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KEY POINTS

e Three risk factors for prostate cancer (PCa), namely family history, increasing age, and African
ancestry, have been consistently recognized.

e Recently, rare pathogenic variants/mutations (RPMs) in several genes with moderate to high pene-
trance, such as BRCA2, ATM, PALB2, CHEK2, and HOXB13, and more than 160 common single
nucleotide polymorphisms (SNPs), have been associated with PCa risk.

e The 3 inherited risk factors (family history, RPMs, and polygenic risk score) each affect the risk for
PCa and may act independently. For example, most men carrying RPMs and high polygenic risk
score in the general population do not have positive family history. Although family history and
RPMs can identify 11% of men at higher PCa risk in the general population, adding polygenic
risk score can identify an additional 22% of men at increased PCa risk.

e Although pathogenic mutations in BRCA2, ATM, and PALB2 are associated with more aggressive
PCa, the roles of mutations in other candidate PCa genes and SNP-based polygenic risk scores in
PCa aggressiveness and progression is unclear.

e Pathogenic mutations in genes responsible for several hereditary cancer syndromes are likely rele-
vant for PCa.

e For largely unexplained reasons, men of African ancestry are affected disproportionately by PCa;
mutations in rare cancer susceptibility genes may contribute but cannot account for this disparity.
Ancestry-specific risk SNPs may be more important.

e Two clinical strategies for germline testing in the setting of PCa are supported by available evi-
dence: (1) testing RPMs in several genes (eg, BRCA2, ATM, PALB2, CHEK2, and HOXB13) and
race-specific polygenic risk score among unaffected men to identify men at increased risk for early
PCa development; and (2) testing RPMs in a subset of genes (eg, BRCA2, ATM, and PALB?2) at time
of diagnosis of high-grade and/or metastatic PCa for developing personalized treatment ap-
proaches.

INTRODUCTION PCa within families can be attributed to genetic
factors, environmental factors, and/or random
chance. Multiple lines of evidence support the hy-
pothesis that genetic factors underlie much of the
inherited predisposition to PCa. In a recent report

The 3 most important recognized risks for prostate
cancer (PCa) are increasing age, ancestry, and
family history of the disease. The clustering of
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from the Nordic Twin Study of Cancer (NorTwin-
Can) comparing cancer risks between monozy-
gotic and dizygotic twins, PCa showed one of
the highest estimates of heritability and no
measurable contribution of environmental fac-
tors.” Over the last 30 years, significant progress
has been made in defining the genetic factors
that contribute to PCa risk and aggressiveness.
This article focuses on describing the impact of
family history, rare pathogenic mutations (RPMs),
and single nucleotide polymorphisms (SNPs) on
the understanding of inherited forms of PCa.

EPIDEMIOLOGY OF PROSTATE CANCER RISK

PCais the most common noncutaneous malignancy
in the United States among men, and an estimated
13% of all men alive now can expect to be diag-
nosed with the disease, with approximately 2.5%
expected to die of the disease. The incidence of
PCa varies by ancestry and ethnicity, with African
Americans experiencing a 73% higher incidence
than European Americans. According to the Amer-
ican Cancer Society, for 2020, an estimated
191,930 new cases of PCa will be diagnosed in the
United States, and the age-adjusted incidence rate
is 104.2 per 100,000 men per year. The average
age at diagnosis is 66 years, with 55% of all deaths
occurring after the age of 65 years.?* A detailed re-
view of the incidence and mortality patterns, life-
style, and dietary factors for PCa has been recently
presented by Pernar and colleagues.”

The observation that the number of men dying of
PCa is less than one-fifth the number of diagnosed
cases emphasizes the low malignant potential of
most PCa cancers. This situation creates signifi-
cant challenges for optimal patient management.
This problem is compounded by the observations
made at autopsy that between 30% and 70% of
men more than 70 years of age have lesions that,
if detected by biopsy, result in a cancer diag-
nosis.® Most of these lesions, often termed latent
cancers, are small-volume, low-grade tumors
that do not become clinically manifest. Knowing
which men are more likely to develop a high-risk,
potentially lethal PCa that requires early detection
and aggressive treatment versus more ubiquitous
latent cancers, which can be safely monitored by
active surveillance, is a critical goal that can be
reached through better identification and under-
standing of molecular risk factors associated
with tumor progression to lethal disease.

IMPLICATION OF GENETIC RISK FACTORS

Increasing age, family history, and ancestry/
ethnicity are 3 of the most important factors

associated with risk of PCa. Increasing age,
although associated with risk of virtually all com-
mon human cancers, is perhaps the strongest
risk factor for PCa, because the exponential rate
at which both diagnosis and mortality increase
for PCa far exceeds that of virtually all other can-
cers.® Although several hypotheses have been
put forth, including prostate-specific deficiencies
in DNA damage response, the underlying mecha-
nistic basis for the age-related basis for PCa is
unknown.”

