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REVIEW

Prostate cancer risk-associated genetic markers and their
potential clinical utility

Jianfeng Xu">>*, Jielin Sun® and $ Lilly Zheng*

Prostate cancer (PCa) is one of the most common cancers among men in Western developed countries and its incidence has increased
considerably in many other parts of the world, including China. The etiology of PCa is largely unknown but is thought to be
multifactorial, where inherited genetics plays an important role. In this article, we first briefly review results from studies of familial
aggregation and genetic susceptibility to PCa. We then recap key findings of rare and high-penetrance PCa susceptibility genes from
linkage studies in PCa families. We devote a significant portion of this article to summarizing discoveries of common and
low-penetrance PCa risk-associated single-nucleotide polymorphisms (SNPs) from genetic association studies in PCa cases and
controls, especially those from genome-wide association studies (GWASs). A strong focus of this article is to review the literature on the
potential clinical utility of these implicated genetic markers. Most of these published studies described PCa risk estimation using a
genetic score derived from multiple risk-associated SNPs and its utility in determining the need for prostate biopsy. Finally, we
comment on the newly proposed concept of genetic score; the notion is to treat it as a marker for genetic predisposition, similar to family
history, rather than a diagnostic marker to discriminate PCa patients from non-cancer patients. Available evidence to date suggests that
genetic score is an objective and better measurement of inherited risk of PCa than family history. Another unique feature of this article

is the inclusion of genetic association studies of PCa in Chinese and Japanese populations.
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INCIDENCE OF PROSTATE CANCER (PCa)

Prostate cancer (PCa) is the second most frequently diagnosed cancer and
the sixth leading cause of cancer-related death in men, with an estimated
914 000 new cases and 258 000 deaths per year globally in 2008."
Incidence and mortality rates of PCa vary considerably between different
countries and races. The highest incidence of PCa is found in Australia
and New Zealand, Northern America and Western Europe, with esti-
mated age-standardized incidence rates greater than 80 per 100 000 in
2008. In contrast, the incidence rate is about tenfold lower in Asia, with
estimated age-standardized incidence rate at less than 8 per 100 000 in
2008. However, in some Asian countries, the PCa incidence has increased
considerably in recent decades. For example, age-standardized incidence
rates increased by three- to eightfold between 1973-1977 and 1998-2002,
from 5.1 to 15, 0.8 to 6.9 and 6.7 to 21.5 per 100 000 in Hong Kong
(China), Shanghai (China) and Hiroshima (Japan), respectively.” A com-
bination of factors may contribute to the differences and temporal
changes in PCa incidence rates, including genetic factors, Western diet,
longer life expectancy and increased use of prostate-specific antigen (PSA)
tests in these Asian countries.

FAMILY HISTORY OF PCa
Evidence for an inherited component of PCa was reported as early as
1960* and was later confirmed in many retrospective case—control

studies as well as prospective studies. In case—control studies, the
proportion of positive family history of PCa among case subjects
diagnosed with the disease was compared with control subjects with-
out a diagnosis of PCa through a retrospective questionnaire. In pro-
spective studies, information on family history of PCa is collected first
for all study subjects and rate of PCa diagnosis in the follow-up period
is compared between subjects with or without family history.

In 2003, two large meta-analyses of family history based on pub-
lished studies between 1966 and 2002 family history of PCa were
published.>® Several important observations can be summarized
from these two meta-analyses. First, a positive family history was
significantly associated with increased risk for PCa, although the
estimates of relative risk (RR) vary considerably among studies and
even between the two meta-analyses. The RR of positive family
history for PCa was estimated to be 2.50 (95% confidence interval
(CI): 2.2-2.8) in one meta—analysis5 and 1.93 (95% CI: 1.65-2.26)
in another meta—analysis.6 Second, the RR for PCa is higher in men
with a positive family history in first-degree relatives (father, bro-
thers and sons) than that in the second-degree relatives; these RRs
were 2.22 (95% CI: 2.06-2.40) and 1.88 (95% CI: 1.54-2.30),
respectively.® Third, the RR for PCa is higher in men with affected
brothers (RR=2.87; 95% CI: 2.21-3.73) than an affected father
(RR=2.12; 95% CI: 1.82-2.51).° Fourth, the RR for PCa is highest
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in men whose relatives were diagnosed with the disease before age
of 60 years and the RR decreased with age.

After the two meta-analyses in 2003, additional large prospective
studies were published. These studies all confirmed positive family
history as a risk factor for PCa; however, the estimated RRs were
generally lower, and again showed substantial interstudy differences;
the RR was 1.31 in the placebo group of the Prostate Cancer
Prevention Trial,” 1.47 in the placebo group of the Reduction by
Dutasteride of Prostate Cancer Events (REDUCE) trial,® 1.83 in the
Health Professionals Follow-up Study’ and 1.91 in the a-tocopherol,
B-carotene Cancer Prevention Study.'® Several factors may have con-
tributed to the different risk estimates of family history for PCa among
studies. The methods (first-degree relatives or extended families) and
survey instruments may have affected the results. Recall bias may
contribute to higher estimates of RR in retrospective studies than
prospective studies. PCa patients are more likely than controls to share
and seek information about PCa among their relatives, and thus are
more likely to report a positive family history. In prospective studies,
recall bias does not exist because family history information is col-
lected for each subject at baseline. Differential levels of PCa detection
among men with or without family history may also contribute to
higher estimates of RR, leading to diagnostic bias. Men who have a
positive family history are more likely to undergo PCa screening and
thus are more likely to be diagnosed with PCa. Diagnostic bias is less of
concern in clinical trials (Prostate Cancer Prevention Trial and
REDUCE) because all men undergo prostate biopsy regardless of their
clinical presentations such as positive family history. Lastly, the short
follow-up time of most cohort studies may contribute to lower Odds
Ratio (OR) estimates. For example, the study subjects in the REDUCE
study were followed only 4 years for the detection of PCa. The effect of
family history on PCa risk would presumably be more prominent if
subjects are followed for a longer time. The key findings from studies
of family history of PCa are summarized in Box 1.

