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A genetic risk score to guide age-specific, personalized prostate cancer
screening

Abstract

Background: Prostate-specific-antigen (PSA) screening resulted in reduced prostate
cancer (PCa) mortality in a large clinical trial, but due to a high false-positive rate,
among other concerns, many guidelines do not endorse universal screening and
instead recommend an individualized decision based on each patient’s risk. Genetic risk
may provide key information to guide the decisions of whether and at what age to
screen an individual man for PCa.

Methods: Genotype, PCa status, and age from 34,444 men of European ancestry from
the PRACTICAL consortium database were analyzed to select single-nucleotide
polymorphisms (SNPs) associated with prostate cancer diagnosis. These SNPs were
then incorporated into a survival analysis to estimate their effects on age at PCa
diagnosis. The resulting polygenic hazard score (PHS) is an assessment of individual
genetic risk. The final model was validated in an independent dataset comprised of
6,417 men with screening PSA and genotype data. PHS was calculated for these men
to test for prediction of PCa-free survival. PHS was also combined with age-specific
PCa incidence data from the U.S. population to generate a PCa-Risk (PCaR) age that
relates a given man’s risk to that of the population average. PHS and PCaR age were
evaluated for prediction of positive predictive value (PPV) of PSA screening.

Findings: PHS calculated from 54 SNPs was very highly predictive of age at PCa
diagnosis for men in the validation set (p=10"%). PPV of PSA screening varied from 0-18
to 0-52 for men with low and high genetic risk, respectively. PHS modulates PCa-free
survival curves by an estimated 20 years between men in the 1 or 99" percentiles of
genetic risk.

Interpretation: Polygenic hazard scores give personalized genetic risk estimates and
can inform the decisions of whether and at what age to screen a man for PCa.

Funding: Department of Defense #W81XWH-13-1-0391
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Introduction

Prostate cancer (PCa) is a major health problem, with over one million new cases and
over 300,000 prostate cancer deaths estimated worldwide in 2012'. An international,
randomized, controlled trial showed that prostate-specific-antigen (PSA) screening
resulted in a 20% reduction in PCa mortality by 20%?2. However, due to concerns over a
high rate of false positives, in addition to aggressive treatment of initially indolent
disease, many clinical guidelines do not endorse universal screening and instead stress
the importance of taking into account individual patient risk factors to inform the decision
of whether to screen®™. The goal is to avoid unnecessary screening while still
identifying high-risk men for whom screening and early PCa detection can reduce
morbidity and mortality.

A patient’s genetic predisposition could be critical to the decision of whether and when
to offer him PCa screening. Genome-wide association studies (GWAS) have revealed
genetic variants associated with increased risk of PCa®’. These developments,
combined with the recent accessibility of genotyping, provide an opportunity for genetic
risk-informed cancer screening®. By combining risk information from an array of single
nucleotide polymorphisms (SNPs), polygenic models can estimate an individual’s
genetic risk for developing the disease®. It remains unclear to what extent this predicted
polygenic risk could improve clinical decisions such as whom to screen for PCa and at
what age.

Here we use data from 34,444 men of European ancestry from the international
PRACTICAL consortium (http://practical.ccge.medschl.cam.ac.uk/) to develop a
polygenic hazard score (PHS) to predict age-related risk of developing prostate cancer.
The PHS was then tested in data from an independent study (UK ProtecT'®) that
included both genotype and PSA results, with the hypothesis that PHS would be an
indicator of a patient’s inherent genetic risk for developing prostate cancer at various
ages in his lifetime.

Methods

Participants

Discovery Set: For PHS model development, genotype and age data were obtained
from 21 studies of the PRACTICAL consortium (Table 1), representing 31,747 men
(18,868 cases, 12,879 controls) of genotypic European ancestry. Age was either at PCa
diagnosis or last follow-up (for controls. Genotyping was performed via a custom
lllumina array (iCOGS), and quality control steps were applied as described previously®.
201,043 SNPs were available for analysis.

