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Clinical validity and utility of genetic risk scores in
prostate cancer
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Current issues related to prostate cancer (PCa) clinical care (e.g., over-screening, over-diagnosis, and over-treatment of nonaggressive
PCa) call for risk assessment tools that can be combined with family history (FH) to stratify disease risk among men in the general
population. Since 2007, genome-wide association studies (GWASs) have identified more than 100 SNPs associated with PCa
susceptibility. In this review, we discuss (1) the validity of these PCa risk-associated SNPs, individually and collectively; (2) the
various methods used for measuring the cumulative effect of multiple SNPs, including genetic risk score (GRS); (3) the adequate
number of SNPs needed for risk assessment; (4) reclassification of risk based on evolving numbers of SNPs used to calculate
genetic risk, (5) risk assessment for men from various racial groups, and (6) the clinical utility of genetic risk assessment. In
conclusion, data available to date support the clinical validity of PCa risk-associated SNPs and GRS in risk assessment among
men with or without FH. PCa risk-associated SNPs are not intended for diagnostic use; rather, they should be used the same way
as FH. Combining GRS and FH can significantly improve the performance of risk assessment. Improved risk assessment may have
important clinical utility in targeted PCa testing. However, clinical trials are urgently needed to evaluate this clinical utility as well

as the acceptance of GRS by patients and physicians.
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INTRODUCTION
Together with advancements in treatments for both localized and
advanced disease, there is strong evidence that serum prostate specific
antigen (PSA) screening has played a significant role in decreasing
prostate cancer (PCa) mortality over the last several decades."?
However, widespread implementation of PSA screening has also
contributed to a stage- and grade-migration, and to the detection and
subsequent potential over-treatment of low-risk, indolent disease.’
There has been great controversy regarding the interpretation of USA-*
and European-based®” screening trials that were aimed at evaluating
the impact of PSA screening on PCa mortality. While it is likely that
PSA screening has saved thousands of men’s lives, it does so at the
expense of high rates of potential over-treatment of indolent tumors
that may never go on to harm or cause mortality for an individual.
The question, as well as the likely solution to this major dilemma,
should not be whether to screen, but how to apply PCa screening more
intelligently and judiciously. What is needed to overcome this issue of
over-screening is a way to identify those most at risk of developing
PCa and aggressive disease. Currently, most authoritative groups,
including the American Cancer Society (ACS), American Urologic
Association (AUA) and National Comprehensive Network (NCCN),
recommend early and selective PCa screening in men with a positive
family history (FH) of PCa.®*

At present, FH of PCa is the most commonly used method to
determine whether a man is at increased risk of developing the disease.
It has been reported that men with an FH of PCa are at approximately

1.5- to 2.5-fold heightened risk for PCa if they have an affected relative."
However, <10% of men in the general population are estimated to have
a FH of the disease."”? Furthermore, the clinical use of FH to guide
PCa risk assessment is problematic, as most men do not know their
complete FH and FH status is unstable over time. For men who are
confident in their knowledge of their family’s PCa history, FH assigns
the same risk to all family members with the same degree of relation
to an affected family member; despite the fact that it has been shown
that these family members do not, in fact, have the same underlying
genetic susceptibility.”® In addition to FH for PCa risk assessment,
novel, more personalized methods are called for in order to determine
which men in the general population harbor increased disease risk.

Recent, unprecedented genomic findings offer a promising solution
to this current inability to stratify PCa risk among men. Specifically,
many genome-wide association studies (GWASs) that have compared
the germline genotypes of men with PCa to controls without known
disease have identified single nucleotide polymorphisms (SNPs)
that are associated with increased susceptibility to PCa (referred
to as PCa risk-associated SNPs).!* There are now more than 100
PCa risk-associated SNPs that have been described, and it has been
estimated that these genetic loci increase the estimated proportion of
the familial risk to 33%."

