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OT PEOAKTOPA / FROM THE EDITOR

Winter School on Cytogenomics

n the early 2000s, the possibilities of
classical and molecular cytogenetics
in the study of chromosomal abnor-
malities in humans were significantly
expanded by the emerging technolo-
gies of genomic analysis. The use of
chromosomal microarray analysis,
various modifications of next-genera-
tion sequencing, chromosome confor-
mation capture, and optical genome
mapping marked the beginning of a
new cytogenomic era in cytogenetics.
The combination of cytogenetic and
genomic technologies has opened up
new perspectives in the diagnosis of
complex and submicroscopic chromo-
somal aberrations. The Winter School
on Cytogenomics, held in Tomsk on
November 25-29, 2024, was devoted
to discussing these current trends.
The event was organized by the Re-
search Institute of Medical Genetics of
the Tomsk National Research Medical
Center of the Russian Academy of Sci-
ences. It was dedicated to the memory
of Corresponding Member of the Rus-
sian Academy of Medical Sciences,
Professor Sergey Nazarenko — founder
and first head of the Laboratory of Cy-
togenetics at the Institute, and also co-
incided to the 25th Anniversary of the
Medical Genetics Division of the Sibe-
rian State Medical University. Lectures
were delivered by Russian and foreign
experts in the field of clinical cytoge-
netics and cytogenomics — N. Rubtsov
(Novosibirsk), I. Lebedev (Tomsk),
N. Shilova (Moscow), V. Chernykh
(Moscow), V. Fishman (Novosibirsk),
T. Liehr (Germany), M. Zamani-
Esteki (Netherlands), P. Li (USA),
J. Vermeesch (Belgium). Workshops
were held on chromosomal microarray
analysis (CMA), fluorescent in situ
hybridization (FISH), quantitative
real time PCR, as well as on the clini-
cal interpretation of the CMA results.
Within the framework of the School, a
competition for talks by young scien-
tists was organized, the participants
of which and their colleagues had the

Vavilov Journal of Genetics and Breeding. 2025;29(5):619-620
doi 10.18699/vjgb-25-66

opportunity to present their research on the pages of this
Issue in the section “Medical cytogenomics”.

The Issue opens with an article by V.P. Pushkarev and co-
authors “Molecular genetic study of triploidy and the hyda-
tidiform mole in pregnancy loss: analysis of 10,000 consecu-
tive cases”. By studying a significant samples of spontaneous
abortions using quantitative fluorescent PCR, the frequency
of complete hydatidiform mole was determined. This pa-
thology arises due to genomic imprinting effects caused by
abnormal combination of parental haploid genomes in the
zygote — specifically two paternal genomes in the absence
of a maternal one. The frequency was estimated as 0.11 %
and it was close to the epidemiological data typical for
European populations.

The article by A.S. Iakovleva and co-authors presents a
case involving a combination of low-level mosaicism for
trisomy 9 and uniparental disomy of the same chromosome.
The use of a CMA and FISH made it possible to describe
the mosaic karyotype in detail and demonstrate that such a
combination of chromosomal abnormalities is a consequence
of postzygotic trisomy rescue. It is noteworthy that trisomy
in the zygote arose as a result of an error in the meiosis I,
as indicated by the alternation of iso- and heterodisomy sites
in uniparental disomy.

The article by A.E. Kopytova and co-authors presents
a family case of Xq28 chromosome duplication. The area
of revealed copy number gain overlaps with the region
of chromosome Xq28 duplication syndrome. However,
both brothers and their mother carry a rare, non-classical
duplication. That is why the use of common algorithms for
classifying the clinical significance of duplication defines
it as a variant of unknown clinical significance. However,
given the asymmetric inactivation of the X chromosome in
a mother, healthy carrier of the duplication, the authors rea-
sonably suggest considering this duplication as pathogenic.

The article by G.D. Moskvitin and co-authors presents
a case of interstitial deletion 6p22.3-p24.3 in monozygotic
twins from Yakutia with severe speech delay, intellectual
disability and congenital malformations. The study high-
lights the importance of CMA in diagnosis of chromosomal
disorders and discusses the challenges in establishing gene-
phenotype correlations.

In their article, M.M. Antonova and co-authors examine
the meiotic segregation features of the paracentric inversion
inv(7)(q11.23g22), one of the most frequent in the human
karyotype. FISH analysis of spermatozoa in the inversion
carrier allowed to establish the predominant and almost
equally proportions of gametes with inversion and intact
chromosome 7. Recombinant chromosomes were noted in
0.7 % of gametes only, confirming the presence of crossing
over in the inversion loop.



Finally, the article by A.V. Vozilova and co-authors de-
scribes the segregation of a balanced translocation t(3;10)
(p25;p15) across seven family members spanning three
generations. The structure of chromosomal rearrange-
ment and the products of its meiotic segregation, includ-
ing unbalanced translocations, were investigated using
CMA and clinical exome sequencing. The mechanisms of
formation and clinical features of segmental aneuploidy
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in the terminal regions of chromosomes 3 and 10 are
discussed.

The articles in the section “Medical cytogenomics” of this
Issue demonstrate the potential of current cytogenomic tech-
nologies in diagnosing of chromosomal disorders and repro-
ductive abnormalities. It is important that these technologies
are available in national research centers that have presented
their results at the Winter School on Cytogenomics.

LN. Lebedev, Corresponding Member
of the Russian Academy of Sciences,
Doctor of Biological Sciences,
Chairman of the Program Committee
of the Winter School on Cytogenomics,
Executive editor of the Issue
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Molecular genetic study of triploidy and the hydatidiform mole
in pregnancy loss: analysis of 10,000 consecutive cases
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Abstract. Approximately 10-15 % of clinically recognized pregnancies result in miscarriage, with chromosomal
abnormalities identified in about 50 % of early pregnancy losses (PL). Triploidy accounts for approximately 12 % of
all chromosomal abnormalities in miscarriages. The additional haploid set of chromosomes in triploidy may be of
paternal (diandric triploidy) or maternal (digynic triploidy) origin. Diandric triploidy is associated with a partial hy-
datidiform mole (PHM), while pregnancies involving diploid embryos with two paternal genomes (and loss of the
maternal nuclear genome) are the most common cause of a complete hydatidiform mole (CHM). The hydatidiform
mole (HM) is the most prevalent form of gestational trophoblastic disease. Genotyping of products of concep-
tion (POC) is currently considered a reliable method for confirming HM and distinguishing its subtypes. The aim
of this study was to use DNA genotyping of POCs to detect cases of triploidy, estimate the frequency of HM and
its subtypes, and analyze the molecular and clinical characteristics of triploid pregnancies, CHM, and PHM in a
Russian population. Between 2018 and 2024, a total of 10,000 consecutive PL cases were analyzed at the Medical
Genetic Center Progen (Moscow). The main clinical indications included spontaneous miscarriage, missed miscar-
riage, and anembryonic pregnancy. DNA genotyping was performed using a five-color multiplex QF-PCR method,
which included profiling of 26 autosomal STR markers, as well as DYS437, DXS6809, the SRY gene, and 30 markers
from homologous regions located on different chromosomes. CHM was diagnosed based on the homozygosity
of all STR markers. Triploidy was identified by analyzing peak area ratios of non-homozygous STR markers, which
exhibited characteristic patterns of approximately 2:1 or 1:1:1. In our cohort, chromosomal abnormalities were
identified in 58.8 % of all PL cases. Triploidy was detected in 8.3 % of the total sample, representing 14.3 % of all
chromosomally abnormal POCs. Diandric triploidy accounted for 43 % of triploid cases. The prevalence of CHM
was 0.11 %. The median age of women with triploidy was 32.1 years, and 27.9 years for those with CHM. Given the
observed frequencies of PHM and CHM in our cohort, along with the relatively young maternal age associated
with these conditions, enhancing current diagnostic protocols for HM — particularly through the incorporation of
DNA genotyping of POCs - is essential for the effective prevention and timely diagnosis of post-molar malignant
neoplasms in this population.

Key words: triploidy; hydatidiform mole (complete and partial); miscarriage; quantitative fluorescent PCR (QF-PCR);
short tandem repeats (STR)
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AHHoTauuA. V13 KNMHUYeCcKn NpusHaHHbIX 6epeMmeHHocTeln 10-15 % 3aKaHUMBAOTCA BbIKMAbIWEM, U OKono 50 %
abopPTYCOB Ha PaHHKX CPOKax 6epeMeHHOCTY MMEIT XPOMOCOMHbIE aHOMaNMK. TPUMIOULNN COCTaBAAIOT NPUMep-
HO 12 % OT BCEX XPOMOCOMHbIX aHOManu1in abopTycoB. [JoNOAHUTENbHBIN FranionaHbIi HAGOP XPOMOCOM MOXKET
6bITb OTLOBCKOrO (AMaHapuyeckas TPUNIonanA) UM MaTEPUHCKOrO MPOUCXOXKAEHUA (QUrMHUYeCcKaa Tpunioun-
ava). InaHppuyeckan TpMNIouANA NPoABAAETCA YaCTUYHbIM Ny3blpHbIM 3aHocoMm (YM3). BepemeHHocTn gunnouna-
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Molecular genetic analysis of triploidy
and the hydatidiform mole in pregnancy loss

HbIMU SMOPVIOHAMV C iBYMSA reHOMaMM OTLIOBCKOTO NMPOUCXOXKAEHUA (M MoTepei MaTeprHCKOro AfepHOro reHoma)
npv3HaHbl Hanbosiee YacTol NPUYMHOW MOMHOTO My3blpHOro 3aHoca (MM3). My3bipHbIi 3aHOC (M13) - 3TO cambli
pacnpoCTpaHeHHbIN TN recTauuoHHon Tpodobnactnyeckon 6onesHun. leHOTUNMpPOBaHKE abOPTYCOB B HAcTOA-
Lee BpeMs pacCMaTprBaeTCA KaK HafeXHbli MeToh AnA noatsepxaeHusa u auddepeHuranbHON AUarHOCTUKN
noatunos M3. Lenbto gaHHoro nccnegosanHua 6bino ¢ nomowbio JHK-reHotnmposaHmsa abopTycoB npu HeBbIHa-
WwmBaHMM 6epeMeHHOCTM (HB) BbIABUTL Cilyyan TPUNAOMANM, OLEHMTb YacToTy 13, ero NoATUNOB, MONEKYNAPHO-
reHeTuYecKmne N KNMHMYeCKne oCo6eHHOCTU TpunnonaHon 6epemerHHocTy, MMN3 1 UM3 B poccminckon nonynauun.
C2018 no 2024 r. B MegUKO-reHeTnYeCckoMm LieHTpe «MporeH» (MockBa) 6binu nccnepgosaxbl 10000 nocnenosatenb-
HbiX cnyyaeB HB. OCHOBHbIMY HanpaBUTENbHbIMU AMArHO3aMu ABAAANCH CMOHTaHHbIA BbIKUAbIL, HEepPa3BMBato-
Wwanca 6epeMeHHOCTb, aHIMOpUuoHMsA. AHK-reHoTUNMPOBaHWe NPOBOAMIOCH C MOMOLLbIO METOAA MYNIbTUMAEKCHOW
K®-TMLUP, BkntouasLwero npodunuposaHue 26 aytocoMHbix STR-mapkepos, DYS437, DXS6809, SRY n 30 mapkepos
Ha rOMOMNOrMYHbIX yyacTkax nap xpomocom. Kputepmem MMM3 6bina romo3nrotHocTb Bcex STR-mapkepoB. KpuTe-
puem TpunIonaMm 6bI10 COOTHOLLEHME MAOLAAEN MUKOB BCEX HEroMO3MroTHbIX STR-MapkepoB, 6nm3koe K 2:1 nnn
1:1:1. B Hawei Bbi6opKe 13 10000 cnyyaeB Hb aHoManbHbIl KapnoTrn abopTycoB Obin BbiABNEH B 58.8 %, [ons Tpu-
nnoungun coctasusa 8.3 % ot obLyero yncna cnydaes unu 14.3 % ot abopTyCcoB C aHOMasbHbIM Kapuotunom. Jona
AvaHapuyeckon Tpunnongum coctasuna 43 %. Yactota M3 6bi1a paBHa 0.11 %. MeamnaHHbI BO3PaCT »KEHLWUH C
Tpunnoungmnen 6bin paseH 32.1 roaa, c MMN3 - 27.9 roga. YunTbiBan oLeHeHHy10 B Halleil Bbibopke yactoTy UM3 n MN3
1N OTHOCWTENbHO MONOAOW BO3PACT MXEHLUMH, Y KOTOPbIX OH BCTPeYanca, Heo6XxoAMMO COBEpPLIEHCTBOBATb NMELo-
wueca metoabl AnarHocTukm M3 (BkntoueHne JHK-reHoTNupoBaHuA) € Lenbio aieKBaTHOM NPOoPUNaKkTUKK 1 CBOe-
BPEMEHHOI ANATHOCTVKM MOCTMY3bIPHbIX 3/1I0KaYeCTBEHHbIX HOBOOOPA30BaHWI B )aHHON BO3PaCTHON rpynne.
KnioueBble cnoBa: TpUnIonans; ny3blPHbIA 3aHOC (MOMHBIN 1 YaCTUYHBIN); HEBbIHALLVIBAHNE GepPeMEeHHOCTY; KO-
yectBeHHasa dpnyopecueHTHas MUP (KO-MLP); KopoTkue TaHAeMHble nosTopbl; short tandem repeats (STR)

