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Abstract Genetic studies suggest that hereditary prostate
cancer is a genetically heterogeneous disease with multiple
contributing loci. Studies of high-risk prostate cancer fami-
lies selected for aggressive disease, analysis of large multi-
generational families, and a meta-analysis from the
International Consortium for Prostate Cancer Genetics
(ICPCG), all highlight chromosome 22q12.3 as a suscepti-
bility locus with strong statistical signiWcance. Recently,

two publications have narrowed the 22q12.3 locus to a
2.18 Mb interval using 54 high-risk families from the
ICPCG collaboration, as deWned by three recombination
events on either side of the locus. In this paper, we present
the results from Wne mapping studies at 22q12.3 using both
haplotype and recombination data from 42 high-risk fami-
lies contributed from the Mayo Clinic and the Prostate Can-
cer Genetic Research Study (PROGRESS) mapping
studies. No clear consensus interval is present when all
families are used. However, in the subset of 14 families
with ¸5 aVected men per family, a 2.53-Mb shared consen-
sus segment that overlaps with the previously published
interval is identiWed. Combining these results with data
from the earlier ICPCG study reduces the three-recombina-
tion interval at 22q12.3 to approximately 1.36 Mb.

Introduction

Prostate cancer (PC) is the second most common cancer
and the second leading cause of cancer deaths for men in
the United States, with 218,890 new cases and 27,050 can-
cer deaths expected during 2007 (Jemal et al. 2007). There
are diVerences in both the incidence and mortality rates of
PC across populations. From 1999 to 2003, the highest PC
rates within the US occurred in African Americans, fol-
lowed by men of European ancestry, and then Asian–Ameri-
can men (Jemal et al. 2007). In addition, a family history of
disease is one of the strongest known risk factors for PC.
An unaVected man with one or more aVected Wrst-degree
relatives or an aVected brother diagnosed before age 60 has
a 2- to 4-fold increased risk of developing this malignancy
(Goldgar et al. 1994; Keetch et al. 1995). Furthermore,
5–10% of all PC cases and up to 40% of those ·55 years of
age may have a hereditary basis (Bratt 2002; Carter et al.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00439-007-0451-y) contains supplementary 
material, which is available to authorized users.

B. Johanneson · D. M. Karyadi · E. M. Kwon · M. Suuriniemi · 
E. A. Ostrander
Cancer Genetics Branch, 
National Human Genome Research Institute, 
National Institutes of Health, Bethesda, MD, USA

S. K. McDonnell · D. J. Schaid
Department of Health Sciences Research, 
Mayo Clinic, Rochester, MN, USA

S. J. Hebbring · L. Wang · S. N. Thibodeau (&)
Department of Laboratory Medicine and Pathology, 
Mayo Clinic, 200 First Street SW, 920 Hilton Building, 
Rochester, MN 55905, USA
e-mail: sthibodeau@mayo.edu

K. Deutsch
Institute for Systems Biology, Seattle, WA, USA

L. McIntosh · J. L. Stanford
Division of Public Health Sciences, 
Fred Hutchinson Cancer Research Center, Seattle, WA, USA

J. L. Stanford
Department of Epidemiology, 
School of Public Health and Community Medicine, 
University of Washington, Seattle, WA, USA
123

http://dx.doi.org/10.1007/s00439-007-0451-y


66 Hum Genet (2008) 123:65–75
1992; Zhang et al. 2002). Segregation analyses support an
autosomal dominant, multifactorial mode of inheritance as
well as recessive or X-linked inheritance. Although the
studies are in diverse populations, seven analyses report
evidence for a single major gene with a rare autosomal
dominant eVect, especially in families with early ages of
onset (Carter et al. 1992; Conlon et al. 2003; Cui et al.
2001; Gronberg et al. 1997; Schaid et al. 1998; Valeri et al.
2003; Verhage et al. 2001). Two studies provide evidence
for recessive inheritance (Cui et al. 2001; Pakkanen et al.
2007), while Gong et al. (2002) suggest that a multifacto-
rial model best Wts the available data.

Building on this evidence, large collections of hereditary
prostate cancer (HPC) families have been analyzed using
genome-wide linkage scans in order to identify molecular
factors or pathways involved in disease susceptibility. While
highlighting many loci, the results from these studies have
not been well replicated in independent eVorts (reviewed in:
(Easton et al. 2003; Ostrander et al. 2004; Ostrander and
Stanford 2000; Schaid 2004)). There are several possible
explanations for this lack of replication. Since PC is a com-
mon disorder (one in six men will be diagnosed with this
disease over their lifetime), collections of high-risk families
are likely to include a moderate number of phenocopies,
which can confound analyses. Also, HPC demonstrates sig-
niWcant locus heterogeneity. This is supported by a recent
segregation analysis, which suggests a multifactorial model
with multiple lower penetrance genes (Gong et al. 2002).

