
Oncotarget47064www.impactjournals.com/oncotarget

Multiple-gene panel analysis in a case series of 255 women with 
hereditary breast and ovarian cancer

Gianluca Tedaldi1, Michela Tebaldi1, Valentina Zampiga1, Rita Danesi2, Valentina 
Arcangeli3, Mila Ravegnani2, Ilaria Cangini1, Francesca Pirini1, Elisabetta Petracci4, 
Andrea Rocca5, Fabio Falcini2, Dino Amadori5 and Daniele Calistri1

1Biosciences Laboratory, Istituto Scientifico Romagnolo per lo Studio e la Cura dei Tumori (IRST) IRCCS, Meldola, Italy
2Romagna Cancer Registry, Istituto Scientifico Romagnolo per lo Studio e la Cura dei Tumori (IRST) IRCCS, Meldola, Italy
3Department of Medical Oncology, Ospedale Infermi, Rimini, Italy
4Unit of Biostatistics and Clinical Trials, Istituto Scientifico Romagnolo per lo Studio e la Cura dei Tumori (IRST) IRCCS, 
Meldola, Italy

5Department of Medical Oncology, Istituto Scientifico Romagnolo per lo Studio e la Cura dei Tumori (IRST) IRCCS, Meldola, 
Italy

Correspondence to: Daniele Calistri, email: daniele.calistri@irst.emr.it
Keywords: hereditary breast and ovarian cancer, multiple-gene panel, next-generation sequencing, bilateral breast cancer, 
cancer predisposition
Received: October 19, 2016          Accepted: March 14, 2017          Published: April 03, 2017
Copyright: Tedaldi et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 
3.0 (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited.

ABSTRACT

As new genes predisposing to breast (BC) and ovarian cancer (OC) are constantly 
emerging, the use of panels of genes analyzed by Next-Generation Sequencing (NGS) 
is increasing in clinical diagnostics. The identification of a large number of new 
germline mutations allows for deeper knowledge of cancer predisposition, although 
raising many questions about patient management.

BC and OC patients recruited by our counseling service between 2012-2015 were 
included in this study. DNA was extracted from peripheral blood and a panel of 94 
genes involved in hereditary tumors was analyzed by NGS. Patient clinical features 
of BC and OC and cancer family history were collected and compared to the patient 
genetic profile.

A total of 255 women were analyzed, 57 of whom had a pathogenic mutation in 
BRCA1/2 genes, and 17 carried pathogenic mutations in other genes, such as PALB2, 
ATM, BRIP1, RAD51D, MSH6, PPM1D, RECQL4, ERCC3, TSC2, SLX4 and other Fanconi 
anemia genes.

Patients with a pathogenic mutation in genes other than BRCA1 and BRCA2 
showed no significant difference from the BRCA1/2-mutated carriers with respect to 
age at diagnosis and clinical features, suggesting that mutations in other genes could 
pose a high risk of cancer development.

These patients had a much higher percentage of bilateral breast cancer (BBC) 
and a lower rate of OC than BRCA-mutated patients and patients with no pathogenic 
mutations: as a consequence, the surveillance protocol should be customized to the 
patient genetic characteristics.
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INTRODUCTION

Breast cancer (BC) is the second most common 
cancer worldwide, and the most frequent cancer in women 
overall with about 1.7 million new cases diagnosed in 2012. 
BC is the second cause of cancer-related death in women in 
economically developed countries and the fifth worldwide [1].

Ovarian cancer (OC), is the fourth commonest cause 
of female cancer death in the developed world, also called 
“the silent killer” given the high mortality rate often due 
to late diagnosis [2].

About 10-30% of BCs and OCs shows a familial 
aggregation, but it is estimated that only 5-10% is 
hereditary, namely due to a genetic mutation which is 
transmitted to offspring [3, 4].

The main genes involved in hereditary breast and 
ovarian cancer (HBOC) are BRCA1 [5], with 65% and 
39% risk of developing BC and OC by the age of 70, 
respectively, and BRCA2 [6], with 45% and 11% risk of 
developing BC and OC, respectively [7].

To date, many other genes have been associated to 
BC risk, such as PALB2, TP53, ATM, BRIP1, CHEK2, 
CDH1, PTEN, STK11 [8, 9].

In the last few years the advent of Next-Generation 
Sequencing (NGS) has enabled the analysis of a greater 
number of genes with the advantage of lower costs and a 
wider access to molecular tests for patients with suspected 
genetic syndromes [10–13].

The discovery of new genes determining 
susceptibility to disease is crucial in oncology, as genetic 
transmission is more difficult to identify due to the 
frequent incomplete penetrance and the influence of the 
environment on genetics [14].

RESULTS

We performed an NGS analysis of a panel of 94 
genes involved in the main hereditary cancer syndromes 
(Supplementary Table 1) in a case series of 255 women.

The patient cohort included 227 (89.0%) patients with 
initial BC (median age 41 years) and 28 (11.0%) with initial 
OC (median age 49.5 years). BC and OC patient tumor 
characteristics are summarized in Tables 1 and 2, respectively.

Of the 227 BC patients, 52 (22.9%) had bilateral 
breast cancer (BBC), 8 (3.5%) had subsequent OC and 22 
(9.7%) had other malignancies (reported as “Second BC”, 
“Second OC” and “Other tumors”, respectively, in Table 1).

Of the 28 OC patients, 7 (25.0%) had subsequent BC 
(reported as “Second BC” in Table 2). None (0.0%) presented 
other malignancies (reported as “Other tumors” in Table 2).

The molecular analysis of the 255 patients showed 
a mean target coverage of 399,7X and a 95.5% mean 
percentage of target covered >50X.

We focused at first on the BRCA mutation status of 
patients.

According to the databases and guidelines (see 
Materials and Methods), 57 (22.4%) patients had a 

pathogenic/likely-pathogenic mutation in BRCA genes, in 
particular 31 (12.2%) had a BRCA1 mutation, 25 (9.8%) had 
a BRCA2 mutation and 1 (0.4%) had pathogenic mutations 
in both BRCA1 and BRCA2 (Supplementary Table 2).

