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Abstract Prostate cancer represents a significant world-
wide public health burden. Epidemiological and genetic
epidemiological studies have consistently provided data
supporting the existence of inherited prostate cancer
susceptibility genes. Segregation analyses of prostate
cancer suggest that a multigene model may best explain
familial clustering of this disease. Therefore, modeling
gene—gene interactions in linkage analysis may improve

the power to detect chromosomal regions harboring
these disease susceptibility genes. In this study, we sys-
tematically screened for prostate cancer linkage by
modeling two-locus gene—gene interactions for all pos-
sible pairs of loci across the genome in 426 prostate
cancer families from Johns Hopkins Hospital, Univer-
sity of Michigan, University of Umea, and University of
Tampere. We found suggestive evidence for an epistatic

Bao-Li Chang and Ethan M. Lange have contributed equally to the
work

B.-L. Chang - L. Dimitrov - S. L. Zheng - J. Xu
Center for Human Genomics,

Wake Forest University School of Medicine,
Winston-Salem, NC, USA

C. J. Valis - C. D Langefeld - J. Xu
Department of Public Health Sciences,
Wake Forest University School of Medicine,
Winston-Salem, NC, USA

E. M. Lange - L. A. Lange
Department of Genetics,
University of North Carolina,
Chapel Hill, NC, USA

E. M. Lange

Department of Biostatistics,
University of North Carolina,
Chapel Hill, NC, USA

E. M. Gillanders - J. E. Bailey-Wilson
National Human Genome Research Institute,
National Institute of Health,

Bethesda, MD, USA

K. E. Wiley - S. D. Isaacs - P. C. Walsh - W. B. Isaacs
Department of Urology, Johns Hopkins Medical Institutions,
Baltimore, MD, USA

K. A. Cooney
Department of Internal Medicine and Urology,
University of Michigan, Ann Arbor, MI, USA

F. Wiklund - H. Gronberg
Department of Radiation Sciences, Oncology,
University of Umea, Umed, Sweden

A. Baffoe-Bonnie
Division of Population Science, Fox Chase Cancer Center,
Philadelphia, PA, USA

M. P. Matikainen + T. Tammela

Department of Urology,

University of Tampere and Tampere University Hospital,
Tampere, Finland

T. Ikonen - H. Fredriksson - J. Schleutker - M. P. Matikainen
Institute of Medical Technology,

University of Tampere and Tampere University Hospital,
Tampere, Finland

E. Suh - J. M. Trent - J. Xu
Translational Genomics Research Institute (TGen),
Phoenix, AZ, USA

J. Xu ()

Medical Center Blvd, Winston-Salem, NC, 27157 USA
E-mail: jxu@wfubmec.edu

Tel.: +1-336-7137500

Fax: +1-336-7137566



interaction for six sets of loci (target chromosome-wide/
reference marker-specific P < 0.0001). Evidence for
these interactions was found in two independent subsets
from within the 426 families. While the validity of these
results requires confirmation from independent studies
and the identification of the specific genes underlying
this linkage evidence, our approach of systematically
assessing gene—gene interactions across the entire gen-
ome represents a promising alternative approach for
gene identification for prostate cancer.

Introduction

Genetic predisposition to prostate cancer has been well
established through genetic epidemiological studies
(Isaacs et al. 2001). Evidence for major prostate cancer
susceptibility genes segregating in families has been ob-
tained from several complex segregation analyses, with
the majority supporting a dominant mode of inheritance
(Carter et al. 1992; Schaid et al. 1998; Gronberg et al.
2000; Verhage et al. 2001), while others support a
recessive or X-linked mode of inheritance (Cui et al.
2001; Gong et al. 2002). The hypothesis that multiple
major genes interact to increase prostate cancer sus-
ceptibility is supported by our understanding of
tumorigenesis of cells, by the parallel evidence that
multiple major genes contribute to cancer in other organ
sites such as the breast (Miki et al. 1994; Wooster et al.
1995) and colon (Groden et al. 1991; Kinzler et al. 1991;
Fishel et al. 1993; Leach et al. 1993; Bronner et al. 1994;
Nicolaides et al. 1994; Miyaki et al. 1997), and by
observational data from molecular and genetic epide-
miological studies. A segregation study in 263 prostate
cancer families found that the disease is more likely due
to the contributions of two to four prostate cancer
susceptibility genes than one gene (Conlon et al. 2003).
The interaction of genes that leads to a disease may be

