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Abstract
Background—Although case-control studies have identified numerous single nucleotide
polymorphisms (SNPs) associated with prostate cancer, the clinical role of these SNPs remains
unclear.

Objective—Evaluate previously identified SNPs for association with prostate cancer and
accuracy in predicting prostate cancer in a large prospective population-based cohort of
unscreened men.

Design, setting, and participants—This study used a nested case-control design based on the
Malmö Diet and Cancer cohort with 943 men diagnosed with prostate cancer and 2829 matched
controls. Blood samples were collected between 1991 and 1996, and follow-up lasted through
2005.

Measurements—We genotyped 50 SNPs, analyzed prostate-specific antigen (PSA) in blood
from baseline, and tested for association with prostate cancer using the Cochran-Mantel-Haenszel
test. We further developed a predictive model using SNPs nominally significant in univariate
analysis and determined its accuracy to predict prostate cancer.

Results and limitations—Eighteen SNPs at 10 independent loci were associated with prostate
cancer. Four independent SNPs at four independent loci remained significant after multiple test
correction (p < 0.001). Seven SNPs at five independent loci were associated with advanced
prostate cancer defined as clinical stage ≥T3 or evidence of metastasis at diagnosis. Four
independent SNPs were associated with advanced or aggressive cancer defined as stage ≥T3,
metastasis, Gleason score ≥8, or World Health Organization grade 3 at diagnosis. Prostate cancer
risk prediction with SNPs alone was less accurate than with PSA at baseline (area under the curve
of 0.57 vs 0.79), with no benefit from combining SNPs with PSA. This study is limited by our
reliance on clinical diagnosis of prostate cancer; there are likely undiagnosed cases among our
control group.

Conclusions—Only a few previously reported SNPs were associated with prostate cancer risk
in the large prospective Diet and Cancer cohort in Malmö, Sweden. SNPs were less useful in
predicting prostate cancer risk than PSA at baseline.

Keywords
Prostate cancer; Biomarkers; SNPs; PSA; Sensitivity and specificity

1. Introduction
Prostate cancer risk is higher among men with a family history of disease [1]. Recent
genomewide association studies (GWAS) identified numerous single nucleotide
polymorphisms (SNPs) associated with prostate cancer predisposition [2]. Additional
independent SNPs at GWAS-identified loci were also associated with prostate cancer risk
[3–6]. SNPs were also identified that influence levels of the prostate-secreted proteins
prostate-specific antigen (PSA), hexokinase (hK) 2, and β-microseminoprotein (β-MSP);
some of these SNPs were also associated with prostate cancer risk [7–9].

Given the maturity of the literature on prostate cancer risk SNPs, an obvious question
concerns the clinical utility of these SNPs. For example, might knowledge of SNPs help a
clinician decide whether a man should be advised to undergo regular screening or prescribed
a chemopreventive? We considered five criteria for a study on the clinical usefulness of
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prostate cancer SNPs. First, the study would focus on independent replication. Rather than
attempting to discover new SNPs associated with prostate cancer risk, with attendant
problems of false discovery, we would evaluate SNPs previously reported to be associated
with prostate cancer risk. Second, we would study a large prospective unscreened
population-based cohort rather than the conventional case-control cohort in which inclusion
of men subject to PSA screening may identify SNPs associated with screen detection (eg,
PSA levels) rather than prostate cancer risk.

We also considered that any clinically useful study must include an evaluation of predictive
accuracy. Rather than asking whether there is a statistical association between a SNP and
prostate cancer risk, we need to know how well SNPs predict prostate cancer. Given that a
clinician can use PSA level to help predict long-term risk of prostate cancer [10], a key
question concerns whether SNPs can add predictive value to PSA. Finally, we specified that
any predictive model based on SNPs and PSA should be subject to full cross-validation of
both selection of SNPs for the model as well as the weights given to each SNP in the model.
In this study, we aimed to evaluate the clinical utility of SNPs for prostate cancer risk using
data from a Swedish cohort followed for many years without PSA screening.

2. Patients and methods
2.1. Study cohort

The Malmö Diet and Cancer cohort was described previously [11]. The study was approved
by the local ethics committee; all subjects gave written informed consent. Details of the
cohort are in the Appendix.

We used a nested case-control design and matched each prostate cancer case with three
controls selected at random from men with date of birth and date of baseline venipuncture
within 3 mo of the case who were alive and without a prostate cancer diagnosis at the
follow-up time at which the index case was diagnosed. Overall there were 943 cases and
2829 controls (Table 1). To determine whether any of the 50 SNPs correlate with
unquestionably significant disease that is likely to lead to severe morbidity if left untreated,
we used three definitions based on tumor grade and clinical stage at diagnosis (Table 5). For
each definition, cases matching that definition were rematched to three controls with the
caveat that only samples included in the initial case-control analysis could be matched.

