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Abstract
BACKGROUND—Recent whole genome association studies have independently identified
multiple prostate cancer (PC) risk variants on 8q24. We have evaluated association of common
variants in this region with PC susceptibility and tumor aggressiveness in a sample of European
American men.

METHODS—Forty-nine tagging SNPs including three previously reported significant variants
(rs1447295, rs6983267, rs16901979) and seven variants in the 5′ upstream region of the MYC
proto-oncogene were tested for association with susceptibility to PC and tumor aggressiveness in
596 histologically verified PC cases and 567 ethnically matched controls.

RESULTS—Significant associations with susceptibility to PC were found at 17 SNPs, four of
which (rs1016342, rs1378897, rs871135 and rs6470517) remained significant after adjusting for
multiple corrections. One of the associated SNPs, rs871135, is located in the putative gene
POU5F1P1 within the 8q24 region. An in slico analysis showed that the associated variant of this
SNP alters a transcription factor implicating a plausible regulatory role. Additionally, one of the
significantly associated SNPs, rs6470517, with PC susceptibility showed a significant over-
representation of the G allele in cases with aggressive tumor.

CONCLUSIONS—Although this study does not directly confirm associations of the three
specific SNPs (cited above), it corroborates reported signals of association in 8q24 reaffirming
that genetic variation on 8q24 influences susceptibility to PC in men of European ancestry.
Although our study did not confirm the allelic association of rs1447295, meta-analysis of this SNP
provided support to previous reported associations. Further, this study implicates the 8q24 region
with aggressive forms of PC.
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INTRODUCTION
Chromosome 8q24 has emerged as a potentially important region in prostate cancer (PC)
genetics. Several complementary studies involving linkage, admixture mapping, and whole
genome associations have identified multiple risk variants in this region associated with
susceptibility to PC [1 – 6]. These results have been corroborated in multiple follow-up
studies involving populations of diverse origins [7 – 14]. Importantly this region is also
implicated in colorectal, breast and ovarian cancer [8, 13, 15 – 17]. These findings
underscore that genetic variation in 8q24 is involved in multiple cancer types.

Based on the first genome wide association studies, three contiguous regions (Region 1, 3
and 2) spanning ~600-kb of DNA (128.10Mb to 128.70Mb on 8q24) were defined harboring
variants associated with PC susceptibility [3 – 6]. Three single nucleotide polymorphisms
(SNPs), rs1447295 (Region 1), rs6983267 (Region 3), rs16901979 (Region 2) were of
considerable interest because of their remarkably strong independent associations with PC
and most of the follow-up studies included these SNPs, particularly rs1447295. However,
screening only these SNPs could have constituted an inadequate assessment of the overall
spectrum of genetic association for the entire 8q24 region. To overcome this limitation, we
employed a tagging approach for a comprehensive evaluation of association of common
genetic variants in 8q24 with PC in a sample of European-American men. With the presence
of one putative gene POU5F1P1 of unknown function, the 8q24 region is gene-poor.
However, the MYC proto-oncogene, a biologically plausible candidate for cancers is located
~240-kb telomeric to the associated region. It is possible that 8q24 contains as yet unknown
regulatory sequences for MYC, which may lead to the initiation of a carcinogenic cascade.
We tested for association of 49 SNPs spanning 8q24 (including the three previously reported
significant variants, rs1447295, rs6983267, rs16901979) and the 5′ upstream region of
MYC. We found significant associations at 17 SNPs, four of which remained significant
after adjusting for multiple corrections (P ~10−3-10−4) – two in Region 2 (rs1016342,
rs1378897), one each in Region 3 (rs871135) and 1 (rs6470517). These results reaffirm that
genetic variation on 8q24 influences susceptibility to PC in men of European ancestry.

Variants at 8q24 have been evaluated for risks of aggressiveness of PC based on age at
onset, familial aggregation and tumor grades and stages [1 – 4, 7, 8, 11, 12]. While most
studies have reported that the aggressive forms of the disease are influenced by the same
variants associated with susceptibility to PC, few have not. We have explored this further by
testing for association of all 49 tagging SNPs with PC grades defined by Gleason score and
tumor stage as indices of biologic aggressiveness. We found the G allele at rs6470517, a
Region 1 SNP, is significantly over-represented in cases with aggressive tumor. This
corroborates previous findings that 8q24 variants are involved in poorly-differentiated forms
of PC.

