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The use of gene panels introduces a new dilemma in the genetics field due to the

high frequency of variants of uncertain significance (VUS). The objective of this study

was to provide evidence that may help in the classification of these germline variants

in terms of their clinical impact and association with the disease in question. A total

of 52 unrelated women at-risk for HBOC and negative for BRCA1/BRCA2 pathogenic

variants were evaluated through a gene panel comprising 14 breast and/or ovarian

cancer susceptibility genes. Of the 453 germline variants identified, 15 variants (classes

3, 4, and 5) in the ATM, BRIP1, CHEK2, MRE11A, MUTHY, PALB2, RAD50, and RAD51C

genes were evaluated via databases, co-segregation studies and loss of heterozygosity

in the tumor. The co-segregation analysis allowed the establishment of an association

with the presence of variants and the risk of cancer for variant c.316C>T in the BRIP1

gene. Four variants of uncertain significance showed loss of heterozygosity in the tumor

(ATM c.4709T>C; CHEK2 c.1036C>T; PALB2 c.1001A>G, and RAD50 c.281T>C),

which is an indication of pathogenicity. Thus, the present study provides novel evidence

that favors the association of variants in moderate-risk genes with the development of

hereditary breast cancer.

Keywords: genetics, hereditary breast and ovarian cancer predisposition syndrome, hereditary cancer, variant of

unknown significance, segregation analysis
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INTRODUCTION

Germline pathogenic BRCA1 or BRCA2 variants are responsible
for ∼15–25% of the hereditary breast/ovarian cancer (HBOC)
cases (1, 2). Other than BRCA1/BRCA2, several high and
moderate cancer genes have been associated with HBOC. The
wide use of gene panels has proven to be extremely useful in
clinical practice due to the optimization of both time and cost,
and to the identification and monitoring of high-risk families for
hereditary breast cancer, harboring pathogenic germline variants
in genes other than BRCA1 and BRCA2.However, the use of gene
panels introduces a new dilemma: a high frequency of variants of
uncertain significance (VUS).

In order to assist in the classification of variants, the
American College of Medical Genetics and Genomics (ACMG)
published, in 2015, a report with the Association for Molecular
Pathology (AMP) and College of American Pathologists (CAP)
experts’ describing the recommendations for germline variants
classification, identified through genetic testing (3). This
guideline describes the classification of variants based
on evidences, such as population, in silico, functional and
segregation analysis. Among all the criteria, it is worth noting
that co-segregation and loss of heterozygosity analysis have been
widely used and have an important role in the classification
of variants of tumor suppressor genes identified in high risk
families (4–7).

In this context, the objective of this study was to evaluate the
mutational profile of high- and moderate-risk genes in patients
with a personal and/or family history suggestive of HBOC and
negative for mutations in the BRCA1 and BRCA2 genes and
also to provide evidence that may help to classify the identified
germline variants in terms of their clinical impact and their
association with the disease in question.

MATERIALS AND METHODS

Patients
A retrospective cohort study of 52 unrelated women over 18
years of age with a personal and/or family history (FH) suggestive
of HBOC were included. These women were referred to the
Department of Cancer Genetics of the Barretos Cancer Hospital
(BCH) and tested negative for pathogenic germline variants of
the BRCA1, BRCA2, and TP53 genes [as described by Fernandes
et al. (8)]. Clinical-pathological data and family history data
were collected from the patients’ clinical records and the family
records in the Department of Cancer Genetics of BCH.

Molecular Analyses
Genomic DNA obtained from peripheral blood was extracted
using the QIAamp Blood DNA Mini Kit (Qiagen) according
to the manufacturer’s instructions. The extracted samples
were quantified by fluorimetry (Qubit Fluorometer, Thermo
Fisher Scientific). The libraries were prepared using the Ion
Ampliseq Library 2.0 kit (Applied Biosystems) according to
the manufacturer’s protocol. The gene panel used in this
study consisted of 14 genes (Supplementary Table 1) related to
increased risk (moderate to high) of hereditary breast and/or

ovarian cancer. The coding region, along with the immediately
adjacent intronic regions (5 bases at the beginning and end
of each exon) of each gene, were sequenced using the Ion
Torrent PGM platform (Applied Biosystems) following the
manufacturer’s instructions.

