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Purpose: To understand the broader genetic landscape of male breast cancer (MBC), focusing
on the utility of genome sequencing (GS) beyond BRCAI/2 (HGNC: 1100, 1101) variants.
Methods: Twenty-four patients with MBC underwent a multistep genetic analysis. Initial
screening targeted BRCAI/2 variants followed by GS to identify pathogenic/likely pathogenic
germline variants through a 3-tiered classification. Polygenic risk score analysis was further
incorporated using a model for female breast cancer with 2666 noncancer controls. Exome
sequencing was used to transition from germline to somatic investigations, assessing second-
hit variant and mutational signatures.
Results: The GS analysis unveiled previously unrecognized pathogenic/likely pathogenic
germline variants in BARDI, ATR, BRIPI, and CHEK2 (HGNC: 952, 882, 20473, 16627)
among 21 BRCA1/2-negative patients with MBC, elevating the diagnostic yield from 12.5% to
33.0% in all MBC. Elevated average polygenic risk score was noted compared with controls,
with a significant correlation to early-onset MBC when combined with high-penetrance germline
pathogenic variants (P = 1.10 x 10™*). Exome sequencing analysis further identified significant
somatic oncogenic drivers and revealed a dominant mutational signature SBS3 across BRCA1/2-
negative samples, reinforcing the contribution of omologous recombination deficiency
underlying the MBC development.
Conclusion: Our findings extended the MBC genetic spectrum beyond BRCA1/2 and high-
lighted the intricate interplay of monogenic and polygenic predispositions, presenting a
comprehensive MBC genomic profile.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Cancer is a pivotal public health adversary and a leading
global cause of death." Despite rare cancers constituting
approximately 22% to 27% of all cancers and accounting for
25% of cancer-related deaths,”” their genetic underpinnings,
which are crucial for evolving precision medicine strategies,
remain largely unknown."®

Male breast cancer (MBC) exemplifies the complexities
of rare cancers. Representing less than 1% of all breast
cancers, it exhibits an incidence rate of 0.4 per 100,0000
man years.” A notable 20% of patients with MBC have a
family history of breast cancer, which increases the lifetime
risk by almost 3-fold, suggesting a significant genetic
contribution to MBC predisposition.”” Consequently, MBC
ranks highest in the postdiagnosis germline genetic testing
rate among all cancer types.'’ However, known pathogenic
(P) variants, mostly found in BRCA1/2, ATM, and PALB2
(HGNC: 1100, 1101,795, 26144), are reported in only about
16% of patients with MBC.'"'?

Although traditional genomic diagnostic tools focus on
panel sequencing of cancer predisposition genes, this may
miss significant genetic information.'” Exome sequencing
(ES) can dramatically expand the detection range of
genes,”" and genome sequencing (GS) dives deeper,
capturing noncoding region variants, structural variations
(SVs), copy-number variations (CNVs), and even poly-
genic risk scores (PRS), thereby revealing the genetic eti-
ology of rare cancers more comprehensively.'™'® Despite
the remarkable success of ES and GS in diagnosing
congenital defects and neonatal diseases,'’ ' their impli-
cations for rare cancers are yet to be fully realized. The
significant portion of unexplained genetic etiologies in rare
cancers, such as MBC, accentuates the need for thorough
research, setting the stage for utilizing GS in decoding rare
cancers.”'

In this study, we performed BRCAI/2 panel genetic
testing in 24 Chinese patients with MBC, deep GS for
BRCA1/2-negative patients with MBC, comprehensive
analysis at monogenetic and polygenetic levels, and further
ES in tumor tissue to extend the landscape of germline and
somatic variants in Chinese patients with MBC and
improved the genetic diagnosis.

Materials and Methods
Study participants

We recruited male patients with breast cancer and in-
dividuals without any cancer at the time of recruitment as
the noncancer controls from multiple centers between 2017
and 2019. None of them had a previous cancer history. The
histological examination confirmed all breast cancer di-
agnoses. Biopsy specimens were obtained from primary
breast tumors during surgical excision. The phenotypic

information was collected and evaluated according to the
well-defined criteria (Supplemental Method). The study
was approved by the Institutional Review Board of the
hospitals, and written informed consent was signed by all
participants.

