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sistent with the observation that individuals with T2D are at 
decreased risk for PCa; however, data on T2D status was not 
available for this analysis.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Epidemiologic research suggests that diabetes mellitus 
(DM) is associated with reduced prostate cancer (PCa) 
risk. Two meta-analyses report PCa relative risks of 0.91 
 [1]  and 0.84  [2]  for diabetics compared to non-diabetics. 
Several authors have hypothesized that this inverse asso-
ciation is attributable to metabolic and hormonal chang-
es associated with type 2 diabetes (T2D, accounting for 
 � 90% of all DM cases) such as decreased testosterone or 
insulin, which lead to a less carcinogenic environment 
(reviewed in  [1, 2] ). Alternative explanations for this as-
sociation include unmeasured confounding, decreased 
PSA levels in diabetics  [3–5] , effects of DM treatment on 
PCa risk, and/or shared genetic factors for DM and PCa. 
There is also evidence suggesting that type 1 diabetes 
(T1D) may influence PCa risk, but very few studies have 
addressed this hypothesis  [6] .

  Recent genome-wide association (GWA) studies and 
subsequent meta-analyses have identified numerous 
common susceptibility variants for both T1D  [7–11]  and 
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 Abstract 

  Objective:  To examine the collective effects of type 1 (T1D) 
and type 2 diabetes (T2D) risk alleles on prostate cancer 
(PCa) risk.  Methods:  Using data on 14 and 18 single nucleo-
tide polymorphisms (SNPs) that effect T1D and T2D risk, re-
spectively, we generated risk scores (a ‘risk allele count’ and 
a ‘genetic relative risk’) for both T1D and T2D for 1,171 non-
Hispanic white, PSA-screened PCa cases and 1,101 matched 
controls from the Cancer Genetic Markers of Susceptibility 
study. Logistic regression was used to estimate odds ratios 
(OR) and 95% confidence intervals (CI) for associations be-
tween the diabetes risk scores and PCa risk.  Results:  Both 
T2D risk scores, but neither T1D score, showed an inverse as-
sociation with PCa (p  !  0.01). These associations remained 
significant after excluding HNF1B SNP rs4430796 (a known 
PCa risk factor) from the analysis. The highest quartile of the 
T2D allele count ( 1 20 risk alleles) was associated with re-
duced PCa risk (OR = 0.77; CI: 0.60–0.99) compared to the 
lowest category ( ! 17 risk alleles).  Conclusions:  These results 
suggest that individuals with increased genetic susceptibil-
ity to T2D have decreased risk for PCa. This association is con-
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T2D  [12–16] , bringing the number of T1D and T2D sus-
ceptibility variants to  � 15 and  � 20, respectively. GWA 
studies have also provided further support for a link be-
tween DM and PCa risk, as variants in the HNF1B and 
JAZF1 genes have been shown to influence both PCa and 
T2D risk, confirming the existence of shared genetic fac-
tors and suggesting related disease mechanisms  [17] . In 
light of these findings, a comprehensive analysis of the 
roles of T1D and T2D risk variants in relation to PCa risk 
is warranted.

  In this analysis, we use information on T1D and T2D 
susceptibility variants to test associations between T1D 
and T2D genetic risk scores and PCa risk in a large case-
control study of PCa. An observed association between 
DM (i.e., T2D or T1D) genetic susceptibility and PCa risk 
would support one (or more) of the following hypotheses: 
(1) DM status or its consequences (e.g. DM treatment) af-
fect PCa risk or PSA levels; (2) genetic susceptibility to 
DM (or an associated metabolic phenotype) affects PCa 
risk, independent of the DM phenotype, or (3) a specific 
DM susceptibility variant(s) affects PCa risk, indepen-
dent of the DM phenotype (i.e., pleiotropy). We discuss 
the plausibility of these hypotheses in light of our results 
and highlight the strengths and limitations of using data 
on DM genetic susceptibility to investigate the relation-
ship between DM and PCa.

  Materials and Methods 

 Study Participants 
 Single nucleotide polymorphism (SNP) data from the Cancer 

Genetic Markers of Susceptibility (CGEMS) GWA study of PCa 
were obtained from the National Cancer Institute (NCI) (http://
cgems.cancer.gov/data/). These data consist of genotypes for ap-
proximately 550,000 SNPs on 1,176 PCa cases and 1,101 matched 
controls selected from the screening arm of the Prostate, Lung, 
Colon, and Ovarian (PLCO) Cancer Screening Trial (enrollment 
from 1993–2003). Eligible PLCO participants (n = 25,521) were 
non-Hispanic white males who had (1) no history of PCa prior to 
randomization; (2)  6 1 PSA screening test prior to October 1, 
2003; (3) completed a baseline questionnaire; (4) provided con-
sent, and (5) provided sufficient blood/DNA.