One approach to unambiguously identifying PC genes is
to focus on regions, such as 22q12.3, where multiple inde-
pendent studies have identiWed “suggestive” evidence for
linkage. Putative linkage to chromosome 22 was Wrst
reported by three of the eight genome-wide scans published
simultaneously in The Prostate, (Cunningham et al. 2003;
Janer et al. 2003; Lange et al. 2003). In these studies, the
best evidence for linkage was found in the subset of fami-
lies with ¸4 aVected (University of Michigan,
LOD = 1.87), ¸5 aVected (PROGRESS, HLOD = 2.21), or
with a median age at diagnosis ¸66 years (Mayo Clinic,
LOD = 1.59). Subsequently, Camp et al. reported a TLOD
(theta LOD; a robust multipoint linkage statistic) of 2.42 at
22q12.3 using data from 436 three-generation pedigrees
(Camp et al. 2005). Further evaluation of previously
reported HPC families provides suggestive linkage for 22q.
SpeciWcally, by modeling two-locus gene-gene interac-
tions, Chang et al. (2006) detected suggestive evidence for
an epistatic interaction between 22q13 and 21q22 in 426
families from Johns Hopkins University, University of
Michigan, University of Umeå, and University of Tampere.
By analyzing HPC families according to disease aggres-
siveness, two studies reported evidence for linkage to chro-
mosome 22q with a dominant HLOD >2 (Chang et al.
2006; Stanford et al. 2006). Finally, the most convincing

evidence comes from an analysis of 1,233 HPC families by
the International Consortium for Prostate Cancer Genetics
(ICPCG). Using data from 11 independent but collaborat-
ing research centers, Xu et al. reported that the only signiW-
cant evidence for linkage was on chromosome 22q12.3
(dominant HLOD = 3.57) in 269 pedigrees with ¸5
aVected per family (Xu et al. 2005).

The chromosome 22q region has been further analyzed
using two datasets, one from the University of Utah and the
other combined data from the ICPCG (excluding the eight
previously reported Utah pedigrees). Fourteen University of
Utah HPC families with evidence for linkage to 22q12.3
were selected either by having a pedigree LOD score ¸0.58
(corresponding to a nominal P-value · 0.05) or at least 5
aVected men that shared the same haplotype (Camp et al.
2006). After genotyping additional Wne-mapping markers, a
minimal recombination interval of 881-Kb was identiWed.
However, using the more rigorous standard of three recombi-
nation events at each end, a 3.20-Mb interval was deWned
(Camp et al. 2006). The ICPCG analysis was able to further
reWne the map of the 22q12 region using 40 of the initial
1,233 families (Camp et al. 2007). The critical families all
had ¸4 aVected men and individual pedigree LOD scores
¸0.58 inside the deWned susceptibility region (Camp et al.
2007). A 3.78-Mb consensus interval, deWned by three
recombination events on each side, was delineated. Remark-
ably, none of the ICPCG pedigrees was in conXict with the
consensus interval. When combining the 40 ICPCG and 14
University of Utah pedigrees, the initial 12 cM ICPCG LOD-1
support interval was reduced to a minimal 882-Kb consensus
interval, or a 2.18-Mb interval as deWned by three recombi-
nation events at both ends of the region (Camp et al. 2007).

While highly suggestive, the ICPCG combined analysis
was based on sparsely placed genome-wide scan markers
(6–8 markers). In this new analysis, we have further reWned
the region of interest at 22q12.3 by using a high-density set
of Wne mapping markers, providing maximal pedigree
informativeness on a set of 42 families from the Mayo
Clinic and Prostate Cancer Genetic Research Study (PRO-
GRESS) mapping studies.

Results

In this study, we have reWned the location of a putative
prostate cancer locus on chromosome 22 using signiWcantly
more markers and family information. Previous analyses of
both the Mayo Clinic and PROGRESS HPC families sug-
gested evidence for a susceptibility locus at 22q (Cunningham
et al. 2003; Janer et al. 2003; Stanford et al. 2006). The cur-
rent Mayo Clinic study is comprised of 173 HPC families
with 482 aVected men and 18 relatives with genotypes. The
PROGRESS study encompasses 254 HPC families with
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858 sampled aVected men and 498 relatives. On average,
there are 2.8 (2–7) and 3.5 (2–12) aVected men genotyped
per family from the Mayo Clinic and PROGRESS studies,
respectively.

In the initial PROGRESS genome-wide scan, six micro-
satellite markers with an average spacing of 8.45 cM were
genotyped for chromosome 22 in 254 HPC families (Janer
et al. 2003). Thirty-two families (12.6%) with evidence for
linkage (LOD >0.5) were selected for additional genotyping.
Each family was analyzed with a core panel of 24 microsat-
ellites with an average spacing of 2.01 cM. Additional mark-
ers (microsatellites or SNPs) were genotyped to reWne
family-speciWc recombinants. The Wnal set of 52 markers
genotyped on the PROGRESS families includes the initial
six microsatellites used in the genome-wide scan, and an
additional 32 Wne-mapping microsatellites and 14 SNPs.

