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abstract

PURPOSE Genetic studies of prostate cancer susceptibility have predominantly focused on non-Hispanic White
men, despite the observation that Blackmen aremore likely to develop prostate cancer and die from the disease.
Therefore, we sought to identify genetic variants in Black patients diagnosed with early-onset prostate cancer.

METHODSWhole-exome sequencing of germline DNA from a population-based cohort of Black men diagnosed
with prostate cancer at age 62 years or younger was performed. Analysis was focused on a panel of DNA damage
repair (DDR) genes and HOXB13. All discovered variants were ranked according to their pathogenic potential
based upon REVEL score, evidence from existing literature, and prevalence in the cohort. Logistic regression was
used to investigate associations between mutation status and relevant clinical characteristics.

RESULTS Among 743 Black prostate cancer patients, we identified 26 unique pathogenic (P) or likely pathogenic
(LP) variants in 14 genes (including HOXB13, BRCA1/2, BRIP1, ATM, CHEK2, and PALB2) among 30 men, or
approximately 4.0% of the patient population. We also identified 33 unique variants of unknown significance in
16 genes among 39 men. Because of the rarity of these variants in the population, most associations between
clinical characteristics did not achieve statistical significance. However, our results suggest that carriers for P or
LP (P/LP) variants were more likely to have a first-degree relative diagnosed with DDR gene-associated cancer,
have a higher prostate-specific antigen at time of diagnosis, and be diagnosed with metastatic disease.

CONCLUSION Variants in DDR genes andHOXB13may be important cancer risk factors for Blackmen diagnosed
with early-onset prostate cancer, and are more frequently observed in men with a family history of cancer.
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INTRODUCTION

Advances in prostate cancer detection and therapy have
enabled patients to live for years beyond their initial
diagnoses, as the average 5-year relative survival rate for
all stages is nearly 100% and the average 15-year
survival rate is nearly 95%.1 Nevertheless, prostate
cancer is still the most frequently diagnosed cancer in
adult men in theUnited States (248,530 cases per year),
and ranks second in overall cancer mortality for this
patient population (34,130 deaths per year).1 Blackmen
are disproportionately affected by prostate cancer, with
the highest incidence rate of any US population (202 per
100,000 persons) and are more than twice as likely to
die from the disease compared with non-Hispanic White
men. Powell et al2 demonstrated that Black men di-
agnosed with early-onset prostate cancer have higher
age-specific mortality rates. Men initially diagnosed with
stage IV disease have a much poorer prognosis, and the
incidence of metastatic disease at presentation has
increased slightly over the past two decades, from 4% in
2003 to 6% in 2021.3 Black men are also more likely to
have metastatic disease at diagnosis.4

The explanation for the poorer outcomes among Black
men diagnosed with prostate cancer is not well un-
derstood, but includes both biologic and nonbiologic
causes. Differences in access to health care contribute
to the disparity; a recent large study of men receiving
care in the Veterans Affairs health system with equal
access to care showed that Black men in this system
did not present with more aggressive and/or metastatic
disease and had similar outcomes compared with non-
Hispanic White men.5 Furthermore, relatively few risk
factors are firmly established for prostate cancer and
none appear to account for these racial differences.
There is evidence that inherited genetic susceptibility
accounts for up to 40% of all prostate cancer cases,
even more so among individuals diagnosed with early-
onset prostate cancer.6-8 Considerable effort has been
taken to examine the potential influence of germline
genetic variation on prostate cancer susceptibility and
its potential contributions to racial disparities in inci-
dence and mortality. These investigations have been
hampered by lower participation of Black men in
genetic research studies, as both prostate cancer
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association and linkage studies have disproportionately
examined patients of European ancestry.9

