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and the American College of Medical Genetics and Genomics (ACMG) criteria. Loss
of heterozygosity (LOH) of tumor samples and segregation analyses were per-
formed whenever possible. The variants identified were investigated in a second,
independent cohort of 17 BC cases. Pathogenic/Likely Pathogenic variants were
identified in known cancer genes such as CHEK2, MUTYH, PMS2, and RAD51C. Rare
and potentially pathogenic variants were identified in DNA repair genes (FANZ,
POLQ, and RAD54L) and other cancer-related genes such as DROSHA and SLC34A2.
Interestingly, the variant c.149T>G in the FAN1 gene was identified in two un-
related families, and exhibited LOH in the tumor tissue of one of them. In conclu-
sion, this is the largest Brazilian WES study involving families at high-risk for HBOC
which has brought novel insights into the role of potentially new genetic risk factors

for hereditary breast and ovarian cancer.
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1 | INTRODUCTION

Germline variants in BRCA1/BRCA2 predispose to the hereditary breast
and ovarian cancer (HBOC) syndrome and are responsible for approxi-
mately 25% of the familial breast cancer (BC) and ovarian cancer (OC)
cases worldwide (Kast et al., 2016). In Brazil, our group recently reported
similar findings, with 21.5% of the 349 index cases with clinical criteria
for HBOC syndrome harboring BRCA1/BRCA2 germline variants
(Fernandes et al., 2016). Genomic advances, such as next generation
DNA sequencing platforms, allows the analysis of gene panels and the
subsequent association of other high and moderated risk genes for
HBOC syndrome with hereditary BC and OC development. These genes
include, among others, ATM, BRIP1, CDH1, PALB2, PTEN, RAD51C, STK11,
and TP53 (Lu et al., 2015). However, for a large proportion of HBOC
families (50%-80%; Couch et al., 2014; Jones et al., 2017) the genetic
cause associated with the BC and OC family history remains unknown.

Whole-exome sequencing (WES) can be an effective diagnostic
approach for individuals lacking classical pathogenic molecular al-
terations, especially for diseases with a high degree of genetic het-
erogeneity, which is the case of breast and ovarian cancer
predisposition syndromes (Berberich et al, 2018). Recently, WES
studies had identified new BC and OC susceptibility gene candidates,
such as FANCC and BLM (Thompson et al., 2012), FANCM (Dicks
et al., 2017; Kiiski et al, 2014), MDM1 and NBEAL1 (Glentis
et al., 2019), RECQL (Cybulski et al., 2015; Sun et al., 2015), and
RECQL5 (Tavera-Tapia et al.,, 2019), providing further comprehension
about the familial BC and OC susceptibility genes landscape.

The aim of the current study was to perform WES in 52 unrelated
Brazilian women with high-risk for BC and OC, previously tested
negative for pathogenic BRCA1/BRCA2/TP53 germline variants, to
identify driver genes of HBOC.

BRCAX, breast cancer predisposition, hereditary breast and ovarian cancer predisposition
syndrome, hereditary cancer, whole-exome sequencing

2 | MATERIALS AND METHODS

2.1 | Editorial policies and ethical considerations
The present study was approved by the Barretos Cancer Hospital
(BCH) ethics committee (approval number: 916/2015), and all par-
ticipants gave their written consent to participate.

2.2 | Patients
Fifty-two unrelated Brazilian women at-risk for HBOC who attended
the Oncogenetics Department of BCH (Palmero et al., 2016), lacking
pathogenic variants in known breast/ovarian cancer susceptibility
genes, were included in the study. All cases had personal and family
history of BC and/or OC and fulfills the National Comprehensive
Cancer Network (NCCN) criteria for Hereditary Breast and Ovarian
Cancer. Analysis of the presence of germline variants in BRCA1/
BRCA2/TP53 genes was conducted at the Center of Molecular Di-
agnosis of BCH as part of routine care through Sanger/panel NGS
sequencing followed by MLPA (Multiplex Ligation-dependent Probe
Amplification Analysis) rearrangement analysis, as previously de-
scribed (Fernandes et al., 2016). It is worth noting that 36 women,
among the 52 included in this study, were previously analyzed in a
14-gene NGS panel including high and moderate breast/ovarian
cancer genes (ATM, BARD1, BRIP1, CDH1, CHEK2 MRE11, MUTYH,
NBN, PALB2, PTEN, RAD50, RAD51C, TP53, and STK11; Grasel
et al,, 2020 accepted).

