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Abstract

Background:We assessed the evidence for association between
23 recently reported prostate cancer variants and early-onset
prostate cancer and the aggregate value of 63 prostate cancer
variants for predicting early-onset disease using 931 unrelated
men diagnosed with prostate cancer prior to age 56 years and
1,126 male controls.

Methods: Logistic regression models were used to test the
evidence for association between the 23 new variants and early-
onset prostate cancer.Weighted and unweighted sums of total risk
alleles across these 23 variants and 40 established variants were
constructed. Weights were based on previously reported effect size
estimates. Receiver operating characteristic curves and forest plots,
using defined cut-points, were constructed to assess the predictive
value of the burden of risk alleles on early-onset disease.

Results: Ten of the 23 new variants demonstrated evidence
(P < 0.05) for association with early-onset prostate cancer,
including four that were significant after multiple test correc-
tion. The aggregate burden of risk alleles across the 63 variants
was predictive of early-onset prostate cancer (AUC¼ 0.71 using
weighted sums), especially in men with a high burden of total
risk alleles.

Conclusions:Ahigh burdenof risk alleles is strongly associated
with early-onset prostate cancer.

Impact: Our results provide the first formal replication for
several of these 23 new variants and demonstrate that a high
burden of common-variant risk alleles is a major risk factor for
early-onset prostate cancer. Cancer Epidemiol Biomarkers Prev; 25(5);
766–72. �2015 AACR.

Introduction
Prostate cancer is the second leading cause of cancer mortality

in men in the United States. In 2014, it is estimated that 233,000
men would be diagnosed with prostate cancer and 29,480 men
would die from the disease (1). The major recognized risk factors
for prostate cancer are increasing age, African ancestry, and pos-
itive family history.

Approximately 10% of men diagnosed with prostate cancer in
the United States are diagnosed with the disease prior to age 56
years (1). Men with early-onset prostate cancer are more likely to
be aggressively treated for their disease andmore likely to die from
their disease compared with men diagnosed with prostate cancer
later in life with similar clinical characteristics (2–4). Aswithmost
cancers, early intervention in men that need it can significantly
increase the rate of survival. Given the controversy surrounding
PSA testing, identifying subsets of men that would most likely
benefit from early screening would have a major impact on the
successful treatment of the disease. Early-onset disease is also an
indicator for heritable disease (2, 4, 5). An important question is
whether we can use the cumulative information across associated
variants to reasonably predict who is most likely to be diagnosed
with early-onset prostate cancer.

To date, genome-wide association studies (GWAS), including
primarily older men with prostate cancer, have identified more
than 60 distinct common loci withmodest effects associated with
the disease in men of European descent, including 23 new loci
identified using 19,662 prostate cancer cases and 19,715 controls
included in the PRACTICAL consortium (6–20). Several studies
have demonstrated the importance of the previously established
common variants to early-onset and familial prostate cancer
(12, 21–25). Herein, we first test whether these 23 new variants
are associated with early-onset prostate cancer (20). We then
assess the aggregate value of these 23 new variants, aggregate
value of these new variants plus 40 established variants, and the
added value of including information from these 23 new variants
to the overall burden of risk alleles from the 40 established
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variants in predicting early-onset prostate cancer.We demonstrate
that the total risk-allele burden across prostate cancer GWAS
variants can be useful for identifying a subset of men with
substantially increased risk for early-onset disease.

Materials and Methods
Study samples

This study includes 931 unrelated early-onset prostate cancer
cases (diagnosed prior to age 56 years) of European descent from
the University of Michigan Prostate Cancer Genetics Project (UM-
PCGP). Descriptive information about the cases is presented
in Table 1. The average age of prostate cancer diagnosis in these
931 cases was 49.7 years. Approximately 62% (576/931) of the
cases had a reported first or second degree relative with prostate
cancer. All UM-PCGP subjects providedwritten informed consent
to participate in the study. The protocol and consent documents
were approved by the Institutional Review Board at theUniversity
of Michigan Medical School.

Publically available unrelated male controls with GWAS var-
iant data were selected from Illumina's iControlDB database (n¼
1,126; ref. 26). Controls were selected to have European reported
ancestry and genotype data generated from a GWAS commercial
platform similar to the platform used in UM-PCGP cases. Limited
descriptive information, including age, gender, and ancestry, on
selected iControlDB subjects can be obtained from the Illumina
web site. Illumina iControls have not been screened for prostate
cancer.

Genotyping
Nine hundred thirty-eight European American UM-PCGP ear-

ly-onset prostate cancer cases were genotyped at Wake Forest
University using the Illumina HumanHap 660W-Quad v1.1
BeadChip. The iControlsDB subjects were genotyped previously
using the Illumina HumanHap550v1 or HumanHap550v3 com-
mercial genotyping platforms.

Statistical analyses
Initial genotyping quality control methodology was uniformly

applied to all GWAS variants and samples [see Lange and collea-
gues (21) for details]. Subjectsmissing >5%of variant genotyping
calls across all GWAS variants were excluded from consideration.
European ancestry for all subjects, including controls, was verified

using the software ADMIXTURE (27); subjects with apparent
misidentified ancestry or mixed ancestry were also removed from
the study. Principal component analysiswas also performedusing
the software Eigenstrat (28) on the combined sample of cases and
controls using a linkage-disequilibrium (LD) pruned set of GWAS
variants common across genotyping platforms for UM-PCGP
cases and Illumina iControls.