TWIN STUDIES OF PCa

Because both shared genetics and household environment among
relatives may contribute to the observed association of positive family
history and PCa risk, other types of studies are needed to dissect these
two confounding factors. Twin studies provide an excellent study
design to disentangle the relative importance of environmental and
genetic influences. By comparing the concordance rate of PCa between
monozygotic (MZ) twins and dizygotic (DZ) twins, heritability (W), a
measure of the proportion of observable differences in a trait between
individuals within a population that is due to genetic differences can
be estimated. An #* of 1 indicates that the trait is completely influenced
by genetic factors while an 4 of 0 indicates that the trait is completely
influenced by environmental factors.

The first reports of PCa twin studies came from two groups at the
same time in 1997. In a cohort of 31 848 twin pairs from the World
War II veteran twin study, Page and colleagues'' found that the con-
cordance rate of PCa was significantly higher in MZ twins (27.1%)
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than in DZ twins (7.1%), with an estimated #* of 0.57. In a cohort of
10 503 twin pairs from the Swedish Twin Registry, Ahlbom and
colleagues'? found PCa concordance rates of 20% and 4% in MZ
and DZ twins, respectively, with an estimated 1 of 0.36. Since then,
several additional twin studies of PCa were reported, and all found
higher concordance rate of PCa in MZ twins than DZ twins.'>'* The
most well-known twin study was 44 788 twin pairs from Sweden,
Danish and Finnish twin registries.'> The concordance rates of PCa
were 21% and 6% in MZ twins and DZ twins, respectively, and the
estimated #* of PCa was 0.42, the highest among all common types of
cancer.

SEGREGATION ANALYSIS OF PCa

Segregation analysis is a study design to further infer the mode of
inheritance of a disease, i.e., whether it is polygenic (many genes with
each contributing a small effect), monogenic (single gene with a do-
minant or recessive effect) or non-genetic. Segregation analysis is carried
out by first identifying probands (index cases) and then systematically
evaluating the disease status of their family members. The mode of
inheritance is inferred by comparing concordance of a disease among
different degrees of relatives and spouses. Results of segregation analysis
provide the rationale and model for linkage analysis for identification of
chromosomal locations of major susceptibility genes.

The first segregation analysis of PCa was reported in 1991 from 691
PCa families recruited at Johns Hopkins Hospital and a rare auto-
somal dominant gene was the best model to explain the clustering of
PCa in these families.'® Since then, ~10 segregation analyses of PCa
were published.'” > Although various results were reported in these
studies, they generally suggested that the mode of inheritance of PCais a
mix of polygenic inheritance with several rare autosomal dominant or
recessive genes. These findings are now corroborated by the discovery
of more than 50 common low-penetrance PCa risk-associated single-
nucleotide polymorphisms (SNPs) (i.e., polygenic) and several rare
high-penetrance PCa susceptibility genes (major gene), as described
in detail below.

RARE AND HIGH-PENETRANCE PCa SUSCEPTIBILITY GENES
Linkage studies are used to identify chromosomal regions harboring
major PCa susceptibility genes in families with multiple affected
patients. Polymorphic markers (microsatellite repeats or SNPs) across
the genome are genotyped in family members and their cosegregation
(linkage) with the disease is tested using an logarithm (base 10) of odds
(LOD) score. An LOD score over 3 is typically considered as evidence
that the linkage is statistically significant. After a chromosomal region
is identified, fine mapping and sequencing methods are used to pin-
point susceptibility genes.

The first genome-wide linkage analysis of PCa was reported in 1996;
chromosome 1q24, named as HPCI, was implicated to harbor a PCa
susceptibility gene based on 91 PCa families ascertained at Johns
Hopkins Hospital and Sweden.?® A gene in this region, RNASEL,
was later identified as a PCa susceptibility gene in February of 2002

« A positive family history is significantly associated with increased risk for PCa

* The estimated relative risk (RR) for PCa varied among studies, and is typically over-estimated in case-control studies

« RR for PCa estimated from two larger cohorts were 1.31 and 1.47, respectively’®

* The RR for PCa is higher in men with a positive family history in first-degree relatives than that in the second-degree relatives
* The RR for PCa is higher in men with affected brothers than an affected father

* The relative risk for PCa is highest in men whose relatives were diagnosed with the disease before age 60 years.

Box 1 Family history of PCa. PCa, prostate cancer.
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using a combination of fine mapping and direct sequencing.”” The
first reported PCa susceptibility gene was ELAC2 in February of 2001,
identified from positional cloning and mutation screening of 17p, a
chromosomal region that was implicated in a genome-wide linkage
analysis of several large PCa families from Utah.*® The third PCa
susceptibility gene, MSRI, was discovered in October of 2002 after
fine mapping and direct sequencing of a linkage region at 8p22—
23.2° The molecular mechanisms of these three candidate PCa sus-
ceptibility genes are largely unknown and confirmations of these genes
in other series of PCa families are inconsistent.