  Of the 1,361 eligible PCa cases (diagnosed prior to 2004), all 
737 aggressive PCa cases (Gleasons Score  6 7 or Stage  6 III) were 
included. In order to enrich this study for aggressive PCa, only 
493 (of 624) non-aggressive cases (Gleason Score  ! 7 and Stage 
 ! III) were included, for a total of 1,230 cases. CGEMS controls
(n = 1,230) were selected using incidence-density sampling and 
frequency matched to cases on year of entry into the cohort, age 
at entry, and number of years under observation. However, the 
CGEMS data is only publically available in a single-selection for-
mat, i.e., each control individual is included in the dataset only 
once, allowing for the use of standard case-control analysis meth-

ods (details in  [18] ). In other words, controls who were selected 
more than once were only included once, and controls selected 
prior to becoming a case were excluded, resulting in a total of 
1,160 eligible controls.

  DNA quality and quantity were assessed at the Core Genotyp-
ing Facility of the NCI; 1,188 cases and 1,110 controls were suitable 
for genotyping. Genotyping was carried out under contract by the 
Illumina Corporation, using both the Sentrix �  HumanHap300 
and HumanHap240 chips (over 560,000 total SNPs). Samples 
with completion rates  ! 90% and SNP will call rates  ! 90% were 
excluded. Detailed quality control procedures have been de-
scribed previously  [18] . Of the 1,177 cases and 1,105 controls with 
data suitable for association analyses, three individuals who were 
population outliers and two individuals from study centers with 
insufficient participation were removed  [19] , resulting in 1,176 
cases and 1,101 controls whose data are available from CGEMS.

  T1D and T2D SNP Data 
 We conducted a literature review to identify all SNPs that have 

been confirmed as T1D or T2D risk variants. Using published 
GWA studies and review articles, we identified 15 and 19 regions 
harboring a common SNP(s) associated with T1D  [7–11, 20]  and 
T2D  [12–16, 21] , respectively. Many of these SNPs were present on 
the genotyping platform used in this study, while others were
not. For T1D and T2D SNPs not present in the CGEMS dataset, 
surrogate tagSNPs (r 2   1  0.8) were identified using the Tagger 
 program  [22]  and data from HapMap CEU samples (release 21 and 
22; http://www.hapmap.org/). No suitable tagSNP for T1D SNP 
rs3087243 (CTLA4) or T2D SNP rs10830963 (MTNR1B) was 
available in the CGEMS dataset, so these SNPs were not included 
in the analysis. In total, data on 14 T1D SNPs and 18 T2D SNPs (or 
a suitable tagSNP) were present in the CGEMS dataset and used in 
this analysis ( table 1 ). 

 T1D SNP rs264704 (HLA) had substantial missing data (n = 
56) and was replaced by rs9275184 (the second most significant of 
the  1 180 significant HLA SNPs reported  [7] ). There were small 
amounts of missing data ( ! 1%) for T1D SNPs rs2476601 (n = 1), 
rs1990760 (n = 2), rs4505848 (n = 1), rs9275184 (n = 4), rs12251307 
(n = 3), rs1004446 (n = 1), rs1701704 (n = 1), rs229527 (n = 1); and 
for T2D SNPs rs2641348 (n = 18), rs13414140 (n = 15), rs4411878 
(n = 15), rs4402960 (n = 19), rs13266634 (n = 1), rs2383208 (n = 2), 
rs11257655 (n = 17), rs1111875 (n = 1), rs2237892 (n = 1), rs5215
(n = 1), rs1353362 (n = 1), and rs8050136 (n = 1). There was sub-
stantial missing data for rs4430796 (n = 107; 4.7%); however, no 
adequate tagSNP was available, so this SNP was included in the 
analysis. Missingness was not associated with case-control status 
for any T1D or T2D SNP.

