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INTRODUCTION:

Evidence for a genetic component to prostate cancer is strong, however few genes
have been identified, and most of the genetic risk remains undefined. To date, multiple
traditional genome scans and linkage analyses have been performed, and several
susceptibility loci and candidate genes have been identified, including HPC1, HPCX,
HPC20, CAPB, PCAP, RNASEL, HPC2/ELAC2, and MSR1. Traditional genome scans
using information from prostate cancer families, however, have generally not included
enough African American families to provide adequate statistical power to detect linkage.
The goal of this research proposal is to use a novel approach to gene discovery,
admixture mapping, to identify potential prostate cancer susceptibility genes in a group of
African American men. Admixture mapping has greater power to detect genetic effects
than traditional genome linkage scans. Recently, Freedman et al. published results from
an admixture mapping study of prostate cancer in 1,597 African American men which
detected a susceptibility region on chromosome 8924 (manuscript included in Appendix)
(1). Inthe current study, approximately 900 samples from 2 case-control study of
prostate cancer are being genotyped for ancestry informative markers across the genome,
using a similar marker panel to that used by Freedman et al. The admixture mapping
analyses will be performed using ADMIXMAP and ANCESTRYMAP statistical
programs. Regions showing strong linkage using the admixture mapping approach will
be followed by future studies using fine mapping with a denser set of informative
markers in the regions of interest and candidate gene studies.

BODY:

After 12 months, the project is on time with completion of the targeted tasks
outlined in the Statement of Work for the project’s first year, and is on track to complete
all tasks within the next 12 months, as planned. Almost all of Task 1 is completed, and
Task 2 activities have been started. Task 3 activities are not slated to commence until
month 20. The details of progress within each Task are as follows.

Task 1. To obtain genotype information for all study subjects (Months 1-18):
a. Prepare batches of DNA and ship to ParAllele, starting with samples
from controls (Months 1-17).
b. ParAllele to perform Genotyping and transmit results to Dr. Bock
(Months 2-18).

DNA samples for approximately 530 cases and 380 controls were
prepared for genotyping, and shipped to the laboratory. In addition to the
approximately 250 cases and 100 controls from HFHS, we also included
approximately 280 cases and 280 controls from Dr. Rick Kittles’ prostate cancer
case control study (described in Bonilla et al., (2) included in the appendix) (with
IRB approval), thereby more than doubling our sample size. For quality control,
DNA samples from 30 CEPH individuals were included so that their genotype
results could be compared with those publicly available through HapMap.
Because ParAllele was out of business when we were ready to genotype, we used
a panel of 1536 ancestry informative SNPs developed by David Reich at the
Broad Institute for use on the Illumina BeadStation platform. Earlier versions of



this panel were used in the Freedman et al. prostate cancer admixture mapping
study (1). This panel has very high reliability and success rate in Dr. Reich’s lab,
and after running 80% of the samples in the Wayne State University Genomics
Core Laboratory, there were only two samples that were not typable on their first
run, and >95% of the markers had excellent results. The two samples that did not
provide reliable results will be re-run with the last batch of samples in January,
2007. Itis anticipated that all of the genotyping will be completed and the results
provided to the PI in January, 2007. Thus, all of Task 1 should be completed by
the end of January, 2007, within the timeframe outlined in the Statement of Work.

Task 2. To identify candidate prostate cancer susceptibility loci using mapping by

admixture linkage (MALD) (Months 1-22).

a. Set up database and preliminary ADMIXMAP program (Months 1-

6).

b. Perform preliminary analyses and refine ADMIXMAP program
(Months 6-18).

c. Calculate final LOD scores and 95% confidence intervals for
regions that show possible linkage (Months 18-22).

d. Where necessary, extend the score test and likelihood ratio tests in
ADMIXMAP to test for gene-environment interactions. (Months 20-
22).

The ADMIXMAP software was successfully set up on a local computer,
and the PI successfully ran a test data set through the program. We will begin
performing preliminary analyses in late January or early February, 2007, within
the timeframe outlined in the Statement of Work. We will also send the genotype
data to Dr. David Reich, the senior author of the recent report on prostate cancer
admixture mapping results (1). He is an expert in this area, and has agreed to run
our data through his ANCESTRYMAP program, which will allow us to directly
compare our results with those he published. We anticipate that the analyses
outlined in Task 2 will be completed according to the stated times.

Task 3. Final Analyses and Report Writing, Months 20-24:
a. Afinal report describing the mapping findings and any gene-environment
interactions will be prepared (months 20-24).

We anticipate accomplishing Task 3 on schedule, after completing Task 2.

KEY RESEARCH ACCOMPLISHMENTS:

e Prostate cancer case and control DNA samples from African American men from
two case control studies were prepared to for genotyping and shipped to the lab
for genotyping. The number of samples for genotyping was more than double the
expected number of originally anticipated samples.

e Animproved panel of 1536 ancestry informative markers was identified and
purchased for use in genotyping the samples.



e Genotyping of all samples is 80% complete, and the results have been provided to
the PI.

e Genotyping is expected to be 100% complete and all final results transmitted to
the PI by Jan 31, 2007.

e ADMIXMAP Software (http://www.ucd.ie/genepi/admixmap/index.html) was
installed successfully, and test data was successfully run through the program.

e A new collaborator, David Reich, joined the project and has agreed to provide his
expertise in admixture mapping and also to run the data through his admixture
mapping program, ANCESTRYMAP (3). IRB approval was obtained to provide
him with the genotype data.

e Initial analyses in ADMIXMAP and ANCESTRYMAP will be performed
beginning in late January or early February, 2007 to identify potential candidate
regions for prostate cancer susceptibility genes.

REPORTABLE OUTCOMES:

A database of genotype information on 80% of the subjects has been established,
however the project has not yet reached the point in its timeline when any reportable
outcomes regarding prostate cancer risk can be stated. These will be forthcoming as the
data is analyzed early in 2007.

CONCLUSION:

This study is on track with its Statement of Work goals and timeline; the sample
size is more than double the anticipated number, genotyping is almost completed with
high quality of results obtained to date, and the analysis programs are in place to be run.
Because genotyping will need to be completed before definitive analyses can be run,
there are not yet specific conclusions regarding prostate cancer susceptibility loci
available from this project.
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Admixture mapping identifies 8q24 as a prostate
cancer risk locus in African-American men
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Communicated by Eric S. Lander, Broad Institute, Cambridge, MA, July 12, 2006 (received for review May 24, 2006)

A whole-genome admixture scan in 1,597 African Americans identi-
fied a 3.8 Mb interval on chromosome 8q24 as significantly associated
with susceptibility to prostate cancer [logarithm of odds (LOD) = 7.1].
The increased risk because of inheriting African ancestry is greater in
men diagnosed before 72 years of age (P < 0.00032) and may
contribute to the epidemiological observation that the higher risk for
prostate cancer in African Americans is greatest in younger men (and
attenuates with older age). The same region was recently identified
through linkage analysis of prostate cancer, followed by fine-map-
ping. We strongly replicated this association (P < 4.2 x 10~) but find
that the previously described alleles do not explain more than a
fraction of the admixture signal. Thus, admixture mapping indicates
a major, still-unidentified risk gene for prostate cancer at 8q24,
motivating intense work to find it.

association | human genetics

Prostate cancer is the most common noncutaneous malig-
nancy among U.S. men, with an estimated 234,460 new cases
and 27,350 deaths in 2006 (1). African Americans have the highest
incidence of prostate cancer in the United States, ~1.6-fold
higher than European Americans (http://jncicancerspectrum.
oxfordjournals.org/cgi/statContent/cspectfstat;18). The higher
risk (2-4) prompted the hypothesis that genetic factors in part
account for this difference. If there are genetic risk variants that
differ substantially in frequency across populations, admixture
mapping should have power to detect them.

The idea of admixture mapping is to screen through the
genome of populations of mixed ancestry such as African
Americans (5), searching for regions where the proportion of
DNA inherited from either the ancestral European or African
population is unusual compared with the genome-wide average.
Admixture mapping requires a relatively small number of mark-
ers for a whole-genome scan: a couple of thousand, rather than
the hundreds of thousands estimated to be necessary in nonad-
mixed populations (5, 6). Because the mixture between Euro-
pean and West-African populations occurred within the past 15
generations (5), stretches of DNA with contiguous European
and African ancestry have not had much time to break up
because of recombination and typically extend millions of base
pairs. Admixture mapping therefore studies highly selected SNPs
every few million base pairs (Mb), rather than every few
thousand as with linkage disequilibrium mapping.