We then observed the mutations in the remaining 92 
genes of the panel.

The analysis revealed 23 pathogenic/likely-
pathogenic mutations in 14 genes in 21/255 (8.2%) 
patients (Supplementary Table 3). Out of these 21 patients, 
4 were also BRCA-positive and 17 BRCA-negative.

We finally analyzed the 181 (71.0%) patients with 
pathogenic mutations in neither BRCA1/2 nor other genes, 
showing 23,882 exonic and splicing (± 5bp) variants.

The frequencies present in 1000Genomes, Esp6500 
and Exac03 databases were used to exclude polymorphic 
variants.

Among the remaining 1,026 variants with frequency 
<1% or n/a, we worked on the missense variants with 
PolyPhen-2 HVar and SIFT to assess their possible role in 
cancer development.

BRCA mutations and patient characteristics

We identified 32 pathogenic/likely-pathogenic 
mutations in BRCA1 gene and 26 in BRCA2 gene 
(Supplementary Table 2).

Most of the 31 patients with a BRCA1 pathogenic/
likely-pathogenic mutation had BC: 23 (74.2%) had initial 
BC, 6 (26.1%) of whom BBC, and 1 (4.3%) subsequent 
OC. The remaining 8 (25.8%) had initial OC, 2 (25.0%) 
of whom had subsequent BC.

Also most of the 25 patients with a BRCA2 
pathogenic/likely-pathogenic mutation had BC: 24 (96.0%) 
had initial BC, 6 (25.0%) of whom BBC, and 1 (4.2%) had 
subsequent OC. Only 1 (4.0%) patient had initial OC.

The only patient with pathogenic mutations in both 
BRCA1 and BRCA2 had BC.

The clinical features of the 31 BRCA1-mutated 
patients were compared with those of the 25 BRCA2-
mutated patients with no statistically significant 
differences, except for the grading of BC with a higher 
number of poorly differentiated tumors in BRCA1-mutated 
patients (Supplementary Tables 4 and 5). The two groups 
were thus treated as one group including the single patient 
with both BRCA1 and BRCA2 genes mutated (Tables 1 
and 2).

Median age at the onset of BC was 39 years for 
initial BC and 46 for subsequent BC. Median age at the 
onset of OC was 50 years.

The number of triple-negative BCs was significantly 
higher in BRCA-positive patients (34.3%) than in BRCA-
negative patients (11.0%).

The BC/OC family history in I- and II-degree 
relatives was significantly higher in BRCA-mutated 
patients and BRCA-wild type patients with BC than in 
patients with mutations in extra-BRCA genes (P=0.039, 
Table 1).
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Table 1: Clinical features and personal/family cancer history of BC patients

BREAST CANCER (BC)

All patients Patients with 
BRCA1/2 
mutations

Patients with 
extra-BRCA 
mutations

Patients with 
no pathogenic 

mutations P

N (%) N (%) N (%) N (%)

N. of patients 227 48 17 162

Age at diagnosis, years
Median Age [Min-Max] 41 [25–79] 39 [25–70] 43 [26–74] 42 [25–79] 0.140

Missing 0 0 0 0

Histotype
In situ carcinoma 22 (10.14) 3 (6.52) 3 (17.65) 16 (10.39) 0.810

Invasive ductal carcinoma 148 (68.20) 33 (71.74) 10 (58.82) 105 (68.18)

Invasive lobular carcinoma 26 (11.98) 6 (13.04) 3 (17.65) 17 (11.04)

Other invasive histotypes 21 (9.68) 4 (8.70) 1 (5.88) 16 (10.39)

Missing 10 2 0 8

Grading
Well-differentiated 18 (9.68) 0 (0.00) 1 (6.67) 17 (12.98) 0.005

Moderately differentiated 85 (45.70) 13 (32.50) 7 (46.67) 65 (49.62)

Poorly differentiated 83 (44.62) 27 (67.50) 7 (46.67) 49 (37.40)

Missing 41 8 2 31

Stage
0 22 (12.50) 3 (8.82) 3 (23.08) 16 (12.40) 0.375

I 92 (52.27) 15 (44.12) 5 (38.46) 72 (55.81)

II 45 (25.57) 13 (38.24) 3 (23.08) 29 (22.48)

III-IV 17 (9.66) 3 (8.82) 2 (15.38) 12 (9.30)

Missing 51 14 4 33

Tumor invasiveness
In situ 22 (10.09) 3 (6.38) 3 (17.65) 16 (10.39) 0.420

Invasive 196 (89.91) 44 (93.62) 14 (82.35) 138 (89.61)

Missing 9 1 0 8

Ki-67
High (≥14) 115 (70.55) 37 (90.24) 6 (75.00) 72 (63.16) 0.003

Low (<14) 48 (29.45) 4 (9.76) 2 (25.00) 42 (36.84)

Missing 64 7 9 48

St Gallen subtype
Luminal A 29 (20.14) 1 (2.86) 2 (28.57) 26 (25.49) 0.005

Luminal B1 56 (38.89) 13 (37.14) 2 (28.57) 41 (40.20)

Luminal B2 26 (18.06) 8 (22.86) 1 (14.29) 17 (16.67)

Her2 positive 9 (6.25) 1 (2.86) 1 (14.29) 7 (6.86)

Triple negative 24 (16.67) 12 (34.29) 1 (14.29) 11 (10.78)

Missing 83 13 10 60

(Continued )
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Also BRCA-mutated patients with OC had a higher 
BC/OC family history in I-degree relatives than BRCA-
wild type patients (P=0.039, Table 2).
Extra-BRCA mutations and patient 
characteristics

Among the 23 pathogenic/likely-pathogenic 
mutations identified (Supplementary Table 3), 1 deletion 
in ERCC3 gene was found in 1 patient with a pathogenic 
mutation in BRCA1, and 3 mutations (1 deletion in FANCA 
gene, 1 deletion in BRIP1 gene and 1 nonsense mutation in 

ATM) were found in 3 patients with a pathogenic mutation 
in BRCA2.