Several different epidemiologic approaches
have been used to detect and understand the ge-
netic contribution to PCa risk. Investigations of
family history and twin studies have been particu-
larly informative in providing data consistent with a
genetic cause for PCa. Twin studies of cancer in a
population can provide valuable inferences
regarding the variable contributions of inherited
factors to a particular disease cause by taking
advantage of the increased genetic likeness of
monozygotic versus dizygotic pairs of twins. In
NorTwinCan, time-to-event analyses were used
to estimate familial risk of cancer given a twin’s
development of cancer as well as heritability or
the proportion of variance in cancer risk caused
by interindividual genetic differences.” A total of
27,156 cancers were diagnosed in 23,980 individ-
uals who were included in the study, of which PCa
had the highest estimated cumulative incidence
(10.5%) with a heritability estimate of nearly
57%. This percentage was substantially higher
than the corresponding estimates for other com-
mon cancers, including those of the breast, colon,
and kidney, 3 types of cancers with multiple,
known, well-established genetic risk factors.

Relatedly, family history was one of the first risk
factors identified for PCa, and remains a consis-
tent and robust marker of increased risk.? In gen-
eral, the relative risk of developing PCa increases
as (1) the number of affected family members in-
creases, (2) the closer in relatedness the affected
relatives are, and (3) the age of diagnosis of the
affected decreases.® The recognition of the impor-
tance of these 3 characteristics led to the first
operational definition of hereditary PCa (HPC),
which was defined as a family with (1) 3 genera-
tions affected with PCa, and/or (2) 3 first-degree
relatives affected, and/or (3) 2 relatives affected
before age 55 years.'©

Although all professional screening guidelines,
including the National Comprehensive Cancer
Network (NCCN), recommend an assessment of
family history, family history used by itself has
important limitations for assessing PCa risk."
Family history is based on the current disease sta-
tus of related family members and not on the
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individual’s genetic makeup. Furthermore, it is
limited by recall and screening bias.'? Although
having an affected first-degree relative is consis-
tently associated with increased risk for PCa, the
magnitude of this increase varies substantially,
ranging from less than 1.5 to more than 2, depend-
ing largely on the intensity of disease screening in
the population studied, and the extent to which a
positive family history increases this screening.'®
Differential screening intensity for PCa in different
settings and populations likely plays an important
role in shaping many of the demographic charac-
teristics of PCa. Although the operational definition
of HPC has been useful for framing gene mapping
studies and other investigations of familial clus-
tering, the lack of inclusion of any clinical variable
to assess tumor aggressiveness has diluted its
translational utility. As an example of this, a com-
parison of 324 patients with PCa with HPC, who
fit the operational definition of HPC listed earlier,
with 1664 patients with sporadic PCa (ie, with no
family history) was performed using the
Netherlands Cancer Registry. Patients with HPC
were on average 3 years younger at diagnosis,
had lower prostate-specific antigen (PSA) values,
lower Gleason scores, and more often had locally
confined disease, with 35% having high-risk dis-
ease compared with 51% of patients with sporadic
PCa. Despite the favorable clinical phenotype in
patients with HPC, they were less likely to receive
active surveillance, and instead were more likely to
receive radical treatment.’®

Familial Prostate Cancer versus Hereditary
Prostate Cancer

Familial PCa (FPC) and HPC both imply a height-
ened risk for development of the disease, but
these two terms carry very different implications.
FPC refers to a constellation of disease within fam-
ilies, whereas HPC implies a familial inheritance
pattern consistent with the passage of a major
susceptibility gene in a mendelian fashion. An early
segregation analysis of patterns of familial clus-
tering of PCa provided evidence in support of the
existence of 1 or more rare (mutation allele fre-
quency of 0.30%), high-penetrance mutations in
genes inherited in an autosomal dominant, men-
delian fashion.'* These alleles were proposed to
account for only 9% of PCa overall but had pene-
trance of 88% by age 85 years. Presciently, these
numbers are strikingly similar to the characteristics
of HOXB13, ATM, and BRCAZ2 described later.
Regarding epidemiologic studies of risk for
more aggressive disease, there are data to sug-
gest that patients with PCa are more likely to die
of the disease if their fathers died of PCa.'® Using
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a population-based database that includes
approximately 3 million families to analyze the rela-
tionship of survival between sons and their fathers,
Lindstrém and colleagues'® found the hazard ratio
(HR) for PCa death in an affected son was 2.1
(95% confidence interval [CI], 1.1-3.8) if there
was poor survival in the father. In addition, when
a father’s survival was categorized as good, inter-
mediate, or poor, a significant trend of increasing
HR estimates for death of affected sons with a
worsening survival outcome in fathers was
observed. Furthermore, Albright and colleagues'”
provided population-based estimates of lethal
PCa risk based on lethal PCa family history.
Many family history constellations associated
with 2 to greater than 5 times increased risk for le-
thal PCa were identified. These results support a
genetic susceptibility to lethal PCa.

Although many genetic factors, including the
large number of common SNPs discussed later,
contribute to familial clustering, in PCa, like other
cancers, mutations in a very small number of major
genes have been identified that have the degree of
penetrance required to generate strict mendelian
inheritance patterns in PCa families. This feature
is compounded by the high prevalence (and thus
high phenocopy rate) of PCa, particularly low-
grade disease, and the heterogeneous genetic in-
fluences that contribute to this common disease.
As the genetics underlying familial clustering and
inheritance of PCa in general become more well
elucidated, the further refinement of the terms
sporadic, familial, and hereditary with respect to
PCa, and their relevance in terms of clinical appli-
cation and utility, might be expected. Furthermore,
by having a better genetics-based definition of
HPC that incorporates a clinicopathologic compo-
nent to address disease aggressiveness, it may be
possible to reduce the overdiagnosis and over-
treatment among men with a family history of the
disease.