Despite the fact that prostate cancer has strong evidence of
heritability, it has been very challenging to identify rare
prostate cancer susceptibility genes that contribute signifi-
cantly to prostate cancer incidence. Our research team was
successful in using linkage analysis and candidate gene
sequencing to identify HOXB13 as a prostate cancer sus-
ceptibility gene.10 A recurrent nonsynonymous change was
identified, which results in the nonconservative substitution
of glutamic acid for glycine (G84E), in probands from four
unrelated prostate cancer families. This variant was shown to
be more prevalent in men with early-onset prostate cancer
and/or a positive family history of prostate cancer compared
with noncarriers. Further research uncovered that the variant
occurs on a common haplotype consistent with a founder
allele and is almost exclusively seen in White men.11 More
recently, multiple studies have confirmed the important role
of variants in DNA repair genes in prostate cancer sus-
ceptibility and aggressiveness.12,13

We and others have shown that men with early-onset
prostate cancer are more likely to harbor both rare and
common genetic variants associated with prostate
cancer.6,10,14 In a previous study of 96 Black prostate
cancer survivors, we identified three protein truncating
variants in both BRCA2 and BRIP1 associated with early-
onset disease (≤ 55 years at diagnosis), demonstrating that
rare variants may contribute to disease onset in this patient
population.15 In the current study, we seek to expand upon
these findings by extensively characterizing the spectrum of
rare germline genetic variants in a cohort of Black men
diagnosed with early-onset prostate cancer. Specifically, we
focused on 35 known cancer susceptibility genes (Table 1),
primarily in DNA damage repair (DDR) pathways. In ad-
dition, we determined whether identified risk alleles are
associated with epidemiologic and clinical characteristics
that are relevant to prostate cancer prognosis.

METHODS

Study Population

The Early-onset Prostate Cancer cohort is a unique,
population-based cohort of Black men younger than or 62
years diagnosed with prostate cancer. Eligible prostate
cancer cases were identified from the Metropolitan Detroit
Cancer Surveillance System (MDCSS) cancer registry. In
addition, clinical data on all consented participants were
abstracted from MDCSS; including date and age at diag-
nosis, biopsy and prostatectomy Gleason grade, tumor
stage, and first course of treatment. All participants com-
pleted a survey to collect key demographic information,
medical history, physical activity, tobacco and alcohol use,
family history of cancer (breast, ovarian, prostate, kidney,
pancreatic, colorectal, lung, liver, and other), screening
practices, prostate cancer treatment(s), and any evidence
of disease recurrence. Subjects were asked to provide a
blood or saliva sample for genetic studies. DNA extraction
was performed according to standard protocols. The

CONTEXT

Key Objective
Although it has been demonstrated that Black men are at increased susceptibility to develop prostate cancer and die from the

disease, studies examining genetic predisposition have been limited. To address this health disparities gap, we sought to
identify genetic variants in Black men diagnosed with early-onset prostate cancer.

Knowledge Generated
Germline variants in DNA damage repair (DDR) genes and HOXB13 found to be pathogenic or likely pathogenic were

identified in this patient cohort. Carriers of these variants often had a family history of cancer, and were associated with both
high-risk disease and an increased susceptibility to developing prostate cancer at an earlier age.

Relevance
Genetic variation in DNA damage repair genes and HOXB13 may be an important risk factor for Black men diagnosed with

early-onset prostate cancer. Further investigation of these genetic associations will provide insight into the unique sus-
ceptibility Black men have to developing prostate cancer, potentially reducing current health disparities.

TABLE 1. Genes Analyzed
Genes

ABRAXAS1 FANCA POLE

ATM GEN1 RAD18

ATR HOXB13 RAD23B

BAP1 MLH1 RAD51B

BARD1 MRE11 RAD51C

BRCA1 MSH2 RAD51D

BRCA2 MSH6 RFC3

BRIP1 NBN RINT1

CHEK1 PALB2 SLX4

CHEK2 PIK3CA WRN

EPCAM PMS2 XRCC2

ERCC5 POLD1
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research protocols and study documentation were ap-
proved by institutional review boards of the respective in-
stitutions and USAMRDC Human Research Protection
Office. Informed consent was obtained from all patients.