In addition to these three linkage regions, multiple chromosomal
regions have been suggested to harbor PCa susceptibility genes from
multiple genome-wide linkage analyses in PCa families ascertained in
North America, Europe and Australia.>** Notably, the International
Consortium for Prostate Cancer Genetics (ICPCG) was formed in
1996 to coordinate efforts among investigators across the world for
identifying PCa susceptibility genes. To date, more than 2000 families
with at least two men affected with PCa have been recruited by mem-
bers of ICPCG. Combined genome-wide linkage analyses by ICPCG
has led to the identification of multiple chromosomal regions harbor-
ing PCa genes.*~>° However, because linkage analysis is susceptible to
several confounders of complex diseases such as genetic heterogeneity
within and between families, phenocopy (i.e., PCa is caused other than
genetic alterations) and incomplete penetrance, they are prone to
false-positive and false-negative findings. As a result, few of the
reported PCa linkage regions and suggested genes within these regions
could be consistently replicated.

A rare success was the recent identification of PCa susceptibility
gene, HOXB13.>" To identify PCa susceptibility genes within a pre-
viously implicated linkage region at 17q21-22, more than 200 genes in
the targeted region were evaluated by next-generation sequencing in 94
probands selected from families linked to the region. Probands from
four families were discovered to have a rare but recurrent mutation
(G84E) in HOXBI3 (rs138213197), a homeobox transcription factor
gene that is important in prostate development. All 18 men with PCa
and available DNA in these four families carried the mutation. In
addition, the carrier rate of the G84E mutation was increased by a
factor of approximately 20 in 5083 unrelated PCa patients of
European descent, with the mutation found in 72 subjects (1.4%), as
compared with one in 1401 control subjects (0.1%) (P=8.5X10"").
The mutation was significantly more common in men with early-
onset, familial PCa (3.1%) than in those with late-onset, non-familial
PCa (0.6%) (P=2.0X10"°).

Strikingly, within a year since the initial discovery, 10 studies
investigating HOXBI3 in PCa families and population-based case—
control subjects of European descent were published and all confirmed
the finding,>*>™®' These studies continued to reveal characteristics of
the G84E mutation of HOXB13: (i) it is likely a founder mutation that
originated in Nordic countries;>**%°%%1 (ii) its carrier frequency was at

~5% among 2443 PCa families of the ICPCG; (iii) mutation carriers
transmit the mutation to affected offspring significantly more than the
chance of 50%;>® (iv) its frequency was significantly higher in PCa
patients than unaffected men in the general population, with the RR
for PCa estimated between 3.3 and 20.1 among various studies; 76!
(v) its frequency was particularly high among PCa patients with an
early age at diagnosis or with a positive family history and was highest
if they have both of these characteristics;” %! and (vi) the asso-
ciation with pathological features of PCa remains to be demonstrated.
In addition, HOXB13 was also found to increase PCa risk in the
Chinese population.®> By sequencing this gene in 96 unrelated PCa
patients from the Chinese Consortium for Prostate Cancer Genetics
(ChinaPCa), a different mutation in the HOXBI13 gene (G135E) was
found. Further evaluation of this novel mutation found that it was
seen five times in 1422 PCa patients but never in 1536 unaffected
controls from the ChinaPCa. The key findings from studies of rare
and high-penetrance PCa susceptibility are summarized in Box 2.

COMMON AND LOW-PENETRANCE RISK-ASSOCIATED SNPS
Different from linkage analysis which is designed to identify rare and
high-penetrance genes in families with multiple affected members,
genetic association studies are designed to identify common and
low-penetrance genes by comparing the allele/genotype frequencies
of genetic markers (typically SNPs) between cases and controls from
the general population. Although genetic association studies remain
susceptible to confounders of complex diseases such as heterogeneity,
phenocopy and incomplete penetrance, the impact of such confoun-
ders on results is relatively smaller compared to linkage analysis.
Among many challenges faced in genetic association studies, the
selection of SNPs and criteria for claiming statistically significant
SNPs are particularly worth noting. In the late 1990s and early
2000s, genetic association studies of PCa and other complex diseases
were hypothesis-driven and relied on SNPs in candidate genes and
pathway genes. While such genes may be biologically plausible,
sequence variants with functional impact related to PCa development
may not necessarily exist in these genes. The other major problem for
candidate or pathway approaches was the liberal criteria used for
judging statistical significance.®> A P<0.05 or a P-value cutoff based
on a Bonferroni correction was typically used for claiming significance
because few tests were performed. However, false positives remained a
serious problem because multiple such studies were performed and
studies showing significant findings were more likely to be published.
Confirmation in multiple independent studies is an effective tool to
guard against such false positives, but it was not widely adopted during
that period. As a result of these challenges, few association findings
from candidate and pathway genes have been consistently replicated.
Similar to the candidate gene approach, genetic association studies
have also been performed to target chromosomal regions implicated by
linkage analysis. Again, few consistent associations were found, likely

at 17p®® , MSR1 at 8p22-23%°

* Rare and high penetrance PCa susceptibility genes have traditionally been identified by first locating their
chromosomal locations through a linkage analysis in families, followed by fine mapping and sequencing.
» Several putative PCa susceptibility genes have been reported, including RNASEL at 1924 (HPCA1 )26'27 , ELAC2

» Confirmation results of these PCa susceptibility genes have been inconsistent
» HOXB13 is the most recently discovered rare and high penetrance PCa susceptibility gene.
Carriers of the mutation G84E have significantly increased risk for PCa®'.
» HOXB13 is consistently replicated in all published studies, with an estimated RR for PCa between 3.3 and 20.1.
+ A different mutation, G135E, of HOXB13 was associated with PCa risk in Chinese®2.