LINKAGE ANALYSIS, HOXB13

Providing evidence through segregation analysis
for the possible existence of a large-effect PCa
susceptibility allele set the stage for PCa family
collection and linkage-based gene mapping ef-
forts. The International Consortium for Prostate
Cancer Genetics (ICPCG) was formed in 1996 to
address this question. This group performed a
genome-wide linkage scan of 1233 families that
fit HPC criteria.'® Although suggestive, 5 moderate
linkage signals were observed, including 1 at
17g21. Sequencing candidate genes under this
linkage peak led to the identification of a recurrent
but rare missense change, G84E, in HOXB13, a
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gene highly expressed and intimately involved in
prostate biology. In an analysis of germline DNA
from more than 5000 patients with PCa and con-
trols, our group reported that the frequency of
the G84E allele was significantly higher in patients
with PCa (1.4%) than controls (0.1%-0.4%)."° An
enrichment of G84E was found in patients with
PCa who were diagnosed at early age (eg,
<55 years) and with a positive family history of
PCa. These finding have been consistently
confirmed by many laboratories around the world,
with odds ratios for PCa varying from 2-fold to 15-
fold. Through combined analyses of international
study populations by the ICPCG, the most com-
mon mutation in HOXB13 in US men, G84E, had
the highest frequency in individuals of Nordic
descent.?® As many as 8% to 10% of Swedish
and Finnish men with family history positive for
PCa diagnosed at an early age carry a G84E
HOXB13 mutation, compared with ~1% or less
in unaffected men.?"22 A critical additional finding
was that nearly all GB4E mutation carriers shared a
common haplotype, meaning they are all
descended from a common founder, presumably
of Nordic ancestry.?? Potential founder mutations
in HOXB13 have subsequently been found to be
associated with PCa risk in other distinct popula-
tions, including the G132E mutation in Japanese,
and the G135E mutation in Chinese.?*** Along
with G84E, these 3 changes, substituting a gluta-
mic acid for glycine at amino acid positions 84,
132, and 135, respectively, lie in 1 of 2 highly
conserved domains in the HOXB13 protein that
are responsible for binding to the homeobox
cofactor, MEIS, suggesting an alteration of this
binding as a mechanistic feature of the cancer-
promoting action of these variants.?>?® More
recently, a rare (minor allele frequency 0.2%) but
recurrent stop loss mutation in HOXB13 (Ter285-
Lys, ¢.853delT) has been found in a collection of
PCa cases of African ancestry in Martinique.?’ In
ClinVar, this change is listed as a variant of un-
known significance.?®

HOXB13 is a prostate-specific homeobox tran-
scription factor that plays a crucial role in the
normal embryonic development of the prostate
through its modulation of the prostate transcrip-
tome via interaction with other key prostate tran-
scription factors, including the androgen receptor
(AR), FOXA1, and NKX3.1.2°*" HOXB13 expres-
sion is maintained through adulthood and is gener-
ally maintained throughout initiation and
progression of PCa. As indicated earlier, 3 critical
factors affect the frequency, and thus importance,
of G84E as a susceptibility gene: (1) early age of
PCa diagnosis, with men diagnosed before age
55 years having the highest frequency of G84E;

(2) family history, with the frequency of G84E
increased in men with first-degree relatives
affected with PCa; and (3) ancestry, with individ-
uals of Nordic ancestry having the highest popula-
tion frequencies of G84E (as mentioned earlier). In
men of African and eastern European descent,
G84E is extremely rare. Although not uniform,
most studies do not find any differences in PCa
clinicopathologic variables between carriers and
noncarriers of G84E. The association of G84E
and PCa seems to be equally strong in men with
high-risk and low-risk PCa (ie, carriers of G84E
are at increased risk of the full spectrum of PCa,
including high-risk, lethal disease). The G84E mu-
tation can be highly penetrant and the penetrance
seems to vary with ancestry, age at diagnosis,
family history, and year of birth.>? Penetrance esti-
mates range from 40% to 60% by age 80 years,
and almost complete penetrance in men who
have a strong family history of early-onset
PCa.2"%2 Penetrance of G84E may also be modi-
fied by genetic risk score (GRS) derived from mul-
tiple PCarisk-associated SNPs. In a large Swedish
population-based study, the cumulative PCa risk
by age 80 years was 33% for G84E carriers. This
risk increased to 48% if carriers also had higher
polygenic risk score (top quartile).?’33 In addition,
recent analyses of other cancers have implicated
G84E as a risk factor for both rectosigmoid cancer
(odds ratio [OR] = 2.25 [1.05-4.15]; P = .05) and
nonmelanoma skin cancer (OR = 1.40 [1.12-
1.74]; P = .01). Curiously, these findings were
only observed in men.*

