with aggressive disease at an early age 18 particularly
interesting in this respect.

To assess the strength of evidence for our regions of
mterest, we reviewed 21 reports that pubhshed gen-
ome-wide hnkage scans for prostate cancer. Two stud-
ies, like ours, restricted their analyses to only aggressive
prostate cancers (Chang et al. 2005 Stanford et al.
2006). Four studies screened for hnkage by using
Gleason grade as a quantitative trait (Witte et al. 2000,
2003; Slager et al. 2003, 2006). Finally, the majority of
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Fig. 1 continued

studies—15—analyzed any type of prostale cancer
(Smith et al. 199%; Suarez et al. 2000; Goddard et al.
2001; Hsich et al. 2001; Cunningham et al. 2003; Ed-
wards et al. 2003; Janer et al. 2003; Lange et al. 2003;
Schleutker et al. 2003; Wiklund et al. 2003; Xu et al.
2003; allanders et al. 2004; Matsw et al. 2004; Camp
et al. 2005; Xu et al. 2005). These studies are not all
independent, because some represent expanded acerual
over prior studies, and some represent analyses com-
bined over multiple groups. Many of these reports are
from members of the ICPCG; the report by Xu et al.
(2005) 15 a pooled analysis of any form of prostate
cancer among 1,233 pedigrees from ten groups of the
ICPCG. To quantfy the hinkage evidence as LOD
scores, results reported as P-values were converted to
LOD scores for this discussion. This conversion 1s
LOD = 3, _,plogy(e)/2 where x3,_,p is the quantile
of a chi-square distribution with one degree of freedom,
at the percentile 1-2P, Pis the P-value, and e1s the base

Pasition (ch) Position {ch)

of the natural logarithm. A summary of chromosomaes
that had LOD scores at least 2.0 for our chromosomes
of interest 1s given in Table 6.

For chromosome 5, Stanford ¢t al. (2006 )}—who
restricted  their analyses to the aggressive discase
phenotype—found a suggestive linkage signal among
pedigrees classified as not having HPC (following Car-
ter’s criteria). A number of studies have found similar
evidence for linkage near this same region. Slager et al.
(2006) reported a similar linkage signal using Gleason
grade as a quantitative trait, Goddard et al. (2001)
found similar linkage evidence using Gleason grade as a
covariate, and Wiklund et al. (2003) found similar evi-
dence among men from Sweden. It is worth emphasiz-
ing that in this Swedish study approximately two-thirds
of the men were diagnosed with prostate cancer before
1990 when PSA was introduced as an mid to early
detection, and 79% of the men had clinical symptoms at
diagnosis. This suggests that the men in the Swedish



Appendices

480

Hum Genet (2006) 1201471485

Table 4 Summary of chromosomes and strata with significant heterogeneity over strata and LOD scores =2 in al least one stratum

Chromosome  Strata Mo, ped. KC-EXP KC-LIM DO REC
LOD cM LOD cM  HLOD : cM  HLOD o cM

5 MTM*

Yes 107 0.69 93 087 o 050 013 86 051 012 118

Mo 549 LAS (0.10) 114 224 (0048) 116 12000800 029 114 1340047 030 113
6 Dix age

=65 73 1.26 107 132 108 099 22 107 097 0.3 107

= 65 a3 247 0028) 48 274 (030) 48 LT2(003) 023 48 268(0.10) 036 49
7 MTM

Yes 107 0.52 42 050 2 049 008 32 129 00 37

Mo 549 33000002y 93 254 (0002) 9 409(002) 049 96 25100.61) 043 94
11 Dix age

=65 73 Jm 90 276 o 222 032 90 331 0.4 100

= 65 a3 030 {0022y 53 033 (0035) 55 023 (010 008 53 0520(091) 015 124
N Dix age

= 65 T3 0.18 52 0104 52 032 008 B 099 017 52

= 65 a3 149 (0.29) 52 129 (027) 52 265(0045) 026 56 L01(0.27) 018 69
pa African American 8 208 56 179 45 319 Lo 45 135 1.0 56

Caucasian 154 003 79 000 M 000 0 M 006 0.06 79

Criher 4 025 {011y 45 031 (0008) 45 021 (005 10 45 0300029 073 45

Maximum LOD scores by chromosome and strata, Pavalues Lo 25t heterogeneily over strata are enclosed in parentheses

# Male-lo-male transmission of prostale cancer

study have more ageressive disease than those in the
typical linkage study performed elsewhere.