Introduction

Ten to fifteen percent of clinically recognized pregnancies end
in miscarriage, with approximately 50 % of early pregnancy
losses (PL) attributed to chromosomal abnormalities (Soler
etal., 2017; Essers et al., 2023). Triploidy accounts for about
12 % of all chromosomal abnormalities identified in spontane-
ous abortions (Jenderny, 2014; Soler et al., 2017).

Triploidy is a genetic anomaly in embryonic or fetal cells
characterized by the presence of three haploid sets of chro-
mosomes (37 = 69) instead of the normal diploid number. The
additional haploid set may be of paternal (diandric triploidy)
or maternal (digynic triploidy) origin. The parental origin
significantly influences the phenotypic manifestations of
triploid pregnancies and maternal complications. Diandric
triploidy most commonly arises from the fertilization of an
ovum by two sperm cells (dispermy), or less frequently by a
diploid sperm, and typically results in the development of a
partial hydatidiform mole (PHM) (Fig. 1C). According to the
concept of postzygotic diploidization of triploid cells proposed
by M.D. Golubovsky in 2003, a normal ovum fertilized by two
sperm cells may give rise to all types of hydatidiform mole
(HM), as well as to a fetus. Sporadic complete hydatidiform
mole (CHM) develops following monospermic (85 % of
cases) or dispermic (15 %) fertilization of an ovum in which
the maternal chromosomes are lost or destroyed shortly after
fertilization (Fig. 14, B). The result of monospermic fertiliza-
tion is an androgenetic diploid zygote formed by endoreplica-
tion of the paternal genome (Candelier, 2016). In 10-20 % of
cases, recurrent CHM is associated with biallelic pathogenic
variants in maternal-effect genes. The list of implicated genes
is steadily growing and currently includes NLRP7, KHDC3L,
MEIIl, TOP6BL, and REC114 (Murdoch et al., 2006; Parry et
al., 2011; Nguyen et al., 2018).

The incidence of HM varies significantly across popula-
tions, ranging from 1-2 cases per 1,000 pregnancies in Europe
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and the USA to as high as 10 per 1,000 in India and Indonesia
(Joyce et al., 2022). Both complete and partial HMs carry
the potential for malignant transformation, with the risk of
gestational trophoblastic neoplasia (GTN) being higher for
CHM than for PHM (Joyce et al., 2022).

In clinical practice, the main diagnostic tools for HM are
elevated serum levels of f-human chorionic gonadotropin
(B-hCG) — often tens of times higher than in normal pregnan-
cies — and ultrasonographic findings. A definitive diagnosis
is established through histopathological examination. How-
ever, these methods have limitations, particularly in early PL
(Fukunaga et al., 2005; Sazhenova et al., 2009; Buza, Hui,
2021).

Genotyping of products of conception (POC) is currently
considered a reliable approach for the confirmation and dif-
ferential diagnosis of HM subtypes (Furtado et al., 2013;
Ronnett, 2018; Buza, Hui, 2021). Distinguishing molar from
non-molar specimens and differentiating PHM from CHM
is critical for estimating the risk of post-molar GTN, which
varies by HM subtype and determines the length and intensity
of clinical follow-up (Buza, Hui, 2021).

The aim of the present study was to identify cases of tri-
ploidy using DNA genotyping of POCs from PL, to assess the
prevalence of HM and its subtypes, and to characterize the
molecular genetic and clinical features of triploid pregnancies,
CHM, and PHM in the Russian population.

Materials and methods

Between 2018 and 2024, a total of 10,000 consecutive cases
of PL were analyzed in the laboratory of the Medical Genetics
Center Progen (Moscow), with the majority of referrals origi-
nating from Moscow and the Moscow region. The primary
clinical indications included spontaneous miscarriage, missed
abortion, and anembryonic pregnancy. Informed consent was
obtained from all patients.
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Fig. 1. The main mechanisms of sporadic hydatidiform mole (HM) development.

Complete hydatidiform mole develops after monospermic fertilization (85 % of cases) (A) or dispermic fertilization (15 % of cases) (B), where the maternal chro-
mosomes were lost (or destroyed) immediately after conception. The result of the first scenario is an androgenetic diploid zygote with endoreplication of paternal
chromosomes (A). C - post-zygotic diploidization of triploids (Golubovsky, 2003); a normal egg is fertilized by two sperm cells, resulting in a triploid zygote, which

forms the basis for all types of HM and the fetus.

Chorionic villi, fetal membranes, and fetal tissues were
examined as biological material. DNA genotyping was per-
formed using five-color multiplex quantitative fluorescent
polymerase chain reaction (QF-PCR), which included the
profiling of 26 autosomal STR markers (D1S1656, D2S441,
D3S1358, D4S2366, D4S2408, D5S818, D6S1017, D6S474,
D7S820, D8S1179, D8S1115, D9S2157, D10S1248,
D10S1435, THO1,D12S391,D13S317, D14S608, D15S659,
D16S539, D18S535, D19S253, D20S482, D20S1082,
D21S1412, D22S1045), a Y-STR marker (DYS437), an
X-STR marker (DXS6809), the SRY gene, and 30 additional
markers targeting homologous regions of different chromo-
some pairs. The selection criteria for STR markers included an
expected heterozygosity of >0.7 and no more than 12 alleles
in the Russian population (Smolyanitsky et al., 2004; Pesik
etal., 2014; Zavarin et al., 2019).

PCR products were separated using a 3500 Genetic Ana-
lyzer (Thermo Fisher Scientific, USA), and electropherograms
were analyzed with GeneMapper Software v5 (Thermo Fisher
Scientific, USA). CHM was diagnosed based on homozygo-
sity at all STR loci (Fig. 2), while triploidy was identified by
peak area ratios of informative (heterozygous) STR markers
approximating 2:1 or 1:1:1. The parental origin of triploidy (di-

MEAUUMNHCKAA ULUTOTEHOMUKA / MEDICAL CYTOGENOMICS

andric or digynic) was determined by comparing the genotypes
of'the conceptus with those of the parents. The category “other
chromosomal abnormalities” included autosomal monosomies
and trisomies, sex chromosome aneuploidies, and complex
karyotypic abnormalities. The “euploid karyotype” group
included cases in which no chromosomal abnormalities were
detected.

Statistical analyses were performed using R software (ver-
sion 4.4.2).

Results

The median age of all women with PL was 34.6 years (inter-
quartile range (IQR): 30.3-38.3 years). The median gestational
age at PL was 7.5 embryonic weeks (IQR: 6.5-9). The sum-
mary of findings is presented in the Table.

Among 10,000 cases of PL, a normal (euploid) karyotype
was identified in 4,122 samples (41.2 %; 95 % confidence in-
terval (CI): 40.3—42.2). The median maternal age in this group
was 33.5 years (IQR: 29.6-37.1), and the median gestational
age at the time of PL was 7.5 weeks (IQR: 6.5-10).

An abnormal karyotype was detected in 5,878 cases
(58.8 %; 95 % CI: 57.8-59.7). The median maternal age in
this group was 35.4 years (IQR: 30.8-39.0), and the median
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father’s and POC'’s STR profiles are underlined. POC - product of conception.

Fig. 2. Identification of monospermic complete hydatidiform mole.

Results of the analysis of 10,000 cases of pregnancy loss

Indicator
Euploid karyotype
Abnormal karyotype, total
Autosomal, gonosomal aneuploidies, combined anomalies
Triploidy, total
69,XXY
69,XXX
69,XYY
68,XX
Diploid homozygous paternal genome

* 95 % confidence interval.

gestational age at miscarriage was 7.5 weeks (IQR: 6.5-9). Ac-
cording to the Mann—Whitney U-test, there was a statistically
significant difference in maternal age between the euploid and
aneuploid groups (W = 8,233,198, p <2.2x10716),
Triploidy was identified in 829 cases (8.3 % of all PL cases;
95 % CI: 7.8-8.8). The median maternal age in this group was
32.1 years (IQR: 28.2-35.8), and the median gestational age
at the time of PL was 8 weeks (IQR: 7-9). The parental origin
of triploidy was determined in 14 cases: digynic triploidy in

Quantity Proportion, % (95 % CI*)
4,122 41.2 (40.3-42.2)
5,878 58.8 (57.8-59.7)
5,038 50.4 (49.4-51.4)
829 8.30 (7.80-8.80)
448 4.50 (4.10-4.90)
363 3.60 (3.30-4.00)
13 0.13 (0.08-0.22)
5 0.05 (0.02-0.12)
1 0.11 (0.06-0.20)

eight cases (57 %) and diandric triploidy (partial hydatidiform
mole, PHM) in six cases (43 %). An example of digynic tri-
ploidy is presented in Figure 3, and that of diandric triploidy, in
Figure 4. Our observed digynic-to-diandric ratio is consistent
with previous reports; for example, D. Massalska et al. (2021)
identified diandric triploidy in 44.9 % of triploid cases.
Complete hydatidiform mole was identified in 11 cases
(0.11 % of all PL cases; 95 % CI: 0.06-0.20). Women in
the CHM group were the youngest among all groups, with a
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Note.* Length of alleles of informative STRs in nucleotides; ** Presence of SRY is indicated by a plus sign, absence by a minus sign. Shared alleles between the mother’s
and POC'’s STR profiles are underlined. POC - product of conception.

Fig. 3. Identification of triploidy and determination of its origin (digynic triploidy).
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Fig. 4. Identification of triploidy and determination of its origin (diandric triploidy).
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Fig. 5. Distribution of study results by gestational age at pregnancy loss.