The majority of the Mayo Clinic HPC families (167 of
173) were previously genotyped with 40 SNPs on chromo-
some 22 from the Early Access AVymetrix Mapping 10 K
SNP array (Schaid et al. 2004). Additional association-based
studies of chromosome 22, in the region of 25.7–37.4 Mb,
were performed with a custom set of 738 tagSNPs with Illu-
mina’s GoldenGate assay on all families (173 families with
a total of 482 sampled aVected men). For the Wne mapping
linkage studies, a Wnal set of 174 independently informative
SNPs was selected from the merged set of 670 high-quality
Illumina tagSNPs and 40 Early Access AVymetrix SNPs to
remove LD among the SNP’s (r2 < 0.10).

Recombination analysis was carried out only on the sub-
set of Mayo and PROGRESS families that provided evi-
dence for linkage inside the LOD-1 support interval
identiWed in the combined ICPCG study (Xu et al. 2005).
To determine the approximate physical position for this
interval, known to be located roughly between 35 and
47 cM, a linear interpolation between microsatellite mark-
ers with known genetic and physical position on both sides
of the borders was used. The physical boundaries deWning
the ICPCG LOD-1 support interval extend from 30.62 Mb
(35 cM) to 37.20 Mb (47 cM). Any family with a pedigree-
LOD score ¸0.58 inside this interval was selected for addi-
tional analysis. Although some families may have a LOD
score ¸0.58 in this region simply by chance, the selection
process is conservative and was intended to increase the
proportion of truly linked families to this region. A para-
metric multi-point linkage analysis was performed with a
dominant “aVected only” model using a disease allele fre-
quency of 0.003 and 100% penetrance. This analysis, there-
fore, highlighted only families where all aVected men
shared the same haplotype.

A total of 42 families, 24 from Mayo Clinic and 18 from
PROGRESS, achieved a pedigree-LOD score ¸0.58 inside
the ICPCG LOD-1 support interval. Haplotypes for each
family were then constructed using MERLIN software

(Abecasis et al. 2002; Cook Jr 2002). Within each family,
any haplotype that was shared among all aVected men was
identiWed. The recombinant boundaries for the shared-
aVected haplotypes in each linked pedigree are given in
Fig. 1a and are illustrated in Fig. 1b. The ICPCG LOD-1
support interval is indicated by a red square in Figs. 1b, 2a
and b. When all shared-aVected haplotypes from each fam-
ily are aligned, a tally of the number of families that have a
shared-aVected haplotype at any position across the region
is indicated (Fig. 2a). The data are presented from Mayo
Clinic and PROGRESS families combined, as well as each
group independently. Also included are the data reported in
the recent chromosome 22 analyses from Camp et al.
(2006) and the ICPCG study (Camp et al. 2007).

No single interval was identiWed in the recombination
mapping that is shared by all 42 families, either as a com-
bined Mayo Clinic and PROGRESS analysis or in each
data set separately. In the combined analysis, there are three
peaks with 35 families (83%) contributing to a consensus
interval (Figs. 2a, 3). If the three intervals were to be deW-
ned by only one recombination event at each end, the Wrst is
a 630-Kb region (30,663,062–31,033,094) overlapping four
known genes [YWHAH (OMIM: 113508), SLC5A1
(OMIM: 182380), RFPL2 (OMIM: 605969) and SLC5A4,
see Fig. 3]. The second is a 307-Kb region (32,097,224–
32,404,460 bp) positioned over the LARGE gene [OMIM:
603590]. The third interval is only 84-Kb (33,719,908–
33,803,879 bp) long, partly overlapping an intestine-spe-
ciWc homeobox gene, ISX (RAXLX). If the intervals are
deWned more rigorously by three recombinant events, the
Wrst interval increases to a 5.54-Mb centromeric interval
(26,003,158–31,539,372 bp). The other two intervals over-
lap and form a 2.94-Mb telomeric region (31,792,738–
34,736,551 bp). This interval corresponds to the three-
recombination interval reported in the ICPCG analysis
(Camp et al. 2007).

When analyzing the Mayo Clinic and PROGRESS fami-
lies separately, a shared consensus interval was not
observed (Fig. 2a). The two most centromeric one-recombi-
nation consensus intervals in the Mayo Clinic data (red
line) show 19 (79%) and 20 (83%) families overlapping
with the two centromeric intervals from the combined
analysis of 42 families described above, indicating that
Mayo Clinic families contribute signiWcantly to the centro-
meric boundaries. In the PROGRESS pedigrees (blue line),
a 1.02-Mb one-recombination consensus interval
(33,719,908–34,736,551 bp) with a 11.27-Mb three-recom-
bination interval (27,444,755–38,712,132 bp) is detected in
all but one family (17 out of 18; 94%). This region corre-
sponds to the three peaks from the combined analysis, and
overlaps precisely with the interval identiWed by the com-
bined ICPCG analysis (Camp et al. 2007) and the Univer-
sity of Utah study (Camp et al. 2006).
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The data were then stratiWed by the number of aVected
men per family (typed and untyped cases) to increase the
proportion of families likely to have an inherited predispo-
sition to PC. Depending on the number of cases reported in
a family, the appearance of the shared consensus interval
changes (Fig. 2b). Noticeably, a more narrow-shared con-
sensus region on the centromeric side of the ICPCG LOD-1
susceptibility region appeared when families with ¸5
aVected men are included. Although only four families had
six or more members with PC, a relatively large proportion
of the families (14 out of 42, 33%) have ¸5 aVected men.
Of these 14 families, 12 (86%) share a 2.53-Mb consensus
interval (33,482,596–36,013,321 bp) deWned by three
recombination events on both ends. This interval overlaps
with the 22q12.3 interval identiWed in the previous Univer-
sity of Utah and ICPCG studies (Camp et al. 2006, 2007).