DNA sequencing

According to the National Comprehensive Cancer Network
guidelines for genetic assessment (https:/www.ncen.org),”
initial BRCA testing should be performed for breast cancer,
followed by advanced next-generation sequencing analysis
using GRCh38 if the BRCA result is negative. The protein-
coding regions of BRCAI/2 were analyzed using targeted
gene panels in all participants, following an established
procedure.23 Genomic DNA of BRCAI/2-negative patients
obtained from peripheral blood and tumor samples were
subjected to GS and ES, respectively (Supplemental
Method). The choice of tumor samples for subsequent an-
alyses depended on the availability of tissue.

Variant calling and filtering

Germline variant calling and filtering were performed using
the Peking Union Medical College pipeline.”*® Somatic
variant calling was detected using Sentieon, by comparing
the sequencing data obtained from tumor and matched blood
samples. Multiple filter procedures were applied at both
variant and sample levels (Supplemental Method). The
authenticity of putative variants was confirmed through
manual inspection using the Integrative Genomic Viewer.”’

Variant interpretation

The methodologies for the interpretation of small variants
and SVs were adapted from the guidelines set forth by the
American College of Medical Genetics and Genomics and
the Association for Molecular Pathology”**’ (Supplemental
Method). Additionally, noncoding variants in the promoter
flanking regions were evaluated for established hereditary
breast cancer-related genes. The promoter regions were
obtained from the Eukaryotic Promoter Database™ (EPD-
new, accessed on 2022/10/13; Supplemental Table 1).

Variant classification

A 3-tiered terminology system was developed to curate and
categorize the candidate variants based on the existing ge-
netic annotations and inferred clinical relevance. P/likely P
(P/LP) variants in genes explicitly implicated in hereditary
breast cancer were assigned to tier 1. The tier 2 encom-
passed variants indicative of a potential predisposition to
breast cancer but lacking a conclusive P/LP classification,
identified within other established hereditary cancer sus-
ceptibility genes. The tier-3 included variants of uncertain
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significance (VUS) intersecting with these known hereditary
cancer-related genes or other genes involved in tumorigen-
esis. The list of hereditary cancer-related genes comprises
78 genes exhibiting monogenic inheritance patterns, sourced
from the Online Mendelian Inheritance in Man database’’
and literature (Supplemental Table 2).

PRS analysis

Given a shared genetic basis between MBC and ER-positive
female breast cancer (FBC),3 >a published 313 variant PRS
model (PRS313) for FBC was implemented,”” comprising
305 SNPs that have been significantly associated with
overall FBC with a P value of less than 107>, 6 additional
SNPs that were associated with ER-positive FBC with a
P value of less than 10~ but not with overall breast cancer
at P < 1075, and 2 rare variants ([BRCA2]
NM_000059.3:c.9976A>T  p.[Lys3326Ter], [CHEK2]
NM_007194.4:c.470T>C p.[Ile157Thr] [HGNC: 16627]).
The coefficients of the optimal model for ER-positive breast
cancers were used to calculate the PRS for all MBC samples
and noncancer controls (Supplemental Table 3).
The PRS calculation formula is as follows:

PRS=px; + foxa + -+ + fixg-- + f,xn

Py effect size of a given allele
xi. allele count of the individual, O for non-
heterozygote,1 for heterozygote, 2 for homozygote

Statistical analysis

All statistical analyses were performed in R (version
3.6.3).>* A 1-sided P value of less than05 was considered
statistically significant for testing the hypothesis that the
mean of one sample exceeds that of the other. Given that
this comparison was performed as a single test, the risk of
type 1 error due to multiple testing was not a concern for
this specific analysis, thereby eliminating the need for
multiple-testing correction.

Mutational signature analysis

The mutational signatures of somatic single-nucleotide
variants were analyzed using the R/Bioconductor package
MutationalPatterns®> and the known signatures was ob-
tained from Catalogue of Somatic Mutations in Cancer
database (v3.3)°° (Supplemental Method).

Results
Participant characteristics

We enrolled 24 patients with MBC in this study, with a
median age of 57.5 years (range: 34.0-76.0) at diagnosis.
Among them, 37.5% (9/24) had a family cancer history,

with 16.6% (4/24) reporting FBC or ovarian cancer
(Table 1). A majority (70.8%; 17/24) presented at relatively
early stages (0-II), including 8.3% (2/24) with ductal car-
cinoma in situ. Furthermore, 79.2% (19/24) were of the HR-
positive/HER2-negative subtype, and 8.3% (2/24) were
triple-negative. We enrolled 2666 individuals without any
cancer who underwent GS as the noncancer controls in the
analysis of the contribution of common variants to genetic
susceptibility in patients with MBC.