Clinical information was obtained through a detailed review of
the patient's clinical chart. For the cancer family history, data were
obtained from pedigrees. A study-specific consent form was applied
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to all participants. Results were disclosed during genetic counseling
sessions. For patients harboring pathogenic/likely pathogenic var-
iants, point variant testing was offered to the interested relatives.

In addition, a selected group of candidate genes were analyzed in
silico, in a second independent group of 17 breast cancer patients at
risk for hereditary breast cancer, whose data were recently pub-
lished (Torrezan et al., 2018).

2.3 | Whole-exome sequencing

Genomic DNA was isolated from peripheral blood lymphocytes (PBL)
using the QlAamp DNA Blood Mini Kit (Qiagen) following the man-
ufacturer's instructions. DNA concentration was determined using
Qubit dsDNAHS Assay Kit (Thermo Fisher Scientific).

For the exome library preparation, 50 ng of PBL DNA of each
sample was used with Nextera Rapid Capture Expanded Exome
(Hlumina), according to the manufacturer's recommendations.
Quantified DNA library was loaded on flow cell for subsequent
cluster generation. Samples were paired-end sequenced on lllumina
NextSeq 500 High Output Kit - 300 cycles (lllumina).

2.3.1 | Whole-exome sequencing analysis

Briefly, reads were quality trimmed using the Trimmomatic v0.33
(Bolger et al., 2014), and then aligned with the reference genome (UCSC
GRCh37/hg19) using the Burrows-Wheeler Aligner v0.7.5a. PCR dupli-
cates were removed using Picard v1.106 and BAM files were processed
using the Genome Analysis Toolkit (GATK) v2.7.2 software. Realignment
and search for indels were performed using GATK HaplotypeCaller and
annotated using snpEFF v4.3 and SnpSift (Cingolani et al, 2012).
A GEMINI v.0.19.1 database was created (Paila et al, 2013), and
variants selected per functional rules. In addition, variants described by
snpEFF/GEMINI as “low-impact” were removed since they are assumed
to have benign effects on DNA or protein functions.

2.3.2 | Insilico analysis workflow

The workflow analysis is illustrated in Figure 1. For a function-based
prioritization, variants leading to loss of function (LoF) “high-impact”
variants (frameshift, nonsense and canonical splice site variants) and
missense variants (classified as “medium-impact” variants) were se-
lected. For quality filtering, variants with vertical coverage more than
or equal to 10x and variant allele frequency more than or equal to
0.25 were selected. Next, a total of 2319 cancer-associated genes
were analyzed (“Cancer gene reference lists” described below). Variants
present in the population database Genome Aggregation Database
(gnomAD; Lek et al., 2016), with a minor allele frequency (MAF) less
than or equal to 0.01 were maintained. Furthermore, Brazilian
population-specific variants were manually excluded (MAF >0.01)
using the publicly-available AbraOM database, that contains WES data

from 609 healthy individuals (Naslavsky et al., 2017). Loss of function
variants were manually examined with Integrative Genomics Viewer
(IGV; Thorvaldsdottir et al., 2013) looking for possible artifacts. In
addition, to evaluate the potential impact of missense variant patho-
genicity, we combined the CADD (score = 20), REVEL (score = 0.5),
and M-CAP (score 2 0.025) algorithms. Furthermore, variants classi-
fied as Benign/Likely Benign by Clinvar were excluded from further
analysis (Figure 1). Finally, the remaining variants were classified ac-
cording to the ACMG-AMP (American College of Medical Genetics
and Genomics/Association for Molecular Pathology) guidelines (Kalia
et al,, 2017; Richards et al., 2015) as pathogenic, likely pathogenic,
with uncertain significance, and likely benign or benign. Benign and
Likely benign variants were excluded.