MATERIALS AND METHODS
Study subjects

The details of the case enrollment were reported previously [18 – 21]. Briefly, 596 men of
European descent with histologically verified PC were recruited from 304 families, of
which, sixty-two were singletons, three first cousins, six half-sibs, and the remainder were
derived from multiplex affected full sibships. These cases were ascertained from patients
seen at the Washington University School of Medicine from 1989 to 2001 by staff
urologists. The age at diagnosis ranged from 40 to 91 years. Control subjects, consisting of
567 unrelated Caucasian men, were recruited from the same area of residence as the cases
and during the same time frame, and were followed for several years as part of a long-term
prostate cancer screening study in which PSA blood test and digital rectal examination
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(DRE) were performed at 6 to 12 month intervals [22] and met the following criteria: (a) at
least 65 years old, (b) never had registered a PSA level >2.5 ng/ml, (c) never had DRE
suspicious for prostate cancer, and (d) had no known family history of prostate cancer. PSA
values used for association were the highest values prior to diagnosis. The protocol for this
study was approved by the Human Studies Committee of Washington University and the
Institutional Review Board of the University of Cincinnati. Written informed consent was
obtained from all participants.

SNP selection and DNA analysis
The markers were selected from the three defined regions, including the three previously
reported significant SNPs, rs16901979 in Region 2, rs6983267 in Region 3, and rs1447295
in Region 1. Region 2 was further saturated by 13 additional SNPs that constitute HapC [3].
Twenty-eight haplotype tagging SNPs, nine from Region 3 and 19 from Region 1 were
identified. Seven pairwise tagging SNPs were selected spanning ~40-kb from the 5′
upstream region of MYC. The SNPs were selected by a tagging approach [23, 24] using the
Caucasian HapMap database (www.hapmap.org) based on pairwise and/or haplotype r2

(≥0.8) among all common SNPs with minor allele frequency (MAF ≥0.05).

All of the SNPs except rs1447295 were genotyped on the Applied Biosystems (ABI)
SNPlex platform. TaqMan™ assay was used to genotype rs1447295, which could not be
designed in the SNPlex primer pool. SNPlex and TaqMan primers and probes were obtained
from ABI. Details of the genotyping protocols are described previously [20, 21].

Statistical analysis
Allele frequencies in the related PC cases were estimated by a maximum likelihood method
using the USERM13 subroutine of MENDEL which is specifically designed to take into
account the relatedness of the samples [25, 26]. Allele frequencies in unrelated controls were
computed by gene-counting. Conformity of genotype proportions to Hardy–Weinberg
equilibrium (HWE) was performed by the exact test [27].

To test for association, allele frequencies in cases were compared with controls by a
likelihood ratio test as described in Suarez et al. [19]. Unconditional logistic regression was
performed using Helixtree ver 6.0.2 to estimate the age-adjusted odds ratios (OR) and their
respective 95% confidence intervals (CI). As our cases were related, we used a permutation-
based randomization method to select one sib from each sibship to obtain a representative
unrelated case population for logistic regression analysis. Bonferroni correction was used to
adjust for multiple testing.

Association with tumor aggressiveness and tumor staging
We tested for association of the 8q24 variants with PC grade, defined by Gleason score and
tumor stage (clinico-pathological TNM staging) as indices for biologic aggressiveness. It
has been reported previously that patients with Gleason score 7 and above have a higher risk
of adverse outcomes from prostate cancer [28, 29]. Therefore, we stratified our cases into
two groups with Gleason scores 2–6 and 7–10 defined as low- and high-risk prostate cancer
cases, respectively. To detect association with tumor stages, we categorized the cases as
low-risk (T1 and T2 tumors with no involvement of lymph nodes – N0 and/or no metastasis
– M0) and high-risk (T3, T4, N1 or M1) groups [30]. As noted above, controls were
ascertained from a long-term prostate cancer screening study with a minimal risk for
susceptibility to prostate cancer, and thus constitute a well represented low-risk population.
We compared allele frequencies in controls with the high- and low-risk case groups to test
for association with PC aggressiveness.
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RESULTS
Allelic association with PC susceptibility

Genomic locations of the 49 SNPs along with their minor allele frequencies in cases and
controls are given in Table 1. All of the SNPs are in HWE (data not shown) and
polymorphic (MAF ≥0.05) in both cases and controls except for rs16901979 (MAF 0.04 and
0.03, in cases and controls, respectively). We found significant allele frequency differences
(likelihood ratio χ2) between cases and controls at 17 SNPs, of which five are located in
Regions 2 and 3 each, six in Region 1 and one in the upstream MYC region. However, after
adjusting for multiple testing using Bonferroni correction, four SNPs (rs1016342,
rs1378897, rs871135 and rs6470517) remained significant (P = 0.01 to 0.00001).