GS Increases the detection rate of hereditary cancer
predisposition in MBC

Initially, we identified 3 participants harboring P/LP variants
using BRCA1/2-targeted panel testing initially (Figure 1A,
Table 1). BRCAI P variants were found in 2 participants
with a family history of breast cancer or ovarian cancer, and
the BRCA2 P variant was found in a participant without any
family history of cancer. All 3 participants were with HR-
positive/HER2-negative breast cancer.

Subsequently, GS was conducted for the remaining 21
BRCAI/2-negative participants. The mutational landscape
revealed a broad spectrum of rare genetic variants distrib-
uted across these patients (Supplemental Figures 1 and 2).
Careful interpretation of single-nucleotide variants, small
insertions/deletions, CNVs, and SVs was performed using a
3-tier variant classification system (Figure 1B).

Our genome-wide analysis revealed that 23.8% (5/21) of
these BRCAI/2-negative participants carried P/LP variants
with an established clinical relevance (ie, tier 1), including
missense variant, nonsense variant, splice altering variant,
and CNV across 4 genes (ATR, BARDI, BRIPI [HGNC:
882, 952, 20473], and CHEK2) (Figure 2, Table 2).
Cumulatively, P/LP variants were found in 33.3% (8/24) of
the patients with MBC. Our result demonstrates that GS
improved the diagnostic yield for MBCs compared with
multigene panel testing,”’~® thereby enhancing MBC
diagnostic yield and underscoring the diagnostic capability
of GS in rare cancers with obscure etiology.

In addition, we identified 18 VUS in 16 patients who
were yet to be diagnosed with P/LP variants (Table 2).
These VUS included likely gene-disruptive variants in
known monogenic hereditary cancer susceptibility genes
and SVs/CNVs intersecting genes implicated in tumori-
genesis. The clinical significance of these variants is not yet
fully understood and further investigation is required to
determine their impact on breast cancer risk. Based on their
projected influence, these variants were classified as tier 2 or
tier 3.

Implications of homology recombination deficiency
in MBC

Two distinct deleterious variants were identified in BARD1
in MBC043 and MBCO11 (Table 2). BARDI is a moderate-
risk susceptibility gene in FBC,” but its involvement in
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Table 1  Participant characteristics
Age of
Participant ~ Onset Family History =~ AJCC Stage Histology Grade Molecular Subtype  Ki-67 BRCA1/2 Status
MBC002 56 None ITIA IDC I HR-pos/HER2-neg  40%  Negative
MBC003 75 None IA IDC I HR-pos/HER2-neg 10%  (BRCA2) NM_000059.3:c.
7007G>A p.(Arg2336His)
NC_000013.11:g.
32316461G>A
MBC005 63 Ovarian cancer IA IDC II HR-pos/HER2-neg  30%  Negative
(mother)
MBC006 67 None IA IDC I HR-pos/HER2-neg  30%  Negative
MBC007 67 None IA IDC I HR-pos/HER2-neg 20%  Negative
MBC011 68 Leukemia IIIA IDC II HR-pos/HER2-neg 25%  Negative
(mother)
MBCO16 63 None 0 DCIS I HR-pos/HER2-neg 8%  Negative
MBC017 53 None IA IDC 111 HR-pos/HER2-pos 30%  Negative
MBC022 53 None ITA IDC I HR-pos/HER2-Neg ~ 40%  Negative
MBC023 58 None I1IC IDC 111 HR-pos/HER2-neg  40%  Negative
MBC024 76 Ovarian cancers  IIIC IDC I HR-pos/HER2-neg 25%  (BRCA1) NM_007294.3:c.
(2 daughters) 5095C>T p.(Arg1699Trp)
NC_000017.11:g.
43045729C>T
MBC025 53 Breast cancer ITA IDC I HR-pos/HER2-neg 20%  Negative
(mother)
MBC026 40 None ITIA IDC 111 HR-pos/HER2-pos 60%  Negative
MBC032 64 None 0 DCIS NA NA NA  Negative
MBC039 34 None ITIA Mucinous I HR-pos/HER2-neg 5%  Negative
MBC040 71 None ITIC IDC 111 HR-pos/HER2-neg 80%  Negative
MBC041 46 Lung cancer IA IDC I HR-pos/HER2-neg 30%  Negative
(father)
MBC042 49 Lymphoma v IDC 111 TNBC NA  Negative
(uncle)
MBC043 43 None ITA IDC II TNBC 30%  Negative
MBC044 57 None IA Mucinous I HR-pos/HER2-neg NA  Negative
MBC045 54 None ITA IDC I HR-pos/HER2-neg 10%  Negative
MBCO46 56 Gastric cancer ITIA IDC II1 HR-pos/HER2-neg 60%  Negative
(father)
MBC047 55 Lung cancer IIB IDC I HR-pos/HER2-neg 70%  Negative
(father)
MB(051 61 Breast cancer I1B IDC I HR-pos/HER2-neg 30%  (BRCAI) NM_007294.3:c.
(sister) 5401A>T p.(Lys1801Ter)