We performed genotype imputation on the combined case–
control sample to obtain genotype data on the 63 variants
reported to be associated with prostate cancer in Eeles and
colleagues (20) and Goh and colleagues (29) using the software
package MaCH (30, 31). Genotype imputation was performed,
separately, including variants from HapMap phase II (CEU ref-
erence samples), HapMap phase III (CEU þ TSI reference sam-
ples), and the 1000Genomes Project (Chromosome X only using
all reference samples). For the autosomal variants, preference was
given to phase III imputation results when a variant was success-
fully imputed using both phase II and phase III HapMap samples.
To reduce any possible bias in imputed genotype assignments due
to different coverage of variants in the case and control partici-
pants, only variants that were successfully genotyped in >98% of
both the cases and controls were included in the target panel prior
to genotype imputation.

Logistic regression models, implemented in Mach2dat (31),
were constructed to test the association between early-onset
prostate cancer and each of the 23 newly reported prostate
cancer variants using entirely imputed genotype data, scored
as dosage values (expected number of copies of the minor
alleles). The logistic regression models included covariate
adjustment for the first 10 principal components derived
from the GWAS data. A Bonferroni-corrected significance
threshold for a one-sided test (one-sided P < 0.0022), with
requirement the direction of effect was consistent with the
previous report, was applied to maintain an overall type I error
rate of 0.05.

To assess the cumulative burden of the 23 recently identified
variants on early-onset prostate cancer, we estimated the
total number of risk alleles each subject carries. The risk allele
for each variant was defined as the allele associated with
increased risk of prostate cancer in Eeles and colleagues
(20). For each subject, we calculated two risk scores, one based
on the unweighted sum of risk alleles and the other based on a
weighted sum, with the weight given to each variant risk allele
equal to the natural logarithm of the corresponding variant's
reported OR. For all variants, we used imputed genotype data,
even if the variant was directly genotyped, to minimize the
impact of any missing data on risk allele counts. We assessed,
using t tests, whether the unweighted total number of risk alleles
was associated with prostate cancer. We repeated these anal-
yses for 40 previously established prostate cancer variants for
populations of European descent summarized in Goh and
colleagues (ref. 29; see Supplementary Table S1 for variant
identities and their respective imputation quality). The indi-
vidual association results for these 40 variants in UM-PCGP
subjects have been reported previously (21). Finally, we cal-
culated weighted and unweighted totals of risk alleles across all
63 variants.

To assess the relative ability to correctly classify subjects (with
respect to case–control status), we constructed ROC curves and
calculated the corresponding AUC for weighted and unweighted
aggregate risk allele counts for the 23 newprostate cancer variants,

Table 1. Characteristics of 931 UM-PCGP early-onset prostate cancer casesa

Clinical trait Mean (SD) Median (range)

Age at diagnosis (years) 49.7 (4.1) 50 (27–55)
Prediagnostic PSA (mg/dL)b 20.6 (199.5) 5.2 (0.4–5428)
Gleason score Nc %
�6 410 44.6
7 427 46.4

�8 83 9.0
T stage Nd %
T1 1 0.1
T2 660 82.1
T3 140 17.4
T4 3 0.4

aIncludes 20 metastatic cases and 32 cases with lymph node involvement.
bPrediagnostic PSA available on 870 cases.
cGleason scores available on 920 cases. Prostatectomy Gleason used when
available (n ¼ 787), otherwise biopsy Gleason scores used (n ¼ 133).
dT stage available on 804 cases.
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40 established prostate cancer variants, and the set of 63 total
prostate cancer variants.

We additionally hypothesized that there was a subset of men
with relatively extreme values of total risk-allele burden that could
have their disease more accurately predicted than men with total
risk-allele counts in the middle of the corresponding total risk-
allele count distribution. Specifically, we performed two separate
categorizations of all subjects based on the distribution of total
risk alleles in controls. In the first categorization, subjects were
assigned to a decile grouping based on their total risk allele count
using cutoff values defined by the observed total-risk-score values
in controls (e.g., the highest decile group would include cases and
controls with observed total risk scores greater than 90% of the
total risk scores observed in the controls). For each decile group-
ing,we calculated theORs comparing theproportions of cases and
controls between the corresponding decile grouping and the
lowest decile grouping (the reference group). In the other cate-
gorization scheme, we split cases and controls into two groupings
defined by total-risk-allele threshold values across a range of
percentiles cut-points (lower 2.5%, 5%, 10%, 25%, 50%, 75%,
90%, 95%, and 97.5%) defined by the controls. For each percen-
tile cut-point, we compared the distributions of cases and controls
between the participant groupings defined by the percentile cut-
point. These contingency table-based analyses were performed
using both weighted and unweighted risk-allele counts for the 23
new variants, 40 established variants, and combined set of 63
variants.