  To enable the calculation of ‘genetic risk scores’ for T1D and 
T2D (see statistical analysis section below), we obtained effect size 
estimates for each T1D and T2D risk allele (on T1D and T2D risk, 
respectively) from the existing literature. For all T1D SNPs, we 
obtained per-allele odds ratios for T1D risk and allele frequencies 
from published GWA  [7, 8, 10, 11]  and follow-up studies  [20] . Sim-
ilar information for all confirmed T2D risk variants were obtained 
from published GWA studies  [12–16]  and a review paper  [21] . Per-
allele odds ratios are referred to as generic ‘relative risks’ (RRs) 
from this point forward, because our calculations treat these odds 
ratios as estimates of risk ratios. For RRs previously reported using 
the risk allele as the reference allele, the reciprocal RR is reported, 
using the non-risk allele as the reference ( table 1 ).
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  Statistical Analysis 
 To identify and exclude participants showing evidence of in-

tercontinental admixture, data on all CGEMS participants were 
combined with data from all three HapMap populations, and a set 
of  � 12,000 genome-wide unlinked SNPs (described in Yu et al. 
 [19] ) was used to conduct principal components analysis (PCA) 
(using smartpca  [23] , http://genepath.med.harvard.edu/ � reich/
EIGENSTRAT.htm). The same marker set was then used to esti-
mate genetic relatedness among study participants (PLINK  [24] , 

http://pngu.mgh.harvard.edu/purcell/plink/) and to derive prin-
cipal components (PCs) representing the two major axes of Euro-
pean ancestry (using smartpca). We tested Hardy-Weinberg equi-
librium for each SNP (using PLINK) and compared the observed 
allele frequency to previously reported estimates to further ensure 
genotyping quality. 

 For each individual, we generated two susceptibility measures 
for T1D and T2D. The first measure was a ‘risk allele count’, the 
total number of T1D (or T2D) risk alleles carried by an individu-

Table 1. C haracteristics of T1Da and type 2 diabetes T2Db risk variants

Gene Locus CGEMS SNP Previous reports C GEMS controls

risk/non-
risk allele

RR for T1D
or T2Dc

risk allele
frequency

risk a llele
frequency

HWE
p value

T1D
PTPN22 1p13 rs2476601 T/C 2.03 0.11 0.10 0.22
IFIH1 2q24 rs1990760 A/G 1.18 0.62 0.61 0.09
IL2/IL21 4q27 rs4505848d A/G 1.20 0.66 0.66 0.69
HLA 6p21 rs9275184e C/T 5.18 0.09 0.10 0.87
BACH2 6q15 rs3757247f A/G 1.13 0.46 0.46 0.36
IL2RA 10p15 rs12251307 C/T 1.33 0.88 0.88 0.49
PRKCQ 10p15 rs947474 A/G 1.16 0.81 0.81 0.28
INS 11p15 rs1004446 C/T 1.61 0.65 0.63 0.20
ERBB3 12q13 rs1701704 C/A 1.25 0.35 0.34 0.25
C12orf30 12q24 rs17696736 G/A 1.20 0.42 0.44 0.16
CTSH 15q24 rs2870085g C/T 1.16 0.68 0.67 0.73
CLEC16A 16p13 rs2903692 G/A 1.50 0.62 0.65 0.11
PTPN2 18p11 rs1893217 G/A 1.20 0.17 0.16 0.65
C1QTNF6 22p13 rs229527h A/C 1.11 0.40 0.43 0.85

T2D
NOTCH2 1p13 rs2641348 G/A 1.13 0.10 0.11 0.17
THADA 2p21 rs13414140i C/T 1.15 0.90 0.87 0.20
PPARG 3p25 rs6802898j C/T 1.14 0.87 0.87 0.25
ADAMTS9 3p14 rs4411878k C/T 1.09 0.76 0.75 0.37
IGF2BP2 3q27 rs4402960 T/G 1.14 0.32 0.32 0.42
WFS1 4p16 rs10012946l C/T 1.12 0.60 0.59 0.48
CDKAL1 6p22 rs7756992 G/A 1.14 0.32 0.28 0.40
JAZF1 7p15 rs1635852m T/C 1.10 0.50 0.49 0.50
SLC30A8 8q24 rs13266634 C/T 1.15 0.69 0.71 0.42
CDKN2A/B 9p2 rs2383208n A/G 1.20 0.83 0.81 0.32
CDC123 10p14 rs11257655o T/C 1.11 0.18 0.20 0.33
HHEX/IDE 10q23 rs1111875 C/T 1.15 0.65 0.59 0.49
TCF7L2 10q25 rs7903146 T/C 1.37 0.31 0.30 0.41
KCNQ1 11p15 rs2237892 C/T 1.29 0.93 0.94 0.13
KCNJ11 11p15 rs5215 C/T 1.14 0.35 0.37 0.45
TSPAN8 12q21 rs1353362p C/T 1.09 0.27 0.27 0.40
FTO 16q12 rs8050136 A/C 1.17 0.40 0.42 0.48
HNF1B 17q12 rs4430796 G/A 1.10 0.47 0.50 0.50