NC_000017.11:q.
43071077A>T

AJCC, American joint committee on cancer; DCIS, ductal carcinoma in situ; HER2, human epidermal growth factor receptor 2; HR, hormone receptor;
IDC, invasive ductal carcinoma; MBC, male breast cancer; neg, negative; pos, positive; TNBC, triple-negative breast cancer.

MBC has remained unknown. The ultrarare (BRCAI)
NM_007294.3:c.2155A>G p.(Thr719Ala) variant is located
in the BRCAI C-terminal domain (gnomAD frequency
0.001%), critical for the recruitment and retention of the
BRCAI-BARDI heterodimer to DNA damage site.*’ Func-
tional analysis demonstrated the existence of homologous
recombination deficiency (HRD) due to the variant.*' Per-
son MBCO11 harbors the novel BARDI CNV with break-
points in deep introns, resulting in a frameshift deletion of
exon 6, beyond the detection capability of conventional
techniques (Supplemental Figures 3 and 4). We further
validated this deletion by real-time quantitative polymerase
chain reaction (Supplemental Figure 5).

Additionally, an ultrarare missense variant ([BRIPI]
NM_032043.3:c.1208G>A p.[Argd03GlIn]; gnomAD fre-
quency 0.003%) was identified in the BRIPI gene in person
MBC025, documented in a Latin American female affected
with breast cancer.”” BRIPI functions in conjunction with
BRCAI and the variant is predicted to be likely gene
disruptive, providing evidence for the BRCAI-related HRD in
developing MBC. Notably, the patient’s mother, with a his-
tory of invasive breast cancer, harbored the same variant,
whereas his unaffected daughter did not carry it (Supple-
mental Method, Supplemental Figure 6). This cosegregation
suggests that this BRIP] variant is a potential explanation for
the increased breast cancer susceptibility within the pedigree.
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Person MBC022 was found to harbor a nonsense variant
([ATR] NM_001184.4:¢.5605C>T p.[GIn1869Ter]) in the
middle of the ATR gene, working with ATM to initiate a
complex network of DNA repair pathways, including ho-
mologous recombination.”> Although variants in ATM are
frequently associated with MBC, ATR variants are rarely
observed and have only been reported in MBC tumor
tissues.” "

ATR activates CHEKI (HGNC:
whereas CHEK?2 is activated downstream of ATM.
Another person, MBC045, was found to have a splicing
variant in the intron 3 of CHEK2 ([CHEK2]
NM_145862.2:c.4444+3A>C). This variant was predicted to
be splice-disrupting by SpliceAl,”’ suggesting the high po-
tential to alter messenger RNA and lead to effective loss of
CHEK? function. Collectively, our results underscored the
critical involvement of HRD in MBC development.

1925) downstream,
45,46

Identification of VUS and potential susceptibility
loci in MBC

To capture potential genetic predisposition beyond routine
curation, we conducted a more specific screening for rare
variants in 78 hereditary cancer-related genes (Supplemental
Method). Within this genomic spectrum, several VUS
emerged in patients without a prior molecular diagnosis.

