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Hereditary breast and ovarian cancer (HBOC) is primarily associated with mutations in the BRCA1/2 genes. However, 
causal variants in other high, moderate, and low penetrance genes proportionally increase the risk of breast/ovarian cancer. 
This study aims to provide data about the mutation spectrum of HBOC-associated genes in Slovak HBOC families and 
estimate the ratio of BRCA versus non-BRCA causal variants. We used panel sequencing containing 22 high/moderate-risk 
susceptibility genes and parallel MLPA analysis of BRCA1/2, CHEK2 genes, to analyze 94 individuals with a strong family/
personal history of breast and/or ovarian cancer. The analyzed group consisted of 80 patients diagnosed with cancer (85.1%) 
and 14 healthy individuals (14.9%) with a positive family history of HBOC syndrome. In total, we have identified 22 causal 
DNA variants (23.4%) showing 15 primary findings in BRCA1/2 genes (68.2%) and 7 positive secondary findings in CHEK2, 
PALB2, CDH1, and MUTYH genes (31.8%). The most frequent pathogenic alterations were BRCA1 mutations c.181T>G 
and CNV variant (c.5573-?_c.5701+?)del, known as deletion of exons 21-22. Besides known mutations, the BRCA1 variant 
c.2794del (p.Val932Leufs*68) and variant c.2480dup (p.Tyr827*) in the CDH1 gene represent the novel, previously unpub-
lished variants that might be population-specific. In conclusion, we provide the first report of multigene panel testing in 
Slovak HBOC families demonstrating that almost one-third of pathogenic mutations are situated in susceptibility genes 
other than BRCA1/2. Although multigene panel testing requires precise data filtration and interpretation, it might bring the 
relevant data for clinical management of the patients.
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According to 2018 GLOBOCAN statistics, breast cancer 
is the leading type of malignancy diagnosed in women 
worldwide, representing the most common cause of cancer 
death in the female population. Ovarian cancer is ranked 
at 8th place of global cancer incidence in women [1], associ-
ated with one of the highest mortalities of all gynecological 
cancers in developed countries. In Slovakia, GLOBOCAN 
data show estimated cumulative risks of breast and ovarian 
cancer at 6.59% and 1.3%, respectively [1]. According to very 
recent Eurostat data from EU Member states (data extracted 
in August 2020), Slovakia and Luxembourg show the highest 
standardized death rates for breast cancer among women 
(40.7/100,000 and 40.3/100,000, respectively) [2].

Hereditary breast and ovarian cancer (HBOC) syndrome 
is an inherited oncological syndrome characterized by 
the high frequency of breast and ovarian cancer in family 
history. The comprehensive molecular-genetic screening 

of HBOC families has led to the identification of a great 
number of genes associated with increased risk of breast/
ovarian cancer. According to the findings, the vast majority 
of known HBOC susceptibility genes encode tumor suppres-
sors involved in genome stability pathways [3]. The group 
of HBOC-associated genes with high penetrance consists of 
BRCA1, BRCA2, CDH1, PTEN, STK11, and TP53 genes. In 
addition, PALB2, BRIP1, ATM, CHEK2, BARD1, NBN, NF1, 
RAD51C, RAD51D, EPCAM, and mismatch repair genes 
(MLH1, MSH2, MSH6, PMS2) have been characterized as 
moderate and low penetrance HBOC-associated genes [4]. 
However, HBOC syndrome is most often associated with 
pathogenic variants (PV) or likely pathogenic DNA variants 
(LPV) in the tumor-suppressor genes BRCA1 or BRCA2. 
Thus, both genes remain the most important part of genetic 
testing as approximately 25% of HBOC cases link to patho-
genic variants in high-penetrant BRCA genes [5]. In general, 
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the estimated risk of breast and ovarian cancers in BRCA1 
mutation carriers ranges from 57–65% and 20–50%, respec-
tively [6, 7], BRCA2 mutations are associated with 35–57% 
and 5–23% average risks of breast and ovarian cancers, 
respectively [6]. Importantly, the risk of male breast cancer is 
significantly increased to 5–10% with the BRCA2 mutation 
and 1–5% with a BRCA1 mutation, compared to a risk of 0.1 
% in the general population [8]. Besides breast and ovarian 
cancer, BRCA1/2 mutation carriers are prone to develop 
other malignancies, including melanoma, pancreatic, and 
prostate cancer [9]. Recently, Exome Aggregation Consor-
tium (ExAC) reported the prevalence of BRCA1 and BRCA2 
variants in the general population at 0.26% and 0.36%, 
respectively [10]. However, certain geographical regions and 
ethnic groups are characterized by a higher frequency due to 
the mutation founder effect. Examples of such populations 
are island populations (Sardinia, Iceland), Ashkenazi Jews, 
or French Canadians [11].

Importantly, pathogenic variants in both BRCA genes 
do not explain all HBOC families. Further search for more 
susceptibility genes has identified several high-penetrance 
genes besides BRCA1 and BRCA2, detected in 5% of 
patients. Moreover, other medium and low penetrance genes 
were reported in 5–14% of cases [12]. PV/LPV in the high 
penetrant HBOC-associated genes TP53, CDH1, and PTEN 
genes significantly increase the risk of ovarian cancer and are 
associated with the estimated lifetime risk of breast cancer 
of 25–79%, 39–52%, and 25–85%, respectively [13–15]. 
According to the findings, germline PV/LPV in the STK11 
gene are associated with the lifetime risk of distinct tumor 
types, including breast and ovarian tumors [16]. Very 
recently, multiple, complementary analyses on 150 breast 
cancer-associated regions analyzed in more than 200,000 
individuals of European origin identified more than 200 
high-confidence risk signals and at least 191 target genes 
supported by strong evidence. These data and subsequent 
studies might provide an important insight into the biology 
underlying breast cancer susceptibility [17].

