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Abstract

Purpose Pathogenic variants (PVs) in BRCAI and BRCA?2 genes are essential biomarkers of an increased breast and ovarian
cancer risk and tumor sensitivity to poly ADP ribose polymerase inhibitors. In Russia, eight PVs were thought to be the most
common, among which BRCAI c¢.5266dup is the most frequently identified one.

Methods We show the distribution of BRCA1/2 PVs identified with quantitative PCR and targeted next-generation sequenc-
ing in 1399 ovarian cancer patients recruited into the study from 72 Russian regions in 2015-2021.

Results The most abundant PVs were ¢.5266dup (41.0%), c.4035del (7.0%), c.1961del (6.3%), c.181 T>G (5.2%),
¢.3756_3759del (1.8%), ¢.3700_3704del (1.5%), and c.68_69del (1.5%), all found in BRCAI and known to be recur-
rent in Russia. Several other frequent PVs were identified: ¢.51524+1G>T (1.2%), ¢.1687C>T (1.0%), c.4689C > G
(0.9%), c.1510del (0.6%), ¢.2285_2286del (0.6%) in the BRCA1 gene; and ¢.5286 T> G (1.2%), ¢.2808_2811del (0.8%),
c.3847_3848del (0.8%), c.658_659del (0.7%), c.7879A>T (0.6%), in the BRCA2 gene. For the most common PV in the
BRCA2 gene ¢.5286 T > G, we suggested that it arose about 700 years ago and is a new founder mutation.

Conclusion This study extends our knowledge about the BRCA I and BRCA?2 pathogenic variants variability.
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Introduction

BRCAI and BRCA?2 are the genes that often contain a ger-
mline pathogenic variant in ovarian cancer patients [1]. Their
influence on genome maintenance is associated with their
essential role in the repair of double-strand breaks. This link
has led to the development of new targeted therapy with poly
ADP ribose polymerase inhibitors that show more effective
and less toxic treatment than standard chemotherapy [2].
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Several such drugs have been approved for use by the U.S.
Food and Drug Administration (olaparib, rucaparib, and
niraparib), and some new are in the late stage of clinical
development [3]. The main indication for the use of such
drugs is the presence of pathogenic variants in the BRCA 1
or BRCA2 gene. Therefore, their occurrence in a population
is necessary for effective organization of mutation carrier
screenings.

Today, more than 6500 pathogenic and likely pathogenic
variants (PVs) are known for the BRCAI and BRCA2 genes
according to the ClinVar database, and this number increases
every year. The occurrence of the PVs varies between dif-
ferent populations significantly, including the prevalence of
the most frequent variants. Depending on the population,
ten most common PVs can compose from 33 to 89% of all
carriers [4-9]. For populations with a high contribution of
founder mutations, population prescreening with simple
methods like qPCR can be applied as suggested for the USA
Ashkenazi patients over many years [10].
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The BRCA1/2 pathogenic variant frequency in Russia
strongly deviates to several recurrent mutations (c.5266dup,
c.4035del, and c.68_69del in the BRCAI and c.5946del in
the BRCA2) [11]. Recently a study with PCR, Sanger, and
next-generation sequencing showed that whole-coding
BRCA /2 gene analysis in Russia could increase the number
of PV carriers identified twice [11]. However, the whole-
coding data were obtained only for 785 patients with breast
or ovarian cancer, among which only 117 were PV carriers
which is not enough for an unbiased mutation frequency
estimation. In the meantime more than 13,000 and 73,000
new cases of ovarian and breast cancers are registered in
Russia every year, respectively, and so far, there have been
no studies based on NGS in which the proportion of ovarian
or breast cancer cases with a mutation in the BRCA1/2 genes
has been estimated because most of previous studies used
gPCR tests for several hotspot PVs. Therefore, to determine
the occurrence of already known highly recurrent PVs and to
identify new PVs, we studied BRCAI and BRCA2 genes with
targeted next-generation sequencing (NGS) and quantitative
PCR (gPCR) in 1399 ovarian cancer patients. To our knowl-
edge, this is the largest study of whole-coding sequences of
the BRCA1/2 genes for Russian populations.