The remaining 19 pathogenic/likely-pathogenic 
mutations found in 17 BRCA1/2 wild-type patients 
included 6 mutations in PALB2 (3 deletions and 3 nonsense 
mutations), 2 in ATM (1 deletion and 1 insertion), 2 in 
FANCL (1 insertion and 1 nonsense mutation), 1 deletion 
in BRIP1, 1 nonsense mutation in FANCM, 1 deletion in 
FANCI, 1 deletion in SLX4, 1 nonsense mutation in MSH6, 
1 nonsense mutation in RAD51D, 1 deletion in PPM1D, 1 
deletion in RECQL4, and 1 deletion in TSC2.

BREAST CANCER (BC)

All patients Patients with 
BRCA1/2 
mutations

Patients with 
extra-BRCA 
mutations

Patients with 
no pathogenic 

mutations P

N (%) N (%) N (%) N (%)

Second BC

No 175 (77.09) 36 (75.00) 9 (52.94) 130 (80.25) 0.036

Yes 52 (22.91) 12 (25.00) 8 (47.06) 32 (19.75)

Median Age [Min-Max] a 55 [32–82] 46 [37–70] 57 [36–77] 58.5 [32–82] 0.041

Second OC

No 219 (96.48) 46 (95.83) 15 (88.24) 158 (97.53) 0.103

Yes 8 (3.52) 2 (4.17) 2 (11.76) 4 (2.47)

Median Age [Min-Max]a 66.5 [51–77] 69 [68–70] 52.5 [51–54] 68.5 [55–77] 0.135

Other tumors

No 205 (90.31) 45 (93.75) 17 (100.00) 143 (88.27) 0.254

Yes 22 (9.69) 3 (6.25) 0 (0.00) 19 (11.73)

BC/OC in I-degree relatives

No 81 (35.68) 17 (35.42) 10 (58.82) 54 (33.33) 0.113

Yes 146 (64.32) 31 (64.58) 7 (41.18) 108 (66.67)

BC/OC in I/II-degree 
relatives

No 43 (18.94) 10 (20.83) 7 (41.18) 26 (16.05) 0.039

Yes 184 (81.06) 38 (79.17) 10 (58.82) 136 (83.95)

Other cancers in I-degree 
relatives

No 144 (63.44) 33 (68.75) 11 (64.71) 100 (61.73) 0.670

Yes 83 (36.56) 15 (31.25) 6 (35.29) 62 (38.27)

Other cancers in I/II-degree 
relatives

No 81 (35.68) 22 (45.83) 7 (41.18) 52 (32.10) 0.193

Yes 146 (64.32) 26 (54.17) 10 (58.82) 110 (67.90)

a Median age, in years, refers to age at second cancer diagnosis
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Table 2: Clinical features and personal/family cancer history of OC patients

OVARIAN CANCER (OC)

All patients Patients with 
BRCA1/2 
mutations

Patients with 
extra-BRCA 
mutations

Patients with 
no pathogenic 

mutations P

N (%) N (%) N (%) N (%)

N. of patients 28 9 0 19

Age at diagnosis, years

Median Age [Min-Max] 49.5 [28–81] 50 [38–68] - 47 [28–81] 0.640

Missing 0 0 - 0

Histotype

Serous carcinoma 18 (64.29) 7 (77.78) - 11 (57.89) 0.700

Other malignant histotypes 7 (25.00) 2 (22.22) - 5 (26.32)

Borderline tumors 3 (10.71) 0 (0.00) - 3 (15.79)

Missing 0 0 - 0

Grading

Well-differentiated 2 (8.00) 0 (0.00) - 2 (12.50) 0.772

Moderately differentiated 2 (8.00) 1 (11.11) - 1 (6.25)

Poorly differentiated 21 (84.00) 8 (88.89) - 13 (81.25)

Missing 3 0 - 3

Stage

0 0 (0.00) 0 (0.00) - 0 (0.00) 0.343

I 7 (31.82) 1 (12.50) - 6 (42.86)

II 2 (9.09) 1 (12.50) - 1 (7.14)

III-IV 13 (59.09) 6 (75.00) - 7 (50.00)

Missing 6 1 - 5

Tumor invasiveness

Borderline 3 (10.71) 0 (0.00) - 3 (15.79) 0.530

Invasive 25 (89.29) 9 (100.00) - 16 (84.21)

Missing 0 0 - 0

Second BC

No 21 (75.0) 7 (77.78) - 14 (73.68) 1.000

Yes 7 (25.0) 2 (22.22) - 5 (26.32)

Median Age [Min-Max]a 55 [45–81] 58.5 [53–64] - 55 [45–81] 1.000

Other tumors

No 28 (100.00) 9 (100.00) - 19 (100.00) -

Yes 0 (0.00) 0 (0.00) - 0 (0.00)

BC/OC in I-degree relatives

No 12 (42.86) 1 (11.11) - 11 (57.89) 0.039

Yes 16 (57.14) 8 (88.89) - 8 (42.11)

(Continued )
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The FANCL insertion and 1 of the PALB2 nonsense 
mutations were both present in 1 patient; the BRIP1 
deletion and the SLX4 deletion were both present in 
another patient.

All 23 variants had either <1% or n/a frequency 
in the population (1000Genomes, Esp6500 and Exac03 
databases) and where checked in dbSNP and ClinVar 
databases (Supplementary Table 3 and Materials and 
Methods).

All 17 (100.0%) patients had initial BC, 8 (47.1%) 
of whom had BBC and 2 (11.8%) had subsequent OC. 
Median age at the onset of BC was 43 years for initial 
BC, 57 for subsequent BC and 52.5 for subsequent OC 
(Table 1). None of these patients had cancers other than 
BC or OC.

The family history of these patients included BC/
OC and other types of cancer, as shown in the pedigrees 
of 2 patients with PALB2 and TSC2 mutations (Figure 1A 
and 1B).