For in silico analysis of samples published by Torrezan et al.
(2018), the VarSeq Software (Golden Helix) was used to filter and
annotate rare (<1% in the Exome Aggregation Consortium) and pos-
sibly pathogenic variants in the candidate genes selected. Variants

were then classified using the same criteria as in the discovery cohort.

2.3.3 | Cancer gene reference lists

Three publicly available databases were used to generate a candidate
list of genes, previously reported in association with any type of cancer:
(i) The Cancer Gene Census v.86, a set of 719 genes manually curated
by the Sanger Institute (Forbes et al., 2010), (ii) a query of DISEASES
(Pletscher-Frankild et al., 2015), a database of disease-gene associations
based largely on text-mining approaches, and, (iii) UniprotKB (UniPr &
ot: the universal protein knowledgebase, 2017), a manually curated
database of protein functions (using the keyword-terms “cancer,”

n o«

“tumor-suppressor gene,” “proto-oncogene,” and “oncogene”). From
these databases, a reference list of 2,319 genes was generated for

prioritizing and characterizing gene variants (Table S1).

2.4 | Confirmation and validation of results

24.1 | Conventional sequencing

All variants classified, according to our pipeline as likely pathogenic
or pathogenic were confirmed by conventional capillary Sanger se-
quencing. For this, the genomic DNAs were amplified by PCR, pur-
ified with the enzyme Exosap-IT (USB) and Big Dye X terminator kit
(Applied Biosystems) and sequenced bi-directionally using the
3500XL platform (Applied Biosystems).

2.4.2 | Segregation analysis

For the co-segregation analysis, all families with class 4/5 germline
variants were invited to participate. All index patient relatives, with
or without cancer at any age, who were willing to participate in the
study were tested.
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Whole-exome sequencing on 52 unrelated Brazilian women at-risk for HBOC,

without germline pathogenic variants in BRCA1, BRCA2 and TP53 genes
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Total of variants identified
N= 2,536,915
\ y
Excluded: variants classified as “low-impact”
N= 1,979,399
4 B
Variants classified as “high” and "medium” impact
N= 557,516

\ J
e I a

Variants with read depth =10, allele frequency of the altered base =25%

N= 537,104
\ J
4 D
Variants with MAF <0.01 (gnomAD, AbraOM)
N= 2,828
. V
Excluded: variants found in >25% of our cohort ( Excluded: variants not predicted as "pathogenic"
(CADD score, REVEL, M-CAP)
N= 183
L N= 2,481 )

Excluded: variants classified as "benign/likely-benigr?
in ClinvVar database and ACMG-AMP:

L N= 47

Pathogenic/Likely Pathogenic

variants VUS variants

N = 20 N =96

FIGURE 1 Variants selection workflow. Whole-exome sequencing data from 52 unrelated Brazilian women at-risk for HBOC, without
germline pathogenic variants in BRCA1, BRCA2, and TP53 genes. Variants classified as “high-impact” and “medium-impact” by snpEFF/GEMINI
were prioritized. Then, variants with base coverage more than or equal to 10x and variant allele frequency (VAF) more than or equal to
0.25 were selected, and those present in population databases with frequency less than or equal to 1% (MAF < 0.01) were analyzed.