Progress in next-generation sequencing (NGS) 
techniques, together with the development of sophisti-
cated bioinformatics algorithms led to the introduction of 
massive parallel sequencing of cancer gene panels into the 
clinical practice [18]. The implementation of such multigene 
panel testing increases the chance for causal variant detec-
tion. On the other hand, the NGS in routine genetic testing 
inevitably leads to the detection of multiple DNA variants, 
and many of these are DNA variants of uncertain classifica-
tion, which complicates the interpretation of results. Rules 
for annotation and interpretation of identified DNA variants 
have been published by several organizations, e.g., ACMG 
(American College of Medical Genetics and Genomics), 
AMP (Association for Molecular Pathology), ACGS (Associ-
ation for Clinical Genetic Science), and NHS (National 
Health Service). In 2013, ACMG issued recommendations 
for reporting the random findings of DNA variants [19]. 

Subsequent recommendations issued by ACMG-AMP have 
defined 28 criteria that individually focus on different aspects 
of variants’ interpretation [20]. Later, ACMG introduced 
the concept of secondary findings. Variants in specifically 
analyzed genes are primarily associated with the phenotype, 
while the remaining incidental findings are identified in a 
secondary manner [21]. The European Society for Human 
Genetics (ESHG) favors the term unsolicited findings for 
all secondary identified DNA variants [22]. The issue of 
secondary DNA findings is actively addressed by the ACMG 
working group, and a minimum list of random findings that 
should be reported as part of clinical sequencing results has 
been developed [21].

The undisputed advantage of multigene panel testing 
is cost-effectivity and versatility – this technique has been 
widely used for genetic testing of various diseases, including 
hereditary breast cancer [23, 24]. Such a comprehensive 
approach for screening of HBOC-associated genes provides 
important data regarding the mutation spectrum among 
different populations and ethnicities [25–30].

Here we report for the first time the use of massively 
parallel sequencing of high/moderate-penetrant HBOC-
associated genes on the multigene panel in Slovak HBOC 
families and provide data that could be used in the clinical 
management of the patients. Furthermore, we aimed to bring 
the information about PV/LPV in the BRCA1/2 genes, as 
well as, in other susceptibility genes, and estimate the ratio 
of BRCA versus non-BRCA causal variants in our cohort of 
Slovak HBOC families.

Patients and methods

Patients. We studied a cohort of 94 cases, which included 
80 HBOC patients (85.1%) and 14 healthy asymptomatic 
individuals (14.9%) with a positive family history of breast 
or ovarian cancer fulfilling the indication diagnostic criteria 
for HBOC analysis. The samples were sent to our labora-
tory from the regional hospitals all over Slovakia between 
2018 and 2020. All patients have signed informed consent 
prior to the testing. Patients` characteristics describing the 
primary diagnosis and average age of onset are shown in 
Table 1.

DNA isolation. DNA was isolated by innuPREP Blood 
DNA Mini Kit (Analytik Jena) and fluorometrically measured 
on Qubit™ Fluorometer v2.0 (Invitrogen) using Qubit™ 1× 
dsDNA HS Assay Kit (Invitrogen).

Amplicon sequencing gene panel approach. The 
analysis of genes associated with HBOC was performed 
using a commercial kit HEVA screen (4 bases SA), validated 
for MiSeq genetic analyzer (Illumina). Kit contains 22 genes 
associated with HBOC syndrome: ATM, APC, BARD1, 
BRCA1, BRCA2, BRIP1, CDH1, CHEK2, EPCAM, MLH1, 
MSH2, MSH6, MUTYH, NBN, PALB2, PMS2, PTEN, 
RAD50, RAD51C, RAD51D, STK11, TP53, and technically 
was based on amplicon sequencing approach.
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Amplification of the coding regions including the intron-
exon boundaries of 22 genes was carried according to the 
manufacturer’s instructions. Initially, 20 ng of DNA was used 
in 3 independent multiplex PCR reactions amplifying the 
target regions. Then products were pooled for each sample, 
1 µl of Reagent A was added and samples were incubated at 
50 °C/10 min, 55 °C/10 min, and 60 °C/20 min. After that, a 
ligation mix was added, and samples continued in incubation 
at 22 °C/30 min and 72 °C/10 min. Prepared libraries were 
purified using Agencourt AMpure beads (Beckman Coulter) 
and eluted into a volume of 40 µl. Purified libraries under-
went the insertion of adapters and indexes in the Index PCR 
profile and then again purification with Agencourt AMpure 
beads (Beckman Coulter). Normalization of each sample was 
performed using the Qubit dsDNA HS Assay kit (Invitrogen) 
on Qubit™ Fluorometer v2.0 (Invitrogen). Libraries were 
further diluted to a concentration of 4 nM according to the 
manufacturers´ instructions and samples were pooled to one 
final library at equimolar ratios. This was further denatured 
using 0.2 N NaOH, diluted with HT1 buffer to 12 pM concen-
tration, and 20% of PhiX Control v3 was added (Illumina).

Library products were analyzed by massive parallel 
sequencing using MiSeq Reagent Kit v2 (500-cycle) 
(Illumina) on the Illumina platform, MiSeq in 2×251 cycle 
profile.

Sequence analysis. Generated reads of 526 amplicons 
were aligned to the reference sequence (hg19), variant 
calling and interpretations of the data were performed using 
the optimized algorithms included in the Amplicon Suite 
software (4 bases SA). The minimal coverage lower than 30 
reads was reviewed and analyzed by capillary sequencing if 
suspect. The potential variants with a variant allele frequency 
(VAF) threshold of 25% were selected and each one was 
assessed for pathogenicity interpretation.

