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Abstract

Germline pathogenic variants in DNA repair genes (BRCA1/2, RAD50, RAD51D, PTEN and etc.) are
responsible for the development of hereditary breast and ovarian cancers. The large number of variants
detected by NGS technology have unknown or conflicting clinical significance. Reclassification of these variants
plays a crucial role in their application in routine laboratory practice. The aim of the current study was to
reclassify conflicting RAD51D gene variant (rs145309168) in a young Buryat breast cancer patient using the
translation-dependent nonsense-mediated mRNA decay (NMD) pathway. Material and Methods. Whole-
exome sequencing (WES) was performed in the germline DNA of 16 non-BRCA BC Buryat patients (data not
shown). The diagnosis in all patients was confirmed morphologically (T1-3N0-2M0). All tested women were
diagnosed with invasive (ductal) carcinoma of no special type. Rare variants (MAF<0.005) were analyzed to
assess their impact on the RNA splicing using in silico tools like SpliceAl, ESEFinder, RESCUE-ESE, and
EX-SKIP. Arare missense variant in the RAD51D gene (rs145309168) was identified in a 39-year-old Buryat
breast cancer patient. Frozen patient leukocytes were divided into experimental and control samples. The
samples were cultured for 5-6 days and treated with puromycin (only experimental samples) for 4—6 hours
prior to RNA isolation to avoid NMD followed by Sanger sequencing. Results. /In vitro experiments on live
leukocytes from a breast cancer patient with the ¢.932T>A variant of the RAD51D gene were conducted. cDNA
amplicons were obtained from RNA isolated from control and experimental leukocytes (treated with puromycin
to avoid nonsense-mediated decay). For an accurate assessment of splicing aberrations, transcripts from the
experimental leukocytes were compared to transcripts from control leukocytes by using Sanger sequencing.
In both cases, the presence of the studied variant in the RNA signified that the variant did not activate NMD
and therefore did not affect splicing. Conclusion. This study presents the first in vitro functional analysis of
the RAD51D variant (rs145309168) identified in a young Buryat breast cancer patient. Our experimental data
demonstrate that this variant does not disrupt normal splicing, providing evidence for its reclassification as
«Likely Benign», which is consistent with published data and previous classifications.
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AHHOTaUuA