Box 2 Rare and high-penetrance PCa susceptibility genes. PCa, prostate cancer.
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due to poorly defined linkage regions and multiple testing. One success
was the PCa association at 8q24 reported by the deCODE genetics.** In
this seminal study, Amundadottir and colleagues®* first identified a
PCa linkage at 8q24 from a genome-wide linkage analysis in 323
PCa families in Iceland. They then genotyped hundreds of genetic
markers in a 10-Mb interval at the region among 869 unrelated PCa
cases and 596 unaffected controls and identified an association signal.
After further fine mapping of this region in additional cases and con-
trols from Iceland, they established a statistical association of PCa risk
with markers at 8q24; the strongest PCa associated SNP was rs1447295,
with an RR for PCa estimated at 1.72 (P=1.7X10"°). This association
was also confirmed in additional case—control populations from
Sweden and the United States (both Caucasians and African
Americans). Impressively, the PCa association at 8q24 was confirmed
in almost all published studies, making it the first and most consistent
PCa risk-associated SNP.

With the development of high-throughput and low-cost genotyping
arrays, it became feasible to systematically screen hundreds and thou-
sands of SNPs in the genome for their association with disease risk,
without a need to limit to specific genes and regions. The identification
of a genetic association for age-related macular degeneration by a
genome-wide association study (GWAS) in 2005 provided the first
empirical evidence that this approach could be successful.®> This
agnostic approach is scientifically sound because it requires a simple
assumption that can most likely hold: that inherited variants some-
where in the genome may account for genetic susceptibility to a disease.
In addition, much more stringent criteria are required to declare stat-
istical significance, in part forced by the large number of tests involved
in GWAS. For example, a P-value cutoff of 510 % is typically required
for a study-wise type I error of 0.05 to account for ~1 million tests
performed in GWAS (0.05/1 000 000). Furthermore, confirmation in
independent study populations is also required for GWAS. As a result,
thousands of SNPs have been identified to be consistently associated
with risk for many complex diseases since 2005, including PCa (http://
www.genome.gov/gwastudies/). Interestingly, many of these SNPs are
not located in apparent candidate genes or pathways, and some are not
within genes.®® These findings not only provide novel insight to disease
etiology but also explain in part the failure of candidate gene association
studies.

The first two GWASs of PCa were reported in May 2007.°*°® By
systematically evaluating 550 000 SNPs across the genome in 1172
cases and 1157 controls of European origin nested from the Cancer
Genetic Markers of Susceptibility, Yeager and colleagues®” confirmed
the PCa association with rs1447295 and identified another indepen-
dent association at 8q24 (rs6983267), ~70 Kb centromeric to
rs1447295. By combining their results with four additional studies
with a total of 4296 cases and 4299 controls, the association was highly
significant (P=9.42X10""'%). The estimated RRs were 1.26 and 1.58
for heterozygous and homozygous carriers, respectively. At the same
time, the deCODE genetics reported a PCa GWAS in 1453 PCa
patients and 3064 controls from Iceland.®® Again, in addition to con-
firming the PCa association of rs1447295, they identified yet another
new PCa association at 8q24 (rs16901979), ~360 Kb from rs1447295
and ~288 Kb from rs6983267. The association was confirmed in three
additional Caucasian populations from Spain, the Netherlands and
the United States, with a combined P-value of 1.1X10'2. The esti-
mated RR was 1.79. Interestingly, this association was also confirmed
in an African-American population (RR=1.34; P=0.005).

Shortly after these two PCa GWASs, multiple PCa associations were
reported from GWAS, including two independent loci at 17q12 and
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17q24 by Gudmundsson et al.®® in August 2007, one locus at 933 by

Duggan et al”® in December 2007, four novel loci at 7p15, 10qll,
10g26 and 11q13 by Thomas et al.”" in March 2008, five novel loci
at 3pl2, 6q25, 7q21, 19q13 and Xp11 by Eeles et al.”* in March 2008
and two novel loci at 2p15 and Xpll by Gudmundsson et al.”® in
March 2008. In October 2009, more PCa risk-associated SNPs in the
genome were reported from PCa GWAS, including additional novel
loci at 8q24 by Al Olama et al.”* and by Yeager et al.,”” seven novel loci
at 2p21, 2q31, 4922, 4q24, 8p21, 11p15 and 22q13 by Eeles et al.”® and
three new loci at 3q21, 8q24 and 19q13 by Gudmundsson et al.”’ In
2011, several additional PCa risk-associated SNPs were reported,
including two new loci at 237 and 12q13 by Schumacher et al.”®
and seven loci by Kote-Jarai et al”® of the Prostate Cancer
Association Group to Investigate Cancer Associated Alterations in
the Genome (PRACTICAL) Consortium.