SNPS AND CUMULATIVE EFFECT
The initial PCa risk-associated SNPs that were identified in 2007 were
associated with a relatively high ability to estimate an individual’s
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susceptibility to PCa with individual odds ratios (ORs) ranging between
1.20 and 1.79.' Several studies have been published evaluating the
combined predictive power of these SNPs into various genetic scores.
In 2008, Zheng and colleagues published a study of the combined
effect of five SNPs, each in different genetic regions.'® They described
that the five SNPs plus FH accounted for 46% of the PCa cases in the
Swedish men in their study, with an OR of 9.46 for developing PCa in
men with a FH and all five SNPs. Cumulatively, these five SNPs could
increase a man’s risk by 4-5 fold. This significance was later confirmed
in a US population.'” By 2009, 28 additional PCa risk-associated SNPs
were identified by subsequent GWASs, with individual estimated ORs
ranging from 1.05 to 1.35."*! Other studies evaluated a cumulative
performance of these 33 SNPs (5 original + 28 novel SNPs) in
discriminating prostate biopsy outcomes, and found their performance,
measured by the area under the receiver operating characteristic
curve (AUC), to be significantly higher than family history (0.59 and
0.52, respectively).'>? Later, a total of 76 PCa risk-associated SNPs were
cataloged by 2013.* Most recently, 23 additional PCa risk-associated
SNPs were discovered by evaluating more than 10 million SNPs across
the genome among 43 303 PCa cases and 43 737 controls from the
international PRACTICAL Consortium."”

METHODOLOGIES FOR ASSESSMENT OF GENETIC RISK

As mentioned above, there are many potential flaws with the use of
FH data to assess PCa risk. In fact, several studies have demonstrated
that FH information is a relatively poor indicator of PCa risk as
measured by area under the receiver operating curve (AUC = 0.52)."”
PCarisk-associated SNPs are currently the best measure of the genetic
component of disease susceptibility in the general population. It has
been demonstrated that, together, they may be able to provide useful
information to better identify the men who are at risk of developing
the disease.

Several methodologies that incorporate multiple PCa risk variants
have been developed as a clinical tool to more accurately assess PCa risk
including: (1) a simple count of risk-associated alleles (referred to as risk
allele count, RAC); (2) weighted risk allele count (WRAC, also referred
to as polygenic risk score, or PRS), in which risk alleles are weighted
by odds ratios (ORs) and (3) a population-standardized genetic risk
score (GRS), in which alleles are weighted by the OR and frequency
in the population. A recent study compared the performances of the
three different methodologies using a large, prospective dataset from
the Reduction by Dutasteride of Prostate Cancer Events (REDUCE)
trial.*?°2% To assess whether the cumulative effect measured by each
method was independently associated with PCa and with high-grade
disease, multivariate analyses adjusting for age, family history, and
other clinical variables were performed when testing the association
of each method with disease. The authors used AUC to discriminate
PCa and high-grade disease and compared the values with the AUC
of FH. The AUC for discriminating PCa using FH alone was 0.53 (95%
CI: 0.49-0.56) and for discriminating high-grade cancer was 0.54 (95%
CI: 0.48-0.59). In comparison, the AUCs for discriminating PCa were
0.60 (95% CI: 0.57-0.63), 0.62 (95% CI: 0.59-0.64), and 0.62 (95%
CI: 0.59-0.64) for the RAC, PRS and GRS methods, respectively.
Similarly, the AUCs for discriminating high-grade tumors were
0.57 (95% CI: 0.51-0.63), 0.60 (95% CI: 0.54-0.65), and 0.60 (95%
CI: 0.54-0.65) for the RAC, PRS, and GRS methods, respectively.
No statistically significant difference was found between the three
SNP-based methodologies, although the AUC estimates of GRS and
PRS were higher than RAC. All three methodologies performed better
than family history.
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Based on these findings, the authors concluded that all three
methodologies successfully capture the cumulative effect of PCa risk
SNPs and are sound predictors of PCa risk. However, there are potential
benefits to GRS over the other methodologies. GRS is the only method
that assesses PCa risk using both the odds ratio and allele frequency of
each SNP. As such, the GRS incorporates the effect size of each SNP,
and, more importantly, compares the total to the average population
risk. A GRS value equal to 1.0 represents the average population risk,
avalue <1.0 represents lower risk and a value >1.0 represents increased
PCa risk. This unique property of the GRS calculation is not affected
by the number of PCa risk SNPs that are incorporated. In comparison,
RAC and PRS will change depending on the number of risk-SNPs that
are included in the calculation, which makes it difficult to interpret the
results for an individual patient.