An experimental validated missense variant in MSH2
(HGNC:  7325) (IMSH2] NM_000251.2:c.14C>A
p.[Pro5GIn]),** a DNA mismatch repair gene with estab-
lished association in Lynch syndrome,“g’50 was discovered
in an early-onset patient aged 34 (MBCO039). Histological
examination revealed a mucinous carcinoma (Table 1), a
rare subtype in breast cancer but common in Lynch-
associated colorectal cancer.”' Despite its inheritance from
a healthy mother attenuating the penetrance (Supplemental
Figure 7), the histological alignment suggests a possible
role in MBC etiology, contrarily to previous studies
negating the association of MSH2 with FBC risk.’”

In another patient with triple-negative breast cancer,
MBCO042, with a family history of cancer (lymphoma in an
uncle), we identified a novel missense variant in the PTCH I
gene (HGNC: 9585) ([PTCHI] NM_000264.4:c.3346G>C
p.[Vallll6Leu]), a tumor suppressor gene associated with
basal cell nevus syndrome. A more comprehensive pedigree
cosegregation analysis is required to determine the patho-
genicity of this PTCH]I variant.

Other VUS with more ambiguous clinical significance
were classified as tier 3, including VUS in cancer-associated
genes and CNVs of uncertain significance (Table 2). Among
these, PALLD (HGNC: 17068), previously implicated with
familial pancreatic cancer,”"* emerged as a potential MBC
susceptibility gene. Detected variants include 1 nonsense, 2
novel missense, and a recurrent microdeletion in PALLD
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Integrated genomic and clinical landscape of patients with male breast cancer (MBC). This figure displays an intricate

heatmap amalgamating genetic variant data and clinical features for individual MBC participants (represented by columns). Variant data
include single-nucleotide variants, small insertions/duplications, copy-number variations, structural variations sorted into diagnostic tiers 1 to
3, polygenic risk scores, and somatic variants and are exhibited in a shared color gradient ranging from red to light yellow. These data are
utilized to classify patients into 3 risk categories of MBC, reflecting different levels of genetic predisposition from high to low. Clinical
parameters are concurrently illustrated, encompassing tumor stage, grade, subtype, and a documented family history of cancer. Gray cells

designate samples for which data could not be obtained.

(Table 2), displaying a significant enrichment in our MBC
cohort and indicating a likely association with MBC
development.

Furthermore, we identified 2 novel CNVs in person
MBCO045, carrying a CHEK? splice variant classified as tier
1 (Table 2). Validated through sequencing methods, the
presence of homologies surrounding these CNV breakpoints
reflects the distinct mechanisms underpinning these nonre-
current CNVs™ (Supplemental Figure 8), supporting the
genomic instability resulting from the impaired function of
CHEK?2. Specifically, the 19q13.3 deletion contains BAX
(HGNC: 959), an apoptosis activator in P53-mediated
apoptosis,”® whereas the 17p13.3 duplication solely en-
compasses YWHAE (HGNC:12851). Both of BAX and
YWHAE are reported to exhibit aberrant expression in breast
cancer cells correlating with the respective copy number in
our patient, impacting tumorigenesis and tumor growth.”’>*
Given that the pathogenicity of CHEK?2 variants is still
controversial, the 2 CNVs serve as potential supplemental
causal factors for person MBC045.

Contribution of common variants to genetic
susceptibility in patients with MBC

To provide a comprehensive evaluation of the genetic pre-
disposition, we implemented a classic PRS model for FBC

to quantify the baseline breast cancer susceptibility in a
polygenetic view. Our data suggest that MBC individuals
exhibited a significantly greater average PRS than the con-
trol group (P = .04, 2-sample ¢ test). This persisted even
after gender-related confounding factors were controlled.
(Figure 3A).

To investigate whether the monogenic factors influence
PRS, we conducted subgroup analyses based on the carrying
status of tier 1 or tier 2 variants. There were no significant
differences in PRS values or age of onset between the 2
subgroups. However, we found that person MBCO11, who
harbored a BARDI microdeletion, exhibited an extremely
low PRS of —0.45, indicating that the deletion may serve as
a strong causal factor to override the protective effect of a
low PRS. Excluding MBCO11, we observed a statistically
significant increase in PRS values and a decrease in the age
of onset in molecular diagnosed patients compared with the
undiagnosed ones (P = 5.5 X 107> and .03, 2-sample 7 test)
(Figure 3B). No deviation in PRS distributions was
observed when comparing germline P variant heterozygotes
with nonheterozygotes among controls (Supplemental
Figure 9, Supplemental Method).