TheY axis shows the proportion (%) and the X axis indicates gestational age at the time of pregnancy loss (in weeks). The total number of cases
is shown in parentheses below each column. Gestational age was unavailable for 148 cases. The percentage labels on the bars indicate the
proportion of each category among all cases at that specific gestational age. Bar width reflects the total number of cases at each gestational
age. Other chromosomal abnormalities include autosomal and sex chromosome trisomies and monosomies, among others. Euploid karyotype

refers to cases without chromosomal abnormalities. Triploidy indicates cases with a triploid karyotype.

median age of 27.9 years (IQR: 26.4-35.1). The median ges-
tational age at the time of PL was 6.5 weeks (IQR: 6.5-7.5).
In all 11 cases, homozygous STR profiles of the products of
conception were observed, matching the paternal STR profile
and differing from the maternal profile — consistent with a
genome derived from a single sperm cell (Fig. 2).

The majority of PL cases (80.6 %; 95 % CI: 79.8-81.3)
occurred between gestational weeks 5 and 10 (Fig. 5). PL
cases occurred before 5 weeks of gestation in 3.9 % of cases
(95 % CI: 3.54.3), and those after 10 weeks occurred in
15.6 % (95 % CI: 14.9-16.3). The highest proportion of
triploid cases occurred between 5 to 10 weeks (8.7 % of all
PL cases). Autosomal and sex chromosomal aneuploidies,
as well as combined numerical chromosomal abnormalities,
were also most common in this time window — 54 % of all
PLs. Euploid POCs were more frequently observed after
10 gestational weeks (61.7 %).

Statistical significance of the frequency distribution across
gestational age groups was assessed using Fisher’s exact test.
The comparisons yielded the following p-values: “<5 weeks”
vs. “5-10 weeks”: p = 0.0012; “<5 weeks” vs. “>10 weeks”:
p=8.6x10719;“5-10 weeks” vs. “>10 weeks”: p<2.2x 10710,

Discussion

In our cohort of 10,000 consecutive PL cases, molecular ge-
netic analysis revealed chromosomal abnormalities in 58.8 %
of samples, with triploidy accounting for 14.3 % of those with
abnormal karyotypes. Similar proportions of chromosomal
abnormalities and triploidy have been reported in studies

analyzing chorionic villi from first-trimester miscarriages
(Jenderny, 2014; Soler et al., 2017).

Approximately 80 % of PL cases occurred between ges-
tational weeks 5 and 10 (Fig. 5). Classical clinical features
of HM, such as vaginal bleeding and uterine enlargement,
are rare at these early stages. This hampers the morphologi-
cal differentiation between molar and non-molar tissue. It is
estimated that 50 % of true PHM cases may be missed by
routine histomorphology, with substantial inter- and intra-
observer variability, even among experienced pathologists
(Fukunaga et al., 2005; Hui et al., 2017). This may be due in
part to the fact that trisomies involving chromosomes 7, 8, 13,
15, 16, 18, 21, and 22 can induce villous changes that mimic
PHM (Buza, Hui, 2013; Gergely et al., 2024). These findings
underscore the importance of DNA genotyping of POCs in
differential diagnosis and in determining appropriate follow-
up and prognosis for future pregnancies.

An increased incidence of CHM has been observed among
women over 35 years of age and adolescent girls across dif-
ferent countries and ethnic groups (Hui et al., 2017). In our
cohort, no bimodal distribution was observed; the CHM group
(n = 11) had significantly younger maternal age than other
groups. This could reflect sampling limitations or the low
number of CHM cases detected.

Differentiating molar from non-molar pregnancies and
distinguishing CHM from PHM is crucial for estimating the
risk of post-molar gestational trophoblastic neoplasia, which
varies by subtype and determines follow-up duration. CHM
progresses to persistent/invasive mole in 15-20 % of cases
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and to choriocarcinoma in 2—3 %, while the risks for PHM are
lower (0.5-5 % and 0.015 %, respectively) (Buza, Hui, 2021;
Ul'rich et al., 2024). DNA genotyping of POCs is recognized
as areliable diagnostic method for HM, with validated clinical
sensitivity and specificity for both CHM and PHM (Furtado
et al., 2013; Buza, Hui, 2021).

We found limited data on HM frequency among PLs in
the Russian Federation. An analysis of statistical data on
early reproductive losses in the Ryazan region from 2017
to 2021 revealed that “hydatidiform mole was diagnosed in
exceptional cases.” (Aleshkina, Konovalov, 2023). In vari-
ous autonomous districts of the Tyumen region, during the
period from 2016 to 2021, HM accounted for 0.11-0.17 % of
pregnancies with abortive outcomes before 12 weeks of gesta-
tion (Mateykovich et al., 2023). The total number of triploid
cases identified by us (n = 829), as well as the proportion of
diandric triploidy (43 %), allow us to estimate the number
of PHM cases at approximately 350 per 10,000 cases of PL,
or 3.5 %. These findings highlight the need to revise current
diagnostic approaches. Early and accurate diagnosis of HM
is crucial for reducing complications and preserving fertility
in young women, given the risk of progression to persistent
trophoblastic disease.

A limitation of this study is the inability to identify recurrent
HM, which is an autosomal recessive condition.

Conclusion
QF-PCR-based DNA genotyping of POCs reliably detects
chromosomal abnormalities, including triploidy, CHM, and
PHM. In our cohort of 10,000 PL cases, abnormal karyotypes
were identified in 58.8 % of samples. Triploidy accounted for
8.3 % of all cases, or 14.3 % of those with abnormal karyo-
types. The frequency of CHM was 0.11 %. The median ma-
ternal age in triploidy cases was 32.1 years (IQR: 28.2-35.8),
while in CHM cases, it was 27.9 years (IQR: 26.4-35.1).
Given the observed frequency of both complete and partial
HM in our cohort, as well as the relatively young age of the
affected women, there is a pressing need to improve diag-
nostic protocols — particularly through the inclusion of DNA
genotyping of POCs — to enable timely diagnosis and prevent
post-molar malignant transformation in this age group.
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A rare case of uniparental disomy 9 concomitant
with low-level mosaicism for trisomy 9
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Abstract. Uniparental disomy of chromosome 9, in combination with low-level mosaicism for chromosome 9, re-
presents a rare chromosomal disorder. One of the mechanisms underlying the formation of uniparental disomy is the
trisomy rescue, which concurrently results in low-level mosaicism. The diagnosis of mosaic aneuploidies poses signifi-
cant challenges due to the limited sensitivity and resolution of conventional cytogenetic methods, which often fail to
detect low-level mosaicism. Additionally, the variable distribution of cell lines within the patient’s tissues, as well as the
heterogeneity of samples derived from the same tissue, complicates the precise determination of the impact of mosaic
trisomy on the phenotypic expression. Phenotypic manifestations associated with mosaic trisomy 9 are characterized
by considerable variability. During the prenatal period, intrauterine growth restriction is frequently observed in cases
of this chromosomal abnormality, although this finding is not pathognomonic for the condition. In liveborn infants
with trisomy 9 mosaicism, characteristic phenotypic features may include craniofacial anomalies (such as micrognathia
and ear malformations), scoliosis, low-set ears, feeding and respiratory difficulties, hip dysplasia, seizures, and develop-
mental delays. To establish a diagnosis in a patient presenting with multiple dysembryogenic stigmata and psycho-
motor retardation, a comprehensive molecular cytogenetic analysis was conducted. This included high-resolution
chromosomal microarray analysis (CMA) and fluorescence in situ hybridization (FISH) using targeted DNA probes. CMA
identified regions of loss of heterozygosity (LOH) on chromosome 9, indicative of uniparental disomy, and suggested
the presence of low-level mosaicism for trisomy 9. Subsequent FISH analysis of cultured lymphocytes, employing DNA
probes specific to various regions of chromosome 9, confirmed the low-level mosaicism for trisomy 9. The results of
our study are consistent with the idea that mosaicism for chromosome 9, particularly when combined with uniparental
disomy, constitutes a complex genetic anomaly that can lead to a spectrum of phenotypic manifestations, including
developmental delay, growth abnormalities, and behavioral anomalies. CMA and FISH are highly effective methods for
the diagnosis of uniparental disomy and low-level mosaicism involving chromosome 9.
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Penkuii cyyai ogHOPOANTENIbCKOV JMICOMUY XPOMOCOMBI 9
B cOUeTaHNM C MO3auII3MOM I10 TPUCOMMUM 9
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AHHoTauuA. OgHopoanTenbCcKkasa AUCOMUA XPOMOCOMbI 9 B COYETaHMM C MO3anLM3MOM HU3KOrO YPOBHA XPOMOCO-
Mbl 9 — peAKoe XPOMOCOMHOe HapylieHne. OfnH 13 MexaHu3mMoB GOPMMPOBaHNA OLHOPOAUTENLCKON ANCOMUN —
KOPpPEeKUMA aHeynnouanm, NprBOAALLAA TakKe K MO3anLM3My HU3KOro YPOBHA. TPYAHOCTU ANArHOCTUKM MO3aUYHbIX
aHeynnounanin CBA3aHbl C OrPaHNYEHNAMN B YyBCTBUTENBHOCTY 1 pa3peLuaoLleil CiocobHOCTM CTaHAAPTHBIX LUTore-
HEeTNYEeCKUX METOLO0B, 3aTPYAHAIOLLMX BbIABIEHNE MO3auLu3Ma HU3KOTo YPOBHSA. Pa3nnyHoe COOTHOLLEHME KITETOUYHbIX
JIMHUIA B TKAHAX MauMeHTa UM HEOAHOPOAHOCTb 06Pa3LLOB OAHON U TOW e TKaHW He MO3BOJIAT OAHO3HAUYHO onpe-
LennTb BAVAHNE MO3anyHON Tprcommm Ha dopmrpoBaHue deHoTuna naureHTa. DeHoTUNMYECKNe NPU3HAK MO3any-
HoW Tpucommm 9 (T9) OTNMYAOTCA WIMPOKON BaprabenbHOCTbIo. B npeHaTanbHOM nepuoge npu 3Toli XPOMOCOMHOW
NaTonorMmn YacTo OTMeYaeTCA BHYTPUYTPOOHaA 3aAepKKa Pa3BUTUA. Y KUBOPOXKAEHHbIX C MO3anL3MoMm no T9 moryT
HabsloAaTbCA XapaKTepHble GeHOTUNUYECKe 0COOEHHOCTH, TaK/e Kak YepenHo-nnLeBble aHOManum (MUMKpPOrHaTs,
AHOMANMK yLLen), CKOMMO3, HN3KO MOCAaXXEHHbIE YL, AUCMNA3na Ta306eJpEHHOrO CyCcTaBa, CyfoPOri 1 3afeprKKa pas-
BUTUSA, @ TaKXKe Npob6nemMbl C KOpMIeHNeM 1 AbixaHnem. C Lenbio yCTaHOBMEHMSA JMarHo3a Y NalneHTa C MHOXKEeCTBEH-
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A rare case of uniparental disomy 9 concomitant
with low-level mosaicism for trisomy 9