OPTIMAL NUMBER OF PROSTATE CANCER RISK SNPS TO
INCORPORATE

As mentioned above, the first PCa risk-associated SNPs identified
were associated with a relatively high ability to estimate an individual’s
disease susceptibility with individual estimated odd ratios ranging from
1.20 to 1.79.' With increasing sample size and better genotyping and
sequencing capabilities, more PCa risk-associated SNPs are expected
to be identified. For example, 23 novel PCa risk-associated SNPs
were discovered after evaluating 211 155 SNPs across the genome
among 25 074 PCa cases and 24 272 controls from the International
PRACTICAL Consortium."* The effect size of these SNPs on PCa
risk was relatively small compared to most prior SNPs, with ORs in
the range of 1.06-1.15. This observation could be expected, as stronger
PCa risk-associated SNPs were more likely to have been detected in
prior studies with smaller sample sizes. However, they still contribute
to the risk.

To determine whether all PCa risk-associated SNPs are required
to calculate a GRS, a genetic study of 667 patients of Chinese ancestry
was performed that compared the performance of GRS values that
included a variable number of PCa risk-associated SNPs. Based on
their results, the authors suggested that there was little value to adding
additional newly discovered SNPs into a model to predict the outcome,
a plateau effect.”” However, a recent study? raised concerns about the
possibility of risk reclassification when different numbers of SNPs
were utilized in the calculation of a GRS. To address this concern, we
calculated GRS for men enrolled in the REDUCE trial using various
numbers of PCa risk-associated SNPs (unpublished data). There were
four sequential sets of PCa risk-associated SNPs (17, 34, 51, and 68
SNPs) that were evaluated and used to calculate GRS values. GRS values
calculated using each of the four SNP sets were significantly associated
with the risk for PCa, and all had a better performance than family
history. Although there was variability in GRS values from these four
sequential sets of risk-associated SNPs, they were highly correlated.
Using a cutoff value to define higher PCa risk (e.g., GRS 21.5),
reclassification of risk categories using increasing numbers of SNPs
was observed. However, multiple GRS values from evolving SNP sets
is not a limitation for GRS; rather, having multiple GRS values for
each individual actually provides a valuable tool for refining risk for
all subjects. Risk reclassification effectively captures men with GRS
values in a gray zone (near 1.5) that are at intermediate risk, and men
who have consistently lower (<1.5) or higher (>1.5) GRS values from
multiple SNP sets are further assured of their low or high genetic risk,
respectively. Based on these results, it appears that (1) GRS values from
all currently available risk-associated SNPs should be used to stratify
PCa risk and (2) newly discovered SNPs should be used to calculate



new GRS values, and a combination of new and previous GRS values
should be considered together to further refine risk.

CLINICAL VALIDITY AND UTILITY OF GENETIC RISK
ASSESSMENT

For genetic risk assessment to be useful, it has to meet several
criteria. For example, genetic risk assessment must provide additional
information that cannot be easily captured using currently available
tools, and it must be applicable to all men. In addition, it has to
out-perform the current standard of PCa risk assessment including
advanced age, family history, and race.