DNA Sequencing and Variant Annotation

Extracted genomic DNA was prepared for whole-exome
sequencing, and sequencing was performed at the Se-
quencing and Genomic Technologies Shared Resource,
part of the Duke University School of Medicine (Durham,
NC). A custom pipeline on the basis of GATK best practices
was used for variant calling.16 All pathogenic (P) and likely
pathogenic (LP) variants were confirmed using Sanger
sequencing. Filtered variants and multiple-nucleotide
variants (Data Supplement) were individually assessed
for classification into three categories: (1) benign or likely
benign (B/LB), (2) variant of uncertain significance (VUS),
or (3) pathogenic or likely pathogenic (P/LP). VarSome
(releases 9-10)17 was used to establish base American
College of Medical Genetics (ACMG) classification criteria,18

which were then adjusted to align with Sequence Variant
Interpretation-Working Group (SVI-WG) recommendations.19

Three researchers (A.S., C.S., andD.M.) reviewed all variants
independently and, if needed, formed a consensus for
conflicting classifications. Further details on sample inclu-
sion, sequencing technology, and data processing are
provided in the Data Supplement.

Statistical Analysis

The distributions for demographic and clinical character-
istics were described using counts and percentages, as
were the P/LP variants and VUS identified in this study
population. Prostate-specific antigen (PSA) was dichoto-
mized as a binary variable using , 10 ng/mL as the cutoff
value. Gleason score at the time of radical prostatectomy
was taken over Gleason score at biopsy and categorized as
7 (3 + 4) or less versus 7 (4 + 3) or higher. Three separate
variables were created on the basis of reported family
history of cancer: (1) first-degree family history of prostate
cancer, (2) first-degree family history of any cancer, and (3)
first-degree family history of DDR gene–associated can-
cers. DDR gene–associated cancers were defined as
breast, ovarian, prostate, kidney, and pancreatic cancers.
Logistic regression was used to estimate the odds and 95%
CIs for having a P/LP variant for each of the clinical
characteristics, excluding patients with a VUS. Separate
analyses examined carrier status of a VUS (excluding pa-
tients who had a P/LP variant) and P/LP DDR gene carriers.
All analyses were performed in R 3.3.2,20 and an alpha of
0.05 was set to determine statistical significance.

RESULTS

Cohort Characteristics

The median age at diagnosis among the 743 Black par-
ticipants was 56 years (range, 38-62 years), and 256
(34.5%) of men were diagnosed before age 55 years

(Table 2). Nearly 30% of men had a positive family history
of prostate cancer in at least one first-degree relative, while
approximately 60% of men had a first-degree relative di-
agnosed with any type of cancer. Unfavorable intermediate-
to high-risk prostate cancer (defined as having a Gleason
score of 4 + 3 and higher at diagnosis, tumor stage T3 and
higher, or any T stage with evidence of lymph node in-
volvement or metastatic disease) was identified in 294
(40%) of men. This included 150 men (20.2%) and 26
men (3.5%) who presented with evidence of regional or
distant stage disease, respectively.

Analysis of Germline Variants

In this cohort of Black men diagnosed with early-onset
prostate cancer (≤ 62 years), we discovered 26 rare P/LP
variants in 14 genes among 30men, or approximately 4.0%
of the patient population (Table 3 and Fig 1). We observed
P/LP variants in HOXB13 and the following DDR genes:
ATM, ATR, BRCA1, BRCA2, BRIP1, CHEK2, ERCC5,
FANCA, MRE11, MSH6, PALB2, PMS2, and WRN. One
participant had two variants in ATM (p.Asn81LysfsTer19
and p.Val2716Ala). All variants were seen in only one
person with the exception of two variants inHOXB13 (G84E
[Gly84Glu] and X285K [Ter285LysfsTer97]) each observed
in three patients, and one variant in ATR (Ile774AsnfsTer3)
observed in two patients.

We also identified 33 unique VUS that were associated with
our patient cohort in 16 genes among 39 men (Data
Supplement). As opposed to the P/LP variants, many of the
VUS were found in multiple individuals. Of note, PMS2 was
highly represented among these patients, as four individ-
uals had a PMS2 p.Leu166Pro variant and two individuals
had a PMS2 p.Tyr191Cys variant. In addition, two indi-
viduals had aBRCA1 p.Ala1708Val variant and another two
individuals had a FANCA p.Cys625Ser variant. Additionally,
we identified 18 unique benign (B) or likely benign variants
(LB) in 10 genes that are provided in the Data Supplement.