Table 1 Characteristics of families in the combined analysis

Family characteristics Number of families (genotyped individuals)

JHH  Michigan Umea Tampere Total
All 188 175 50 13 426
(1,033) (640) (190) (87) (1,950)

Mean age at

diagnosis (years)

<65 96 91 10 4 201
>65 92 84 40 9 225
Number of

affected members

<3 28 96 13 4 141
=4 47 45 17 5 114
>5 113 34 20 4 171
Race

White 171 157 50 13 391
Black 15 16 0 0 31
Others 2 2 0 0 4

JHH Johns Hopkins Hospital
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described as consistent with either a heterogeneity model
in which alterations in any of several genes is sufficient,
or an epistatic model in which several simultaneous ge-
netic alterations are required.

Linkage analysis methods that model interactions
may increase the statistical power to detect linkage when
interactions among genes exist. For example, under a
two-locus epistatic model, the power to detect linkage at
one susceptibility locus would increase if we assess the
linkage among families that are linked at another sus-
ceptibility locus and vice versa. Several published studies
have empirically demonstrated the increased power to
detect linkage by modeling gene—gene interactions. For
example, although there is a lack of linkage evidence at
either the PTEN or CDKNIB chromosomal regions
when each region was studied individually among 188
prostate cancer families ascertained from Johns Hopkins
Hospital, a modeled interaction of these two regions in a
linkage analysis provided significant evidence for linkage
(Xu et al. 2004).

In spite of our understanding that multiple major
genes likely contribute to prostate cancer susceptibility
and that there are advantages in modeling interactions
in linkage analyses, current studies to identify these
major genes continue to primarily rely on single gene
approaches. This is particularly true when exploring for
novel regions of linkage using genome-wide scans.
Among a dozen genome-wide scans for prostate cancer
susceptibility genes published to date, none of these have
modeled gene—gene interactions (Smith et al. 1996; Witte
et al. 2000; Hsieh et al. 2001; Cunningham et al. 2003;
Edwards et al. 2003; Janer et al. 2003; Lange et al. 2003;
Schleutker et al. 2003; Wiklund et al. 2003; Xu et al.
2003; Maier et al. 2005). This gap may be primarily due
to a combination of factors, such as a lack of standard
analytical methods to model interactions and sample
sizes that are not large enough to investigate interac-
tions.

As an attempt to close this gap, we have designed and
implemented a study to identify prostate cancer loci by
modeling interactions in a linkage analysis of 426 pros-
tate cancer families. We limited the analyses of interac-
tions to two loci at a time and systematically evaluated
evidence for prostate cancer linkage among all possible
combinations of two loci across the entire genome using
an ordered subset analysis (OSA) to model epistatic
interactions (Hauser et al. 2004).

Methods
Study populations

The 426 prostate cancer families were ascertained from
four independent studies, including 188 families from
Johns Hopkins Hospital (Xu et al. 2003), 175 families
from University of Michigan (Lange et al. 2003), 50
families from University of Umed, Sweden (Wiklund
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et al. 2003), and 13 families from University of Tam-
pere, Finland (Schleutker et al. 2003). A previous
genome-wide linkage scan for a prostate cancer sus-
ceptibility locus combining these 426 families gave a
nonparametric multipoint LOD score of 3.16 at chro-
mosome 1722 and LOD scores greater than 2.0 at
chromosomes 2q32, 15ql1, and Xq27 (Gillanders et al.
2004). A detailed description of the family ascertain-
ment has been described elsewhere (Gillanders et al.
2004). The clinical characteristics of these families are
summarized in Table 1. Informed consent was obtained
from all participants, and study protocols were re-
viewed and approved by the Institutional Review
Boards at each institution.