Validation Set: The model performance was examined in an independent study. The
Validation Set comes from the ProtecT study, which screened 82,429 men with PSA
testing and found 8,891 men with PSA greater than the specified threshold of 3-0 pg/L
or higher, of whom 2,896 were diagnosed with PCa'®. Among those individuals, we
obtained genotype and age data for 6,411 men (1,583 cases, 4,828 controls). This data
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set was selected for validation because PSA results were also available for all
participants at time of either diagnosis or interview.

Polygenic hazard score (PHS)

The PHS was developed previously as a parsimonious, survival-analysis model to
predict the time to event outcome. It has been published elsewhere''. Because prostate
cancer risk increases with age'? and anticipated age of developing prostate cancer is
highly relevant to clinical management, we applied PHS for deriving both predicted
absolute risk and potential age at PCa onset. In brief, a univariate trend test was applied
to the entire Discovery Set (31,747 patients x 201,043 SNPs) to assess association with
case or control status. All SNPs with resulting p-values <107 in the trend test were then
entered in a forward, stepwise, greedy algorithm, to select the most predictive SNPs. In
each step, logistic regression was used first to improve computational efficiency. SNPs
were selected for the model only if they improved prediction of case-control status. After
forward, stepwise selection, coefficients for selected SNPs were estimated using a Cox
proportional hazard model to predict age at diagnosis with PCa.

The polygenic hazard score (PHS) is defined as the vector product of a patient’s
genotype (X)) for the n selected SNPs and the corresponding parameter estimates (5))
from the Cox proportional hazards regression.

n
PHSy = z XiB;
i

To verify whether the PHS accurately predicts age of prostate cancer onset, the PHS
was calculated for all patients in the Validation Set. These values were then tested as
the sole predictive variable in a Cox proportional hazards regression model for age of
diagnosis. Statistical significance was set at alpha of 0-01.

Estimate of absolute risk

The population risk of prostate cancer was estimated using methods described
previously'. U.S. population risk data is reported by the American Cancer Society, with
tables indicating the probability of developing PCa during specified age intervals,
assuming the person is alive without PCa at the beginning of the interval'. Tables are
constructed from the Surveillance, Epidemiology, and End Results (SEER) database.
Data from four such tables were used, representing twelve years of SEER data in the
period from 1995 to 2012'%'%7'®_ Estimates were derived of age-specific incidence as
follows. For example, for the period of 2010-2012, the probability of developing PCa
from age 50 to 59 was 2:1%'2, so at a mean age of 545 years, we estimated the age-
specific incidence as 2:1%/10 years = 0-21%/year. This was done for each reported
probability in the four publications cited. Age intervals prior to age 40 were excluded due
to the very low incidence in the general population. For age intervals from 70 to death,
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the end of the interval was taken to be 83, given an average life expectancy of 14 years
for a 70-year-old man'’. The age-specific incidence data points from all four publications
were then fit to an exponential curve using linear regression in order to develop a
continuous model of age-specific incidence in the U.S. SEER population.

Examining impact of genetic risk on PSA screening

To assess the clinical significance of PCa PHS, we looked at the positive predictive
value (PPV) of PSA testing within the Validation Set, with clinical diagnosis (including
biopsy result) as the gold standard. We posited that risk stratification with PHS would
reflect the underlying incidence of PCa and therefore also affect the PPV of PSA
testing.

In the Validation Set, 2,555 patients had positive PSA: 1,580 were then diagnosed with
PCa, while 975 were designated controls without PCa. Because genotype information
was collected in more cases than controls, we matched the overall ProtecT control:case
ratio'® by taking a random sample of 471 cases with the 975 controls and calculating the
positive predictive value of PSA testing without regard to PHS, as well as in subsets
based on PHS percentile thresholds of <20™, >50™, >80™, and >95™. This process was
repeated for a total of 1,000 random samples of 471 cases; mean and bootstrap
estimate of the standard error were calculated for PPV in each PHS risk group.

To learn whether PHS impacts PPV within men of a given age category, we repeated
the above PPV analysis for only Validation Set patients older than the median age of
the group (60 years) and again for only those at or less than the median age.