The primary analysis (signal processing, base calling, sequence
filtering and mapping) of the generated data was performed
using the Torrent suite software, v2.2. The sequences generated
were mapped to the reference genome hg19 (Homo sapiens).
The variants were called and annotated using the Ion Reporter
v5.6 software, and the standard parameters suggested by the
manufacturer were applied. The first filters for the selection
of variants of the gene panel were as follows: exclusion of
variants with coverage below 50 X; intronic variants with distance
higher than ten base pairs upstream and downstream of exons;
variants located in non-coding UTR regions and synonymous
variants located in regions not associated with splicing. Copy
Number Variations (CNVs) were not assessed by our gene panel
NGS approach.

Data Ansalysis
Besides, after application of the quality filters, all variants
were evaluated for their frequency in international population
databases [gnomAD (9)] and in a Brazilian database (10) that
were used for manually excluding population-specific variants
(MAF ≤0.01 were maintained) (3). The identified genetic
variants were evaluated for their pathogenicity in the ClinVar
database (11) and the Human GeneMutation Database (HGMD)
(12). Furthermore, the variants were classified according to the
criteria recommended by the ACMG (Varsome web platform)
(3). Additionally, the following in silico prediction tools were
used: PolyPhen-2 (13); MutationTaster (14); Align GVGD (15);
SIFT (16); Panther (17); Human Splice Finder (18); Revel (19)
CADD (20) and PROVEAN (21).

Confirmation and Validation of Results
Conventional sequencing: All variants classified by both ClinVar
and ACMG as VUS (class 3), likely pathogenic (class 4), and
pathogenic (class 5) were confirmed by conventional sequencing
(sanger). For this validation, the genomic DNAs were amplified
by PCR, purified with the enzyme Exosap-IT (USB) and Big
Dye X terminator kit (Applied Biosystems) and sequenced bi-
directionally using the 3500XL platform (Applied Biosystems).

Segregation analysis: For the co-segregation analysis, all
families with class 3 germline variants according to the ACMG or
ClinVar classification and confirmed by conventional sequencing
were invited to participate. All relatives of the index patient with
or without cancer at any age whowere willing to participate in the
study were tested. Co-segregation with disease was considered
positive when the variant was present in all affected relatives,
and absent in all unaffected individuals (only individuals with
diagnosed breast or ovarian cancer were considered as affected).

Loss of heterozygosity (LOH): Variants classified as class 3
and that had available tumor material were subjected to LOH
analysis. LOH analysis was conducted using NGS sequencing.
Amplicon libraries were prepared by PCR and sequenced
using Ion Torrent Proton Platform according to manufacturer’s
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recommended protocol. Germline variant NGS sequencing
allows the identification of possible LOH events, taking into
consideration the purity of tumor cells and VAF. Data analysis
was performed using Torrent Suite 5.10.1 software, and variants
of interest were manually inspected with Integrative Genomics
Viewer (IGV) visualization. LOH of a wild-type allele was
considered when the variant allele had a frequency of >60%.
The VAF cut-off value above 60% is based on the model VAF =

100/(% tumor cells+ 2X % normal cells), which considers that the
deletion of the wild-type allele in hereditary syndromes is an early
event, thus present in most/all tumor cells.

Statistical Analysis
Statistical analysis was performed descriptively. SPSS v.21.0
software was used for data storage and statistical analysis.

Ethical Aspects
The study was approved by the institution’s Ethics Committee
(40814115.4.0000.5437). All patients included in the study signed
the study’s consent form.

RESULTS

Characterization of the Samples
A detailed clinical-pathological characterization of the 52
patients included in the study is shown in Table 1. In summary,
the mean age at first diagnosis of cancer was 41.9 years (ranging
from 21 to 61 years). Forty-four patients had breast cancer only
(84.6%), three patients had ovarian cancer (5.8%), two patients
had breast and ovarian cancer (3.8%), and, three index cases had
a personal diagnosis of breast and another tumor type (5.8%).
Seventeen percent of the patients were diagnosed with more than
one tumor, and one patient had three primary tumors (kidney,
breast and thyroid cancer), the first of which was diagnosed when
the patient was 31 years old.