The variants were also separated accordingly to ClinVar and ACMG classification. HBOC, hereditary breast and ovarian cancer

2.4.3 | Loss of heterozygosity material by NGS sequencing (lon Torrent Proton Platform). Data analysis
was performed using Torrent Suite 5.10.1 software, and variants of in-

Loss of heterozygosity (LOH) analysis was performed for variants filtered terest were manually inspected with IGV. LOH of a wild-type allele was

through the prioritization pipeline for women with available tumor considered when the variant allele had a frequency more than 60%.
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FIGURE 2 Likely pathogenic/pathogenic variants identified. In purple: frameshift variants; in blue: nonsense variants; in green: missense
variants; in yellow: splice acceptor/donor variants. Information about tumor diagnosis: in light pink: breast cancer; in the dark pink: bilateral

breast cancer; in greenish-blue: ovarian cancer; in gray: melanoma. Information about age at diagnosis: in orange: diagnosis less than or equal to
30 years of age; in light yellow: 31-45 years of age; in blue: more than or equal to 46 years of age are represented

3 | RESULTS
3.1 | Clinico-pathological characterization

Of the 52 Brazilian women analyzed, 41 had BC, nine had OC and
two were initially diagnosed with both OC and BC diagnosis
(Table S2). The average age of BC and OC diagnoses were 43.2 years
(21-59 years) and 41.0 years (20-60), respectively.

3.2 | Family history
Besides BC and OC, other cancers associated with the HBOC
spectrum, such as prostate (n= 14 relatives, 10 families) and pan-

creas (n =4 relatives, four families) were observed (Table S3).

3.3 | Germline variants by whole-exome
sequencing

WES identified a total of 2,536,915 variants in the 52 cases.
To narrow down the analysis, a reference list of 2319 candidate
genes previously associated with cancer was used. After applying
the depicted workflow (Figure 1), our analysis identified
19 unique pathogenic/likely pathogenic variants (14 loss of
function variants and 5 missense) in 18 genes, five of which affect
DNA-repair mechanisms (Figures 2 and 3 and Table 1). Besides,
92 unique variants of unknown significance were also identified
(Table S4).

3.4 | Loss of function variants

LoF variants in known hereditary/familial tumor-associated genes,
such as PMS2, RAD51C, and MUTYH, were identified in our high-risk
cases (Table 1; Figures S1 and S2). The PMS2 variant was identified in
a patient (Figure S1) with melanoma and BC. Moreover, through
segregation analysis, we observed the same variant in all three tested
members (sisters), however, only one member was diagnosed with
cancer (BC at 42 years of age and thyroid cancer at 43 years of age).

LoF variants were also identified in genes described in the
COSMIC database as “hallmarks of cancer,” such as DROSHA and
SLC34A2 (Figure 2).

A frameshift pathogenic alteration in HERPUD1 was found in two
unrelated patients diagnosed with BC at very early ages (ID 1294:
26 years old, and ID 633: bilateral BC at 38 years of age).

Splicing variants were identified in patients diagnosed with OC
at BCAR1 and CTNNAZ2 genes (ID 565 and ID 1097).

Variants affecting the start codon were identified in MITF and
PTCH1 genes. However, it is important to mention that the MITF variant
was identified in the patient where a frameshift variant at the CTNNA1
gene was also identified. Besides, a frameshift alteration at the RIPK1

gene was also identified in the patient with the PTCH1 variant.

3.5 | Missense variants
As a result of our filtering pipeline, a total of five rare and potentially
pathogenic missense variants were identified (Table 1, S2, and

Figure 2).
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FIGURE 3 STRING pathway overview of DNA repair genes with pathogenic/likely pathogenic variants. Legends: in yellow: genes involved in
homologous recombination, in light pink: genes involved Fanconi anemia, in blue: genes involved in mismatch repair, in green: genes involved
in base excision repair, in orange: genes involved in nonhomologous end-joining, and in gray: genes involved in nucleotide excision repair

One CHEK2 gene variant (c.349A>G) was considered as patho-
genic/likely pathogenic by Clinvar submitters and by ACMG
(Figure S3). The other variant in CHEK2 (c.538C>T) was identified in
a patient with OC at 21 years of age (ID = 695), who reported a
family history of BC and colorectal cancer.

Besides, likely pathogenic variants in KRAS (c.461A>G)
and VRK1 (c.683C>T) were also identified. The patient with
KRAS-mutated (ID 29) had OC at 42 years of age and BC at
53 years of age (Table S3). The VRK1 gene variant was identified
in a patient with OC, also carrying a PLK gene frameshift-

pathogenic variant.