HbIMU CTUrMaMM AUCIMOPUOreHe3a 1 3afiePKKOM NCUXOMOTOPHOIO Pa3BUTUA NPOBEAEHO KOMMEKCHOe UCCefoBa-
HUEe MONeKYNAPHO-LUUTOreHeTUYECKMN MeToaMU, BKYatoLee XPOMOCOMHBIA MUKPOMATPUYHbIN aHann3 (XMA)
BbICOKOIO pa3pelueHuns 1 GnyopecueHTHyto rubpuansaumio in situ (FISH) ¢ TapretHbimm OHK-30Hgamu. XMA nokasan
Hasmuyme yyacTkoB NOTEPU FeTePO3UTOTHOCTY Ha XPOMOCOME 9, CBUAETENbCTBYOLLEE 06 OAHOPOANTENBCKOWN AUCOMUM,
1 NO3BONWI MPEANONIOKNTb MO3anLM3M HU3KOro YpoBHA no T9. lononHutenbHbin FISH-aHann3 KynbTMBUPOBaHHbIX
numooumTos ¢ JHK-30HAaMMN Ha pa3nnyHble paioHbl XPOMOCOMbI 9 MO3BOWA YCTaHOBUTL MO3anLIM3M HU3KOTO YPOB-
HA no T9. Pe3aynbraThbl Halero ncciefoBaHNA COrNacyoTcA C NpeAcTaBeHnem O TOM, YTO MO3aunLM3M Mo XpoMocome 9
B COYETaHUN C OfHOPOAUTENBCKOW ANCOMMEN ABNAETCA CNIOKHOWN reHeTUYEeCKON aHOManmner, KoTopasa MOXeT rnpree-
CTU K 3afiepKKe Pa3BUTUA, HapYLLEHNIO POCTa U 0cobeHHOCTAM nosefeHnsa. XMA u FISH — 310 addeKkTrBHbIE MeToAbI
[OMArHOCTMKN OQHOPOANTENBCKOM ANCOMUM Y MO3aMLIM3Ma HU3KOIO YPOBHSA MO TPUCOMUMN XPOMOCOMbI 9.

KntoueBble cnoBa: Mo3anLu3M; TPUCOMUA XPOMOCOMbI 9; 0AHOPOANTENbCKAA ANCOMUA XPOMOCOMbI 9; XPOMOCOMHbIN

MUKPOMATPUYHbIN aHanu3 (XMA); FISH

Introduction

Uniparental disomy (UPD) is a genetic anomaly in which
both homologs of a chromosome or chromosomal seg-
ment are inherited exclusively from one parent in contrast
to normal meiotic segregation, wherein a child inherits
one homolog from the father and one from the mother.
The term UPD was first introduced in 1980 (Engel, 1980)
based on the observation that a partial diploid DNA se-
quence, and occasionally an entire pair of chromosomes
may be inherited solely from one parent. The clinical
significance of this phenomenon was not recognized
until the 1990s when UPD was established as one of the
possible causes of two neurodevelopmental syndromes —
Prader—Willi and Angelman syndromes (Cassidy, Schwartz,
1998). UPD is subdivided into isodisomy where two identi-
cal copies of a chromosome are inherited from one pa-
rent, and heterodisomy where a pair of non-identical
homologous chromosomes is inherited from one parent
(Chen Q. et al., 2023). The frequency of UPD varies
considerably among chromosomes (Eggermann et al.,
2015). The highest UPD frequencies have been reported for
acrocentric chromosomes 13, 14, 15, 21, and 22 due to their
involvement in Robertsonian translocations — chromoso-
mal rearrangements resulting from the fusion of the
long arms and centromeres of two acrocentric chromo-
somes with the concomitant loss of material from their
short arms.

For most chromosomes, UPD has no clinical conse-
quences. However, chromosomes 6, 7, 8, 11, 13, 14, 15,
and 20 contain genes subject to parent-of-origin-specific ex-
pression (imprinting). UPD involving these chromosomes
may lead to the development of corresponding imprin-
ting disorders as well as autosomal recessive diseases or
X-linked recessive disorders in females. Rare inheritance of
both sex chromosomes from a single parent may underlie
transmission of X-linked disorders from father to son (Del
Gaudio et al., 2020).

The clinical manifestations of UPD may range from
varying degrees of intellectual disability and/or syndromes
involving multiple congenital anomalies to an asympto-
matic presentation. However, UPD involving autosomes
is most frequently associated with intrauterine growth
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restriction, dysmorphic features, or multiple congenital
malformations (Kotzot, 2002).

The estimated prevalence of UPD is approximately one
case per 5,000 live births (Liehr, 2010). An analysis of data
from more than 4 million individuals tested by the private
genetics company 23andMe, and 431,094 participants
from the Northern European UK Biobank, demonstrated
that UPD affecting any chromosome (not only those har-
boring imprinted regions) occurs at a frequency of one in
2,000 births. Given that the 23andMe dataset primarily
includes healthy individuals from the general population,
this figure is considered a more representative estimate
of the population-level frequency of UPD. Data from
23andMe further suggest that UPD of chromosomes lacking
imprinted genes or genes associated with autosomal reces-
sive disorders is often not associated with a pathological
phenotype (Del Gaudio et al., 2020).

The most common mechanism leading to UPD is chro-
mosomal nondisjunction during meiosis or mitosis. The
principal mechanisms of UPD formation include mono-
somy rescue, trisomy rescue, mitotic error, and gamete
complementation (Nakka et al., 2019). Aneuploidy cor-
rection occurs either through loss of the third chromosome
(trisomy rescue) or duplication of a monosomic chromo-
some (monosomy rescue). Trisomy rescue may occur as a
result of anaphase lag and can contribute to UPD formation.

Trisomy 9 (T9) is a rare chromosomal abnormality that
can occur in either mosaic or non-mosaic forms (Cantl et
al., 1996). The regular (non-mosaic) form of T9 is incompa-
tible with live birth and is identified in 2.2-2.7 % of sponta-
neous abortions occurring in the first trimester of pregnancy
(Benn, Grati, 2021). Nevertheless, postnatally diagnosed
patients with mosaic T9 have been reported (Bruns, Camp-
bell, 2015). In most individuals with mosaic T9, prenatal fin-
dings include intrauterine growth restriction or low fetal
weight, oligohydramnios, placental insufficiency, prema-
ture rupture of membranes, and skeletal anomalies (Bruns,
Campbell, 2015).

Postnatally mosaic T9 is typically characterized by
multiorgan involvement, including craniofacial anomalies,
malformations of the heart, genitourinary system, skeleton,
and central nervous system, as well as abnormal ear mor-
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phology, micrognathia, and hip dysplasia. Most reported
patients also experience prenatal and perinatal complica-
tions related to respiration, growth, and feeding (Li M. et
al., 2021). The severity and frequency of developmental
anomalies and intellectual disability correlate with the pro-
portion of trisomic cells in various tissues (Lee et al., 2018).

Herein we present a rare case of chromosome 9 loss of
heterozygosity in combination with low-level mosaicism
for T9 identified in a patient with psychomotor develop-
mental delay and congenital anomalies, using a molecular
cytogenetic approach.

Clinical description of the patient

The proband is a girl, 3 years and 7 months old at the time of
examination, presenting with psychomotor developmental
delay and feeding difficulties (does not chew solid food,
experiences choking episodes). Parental ages at the time
of birth were 37 years (mother) and 29 years (father). The
child was born from the third pregnancy (I — miscarriage,
I — maternal half-sister, 13 years old). Intrauterine growth
restriction was diagnosed at 30 weeks of gestation. She
was born with a birth weight of 2,657 g (10th percentile),
length of 50 cm (10th percentile), head circumference of
32 cm (3rd percentile), and chest circumference of 31 cm
(3rd percentile). Multiple minor anomalies (dysmorphic
stigmata) of embryonic development were noted. Pheno-
type at the time of examination included: positional cranial
deformation, enophthalmos, microtia, dysplastic auricular
morphology, bilateral preauricular fistulas, congenital pto-
sis of the right upper eyelid, muscle hypotonia, bilateral
mixed conductive hearing loss, and congenital dislocation
of the right hip. Height: 89 cm (50th percentile), weight:
9.8 kg (<3rd percentile), head circumference: 45 cm (<3rd
percentile).

Early psychomotor development: did not hold her head
up, rolled from back to side by age one, does not sit inde-
pendently; vocalizations present, reaches for objects and
grasps them, makes spontaneous leg movements.

Karyotype: 46,XX — normal female.

40.24-118.cyhd cychp: LOH (segments)
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Family history is negative for hereditary disorders.

Clinical exome sequencing (covering 6,640 genes),
previously performed, revealed only variants of uncertain
clinical significance (VUS).

Materials and methods
Genomic DNA was extracted from a peripheral venous
blood sample collected in EDTA using the Gentra Pure-
gene Blood Kit Plus (Qiagen, California) according to the
manufacturer’s protocol.

Chromosomal microarray analysis (CMA) was per-
formed using the high-density CytoScan® HD Array
Kit in accordance with the manufacturer’s instructions
(Affymetrix Inc., California, USA). Data were processed,
analyzed, and normalized using Affymetrix Chromosome
Analysis Suite (ChAS) version 4.0 with reference genome
build NA33.1 (hgl9).

Fluorescence in situ hybridization (FISH) was carried
out according to the manufacturer’s protocols on chromo-
some preparations obtained from 72-hour peripheral blood
lymphocyte cultures. DNA probes targeting chromosome 9
were used: pericentromeric heterochromatin of chromo-
some 9 (SE 9 classical), and subtelomeric regions of the
short and long arms of chromosome 9 (Sub Telomere 9pter,
Sub Telomere 9qter) (KREATECH, Netherlands). The
analysis was performed using an Axiolmager M.1 epifluo-
rescence microscope (Carl Zeiss) and the Isis digital image
analysis software (MetaSystems).

Results

Chromosomal microarray analysis using high-density arrays
with genotype-informative SNP probes revealed extensive
regions of loss of heterozygosity (LOH) on chromosome 9.
In parallel, the smooth signal indicated a slight shift toward
increased copy number along the entire chromosome 9,
suggesting the presence of low-level mosaicism for T9.
The estimated level of T9 mosaicism ranged from 22 to
26 % in specific regions of the long arm of chromosome 9

(Fig. 1).
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Fig. 1. CMA results.

Molecular karyotype of the patient (according to ISCN 2020): arr[GRCh37] 9p24.2p21.1(4284369_28756447)x2 hmz, 9p21.1p13.1(32561829_40087758)x2 hmz,
9921.11921.31(71013800_81233686)x2 hmz, 9931.2933.3(110291122_126976363)x2 hmz.
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Fig. 2. FISH analysis with DNA probes for chromosome 9.

a - a metaphase spread hybridized with DNA probes targeting the subtelomeric regions of the short (green signal) and long (red signal)
arms of chromosome 9 (inverted DAPI staining). Arrows indicate the chromosome 9 homologs each exhibiting identical pericentromeric
heterochromatin block sizes; b - interphase nucleus hybridized with a DNA probe for the pericentromeric heterochromatin of the long
arm of chromosome 9. The arrow indicates a nucleus with three hybridization signals corresponding to three copies of the 9q11.1 region.

Additional FISH analysis using DNA probes targeting
the subtelomeric regions of the short and long arms of
chromosome 9 confirmed the presence of a clone with
trisomy involving the entire chromosome 9 (Fig. 2a).
T9 was detected in six out of 100 metaphase spreads analyzed:
ish 9(RH65569+, SHGC-149365+)%3[6/100]/9(RH65569+,
SHGC-149365+)x2[94/100].