We did not find significant association with any of the three previously reported strongly
significant SNPs (rs16901979 in Region 2, rs6983267 in Region 3, and rs1447295 in Region
1). Minor allele frequencies at rs16901979 are <0.05 in the cases and controls, and our
sample size is not large enough with adequate power to capture signals of association.
However, we found significant association with two other Region 2 SNPs, rs1378897
(adjusted P = 0.04) and rs1016342 (adjusted P = 4.3×10−4), which are 2.3kb and 32.5kb
upstream of rs16901979, respectively. Marginal association was found with rs6983267
(unadjusted P = 0.04); however, after Bonferroni correction, the significance did not survive
and also, the OR was not significant. However, the immediate downstream SNP (13kb
telomeric), rs871135 showed significant association (adjusted P = 0.01; OR = 1.39, 95% CI:
1.17–1.65). Interestingly, this SNP is located in the putative gene POU5F1P1. Also,
rs3847136, which is 6kb upstream of rs6983267, showed a modest level of association
(unadjusted P = 6.1×10−3; OR = 1.24, 95% CI: 1.07–1.54), although the corrected P value is
not significant. With respect to association of Region 1 variants, rs6470517 showed
significant association (adjusted P = 7.6×10−4; OR = 1.58, 95% CI: 1.28–1.96), which is
located 24.6kb upstream of rs1447295. Taken together, although our study did not replicate
the significance of the three specific SNPs reported previously, it reaffirms that genetic
variation at 8q24 influences susceptibility to prostate cancer. Of the seven tagSNPs in the
upstream region of MYC, rs17186926 showed an unadjusted significant P value (6.0×10−3)
and OR of 1.34, 95% CI: 1.08–1.67. However, after correction for multiple testing, the
statistical significance did not remain (P = 0.29).

Meta-analysis of rs1447295
Among the 8q24 variants, rs1447295 is the most commonly studied marker and its
association with PC susceptibility has been consistently strong. Although we did not find
significant association, we performed a meta-analysis of this SNP using the published data
to date (Fig 1). The R package “meta” ver 0.8–2 (http://cran.r-project.org/web/packages/
meta/index.html) was used for this analysis. Allelic odds were computed for each of the
published studies, and estimated odds ratios were weighted by the inverse variance random-
effect model approach. The analysis showed a significant association of rs1447295 with PC
susceptibility (two-tailed P ≤10−4) with a summary OR of 1.38 (95% CI: 1.30–1.46). The
meta-analysis was expectedly driven by the largest follow-up study by Schumacher et al.
[8]. The estimated OR for our study sample was 1.36 (95% CI: 0.99–1.84), which is similar
to the summary OR yielded by the meta-analysis (1.37; 95% CI: 1.3–1.48).

Association of the 8q24 variants with tumor aggressiveness
As described in the Methods, the cases were divided into groups based upon Gleason scores
(low: 2–6 and high: 7–10) and TNM staging (localized: T1, T2, N0 or M0 and advanced:
T3, T4, N1 or M1). We compared allele frequency differences at all 49 SNPs between each
of these groups and the controls to test for association with tumor aggressiveness (Fig 2).
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We found a significant association of rs6470517, a Region 1 SNP, with aggressive
phenotypes defined by both Gleason score and TNM staging. The minor allele (G) of this
SNP was significantly over-represented in the aggressive cases (P = 10−4-10−5). As noted
above, this SNP also showed significant association with PC susceptibility.

DISCUSSION
We have analyzed 49 SNPs spanning the 8q24 region in which linkage and association with
PC susceptibility and aggressiveness has been reported. We observed significant allele
frequency differences at 17 SNPs between PC cases and controls. However, after correcting
for multiple tests, statistical significance remained only at four SNPs (rs1016342,
rs1378897, rs871135, rs6470517). Using a similar approach, Salinas et al. (14) reported
significant association with rs1016343 with PC susceptibility. Although in our study, the
same SNP did not attain statistical significance after the Bonferroni multiple test correction
(unadjusted P = 0.001; adjusted P = 0.07), we observed association with rs1016342
(unadjusted P = 9.05×10−6; adjusted P = 4.3×10−4), which is located 824 kb upstream of
rs1016343. We did not find association with the three previously reported SNPs
(rs16901979, rs6983267, rs1447295) that had shown strong association with PC
susceptibility in several studies [3 – 5]. However, we found two significantly associated
Region 2 SNPs, one of which (rs1016342) is located very close (2.3kb upstream) to
rs16901979. The Region 3 SNP, rs871135 showed significant association, which is located
13kb downstream of rs6983267.