2.2. Genotyping and biomarker measurements
We selected 50 SNPs for genotyping (Table 2). A total of 49 SNPs were selected on the
basis of previous reports of association with prostate cancer or levels of prostate-produced
proteins; the 50th SNP (rs2347867) is a candidate SNP involved in breast cancer [12].
Genotypes were determined using the Sequenom MassARRAY matrix-assisted laser
desorption/ionization (MALDI-TOF) system. The levels of PSA in archived
ethylenediaminetetraacetic acid (EDTA) anticoagulated blood plasma obtained at baseline
were determined using the dual-label DELFIA ProStatus assay (PerkinElmer, Turku,
Finland). Genotype calls and PSA measurements were independently made by an
investigator blind to the clinical outcome of the participants.

2.3. Statistical analysis
All association analyses were performed using PLINK v1.06, as detailed in the Appendix.
For each of the 37 SNPs previously reported to be associated with prostate cancer, we used
the reported odds ratio along with the minor allele frequency we observed to compute power
for a significance level of α = 0.05 [13]. We performed 10 000 iterations of a simulation in

Klein et al. Page 3

Eur Urol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which each SNP was randomly assigned “significant” or “not significant” based on the
power, and the total number of “significant” SNPs was counted.

To evaluate if SNPs added to PSA in predicting prostate cancer, we assessed predictive
accuracy by the area under the curve (AUC) using the conventional 10-fold cross-validation
method. We randomly split the data set into 10 subsamples, matching on prostate cancer
outcomes so that each subsample included a similar number of events. We iteratively
removed one of the 10 subsamples, using the remaining 9 as the training set. Using the
training set, we identified SNPs that were nominally significant (p < 0.05) on univariate
analysis and included these SNPs in a multivariable logistic regression model. The model
predictions were then applied to the subsample that was not included in the model building.
The entire process was repeated 10 times with each of the 10 subsamples used once as the
validation set. All aspects of SNP selection and model building were repeated independently
for each of the 10 training sets.

3. Results
We genotyped 943 prostate cancer cases and 2829 controls. Of these, we excluded 52 cases
and 159 controls from the study due to missing genotype calls for at least 20% of the SNPs
for that sample. An additional 149 controls were removed because they were matched with
the 52 removed cases. This resulted in 891 cases and 2521 controls available for analysis. Of
the 891 cases, 751 were still matched to three controls, 128 were matched with two controls,
and 12 were matched with only one control. Except for one SNP (rs13252298) that had
10.9% of the data missing, all other SNPs had <6% of the data missing. None of these SNPs
showed significant deviation from the Hardy-Weinberg equilibrium in controls (p > 0.001
for each SNP). Therefore, we retained all 50 SNPs in the analysis.

We first assessed whether any of the 50 SNPs were associated with prostate cancer. Using
conditional logistic regression analysis, we found that 18 of the 50 SNPs were nominally
associated with prostate cancer (p < 0.05; Table 2). Of these, six SNPs remained significant
after accounting for multiple testing with the Bonferroni correction (nominal p < 0.001;
Table 2). Because some of the significant SNPs were in linkage disequilibrium (LD), we
determined whether they represented the same association signal or tagged independent loci.
Of the 18 SNPs showing significant association with prostate cancer at the 5% level, 10
SNPs at four loci were in LD with another significant SNP (r2 > 0.20; Table 3). For each set
of SNPs in LD, after conditioning on the most significant SNP, the other SNPs no longer
showed association with prostate cancer. This resulted in 12 SNPs at 10 separate loci
independently associated with prostate cancer in this cohort (Table 4). Of these, 4 SNPs at 4
loci were significant after correcting for all 50 tests (p < 0.001; Table 4).

To determine if our nonsignificant results were expected for the 37 SNPs selected for
genotyping based on previous reports of association with prostate cancer, we computed our
power to detect association at p < 0.05 (Table 2). We observed nominal association at only
one of five SNPs for which we had >99% power to detect association at previously reported
odds ratios. Further, we had >50% power to detect 26 of 37 SNPs and >80% power to detect
16 of them. To determine whether we observed fewer significant SNPs than expected by
chance, we simulated counts of significant SNPs based on the reported power. Of the 37
SNPs, 14 were significant with p < 0.05. This is significantly fewer than we would expect
given the computed power (p < 0.0001). We also determined whether any SNP was
associated with advanced or aggressive prostate cancer, using three separate definitions
(Table 5). No SNPs were significant after correcting for multiple testing under any
definition. Seven SNPs were nominally significant (p < 0.05) for association under
definition 1, two SNPs were nominally significant under definition 2, and four SNPs were
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nominally significant under definition 3 (Table 5 and Supplementary Table). For all these
SNPs, the 95% confidence interval (CI) of the odds ratio overlapped with the 95% CI for
overall risk.