Although admixture mapping was first proposed >50 years
ago (7) and has good power to detect risk variants that are
strikingly different in frequency across populations (6, 8), it has
not been practical until recently. Appropriate panels of markers
(5), combined with analytical methods (8—10), made possible the

14068-14073 | PNAS | September 19,2006 | vol. 103 | no.38

first admixture scans (11, 12) in 2005. Here, we describe a
whole-genome admixture scan focusing on prostate cancer, a
disease that has long been considered a test case for admixture
mapping because of its marked difference in incidence rates
across populations. We identify a highly significant association at
8q24. The same broad region has recently been implicated in
prostate cancer by Amundadottir et al. (13). In addition to
providing independent evidence of a locus at 8q24, the present
study provides two pieces of information. First, we show an
association with earlier age of diagnosis. Second, we show that
the alleles identified in the previous study are insufficient to
explain more than a small fraction of the admixture signal. Thus,
the causative alleles remain to be identified.

Results

We studied 1,597 prostate cancer cases and 873 controls, the
majority of which were participants in the Multiethnic Cohort
study (14) (810 cases and 730 controls) (Table 5, which is
published as supporting information on the PNAS web site). The
other samples came from six studies, including studies that
specifically ascertained cases with high-grade tumors, advanced-
stage disease, diagnosis at a young age, or occurrence in a family
with multiple affected individuals (15-17) (Table 1). The present
study was designed to include more cases than controls, because
admixture mapping works by comparing the proportion of
ancestry in cases to the rest of their own genomes. In principle,
controls are not needed (6, 8); however, we included controls
because they are useful for follow-up analyses (8).

All 2,470 samples (1,597 cases and 873 controls) were geno-
typed by using one of two panels of markers chosen to be highly
different in frequency between West Africans and European
Americans (5). A total of 1,792 samples were genotyped in the
“phase 17 panel [previously used in a scan for multiple sclerosis
genes (12)] and 1,266 SNPs passed quality filters and were used
in analysis (Table 6, which is published as supporting information
on the PNAS web site). The remaining 678 samples were typed
in a second-generation “phase 2” panel that extracts more
information per SNP; 1,365 SNPs passed quality filters and were
used in analysis. The analysis combines information from both
panels into a single logarithm of odds (LOD) score statistic at

Conflict of interest statement: No conflicts declared.
Abbreviations: LOD, logarithm of odds; OR, odds ratio.
‘M.L.F., C.A.H., and N.P. contributed equally to this work.

°To whom correspondence should be addressed at: Department of Genetics, Harvard
Medical School, New Research Building, 77 Avenue Louis Pasteur, Boston, MA 02115.
E-mail: reich@receptor.med.harvard.edu.
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Table 1. Characteristics of cases and controls from seven sources

% with Decrease in
Cases, Controls, Mean age % with % with prostate cancer peak LOD if
% Euro. % Euro. diagnosis  Gleason  non-local in a first- these samples
Source Location Cases Controls + 1SE + 1SE (range) score >7  tumors degree relative  are removed*
Multiethnic Cohort  CA & HI 810 730 23.57 £0.50 25.42 =0.57 68 (46-85) 18 15 12 2.58
L.A. County Men’s CA 366 107 22.34 = 0.83 26.37 =2.13 63 (42-88) 28 39 21 1.37
Health Study
Study Early Onset CA 104 — 20.89 + 1.37 — 60 (45-65) 31 49 14 1.01
Prostate Cancer
PCGP Mi 103 — 19.50 = 1.01 — 55 (40-86) 11 29 39 1.15
Flint Men’s Health Mi 85 — 18.05 = 1.21 — 65 (47-77) 12 28 15 0.06
Study
Bay Area Men’s CA 82 36 19.06 = 1.52 20.13 = 2.15 64 (44-78) 25 94 28 1.16
Health Study
Genomics All U.S. 47 — 16.16 = 1.51 — 62 (39-81) 14 38 28 0.57
Collaborative
Combined samples 1,597 873 2211 £0.36 2532 *+0.55 65 (39-88) 21 29 18 7.14

PCGP, Prostate Cancer Genetics Project; Euro., European.

*To assess how much each of the seven cohorts contributes to the signal of association, we removed each from the main admixture scan (run no. 9 in Table 2)
and assessed how the peak LOD score at 8q24 changes. All seven cohorts contribute positively.

each locus; observations >5 are considered strongly indicative of
a disease locus (8). Formal significance is assessed by Bayesian
methods. We take 10 to the power of the LOD score and average
across points spaced every centimorgan across the genome. If the
genome average is >100, then the Bayesian odds in favor of a
disease locus is 100:1, and we interpret the data as showing
significant evidence of a disease gene (8).

An initial admixture scan of 1,303 African-American prostate
cancer cases produced a peak LOD score of 2.2 at 8q24. The
signal was higher in a secondary analysis of individuals with a
younger age at diagnosis, with the peak LOD score rising to 3.8
in the individuals who were <68 years of age (the threshold
giving the strongest evidence of association). After genotyping
294 additional cases and 15 additional SNPs at 8q24 to obtain
better local information about ancestry (see Materials and
Methods), the peak LOD score increased to 4.1 in all cases and
as high as 8.4 in the 1,176 who were diagnosed at <72 years of
age. To correct for inflation of the score because of choosing the
age threshold that gave the strongest significance, we integrated
the evidence for association over an evenly spaced range of
cutoffs (see Materials and Methods and Table 7, which is pub-
lished as supporting information on the PNAS web site). This
analysis yielded a peak LOD score of 7.1 (Fig. 1). Averaging 10
to the power of the LOD scores at equally spaced points
genome-wide, we obtained a genome-wide average score of
~19,000, exceeding the threshold of 100 for significance (8).
After correcting for multiple hypothesis testing [by dividing by 4,
because we tested four phenotypes (age, grade, stage, and
familial disease) and focused on the one giving the strongest

Table 2. Admixture scan summaries

evidence], the odds in favor of a disease locus still greatly
exceeded the threshold of 100 for significance.

The analysis in the previous paragraph used age of diagnosis as
a covariate but did not directly test whether men with younger age
of diagnosis have higher risk at 8q24 than older men. To formally
test this hypothesis, we exploited the fact that ANCESTRYMAP
software (see ref. 8 and http://genepath.med.harvard.edu/~reich)
assigns scores for association to each individual separately (e.g.,
individual factors such as —0.02, 0.12) and then sums over all
individuals to produce the total LOD score (Table 2). We rank-
ordered the 1,588 cases in the scan for whom we had age informa-
tion from youngest to oldest (Fig. 2). If the locus is not associated
with age of diagnosis, the cumulative LOD should increase steadily
to reach the total as additional samples are added. In fact, it rises
to 5.4 LOD points above expectation at 71 years of age. To test
whether this rise is significant, we permuted the data, reassigning
ages of onset to different individuals (so that, in the randomized
data, there could be no relationship between age of onset and allelic
variation). In 1,000,000 permutations, only 318 showed a change in
LOD score compared with the expectation exceeding the observed
5.4 (P < 0.00032). Repeating the analysis with a subset of samples
obtained from a single prospective cohort [804 cases of African
Americans with prostate cancer from the Multiethnic Cohort
(MEC) Study], the association to age was also significant (P <
0.0011). These results indicate that there is a formally significant
association of prostate cancer to ordering by age. We did not detect
any associations when a similar analysis was applied to other
subphenotypes: stage, grade, or family history (Supplemental Note

No. of No. of Peak LOD

cases controls score
All prostate cancer cases 1,597 873 4.07
High grade (Gleason score >7) 316 873 2.68
Advanced stage (regional or metastatic cancer) 414 873 2.81
Family history (prostate cancer in a first-degree relative) 281 873 1.86
Age of diagnosis of <72 years and high-density genotyping at 8q24 1,176 873 8.39*
Drop out every even marker from run no. 5 to demonstrate independence of markers used 1,176 873 8.95%
Drop out every odd marker from run no. 5 to demonstrate independence of markers used 1,176 873 6.65*
Diagnosis at <72 years of age, high density and best model of 1.54-increased risk because of 1,176 873 9.39*

African ancestry

Integrating over age-of-diagnosis cutoffs as a formal test for statistical significance 1,597 873 7.14*

*Indicates a scan that meets formal criteria for genome-wide statistical significance.

Freedman et al.

PNAS

September 19, 2006 | vol. 103 | no.38 | 14069
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Fig. 1.

1 in Supporting Text, which is published as supporting information
on the PNAS web site).