RR = Relative risk.
a No tagSNP available for rs3087243 (CTLA4); b no tagSNP 

available for rs10830963 (MTNR1B); c RRs are previously report-
ed per-allele odds ratios for the risk allele; d  r2 = 0.826 with 
rs17388568; e  rs2647044 (from Hakonarson) was out of HWE;

f r2 = 0.904 with rs11755527; g r2 = 0.926 with rs3825932; h r2 = 1.0 
with rs229541; i r2 = 1.0 with rs7578597; j r2 = 1.0 with rs1801282; 
k r2 = 0.948 with rs4607103; l r2 = 1.0 with rs100010131; m r2 = 0.97 
with rs864745; n  r2 = 1.0 with rs10811661 (from Scott et al.);
o r2 = 0.80 with rs12779790; p r2 = 0.955 with rs79615.
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al. The second susceptibility measure was a ‘genetic RR’ for T1D 
(or T2D), which takes the previously-reported effect sizes for each 
SNPs into account. This measure is the product of the previously 
reported per-allele RRs for each T1D (or T2D) SNP, with each per-
allele RR raised to the power of the number of risk alleles carried 
by an individual at that SNP. In other words, if an individual car-
ried 25 T2D risk alleles, we took the product of the 25 correspond-
ing per-allele RRs (the non-risk alleles contribute an RR of 1 to 
this calculation and can be ignored). Individuals with a missing 
SNP genotype were assigned average allele count in controls, pri-
or to the calculation of the RR measure. Because the reference 
group (denominator) for this RR is an individual carrying zero 
risk alleles, we divided this measure by the mean RR in the sam-
ple, to generate in a more interpretable RR measure that repre-
sents an individual’s RR for T1D (or T2D) compared to the aver-
age population risk. The distributions of these RR measure have 
a mean of one and are skewed to the right, as they have a lower 
bound of zero and no defined upper bound. A third score, a log-
transformed genetic RR with an approximate normal distribu-
tions and mean zero, was also generated.

  All tests of association were two-sided and performed using 
logistic regression adjusted for categorical age and two axes of 
ancestry (i.e. principal components from smartpca program). 
We first tested associations with PCa for three continuous mea-
sures of T1D and T2D risk: (1) risk allele count; (2) genetic RR, 
and (3) log-transformed genetic RR. We then tested quartiles of 
these T1D and T2D risk scores for association with PCa risk. 
Analyses of T2D risk were conducted again after excluding 
HNF1B SNP rs4430796 (a SNP known to associate with both 
PCa and T2D) from the risk score calculations. This was done to 
test the hypothesis that cumulative genetic risk for T2D is asso-
ciated with PCa independent of this known PCa risk factor. In 
addition, each individual T1D and T2D SNP was tested for as-
sociation with PCa risk using a log-additive model with geno-
types coded as 0, 1, or 2 risk alleles. For single-SNP analyses, 

only individuals with non-missing SNP data were analyzed. All 
regressions were performed using SAS software, Version 9.1 
(SAS Institute Inc., Cary NC, USA).

  Results 

 According to our analysis of ancestry using PCA, no 
CGEMS participants showed any evidence of substantial 
intercontinental admixture, as all subjects clustered 
tightly with CEU HapMap samples according to the first 
two principal components (online suppl. fig.  1, www.
karger.com/doi/10.1159/000289594). According to iden-
tity-by-decent estimates, 5 pairs of subjects were first-de-
gree relatives (one from each pair was removed) and all 
participants were confirmed to be genetically male. The 
distribution of the first two principal components de-
rived from PCA of CGEMS data only (i.e., PCs represent-
ing European-specific population structure) is shown in 
online supplementary figure 2. The first principal com-
ponent, which had a highly skewed distribution, was as-
sociated with decreased PCa risk (p = 0.02, from logistic 
regression).