Al approximately 80 ¢M dhstant from this region on
chromosome 5, Witte et al. (2000) reported suggestve
linkage at 5g31-33. It is interesting that in an inde-
pendent follow-up study, Witte et al. (2003) reported a
LOD score of 1.6 at 5pl5, approximately 150 ¢M dis-
tant from their initial finding. This large variation in
chromosome position of the largest linkage signal is
clearly illustrated in Table 6 for most of the chromo-

somes of terest. Finally, when analyeing any form of

prostate cancer, both Camp et al. (2005) and Xu et al.
(2005) reported suggestive inkage signals on chromo-
some 5 among pedigrees with an earher age at diag-
Nos1s.

For chromosome 6, Stanford et al. (2006), using the
aggressive disease phenotype, found a suggestive link-
age signal among pedigrees with an earlier age at
diagnosis. Slager et al. (2006), using Gleason grade as a
quantitative trait, found a similar inkage signal in this
same regon. The Umversity of  Michigan  group
recently completed a genome scan of their 71 pedigrees

Table 5 Summary of chromosomes and sirata with significant heterogeneity over ICPCG Member Groups and LOD scores = 2 in at

least one stratum

Chromosome  Strala MNo. ped. KC-EXP KC-LIN DOM REC
LOD cM LOD cM HLOD D! cM  HLOD - cM
| Fred Hutchinson/ISE 37 0.14 159 017 159 0.05 005 195 052 021 188
JHU 23 217 150 2.06 2 265 073 152 214 075 64
University of Ulm 14 058 247 100 247 0.21 0.2 47 050 046 246
Mayo Clinic 18 153 271 131 71 1.86 0.51 271 0.88 048 271
University of Michigan 22 135 182 092 182 0.96 036 18 160 0.50 184
University of Uiah 28 039 66 075 66 (.64 024 5 030 028 2
Others 24 051 (026) 187 018(013) 188 037 (0.05) 022 18 034 (027) 023 186
2 Fred Huichinson/ISB 37 039 19 033 19 0.87 0.4 25 048 018 210
JHU 23 008 55 008 55 0.28 019 8 0.05 009 89
University of Ulm 14 039 24 035 N4 0.4z 032 171 031 023 165
Mayo Clinic 18 062 5 085 0 0.50 029 49 096 042 67
University of Michigan 22 086 205 087 211 112 042 202 034 027 204
University of Uiah 28 054 9 0.59 94 (.58 014 67 043 034 102
Others 24 L70(043) 77 213(021) 77 147(044) 056 77 241005 069 78

Maximum LOD scores by chromosome and strata, P-values Lo test heterogeneily over strata are enclosed in parentheses
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Table 6 Summary of published LOD scores at least 2.0 for chromosomes 5, 6, 7, 11, and 20

Chromosome Type of PC LOD M Nearest marker Stratum or covariate Reference

5 Agpressive 2.0 69 DE52500 HPFC = no Stanford et al. (2006)
Gileason as CQTL 21 i) D55407 Slager et al. (2006)
Cileason as CQFTL 24 147 551480 Witte et al. (2000)
Any 23 50 D551457 Cileason as covariale Goddard et al. (2001)
Any 22 a5 Da5407 All pedigrees Wiklund et al. (2003)
Any 21 110 DE51505 Dx age = 69 Camp et al. {2005)
Any 23 T 552858 All pedigrees Xu et al. (2005)
Any 2.0 179 D551456 Dx age < 65 Xu et al. (2005)