Most of the patients included in the study were from
the state of São Paulo (Southeast Region 64.2%), were white
(86.3%), married (66.7%), and had completed high school
(35.3%)—(Supplementary Table 2). Most participants were pre-
menopausal (76.7%) and had first-degree relatives with breast
cancer (56.9%); and among the postmenopausal/perimenopausal
women, none was undergoing hormone replacement therapy
(Supplementary Table 3).

Among breast tumors, the mean age at diagnosis was 42.6
years of age. The predominant histology was invasive ductal
carcinoma (86.0%), followed by carcinoma in situ (8.0%).
Four of them had bilateral breast cancer (7.7%). There was a
predominance of clinical and pathological stage IIIA tumors,
with 33.3% for both. Regarding molecular subtypes, there was a
predominance of luminal B1 tumors (58%), while triple negative
and Her2-overexpressing tumors together represented ∼24% of
cases (Table 1).

Among the five women with a personal history of ovarian
cancer, the mean age at diagnosis of ovarian cancer was 43.4
years, ranging from 21 to 60 years. Among the five ovarian cases,
the histology was available for four cases (all of them were serous

TABLE 1 | Clinicopathological characteristics of the 52 patients included in the

study.

N %

Primary tumor site

Breast 44 84.6

Ovary 3 5.7

Breast and ovary 2 3.8

Breast and Sarcoma 1 1.9

Kidney, breast and thyroid 1 1.9

Melanoma and breast 1 1.9

Breast and ovarian cancer

No 50 96.1

Yes 2 3.8

Bilateral breast cancer

No 48 92.3

Yes 4 7.6

Multiple tumors

No 43 82.6

Yes 9 17.3

More than two primary tumors

No 51 98.0

Yes 1 1.9

Histological type

Intraductal/in situ 4 8.0

Invasive ductal carcinoma 43 86.0

Invasive lobular carcinoma 2 4.0

Metaplastic carcinoma 1 2.0

Ignored 3 –

Pathological staging

In situ 4 8.3

IA 6 12.5

IB 2 4.1

IIA 6 12.5

IIB 5 10.4

IIIA 16 33.3

IIIB 9 18.7

Ignored 5 –

Molecular subtype

Luminal A 3 6.0

Luminal B1 - HER2 negative 29 58.0

Luminal B2 - HER2 positive 6 12.0

HER2 super express 6 12.0

Basal-like or TNBC* 6 12.0

Ignored 3 –

*TNBC, Triple negative breast cancer.

ovarian carcinomas), and the predominant pathological stage
was IIIC.

Regarding the family history of cancer, the presence of breast
cancer in mother-daughter pairs was observed in 41.2% of cases
(cancer at any age). When breast cancer in first-degree relatives
before age 50 was evaluated, it was observed that 51% of patients
had at least one case in their family. In addition, 23.5% of the
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FIGURE 1 | Study design flowchart. Variants selection workflow. Panel sequencing data from 52 unrelated Brazilian women at-risk for HBOC, without germline

pathogenic variants in BRCA1 and BRCA2 genes.

patients had at least one family member with multiple tumors
(Supplementary Table 4).

Molecular Characterization
Sequencing of the 14 genes identified 453 variants. After
the application of the quality filters, 50 variants were
maintained for the following classification phases. Subsequently,
other 35 variants were excluded: (1) variants with a
population frequency ≥1% and (2) variants reported as
Benign/Probably Benign by ClinVar or according to the ACMG
classification. The flowchart shown in Figure 1 details the
filters applied to germline variants prioritization employed in
this study.

After applying all filters described above, a total of 15 unique
variants were identified. Two loss of function variants were
considered Pathogenic/Probably Pathogenic by the ACMG and
ClinVar: a frameshift variant in MUTYH (in heterozygosis):
c.1147delC and the splicing variant c.315-2A>G in theMRE11A
gene, respectively. VUS were considered to be all those classified
by ClinVar or by the ACMG as class 3, and 13 variants were found
in 11 women (21%). Table 2 contains all information from the

databases used and the in silico predictions of the 15 germline
variants identified.

