
Genetic Variants and Family History predict Prostate Cancer
similar to PSA

S. Lilly Zheng1,2, Jielin Sun1,2, Fredrik Wiklund3, Zhengrong Gao1,2, Pär Stattin4, Lina D.
Purcell1,2, Hans-Olov Adami3,5, Fang-Chi Hsu1,6, Yi Zhu1,2, Jan Adolfsson7, Jan-Erik
Johansson8, Aubrey R. Turner1,2, Tamara S. Adams1,2, Wennuan Liu1,2, David Duggan9,
John D. Carpten9, Bao-Li Chang1,2, William B. Isaacs10,†, Jianfeng Xu1,†, and Henrik
Grönberg3

1Center for Cancer Genomics, Wake Forest University School of Medicine, Winston-Salem, NC
2Center for Human Genomics, Wake Forest University School of Medicine, Winston-Salem, NC
3Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, Sweden
4Department of Surgical and Perioperative sciences, Urology and Andrology, Umeå University
Hospital, Umeå, Sweden
5Department of Epidemiology, Harvard School of Public Health, Boston, MA
6Department of Biostatistical Sciences, Wake Forest University School of Medicine, Winston-
Salem, NC
7Oncological Center, CLINTEC, Karolinska Institutet, Stockholm, Sweden
8Department of Urology, Örebro University Hospital, Örebro, Sweden
9Translational Genomics Research Institute (TGen), Phoenix, AZ
10Johns Hopkins Medical Institutions, Baltimore, MD

Abstract
Purpose—While PSA is the best biomarker for predicting prostate cancer, its predictive
performance needs to be improved. Results from the Prostate Cancer Prevention Trial (PCPT)
revealed the overall performance measured by the areas under curve (AUC) of the receiver
operating characteristic (ROC) at 0.68. The goal of the present study is to assess the ability of
genetic variants as a PSA independent method to predict prostate cancer risk.

Experimental Design—We systematically evaluated all prostate cancer risk variants that were
identified from genome-wide association studies during the past year in a large population-based
prostate cancer case-control study population in Sweden, including 2,893 prostate cancer patients
and 1,781 men without prostate cancer.

Results—Twelve SNPs were independently associated with prostate cancer risk in this Swedish
study population. Using a cutoff of any 11 risk alleles or family history, the sensitivity and

†Address for correspondence: Dr. Jianfeng Xu, M.D., Dr.PH, Center for Cancer Genomics; Center for Human Genomics, Medical
Center Blvd, Winston-Salem, NC 27157, Phone: (336) 713-7500, Fax: (336) 713-7566, jxu@wfubmc.edu, or Dr. William B. Isaacs,
Ph.D., Marburg 115, Johns Hopkins Hospital, 600 N. Wolfe Street, Baltimore, MD 21287, Phone: (410) 955-2518, Fax: (410)
955-0833, wisaacs@jhmi.edu.
Competing interest
A patent application has been filed to preserve patent rights for the technology and results related to the first five genetic variants
(three at 8q24 and one each at 17q12 and 17q24.3) by the Wake Forest University School of Medicine, Johns Hopkins University
School of Medicine, and Dr. Henrik Grönberg at Karolinska Institutet, Stockholm. All authors declare no competing interest.

NIH Public Access
Author Manuscript
Clin Cancer Res. Author manuscript; available in PMC 2011 October 5.

Published in final edited form as:
Clin Cancer Res. 2009 February 1; 15(3): 1105–1111. doi:10.1158/1078-0432.CCR-08-1743.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



specificity for predicting prostate cancer were 0.25 and 0.86, respectively. The overall predictive
performance of prostate cancer using genetic variants, family history, and age, measured by AUC
was 0.65 (95% CI: 0.63–0.66), significantly improved over that of family history and age (0.61%,
95% CI: 0.59–0.62), P = 2.3 × 10−10.

