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Impact of deleterious variants in other genes beyond BRCA1/2 detected in
breast/ovarian and pancreatic cancer patients by NGS-based multi-gene
panel testing: looking over the hedge
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Background: Hereditary breast cancer (BC), ovarian cancer (OC), and pancreatic cancer (PC) are the major BRCA-
associated tumours. However, some BRCA1/2-wild-type (wt) patients with a strong personal and/or family history of
cancer need a further genetic testing through a multi-gene panel containing other high- and moderate-risk
susceptibility genes.
Patients and methods: Our study was aimed to assess if some BC, OC, or PC patients should be offered multi-gene
panel testing, based on well-defined criteria concerning their personal and/or family history of cancer, such as
earliness of cancer onset, occurrence of multiple tumours, or presence of at least two or more affected first-degree
relatives. For this purpose, 205 out of 915 BC, OC, or PC patients, resulted negative for BRCA1/2 and with
significant personal and/or family history of cancer, were genetically tested for germline pathogenic or likely
pathogenic variants (PVs/LPVs) in genes different from BRCA1/2.
Results: Our investigation revealed that 31 (15.1%) out of 205 patients harboured germline PVs/LPVs in no-BRCA genes,
including PALB2, CHEK2, ATM, MUTYH, MSH2, and RAD51C. Interestingly, in the absence of an analysis conducted
through multi-gene panel, a considerable percentage (15.1%) of PVs/LPVs would have been lost.
Conclusions: Providing a multi-gene panel testing to BRCA1/2-wt BC/OC/PC patients with a strong personal and/or
family history of cancer could significantly increase the detection rates of germline PVs/LPVs in other cancer
predisposition genes beyond BRCA1/2. The use of a multi-gene panel testing could improve the inherited cancer risk
estimation and clinical management of patients and unaffected family members.
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INTRODUCTION

The hereditary breast and ovarian cancer (HBOC) syndrome
is an autosomal dominant inherited disorder that includes
5%-7% of all breast cancer (BC) cases and 10%-15% of all
ovarian cancer (OC) cases.1 Although the majority of BC and
OC cases are sporadic (75%-80%), ~15%-20% are considered
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familial type and 5%-10% are hereditary.2,3 Moreover, ~3%-
10% of patients with pancreatic adenocarcinoma exhibit a
family history of pancreatic cancer (PC) and ~10%-20% are
due to a hereditary cause.4,5 In this context, BRCA1 and
BRCA2 are the most common genes associated with he-
reditary BC, OC, and PC. BRCA1 and BRCA2 pathogenic
variant (PV) carriers are characterized by a risk of 15%-45%
and 10%-20%, respectively, of developing OC and 50%-85%
of developing BC.2 The lifetime risk of developing PC is ~3%
for BRCA1 PV carriers and 5%-10% for BRCA2 PV carriers.6,7

A BRCA1/2 genetic testing is recommended for patients
with HBOC syndrome or PC.8 In spite of BRCA1 and BRCA2
being the two high-penetrance genes primarily associated
with increased risk of hereditary BC/OC and PC, several
studies have helped identify many other predisposition
genes for these tumours.9,10 Other hereditary cancer
https://doi.org/10.1016/j.esmoop.2021.100235 1
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syndromes could be associated with germline PVs in several
high- and moderate-risk susceptibility genes such as CDH1,
PALB2, PTEN, STK11, TP53, ATM, CHEK2, BARD1, BRIP1,
RAD51C, and RAD51D.10,11

Recently, it has become necessary to study several genes
in a short time and in an inexpensive way. This scenario has
become possible with the advent of next-generation
sequencing (NGS) technologies, which allow the simulta-
neous sequencing of multiple samples and genes.12 Because
of the cost reduction, this approach offers a potential
therapeutic application for patients with PV in other genes,
beyond BRCA1/2.13

Kurian et al.14 showed an increased BC risk associated
with several genes such as ATM, BARD1, BRCA1, BRCA2,
CHEK2, PALB2, PTEN, and TP53, as well as an OC risk
associated with various genes including ATM, BRIP1,
RAD51C, RAD51D, MLH1, MSH6, MSH2, NBN, and STK11.
Recently, Germani et al.9 carried out a multi-gene panel
testing on 113 BRCA-negative patients with BC, OC, or PC,
by identifying in 14 patients a PV or a likely pathogenic
variant (LPV) beyond BRCA1/2 genes, such as CHEK2,
RAD51C, ATM,MLH1,MSH2, and RECQL. Our recent study10

conducted on patients with bilateral breast cancer (BBC)
showed that 14.4% of PVs in high- and moderate-
penetrance BC susceptibility genes, such as PTEN, PALB2,
CHEK2, ATM, and RAD51C, would have been lost in the
absence of an analysis carried out via multi-gene panel.10

Based on a database of the Breast Cancer BRCA System
retrospectively harvested at University Hospital Policlinico
‘P. Giaccone’ of Palermo, the aim of this work was to
describe the typology and gene location of germline PVs
detected in susceptibility genes to BC, OC, or PC, in order to
investigate the prevalence of different inherited genetic
variants in these patients and assess the utility of carrying
out an NGS-based multi-gene panel testing in these in-
dividuals. This information could be useful and interesting in
order to understand if the use of a multi-gene panel testing
is recommended for BC, OC, or PC patients who fulfil spe-
cific criteria based on their personal and family history of
cancer.
PATIENTS AND METHODS