Another subgroup analysis was performed further to
investigate the interplay between monogenic and polygenic
predispositions. MBC participants were stratified into 3 risk
groups, each representing a distinct level of overall germline
genetic susceptibility (Figure 2). Those with tier 1 or tier 2



W. Wen et al.

Table 2  Variants in BRCA1/2-negative patients with MBC
Tier Variant Type Gene Patients Inheritance
Tier 1 (ATR) NM_001184.4:¢.5605C>T p.(GLn1869Ter) stop gained ATR MBC022 NA
NC_000003.12:9.142495446C>T
(BARD1) NM_000465.4:c.2155A>G p.(Thr719Ala) missense variant BARD1 MBC043 NA
NC_000002.12:9.215740789A>G
(BRIP1) NM_032043.3:¢c.1208G>A p.(Arg403Gln); missense variant BRIP1 MBC025 Maternal
NC_000017.11:9.59877497G>A
(CHEK2) NM_145862.2:c.444+3A>C p.? splice region variant CHEK2 MBC045 NA
NC_000022.11:9.29091855A>C
(BARD1) NM_000465.4:c.1568+6443_1677+275del deletion BARD1 MBC011 NA
p.? NC_000002.12:q9.214752175_214761042del
Tier 2 (MSH2) NM_000251.3:c.14C>A p.(Pro5Gln) missense variant MSH2 MBC039 Maternal
NC_000002.12:9.47630135C>A
(EXT2) NM_207122.2:¢.1495+2T>A p.? splice donor variant EXT2 MBCO046 NA
NC_000011.10:9.44715747T>A
(PTCH1) NM_000264.5:¢.3346G>C p.(Vall116Leu) missense variant PTCH1 MBC042 NA
NC_000009.12:9.98206734G>C
Tier 3 (NF1) NM_000267.3:¢.3469G>A p.(Val1157Ile) missense variant NF1 MBC023 NA
NC_000017.11:9.31232854G>A
(MSH6) NM_000179.3:c.1828A>G p.(Lys610Glu) missense variant MSH6 MBC005 NA
NC_000002.12:9.47799811A>G
(PMS2) NM_000535.7:¢.2374G>A p.(Asp792Asn) missense variant PMS2 MBC007 NA
NC_000007.14: g.5977659C>T
(PALLD) NM_016081.4:c.160G>A p.(Glu54Lys) missense variant PALLD MBC047 NA
NC_000004.12:9.168511664G>A
(PALLD) NM_016081.4:c.139C>T p.(Arg47Trp) missense variant PALLD MBC016 NA
NC_000004.12:9.168511643C>T
(PALLD) NM_016081.4:c.3313C>T p.(Arg1105Ter) stop gained PALLD MBC041 NA
NC_000004.12:9.168925238C>T
(PTEN) NM_000314.8:c.*75dup p.? 3 prime UTR variant PTEN MBC011 NA
NC_000010.11:9.87965547dup
(7SC1) NM_000368.5:¢.937T>C p.(Ser313Pro) missense variant 75C1 MBC007 NA
NC_000009.12:9.132911545A>G
(7SC2) NM_000548.5:c.41A>T p.(Lys14Met) missense variant 7S¢z MBC022 NA
NC_000016.10:9.2048656A>T
seq[GRCh38] dup(17)(p13.3p13.3) duplication YWHAE MBC045 NA
NC_000017.11:9.1332001_1358000dup
seq[GRCh38] del(19)(q13.33) deletion 19g13.3 MBC045 NA
NC_000019.10:9.48942291_48988057del
seq[GRCh38] inv(22)(q12.3) inversion CHEK2 MBC007 NA
NC_000022.11:9.28736344_28736439inv
seq[GRCh38] del(4)(q34.3) deletion (intron) PALLD MBC006,MBC042 NA
NC_000004.12:9.168698304_168700077del
seq[GRCh38] dup(17)(q12g21.2) duplication 17q11.2 MBC006,MBC011 NA
NC_000017.11:9.30757959_31963727dup
seq[GRCh38] del(2)(p25.3) deletion opc1 MBC006 NA

NC_000002.12:9.10442173_10443229del

DEL, deletion; DUP, duplication; INV, inversion; UTR, untranslated region; MBC, male breast cancer; NA, unknown inheritance.

variants and a high PRS (exceeding the top 20th percentile
of the in-house population PRS distribution) were catego-
rized as a high-genetic-risk group, representing a strong
overall genetic predisposition. Conversely, patients with low
PRS scores (below the bottom 20th percentile of the pop-
ulation PRS distribution) and no deleterious germline vari-
ants were assigned to the low-genetic-risk group, whereas
those falling outside these criteria were assigned to the
moderate-genetic-risk group.