Novel PCa risk associations have also been found in other races and
ethnicities. Haiman and colleagues searched 1 047 986 SNPs across the
genome in 3425 PCa cases and 3290 controls that were African
Americans.®?® Only the 8q24 region exceeded genome-wide signifi-
cance level in the discovery stage. However, by following up suggestive
regions across the genome among additional 1842 cases and 3265
controls that were African Americans, they identified a novel PCa
association at 17q21. The most significant SNP at the region was
rs7210100, with an RR for PCa estimated at 1.51 (P=3.4X10""%).
The frequency of the risk allele is ~5% in men of African descent,
but is rare in other populations (<1%). Multiple PCa associations
were also found in a Japanese population.®*? In 2010, by evaluating
about half a million SNPs across the genome in 1583 cases and 3386
controls that were Japanese, Takata and colleagues®' found eight inde-
pendent associations with PCa in the first stage of GWAS, including
six previously implicated associations in Caucasians (two at 8q24,
3p12, 8p21, 10qll and 17ql12) and two novel associations at 5p15
and 6q22. In addition, by following additional promising SNPs in
the second stage with 3001 more cases and 5415 more controls, they
found three more novel PCa associations (2p24, 6p21 and 13q22).Ina
second report in 2012, Akamatsu and colleagues®® identified three
additional PCa associations at 11q12, 10926, and 3p11 after following
more promising SNPs from the same Japanese PCa GWAS in a larger
study.

Most recently, a PCa GWAS in a Chinese population was reported.®®
By performing a PCa GWAS in 1497 cases and 1008 controls, Xu
and colleagues observed one region (8q24) in the genome that
exceeded genome-wide significance level. Suggestive evidence for
PCa associations was also found for eight loci previously implicated
in European populations and four loci previously implicated in the
Japanese population (P<<0.05). In addition, by following up addi-
tional promising SNPs in independent Chinese study subjects (2987
PCa cases and 7926 controls), they found two novel PCa associations
at chromosomes 9q31.2 (rs817826, P=545%10"'*) and 19q13.4
(rs103294, P=5.34><10_16). The rs103294 marker at 19q13.4 is in
strong linkage equilibrium with a 6.7-kb germline deletion that
removes the first six of seven exons in LILRA3, a gene-regulating
inflammatory response.

To date, more than 50 PCa risk-associated SNPs have been consis-
tently associated with PCa risk in Caucasians, African Americans,
Japanese and Chinese from GWAS and fine mapping of implicated
regions®*®’ (Supplementary Table 1), more than any other type of
cancer. Several observations may be summarized from these findings.
First, most of these associations can be consistently replicated in inde-
pendent study populations. Second, few of these associations were in
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well-known PCa candidate genes and pathways, and many are in
inter-genic regions (Supplementary Table 2). This observation
reveals our currently limited knowledge on PCa etiology and demon-
strates the advantage of a systematic genome-wide approach. Third,
while several genetic variants confer PCa risk in multiple races, some
PCa associations are race specific. Fourth, most of these variants are
common in general populations but confer modest risk to PCa, with
RR typically between 1.1 and 1.2, although a few of them have RR over
1.50. However, when these SNPs were considered together, they con-
fer stronger risk to PCa®*® (see below). The key findings from studies
of common and low-penetrance risk-associated SNPs are summarized
in Box 3.

PCa RISK ASSESSMENT USING SNPS

The discovery of more than 50 PCa risk-associated SNPs from GWAS
in the past 7 years was a major accomplishment in understanding PCa
etiology, especially considering that only three risk factors (age, race
and family history) were established for PCa prior to GWAS. These
findings provide new targets and directions for biological studies to
understand the well-observed genetic susceptibility to PCa. These PCa
risk-associated SNPs may also have potential utility in the screening,
diagnosis, prevention and treatment of PCa.

One of the obvious applications of PCa risk-associated SNPs is
for identifying men with higher risk for PCa. In 2008, Zheng and
colleagues®® examined the cumulative effect of the first five PCa
risk-associated SNPs on PCa risk and demonstrated that increasing
number of PCa risk-associated alleles was significantly associated with
increasing PCa risk in a Swedish population-based case—control study
(P=3.93X10"% for a trend test). In men who had any five or more of
genetic risk factors (five risk genotypes and positive family history),
the RR for PCa was 9.46 (P=1.29%X10"%), as compared to men with-
out any of the factors. Later in 2009, the same group provided further
evidence for the cumulative effect in a new study.® The methods used
in this study differed from the previous one in three major aspects.
First, the number of SNPs was increased from five to 14 PCa risk-
associated SNPs. Second, in addition to the Swedish case—control
population, the study included another nested case—control study
population from the Prostate, Lung, Colon and Ovarian (PLCO)
Cancer Screening Trial in the United States Third, an absolute risk
was calculated for easier interpretation by physicians and patients.
Considering men with 11 risk alleles (average in general population)
and negative family history as having baseline risk, men who had 14 or
more risk alleles and positive family history had ORs of 4.92 and 3.88
for PCa in the Swedish and US study, respectively. Once a man’s SNP
genotypes and family history are known, his absolute risk for PCa can
be readily calculated and easily interpreted. For example, 55-year-old
men with a positive family history and 14 or more risk alleles have 52%
and 41% risks of being diagnosed with PCa in the next 20 years in the
Swedish and US populations, respectively. In comparison, without

knowledge of genotype and family history, these men had an average
population absolute risk of 13%.