Marker genotyping

A detailed description of our methods for marker
genotyping has been presented elsewhere (Gillanders
et al. 2004). Briefly, genomic DNA was prepared from
blood samples using standard techniques. All DNA
samples were genotyped in a single laboratory using 406
short tandem repeat markers with an average inter-
marker spacing of ~10 cM and an average heterozy-
gosity of 80%. PCR products were separated using the
ABI 377 or 3100 DNA sequencers, allowing multiple
fluorescently labeled markers to be run in a single lane.
Allele sizing was calculated using a local southern
algorithm available in the GENESCAN software pro-
gram (Applied Biosystems, Foster City, CA). Allele
calling and binning was done using GENOTYPER
software (Applied Biosystems, Foster City, CA). All
genotyping included a CEPH control individual (1347-
02) for quality control purposes. Additionally, 1% of
samples were included as blind duplicates in order to
evaluate the genotyping error rate. Of the 12,992
duplicated genotypes, eleven genotyping errors were
detected (0.085% error rate).

Statistical analyses

Nonparametric multipoint linkage analysis was first
performed using the computer program Genehunter-
Plus (Kong and Cox 1997). Maximum likelihood marker
allele frequency estimates were calculated from pedigree
founders. Nonparametric-based LOD scores were cal-
culated using the ‘Z-all’ allele-sharing statistic (Whitte-
more and Halpern 1994), with an equal weight assigned
to each family. LOD scores were calculated at each
marker location and at four evenly spaced locations
between each pair of consecutive markers.

OSA conditional linkage analyses were performed to
model epistatic interactions (Hauser et al. 2003). Briefly,
given a pair of unlinked loci, a series of linkage analyses
at the “target” region (locus 1) were evaluated condi-
tional on the linkage results at the “reference” region

(locus 2). Family-specific LOD scores at locus 2 were
ranked from largest to smallest. The family with the
largest LOD score at locus 2 was entered into the
analysis and the corresponding LOD score was com-
puted and recorded at locus 1, for that family. Next, a
second linkage analysis at locus 1 was computed and
recorded by combining the two families with the two
largest LOD scores at locus 2. The ith OSA analysis
proceeded by computing linkage at locus 1 using the
subset of families with the i largest LOD scores at locus
2. This process was repeated until all families were
sequentially added to the linkage analysis at the target
region. For each target/reference marker pairing, we
defined LODdelta = LODconditional_LODunconditionala
where LODgngitional Was determined by the OSA anal-
ysis that provided the maximum LOD at locus 1.

To minimize the impact of multiple correlated tests,
the reference markers were restricted to the 406 markers
and did not include locations between the markers. The
target loci consisted of the 406 markers and four evenly
spaced locations between each pair of adjacent markers.
Reference and target loci were restricted from being on
the same chromosome. The statistical significance of the
change in the LOD score (LODy.,) Was evaluated by a
permutation test under the null hypothesis that linkage
at the target region was independent of linkage at the
reference region. To further minimize the impact of
multiple tests, 22 P-values representing chromosome-
wide significance were estimated for each reference
marker. Specifically, for each reference marker and for
each of the 22 chromosomes not containing the reference
marker in question, the LODygg, statistic was calculated
at each target locus across the chromosome. The largest
value of the LODy, 1, Statistic across all target loci on the
chromosome was used as the test statistic in the per-
mutation testing procedure. Family-specific LOD scores
at all target loci across the chromosome were randomly
and jointly permuted with respect to the ordering de-
fined by the reference locus, thus preserving the corre-
lation structure of LOD scores between linked markers.
The maximum LODy., over all target loci on the
chromosome was determined for each randomly per-
muted data set and this value was compared to the ob-
served maximum LODy., for the chromosome. The
empirical P-value for each target chromosome-wide/
reference marker-specific pairing was set equal to the
number of replicated chromosome-wide maximum
LODyg. a8 that were greater than or equal to our ob-
served chromosome-wide maximum LODgg,. Using
this target-chromosome-by-reference-marker design re-
sulted in 22x406=28,932 hypotheses being tested. To
account for the multiple tests, we considered target
chromosome-wide/reference marker-specific P-values
<~5.6x107% (0.05/8,932) to be globally statistically
significant at the 0.05 level. This threshold is conserva-
tive as it does not account for the correlation of test
results between linked reference markers. The number of
permutations performed for the OSA varied as a func-
tion of the magnitude of the target chromosome-wide/



reference marker-specific P-value for the sake of com-
putational efficiency, and was set at a minimum of 100
and a maximum of 1,000,000.