To explore how much of the increased incidence of prostate
cancer in African-American men might be explained by African
(as compared with European) ancestry at 8q24, we evaluated the
risk for individuals carrying zero, one, and two chromosomes
with African ancestry at the locus. Each African-derived chro-
mosome is associated with ~1.54-fold increased risk in younger
individuals (90% credible interval 1.38-1.74) (Supplemental
Note 2). We also estimated the proportion of control samples
with zero, one, and two African-derived chromosomes, respec-
tively (6.4%, 37.8%, and 55.8%, respectively). Extrapolating to
the broader African-American population, the prostate cancer
incidence in all African Americans Iapy, is higher than the
incidence /gg in individuals who inherited two European-derived
chromosomes at the locus by a factor of [(0.064) (1) +
(0.378)(1.54) + 0.558(1.54%)] = 1.969. Thus, the fraction of all
prostate cancer incidence for African Americans <72 years of
age that could be explained by ancestry at this locus is (JarL —
Ige)/IarL = 1 — (1/1.969) = 49% (with a 90% credible interval
of 39-59%). Thus, if it were possible to develop a treatment that
reduced prostate cancer risk in the African-American popula-
tion to the level that is seen in men who carry two copies of 8q24
inherited from recent European ancestors, the rate of prostate
cancer would decrease by ~49%. The total risk for prostate
cancer that can be attributed to 8q24 in African-American men

14070 | www.pnas.org/cgi/doi/10.1073/pnas.0605832103

Summary of results for the whole-genome admixture scan and characteristics of the 8924 peak of association. (a) We present the LOD score at equally
spaced points across the genome. The chromosome 8 peak is marked by arise to 7.14. (b) We can use the data to calculate a probability distribution for the position
of the peak. It aligns with the microsatellite and SNP recently associated with prostate cancer by Amundadottir et al. (13) (dashed line). (c) The 95% credible
interval spans 3.8 Mb (125.68-129.48 Mb in build 35 of the human reference sequence) and contains nine known genes, including the c-MYC oncogene (diagram
taken from http://genome.ucsc.edu) (data from the May 2004 genome assembly).

9 Rises 5.40 above expectation at age 71 (P<0.00032)

expectation for rise in score with increasing sample
size assuming no correlation to age of diagnosis

LOD at 8q24 for everyone at this age
of diagnosis or less

N WY O N OO - N MW © O
© © © © © © ©O K NN KNKNNNKNN ©

Upper bound on age of diagnosis

Fig. 2. To formally test for a relationship between age of onset and contri-
bution to the chromosome 8 locus, we rank-ordered the individuals by age of
onset and then calculated a score for increasing age cutoffs. The score rises to
5.40 above the expectation for 1,176 individuals diagnosed at <72 years of
age. To evaluate whether this rise is unexpected, we permuted the data
1,000,000 times, randomizing scores with respect to individuals’ ages of onset
(guaranteeing that there is no relationship between age of diagnosis and
contribution to the evidence of association). In only 318 of 1,000,000 permu-
tations did we see a rise as high as in our data (P < 0.00032).

Freedman et al.
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<72 years of age is still greater, because alleles at 8q24 increase
prostate cancer risk even in chromosomes of entirely European
origin (13). Thus, 8q24 has a major effect on population risk of
prostate cancer, especially in younger African Americans.

Using the LOD scores at 8q24, we also calculated a posterior
probability distribution to estimate the position of the disease-
causing variants (see Fig. 1b and Materials and Methods). The
95% credible interval spans 3.80 Mb, from 125.68-129.48 Mb in
build 35 of the human genome reference sequence (13.9 cM) and
contains nine known genes (Fig. 1c). However, the admixture
scan does not provide information about which gene or alleles
within the locus confer risk.

Independently of this study, Amundadottir et al. (13) reported
an SNP allele [A at rs1447295; odds ratio (OR) = 1.51; P < 1.0 X
1071] and a microsatellite allele (—8 at DG8S737; OR = 1.62;
P < 2.7 X 107'1) that map to the same region as the admixture
peak (at 128.546 Mb and 128.554 Mb, respectively) and are
highly associated with prostate cancer. The effect of the —8 allele
was observed in European and African Americans, whereas the
A allele effect was detected only in European-derived popula-
tions. The authors did not show, however, that cither allele was
causally involved in disease but instead suggested that they were
both in linkage disequilibrium with an as-yet-unidentified causal
variant. They also did not identify which gene in the region might
be responsible for prostate cancer risk.

To directly compare the results of the two studies, we tested
the previously associated alleles in the African-American cases
and controls [excluding samples from Michigan, because they
overlap those studied by Amundadottir et al. (13); see Materials
and Methods]. The goal was to test whether the —8 allele at
DG8S737 contributes to disease risk in African Americans
beyond the risk that can be accounted for by the admixture
signal. (Supplemental Note 3). We were concerned that the
previously detected association in African Americans by
Amundadottir et al. (13) (P < 0.0022, estimated OR of 1.60)
might simply reflect an admixture signal across a large region
(because of systematic differences in ancestry between cases and
controls across several million base pairs of 8q24) and thus might
not provide fine-mapping information in African Americans.
Although Amundadottir et al. (13) tested for mismatching of
cases and controls in overall proportion of ancestry, they did not
control for a local rise in African ancestry throughout 8q24 in
cases but not controls. Such a rise would be expected to cause
thousands of alleles in the region that just happen to be more
frequent in African Americans (including the microsatellite —8
allele) to show association with prostate cancer. When we
correct for this effect in the African-American samples from the
present study (Supplemental Note 3), we find that the contribu-
tion of the —8 allele to risk is nonsignificant (P = 0.22) (Table
3). The OR of 0.93-1.17 (95% credible interval) also rules out
the OR = 1.60 reported in African-Americans (13).

We next expanded the replication analysis to the four eth-
nicities in the MEC other than African Americans, by genotyp-
ing rs1447295 in 1,614 prostate cancer cases and 1,547 controls
from these populations. The evidence for association is signifi-
cant overall (P < 4.2 X 107?), as well as separately in each group:
Japanese Americans (P < 0.00034), Native Hawaiians (P <
0.00015), Latino Americans (P < 0.0014), and European Amer-
icans (P < 0.022) (Table 4). This analysis replicates the associ-
ation identified by Amundadottir et al. (13), although we did not
test for the possible confounding factor of population stratifi-
cation. Interestingly, we do not replicate the association to tumor
grade (Gleason =8 vs. Gleason <8; P = 0.47) reported by
Amundadottir ez al. (13).

These results confirm the finding of Amundadottir ez al. (13)
that the 8q24 locus is important in prostate cancer. However, the
alleles they reported do not explain the admixture signal (Sup-
plemental Note 4 and Table 3). The specific variants causing
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Table 3. Allelic association tests in African Americans adjusting
for local rise in African ancestry

Cases Controls  Pvalue OR (95% CI)
A allele at rs1447295 989 804 0.15 1.05 (0.95-1.16)
—8 allele at DG8S737 966 797 0.22 1.05 (0.93-1.17)
Haplotype of A and —8* 902 776 0.31 1.03 (0.90-1.18)

Cases diagnosed at <72 years of age and all controls. P values are one-
tailed, testing for the previously associated allele (14) being more common
(Supplemental Note 3). Cl, confidence interval.

*For the haplotype test, we phased the cases and controls together, before
carrying out the association analysis.

increased risk for prostate cancer in African American because
of 8q24 thus remain to be identified.

Discussion

We have used admixture mapping to identify a locus at 8q24 that
substantially affects risk for prostate cancer. We highlight four
findings.

First, this study shows that admixture mapping can be a
powerful and practical way to map genetic variants for complex
disease (5, 18). The results motivate the application of admixture
mapping to other disorders, especially those like prostate cancer
in which incidence varies across populations. These results also
highlight the scientific value of studies to find disease genes in
specific ethnic groups, such as African Americans.

Second, we show that the 8q24 locus contributes to a major
increased risk for prostate cancer in African Americans with
African ancestry at 8q24. The difference between these individ-
uals and African Americans with European ancestry at 8q24
explains a large proportion of prostate cancer in younger African
Americans. If one could intervene medically to reduce the risk
for prostate cancer in African Americans <72 years of age to
what would be expected if all African Americans had European
ancestry at the locus, the incidence in men <72 years of age
would decrease by approximately 49%. We also show that the
admixture signal at 8q24 cannot be explained by the alleles
identified by Amundadottir et al. (13); instead, there must be
major, unmapped risk alleles at the locus.

Third, we detect a highly significant association of 8q24 with
age. This finding is intriguing because it is known epidemiolog-
ically that the differential incidence of prostate cancer in African
versus European Americans is greater at younger ages and is
attenuated with older age (ref. 19; http://jncicancerspectrum.
oxfordjournals.org/cgi/statContent/cspectfstat;18). Surveil-
lance, Epidemiology, and End Results (SEER) Program registry
data indicate that, for men diagnosed at <55 years of age,
African Americans have a 2.27-fold higher rate than European
Americans, but the ratio decreases to 1.48-fold for men diag-
nosed at =75 years of age (19). Genetic variation at 8q24 may be
responsible for part of this effect.