Study population

A retrospective study was carried out from October 2016 to
November 2020 at the ‘Sicilian Regional Center for the
Prevention, Diagnosis and Treatment of Rare and Heredo-
Familial Tumors’ of the Section of Medical Oncology of
University Hospital Policlinico ‘P. Giaccone’ of Palermo. We
collected and analysed all clinical information regarding 915
patients, 531 with primary BC, 345 affected by OC, and 39
with metastatic PC. Subsequently, we analysed 205 out of
915 patients with BC (165 individuals), OC (27 women), and
PC (13 subjects) with negative test result for germline
BRCA1/2 PVs who showed at least one of the following
criteria: (i) at least other two first-degree relatives affected
by BC, OC, and/or PC; (ii) early onset of cancer (age at
2 https://doi.org/10.1016/j.esmoop.2021.100235
diagnosis �36 years); or (iii) presence of synchronous/
metachronous tumours (e.g. bilateral BC, BC and OC). The
analysis was carried out by NGS-based multi-gene panel
testing. The medical personal history of patients was ac-
quired during genetic counselling in the presence of a
multidisciplinary team constituted by an oncologist, a
geneticist, and a psychologist. All patients provided an
informed consent, and the information regarding personal
and familial history of cancer, family geographical origin,
age of cancer diagnosis, histological tumour subtype, mo-
lecular phenotype, and disease stages (I-IV) was anony-
mously recorded. The study (Protocol ‘G-Land 2017’) was
approved by the ethical committee (Comitato Etico Palermo
1; approval number: 0103-2017) of the university-affiliated
hospital AOUP ‘P. Giaccone’ of Palermo. All clinical infor-
mation for each enrolled patient was anonymously recor-
ded and coded.

Data concerning the histological type and cancer diag-
nosis were obtained by medical pathology reports in diag-
nostic core biopsies or tumour resections. After genetic
counselling, patients were evaluated for germline BRCA1/2
genetic test based on the probability rate of carrying PV
assessed by BRCAPRO genetic risk prediction model15 and
according to the family and personal criteria established by
guidelines of the Italian Association of Medical Oncology
(AIOM) (https://www.aiom.it/linee-guida-aiom-neoplasie-
della-mammella-2019/ and https://www.aiom.it/wp-con
tent/uploads/2019/10/2019_Racc_BRCA_pancreas.pdf).16

Sample collection and next-generation sequencing analysis

Peripheral blood was collected from BC, OC, or PC patients.
Genomic DNA was extracted from the peripheral blood
using the DNeasy® Blood Kit (QIAGEN, Hilden, Germany)
and quantified by Qubit®3.0 fluorometer (Thermo Fisher
Scientific, Waltham, MA). Its quality was evaluated using
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
The genetic analysis for BRCA1/2 was carried out as previ-
ously described.2,17,18 Sequencing analysis was carried out
using Ion 520 Chip (Thermo Fisher Scientific) and Ion
Torrent S5 (Thermo Fisher Scientific) instrument. The ob-
tained data were processed with two different software
called Amplicon Suite (SmartSeq s.r.l., Novara, Italy) and Ion
Reporter Software v.5.14 (Thermo Fisher Scientific).

The genetic analysis by multi-gene panel, which included
22 genes involved in risk of hereditary BC, OC, PC, and
colorectal cancer, and other inherited cancer syndromes
(ATM, APC, BARD1, BRCA1, BRCA2, BRIP1, CDH1, CHEK2,
EPCAM, MLH1, MSH2, MSH6, MUTYH, NBN, PALB2, PMS2,
PTEN, RAD50, RAD51C, RAD51D, STK11, and TP53), was
carried out as previously described.10

Sanger sequencing

PVs and LPVs identified with NGS were validated by Sanger
sequencing using SeqStudio (Thermo Fisher Scientific) and
BigDye Terminator 3.1 Cycle Sequencing Kit (Life Technol-
ogies, Carlsbad, CA), according to the manufacturers’
protocols.
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Genetic variant classification

The detected genetic variants were categorized according to
criteria developed by the Evidence-based Network for the
Interpretation of Germline Mutant Alleles (ENIGMA) con-
sortium (https://enigmaconsortium.org/) and International
Agency for Research on Cancer recommendations,19 and
classified into five classes: benign (class I), likely benign
(class II), variant of uncertain significance (VUS, class III),
likely pathogenic (class IV), and pathogenic (class V). Several
databases were used for the identification and classification
of genetic variants, such as ClinVar, BRCA Exchange, LOVD,
and Varsome.

The detected variants have been named based on the
recommendations for the description of sequence variants
supplied by the Human Genome Variation Society.20
Statistical analysis

The clinico-pathological characteristics of patients and
prevalence of PVs in BRCA1/2 and other genes were
assessed for each subgroup of patients. The differences
between subgroups were evaluated by Fisher’s exact test.
P values <0.05 were considered statistically significant.
Statistical analysis was carried out using IBM SPSS Sta-
tistics for Windows Version 23.0 (IBM Corporation,
Armonk, NY).