Association of Variant Status With Clinical Characteristics

We evaluated whether variant status was associated with
important clinical characteristics (Table 4). Because of the
rarity of these variants in the population, these associations
did not achieve statistical significance. However, patients
with P/LP variants were more likely to be diagnosed with
distant-stage disease (odds ratio [OR], 3.87; 95% CI, 0.86
to 12.52) and have a higher PSA level (OR, 2.16; 95% CI,
0.95 to 4.77) than patients without identified P/LP. Addi-
tionally, carriers were not more likely to have first-degree
relatives with prostate cancer (OR, 0.90; 95% CI, 0.37 to
1.97) or other cancers. When examining only carriers who
had P/LP variants only in DDR genes, being diagnosed with
distant-stage disease (OR, 4.30; 95% CI, 0.95 to 14.07)
and having a high PSA level (OR, 2.45; 95% CI, 1.02 to
5.79) remained or became more significant (Data Sup-
plement). Carriers were significantly more likely to have
first-degree relatives with DDR gene–associated cancers
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(OR, 2.39; 95% CI, 1.05 to 5.77), but not exclusively with
prostate cancer.

We also examined the potential significance of VUS by
denoting patients with such a variant as carriers, and then
excluding patients who were identified to have a P/LP
variant (Data Supplement). We did not find any signifi-
cant differences between carriers and noncarriers of VUS

variants in most clinical characteristics; however, age at
diagnosis was associated with carrier status with the effect
size in the opposite direction (OR, 1.1; 95% CI, 1.02 to
1.21).

DISCUSSION

The current study advances our understanding of germline
genetic variations among Black men diagnosed with early-
onset prostate cancer. We identified P/LP variants in a
number of DDR genes and HOXB13, some of which have
not been previously identified in prostate cancer, further
emphasizing the importance of these genes in carcino-
genesis. Specifically, variants were found in ATM, ATR,
BRCA1,BRCA2,BRIP1,CHEK2, ERCC5, FANCA,HOXB13,
MRE11,MSH6, PALB2, PMS2, andWRN, largely consistent
with prior published reports among individuals with meta-
static or aggressive, familial, and/or early-onset prostate
cancer.12,13,22,23 The overall prevalence of P/LP variants in
our study (4.0%) is higher compared with prior reports in
Black men, but lower than most estimates among non-
Hispanic White men diagnosed with similar-stage disease.24

The prevalence of VUS in our study (5.3%) is lower
compared with prior reports.25-28 As underscored by Kim
et al,29 proper classification of variants, application of the
ACMG/SVI guidelines, and manual review are time-
consuming processes even with the help of tools like
Varsome. Compared with that of the other studies, a
conservative selection criterion (described in the Data
Supplement) was used to identify variants of interest for the
study. Nonsynonymous variants make up the majority of
identified VUS in our study and others,28 and the stringent
REVEL score threshold of 0.75, while chosen for higher
specificity for disease mutations,30 reduces the number of
variants to classify by over three-fold (data not shown).
Furthermore, Black men are under-represented in studies
of germline testing and have higher rates of VUS relative to
White men.25-28 The lack of diversity in genetic ancestry
within the databases and lack of follow-up of VUS impact in
the literature hinder attempts to more definitively reclassify
and interpret VUS. In a study of 1,051 VUS in Asians
undergoing germline genetic testing over 6 years, only
8.1% (85 of 1,051) were reclassified, with 94.1% (80 of 85)
being downgraded to B/LB and only 5.9% (5 of 85)
reclassifications upgraded to P/LP.31 This suggests a bias to
B/LB in identified VUS lists and may explain why, in our
study, the age of diagnosis was associated with carrier
status of VUS, however the effect size was in the opposite
direction.