MaToreHHble MmyTaummn B reHax penapauun OHK (takmx kak BRCA1/2, RAD50, RAD51D, PTEN w gp.) oTBeT-
CTBEHHbI 32 Pa3BuTHE HAaCcNeACTBEHHOTO paka MOSIOYHOW Xenesbl 1 AMYHMKOB. BornbLuoe KonnyecTBo BapuaHToB,
BbISIBNIAEMbIX C MOMOLLbIO TexHorormn NGS, nMetoT HEN3BECTHOE MU KOH(PIMKTHOE KMMHWYECKOE 3HaYeHue.
Peknaccrdukaumsa gaHHbIX BapyaHTOB UrpaeT peLuatoLLyto ponb B pyTUHHON nabopaTtopHoi npakTuke. Llenbio
uccrnenoBaHUA SIBANAck peknaccudukauns BapnaHta KOHNMKTHOrO 3HaveHus reHa RAD51D (rs145309168),
oBHapy>XeHHOro y MOIoAoM NaunMeHTKN OypATCKOro NMPOVCXOXAEHUS C PAKOM MOFIOYHON Xenesbl, C UCNonb30-
BaHMEM HOHCeHc-onocpeaoBaHHoro pacnaga MPHK (NMD) ¢ nocneaytowmm cekBeHMpoBaHuemM no CaHrepy.
Matepuan 1 mMetoabl. NonHo3k30MHOe cekBeHupoBaHue (WES) 6bino BbinonHeHo Ha OHK, BbigeneHHom
U3 LenbHOM KpoBU 16 NaLMEHTOK C pakoM MOIOYHOW Xenesbl BypsiTCKOro aTHOCa, Y KOTOPbIX OTCYTCTBOBamNM
MyTaummn B reHax BRCA1/2 (gaHHble He npeacTaBneHbl). [MarHo3 nauMeHTok noaTBepaeH Mopdonoruye-
ckn (T1-3N0—2MO0). Y Bcex 06cnenoBaHHbIX KEHLMH Obi AMarHoCTMpOBaH UHBA3UBHLIN (MPOTOKOBLIN) pak
MOITOYHOW Xenesbl Hecneumdmryeckoro Tuna. MaToreHHble BapnaHTbl, aCCoUMMPOBaHHbIE C 3aboneBaHueM,
He BblsIBNEHbI. [Janee Obinn npoaHanuanmpoBaHbl peakune BapnaHTel (MAF<0,005) Anst oLeHKM X BANSIHUS Ha
cnnavicnHr PHK ¢ ncnonb3oBaHnem GuovHgopmaTUyeckmx MHCTPYMeHTOoB, Takux kak SpliceAl, ESEFinder,
RESCUE-ESE n EX-SKIP. Pegkuin MucceHc-BapunaHT B reHe RAD51D (rs145309168) 6bin naeHTnduumpoBaH
y 39-neTHen nauneHTky BypsiTCKOro 3THOCa C PakoOM MOJTOYHOW Xerne3bl. 3aMOpPOXKEHHbIE NENKOLMTbLI 3TON na-
LMeHTKM ObInu pasaeneHsl Ha ABe rPynbl: KCNEPUMEHTAIbHYH0 U KOHTPonbHY0. ObpasLbl KynsTYBMPOBanu B
TevyeHue 5—6 AHen 1 obpabaTtbiBany NypoMULMHOM (TOMNBKO KCMEPUMEHTArbHYHO rpynny) B TeveHne 4—6 4 nepeq
Bbigenenvem PHK gnsa npegotepaweHnsa NMD c nocnegytowmm cekBeHmpoBaHuem no CaHrepy. PesynbTathbl.
In vitro akCnepuMeHTbl NPOBOAMINCH Ha XMBbIX NIENKOLMTaX NaLMEHTKN C PaKOM MOITOYHOW XXenesbl, UMetoLLe
BapuaHT ¢.932T>A reHa RAD51D. AmnnukoHbl KOHK 6binv nonyyensl n3 PHK, BblgeneHHON 13 KOHTPOSbHbIX
N 3KCMEPMMEHTarbHbIX NENKounToB (06paboTaHHbIX MypOMULMHOM ANs NpeaoTBpaLleHns aerpagaumm, ono-
cpenoBaHHor NMD). [Ins To4HOW oueHKM abeppaumii cnnancuHra TPaHCKPUNTbl 9KCNEPUMEHTarbHbIX NENKo-
LMTOB CPaBHMUBANMUCh C TPAHCKPUNTaMy KOHTPOMbHbIX KYMTYp NENKOLMTOB C MOMOLLbIO CEKBEHMPOBAHMS MO
CaHrepy. NocnepnosartensHocTn TpaHckpuntoB kAHK cpaBHMBaeMbix 06pa3LoB B 000MX Cy4Yasix COXpaHsAT
n3y4aeMblli BapyaHT, YTO yKa3blBaeT Ha TO, YTO BapuaHT He aktuBupyeT NMD u, cnegoBatenbHo, He BNUSIET Ha
cnnavicuHr. 3aknto4veHue. B faHHOM nccrneoBaHUM BNepBble NPeACcTaBrieH in vitro aHanus Bapnaita RAD51D
(rs145309168), HangeHHOro y MOMOAON MauMEHTKM BypAaTCKOro STHOCa C pakoM MOJIOMHOM »eresbl. Haium
3KCrnepuMeHTarnbHble AaHHblE JEMOHCTPUPYIOT, YTO BapuaHT €.932T>A He HapyLLaeT HopMaribHbIN CAaNCUHT,
YTO CMYXXMT OCHOBaHMEM ANs peknaccudmkaumm gaHHoro « KoHnnkTHoro BapmaHTta» Ha «BeposTHo 4o6po-
Ka4yeCTBEHHbINY, YTO COrmacyeTcs C nMTepaTypHbIMU SaHHBIMW U AaHHBIMU PaHHMX KnaccudmKaLumii.