To assess the level of mosaicism, interphase FISH was
performed using a DNA probe specific to the pericentro-
meric heterochromatin of the long arm of chromosome 9.
Among 300 interphase nuclei analyzed, mosaicism with
two distinct cell clones was identified: 6.7 % of cells
exhibited three copies of the D9Z5 locus, and 93.3 % of
cells contained two copies (Fig. 2b). FISH result: nuc
ish(D9Z5x%3)[20/300] (ISCN 2020).

Analysis of metaphase spreads revealed a polymorphism
in the pericentromeric heterochromatin region of chromo-
some 9. In disomic cells, both homologs exhibited hetero-
chromatin blocks of identical size. This heterochromatin
block polymorphism supports the presence of uniparental
disomy (UPD) for chromosome 9 (Liehr, 2010). Thus,
molecular cytogenetic analysis confirmed low-level mo-
saicism for T9. It can be hypothesized that following the
correction of T9 in an initially aneuploid embryo, two cell
clones emerged during ontogenesis — one trisomic and the
other disomic with UPD of chromosome 9. Parental mate-
rial was unavailable for analysis, and therefore the parental
origin of the UPD could not be determined.

Discussion

Chromosomal microarray analysis revealed four extended
regions of homozygosity on chromosome 9, with a cumu-
lative length of approximately 59 million base pairs, cor-
responding to 42 % of the total length of the chromosome.
Based on the established theory that UPD can result from
trisomy rescue, the observed LOH profile is more consistent

632

with complete UPD of chromosome 9 than with segmental
UPD. Since SNP array analysis is informative only for
isodisomy, a mixed iso-/heterodisomy of chromosome 9
is likely (Fig. 3).

According to published molecular studies, extended
regions of homozygosity on chromosome 9, detected by
SNP arrays, most likely result from postzygotic trisomy
rescue combined with mitotic recombination (Ma N.
et al., 2023). This mechanism of UPD formation implies
that low-level or cryptic mosaicism is likely present in
many cases, particularly for chromosome 9 (Eggermann
etal., 2018).

Trisomy 9 is most commonly detected during prenatal
cytogenetic testing in extraembryonic tissues. When only
a few abnormal cells are found in amniotic fluid cultures,
regular T9 is frequently observed in chorionic villi, indi-
cating confined placental mosaicism (CPM) (Ma N. et al.,
2023). Chromosome 9 UPD is a rare genetic anomaly and
is generally identified during prenatal diagnosis of mo-
saic trisomy 9. The first case demonstrating that trisomy
rescue can result in a fetus with UPD of chromosome 9 was
reported as early as 1992 (Willatt et al., 1992).

A particular diagnostic challenge in CPM involving
trisomy is the risk of associated UPD, especially when the
aneuploid chromosome harbors imprinted genes (Kotzot,
2002). Postzygotic correction of trisomy may occur in
embryonic tissues, while the placenta remains partially or
fully trisomic. The frequency of UPD in the setting of CPM
is approximately 2 % (Malvestiti et al., 2015).

Current knowledge regarding the pathogenic mecha-
nisms of UPD remains limited. UPD can affect phenotype
through various pathways. The abnormal phenotype may
result from imprinting, mosaicism for T9, or recessive
mutations. In cases of isodisomy, the risk of monogenic
disorders increases due to homozygosity for recessive al-
leles (Spence et al., 1988; Quan et al., 1997). For example,
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UPD of chromosome 9 has been associ-
ated with Leigh syndrome (Tiranti et al.,
1999; Xiao et al., 2019), cartilage-hair
hypoplasia (Sulisalo et al., 1997), and
amyotrophic lateral sclerosis (Yang et al.,
2014). Whole-exome sequencing in our
patient did not reveal pathogenic variants
on chromosome 9, suggesting the absence
of autosomal recessive disorders.

Another pathogenic effect of UPD
may involve genomic imprinting which
refers to parent-of-origin-specific gene
expression. However, it has been shown
that UPD of chromosome 9 does not
result in an abnormal phenotype (Bjorck
et al., 1999). Chromosome 9 harbors the
imprinted gene GLIS3, which is expressed
from the paternal allele, but this gene has
not been linked to the clinical features
observed in our patient.

Literature analysis shows that UPD of
chromosome 9, whether maternal or pater-
nal in origin, in the absence of trisomy, is
not associated with developmental abnor-
malities or phenotypic deviations typically
observed in T9 cases (see the Table).

Patients with mosaic T9 exhibit a
broad spectrum of clinical manifestations
affecting multiple organ systems. Cranio-
facial dysmorphism, cardiac anomalies,
genitourinary defects, skeletal and central
nervous system abnormalities are most
frequently observed. Global develop-
mental delay is also commonly reported
(Li M. et al., 2021). The mild phenotypic
features observed in our patient are most
likely attributable to the low proportion of
T9-positive cells. Birth weight 0of 2,657 g
(10th percentile), length of 50 cm (10th
percentile), head circumference of 32 cm
(3rd percentile), and chest circumfer-
ence of 31 cm (3rd percentile) indicate
intrauterine growth restriction, likely
associated with placental dysfunction
potentially caused by confined placental
mosaicism for T9. Since no prenatal cy-
togenetic testing was conducted in this
case, the presence of mosaicism for T9 in
both extraembryonic and embryonic tis-
sues can only be presumed. Nevertheless,
several reported cases indicate favorable
pregnancy outcomes in instances of UPD
of chromosome 9 combined with low-level
mosaic T9 diagnosed prenatally (Chen Q.
etal., 2023).

FISH-based assessment of mosaicism
significantly improves the sensitivity for
detecting low-level mosaicism. Unfor-
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Developing gametocyte containing
two homologs of chromosome 9

DNA replication during prophase | of meiosis

Recombination between homologous
chromosomes during metaphase | of meiosis

Chromosome segregation
during anaphase | of meiosis

Meiosis Il with nondisjunction
of chromosome 9

Fertilization
of a disomic gamete

Clone formed by anaphase lag.
A chromosome 9 is formed
with alternating regions
of iso- and heterodisomy —
UPD with segments of both types

Trisomic
clone

93.3% 6.7 %

Fig. 3. Schematic representation of the formation of mixed uniparental iso-/heterodisomy
of chromosome 9 with T9 mosaicism.

tunately, in our case, peripheral blood was the only available tissue. It is
possible that FISH analysis of additional tissues — derived from different
germ layers — could provide insights into the distribution of abnormal cells
and their tissue-specific phenotypic effects.

Conclusion

UPD of chromosome 9 is a rare genetic anomaly, it may have clinical
significance due to imprinting defects and the manifestation of autosomal
recessive disorders.
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Published data on the correlation between clinical features, karyotype, and T9

No. Age UPD mat/pat Karyotype Sample Clinical features Reference
1 34years mat 46,XX,i(9)(p10),i(9)(q10) Blood Recurrent Bjorck et al., 1999
miscarriages
2 Fetus mat 47,XX,4+9[41/46,XX[35] Amniotic fluid No abnormalities Chen C.P.etal., 2022
46,XX Blood
3 Fetus mat 47,XX,4+9[21/46,XX[23] Amniotic fluid No abnormalities Chen C.P.etal, 2023
46,XX Blood
4 Fetus mat 46,XY Chorion IUGR, spontaneous Fritz et al., 2001
abortion at 12 weeks
5 Fetus pat 47,XXY[19]/46,XY[81] Amniotic fluid Normal at 3.5 years of age LiD.etal, 2019
47,XXY[171/46,XY[83] Cord blood
6 Fetus pat 47,XX,+9[301/46,XX[70] Maternal blood IUGR, CP, global Ma J. etal., 2015
developmental delay,
2 years 47, XX,4+9[171/46,XX[83] Buccal epithelium,  faijure to thrive

blood

Note. IUGR - intrauterine growth restriction; CP — cerebral palsy.

This clinical case describing a patient with UPD of
chromosome 9 combined with low-level mosaicism for
trisomy 9 (T9) diagnosed using chromosomal microarray
analysis and fluorescence in situ hybridization demonstrates
the effectiveness of combining modern molecular genetic
techniques.

The coexistence of UPD and T9 mosaicism may lead
to variable phenotypic manifestations depending on the
degree of mosaicism and the distribution of the trisomic
clone across different tissues (Ma N. et al., 2023).

To establish a correlation between UPD of chromosome 9
and an abnormal phenotype, it is necessary to analyze ad-
ditional tissue samples accessible for examination (e. g.,
skin fibroblasts, buccal epithelium, or urinary sediment
cells) in order to assess the extent and tissue distribution
of mosaicism. The phenomenon of UPD requires further
investigation with a focus on the identification of specific
genetic abnormalities and mosaicism patterns, which may
allow for more accurate prognostic assessment.
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Abstract. Genetic factors contribute to the etiology of intellectual disability in 25-50 % of cases. Chromosomal ab-
normalities, such as microdeletions and microduplications, are the most significant genetic causes. We examined a
family where two boys, aged 8 and 7, were diagnosed with mild intellectual disability. Using array-based comparative
genomic hybridization, we detected a duplication of Xq28 in both brothers on the X chromosome inherited from a
healthy mother with skewed (88 %) X-chromosome inactivation. The size of the rearrangement is 439.6 kilobases (kb).
Eight genes are located in this region, including F8, MTCP1, BRCC3, VBP1, RAB39B, CLIC2, FUNDC2, and CMC4. This chro-
mosomal region overlaps with the region of Xq28 duplication syndrome (OMIM 300815), characterized by intellectual
disability, behavioral and psychiatric disorders, recurrent infections, atopic diseases, and specific facial features in af-
fected male individuals. Whole-exome sequencing did not reveal pathogenic or likely pathogenic variants associated
with neurodevelopmental disorders. These disorders have been previously linked to X-linked recessive single-nucleo-
tide variants in RAB39B (OMIM 300271, 311510) and CLIC2 (OMIM 300886). An assessment of the clinical significance of
the identified duplication, using the AutoCNV internet resource and original data, allowed us to classify this variant as
pathogenic. This implies that the identified duplication may be the cause of intellectual disability in patients.
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AHHoTauuA. K HacTosLeMy BpeMeHW N3BECTHO, YTO Ha 400 reHeTUYeCKnX GakTopoB, BHOCALLMX BKMag B STUONO-
rU0 HaPYLLIEHUA UHTENNIEKTYaNIbHOrO Pa3BUTUA, MPUXOANUTCA OT 25 Ao 50 % cnydyaes. Cpeaun reHeTUYeCKUX NPUYNH
Hanbonee CyleCTBEHHYIO POJSib UFPAOT XPOMOCOMHbIE aHOMANUK, B TOM YKC/Ie MAKPOZeneLun 1 MUKPOAY -
Kauuu. Hamn obcnepoBaHa cembs, B KOTOPOW Y ABYX ManbyuvKOB B BO3pacTe 8 v 7 neT AnarHocTypoBaHa nerkas
VHTENNeKTyanbHas HeloCTaTOUHOCTb. C MOMOLLbIO MaTPUYHOW CPaBHUTENIbHON FreHOMHOW rMbpravauum y obonx
6paTbeB Oblna 06HapykeHa aynnrKkauua Xq28. MaTb ManbYMKOB ABNAETCA HOCUTENTbHULIEN TAaKOW e JyrnanKaumm
¢ 88 % cmeLLeHeM MHaKT1BaLmn X-XpoMocoMbl. Pasmep nepectpoiku coctaBun 439.6 T.n.H. B faHHOM pervioHe
NOKann3oBaHo BoceMb reHoB (F8, MTCP1, BRCC3, VBP1, RAB39B, CLIC2, FUNDC2, CMC4). PaccmaTpuriBaeMbIii XpOMO-
COMHbI PernoH nepeKkpbiBaeTcA ¢ 06nacTbio cMHapomMa gynankaumm Xq28 (OMIM 300815), xapakTepm3ytoLieroca
VNHTENNIEeKTYyasIbHOM HeJOCTaTOYHOCTbIO, MOBEAEHUYECK/MUN W MCUXMATPUYECKUMM HaPYLUEHNAMU, PeLANBHPYIO-
LWYIMU HOEKLUMAMM, aTONMYeCcKMI 3a601eBaHUAMM 11 XapaKTePHbIMY YepTamu LA y My>UmH. PaHee onncaHbl
HapyLIeHUA UHTENNEKTYaNlbHOrO Pa3BMTUA, 00YCNIOBNIEHHbIE PELIECCUBHBIMW OJHOHYKNEOTUAHbIMU BapyaHTaMu B
reHax RAB39B (OMIM 300271, OMIM 311510) n CLIC2 (OMIM 300886). [NonHO3K30MHOEe CeKBEHVPOBaHVE He BbIABY-
1O JOMOMHUTENIbHBIX NAaTOFEHHbIX 1 MOTEHLUMaNbHO NAaTOreHHbIX BapUaHTOB, aCCOLMMPOBAHHBIX C HAPYLLUEHNAMMN
WHTeNNeKTyanbHoro pas3sutma. OLeHKa KIVHNYECKON 3HaYMMOCTV OOHapy»KeHHOW AynnuKaumum C NoMOLLbI UH-
TepHeT-pecypca AutoCNV 1 cob6CTBEHHbIX AaHHbIX NO3BOAMUNA KnaccurLMPOBaTb STOT BapUAHT KaK MaTOreHHbIN,
YTO NpeAnosaraeT, YTO OH MOXKET ObITb MPUUYNHOWN NHTENNEKTYaNbHON HEAOCTaTOYHOCTM Y NaLeHTOB.