3.6 | Variants involved in DNA repair pathways

Among the 111 unique variants identified in our study, 29 (26.1%)
were found in DNA-repair genes (Table 1 and S4). According to
KEGG and STRING, we found that homologous recombination was
the most altered pathway, followed by mismatch repair, Fanconi
anemia, base excision repair, nucleotide excision repair, and non-

homologous end-joining pathways (Figure 3).

Two unrelated patients (ID 426 and ID 1264) with BC diagnosed
at 38 and 27 years of age, respectively, carried the same FAN1
missense variant (c.149T>G), and although this variant has been
described as probably benign by ClinVar (single submitter), func-
tional data suggests that it confers pathogenicity (Lachaud
et al, 2016). As both patients had tumor material available, NGS
sequencing showed LOH, where loss of the wild-type and retention
of the variant FAN1 allele were observed in tumor DNA from one of
the index patients (ID 1264; Figure S4).

Interestingly, two different missense variants in RAD54L
were identified in two OC patients (ID 320: c.604C>T and ID
565: ¢.1094G>A). Both carriers reported a family history of OC
(Figure S5). However, none of them showed RAD54L LOH.

Among the 23 altered DNA repair-associated genes, seven were
also found mutated in the independent group of 17 breast cancer
patients at risk for hereditary breast cancer cohort published by
Torrezan et al. (2018): ATM, EXO1, FANCA, FAN1, POLQ, RAD54L, and
UNG. It is worthy to note the RAD54L c.604C>T, identified in the
index patient ID 320, was also identified in one patient of this cohort
(patient with BC at 29 years of age that reported ten BC cases in the
family).



FELICIO ET AL

oluadoyjed ‘d ‘19dued uelieAo ‘OO pajdodal Jou ‘YN ysiul4-uou ‘4N :diedas

yojewsiw “YINIA ‘d1uasoyzed A1) ‘47 ‘uoljeuiquiodal snodojowoy ‘YH ‘AJ03sIY Ajiwie) ‘H ‘elwaue juodue ‘4 ‘suoljeiasdiaul Suipdluod ‘D ‘diedas UOISIOXD aseq ‘YIg ‘eoued jsealq ‘Dg :Suoljeinaiqqy
1280000 8870000 /TT0O000 TT98SYT NN d1/d d1  (AD/TT84v)d O<V6vED 4H CMIHD  ON S8A (Gg) 1sealg  9zeT
S0T+00°0 dN  TSSTO000 €'689%T0 NN dN d (sss6T3Yd)d 1119pS8S #7852  pajpoossp-iown)  TANdYIH ON  SIA (92) 1se21g  p6CT

UN  ZTS0000 S9¥9T00 ¢£6S28CTO0 NN 4N d : V<OT-€0TD pajppossp-iown)  ZYNNLD ON S3A (9%) ueleaQ |essle|lg  L60T

¥N 0000000 8000000 T'£09€80T00 AN dN d (¢T¥RN)d D<VTD pa3pldossp-iowny THO1d

YN 4N 4N €¥08€00 N 4N d (ss109sAD)d D9D1DI2PS08T 20T pajpioossp-iowny IMdId  ON  S3A (£S) uerenQ  SSOT

4N 4N AN ZTLT870T00 WN o} d1 (siggeely)d DIRPLYTT Y¥3d HALNW  ON  SSA (9v) 1se24g  ¥L6

YN 9TE€T000 6660000 ¥'¥61£00 WN lo} d1  (sAD0gT84y)d 1<28€682 4H CMIHD  ON  SeA (T2) ueLeAD G569