KnioueBble cnoBa: MPHK, reH penapauuu OHK, RAD51D, pak MONOYHOW Xerne3bl, 3THAYECKME rpynnbl,
OypAThLI, HeeBponeouabl.

Introduction

Breast cancer (BC) is the most common cancer
among women globally. Approximately 5-10 % of
all breast cancers are hereditary [1]. Germline patho-
genic variants in DNA repair genes, notably BRCA1/2,
RAD51C/D, PTEN, and others, significantly increase
lifetime breast and ovarian cancer risk. The presence

CUBUPCKIY OHKONOTMYECKW XXYPHAT. 2026; 25(1): 46-53

of the pathogenic variant offers certain advantages in
treatment (personalized treatment using PARP inhibi-
tors), enables disease prognosis, and helps assess the
risk of BC among family relatives.

However, only 2—-15 % of patients tested for mu-
tations carry pathogenic variants, with the remainder
having variants of uncertain significance (VUS) or
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Table/Tabnuua

Sanger sequencing PCR primers for conflicting variant of gene
RAD51D rs145309168 (c.932T>A:p.lle311Asn)

Mpaitmepbl Ana cekseHMpoBaHuA No CaHrepy KOHMMKTHOro BapnaHTa reHa
RADS51D rs145309168 (c.932T>A:p.lle311Asn)

PCR primers/ITLIP npaiimepst

RADS1D-cDNA-F
RADS51D-cDNA-R

ITpumeuanue: Tabnuia coOCTaBICHA aBTOPAMH.

Note: created by the authors.

conflicting pathogenicity classifications. VUS may
pose a significant diagnostic challenge. On the other
hand, VUS in genetic testing may be upgraded to
Likely Pathogenic or Pathogenic as more evidence
becomes available through research (familial segrega-
tion analysis, re-evaluation) [2]. The primary research
method for VUS classification currently involves
analyzing the variant frequency in population, which
is not applicable to small understudied ethnic groups
or rare variants. Therefore, the alternative approaches
are necessary to reclassify variants (in silico or in vitro
analysis). In recent years, there has been a steady in-
crease in the number of bioinformatics tools (in silico)
for predicting variant pathogenicity. Despite advances
in the development of in silico algorithms for predict-
ing variant effects, functional analysis modeling the
effect at the transcriptional or post-transcriptional
level remains the classical method to confirm the
pathogenicity of variants. One such system is the
translation-dependent nonsense-mediated mRNA
decay (NMD) pathway that recognizes and eliminates
mRNAs encoding truncated and full-length proteins
with no or undesired functions [3].

In our study, we focused on the conflicting RADS5 1D
gene variant (rs145309168). Our previous research
has shown that mutations in the RAD51D gene play
a significant role in the pathogenesis of breast cancer
in Buryat [4, 5]. Furthermore, data from the literature
indicate that RADS51D gene variant (rs145309168) is
rare (allele frequency is 0.003298 in Asian populations
compared to 0.00007798 in Caucasian populations)
and its pathogenetic significance remains conflicting
due to a lack of in vitro studies [6—10].

The aim of the current study was to reclassify
conflicting RADS51D gene variant (rs145309168) in
a young Buryat BC patient using the translation-
dependent nonsense-mediated mRNA decay (NMD)
pathway followed by Sanger sequencing.

Material and Methods

The study included 16 Buryat BC patients (the
median age was 37 + 7.94 years) who were treated at
the Cancer Research Institute of the Tomsk National
Research Medical Center. The diagnosis in all patients
was histologically confirmed (T1-3N0-2MO0). All
tested women were diagnosed with invasive (ductal)

48

Nucleotide sequence/

Hyxneotnanas nocinenoBaTebHOCTh

5'- CAAACCTGCCCTCGGAC-3'
5'- TTTCTGGGTCCTCGCAAT-3'

carcinoma of no special type. All patients provided
signed informed consent to participate in the study.

Whole-exome sequencing (WES) was performed
in the germline DNA of non-BRCA patients (data not
shown). Rare variants (MAF<0.005) were analyzed
using in silico tools to assess their impact on the RNA
splicing. Disruption/creation of splice sites was evalu-
ated using SpliceAl, ESEFinder, and RESCUE-ESE.
The EX-SKIP were used to examine the effects on
exonic splicing enhancer (ESE) and silencer binding
sites (ESS) that play a crucial role in correct splice-site
identification or relevant regulation of splicing [11].