BRCA1 and BRCA2 have been the most widely studied
genes in prostate cancer, as these tumor suppressor genes
are involved in the maintenance of genomic stability
through double-strand DNA repair, and variants have been
linked to both early-onset and hereditary prostate cancer,
as well as more aggressive clinical features, time of diag-
nosis, and response to therapy.32-34 Risk of prostate cancer

TABLE 2. Characteristics of Black Men with Prostate Cancer Participating in the
Early-Onset Prostate Cancer Study (N = 743)
Characteristics No. (%)

Age at diagnosis, years

55-62 487 (65.5)

, 55 256 (34.5)

First-degree family history of PC

No 527 (70.9)

Yes 214 (28.8)

Not reported 2 (0.3)

First-degree family history of any cancer

No 288 (38.8)

Yes 453 (60.9)

Not reported 2 (0.3)

First-degree family history of DDR-associated cancersa

No 431 (58.0)

Yes 310 (41.7)

Not reported 2 (0.3)

Unfavorable intermediate- to high-risk characteristicsb

No 443 (59.6)

Yes 294 (39.6)

Unknown 6 (0.8)

PSA at diagnosis, ng/mL

, 10 511 (68.8)

≥ 10 182 (24.5)

Unknown 50 (6.7)

Gleason score

≤ 7 (3 + 4) 496 (66.8)

≥ 7 (4 + 3) 218 (29.3)

Unknown 29 (3.9)

SEER stage

Local 564 (75.9)

Regional 150 (20.2)

Distant 26 (3.5)

Unknown 3 (0.4)

Abbreviations: DDR, DNA damage repair; PC, prostate cancer; PSA, prostate-
specific antigen.

aDDR cancers = breast, ovarian, pancreatic, prostate, and kidney.
bUnfavorable intermediate- to high-risk characteristics = Gleason score of 4 + 3

and higher at diagnosis, tumor stage T3 and higher, or any T stage with evidence of
lymph node involvement or metastatic disease. This definition is consistent with
current National Comprehensive Cancer Network guidelines.21
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among BRCA2 carriers has been estimated to be 4.45 with
an absolute risk of 27% and 60% by ages 75 and 85 years,
respectively, while risk of prostate cancer among BRCA1
carriers has been estimated to be 2.35.35 Pritchard et al13

found, in a study of men withmetastatic prostate cancer, 84
germline variants in 16 genes in 82 men or 11.8% of the
cohort. This was significantly higher than the variant rate in
men with organ-confined disease and persons unselected
for cancer from the Exome Aggregation Consortium.
BRCA2 variants were the most prevalent at 5.3%, and
variants in ATM, CHEK2, PALB2, BRCA1, and RAD51D
were also more common among men with lethal prostate
cancer. There are important treatment implications for men
with germline variants in BRCA1/2. A significant survival
benefit has been demonstrated in men with castrate-
resistant metastatic prostate cancer and germline vari-
ants in BRCA1/2 when treated with the poly (ADP-ribose)
polymerase inhibitor olaparib36; this same survival benefit

has not been observed among men with variants in ATM.37

However, no difference in survival has been observed in
BRCA1/2 carriers treated with other systemic therapies
(chemotherapy, abiraterone, and enzalutamide).38,39 The
evidence to support the role of BRCA1/2 in prostate cancer
is strong enough to include genetic testing among indi-
viduals whomeet National Comprehensive Cancer Network
guidelines based upon reported family history and/or
clinical characteristics. As with most studies focused on
understanding the contribution of inherited genetic pre-
disposition to prostate cancer, the evidence to date for the
role of these DDR genes on risk and disease progression is
based predominately on studies of non-Hispanic White
men, making investigations like ours critical for under-
standing the genetic landscape in this high-risk population.
As previously mentioned, in a small pilot of Black men
diagnosed with early-onset disease, we discovered three
protein-truncating variants in BRCA2 and BRIP1 as well as

TABLE 3. Pathogenic and Likely Pathogenic Variants in Black Men Diagnosed With Early-Onset Prostate Cancer
Gene ID Chr:Position Allele Change Amino Acid Change Type No. of Carriers