RESULTS

Detection of germline variants in cancer susceptibility
genes by multi-gene panel testing

Nine hundred and fifteen patients with BC, OC, or PC,
enrolled from October 2016 to November 2020 at our
institute, who met the criteria concerning personal and
family history of cancer recommended by the AIOM na-
tional guidelines, were genetically tested for germline
BRCA1/2 LPVs/PVs. Subsequently, 205 out of 915 patients,
including 165 individuals with BC, 27 with OC, and 13 with
PC, who resulted negative to germline BRCA1/2 testing and
with a strong personal and/or family history of BC, OC, and/
or PC, were selected for a further analysis by NGS-based
multi-gene panel testing, in order to detect the presence
of germline LPVs/PVs in different cancer susceptibility
genes, beyond BRCA1/2 (Supplementary Figure S1, available
at https://doi.org/10.1016/j.esmoop.2021.100235).

The indications for the selection of these probands were
provided by the multidisciplinary team. This further muta-
tional screening revealed that 31 (15.1%) out of 205
genetically tested patients with BC, OC, and PC harboured
germline PVs/LPVs (classes IV and V) in other cancer sus-
ceptibility genes different from BRCA1/2 (Figure 1). In
particular, our analysis showed that 24 out of 31 individuals
positively tested in no-BRCA genes by multi-gene panel had
BC, whereas 4 were affected by OC and only 3 had PC.

Therefore, 24 (14.5%) out of 165 BC patients (160 women
and 5 men) analysed by multi-gene panel approach showed
PVs/LPVs in other cancer susceptibility genes (no-BRCA)
(Table 1).
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Specifically, six (25%) probands have been shown to
harbour PVs in MUTYH gene, four (17%) patients in CHEK2,
three (13%) subjects in RAD51C and PMS2 genes, respec-
tively, and two (8%) individuals in PALB2 and ATM genes,
respectively. In addition, single PVs in RAD50, PTEN, MSH2,
and CDH1 genes were detected in four patients, respec-
tively (Figure 2).

Our analysis revealed that 11 (45.8%) out of 24 no-BRCA
patients were affected by BBC. Specifically, the PVs were
distributed in 11 probands as follows: 2 in CHEK2, 2 in
PALB2, 2 in ATM, 2 in RAD51C, 2 in MUTYH, and 1 in MSH2
genes.

The most frequent PV, observed in five probands (20.6%)
of our retrospective analysis, resulted to be a missense
mutation in a heterozygous condition in MUTYH gene
named c. 1145G>A, which, if present in a biallelic form, is
usually linked to MUTYH-associated colon polyposis syn-
drome and colorectal cancer.21

The second most recurrent PV observed in two (8.3%)
individuals affected by BBC was detected in CHEK2 gene and
is named c.1229del. This result is coherent with the previ-
ously published data in our work.10 In fact, this variant has
been shown to be correlated with BBC and, in particular,
with luminal A/B molecular phenotype, estrogen receptor
positivity >60%, and progesterone receptor positivity be-
tween 20% and 60%.10

Another interesting variant detected in CHEK2 gene was
an intronic variant sequence called c.721þ3A>T. The nature
of this variant is still to be defined. In fact, the ClinVar
database includes it among the alterations with conflicting
interpretations of pathogenicity (CIP), although it could be
probably considered a PV being a splice-site mutation.

Despite the fact that PALB2 has been shown to be one of
the most frequently altered genes in BC patients,22 in our
analysis only two patients (8%) exhibited an alteration in
this gene. However, both these patients showed BBC
whereby a correlation between this PV and BBC could be
hypothesized.

Among 27 OC patients, 4 (14.9%) showed a germline PV/
LPV in no-BRCA genes (Table 1). In particular, two patients
(50%) carried a monoallelic PV in MUTYH gene, whereas
one in ATM and one in PMS2 (Figure 2). Like BC patients,
even those with OC harboured the monoallelic MUTHY PV
named c.1145G>A. One patient showed a variant in ATM
gene called c.4776þ1G>T, acting as a donor splice site in
intron 31 of the gene. Considering results from in silico
analysis, this variant has been classified as LPV, because it is
expected to disrupt RNA splicing, resulting in the absence of
protein product. Finally, one OC patient resulted to harbour
a germline biallelic PMS2 PV named c.2249G>A. This
variant involves a substitution of glycine, a highly conserved
residue, with aspartic acid at codon 750 and has been
observed in patients with constitutional mismatch repair
(MMR) deficiency syndrome.