Characteristics of patients with no pathogenic 
mutations

Out of 181 patients with no pathogenic mutations, 
162 (89.5%) had initial BC, of whom 32 (19.8%) had 
BBC and 4 (2.5%) had subsequent OC. Median age was 
42 years at onset of initial BC, 58.5 for subsequent BC, 
and 68.5 for subsequent OC (Table 1).

The remaining 19 (10.5%) had initial OC, 5 (26.3%) 
of whom had subsequent BC. Median age was 47 years at 
onset of initial OC, and 55 for subsequent BC (Table 2).

Among these 181 patients we identified 1,026 
variants with <1% or n/a population frequency: 379 
(36.9%) were synonymous mutations, 631 (61.5%) 
missense mutations, 6 (0.6%) nonframeshift deletions, 2 
(0.2%) nonframeshift insertions, and 8 (0.8%) splicing 
mutations, with a total of 674 unique variants in 92 genes, 
and an average of 6 variants per patient.

Among the 1,026 rare variants identified, we worked 
on the 631 missense variants using functional effect 
prediction tools PolyPhen-2 HVar and SIFT, dividing the 
181 patients into 3 categories: the first group (70 patients) 
with at least 1 mutation classified as damaging by both 
PolyPhen-2 Hvar and SIFT, the second group (26 patients) 
with mutations discordantly classified, and the third group 
(85 patients) with mutations classified as benign. No 
statistically significant differences were found between 
the three groups (Supplementary Tables 6 and 7).

DISCUSSION

Current clinical genetic tests for BC and OC risks 
have been based on the analysis of BRCA1 and BRCA2 
genes only, despite new evidence of a higher number of 
genes eligible for testing [15].

Given the considerable amount of genes whose 
mutations have a role in determining a broad spectrum 
of tumors, we used a gene panel including almost all the 
genes involved in the main hereditary cancer syndromes.

To our knowledge, this is the first large Italian study 
on the sequencing of a multiple-gene panel for cancer 
predisposition and one of the widest genetic studies on 

OVARIAN CANCER (OC)

All patients Patients with 
BRCA1/2 
mutations

Patients with 
extra-BRCA 
mutations

Patients with 
no pathogenic 

mutations P

N (%) N (%) N (%) N (%)

BC/OC in I/II-degree 
relatives

No 9 (32.14) 1 (11.11) - 8 (42.11) 0.195

Yes 19 (67.86) 8 (88.89) - 11 (57.89)

Other cancers in I-degree 
relatives 

No 16 (57.14) 6 (66.67) - 10 (52.63) 0.687

Yes 12 (42.86) 3 (33.33) - 9 (47.37)

Other cancers in I/II-degree 
relatives

No 12 (42.86) 5 (55.56) - 7 (36.84) 0.432

Yes 16 (57.14) 4 (44.44) - 12 (63.16)

a Median age, in years, refers to age at second cancer diagnosis
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HBOC for both the number of genes analyzed and the 
number of recruited patients [10, 12, 13, 16, 17].

We detected a total of 81 pathogenic/likely-
pathogenic mutations in 74/255 (29.0%) patients, 32 
(39.5%) in BRCA1, 26 (32.1%) in BRCA2 and 23 (28.4%) 
in other genes. The 23 mutations in the other genes 
were present in 21 patients, 17 of whom were negative 
for BRCA genes; some of these genes were not clearly 
correlated to BC.

The 57 patients with BRCA1/2 pathogenic mutations 
have already been included in a surveillance protocol 
according to the F.O.N.Ca.M. (Forza Operativa Nazionale 
sul Carcinoma Mammario) guidelines [18] and the genetic 
test has been performed on their consenting relatives.

The BC characteristics of BRCA-mutated patients 
corresponded to what is described in literature [19, 20], 
with a significant higher number of poorly differentiated 
tumors (P=0.005), a significant number of triple-negative 
cancers (P=0.005) and higher Ki-67 expression (P=0.003) 
than in other patients (Table 1), which are all signs of the 
greater aggressiveness of the malignancy.

BRCA-mutated patients, compared to other patients, 
developed BC at a younger age, especially second BC 
(P=0.041), and had a higher family history of BC/OC, 

especially for I-degree relatives of OC patients (P=0.039), 
which are both predictable results given the higher 
penetrance of mutations in BRCA1/2 genes (Tables 1 and 
2).

Thirteen patients had alterations in ATM, BRIP1, 
PALB2, PPM1D and RAD51D genes, which are known 
to be associated with an increased risk of BC, even if they 
are considered moderate penetrant genes [8]. Guidelines 
for the clinical management of mutation carriers are still 
unavailable.

Thanks to the discovery of these mutations, these 
patients and their families are eligible for further studies 
on the development of malignancies in mutation carriers 
over time, which combine our case series with those of 
other institutes with the same type of patients.

PALB2, the most frequent mutated gene after BRCA1 
and BRCA2 in our case series, is worth mentioning. 
As recently reported by Antoniou and colleagues [21], 
PALB2 gene has been proven the most important BC 
predisposition gene after BRCA1 and BRCA2.

We found 6 patients negative for BRCA1/2 mutations 
with a pathogenic mutation in PALB2 gene, 4 (66.7%) of 
whom had BBC. These data further highlighted both the 
high risk of BC associated with these mutations and the 

Figure 1: Pedigrees of two patients with a mutation in extra-BRCA genes. (A) Pedigree of patient A243 with c.2167_2168del 
p.M723fs mutation in PALB2 gene. (B) Pedigree of patient A790 with c.2865_2866del p.Q955fs mutation in TSC2 gene. The probands are 
indicated by arrowheads. Cancer type and age at cancer diagnosis are indicated in the legend: 1st BC, first breast cancer; 2nd BC, second 
breast cancer; LC, lung cancer. Symbols: squares, males; circles, females; quadrant shading, cancer affected; slash through square or circle, 
deceased.
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importance of introducing the PALB2 gene in standard 
genetic analysis protocols for patients with suspected 
hereditary BC syndrome.