Frozen patient leukocytes were divided into ex-
perimental and control samples. The samples were
cultured for 5-6 days and treated with puromycin (only
experimental samples) for 4-6 hours prior to RNA
isolation to avoid nonsense-mediated decay (NMD)
[12]. Total RNA was isolated using the RNAeasy kit
(Qiagen) according to the manufacturer instructions. A
1.0 ug of total RN'A was reverse transcribed using ran-
dom primers and SuperScript Il reverse transcriptase
(Invitrogen, Carlsbad, CA, USA). For an accurate as-
sessment of splicing aberrations, transcripts from the
experimental leukocytes were compared to transcripts
from control leukocyte cultures using Sanger sequenc-
ing (Figure 1). PCR primers were designed according
to the ENIGMA recommendations (Table).

Results

A rare missense variant in the RADS51D gene was
identified in a 39-year-old Buryat patient diagnosed
with stage T2N3MO left-sided invasive luminal B
breast carcinoma using whole-exome sequencing anal-
ysis. The identified variant (c.932T>A, p.lle311Asn,
rs145309168) of the RADS5 1D gene resides on chromo-
some 17 (chr 17:35101008A>T (hg38)) and leads to an
amino acid substitution at the protein level. According
to the gnomAD database (v4.1.0), the minor allele
frequency is 0.0001 [6]. However, in the dbPubMed
ClinVar database, this substitution has been classi-
fied as a variant of conflicting significance (reported
from a variant of uncertain to benign significance). /n
silico analysis provides that it can be likely deleteri-
ous (PrimateAI-3D is 0.77), or moderate pathogenic
(SIFT). According to the ESEfinder and RESCUE-ESE
tools, the studied RADS5 1D gene variant affects exonic