KnioueBble cnoBa: CMHAPOM Aynnukaumm Xg28; MaTpuyHas CpaBHUTENbHAA rEHOMHas rMbpuansauns; Baprauum

yncna konui yyactko [IHK (CNV); nHTennekTyanbHaa HegocTaTouHoCTb; RAB39B; CLIC2

Introduction

Intellectual disability (ID) is a group of disorders characterized
by limitations in both intellectual functioning and adaptive
behavior (cognitive, speech, social abilities). According to the
World Health Organization (2021), approximately 1-3 % of
the population suffers from various forms of ID (Schalock et
al., 2021). Genetic causes of ID are thought to be present in
25-50 % of cases (Lavrov et al., 2016).

Recent studies have shown that copy number variations
(CNVs) are found in 15-25 % of patients with ID and/or
multiple congenital anomalies (Iyer, Girirajan, 2015; Fedotov
et al., 2024) and may play an important role in the etiology
of ID. CNVs are changes in the number of copies of a speci-
fic DNA segment, such as microdeletions and microdupli-
cations, ranging from a few thousand base pairs to several
megabases (Kearney etal., 2011). Xq28 duplication syndrome
(OMIM #300815) is the most common cause of ID in men and
has several variants depending on the genes involved and the
extent of the duplication (Tolmacheva et al., 2022). The variant
associated with increased copies of the region including the
RAB39B and CLIC?2 genes is rare and has been described only
in a few studies (El-Hattab et al., 2011; Vanmarsenille et al.,
2014; Ballout et al., 2021). The manifestations of the disease
phenotype are speculated to be the result of an increased do-
sage of two genes located in the duplicated segment: RAB39B
and CLIC2. However, the underlying molecular mechanism
remains largely unknown and the contribution of excessive
RAB39B to the development of ID has yet to be confirmed
(Wang Z. et al., 2023). It is necessary to describe new cases
associated with increased doses of the RAB39B and CLIC2
genes in order to clarify their role in the etiology of ID.

MEAUUMNHCKAA ULUTOTEHOMUKA / MEDICAL CYTOGENOMICS

We presented a clinical case of two male ID patients with
a rare Xq28 duplication. The aim of this study is to describe
this duplication, which involves candidate genes RAB39B and
CLIC2 in order to better understand their effects and potential
contribution to the ID phenotype.

Materials and methods

This study was approved by the Ethics Committee of the
V.M. Bekhterev National Research Medical Center for Psy-
chiatry and Neurology of the Russian Federation Ministry
of Health (Protocol No. 3 dated 04/25/24). Written informed
consent was obtained from parents for themselves and their
children.

Peripheral blood samples from patients and their parents
were obtained from the V.M. Bekhterev National Research
Medical Center’s Biobank.

The peripheral blood of patients and their relatives was
collected in tubes containing EDTA for molecular genetic
analyses. Genomic DNA was isolated from blood using phe-
nol-chloroform extraction.

Chromosomal microarray analysis (array Comparative
Genomic Hybridization (aCGH)) was performed using
SurePrint G3 Human CGH 8x60K microarrays (Agilent
Technologies, USA) according to the manufacturer’s recom-
mendations. Detection was performed using the SureScan
Microarray Scanner (Agilent Technologies, USA). Data
were obtained using the Scan software (version 9.1.1.1) and
visualized with the Cytogenomics software (version 3.0.6.0).
Interpretation of the clinical significance of CN'Vs was carried
out in accordance with the American College of Medical Ge-
netics and Genomics (ACMG), Clinical Genomics Resource
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project and the Russian Society of Medical Geneticists (Brandt
et al., 2020; Riggs et al., 2020; Lebedev et al., 2023), as well
as the DGV, OMIM and DECIPHER databases. A detailed
analysis of the clinical signs was conducted by reviewing
literature data. The pathogenetic significance of the duplica-
tion was classified using the AutoCNV score (https://phoenix.
bgi.com/autocnv/) and the assessment of the X-chromosome
inactivation status (Tolmacheva et al., 2025). CNVs were
classified as pathogenic if they had a total score of >0.99
according to a semi-quantitative scoring system (Lebedev et
al., 2023).

To confirm a detected CNV in patients and determine its
origin, we used real-time quantitative PCR with primers
selected for exon 3 of the CMC4 gene (F 5'-CTGTCATCC
AAGAACTGCGTAA-3', R 5-TACTTTGATGCAGACTT
CCGTG-3").

X-chromosome inactivation status was determined based on
the amplification of a highly polymorphic CAG repeat in the
first exon of the androgen receptor (4R, Xq12) gene after DNA
hydrolysis with the methyl-sensitive restriction endonuclease
Hpall. PCR products were separated using fragment analysis.
The degree of inactivation<80 % was considered a random
pattern, and the degree of inactivation >80 % was considered
a skewed X-chromosome inactivation (sXCI).

Whole-exome sequencing. The libraries were prepared
using the KAPA HyperExome panel (Roche, USA), accord-
ing to the manufacturer’s protocol. The sequencing of the
converted libraries (MGI Easy Universal Library Conversion
Kit (App-A), MGI, China) was performed on a DNBSEQ-G50
NGS sequencer (MGI, China). After sequencing, FastQC was
used for quality control to assess the raw sequence data (An-
drews, 2020). The data obtained from sequencing experiments
were aligned to the human reference genome, specifically
the GRCh38 assembly, using an algorithm called Burrows—
Wheeler Aligner (BWA v.0.7.17) (http://bio-bwa.sourceforge.
net/). To eliminate possible duplication artifacts at the am-
plification stage, we used the GATK MarkDuplicates tool to
identify and remove PCR duplicates (McKenna et al., 2010).
After initial read mapping, the next steps involved recalibrat-
ing the quality scores of the reads and addressing potential
biases in short insertion/deletion calls. This was achieved
using the GATK Base Quality Score Recalibration (BQSR)
tool and GATK’s BaseRecalibrator and ApplyBQSR tools.

The search for variants was performed using GATK Hap-
lotypeCaller, after which multilevel filtering was applied:
low-quality variants were excluded (QUAL < 30, DP < 10),
frequent variants were deleted (gnomAD AF >0.01) (https://
gnomad.broadinstitute.org). The variants were annotated
using ANNOVAR (Wang K. et al., 2010) and the refGene,
ClinVar, gnomAD, and dbNSFP databases. The analysis of
rare pathogenic variants was conducted in accordance with
the criteria of the American College of Medical Genetics and
Genomics (Richards et al., 2015) and the clinical significance
ofthe variants was assessed using ClinVar (https://www.ncbi.
nlm.nih.gov/clinvar/). The predicted effect on the protein was
evaluated using in silico tools such as SIFT (http://sift.jcvi.
org), PolyPhen-2 (http://genetics.bwh.harvard.edu/wiki/pph2/
about) and PROVEAN (http://provean.jcvi.org/index.php).
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A family case
of a rare Xq28 duplication

Results

A family with two patients, A. and 1., born in 2015 and 2017,
respectively, who have intellectual disabilities, consulted
a psychiatrist at the Child Psychiatry Department of the
V.M. Bekhterev National Research Medical Center located in
St. Petersburg to clarify their diagnosis and select treatment.
The patients were admitted to the hospital together with their
mother to receive treatment.

Patient A. An 8-year-old boy, born in 2015, Lezgin by
nationality, has a family history of hereditary diseases. His
younger brother has ID. He could sit since he was 7 months
old, and walk since he was 1 year and 4 months old. Speech
in the form of individual words began to appear around the
age of 3.5. The perinatal period was burdened with compli-
cations, including a threat of pregnancy termination, anemia,
and chronic fetal hypoxia. Urgent delivery was conducted
by elective cesarean section at 41 weeks, birth weight was
3,500 grams (50th percentile), head circumference at birth
was 35 cm (25th percentile), Apgar score was 7/7. During
the neonatal period, the baby experienced prolonged jaundice
and had feeding problems. He was also seen by an orthopedic
specialist for diagnosis of pes valgus. Due to delays in speech
development, the child was referred to a speech therapist.
A speech delay of level III was identified, along with pseu-
dobulbar dysarthria. The patient’s height is 122 cm, weight
is 24 kg at the time of examination.

By the time of treatment, his clinical picture showed signs of
attention deficit hyperactivity disorder, aggression, tantrums,
resistance to restrictions, lack of interest in studying, and sleep
disturbance. He was consulted by a clinical psychologist for
further evaluation. According to the results of the assessment,
the psychologist identified an uneven intellectual development
in the child, with a delay in verbal intelligence and difficul-
ties with certain cognitive processes (attention, exhaustion
of mental processes) of the organic type. During the work
process, the boy required individual support due to his lack
of self-organization skills and attention difficulties. In formal
terms, according to the Wexler method, his verbal intellectual
index (VIP) was 56 (in formal numerical terms corresponds
to a mild level of underdevelopment), and his non-verbal
intellectual index (NIP) was 94 (in formal numerical terms
corresponds to the range of a low age norm).

Magnetic resonance imaging (MRI) of the brain did not
reveal any evidence of neoplastic or demyelinating processes
or focal changes in the brain tissue.

Video EEG monitoring of nighttime sleep revealed mode-
rate changes in the bioelectric activity of the brain, with a
predominance in the right frontocentral regions, increased
excitability in deep structures at the diencephalic level and an
increase in the phase of REM sleep 11. However, no specific
paroxysmal activity was recorded.

Based on the clinical presentation and hospital exams, a
speech delay was diagnosed in combination with intellectual
disability and specific learning difficulties. The patient also had
problems with activity and attention at the time of admission
to the study. At the time of enrollment in the study, the patient
was taking tiapride to manage excitability and aggressive
behavior.
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The results of the molecular cytogenetic analysis of the family.