Two patients (A482 and A806) were carriers of 
frameshift mutations in BRIP1 gene, whose truncating 
mutations have been recently excluded from having a 
role in BC risk [22]. This had no effect on their assigned 
category, as each patient had another deleterious mutation 
(BRCA2 and SLX4 respectively).

We also found 1 patient with a pathogenic 
mutation in MSH6 gene, associated to Lynch syndrome, 
a colorectal cancer syndrome whose correlation with BC 
is still debated [23]: this finding will allow for appropriate 
genetic counseling and the extension of the genetic test to 
the relatives. The surveillance protocol for these patients 
must take the cancer family history and the cancer risk 
given by the mutation into account. In the case of MSH6 
mutation, the family will undergo a surveillance protocol 
including screening for BC, as it is the only cancer type 
present in the family, and screening for colon cancer, 
according to the Lynch syndrome guidelines [24], as the 
risk for colon cancer in MSH6 mutation carriers cannot 
be ignored.

Six patients had mutations in FANCA, FANCI, 
FANCL, FANCM and SLX4 genes, which are involved in 
Fanconi anemia (FA). FA is a recessive genetic disorder 
characterized by multiple congenital abnormalities, bone 
marrow failure and susceptibility to cancer, occurring 
when both the alleles of one of the FA genes are mutated. 
Monoallelic mutations of some FA genes have been 
associated to BC risk [25, 26], and biallelic mutations 
in BRCA2 have been associated to FA [27]. These 
observations suggest that biallelic mutations of these genes 
may result in FA and that monoallelic mutations can pose 
a risk of BC. Further studies are necessary to confirm such 
association and to assess the actual risk for the patients.

Finally, we found 3 pathogenic/likely-pathogenic 
mutations in ERCC3, RECQL4 and TSC2 genes, encoding 
transcription factors and tumor suppressors.

Although mutations in these genes are not clearly 
associated with BC, a role in the predisposition to BC 
cannot be excluded since they are involved in the major 
cancer pathways.

Specific mutations in ERCC3 and RECQL, a 
homologue of RECQL4, have also been identified in 
families with multiple BC cases [28, 29].

The management of these patients still remains 
problematic. Only further studies on larger case series will 
determine the factual cancer risk for the mutation carriers.

It is important to underline that the pathogenicity of 
the identified variants based on the guidelines [30] refers 
to their potential role in cancer development, not to their 
causality of BC, as there might be other variants in genes 
not analyzed in the present study.

We detected a much higher percentage (47.1%) of 
BBCs in patients with pathogenic mutations in non-BRCA 

genes than in BRCA1- (26.1%) and BRCA2-positive 
patients (25.0%) (P=0.036), despite their older age at 
onset (Table 1). This suggests a high penetrance and a 
high risk of BC for the carriers; the pathogenic mutations 
in genes other than BRCA1/2 do not appear to be linked 
to OC, since all these patients have BC, only 2 of whom 
developed OC as second tumor.

These results underscore the importance of a 
multigenic approach for identifying the genetic cause in 
a greater number of cases than with a targeted analysis on 
BRCA1/2 genes. It also allows accurate patient monitoring 
for developing surveillance programs customized to their 
genetic characteristics.

Another remarkable feature is the lower family 
history of BC/OC in I- and II-degree relatives (P=0.039) 
than for both the BRCA-mutated patients and the patients 
with no pathogenic mutations (Table 1). Although this 
result should be verified in larger studies, we hypothesize 
that it might be due to the fact that these patients have a 
heterogeneous cancer family history, which includes other 
types of cancer.

No clear pathogenic mutation was identified in 
181/255 (71.0%) patients. We thus studied the 1,026 rare 
variants identified in order to assess whether they could 
contribute to cancer risk.

NGS-based studies lead to the identification of many 
non-easily classifiable variants. Several techniques can 
now be used to determine pathogenicity of mutations [31], 
yet quick, efficient and accurate methods for classifying 
variants are needed for translating the information to 
clinical practice.

The bioinformatic tools for the prediction of 
pathogenicity used in this study seemed irrelevant for 
discriminating higher risk from lower risk patients. This 
may be due to the fact that the bioinformatic prediction 
method used in the present work is based only on two 
different tools, which can be insufficient to highlight 
clinicopathological differences among the patients. 
Moreover, the multifactorial nature of the disease and the 
possible presence of alterations in genes other than those 
analyzed in this study could explain this result. Some of 
the identified variants, however, may increase BC and OC 
risk, whose determination is difficult due to the limited 
number of carriers and the interference of other genetic 
and environmental factors.

The interpretation of the potential role in disease 
development of the great number of variants identified 
by NGS-based studies remains one of the major future 
challenges.

MATERIALS AND METHODS

Ethics statement

Investigation was conducted in accordance with 
ethical standards, the Declaration of Helsinki and national 
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and international guidelines. It was also approved by the 
authors’ institutional review board.

Patients and samples

Patients referring to genetic counseling at the Cancer 
Prevention Unit of the Morgagni-Pierantoni Hospital 
(Forlì-Italy) in the years 2012-2015 with a history of BC 
and/or OC were included in the study.

The 255 patients were selected according to the 
F.O.N.Ca.M guidelines [18], based on the age at BC/
OC onset and on the number of cancer cases in I- and II-
degree relatives.

The study was performed in accordance with the 
Good Clinical Practice and the Declaration of Helsinki, 
and approved by the IRST Ethics Committee (CE IRST 
IRCCS-AVR, protocol 2207/2012).

Information about age at diagnosis, histotype, 
grading, stage, tumor invasiveness and receptor status 
was collected. BC subtype classification, based on 
receptor status, was established according to the St Gallen 
guidelines [32].

Information about a second BC and/or OC or other 
malignancies and the cancer family history in I- and II-
degree relatives was also collected.

After obtaining informed consent from patients, we 
collected peripheral blood samples.

Genomic DNA was extracted from blood using the 
QIAamp DNA mini kit (Qiagen) and quantified using the 
Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific).

