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Abstract

Purpose We aimed to establish the spectrum of BRCA 1/2 mutations among the breast cancer (BC) patients from the Republic
of Macedonia.

Methods We used targeted next-generation sequencing (NGS), Sanger DNA sequencing, and multiplex ligation probe
amplification analysis (MLPA) to search for point mutations and deletions/duplications involving BRCAI and BRCA2-coding
regions.

Results We have analyzed a total of 313 BC patients, enriched for family history of cancer, early age of onset and bilateral and/
or triple negative (TN) BC. A total of 26 pathogenic mutations were observed in 49 unrelated BC patients (49/313, 15.7%).
BRCA?2 mutations (27/49, 55.1%) were more common than BRCA I mutations (22/49, 44.9%). We identified five novel point
mutations, one in BRCA1 (c.4352_4356delA) and four in BRCA2 (c.151G>T, ¢.4707_4708delCA, ¢.7811_7814delTGTG,
and ¢.9304_9305delG), as well as two novel deletions involving parts of the BRCAI gene (c.81—?_593+7del and
¢.5470—?_5530+"7del). The most common mutations were ¢.181T>G, ¢.5266dupC, and c.3700_3704del5 in BRCAI and
c.7879A>T, ¢.8317_8330del14 and ¢.5722_5723delCT in BRCA2 gene. Thus far, BRCA2 ¢.7879A>T and c.8317_8330del 14
mutations have been described in several isolated cases; however, our study is the first one showing that they have a founder
effect among Macedonian population. Nine recurrent mutations account for 65.3% of all of the detected mutations allowing
for implementation of a fast first-step BRCA 1/2 mutational screening strategy in our country.

Conclusion This study provides a comprehensive view of known and novel BRCA /2 mutations in BC patients from the
Republic of Macedonia and contributes to the global spectrum of BRCA /2 mutations in breast cancer.

Keywords Breast cancer - BRCA1/2 mutations - Next-generation sequencing (NGS) - Macedonian population - Albanian
population

Introduction

Breast cancer (BC) is the most widespread cancer in the
world and the second most common cause of death from a
neoplastic disease affecting women. Although lifestyle and
hormonal factors play a significant role, family history is
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one of the most powerful risk factor for BC development.
Patients who have close relatives with breast and/or ovarian
(B1/Ov) cancer comprise a group of familial breast cancers
(FBC) that represent 5—7% of all BC cases. Around 25%
of FBC patients have germline mutations in two high-risk
breast cancer susceptibility genes, BRCAI [1] and BRCA2
[2]. The penetrance of deleterious BRCA 1/2 mutations has
been variably estimated. Based on combined analysis of dif-
ferent reports, BRCAI and BRCA2 mutations confer an aver-
age cumulative risk of 71 and 45% for developing BC [3].

Up to date, a total of 5784 germline variants in BRCAI
and 7720 germline variants in BRCA2 genes have been
reported in the NCBI’s ClinVar database. The mutations are
distributed across the entire coding sequence of both genes,
with more than 50% of the observed mutations being unique
to particular individuals. Small insertions/deletions (in-dels)
or nonsense mutations leading to premature protein trunca-
tion, translational frameshifts, and defective splice sites are
the most commonly observed BRCA gene mutation types
[4, 5]. In addition to the recognized pathogenic variants, a
large number of missense mutations and in-frame deletions
known as variants of unknown significance (VUS) have been
reported. They have unclear pathogenic potential; therefore,
the clinical interpretation of these variants in cancer patients
represents a challenging task.

With an aim to determine the spectrum of BRCA1/2 gene
mutations responsible for hereditary breast cancer in the
Republic of Macedonia, we have analyzed a large cohort
of BC patients, enriched for family history of cancer, early
age of onset, and bilateral and/or triple negative (TN) BC.

Materials and methods

Our patient group consisted of 313 individuals diagnosed
with invasive breast cancer during the years 2009-2017. The
patients were selected for BRCAI and BRCA?2 genetic test-
ing according to several criteria, including family history of
cancer, early age of onset, and bilateral and/or triple nega-
tive (TN) BC. Personal and clinical characteristics, including
ethnicity, age at diagnosis, family history, and histopatho-
logical findings, are presented in Table 1. The mean age of
onset of the BC was 49 years (range 2487 years). For each
patient, DNA was isolated from peripheral blood using the
standard phenol—chloroform extraction method.