SIBERIAN JOURNAL OF ONCOLOGY. 2026; 25(1): 46-53
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Fig. 1. Design of the study. 1. Buryat female patients (37 + 7,94 years) with BC were tested using NGS; 2. The patient samples were cul-
tured for 5-6 days and treated with puromycin (only experimental samples) for 4—6 hours before RNA extraction to inhibit NMD; 3. Total
RNA was isolated using the RNeasy Kit (Qiagen). Reverse transcription was performed with random primers and SuperScript || Reverse
Transcriptase (Invitrogen, USA); 4. Transcripts from the experimental leukocytes were compared to transcripts from control leukocyte
cultures using Sanger sequencing. Note: created by the authors
Puc. 1. nsaiiH uccnegosanus. 1. Matepuan naumeHTok BypsTckon HaumoHanbHocTv (37 7,94 roga) ¢ AnarHo3oM pak MOSio4Hon
Xenesbl M3y4eH ¢ ncnonb3osaHveM TexHonornn NGS. 2. O6pasLibl NerikoLMTOB NaUNeHTKN KyNsTUBMPOBany B TedeHne 5—-6 aHen un
obpabaTbiBany MypoMMLIMHOM (TOMbKO aKCNepUMeHTanbHble 06pasLibl) B TeveHne 4—6 4 nepep, akcTpakumen PHK ans nHrmbuposaxus
NMD. 3. ToranbHyto PHK Bblgensnu ¢ nomoupto Habopa RNeasy Kit (Qiagen). O6paTHyto TpaHCKpUNLMIO NPOBOAUIN C UCMOSNb30BaHM-
€M cryyanHbIX npaiMepoB 1 obpatHon TpaHckpunTasbl SuperScript Il (Invitrogen, CLUA). 4. TpaHckpunTtbl KAHK 13 akcnepumeHTans-
HbIX NENKOLMTOB CpaBHMBaNu ¢ TpaHckpuntamun k[HK 13 KOHTPOMbHbIX KynbTyp NENKOLMTOB NaLMEHTKN C NMOMOLLbI0 CEKBEHMPOBAHNUSA
no CaHrepy. [MpyMeyaHne: pucyHOK BbIMONHEH aBTopamm
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Fig. 2. Sequencing chromatogram of RAD51D gene cDNA (rs145309168), in vitro functional assays. a — cDNA sequencing chromatogram,
obtained via Nucleotide BLAST, shows an inter-exonic region, the mutation site (red); b — cDNA sequencing chromatogram of the sample
without puromycin treatment shows the ¢.932T>A (W) substitution in the RAD51D gene; c — cDNA sequencing chromatogram of the puro-
mycin-treated sample (with NMD inhibited) also shows the ¢.932T>A (W) substitution in the RAD51D gene. Note: created by the authors
Puc. 2. XpomaTorpamma cekseHupoBaHusi KQHK reHa RAD51D (rs145309168), dyHKUMOHaNbHbIe NccrneaoBaHus in vitro: a — xpomarto-
rpamma cekBeHupoBaHus k[HK, nonyyeHHas c nomolubtio Nucleotide BLAST, nokasbliBatoLLas MEX3K30HHbIN PErMOH 1 MECTO MyTaLun
(kpacHsbIn); b — xpomaTorpamma ceksennpoBaHusi KAHK koHTponbHoro obpasua, 6e3 06paboTki NypoMULMHOM, NOKa3biBaloLLas 3aMeHy
€.932T>A (W) B reHe RAD51D; ¢ — xpomaTorpamma cekseHupoBaHusi kKQHK akcnepumeHTanbHoro obpasua, obpaboTtaHHOro nypomMumum-
HoM (c nHrnéuposaHnem NMD), Takke nokasbiBatowasi 3ameHy ¢.932T>A (W) B reHe RAD51D.
MpuMeYaHne: pucyHOK BbINOSIHEH aBTOpaMu
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splicing enhancers (ESE) playing a crucial role in cor-
rect splice-site identification or relevant regulation of
splicing (ESEfinder (https://esefinder.ahc.umn.edu/
tools/ESE2/ESEbkgr.html, https://esefinder.ahc.umn.
edu/cgi-bin/tools/ESE3/esefinder.cgi) and RESCUE-
ESE (http://hollywood.mit.edu/burgelab/rescue-ese/).
We performed a functional analysis of the ¢.932T>A
mutation in the RAD5 1D gene, which plays a key role
in homologous recombination.

In our study, we conducted in vitro experiments
on live leukocytes from a breast cancer patient with
the ¢.932T>A variant of the RADS51D gene to as-
sess nonsense-mediated RNA degradation. cDNA
amplicons were obtained from RNA isolated from
control and experimental leukocytes. The primers
were designed for the inter-exon region between exons
9 and 10, as shown in Figure 2a. For an accurate as-
sessment of splicing aberrations, transcripts from the
experimental leukocytes (treated with puromycin to
avoid nonsense-mediated decay) were compared to
transcripts from control leukocyte cultures by using
Sanger sequencing (Figure 2b-c). Figure 2b-c shows
the transcript sequences of the compared samples (leu-
kocytes treated (experimental) and untreated (control)
with purimycin). In both cases, the RNA retains the
presence of the studied variant, indicating that the
variant does not activate NMD and does not affect
splicing. If the variant affects splicing (pathogenic),
nonsense-mediated degradation destroys the amplicon
containing the damaging variant.

We found that this variant did not affect splicing
and did not activate the nonsense-mediated RNA
degradation mechanism.

Discussion

Our study was dedicated to investigating hereditary
breast cancer in the Buryat ethnic group, as the absence
of BRCA1/2 gene mutations had previously been dem-
onstrated in this population. Furthermore, we had ear-
lier identified the pathogenic variant ¢.757C>T in the
RADS5 1D gene, which was subsequently classified as
a founder mutation for the Buryat ethnic group [3, 4].
According to Yao etal., ¢.757C>T in the RAD5 1D gene
is a founder variant in the Chinese population, and its
presence serves as an indication for the successful use
of PARP inhibitors [ 13]. Therefore, other alterations in
the RADS5 1D gene may significantly contribute to the
pathogenesis of hereditary breast cancer in the Buryat
ethnic group. In this study, we continued the search
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