Sequencing

Sequencing libraries were created using 50 ng of 
genomic DNA and the enrichment protocol Trusight 
Cancer (Illumina) for simultaneous sequencing of a panel 
of 94 genes (Supplementary Table 1).

The panel covers a total of 355 kb and includes the 
entire coding regions of the 94 genes and the flanking 
introns (50bp upstream and downstream each exon).

The sequencing was performed using the MiSeq 
platform (Illumina) with MiSeq Reagent Kit v2 configured 
2x150 cycles, according to the manufacturer’s instructions.

The Trusight Cancer kit had been previously 
validated in our laboratory on a case series of 50 cases 
with known BRCA1/2 mutations identified by Sanger 
sequencing.

Data analysis and variant calling

Raw de-multiplexed reads from the MiSeq 
sequencer were aligned to the reference human genome 
(UCSC-Build37/hg19) using the Burrows–Wheeler 
algorithm [33], running in paired-end mode. To ensure 
good call quality and to reduce the number of false 
positives, samples underwent Base Quality Score 
Recalibration (BQSR), using the Genome Analysis 

Toolkit GATK, version 3.2.2 [34]. After BQSR, sequences 
around regions with insertions and deletions (indels) were 
realigned locally with GATK. MarkDuplicates [35] was 
used to remove duplicate read-pairs arisen as artifacts 
during either polymerase chain reaction amplification or 
sequencing. For variant analysis Unified Genotyper of 
GATK was used to search for SNVs and indels. Genomic 
and functional annotations of detected variants were made 
by Annovar [36]. Coverage statistics was performed by 
DepthOfCoverage utility of GATK. BASH and R custom 
scripts were used to obtain the list of low coverage (<50X) 
regions per sample. The regions under this threshold 
were considered not evaluable. The potential impact of 
amino acid changes (MAPP P value) was assessed with 
PolyPhen-2 HVAR [37] and SIFT [38].

BRCA1/2 analysis

BRCA1/2 regions covered <50X were amplified by 
standard polymerase chain reaction (PCR). PCR products 
were sequenced using the BigDye terminator v.3.1 cycle 
sequencing kit (Thermo Fisher Scientific) on an ABI-3130 
Genetic analyzer (Applied Biosystems).

To complete the analysis on the BRCA1/2 
genes and identify gross deletions/insertions not 
detectable by sequencing, we performed the Multiplex 
Ligation-dependent Probe Amplification (MLPA) with 
BRCA1-P002 and BRCA2-P045 kits (MRC Holland). 
MLPA results were analyzed with Coffalyser software 
(MRC Holland).

Confirmation of mutations

All the mutations of classes 3-5 identified in BRCA1 
and BRCA2 genes were confirmed by Sanger sequencing 
with the same protocol used for the uncovered regions.

All the deleterious mutations (classes 4-5) identified 
in the other genes were confirmed by a second NGS 
analysis.

Variant classification

Genetic variants identified in this work were divided 
into 5 classes according to the IARC recommendations 
[39].

The classification of BRCA1/2 variants was 
performed using the main BRCA mutation databases: 
Breast Cancer Information Core (BIC) [40], BRCA Share 
(formerly Universal Mutation Database) [41] and Leiden 
Open Variation Database (LOVD) [42].

Sequence variants in the remaining 92 genes were 
classified using dbSNP [43] and ClinVar [44] databases.

Variants not present in any of these databases 
were classified on the basis of their characteristics. Only 
mutations introducing a premature stop codon (frameshift 
and nonsense) and gross deletions were considered 
pathogenic/likely-pathogenic and classified in accordance 
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with the guidelines of the American College of Medical 
Genetics (ACMG) [30].

Statistical analysis

Patient characteristics and sequencing results were 
tabulated, with descriptive statistics including median 
and range for continuous data, and natural frequencies 
and percentages for categorical data. Proportions were 
compared using either the Pearson Chi-square test or the 
Fisher Exact test, as appropriate. The Wilcoxon-Mann 
Whitney or the Kruskal-Wallis test, as appropriate, were 
used for the continuous variables.

All P values were two-tailed. Analyses were 
performed using STATA Release 14.0.

Abbreviations

BC: breast cancer; OC: ovarian cancer; NGS: 
Next-Generation Sequencing; BBC: bilateral breast 
cancer; HBOC: hereditary breast and ovarian cancer; 
F.O.N.Ca.M.: Forza Operativa Nazionale sul Carcinoma 
Mammario; FA: Fanconi anemia; BQSR: Base 
Quality Score Recalibration; PCR: polymerase chain 
reaction; MLPA: Multiplex Ligation-dependent Probe 
Amplification; BIC: Breast Cancer Information Core; 
LOVD: Leiden Open Variation Database; ACMG: 
American College of Medical Genetics.

Authors' contributions

DC, GT, MT and VZ designed the study. RD, VA and 
MR recruited patients and collected clinical data. IC and 
FP performed NGS. GT and VZ analyzed the NGS data. 
MT performed the bioinformatic analysis of the results. EP 
performed the statistical analysis of the results. GT, MT, EP 
and DC drafted the manuscript. AR, FF and DA revised the 
manuscript. All authors read and approved the final version.

ACKNOWLEDGMENTS

The authors are grateful to all the patients enrolled 
in this study. We would like to thank Rosa Vattiato of 
the Romagna Cancer Registry for collection of clinical 
information of patients and Veronica Zanoni for editing 
the manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was funded by the Istituto Scientifico 
Romagnolo per lo Studio e la Cura dei Tumori (IRST) 
IRCCS.

REFERENCES

1.	 Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, 
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin. 
2015; 65: 87-108.

2.	 Jayson GC, Kohn EC, Kitchener HC, Ledermann JA. 
Ovarian cancer. Lancet. 2014; 384: 1376-88.

3.	 Gage M, Wattendorf D, Henry LR. Translational advances 
regarding hereditary breast cancer syndromes. J Surg Oncol. 
2012; 105: 444-51.