Among 13 PC patients who underwent multi-gene panel
testing, 3 (23%) showed heterozygous PVs/LPVs in genes
different from BRCA1/2, such as MUTYH, EPCAM, and ATM
(Table 1, Figure 2). In particular, the same MUTYH variant
https://doi.org/10.1016/j.esmoop.2021.100235 3
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Figure 1. Distribution of PVs/LPVs detected in 31 BC, OC, or PC patients analysed with multi-gene panel testing.
The OncoPrint, showing the identified PVs/LPVs by heatmap, was obtained by the informatics tool Mutation Mapper (cBioPortal for Cancer Genomics). The intronic
variant sequences (IVS) are not shown.
BC, breast cancer; LPV, likely pathogenic variant; OC, ovarian cancer; PC, pancreatic cancer; PV, pathogenic variant.

Table 1. PVs/LPVs harboured by patients with BC, OC, or PC analysed by multi-gene panel testing

Gene Variant type HGVS nomenclature Protein change Variant interpretation Patients n (%)

Breast cancer patients
MUTYH M c.1145G>A p.Gly382Asp PV 5 (20.6)
CHEK2 fs c.1229del p.Thr410fs PV 2 (8.2)
CHEK2 IVS c.721þ3A>T d CIP/PV 2 (8.2)
CDH1 IVS c.2164þ2T>C d PV 1 (4.2)
MSH2 M c.1045C>G p.Pro349Ala CIP/PV 1 (4.2)
PMS2 fs c.2182_2184delinsG p.Thr728Alafs CIP/PV 1 (4.2)
PMS2 M c.137G>T p.Ser46Ile LPV 1 (4.2)
PMS2 M C.2T>C p.Met1Thr PV 1 (4.2)
RAD51C IVS c.1026þ5_1026þ7del d LPV 1 (4.2)
RAD51C NS c.224dup p.Tyr75Ter PV 1 (4.2)
RAD51C M c.773G>A p.Arg258His LPV 1 (4.2)
PTEN M c.284C>A p.Pro95Gln PV 1 (4.2)
RAD50 NS c.3598C>T p.Arg1200Ter PV 1 (4.2)
MUTYH M c.494A>G p.Tyr165Cys PV 1 (4.2)
PALB2 fs c.758dup p.Ser254fs PV 1 (4.2)
PALB2 fs c.1050_1053del p.Thr351fs PV 1 (4.2)
ATM M c.8147T>C p.Val2716Ala LPV 1 (4.2)
ATM NS c.8818_8821dup p.Ser2941Ter PV 1 (4.2)

Ovarian cancer patients
MUTYH M c.1145G>A p.Gly382Asp PV 2 (50)
ATM IVS c.4776þ1G>T d LPV 1 (25)
PMS2 M c.2249G>A p.Gly750Asp LPV 1 (25)

Pancreatic cancer patients
MUTYH M c.1145G>A p.Gly382Asp PV 1 (33.3)
EPCAM NS c.227C>G p.Ser76Ter PV 1 (33.3)
ATM M c.8558C>T p.Thr2853Met LPV 1 (33.3)

BC, breast cancer; CIP, conflicting interpretations of pathogenicity; fs, frameshift; IVS, intronic variant sequences; LPV, likely pathogenic variant; M, missense; NS, nonsense; OC,
ovarian cancer; PC, pancreatic cancer; PV, pathogenic variant.
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c.1145G>A, observed in BC and OC patients, was detected
also in one PC subject, suggesting that this alteration is
relatively recurrent in Sicilian individuals with BC, OC, and
PC (8/205 probands; ~4%). The missense variant c.227C>G
in EPCAM gene causes an amino acid substitution of
cytosine with a guanine which determines the premature
stop codon formation, resulting in the loss of normal
protein function. This alteration, reported as PV by LOVD,
4 https://doi.org/10.1016/j.esmoop.2021.100235
though in a homozygous state, was described by Thoeni
et al.23 in one patient affected by congenital tufting en-
teropathy. Lastly, one patient revealed a missense variant
named c.8558C>T in ATM gene. The nature of this variant,
which determines an amino acid substitution of threonine
with methionine at codon 2853, is still to be defined. In
fact, the ClinVar database reported it as VUS, because the
threonine residue is highly conserved and exhibits a
Volume 6 - Issue 4 - 2021
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moderate physicochemical difference with methionine.
Conversely, the Varsome database classified this alteration
as LPV, because it is located in a mutational hotspot.

Lastly, we investigated the presence of VUS and variants
with CIP in genes different from BRCA1/2, by identifying 70
VUS/CIP in BC patients, 18 in OC women, and 4 in PC
subjects (Supplementary Table S1, available at https://doi.
org/10.1016/j.esmoop.2021.100235). The most frequent
VUS named c.663A>C and detected in MSH6 gene was
observed in three BC patients and one with OC. The total
number of patients harbouring VUS/CIP was 102, since
some subjects were carriers of two or three VUS/CIP. BC
patients have been shown to harbour a higher number of
VUS/CIP mainly in ATM (six VUS and six CIP), APC (six VUS
and two CIP), RAD50 (four VUS and four CIP), and CHEK2
(five VUS and two CIP) genes, whereas OC patients carried
Volume 6 - Issue 4 - 2021
VUS/CIP mainly in CHEK2 (three VUS and one CIP) and
MSH6 (two VUS and one CIP) genes.
Association between germline PVs/LPVs and clinical
factors

Our analysis highlighted that the median age at diagnosis of
BC patients with PVs/LPVs in cancer susceptibility genes
different from BRCA1/2 was lower than that of BRCA1/2-
positive patients and all wild-type (wt) individuals (median
age: 32 versus 41 years, P ¼ 0.8; 32 versus 44 years, P ¼
0.9, respectively), whereas the mean age instead was higher
than that of other groups (mean age: 45.6 versus 42.6
versus 44.5 years, respectively). Most of the patients with
PVs/LPVs either in BRCA1/2 or in other susceptibility
genes had an age at diagnosis �40 years. Significant
https://doi.org/10.1016/j.esmoop.2021.100235 5
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clinico-pathological differences among three subgroups of
BC were observed (Table 2).

