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Whole exome sequencing of peripheral blood samples from Tuvan females diagnosed with
breast and ovarian cancers (BC/OC) was performed to search for new genes involved in
BC/OC pathogenesis. Considering the high cost of whole exome sequencing and study ma-
terial requirements, 9 samples were selected from 61 genomic DNA samples. A mutation in
the LGR4 gene (rs34804482) involved in the tumor-mediated Wnt signaling pathway and a
mutation in the BRWDI gene (rs147211854) involved in chromatin remodeling were identified
in BC patients. A mutation in the CITED2 gene (rs77963348) involved in the pathogenesis of
primary ovarian insufficiency was identified in a patient with OC and a history of infertility.
A mutation in the PDGFRA gene (rs2291591) was identified in two BC/OC patients. LRG4,
BRWDI, PDGFRA, and CITED2 germline pathogenic mutations were discovered in Tuvan

women diagnosed with BC/OC for the first time.
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Malignant tumors of the female reproductive system
(breast/ovarian cancers, BC/OC) are characterized by
the highest incidence rate around the world [1]. An
important risk factor for BC/OC is the existence of
BRCA1/2 pathogenic mutations that are inherited in an
autosomal dominant manner [2]. Every population/eth-
nic group has a specific spectrum of mutations in its
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gene pool and diverse phenotypic and clinical presen-
tations of malignancies [3]. For example, among the
non-Slavic population of Russia, which involves more
than 200 ethnic groups, frequent mutations in the
BRCA1/2 genes (5382insC, 185 delAG, 4153 delA, T300G,
3819delGTAAA, 3875delGTCT, 2080delA, and 6174delT)
have been found not to be typical of BC/OC patients
from the Buryat, Tuvan, Yakut, Altai, Khakas, and
other ethnic groups [4]. According to published re-
ports, RAD51D (rs137886232) and PTEN (rs786201044)
pathogenic mutations in Buryat women, a BRCA2 mu-
tation (rs483353122) in Tuvan women, an RAD54L mu-
tation (p.His340llefsTer8, c.1018del, chr1:46733256) in
Altai women, an ATM mutation (rs780619951) in Kha-
kas women, and a new PALB2 mutation (NM_024675:
exonl: c.47delA: p.K16Fs) in Yakut women have been
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identified using targeted sequencing [5-7]. The spec-
trum of identified mutations differs from that in the
Slavic population. The study was conducted in groups
of BC/OC patients under 50 years and/or with a pos-
itive family history. However, pathogenic mutations
were found only in a few patients in the ethnic study
groups, which indicates the need to use whole exome
sequencing. Whole exome sequencing provides capture
of coding regions of the whole genome, which will
enable identification of new genes whose pathogenic
mutations can provoke BC/OC. The widespread use of
whole exome sequencing in routine practice of clinical
laboratories is hampered by its high cost and data
arrays that require high computing power [8].

Our aim was the search for new genes associated
with hereditary BC/OC in the Tuvan ethnic group
using exome sequencing.

MATERIAL AND METHODS

The study included patients of the Cancer Research
Institute of the Tomsk National Research Medical Cen-
ter diagnosed with BC/OC (n=61) aged from 25 to
52 years (mean age 37 years) and belonging to the
Tuvan ethnic group. The diagnosis was morphologi-
cally verified. All patients signed informed consent to
participate in this study. The study was approved by
the Ethics Committee of the Cancer Research Institute
of the Tomsk National Research Medical Center (Pro-
tocol No. 10 of September 24, 2021).

Patients were tested for common BRCA1/2 muta-
tions. A patient with the BRCAI c.3615_3618del muta-
tion was excluded. Of the remaining patients, 23 wom-
en were selected based on a strong family history;
the material was tested for pathogenic mutations in
27 genes associated with familial cancer syndrome
(data not shown). Based on targeted sequencing data,
high cost of tests, and material requirements, 9 DNA
samples from BC/OC patients were selected.

Genomic DNA was isolated from peripheral blood
leukocytes. Libraries were prepared using a BGI Op-
timal DNA Library Prep kit. An Agilent SureSelect
Human All Exon V6 kit was used for hybridization.
High-throughput sequencing was performed on a DNA
nanoball sequencing platform (DNBSeq-G400). Exome
sequencing data were processed using the DRAGEN
Bio-IT platform v.3.9.5 (Illumina) and aligned to the
hg38 reference human genome. The quality of se-
quencing data was controlled using the MultiQC 1.11
software.