4N 4N 4N €912850 NN d d (si£6zna1)d  DD1DD11D1119P668 0687 V4/4H  OTSdvy SeA  ON (8Y) 3sea.g ‘(Ty) uelleAO 959
S0T+00°0 4N TSST000 ¥7'S89¥10 WN 4N d (ss56Tayd)d 1119pG8S #7852  pajpoossb-iown)  TANdYIH ON  SIA (8€) 1sea.g |eJatelg  €€9
6/08000 £OSTO0'0 /86€00°0 ¥'£9S¥TO WN 4N dl : D<1Z+CTD  pa3pId0ssp-iowiny Tdvodg

YN 8000000 TE00000 ZTT900 WN AN d1 : D<VZ-ETTD  pappossp-iowny  ZypeDTS SSA  ON (€p) ueLeAD S99

dN AN dN €'82000 NN AN dl (¢(T3IdN)d D<VTD pa3pldossp-iowny 41N

4N 4N 4N TL0E06ZT00 NN 4N d (ssovien)d DDSUlZOZT 90CT2  pajppossp-iown}  TYNNLD ON  SOA (6€) 1se249 €99

4N /800000 SS0000°0 ZT8EE00 NN SNA d1 (3@nscziyL)d 1<D€892  pa3pI1d0Ssv-iowiny IXIA

4N AN 4N €729900 NN UN d (ssgegna)d 1dnpQ0T™2  pajpio0ossp-iowny 2A1d  SBA ON (Ly) ueLBAD  PPE
1909000 SSTO00'0 0810000 £'SES000 WN d d (sigz/Ayl)d OSUILDVISPY8TZ ¢8TC2 A ZSWd ON SSA (9¢) Isealg ‘(9g) ewouepiN  90€

4N AN 4N 7'SETETO WN 4N d (x005n|D)d 1<D86YTD  pa3ploossp-iowny  YHSOYA SPA  SSA (97) 1se24g  €€T

YN 0£00000 /¥#0000°0 ¥'6¥2000 WN 1D d1  (SIHG9Z8Iy)d V<OP6/L V4/dNIN THIN ON S3A (TG) 1sealg S8

4N dN 4N ¥'862200 WN 4N d (+£€4A1)d V<DCZCTTD  p23pId0ssb-iowny IdOT ON S8A (9€) 1sea.g S9

YN 0000000 €00000°0 ¥'586%700 LN 4N d1  (AIDpysTdsy)d D<VI9P™D  pa3pId0ossp-iowny SVYM  SBA  SIA (€9) 1se249 ‘(¢t) uelerO 6T
noeigy (4N) (I1e) jdudsued)  Jepuld day 19891 usioud SADH - ueLieA YNQ2 uoipun4 WD Ly Hg (98y) sisouselq al

gvwous Qywous “DNDV 20 o4

paiyuap! suellea djuagoyied Ajxi/lussoyied T 314V L

WILEY-

296



FELICIO ET AL

4 | DISCUSSION

Sixteen patients carried a pathogenic/likely pathogenic variant
(30.8%). Three of them with variants in known BC predisposition
genes (RAD51C and CHEK2 genes). Besides, pathogenic/likely pa-
thogenic variants were identified in the MMR genes MLH1 and PMS2.

Potentially pathogenic variants were identified in genes de-
scribed as “hallmarks of cancer,” by COSMIC such as DROSHA and
SLC34A2. DROSHA has been described as crucial in microRNA bio-
genesis and, more recently, in translational control and in the direct
interaction with p53 effectors associated with RNA binding (UniProt:
the universal protein knowledgebase, 2017). Interestingly, a genetic
variant in the DROSHA gene (rs78393591), was reported in women
of African ancestry and associated with increased BC risk (Qian
et al., 2016). Concerning SLC34A2, we found an unreported splice
acceptor variant identified in a woman with a personal and family
history of OC. Similarly, a study by Kanchi et al. (2014) observed
germline variants in SLC34A2 in patients with OC.

Although most of the known cancer predisposing genes are tu-
mor suppressors, a small number of cancer predisposition syndromes
are due to oncogene mutations, as is the case of MET in hereditary
papillary renal, and RET in medullary thyroid carcinoma. In this study
a pathogenic germline variant was identified at KRAS oncogene.
Although germline variants on KRAS are associated with the devel-
opment of RASophaties (Nissim et al., 2019), no clinical features
compatible with any RASopathy were observed in our family.