4.	 Prat J, Ribé A, Gallardo A. Hereditary ovarian cancer. Hum 
Pathol. 2005; 36: 861-70.

5.	 Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, 
Harshman K, Tavtigian S, Liu Q, Cochran C, Bennett LM, 
Ding W, Bell R, Rosenthal J, Hussey C, et al. A strong 
candidate for the breast and ovarian cancer susceptibility 
gene BRCA1. Science. 1994; 266: 66-71.

6.	 Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion 
J, Collins N, Gregory S, Gumbs C, Micklem G, Barfoot R, 
Hamoudi R, Patel S, et al. Identification of the breast cancer 
susceptibility gene BRCA2. Nature. 1995; 378: 789-92.

7.	 Antoniou A, Pharoah PD, Narod S, Risch HA, Eyfjord 
JE, Hopper JL, Loman N, Olsson H, Johannsson O, Borg 
A, Pasini B, Radice P, Manoukian S, et al. Average risks 
of breast and ovarian cancer associated with BRCA1 or 
BRCA2 mutations detected in case Series unselected for 
family history: a combined analysis of 22 studies. Am J 
Hum Genet. 2003; 72: 1117-30.

8.	 Apostolou P, Fostira F. Hereditary breast cancer: the era 
of new susceptibility genes. Biomed Res Int. 2013; 2013: 
747318.

9.	 Nielsen FC, van Overeem Hansen T, Sørensen CS. 
Hereditary breast and ovarian cancer: new genes in confined 
pathways. Nat Rev Cancer. 2016; 16: 599-612.

10.	 Walsh T, Lee MK, Casadei S, Thornton AM, Stray SM, 
Pennil C, Nord AS, Mandell JB, Swisher EM, King MC. 
Detection of inherited mutations for breast and ovarian 
cancer using genomic capture and massively parallel 
sequencing. Proc Natl Acad Sci U S A. 2010; 107: 
12629-33.

11.	 Weaver JM, Edwards PA. Targeted next-generation 
sequencing for routine clinical screening of mutations. 
Genome Med. 2011; 3: 58.

12.	 Kurian AW, Hare EE, Mills MA, Kingham KE, McPherson 
L, Whittemore AS, McGuire V, Ladabaum U, Kobayashi Y, 
Lincoln SE, Cargill M, Ford JM. Clinical evaluation of a 
multiple-gene sequencing panel for hereditary cancer risk 
assessment. J Clin Oncol. 2014; 32: 2001-9.

13.	 Desmond A, Kurian AW, Gabree M, Mills MA, Anderson 
MJ, Kobayashi Y, Horick N, Yang S, Shannon KM, Tung N, 
Ford JM, Lincoln SE, Ellisen LW. Clinical Actionability of 
Multigene Panel Testing for Hereditary Breast and Ovarian 
Cancer Risk Assessment. JAMA Oncol. 2015; 1: 943-51.



Oncotarget47074www.impactjournals.com/oncotarget

14.	 Kurian AW, Antoniou AC, Domchek SM. Refining Breast 
Cancer Risk Stratification: Additional Genes, Additional 
Information. Am Soc Clin Oncol Educ Book. 2016; 35: 
44-56.

15.	 Easton DF, Pharoah PD, Antoniou AC, Tischkowitz 
M, Tavtigian SV, Nathanson KL, Devilee P, Meindl 
A, Couch FJ, Southey M, Goldgar DE, Evans DG, 
Chenevix-Trench G, et al. Gene-Panel Sequencing and 
the Prediction of Breast-Cancer Risk. N Engl J Med. 
2015; 372: 2243-57.

16.	 Gracia-Aznarez FJ, Fernandez V, Pita G, Peterlongo P, 
Dominguez O, de la Hoya M, Duran M, Osorio A, Moreno 
L, Gonzalez-Neira A, Rosa-Rosa JM, Sinilnikova O, 
Mazoyer S et al. Whole exome sequencing suggests much 
of non-BRCA1/BRCA2 familial breast cancer is due to 
moderate and low penetrance susceptibility alleles. PLoS 
One. 2013; 8: e55681.

17.	 Kraus C, Hoyer J, Vasileiou G, Wunderle M, Lux MP, 
Fasching PA, Krumbiegel M, Uebe S, Reuter M, Beckmann 
MW, Reis A. Gene panel sequencing in familial breast/
ovarian cancer patients identifies multiple novel mutations 
also in genes others than BRCA1/2. Int J Cancer. 2017; 140: 
95-102.

18.	 http://senologia.it/wp-content/uploads/Carcinoma-eredo-
familiare-def.pdf

19.	 Templeton AJ, Gonzalez LD, Vera-Badillo FE, Tibau A, 
Goldstein R, Šeruga B, Srikanthan A, Pandiella A, Amir E, 
Ocana A. Interaction between Hormonal Receptor Status, 
Age and Survival in Patients with BRCA1/2 Germline 
Mutations: A Systematic Review and Meta-Regression. 
PLoS One. 2016; 11: e0154789.

20.	 Wang W, Wu J, Zhang P, Fei X, Zong Y, Chen X, Huang 
O, He JR, Chen W, Li Y, Shen K, Zhu L. Prognostic 
and predictive value of Ki-67 in triple-negative breast 
cancer. Oncotarget. 2016; 7:31079-31087. doi: 10.18632/
oncotarget.9075.

21.	 Antoniou AC, Casadei S, Heikkinen T, Barrowdale D, 
Pylkas K, Roberts J, Lee A, Subramanian D, De Leeneer K, 
Fostira F, Tomiak E, Neuhausen SL, Teo ZL, et al. Breast-
cancer risk in families with mutations in PALB2. N Engl J 
Med. 2014; 371: 497–506. 

22.	 Easton DF, Lesueur F, Decker B, Michailidou K, Li J, Allen 
J, Luccarini C, Pooley KA, Shah M, Bolla MK, Wang Q, 
Dennis J, Ahmad J et al. No evidence that protein truncating 
variants in BRIP1 are associated with breast cancer risk: 
implications for gene panel testing. J Med Genet. 2016; 53: 
298-309.