Materials and methods
Subjects

One thousand three hundred ninety-nine unrelated and
unselected for family history ovarian cancer patients with
revealed germline BRCA 1/2 pathogenic variant were retro-
spectively recruited by two main centers in Moscow and one
in Novosibirsk in 2015-2021. Only citizens of Russia were
involved in the study. The BRCA1/2 testing was carried out
as a routine diagnostic at the request of the patient’s attend-
ing physician in order to choose treatment tactics and assess
the risk of hereditary syndrome. In Russia, the procedure is
regulated by the standards of medical care of the Ministry
of Health of the Russian Federation, according to which (as
of October 12, 2022) all patients with high-grade serous
or endometrioid carcinomas are recommended to undergo
molecular genetic testing of BRCA1/2 genes in DNA from
blood leukocytes, oral mucosa and/or biopsy or surgical
material. In most cases, DNA from blood leukocytes is not
tested for pathogenic variants detected in tumor material,
and therefore it is impossible to accurately determine the
pathogenic variant status (germline or somatic). Therefore,
all samples from the tumor tissue were not included into
the study. The results do not include any further data on the
patients’ response to treatment or outcome.

The median age of the patients recruited at the time of
testing BRCA1/2 genes was 53 (Q1-Q3 was 46-60) among
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265 patients for which the data were available. All ovarian
cancer cases were high-grade serous adenocarcinoma with
unknown personal history of breast cancer. Among 1056
patients for which the region was known, patients were from
72 different regions. The highest numbers were from Mos-
cow (114), Primorsky Krai (88), Novosibirsk Oblast (76),
and the Moscow region (71). Due to the difficulties with col-
lecting data on the ethnicity of patients, we took into account
only their place of residence, which correlates with ethnic-
ity in Russia. DNA from blood leukocytes was extracted
using an in-house method comprising cell lysis using 10%
sodium dodecyl sulfate (SDS) containing buffer, proteinase
K treatment, protein extraction using phenol-chloroform,
and isopropanol precipitation of the DNA.

BRCA1 and BRCA2 genes mutation screening

Most of highly recurrent PVs (771 patients with a PV,
BRCAI: c.5266dup (5382insC), c.4035del (4154delA),
c.1961del (2080delA), c¢.181 T> G (C61G), ¢.3756_3759del
(3875delGTCT), ¢.3700_3704del (3819delGTAAA),
c.68_69del (185delAG), BRCA2: c.5946del (6174delT))
were identified with quantitative polymerase chain reaction
(qPCR) (Supplementary Table 1). For every patient with-
out hotspot PV and also for 141 patients for which hotspot
PV was initially identified with targeted NGS, the BRCA]
and BRCA2 coding sequences were studied using the in-
house amplicon-based targeted NGS panel (564 patients),
GeneRead QIAact BRCA 1/2 panel (Qiagen) (64 patients).
Coding exons, splice-acceptor, and splice-donor sites were
covered (transcripts NM_007294.3 and NM_000059.3).
NGS libraries were sequenced with MiSeq and MiniSeq
Illumina platforms (348 patients) or with Ion S5/Ion Chef
System (ThermoFisher) (280 patients) (Fig. 1). The NGS
data were analyzed with the BRCA-analyzer [12] or Tor-
rent Suite software followed by ANNOVAR annotation [13].
Visual data analysis, manual filtering of sequencing artifacts,
and sequence alignments were performed using the Integra-
tive Genomics Viewer (IGV) [14]. HGVS nomenclature was
verified with the VariantValidator tool [15]. All statistical
analyses were performed using scipy Python package [16].