6 Agpressive 2.2 125 D6S1040 Dx age < 58 Stanford et al. (2006)
Gleason as QTL 21 137 D65292 Slager et al. (2006)
Any 39 185 D6S2R1 Dx age = 66 Cunningham et al. (2003}
Any 25 5 D651281 All pedigrees Janer et al. (2003)

7 Agpgressive 32 7 D753056 M. affected = 5 Stanford et al. (2006)
Agppressive 21 42 D751824 Dx age > 65 Paiss et al. (2003)
Gileason as CQFTL 22 130 751804 Witte et al. (2000)
Gleason as OTL 21 130 D7515M Expansion of above siudy Witle et al. (2003)
Any 23 96 D752212 All pedigrees Janer et al. (2003)

11 Any 34 BA D115901 All pedigrees Schleutker &1 al. (2003)
Any 22 102 D115898 All pedigrees Xu et al (2005)
Any 21 123 D 154464 All pedigrees Witle et al. (3003)

0 Agpressive 26 e ATTCOLS MTM = no Stanford et al. (2006)
Any 4.8 T8 D205196 All pedigrees Cunningham et al. (2003)

MTM male-lo-male transmission of prostate cancer, HPC hereditary prostale cancer

with aggressive prostate cancer. Their inclusion criteria
were more liberal than those used in this study, becaose
Lange et al. (2006) mcluded pedigrees with only two
men with aggressive disease. They had 49 such pedi-
grees, while 22 of their pedigrees with at least three men
with aggressive discase overlapped with this current
pooled analysis. Their strongest signal, on chromosome
15g, was driven entirely by the 49 famihes with only two
men with aggressive prostate cancer, while their second
largest linkape signal, on chromosome 6p, was similar
for those families included versus those not included in
this current pooled analysis. Their 49 excluded pedi-
grees had a LOD score of approximately 1.2 in the
chromosome 6pl2-23 regon (EM. Lange, personal
communication). When analyzing any form of prostate
cancer, the ACTANE pgroup (Edwards et al. 2003)
found a LOD score over 1.0 on 6p for a large number of
families that did not meet the more strict criteria of this
pooled analysis. Furthermore, Janer et al. (2003 ) found
a linkage signal approximately 100 M distant from
these other reports. Cunmngham et al. (2003) found a
strong linkage signal on 6p among men with an older
age at diagnosis. These regions varied from our region
at 6p22.3—at approximately 30 cM—that had a LOD
score of 3.0, This region s approximately 20 ¢M distant
to HLA, which resides at 6p21.3. Perhaps this ties with
the speculation that immunity and mflammatory
mechanisms play a eritical role n the development of
prostate cancer (Nelson et al. 2004).

For chromosome 7, Stanford et al. (2006), using the
aggressive  disease phenotype. found a suggestive
Imkage signal among pedigrees with at least five men
with prostate cancer. The hinkage signal, however, was
approximately %) ¢M distant from a prior report by
this group that found suggestive linkage for chromo-
some 7 when analvzing any form of prostale cancer
(Janer et al. 2003). In contrast, when restricted to men
with an aggressive disease and an older age at diag-
nosis, Paiss et al. (2003) reported a suggestive linkage
signal that was only about 35 ¢M from that reported by
Stanford et al. When analyzing Gleason prade as a
guantitative trat, Witte et al. found linkage signals at
approximately 130 ¢M (Witte et al. 2000, 203), much
closer to the position of 96 ¢M reported by Janer et al.
Further support for chromosome 7g32 comes [rom
finding an increased allelic mbalance mm primary
prostate tumors (Neville et al. 2002).