Many research studies have consistently supported the use of
risk-associated SNPs to more precisely estimate PCa risk among men
in the general population.'>!>1618-2025.27.29-39 Eor example, in the largest
PCa genomics study in Caucasian men conducted in 2014, 100 PCa
risk-associated SNPs were genotyped in 43 303 prostate cancer cases,
and 43 737 controls, and a PRS was calculated for each patient.” Results
from this study showed that the top 10% of men in the highest risk
stratum have an approximately 3-fold increased risk of developing PCa
compared to the population average, and the top 1% of men have an
approximately 6-fold increase in relative risk in comparison with the
population average. In a similar study, the Prostate, Lung, Colorectal,
Ovarian (PLCO) trial, 33 risk-associated SNPs were genotyped in
1017 cases affected by prostate cancer and 1227 controls."® Results from
this study showed that for GRS score quartiles, PCa detection rates
significantly increased by quartile: 43.2%, 47.8%, 58.8%, and 69.4% in
the first, second, third, and fourth quartiles, respectively (P < 0.001).
Taken together, these studies support that SNP-based risk assessment
provides additional risk stratification that is not currently captured
by available clinical information. This is an important concept in an
era of personalized medicine because it provides an exceptionally
individualized quantitative risk assessment that can guide both
physicians and patients in clinical care.

Due to the availability of samples for analyses, the vast majority of
genetic studies in PCa conducted to date have mostly involved Caucasian
men. 220232630340 p Jight of the fact that PCa and the lethal disease affects
certain races such as African Americans at disproportionate rates,* this
has generally been viewed as a major study limitation.*> However, some
PCa genetic studies have been conducted in men of other ancestries
including African-American,” Latino,” Japanese,”° Asian-Indian,”
and Chinese.”**2>* Many of these studies conducted in non-Caucasian
ancestries have identified unique PCa risk SNPs.**” Despite these potential
race-specific differences, a recent study examining 82 PCa risk variants
in ~4800 PCa cases and ~4700 controls of African ancestry found that 83%
of variants have directionally consistent effect estimates, suggesting that
the majority of GWAS-identified loci harbor risk alleles that are common
and shared across populations.* Based on this concept, SNPs can be used
to estimate disease susceptibility in men of all races. In support of this,
Hoffmann and colleagues used risk profile scoring to assess the predictive
value of 105 known PCa risk SNPs.* The risk score that was calculated was
highly statistically significant for all four major ethnic groups evaluated
including Caucasians (P: 1.0 x 1072"*); Latino (P: 3.5 x 107'; East Asian (P:
1.0 x 10°®); and African-Americans (P: 1.1 x 107"°). When comparing
how these scores were associated with PCa detection in each ethnic
population, it was apparent that the genetic scores performed better in
Caucasians and Latino groups than African-Americans and East Asians.
The results of these studies demonstrate that there are SNP associations
with diseases that differ between men of different ancestry. Furthermore,
in a recent study by Na et al. findings demonstrated the improved ability
of GRSs that use race-specific SNPs to predict PCa compared to GRSs
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calculated from SNP sets that include SNPs that are not implicated in PCa
for an individuals race.” However, regardless of ancestry, SNPs can be
successfully incorporated into genetic scores to estimate PCa risk for men.

Genetic risk assessment has been directly compared to FH
information.'****” Most recently, the predictive performance of family
history and GRS in stratifying PCa risk was assessed in men enrolled
in the placebo arm of the Prostate Cancer Prevention Trial (PCPT).
The odds ratios of FH and GRS (as a continuous variable) for PCa
risk were 1.34 (95% CI: 1.12-1.59, P = 0.001) and 1.49 (95% CI:
1.37-1.62, P = 1.46 x 10", respectively. In men with a positive family
history, GRS was significantly associated with PCa risk, with an OR
of 1.57 (95% CI: 1.25-1.97, P = 1.18 x 107™). In men with a negative
family history, GRS was also significantly associated with PCa risk,
with an OR of 1.47 (95% CI: 1.34-1.61, P = 4.50 x 107'°). GRS values
were especially informative in men without a family history, who
represent the majority of men in the study and in general populations.
Although these men would typically be considered lower risk, and
currently may not be offered PCa screening, many of them would be
reclassified as high-risk based on their GRS values, which confers a
notably high potential PCa detection rate (Figure 1). In addition, not
all men with a positive family history had elevated risk. GRS was able
to re-classify over 20% of men as lower risk (Figure 2). This feature of
GRS is potentially very important for counseling patients in the clinic.
For example, many men who do not know their FH (e.g., adopted,
parents died at an early age, etc.) may derive benefit from GRS
information. Using GRS, these men now have a way to assess their
propensity for developing PCa. Conversely, many men with a family
history of PCa actually have a low GRS and may not have as great
of a risk of developing the disease as currently suggested by many
authoritative groups. Therefore, knowledge of GRS may ultimately
affect the frequency and manner by which men with or without an
FH of the disease undergo screening.