The magnitude of PHS effect on expected age of onset was illustrated by calculating the
PHS corresponding to percentiles among the young, healthy population within the
Discovery Set: i.e., those controls with age <70 years. All percentiles reported in this
manuscript refer to this population. Annualized incidence rate (hpercentie) CUrves were
calculated for each of various percentiles of the PHS from this population (1, 5, 20, 50,
80, 95, 99) with the median PHS (PHSedian) is taken as baseline:

hpercentite(age) = hsgpr(age)e PHSpercentilePHSmedian

Application of an individualized PHS to screening decisions in the clinic would be
facilitated by a readily interpretable translation of the PHS to terms familiar to the patient
and physician. Thus, we introduce the “Prostate Cancer-Risk age” or PCaR age. An
annualized incidence curve for the patient’'s PHS is generated just as was done for the
population percentiles above, which gives an estimate of PCa risk. Then, for example, if
a 50-year-old man has a PCa risk equivalent to that of the general population at age 60,
his PCaR age is 60.

A 95% confidence interval is calculated for PCaR age by estimating the variance due to
both genotypes in the Discovery Set and the SNP parameter estimates from the PHS
model as follows (details in Supplementary Methods).
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The difference between PCaR age and true age (rounded to the nearest integer) is
termed Aage. The PCaR age and Aage were calculated for every integer age between
40 and 95 years to assess whether Aage changed over time. This was done for all PHS
percentiles listed above, as well as 0-1" and 99-9™.

In a common clinical situation, a patient of a given age may present to his physician to
discuss screening. To illustrate how PHS might influence this discussion, we identified
the subset of Validation patients at approximately the median age, 60 years (57-63), to
represent a typical patient. From this subset of 945 men around 60 years old, three
groups were created: those whose PCaR age was also within the 57-63 interval, those
with PCaR age <57, and those with PCaR age >63. We then calculated the PPV of PSA
for these three groups using the same approach as before.

Results

Of the 201,043 SNPs included in the data set, 2,415 were associated with increased
risk of PCa in the trend test, with p<107°. The stepwise regression framework then
identified 54 of these SNPs that were incorporated into the Cox proportional hazards
model (Supplementary Table S1). The 54 SNP parameter estimates (for the hazard of
developing PCa) are combined with individual genotype to generate a polygenic hazard
score. Kaplan-Meier curves indicate that the assumption of proportional hazards was
reasonable in the final model (Figure 1).

In the independent Validation Set from the ProtecT study, a Cox proportional hazards
model showed that PHS significantly predicted age of prostate cancer onset (z=15-4,
p=10"2,

Positive predictive value of PSA testing in the Validation Set is plotted in Figure 2. PPV
was lower among patients with a low PHS, and higher among patients with
progressively higher PHS. Patients with PHS <20™ percentile had PPV 0.18, while those
with PHS > 95™ percentile had PPV 0.52. Within the <60 and >60 age groups, PHS
stratification still resulted in notable changes in the PPV of PSA testing (Figure 3).

Absolute risk of PCa for the general U.S. population was estimated with linear
regression using data from the SEER database from 1995 to 2012'%'*7'®_ The resulting
model for hazard rate (hseer) had R?=0.88 and p=10" (Figure 4):

hsger(age) = 0.0700¢9:0753(age—40)

Annualized incidence and survival curves corresponding to PHS percentiles (among
controls <70 years old) are shown in Figure 5. A table of prostate cancer-risk (PCaR)
ages for various PHS levels demonstrates shows that the expected age of PCa onset is
modulated by 20 years between the 15" and 99" PHS percentiles and by nearly 50 years
between the 0-1™ and 99-9" percentiles (Table 2).

Qualitatively, the curves in Figure 5 appear to maintain relatively consistent horizontal
shifts relative to their neighbors over the age range studied. Quantitatively, this is
confirmed by Aage, which remained the same for each PHS percentile across a true
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age range of 40 to 95. Thus, Aage was taken to be approximately constant for each
PHS percentile and is reported in Table 2.

The PPV of PSA testing for Validation Set patients approximately 60 years of age (57-
63) is shown in Figure 6. PPV was lower for those with PCaR age <57 and higher for
those with PCaR age >63.