Conclusion—The predictive performance for prostate cancer using genetic variants and family
history is similar to that of PSA. The utility of genetic testing, alone and in combination with PSA
levels, should be evaluated in large studies such as the European Randomized Study for Prostate
Cancer trial and PCPT.
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Introduction
PSA level is currently the best available method to predict an individual’s risk of prostate
cancer. About three quarters of men age 50 years or older in the United States have been
tested for serum PSA levels for early detection of prostate cancer (1). However, the
sensitivity and specificity of PSA test are not ideal. Results from the large PCPT trial
suggest that 25% to 30% of men with abnormal PSA levels (≥ 4.0 ng/mL) had cancer on
prostate biopsy while ~15% of men whose PSA levels were considered to be normal, i.e. <
4.0 ng/mL, also had a positive biopsy for cancer (2). Clearly, supplemental methods are
urgently needed to improve the predictive value of PSA. Several other methods have been
developed to screen for prostate cancer, including PSA velocity (change of PSA levels over
time) (3), the percentage of free PSA among total PSA (4), PCA3 (5,6), and EPCA-2 (7,8).
The predictive performance of these methods remains under evaluation.

Recently, several genetic variants in the form of single nucleotide polymorphisms (SNPs)
have been implicated in prostate cancer risk by genome-wide association studies (9–17). In
contrast to previously reported prostate cancer risk variants, these novel risk variants are
common in the general population and can be consistently replicated in multiple study
populations (18–26). While each of them are only moderately associated with prostate
cancer risk, a strong cumulative effect of the first five discovered risk variants was observed
in a large Swedish study (CAPS) (27).

In this study, we sought to systematically evaluate all genetic variants reported to be
significantly associated with prostate cancer risk from recent genome-wide association
studies, and assess their predictive performance by estimating sensitivity, specificity, and
AUC statistics of ROC.

Methods
Study population

The study sample was described in detail elsewhere (27). Briefly, we conducted a large-
scale population-based case-control study in Sweden, named CAPS (CAncer Prostate in
Sweden) from the National Prostate Cancer Register (28). Prostate cancer patients were
identified and recruited from four of the six regional cancer registries in Sweden. The
inclusion criterion for case subjects was pathological or cytological verified adenocarcinoma
of the prostate, diagnosed between July, 2001 and October, 2003. Among 3,648 identified
prostate cancer case subjects, 3,161 (87%) agreed to participate. DNA samples from blood
and TNM stage, Gleason grade (biopsy), and PSA levels at diagnosis were available for
2,899 patients (92%). These case subjects were classified as having aggressive (advanced)
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disease if they met any of the following criteria: T3/4, N+, M+, Gleason score sum ≥ 8, or
PSA > 50 ng/ml; otherwise, they were classified as non-aggressive (localized). Control
subjects were recruited concurrently with case subjects. They were randomly selected from
the Swedish Population Registry, and matched according to the expected age distribution of
cases (groups of five-year intervals) and geographical region. A total of 3,153 controls were
invited and 2,149 (68%) agreed to participate. DNA samples from blood were available for
1,722 control subjects (80%). Serum PSA level was measured for all control subjects but
was not used as an exclusion variable. A history of prostate cancer among first-degree
relatives was obtained from a questionnaire for both cases and controls. Table 1 presents the
demographic and clinical characteristics of the study subjects. The study received
institutional approval at the Karolinska Institutet, Umeå University, and Wake Forest
University School of Medicine.

Selection of SNPs for evaluation and SNP genotyping
We selected 19 SNPs implicated in four prostate cancer genome-wide association studies
(9–17). These included five SNPs at 8q and 17q (three separate sub-regions at 8q24, and one
region each at 17q12 and 17q24.3) that have been previously evaluated in CAPS (27) and 14
SNPs at 2q15, 3p12, 6q25, 7p15, 7q21, 9q33, 10q11, 10q26, 11q13, 19q13, and Xp11 that
were recently reported and have yet to be independently confirmed (15–17).

These 19 SNPs were genotyped among case and control subjects using a MassARRAY QGE
iPLEX system (Sequenom, Inc. San Diego, CA). The average genotype call rate for these
SNPs was 98.3% (98.2% in cases and 98.4% in controls, P > 0.05) and the average
concordance rate was 99.8%. The missing data were treated as missing values in the
analyses. Each of the SNPs in the autosomal chromosomes was in Hardy-Weinberg
equilibrium (P > 0.05) among the control group.

Statistical analyses
Tests for Hardy-Weinberg equilibrium were performed for each SNPseparately among case
patients and control subjects using Fisher’s exact test. Pair-wise linkage disequilibrium (LD)
was tested for SNPs within the same chromosomal region in control subjects using SAS/
Genetics software (Version 9.0).