INCORPORATION INTO SCREENING ALGORITHMS

Guidelines that include genetic risk assessment for most diseases,
including PCa, are in their infancies. However, it is important to
begin to consider how GRS could be incorporated into screening
algorithms may improve risk stratification and focus screening on
the populations most at risk of developing PCa and lethal disease. The
Stockholm 3 (STHLM3) study was a prospective, population-based,
paired, screen-positive, diagnostic study of men without prostate
cancer aged 50-69 years randomly invited from the Swedish
Population Register.*® The study evaluated the utility of genetic risk
assessment in combination with other serum biomarkers (PSA, free
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Figure 1: Prostate cancer incidence in men without a family history of prostate
cancer by GRS. GRS: Genetic Risk Score.
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PSA, intact PSA, hK2, MSMB, MIC1), and clinical variables (age, FH,
previous prostate biopsy, prostate examination), for identifying men
with PCa. The genetic score was determined using a panel of 232
PCa risk-associated SNPS (including the 100 SNPs and additional
SNPs that were marginally associated with increased disease risk).
Multivariate analyses demonstrated that the genetic risk assessment
provided additional and independent value in identifying men at risk
of harboring PCa.

Based on the overall potential clinical utility of genetic risk
assessment, we propose a method by which GRS values can be
incorporated with other clinical variables (e.g., FH data) to determine
the age of initiation and frequency of PSA testing for men (Figure 3).
For the purposes of this hypothetical screening algorithm, a GRS
value of 21.5 is defined as a cutoff for increased genetic risk. This was
because in many clinical studies (e.g., REDUCE trial), a positive family
history was associated with an OR of 1.5-fold increased risk of PCa*
and <1.5 is defined as lower genetic risk. For men at relatively decreased
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Figure 2: Prostate cancer incidence in men with a family history of prostate
cancer by GRS. GRS: Genetic Risk Score.

risk of developing PCa (i.e., <40 years of age, GRS <1.5 and/or with
negative FH), standard care should be followed. Men at higher risk of
developing PCa (i.e., GRS 21.5 or a positive FH) should undergo PSA
testing, also in accordance with many standard recommendations.’
The uniqueness of this cancer screening plan model is the addition of
genomic information to FH information for a more comprehensive
assessment of PCa risk, which allows for more personalized PCa
screening.

CONCLUSIONS
Similar to FH, GRS is not intended for diagnostic use (i.e., identifying
which men currently harbor PCa). Rather, GRS is a tool that has
been consistently shown to aid in assessing an individual patient’s
propensity for developing PCa. In many ways, it should be
considered a quantitative FH. However, it is much more than FH
as evidenced by the fact that the positive predictive value of GRS
is significantly stronger than FH."” GRS values are particularly
informative for all men without a FH of PCa, which is the case for
the vast majority of individuals in the general population, most
of whom possess, at best, incomplete knowledge of their FH. In
addition, it is also important to determine GRS values for men
with a FH to better assess their increased or potentially decreased
risk of PCa. GRS can also be applied to all men without regard to
ancestry, although GRS values that use race-specific SNPs may have
even greater clinical utility.*®

Based on their performance in research studies, GRS values
potentially have important clinical utility in an era of personalized
medicine. By identifying individuals at heightened genetic risk based
on GRS, clinicians can more effectively assess a patient’s unique risk
of developing PCa and thereby recommend personalized, “smarter”
screening strategies. For those with increased genetic risk based on
their GRS and FH, screening can be recommended earlier and more
frequently. Similarly, for those at decreased genetic risk (e.g., low
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GRS and negative FH), screening may be potentially delayed or
less frequent.

COMPETING INTEREST
Xu filed several patent applications for risk assessment using multiple
risk-associated SNPs.
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