RESULTS

According to the results of numerous studies, hered-
itary BC/OC is only partially caused by mutations

in the most studied BRCA1/2 genes and other genes
associated with familial cancer syndrome (ATM, APC,
BARDI1, BRCAI1, BRCAZ2, BRIP1, CDH1, CHEK2, MLH]1,
MSH2, MSH6, MUTYH, NBN, PALB2, PMS2, PMS2CL,
PTEN, RAD50, RAD51C, RAD51D, STK11, and TP53),
which can be explained by ethnic specificity of gene
mutations, polyethnic population composition, and
an insufficient depth of the detection methods (PCR,
targeted sequencing). Obviously, the introduction and
application of the whole-genome sequencing will ex-
pand the list of candidate genes potentially involved
in the pathogenesis of familial BC/OC. For example,
in this pilot study, no BRCA1/2 pathogenic muta-
tions were identified in BC/OC patients from the Tu-
van ethnic group. For the first time, LGR4, BRWDI,
UBXNI1 pathogenic mutations and PDGFRA, CITED2,
and UBXN11 pathogenic mutations were discovered in
BC and OC patients, respectively. The LRG4, BRWDI,
UBXNI1, CITED2, and PDGFRA genes are functionally
involved in oncogenesis processes (cell cycle regula-
tion, genome stability, etc.), but their contribution to
hereditary BC/OC remains to be proven (Table 1).
PDGFRA (Platelet-Derived Growth Factor Recep-
tor A) gene. In this study, a PDGFRA rs2291591 ger-
mline pathogenic mutation (NM_001347827:exon17:c.
C2345T:p.T782M) was identified for the first time in
two patients from the Tuvan ethnic group. This mu-
tation was found in a 37-year-old BC patient with a
positive family history (her father was diagnosed with
gastrointestinal cancer) and in a 37-year-old patient
with multiple primary malignancies (OC and others).
It should be noted that this variant is described in
PubMed as pathogenic, and its incidence rate varies
in different populations: 0.121 (African population)
and 0.025 (Asian population). The PDGFRA gene en-
codes the platelet-derived growth factor receptor al-
pha (PDGFRa), a representative of the family of type 3
tyrosine kinase receptors that regulate proliferation,
differentiation, cell growth, and development of gas-
trointestinal mesenchymal tumors or gastrointestinal
stromal tumors (GISTs). GISTs are a highly heteroge-
neous group of tumors that vary in their location, size,
histological cell type, grade, risk of progression, and
clinical course. It was reported that 5% of GISTs are
inherited diseases and are caused by germline muta-
tions in the PDGFR and C-KIT genes [9]. GISTs with a
mutation in the KIT receptor or PDGFRa are associat-
ed with tumor response to therapy using molecular-di-
rected (targeted) drugs (imatinib mesylate, sunitinib,
etc.). According to generally accepted concepts, GISTs
are tumors of the gastrointestinal tract, intestines,
and retroperitoneal space [10]. We performed in-depth
analysis of the literature and found that PDGFRA ger-
mline mutations were reported [11], and the PDGFRA
gene was included in the list of cancer predisposition
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TABLE 1. Pathogenic Variants of Genes Identified in BC/OC Patients from the Tuvan Ethnic Group

ﬁ‘)iitai‘taig% icCh(a)gtei- Age, years Family history Pathogenic variants of genes
T20DEO 37 — —
T21SUA 43 Grandmother: esophageal cancer LGR4:NM_001346432:exon17:c.A2459G:p.D820G
T220CH 34 Sister: thyroid cancer —
T230A 39 — BRWD1:NM_018963:exon40:c.A5573T:p.Q1858L
T270S 52 —
T1642SCHO 25 —
T17210CHB 37 Father: gastrointestinal cancer PDGFRA:NM_001347827:exonl17:c.C2345T:p.T782M
T25MCHE 32 —
T28DAA 37 Multiple primary malignancies PDGFRA:NM_001347827:exonl17:c.C2345T:p.T782M

CITED2:NM_001168388:exon2:c.510_536del:p.170_179del

genes. A case of multiple GISTs in the stomach and
small intestine in a woman with hereditary BC/OC
syndrome with a BRCA2 mutation was described [12].
The incidence of PDGFRA mutations in GISTs varies
from 1% in Taiwan to 16.4% in Germany, and 9-10% in
Russia [9], which is obviously associated with ethnic
features. Thus, we discovered a PDGFRA rs2291591
pathogenic variant (NM_001347827:exon17:c.C2345T:p.
T782M) in BC/OC patients from the Tuvan ethnic
group for the first time. The clinical significance of
the PDGFRA rs2291591 variant needs to be studied in
an expanded sample of patients.

CITED2 (Cbp/P300 Interacting Transactivator
with Glu/Asp Rich Carboxy-Terminal Domain 2) gene.
In a 37-year-old patient with multiple primary malignan-
cies (OC, endometrial cancer) and a history of infertility
(two IVF attempts), apart from the PDGFRA rs2291591
mutation, a CITED2 rs779637348 pathogenic mutation
(NM_001168388:exon2:c.510_536del:p.170_179del) was
identified. According to PubMed database, the inci-
dence rate of the rs779637348 mutation is 0.000. The
CITEDZ2 gene is a tumor suppressor gene that plays a
crucial role in fundamental cellular processes, includ-
ing proliferation, apoptosis, differentiation, migration,
and autophagy [13]. A mutation in the CITED2 gene
was described in non-syndromic primary ovarian in-
sufficiency [14]. Primary ovarian insufficiency is a clin-
ical syndrome that includes a heterogeneous group of
diseases where ovarian insufficiency is associated with
FSHR, GALT, FOXL2, INHA, EIF2B, BMP151, and AIRE
germline pathogenic mutations [15]. The percentage
of primary ovarian insufficiency is 1% in the Eastern
European female population, 1.1% in the general US
population, 1.4% in African-American women, 0.5% in
the Asian ethnic group (Chinese females), and 0.1%

in Japanese women. Thus, our data indirectly indi-
cate involvement of the CITED2 rs779637348 gene
(NM_001168388:exon2:c.510 536del:p.170_179del) in
the pathogenesis of inherited primary ovarian insuffi-
ciency in Tuvan women.