Allele frequency differences between case patients and control subjects were tested for each
SNP using a chi-square test with 1 degree of freedom. Allelic odds ratio (OR) and 95%
confidence interval (95% CI) were estimated based on a multiplicative model. For SNPs that
were significantly associated with prostate cancer risk from allelic test (nominal P < 0.05), a
series of genetic models (additive, dominant or recessive) were performed using
unconditional logistic regression with adjustment for age and geographic region. The model
that had the highest likelihood was considered as the best-fitting genetic model for the
respective SNP.

We then tested the independent association of prostate cancer risk with each of these SNPs
by including all the significant SNPs (from single SNP analysis) and family history in a
logistic regression model using a backward selection procedure. SNPs that remained
significant at P < 0.05 are considered to be independently associated with prostate cancer
risk. Multiplicative interactions between these SNPs were tested for each pair of SNPs by
including both main effects and an interaction term (product of two main effects) in a
logistic regression model.

We calculated sensitivity and specificity for cutoff values of number of genetic risk factors
in predicting men with or without prostate cancer. We also evaluated the overall predictive
performance of predictive models for prostate cancer by constructing receiver operating
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characteristic (ROC) curves and calculating the area under the curve (AUC) statistics. The
AUC statistics was estimated for several predictive models after fitting a logistic regression
using SAS software, including models with 1) age only, 2) age and family history, and 3)
age, family history, and genetic variants. The statistical differences in AUC statistics
between the models were tested using a non-parametric method (29).

Results
All 19 SNPs tested were in Hardy-Weinberg equilibrium in cases and controls (P > 0.05).
The frequencies of the previous reported risk alleles for the 19 SNPs tested were all higher
in cases than in controls. For 16 of these SNPs, the differences were statistically significant
at a nominal P < 0.05 (Table 2). Various genetic models (additive, dominant, and recessive)
were tested for each of these 16 SNPs using a logistic regression analysis with adjustment
for age, family history, and geographic region. Results for the genetic model that gave the
highest likelihood for each of these SNPs are presented in Table 2. Additive model was the
best fitting model for 14 of the 16 SNPs.

To assess whether these 16 SNPs are independently associated with prostate cancer risk, we
tested associations of prostate cancer risk by including all 16 SNPs (assuming the best fitting
model for each SNP) in a logistic regression model using a backward selection procedure.
Twelve SNPs remained independently associated with prostate cancer risk (P < 0.05)
following adjustment for other SNPs as well as age, family history, and geographic region
(Table 3). Three SNPs (rs7920517 at 10q11, rs7931342 at 11q13, and rs5945572 at Xp11)
were no longer significant, most likely because they are in strong LD with another SNP in
the same chromosomal region; rs7920517 is in LD with rs10993994 at 10q11, r2 = 0.76,
rs7931342 is in LD with rs10896449 at 11q13, r2 = 0.95, and rs5945572 is in LD with
rs5945619 at Xp11, r2 = 0.91. When multiplicative interaction was tested for each possible
pair of these 12 SNPs using an interaction term in logistic regression, none was significant at
P < 0.05.

Among these 12 SNPs, five have been previously confirmed by us and in other study
populations (18–27), including three at 8q24 (rs1447295, rs6983267, and rs16901979), one
at 17q12 (rs4430796), and one at 17q24.3 (rs1859962). One SNP (rs1571801 at 9q33) was
initially discovered by a genome-wide association study of 500 cases and 500 controls of
this CAPS study population (14). Another SNP (rs5945619 at Xp11) has already been
evaluated in CAPS and was included as a replication study population in the original
discovery paper (16). Our results for the remaining five SNPs represent the first independent
confirmation of the initial reports (15–17). They are rs2660753 at 3p12, rs10486567 at 7p15,
rs6465657 at 7q21, rs10993994 at 10q11, and rs10896449 at 11q13.

To assess the utility of these SNPs and family history in predicting men with and without
prostate cancer, we estimated the sensitivity and specificity for predicting prostate cancer
using various cutoffs of number of risk alleles and family history (Table 4). We chose to use
the risk allele as a unit rather than risk genotype given the consideration that an additive
model was the best fitting model for vast majority of these SNPs. The SNP rs1571801 at
9q33 was not included in this analysis because it was originally discovered in this study
population and has not been extensively confirmed in other study populations. Among a
possible 23 risk factors (22 risk alleles from the 11 SNPs and family history), a cutoff of 11
risk factors provided a sensitivity and specificity (0.25 and 0.86, respectively) that were
similar to that of the PSA level cutoff of 4.1 ng/mL (0.21 and 0.94, respectively) estimated
from the Prostate Cancer Prevention Trial (PCPT) (2). In our study, about 14% of the
controls have 11 or more of these risk factors.
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We also calculated sensitivity and specificity of these genetic risk factors to predict specific
types of prostate cancer, including aggressive prostate cancer, non-aggressive prostate
cancer, early age-diagnosed prostate cancer (< 65 years), and late age-diagnosed prostate
cancer (≥ 65 years). No differences in the results were observed for any specific types of
cancer (Table 4).