All described variants were confirmed by Sanger 
Sequencing from the DNA sample of a tested individual 
(primer sequences and conditions available upon request) 

according to manufacturers´ instructions. Briefly, PCR 
products were purified using FastAP (Thermo Scientific) 
and Exo I (Thermo Scientific) enzymes. The sequencing 
reactions were carried out from 1.5 μl purified PCR product 
using the BigDye® Terminator v3.1 Cycle Sequencing kit 
(Applied Biosystems,). Sequencing reaction products were 
purified with recommended standard ethanol purification. 
Electrophoresis of sequencing products was performed on 
SeqStudio™ Genetic Analyzer (Applied Biosystems).

CNV analysis. Analysis of Large Genomic Rearrange-
ments (LGR) for the high penetrant genes associated with 
HBOC syndrome was carried out, specifically BRCA1, 
BRCA2, and part of CHEK2. Multiplex Ligation-dependent 
Probe Amplification (MLPA) analysis was performed for 
each sample analyzed by the amplicon sequencing method 
using the MLPA probe mix and according to manufacturer’s 
instructions: SALSA BRCA1 P002 and SALSA BRCA2 P045 
(MRC Holland). SeqStudio™ Genetic Analyzer (Applied 
Biosystems) was used for electrophoresis and the Coffalyser 
software (MRC Holland) was used for the analysis.

Variant annotation and interpretation. The variants 
identified by Amplicon Suite software were further annotated 
using free databases Varsome [https://www.varsome.com] 
and ClinVar [http://www.ncbi.nlm.nih.gov/clinvar/]. The 
clinical interpretation of identified variants was analyzed 
using the standards and guidelines set by the American 
College of Medical Genetics and Genomics [20]. Popula-
tion allele frequencies were examined through access to 
population database Genome Aggregation Database [https://
gnomad.broadinstitute.org]. Clinical information about 
detected variants and mutated genes were retrieved from 
OMIM [http://www.omim.org] and Orphanet [https://www.
orpha.net/consor/cgi-bin/index.php/], respectively. The 
prediction of substitutions with uncertain clinical signifi-
cance on protein structure and function was analyzed using 
the Varsome tool, where 12 different prediction software 
programs were accessible.

Table 1. Characteristics of the study cohort regarding the cancer type, the average age at diagnosis, and the presence of causal mutations.

Cancer type Number of
probands

Average age of
onset (range)

Mutation positive cases
(% in appropriate group)

Average age of
onset in positive cases (range)

Healthy 14 40.8* 1 (7.14%) –
Br ca uni 56 43.7 (29–72) 15 (26.8%) 43.5 (30–72)
Br ca bil 7 45.6 (39–60) 1 (14.3%) 41.5 (39–44)
Br ca + 6 49.5 (36–67) 2 (33.3%) 38 (36–40)
Br Ov ca 2 58.8 (50–65) 0 –
Ov ca uni 4 46 (36–57) 1 (25%) 37
Ov ca bil 2 51.5 (47–56) 0 –
Ov ca + 1 62 1 (100%) 59.5 (57–62)
Other ca 2 44 (25–63) 0 –
Summary 94 50.1 (25–72) 21 (22.34%) 43.7 (30–72)

Note: *age at the time of testing. Abbreviations: Br ca uni – unilateral breast cancer; Br ca bil – bilateral breast cancer; Br ca + – breast cancer and other as-
sociated cancer; Br Ov ca – breast and ovarian duplex cancer; Other ca – other types of cancer, analogously for the Ov ca groups.
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the average age summary calculation. In the case of bilateral 
and duplex cancer, the age of each occurrence was calculated 
as a separate case. Other malignancies were not included into 
the calculation of average age and range of age.

The class of ovarian and other associated cancer types 
consists of only one patient who was diagnosed with malig-
nant melanoma at the age of 57. There are 6 patients in the 
class of breast and other associated cancer types, who were 
diagnosed with breast cancer combined with pancreatic 
cancer, malignant melanoma, rectosigmoid cancer, cervix 
cancer, and thyroid cancer (two cases). The class with other 
types of cancer (except breast or ovarian) consisted of 2 
patients diagnosed with prostate tumor (at the age of 63, and 
one case of breast cancer in the family) and bilateral adrenal 
glands cancer (at the age of 25, and 2 cases of breast cancer in 
the family). Finally, the class of healthy probands comprised 
of 3 individuals with a positive family history of ovarian 
cancer, 10 individuals with a positive family history of breast 
cancer, and 1 individual with a positive family history of 
breast and ovarian cancer.

The largest group of patients was represented by 56 individ-
uals diagnosed with unilateral breast cancer (Table 1), of 

Results

We used a panel of 22 high/moderate-risk genes associ-
ated with HBOC combined with MLPA analysis of BRCA1/2 
genes (and selected regions of CHEK2 gene) to analyze 94 
individuals with a strong family/personal history of breast 
and/or ovarian cancer. Together, both methods have together 
identified 22 causal DNA variants (23.4%) in 21 patients (one 
patient carried two causal variants). Two CNV variants in 4 
samples were identified by the MLPA method. All described 
point variants were confirmed by Sanger sequencing and 
classified as PV/LPV according to the ACMG guidelines 
[20]. Table 3 summarizes all primary and secondary findings 
found in the analyzed set of samples.

The analyzed group of 94 HBOC suspected probands 
consisted of 80 patients diagnosed with cancer (85.1%) and 
14 healthy individuals (14.9%) with a positive family history 
of HBOC syndrome. The mean age of breast cancer diagnosis 
among 71 tested women with breast cancer was 44.87 years 
(range 29–72), while the mean age of ovarian cancer patients 
(n=9) was higher – 51.56 years (range 36–65) (Table 1). Each 
occurrence of breast, and/or ovarian cancer was included in 

Table 2. Summary of the total number of samples and pathogenic DNA variants identified as primary, or secondary findings.