It is somewhat intriguing that we did not find association with rs1447295. This is the most
strongly associated and consistently replicated SNP in studies involving samples of
European descent. Among the African Americans, however, the association is not consistent
[1 – 3, 10, 14]. It is likely that we failed to find significant association due to the relatively
small sample size. Note that, as described in methods using permutation-based
randomization to select one sib from each sibship to obtain a representative unrelated case
sample for logistic regression analysis resulted in a reduced sample size. However, meta-
analysis of rs1447295 showed that the OR in our sample was significant. Also, we found
strong evidence of association of an upstream Region 3 SNP, rs6470517 (adjusted P =
7.6×10−4; OR = 1.58, 95% CI: 1.28–1.96). Taken together, these results indicate that the
8q24 region harbors multiple risk associated variants for prostate cancer. Failure to find
association with previously reported specific variants could be attributed to several factors.
First, these SNPs are not likely the causal variants rather these are in linkage disequilibrium
(LD) with other risk associated variants; owing to population heterogeneity the nature of LD
may vary from population to population. Second, the sample size of our study may lack
statistical power to capture significant association at some markers. Nonetheless, use of
tagging SNPs not only provided a comprehensive assessment of the region of interest, it
guarded against the potential limitation of the power based on single or a small number of
previously identified significant variants.

Previous studies have assessed the association of the 8q24 variants with age at onset, family
history and clinical stage of PC. These investigations mostly confined to the variants that
were strongly associated with risk of PC susceptibility. The results show that, in general,
8q24 variants are associated with earlier onset cases, positive family history and aggressive
forms of PC classified by tumor grade and stage [1, 3, 4, 12, 31]. Few studies, however, did
not indicate strong association of the risk variants with tumor stage or age at diagnosis [7,
8]. We performed a comprehensive analysis taking into consideration of all 49 markers
spanning the entire 8q24 region. Our study showed a significant association of rs6470517 in
Region 1 with aggressive phenotypes defined by both Gleason score and TNM staging. The
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minor allele (G) of this SNP was significantly over-represented in the aggressive cases (P =
10−4-10−5).

The 8q24 region is relatively gene-poor. The only known pseudogene, POU5F1P1, is
located in the adjoining area of Regions 3 and 1. One of the significantly associated SNPs in
our study, rs871135, is located in Intron 1 of POU5F1P1. We conducted an in silico analysis
to search for consensus sequences for transcriptional factors (TF) in 8q24 (128.14Mb to
128.82Mb). Interestingly, we found that the ‘G’ allele at rs871135 alters the TF binding
domain sequence, cyclic AMP response element binding protein (CRE-BP) (Table 2).
Another TF binding domain, NKx-2.5 is also located 2bp 3′ to this SNP. This observation is
noteworthy as recent studies suggested significantly increased CpG promoter methylation of
NKx-2.5 transcription factor in prostate tumors [32]. Dysregulation of CRE-BP and
activation of cyclic AMP response element binding was linked with progression to
aggressive and possibly predispose to metastatic tumors [33]. These findings suggest a
regulatory role of 8q24, particularly the region in and around POU5F1P1, in prostate
carcinogenesis.

The MYC proto-oncogene is located ~230Kb telomeric to Region 1. We analyzed seven
tagSNPs in the 5′ untranslated region of MYC. One of the SNPs, rs17186926, located
~30kb centromeric from the transcriptional start site had an unadjusted P value of 6.0×10−3.
Although, the significance did not hold after multiple correction, the estimated OR (1.34,
95% CI: 1.08–1.67) marginally indicated the role of MYC in PC risk independently if not in
conjunction with neighboring 8q24 variants. Previous studies have reported inconsistent
associations of MYC variants with PC risk; three of these reported no association [1, 5, 11],
while Salinas et al. [14] found association of a SNP, rs3891248 in intron 1 of MYC, with
protective effect in Caucasian men with prostate cancer, but not among African Americans.
Analysis of this SNP in our sample did not show association with PC susceptibility. The
frequency of the A allele in both our cases and controls was 13%; the frequencies of this
allele in cases and controls in Salinas et al.’s study were 13% and 15%, respectively. Overall
these results suggest further work to evaluate the role of MYC in PC susceptibility.
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FIGURE 1.
Meta-Analysis of rs1447295. The x-axis represents the per-allele odds ratio, each row
represents one published study. The area of the square for each study is proportional to the
inverse of variance of odds ratio estimates, and the corresponding horizontal lines represent
95% confidence intervals. The diamond at the bottom row represents summary odds ratio
(1.38) and the width of the diamond represent 95% confidence intervals (1.30–1.46).
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FIGURE 2.
Association of the 8q24 variants with prostate cancer tumor grade and stage.
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TABLE 2

In silico sequence analysis on rs871135.
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