Fourth, we identify a 3.8-Mb interval containing nine known
genes that is likely to harbor variant(s) explaining the admix-
ture peak. This is a tractable region for follow-up analysis.
Somatic genetic data independently highlight the 8q24 region
as one of the most frequently amplified regions in prostate
cancer tumors (20, 21). The ¢c-MYC oncogene, a key regulator
in cellular proliferation, lies within the peak. Overexpression
of ¢-MYC has been shown to induce tumors in mice and to
create a cancer phenotype in benign prostatic epithelium (22,
23). It is possible that c-MYC could be the gene responsible for
the prostate cancer risk, but no structural or regulatory variant
has yet been identified.

Follow-up work will be necessary to identify the as-yet-
undiscovered causal risk variant(s) at 8q24. Ultimately, discov-
ering the causal gene(s) at 8q24 may translate into better
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Table 4. rs1447295 association in the Multiethnic Cohort

Frequency of

. No. of samples A allele, %

Group within the P value OR
Multiethnic Cohort Cases Controls Cases Controls (one-tailed) (95% confidence interval)
Native Hawaiians 70 68 37.0 16.2 0.00015 3.02 (1.66-5.50)*
Japanese Americans 449 465 23.8 17.2 0.00034 1.48 (1.18-1.86)*
Latino Americans 640 567 13.5 9.5 0.0014 1.48 (1.14-1.91)*
European Americans 455 447 13.1 10.0 0.022 1.35(1.01-1.80)*

All samples together 1,614 1,547 4.2 X 1079 1.36 (1.22-1.51)"

*OR estimated by using logistic regression adjusted for age.

TOR estimated by using logistic regression adjusted for age as well as ethnicity.

understanding of prostate cancer and may play a role in strat-
egies for screening of the population and identifying new targets
for treatment and prevention.

Materials and Methods

Samples. Samples were derived from seven sources (Table 1). The
largest number came from the Multiethnic Cohort (MEC), a
prospective cohort that began in 1993 and is still ongoing, which
ascertains prostate cancer cases and controls by linking to
databases from the California Cancer Registry, the Los Angeles
County Cancer Surveillance Program, and the Hawaii Cancer
Registry (14). The samples used in the admixture scan were all
African-American cases and controls; however, for the valida-
tion genotyping of the rs1447295 SNP, we also genotyped
prostate cancer cases and controls from four other ethnicities in
the MEC: European Americans, Latino Americans, Japanese
Americans, and Native Hawaiians. The second largest number of
samples came from the Los Angeles County Men’s Health Study
(1999-2002), which was enriched for individuals with advanced-
stage or high-grade prostate cancer, as identified through hos-
pitals and private histopathology laboratories in Los Angeles
County. The Bay Area Men’s Health Study (15) (1997-2000) was
enriched for individuals with regional- or distant-stage disease.
The Study of Early Onset Prostate Cancer (1993-1995) was
based in the San Francisco-Oakland Bay Area and included only
individuals with histologically confirmed prostate cancer who
were <66 years of age at diagnosis. The Genomics Collaborative,
Ltd. samples were obtained from consenting individuals under-
going surgery for prostate cancer throughout the U.S. and were
provided to this study at no cost by means of an academic
collaboration. The Flint Men’s Health Study samples (1996—
2002) were obtained through a case-control study of prostate
cancer in Genesee County, Michigan. The University of Mich-
igan Prostate Cancer Genetics Project (PCGP) samples were
obtained from an ongoing family-based study of prostate cancer
susceptibility. PCGP cases have a family history of prostate
cancer or early age at diagnosis defined as <55 years of age (we
analyzed data only from the man with the youngest age of
diagnosis in each family). We note that both the Flint Men’s
Health Study and PCGP samples (16, 17) overlap with those
studied by Amundadottir et al. (13). The samples were provided
by K.A.C. for replication purposes blinded to the locus under
study. The results reported here, which also use a different type
of information to localize disease genes (admixture linkage
disequilibrium), are thus fully independent.

Genotyping. The phase 1 and phase 2 panels of SNPs were both
genotyped by using the Illumina BeadLab genotyping platform
(24) [supplemented for phase 1 by Sequenom MassARRAY
genotyping (25)]. At the 8q24 peak, we genotyped an additional
15 SNPs using Sequenom technology to extract maximal infor-
mation about ancestry [these SNPs were chosen to have high
frequency differentiation between the European and West-

14072 | www.pnas.org/cgi/doi/10.1073/pnas.0605832103

African populations (5) based on data from the Human Hap-
lotype Map (26)]. We used previously described protocols to
remove SNPs that did not perform well in genotyping, that were
in linkage disequilibrium with each other in the ancestral
European and West-African populations, or that did not seem to
have appropriate intermediate frequencies in the African Amer-
icans compared with the ancestral populations (12). The
rs1447295 genotyping was carried out by using the Applied
Biosystems Inc. (ABI, Foster City, CA) Assay-on-Demand tech-
nology following the manufacturer’s recommended protocol,
and all of the African Americans were also genotyped at
rs1447295 by using Sequenom technology. The DG8S737 geno-
typing was carried out by using ABI True Allele PCR Premix,
with 5-pmol forward (5'-6FAM-TGATGCACCACAGAAAC-
CTG-3") and 5-pmol reverse (5'-GTTTCAAGGATGCAGCT-
CACAACA-3") primers, and 60 ng of DNA per reaction.
Reactions were analyzed on an ABI3730x] DNA Analyzer.
Samples were scored by the ABI GeneMapper V3.7 software,
with all genotypes confirmed by an experienced technician. To
check the microsatellite genotyping results, we compared 168
samples that overlapped between this study and that of Amunda-
dottir et al. (13) (data provided by K.A.C.); only five comparisons
were inconsistent.

Admixture Analysis. We used the ANCESTRYMAP software (8)
to carry out the screens for association with prostate cancer.
ANCESTRYMAP calculates a statistic for association at every
position in the genome, under a prespecified family of risk
models, calculating the likelihood of the data at the locus under
an average of disease models versus the likelihood of the data if
the locus has nothing to do with disease (the log base 10 of this
is the LOD score). For most runs, we assume equally likely
models of 0.3-, 0.4-, 0.6-, 0.7-, 0.8-, 1.2-, 1.5-, and 2-fold increased
risk because of each copy of a European allele. This family of
models reflects the hypothesis that African-derived alleles are
more likely to confer risk but also tests for the alternative
possibility. To obtain an overall assessment of the evidence for
a disease locus anywhere in the genome, we average the factors
for association at each point separately, providing a genome-
wide assessment of whether there is a locus in the genome
affecting risk.

Admixture Scan Accounting for Age of Diagnosis. We carried out an
admixture scan taking into account the possibility that individuals
with a younger age of diagnosis contribute a more powerful
admixture signal, while not inappropriately inflating the signal of
association by picking the cutoff giving the strongest signal. We ran
22 independent scans for all individuals in the data set with
diagnosis at <50, <53, <56, <57, <59, <60, <61, <62, <63, <64,
<65, <66, <67, <69, <70, <71, <73, <74, <75, <76, and <78
years of age, as well as all cases (Table 7). Approximately 73 new
samples were added in for each consecutive run. We then averaged
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the genome scores for association, which gives a statistically ap-
propriate assessment of the evidence for association.

Permutation Analysis to Test Whether Some Phenotypes Contribute
Unduly to the Signal of Association at 8q24. To test whether the
correlation of the 8q24 admixture association with a phenotype
is significant, we carried out permutation analyses, considering
separately the effect of stage of disease, grade of tumor, family
history, and age of diagnosis (Fig. 2 and Supplemental Note 1).
For each phenotype, we rank-ordered individuals by their values
of the phenotype. We then calculated a cumulative LOD score
at SNP rs780321 (used to mark the peak) for all individuals below
each cutoff. We recorded the greatest excess or shortfall of the
cumulative LOD score compared with the expectation if it
increased linearly. We then wrote a PERL script to randomly
permute the values of the phenotype over the samples, elimi-
nating any relationship between the phenotype and score. A P
value was calculated as the fraction of 1,000,000 permutations
that produced a score for association as extreme as the data.

Inferring the Position of the Disease Locus. To infer the position of
the disease locus, we note that the LOD scores at each point of
the genome can be taken to the power of 10 to give the relative
probability of that locus containing the disease allele. After
normalization, this calculation provides a probability distribu-
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tion for the position of the locus. A 95% credible interval is
obtained from the central area under the peak (Fig. 1c).
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BACKGROUND. The E-cadherin (CDH1) gene has been implicated in prostate cancer (PCA)
risk, however, the exact mechanism is unknown. Several polymorphisms, such as the C/A
variant —160 base pairs from the transcription start site, in the CDHI gene promoter region have
been associated with cancer risk, mainly in European descent populations.