Participants in the high-genetic-risk group had a signifi-
cantly earlier age of onset compared with those in the low-
genetic-risk and moderate-genetic-risk groups (P = .003 and
.01, respectively; 2-sample ¢ test) (Figure 3C), underscoring
the importance of both a polygenic background and rare
monogenic variant in determining the comprehensive ge-
netic risk profile of MBC. Moreover, patients in the low-
genetic-risk group predominantly exhibited tumors at early
stages, majorly ductal carcinoma in situ/stage O or Ia
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percentile of the PRS control distribution, with values of 0.0289 and 0.970, respectively. B and C. Boxplots of subgroup comparison. (B)
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“molecular diagnosed”

(orange) and “ molecular undiagnosed” (gray) patients. (C) shows age distribution across different genetic risk groups, illustrated by different
colored boxplots. Individual data points are shown in gray. D. A combined representation of PRS (top histogram), germline molecular
diagnosis (middle panel), somatic mutation status (bottom heatmap). Sample IDs are shared on the x-axis to facilitate the concurrent
interpretation of PRS and mutational patterns within each individual. MBC, male breast cancer.

(Figure 2, Table 1), indicating that genetic predisposition
correlates not only with tumorigenesis but also tumor
behavior, grading, and prognosis. Taken together, our re-
sults highlighted the intricate relationship between mono-
genic and polygenic predispositions in determining the
genetic risk profile of MBC.

Somatic mutational profile enhance understanding
of MBC tumorigenesis and personalized therapy

To elaborate on the germline findings, we conducted so-
matic mutational analysis on 11 patients with available
cancer tissue samples following germline variant curation
(Supplemental Method). We initially ascertain tumor-
specific biallelic inactivation via loss of heterozygosity or
second-hit somatic mutations in patients with putative
germline variants to investigate the effect model of P vari-
ants in tumorigenesis. However, we did not identify any
definitive instances of somatic biallelic inactivation.

Subsequently, a comprehensive screening of 238 onco-
genes and tumor suppressor genes in breast cancer revealed
driver mutations in well-established genes, including CDH1,
GATA3, PTEN, PIK3CA (HGNC: 1748, 4172, 9588, 8975),
and BRCA?2, providing important implications for person-
alized therapies for patients (Supplemental Tables 4 and 5).
Notably, a majority of these patients exhibited no delete-
rious germline variant or an extremely high PRS
(Figure 3D). Remarkably, 3 patients were found to harbor P
variants at the same position in PIK3CA ([PIK3CA]
NM_006218.4:c.3140A>G p-[His1047Arg] and
c¢.3140A>T p.[His1047Leu]), supporting its mutational
hotspot relevance in BRCA1/2-negative MBC.””-*”

To probe into the specific mutational patterns and under-
lying etiologies in MBC, we performed mutational signature
analysis (Supplemental Method). A striking degree of ho-
mogeneity in mutational signature composition was observed
in our MBC samples (Figure 4A and B). Compared with
known signatures, SBS89 signature emerged as the most
dominant contributor in the mutational signature spectrum
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across all samples, second to SBS25. Despite the limited
understanding of its etiology, the SBS89 signature has been
demonstrated to be most active during the first decade of life
in normal colorectal epithelial cells.”’ Compared with the
signature landscape of FBC,%* the SBS17 and SBS26 were
consistent, but rare in FBC samples (<5%) and common in
our MBC samples (>90%). (Figure 4B, Supplemental
Table 6). Moreover, the SBS3 signature, a well-documented
biological footprint and efficient indicator of HRD,%*%’
exhibited striking similarities in the mutational patterns
across most cases (Figure 4C), reinforcing the significance of
HRD in MBC tumorigenesis, suggesting the utility of poly
(adenosine diphosphate-ribose) polymerase inhibitors* and
potential great benefit from platinum-based therapy.®’