In addition to the genome-wide interaction analyses,
we focused particular attention on interactions with the
region of prior, “main effects”, linkage on chromosome
17q22. Given the evidence for linkage at 17q22 (Gil-
landers et al. 2004), we performed analyses that focused
specifically on 17g22 to reduce the impact of multiple
testing and to subsequently reduce the required
threshold for statistical significance. Specifically, we
tested the hypotheses that if we conditioned on the
reference marker D17S787, the marker directly under
the linkage peak at 17q22, we would find increased
evidence for linkage due to epistasis at other chromo-
somal locations. Given this a priori hypothesis, we used
a threshold of 0.05/22=0.0023 to assess whether
interactions with the reference marker S17S787 were
statistically significant at the 0.05 level. In addition, we
used the 1-LOD support interval about our linkage
peak at 17g22 (from Gillanders et al. 2004) as the
target region and looked for interactions conditioning
on all 391 reference markers not on chromosome 17.
We used a threshold for statistical significance in these
analyses of 0.05/391=0.00013.

Results

Selected demographic and clinical characteristics
(mean age of diagnosis, number of affected individu-
als, and ethnicity) are presented in Table 1. Collec-
tively, this set of families represents one of the largest
collections of prostate cancer families ascertained and
analyzed to date. In particular, this set of families
includes a large number of pedigrees that most likely
segregate highly penetrant prostate cancer genes based
on family characteristics. For example, there are 285
families with at least four men affected with prostate
cancer, and 201 families with a mean age of diagnosis
under 65 years.

We performed two-locus conditional linkage anal-
yses for all possible pairs of loci across the genome in
the 426 prostate cancer families using the OSA
method. Multiple loci had significantly increased evi-
dence for linkage compared to the unconditional sin-
gle locus linkage analyses (Fig. 1). None of the target
chromosome/reference marker combinations reached
global statistical significance assuming our strict gen-
ome-wide threshold for statistical significance of
P=5.6x10"% As detailed in Table 2, the differences in
the LOD scores between conditional and uncondi-
tional analyses (LODgyey) in six target chromosome/
reference marker combinations reached target chro-
mosome-wide/reference  marker-specific  significance
levels of P <0.000l. For example, when linkage
analysis at a target region of chromosome 12 was
evaluated conditional on the linkage results at
reference regions across the genome, the evidence for
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linkage was maximized at 12q24 (LOD=15.69) when
the 78 families with the highest LOD scores at 16pl3
were included. This LOD score was significantly
higher than the LOD of 0.29 in the unconditional
analysis, with a LODgg, of 5.41. Among 1,000,000
randomly permuted datasets with respect to the rela-
tionship between target and reference regions, only 22
LODygejas reached 5.41 (P=0.000022). This result re-
vealed that increased allele sharing at 12q24 among
affected men was observed most strongly in families
that also had increased allele sharing at 16pl3, a
phenomenon that is consistent with an epistatic
interaction of two prostate cancer susceptibility genes
in these two regions. Evidence for interaction effects
using a target chromosome-wide/reference marker-
specific significance level of P<0.0001 were also ob-
served for five other pairs of loci at 11ql13, 22ql3,
8q24, 20p13, and 5pl3, when conditioning on refer-
ence markers at 13ql2, 21q22, 7q21, 16921, and
16p12, respectively.