Discussion

Genetic information may be the ideal guide for deciding whether an individual patient
needs prostate cancer screening®. The polygenic hazard score described here
represents a personalized genetic assessment of a patient’s age-related prostate
cancer risk that can inform both whether and when to order screening tests. In a
survival analysis using patients from an independent clinical trial, PHS was a
remarkably strong predictor (p=10"%) of age at PCa diagnosis. Furthermore, risk-
stratification with PHS had considerable impact on the positive predictive value of PSA
testing. For example, among patients with elevated PSA, only 18% of those with low
PHS were true positives, whereas over half of those with high PHS had prostate cancer
(Figure 3). As PHS is representative of a man’s fixed genetic risk, it can be calculated
long before onset of PCa and substantially inform the decision of whether he should
undergo PCa screening.

Because PCa incidence is highly dependent on age'?, one must decide not only
whether to screen but also at what age to consider it. Prostate Cancer-Risk (PCaR) age
incorporates a patient’s true age and genetic risk to give an adjusted age that relates his
current risk of PCa to that of the age-specific population average. For example, a
physician who normally discusses the risks and benefits of PSA screening with her
patients starting at age 50 could shift the timing of that conversation for each patient
according to his PCaR age. Using the U.S. SEER database as the population average,
we show here that PHS modulates PCa-free survival curves by 20 years between the
1%t and 99" percentiles (Figure 5). The comparison is even more extreme for PHS
percentiles 0-1 and 99-9 (Table 2), with some men not reaching the risk of a typical 50-
year-old until age 85, while others reach that risk at age 37. With nearly 40 million men
aged 50-70 years in the U.S. alone'®, aimost 80,000 would presumably fall into one of
these extreme PHS categories.

To illustrate the usefulness of PCaR age, we consider a common clinical scenario
where a man in clinic asks about screening. We assume his age is 60, the median for
the ProtecT cohort. Figure 6 shows results for ProtecT patients approximately 60 (57-
63) years old and suggests that if this 60-year-old man’s PCaR age is close to his true
age (i.e., still 57-63), the PPV of a PSA test for him now is 29%, close to the average for
PSA screening in general®. If his PCaR age is under 57, the PPV drops to around 13%,
and he might be reassured that a PSA test is not necessary. On the other hand, if his
PCaR age is over 63, the PPV is approaching 50%, which might make PSA more
informative.
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PSA screening is controversial, but most guidelines recommend individualized
discussion between physicians and patients'®'*"'®. PHS affords a quantitative and
understandable way to evaluate individual risk that could prove pivotal in these
discussions. The results here suggest PHS can be used to identify a large percentage
of men for whom forgoing or delaying PSA screening makes sense. At the same time,
PHS can also identify men with a high risk of developing PCa at a young age and who
therefore may benefit from early detection through PSA screening.

Another concern with PSA screening is overtreatment of indolent disease. Genetic
prediction of aggressive PCa alone has proven elusive'®, and the problem is
compounded by the propensity of initially low-risk tumors to progress®*?'. Datasets
describing the initial tumor characteristics are not enough—tumors that develop
aggressive features over time must also be identified if aggressive-PCa-only predictors
are to be effective. Active surveillance is one answer to overtreatment that avoids up-
front aggressive treatment but still allows intervention if the tumor progresses. Indeed,
most tumors will eventually require treatment®""??, and earlier treatment prevents
development of metastatic disease®. Hence, avoiding screening altogether in patients
who may develop PCa at a young age does carry risk of considerable morbidity.

While PHS was applied here to PSA screening, PHS itself is not specific to PSA testing.
Rather, the PHS is predictive of patients’ underlying risk of PCa at a given age and
therefore relates to pre-test probability —and, by extension, positive predictive value—
within any screening strategy that might be adopted.

Cost effectiveness is a prominent concern in all discussions of healthcare policy. PHS
has the potential to improve screening efficiency while also reducing overall costs. PHS
need only be calculated once and is valid for a lifetime. The genotyping chip assay can
be run for costs in the range of that for single-gene testing (e.g., BRCA mutation),
informs multiple diseases®, and a saliva sample suffices. PSA screening and
subsequent biopsies could thus be limited to those men at higher risk, while delaying or
forgoing screening in those whose genetic makeup confers a low risk.