For chromosome 11, both Schleutker et al (2003)
and Witte et al. (2003) reported interestng LOD
scores al about the same locatons, and an ICPCG
pooled analysis confirmed these findings (Xu et al.
2005). Although Schleutker et al. (2003) did not restrict
their pedigrees to only men with aggressive disease,
they did skew their selected pedigrees to have as many
affected men as possible (at least 3 per pedigree), and
out of the 13 pedigrees used in their imtal findings for
chromosome 11, 4 met the present criteria for aggres-
sive prostate cancer to be included in our current
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analyses. Furthermore, hike the Swedish families, many
of the Finmsh familics were diagnosed prior to the use
of PSA screeming that started m early 19905 in Finland.

Among the ornginal families used for hnkage, 32% of

the patients were diagnosed before 1990, and 42% had
clinical symptoms at diagnosis.

For chromosome 20, Stanford et al. (2006), using the
ageressive  disease phenotype, found a suggestive
linkage signal among pedigrees without male-to-male
transmission. The position of this linkage signal was
about 30 ¢M distant from the large linkage signal that
Cunmngham et al. (2003) reported when analyzing any
form of prostate cancer. Unfortunately, the findings by
Cunningham et al. could not be replicated by a pooled
[CPCG study: a LOD score of 0L06 was found among
L0076 pedigrees not included m the onginal Mavoe
Clinic study (Schaid and Chang 2003). These results
suggest that focusing on aggressive prostate cancer
may reveal linkage that 8 not apparent among all types
of prostate cancers.

Owr finding of a lmkage signal for chromosome 21
among ¢ight pedigrees with African American ancestry
15 intriguing, vet no other studies reported LOD scores
greater than 2.0 for chromosome 21 This suggests that
our linding may be spurious. A possible cause of a
spuriows finding 15 that the founders of our pedigrees,
typically parent and grand-parent gencrations, do not
have DNA available for genotyping. Hence, our sta-
tistical analyses depend on estimated allele frequen-
cies. Because cach group had few non-Caucasian
pedigrees, each group estimated allele frequencies in
the pool of all their pedigrees. I these allele frequen-
cies chifered between the mayornty of the Cauncasian
pedigrees and the African American pedigrees, then
this could lead to bias, and possibly falsely inflated
LOD scores in the African Amerncan pedigrees.

In contrast to our summary of linkage signals that
have been reported for our regions of interest, it is
worthwhile to consider reported linkage signals for the
ageressive disease phenotype that we did not detect.
Using a similarly defined aggressive disease phenotype,
Chang et al. found a LOD score of 2.5 for chromosome
X and a LOD score of 2.1 for chromosome 22 ( Chang
et al. 2005). They also found interesting, vet less
striking, signals on chromosomes 3 and 9. Stanford
et al. also found an interesting signal on chromosome
22, a LOD score of 22 (Stanford et al. 2006). The
University of Michigan group, that also focused on
aggressive prostate cancer, recently found a LOD score
of 3.5 at chromosome 15g12 (Lange et al. 2006). Other
regions reported to have suggestive linkape signals
when analyzing Gleason grade as a quantitative trait
are chromosomes 4 and 15 (Slager et al. 2003),

chromosome 9 (Witte et al. 2003 ) and chromosome 19
(Witte et al. 2000; Neville et al. 2002, 2003 ).

In summary, our linkage findings for aggressive
prostate cancer that seem o be most consistent with
prior pubbshed studies are chromosomes 5q. 6p, 7q.
and 11g. These results suggest that prostate cancer
aggressiveness might be controlled by multple genes.
Although the major strength of our study is the large
number of pedigrees with aggressive prostate cancer,
we recognize that our selection criteria means our
conclusions are likely to be relevant more for discase
with an earlier age at disease onsel; requiring meta-
static disease or death from prostate cancer implies an
earlier age at onset, because it takes time for metas-
tases and death to occur. Nonetheless, we chose our
study design because we beheved it would enrnich for
HPC. Like many genetically complex traits, resolving
the genetic basis of prostate cancer 15 likely to require
large studies, much like ours based on the ICPCG, as
well as novel experimental designs and analyses. Our
findings provide directions for future studies to target
candidate genes for aggressive prostate cancer, based
on our strongest linkage findings for chromosomes 6
and 11, and possibly 20.
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