Results
Ten out of 23 variants recently reported (20) achieved at least

nominally significant evidence (one-sided P < 0.05; direction
of effect consistent with prior report) for association with early-
onset prostate cancer, including rs3771570 (P ¼ 0.032),

rs7611694 (P ¼ 0.014), rs1270884 (P ¼ 0.0028), rs8008270
(0.025), rs7241993 (0.0023), rs2405942 (P ¼ 0.011),
rs42445739 (P ¼ 3.0 � 10�5), rs3096702 (P ¼ 0.0018),
rs2273669 (P ¼ 8.6 � 10�4), and rs1933488 (P ¼
0.0011; Table 2). The latter four variants were significantly
associated with prostate cancer after accounting for multiple
testing (one-sided P < 0.0022; Table 2). Of the remaining 13
variants that did not minimally achieve nominal significance,
only three (rs1894292, rs7141529, and rs11650494) had a
direction of effect that was inconsistent with the discovery
study.

Early-onset prostate cancer cases had significantly more esti-
mated total risk alleles than unscreened controls across these 23
variants (prostate cancer cases: unweighted mean ¼ 21.61, SE ¼
0.10, median ¼ 21.70; controls: unweighted mean ¼ 20.69, SE ¼
0.09, median ¼ 20.55; P-diff ¼ 2.0 � 10�12). Adding in the 40
established prostate cancer variants, early-onset cases carried
58.02 (SE ¼ 0.16, median ¼ 57.98) and controls carried 54.49
(SE¼0.15,median¼54.64) risk alleles on average (P-diff¼8.9�
10�59) across all 63 variants. Overlapping histograms plotting the
distributions of the unweighted andweighted sumsof risk alleles for
cases and controls across the 23 new prostate cancer variants and
63 total prostate cancer variants are presented in Supplementary
Figs. S1 and S2, respectively.

The aggregate burden of the risk alleles across the new
variants alone provided a poor ability to discriminate between
cases and controls (AUC¼ 0.59 for both weighted and unweight-
ed sums; Fig. 1). The predictive value was only slightly higher
when restricting the burden of risk alleles to the 10 new variants
that demonstrated nominal evidence (P < 0.05) of association
in our study (AUC ¼ 0.61 for both weighted and unweighted
sums). The ability to discriminate was noticeably better for the
older established variants (AUC ¼ 0.69 for weighted sums, AUC
¼ 0.68 for unweighted sums). Adding the 23 new variants to the

Table 2. Summary of findings for 23 newly reported prostate cancer variants (20)

Chr. Position Variant A1/A2 Freq. A2 cases R2
OR (95% CI)
early-onset prostate cancera OR Eeles P valueb

1 153100807 rs1218582 A/G 0.50 0.95 1.03 (0.90–1.17) 1.06 0.34
1 202785465 rs4245739 A/C 0.24 0.99 0.75 (0.65–0.86) 0.91 3.0 � 10�5

2 10035319 rs11902236 G/A 0.30 0.91 1.06 (0.92–1.22) 1.07 0.22
2 242031537 rs3771570 G/A 0.16 1.00 1.17 (0.99–1.39) 1.12 0.032
3 114758314 rs7611694 A/C 0.36 0.99 0.87 (0.77–0.98) 0.91 0.014
4 74568022 rs1894292 G/A 0.46 1.00 1.01 (0.89–1.15) 0.91 0.57
5 172872032 rs6869841 G/A 0.23 1.00 1.04 (0.89–1.21) 1.07 0.31
6 32300309 rs3096702 G/A 0.39 0.95 1.21 (1.06–1.37) 1.07 0.0018
6 109391882 rs2273669 A/G 0.17 1.00 1.32 (1.11–1.57) 1.07 8.6 � 10�4

6 153482772 rs1933488 A/G 0.41 1.00 0.83 (0.73–0.94) 0.89 0.0011
7 20961016 rs12155172 G/A 0.25 0.92 1.08 (0.93–1.21) 1.11 0.15
8 25948059 rs11135910 G/A 0.16 1.00 1.03 (0.86–1.22) 1.11 0.37
10 104404211 rs3850699 A/G 0.26 1.00 0.89 (0.78–1.02) 0.91 0.056
11 101906871 rs11568818 A/G 0.43 1.00 0.90 (0.80–1.03) 0.91 0.058
12 113169954 rs1270884 G/A 0.54 0.99 1.19 (1.05–1.35) 1.07 0.0028
14 52442080 rs8008270 G/A 0.17 1.00 0.85 (0.73–1.00) 0.89 0.025
14 68196497 rs7141529 A/G 0.51 1.00 0.92 (0.82–1.05) 1.09 0.89
17 565715 rs684232 A/G 0.38 0.99 1.06 (0.93–1.21) 1.10 0.18
17 44700185 rs11650494 G/A 0.09 0.97 0.87 (0.69–1.09) 1.15 0.89
18 74874961 rs7241993 G/A 0.26 0.91 0.81 (0.70–0.94) 0.92 0.0023
20 60449006 rs2427345 G/A 0.45 1.00 0.92 (0.80–1.04) 0.94 0.091
20 61833007 rs6062509 A/C 0.30 1.00 0.97 (0.85–1.11) 0.89 0.32
X 9774135 rs2405942 A/G 0.20 1.00 0.88 (0.78–0.98) 0.88 0.011
aOR calculated with respect to allele 2 (A2).
bOne-sided P value based on previous reported direction of effect (bold: P < 0.0022 significant after multiple test correction).
R2, imputation quality.
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40 established variants only modestly improved the ability to
discriminate (AUC ¼ 0.71 for weighted sums, AUC ¼ 0.69 for
unweighted sums) compared with the older variants by
themselves.