Prior studies have used GWAS-associated polymorphisms to predict risk of PCa using a
case/control design®*~2°. However, epidemiologic data show that PCa risk is not a
simple dichotomy of cases and controls, but rather is highly dependent on increasing
age. Therefore, we opted for a survival analysis approach optimized for genetic
prediction of age of PCa onset. The PHS can then be used in clinical decisions, where
age plays a critical role. If a man has a high risk of developing prostate cancer at age
95, this is a very different clinical situation from a man at high risk at age 55.

There are several limitations to this study. It is inherently a retrospective analysis, but
the Discovery Set data come from large studies carried out in multiple institutions and
nations; the Validation Set, too, comes from an independent, large, prospective trial.
The absolute risk models shown in Figure 5 are only as accurate as the population data
upon which they are based, which reflect diagnosed prostate cancer in the U.S. It is
important to note, though, that PHS is a measure of hazard and therefore could be
readily applied to other population incidence curves to estimate absolute risk in those
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populations. The age range of the Validation Set is limited to only 50-70 years;
fortunately, this includes the age where screening is believed to have the most
benefit'>'*'®_ Finally, race in this PHS model is limited to European ancestry. Validation
of PHS in other racial groups—and, if necessary, custom models for each—is needed;
our group plans to investigate this important question.

In conclusion, we describe here the development of a new polygenic hazard score for
personalized genetic assessment of individual, age-associated prostate cancer risk.
This score has been validated in an independent data set, demonstrating accurate
prediction of prostate cancer onset. Moreover, PHS is shown to predict the utility of PSA
testing for an individual patient and can guide the decision of whether and when to
screen for prostate cancer.
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Kaplan-Meier estimates of PCa-free survival for Discovery Set, by PHS percentile
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Figure 1: Kaplan-Meier estimates of prostate cancer-free survival for patients in the
Discovery Set, grouped by PHS percentile ranges (as shown in the legend). PHS
percentiles are in reference to the distribution of PHS within the 11,190 controls in the
Discovery Set who were under 70 years old. Dotted lines are 95% confidence intervals
for the corresponding curves. Time of “failure” is age at prostate cancer diagnosis.
Controls were censored at age of observation. These curves demonstrate that the
proportional hazards assumption holds for this PHS model.
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PPV by PHS percentile for ProtecT patients
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Figure 2: Positive predictive value (PPV) of PSA testing by PHS percentile thresholds
for patients in the Validation Set. Percentiles refer to the PHS distribution among young
controls in the Discovery Set. Error bars are the bootstrap estimate of the standard error
for random samples of cases in the Validation Set (see Methods). For reference, the
expected PPV for PSA testing at this threshold is displayed as a gray, dashed line,
based on a pooled analysis®.
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A PPV by PHS percentile for ProtecT patients =60 years old B . PPV by PHS percentile for ProtecT patients >60 years old
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Figure 3: Positive predictive value (PPV) of PSA testing by PHS percentile thresholds
for patients in the Validation Set, split by age group. (A) shows results for patients at or
below the median age (60), and (B) shows results for patients older than the median
age. For both panels: percentiles refer to the PHS distribution among young controls in
the Discovery Set. Error bars are the bootstrap estimate of the standard error for
random samples of cases in the Validation Set (see Methods). For reference, the
expected PPV for PSA testing at this threshold is displayed as a gray, dashed line,
based on a pooled analysis®.
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Annual incidence of prostate cancer in the U.S. from SEER database
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Figure 4: Dots represent the annual, age-specific incidence estimated from each age
range (shown as horizontal lines of matching color) from U.S. population data in the
SEER database. Dot color corresponds to the years the data were collected from, as
shown in the legend. The black line is the result of linear regression for an exponential
curve to give a continuous model of age-specific incidence in the U.S. population.


https://doi.org/10.1101/089383

bioRxiv preprint doi: https://doi.org/10.1101/089383; this version posted November 25, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