Regarding the personal history of cancer of the 12 probands
(with identified class 3, 4, or 5 variants), as shown in Figure 2,
seven patients (58.3%) were diagnosed with cancer before the age
of 45 and three were diagnosed before the age of 30. Two patients,
ID306 (presence of the variant in the BRIP1 gene, c.316C>T) and
ID869 (presence of variant in the RAD50 c.1397A>C gene) had
two primary tumors: melanoma and breast, and breast and ovary,
respectively. The patients with pathogenic germline variants in
the MUTYH and MRE11A genes had unilateral breast tumors
diagnosed after 46 years of age.

Segregation and LOH Analysis
Of the 15 germline variants resulting from the gene panel,
it was possible to perform a more in-depth analysis of
the biological-clinical impact in 9 of them. For six variants
(five families), it was possible to perform co-segregation
analysis. In addition, the LOH analysis was performed for
seven VUS, and both analyses—co-segregation and LOH—were
performed for four variants (Table 3, Supplementary Figure 1).
The variant c.4709C>T in the ATM gene (class 2 according
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TABLE 2 | Description of the 15 variants identified in the 14-gene panel.

Germinative variant

identification

Pathogenicity classification

(classes 1 to 5)

Population frequency In silico predictions

ACMG and disease-specific

databases

Frequency In % Computational simulations of pathogenicity

Gene Patient ID cDNA Protein ACMG ClinVar HGMD ABraOM gnomAD Align

GVGD

Panther Hum.

Spl.

Finder

SIFT PolyPhen Mut.Tast PROVEAN CADD REVEL

ATM 85 c.1810C>T p.Pro604Ser 3 CI DC 0.00821 0.00422 C0 NR AS T PD DC N 24.3 0.415

ATM 133 c.4709T>C* p.Val1570Ala 2 CI VUS 0.00164 0.00045 C0 NR NI T B Pol N 8.67 0.152

ATM 1046 c.9086G>A* p.Gly3029Asp 3 CI NR NR 0.00012 C65 NR AS I B DC N 15.8 0.230

BRIP1 306 c.316C>T* p.Arg106Cys 2 CI NR NR 0.00010 NR B AS T B Pol N 22.5 0.067

CHEK2 1095 c.1036C>T* p.Arg346Cys 3 VUS NR NR 0.00005 C65 PD AS I PD DC D 33 0.780

CHEK2 1209 c.1312G>T p.Asp438Tyr 3 CI VUS NR 0.00039 C25 PD AS I PD DC D 33 0.337

MRE11A 1209 c.315-

2A>G

. 5 PP NR NR 0.00000 NR NR AS NP NP NP NP NP NP

MRE11A 133 c.482A>G* p.Lys161Arg 3 VUS NR NR 0.00001 C0 PD AS T B DC N 12.8 0.342

MUTYH 974 c.1147delC p.Ala385fs 5 P DC NR 0.00006 NR NR AS NP NP NP NP NP NP

MUTYH 755 c.1267C>T p.Arg423Cys 3 CI DC NR 0.00083 NR NR NP I PD Pol N 22.9 0.615

PALB2 85 c.1001A>G p.Tyr334Cys 2 CI NR NR 0.00010 C0 B AS T B Pol D 0.06 0.014

RAD50 869 c.1397A>C p.Gln466Pro 3 VUS NR NR 0.00000 C25 PD NI I B DC N 19.6 0.131

RAD50 274 c.281T>C p.lle94Thr 3 VUS NR NR 0.00004 C25 B NI T B DC D 20.9 0.153

RAD51C 640 c.1009G>T* p.Val337Leu 3 NR NR NR NR NR NR NI T B DC N 22.5 0.190

RAD51C 598 c.244C>T p.His82Tyr 3 VUS NR NR NR NR PB NI T B Pol N 4.63 0.033

*Germline variants that have segregation study; ACMG: 1, Benign; 2, Probably Benign; 3, VUS; 4, Probably Pathogenic; 5, Pathogenic; CI, Conflicting Interpretations; VUS, Variant of Uncertain Significance; PP, Probably Pathogenic;

P, Pathogenic; DC, Disease Causing; AS, Affect Splicing; NI, no impact on splicing; T, Tolerant; I, Intolerant; NP, Not Predicted; PD, Possibly Damaging; B, Benign; N, Neutral; D, Deleterious; PB, Probably Benign; NR, not reported;

Pol, Polymorphism.