We used two library preparation kits for the targeted next-
generation sequencing (NGS): TruSeq Custom Amplicon for
targeting BRCAI and BRCA2-coding regions and TruSight
Cancer sequencing panel for targeting cancer-associated
genes including BRCAI and BRCA2 (Illumina, San Diego,
CA, USA). The sequencing was performed on the NGS
MiSeq Illumina Personal Sequencer and the data analyses
were performed on the [llumina Variant Studio.
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All of the variants detected in one or two patients by NGS
were validated using Sanger sequencing method. In addition,
the entire exon 23 in BRCA I, not covered by TruSeq Cus-
tom Amplicon kit, was sequenced using the Sanger method.
The conventional Sanger sequencing was performed with
the use of BigDye terminator sequencing kit v1.1 on ABI
3500 Genetic Analyzer (Thermo Fisher Scientific, Waltham,
MA, USA).

Screening for large genomic alterations was performed
in a group of patients (n = 145) by MLPA using the SALSA
MLPA Kit P002 BRCA1 and SALSA MLPA Kit P045
BRCAZ2 according to the instructions provided by the manu-
facturer (MRC-Holland, Amsterdam, The Netherlands).

Sequence variants were checked for previously published
reports in four databases: Breast Cancer Information Core,
Leiden Open Variation Database, Universal Mutation Data-
base and ClinVar. In silico prediction analysis for deleteri-
ousness of the novel mutations and those with undetermined
pathogenic effects were performed using eight online avail-
able software tools: PolyPhen-2 [6], SIFT [7], PROVEAN
[8], Mutation Assessor [9], Mutation Taster [10], SuSPect
[11], and PANTHER [12] for missense and Human Splice
Finder [13] for splicing variants. The guidelines and stand-
ards for interpretation of sequence variants recommended by
the American College of Medical Genetics and Genomics
(ACMG) were followed for presenting and classifying the
variants [14].

Results

The mutation screening of 313 patients resulted in the dis-
covery of 86 sequence variations, 32 in BRCAI, and 54 in
BRCA2 gene, while the MLPA screening for large genomic
alterations in a smaller group of 145 patients revealed two
deletions involving parts of the BRCAI gene.

Pathogenic variants

A total of 26 different pathogenic variants were detected
in 49 unrelated patients. Eleven different BRCA mutations
were observed in 22 patients and 15 different BRCA2 muta-
tions in 27 patients (Table 2). The age of onset, histopatho-
logical findings, and family history of BRCA1/2 carriers are
given in Supplementary Table 1, whereas the distribution
of BRCA 1/2 mutations according to patients’ parameters is
presented in Table 1.

The most common BRCAI gene mutation was
c.181T>G found in five patients (5/49, 10.2%), fol-
lowed by ¢.5266dupC found in four (4/49, 8.2%), and
¢.3700_3704delGTAAA found in three patients (3/49,
6.1%). BRCAI ¢.1102G>T and ¢.5212G>A mutations
were found in two patients each (2/49, 4.1%), while all
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Table 1 Personal and clinical

.. No. of indi- BRCAI BRCA2 TOTAL
Cha.racterlstlcs of 313 BC ) viduals BRCAL
patients and the distribution of
BRCA1/2 mutations according n (%) n (%) n (%)
to patients’ parameters