A —family history; * patients examined in this study. B - chromosome X profile from array-CGH of patient I. C — the blue bar indicates the region of duplication in
the Xg28 chromosome of the patient and the genes within that region. D — Real-time PCR results (exon 3 of the CMC4 gene). The X axis — the control female DNA
and the DNA of the examined individuals; the Y axis — multiple change in the number of DNA copies. E - analysis of the X-chromosome inactivation status in a

carrier of the Xq28 duplication.

Patient I. A 7-year-old boy, born in 2017, Lezgin by na-
tionality, has a family history of hereditary diseases. His older
brother has ID. He could sit since he was 7 months old, and
walk since he was 1 year and 3 months old. Speech in the form
of individual words began to appear around the age of 3. The
perinatal period was burdened with complications, including
a threat of pregnancy termination, anemia, and chronic fetal
hypoxia. The mother gave birth by elective cesarean section
on time, birth weight was 3,950 grams (50th—75th percentile),
head circumference at birth was 37 cm (75th percentile), Apgar
score was 7/7. The patient’s height is 115 cm, weight is 20.5 kg
at the time of examination. The boy’s medical history includes
pes valgus, chest wall deformities, enuresis and constipation.
There were no visual or hearing impairments reported.

Cognitive impairments and attention deficit hyperactivity
disorder were prominent in the clinical presentation. Accord-
ing to the results of psychological assessment, delayed speech
and insufficient development of verbal and logical components
of intellectual activity were identified. In terms of formal
numbers, based on the Wexler assessment, the productivity
of intellectual functioning (for preschoolers, WPPSI) was at
a moderate level of underdevelopment (VIP = 56) and the
normative level (NIP = 100).

MRI of the brain did not reveal any evidence of neoplastic
or demyelinating processes or focal changes in the brain tissue.

Based on the clinical presentation and hospital exams, a
mild intellectual disability with severe speech disorders, at-
tention deficit hyperactivity disorder was diagnosed. At the
time of enrollment in the study, the patient was receiving
amitriptyline to manage attention disorders and hyperactivity.

The mother, born in 1988, Lezgin by nationality, has no
known health problems. Her father experienced a severe heart
attack and mother has an aggravated hernia. There were no

MEAUUMNHCKAA ULUTOTEHOMUKA / MEDICAL CYTOGENOMICS

medical or spontaneous abortions in the family’s reproductive
history. She has an older sister and a younger brother, who
also have a son and two daughters, respectively. The family
pedigree is shown in the Figure 4. The clinical manifestations
identified in the siblings were not observed in other relatives
in the family. Genitals, skin, and appendages are normal,
and the skeleton is free of pathology. Vision and hearing are
without pathology. Speech is not impaired, speech develop-
ment is timely. The gait is normal. There was one episode of
an affective phase with psychosis after childbirth.

To clarify the causes of ID development in the family we
performed a molecular cytogenetic study using array-based
comparative genomic hybridization (see the Figure). We de-
tected in both brothers a duplication of Xq28 on the X chromo-
some inherited from their healthy mother with skewed (88 %)
X-chromosome inactivation. The size of the rearrangement
is 439.6 kb. Eight genes are located in this region, including
F8 MTCPI1, BRCC3, VBP1,RAB39B, CLIC2, FUNDC?2, and
CMC4. The presence of CNV was confirmed in both siblings
and their mother using real-time PCR.

Whole-exome sequencing was performed for both siblings
to exclude other potentially pathogenic variants in the coding
regions of genes that could contribute to the development of
the disease. After analyzing the data from the exome sequence,
no pathogenic or likely pathogenic variants were found that
could explain the observed clinical picture.

Discussion

Clinical observations show that intellectual disability is more
prevalent in males than in females (Mental retardation in chil-
dren, 2024). X-linked intellectual disability (XLID) is known
to contribute to a significant proportion of ID in males, ac-
counting for approximately 10—15 % of cases (Tolmacheva et

639



E. Kopytova, E.N. Tolmacheva, D.A. Emelina ...
E.

A.
G.E. Mazo, S.N. Pchelina, I.N. Lebedev

al., 2022). To date, 114 different forms of XLID and 172 genes
have been identified, variants in which can contribute to the
development of the disorder (according to Greenwood Genetic
Center, X-Linked Intellectual Disability) (Tolmacheva et al.,
2025). Additionally, chromosomal microstructural rearrange-
ments account for approximately 5 % of all cases of XLID
(Bauters et al., 2008).

We examined a family where two boys, aged 8 and 7, were
diagnosed with mild intellectual disability and had a 439.6 kb
duplication on chromosome Xq28 inherited from a healthy
mother. Eight genes were located in this region, including
F8, MTCP1, BRCC3, VBPI, RAB39B, CLIC2, FUNDC?2,
and CMC4.

This chromosomal region overlaps with the region of Xq28
duplication syndrome (OMIM #300815). Xq28 duplication
syndrome is a genetic condition linked to the X chromo-
some, causing ID and other neurodevelopmental issues. The
syndrome is characterized by varying degrees of cognitive
impairment, typically more pronounced in males. Affected
individuals also experience a wide range of neurobehavioral
abnormalities and facial dysmorphia (El-Hattab et al., 2011,
2015; Lannoy et al., 2013; Vanmarsenille et al., 2014; Voinova
et al., 2015; Ballout et al., 2021). The main symptoms re-
ported in patients with this syndrome are listed in the Table.
In rare cases, duplication occurs de novo, but in most cases,
affected boys inherit the distal duplication of the long arm
of the X chromosome from their mothers. Heterozygous fe-
males did not show obvious clinical signs of the disease due
to nonrandom X-chromosome inactivation (Amos-Landgraf
et al., 2006; Lavrov et al., 2017; Tolmacheva et al., 2022).
Sometimes mothers may have anxiety-depressive disorders,
specific personality traits, speech difficulties, and seizures.
We found skewed X-chromosome inactivation (88 %) in the
mother with the Xq28 duplication, which may explain the lack
of clinical symptoms of ID.

X (28 region contains many sets of low-copy repeats (LCRs)
in close proximity to each other, which render this region prone
to non-allelic homologous recombination, which can lead to
the formation of gametes with reciprocal microdeletions and
microduplications (Vandewalle et al., 2009). The most fre-
quently duplicated region includes the methyl-CpG-binding
protein 2 (MECP?2) gene, with a minimum duplication size of
0.2 million bp. Patients with MECP?2 duplications have severe
ID, incurable seizures and recurrent infections. Duplications
in the telomeric regions, including the GDP 1 dissociation
inhibitor (GDI1) gene and the RAS-associated RAB39B
protein (RAB39B) gene, are independently associated with ID
(Tolmacheva et al., 2022). It has been noted that the sever-
ity of clinical symptoms in patients with duplications of the
GDI1 gene correlates with the number of copies of the gene
(Vandewalle et al., 2009). It should be noted that in the clinical
case we described, the duplicated region did not include the
MECP2 and GDII genes, but included the RAB39B gene. The
neurocognitive symptoms of the syndrome are speculated to be
the result of an increased dosage of two genes located in the
duplicated segment: RAB39B (OMIM #300271) and CLIC?2
(OMIM #300138), due to the identification of both loci within
the smallest region of the overlap between the duplicated
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segments in all affected individuals with Xq28 duplication
syndrome (Andersen et al., 2014; El-Hattab et al., 2015).

CLIC2 encodes a unique transmembrane chloride chan-
nel found in cardiac and skeletal muscle cells. This channel
interacts with the ryanodine receptor 2 (RyR2) in modulat-
ing calcium release from the sarcoplasmic reticulum within
skeletal and cardiac myocytes (Board et al., 2004; Meng et
al., 2009). Pathogenic missense variants in the CLIC2 gene
are associated with a specific form of XLID (XLID 32,
OMIM #300886) (Takano et al., 2012). The clinical manifes-
tations of XLID 32 are presented in the Table. However, the
effects of CLIC2 duplication remain uncertain, quantitative
expression analysis suggests no significant dosage sensitivity
(Vanmarsenille et al., 2014).

Another candidate gene that may contribute to the phe-
notype is RAB39B. The RAB39B gene encodes a member of
the Rab protein family, which are small GTPases involved in
intracellular signaling proteins that coordinate vesicle traffick-
ing during a variety of cellular processes, including neuronal
development and signaling (Mignogna et al., 2015). Patho-
genic missense variants in the RAB39B gene are associated
with a specific form of XLID (XLID 72 (OMIM #300271))
and Weisman syndrome (OMIM #311510). The clinical
manifestations of XLID 72 are presented in the Table. Loss
of function mutations in R4AB39B have been recently linked
to early onset of Parkinson’s disease (Wilson et al., 2014;
Lesage et al., 2015). Four men with RAB39B duplication have
been diagnosed with ID and behavioral disorders (Vanmarse-
nille et al., 2014). Additionally, overexpression of RAB39B
in mouse primary hippocampal neurons demonstrated a
significant reduction in neuronal branching and the number
of synapses, resulting in impaired neuron development and
synaptic dysfunction (Vanmarsenille et al., 2014). Neuronal
overexpression of RAB39B impaired the recognition memory
and the short-term working memory in mice and resulted in
certain autism-like behaviors, including social novelty defect
(Wang Z. et al., 2023).

Therefore, the pathogenic role of this aberration is un-
clear due to limited information in databases. RAB39B is
a dose-sensitive gene, with evidence of haploinsufficiency
(ClinGen DS, https://search.clinicalgenome.org/kb/gene-
dosage/RAB39B). In this regard, based on the program for
determining the pathogenic significance of CNVs (AutoCNV),
the duplication of Xq28 containing this gene is assessed as a
variant of uncertain clinical significance (with a score of 0).
However, considering the segregation of inheritance in the
family, item 5D should be selected in the AutoCNV program
(“CNV is associated with a specific condition observed in the
patient’s family”). This gives a score of 0.45. In a study, 88 %
skewed X-chromosome inactivation pattern was observed in
a mother, which added 0.65 points (Tolmacheva et al., 2025).
Therefore, the overall score for this CNV is 1.1, which allows
us to interpret this variant as pathogenic.

The clinical manifestations of the clinical case we studied
were similar to those reported in the literature. We identi-
fied common symptoms, which are characteristic of Xq28,
XLID 32, and XLID 72 duplication syndromes. These include
intellectual disability, impaired speech development, and
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Manifestation

Neuropsychological development disorders

ID

Attention deficit hyperactivity disorder

Aggression and irritability
Autism spectrum disorder
Delayed speech development
General developmental delay

Seizures

Depression, bipolar disorder, schizophrenia

Sleep disturbance
Cardiovascular abnormalities
Recurrent sinopulmonary infections
Otitis media
Pneumonia
Upper respiratory tract infections
Atopic conditions
Asthma
Allergic rhinitis
Eczema
Anthropometric abnormalities
Obesity
Tall stature
Microcephaly
Dolichocephaly
Macrocephaly
Limb and/or digital abnormalities
Clinodactyly
Preaxial polydactyly
Pes valgus
Facial dysmorphic features
Tall forehead
Upper eyelid fullness
Broad nasal bridge
Thick lower lip
Long face

Large ears

Xqg28 duplication

syndrome?