Also, we observed that patients with germline alterations
in BRCA1/2 had more frequently a ductal histotype of BC
(86.8%) compared to patients with alterations in other
predisposition genes different from BRCA1/2 (54.2%).

Interestingly, only 3 patients (12.5%) with PVs/LPVs in
no-BRCA genes showed triple-negative breast cancer
(TNBC) compared to 34 BRCA1/2-positive patients (40.9%;
P ¼ 0.12) and 149 (25.3%; P < 0.00001) subjects without
any alteration in analysed genes.

Furthermore, it has been observed that breast tumours
harboured by PV carriers in no-BRCA genes showed
low proliferation rates and lower histological grade than
BRCA1/2 PV carriers (P ¼ 0.003) and wt subjects (P ¼ 0.24).
Additionally, a significant axillary nodal involvement was not
detected compared to other two groups (P ¼ 0.07;
P ¼ 0.002).

As mentioned earlier, 11 patients who showed gene al-
terations by multi-gene panel analysis had BBC. This result
was statistically significant either compared to BRCA1/2 PV
carriers (P ¼ 0.04) or to wt individuals (P ¼ 0.008).

Comparing between them only patients analysed by
multi-gene panel, no statistically significant correlation was
shown between mutated and wt patients. However, our
analysis showed that mutated patients had a median age at
diagnosis considerably lower than wt subjects (median age:
32 versus 43.5 years; P ¼ 0.24). As regards BBC patients, the
median time between first and second tumour was longer
in mutated than in patients without alteration.

A comparison among OC patients with PVs/LPVs in
BRCA1/2 and no-BRCA genes and all wt subjects was carried
out (Table 3). We observed that women with PVs/LPVs in
susceptibility genes different from BRCA1/2 tend to develop
OC before than the other two groups (median age: 52.5
versus 56 versus 58 years). Also, it was observed that most
of the BRCA-positive and wt women developed OC over the
fifth decade of life.

Based on tumour characteristics, the most represented
OC histological subtype in all three patient groups (BRCA-
positive, no-BRCA PV carriers, and wt) was the high-grade
serous carcinoma.

Interestingly, three out of four patients harbouring PVs/
LPVs in susceptibility genes different from BRCA1/2 showed
a personal history of BC or other cancers. The clinico-
pathological features of analysed OC patients are reported
in Table 3. Obviously, some of these data are not statisti-
cally significant due to the low number of patients analysed
by multi-gene panel.

Concerning the PC patients genetically tested by multi-
gene panels, all had metastatic disease, but it was not
possible to carry out a comparative analysis due to the very
low number of individuals.
DISCUSSION

Hereditary BC, OC, and PC, together with prostate cancer
and melanoma, are the major BRCA-associated cancers.24,25
6 https://doi.org/10.1016/j.esmoop.2021.100235
In fact, some of these tumours have been shown to be
associated with the HBOC syndrome, because the risk of
developing them significantly enhances in germline BRCA1/
2 PV carriers.26-28 However, it has been observed that many
BC, OC, or PC patients with a strong personal and/or family
history of cancer are negative for germline BRCA1/2 PVs/
LPVs and, thus, a further genetic testing via a broader gene
panel should be requested. Indeed, some BRCA1/2-wt pa-
tients may carry a still unidentified PV/LPV in high- and
moderate-risk susceptibility genes, including PALB2, CHEK2,
ATM, TP53, and PTEN, involved in several hereditary cancer
syndromes.29-31 Today, the use of multi-gene panels, which
include several susceptibility genes related to hereditary
cancer syndromes, is becoming progressively recurrent,
thanks also to the advancement acquired by NGS technol-
ogy which transformed the clinical approach to genetic
testing.32-34

Recent studies highlighted that, due to overlapping
phenotypes, a considerable number of PVs/LPVs, which,
could be missed if independently tested for the HBOC, Lie
Fraumeni, PeutzeJeghers, Cowden, Lynch syndromes, and
other hereditary tumour syndromes, may be more easily
identified by multi-gene panel testing. For this reason,
multi-gene panels able to cover all these syndromes rather
than panels specific for a single syndrome were produced.35

Certainly, clinicians may obtain more information about one
or more inherited cancer syndromes in a single test by
means of the use of a multi-gene panel.36 Several studies
have recently evaluated the importance of complete multi-
gene panels in the clinical management of hereditary BC,
OC, or PC patients.32,37,38 Today, however, the specific se-
lection of high-risk individuals who should be tested by
multi-gene panel as well as the choice of genes to comprise
in testing for each hereditary syndrome still remain an open
question. In fact, until now there are no precise guidelines
which allow to establish specific criteria for identifying the
most appropriate subjects to undergo multi-gene panel
testing.10 A relevant clinical implication is attributed to the
choice of genes to include in a multi-gene panel.