For all three sets of variants (new, established, and combined)
therewas a steady increase, across decile categories, in the odds for
men having prostate cancer compared with the odds for men in
the lowest decile grouping (Fig. 2). For brevity, we focus here on
results for the weighted total risk-allele scores [results were similar
for unweighted scores (see Supplementary Fig. S3)]. A large jump in
the OR was observed between the highest decile group and the
next highest decile group for the set of 40 established variants [OR
¼ 10.50 (10th decile group) vs. 4.54 (9th decile group)] and
combined set of 63 variants (OR¼ 9.63 vs. 4.98, respectively; Fig.
2). The OR across the decile groupings for the set of new variants
were considerably less striking than for the other sets of variants
and therewas no large jump in the last decile grouping (OR¼2.58
for the 10th decile group vs. OR¼ 2.49 for the 9th decile group).
Categorizing subjects into two groups, based on percentile cut-
points of the total-risk-allele sums in controls, revealed that the
strongest ORwere observed for both the upper and lower extreme
2.5% tail cut-points of the total-risk-score distribution (see Sup-
plementary Fig. S4), consistent with the observed deficits of cases
in the extreme lower tail and deficits of controls in the extreme
upper tail of the total risk allele distributions.

Discussion
More than 60 independent common prostate cancer variants

have been discovered through GWAS in men of European ances-
try. The initial discoveries, often made with relatively small case–
control samples, were made possible by the relatively strong
effects (OR > 1.25) of the associated variants. The more recent
discoveries, including the 23 newly reported variants in Eeles and

colleagues (20), required considerably larger sample sizes due to
the associated variants having much smaller effects (OR � 1.10).
We have previously demonstrated that many of the older, stron-
ger-effect, prostate cancer variants are individually associatedwith
early-onset prostate cancer (21). Herein, we sought to assess
whether there was evidence of association between early-onset
prostate cancer and these 23 new variants. We also evaluated the
added utility of including the total burden of prostate cancer risk
alleles for these 23 new variants in combination with 40 previ-
ously established prostate cancer variants on early-onset disease
prediction. We note that we found no evidence supporting an
association between the cumulative burden of prostate cancer risk
alleles and measures of disease severity including Gleason grade,
tumor stage, or PSA (data not shown).

We found at least nominal evidence (one-sided P < 0.05; effect
direction the same as the original study) supporting the reported
associations for 10 of the 23 newly reported variants, including
four that reached the conservative Bonferroni significance thresh-
old. Ten of the 13 remaining variants had directions of effect
consistent with the discovery report. Thus, despite relatively low
power to detect such replication (for example, using a one-sided P
¼ 0.05, we had power¼ 0.38 to detect an associated variant with
minor allele frequency¼ 0.25 and anOR¼ 1.10), wewere able to
provide supportive evidence that many of these variants are
associated with early-onset prostate cancer. A recent study that
compared 312 hereditary prostate cancer cases and 620 sporadic
prostate cancer cases with 587 common controls across these 23
variants foundnominal evidence for association betweenprostate
cancer and eight of the variants for hereditary prostate cancer (17/
23 variants had consistent directions of effect with discovery
study) and five of the variants for sporadic prostate cancer (18/
23 variants had consistent directions of effect; ref. 25). No single
variant achieved statistical significance after accounting for mul-
tiple testing in this study. Future larger replication studies are
necessary to further validate each of these variants as a prostate
cancer risk variant.

The aggregate burden of risk alleles for the 23 new variants is
strongly associated with early-onset prostate cancer, but their
cumulative predictive value is relatively poor. Not surprisingly,
given their smaller number and smaller effect sizes, their overall
predictive value is considerably smaller than was observed for the
40 established variants. Including the burden of these 23 variants
to the burden of the 40 more established variants resulted in
modestly stronger discrimination, with the greatest additional
gains observed in men with extreme values of total risk-allele
burden. These results suggest finding and including additional
lower-effect common variants could be beneficial in disease
prediction, but their added value will likely be small.