Mutation age estimates

To estimate the age of PV BRCA2 ¢.5286 T > G for which we
suggested the founder effect and the number of DNA sam-
ples available for the analysis was acceptable, we designed a
new amplicon-based NGS panel targeting single nucleotide
polymorphisms (SNPs) flanking +5 Mb around the BRCA2
gene (28 SNPs with CEU population frequency >30%) with
the NGS-PrimerPlex program [17] (Supplementary Table 2).
SNPs were chosen based on the minor allele frequency and
the allele linkage disequilibrium (LD) from the LDProxy
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Fig.1 The scheme of recruiting patients into the study and BRCA1/2
pathogenic variant screening. All numbers reflect only patients posi-
tive for BRCAI or BRCA2 PV. 51 patients for which PVs were identi-
fied with targeted NGS in Istra (Moscow Region) were negative in
qPCR tests for the most recurrent PVs. In Novosibirsk, 297 patients
were tested in the same way, meanwhile for 141 patients, PVs were

tool (https://1dlink.nci.nih.gov/). The next SNP was selected
so that the LD with the previous one would be less than
0.7. Primer sequences are in Supplementary Table 2. Phased
genotypes were obtained using the 1000Genomes [18] data
and the Beagle tool [19]. Finally, the mutation age was esti-
mated with the Mutation dating online tool [20].

Results

Pathogenic and likely pathogenic variants with high
frequency

For 1399 patients positive for a deleterious BRCA1/2 PV,
the occurrences of the most frequent (>7 samples) variants
are presented in Table 1. The whole list of PVs identified is
in Supplementary Table 3. For 1161 (83%) and 238 (17%)
patients, the PV was in the BRCAI or BRCA2 gene, respec-
tively, corresponding to 245 unique PVs, 128 (52%) and
117 (48%) in the BRCAI and BRCA2 genes, respectively.
The number of variants in the ovarian cancer cluster region
(OCCR) and the breast cancer cluster region (BCCR) [21]
was 90 (36.7%) and 66 (26.9%) which corresponded to 424
(30.3%) and 758 (54.2%) participants, respectively.

Due to the founder effect known for several PVs
detected (c.5266dup, c.4035del, c.1961del, c.181 T> G),
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identified only with targeted NGS. RCMG—Research centre for med-
ical genetics; MCOH—Moscow city oncology hospital No 62 of the
Moscow health department; ICBFM SB RAW—Institute of chemical
biology and fundamental medicine, Siberian branch of the Russian
academy of sciences

we evaluated the variant occurrence ratios in differ-
ent regions of Russia (Fig. 2). For most regions with at
least 20 PV carriers, the ¢.5266dup variant occurred in
39-80%, except for the Khanty-Mansi Autonomous Okrug
(the administrative center is Khanty-Mansiysk, only 18%
of 34 carriers) that could be associated with indigenous
peoples living in the region. The total occurrence of the
four highly recurrent variants varied between 44 and 88%
depending on the region with the lowest values for the
Khanty-Mansi Autonomous Okrug and the Chelyabinsk
oblast (the administrative center is Chelyabinsk) regions.
Therefore, screening healthy population for hotspot PVs
is less justified for these two regions.

For 265 patients with known ages at time of testing
BRCA1/2 genes, the number of cases younger than 50
was statistically significantly more frequent for patients
with PV in the BRCAI gene than for BRCA2 PV carriers
(p-value =0.0135 in the two-sided Fisher exact test) (Fig. 3).
And this trend has persisted with the exclusion of ¢.5266dup
variant carriers (p-value =0.0425 in the two-sided Fisher
exact test). These results correspond to the literature data
about the earlier disease onset and a higher comulative risk
of ovarian cancer in patients with BRCAI PV than BRCA2
PV carriers [29].

For some of the PVs detected, the founder effect was sug-
gested earlier (Table 1), and others were found in several

@ Springer


https://ldlink.nci.nih.gov/

390

Breast Cancer Research and Treatment (2023) 197:387-395

Table 1 The most frequent
germline deleterious mutations
in the BRCAI and BRCA?2 genes
found. The variant previously
undescribed is in bold

Gene CDS mutations Type of mutation Traditional name Occ % Ref
BRCAI ¢.5266dup Frameshift variant 5382insC 577 * (41%)

BRCAI ¢.4035del Frameshift variant 4154delA 98 * (7%)

BRCAI c.1961del Frameshift variant 2080delA 89 *(6.4%) [23]
BRCAI c.181T>G Missense variant C61G 73 * (5.2%)

BRCAI ¢.3756_3759del Frameshift variant 3875delGTCT 26 * (1.9%)

BRCAI ¢.3700_3704del Frameshift variant 3819delGTAAA 21 * (1.5%)