Discussion

In this report, we present a combined 22q12.3 Wne-mapping
analysis from two independent groups. The 24 Mayo Clinic
and 18 PROGRESS families were drawn from initial data
sets of 173 and 254 HPC families for which genome-wide
scans had been previously undertaken. Families were eligi-
ble for this analysis if the family LOD score was ¸0.58 and
all aVected men had a shared haplotype somewhere within
the 22q12.3 ICPCG susceptibility LOD-1 support interval.
The ICPCG LOD-1 region was chosen as a reference
region because it represents the most likely linked-region
for chromosome 22 based on a large collection of PC fami-
lies. Forty-two families were used to reduce the consensus
interval where the susceptibility locus on 22q is likely to be
located.

Fig. 1 Position of shared haplotypes at 22q12.3 among all aVected
men for each pedigree. a Families were selected for this study if they
had a shared haplotype among all aVected men in the family and dem-
onstrated a family-LOD score ¸0.58. Families are sorted by number of
aVected men and LOD score. If two haplotypes segregated in a family,
they were merged into one overlapping haplotype. Physical positions
are taken from the March 2006 human reference sequence (NCBI
Build 36.1). Number of aVected men reported in each family is indi-

cated as is the maximum pedigree LOD score inside the LOD-1 sup-
port interval. The outermost centromeric and telomeric marker
deWning a position of a recombination between two markers is shown.
b Graphic illustration of shared haplotypes described in part a. Red
bars indicate pedigrees from the Mayo Clinic, blue bars indicate PRO-
GRESS pedigrees. Physical position of the LOD-1 support interval
deWned in the ICPCG study (Xu et al. 2005), between 35–47 cM (de-
CODE genetic map) is outlined by the red box
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In the combined set of 42 families, no single consensus
region was identiWed. This is not surprising given the likely
occurrence of phenocopies within the HPC families. Ini-
tially we identiWed two separate intervals using data from
35 families. (The recombination interval size was 5.54 and
2.94 Mb for the centromeric and telomeric intervals,
respectively). Disregarding the small gap between the two
intervals, an 8.74-Mb overlapping consensus region can be
deWned between 26.00 and 34.74 Mb. This region is
bounded on either end by previously identiWed recombina-
tion hot spots (Tapper et al. 2001). Within this interval,
there are over 100 coding genes. Of note, 35 of these genes
are implicated in diVerent cancers according to the Atlas of
Genetics and Cytogenetics in Oncology and Haematology
(http://AtlasGeneticsOncology.org) (Dorkeld et al. 1999),
including several well-known oncogenes and tumor sup-
pressor genes, MN1, CHEK2, EWSR1, NF2 and MYH9.
Among them, the most interesting is CHEK2, which has
been found to increase the risk for sporadic and familial PC
in studies of diverse populations from Finland, Poland and
the United States (Cybulski et al. 2006; Dong et al. 2003;
Seppala et al. 2003).

The study presented here represents the most detailed
analysis of this region to date. It includes both additional
families and a denser set of markers than was previously
published in either the Mayo Clinic or PROGRESS studies
alone, or in the data contributed to the recently published
ICPCG analysis (Camp et al. 2007). Indeed, only nine of
the 42 families presented here are in the ICPCG report (Wve
from Mayo Clinic, and four from PROGRESS). Of these 9

families, only 1 contributed information that was important
to deWning the ICPCG consensus region. This one case
marked the second recombination on the telomeric side.
The ICPCG report used only families with ¸4 aVected
men, while this study includes 17 families with 3 aVected
men. Additionally, the ICPCG study allowed only cases
with medical record or death certiWcate veriWcation to be
counted as aVected, thus removing a number of men whose
prostate cancer was self-reported or was conWrmed by
reports from multiple aVected Wrst-degree family members.
In the PROGRESS study, 20% (231 of 1,143) of all aVected
men are coded as unknown in the ICPCG analysis. How-
ever, previous studies have shown that self-reporting of PC
is highly accurate. Within the PROGRESS study, a self-
reported PC diagnosis was conWrmed in 800 of the 801
medical records received (99.9%). Therefore, all self-
reported PROGRESS PC cases are included in this study.
Furthermore, as the aVection status in the PROGRESS ped-
igrees is constantly updated, 47 men have been diagnosed
with PC since the ICPCG analysis was performed in 2003.
Finally, the nine Mayo Clinic and PROGRESS families
included in the ICPCG study were at that time only ana-
lyzed with 6 or 7 genome-wide microsatellite markers. In
this study, additional Wne-mapping markers have been
genotyped in each family, and as such, greater power to
discriminate between haplotypes exists for each family. As
a result, one PROGRESS family included in the original
ICPCG study was not included in this study after geno-
typing of additional markers dropped the family LOD score
to <0.58. Not surprisingly, when the nine families overlapping