  The eligible 1,171 CGEMS cases and 1,101 controls 
used in this analysis were closely matched on age (using 
the following age categories: 55–59, 60–64, 65–69, 70–74). 
Cases were more likely to have a family history of PCa 
(11%) than controls (6%). A total of 684 cases were classi-
fied as having aggressive PCa, while 487 cases were clas-

Table 2. A ssociations between T1D and T2D risk scores (continuous) and PCa, by aggressiveness, using 1,101 control subjects

Diabetes risk measures All PCa (n = 1,171) Less aggressive PCa (n = 487) M ore aggressive PCa (n = 684)

ORa 95% CI p value ORa 95% CI p value OR a 95% CI p value

T1D genetic risk measures
Risk allele count 0.99 0.96–1.03 0.74 0.99 0.95–1.04 0.78 0.99 0.95–1.04 0.74
Relative risk 0.99 0.95–1.03 0.57 0.96 0.90–1.03 0.21 1.00 0.96–1.05 0.91
Log-relative risk 0.95 0.87–1.04 0.27 0.94 0.84–1.05 0.27 0.96 0.87–1.06 0.46

T2D genetic risk measures
Risk allele count 0.95 0.92–0.99 0.004 0.96 0.92–1.00 0.05 0.95 0.92–0.99 0.007
Relative risk 0.72 0.58–0.89 0.002 0.76 0.58–1.01 0.06 0.68 0.53–0.88 0.003
Log-relative risk 0.73 0.59–0.91 0.005 0.78 0.59–1.04 0.09 0.69 0.54–0.89 0.005

T2D genetic risk measures (excluding HNF1B SNP)
Risk allele count 0.96 0.92–0.99 0.02 0.97 0.93–1.01 0.15 0.96 0.92–0.99 0.02
Relative risk 0.74 0.60–0.93 0.008 0.80 0.61–1.06 0.12 0.71 0.55–0.91 0.008
Log-relative risk 0.76 0.61–0.95 0.01 0.82 0.62–1.10 0.13 0.71 0.55–0.92 0.01

a ORs and 95% CI are adjusted for categorical age and genetic ancestry.
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sified as having less aggressive PCa. Characteristics of 
this sample have been described previously  [18] .

  The T1D and T2D risk variants analyzed in this study 
are described in  table 1 . The observed allele frequencies 
in controls were similar to those previously reported in 
GWA studies of individuals of European ancestry. No 
markers showed statistically significant deviations from 
Hardy-Weinberg equilibrium in controls, with the excep-
tion of T1D SNP rs264704 (HLA), which was replaced by 

rs9275184 due to missing data issues (see Methods). For 
tagSNPs identified using Tagger, pair-wise correlations 
with the previously reported SNPs are shown in the foot-
notes to  table 1 .

  All three continuous measures of T2D risk showed a 
significant inverse association with PCa risk (e.g. T2D 
risk allele count: p = 0.004) ( table 2 ). Furthermore, after 
excluding the one SNP known to associate with both T2D 
and PCa risk (HNF1B, which has opposite effects on T2D 
and PCa), these associations remained significant, but 
were slightly attenuated (e.g. T2D risk allele count: p = 
0.02). Associations for T2D risk were similar for less ag-
gressive and more aggressive PCa, although slightly 
stronger for more aggressive PCa. When analyzed as 
quartiles, the highest category of T2D allele count (21–27 
risk alleles) was associated with reduced PCa risk (OR = 
0.77; 95% CI: 0.60–0.99; p-trend = 0.03) ( table 3 ). How-
ever, no quartile of T2D allele count (after excluding 
HNF1B) or T2D RR showed significant association with 
PCa risk. In addition, none of the continuous measures 
of T1D risk (or their quartiles) was significantly associ-
ated with PCa risk.

  The only T1D SNP to show a nominally significant as-
sociation with PCa was rs3757247 (BACH2; OR = 1.12, 
95% CI = 1.00–1.26) ( table 4 ). The only T2D SNPs to show 
nominally significant associations with PCa were 
rs8050136 (FTO; OR = 0.87, 95% CI: 0.77–0.98) and 
rs4430796 (HNF1B; OR = 0.87, 95% CI: 0.77–0.98). Ad-
justment for European axes of ancestry had very little ef-
fect on the SNP-specific ORs and the ORs for T1D and 
T2D genetic risk measures.

  Discussion 

 In this large case-control study of PCa, we show that 
increasing T2D genetic susceptibility, measured using 18 
T2D-related SNPs, is associated with reduced PCa risk. 
This association was slightly stronger for more aggressive 
PCa. We did not observe a significant association be-
tween T1D genetic susceptibility, measured using 14 
SNPs, and PCa risk.