Ethnicity
Macedonian 252 18 7.14 24 9.52 42 16.67
Albanian 55 4 7.27 3 5.45 7 12.72
Other 6 0 0 0 0 0 0
Age of onset
<40 100 8 8.0 11 11.00 19 19.00
41-60 141 11 7.80 14 9.93 25 17.73
> 60 71 2 2.82 3 4.23 5 7.04
Bilateral breast cancer
Yes 37 3 8.11 6 16.22 9 24.32
No 263 17 6.46 21 7.98 38 14.45
No data 13 2 15.38 1 7.69 3 23.08
Cancer family history
Br/Ov cancer 180 16 8.89 18 10.00 24 13.33
Other cancers 40 5.00 3 7.50 5 12.50
No cancers 83 3 3.61 7 8.43 10 12.05
No data 10 10.00 10.00 2 20.00
Estrogen receptor (ER)
Positive 204 8 3.92 22 10.78 30 14.71
Negative 88 12 13.64 4 4.55 16 18.18
No data 21 2 9.52 2 9.52 4 19.05
Progesterone receptor (PR)
Positive 178 7 393 17 9.55 24 13.48
Negative 113 13 11.50 8 7.08 21 18.58
No data 22 2 9.09 13.64 5 22.73
Her2/neu receptor
Positive 55 1 1.82 2 3.64 2 3.64
Negative 228 18 7.89 23 10.09 41 17.98
No data 30 3 10.00 3 10.00 6 20.00
Triple negative
Yes 68 13 19.12 4 5.88 17 25.00
No 224 3.13 22 9.82 29 12.95
No data 21 9.52 2 9.52 4 19.05
Tumour Stage
In situ 5 0.00 0 0.00 0 0.00
I 56 2 3.57 0 0.00 2 3.57
1I 130 14 10.77 12 9.23 26 20.00
I 100 3.00 13 13.00 16 16.00
No data 22 13.64 3 13.64 6 27.27

other mutations were found in one patient each (1/49,
2%) (Fig. 1). Three BRCA I mutations (c.4352_4356delA,
c.81-?_593+7del, and c.5470-?_5530+7?del) were
described for the first time among our patients. All
novel BRCAI mutation carriers had at least one first or
second degree relative with Br/Ov cancer. BC patients
with ¢.4352_4356delA and ¢.5470—?_5530+?del muta-
tions were diagnosed with TN ductal cancer, whereas

no histopathological data were available for the
c.81—?_593+7del carrier.

The most frequent BRCA2 mutation was c.7879A>T,
observed in six patients (6/49, 12.2%), followed by
c.8317_8330dell4 (5/49, 10.2%), ¢.5722_5723delCT
(3/49, 6.1%), and ¢.5851_5854deAGTT (2/49, 4.1%).
The other 11 BRCA2 mutations were found in one
patient each (1/49, 2%) (Fig. 1). Three frameshift BRCA2
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Table 2 Pathogenic variants in BRCAI and BRCA2 genes identified in our study

Exon HGVS nomenclature AA change Variant ID Mutation type Functional Times Times observed
domain observed in  in patients’ family
patients members
BRCA 1
03-08 ¢.81—-?_593+2del - - Large deletion Zinc finger 1 0
2 5 c.181T>G p-Cys61Gly rs28897672  Missense Zinc finger 5 4
3 11 c.1102G>T p-Glu368Ter rs80357139  Nonsense Serine rich 0
domain
4 11 c.1612C>T p.GIn538Ter rs80356893  Nonsense - 1 0
5 11 c.1687C>T p.GIn563Ter rs80356898  Nonsense - 1 1
6 11 ¢.2933_2934insA p.Tyr978 fs rs878853292  Frameshift - 1 0
7 11 ¢.3700_3704del5 p.Vall234 fs rs80357609  Frameshift - 3 0
8 13 c.4352_4356delA p.Alal453 fs - Frameshift - 1 0
9 20 c.5212G>A p.Gly1738Arg  rs80356937  Missense BRCT2 domain 2 5
10 20 ¢.5266dupC p-GIn1756 fs rs80357906  Frameshift BRCT2 domain 4 1
11 23 c.5470-?_5530+?del - — Large deletion BRCT?2 domain 1 0
BRCA 2
1 3 c.151G>T p-Glu51Ter - Nonsense - 1 2
2 9 c.775A>T p-Arg259Ter rs397507937 Nonsense - 1 0
3 9 ¢.1599_1600delTG p-Glu534Serfs  rs80359293  Frameshift - 1 0
4 11 c.2808_2811delACAA p.Ala938Profs  rs80359351  Frameshift - 1 0
5 11 ¢.3189_3192delGTCA  p.Serl064Leufs — Frameshift - 1 0
6 11 c.4707_4708delCA p-Tyr1569Terfs - Frameshift - 1 2
7 11 ¢.5351dupA p-Asnl784Lysfs 1s80359508  Frameshift - 1 0
8 11 ¢.5722_5723delCT p-Leul908Argfs rs80359531  Frameshift - 3 1
9 11 c.5851_5854delAGTT  p.Ser1951Trpfs 1s80359543  Frameshift - 2 0
10 17 c.7811_7814delTGTG  p.Cys2605Thrfs — Frameshift Helical domain 1 0
11 17 c.7879A>T p-11e2627Phe rs80359014  Missense Helical domain 6 2
12 18 c.8168A>G p-Asp2723Gly  rs41293513  Missense Oligosaccharide 1 2
binding domain
1
13 18 ¢.8317_8330del14 p.Ser2773Aspfs  rs397507976  Frameshift Oligosaccharide 5 1
binding domain
1
14 25 ¢.9304_9305delG p-Ala3102GlInfs - Frameshift Oligosaccharide 1 0
binding domain
3
15 25 ¢.9352_9353delAT p-Met3118Valfs rs786203318 Frameshift Oligosaccharide 1 0
binding domain
3