ATM rs777849257 11:108253938 c.2023C.T p.Gln675Ter NS 1

ATM rs587782652a 11:108335105 c.8147T.C p.Val2716Ala MS 1

ATM rs28904921 11:108329202 c.7271T.G p.Val2424Gly MS 1

ATM rs1591451795a 11:108229232 c.242dup p.Asn81LysfsTer19 FS 1

ATM rs876660783 11:108282750 c.3617_3621delinsG p.Leu1206WTer FS 1

ATM rs786203421 11:108327665 c.7000_7003del p.Tyr2334GlnfsTer4 FS 1

ATM chr11_108289104_G/-b 11:108289104 c.4236+1del NA SDV 1

ATR rs757500301 3:142555898 c.2320dup p.Ile774AsnfsTer3 FS 2

BRCA1 rs80357055 17:43049140 c.5387C.A p.Ser1796Ter NS 1

BRCA2 rs398122753 13:32337161 c.2808del p.Lys936AsnfsTer24 FS 1

BRCA2 rs80358928 13:32354877 c.7024C.T p.Gln2342Ter NS 1

BRCA2 rs80359473 13:32339288 c.4936_4939del p.Glu1646GlnfsTer23 FS 1

BRIP1 rs149364097 17:61801348 c.1045G.C p.Ala349Pro MS 1

CHEK2 rs587782707 22:28689174 c.1502_1503dup p.Glu502ArgfsTer12 FS 1

CHEK2 rs555607708 22:28695869 c.1100del p.Thr367MetfsTer15 FS 1

ERCC5 rs972930548 13:102862805 c.1656T.A p.Tyr552Ter NS 1

FANCA rs772751654 16:89816615 c.1A.T p.Met1? NS 1

FANCA chr16_89767147_AA/- 16:89767147 c.2594_2595del p.Ile865LysfsTer20 FS 1

FANCA chr16_89791474_-/CAGT 16:89791474 c.1285_1288dup p.Ala430AspfsTer56 FS 1

HOXB13 rs138213197 17:48728343 c.251G.A p.Gly84Glu MS 3

HOXB13 rs77179853 17:48726792 c.853del p.Ter285LysfsTer97 SL 3

MRE11 rs587781442 11:94435847 c.1960_1979dup p.Lys661ThrfsTer45 FS 1

MSH6 rs876658497 2:47806781 c.4004_4007dup p.Cys1337SerfsTer5 FS 1

PALB2 rs1064795824 16:23623087 c.2878del p.Leu960TyrfsTer2 FS 1

PMS2 rs200640585 7:5992018 c.943C.T p.Arg315Ter NS 1

WRN rs17847577 8:31081132 c.1105C.T p.Arg369Ter NS 1

Abbreviations: Chr, chromosome; FS, frameshift; MAF, minor allele frequency; MS, missense; NS, nonsense; SDV, splice donor variant; SL, stop-loss.
aWithin same subject.
bEvidence suggests possible clonal hematopoiesis: low alt/ref read ratio and low Sanger signal for the alt allele.
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several private missense variants in BRCA1/2, ATM, and
other DDR genes serving as the catalyst for the current
investigation.15

As mentioned, the G84E variant in HOXB13 was first dis-
covered by our team in 2012 in a linkage study of men with
hereditary and early-onset disease.10 This rare, moderately
penetrant missense variant has since been one of most
consistently replicated of all gene discoveries in prostate
cancer. This variant is almost exclusively observed among
men of European ancestry, with variable risk estimates.40 The
G84E variant is more common among men with a strong
family history of prostate cancer and those diagnosed at
younger ages.13 Furthermore, Storebjerg et al41 demonstrated
that the variant is more frequently observed in men with a
higher PSA at diagnosis, higher Gleason score, and higher
likelihood of positive surgical margins at the time of radical
prostatectomy than noncarriers, indicating that this genetic
variant may also be associated with aggressive disease. It has

been demonstrated that 33%-60% of G84E carriers develop
prostate cancer compared with 11.2% of the general
population.42,43 Mechanisms underlying the increased risk of
prostate cancer in patients harboring this particular variant are
based on its location within the MEIS interaction domain of
HOXB13, which regulates organ homeostasis and inhibits
tumor formation.44 Although this variant is not commonly
observed in Black men, it was discovered in three men in this
study presumed to track with European ancestral portion of
the genome.10,43,45 A recently discovered rare deletion variant
in HOXB13 (X285K), seen only among men of West African
ancestry,46-48 was also observed in three men in our study. Its
association with age at onset and advanced disease in the
current study and others47,48 warrants further study in larger
cohorts of Black men.