Clinvar, date of last consult: June, 4th, 2020.
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FIGURE 2 | Heatmap. Total number of variants per patient. Variants identified with information regarding the tumor diagnosed and the patient’s age at diagnosis; and

age at diagnosis (in green: diagnosis ≤ 30 years of age; in yellow: 31 to 45 years of age; in red: ≥ 46 years of age) are represented.

to the ACMG and conflicting data according to ClinVar) was
included in the analysis because it was present in the same
patient (ID133) as one MRE11A class 3 variant. Pedigree
of index cases, where segregation and/or LOH analysis were
performed, are depicted in Supplementary Figures 2–7 and
in Figure 3.

For all variants evaluated through segregation analysis, the sex
and the age of the relatives are detailed in Table 3. Given the fact
that no cancer affected relatives of family ID133 were available
for testing, segregation analysis was not possible. Variants under
evaluation were not identified in the cancer-affected relatives
tested (1 per family) of ID640, ID1046, and ID1095 families, but
were carried by one (ID1046), two (ID1095), and five (ID640)
cancer-free relatives (Table 3).

Interestingly, results obtained for variant c.316C>T in BRIP1
gene of ID306 patient’s family (Figure 3) shown that, only the
sister’s patient with cancer history (breast cancer at 42 years of
age and thyroid cancer at 53 years of age) carried the c.316C>T
variant (two other siblings without cancer history were tested).
These results are an indicative of the of the co-segregation of the
variant with the disease.

Regarding the LOH analyses, among the seven VUS evaluated,
the loss of the normal allele was identified in four of them:
the variants c.1036C>T in the CHEK2 gene; c.4709T>C variant

(ATM gene); c.281T>C in the RAD50 gene, and c.1001A>G in
the PALB2 gene (Supplementary Figure 1).

DISCUSSION

The patients included in the study were women considered to
be at high risk for HBOC. Fifteen germline variants classified
as VUS, probably pathogenic and pathogenic were identified
in moderate-risk genes (22–24). The frequency of pathogenic
germline variants in patients who previously tested negative for
pathogenic variants in BRCA1/BRCA2 was 3.8%. Although it is
quite difficult to compare mutation frequencies among studies,
due to differences in inclusion criteria and/or ethnicity, our
mutation frequency corroborates other studies based on family
cancer history inclusion criteria (25–32).

Regarding the pathogenic variants identified, one of them is
located in the MRE11A gene, which is considered a partner of
the ATM gene in terms of signaling damage to and repair of
double-stranded DNA (33, 34). This gene was described in the
first studies using NGS as a gene conferring a moderate risk of
HBOC (OR = 2.88, P = 0.0090) and therefore was included
in panels (34). However, more recent studies with significant
sample sizes (case-control) revealed a low risk associated with
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TABLE 3 | Segregation and LOH analysis.

Cancer-Free Cancer-affected

ID Patient GENE c. p. Relatives Carrier Non carrier Carrier Non carrier LOH

(Total) (n) (n) (n) (n)

640 RAD51C c.1009G>T p.Val337Leu 10 5 (60♂; 31♀; 37♀; 65♀; 68♀) 4 (29♂; 38♂; 52♂; 68♀) 0 1 (53♀) NP

1046 ATM c.9086G>A p.Gly3029Asp 7 1 (52♀) 5 (61♂; 41♂; 61♀) 0 1 (59♀) NP

1095 CHEK2 c.1036C>T p.Arg346Cys 5 2 (36♂; 44♂) 2 (50♀; 70♀) 0 1 (42♀) Yes

306 BRIP1 c.316C>T p.Arg106Cys 3 0 2 (51♀; 53♀) 1 (47♀) 0 No

133 MRE11A c.482A>G p.Lys161Arg 5 2 (55♀; 65♂) 3 (60♀; 61♀; 67♂;) 0 0 No

133 ATM c.4709T>C p.Val1570Ala 5 2 (61♀; 65♂) 3 (55♀; 60♀; 67♂) 0 0 Yes

274 RAD50 c.281T>C p.lle94Thr - - - - - Yes

85 ATM c.1810C>T p.Pro604Ser - - - - - No

85 PALB2 c.1001A>G p.Tyr334Cys - - - - - Yes

NP, not performed.