Several additional studies evaluated the cumulative effect of
PCa risk-associated SNPs on PCa risk.”>®* Salina et al.” replicated
the cumulative effect of the five SNPs in a US population
(P=1.5X10"2°). They observed an improved, but not statistically
significant, area under the curve (AUC) of a receiver operating cha-
racteristic (ROC) in discriminating cases from controls using a model
with these five SNPs. The AUCs were 0.63 and 0.66, respectively, for a
model with previously known risk factors only (age, serum PSA and
family history) and a model adding five SNPs. Kote-Jarai et al.”' eva-
luated 15 PCa risk-associated SNPs in a large PRACTICAL consor-
tium with 7370 cases and 5742 controls and found a strong cumulative
effect of these SNPs on PCa risk. Men in the top 10% of the risk
distribution based on these 15 SNPs had a 2.1-fold increased risk
relative to general population rates. Lindstrom et al.’® evaluated 25
PCa risk-associated SNPs in 7509 prostate cancer cases and 7652 con-
trols within the National Cancer Institute Breast and Prostate Cancer
Cohort Consortium (BPC3). Compared with men in the lowest tenth
percentile of a simple count of risk alleles, men in the highest tenth
percentile had more than a fivefold risk of developing PCa. The abso-
lute 10-year risk for 50-year-old men with a family history ranged from
1.6% (tenth percentile of genetic risk) to 6.7% (ninetieth percentile of
genetic risk). For men without a family history, the risk ranged from
0.8% (tenth percentile) to 3.4% (ninetieth percentile). They also com-
pared the discriminative performance of three models: (i) age and
family history; (ii) age and SNPs and (iii) age, family history and
SNPs. They found that model 2 was significantly better than model
1, and model 3 was similar to model 2, suggesting that SNPs had a
better discriminative performance than family history, especially in
men with age younger than 60 years. Klein et al’* compared the
discriminative performance of SNPs and PSA in 943 men diagnosed
with PCa and 2829 matched controls in the Malmo Diet and Cancer
cohort from Sweden. They found the AUC of SNPs alone for discri-
minating PCa was 0.57. However, the AUC was significantly lower
than that of PSA alone (0.79).

The cumulative effect of PCa risk-associated SNPs on PCa risk was
also seen in Japanese and Chinese populations.”*® Akamatsu et al.”
evaluated 16 SNPs that were significantly associated with PC risk
among three Japanese study populations, including a population of
689 cases and 749 male controls for model generation, and two popu-
lations comprising 3294 cases and 6281 controls for model validation.
The model with these SNPs had AUCs of 0.68, 0.66 and 0.66, respect-
ively, for discriminating PCa cases and controls in these three popula-
tions. They also showed that the AUC of the genetic model was similar
regardless of PSA levels. In a Chinese study, Zheng et al.”® evaluated 33
PCa risk-associated SNPs implicated in populations of European des-
cent among 1108 PCa cases and 1525 controls of ChinaPCa. They
found that genetic score based on these SNPs was significantly higher

They are consistently replicated in almost all studies

* Genome-wide association studies (GWAS) are commonly used to identify common and low-penetrance single nucleotide
polymorphisms (SNPs) in the genome that are associated with disease risk

* More than 50 SNPs in the genome have been reported to be associated with PCa risk

» These PCa risk-associated SNPs have several important characteristics:

They are not within typical candidate genes, and many of them are located between genes

Risk alleles are common in the general population, typically having frequencies of 5% or higher
Each SNP is modestly associated with PCa risk individually, with RR typically between 1.1 and 1.5
Their effect on PCa is additive, with a stronger cumulative RR to PCa

Box 3 Common and low-penetrance risk-associated SNPs. SNP, single-nucleotide polymorphism.
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for cases than controls (P=5.91X10"2°), and was significantly asso-

ciated with risk of PCa in a dose-dependent manner (P for trend:
478107 '®). The AUC of the genetic model in discriminating cases
and controls was 0.60. When only SNPs that were implicated in the
Chinese population were used, the AUC was slightly increased to 0.62.