METHODS. We screened the entire coding region and 3.0 kilobases of the CDH1 promoter for
polymorphisms in 48 African Americans using dHPLC. Twenty-one (21) polymorphisms were
observed. Four polymorphisms, including —160C/A, were genotyped in a genetic association
study using incident PCA cases (N =427) and unaffected controls (N = 337) of similar age from
three different ethnic groups consisting of African Americans, Jamaicans, and European
Americans.

RESULTS. We observed a significantly higher frequency of the —160A allele among European
American PCA patients (27.5%) compared to the control group (19.7%) (P=0.04). More
importantly, among men of European ancestry under the age of 65 who possess the —160 A
allele there was over three times increased risk for prostate cancer (P = 0.05). Also, the AACT
haplotype bearing the —160A allele was significantly associated with PCA in European
Americans (P =0.04).

CONCLUSIONS. Our data indicate that CDH1 likely is a low-penetrant PCA susceptibility
gene, however, population differences in linkage disequilibrium within the CDHI gene region
may influence the effect of susceptibility alleles such as —160A. Prostate 66: 546—556, 2006.
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Prostate cancer (PCA) is one of the most common
malignancies among men in developed countries [1].
Risk factors for PCA development include advanced
age, ethnicity, and a positive family history. To date,
a few susceptibility genes have been identified,
although no major predisposition locus has been
observed so far [2]. Thus, it has been suggested that
low-penetrance susceptibility genes with higher

© 2005 Wiley-Liss, Inc.

DAMD17-00-1-0025, DAMD 17-02-1-0067; Grant sponsor: Depart-
ment of Defense (to VF); Grant number: DAMD17-00-1-0029.

*Correspondence to: Rick A. Kittles, PhD, Human Cancer Genetics,
Comprehensive Cancer Center, The Ohio State University, 494
Tzagournis Medical Research Facility, 420 W. 12th Avenue,
Columbus, OH 43210. E-mail: rick.kittles@osumc.edu

Received 28 August 2005; Accepted 27 September 2005

DQI 10.1002/ pros.20374

Published online 21 December 2005 in Wiley InterScience
(www.interscience.wiley.com).



CDHI and Prostate Cancer Risk 547

population frequencies may be relevant in the deter-
mination of PCA risk in combination with environ-
mental factors [3]. Several common, low penetrant
genes have been identified as potential PCA suscept-
ibility genes. These candidate genes include SRD5A2
(MIM 607306), CYP3A4 (MIM 124010), CYP3A5 (MIM
605325), VDR (MIM 601769), and E-cadherin (MIM
192090).

E-cadherin (CDH1) is an adhesion glycoprotein
found in epithelial tissues where it promotes cell—cell
unions known as adherens junctions [4]. As malignant
cells show poor adhesion properties in addition to loss
of differentiated epithelial morphology and increased
cellular motility, it has been proposed that CDH1 may
play a role in tumor initiation and progression [4]. In
fact, loss of CDH1 expression is believed to be the
fundamental step in the disruption of tight intercellular
contact that leads to the invasive and metastatic state of
tumors [5]. Earlier studies have provided evidence for a
role of CDHI1 as a tumor suppressor in several human
cancers, where loss or reduced expression of CDH1 has
been demonstrated [6-8]. Among the mechanisms
responsible for aberrant CDH1 expression are loss
of heterozygosity, promoter hypermethylation, and
somatic and germline mutations. Germline mutations
in CDHI1 are present in about one-third of families
affected of hereditary diffuse gastric cancer syndrome
(HDGCQ) [9], and have been shown to affect cell motility
and invasion [10]. In lobular breast cancer, complete
loss of E-cadherin expression is a characteristic of about
80% of the carcinomas, where CDHI1 mutations are
fairly frequent [11]. In turn, hypermethylation of CpG
islands in the CDH1 promoter leading to decreased
gene expression has been found in bladder, breast,
colon, liver, oral, and prostate cancers [12]. Further-
more, analysis of methylation levels in the CDHI
promoter of PCA cell lines has shown that methylation
of CDH1 correlates with tumor progression [13].

The CDHIgene is located at 16q22.1 and consists of
16 exons spanning approximately 100 kb of genomic
DNA. Several polymorphisms, germline and somatic
mutations have been identified within its coding
regions [9,14,15]. A —160C/A polymorphism in the
promoter was described by Li et al. [13], who reported
reduced transcriptional activity of ~70% of the A allele
compared to the C allele. Further research revealed that
the A allele conferred a modest increased risk of PCA
in European populations [16—-18]. Yet, no association
between —160C/A genotype and tumor progression
or metastasis was evident among Slovenians [18].
In Japanese, conflicting results were reported [19,20].
However, no studies have explored the relationship of
CDH]1 variants with susceptibility to cancer in popula-
tions of African descent. Given that prostate cancer
exhibits a higher prevalence in African descent

populations compared to the European American
population, we were interested in establishing whether
sequence variants in CDHI could explain in part the
elevated risk.

The objective of this study was to screen the CDH1
gene for additional sequence polymorphisms in men of
African descent and test for CDH1 effects on PCA risk
by performing case-control association analyses in
African Americans, European Americans, and Jamai-
cans of African descent. Our results reveal modest
effects of the —160C/A allele on PCA risk among
European Americans. In addition it is likely that CDH1
alleles vary in their effect on PCA risk due to the
influence of other linked functional polymorphisms
and possibly other genes (gene—gene interactions).

MATERIALS AND METHODS

Study Populations

Unrelated men were enrolled from three sites for
genetic association studies of risk factors for PCA. All
PCA cases were between 40 and 85 years of age and
were diagnosed with PCA within a year prior to
recruitment. The first group of men consisted of 231
African Americans (119 PCA patients and 112 male
controls) recruited from the Washington, DC area
through the Division of Urology at the Howard
University Hospital and/or PCA screening at the
Howard University Cancer Center. Unaffected African
American male volunteers were enrolled among
individuals undergoing regular physical exams at the
Division of Urology at Howard University Hospital
and/or men participating in screening programs for
PCA at the Howard University Cancer Center. The
screening program was demographically similar to the
patient population seen in the Division of Urology
clinics. The recruitment of controls occurred concur-
rently with individuals recruited with PCA. Mean age
of the African American PCA patients was 65.14+0.9
and among controls 67.2 £1.1.

The second group consisted of PCA cases and age
and ethnicity matched controls (89 PCA patients and
123 unaffected male controls). All men in this group
were of African descent and resided on the Caribbean
island of Jamaica. The Jamaican men were recruited
from the University Hospital of the West Indies in
Kingston, Jamaica during the year 2000. Each case
subject was diagnosed with prostate carcinoma by a
pathologist. Men free of prostate cancer were also
recruited from prostate cancer screening programs on
the island. Mean age of the Jamaican PCA patients was
67.1 1.4 and among controls 65.4 +1.0.

The third group consisted of 321 European Amer-
ican men (219 PCA patients and 102 unaffected male
controls) recruited from the Chicago metropolitan area
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through a department of urology at a single academic
institution (Loyola University Medical Center). All
cases were men diagnosed with clinically localized
PCA and awaiting radical prostatectomy. Clinically
evaluated healthy male controls of European ancestry
were also recruited from the Chicago metropolitan
area. Mean age of the PCA patients was 61.0 £0.6 and
among controls 63.9 £1.0.

Blood samples were collected from each subject.
Clinical characteristics including Gleason grade, pros-
tate specific antigen (PSA), and age at diagnosis were
obtained from medical records. Disease aggressiveness
was defined as “low” (Gleason grade <7) or “high”
(Gleason grade >7). All controls had PSA levels <4.0 ng/
ml and normal digital rectal exams (DRE) (Table I).
Individuals diagnosed with benign prostatic hyperpla-
sia (BPH) were not considered in this analysis. Howard
University Institutional Review Board approved the
study and written consent was obtained from all
subjects.

SNP Discovery

Genomic DNA was isolated from lymphocytes
using standard proteinase K digestion, cell lysis,
protein precipitation, and DNA precipitation. A total
of 3,000 base pairs upstream of the ATG start site and all
16 exons of CDH1 were screened for DNA sequence

variation by denaturing high-performance liquid chro-
matography (dHPLC) using the Wave™ DNA frag-
ment analysis system (Transgenomic, Omaha, NE)
according to the manufacturer’s instructions. Informa-
tion about the primers and PCR conditions used to
amplify CDHI promoter and exon fragments are avail-
able upon request.