Interestingly, several variants were observed in genes that
have not been well characterized in patients with prostate
cancer, including the tumor suppressor gene FANCA as

ATM (26.92%)

BRCA2 (11.54%)

FANCA (11.54%)
CHEK2 (7.69%)

HOXB13 (7.69%)

ATR (3.85%)

BRCA1 (3.85%)

BRIP1 (3.85%)

ERCC5 (3.85%)

MRE11 (3.85%)

MSH6 (3.85%)

PALB2 (3.85%)

PMS2 (3.85%)

WRN (3.85%)

FIG 1. Frequency of identified unique pathogenic/likely pathogenic germline variants in genes.
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well asWRN, which is associated with the premature aging
disease Werner’s syndrome. FANCA is a noteworthy DDR
gene because germline loss of function may be associated
with an autosomal dominant predisposition to prostate
cancer49-51 and it has been reported that the frequency of
somatic variants in FANCA is increased in metastatic
castrate-resistant prostate tumor tissue.12,52 A recent cross-
sectional study of a multiracial and multi-ethnic cohort
(Ashkenazi Jewish, non-Hispanic White, Black, and His-
panic) detected two FANCA alterations among 194 patients
with prostate cancer.53 By comparison, the study identified
no pathogenic variants in FANCA in a sample of 3,679
patients with no known cancer indication used as a

reference group, suggesting germline FANCA variants may
influence susceptibility to prostate cancer. Although WRN
is typically associated with the phenotypic effects in
Werner’s syndrome, an analysis of a patient with a family
history of prostate cancer by next-generation sequencing
identified heterozygosity for theWRN G327X variant.54 The
WRN protein, along with ATM, BRCA1, BRCA2, and
RAD51 among others, comprises a DNA repair system by
homologous recombination, indicating that its alterations
may increase susceptibility to prostate cancer.

Overall genetic variation in PMS2 may also be clinically
relevant, as five unique P/LP and VUS variants were iden-
tified with four individuals. As an essential component of

TABLE 4. Comparison of Clinical Characteristics Between P/LP Carriers (n = 30) and Noncarriera Patients (n = 674)
Characteristic No Variant, No. (% or range) P/LP Variant, No. (% or range) OR (95% CI)

Age at diagnosis, years

Median 56 (38-62) 54.5 (42-62) 0.94 (0.88 to 1.01)

First-degree family history of prostate cancer

No 478 (70.9) 22 (73.3) Ref

Yes 194 (28.8) 8 (26.7) 0.90 (0.37 to 1.97)

Not reported 2 (0.3) 0 (0) —

First-degree family history of any cancer

No 265 (39.3) 9 (30) Ref

Yes 407 (60.4) 21 (70) 1.52 (0.71 to 3.54)

Not reported 2 (0.3) 0 (0) —

First-degree family history of DDR-associated cancersb

No 396 (58.8) 14 (46.7) Ref

Yes 276 (40.9) 16 (53.3) 1.64 (0.79 to 3.46)

Not reported 2 (0.3) 0 (0) —

PSA at diagnosis, ng/mL

, 10 471 (69.9) 15 (50.0) Ref

≥ 10 160 (23.7) 11 (36.7) 2.16 (0.95 to 4.77)

Not reported 43 (6.4) 4 (13.3) —

High-risk clinical characteristics

No 408 (60.5) 15 (50.0) Ref

Yes 260 (38.6) 15 (50.0) 1.57 (0.75 to 3.29)

Not reported 6 (0.9) 0 (0) —

Gleason score

≤ 7 (3 + 4) 452 (67.1) 19 (63.3) Ref

≥ 7 (4 + 3) 194 (28.8) 11 (36.7) 1.35 (0.61 to 2.84)

Not reported 28 (4.1) 0 (0) —

SEER stage

Local 516 (76.6) 20 (66.7) Ref

Regional 135 (20.0) 7 (23.3) 1.34 (0.52 to 3.09)

Distant 20 (2.9) 3 (10) 3.87 (0.86 to 12.52)