Diagnosis Number
of samples

Positive
cases

Pathogenic
variants

Primary
findings 

Secondary
findings

HBOC 80 20 21 14 7
Asymptomatic cases 14 1 1 1 0
Overall 94 21 22 15 7
Frequency 22.34% 23.4% 15.96% 7.44%

Table 3. The complete list of primary and secondary findings detected by multigene panel sequencing in the studied group of Slovak HBOC patients.

Gene RefSeq
Detected DNA variants

No. of samples
cDNA name Protein name Pathogenity rs ID

Primary findings
BRCA1 NM_007300.4 c.181T>G p.Cys61Gly 5 rs28897672 3
BRCA1 NM_007300.4 c.2794del# p.Val932Leufs*68 5  – 1
BRCA1 NM_007300.4 c.4243del p.Glu1415Lysfs*4 5 rs80357981 2
BRCA1 NM_007300.4 c.5329dup p.Gln1777Profs*74 5 rs80357906 2
BRCA1 NM_007300.4 (c.5573-?_c.5701+?)del del exon 21-22 5  – 3
BRCA2 NM_000059.3 c.3076A>T p.Lys1026* 5 rs80358552 1
BRCA2 NM_000059.3 c.4005dup p.Phe1336Ilefs*2 5 rs397507701 1
BRCA2 NM_000059.3 c.7595_7596ins p.Ala2534Leufs*18 5 rs80359666 1
BRCA2 NM_000059.3 c.9403del p.Leu3135Phefs*28 5 rs80359760 1
Secondary findings
CDH1 NM_004360.5 c.2480dup# p.Tyr827* 5  – 1
CHEK2 NM_001005735.2 c.599T>C p. Ile200Thr 3 – 5 rs17879961 1
CHEK2 NM_001005735.2 c.1229del p.Thr410Metfs*15 4/5 rs555607708 1
CHEK2 NM_001005735.2 (c.1038-?_1224+?)del del exon 10-11 4/5  – 1
MUTYH NM_001128425.1 c.1187G>A p.Gly396Asp 4/5 rs36053993 1
PALB2 NM_024675.4 c.172_175del p.Gln60Argfs*7 4/5 rs180177143 1
PALB2 NM_024675.4 c.509_510del p.Arg170Ilefs*14 5 rs515726123 1

Notes: reference sequence of the canonical gene transcript (RefSeq) is stated for each gene; for registered DNA variants, the identification number by db-
SNP database (rs ID) is indicated; # novel, not yet published mutation



656 Michal KONECNY, et al.

which 15 were identified as HBOC positive (26.8%). We have 
found 11 primary findings (8 in BRCA1, 3 in BRCA2 gene) 
and 5 secondary findings (2 in CHEK2, 1 in each of CDH1, 
MUTYH, and PALB2 genes). The mean ages of onset of the 
disease in the whole group and positive probands were 43.66 
and 43.80 years, respectively (see ranges in Table 1). In one 
proband, two causal variants were detected simultaneously, 
namely missense c.181T>G in BRCA1 gene and deletion of 
exons 10–11 ((c.1038-?_1224+?)del) in the CHEK2 gene.

The group of patients diagnosed with bilateral breast 
cancer consisted of 7 patients, whose average age at the time 
of diagnosis was 45.6 years. We have identified the BRCA1 
gene variant in one positive sample (14.3%) coming from a 
39-year-old patient with the second tumor diagnosed at the 
age of 44. The group diagnosed with duplex of breast and 
other associated cancers (excluding ovarian cancer) consisted 
of 6 patients, whose average age at the time of onset was 49.5 
years, and we have identified 2 positive samples (33.3%) with 
the presence of secondary DNA variants in PALB2 (breast 
and pancreatic cancer) and CHEK2 gene (breast and cervical 
cancer). Additionally, we have detected one positive sample 
in the group with unilateral ovarian cancer (n=4), detection 
rate 25%, and the group with duplex of ovarian and other 
associated cancers (excluding breast cancer) (n=1), detection 
rate 100%.

In total, we identified 21 samples (22.34%) with the 
presence of causal PV/LPV DNA variants (class 4 or 5) in the 
cohort of 94 samples. Since we have detected the presence 
of two different variants in one sample, the total number of 
identified causal variants was 22 (23.4%). Overall, 15 variants 
were characterized as primary findings (15.96%) in BRCA1/2 
genes, and 7 variants as secondary findings (7.44%) in 
CHEK2, PALB2, CDH1, and MUTYH genes (Table 2).

Most of all identified variants (20/22) represented alter-
ations previously associated with HBOC syndrome in 
publications and databases. In addition, we have identi-
fied 2 previously non-described variants, c.2794del in the 
BRCA1 gene and c.2480dup in the CDH1 gene. Out of 15 
detected primary findings, 11 were localized in BRCA1 and 
4 in the BRCA2 gene (Table 3). The most frequent patho-
genic BRCA1 alterations, were c.181T>G and CNV variant 
(c.5573-?_c.5701+?)del, known as deletion of exons 21–22, 
which were both identified 3 times. In the BRCA2 gene, we 
found 4 previously known pathogenic variants, each in one 
case. We have also detected 3 mutations in the CHEK2 gene, 
and 2 mutations in the PALB2 gene. Considering the molec-
ular-biological impact of mutation on the protein synthesis, 
12 frameshift variants (54.54%), 5 substitution missense 
variants (22.72%), 1 substitution nonsense variant (4.54%), 
and 4 CNV deletions (18.2%) have been identified (Table 4).