FIGURE 3 | Family history. Pedigree family ID306. Variant c.316C>T in the BRIP1 gene.

the MRE11A gene. In the classification by Lee et al. (24), which
evaluated the clinical validity of genes usually included in panels,
the MRE11A is classified as “disputed,” i.e., there are conflicting
data and/or divergent opinions about its association to HBOC. In
our study the index patient who carried the pathogenic germline
variant in theMRE11A gene was diagnosed with breast cancer at
58 years of age, and her mother had an ovarian tumor diagnosed
after 50 years of age. Her family had three generations affected
by cancer and a total of 11 individuals with cancer. In addition to
the pathogenic germline variant in theMRE11A gene, this patient
also had a VUS in the CHEK2 c.1312G>T gene. Southey et al.
(35) showed evidence of the relationship of this VUS (CHEK2
c.1312G>T) with risk of prostate cancer, with OR 2.21 (95% CI
1.06 to 4.63, p = 0.030), in European men. However, no case of
prostate cancer was reported in our family.

The second pathogenic mutation has been identified in the
tumor suppressor gene MUTYH. Recent studies point to a low
risk of cancer in carriers of monoallelic pathogenic variants
in MUTYH in HBOC (22, 36). In the present study, the
heterozygous MUTYH mutation carrier was diagnosed with
breast carcinoma at 46 years of age. Additionally, eight cases of

breast cancer and two cases of prostate cancer were present in
the family history.

Thirteen germline variants of uncertain significance were
identified, corresponding to a VUS frequency of 21%. The
percentage of VUS, although relatively high, is comparable to that
reported in other studies that included moderate and low-risk
genes, such as the one published in 2018 by Xie et al. (37), which
evaluated 100 women and found a VUS rate of 34.25% in 10 genes
associated with susceptibility to breast cancer (excluding BRCA1
and BRCA2).

Among the variants in which the co-segregation analysis
could be performed, evidence of an association was found for
the germline missense variant c.316C>T in the BRIP1 gene,
present in ID306. Although only three relatives were tested,
the family member with a previous diagnosis of breast and
thyroid tumors had the variant in question. Nevertheless, it is
worth noting that the index patient had two primary tumors:
melanoma, diagnosed at 26 years of age, and breast cancer, at
36 years old. The family history suggests that the c.316C>T
germline variant in the BRIP1 gene may be involved in the
development of cancer in this family, although the analysis
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of the tumor material of the index patient did not show
LOH. However, loss of the normal allele can also be caused
by other genetic and epigenetic processes, such as occurrence
of a pathogenic point mutation at the functional allele and
promoter hypermethylation.

The presence of pathogenic germline variants in BRIP1 has
been specifically related to ovarian tumors (38, 39). However,
other studies have found a moderate association with the risk
of breast tumors. A case-control study conducted by Couch
et al. (40) showed an OR of 1.27 for breast cancer and 1.67
when both breast cancer and ovarian cancer were included. In
the study by Tung and collaborators (36), among 488 patients
with breast cancer, four women (0.81%) had a pathogenic
variant in the BRIP1 gene. In the family of patient ID306, no
cases of ovarian cancer were reported by the index patient.
This fact corroborated the studies by Tung et al. (36) (out
of the four patients analyzed, only one had a history of
ovarian cancer) and Slavin et al. (23), which identified BRIP1
mutations in families with other tumors then ovarian. The
melanoma phenotype present in patient ID306 and the bladder
phenotype present in the patient’s father are noteworthy because
both were also present in the study by Tung et al. (36).
These results suggest that in-depth analyses of the identified
variant should continue, together with a close family monitoring
and screening.

Regarding the other families in which co-segregation analysis
was performed, there was no co-segregation between the variants
in ATM c.9086G>A, CHEK2 c.1036C>T, RAD51C c.1009G>T,
and the disease. However, taking into consideration that only
one cancer-affected individual was tested in each family, these
findings need to be confirmed in a larger number of relatives.
Besides, result needs to be interpreted with caution given the
incomplete penetrance of these genes and the moderate risk of
cancer associated with them (23, 26, 36, 41–43).