INHERITED DNA-REPAIR GENE MUTATIONS IN
MEN WITH AGGRESSIVE PROSTATE CANCER

It has been widely established that germline muta-
tions in DNA-repair genes (DRGs) are major con-
tributors to the inherited risk for multiple common
human cancers, including those of the breast
and colon. However, until approximately 5 years
ago, the frequencies of pathogenic DRG mutations
in PCa were uncertain or reported to be low, lead-
ing to a poor appreciation of the potential impor-
tance of this class of genes to PCa genetic risk.
The understanding of the contribution of DRGs in
PCa susceptibility changed dramatically when
next-generation sequencing studies began to
focus on men with metastatic disease with the
goal of identifying therapeutic targets. In 2015,
Robinson and colleagues®® analyzed 150 patients
with metastatic, castration resistant PCa by
whole-exome sequencing. Eight percent of these
patients were found to have rare pathogenic germ-
line mutations in DRGs such as BRCA2, a fre-
quency 4 to 5 times higher than observed in
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previous studies of patients with PCa. These find-
ings were expanded on in another critical article,
by Pritchard and colleagues,®® who showed that
the incidence of germline mutations in genes
mediating DNA-repair processes in men with met-
astatic PCa was 11.8%, much higher than the inci-
dence among men with localized disease.
Mutations were identified in 16 different genes,
with the most frequent in BRCAZ2 (44% of total mu-
tations), ATM (13%), and CHEK2 (12%). Table 1
shows the relative risk for metastatic PCa in 8
DRGs by comparing the mutation frequency in
the Pritchard report with control data from the
Exome Aggregation Consortium. Interestingly,
the frequency of germline mutations in DRGs in
men with metastatic PCa did not vary significantly
when stratified by age at diagnosis or based on a
positive family history of the disease.

To directly compare the ability of mutations in
BRCA genes and ATM to distinguish risk for lethal
disease, Na and colleagues®” sequenced BRCAT,
BRCA2, and ATM in a set of men who died of PCa
and a set of men who had radical prostatectomy
and had Gleason grade group (GG) 1, pathologi-
cally localized, low-risk disease. The rate of path-
ogenic mutations in these 3 genes was found to
be 4-fold higher in men who had died of PCa. In
addition, mutations in these genes, in particular
BRCA2, were associated with decreased age at
death, and decreased time to death from the
time of diagnosis. Carter and colleagues®® further
showed the association of mutations in these 3
genes with more aggressive disease in an analysis
of more than 1200 men undergoing active surveil-
lance for PCa. Although the frequency was low,
men who carried mutations in these genes were
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significantly more likely to undergo grade reclassi-
fication, with the OR for grade reclassification from
GG1 to GG3 being more than 4.

CHEK2 is among the DRGs that are most
commonly found to harbor germline loss-of-
function mutations in PCa, although the associa-
tion of these mutations with increased risk of
high-risk disease is less consistent.*® Likewise,
NBN, along with BRCA2 and ATM, was reported
to be associated with high-risk disease in a recent
study of Polish men, although this result is also
less consistent in other populations.*®

Because not all DRGs are associated with
aggressive PCa risk, when interpreting panel
testing in the PCa realm, it is important to under-
stand which genes harbor mutations that are asso-
ciated with tumor aggressiveness and which do
not. Results from a study of 1694 radical prosta-
tectomy patients with pathologically verified tumor
grade indicate the strong association of mutations
in 3 genes, ATM, BRCA2, and MSH2, and high risk
as assessed by tumor grade.*’

For example, men carrying a loss-of-function
BRCA2 or ATM mutation were more than 5 times
more likely to have GG4 or GG5 tumors than
GG1. MSH2 showed a significant association as
well. Although multiple other genes showed higher
mutation rates in GG5 versus GG1 disease,
including BRCA1, CHEK2, MSH6, NBN, PALB2,
and TP53, none of the other genes tested showed
a significant association with tumor grade. These
results must be tempered by the rarity of muta-
tions and thus power to detect association.
Although none of the non-ATM/BRCA2/MSH2
genes showed significant evidence of association
with high tumor grade, it should be pointed out

Table 1

Metastatic Prostate

Genes associated with metastatic prostate cancer

Exome Aggregation

Consortium

Cancer(N = 692) (N=53,105)
Gene Carriers (N) % Carriers (N) % Relative Risk 95% Cl P Value
ATM 11 159 133 025 6.3 3.2-11.3 <.001
BRCA1 6 0.87 104 0.22 3.9 1.4-8.5 .005
BRCA2 37 5.35 153 0.29 18.6 13.2-25.3 <.001
CHEK2 10 1.87 314 0.61 3.1 1.5-5.6 .002
MSHZ2 1 0.14 23 0.04 3.3 0.1-18.5 .26
MSH6 1 0.14 41 0.08 1.9 0.05-10.4 41
NBN 2 0.29 61 0.11 2.5 0.3-9.1 .19
PALB2 3 0.43 65 0.12 2.7 0.3-6.6 17

Data from Pritchard CC, Mateo J, Walsh MF, et al. Inherited DNA-repair gene mutations in men with metastatic prostate
cancer. N Engl J Med. 2016;375(5):443-453. https://doi.org/10.1056/NEJMoa1603144.
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that, in a combined analysis with all genes other
than these 3, a significant association was still
observed. This signal suggests that other genes
in this panel may associate with tumor grade, but
larger studies are needed to detect this effect.
Table 2 presents a summary of estimates of the
importance of various DRGs as risk-affecting
genes for both PCa diagnosis and advanced can-
cer development.

To further understand and explain the hereditary
risk of PCa, the identification of additional genetic
variants associated with PCarisk could be very help-
ful in the identification of at-risk individuals and pro-
vide more insight into the mechanisms of aggressive
disease and potentially, novel targeted therapies. In
a unique, 2-stage study of affected men who had a
strong family history of disease or more aggressive
disease, Schaid and colleagues*? identified genes
in stage 1 and screened them in stage 2 using a
custom-capture design among 2917 cases and
1899 controls. In addition to HOXB13 and several
other previously identified genes including BRCA2
and ATM, 10 novel genes, including MYCBP2 and
RNASEHZ2B, were implicated as prostate cancer
associated genes in this study.*? Confirmatory
studies are needed to address the significance of
these novel candidates.*?