BRWDI1 (Bromodomain and WD Repeat Do-
main Containing 1) gene. A BRWDI rs147211854
germline pathogenic mutation (NM_018963:exon40:c.
A5573T:p. Q1858L) was identified in a patient with
BC diagnosed at 39 years of age. According to the
PubMed database, the BRWDI mutation rate is 0.006.
The BRWDI gene encodes bromodomain-containing
proteins that are involved in different cellular func-
tions, including transcriptional activation, SWI/SNF
chromatin remodeling, mRNA splicing, and DNA rep-
lication. Six driver genes in Paget’s disease (KMT2C,
ARID2, FSIP2, CCDC168, CASP8AP2, and BRWDI)
were identified using whole exome sequencing and
MutSigCV data analysis [16]. Thus, we did not find
any data on BRWDI germline mutations in hereditary
BC/OC. The incidence rate of the BRWDI mutation
(NM_018963:ex0n40:c.A5573T:p. Q1858L) should be
studied in an expanded sample of BC/OC patients
from the Tuvan ethnic group.

LRG4 (Leucine Rich Repeat Containing G Pro-
tein-Coupled Receptor 4) gene. A LGR4 rs34804482
mutation (NM_001346432:exon17:c.A2459G:p.D820G)
was identified in a Tuvan patient with BC diagnosed
at the age of 43 years. According to PubMed, the LGR4
mutation (NM_001346432:exon17:c.A2459G:p.D820G)
rate is 0.0000. The LGR4 gene is a new receptor of
the family of classical leucine-rich repeat-containing
G-protein-coupled receptors (LGR1 is a FSH recep-
tor; LGR2, LH receptor; and LGR3, thyrotropin re-
ceptor). LGR4 plays an important role in endocrine
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and metabolic diseases, including breast dysplasia,
osteoporosis, cardiometabolic diseases, and obesi-
ty [17]. Three rare missense variants in the LGR4
gene (NM_018490.3:c.286A>G (rs757351670) p.lle96Val,
NM_018490.3:c.1087G>T (rs117543292) p.Gly363Cys,
and NM_018490.3:¢c.2531A>G (rs34804482) p.Asp-
844Gly) were identified in six unrelated families (17 pa-
tients) affected by delayed puberty with an autosomal
dominant pattern of inheritance [18]. All six probands
were males; however, in two families, mutations were
identified in females. All probands had delayed onset
of Tanner stage G2 with low serum gonadotropin and
testosterone levels. Thus, the LGR4 pathogenic muta-
tion (NM_001346432:exon17:c.A2459G:p.D820G), which
can be associated with breast pathology and delayed
puberty, was discovered in the Tuvan women with BC
for the first time.

We also identified UBXNI11 (rs2073002071, NM _
001077262:exon11:c.1104_1181del:p.368 394del), CDCAS
(rs145033890, NC_000001.10:g.38173986_38173988del),
and NQOI (rs1800566, NM_001286137:exon4:c.C343T:p.
P115S) pathogenic mutations. The UBXN11 (UBX Do-
main Protein 11) pathogenic mutation (rs2073002071,
NM_001077262:exon11:c.1104_1181del:p.368 394del)
may be involved in the pathogenesis of malignan-
cies, but information on this mutation is too scant
to assess its significance. CDCA8 (Cell Division Cycle
Associated 8) (rs145033890, NC_000001.10:g.381739
86_38173988del) and NQO1 (NAD(P)H dehydroge-
nase 1) (rs1800566, NM_001286137:exon4:c.C343T:p.
P115S) pathogenic mutations have a high rate in the
Asian population: 0.70 and 0.44, respectively, which
is significantly higher than the expected rate for a
pathogenic mutation.

Therefore, we identified PDGFRA, CITED2, LGR4,
and BRWDI germline pathogenic mutations in BC/OC
patients from the Tuvan ethnic group. The signifi-
cance of these mutations needs to be confirmed in an
expanded sample of BC/OC patients (from the Tuvan
ethnic group). If PDGFRA, CITEDZ2, LGR4, and BRWDI
mutations are involved in the pathogenesis of heredi-
tary BC/OC and have clinical significance, this should
be considered upon examination of patients from the
Tuvan ethnic group, namely, to improve therapeutic
approaches and develop prevention programs and
guidelines for medical and genetic counseling (family
planning). It is also necessary to develop algorithms
for testing recurrent and rare variants of mutations
in the Tuvan ethnic group with BC/OC, including ex-
panded custom gene panels for high-throughput se-
quencing and rapid PCR-based kits.
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