21

A Prostate cancer-free survival, by PHS percentile B N Incidence rate, by PHS percentile
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Figure 5: (A) Prostate cancer-free survival curves derived from PHS hazards, with U.S.
population data taken as the median risk. PHS percentiles are in reference to the
distribution of PHS within the 11,190 controls in the Discovery Set less than 70 years
old. Blue lines represent genetic risk lower than the median, and red lines represent
genetic risk higher than the median. (B) Incidence rate curves by age for the same risk
levels as in (A).
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PPV for ProtecT patients 57-63 years old
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Figure 6: Application of Prostate Cancer-Risk (PCaR) age to the question of whether to
screen a 60-year-old man. PCaR age is his true age adjusted by PHS level. For
example, if his PCaR age is 71 years, his estimated risk matches that of a typical 71-
year-old. Alternatively, a PCaR age of 52 would mean his PCa risk is similar to a typical
52-year-old. The bar plot shows results for all men from the Validation Set with age
approximately 60 years (57-63), grouped by their calculated PCaR age: <57, 57-63, or
>63. The positive predictive value (PPV) of PSA testing is shown for these groups. Error
bars are the bootstrap estimate of the standard error. For reference, the expected PPV
for PSA testing is displayed as a gray, dashed line, based on a pooled analysis®. ~68%
of men had PCaR age 57-63 and PPV close to the expected population value. ~26%
and ~7% of men were in the higher and lower groups, respectively.
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Table 1: Study names and participant numbers
Cases Controls Total
Discovery Set
CAPS 1,022 587 1,609
CPCS1 848 2,748 3,596
CPCS2 264 1,001 1,265
EPIC 722 1,078 1,800
EPIC-Norfolk 484 917 1,401
ESTHER 313 318 631
IPO-Porto 183 66 249
MAYO 767 488 1,255
MOFFITT 414 100 514
PCMUS 149 140 289
PPF-UNIS 245 188 433
Poland 438 358 796
ProMPT 166 2 168
QLD 184 87 271
SEARCH 1,371 1,239 2,610
STHM1 1,717 1,886 3,603
TAMPERE 2,736 2,413 5,149
UKGPCS 3,957 511 4,468
ULMm 599 354 953
UTAH 439 244 683
WUGS 4 0 4
All 17,022 14,725 31,747
Validation Set
ProtecT? 1,583 4,828 6,411

Includes the 31 cases and 3,364 controls who participated in both ProtecT and UKGPCS
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Table 2: Prostate cancer-risk (PCaR) age
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PHS percentile? AAge” PCaR age when Age when risk is that of
[95% CI] true age is 50 years typical 50-year-old°

0.1 -35 15 85
[-35,-19] [15,31] [69,101]

1 -11 39 61
[-15,-6] [35,44] [56,65]

5 -7 43 57
[-11,-2] [39,48] [52,60]

20 -3 47 53
[-7,1] [43,51] [49,57]

50 0 50 50
[-4,4] [46,54] [46,54]

80 3 53 47
[0,7] [50,57] [43,50]

95 7 57 43
[3,10] [53,60] [40,47]

99 9 59 a1
[5,13] [55,63] [37,45]

99.9 13 63 37
[9,16] [59,66] [34,41]

¥PHS percentile among young (<70 years old) controls within Discovery Set.
PAAge = PCaR age — true age.
“Risk of typical 50-year-old defined as overall population incidence at age 50.
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Research in Context

Evidence before this study

Prostate cancer (PCa) screening with prostate-specific-antigen (PSA) testing can lead
to early detection of PCa and allow for curative treatment, but universal screening also
has considerable disadvantages for men who may never develop life-threatening
disease. Whom to screen and at what age to do so remain unclear.

Genetic studies have shown that single-nucleotide polymorphisms (SNPs) have modest
predictive value for PCa risk, but that a combination of genotype information from
multiple SNPs can give a more robust PCa risk prediction. The practical, clinical utility of
SNP-based prediction of expected age of PCa onset is not well understood.

Added value of this study

This study presents and validates a novel polygenic hazard score that is an indicator of
PCa-free survival. This polygenic hazard score (PHS) offers a relatively inexpensive
assessment of an individual man’s age-specific PCa risk.

Implications of all the available evidence

SNP-based polygenic hazard scores can provide objective, readily interpretable
information to guide the decision of whether a given patient might benefit from PCa
screening at each age in his life
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