In total, secondary findings were responsible for almost 
one-third (31.8%) of mutation carriers, while primary 
findings were detected in 68.2% of all mutation-positive 
cases in our cohort. All clinical information of carriers of 
pathogenic DNA variants and their families is summarized in 

Table 5. According to the findings, no associations between 
specific genetic variants and tumor type nor associations with 
a family history were found in our cohort of HBOC families 
(Table 5). Further study on a larger cohort of patients may 
bring some reliable genotype-phenotype correlations.

Discussion

Since the establishment of genetic testing of breast/
ovarian cancer susceptibility genes among HBOC families 
in Slovakia, several studies related to this issue have been 
reported so far [31–39]. However, most of them were exclu-
sively focused on the molecular-genetic analysis of BRCA1/2 
genes. To find out the ratio of causal variants in genes other 
than BRCA1/2 and bring a more accurate picture of the 
mutation spectrum, we provide the first report of multi-
gene panel testing in Slovak HBOC families. Using a panel 
of 22 susceptibility genes combined with MLPA analysis we 
demonstrated that primary findings in BRCA1/2 represent 
the majority (68.2%) of identified genetic changes, while 
secondary findings in other genes represent almost one-third, 
31.8%, which represents a ratio of 2.14 : 1. The proportion 
of identified secondary PV/LPV could be also higher, as was 
shown in the study of Lerner-Ellis et al. [40], where 55.3% of 
PV/LPV were localized in other than BRCA1/2 genes.

Causal DNA variants in the tested Slovak HBOC popula-
tion were detected at 23.4% frequency (22 PV/LPV in 94 
analyzed subjects). In a study of the German population, 
Kraus et al. reported the frequency of positive findings at 
18% (105 out of 581), with variants in the BRCA1/2 genes 
representing up to 68.6% [41]. Tedaldi et al. demonstrated 
a frequency of 29% in the Italian population (74 out of 
255), with variants in the BRCA1/2 genes representing up 
to 77% [42]. Accordingly, a study in Polish women with a 
strong family history of breast cancer showed that mutations 
in BRCA1/2 genes accounted for 82% of identified variants 
[43]. Recently, Tsaousis et al. reported causal variants in the 
Greek, Romanian, and Turkish populations with a frequency 
of 22.1% (264 of 1,197), with variants in the BRCA1/2 genes 
accounting for 43.6% [44]. Although the mentioned studies 
analyzed cohorts from different European populations, some 
of them with a significantly higher number of samples, only 
minimal differences in the detection rate of primary and 
secondary variants were observed compare to our results.

On the other hand, our results show a higher detection 
rate of PV/LPV in the Slovak HBOC population (23.4%) 
than some other recent studies based on multigene panel 
sequencing. In the French HBOC population, Velásquez et 
al. [45] and Benusiglio et al. [46] detected 8.3% and 12.1% in 
the group of 128 and 234 cases, respectively. Foglietta et al. 
[47] reported a mutation detection rate of 13.8% in the group 
of 363 cases in the Italian population and Lerner-Ellis et al. 
[40] detected a mutation detection rate at a level of 9.1% in 
3,251 cases in the population of Ontario. Such discrepancies 
in the identified PV/LPV frequencies between the various 
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studies may be explained by the number and composition 
of analyzed samples and differences in the indication criteria 
between several countries.

In this study, we have identified 5 different PV in 
BRCA1 (c.181T>G, c.2794del, c.4243del, c.5329dup, 
(c.5573-?_c.5701+?)del) and 4 different PV in BRCA2 
(c.9403del, c.7595_7596ins, c.4005dup, c.3076A>T). 
According to the previous studies, six most frequent 
variants in the BRCA1 gene (c.68_69del, c.181T>G, 
c.3700_3704del, c.4243del, c.5329dup, c.843_846del) and 
four most frequent variants in the BRCA2 gene (c.3076>T, 
c.5645C>A, c.9098dup, c.9403del) account for the majority 
of BRCA1/2 mutation spectrum in Slovak HBOC families 
[38, 39]. Ciernikova et al. have described c.5329dup (previ-
ously know as c.5266dupC) as the most frequent pathogenic 
alteration accounting for 1/4 of all BRCA gene alterations 
in a cohort of 120 Slovak HBOC families [33]. Konecny et 
al. later found the high frequencies of BRCA1 mutations 
c.181T>G and c.5329dup (17% and 38%, respectively) in 

genetic screening of Slovak HBOC families using Sanger 
sequencing [38]. This was confirmed by Zidekova et al. who 
showed similar frequencies for c.181T>G and c.5329dup 
(17% and 32%, respectively) [39].

BRCA1 mutation c.5329dup was originally considered 
as a founder mutation in the Ashkenazi Jewish population. 
However, several European countries reported a signifi-
cantly increased frequency of this variant as well. Interest-
ingly, an STR genotyping of 245 carrier families from 14 
different European populations (Russian, Latvian, Ukrai-
nian, Czech, Slovak, Polish, Danish, Dutch, French, German, 
Italian, Greek, Brazilian, and Ashkenazi Jewish) estimated 
that the mutation arose some 1,800 years ago in the region 
of Northern Europe, and spread to the various European 
populations, including the Ashkenazi Jewish popula-
tion during the following centuries [48]. Several BRCA1/2 
variants identified in our study have been also reported in 
other European populations. The results showed that BRCA1 
variants c.181T>G and c.5329dupC belonged to the most 

Table 5. Clinical data of mutation positive carriers detected in the studied group of Slovak HBOC patients.

Gene DNA variant No. Age of 
onset Tumor type Family history

BRCA1 c.181T>G

1 36 Br Ca, TN negative
2 44 Br Ca Br Ca in father’s sister (39 y.), St Ca in father (75 y.)