Fig. 2 Position and number of pedigrees sharing a consensus interval
at 22q12.3. a Number of families sharing a consensus interval at each
physical position along the 22q12.3 susceptibility region is shown.
Mayo Clinic families are shown in red, PROGRESS in blue, and the
combined in black. Data from previous studies based on families from
the University of Utah (Camp et al. 2006), and the ICPCG (Camp et al.
2007) are included and labeled in yellow and green, respectively.
Physical positions are taken from the March 2006 human reference

sequence (NCBI Build 36.1). Physical position of the LOD-1 support
interval deWned in the ICPCG study (Xu et al. 2005), between 35–
47 cM (deCODE genetic map) is outlined by the red box. The number
of families indicating the ICPCG data is not to scale. b Consensus
interval at each physical position along the 22q12.3 susceptibility re-
gion in the combined dataset of Mayo and PROGRESS pedigrees is
shown. Each line represents the combined dataset after stratiWcation
for an increasing number of aVected men reported in each family
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both this and the ICPCG study are compared, the addition
of new markers shifts the location of several recombination
breakpoints. SpeciWcally, in Wve of the nine families, the
centromeric and/or the telomeric recombination sites are
0.03–35 cM shorter (0.03, 0.5, 2.47, 6.60, 7.25, 35 cM).

There are several possible explanations for the diYculty
in identifying a common consensus shared region in all
pedigrees. First, with such a high prevalence of disease and
a strong environmental component to PC etiology, pheno-
copies (non-gene carriers with disease) are likely to be
common (Jemal et al. 2007). The presence of a phenocopy
within a family could provide erroneous recombinational
boundaries. Second, as prostate cancer is a later-onset dis-
ease, individuals in the parental generation of the probands
are usually deceased and individuals in the oVspring gener-
ations are usually too young to manifest the phenotype,
thus making many pedigrees only marginally informative
for linkage analysis. Many of the families that have a posi-
tive, but low LOD score (e.g., 0.58), may represent a false-
positive signal for linkage to this chromosome. These fami-
lies may also provide erroneous recombination boundaries.
Finally, although less likely, chromosome 22q may harbor

two or more susceptibility loci for PC. One way to reduce
the impact for the Wrst two of these problems, however, is
to stratify HPC families based on the number of aVected
men per family. Interestingly, the shared consensus “pla-
teau” on the centromeric side of the ICPCG LOD-1 suscep-
tibility region gradually disappears when families with
increasing numbers of aVected men are analyzed. Our data
suggest that the shared interval on the centromeric side is
mainly a contribution from families with fewer aVected
men. In contrast, in the 14 families having ¸5 aVected men,
a 2.53-Mb consensus interval deWned by three recombina-
tion events is identiWed, and this interval overlaps with the
region previously identiWed in the ICPCG and University of
Utah studies. Of note, the families used in the University of
Utah study are large, composed mainly of extended fami-
lies with ¸5 aVected men. Additionally, the signiWcant
22q12.3 LOD score in the ICPCG study was identiWed in
the subset of families having ¸5 aVected men. Unfortu-
nately, because of software limitations that do not ade-
quately handle LD at high marker density, we were not able
to look for the presence of a (founder) haplotype across all
of our families.

Fig. 3 Known candidate genes 
located in shared consensus 
interval at 22q12.3. Positions of 
known genes (upper panel) are 
taken from “RefSeq Genes” at 
the UCSC genome-browser, the 
March 2006 human reference se-
quence (NCBI Build 36.1). The 
lines (lower panel) represent the 
position and number of pedi-
grees sharing a consensus inter-
val on the physical map. The red 
line represents all 42 combined 
families from the Mayo Clinic 
and PROGRESS. The blue line 
represents the 14 pedigrees that 
have ¸5 aVected men in the 
same dataset. Data from previ-
ous studies based on 14 families 
from the University of Utah (yel-
low line) (Camp et al. 2006), and 
54 families from ICPCG (green 
line) (Camp et al. 2007) are in-
cluded (the green bar represent 
the consensus three-recombina-
tion interval). The black line rep-
resents the 25 families from the 
Mayo Clinic, PROGRESS and 
the University of Utah that have 
been Wne mapped and have ¸5 
aVected men, combined with the 
29 remaining families from the 
ICPCG study
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We observed intriguing results when combining Wne-
mapping data sets from the Mayo Clinic, PROGRESS, and
the University of Utah. For the analysis of families with ¸5
aVected men, a total of 25 families are identiWed: eight
Mayo Clinic, six PROGRESS, and eleven from the Univer-
sity of Utah. The Utah pedigrees contribute one more criti-
cal recombination breakpoint on the centromeric and three
on the telomeric side (Camp et al. 2006), which is shared
by 23 of the families (92%). Thus, the ¸5 aVected minimal
consensus interval deWned by one recombination event on
each side is reduced to only 336 Kb (34,265,420–
34,601,446 bp), and the three recombination interval is
reduced to 2.18 Mb (33,719,908–35,895,844 bp).