Germline testing is recommended by the NCCN
for the subset of patients with PCa with high-risk,
very-high-risk, regional, or metastatic disease, or
with a family history of hereditary breast and
ovarian cancer and Lynch syndrome (discussed
later). Beyond the substantial screening value
that the identification of specific germline variants

has on identifying disease early and predicting its
course, this type of knowledge also has profound
therapeutic implications. For example, treatment
with olaparib, a poly-(ADP-ribose) polymerase
(PARP) inhibitor, in patients who had highly pre-
treated PCa and who had defects in DRGs had
high response rates to therapy. Mateo and col-
leagues®® performed next-generation sequencing
in a cohort of these patients and 33% had muta-
tions in BRCA1/2, ATM, or CHEK2 and, of these,
88% had a response to olaparib, including 100%
of patients with BRCA2 loss, and 4 of 5 with
ATM mutations.

Most cancer susceptibility genes function as tu-
mor suppressors and are active as such as long as
at least 1 of the 2 inherited copies of the gene are
intact and expressed. Referring to the 2-hit hy-
pothesis, inheriting 1 copy of a mutated ATM, for
example, does not elicit a phenotype unless the
remaining copy becomes inactive through dele-
tion, mutation, or gene expression silencing.
Correspondingly, this second hit, which can be
difficult to discern in some clinical settings, can
determine whether or not a mutation in a gene
such as ATM, BRCA2, and most other genes
that act in a tumor-suppressing manner contribute
causally to tumor formation or, in the case of PARP
inhibitor treatment, to treatment response.**

AFRICAN AMERICAN GERMLINE
PREDISPOSITION TO PROSTATE CANCER

As described earlier, there is substantial evidence
regarding the role of high-penetrance genes and

Table 2

aggressive disease

Estimates of DNA-repair gene importance in susceptibility for all prostate cancer and for more

Risk for Aggressive/

Gene PCa Susceptibility Metastatic/Lethal Disease
ATM ++ ++++
BRCAT1 + +
BRCA2 +++ ++++
HOXB13 ++++ +/—
CHEK2 + +/—
MSH2 + +++
MSH6 + ++
NBN + +/—
PALB2 + ++
RAD51C-D/ +/— +/—

BRIP/ other Fanconi

Anemia genes

Increasing numbers of plus signs indicates increasingly strong evidence as a risk factor; +/— indicates no significance ev-

idence to support a role as a risk factor.
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their significance in the increased risk of disease
and as drivers of lethality. However, most of the
studies documenting these findings have largely
focused on men of European ancestry. This point
is against the backdrop that African American
men have the highest incidence and mortality
from PCa in the world. Although several factors
are likely contributing to the excess PCa mortality
in African American men, some studies show that
the difference in clinical outcomes continues to
persist for African American men even after con-
trolling for socioeconomic differences, suggesting
the presence of biological factors driving this
disparity.*®

In a large recent study of African American and
Ugandan PCa patients and controls, pathogenic
variants of DRGs were found in 3.6% of patients
compared with 2.1% in controls, and the highest
risk of aggressive disease was seen in men with
variants in ATM, BRCA2, PALB2, and NBN
genes.*® For single genes, significant results
were seen for BRCA2 and ATM mutation fre-
quencies in patients versus controls, with ORs of
3.92 and 3.83, respectively, for the combined
group of Ugandan and African American patients.
The combined frequencies of pathogenic muta-
tions in BRCA2 and ATM in metastatic disease
were 1.4% and 4.8% for African American and
Ugandan patients, respectively. These results indi-
cate that BRCA2 and ATM mutations are signifi-
cant risk factors for high-risk disease in men of
African descent, although the frequencies of muta-
tion in both genes are lower than has been
observed in European Americans with high-risk
disease. This finding suggests that, as in men of
European ancestry, the prevalence of DNA-repair
mutations remains low. An increased frequency
of these potent, high-risk-inducing genes in Afri-
can American men does not seem to explain the
increased mortalities observed in men of African
descent.

PROSTATE CANCER AS PART OF KNOWN
CANCER SYNDROMES

PCa risk can be increased in men who carry a mu-
tation in genes related to several known cancer
syndromes. This finding is expected because can-
cer gene mutations typically increase the risk of
more than 1 type of cancer in a family.

Hereditary breast and ovarian cancer

Several studies of families with hereditary breast
and ovarian cancer (HBOC) conducted in the
1990s revealed that this syndrome can be attrib-
uted in some families to deleterious mutations in
one of the 2 genes, namely BRCA71 on
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chromosome 17 and BRCA2 on chromosome
13.47%% Studies of HBOC families segregating
BRCA1 or BRCA2 mutations confirm that there
is an increased risk of male BRCA71 and BRCA2
mutation carriers compared with non-mutation
carriers within HBOC families and compared
with the general population (data from the Breast
Cancer Linkage Consortium).*>%° In these
studies, the overall relative risk (RR) of PCa in
men with BRCAT mutations was 1.07 (95% Cl,
0.75-1.54) and the RR of PCa in men with
BRCA1 mutations younger than 65 years was
1.82 (95% ClI, 1.01-3.29). In comparison, men
with BRCA2 mutations had a higher RR of PCa
(4.65; 95% CI, 3.48-6.22) as well as a higher
RR of PCa for male mutations carriers younger
than 65 years (7.33; 95% ClI, 4.66-11.52). Note
that these risk estimates may be inflated because
they are based on information from highly
selected HBOC families and may not apply to
the general population. Furthermore, studies of
PC-only families have not found a significant
number of BRCA1/2 pathogenic mutations, indi-
cating that these mutations likely contribute to a
small portion of hereditary PC defined as families
with multiple cases of PCa.5"%?