3SC 44 Br Ca Col Ca in mother´s sister (40 y.), Ut Ca in mother´s mother (44 y.), Ov Ca in 
father´s sister (43 y.), Lu Ca in father´s brother and father 

BRCA1 c.2794del 4 38 Br Ca Br Ca in mother (36 y.), St Ca in mother´s mother (79 y.), Tes Tu in maternal 
cousin (35 y.), Ut Ca in father´s mother (79 y.) and sister (50 y.)

BRCA1 c.4243del
5 37 Ov Ca

Br Ca in mother (38 y.), Ov Ca in mother´s sister (39 y.), duplex of Br Ca and Ov 
Ca in three mother´s father sisters (66, 50, 50 y.), Br Ca in father´s mother (57 y.), 
Ca Col in father´s sister, Pan Ca in paternal cousin (48 y.)

6 38 Br Ca Ov Ca in sister (39 y.) and in daughter (37 y.)

BRCA1 c.5329dup
7 30 Br Ca, TN Br Ca in mother´s sister (40 y.), Ov Ca in mother´s mother (64 y.)
8 39 Br Ca Ov Ca in sister (48 y.)

BRCA1 (c.5573-?_c.5701+?)
del

9 50 Br Ca Br Ca in maternal cousin (42 y.) and Ov Ca in two mother´s sisters (42, 46 y.)
10 39, 44 Bil Br Ca, TN Ov Ca in mother´s sister and mother (each in 40 y.), Ut Ca in mother (45 y.)
11 n.a. Healthy Br Ca in mother (70 y.) and mother´s mother (62 y.)

BRCA2 c.3076A>T 12 57, 62 Mal Mel, Ov Ca Br Ca in mother and mother´s aunt, Col Ca in father, age of diagnosis not known

BRCA2 c.4005dup 13 41 Br Ca Br Ca in father´s sister (44 y.), Col Ca in father´s brother (60 y.) and mother´s 
father (73 y.)

BRCA2 c.7595_7596ins 14 43 Br Ca Ut Ca in mother (63 y.)
BRCA2 c.9403del 15 39 Br Ca negative
CDH1 c.2480dup 16 39 Br Ca negative

CHEK2 c.599T>C 17 72 Br Ca Br Ca in sister (65 y.) and mother (78 y.), Ov Ca in sister´s daughter (27 y.), End 
Ca in maternal cousin (58 y.)

CHEK2 c.1229del 18 36 Br Ca, Cer Ca Col Ca in mother (60 y.), Ut Ca in mother´s sister (42 y.), Br Ca in maternal 
cousin (40 y.), Thyr Ca and leukemia in son (27 r.)

CHEK2 (c.1038-?_1224+?)del 19SC see variant in carrier 3
MUTYH c.1187G>A 20 33 Br Ca Br Ca in father´s mother (58 y.), Pro Ca in maternal cousin (33 y.)

PALB2 c.172_175del 21 38, 40 Br Ca, Pan Ca, 
Ichtyosis Br Ca in mother and mother´s mother, age of diagnosis not known

PALB2 c.509_510del 22 67 Br Ca Bil Br Ca in father´s sister (50 y.), Leukemia in father, Col Ca in father´s brother
Note: SCsame carrier/family. Abbreviations: Bil – bilateral; Br ca – breast cancer; Cer Ca – cervix cancer; Col Ca – colorectal cancer; End Ca – endometrium 
cancer; Lu Ca – lung cancer; Mal Mel – malignant melanoma; Ov ca – ovarian cancer; Pan Ca – pancreatic cancer; Pro Ca – prostate cancer; St Ca – stom-
ach cancer; Thyr Ca – thyroid cancer; Tes Tu – testis tumor; TN – triple-negative; Ut Ca – uterus cancer; y. – years
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frequent mutations not only in Slovak but also in Central 
European HBOC families [49]. Moreover, BRCA2 variant 
c.9403delC occurs also in Polish and Czech HBOC popula-
tions [50, 51], and c.4005dupA in BRCA2 has been also 
reported in other Central European populations [52].

Besides known BRCA mutations, a novel BRCA1 variant 
c.2794del (p.Val932Leufs*68) has been identified in an 
early-diagnosed breast cancer patient with a family history 
of breast, gastric, and testicular cancer. According to our 
knowledge, this variant has not been previously described in 
ClinVar, GnomAD database nor in any available published 
articles. An interpretation of novel sequence variants and 
their molecular impact can be predicted by a variety of 
distinct software packages with various evaluation algorithms 
based on the combination of several criteria (localization in 
the functional domain of the protein, the molecular impact 
of amino acid changes, evolutionary conservation, etc.) [20]. 
We have performed an in silico analysis in the VarSome tool, 
which predicts this novel alteration as a null variant leading 
to the introduction of premature STOP codon at p.1000. In 
addition, the variant is rare, with unknown frequency in the 
gnomAD database, and located in the mutation hot spot 
region of BRCA1 showing site pathogenicity of 71.1% with a 
score of 13.516, which exceeds the threshold of 2.472.

Only one positive sample (7.14%) was identified in 
a group of healthy individuals with a family history of 
breast/ovarian cancer. Specifically, BRCA1 large deletion 
(c.5573-?_c.5701+?)del was found in a 43-year-old healthy 
proband with 2 breast cancer cases in the family. This may 
suggest that a broader panel of HBOC-associated genes would 
be appropriate for clinical testing of asymptomatic probands 
with positive family history. The same type of variant was 
identified in the Czech HBOC population by Vasickova et 
al. [53], however unlike our data, the family history of the 
carrier was very strong (2 cases of bilateral breast cancer at 
the age of 36, 43, and 25, 45 years).