Genomic DNA from 48 African American indivi-
duals (24 cases and 24 controls) was used for SNP
detection, and four SNPs were selected to be typed in
the combined population set. These variants included
two within the promoter region (—1004A/T and
—160C/A) and two within intron 1 IVS1 +5C/G and
IVS1 +6T/CQ).

Genotyping

CDHI1 —1004 SNP was genotyped by direct sequen-
cing using an ABI 377 DNA sequencer (PE Biosystems).
The promoter SNP —160C/A was genotyped by
restriction endonuclease digestion and conventional
agarose gel electrophoresis. Polymerase chain reaction
(PCR) primers and protocol, as well as digestion condi-
tions, were previously reported by Verhage et al. [16].

Genotyping of CDHI variants IVS1+5C/G and
IVS1 + 6T/C was performed using Pyrosequencing™
(Pyrosequencing, AB, Uppsala, Sweden) according
to standard protocols with the PSQ96 automated

TABLE |. Characteristics of Study Populations

Population trait Cases Controls
All populations
Number of subjects 427 337
Mean age in years + SE® 63.5+£0.5 66.0+0.6
Mean serum PSA in ng/ml + SE” 949+21.0 1.1+0.1
Gleason grade >7 (%) 185 (58) —
African Americans
Number of subjects 119 112
Mean age in years +=SE 65.1£09 672+1.1
Mean serum PSA in ng/ml + SE” 55.1416.2 1.1+0.1
Gleason grade >7 (%) 28 (44) —
European Americans
Number of subjects 219 102
Mean age in years + SE® 61.0+0.6 639+1.0
Mean serum PSA in ng/ml + SE® 20.8+8.9 1.2+£0.8
Gleason grade >7 (%) 105 (61) —
Jamaicans
Number of subjects 89 123
Mean age in years &= SE 67.1+12 65.4+1.0
Mean serum PSA in ng/ml + SE” 123.1£37.2 1.0£04
Gleason grade >7 (%) 52 (65) —

“Mean age difference between cases and controls significant at P <0.05.
PSerum PSA measured at time of diagnosis for cases and at most recent clinical visit for controls.
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Pyrosequencing instrument [21]. Fragments were
amplified using the following forward and reverse
primers: CDHI-P1F5'-AGA CTC CAG CCC GCT CCA-
3’ and CDH1-P1R 5'-biotin- GGC CCG AAT GCG TCC
CT-3'. The following pyrosequencing primer was used
to genotype both intronic variants: CDHI-Plpyro 5'-
CTG CTIG CTIG CAG GTA-3'. All samples were
genotyped twice directly from genomic DNA. Control
DNAs of known genotype were also included. The
control genotypes were confirmed by direct DNA
sequencing. Genotypes from the repeat assays were
100% concordant with initial genotypes. Presumed
alterations in the transcription factor binding sites due
to each variant were predicted using the gene regula-
tion website (http:/ /www.gene-regulation.com) [22].

Statistical Analysis

Genotype and allele frequencies were calculated
for each population. Frequency differences between
populations and between patients and controls within
populations were examined by contingency table
analysis. Hardy—Weinberg equilibrium was evaluated
in each group using a Chi-square test.

Binomial logistic regression was performed using
SPSS software (v.11) to test for association of CDH1
genotypes with disease status. We analyzed all
populations combined, with adjustment for ethnicity
and age, and each population separately controlling for
age. In addition, we used SAS/Genetics (SAS Institute,
Cary, NC) to perform an allele and genotype case-
control test and a linear trend test. Specifically, the
genotype test evaluates dominant effects of alleles,
whereas the allele and the linear trend tests assess
additive allelic effects.

Haplotype reconstruction and assessment of haplo-
type frequency differences between cases and controls,
as well as pairwise linkage disequilibrium for each pair
of SNPs, were obtained using SAS/Genetics, which
implements an EM algorithm [23-25]. Two-sided
Pearson Chi-square, odds ratios, and P-values were
determined for the most frequent haplotypes (>5%)
from comparisons between cases and controls using all
populations combined and each particular population.

Additional analyses involved testing for association
of CDH1 polymorphisms and PCA susceptibility after
stratification of the sample by age (<60/>60 and <65/
>65 years), as well as evaluating the association of
CDH]1 genotypes and haplotypes with Gleason grade in
PCA patients.

RESULTS

A description of the clinical populations studied is
provided in Table I. Significant differences in mean age
between cases but not between controls are observed,

with European American cases being about 5 years
younger on average than African American and
Jamaican cases (P <0.001). Mean age differs signifi-
cantly between cases and controls only in European
Americans and the combined sample (P <0.05). There
also appears to be substantial differences in the mean
PSA between the three samples. African American
cases have statistically higher PSA values than Eur-
opean American cases; in addition, Jamaican PSA
values tended to be significantly higher than African
Americans (P <0.001). The significant differences in
PSA levels between each group suggest that we may
potentially be comparing different PCA disease phe-
notypes with respect to stage, however, the percentage
of cases with Gleason grade >7 ranged from 44%
among African Americans to 65% among Jamaicans.

We identified 21 polymorphisms in CDHI: 8 in the
promoter, 9 in introns, and 4 in exons. Table II shows
the polymorphisms that were found in the promoter,
coding, and non-coding regions of CDHI and the
putative alterations in transcription factor binding sites
or amino acids due to the sequence variant. Three of the
promoter SNPs have been described before; —160C/A
by Li et al. [13] and Nakamura et al. [14], while
—1004A /T and —906C/A can be found in dbSNP and
HapMap websites. All other promoter SNPs are novel
findings. In addition, we found four new intronic
polymorphisms in introns 1, 3, 9, and 15.

We selected four CDHI variants to genotype in all
populations. The promoter SNP —1004A /T was chosen
because the T allele eliminates a C/EBPo and a Hb
binding sites and creates a MEB-1 binding site. Another
promoter SNP, —160C/A, was selected based on pre-
vious literature reports that describe its association
with several types of cancers, and because it showed a
minor allele frequency of ~20% in our screening
sample. In addition, intronic polymorphisms IVS1 +
5C/G and IVS1 4 6T/C were typed because they had a
moderate to high minor allele frequency (9 and 16%,
respectively), and because they could potentially affect
splicing sites due to their proximity to the exon/intron
boundary. Only SNP IVS1 +6T/C deviated markedly
from Hardy—Weinberg equilibrium among Jamaican
patients (P =0.002). Polymorphisms —1004A/T and
—160C/A were moderately out of Hardy—Weinberg
equilibrium among African American cases and
European American controls, respectively (P < 0.05).

Genotype and variant allele frequencies of the four
selected polymorphisms in the study populations are
shown in Table III. Significant differences between
populations were detected for SNPs —1004A/T,
IVS1+5C/G, and IVS1 + 6T /C. Within each ethnicity,
however, there were no differences in prevalence of
allele between patients and controls. On the other hand,
SNP —160C/A did not show any difference in allele



550 Bonilla et al.

TABLE Il. Polymorphisms ldentified in the CDHI Screening of African American Controls

Position” Location Polymorphism Frequency® Effect® Ref./dbSNP rs#
—1004 Promoter A>T 0.07 C/EBPo and rs13335980
Hb — MEB-1
—906 Promoter C>A 0.15 No change 1rs7194355
—782 Promoter C>T 0.01 Ap-20.— NF-1 This study
—752 Promoter C>T 0.01 C/EBPa— C/EBPf This study
—599 Promoter C>T 0.15 No change This study
—486 Promoter A insertion 0.10 Deletes C/EBPo This study
—479 Promoter G>T 0.02 No change This study
—-160 Promoter C>A 0.19 68% decreased [14,38] rs16260
transcriptional
activity
IVS1+5+53 Intron 1 C>G 0.09 n/a This study
IVS1+6+54 Intron 1 T>C 0.16 n/a [39] rs3743674
+110 Intron 1 13 bp deletion 0.10 n/a [40] rs3833051
+123 Intron 1 7 bp insertion 0.05 n/a [40] rs3833051
IVS3 +76 Intron 3 C>A 0.05 n/a This study
IVS4 + 541 Intron 4 G>C 0.04 n/a [41]
+933 Exon 7 C>G 0.07 Leu311Leu [42]
IVS9 +45 Intron 9 G>C 0.13 n/a This study
+1849 Exon 12 G>A 0.02 Ala617Thr [42]
+1896 Exon 12 C>T 0.05 His632His [42]
IVS12-13 Intron 12 T>C 0.05 n/a [43]
+2253 Exon 14 C>T 0.24 Asn751Asn [42]
IVS15 +22 Intron 15 C>T 0.07 n/a This study

SNPs typed in the association study are shown in boldface. n/a, not available.