The ¸5 aVected shared consensus interval discussed
above can be further reWned by incorporating data from the
remaining research groups participating in the ICPCG
study (Camp et al. 2007). Even though the remaining
ICPCG families have only a few markers genotyped, and
possibly include families with only four aVected men, we
added data from them to the 25 Mayo Clinic, PROGRESS
and University of Utah families that have Wne-mapping
data and ¸5 aVected men per family. After removing Mayo
Clinic, PROGRESS and University of Utah families from
the ICPCG dataset, a total of 29 new families are available
for analysis. We found that 52 of the 54 families (96%)
share a consensus interval, which overlaps with the ¸5
aVected shared consensus interval described above. In the
29 ICPCG families, no extra recombination breakpoints are
detected that would reduce the minimal consensus interval
(Camp et al. 2007). However, two recombination break-
points are found in the ICPCG pedigrees that shrink the
three-recombination interval on the telomeric side to a
1.36-Mb interval between 33.72 Mb and 35.08 Mb. In the
ICPCG study, the previous limit on the telomeric side of
the three-recombination interval was deWned by a PRO-
GRESS family with only four aVected men that is not
included in this combined analysis. As such, the edge of the
interval shifts to 35.08 Mb instead of 34.84 Mb. This
increases the interval by 240 Kb and includes Wve new
genes (APOL1, APOL2, APOL3, APOL4 and MYH9) to
the list of 11 previously noted genes (ISX, HMG2L1,
TOM1, HMOX1, MCM5, RASD2, MB, LOC284912,
APOL6, APOL5 and RBM9). The overall region is never-
theless reduced by 38% (2.2 Mb vs. 1.36 Mb) when com-
pared to that reported by the ICPCG study (Camp et al.
2007).

Although a number of studies (Camp et al. 2005; Chang
et al. 2005, 2006; Cunningham et al. 2003; Janer et al.
2003; Lange et al. 2003; Stanford et al. 2006; Xu et al.
2005) provide convincing evidence for a PC genetic sus-
ceptibility locus on chromosome 22 at q12.3, a candidate
susceptibility gene has not yet been identiWed. This current
study represents the most detailed Wne-mapping analysis of

this region reported to date. The most conservative region
is deWned by an 8.74-Mb overlapping consensus region
between 26.00 and 34.74 Mb, which encompasses all previ-
ously published consensus regions. Based on these data,
along with other published results, a minimal three-recom-
binant consensus interval of approximately 1.36 Mb
between 33.72 and 35.08 Mb is suggested. Given the inher-
ent diYculty in performing linkage studies for PC (high
phenocopy rate, genetic, allelic and phenotypic heterogene-
ity, incomplete and age-dependent penetrance, etc.), further
reduction of the minimal consensus intervals may prove to
be diYcult. The results presented here, then, are likely to
provide the most comprehensive framework achievable for
candidate gene testing. While the indicated interval may be
overly generous due to the conservative nature of our anal-
ysis, it is unlikely that the chromosome 22 susceptibility
gene lies outside of it. Ongoing studies, then, are aimed at
evaluating genes in this region for variants associated with
prostate cancer risk.

Materials and methods

Selection of families

For the Mayo Clinic families, details of the survey, tele-
phone follow-up, and family recruitment can be found else-
where (Berry et al. 2000; Cunningham et al. 2003; Schaid
et al. 1998). BrieXy, HPC families were selected through a
proband, who received treatment for PC at the Mayo Clinic,
with the requirement of at least three men with prostate
cancer in the family of whom two or more were still alive
for recruitment. The current study included 173 families
with a total of 482 sampled aVected men. Study materials
and protocols were approved by the Mayo Clinic Human
Subjects Internal Review Board.

The 254 PROGRESS HPC families have been ascer-
tained by the Fred Hutchinson Cancer Research Center
from throughout North America by advertising and public
media (Janer et al. 2003; McIndoe et al. 1997). The families
had to fulWll one of following criteria in order to partici-
pate: (1) have three or more Wrst-degree relatives with PC;
(2) have three generations (maternal or paternal) with PC;
or (3) have two Wrst-degree relatives with PC diagnosed
before age 65 or who were African–American. All prostate
cancer survivors and selected unaVected men and women
were invited to join PROGRESS. On average, eight mem-
bers of each family completed a study questionnaire on
medical and family cancer history and provided a blood
sample. The aVected men were also asked to sign a consent
form for release of medical records related to the prostate
cancer diagnosis and treatment. Collection details and fam-
ily characteristics have been described previously in papers
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summarizing our initial genome-wide scans (Janer et al.
2003; McIndoe et al. 1997; Stanford et al. 2006). Since
then, the family data have been reviewed and medical and
family cancer history updated. In the 254 families utilized
for this analysis, 47 new cases have developed PC, includ-
ing nine individuals previously coded as unknown aVection
status. Currently, there are 858 sampled aVected men in the
254 families. Study forms and protocols were approved by
the Institutional Review Boards of the Fred Hutchinson
Cancer Research Center and the National Human Genome
Research Institute.