  There are several possible causal explanations for the 
observed association between T2D susceptibility and 
PCa risk, as outlined in the Introduction. First, it is pos-
sible that the effect of T2D susceptibility on PCa risk is 
mediated by T2D status. However, this is unlikely to be 
the sole explanation, considering the modest reported as-
sociations between DM and PCa  [1, 2]  and the small 
amount of variance in T2D susceptibility that is ex-

Table 3. A ssociations between T1D and T2D risk scores (categor-
ical) and PCa

Cases
(n = 1,176)

Controls
(n = 1,101)

ORa 95% CI

T1D risk allele count (%)
7–12 27.41 27.43 1.00 Ref

13–14 32.02 32.24 0.97 0.78–1.20
15 17.25 16.17 1.07 0.83–1.37
16–22 23.31 23.16 1.01 0.80–1.27

p-trend = 0.78
T1D relative risk (%)

0.07–0.28 25.28 24.70 1.00 Ref
0.29–0.46 25.79 24.34 1.05 0.83–1.33
0.47–0.89 25.45 24.34 1.02 0.81–1.29
0.90–42.9 23.48 26.61 0.86 0.68–1.09

p-trend = 0.21
T2D risk allele count (%)

10–16 21.18 19.35 1.00 Ref
17–18 28.69 26.70 0.99 0.77–1.25
19–20 28.78 28.52 0.93 0.73–1.18
21–27 21.35 25.49 0.77 0.60–0.99

p-trend = 0.03
T2D relative risk (%)

0.26–0.76 25.70 24.25 1.00 Ref
0.77–1.01 25.96 23.98 1.03 0.82–1.30
1.02–1.36 24.85 25.16 0.94 0.74–1.18
1.37–5.44 23.48 26.61 0.85 0.70–1.07

p-trend = 0.11
T2D risk allele count (excluding HNF1B; %)

10–15 19.04 18.53 1.00 Ref
16–17 29.97 27.52 1.06 0.83–1.35
18–19 28.95 29.79 0.94 0.74–1.21
20–26 22.08 24.16 0.88 0.69–1.14

p-trend = 0.20
T2D relative risk (excluding HNF1B; %)

0.28–0.77 25.53 24.43 1.00 Ref
0.78–1.01 25.79 24.16 1.03 0.82–1.30
1.02–1.37 24.59 25.43 0.93 0.73–1.17
1.38–5.45 24.08 25.98 0.90 0.71–1.14

p-trend = 0.26

a  ORs and 95% CI are adjusted for categorical age and genetic 
ancestry.



 Pierce   /Ahsan   

 

Hum Hered 2010;69:193–201 198

plained by these variants ( ! 10%  [21] ). If we make liberal 
assumptions regarding the total phenotypic variance in 
T2D explained by these SNPs (5%), the effect of T2D on 
PCa (OR = 0.85), and the prevalence of T2D in controls 
(0.10), simulation-based power analyses suggest that a 
study of this size would have very low power to detect the 
effect of T2D susceptibility ( ! 5%), if mediated entirely by 
T2D. Therefore, it is not likely that the effect of T2D sus-
ceptibility on PCa is dependent on a T2D diagnosis. Be-
cause we do not have T2D phenotype data, we were un-
able to determine the degree to which this effect is medi-

ated by T2D status or T2D-related phenotypes. Such data 
should be integrated into future studies, where instru-
ment variable analyses (i.e. Mendelian randomization) 
can be used to generate estimates of the causal effect of 
T2D-related phenotypes on PCa  [25] .

  A second potential explanation for this association is 
pleiotropy, i.e., a specific variant affects both T2D and 
PCa risk, independently. However, the T2D risk variants 
appear to affect PCa risk in a collective manner, suggest-
ing that a pleiotropy is not the sole explanation. We con-
clude this based upon the many weak, inverse associa-

Table 4. A ssociations between T1D and T2D risk variants and PCa risk

Gene SNP Risk
allele

R isk allele frequency Age- and ancestry-adjusted (sorted by OR)

cases controls ORa 95% CI p valueb

T1D
PTPN2 rs1893217 G 0.146 0.159 0.90 0.76–1.05 0.17
CLEC16A rs2903692 G 0.628 0.650 0.91 0.80–1.02 0.12
ERBB3 rs1701704 C 0.328 0.341 0.93 0.82–1.05 0.28
HLA rs9275184 C 0.098 0.104 0.93 0.77–1.13 0.53
IFIH1 rs1990760 A 0.601 0.613 0.94 0.83–1.06 0.25
PTPN22 rs2476601 T 0.092 0.096 0.95 0.78–1.15 0.51
INS rs1004446 C 0.621 0.630 0.97 0.86–1.09 0.61
IL2/IL21 rs4505848 A 0.656 0.662 0.99 0.87–1.11 0.81
C1QTNF6 rs229527 A 0.422 0.427 0.99 0.88–1.12 0.87
PRKCQ rs947474 A 0.812 0.810 1.01 0.87–1.18 0.80
CTSH rs2870085 C 0.682 0.670 1.06 0.93–1.20 0.37
C12orf30 rs17696736 G 0.454 0.438 1.07 0.95–1.21 0.25
BACH2 rs3757247 A 0.489 0.461 1.12 1.00–1.26 0.06
IL2RA rs12251307 C 0.893 0.877 1.17 0.97–1.40 0.10