The evidence for epistatic interactions for these six
sets of loci were consistently supported by two prior
defined subsets of families; 188 families from Johns
Hopkins and 238 families from the three other groups
(Michigan, Umed, and Tampere), as shown in Table 3.
For example, when linkage analysis at chromosome 5
was evaluated conditional on the linkage results at ref-
erence regions across the genome among the 188 families
from Johns Hopkins, the evidence for linkage was
maximized at 5pl13 (LOD=3.15) among families with
the highest LOD score at 16p12. This LODg, between
conditional and unconditional analyses was 2.88 with a
chromosome-wide significance level of P=0.009. Simi-
larly, when linkage analysis at chromosome 5 was
evaluated conditional on the linkage results at reference
regions across the genome among the 238 families from
the three other groups, the evidence for linkage was also
maximized at 5pl3 (LOD=3.57) among families with
the highest LOD score at 16p12. This LOD g, between
conditional and unconditional analyses was also 2.88
with a target chromosome-wide/reference marker-spe-
cific significance level of P=0.02. Consistent support of
epistatic interactions from these two sets of families was
also observed at the other five sets of loci (Table 3).

Considering that the 17q22 region was implicated by
a single gene approach where a LOD of 3.16 was ob-
served using nonparametric linkage analysis (Gillanders
et al. 2004), we examined the results of the various
interaction models involving this region. A marginally
globally statistically significant interaction was observed
in the epistatic interaction models using our reduced
thresholds for statistical significance for this a priori
plausible region. Specifically, when conditioning on the
reference marker D17S787, the target region on chro-
mosome 4q35 (target chromosome-wide/reference mar-
ker-specific P=0.0018) was marginally statistically
significant at the 0.0023 level (deemed equivalent to a
global significance level of 0.05) and the target region on
chromosome 11q14 (target chromosome-wide/reference
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Fig. 1 Results from two-locus conditional linkage analyses for all
possible pairs of loci across the genome among 426 prostate cancer
families using the OSA method are presented using a contour plot.

marker-specific P=0.0045) was suggestive. When link-
age at chromosome 17922 [using a 1-LOD support
interval of our linkage peak in Gillanders et al. (2004) to
define the target region] was evaluated conditional on
the linkage results at the 391 nonchromosome 17 refer-
ence markers across the genome, the conditional LOD
scores were maximized when conditioning on markers
located at 1q44, 2p21, 4pl5, 8q21, and 11ql4, respec-
tively (Table 4). None of the target 1-LOD-support-
interval/reference marker-specific P-values reached the

The LODdclta (LODdclta:LODcondtional7L0Dunc0ndtional) is plOt'
ted using a color scheme as indicated by the legend on the left of the
figure. The six sets of strongest interaction (P <0.0001) are labeled

threshold of 0.00013 for global statistical significance.
Interestingly, 11q14 showed up as suggestive in both sets
of analyses.

Discussion

Because multiple genetic alterations are likely required
for tumor development (Land et al. 1983), the inheri-
tance of germline mutations in several genes is expected
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Table 2 Summary results from two-locus epistatic interaction linkage analysis in the genome

Target Reference LOD P-value  Number of

region region scores families
included

Cyto-band Position Nearest Marker Cyto-band Position Conditional Unconditional Difference

(cM) marker (cM)

11q13 65.4 D11S987 D13S1241 13q32 70.2 6.12 1.57 4.55 0.000015 201

22ql3 47.5 D22S274 D21S266  21q22 36.2 5.15 0.33 4.82 0.000019 55

12q24 119.9 D12S79 D16S404 16pl3 7.7 5.69 0.29 5.41 0.000022 78

8q24 126.9 D8S514  D7S669 7921 48.2 5.66 0.55 5.10 0.000083 76

20p13 0 D20S117 DI16S503  16q21 73.2 5.13 0.13 5.00 0.000055 81

Spl3 50.3 D5S426  D16S3103 16pl2 21.7 5.94 0.87 5.07 0.0001 97

to confer stronger susceptibility to cancer. Therefore,
modeling gene—gene interactions in linkage analysis may
improve the power to detect chromosomal regions that
harbor these disease susceptibility genes, as demon-
strated in our previous linkage study of PTEN and
CDKNIB (Xu et al. 2004). The ability to systematically
model interactions in linkage analyses has largely been
hindered by a lack of appropriate analytical methods,
inadequate computing power, and small sample sizes. In
this study, we applied the OSA method to identify
prostate cancer susceptibility genes by systematically
modeling gene—gene interactions in linkage analyses
over all possible pairs of loci across the genome among
426 prostate cancer families. We found evidence (defined
by a target chromosome-wide/reference marker-specific
P <£0.0001) of an epistatic interaction for six sets of loci.
These results did not meet our strict conservative crite-
rion, P=5.6x10"% to be deemed globally statistically
significant. However, it would require very strong
interaction effects to overcome the burden of reaching
global-statistical significance after accounting for the
large number of tests. Our results should be useful for
future prostate cancer interaction studies because we
identified specific a priori locus combinations that
should be followed up. We did, however, find evidence
for significant/suggestive interactions between chromo-
some 17q22 loci and loci on chromosomes 4q35/11q14,
respectively, using the reduced threshold level of statis-
tical significance assumed for this a priori plausible
region. Clearly our results will require confirmation