Three previous studies have evaluated the predictive value of
the cumulative burden of established common risk alleles for
prostate cancer diagnosis (25, 32, 33). The recent report by
Cremers and colleagues (25) described the cumulative risk for
74 prostate cancer variants, including the same variant or a strong
LD proxy for 39/40 of our established variants and all 23 new
variants, separately in 312 Dutch hereditary prostate cancer cases
(mean age diagnosis 62 years) and 620 sporadic prostate cancer
cases (mean age diagnosis 65 years) compared with 587 common
controls. Using an unweighted total risk allele score, Cremers and
colleagues reported that the discriminative value based on these
74 variants was stronger for the hereditary prostate cancer
cases [AUC ¼ 0.73] than for the sporadic prostate cancer cases

Figure 1.
ROC curves, and corresponding AUC, usingweighted and unweightedburden
of risk alleles for 23 new prostate cancer variants, 40 established prostate
cancer variants, and the 63 combined variants.
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[AUC ¼ 0.64]. The two earlier studies limited their analyses to
established variants that demonstrated evidence for association in
their own cohorts, whereas our study and the study by Cremers
and colleagues included all previously reported associated var-
iants regardless of evidence in our own studies. In Lindstrom and
colleagues (32), 23/25 variants included in their risk calculations
were included or had a strong LDproxy among our 40 established
variants. Lindstrom and colleagues showed that the predictive
value of the burden of common established risk alleles was
stronger for men diagnosed with prostate cancer earlier in life
[e.g., AUC¼ 0.66 using men diagnosed age 60 years and younger
compared with AUC¼ 0.60 in men diagnosed after the age of 75
years]. Agalliu and colleagues (33) identified 17/31 established
variants that demonstrated at least nominal evidence for signif-
icance in a cohort of 979 prostate cancer cases and 1,251 controls
of Ashkenazic descent that were subsequently included in the
construction of an unweighted total risk score (12/17 variants were
included among our 40 established variants). The overall dis-
criminative value of these 17 variants [AUC¼ 0.64] was similar to
the overall value observed by Lindstrom and colleagues [average
AUC ¼ 0.63 across all ages for the 25 variants included in their
study]. Consistent with Lindstrom, Agalliu and colleagues also
observed a stronger association between total risk allele burden
and prostate cancer in younger cases. When comparing all men in
the upper 25% of the total risk allele distribution to men in the
lower 25%, Agalliu and colleagues found higher OR in the
younger men (diagnosed at age 60 years or younger; n ¼ 238)
with prostate cancer (OR¼ 5.20; 95% CI: 2.94–9.19) than in the
mendiagnosedwith prostate cancer after age 60 years (OR¼ 3.30;
95% CI: 2.32–4.68).

One very interesting feature of the distribution of total risk
alleles is the lack of evidence for a bi-modal distribution among
cases and a noticeable deficit of cases in the lower tail of the total
risk allele distribution (see Supplementary Figs. S1 and S2). The
shapes of the distributions of total risk alleles in cases looked very
similar to those of controls, with the distribution for the cases
shifted to the right. This observation would suggest that the
burden of common risk-alleles plays an important role in the
probability of developing disease irrespective of other risk factors
(e.g., rare variants, environmental factors, and epigenetic factors).
A widely held hypothesis is that yet to be discovered uncommon
high-penetrant risk alleles explain a significant proportion of the
increased genetic susceptibility in prostate cancer families and
menwith early-onset disease. This hypothesis is supported by our
recent discovery of such amutation, G84E, inHOXB13, which has
a considerably higher frequency in men with early-onset and/or

familial disease (34). It has been reported that a high burden of
established common variants increases disease risk even among
HOXB13 G84E carriers (35). Consistent with this report, among
23UM-PCGPprostate cancerHOXB13G84E carriers in our study,
the mean cumulative number of risk alleles across all 63 variants
was 59.10 (SD¼ 4.88) compared with 57.99 (SD¼ 4.92) in non-
G84E carriers.

Disease misclassification in cases and/or controls can create
biased estimates of effect. We note all cases in our study were
confirmed by pathology report. Our controls were largely young
males (average age 20 years) who have not, to our knowledge,
been screened for prostate cancer. Although approximately 15%
of thesemenwill develop prostate cancer some time in their lives,
based on the age distribution of our cases and National Cancer
Institute Surveillance, Epidemiology, and End Results Program
prostate cancer prevalence rates (36), we would expect a disease
misclassification rate of approximately 0.7% (n �8/1,126 of our
controls) using our unscreened controls compared with a per-
fectly diagnosed age-matched control sample for our early-onset
prostate cancer case sample. To assess the impact of this misclas-
sification, we recalculated themean number of total risk alleles in
our iControls using this misclassification rate and the observed
risk allele counts in our cases to get an unbiased maximum
likelihood-based estimate (MLE) of mean total risk alleles in our
control sample. Using the MLE would decrease the parameter
estimates for mean number of total risk alleles from 20.69 (using
the uncorrected-sample mean) to 20.68 (MLE-based mean) for
the 20newvariants, 33.80 to 33.79 for the 43 established variants,
and54.49 to 54.47 for the combined set of variants. Thus, any bias
using these unscreened young controls, relative to age-matched
controls, is expected to be small and result in slightly conservative
conclusions. Further, we note that our expected rate of disease
misclassification in our controls is likely lower than that for most
prostate cancer case–control studies of older men that rely on PSA
and digital rectal exam (DRE) screening. There is considerable
overlap in distributions of PSA formenwith andwithout prostate
cancer (37) andDRE screeningmisses stage T1prostate cancer and
prostate cancer that does not occur peripherally in the posterior
and lateral aspects of the prostate gland.