CLINICAL UTILITY FOR PROSTATE BIOPSY

Risk assessment is critical to differentiate individual risk for PCa for
personalized medicine. PCa risk-associated SNPs could be added to
existing predictors to improve performance of risk assessment. While
its utility may include targeted PSA screening, chemoprevention, dia-
gnosis and treatment, most studies published to date reported the
utility genomic risk assessment in prostate biopsy.”>*”~*° Currently,
age, family history, PSA levels, prostate volumes and other clinical
variables are used by urologists to determine the need for prostate
biopsy for detection of PCa. However, only about 30%—40% men
who meet the indications for biopsy are positive for PCa. To assess
whether PCa risk-associated SNPs can be used to better stratify
patients’ risk for a positive biopsy, Aly et al.”’ evaluated 35 implicated
PCa risk-associated SNPs in 5241 men who underwent a prostate
biopsy in Stockholm, Sweden, during 2005 to 2007. When comparing
an existing clinical model based on age, PSA, free-to-total PSA and
family history, adding SNPs could significantly reduce the number of
biopsy needed for detecting the same number of PCa patients. For
example, 22.7% biopsies could be avoided in this cohort at a cost of
missing a PCa diagnosis in 3% of patients characterized as having an
aggressive disease. In another study, Kader et al.”® compared the per-
formance of 33 PCa risk-associated SNPs with existing clinical para-
meters in predicting positive prostate biopsy rate in the REDUCE trial.
All men in the trial had an initial negative prostate biopsy and under-
went study-mandated biopsies at years 2 and 4.'° PCa risk can be
estimated and ranked for each patient based on the best clinical model
only and the combined clinical and genetic model (with 33 SNPs). For
the clinical model only, the positive biopsy rates during the 4-year
follow-up were 17%, 23% and 37%, respectively for patients with
the lowest (first quartile), intermediate and highest (fourth quartile)
risk. In contrast, the positive biopsy rates during the 4-year follow-up
were 14%, 22% and 42%, respectively for patients with the lowest,
intermediate and highest risk based on the combined clinical and
genetic model. Adding SNPs to the best clinical model reclassified
PCa risk in 33% of men, and the reclassified risk had a significantly
better correlation to biopsy outcomes. Importantly, they found that
the benefit of adding the SNPs was greatest among men at intermedi-
ate clinical risk (twenty-fifth percentile to seventy-fifth percentile). In
addition, the AUC for discriminating prostate biopsy increased from
0.62 using the best clinical model to 0.66 using the combined clinical
and genetic model. Similar benefit of adding PCa risk-associated SNPs
for predicting biopsy outcomes was also reported in a Japanese
study.”

The clinical utility of genetic risk assessment for targeted prostate
biopsy was also reported in the Chinese population. PCa risk-asso-
ciated SNPs in Chinese have been evaluated for SNPs initially disco-
vered in Caucasians'®' and Japanese.'”* A PCa GWAS in the Chinese
population also revealed two novel PCa-risk associated SNPs.*> A
comprehensive evaluation of all 53 reported PCa risk-associated
SNPs reported by the end of 2012 among 1922 PCa cases and 2175
controls selected from the ChinaPCa found evidence for association
in the Chinese population at P<<0.05.'"®> Based on this information,
Jiang et al.”® performed a study to assess the clinical utility of these
24 PCa risk-associated SNPs for differentiating PCa risk in a biopsy
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cohort in Shanghai, China. Among 308 patients that underwent pro-
state biopsy at Huashan Hospital between April 2011 and August
2012, 141 (45.8%) were diagnosed with PCa. Genetic score calculated
based on these 24 SNPs was significantly higher in patients with PCa
(median=1.30) than without (median=0.89) (P=3.81X10"°%). The
difference remained significant after adjusting for age and total PSA
(P=0.007). The PCa detection rate increased with increasing genetic
score; 26.3%, 43.2% and 60.0% for men with lower (<0.5), average
(0.5-1.5) and higher (>1.5) genetic score, respectively (P-trend=0.0003).
For patients with moderately elevated PSA levels (1.6-20 ng ml™"), the
PCa detection rate was 31.2% overall and were 16.7%, 31.2% and 40.9%
for men with lower (<0.5), average (0.5-1.5) and higher (>1.5) genetic
score, respectively (P-trend=0.03). For patients with PSA >20 ng ml™},
however, the PCa detection rates were high (>69%) regardless of genetic
score. They concluded that a genetic score based on PCa risk-associated
SNPs is an independent predictor of prostate biopsy outcomes in Chinese
men and may be helpful to determine the need for prostate biopsy among
patients within a ‘gray zone’ of PCa risk.

DIVERGENT VIEWS ON CLINICAL UTILITY OF PCa
RISK-ASSOCIATED SNPS

Despite consistent results in almost all published studies dem-
onstrating that genetic score based on PCa risk-associated SNPs
is a strong risk factor for PCa and predicts PCa independent of
existing variables such age, family history and PSA levels,***’
there is resistance for the genetic testing and its clinical use among
physicians and researchers. Most of the reservations center on the
issues related to small improvement of genetic score in AUC for
discriminating PCa cases and controls. Other concerns are related
to the ability to properly interpret results by physicians and
patients, potential anxiety caused by the genetic testing among
patients and their family members, cost and time for performing
genetic testing, as well as other ethical, legal and social implica-
tions.'® While acknowledging that the improvement of AUC was
small in absolute terms (for example, it increased from 0.62 to
0.66 after adding 33 SNPs in the REDUCE study’®'®), the
increase was considerable in relative terms, a 33% improvement
((0.66—0.62)/(0.62—0.50)). The rather large difference between
absolute and relative benefit reflects the poor ability of the current
clinical approach to predict prostate biopsy outcome. For complex
diseases such as PCa, many factors, including PCa risk-associated
SNPs, may contribute to its development. The usefulness of a
novel predictor should be judged by comparative effectiveness,
i.e., whether it improves over existing clinical practice. This is
particularly true if a new biomarker is easy to measure, non-invas-
ive and has a low cost. For the 33 PCa risk-associated SNPs, they
can be measured in a panel from blood or saliva samples at a cost
similar to a PSA test.