Finally, we compared the discriminatory value of SNPs alone or PSA at baseline to a model
that included PSA and nominally significant SNPs to predict prostate cancer diagnosis.
SNPs alone predicted prostate cancer risk poorly with an AUC of only 0.571 (95% CI,
0.548–0.594) for the outcome of any diagnosis of prostate cancer, and SNPs alone were no
better than chance at predicting risk of advanced or aggressive prostate cancer (Table 6).
The addition of SNPs to PSA did not significantly enhance the ability to predict prostate
cancer beyond that of PSA alone; indeed, a multivariable model including both PSA and
SNPs had lower discrimination. For example, the AUC for advanced cancer (≥cT3 or
metastasis) was reduced from 0.800 (95% CI, 0.771–0.830) for PSA to 0.788 (95% CI,
0.757–0.818) for PSA plus SNPs.

4. Discussion
We set out to determine whether previously reported prostate cancer risk SNPs might have a
clinically relevant role in risk stratification for early detection or prevention. We were
unable to replicate many SNPs despite adequate statistical power to detect many of these
associations; we found evidence of nominally significant association at only 14 of 37 SNPs
at 10 previously reported independent loci. We found that the predictive value of SNPs was
poor, both when considered alone or as an adjunct to PSA at baseline. It is difficult to
envision that markers that failed to improve prediction could have important clinical value
alone.

Several prior papers support our findings. Failure to replicate associations between SNPs
and prostate cancer is not unusual: Examination of several previously reported replication
studies in diverse populations showed that only 25–60% of previously reported SNPs were
associated with prostate cancer risk [14–17], whereas some associations were weak,
particularly with respect to aggressive disease [18].

Our finding that SNPs had poor predictive value on their own (AUC: 0.57) is similar to
several other reports with AUCs from 0.61 to 0.64 [19–22]. The predictive value of PSA
may vary due to the composition of the study cohort [23] or selection of outcome such as
long-term risk of prostate cancer [24], death from prostate cancer [10], or evidence of
prostate cancer at biopsy [25]. Whereas Aly et al [22] suggested that SNPs improve
predictive accuracy on top of PSA alone, Nam et al [14] and Johansson et al [26] found only
small AUC increases (around 0.01). In all three studies the estimates of improvement may
have been overly optimistic because these models were not fully cross-validated. These
results suggest that in a PSA-screened population, adding SNPs to the predictive model will
not improve the accuracy of the predictive test. Others have been unable to find an
association between prostate cancer susceptibility variants and prostate cancer mortality
[27,28].

Although our goal was to evaluate whether SNPs can predict who will develop prostate
cancer, in reality we could only test if SNPs can predict who will be diagnosed with prostate
cancer. Many older men have undiagnosed prostate cancer, either due to a lack of signs or
symptoms indicating the need for a prostate biopsy or a false-negative biopsy due to the
random nature of needle placements. Such undetected cases undoubtedly were present in our
control population. There remains a dearth of evidence that GWAS-derived risk markers
have clinical value for prostate cancer risk prediction [2]. In our evaluation of 50 SNPs
previously reported in the literature, we found that most had no significant association with
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aggressive prostate cancer, and adding SNPs to PSA did not improve predictive accuracy.
As such, it is worth speculating whether there may be alternative clinical uses of SNPs. One
possible novel approach is to determine whether SNPs can provide information to help
interpret marker levels. Several SNPs associated with prostate cancer influence the function
and/or production of a prostate cancer marker. For example, rs198977 in KLK2 may
influence hK2 function and reduce hK2 levels in blood [8]. The SNP rs10993994 in MSMB
reduces levels of β-MSP and is associated with increased levels of PSA in the blood or
semen of healthy young men [9]. A recent GWAS reported that rs10788160, located near
FGFR2, is associated with increased PSA levels and is less common in men with a positive
prostate biopsy compared with men with a benign biopsy [29]. The use of SNPs such as
these would therefore not be to determine risk of prostate cancer at the population level but
to help determine a biopsy decision by adjusting biomarker values based on SNP genotype.
Considerable further research will be needed to investigate this possibility.