Our study includes several other features worthy of discussion.
First, the iControls do not have available prostate cancer family
history and thus we cannot assess the additive value of prostate
cancer risk variants in conjunction with family history. Second,
cases and controls were genotyped at separate times on separate,
but similar, genotyping platforms. As we reported previously
looking at >450,000 genotyped variants, we saw no evidence for

Figure 2.
Association between decile categories (lowest decile group is reference category) forweighted number of risk alleles carried andprostate cancer. Decile-specificOR
were estimated based on the imputed dataset (931 cases and 1,126 controls) for (A) 23 newly reported prostate cancer variants, (B) 40 established prostate
cancer variants, and (C) 63 combined prostate cancer variants.
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systematic inflation of test statistics when comparing these cases
to these controls (21). Still, it is possible that a small number of
individual variants could be influenced by small genotype batch
effects—though the direction of those batch effects would equally
likely make our results conservative or anticonservative, as the
determination of the "risk allele" for each variant was based on
independent data from previous reports. Third, we used imputed
genotype data rather than directly genotyped data for analyses.
Not all risk variants were directly genotyped and, when construct-
ing burden scores for genotyped variants, missing data would
cause unnecessary variation. We included only variants with high
genotyping rates in both cases and controls in the target panel
prior to genotype imputation and note that imputation quality
was estimated to be excellent [R2 > 0.9; see Table 1 and Lange and
colleagues (21)] for the vast majority of variants. Fourth, a subset
of patients (n ¼ 127) were directly ascertained for inclusion in
linkage studies based on having known living relatives with
disease and many other cases were symptomatic and identified
in a hospital-based setting. Thus, this collection of 931 cases is
likely not representative of early-onset prostate cancer cases
identified through standard epidemiologic screening studies.
Fifth, using previously reported ORs from studies based primarily
on older men with disease, we demonstrate a small improvement
in disease prediction using weighted total risk-allele counts com-
pared with unweighted total risk-allele counts. Prediction of early-
onset disease could be improved further by applying variant
weights based specifically on studies of early-onset disease. We
note that usingweights based onour own individual variant effect
estimates in an aggregate variant burden setting would be antic-
onservative. Appropriate variant weighting for early-onset pros-
tate cancer aggregate risk-allele testing will need to be continu-
ously refined as additional prostate cancer populations are stud-
ied and new prostate cancer variants are identified.

In summary, we provide thefirst significant evidence to support
the association of several recently identified prostate cancer var-
iants to early-onset prostate cancer. We establish that a high-
burden of common risk alleles is strongly associated with early-
onset prostate cancer and that men with an aggregate burden of
risk alleles in the tails of the total risk allele distribution have
either high (men in the upper tail) or low (lower tail) odds of
having early-onset prostate cancer. Given the strong OR observed
in the upper tail, men with an unusually high number of risk
alleles should be considered candidates for earlier prostate cancer
screening. The ability to discriminate between case–control status
was largely driven by older established variants; including the 23

new variants onlymodestly improved disease prediction. Despite
OR that were considerably elevated there still remained consid-
erable overlap between the case and control total risk allele
distributions. Given this overlap and the apparent diminishing
discriminating value of including newly discovered lower pene-
trant common variants, expanding the search for uncommon
high-penetrant risk variants could be especially critical to further
improving our ability to accurately predictmenwhowill get early-
onset disease.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: E.M. Lange, K.A. Cooney
Development of methodology: E.M. Lange
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): K.A. Zuhlke, A.M. Johnson, S.L. Zheng, K.A. Cooney
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): E.M. Lange, J.V. Ribado, G.R. Keele, J. Li, Y. Wang,
Q. Duan, Y. Li, J. Xu, K.A. Cooney
Writing, review, and/or revision of the manuscript: E.M. Lange, K.A. Zuhlke,
Q. Duan, Z. Gao, J. Xu, S.L. Zheng, K.A. Cooney
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): G. Li, S.L. Zheng
Study supervision: E.M. Lange, K.A. Cooney
Other (genotyping): Z. Gao

Acknowledgments
The authors would like to thank all of the men with prostate cancer who

participated in this research project. The authors especially appreciate the
support of Dr. Joel Nelson and his patients. The authors also express gratitude
to Ms. Linda Okoth for assisting with UM-PCGP sample preparations and
clinical data collection.

Grant Support
This work was primarily supported by NIH R01- CA136621 (E.M. Lange,

K.A. Zuhlke, A.M. Johnson, J. Li, Y. Wang, J. Xu, S.L. Zheng, and K.A. Cooney).
Additional financial support provided by NIH P50-CA69568 (K.A. Zuhlke,
A.M. Johnson, andK.A. Cooney), NIHR01-HG006292 (Q.Duan andY. Li), and
NIHR01-HG006703 (E.M. Lange, Y.Wang,Q.Duan, and Y. Li). J.V. Ribadowas
supported by the Post-Baccalaureate Research Education Program, NIH 5R25-
GM089569.

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received August 28, 2014; revisedNovember 18, 2015; acceptedDecember 8,
2015; published OnlineFirst December 15, 2015.