Regarding variants of unknown significance, we would like to
highlight five in particular, located in the POLQ, RAD54L, and FAN1
genes. A LoF POLQ variant was found in two unrelated patients with
BC. Studies by Wang et al. (2008) and Brandalize et al. (2014) re-
ported germline variants in POLQ in non-BRCA1/BRCA2 mutated BC
cases with a family history of BC. A case-control study by Family
et al. (2015) associated three missense variants in POLQ with an
increased risk to BC. Thus, these findings suggest that POLQ variants
may be involved in hereditary BC.

Two missense variants in RAD54L (c.604C>T and c.1094G>A),
gene involved in the HR DNA repair pathway, were identified in
patients with personal/family history of OC. We also identified a
carrier of the c.604C>T variant in a BC patient from the independent
cohort. Although the function of RAD54L in HBOC syndrome is still
unclear, Matsuda et al. (1999) reported a carrier of RAD54L
c.973G>A variant, in a patient diagnosed with BC at 63 years of age
who had no family history of cancer. They also reported LOH in the
tumor tissue, hypothesizing that RAD54L behaves as a suppressor
tumor gene. In our study, LOH was not observed for either of the
RAD54L variants in tumor tissue from carriers.

We identified three carriers of missense variants in FAN1, a gene
involved in the Fanconi Anemia pathway. Two unrelated patients
were carriers of FAN1 c.149T>G. This variant has also been reported
to co-segregate in two families with a personal and family history of
pancreatic cancer (Smith et al., 2016). There have been independent
reports of the association of other germline variants in the FAN1
with colorectal cancer (Gardenia Vargas et al, 2016; Segui
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et al., 2015). Lachaud et al. (2016) using in vitro assays involving the
FAN1 c.149T>G, showed loss of protein function of the encoded
isoform and suggested that this could be due to its location at a
functional ubiquitin binding domain. LOH analysis of tumor tissue of
both FAN1 variant carriers revealed loss of the normal allele and
retention of variant allele in the tumor tissue of patient ID 1264.
Further studies are required to elucidate a role of FAN1 variants in
BC risk. One of the main limitations of this study is the WES inherent
restriction of identifying potentially pathogenic variants located in
intronic regions, putative regulatory elements, and long rearrange-
ments. Besides, the lack of matched fresh tumor tissue did not allow
the LOH analysis, or complementary approaches such as RNA-seq,
that could have brought insights into the consequences of the
identified splicing variants, as well as the effect of the variants on the
gene expression levels, providing additional evidence favoring or not
the pathogenicity of the variants identified.

It is also important to mention that polygenic risk factors were
not evaluated in this study, which could account for a proportion of
the cases lacking pathogenic/likely pathogenic variants. In spite of
that, this is the biggest Brazilian study evaluating women at high-risk
for hereditary breast and ovarian cancer and allowed the identifi-
cation of pathogenic/likely pathogenic variants in almost one-third of
the patients evaluated. Candidate genes identified require further
validation in Brazilian and other cancer cohorts. Besides, specific
variants would also require in vitro analysis to investigate functional

consequences on protein function.

5 | CONCLUSION

In summary, the present study performed a characterization of
germline variants identified in cancer-associated genes, using WES
and bioinformatic analyses in Brazilian non-BRCA1/BRCA2/TP53
mutation-carrier women with BC and/or OC. Our findings suggest
that several cancer-associated genes also may have a role in HBOC,
such as RAD54L, FAN1, DROSHA, POLQ, and SLC34A2. In addition, the
present study provides additional evidence for the association of
moderate-risk genes, such as CHEK2, RAD51C, and PMS2, to the
development of familial BC/OC. Such advances will help with the
molecular cataloging of breast/ovarian tumors in non-BRCA1/BRCA2
mutation carrier patients.
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