Unknown 3 (0.5) 0 (0) —

Abbreviations: DDR, DNA damage repair; OR, odds ratio; P/LP, pathogenic or likely pathogenic; PSA, prostate-specific antigen.
aNoncarrier is defined as any patient who is either a carrier of only a benign or likely benign variant or has no known variant in the investigated genes.
bDDR-associated cancers = breast, ovarian, pancreatic, prostate, and kidney.
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DNA mismatch repair, PMS2 encodes a protein that forms a
heterodimer with MLH1 and this complex interacts with
MSH2 bound to mismatched bases. Importantly, defects in
this gene are associated with Lynch syndrome or hereditary
nonpolyposis colorectal cancer,55 and potentiate the for-
mation of supratentorial primitive neuroectodermal tumors.56

Consequently, the potential relevance of PMS2 genetic
variation in prostate cancer development appears logical and
may be worth analyzing in future sequencing studies. It is
important to note that in a previous study of PMS2 variants,
carriers were at an increased risk of developing colorectal
cancer compared with the general population, but there was
no clear evidence of an increased risk of ovarian, gastric,
hepatobiliary, bladder, renal, brain, breast, prostate, or small
bowel cancer.57 However, this study was performed in non-
Hispanic White men, and does not preclude the potential
importance of this gene in Black men who develop early-
onset prostate cancer. It is also plausible that the PMS2
variants identified in this study were not detected.

Many bioinformatics pipelines do not accurately identify or
classify multiple-nucleotide variants leading to incorrectly
identified single-nucleotide variants (SNPs) with potential
biasing results.58 For example, we identified a SNP in POLE
that alone was a stop-gain loss of function variant classified
as a P/LP; however, another SNP on the same allele and
codon, when taken together, result in a nonsynonymous
variant classified as a SNP. By actively testing for multiple
nucleotide variants, we were able to provide a more ac-
curate analysis for our study.

This study has several important strengths including its
sample size, as it is one of the largest population-based
investigations of early-onset prostate cancer in Black men.
Despite this, the rarity of these mutations in our study
population did not allow for adequate examination of in-
dividual variants and clinical characteristics. The
population-based nature of the investigation increases the
likelihood that the results are generalizable to the larger
population of Black men diagnosed with early-onset
prostate cancer. Furthermore, the identification of study
participants through one of the founding members of
National Cancer Institute’s SEER cancer program allowed
not only for the abstraction of relevant clinical data but also

histopathologic confirmation of diagnosis. Finally, using a
strategy that focused on a population likely to be genetically
enriched increased the likelihood of detection of rare
pathogenic variants. The limitations of this study include
the retrospective design and lack of follow-up over time.
Investigations into early-onset disease face the confound-
ing questions as to why an individual was detected early
(eg, a recent family history change increased awareness), if
their cancer could have become aggressive if not caught
early, or if the individual will face recurrence. The answers
to these questions could affect the associations of variants
with disease. Finally, the current investigation does not
address the contribution of common variants on early-onset
prostate cancer in Black men. Race-specific polygenic risk
scores are emerging as a tool to assess cancer risk asso-
ciated with common variants and should be considered in
future studies in this population.

This study demonstrates the critical importance of exam-
ining under-represented patient populations for genetic risk
factors related to common malignancies such as prostate
cancer. Our analysis identified variants previously char-
acterized in cohorts of non-Hispanic White men, while also
characterizing several novel variants. In addition, our study
indicates that carriers for P/LP variants or VUS often have a
family history of cancer, and may have an increased
susceptibility to developing prostate cancer at an earlier
age, as well as developing aggressive disease. To build on
the results of this study, future research will benefit from
examining the heritability of variants in DDR genes and
HOXB13 to determine whether first-degree relatives with
the same genotype truly have an increased susceptibility to
developing cancer, and whether carriers are at an in-
creased risk of developingmalignancies other than prostate
cancer. It is also essential to further characterize the ge-
netic variation among Black patients with prostate cancer in
separate cohorts to validate these findings, which will ul-
timately contribute to the understanding of a patient
population. These investigations will provide insight into the
unique susceptibility Black men have to developing
prostate cancer, andmay help reduce the health disparities
these individuals face in receiving adequate health care.
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