References
1. Siegel R, Ma J, Zou Z, Jemal A. Cancer Statistics, 2014. CA Cancer J Clin

2014 2014;64:9–29.
2. Bratt O, Damber JE, Emanuelsson M, Gronberg H. Hereditary prostate

cancer: clinical characteristics and survival. J Urol 2002;167:2423–6.
3. Lin DW, Porter M, Montgomery B. Treatment and survival outcomes in

young men diagnosed with prostate cancer: a Population-based Cohort
Study. Cancer 2009;115:2863–71.

4. Salinas CA, Tsodikov A, Ishak-Howard M, Cooney KA. Prostate cancer in
young men: an important entity. Nat Rev Urol 2014;11:317–23.

5. Zeegers MP, Jellema A, Ostrer H. Empiric risk of prostate carcinoma for
relatives of patients with prostate carcinoma: a meta-analysis. Cancer
2003;97:1894–903.

6. Amundadottir LT, Sulem P, Gudmundsson J, Helgason A, Baker A, Agnars-
son BA, et al. A common variant associated with prostate cancer in
European and African populations. Nat Genet 2006;38:652–8.

7. Freedman ML, Haiman CA, Patterson N, McDonald GJ, Tandon A,
Waliszewska A, et al. Admixture mapping identifies 8q24 as a prostate
cancer risk locus in African-American men. Proc Natl Acad Sci U S A
2006;103:14068–73.

8. Duggan D, Zheng SL, KnowltonM, Benitez D, Dimitrov L,Wiklund F, et al.
Two genome-wide association studies of aggressive prostate cancer impli-
cate putative prostate tumor suppressor gene DAB2IP. J Natl Cancer Inst
2007;99:1836–44.

9. Gudmundsson J, Sulem P, Manolescu A, Amundadottir LT, Gudbjartsson
D, Helgason A, et al. Genome-wide association study identifies a second
prostate cancer susceptibility variant at 8q24. Nat Genet 2007;39:631–7.

10. Gudmundsson J, Sulem P, Steinthorsdottir V, Bergthorsson JT, Thorleifs-
son G,Manolescu A, et al. Two variants on chromosome 17 confer prostate
cancer risk, and the one in TCF2 protects against type 2 diabetes. Nat Genet
2007;39:977–83.

Burden of Prostate Cancer Variants on Early-Onset Disease

www.aacrjournals.org Cancer Epidemiol Biomarkers Prev; 25(5) May 2016 771

on June 24, 2016. © 2016 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 

Published OnlineFirst December 15, 2015; DOI: 10.1158/1055-9965.EPI-14-0995 

http://cebp.aacrjournals.org/


11. YeagerM,Orr N, Hayes RB, Jacobs KB, Kraft P,Wacholder S, et al. Genome-
wide association study of prostate cancer identifies a second risk locus at
8q24. Nat Genet 2007;39:645–9.

12. Eeles RA, Kote-Jarai Z, Giles GG, Olama AA, Guy M, Jugurnauth SK, et al.
Multiple newly identified loci associated with prostate cancer susceptibil-
ity. Nat Genet 2008;40:316–21.

13. Gudmundsson J, Sulem P, Rafnar T, Bergthorsson JT, Manolescu A,
Gudbjartsson D, et al. Common sequence variants on 2p15 and
Xp11.22 confer susceptibility to prostate cancer. Nat Genet 2008;40:
281–3.

14. Thomas G, Jacobs KB, YeagerM, Kraft P,Wacholder S, Orr N, et al.Multiple
loci identified in a genome-wide association study of prostate cancer.
Nat Genet 2008;40:310–5.

15. Al Olama AA, Kote-Jarai Z, Giles GG, Guy M, Morrison J, Severi G, et al.
Multiple loci on 8q24 associated with prostate cancer susceptibility.
Nat Genet 2009;41:1058–60.

16. Eeles RA, Kote-Jarai Z, Al Olama AA, Giles GG, Guy M, Severi G,
et al. Identification of seven new prostate cancer susceptibility
loci through a genome-wide association study. Nat Genet 2009;41:
1116–21.

17. Gudmundsson J, Sulem P, Gudbjartsson DF, Blondal T, Gylfason A,
Agnarsson BA, et al. Genome-wide association and replication studies
identify four variants associated with prostate cancer susceptibility.
Nat Genet 2009;41:1122–6.

18. Kote-Jarai Z, Olama AA, Giles GG, Severi G, Schleutker J, Weischer M, et al.
Seven prostate cancer susceptibility loci identified by a multi-stage
genome-wide association study. Nat Genet 2011;43:785–91.

19. Schumacher FR, Berndt SI, Siddiq A, Jacobs KB, Wang Z, Lindstrom S, et al.
Genome-wide association study identifies new prostate cancer suscepti-
bility loci. Hum Mol Genet 2011;20:3867–75.

20. Eeles RA, Olama AA, Benlloch S, Saunders EJ, Leongamornlert DA,
Tymrakiewicz M, et al. Identification of 23 new prostate cancer suscep-
tibility loci using the iCOGS custom genotyping array. Nat Genet
2013;45:385–91.

21. Lange EM, Johnson AM, Wang Y, Zuhlke KA, Lu Y, Ribado JV, et al.
Genome-wide association scan for variants associated with early-onset
prostate cancer. PLoS One 2014;9:e93436.