In the present study, 205 out of 915 patients affected by
BC, OC, or PC, with previous BRCA1/2 negative test result,
and significant personal and/or family history of BC, OC,
and/or PC were selected by our multidisciplinary team and
genetically tested for germline PVs/LPVs in different cancer
susceptibility genes beyond BRCA1 and BRCA2, by NGS-
based multi-gene panel testing. This investigation was
aimed to assess if some BC, OC, or PC patients should be
offered multi-gene panel testing, based on well-defined
criteria concerning their personal and family history of
cancer, such as earliness of cancer onset, occurrence of
multiple tumours, and presence of two or more affected
relatives.

Our study showed that 31 (15.1%) out of 205 patients
genetically tested by multi-gene panel were carriers of a
PV/LPV in high- and moderate-risk cancer susceptibility
genes different from BRCA1/2, including PALB2, CHEK2,
ATM, MUTYH, MSH2, and RAD51C. Among 31 carriers of
PVs/LPVs in no-BRCA genes, 24 out of 165 (14.5%) were BC
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Table 2. Comparison between baseline characteristics and clinico-pathological parameters of BC patients analysed by germline BRCA1/2 and multi-gene panel
testing

BRCA1/2 mut Multi-gene panel mut All wt P valuea P valueb

Number of patients 83 24 589 d d
Age at diagnosis (years)
Median 41 32 44
Mean 42.6 45.6 44.5
Range 28-80 27-71 21-84 0.32 0.24

Age groups (years), n (%)
�40 40 (48.2) 9 (37.5) 241 (40.9)
41-50 26 (31.3) 7 (29.2) 194 (32.9)
51-60 13 (15.7) 5 (20.8) 105 (17.9)
>60 4 (4.8) 3 (12.5) 49 (8.3) 0.48 0.86

Histological subtype, n (%)
Ductal 72 (86.8) 13 (54.2) 456 (77.4)
Lobular 7 (8.4) 2 (8.3) 47 (8)
Others 4 (4.8) 2 (8.3) 49 (8.3)
Unknown d 7 (29.2) 37 (6.3) <0.0001 <0.0001

Molecular subtype, n (%)
Luminal 46 (55.4) 15 (62.5) 397 (67.4)
HER2E 3 (3.7) 1 (4.2) 33 (5.6)
TNBC 34 (40.9) 3 (12.5) 149 (25.3)
Unknown d 5 (20.8) 10 (1.7) 0.0001 <0.00001

ER, n (%)
�20 8 (9.7) d 19 (3.2)
>20 34 (40.9) 16 (66.6) 355 (60.3)
Negative 37 (44.6) 4 (16.7) 165 (28)
Unknown 4 (4.8) 4 (16.7) 50 (8.5) 0.014 0.41

PR, n (%)
�20 19 (22.9) 2 (8.4) 76 (12.9)
>20 23 (27.7) 12 (50) 286 (48.6)
Negative 37 (44.6) 5 (20.8) 165 (28)
Unknown 4 (4.8) 5 (20.8) 62 (10.5) 0.004 0.38

Ki-67, n (%)
<20 8 (9.7) 5 (20.8) 158 (26.9)
20-50 31 (37.3) 8 (33.3) 211 (35.8)
>50 39 (47) d 134 (22.7)
Unknown 5 (6) 11 (45.9) 86 (14.6) <0.00001 0.0006

Histological grade, n (%)
G1 2 (2.4) 2 (8.4) 62 (10.5)
G2 18 (21.7) 8 (33.3) 212 (36)
G3 58 (69.9) 3 (12.5) 226 (38.4)
Unknown 5 (6) 11 (45.8) 89 (15.1) <0.00001 0.0005

Tumour size (T), n (%)
T1 38 (45.8) 8 (33.3) 261 (44.4)
T2 23 (27.7) 4 (16.7) 145 (24.6)
T3 3 (3.6) d 18 (3)
T4 2 (2.4) d 6 (1)
unknown 17 (20.5) 12 (50) 159 (27) 0.12 0.16

Axillary nodal involvement (N), n (%)
N0 30 (36.1) 2 (8.3) 257 (43.7)
N1 24 (28.9) 6 (25) 108 (18.3)
N2 8 (9.6) 3 (12.5) 23 (3.9)
N3 5 (6) d 9 (1.5)
unknown 16 (19.4) 13 (54.2) 192 (32.6) 0.009 0.005

Bilateral, n (%)
Yes 19 (22.9) 11 (45.8) 121 (20.5)
No 64 (77.1) 13 (54.2) 468 (79.5) 0.04 0.008

Median age at diagnosis (years)
Primary tumour 40 53 46
Secondary tumour 50 63 52 0.86 0.85