mutations (c.4707_4708delCA, ¢.7811_7814delTGTG, and c.7081C>A, ¢.7417T>C, ¢c.7916C>T, ¢.7975A>G, and
¢.9304_9305delG) and one nonsense variant (c.151G>T) ¢.9863C>T in BRCA?2) and one in-frame BRCA2 dele-
were novel. BRCA2 ¢.151G>T, ¢.4707_4708delCA, and tion (c.4410_4412delAAG). The BRCA2 ¢.7081C>A and
¢.9304_9305delG mutations were found in very young  c.4410_4412delAAG variants have not been reported pre-
patients, while the ¢.7811_7814delTGTG mutation was pre-  viously. The histopathological findings and family history
sent in a patient with bilateral BC diagnosed at the age of 73.  of the VUS carriers, along with the variant descriptions,
are given in Table 3.
Variants with uncertain significance (VUS)

We detected a total of nine VUS; eight missense
(c.4031A>G in BRCAI and ¢.3938A>C, c.6613G>A,
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Fig. 1 Distribution of the BRCAI and BRCA2 mutations among patients with Macedonian and Albanian ethnicity

Likely benign and benign variants

Fifty four variants were classified according to ClinVar data-
base as likely benign and benign (22 in BRCAI and 32 in
BRCA2) (Supplementary Table 2). Three were novel vari-
ants, while all others have already been reported with minor
allele frequencies (MAF) varying from 9.9e—05 to 0.363 in
the European population. Comparable MAF was observed
in our study (0.002-0.328).

Discussion

Genetic testing of BRCAI and BRCA2 genes in patients with
positive family history of Br/Ov cancer has important impli-
cations for the mutation carrier and for the family members,
since new targeted therapies are constantly arising and well-
established management protocols are proven to be life-sav-
ing. In most of the studied populations, particular mutations
demonstrate a founder effect.

The contribution of BRCAI and BRCA2 mutations to
hereditary breast cancer (BC) in women from the Republic
of Macedonia has been largely unknown. The only published
study included a screening for six BRCAI and four BRCA2
common mutations among 100 BC patients and identified
five BRCAI and one BRCA2 mutations [15]. In the current
study of 313 BC patients, enriched for family history of can-
cer, early age of onset and bilateral and/or TN BC, an over-
all mutation prevalence of 15.7% (49/313) was observed.
The BRCA2 was more common (27/49, 55.1%) than BRCA 1
mutations (22/49, 44.9%) among our BC patients. The
tumors of BRCAI carriers were more commonly TN (59.1%,
p =0.001) in comparison with BRCA2 carriers (14.8%).

The frequencies of the BRCAI and BRCA2 gene
mutations detected in our study in comparison with the

neighboring [16-19] and some other European populations
[20-28] is given in Table 4. The most prevalent BRCAI
mutation among our BC patients was the Slavic founder
¢.181T>G mutation (10.2%). The worldwide most fre-
quent BRCA1 ¢.5266dupC mutation was observed with a
frequency of 8.16%. Comparable frequencies were reported
in studies from Serbia (8.33%) [16], Slovenia (8.93%) [22],
and Croatia (10%) [20].