Studies of the Icelandic founder BRCA2 muta-
tion, which is a 5-bp deletion beginning at nucle-
otide 999 (999del5), provided the initial insights
into the relationship between mutations in genes
associated with HBOC and aggressive and/or le-
thal PC.%® Sigurdsson and colleagues®* described
PCa cases from known Icelandic HBOC families
each caused by the BRCA2 999del5 mutation.
Of the 12 patients with PCa that were available
for genetic testing, 9 of the men inherited the
BRCA2 999del5 allele and the remaining 3 men
did not carry the allele. Interesting, all 9 mutation
carriers died of PCa compared with only 1 of the
noncarriers, suggesting that BRCA2 mutation sta-
tus correlates with a poorer prognosis from the
disease. In a larger study of 527 Icelandic men
with PCa, including 30 men who were carriers
of the BRCA2 999del5 allele, carriers were shown
to have a significantly earlier age at diagnosis,
more advanced tumor stage and grade, and
shorter survival time.>® After adjusting for year
of diagnosis and birth, mutation carriers were
also shown to be at increased risk of dying of
PCa, and this association remained after adjust-
ing for stage and grade. The role of BRCA7 and
BRCA2 in clinically aggressive PCa has been
strengthened from studies of both men known
to carry BRCA1/2 germline mutations and also
men discovered to have BRCA1/2 germline muta-
tions through clinical studies of metastatic PCa
tissue.3%:56:57
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LYNCH SYNDROME FAMILIES

In addition to colorectal cancer, there are several
cancers that occur with increased frequency in in-
dividuals carrying a pathogenic germline mutation
in a Lynch syndrome (LS)-associated mismatch
repair (MMR) gene (most commonly MLH1,
MSH2, MSH6, and PMS2). These LS-associated
cancers occur in the endometrium, ovary, stom-
ach, small bowel, and ureter, but data supporting
an LS-PCa correlation have been conflicting. In
2014, Raymond and colleagues, Han and col-
leagues®®°° reported an overall HR for PCa of
1.99 (95% Cl, 1.34-4.59; P = .0038) across 2 large
familial LS cancer registries, whereas an indepen-
dent meta-analysis identified a risk increase of
2.28-fold (95% Cl, 2.32-6.67) for men with MMR
mutations in LS families. Interestingly, PCa tumors
sequenced from individuals with LS carry classic
microsatellite instability signatures, an uncommon
observation in PCa.®° In light of this new informa-
tion, there is general consensus among experts
that men harboring MMR mutations are at an
increased risk for PCa, but the magnitude of the
risk increase is not fully defined.

USE OF SINGLE GENE POLYMORPHISMS IN
RISK ASSESSMENT

To date, more than 160 inherited PCa risk—
associated SNPs have been identified through
genome-wide association studies (GWASSs).®"
Because of stringent criteria used for declaring
statistically significant risk SNPs, including
multiple-stage study design, large sample size of
cases and controls, and a minimum requirement
of P<5 x 10E-8 to account for multiple testing,
most of these risk SNPs can be replicated in inde-
pendent study populations. Compared with rare
monogenic mutations, SNPs are more common,
and each has a modest individual effect on PCa
risk. However, SNPs have a stronger cumulative
effect that can be measured by a polygenic risk
score.

VARIOUS POLYGENIC RISK SCORE METHODS

Polygenic risk score is a generic term for statistical
methods that measure the cumulative effect of
multiple risk-associated SNPs. Several polygenic
risk score methods have been commonly used in
the last 10 years, including a direct risk allele
count, an OR-weighted risk allele count (often spe-
cifically referred to as polygenic risk score), or an
OR-weighted and population-standardization
method, typically termed GRS.®? A common
feature of these methods is that they are based
on well-established risk-associated SNPs.

Recently, a novel polygenic risk score method
based on millions of SNPs in the genome (not
limited to the well-established risk-associated
SNPs), called genome-wide polygenic score
(GPS), was proposed.®3-5% In addition, a polygenic
hazard score that is based on a set of SNPs that
are associated with age at diagnosis of aggressive
PCa has also been developed.®®

Except for the weaker performance of the direct
risk allele count method, which does not take the
effect (OR) of risk allele into account, the perfor-
mance of other polygenic risk score methods in
risk stratification is similar. Specifically, the perfor-
mance and percentile of polygenic risk score and
GRS is exactly the same if the same SNPs and
OR of risk alleles are used.®® The only difference
is that GRS is population standardized and can
be interpreted as RR to the general population
regardless of numbers of SNPs used in the calcu-
lation (therefore, the mean GRS in the population is
always 1). In contrast, the values of polygenic risk
score increase with the number of SNPs used in
the calculation. Although many more SNPs are
used in the GPS, its performance is similar to
GRS,%4%7 |ikely because most of the risk stratifica-
tion signals in GPS come from well-established
risk-associated SNPs that have already been
accounted for in GRS.