5. Conclusions
Although we could replicate many known prostate cancer risk SNPs, the numbers replicated
were fewer than expected by chance. More important, SNPs do not add to the accuracy of
predictive models for prostate cancer risk either alone or in addition to PSA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Take-home message

Although numerous single nucleotide polymorphisms (SNPs) associated with prostate
cancer risk have been identified and can be consistently replicated, these SNPs neither
can predict who will develop prostate cancer alone nor do they enhance the predictive
power of prostate-specific antigen testing.
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Table 1

Characteristics of cancer cases*

PSA at diagnosis (n = 847) 10.7 (6.1–22)

Clinical T stage† (%)

T1 170 (19.1)

T1a 19 (2.1)

T1b 14 (1.6)

T1c 160 (18)

T2 282 (31.7)

T2c 3 (0.3)

T3 200 (22.5)

T4 22 (2.5)

Missing 21 (2.4%)

WHO/Gleason Grade (%)

WHO 1 or Gleason ≤6 149 (16.7)

WHO 2 or Gleason 7 469 (52.6)

WHO 3 or Gleason ≥8 149 (16.7)

Missing 124 (13.9)

Metastasis at presentation (%)

No 487 (54.7)

Yes 65 (7.3)

Missing 339 (38.1)

Year of diagnosis (%)

1998 or earlier 202 (22.7)

1999–2001 243 (27.3)

2002–2003 218 (24.5)

2004–2006 228 (25.6)

PSA = prostate-specific antigen; WHO = World Health Organization.

*
All values are median (quartiles) or frequency (proportion).

†
Based on Union Internationale Contre le Cancer 2001 staging.
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Table 3

Test for independence of associated single nucleotide polymorphisms in linkage disequilibrium

Chr. Main SNP Secondary SNP r2 p

8 rs620861 rs445114 0.97 ND

10 rs10993994 rs10763588 0.71 0.94

rs7098889 0.72 0.79

11 rs11228565 rs10896449 0.26 0.31

rs7931342 0.26 0.33

19 rs17632542 rs2735839 0.48 0.23

Chr. = chromosome; SNP = single nucleotide polymorphism; ND = not determined.
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Table 4

Set of single nucleotide polymorphisms independently associated with prostate cancer risk in the Malmö Diet
and Cancer study

SNP Chromosomal band Nearby gene(s) of interest p

rs10486567 7p15.2 JAZF1 0.00065*

rs1016343 8q24.21 MYC 0.019

rs620861 8q24.21 MYC 0.028

rs10993994 10q11.23 MSMB; NCOA4 0.0021

rs7127900 11p15.5 IGF2; INS; TH 0.031

rs11228565 11q13.2 TPCN2; MYEOV 0.000011*

rs4430796 17q12 HNF1B 0.040

rs8102476 19q13.2 DPF1; PPP1R14A; SPINT2 0.024

rs2271094 19q13.33 KLK3 0.011

rs17632542 19q13.33 KLK3 0.00019*

rs5759167 22q13.2 TTLL1;BIK 0.00010*

rs5945619 Xp11.22 NUDT11 0.0015

SNP = single nucleotide polymorphism.

*
p value reaches statistical significance after correcting for 50 SNPs (p < 0.001). Genes of interest are based on genes in a 500-kb window in the

University of California, Santa Cruz, genome browser. When evidence suggests a particular gene is involved in the locus, we omitted other genes
in the window.
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Table 6

Areas under the receiving operating curve (area under the curve) for models built using prostate-specific
antigen (PSA) alone, PSA, and single nucleotide polymorphisms (SNPs) or SNPs alone in predicting risk of a
prostate cancer diagnosis†

Any prostate cancer Aggressive or advanced prostate cancer (clinical
stage ≥T3, evidence of metastasis, WHO grade 3,
or Gleason stage ≥8 at diagnosis)

Advanced prostate cancer (clinical
stage ≥T3 or evidence of metastasis at
diagnosis)

PSA alone 0.792 (0.774–0.810) 0.823 (0.792–0.855) 0.800 (0.771–0.830)

PSA plus SNPs 0.791 (0.773–0.809) 0.811 (0.777–0.844) 0.788 (0.757–0.818)

SNPs alone 0.571 (0.548–0.594) 0.498 (0.455–0.541) 0.499 (0.460–0.538)

WHO = World Health Organization; SMP = single nucleotide polymorphism.

†
All estimates have been corrected for overfit using 10-fold repeated cross-validation and are reported as area under the curve (95% confidence

interval).
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