22. Lange EM, Salinas CA, Zuhlke KA, Ray AM, Wang Y, Lu Y, et al. Early onset
prostate cancer has a significant genetic component. Prostate 2012;
72:147–56.

23. Kote-Jarai Z, Easton DF, Stanford JL, Ostrander EA, Schleutker J, Ingles SA,
et al. Multiple novel prostate cancer predisposition loci confirmed by an
international study: the PRACTICAL Consortium. Cancer Epidemiol Bio-
markers Prev 2008;17:2052–61.

24. Jin G, Lu L, Cooney KA, Ray AM, Zuhlke KA, Lange EM, et al. Validation of
prostate cancer risk-related loci identified from genome-wide association
studies using family-based association analysis: evidence from the Inter-
national Consortium for Prostate Cancer Genetics (ICPCG). Hum Genet
2012;131:1095–103.

25. Cremers RG, Galesloot TE, Aben KK, van Oort IM, Vasen HF, Vermeulen
SH, et al. Known susceptibility SNPs for sporadic prostate cancer show a
similar association with "hereditary" prostate cancer. Prostate 2015;75:
474–83.

26. Illumina, Inc. San Diego, CA. http://support.illumina.com/downloads/
icontroldb__download_package.html.

27. Alexander DH, Novembre J, Lange K. Fast model-based estimation of
ancestry in unrelated individuals. Genome Res 2009;19:1655–64.

28. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D.
Principal components analysis corrects for stratification in genome-wide
association studies. Nat Genet 2006;38:904–9.

29. GohCL, Schumacher FR, EastonD,Muir K,HendersonB, Kote-Jarai Z, et al.
Genetic variants associated with predisposition to prostate cancer and
potential clinical implications. J Intern Med 2012;271:353–65.

30. Li Y, Willer CJ, Sanna S, Abecasis GR. Genotype imputation. Annu Rev
Genomics Hum Genet 2009;10:387–406.

31. Li Y, Willer CJ, Ding J, Scheet P, Abecasis GR. MaCH: using sequence and
genotype data to estimate haplotypes and unobserved genotypes.
Genet Epidemiol 2010;34:816–34.

32. Lindstrom S, Schumacher FR, Cox D, Travis RC, Albanes D, Allen NE, et al.
Common genetic variants in prostate cancer risk prediction—results from
the NCI Breast and Prostate Cancer Cohort Consortium (BPC3). Cancer
Epidemiol Biomarkers Prev 2012;21:437–44.

33. Agalliu I, Wang Z, Wang T, Dunn A, Parikh H, Myers T, et al. Character-
ization of SNPs associated with prostate cancer in men of Ashkenazic
descent from the set of GWAS identified SNPs: impact of cancer family
history and cumulative SNP risk prediction. PLoS One 2013;8:e60083.

34. Ewing CM, Ray AM, Lange EM, Zuhlke KA, Robbins CM, Tembe WD, et al.
Germline mutations in HOXB13 are associated with prostate cancer risk.
N Engl J Med 2012;366:141–9.

35. Karlsson R, Aly M, Clements M, Zheng L, Adolfsson J, Xu J, et al. A
population-based assessment of germline HOXB13 G84E mutation and
prostate cancer risk. Eur Urol 2014;65:169–76.

36. Howlader N, Noone AM, Krapcho M, Garshell J, Miller D, Altekruse SF,
et al. (eds). SEER Cancer Statistics Review, 1975–2012, Bethesda, MD:
National Cancer Institute; 2015.

37. Thompson IM, Pauler DK, Goodman PJ, Tangen CM, LuciaMS, Parnes HL,
et al. Prevalence of prostate cancer among men with a prostate-specific
antigen level �4.0 ng per millileter. New Engl J Med 2004;350:2239–46.

Cancer Epidemiol Biomarkers Prev; 25(5) May 2016 Cancer Epidemiology, Biomarkers & Prevention772

Lange et al.

on June 24, 2016. © 2016 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 

Published OnlineFirst December 15, 2015; DOI: 10.1158/1055-9965.EPI-14-0995 

http://cebp.aacrjournals.org/


2016;25:766-772. Published OnlineFirst December 15, 2015.Cancer Epidemiol Biomarkers Prev 
  
Ethan M. Lange, Jessica V. Ribado, Kimberly A. Zuhlke, et al. 
  
Common Genetic Risk Factors to Early-Onset Prostate Cancer
Assessing the Cumulative Contribution of New and Established

  
Updated version

  
 10.1158/1055-9965.EPI-14-0995doi:

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://cebp.aacrjournals.org/content/25/5/766.full.html#ref-list-1

This article cites 35 articles, 6 of which you can access for free at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgat

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department

  
Permissions

  
.permissions@aacr.org

To request permission to re-use all or part of this article, contact the AACR Publications Department at

on June 24, 2016. © 2016 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 

Published OnlineFirst December 15, 2015; DOI: 10.1158/1055-9965.EPI-14-0995 

http://cebp.aacrjournals.org/lookup/doi/10.1158/1055-9965.EPI-14-0995
http://cebp.aacrjournals.org/content/25/5/766.full.html#ref-list-1
http://cebp.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
mailto:permissions@aacr.org
http://cebp.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