POLYGENIC RISK SCORE FOR PROSTATE
CANCER RISK

Since the first demonstration of the cumulative ef-
fect of the first 5 established risk-associated SNPs
on PCa risk in 2008 by our research group,®® pub-
lished studies to date consistently show associa-
tions between polygenic risk score and PCa
risk, including those from large case-control
studies,®"° retrospective analysis of prospective
studies,’®’! prostate biopsy cohorts,”>"® and
population-based prospective studies.”* A dose-
response association between higher percentile
of polygenic risk scores and higher PCa risk is
observed in all published studies. For example, us-
ing a large prospective cohort derived from the UK
Biobank, where 208,685 PCa diagnosis—free par-
ticipants at recruitment were followed via the UK
cancer and death registries, we found that a
GRS based on 130 known risk-associated SNPs
significantly predicted risk and mortality for
PCa.”® Men in higher GRS deciles had significantly
higher PCa incidence and PCa mortality, both P
trend less than .001. Furthermore, a head-to-
head comparison showed that GRS was more
informative for stratifying inherited PCa risk than
family history and RPMs. In addition, this study
revealed that the association between GRS and
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PCa incidence was independent of family history
and RPMs and can therefore complement family
history and RPMs for inherited risk assessment.
Although family history and RPMs identified 11%
of men at higher PCa risk, adding GRS (>1.5) iden-
tified an additional 15% of men at higher PCa risk
with comparable PCa incidence and mortality.

Higher polygenic risk scores are also consis-
tently associated with an earlier age of PCa diag-
nosis.®®’577 Based on a retrospective analysis of
The Reduction by Dutasteride of Prostate Cancer
Events (REDUCE) chemoprevention trial, men in
higher GRS risk groups (based on 110 known
PCa risk-associated SNPs) were shown to have
worse PCa diagnosis—free survival compared
with the entire cohort (P trend <.0001).7®

POLYGENIC RISK SCORE FOR
DIFFERENTIATING AGGRESSIVENESS OF
PROSTATE CANCER

Despite the consistent finding that polygenic risk
score can effectively stratify disease risk, its asso-
ciation with disease is inconsistent and generally
negative.”®®" For example, in a study of 5895 sur-
gically treated PCa cases in which each tumor was
uniformly graded and staged using the same pro-
tocol, there were no statistically significant differ-
ences (P>.05) in risk allele frequencies between
patients with more aggressive or less aggressive
disease for 18 of the 20 reported PCa risk-
associated SNPs.”® In another recently published
study on European men from the Prostate Cancer
Prevention Trial (PCPT) (N = 2434) and the Sele-
nium and Vitamin E Cancer Prevention Trial
(SELECT) (N = 4885), a higher polygenic score
based on 98 known risk-associated SNPs was
associated with PCa risk in both trials but did not
predict other outcomes.”® These studies suggest
that almost all PCa risk-associated SNPs are not
associated with aggressiveness and currently
have minimal utility in predicting the risk for devel-
oping more or less aggressive forms of PCa.
Lack of association between polygenic risk
score and aggressiveness of PCa in case-case
studies is not contradictory to its association
with PCa mortality found in case-control studies.
Because of the association of polygenic risk score
and PCa risk, more men with higher polygenic risk
score are expected to develop PCa (both indolent
and aggressive PCa) compared with men in the
general population. However, once diagnosed
with PCa, polygenic risk score does not differen-
tiate which patients are more likely to die from
the disease. This explanation is supported by
data from the large prospective cohort derived
from the UK Biobank, with 209,588 men at risk
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for PCa. After approximately 10 years’ follow-up,
10,203 (4.87%) men developed PCa, and 695
died of the disease. The mortality was 0.33%
(695 out of 209,588) among men at risk for PCa,
and the mortality ratio was 6.81% (695 out of
10,203) among men diagnosed with PCa. The
PCa incidence rate was higher in men with high
GRS defined as greater than or equal to 1.5
(3615 out of 37,445 = 9.65%) than low GRS
defined as less than 1.5 (6558 out of
172,143 = 3.83%; P<.001). The PCa-specific mor-
tality was also higher in men with high GRS (239
out of 37,445 = 0.64%) than low GRS (456 out of
172,143 = 0.26%; P<.001). However, there was
no significant difference in mortality ratio between
patients with PCa with high GRS (239 out of
3615 = 6.61%) and low GRS (456 out of
6558 = 6.92%; P = .58).”°

POTENTIAL CLINICAL UTILITY OF POLYGENIC
RISK SCORE

The consistent findings of associations for poly-
genic risk score with PCa risk and also early age
of diagnosis provide a basis for its use in PCa
risk stratification. Furthermore, because the asso-
ciations of polygenic risk score with PCa risk and
age at diagnosis are independent of family history
and RPMs, polygenic risk score can be used to
supplement family history and RPMs to better
stratify inherited risk.'? At present, recommenda-
tions for inherited PCa risk assessment from the
US Preventive Services Task Force and the Euro-
pean Association of Urology rely primarily on fam-
ily history only, whereas the NCCN also
recommends incorporation of RPMs.82%% |n the
future, incorporation of information regarding
inherited risk based on family history, RPMs, and
GRS may be considered in the discussion of po-
tential benefits and harms for baseline PSA
screening at an early age.