“Number of base pairs from ATG start codon.

bFrequency of polymorphism in 24 African American unaffected controls.

“Transcriptional binding site change or amino acid change.

frequency across populations but European Americans
cases and controls were significantly different in allele
and genotype frequencies (P < 0.05). Jamaican affected
and unaffected subjects differed significantly with
respect to marker IVS1 4 6T/C genotypic frequencies
(P =0.02). Despite European American patients having
higher frequencies of the —160A allele compared to
controls of the same ancestry, the logistic regression
analysis yielded a non-significant result for the age-
adjusted analysis of —160C/A genotype and PCA risk
(Table IV). The fact that the unadjusted genotype, allele
and linear trend tests revealed modestly significant
associations with PCA in European Americans is likely
due to the absence of controls who were homozygote
for the polymorphism. For the Jamaican subjects, SNP
IVS1 +6T/C was significantly associated with PCA
even after controlling for age (Table IV). However, this
result should be interpreted with caution as geno-
types among Jamaican patients were noticeably out of
Hardy—-Weinberg equilibrium. Finally, no association
with PCA was observed for SNPs —1004A/T and
IVS1 +5C/G in any population (Table IV).

Linkage disequilibrium between pairs of markers
was quite strong across the region in all populations,

especially between SNPs —1004A /T, IVS1 4+ 5C/G, and
IVS1+6T/C (P <0.05). Polymorphism —160C/A was
not significantly linked to —1004A/T in any popula-
tion, while it showed significant linkage only to SNP
IVS1 +6T/C in European Americans, and to IVS1 +
5C/G in African Americans. SNPs IVS1 +5C/G and
IVS1 4 6T/C were strongly linked in all groups due to
the very small distance between them (1 base pair)
(Table V).

Haplotype analysis revealed a greater number of
haplotypes in the African American (eight haplotypes,
five of them common, i.e., >5%) and Jamaican popula-
tions (nine haplotypes, four of them common), than in
the European American population (six haplotypes,
three of them common). Three haplotypes (ACCT,
ACCC, and AACT) comprised ~98% of all chromo-
somes in European Americans, but only ~84% in
African Americans and ~77% in Jamaicans.

Among all cases combined and controls combined,
we observed a marginally significant increased disease
risk for haplotype AACT (OR=1.5, 95%CI: 1.0-2.2),
P =0.05, Table VI). Subset analyses revealed no signi-
ficant differences in the distribution of haplotypes
among African American (P=0.79) or Jamaican
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TABLE Ill. Genotype and Allele Frequencies (%) of CDHI Polymorphisms in Prostate Cancer Cases and Controls

All subjects African Americans European Americans Jamaicans
Cases Controls Cases Controls Cases Controls Cases Controls
SNP (N=427) (N =337) (N=119) (N=112) (N=219) (N=102) (N=289) (N=123)

—1004 A/T

AA 89.6 84.8 88.1 84.7 98.6 100.0 69.7 72.4

AT 9.5 14.0 10.2 15.3 1.4 0.0 28.1 244

TT 0.9 12 1.7 0.0 0.0 0.0 2.2 3.2

T 5.7 8.2 6.8 7.7 0.7 0.0 16.3 15.5
—160 C/A

CC 62.2 66.3 68.6 68.4 51.1 60.7 79.0 69.4

CA 33.4 31.9 29.4 29.6 42.9 39.3 17.3 27.5

AA 4.4 1.8 2.0 2.0 6.0 0.0 3.7 3.1

A 21.1 17.7 16.7 16.8 27.5 19.7 12.3 16.8
IVS1+5 C/G

CcC 84.6 77.7 79.5 73.6 97.0 99.0 62.9 64.2

CG 14.4 19.9 17.9 24.6 3.0 1.0 36.0 30.8

GG 1.0 2.4 2.6 1.8 0.0 0.0 1.1 5.0

G 8.2 12.4 11.5 14.1 1.5 0.5 19.1 20.4
IVS1+6 T/C

TT 56.1 50.4 51.3 50.0 74.8 67.0 20.2 375

TC 36.8 40.4 384 40.0 22.8 32.0 66.3 47.5

CC 7.1 9.2 10.3 10.0 2.5 1.0 13.5 15.0

C 255 29.4 29.5 30.0 13.9 17.0 46.6 38.8

Genotype and allele frequencies of —1004, IVS1 + 5, and IVS1 + 6 differ significantly between population controls (P < 0.001).
IVS1 + 5 genotype frequencies differ significantly between cases and controls when all populations are combined (P =0.04).
SNP —160 genotype and allele frequencies differ significantly between cases and controls in European Americans (P = 0.04).
IVS1 + 6 genotype frequencies differ significantly between cases and controls in Jamaicans (P = 0.02).

(P=0.69) cases and controls. Interestingly, among
European Americans, PCA patients and unaffected
subjects differed significantly with respect to haplotype
frequencies (P =0.02). European American PCA cases
displayed a higher frequency of the single common
haplotype that carried the —160A variant (AACT), and
a lower frequency of the wild-type haplotype (ACCT)
compared to controls (Table VI). Haplotype AACT was
associated with ~2-fold increased risk for PCA in an
unadjusted analysis in European Americans (P =0.04).
However, after stratifying the sample by age, the effect
of the —160A allele on PCA susceptibility was more
apparent among individuals under the age of 65
(OR=3.2, 95% CI: 1.0-10.7, P=0.05) than in older
subjects. In Jamaicans, on the other hand, the associa-
tion of SNP IVS1 + 6T/C with disease was stronger in
the >60 group (OR=2.7, 95%CI: 1.3-5.7, P=0.01).
When we stratified all PCA cases according to
disease aggressiveness (low grade vs. high grade
Gleason score) we did not observe any correlation
between disease aggression and individual SNP
genotypes or haplotypes in any population (data not

shown). We do note however, the limitations of
stratification of PCA by Gleason grade. These include
the potential within and between-observer variation in
grading, especially across international sites [26-30].
Nevertheless, European Americans with more aggres-
sive disease (Gleason score >7) showed a significantly
higher —160A allele frequency than controls (0.29 vs.
0.20, respectively, P =0.04).

DISCUSSION

Since Li et al. [13] identified the functional CDH1
—160C/A SNP (68% decreased transcription for the A
allele), a number of studies have evaluated the effect of
this polymorphism on the development and progres-
sion of different types of cancer. In a case-control study
of gastric cancer among Taiwanese conducted by
Wu et al. [44], individuals homozygous for the A
variant were five times less likely to contract the disease
than those homozygous for the C wild-type allele.
Additionally, the authors did not observe any correla-
tion of CDH1 genotype and tumor stage or lymph node
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TABLE IV. CDHI Genotypes and Risk of Prostate Cancer

SNP genotype OR?* 95% CI P-value
—-1004 A/T
AA 1.00 Reference
All subjects AT/TT 0.93 0.58-1.49 0.75
African Americans AT/TT 0.76 0.35-1.64 0.49
European Americans AT/ TT® — — —
Jamaicans AT/TT 1.00 0.54-1.88 0.99
—-160 C/A
CC 1.00 Reference
All subjects CA/AA 0.92 0.62-1.35 0.66
African Americans CA/AA 1.07 0.58-1.98 0.82
European Americans CA/AA 1.23 0.57-2.64 0.60
Jamaicans CA/AA 0.57 0.28-1.15 0.12
IVS1+5C/G
CC 1.00 Reference
All subjects CG/GG 0.86 0.57-1.31 0.49
African Americans CG/GG 0.75 0.40-1.40 0.37
European Americans CG/GG 0.56 0.06-5.45 0.62
Jamaicans CG/GG 1.01 0.56-1.81 0.99
IVS1+6T/C
TT 1.00 Reference
All subjects TC/CC 1.22 0.85-1.76 0.28
African Americans TC/CC 0.98 0.58-1.66 0.94
European Americans TC/CC 0.78 0.35-1.77 0.55
Jamaicans TC/CC 2.27 1.19-4.34 0.01

“OR adjusted by age and ethnicity in all subjects and by age in each population.