SNP selection for linkage analysis and haplotyping 
for Mayo Clinic families

Chromosome 22 at 22q12 had previously been mapped in
the Mayo pedigrees using 40 single nucleotide polymor-
phisms (SNPs) available from the Early Access AVymetrix
Mapping 10 K SNP array (Schaid et al. 2004). A maximum
dominant HLOD of 1.97 was obtained on chromosome 22q
with the LOD-1 support interval surrounding this peak
ranging from 25.7 to 37.4 Mb. To reWne this initial linkage
signal and perform association studies speciWc to those
genes identiWed within this region, additional SNPs were
genotyped by The Center for Inherited Disease Research
(CIDR) using the Illumina GoldenGate platform. Utilizing
a variety of public databases and bioinformatics tools, a
physical and transcript map was constructed encompassing
the LOD-1 support interval described above (25.7–
37.4 Mb). Chromosomal start and stop positions were
obtained for all genes (n = 216) within this region of inter-
est, 10 Kb was added to the 5� and 1 Kb to the 3� end of
each gene, and then adjacent or overlapping genes were
combined into a single segment, or “contig” (continuous
regions of overlapping genes).

SNP selection within this region relied on tagSNPs
selected on the basis of linkage disequilibrium (LD). A list
of all candidate SNPs covering this region, including mea-
sures of assay Wtness (such as design scores, error codes and
degree of duplication in the genome), was obtained from
Illumina. Publicly available genotype data from the HapMap
Consortium (version 2, October 2005) and Perlegen Sci-
ences were used to calculate pairwise LD for each pair of
SNPs and the algorithm implemented in ldSelect (Carlson
et al. 2004) was used to select tagSNPs. A TagSNP in a
given bin was deWned as a SNP that exceeded an r2 thresh-
old (r2 ¸ 0.80) with all other SNPs in the same bin. Addi-
tional selection criteria were then employed to select a single
SNP within the set of tagSNPs to represent each bin. To
choose between multiple tagSNPs within an LD bin, hierar-
chical selection criteria were implemented and relied on the
design metrics provided by Illumina, minor allele frequency
(MAF, ¸0.05), and type of SNP (c-snp vs. non-coding).

Only contigs/gene regions with at least 70% of the
sequence covered by LD bins were selected for further
analysis, resulting in the exclusion of 33 from the original
216 genes. The average LD bin coverage for the remaining
contigs was 87%. Utilizing this process, 738 tagSNPs were
selected to cover 183 genes within our region of interest on
chromosome 22q. Of the 738 selected SNPs, genotype data
were obtained for 681; 670 were of suYcient quality for
further analysis. Eleven SNPs were excluded for the fol-
lowing reasons: (1) Minor allele frequency (MAF) <0.01
(n = 7); (2) marker call rate <90% (n = 7); or (3) P value
<0.001 for the test for Hardy–Weinberg equilibrium
(n = 1). Note that some excluded SNPs fell into more than
one category. From the combined set of the 670 Illumina
tagSNPs and the 40 Early Access AVymetrix Mapping
10 K SNPs, a reduced set of 174 independent markers was
selected for the linkage analysis. To minimize the eVect of
LD on the linkage analysis, SNPs were chosen by selecting
the most informative SNP from each LD bin using an
r2 < 0.10.

Microsatellite and SNP selection for linkage analysis 
and haplotyping of PROGRESS families

Previously, six markers (D22S420, ATTT019, D22S689,
D22S685, D22S683 and D22S445) on chromosome 22
that were selected from Human Screening Sets 6 and 8
(Research Genetics) had been genotyped in all 254 PRO-
GRESS families (Janer et al. 2003). An additional set of
34 microsatellites was then typed in the subset of PRO-
GRESS families selected for this study. The name,
primer-sequence and physical position for each marker
are found in Supplemental Table S-1. Markers with
known genetic position in the revised deCODE map
(Nievergelt et al. 2004) were selected to cover the region
with at least one marker per cM. More markers were sub-
sequently added during the process of haplotyping in
order to delineate recombination breakpoints in diVerent
families. In a region between D22S281 and D22S277
(32.6–34.6 Mb), some families had unclear phase for
critical recombination breakpoints, even after all known
microsatellites had been exploited. Therefore, using
HaploView software and the data from the HapMap Cau-
casian population (IHC 2003), an additional 14 SNPs not
in LD with each other (r2 ¸ 0.80, MAF >0.4) were geno-
typed (Supplemental Table S-1). Thus, a total of 48 new
markers were added to the region beyond the initial six
genome scan markers.