Polygenic risk scores may be useful in the clinic
to refine estimates of disease penetrance for car-
riers of RPMs. As mentioned above, several studies
have shown significantly higher penetrance be-
tween high and low polygenic risk score among
men with RPMs of BRCA2 and HOXB13.21:33:85

Inherited risk assessment may also have poten-
tial clinical utility in decision making of prostate bi-
opsy. Results from the REDUCE study,”°® several
prostate biopsy cohorts,”?”® and a study of Finnish
men with and without PCa®® suggest polygenic risk
scores provide added value compared with PSA
levels to improve the detection rate of PCa.

In contrast, the clinical utility of polygenic risk
scores in differentiating aggressive from indolent
PCa and in predicting prognosis of PCa is
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currently unclear. However, encouraging prelimi-
nary findings are emerging on the use of polygenic
risk scores for predicting tumor upgrading in 2
active surveillance (AS) cohorts, as discussed by
Helfand and Xu.®” The prognostic value of poly-
genic risk scores may be unique for use in AS
and this observation awaits confirmation in addi-
tional studies.

IMPORTANT CONSIDERATIONS FOR
IMPLEMENTING POLYGENIC RISK SCORE IN
THE CLINIC

Based on the consistent association between
polygenic risk score percentie and PCa
risk,81:66:68-77.88 nolygenic risk scores have been
proposed and recently adopted by several genetic
testing companies to estimate an individual’s risks
for common diseases, including PCa. However,
the important and consistent trend between per-
centiles of polygenic risk score and disease risk
in study populations is not sufficient to support
their clinical use for risk assessment at the individ-
ual patient level. There are 2 major considerations
for this statement. First, although an informative
risk measurement, the percentile of risk only ranks
an individual’s probability of disease risk within a
population. It does not specify the quantity of
risk, and individuals with the same percentile
may have different quantities of risks for different
diseases and in different populations. Second,
percentiles per se are not commonly used in cur-
rent clinical guidelines for risk assessment.
Instead, absolute risk, such as lifetime risk, is
routinely used in clinical guidelines. Lifetime risk
is calculated from an individual’s RR derived
from various risk factors (including polygenic risk)
and population-based incidence and mortality.

Another important factor for translating polygenic
risk score is the need to develop race-specific
scores. This factor is critical because the effect
size (OR) and allele frequency of risk-associated
SNPs differ among racial populations.®%%° To
date, most GWASs and polygenic risk scores
were based on white populations. As such, the val-
idity and calibration of polygenic risk score for other
minority racial groups are not well developed. This
status quo may exacerbate existing racial dispar-
ities in PCa care. Substantial efforts should be
devoted to address this need in order to fully realize
the potential of polygenic risk scores for use in the
clinical management of PCa.

SUMMARY

PCa remains a leading cause of cancer death
among American men. Genetic testing to assess

mutational status of DRGs is a noninvasive, repro-
ducible means of identifying men at increased risk
of lethal disease at a time when cure is still
possible. Unaffected carriers of DRG and
HOXB13 mutations should managed with earlier
and more intensive disease screening, whereas
DRG mutation carrier status in men diagnosed
with PCa should be used in both surgical and sys-
temic treatment decision making. Although the
data supporting the role of BRCA2 and ATM in
aggressive PCa seem unequivocal, some data
also exist to support a role for mutations in other
DRGs, including BRCA1, MSH2, PALB2, CHEK?2,
and NBN, as risk factors for aggressive disease,
but larger studies are needed before these genes
become actionable in terms of clinical decision
making. The use of polygenic risk score to stratify
risk of PCa diagnosis is highly effective, inexpen-
sive, and informative, but currently underused.
Future studies should focus on combining family
history, RPMs, and polygenic risk score to more
accurately define PCa risk in unaffected men.

CLINICS CARE POINTS

e PCa has a strong inherited component and
having a family history of clinically significant
PCa or other cancers, such as breast, colon,
ovarian, or pancreatic cancer, particularly
when diagnosed at an early age, increases
the risk of developing clinically significant
PCa ~1.5-fold to 3-fold.

e The NCCN recommends offering genetic
testing to men who are diagnosed with
high-risk or very-high-risk PCa and if the pa-
tient has a family history of BRCAT or
BRCA2 mutations, LS, or comes from a high-
risk ancestry group such as the Ashkenazi
Jewish.

e Pathogenic mutations in BRCA2 and ATM are
the most consistent and reproducible genetic
risk factors for aggressive, potentially lethal
PCa. MSH2 mutations, although much less
common, seem to be associated with high-
risk disease as well. Because of their rarity,
further studies are necessary to more fully
determine the prognostic importance of mu-
tations in PALB2, NBN, CHEK2, BRCAIT,
HOXB13, and most other putative PCa risk
genes tested on most cancer gene panels.
HOXB13 G84E continues to be a reproducible
and informative risk factor for all PCa risk.

e Polygenic risk scores determined using well-
characterized common genetic factors are
powerful and informative predictors of PCa
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risk in Americans of both European and Afri-
can descent. However, there are important
differences in the panel of SNPs that stratify
risk most effectively in these 2 groups.

Increased use of combined, ancestry-
optimized polygenic risk score and genetic
testing for BRCA2, ATM, and MSH2 should
be strongly considered for inclusion in
routine disease screening paradigms to opti-
mize patient management in the era of preci-
sion medicine.
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