23.	 Win AK, Lindor NM, Jenkins MA. Risk of breast cancer in 
Lynch syndrome: a systematic review. Breast Cancer Res. 
2013; 15: R27.

24.	 Umar A, Boland CR, Terdiman JP, Syngal S, de la Chapelle 
A, Rüschoff J, Fishel R, Lindor NM, Burgart LJ, Hamelin 
R, Hamilton SR, Hiatt RA, Jass J, et al. Revised Bethesda 
Guidelines for hereditary nonpolyposis colorectal cancer 

(Lynch syndrome) and microsatellite instability. J Natl 
Cancer Inst. 2004; 96: 261-8.

25.	 Barroso E, Pita G, Arias JI, Menendez P, Zamora P, Blanco 
M, Benitez J, Ribas G. The Fanconi anemia family of genes 
and its correlation with breast cancer susceptibility and 
breast cancer features. Breast Cancer Res Treat. 2009; 118: 
655-60.

26.	 Peterlongo P, Catucci I, Colombo M, Caleca L, Mucaki E, 
Bogliolo M, Marin M, Damiola F, Bernard L, Pensotti V, 
Volorio S, Dall'Olio V, Meindl A, et al. FANCM c.5791C>T 
nonsense mutation (rs144567652) induces exon skipping, 
affects DNA repair activity and is a familial breast cancer 
risk factor. Hum Mol Genet. 2015; 24: 5345-55.

27.	 Meyer S, Tischkowitz M, Chandler K, Gillespie A, Birch 
JM, Evans DG. Fanconi anaemia, BRCA2 mutations and 
childhood cancer: a developmental perspective from clinical 
and epidemiological observations with implications for 
genetic counselling. J Med Genet. 2014; 51: 71-5.

28.	 Vijai J, Topka S, Villano D, Ravichandran V, Maxwell 
KN, Maria A, Thomas T, Gaddam P, Lincoln A, Kazzaz S, 
Wenz B, Carmi S, Schrader KA, et al. A Recurrent ERCC3 
Truncating Mutation Confers Moderate Risk for Breast 
Cancer. Cancer Discov. 2016; 6: 1267-1275.

29.	 Cybulski C, Carrot-Zhang J, Kluźniak W, Rivera B, 
Kashyap A, Wokołorczyk D, Giroux S, Nadaf J, Hamel N, 
Zhang S, Huzarski T, Gronwald J, Byrski T, et al. Germline 
RECQL mutations are associated with breast cancer 
susceptibility. Nat Genet. 2015; 47: 643-6.

30.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster 
J, Grody WW, Hegde M, Lyon E, Spector E, Voelkerding 
K, Rehm HL; ACMG Laboratory Quality Assurance 
Committee. Standards and guidelines for the interpretation 
of sequence variants: a joint consensus recommendation of 
the American College of Medical Genetics and Genomics 
and the Association for Molecular Pathology. Genet Med. 
2015; 17: 405-24.

31.	 Thusberg J, Vihinen M. Pathogenic or not? And if so, then 
how? Studying the effects of missense mutations using 
bioinformatics methods. Hum Mutat. 2009; 30: 703-14.

32.	 Goldhirsch A, Winer EP, Coates AS, Gelber RD, Piccart-
Gebhart M, Thürlimann B, Senn HJ; Panel members. 
Personalizing the treatment of women with early breast 
cancer: highlights of the St Gallen International Expert 
Consensus on the Primary Therapy of Early Breast Cancer 
2013. Ann Oncol. 2013; 24: 2206-23.

33.	 Li H, Durbin R. Fast and accurate short read alignment 
with Burrows-Wheeler transform. Bioinformatics. 2009; 
25: 1754-60.

34.	 McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis 
K, Kernytsky A, Garimella K, Altshuler D, Gabriel S, 
Daly M, DePristo MA. The Genome Analysis Toolkit: a 
MapReduce framework for analyzing next-generation DNA 
sequencing data. Genome Res. 2010; 20: 1297-303.

35.	 http://broadinstitute.github.io/picard/



Oncotarget47075www.impactjournals.com/oncotarget

36.	 Wang K, Li M, Hakonarson H. ANNOVAR: functional 
annotation of genetic variants from high-throughput 
sequencing data. Nucleic Acids Res. 2010; 38: e164.

37.	 Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, 
Gerasimova A, Bork P, Kondrashov AS, Sunyaev SR. 
A method and server for predicting damaging missense 
mutations. Nat Methods. 2010; 7: 248-9.

38.	 Kumar P, Henikoff S, Ng PC. Predicting the effects of 
coding non-synonymous variants on protein function using 
the SIFT algorithm. Nat Protoc. 2009; 4: 1073-81.

39.	 Plon SE, Eccles DM, Easton D, Foulkes WD, Genuardi 
M, Greenblatt MS, Hogervorst FB, Hoogerbrugge N, 
Spurdle AB, Tavtigian SV; IARC Unclassified Genetic 
Variants Working Group. Sequence variant classification 
and reporting: recommendations for improving the 
interpretation of cancer susceptibility genetic test results. 
Hum Mutat. 2008; 29: 1282-91.

40.	 Szabo C, Masiello A, Ryan JF, Brody LC. The breast cancer 
information core: database design, structure, and scope. 
Hum Mutat. 2000; 16: 123-31.

41.	 Caputo S, Benboudjema L, Sinilnikova O, Rouleau E, 
Béroud C, Lidereau R; French BRCA GGC Consortium. 
Description and analysis of genetic variants in French 
hereditary breast and ovarian cancer families recorded in 
the UMD-BRCA1/BRCA2 databases. Nucleic Acids Res. 
2012; 40(Database issue): D992-1002.

42.	 Fokkema IF, Taschner PE, Schaafsma GC, Celli J, Laros JF, 
den Dunnen JT. LOVD v.2.0: the next generation in gene 
variant databases. Hum Mutat. 2011; 32: 557-63.

43.	 https://www.ncbi.nlm.nih.gov/projects/SNP/
44.	 https://www.ncbi.nlm.nih.gov/clinvar/