PThis SNP was monomorphic in European American controls.

metastasis. In contrast, Humar et al. [34] described the
association of the mutant A allele with sporadic diffuse
gastric cancer in Italy. No association was found
between —160C/A genotype and risk of stomach
cancer in three populations of European origin, namely
Canadians, Germans, and Portuguese [31]. In urothe-
lial cancer, however, Japanese individuals carrying the
AA genotype had a 2.3-fold increased risk of being
affected by the disease than CC individuals, although
no correlation with tumor progression was detected
[32]. An association of the A allele with risk for
transitional cell carcinoma of the bladder as well as its
correlation with malignancy progression was observ-
ed among Chinese [33]. Regarding PCA, conflicting
results have been published. Elevated risk for Dutch A-
carriers was initially described by Verhage et al. [16],
with a stronger effect among sporadic cancer cases (~5-
fold) than among hereditary cancer patients (~2-fold).
An opposite finding was reported by Jonsson et al. [17]
using pooled studies from Sweden. There they
observed an association between hereditary PCA and
the —160C/A genotype so that A-carriers were twice
more likely to develop the disease than CC subjects. It
should be noted that the association was not observed

for sporadic PCA. The effect of the A allele was found
to be even lower and non-significant, among sporadic
cases from a Slovenian population (OR =1.4, 95%CI =
0.9-2.4) [18]. In addition, no significant correlation
of genotype and stage of disease was observed in our
study. Similarly, risk of PCA, as well as tumor
invasiveness and differentiation were not found to be
associated with CDH1 —160C/A polymorphism in
Japanese by Tsukino et al. [20]. On the other hand,
Kamoto et al. [19] reported a significant association
between advanced prostate cancer and —160C/A
genotype (CA + AA) compared to male controls in
Japanese.

In this study, we have identified new polymorph-
isms in the promoter and introns of the CDHI gene
amid others already described. In addition to SNP
—160C/ A we have genotyped three of these variants in
a diverse population of cases and controls consisting of
African Americans, European Americans, and Jamai-
cans. Genotype frequency differences between affected
and unaffected individuals were apparent only for
SNPs —160C/A and IVS1 +6T/C in European Amer-
icans and Jamaicans, respectively. Particularly, the
absence of individuals homozygous for the —160A
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TABLE V. Pairwise Linkage Disequilibrium (D) Between CDHI SNPs by Population

African Americans —1004
—1004A/T —
—160C/A 0.580

IVS1+5C/G 0.451

IVS1 +6T/C 0.497

European Americans —1004
—1004A/T —
—160C/A n/a
IVS1+5C/G n/a
IVS1+6T/C n/a

Jamaicans —1004
—1004A/T —
—160C/A 0.152
IVS1+5C/G 0.442
IVS1+6T/C 0.365

—160 IVS1+5 IVS1+6
0.308 0.505 0.422
— 0.160 0.212
0.636 — 0.685
0.286 0.562 —
-160 IVS1+5 IVS1+6
1.000 0.154 0.613
— 0.095 0475
1.000 — 0.807
0.003 1.000 —
-160 IVS1+5 IVS1+6
0.221 0.425 0.289
— 0.325 0.307
0.273 — 0.421
0.220 0.534 —

Cases and controls are depicted above and below the diagonal, respectively. In bold, significant D/
(P < 0.05) based on the exact probability test. In italics, significant D’ (P < 0.05) based only on the

Chi-square test.

allele among European American controls is note-
worthy, as is the elevated frequency of this variant
among subjects with aggressive disease and among
younger patients (~30%). Therefore, the impact of this
promoter variant may be more relevant in the progres-
sion to aggressive disease rather than in the develop-
ment of PCA per se. None of the remaining
polymorphisms were significantly correlated with
PCA except for marker IVS1+6T/C in Jamaicans.
The association among Jamaicans should be considered
with caution since IVS1 + 6T/C was noticeably out of
Hardy—-Weinberg equilibrium.

The frequency of the A allele in European American
controls was lower than that reported for most
European populations in other PCA studies [16—18]
or non-PCA studies [31,34], but was comparable to
Japanese population frequencies [20,32]. With the
exception of SNP —160C/A, we found significant dif-
ferences between ethnicities in genotype and allele
frequencies of all CDH1 markers.

Our findings are intriguing given previous findings
for —160C/A and PCA risk. While two studies have
shown low to moderate effects of the —160 A allele on
hereditary prostate cancer (HPC), there has not been a
consensus about its involvement in sporadic PCA
[16,17]. Given that our study consisted of mainly
sporadic PCA patients we could not evaluate the role
of CDH1 variants on HPC.

Downregulation of E-cadherin expression has been
shown to occur during initiation and progression of
PCA [35-37], however, it is not yet clear which role,
if any, promoter polymorphisms play on the levels of
protein production. Our results support an effect of the
—160C/ A promoter polymorphismin European Amer-

icans, although it is likely that such an effect is due to
linkage with other variant or variants. If so, dissimilar
levels of linkage disequilibrium between marker
—160C/A and an unknown causal SNP in different
populations could explain why an association is seen in
certain groups and not in others. In fact, analysis of
HapMap data for CDH1 shows a different block
structure for European Americans, Japanese, Chinese,
and Yoruba, with the former exhibiting more extensive
blocks and stronger linkage between blocks (data not
shown). Two of the additional SNPs tested here
(—=1004A/T and IVS145C/G) are not linked to
—160C/A in European Americans and therefore do
not show any correlation with PCA. In spite of SNP
IVS1 + 6 being tightly linked to —160C/A no associa-
tion between the marker and disease was evident.
However, when a haplotype-trait association test was
performed, haplotype AACT appeared to confer
increased risk for PCA. Similar findings were reported
for gastric cancer by Humar et al. [34], who also typed
the IVS1 4 6T/C polymorphism and an additional SNP
in exon 13 (2076C/T). These researchers proposed that
haplotype —160A, IVS1 + 6T, 2076T be considered as
a marker for diffuse gastric cancer susceptibility
within the Italian region sampled. Haplotype —160C,
IVS1 + 6T, 2076T, was found to be protective in that
study. So, according to Humar et al. [34] and our
results, it seems that the presence of the A variant at
position —160 together with the T allele at position +54
from the transcription start site, is associated with
susceptibility to cancer in European populations.
Conversely, when the wild-type —160C allele is
present, the CT (—160, IVS1 + 6) haplotype decreases
the risk of disease. Our results are insightful and
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TABLE VI. Estimated CDHI Haplotype Frequencies in Prostate Cancer Cases and

Controls and Disease Risk by Population

Population/haplotypes Cases (%) Controls (%) OR? 95% CI P-value

All subjects
ACCT 54.5 55.3 098 0.73-1.30 0.86
ACCC 16.7 14.7 1.14  0.77-1.70 0.50
ACGC 2.2 44 046  0.20-1.07 0.07
AACT 19.9 14.4 146  0.99-2.15 0.05
TCGC 4.8 6.8 0.67 0.36-1.24 0.20
Rare haglotypes 1.9 4.4 — — —
P=0.13

African Americans
ACCT 55.0 56.0 094 0.56-1.57 0.80
ACCC 17.7 13.5 139  0.67-2.85 0.37
ACGC 3.8 5.9 0.66 0.20-2.14 0.48
AACT 14.9 13.6 115  0.55-2.41 0.71
TCGC 5.8 7.6 072 0.26-1.99 0.52
Rare haplotypes 2.8 3.4 — — —
P=0.79°

European Americans
ACCT 59.2 66.8 0.73  0.45-1.19 0.21
ACCC 11.9 13.0 092 0.45-1.88 0.82
ACGC 04 0.5 046 0.03-7.48 0.58
AACT 26.9 16.2 1.84 1.01-3.36 0.04
TCGC 0.2 0.0 — — —
Rare haplotypes 14 3.5 — — —
P=0.02"

Jamaicans
ACCT 42.6 45.8 0.89 0.51-1.54 0.68
ACCC 26.4 16.4 1.79  0.91-3.52 0.09
ACGC 34 6.2 050 0.13-1.95 0.31
AACT 10.2 13.0 0.75 0.32-1.79 0.52
TCGC 14.6 12.0 1.23  0.55-2.74 0.61
Rare haplotypes 2.8 6.6 — — —
P=0.69°

“OR calculated testing each haplotype against all other haplotypes combined.
Pp-value for the omnibus test of differences in haplotype frequencies between cases and controls.

suggest that E-cadherin may contribute to PCA risk in
a complex manner due to multiple variants, each of
which may exhibit differing effects. However, in the
future, other polymorphisms and haplotypes in the
region should be evaluated in order to quantify
predisposing polymorphisms and the at-risk haploty-
pic background.

ELECTRONIC DATABASE INFORMATION

Prediction of transcription factor binding sites in
the promoter region of the CDHI gene was perform-
ed using a web-based program: http://www.gene-
regulation.com

Online Mendelian Inheritance in Man (OMIM):
http:/ /www.ncbi.nih.gov/OMIM [for CDH1 (MIM

192090), CYP3A4 (MIM 124010), CYP3A5 (MIM
605325), SRD5A2 (MIM 607306), and VDR (MIM

601769)]
dbSNP for SNP information: http://www.
ncbi.nlm.nih.gov/dbSNP

HapMap: http:/ /www.hapmap.org/
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