BRCAI ¢.68_69del Frameshift variant 185delAG 21 * (1.5%)

BRCAI c.5152+1G>T Splice-donor variant 17 (1.2%)

BRCA2 c.5286 T>G Stop gained 17 (1.2%)

BRCAI c.1687C>T Stop gained 14 * (1%)

BRCAI c.4689C>G Stop gained 13 * (0.9%) [24]
BRCA2 ¢.2808_2811del Frameshift variant 11 * (0.8%) [25, 26]
BRCA2 ¢.3847_3848del Frameshift variant 11 * (0.8%)

BRCA2 ¢.658_659del Frameshift variant 10 * (0.7%) [7,27]
BRCAI c.1510del Frameshift variant 9 (0.6%)

BRCA2 c.7879A>T Missense variant 9 * (0.6%) [28]
BRCAI €.2285_2286del Frameshift variant 8 (0.6%)

BRCA2 ¢.5946del Frameshift variant 6174delT 7 *(0.5%)

Occ occurrence; Ref references
*Founder PVs in Europe [22]

41.2% of all samples tested contained ¢.5266dup, 7.0%—c.4035del, 6.4%—c.1961del, 5.2%—c.181 T>G,
1.9%—c.3756_3759del, 1.5%—c.3700_3704del, 1.5%—c.68_69del, 1.2%—c.5286 T>G, 1.2%
c.5152+1G>T. ¢.5286 T>G was previously considered as rare. Other variants represented 32.9% of
all cases including 11.2% corresponding to unique variants. Totally, 44 previously undescribed vari-
ants (unknown in the ClinVar database on October 11, 2021) were identified in 51 participants, 26 in the
BRCAI gene (31 participants), and 18 in the BRCA2 gene (20 participants)
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Fig.2 The PV occurrence in different regions of Russia. The pie
charts are shown in the regional administrative centers. For regions
with more than 20 PV carriers identified, the pie chart radiuses
reflect the number of PV carriers found, and administrative region
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capitals are written. The threshold was chosen based on the conveni-
ence of the map element locations. For the most of regions, BRCAI
¢.5266dup is the most recurrent PV (red color)
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Fig. 3 Distribution of ages at the time of testing BRCAI/2 genes for
patients with BRCA1 or BRCA2 PV

cases for the first time. Therefore, we provided the literature
review for all such variants, and for the BRCA2 ¢.5286 T > G,
we estimated the mutation age.

New founder mutation BRCA2 ¢c.5286 T>G

BRCA2 ¢.5286 T > G was found in 17 ovarian cancer
patients from different Russian regions (Moscow, Novo-
sibirsk, Irkutsk, Kirov, and Chelyabinsk Oblasts, Yakutiya,
Primorsky Krai), and the variant common origin was sug-
gested. To confirm it, we compared the BRCA2 gene SNPs
identified by sequencing BRCA1/2 exons by a targeted NGS
panel. For six patients, 12 flanking SNP phased alleles
(from 32,888,483 to 32,931,875, hgl9 human genome
assembly) were the same. We developed a new small tar-
geted NGS panel covering 28 SNPs around the BRCA2
gene to estimate the mutation age. For the moment of this
study stage, the DNA samples were available only for six
patients. The number of generations since the last com-
mon shared ancestor was determined as 34.8 (700 years,
Cly5:19.6-62.2) and 41.1 (820 years, Cly5:19.6-62.2) for
an independent and correlated genealogy, respectively.

Table2 BRCA2 PVs identified known to be a founder in other pop-
ulations. Using the developed targeted NGS panel for genotyping
SNPs flanking BRCA2 gene, we determined genome ranges in which

This mutation age is less than for the ¢.5266dup deter-
mined earlier (about 72 generations) [30], and this value
needs to be re-estimated for the higher number of samples
and variations.

Other BRCA2 highly recurrent PVs

Five BRCA2 PVs have earlier been determined as founder
ones in Europe: c.2808_2811del (11 patients, found in
Spain), ¢.3847_3848del (11 patients, Denmark and Nor-
way), ¢.658_659del (10 patients, Lithuania), c.7879A>T
(9 patients, Macedonia), c.5946del (also known as 6174delT,
seven patients, Ashkenazi Jews, and Hungary) (Table 2).