Discussion

The rarity and heterogeneity of MBC confines our under-
standing of its biological and genetic basis. To elucidate
this under-explored genetic architecture, our study leverages
the comprehensive genomic information offered by GS.
Initially, the BRCA1/2-target testing achieved a 12.5%
diagnostic yield, addressing the clinical importance of

utilizing target panels for efficient and cost-effective detec-
tion of P variants in MBC. Subsequent analyses using GS
and adopting a 3-tier classification system, expanded the
understanding of the genetic landscape of MBC beyond the
conventional BRCA1/2 spectrum, resulting in an aggregate
diagnosis yield of 33.0%. The identified P/LP variants,
alongside variants of potential clinical significance,
including 30.4% SVs/CNVs, 8.7% splice site variants, and
4.3% noncoding variants, affirming the unparalleled detec-
tion proficiency of GS. Identified susceptibility genes for
MBC, such as ATR, BARDI, BRIPI, and CHEK2, pre-
dominantly participate in the homologous recombination
pathway, underlying the HRD-related tumorigenesis mech-
anism in BRCA1/2-negative MBC.

Furthermore, our investigation into PRS highlights the
interplay between monogenic and polygenic susceptibility.
The higher average PRS found in patients with MBC than
the noncancer controls, inferred a significant contribution
from polygenic common variants to MBC risk, supple-
menting the effects of rare monogenic variants. The strong
association with high PRS and germline P variant in MBC
further indicated the interaction and relevance between the
monogenic and polygenic impact. Notably, patients
harboring both a high PRS and a high-penetrance germline
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P variant demonstrated a significantly earlier age of onset
compared with the patients without either factor, demon-
strating an overall genetic risk model comprising monogenic
and polygenic predispositions. A similar phenomenon has
been observed in FBC with P BRCAI/2 variants,’®®” our
study corroborates and extends it to BRCA1/2-negative pa-
tients with MBC.

Incorporating genetic analysis of tumor tissue can offer
important insights into the pathogenicity of germline vari-
ants.'”%" Yet, this has not been explored in the diagnostic
evaluation of rare cancers. To bridge this gap, we further
performed somatic mutational analyses. For the majority,
whose genetic predisposition remains unattributed to a
germline P variant, high PRS, or familial history, a P so-
matic driver mutation was discovered, potentially instigated
by aging. The PIK3CA hotspot emerged as the most com-
mon driver mutation, suggesting implications of target
therapies for these patients with MBC. Mutational signa-
tures in these patients manifested a dominant contribution of
SBS89, a signature specific to early cellular age, suggesting
that its high activity in later stages of life may potentially
linked to age-related cancer development. Moreover, the
prevalent SBS3 signature in our BRCA 1/2-negative patients
reinforced the hypothesis of its independence from germline
BRCA1/2 P variants®”"” and emphasized the role of HRD in
MBC development again.

Our analysis workflow can be applied to other rare can-
cers to decode their hereditary predisposition, particularly
when clinical testing criteria are absent. However, there are
some limitations. First, owing to low incidence of MBC, our
sample size was limited. Second, following guidelines, we
did not perform GS on BRCA 1/2-positive patients, resulting
in a gap in the PRS distribution for these individuals. The
complex interaction between monogenic and polygenic
predispositions in patients with MBC warrants further sys-
tematic investigation. Third, material constraints from tumor
tissue permitted only ES analysis, rather than the more
comprehensive GS, RNA sequencing or single-cell GS to
further explore somatic mutations, which leads to an
inconclusive result regarding our negative second-hit evi-
dence. Lastly, due to the advanced onset ages of the patients
with MBC (around 60 years old), trio (parental) validation
was largely unavailable for our sample. Future research
should account for these limitations and explore approaches
to supplement or verify data in which trio validations or GS
are unattainable.

Conclusion

Our investigation has underscored the effectiveness and prom-
ising potential of GS in elucidating the complex genetic land-
scape of MBC beyond BRCAI/2. The findings highlight the
clinical utility of multidimensional analysis in enhancing diag-
nostic yield and risk assessment and informing personalized
treatment strategies of rare cancers, laying a foundation for
advanced research and precision medicine in MBC.

Data Availability

The supplemental data supporting this study’s findings are
available in the supplement. Deidentified participant data
and analytic code are available upon request to Dr Jiaqi Liu
(j.liu@cicams.ac.cn).
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