Time between first and second tumours (years)
Median 8 7 3

ER, estrogen receptor; PR, progesterone receptor; mut, mutated; TNBC, triple-negative breast cancer; wt, wild type.
a Comparison between BRCA1/2 mut versus multi-gene panel mut patients.
b Comparison between multi-gene panel mut versus all wt patients.
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probands, 4 out of 27 (14.9%) had OC, and 3 out of 13
(23%) were PC subjects. These data reveal how a note-
worthy percentage of BC, OC, and PC patients showed
Volume 6 - Issue 4 - 2021
deleterious alterations in other cancer predisposition
genes beyond BRCA1 and BRCA2, using a multi-gene panel
approach.
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Table 3. Comparison between baseline characteristics and clinico-pathological parameters of OC patients analysed by germline BRCA1/2 and multi-gene panel
testing

BRCA1/2 mut Multi-gene panel mut All wt P valuea P valueb

Number of patients 85 4 283 d d
Age at diagnosis (years)
Median 56 52.5 58
Mean 57.9 55.5 58
Range 37-81 38-79 28-84 0.9 0.8

Age groups (years), n (%)
�40 3 (3.5) 1 (25) 22 (7.8)
41-50 19 (22.4) 1 (25) 33 (11.6)
51-60 31 (36.5) d 112 (39.6)
61-70 22 (25.8) 1 (25) 72 (25.4)
>70 10 (11.8) 1 (25) 44 (15.6) 0.45 0.77

Cancer site, n (%)
Monolateral Ovarian carcinoma 54 (63.5) 4 (100) 236 (83.4)
Bilateral Ovarian carcinoma 29 (34.1) d 21 (7.4)
Fallopian tube carcinoma 0 (0) d 2 (0.7)
Primary peritoneal carcinoma 2 (2.4) d 24 (8.5) 0.24 0.01

FIGO stage, n (%)
I 3 (3.5) d 12 (4.2)
II 4 (4.7) 1 (25) 10 (3.5)
III 49 (57.7) 2 (50) 39 (13.8)
IV 9 (10.6) d 11 (3.9)
Unknown 20 (23.5) 1 (25) 211 (74.6) 0.43 0.03

Histological subtype, n (%)
HGSC 68 (80) 3 (75) 194 (68.6)
Clear cell 2 (2.4) d 6 (2.1)
Endometrioid 6 (7.1) d 25 (8.8)
LGSC 3 (3.5) d 2 (0.7)
Papillary 3 (3.5) 1 (25) 2 (0.7)
Unknown 3 (3.5) d 54 (19.1) 0.2 0.0004

Personal cancer history before EOC, n (%)
Breast cancer history 15 (17.6) 2 (50) 20 (7)
Other cancers 1 (12) 1 (25) 21 (7.4)
No cancer history 69 (81.2) 1 (25) 242 (85.6) 0.001 0.001

Surgery, n (%)
Staging 11 (12.9) 2 (50) 34 (12)
Primary cytoreductive 32 (37.6) 1 (25) 126 (44.5)
Unknown 42 (49.4) 1 (25) 123 (43.5) 0.1 0.07

EOC, epithelial ovarian cancer; HGSC, high-grade serous carcinoma; LGSC, low-grade serous carcinoma; mut, mutated; wt, wild type.
a Comparison between BRCA1/2 mut versus multi-gene panel mut patients.
b Comparison between multi-gene panel mut versus all wt patients.

ESMO Open M. Bono et al.
Heterozygous alterations in the moderate-risk suscepti-
bility gene CHEK2 were detected only in BC patients, as
already previously reported by other authors.39,40

Interestingly, 11 (45.8%) out of 24 BC patients positively
tested by multi-gene panel in genes beyond BRCA1/2 have
been shown to have BBC. Besides the founder mutation
c.1100delC detected in the moderate-risk susceptibility
gene CHEK2, further deleterious alterations in BBC patients
were found in other different genes such as PALB2, ATM,
and RAD51C, suggesting a potential association between
BBC and HRD.

In our investigation, a low rate of PALB2 alterations was
detected probably due to the selection criteria used to re-
cruit patients which led to the exclusion by analysis of TNBC
individuals >60 years of age and no-TNBC subjects (in the
absence of multiple tumours and/or family history) >36
years of age.

As regards the analysed OC patients, interestingly, one
out of four women harbouring alterations in no-BRCA genes
was carrier of a germline homozygous PMS2 LPV
8 https://doi.org/10.1016/j.esmoop.2021.100235
(c.2249G>A) and, therefore, her OC was associated with
constitutional MMR deficiency syndrome rather than with
HBOC syndrome. Instead, the EPCAM PV (c.227C>G)
detected in one out of three PC patients is not associated
with Lynch syndrome as expected, since this variant does
not involve a 30 deletion within gene.

Since, in the last years, several studies investigated also
the impact of germline monoallelic MUTYH PVs in genetic
susceptibility to the development of BC, OC, or PC, showing
increased risk rates associated with heterozygosity condi-
tion,41-46 we have decided to report these data concerning
the heterozygous MUTYH alterations detected in our study
cohort. Interestingly, nine patients (six of whom were
affected by BC, two with OC, and one with PC) showed a
germline monoallelic MUTYH PV. Although the association
between monoallelic MUTYH PVs and risk of BC, OC, or PC
remains controversial, this information could represent, in
the future, an important step in defining the risk and cancer
types associated with these alterations, beyond colorectal
cancer.
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Additionally, we have observed that 12 (50%) out of 24
germline PVs/PVLs detected in 31 tested carrier subjects
were missense mutations (Table 1).