BRCAT1 highly recurrent PVs

Five BRCA1 PVs were identified in at least eight patients:
c.5152+1G>T (17 patients), c.1687C > T (14 patients),
c.4689C > G (13 patients), c.1510del (9 patients), and
¢.2285_2286del (8 patients). Due to the absence of the geno-
typing system, we couldn’t compare genotypes of the flank-
ing SNPs for these BRCAI PVs. However, we reviewed their
occurrence in other studies. ¢.1687C > T is a known founder
variant in Austria, Slovenia, and Sweden [22]; ¢.4689C > G
was earlier identified in many patients in Germany, the USA,
and Russia [24]. However, ¢.5152+ 1G> T was found only
in two Russian patients [31, 32] and in several families in the
worldwide study [33]; c.1510del was earlier found in some
studies [34-36]; ¢.2285_2286del is a previously undescribed
PV. These variants were observed more frequently than the
BRCA?2 c.5946del, thought to be highly reccurent in Russia.

Discussion

Here, we confirmed that BRCAI ¢.5266dup was the most
abundant germline pathogenic variant in Russian ovarian
cancer patients accounting for up to 50% of all BRCA1/2
PV cases. However, its frequency is significantly lower than
90%, as it was thought before the start of NGS application

the samples studied had identical phased SNP alleles (the last col-
umn). For two PVs (c.7879A > T and c.5946del), there were no DNA
specimens available for the genopying with the developed NGS panel

BRCA2 PV Samples with this variant described in ~ DNA samples genotyped by flanking Genome range of the

the literature SNPs in this study identical phased SNP
alleles

¢.2808_2811del 5 5 [-4 Kb;+21 Kb]

c.3847_3848del 7 4 [0; 19 Kb]

€.658_659del 5 4 [-15 Kb; +8 Kb]

c.7879A>T 6 No N/A

c.5946del 6 No N/A
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when most pathogenic variants were identified with qgPCR
[37]. Its high occurrence in Russia can be explained by
the spreading from Scandinavia or northern Russia about
1800 years ago, as suggested [30]. And now we can observe
its high prevalence over other PVs in different Russian
regions, from Kaliningrad in the west to Yuzhno-Sakhalinsk
in the east. Therefore, screening some groups of Russian
healthy populations for only this mutation could be consid-
ered to help in the early detection of patients with a high
risk of breast and ovarian cancer. This variant also has a
high frequency in different European countries with a rapid
decrease in frequency from east to west and in many coun-
tries in North and South America, mainly in people with
European ancestry [38]. Other recurrent PVs (c.4035del,
c.181 T> G, c.1961del, c.68_69del, c.3756_3759del, and
¢.3700_3704del) also had a wide distribution in Russia with-
out any region prevalence that is similar to results of previ-
ous studies in Poland, Ukraine, Latvia, Czech Republic, and
Lithuania [33, 38, 40, 41]. Three of the most frequent PVs
are the same as in Israel: ¢.68_69del, c.5266dup, c.181 T>G
[34]. Similar results were obtained in a recent worldwide
study, where 160 PV carriers from Russia participated
[33]. The data showed that ¢.5266dup is the most abundant
worldwide PV followed by c.68_69del and c.5946del, and
a PV frequency was highly dependent on the geographic
region that can be useful for further research on the history
of PV spread. Some PVs identified here were observed in
other countries: ¢.1687C> T (Austria, 14 participants in this
study), c.4689C > G (Germany, 13 participants) c.4327C>T
(Canada, 3 participants), c.5503C > T (Australia, 4 partici-
pants), and the common ancestral origin can be suggested.
For example, ¢.4327C>T is a known founder pathogenic
variant in the Quebec population [42] and was likely intro-
duced from that population. Interestingly, 54.2% of ovarian
cancer patients who participated in this study contained the
PV in the BCCR versus 30.3% with a mutation in the OCCR,
that do not contradict the hypothesis of the existence of the
cancer-specific gene regions [21]. This result only shows that
the occurrence of pathogenic variants in the BCCR is almost
twice higher than in the OCCR.