In addition to using a specific cutoff number of risk factors, we also estimated the overall
predictive performance of genetic risk factors by estimating the AUC statistic of ROC
curves for several nested regression models. The AUC measures the predictive performance
of a predictive model where a value of 0.50 represents chance alone. We found AUC
gradually improved from 0.58 (95% CI: 0.56–0.59) for Model 1 with age alone, to 0.61
(0.59–0.62) for Model 2 with age and family history, and to 0.65 (0.63–0.66) for Model 3
with age, family history, and the 11 risk SNPs (Fig 1). The differences in AUC were
statistically significant between Models 2 and 1 for the predictive effect of additional family
history (P = 1.36 × 10−7), and between Models 3 and 2 for the predictive effect of adding
the 12 SNPs (P = 2.3 × 10−10). The AUC for Model 3 is again similar to that of PSA levels
0.68 (95% CI: 0.67–0.69) in the PCPT (2). The AUC for Model 3 (with 11 SNPs) was
significantly higher than for the model with age, family history and only 5 previously
evaluated SNPs (27) (0.63, 95% CI, 0.62–0.65), P = 0.003 (data not shown).

Discussion
In this systematic evaluation of all the prostate cancer risk variants reported from recent
genome-wide association studies, we found 12 SNPs are independently associated with
prostate cancer risk in a large population-based study in Sweden. Two points are
noteworthy: 1) a large number of independent SNPs are associated with prostate cancer risk;
and 2) these risk variants were confirmed in this relatively homogeneous Swedish
population, although most of them were initially discovered in populations originating from
Iceland, the U.S., and UK. These findings demonstrate well the general nature of these
associations, the complexity of prostate cancer genetics and the polygenic basis for prostate
cancer.

Probably the most important finding of our study is that the predictive performance for
prostate cancer using these genetic risk variants, family history and age is similar to that of
PSA levels as estimated from the PCPT (2). Genetic risk factors are different from PSA
levels in predicting prostate cancer in several important ways: the former predict the
likelihood of developing prostate cancer and can be measured at any age while the latter
become informative only when prostate cancer (or a cancer associated process) has
developed and is generally measured well into adulthood. Genetic markers have several
additional advantages in predicting individual prostate cancer risk. They need to be
measured only once in a lifetime, while PSA levels and the interpretation of these levels are
dynamic and change over time for a variety of reasons, some cancer-associated, and some
not. Furthermore, genetic markers can be measured accurately, while there is considerable
variation in the measurement of PSA levels among different methods and laboratories.

However, there are several limitations in the current study. First, different from the
prospective PCPT study, our case-control study cannot provide an unbiased estimate of
positive predictive value (PPV) for prostate cancer because the estimates of PPV will be
influenced by the proportions of cases and controls in the study. Second, the control subjects
in our study were not extensively examined for prostate cancer status; therefore,
misclassification in control subjects is a concern. This may affect estimates of specificity
and AUC. Third, although PSA screening in Sweden is not as prevalent as in some other
parts of world, a fraction of cases in our study were diagnosed due to elevated PSA levels
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alone. Therefore, it is inappropriate to assess predictive performance of PSA on prostate
cancer risk in our study. This limitation further prevents us to assess the joint predictive
performance of genetic risk factors and PSA on prostate cancer risk, a critical question for
further study. Finally, the fact that these SNPs do not differentiate between aggressive and
non-aggressive disease does not address the problem of over-diagnosis of prostate cancer.
This limitation may be addressed when genetic variants that are associated with aggressive
prostate cancer are identified in the future.