T2D
FTO rs8050136 A 0.391 0.423 0.87 0.77–0.98 0.02
HNF1B rs4430796 G 0.459 0.498 0.87 0.77–0.97 0.02
NOTCH2c rs2641348 G 0.096 0.109 0.87 0.71–1.05 0.14
PPARG rs6802898 C 0.852 0.868 0.88 0.74–1.04 0.14
KCNQ1 rs2237892 C 0.931 0.940 0.88 0.69–1.12 0.30
KCNJ11 rs5215 C 0.347 0.373 0.89 0.78–1.00 0.07
IGF2BP2 rs4402960 T 0.300 0.321 0.91 0.81–1.04 0.16
CDKN2A/B rs2383208 A 0.802 0.810 0.95 0.82–1.10 0.47
SLC30A8 rs13266634 C 0.699 0.705 0.97 0.86–1.11 0.70
TCF7L2 rs7903146 T 0.287 0.298 0.97 0.85–1.10 0.66
HHEX rs1111875 C 0.586 0.592 0.98 0.87–1.10 0.79
JAZF1c rs1635852 T 0.490 0.495 0.98 0.87–1.10 0.69
ADAMTS9c rs4411878 C 0.746 0.748 0.98 0.85–1.12 0.74
CDKAL1 rs7756992 G 0.280 0.282 1.00 0.88–1.14 0.99
WFS rs10012946 C 0.597 0.594 1.02 0.91–1.15 0.81
CDC123c rs11257655 T 0.208 0.202 1.03 0.89–1.19 0.67
TSPAN8c rs1353362 C 0.274 0.264 1.04 0.92–1.19 0.52
THADAc rs13414140 C 0.885 0.874 1.10 0.92–1.32 0.30

a P er-allele ORs are adjusted for categorical age and ancestry and calculated using the non-risk allele as the reference group;
b p value is derived from an Armitage test of trend; c SNPs identified in a previous meta-analysis.
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tions with PCa we observe for the individual T2D risk 
alleles (i.e., 14 out of 18 T2D risk alleles showed ORs  ! 1, 
which is more than is expected by chance; two-sided bi-
nomial test p = 0.03). Furthermore, after removing the 
T2D SNP previously known to influence PCa risk 
(HNF1B rs4430796) we still observe a significant, al-
though slightly attenuated, association between the T2D 
risk score and PCa, indicating that the association is not 
solely due to the pleiotropic effects of this specific variant. 
The collective nature of this association suggests that ef-
fects of these variants on PCa may be driven, at least in 
part, by biological processes related to T2D. In addition 
to possible mediation through T2D status itself, this ef-
fect could also be mediated through pre-diabetes pheno-
types and/or undiagnosed T2D.

  Because we are studying genetic determinants of T2D, 
rather than T2D status itself, we can conclude that the 
observed association is not due to reverse causation or 
confounding (by any factor other than ancestry, for which 
we have adjusted). This result lends credence to the hy-
pothesis that T2D (or T2D-related phenotypes) have a 
protective effect on PCa, although we cannot formally 
test this hypothesis without T2D phenotype data.

  Evidence from previous studies shows that diabetics’ 
risk of PCa decreases as time since DM diagnoses increas-
es  [26–29] , suggesting a causal duration-response relation-
ship. Such a causal relationship between DM and PCa 
could be attributed to several different factors. For exam-
ple, long-term T2D is associated with decreases in circulat-
ing concentrations of several potential tumor promoting 
hormones such as insulin  [30] , insulin-like growth factor 
1  [31] , testosterone  [32] , and leptin  [33] . DM is also associ-
ated with decreased PSA levels  [3–5] , potentially leading to 
decreased PCa risk; however, evidence is not consistent re-
garding whether the DM-PCa association was stronger in 
the pre-PSA era  [27]  or in the PSA era  [2] . Low PSA levels 
among diabetics have been associated with specific DM 
treatments (e.g. insulin) and high hemoglobin A1c levels 
 [3] . Also unclear is the degree to which screening habits 
differ by DM status. In the Multiethnic Cohort Study, dia-
betics were less likely to receive PSA screening, and screen-
ing factors (including PSA levels and screening habits) 
were shown to account for a modest proportion ( � 20%) of 
the DM-PCa association  [4] . In this analysis, all CGEMS 
participants had at least one PCa screen prior to enroll-
ment and were screened for the duration of the study, so it 
is possible that our results could be due to differences in 
PSA levels between those with low and high T2D suscep-
tibility.