In the family where the co-segregation of the CHEK2 variant
was analyzed, although co-segregation could not be observed,
it is worthy to reinforce that this “negative” result needs to be
interpreted with caution given the incomplete penetrance of
this gene and the fact that LOH was observed in the tumor
tissue, suggesting a pathogenic behavior for this variant. In the
clinical classification of the relationship of the CHEK2 gene
with HBOC, the association is considered “definitive” for breast
tumors (24). Regarding specifically the variant c.1036C>T, it
was previously identified by Southey et al. (35) in a case-control
study involving breast cancer (42,671 cases and 42,164 controls),
prostate cancer (22,301 cases and 22,320 controls), and ovarian
cancer (14,542 cases and 23,491 controls), and the results showed
strong evidence of an association with the risk of development of
breast cancer, with an OR of 5.06 (95% CI 1.09 to 23.5) (35).

For some variants, co-segregation analysis was not possible,
but the LOH analysis was performed. The VUS in the gene PALB2
c.1001A>G, identified in ID85, showed LOH in the tumor. The
PALB2 gene is considered a high-risk gene (40) for hereditary
breast cancer. In the study by Slavin et al. (23), the PALB2 gene
had a significant OR of 6.95 (CI 3.71 to 12.70), and in the
study by Couch et al. (40), the OR was 7.46 (CI 5,12–11,19).
Additionally, in addition to breast cancer, new phenotypes are

being associated with the gene, such as pancreatic cancer (42)
and gastric cancer (44) (ID85 had two cases of gastric cancer in
her family history). Preventive measures and risk management
already exist for carriers of the pathogenic germline variant
of this gene (https://www.nccn.org/professionals/physician_gls/
pdf/genetics_screening.pdf, 2019), which some authors are
currently considering “BRCA3” (40).

We also identified LOH in the tumor specimen of the patient
with the variant c.281T>C (RAD50 gene). In the most recent
studies, the RAD50 gene demonstrated a low OR for breast
cancer. In the study by Couch et al. (40), an OR = 0.77 was
observed (CI 0.52-1.61), and in the study by Slavin et al. (23)
only one woman had a pathogenic germline variant in this gene.
Regarding the “gene-disease” evaluation in the study by Lee et al.
(24), it was observed that the classification is considered “limited”
for breast tumors and “disputed” for ovarian tumors, once again
suggesting that the risk of cancer associated with the gene is
still uncertain.

Although there are conflicting reports in the literature
regarding the management of patients with class 3 germline
variants, the guidelines of the Brazilian Society of Medical
Genetics (45) and NCCN (46) recommend that individuals with
VUS should be managed based on the risk of the gene along
with the personal and family history of cancer. Discussing genetic
results with patients, especially those with VUS-type variants or
pathogenic variants in genes whose risk is not well-founded, is
not easy. It is a challenge for clinicians and for their patients, who
face decisions about screening and prevention strategies in the
case of different outcomes.

The results presented in this study can contribute to
the definition of the pathogenicity of VUS in breast/ovarian
susceptibility genes, especially for the variants in which some
indicative of pathogenicity has been found (co-segregation
with the disease and/or LOH). Further validation could
be obtained by functional analyses. The present study had
several limitations, which may contribute to the relatively
low frequency of pathogenic variants identified. Among these,
it is worth noting that the number of patients tested was
relatively low compared to other recently published studies.
Besides, although relatively rare, the presence of CNVs were
not evaluated. In addition, as the understanding of the
role of moderate-penetrance genes on breast/ovarian cancer
susceptibility is constantly being updated, some genes that
were recently reported as HBOC-associated were not included
in the panel. Finally, due to a limitation in the access to
relatives with cancer and to tumor material, the segregation
and LOH analysis were not possible in all families with
identified VUS.

CONCLUSION

Of the 52 unrelated women with a personal and family history
suggestive of breast and/or ovarian cancer, two pathogenic
germline variants and 13 germline VUS were identified through
the use of a gene panel containing 14 genes associated with high-
and moderate-risks of breast and ovarian cancer.
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The co-segregation analysis in 5 families allowed the
establishment of an association with the presence of the variant
and the risk of cancer for variant c.316C>T in the BRIP1
gene. Four variants showed LOH in the tumor specimen
(ATM c.4709T>C; CHEK2 c.1036C>T; PALB2 c.1001A>G, and
RAD50 c.281T>C), which is an indication of pathogenicity.
Thus, the present study provides novel evidence that favors
the association of variants in moderate-risk genes with the
development of hereditary breast cancer.
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