from independent studies and from the identification of
specific genes underlying this linkage evidence. Our ap-
proach to systematically assess gene—gene interactions
across the genome represents a potentially powerful
alternative approach for gene identification for complex
diseases using linkage studies.

Increased ability to identify disease susceptibility
genes by modeling gene—gene interaction using the OSA
method was demonstrated in our linkage analysis of the
PTEN and CDKNIB regions in the subset of 188 fam-
ilies from Johns Hopkins Hospital (Xu et al. 2004). It is
worth noting that this gene—gene interaction between the
PTEN and CDKNIB regions was also observed in our
search for novel interactions across the entire genome
among the full set of 426 prostate cancer families. For
example, when conditioning on the linkage result at
CDKNI1B, the LOD score at the PTEN region was 3.50,
which is significantly increased compared to the
unconditional LOD score of 0.15 (P=0.007). Although
this result did not meet our stringent criteria for genome-
wide significance, this specific result can be considered
significant in the case of candidate genes for which there
is strong biological evidence.

The increased evidence for linkage between condi-
tional and unconditional analyses in the six sets of loci
suggested herein is consistent with the hypothesis of an
epistatic interaction of two prostate cancer susceptibility
genes; i.e., mutations in two genes are needed to increase
prostate cancer risk. The significant LODy ., however,
may also represent type I errors (false positives). The

Table 3 Comparisons of top six strongest two-locus epistatic interaction regions between two independent sets of families

Target  Reference JHU families Michigan, Tampere,
regions  regions (N=188) Umead families (N =238)
LOD scores P-value  LOD scores P-value
Conditional  Unconditional  Difference Conditional ~ Unconditional  Difference
11q13 13q32 2.27 0.29 1.98 0.06 5.69 1.28 4.41 0.0002
22ql3 21q22 2.39 0.77 1.62 0.03 343 0.00 343 0.0001
12q24 16p13 4.21 0.78 343 0.0006 3.60 0.33 3.27 0.0015
8q24 7921 4.60 0.41 4.19 0.002 2.15 0.25 1.90 0.07
20pl13 1621 3.06 0.78 2.28 0.01 3.16 0.00 3.16 0.0008
5pl3 16p12 3.15 0.27 2.88 0.009 3.57 0.69 2.88 0.02

JHU Johns Hopkins University
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Table 4 Results of two-locus interaction involving the 17q22 region

Target region Reference region LOD scores P-value Number of
families

Cyto-band Position Nearest  Marker Cyto-band Position Conditional Unconditional Difference included

(cM) marker (cM)

Linkage analysis at chromosome 17 conditional on the results at other region in the genome