Importantly, the multigene panel enabled us to identify 
other PV/LPV associated with increased risk of breast and 
ovarian cancer in Slovak HBOC families. In total, 7 positive 
secondary findings in HBOC-associated genes other than 
BRCA1/2 were found, accounting for almost one-third of all 
identified variants in HBOC-suspected patients (31.8%, n=7 
out of 22). Specifically, three (13.63%) CHEK2 gene variants 
(c.599T>C, c.1229del, (c.1038-?_1224+?)del), two (9.1%) 
PALB2 gene variants (c.172_175del, c.509_510del), one 
CDH1 gene variant c.2480dup, and one MUTYH c.1187G>A 
(4.54% each) were identified (Table 3).

Comparison of the spectrum of affected HBOC genes 
with other studies shows that BRCA1, BRCA2, CHEK2, 
PALB2, and interestingly also CDH1 and MUTYH genes are 
reported in other HBOC populations as well. On the other 
hand, causal variants in other HBOC associated genes as 
ATM, RAD51C, BARD1, BLM, TP53 [40, 45, 54] are missing 
in our study (but not in the Slovak HBOC population at all, 
because we have recently detected them in a separate group 

of HBOC families analyzed by different target-enrichment 
NGS approach, data not published yet).

Variant c.2480dup (p.Tyr827*) in the CDH1 gene repre-
sents a novel, previously unpublished variant. This variant 
has not been reported in the ClinVar database, nor in the 
gnomAD exomes and genomes databases. According to the 
Varsome tool, this novel CDH1 mutation was interpreted as 
a pathogenic variant of class 5 due to its null nonsense effect 
and generating the premature STOP codon at the p.827 
position.

Despite the fact, that MUTYH is a recessive gene, we have 
detected monoallelic c.1187G>A variant in MUTYH in a 
patient with an early onset of breast cancer [30] with a family 
history of breast and prostate cancer. Our observation is in 
accordance with other studies supporting the possible contri-
bution of heterozygous PV c.1187G>A in MUTYH to cancer 
risk [45, 55].

Variant c.1229del (previously known as c.1100delC) in the 
CHEK2 gene, and variants c.172_175del and c.509_510del 
in the PALB2 gene were identified as the most common 
secondary findings in the Polish population [43]. Weischer 
et al. reported that the presence of a deleterious mutation 
c.1229del in the heterozygous state led to a threefold 
increase in the risk of breast cancer in the general female 
population [56]. The c.1229del variant, together with the 
c.599T>C substitution, are frequently detected variants of 
the CHEK2 gene in patients with HBOC syndrome among 
several populations of Central Europe [57, 58]. However, the 
pathogenic effect of the c.599T>C variant (previously known 
as c.470T>C, p.Ile157Thr) has been studied for a long time 
and its interpretation is rather controversial [59]. Currently, 
the variant is classified in the ClinVar database as a variant 
with conflicting interpretations of pathogenicity (class 3 to 
5) and in Varsome as a variant of class 5, with relatively high 
population frequency in the European Non-Finnish popula-
tion, up to 0.0393 (gnomAD Exomes). This variant has been 
previously described in association with various syndromes 
(HBOC, Li Fraumeni, colorectal carcinomas, etc.) [60, 61]. 
Nevertheless, it is characterized by a reduced penetrance 
compared to other truncating CHEK2 mutations. In a large 
meta-analysis of 18 case-control studies, Han et al. demon-
strated that this variant increased the risk for breast cancer 
less than two-fold (OR=1.58, 95% CI=1.42–1.75) [62]. 
Moreover, Cybulski et al. reported a smaller odds ratio and 
decreased risk of breast cancer in BRCA1 mutation carriers 
simultaneously carrying CHEK2 variant c.599T>C [57]. 
Despite the relatively high prevalence of this variant in the 
Polish population (in the north of Slovakia) (4.8–5.2%) [57, 
63], more recent studies did not confirm its pathogenic role 
in the Polish population of breast cancer patients [63] nor 
in patients with ovarian cancer [64]. According to the data 
from the Czech Republic, the frequency of this variant in 
the patient cohort was 3.08% (47 out of 1,523) compared 
to the frequency of 3.1% in controls (104 out of 3,360) 
[65]. However, Lerner Ellis et al. [40] reported 17 cases of 
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the mentioned CHEK2 variant in the large study of 3,251 
HBOC patients from the Ontario region, which represents 
only 0.5%. In our study, we have detected CHEK2 mutation 
c.599T>C only in one breast cancer patient (1.06%) with a 
strong positive family history that included 2 cases of breast 
cancer, 1 case of ovarian cancer, and 1 case of endometrial 
cancer. However, the age of breast cancer diagnosis in a 
positive patient was 72. Accordingly, the age of breast cancer 
diagnosis in proband´s sister and mother were high (65 and 
78 years, respectively). On the contrary, proband´s niece was 
diagnosed with ovarian cancer at the age of 27. Thus, our 
findings may reflect the conflicting results described in the 
literature. The last variant we have identified in the CHEK2 
gene was the CNV variant (c.1038 -?_1224 +?)del, known 
as deletion of exons 10 and 11. It was detected in a sample 
of a 44-year-old patient with breast cancer. This extensive 
deletion has been identified in the Slovak, Czech, and Polish 
populations [66], and is associated with the occurrence of 
distinct malignancies, breast cancer included [67]. The origin 
of this alteration is not fully clarified, but it is suggested to be 
of Central European or Slavic origin [66].