The most common BRCA2 gene mutation in our study
was ¢.7879A>T; p.11e2627Phe (12.3%). It was found in six
patients of Macedonian ethnic origin, with a mean age of
onset of the BC at 41 years. All of these patients had positive
family history for breast, prostate, uterus, or gastric cancer,
with at least one first or second degree affected family mem-
ber. The variant has been previously known as 8107A>T
and has been reported as a variant of unknown clinical sig-
nificance in isolated breast and ovarian cancer families in
Slovenia [29], Poland [25] and in Germany [27]. This variant
has not been reported in EXAC and Ensembl.

The second most common BRCA2 ¢.8317_8330del14
mutation was observed in five carriers (10.2%), three of
whom had lobular tumor type. Different cancers, includ-
ing breast, ovarian, pancreatic, lung, colon, and gas-
tric cancers, were present in the family members of the
¢.8317_8330del14 carriers. To date, this mutation has been
reported only once in a family from The Netherlands [30].
Although both BRCA2 ¢.7879A>T and ¢.8317_8330del 14
mutations have been described in several isolated cases, our
study is the first one, showing that they have a founder effect
among Macedonians.

Nine recurrent mutations account for 65.3% of all of the
detected mutations in BC patients from the Republic of
Macedonia. This observation supports the implementation
of a two-step BRCA /2 genetic testing strategy in our coun-
try. Every woman with BC may undergo the cost-effective
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Table 4 Frequencies of the BRCA1 and BRCA2 mutations detected in our study among BRCA carriers from the neighbouring and some other

European populations

BRCA1 BRCA2
_ 3 E 2

o | Ef A

2 - < w < 2 2258 g g2 o & H

£ Cohord type 3 £33 s CRECRECRRS T 33 T 3z %

E w n-carriers/ | % C L - 22 E L o9 @ sZd 2832 o5 24| %

o total (%) |2 @ A N A A W S A F g g 2 &S 5 Ew AR AL 8RR E

n o B L Q9 Q9 [ | [RENCR - 5 4 [ 1 | =] | | << | | 1 —

instudied |~ = £ T x 8 8 2 S € g2 52 &8s o8z & €< 2ol g2

1% 28 8384 o S Sleragzeadrgz s 2z 28 £

cohord |5 5 5 5 05 S B3 G G G555 ST TS GETE S % E T IO
Serbia, 2013 116]| High-risk families 12/62 (19,3) ol ol o of ol of of of ols3l of ol ol of ol ol of ol of of of of of ol of ol o1e
Bulgaria, 2015 1171 NCON Guidelines 39200195 | oFs13] ol ol ol ol ol of oB&atl of ol ol ol of ol ol oBssBizl ol ol ol ol of o 3077
Greece,2008 118]|enriched for a family history for cancer |5928720.5) || ol 1.6o| of ol ol oheo| oMB2sBosi| of ol o oheol ol of oheol ol of of of ol of ofME 4744
Greece,2014 19| enriched for a family history for cancer {15347332) || oF392] o oloses| olss| oMiitless| of ol of ob7ol ol ol obzo| of of of of ol ol o 6135
Turkey, 2014 128]]young onset and high-risk families 61174y | ol ol ol of ol ol ol ol 0.00Bs00l of o ol ol ol of ol of of ol of ol of ol ol of ¥ 75.00
Croatia, 2012 120]]enriched for a family history for cancer [10/145 (6,89) [ o000 o o000l ol ol ol ofooo| of ol ol ol ol ol of ol ol of of of of ol ol of ¥ 70.00
Slovenia, 2008 121]| High-risk families s6/145(38.6) || ol2sol ol o@ss| ol ol ol olsosl of ol ol o ol ol oMl ol ol of ol of ol ol ofME ss93
*Slovenia, 2011 [22]|enriched for a family history for cancer [97+%/322(29.8)[ o5.46| o olBao| ol ol ol ols2s| of olos| ol ol ol olos| ol ol oltos| of o of ofE s50.79
Poland, 2000 123]| High-risk families 35/66 (53) [ oBb0ol of of ol ol ol of oBfoo| o Not analyzed 29,00
Poland, 2004 [24]| High-risk families 120200 64.5) | oB®o3| of ol ol oB33|l ol oBEm| o Not analyzed 20,93
*Poland, 2015 125]|enriched for a family history for cancer |52/512 10,1y || ol o oMe2M&as| ol ol of ol ol of ol ol oho2l ol of ol of ol ofio2l of o of o 78,5
Czech Repub., 2008 [26]|enriched for a family history for cancer [294/101029,1) || oF6.g0| of of204| oBigs| ol oBssi| of ol o oh7ol ol of ob34l ol of of of o o ofE 5374
*Germany, 2000 [27]]enriched for a family history for cancer [10%%/120(8,3) [ oE20| of ol ol ol ol ol o00f000] of ol ol oMol ol ol ol ol ol oMol of ol ol of s0.00
Our study, 2017 enriched for a family history for cancer |49/313 (15,6) (8104 [i0.20 08 804 [ 2.04 B04 [6:12 04 | 4.08 | 8,16 80|04 Blo4 o4 p.04 Bio4 Boa Blo4 i [Bos Blo4 1824 Blo4 620 Blos Blos 0,00