  We observe four (out of 18) T2D risk alleles with an 
OR  1 1.00 for PCa risk, associations that are inconsistent 
with our hypothesis. However, three of these four SNPs 
were identified in a T2D GWA study meta-analysis  [16] . 
SNPs identified in meta-analyses are likely to make lesser 
overall contributions to T2D genetic susceptibility than 
SNPs identified in primary analyses, as their effects are 
more difficult to detect (i.e. more power is needed). It is 
also possible that a subset of the SNPs identified in this 
meta-analysis are false positives, as they have not been 
formally replicated in independent samples. Considering 
these possibilities, it seems reasonable that a small num-
ber of SNPs show associations that are not consistent 
with our hypothesis, due to a combination of sampling 
variation, weak effects, and false positives.

  This study demonstrates how disease susceptibility 
variants with weak individual effects can be aggregated 
into meaningful risk measures and used to investigate 
relationships between diseases. Our ‘genetic RR’ calcula-
tion (based on methods described in  [34] ) incorporates 
information on previously reported RRs; however, be-
cause all of the T2D risk variants have similar and modest 
reported RRs (all  ! 1.4), it may not be critical to account 
for different effect sizes when constructing a T2D suscep-
tibility measure. The T2D allele count (which does not 
account for differences) and the T2D ‘genetic RR’ mea-
sure show similar associations with PCa, supporting the 
notion that effect sizes can be ignored, as if often done in 
studies assessing the predictive value of T2D variants  [35, 
36] . Because T1D risk variants show larger differences in 
their effect sizes, and it may be more critical to account 
for effect sizes when generating measures of T1D risk.

  This study may have limited power to detect an asso-
ciation between T1D susceptibility, if the association is pri-
marily mediated through the T1D phenotype. In other 
words, even if complete information on T1D status was 
available for this cohort, its prevalence would be quite low 
( ! 0.5%), and its association with PCa would have to be very 
large in order to be detected (and even larger if using ge-
netic proxies for T1D). Alternative study designs would 
likely be required to study the effect of T1D on PCa risk. 
Interestingly, the hypothesized mechanisms by which 
T2D is related to PCa are also plausible explanations for a 
similar relationship between T1D on PCa  [6] . However, 
T1D and T2D are clearly quite distinct in terms of etiology, 
genetic susceptibility, pathology, duration, and treatment.

  The low prevalence of T1D (and T2D) does, however, 
emphasize the potential benefit of using common genet-
ic risk factors to investigate relationships between diseas-
es. Unlike T1D status, T1D risk variants are common and 
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easily analyzable in an unselected sample. Information 
on T1D susceptibility alone may be valuable if it repre-
sents important sub-clinical biological processes related 
to T1D that could influence PCa risk regardless of wheth-
er a T1D diagnosis is made. Nevertheless, in this study, 
we observe only a modest, non-significant association 
with PCa risk that is driven by individuals in the highest 
quintile of T1D risk (OR = 0.86; 95% CI: 0.68–1.09). This 
association needs to be tested in larger studies.

  Several T2D SNPs (in addition to HNF1B rs4430796) 
have been previously examined in relation to PCa, and 
our results are consistent with these studies. Several small 
case-control studies of Caucasian men have shown mod-
est (non-statistically significant) associations between the 
PPARG T2D risk allele and reduced PCa risk  [37, 38] . Can-
didate gene studies of TCF7L2 have shown either a modest 
(non-statistically significant) association between the 
T2D risk allele and decreased PCa risk  [39]  or associations 
close to the null  [40] . Variation in JAZF has been impli-
cated in both PCa and T2D  [16] ; however, these associa-
tions do not appear to be due to a common causal SNP 
(i.e., the T2D- and PCa-associated SNPs are uncorrelat-

ed), suggesting that variation in JAZF may influence PCa 
and T2D through independent genetic mechanisms  [17] .

  In conclusion, this is the first study to use comprehen-
sive SNP data to examine the association between both 
T1D and T2D genetic susceptibility and PCa risk. These 
results are consistent with the hypothesis that DM has a 
protective effect on PCa risk. Future research should 
combine genetic susceptibility data with T2D phenotype 
data to determine to what degree the association between 
T2D genetic risk and PCa is mediated by T2D or related 
phenotypes (such as fasting glucose, fasting insulin, or 
glucose tolerance).
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