Finally, we have identified two frameshift variants 
c.172_175del and c.509_510del in the PALB2 gene. Both 
alterations have been documented in the neighboring Polish 
population, though with the higher occurrence (7 and 
12 families, respectively) [43]. Antoniou et al. performed 
a detailed analysis of a set of patients carrying different 
variants of the PALB2 gene. According to the findings, the 
risk of breast cancer in women carrying PALB2 gene variants 
was 6–9 times higher compared to the general population, 
representing a higher risk than in BRCA2 mutation carriers 
[68]. In our study, the patients with PALB2 positivity were 
diagnosed with breast cancer at the age of 67 and 38 years, 
and patients with BRCA2 positivity were diagnosed with 
breast cancer at the age of 39, 41, and 43 years. In addition, 
a broader spectrum of cancers including colorectal cancer 
and leukemia has been demonstrated in a family history of 
CHEK2 and PALB2 mutation carriers (Table 5).

If we look at the age of cancer onset in the group of positive 
mutation carriers in Table 5, it is obvious that the family with 
CHEK2 controversial variant c.599T>C (p.Ile200Thr) signifi-
cantly differs from other families. The age of onset is 72 years 
in the proband and 65 and 78 years in first-degree family 
relatives. If we remove this family from the calculation, the 
average age of positive carriers at the age of onset decreases 
to 40.6 years that represents a 3.1-year reduction and 9.5-year 
difference from the overall average age of all analyzed samples 
(50.1 years) (Table 1). These data are certainly influenced by a 
low number of samples. However, they indicate that: 

1./ This is additional evidence suggesting that the contro-
versial CHEK2 variant c.599T>C (p.Ile200Thr) represents 
with high probability a low penetrance variant associated 
with lower susceptibility of cancer risk [62] mainly because 
it is known that CHEK2 protein affected by this missense 
variant has a lower activity [65].

2./ The presence of pathogenic mutations in HBOC-
associated genes relates to the notable decrease of the age of 
cancer diagnosis and this fact results in a significant increase 
of mutation frequency with decreasing age at diagnosis [69].

Overall, the age at cancer diagnosis in our study is 
relatively low when comparing with other multigene-based 
studies. For example, Foglietta et al. [47] reported the mean 
age in the group of breast cancer cases to be 46 years and 
in the BRCA1/2 positive cases even higher at 48 years, while 
the mean age in our group of breast cancer patients was 
43.7 and in positive cases at 43.5. The similar average age of 
breast cancer cases at 43.2 years was reported also in their 
study by Felicio et al. [70]. However, Lerner Ellis et al. [40] 
and Benusiglio et al. [546] reported a vastly different overall 
average age of patients in their study at vastly different levels 
in their respective studies (56 and 52 years, respectively).

The implementation of multigene panel testing for 
hereditary breast and ovarian cancer offers a quick and cost-
effective approach. A decision-analytic model reported by 
Manchanda et al. for UK and US populations showed that 
clinical criteria/family-based BRCA1/BRCA2/RAD51C/ 
RAD51D/BRIP1/PALB2 testing showed to be more cost-
effective than BRCA1/BRCA2 testing alone [71]. Considering 
our data multigene panel testing of high/moderate-penetrant 
HBOC-associated genes in Slovak families represents an 
effective approach, which allows identifying almost 50% 
more PV/LPV compared to the BRCA1/2 approach alone. 
Therefore, multigene panel testing for HBOC risk changes 
the clinical management for substantially more patients and 
unaffected relatives harboring PV in cancer-predisposing 
genes.

The results of our study have also a direct impact on clinical 
use, while a preventive screening program is recommended 
for unaffected mutation carriers. Importantly, patients with 
identified PV in HBOC-associated genes can be targeted for 
personalized treatment modalities. According to the findings 
from clinical studies, BRCA1/2-associated breast cancers 
have been shown to respond better to platinum-based chemo-
therapy [72]. In addition, several studies have demonstrated 
that BRCA1/2 and CHEK2 mutations could determine the 
tumor PARP inhibitor sensitivity [73]. In this context, PARP 
inhibitors have been increasingly used to treat advanced 
breast and ovarian cancer in patients with mutations in 
BRCA genes. Moreover, very recent findings indicated that 
not only BRCA1/2 mutation carriers but also metastatic 
breast cancer patients with germline PALB2 mutations might 
benefit from PARP inhibitor Olaparib treatment [74]. Mateo 
et al. reported that Olaparib was effective in patients with 
advanced castrate-resistant prostate cancer harboring BRCA 
mutations [75]. The possibility to use genetic information 
for treatment selection is in line with the modern concept of 
personalized medicine [76]. Further research might identify 
other predictive markers for drug response in HBOC tumors 
with homologous recombination deficiencies leading to the 
development of novel targets for therapies.
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In conclusion, the main advantage of using the multigene 
panel approach is that it would lead to the detection of a higher 
portion of clinically relevant variants, that would otherwise 
not be found by BRCA1/2 testing of HBOC families. Another 
benefit represents higher informative value in the cases when 
pathogenic predisposition in more than one gene can explain 
an inherited disease. HBOC syndrome presents an optimal 
example, in which testing based on personal and family 
history through a multigene panel test may be more efficient 
and/or cost-effective.

Modern approaches accelerate fast, and the future 
dilemma would not be if the panel sequencing approach 
is suitable for genetic testing but rather what size of panel 
sequencing is the most effective for testing. There is still an 
open debate considering which genes should be included 
in clinical settings, as some of the NGS panels may contain 
genes that are still under research.

Our study on the Slovak HBOC cohort shows that almost 
one-third of pathogenic mutations are localized in other 
genes than the primary-associated ones – BRCA1/2. The 
limit of our study is a relatively small number of the tested 
subjects. However, we provide the first report of NGS panel 
sequencing in Slovak HBOC families and relevant data for 
clinical management of the patients. Identification of causal 
primary and secondary findings has an impact not only on 
cancer-preventive management of mutation carriers but also 
provides important information about eligibility for targeted 
therapeutic modalities such as PARP-inhibitors.
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