17q22 70 D17S787 DI1S2836 1q44 281.5 6.18 3.11 3.07 0.0033 236

17q22 72.2 D17S787 D2S391  2p21 62.7 6.18 3.14 3.04 0.0065 310

17q22 7222  D17S787 D2S151  2q22 144.4 5.44 3.14 2.31 0.0026 288

17q22 75.9 D17S787 D4S403  4pl5 21.2 5.82 3.01 2.81 0.0053 294

17q22 74.4 D17S787 D8S1771 8p21 49.3 5.75 3.08 2.67 0.0079 228

17q22 72.2 D17S787 DI11S901 11ql4 83.4 6.06 3.14 2.92 0.0029 301

Linkage analysis in the genome conditional on the linkage result at 1722

4q35 202.2 D4S426  D17S787 17q22 74.4 4.13 0.62 3.52 0.0018 55

11ql14 82.3 D11S901 D17S787 17q22 74.4 4.51 0.50 4.01 0.0045 54

correlation between results at neighboring loci (due to
linkage between adjacent reference markers) and the
large number of tests makes the probability of a type 1
error in this type of two-locus genome-wide scan difficult
to assess. It is important to note that the OSA P-values
we report are adjusted for all possible subsets of families
and multiple target points along each chromosome. The
reported P-values do not account for the multiple tests
corresponding to the numerous different target chro-
mosome/reference marker combinations. Thus, our type
I error rate for the hypothesis of an interaction is pro-
tected and does not suffer from multiplicity due to
evaluating a variable number of subsets of families and a
large number of target loci per chromosome, but does
suffer from the multiple tests corresponding to the dif-
ferent target chromosome/reference marker combina-
tions. Support for interaction effects for all six sets of
suggestive loci was observed in two independent subsets
of families; however, it is important to note that the
consistent support from these two subsets of families
was not independent from the overall results. Finally,
this study was based on the largest number of prostate
cancer families studied to date and therefore, the results
are less likely to be influenced by variation due to small
sample size. Furthermore, this set of families is enriched
for characteristics consistent with inherited prostate
cancer susceptibility; more than 86% of these families
have either >4 affected members in a family or have a
mean age at diagnosis of <65 years.

In each of the six sets of interactions identified in this
study, evidence for interactions was supported from
both directions of the two involved regions, although
one direction was stronger than the reverse direction.
For example, the LODgq, was 5.41 (P <0.000022) at
1224 when conditioning on the reference marker at
16p13. Conversely, the LODgej, was 3.18 (P=0.002) at
16p13 when conditioning on the reference marker at
12q24. There are at least two possible interpretations for
this observation. The observation remains consistent
with a two-locus epistatic interaction model. Under this
model, linkage at locus 1 would increase among families
that are strongly linked to a locus 2, and vice versa. The

different strengths in supporting the epistatic interaction
between the two reversible directions may be due to
fluctuations of LOD scores at these two regions. LOD
scores that are calculated in regions of linkage for
multifactorial-susceptibility genes are highly influenced
by sampling and multiple confounding factors such as
phenocopies and incomplete penetrance. Alternatively,
the observation of stronger evidence for an interaction in
one direction of two involved loci may suggest that one
of the two loci is a major gene while the other is a
modifying gene. Under this model, linkage at a modi-
fying gene (locus 1) would increase among families that
are strongly linked to a major gene (locus 2); however,
evidence for an interaction in the reverse direction may
not be as strong.

We did not report the findings of searching for gene—
gene interactions under a heterogeneity model using the
OSA analysis in this study. We reasoned that the OSA
method has less power to detect heterogeneity interac-
tions. When implementing the OSA method to model a
heterogeneity interaction, families would be ranked
based on linkage evidence at the reference region, from
smallest (most negative) to highest. The notion is that if
a family is not linked at the reference region then, the
family would be more likely to be linked at the target
region. This is likely not an optimal approach to assess
heterogeneity interactions in complex diseases. In link-
age analysis of complex diseases, while a positive LOD
score of a region within a specific family suggests the
disease is likely linked to the region; a negative LOD
score in a family could be observed due to a variety of
reasons, including incomplete penetrance, phenocopies,
and other genes (besides those at the target region).

The purpose of this study is to mine valuable data
that were generated as part of the largest genome-wide
screen for prostate cancer susceptibility genes reported
to date. Our rationale to explore for gene—gene inter-
actions is justified because interactions of multiple genes
are widely hypothesized to influence risk for prostate
cancer. The development of new analytical methods
makes it feasible to systematically explore genome-wide
interactions. While it is difficult to determine the true



statistical significance of these findings, results of our
study have generated specific hypotheses that can be
tested in follow-up studies. In particular, we have iden-
tified six sets of loci with interactions and two regions,
4935 and 11ql4, that appear to interact with 17q22. In
the future, such hypotheses can be readily tested among
a set of over 1,200 prostate cancer families currently
being assembled by the International Consortium for
Prostate Cancer Genetics.
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