More importantly, it is worth noting that genetic score calculated
from PCa risk-associated SNPs is a predictive marker. Genetic score
is not intended to be used as a diagnostic marker for discriminating
PCa patients vs. non-patients. Rather, genetic score should be used
as a measurement for genetic susceptibility, similar to family his-
tory. When genetic score is used for identifying high-risk subjects
for targeted PSA screening, its performance should be compared to
age and family history, and AUC is not the most appropriate mea-
surement for assessing its performance. For the purpose of iden-
tifying high-risk subjects for targeted biopsy, the performance of
genetic score can be evaluated in comparison with other existing
clinical variables.
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» Men that have inherited a greater number of risk alleles from PCa risk-associated SNPs have increased risk for PCa
* This observation is consistently found in almost all reported studies
» Genetic score, calculated based on multiple PCa risk-associated SNPs and weighted by the RR of risk alleles,
is a simple measurement of inherited risk; a genetic score of 1 represents average inherited risk for PCa
in the general population, and genetic score greater than 1 indicates elevated genetic risk
* Genetic score, like family history, is a marker for assessment of genetic risk, not for diagnosis of PCa
» Risk assessment using genetic score can be used to predict the outcome of prostate biopsy, independent of
other clinical and demographic parameters; men with higher genetic score have higher detection rate of PCa
+ Area under the curve (AUC) of the receiver operating characteristic (ROC), a commonly used statistic for diagnostic
markers, is not suitable to assess the performance of genetic score and family history
* Neither genetic score nor family history differentiate genetic risk to indolent versus aggressive PCa

Box 4 PCa risk assessment using SNPs and potential clinical utility. PCa, prostate cancer; SNP, single-nucleotide polymorphism.

GENETIC SCORE SHOULD BE USED TO MEASURE GENETIC
SUSCEPTIBILITY TO PCa, SIMILAR TO FAMILY HISTORY

Both family history and genetic score are measures of genetic suscep-
tibility to PCa. An advantage of family history is that the information
can be obtained without a laboratory test. However, rather than pro-
viding a direct measurement of the patient’s inherited risk, family
history captures PCa information of their relatives. Consequently,
family history is influenced by family size, age and survival status of
male relatives, recall ability, family communication and prevalence of
the disease in various populations. The fact that brothers are estimated
to have exactly the same inherited risk for PCa based on family history
highlights its limitation because they actually share only 50% of their
genetic makeup on average. Genetic score requires a genetic test and
can be calculated based on genotypes of multiple PCa risk-associated
SNPs, weighted by their RR to PCa. A genetic score of 1.0 indicates an
average risk in the general population. Because genetic score is a con-
tinuous variable, it offers better resolution to distinguish genetic risk,
for example, about 50%, 8% and 2% of the US population have a
genetic risk that is one-, two- and threefold higher than the average
risk in the general population based on a genetic score calculated from
33 PCa risk-associated SNPs.”® To comprehensively compare the per-
formance of these two measurements, Sun and colleagues106 per-
formed a head-to-head comparison of these two measurements in
five study populations. They found that genetic score outperforms
family history in objectiveness, precision and discriminative ability.
For objectiveness, they found that the proportion of men with a po-
sitive family history of PCa differed considerably among these five
study populations, while mean genetic score was similar. For example,
among three geographic regions from the REDUCE trial, the propor-
tion of positive family history was significantly different; 4.2%, 10.9%
and 22.8% in Eastern Europe, Western Europe and North America,
respectively (P<<0.001). These large differences were found even
though the same protocol was used to obtain family history informa-
tion. In contrast, the mean genetic score was similar among different
geographic regions within the REDUCE study (from 0.95 to 0.97,
P=0.88). For the precision of measuring association, they found the
RR for PCa differed significantly among studies for family history but
was similar for genetic score. For example, the RRs of family history for
PCa were 1.20, 1.53 and 1.91 in North America, Eastern Europe and
Western Europe, respectively within the REDUCE trial. In contrast,
the RR estimates of genetic score for PCa were similar among these five
study populations, from 1.69 to 1.82. For discriminative performance,
they found the AUC of genetic score (0.58-0.62) for discriminating
cases vs. controls was significantly higher than family history (0.51-
0.55) in each of these five study populations (P<<0.05). This last obser-
vation was also found in other studies comparing these two vari-
ables.”>” Based on these pieces of evidence, we would argue that if
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family history is accepted and used by urologists and primary care
physicians to assess an individual’s risk for PCa, genetic score should
be also be used to improve assessment of inherited risk for PCa.

Another major advantage of genetic score over family history is in
populations where PCa incidence was historically low. Positive family
history of PCa in these geographic regions and countries such as China
is extremely low and almost uninformative. Genetic score, on the
other hand, does not depend on PCa incidence and is the only effective
measurement of genetic susceptibility to PCa.*® The key findings from
studies of PCa risk assessment using SNPs and potential clinical utility
are summarized in Box 4.

FUTURE DIRECTIONS

Although excellent progress has been made in delineating the genetic
basis of PCa, more genetic studies are needed to better understand the
genetic susceptibility to PCa, especially aggressive types of PCa. To
date, few genetic markers have been identified that can consistently
distinguish indolent vs. aggressive PCa risk. Such genetic markers
would be extremely important to address the current debate on over-
diagnosis and overtreatment of PCa.

Great efforts are currently underway to identify rare and high-
penetrance mutations using Exome SNP arrays that contain more than
250 000 known mutations across the genome. In addition, ultimate
association studies using whole-genome sequencing are becoming
feasible in the near future.’” These new approaches may provide
unique opportunity to identify genetic variants that predispose indi-
viduals to the risk of aggressive PCa. Finally, one important area that
needs special attention is to understand the impact of genetic test
results on perception and behavior.
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