Our study also showed that carriers of PVs/LPVs in cancer
susceptibility genes different from BRCA1/2 had a lower
probability of developing a TNBC in comparison to BRCA-
positive carriers and wt individuals who, instead, harboured
often a luminal-like BC histotype. Furthermore, the pres-
ence of tumours with reduced proliferation rate, lower
histological grade, and without axillary nodal involvement in
patients carrying germline PVs/LPVs in no-BRCA genes
suggested that these carriers show a greater tendency to
develop less aggressive BCs.

However, comparing the clinico-pathological features of
three groups of analysed patients, in some cases no sta-
tistically significant differences were detected, probably due
to the low number of patients genetically tested by multi-
gene panel. Therefore, a future perspective of this work
will be to increase the size of our study population.

In this study, we investigated the potential clinical impact
of NGS-based multi-gene panel testing in patients affected
by BC, OC, or PC, in order to evaluate the usefulness of
carrying out a most comprehensive genetic investigation in
individuals who had at least other two first-degree family
members with BC, OC, and/or PC, or early onset of cancer
(age at diagnosis �36 years), or presence of synchronous/
metachronous tumours (e.g. bilateral BC, BC and OC). Our
work highlighted that an improvement of detection rates of
germline deleterious variants in patients with BC, OC, and
PC could be achieved through the adoption of an NGS-
based multiple-gene panel testing, because we have
observed that, in the absence of a genetic analysis carried
out by means of a multi-gene panel, a significant percent-
age (15.1%) of PVs/LPVs would have been lost.

Lastly, our investigation showed results coherent with
the recommendations of the current National Comprehen-
sive Cancer Network (NCCN) guidelines, offering a more
cost-effective cancer risk assessment compared with a
gene-by-gene approach and avoiding underestimating the
number of individuals affected by a hereditary tumour
syndrome.

Our study highlighted that a deeper genetic investigation
by NGS-based multi-gene panel testing could help us to
identify PVs/LPVs in high- and moderate-risk cancer sus-
ceptibility genes different from most common BRCA1/2
genes, allowing to stratify a significant percentage of
inherited BC, OC, or PC patients who could take advantage
from the screening programs, intensive surveillance path-
ways, and/or risk-reducing surgical strategies, if necessary.
Additionally, this investigation could allow the identification
of family members with a higher risk of developing BC, OC,
and/or PC, in order to put into practice prevention and
surveillance strategies for these individuals. According to
the recent NCCN guidelines (version 2.2021),47 helpful
surveillance programs for the BC and/or OC prevention are
recommended to LPV/PV carriers in no-BRCA1/2 genes,
depending on the specific altered gene (Supplementary
Table S2, available at https://doi.org/10.1016/j.esmoop.
Volume 6 - Issue 4 - 2021
2021.100235). For carriers of germline monoallelic alter-
ations in CHEK2, PALB2, ATM, PTEN, and CDH1 genes, the
BC risk management involves an annual mammogram with
eventual tomosynthesis and breast magnetic resonance
imaging with contrast (starting from age 30 years for PALB2
and CDH1, from 30 to 35 years for PTEN, and from 40 years
for CHEK2 and ATM), whereas no surveillance is recom-
mended for OC risk. However, for PALB2 and ATM LPV/PV
carriers, a risk-reducing salpingo-oophorectomy (RRSO) may
be suggested based on family history. For carriers of PALB2
and PTEN alterations, a risk-reducing mastectomy may be
discussed, whereas this option may be suggested only
based on family history for CHEK2, ATM, and CDH1 LPV/PV
carriers. For RAD51C LPV/PV carriers, the RRSO may be
considered starting from age 45 to 50 years, whereas the
surveillance for BC risk is managed only based on family
history. For carriers of germline monoallelic MSH2, PMS2,
and EPCAM LPVs/PVs, the BC risk management is based on
family history only, whereas surveillance for OC risk involves
annually the transvaginal ultrasound and assessment of CA-
125 serum levels. No recommendation for BC/OC risk
management is suggested for carriers of heterozygous
RAD50 and MUTYH LPVs/PVs (Supplementary Table S2,
available at https://doi.org/10.1016/j.esmoop.2021.100235).

However, larger study cohorts are required to more
accurately detect the rates of PVs/PVLs in BC, OC, or PC
patients with previously negative BRCA genetic testing
result. In addition, the approach via multi-gene panel shows
the disadvantage of determining an increase in detection
rates of germline VUS and PVs/LPVs in moderate-/low-
penetrance genes or with limited clinical relevance. This
drawback could cause not only a risk overestimation but
also a poor clinical management of the patient, resulting in
an increase in the number of prophylactic surgical in-
terventions without benefits as well as unnecessary health
care costs.
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