* Article describing ¢.7879A>T mutation
** Number includes BRCA2 ¢.7879A>T which was reported as VUS

first-step screening for the most common nine mutations,
while the comprehensive NGS analysis using panel of cancer
genes might be reserved for those with negative first-step
genetic BRCA1/2 result and a high risk of having a mutation
in the BC susceptibility genes.

Different BRCA1/2 mutations were present among BC
patients of Macedonian and Albanian ethnic origin (Fig. 1).
Only one mutation (BRCA2 c. 5722_5723decCT) was pre-
sent in both ethnic groups. The mutations ¢.3700_3704del5
and ¢.2933_2934insA in BRCAI and ¢.9304_9305delG in
BRCA?2 gene were found only in Albanian patients. The
BRCA1I ¢.3700_3704del5 variant was detected in three
patients of the 55 screened Albanian BC patients (5.45%)
and it represents 42.9% (3/7) of the BRCA1/2 carriers of
Albanian ancestry, suggesting it as a founder mutation in
the Albanian population. There are no other data available in
the literature for the contribution of the BRCA 1/2 mutations
among Albanian BC patients.

We report nine VUS (one in BRCA and eight in BRCA2).
The two missense BRCA2 VUS ¢.7916C>T and ¢.7975A>G
were predicted to be damaging with 5 and 6 in silico predic-
tor tools, respectively. The ¢.7916C>T variant is located in
the first oligonucleotide binding fold in the DNA-binding
domain at the C-terminal region. This region is considered
as the most conserved region in BRCA2 gene [31]. The
BRCA2 c.7975A>G, p.Arg2659Gly variant, is a missense
variant located in the region that has a role in the interaction
with the SEM1 gene. It was suggested that the AGA-to-GGA
codon change alters the splice donor site, thus creating a low
amount of an alternative transcript with an in-frame dele-
tion of exon 17 [32], [33]. It was also shown that it affects
the homologous repair activity [34]. Only one VUS was

in-frame variant (c.4410_4412delAAG), not reported in the
literature and the databases thus far. It causes a removal of
arginine at position 1471; however, this amino acid position
is not conserved. The detection of this mutation in two of
our BC patients may suggest that it may have a pathogenic
effect or it represents a common variant in our population.
Further analyses are warranted to clarify the role of BRCA2
c.4410_4412delAAG mutation.

The nonsense BRCA2 c.9976A>T (p.Lys3326Ter,
rs11571833) variant, which leads to the loss of the final 93
amino acids of BRCAZ2 protein is a common variant (0.9%
among European population in ExAC) and is classified
as a benign variant in ClinVar. Large genome-wide asso-
ciation studies identified it as a low-risk variant for breast
cancer (OR 1.26, 95% CI 1.14-1.39) [35]. In our study,
p-Lys3326Ter was found in two patients diagnosed with
ductal cancer with estrogen positive receptor status without
co-occurrence of other pathogenic mutation.

In conclusion, this study provides a comprehensive view
of known and novel BRCA 1/2 gene mutations in BC patients
from the Republic of Macedonia and contributes to the
global spectrum of BRCA1/2 mutations in breast cancer.
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