To our knowledge, we identified 44 previously unde-
scribed PVs in the BRCAI and BRCA?2 genes in 51 partici-
pants, which was 18% of the total number of different PVs
detected in this study and 3.6% of all participants with PVs.
In recent studies, the percentage of patients with previously
undescribed PVs was 7-19% [9, 43, 44] that means that the
most frequent PVs are already known in Russia. However,
many new mutations can be discovered in subsequent stud-
ies, and we could reveal new highly recurrent PVs, includ-
ing BRCA2 c.5286 T > G, previously identified in ovarian
cancer patients and thought rare [45]. The haplotype analysis
of these PV carriers showed that ¢.5286 T > G appeared to
have arisen twice as late as the BRCAI ¢.5266dup variant,
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but more PV carriers are necessary to unravel the time and
place of its origin.

Such a high number of previously undescribed PVs
observed in new studies suggests that positive selection in
BRCAI and BRCA2 genes may still be operating on these
genes [46] and new pathogenic variants might be occurring
in different populations nowadays leading to an increased
risk of breast and ovarian cancer [47]. In addition to clari-
fying the highly recurrent PV frequencies, we have iden-
tified several previously undescribed PVs which occur-
rence exceeded the BRCA2 c¢.5946delT variant frequency
(c.51524+1G>T, ¢.1687C>T, c.4689C > G, c.1510del,
and ¢.2285_2286del in the BRCAI gene; and ¢.5286 T > G,
c.2808_2811del, ¢.3847_3848del, c.658_659del, and
c.7879A >T in the BRCA2 gene). The total frequency of
these PVs is about 73%. In addition, we identified a pre-
viously unknown PV BRCAI c.2285_2286del that was
detected in eight participants. At the same time, such a
high frequency of unique PVs indicates the importance of
sequencing the whole-coding sequences of the BRCA1/2
genes.

The study has some limitations. First, we could not col-
lect detailed clinical data (e.g., age at onset of the disease or
response to targeted therapy) due to difficulties with access
to this type of information. Such data could allow testing
the hypothesis that tumors with distinct PVs in BRCAI and
BRCAZ2 genes may have a different sensitivity to chemother-
apy or therapy with PARP inhibitors [29, 48]. Mechanisms
of such difference in the sensitivity or resistance are likely to
be related to the ability of genes to form different isoforms
including or skipping exon with a PV [49, 50]. At the same
time, using data on ages of 265 patients at the moment of
testing BRCA1/2 genes, we indirectly confirmed that BRCA 1
PV carriers have earlier disease onset than patients with a
BRCA2 PV [29]. Secondly, we did not identify ethnic groups
for the samples, since this information is not mandatory for
medical registration and registed rarely by clinicians. Moreo-
ver, this data are commonly collected with questionnaires,
and although there are more than 100 different ethnic groups
in Russia most of Russia inhabitants consider themselves
Russians, regardless of their real ethnicity. One more reason
is that many people in Russia are descendants of several eth-
nic groups, and it could not be determined without specific
genetic analysis. Therefore, to identify PVs specific for a
particular ethnic group in Russia, a separate study should
be carried out. For these reasons, we studied only the geo-
graphical distribution of PVs identified that could be useful
for organizing screening programs of healthy populations
in whole country or in certain regions as it was suggested
previously [51].

A more important limitation of this study was the absence
of CNV data. In some countries, large rearrangements
(mainly equal to copy number variations, CN'Vs) are known
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to be recurrent in BRCA1/2 genes, e.g., in Mexico (BRCA1
ex9-12del) [52], and this limitation should be eliminated in
the future.

In conclusion, this study showed the real pathogenic
and likely pathogenic germline variant occurrence in
BRCAI and BRCA2 genes in ovarian cancer patients of
Russia; revealed new founder PVs, suggested the time of
BRCA2 ¢.5286 T > G origin; and discovered 44 previously
undescribed PVs. All these new data are useful for identi-
fying patients at high risk of breast or ovarian cancer and
for studying the spread of various PVs not only in Russia,
but also in other countries.
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