Genetic and physical maps

The genetic position for all markers was determined from
the revised deCODE map (Nievergelt et al. 2004). To
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place SNPs and microsatellites that were not part of the
deCODE map, the UCSC Genome Browser build 36
(March 2006 human reference sequence, NCBI Build
36.1) provided the framework to perform linear interpola-
tion. One marker, ATTT019, was not found on either
map, and therefore, was located by blasting its primer
sequences.

Genotyping Mayo Clinic and PROGRESS families

SNPs genotyped on the Mayo Clinic pedigrees were typed
using standardized protocols in accordance with the manu-
facturer’s recommendations for either the “Early Access
AVymetrix Mapping 10 K SNP array” (analysis performed
at Mayo) or the “Illumina GoldenGate platform” (analysis
performed at CIDR). Genotypes were called using software
provided by either AVymetrix for the 10 K SNP array or
Illumina for the GoldenGate assays.

Primer-sequences for microsatellites used in the PRO-
GRESS pedigrees were provided by GDB (Genomic Data
Base, http://www.gdb.org), and ordered from Invitrogen
(Invitrogen, Carlsbad, CA) (Supplemental Table S-1). The
ampliWcation reaction (10 �l) contained 20 ng of ampliWed-
template DNA and utilized standard ampliWcation condi-
tions. Reactions were analyzed on a GeneAmp PCR Sys-
tem 9700 thermocycler (Applied Biosystems, Foster City,
CA). The size of the microsatellite fragments was detected
using an ABI 3730 xl Sequencer (Applied Biosystems) and
the resulting data analyzed using the GENEMAPPER soft-
ware (v4.0) (Applied Biosystems). Erroneous genotypes
were detected using the “error” command in the Merlin
software, and by visual examination of the predicted haplo-
types. If untyped aVected individuals could be extrapolated
from typed relatives, they were included in the analysis as
well. This allowed inclusion of six aVected men from Wve
PROGRESS families.

For the SNP analysis (PROGRESS families), primer
sequences were designed using Primer3 (Rozen and Ska-
letsky 2000), and genotyped by direct sequencing using
10 ng genomic DNA as template with standard PCR con-
ditions for the BigDye Terminator Cycle Sequencing Kit
(v3.1) (Applied Biosystems). Products were separated on
the ABI 3730 xl Sequencer (Applied Biosystems) and ana-
lyzed using the Mutation Surveyor software, (http://
www.softgenetics.com/mutationSurveyor.html). All geno-
types were obtained using both forward and reverse
sequencing data.

Linkage analysis

Analysis of the data derived from the PROGRESS families
utilized a model-based multipoint linkage approach per-
formed using GENEHUNTER (v2.1_r5 beta) (Kruglyak

et al. 1996; Markianos et al. 2001). Because of the large
number of SNPs utilized for the analysis, the Mayo Clinic
families were analyzed using MERLIN (v1.0.1) (Abecasis
et al. 2002; Cook Jr 2002). A simpliWcation of the “Smith
model” was used (Smith et al. 1996), such that the domi-
nant mode and rare disease-allele frequency (q = 0.003)
remained the same, but only two liability classes were
assigned and an “aVected only” analysis was done. Class I
included all aVected men with 100% penetrance and no
phenocopies. Class 2 included all other individuals and
assumed 50% penetrance for all genotypes, which means
that their phenotype did not contribute to the LOD scores,
only their genetic marker data. By using 100% penetrance
and no phenocopies, we forced recombinations to be
observed. However, because phenocopies might be present,
which could infer false recombinations, we did not rely on
single Xanking recombinants, but rather considered two or
three recombinants on either side. The frequencies of all
marker alleles were estimated from all subjects, ignoring
genetic relationships. The increment value was set to calcu-
late the LOD score at every cM for PROGRESS families
and to calculate the LOD score at Wve equally spaced loca-
tions between each pair of markers for the Mayo Clinic
families.

Haplotyping

For both the Mayo and PROGRESS families, the most
likely haplotypes given the observed genotype data were
reconstructed using the MERLIN “best” command
(v1.0.1) (Abecasis et al. 2002; Cook Jr 2002). Least num-
ber of crossing-over events was assumed. The outermost
marker adjacent to any recombination breakpoint was
included in the shared haplotype. If two haplotypes were
found to segregate among all aVected men in the family, a
“combined” shared haplotype was constructed consisting
of the two overlapping chromosomal intervals. When a
breakpoint was located in a region of several markers that
had unclear phase information, the whole region with
unclear phase was included in the haplotype. For the Mayo
pedigrees, recombinants identiWed in the most likely hapl-
otypes reported by MERLIN were further veriWed by the
presence of a sharp drop in the individual pedigree LOD
trace of >0.5 LOD units. If a MERLIN-inferred recombi-
nant was not accompanied by a corresponding drop in the
individual LOD trace, the pedigree was considered nonre-
combinant. Recombinant boundaries were deWned as the
physical position of the SNPs residing immediately out-
side the shared haplotype segment. Note that this type of
analysis focused on within-family haplotypes to focus on
recombination breakpoints, but not between family haplo-
types, because LD could bias inference of haplotypes
across families.
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