Nevertheless, the novel findings on the predictive performance of prostate cancer using
genetic risk factors in our study, if confirmed in additional independent study populations,
represent an important first step and provide a basis for combining genetic variants with
PSA in predicting prostate cancer risk. Several study populations where all men in the study
were biopsied for prostate cancer diagnosis regardless of PSA levels, such as European
Randomized Study for Prostate Cancer Trial and PCPT may help to address this important
question.
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Statement of Clinical Relevance
While PSA is the best biomarker for predicting prostate cancer, its predictive
performance is not ideal and needs to be improved. Results from our study suggest that
the predictive performance for prostate cancer using risk variants and family history is
similar to that of PSA. If this finding is confirmed and expanded, these genetic markers
might be used to supplement PSA to improve its predictive value. Better prediction of
prostate cancer risk could augment efforts to more efficiently diagnose prostate cancer at
an early curative stage, and possibly reduce unnecessary biopsies.
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Figure 1.
Receiver operating characteristic (ROC) curve for prostate cancer for three models,
including Model 1 with age alone, Model 2 with age and family history, and Model 3 with
age, family history, and 11 risk SNPs. The estimate of AUC (area under ROC curve) for
each model is presented. The AUC gradually improved from 0.58 (95% CI: 0.56–0.59) for
Model 1, to 0.61 (0.59–0.62) for Model 2 with age and family history, and to 0.65 (0.63–
0.66) for Model 3 with age, family history, and the 11 risk SNPs. The differences in AUC,
using a nonparametric method (29), were statistically significant between Models 2 and 1
for the predictive effect of additional family history (P = 1.36 × 10−7), and between Models
3 and 2 for the predictive effect of adding genetic variants (P = 2.3 × 10−10).
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Table 1

Clinical and demographic characteristics of subjects in CAPS

Characteristics

# (%) of cases

# (%) of controls (N=1,722)Aggressive (N=1,231) Non-aggressive (N=1,619) All cases (N=2,899)

Age at enrollment (Year)

 Mean (sd) 68.04 (7.32) 65.14 (6.74) 66.36 (7.13) 67.15 (7.39)

 Age at disgnosis

  ≤ 65 514 (41.75) 926 (57.19) 1469 (50.78) N/A

  > 65 717 (58.25) 693 (42.81) 1424 (49.22) N/A

Family History (first-degree relatives)

 No 1013 (82.29) 1295 (79.99) 2342 (80.95) 1565 (90.57)

 Yes 218 (17.71) 324 (20.01) 551 (19.05) 163 (9.43)

Missing data 0 0 0 0

PSA levels at diagnosis for cases or at enrollment for controls (ng/ml)

 ≤ 4 36 (2.95) 185 (11.61) 221 (7.85) 1438 (83.56)

 5–9.99 171 (14.00) 755 (47.39) 926 (32.91) 230 (13.36)

 10–19.99 216 (17.69) 438 (27.50) 654 (23.24) 37 (2.15)

 20–49.99 252 (20.64) 215 (13.50) 467 (16.60) 13 (0.76)

 50–99.99 229 (18.76) 0 229 (8.14) 2 (0.12)

 ≥ 100 317 (25.96) 0 317 (11.27) 1 (0.06)

 Missing 10 26 85 1

T-stage

 T0 2 (0.16) 7 (0.44) 9 (0.32) N/A

 T1 147 (12.07) 933 (58.24) 1080 (38.30) N/A

 T2 242 (19.87) 662 (41.32) 904 (32.06) N/A

 T3 724 (59.44) 0 724 (25.67) N/A

 T4 103 (8.46) 0 103 (3.65) N/A

 TX 13 17 79 N/A

N-stage

 N0 222 (70.03) 302 (100.00) 524 (84.65) N/A

 N1 95 (29.97) 0 95 (15.35) N/A

 NX 914 1317 2280 N/A

M-stage

 M0 589 (68.25) 655 (100.00) 1244 (81.95) N/A

 M1 274 (31.75) 0 274 (18.05) N/A

 MX 368 964 1381 N/A

Gleason (biopsy)

 ≤ 4 9 (0.83) 98 (6.32) 107 (4.06) N/A

 5 43 (3.96) 247 (15.93) 290 (10.99) N/A

 6 153 (14.08) 832 (53.64) 985 (37.34) N/A

 7 414 (38.09) 374 (24.11) 788 (29.87) N/A

 8 258 (23.74) 0 258 (9.78) N/A
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Characteristics

# (%) of cases

# (%) of controls (N=1,722)Aggressive (N=1,231) Non-aggressive (N=1,619) All cases (N=2,899)

 9 185 (17.02) 0 185 (7.01) N/A

 10 25 (2.30) 0 25 N/A

 Missing 144 68 261 N/A

43 patients can not be classifed as aggressive or localized cases because of missing phenotypes
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