16/19
6/19
6/19

2/19

3/19
3/19

8/19
4/19

2/19

6/19
5/19
2/19

5/19
3/19

1/19

2/19
1/19

1/19

11/19
8/19
8/19
5/19
4/19

4/19

XLID 32b XLID 72¢
4/5 14/14
- 5/14
- 1/14
3/14
1/5 6/14
2/5 4/14
4/5 3/14
2/5 -
1/5 -
- 1/14
- 2/14
- 6/14
- 3/14
4/5 5/14

Patient A.

Patient I.

Note. ?According to (El-Hattab et al., 2011, 2015; Lannoy et al., 2013; Vanmarsenille et al., 2014; Ballout et al., 2021). b According to (Witham et al
etal, 2012). € According to (Russo et al., 2000; Giannandrea et al., 2010).

., 2011; Takano
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attention deficit hyperactivity disorder. The medical history
of both boys includes pes valgus. Previously described as a
rare manifestation of Xq28 duplication syndrome, we have
observed those in both boys in our clinical case. The older
brother has sleep disturbance, which is typical for patients
with Xq28 duplication syndrome. At the same time, we have
identified unique symptoms in the younger brother that have
not been previously described, such as chest wall deformities
and enuresis.

Conclusion

By comparing the results of our molecular cytogenetic analysis
with patient anamnesis data and information available in the
literature, we have identified common clinical and phenotypic
features (such as ID with other mental disorders and limb
abnormalities) in boys with duplication of the Xq28 region,
as well as in previously described patients with similar du-
plications, and in patients with ID, associated with variants
in the CLIC2 (XLID 32) and RAB39B (XLID 72) genes.
Whole-exome sequencing did not reveal pathogenic and likely
pathogenic variants associated with neurodevelopment dis-
orders. The size of the rearrangement is 439.6 kb. Eight genes
are located in this region, including F§, MTCPI1, BRCC3,
VBPI, RAB39B, CLIC2, FUNDC?2, and CMC4. For the de-
tected CNYV, the total score according to the ACMG algorithm
considering the X-chromosome inactivation status was 1.1.
Based on the overall results, this variant may be interpreted as
pathogenic, which may lead to clinical symptoms in patients.
Based on the analysis of clinical cases reported in the literature,
it is possible to assume that cognitive impairments may be
associated with an increased expression of the RAB39B gene
due to changes in the number of copies of this region.
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Abstract. Interstitial deletions of the short arm of chromosome 6 are even rarer than distal deletions of 6p24-pter,
with an incidence rate of 1:1,000,000 (according to MalaCards, https://www.malacards.org/). These deletions are
associated with developmental delays, autism spectrum disorders, congenital anomalies, and dysmorphic features.
The objective of our study was to identify chromosomal abnormalities in twins from a Yakut family exhibiting se-
vere psycho-speech developmental delays, intellectual disability combined with dysmorphisms, and congenital
anomalies. In this paper, two new cases involving monozygotic twins from a Yakut family, who underwent array
comparative genomic hybridization (aCGH), were reported. The diagnostic results revealed a rare interstitial dele-
tion in the region 6p22.3-p24.3, measuring 7.5 Mb, which was subsequently confirmed using a conventional cyto-
genetics (GTG-banding) method. According to the cytogenetic analysis, the karyotypes of the parents were normal,
indicating a de novo structural chromosomal rearrangement in the patients. Additionally, a comparative pheno-
typic analysis of these twins with each other and with other previously reported patients was performed; they were
found to have overlapping deletions in the 6p22-p24 region. Furthermore, a literature review and an analysis of
the gene content of the deleted region 6p22.3-p24.3 were conducted, and so was a discussion of the genotype-
phenotype correlation. The results of the phenotypic analysis revealed both common and distinct dysmorphogenic
features, including craniofacial dysmorphisms, deformities of the auricles, and abnormalities in the development
of the upper and lower limbs, which are often mentioned in the literature. However, the analyzed data, both from
the literature and our observations, showed that all patients lacked a common deleted region in the 6p22-p24
area, creating challenges in establishing an accurate diagnosis. The findings indicate the complexity of defining
the minimally overlapping region responsible for the observed phenotypic and behavioral traits and highlight the
importance of a systematic and multi-level approach to diagnosing severe psycho-speech developmental delays.
Key words: interstitial deletion 6p22.3-p24.3; intellectual disorders; psychomotor and speech delay; autism
spectrum disorder; microarray comparative genomic hybridization
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AHHOTauuA. VIHTepcTrumanbHble feneuun KoOpoTKOro nieya XpoMocoMbl 6 BCTPEYaKTCA elle pexke, YeM ANCTaNibHble
neneunmn 6p24-pter ¢ yactotor 1:1000000 (no gaHHbIM MalaCards, https://www.malacards.org/), n accoummpytotca ¢
3aflepXKKaMU pPa3BUTUSA, PAcCTPOMCTBAMMN ayTUCTUYECKOTO CMEKTPa, BPOXKAEHHbIMW aHOManaMK, a Takxke gucmopdu-
Yyeckmmun ocobeHHocTAMN. Llenb Hallero nccneaoBaHmnsA 3akioyanach B NOMCKe XPOMOCOMHOW naTtonorum y 6nvsHeLos
13 AKYTCKOW CeMbMU € rpyboi 3aep>KKo NCUX0-PeyYeBOro pasBUTUA, YMCTBEHHOI OTCTaNIOCTbIO B COYETaHUN C AUCMOP-
duAamn 1 BpoXKAEHHbIMY aHOManuAaMu. B 3Toin paboTte Mbl coobLyaem o fiBYX HOBbIX MaLyieHTax — MOHO3UIOTHbIX 6/1M3He-
Llax U3 OAHON AKYTCKOW CEMbM, KOTOPbIM Oblfia NPOBEAEHA MAKPOMATPUUYHAA CPaBHUTENIbHAA TeHOMHasA rmbpuamsanmns
(aCGH). B pe3synbTaTe AMarHOCTUKM OBHapy»KeHa pefkas WHTepCTLManbHas Aeneuus B permoHe 6p22.3-p24.3 pas-
Mepom 7.5 M6, koTopasa peTpocrneKTMBHO Gblna NoaTBepPKAeHa aHanmsoM GTG - guddepeHuranbHOro oKpallneBaHma
XPOMOCOM. 10 AaHHbIM LIUTOreHeTUYECKOro NCCIEA0BaHMSA, KapUOTUMbl poanTenei 6bi1m HopManbHbIMU, YTO TOBOPUT
0 de nNovo CTPYKTYPHOWN XPOMOCOMHOI NepecTpoiike Y NauMeHTOB. TakKe Mbl BbINMOSHWUAN CPaBHUTENbHbIA GeHOoTUMNN-
YecKkuin aHanms 3Tmx 6IM3HEL0B MeXay CO60M U C APYrMY paHee OMUCaHHbIMK B iMTepaType NaunMeHTamu, y KoTo-
pbix ObIIN HaAeHbl MepeKkpbIBaoLMecs Aeneynn B permoHe 6p22-p24. Kpome Toro, npoBefeHbl 0630p nutepaTypbl 1
aHanM3 reHHOro CocTaBa AeNeTMPOBAHHOMO PernoHa 6p22.3-p24.3 ¢ 0b6CyKAeHUeM Koppensauuy reHoTun-geHotun. Mo
pe3ynbtatam GEeHOTUMMYECKOrO aHanm3a BbiABMIEHbI Kak 00LLMe, TaK U pasfinyHble CTUrMbl An3mopdoreHesa, Takme Kak
KpaHuodaumanbHble gucmopdum, fedbopmaLun YIWHbIX PAKOBUH U OTKIIOHEHNA B Pa3BUTUN BEPXHUX U HUMKHUX KOHeY-
HOCTeN, 4acTo ynommnHaemble B utepatype. OfHaKo B MpOaHann3MpoBaHHbIX AaHHbIX Kak B InTepaType, Tak 1 B HaLINX
HabsloAeHUAX Y BCEX MALMEHTOB OTCYTCTBOBAN OOLLUIi AeNeTVPOBaHHBIN PErMOH B 0611acTh 6p22-p24, 4To CO3AaeT TPYA-
HOCTU B YCTAHOBJIEHUW TOYHOTO AMarHo3a. MNonyyeHHble pe3ynbraTbl YKa3blBalOT Ha CJIOXKHOCTb OfHO3HAYHOrO onpeje-
NEHNA MUHVMAJIbHO MEPEKPBIBAIOLLErOCA PErroHa, OTBETCTBEHHOIO 3a Habsloaaemble GEHOTUMMYECKUE 1 NOBedeHYe-
CKNe 0COBEHHOCTY, 1 Ha BaXXHOCTb MOC/IEA0BATENIbHOMO M MHOTOYPOBHEBOTO NOAXOAA K AMArHOCTMKe rpy6oi 3aaepKku
NCUXO-PeyeBoro pasBuTUA.

KnioueBble cnoBa: nHTepcTULUManbHasa geneuna 6p22.3-p24.3; nHTenneKkTyanbHble PacCTPONCTBA; 3a4epXKKa Ncnxo-pe-
YeBOro Pa3BUTUSA; PAaCCTPONCTBO ayTUCTUYECKOTO CNeKTPa; MUKPOMATPUYHas CPaBHUTENbHAA reHOMHas rmbpuansayms

Introduction
The frequency of intellectual disorders (ID) in the world is
2-3 % (McKenzie et al., 2016); 1-3 % of children suffer from
delayed psychomotor development combined with dysmor-
phia and congenital anomalies (Shaffer, 2005). It is known
that the proportion of children with disabilities due to mental
and behavioral disorders in Russia reaches 31 % (Freize et
al., 2025). Genetic factors account for 17-47 % of the causes
of intellectual disabilities (Moeschler, Shevell, 2006). Aneu-
ploidies, large deletions and duplications, and unbalanced
chromosomal translocations occur in 30-35 % of patients
with intellectual disabilities and, as a rule, underlie syndromic
forms of intellectual disability (Willemsen, Kleefstra, 2014).
Deletions affecting the distal part of the short arm of chro-
mosome 6 are relatively rare. According to the MalaCards web-
site (https://www.malacards.org/), the frequency of 6p24-pter
chromosome deletion syndrome in the population is less than
1 per 1,000,000 people. Distal deletions of 6p24-pter are as-
sociated with developmental delay, brain malformations (in-
cluding Dandy—Walker malformation, MIM 220200), anterior
chamber abnormalities, hearing loss, ear abnormalities, micro-
gnathia, and heart defects (Mirza et al., 2004). Patients with
larger 6p23-pter deletions also have microcephaly, genital ab-
normalities, speech disorders, and delayed motor development
(Plaja et al., 1994; Celestino-Soper et al., 2012). Interstitial
deletions on 6p22-p24 are registered even less frequently and
are usually associated with delayed psychomotor development
and growth, hypotension, as well as a number of congenital

anomalies, including hydrocephalus, microcephaly, struc-
tural eye abnormalities, hypertelorism, low-set and deformed
ears, nasal anomalies, micrognathia, palate anomalies, short
neck with folds on the skin, heart defects, kidneys and feet,
abnormal genitals and abnormal fingers with nail hypoplasia
(Plaja et al., 1994; Mirza et al., 2004; Celestino-Soper et al.,
2012).

There are two reports in the scientific literature about inter-
stitial deletion on chromosome 6p22.3-p24.3. In one of them,
the authors used microarray comparative genomic hybridiza-
tion (aCGH) to identify a ~5.4 Mb deletion on chromosome
6p22.3-p23 in a 15-year-old patient with intellectual disability
and autism spectrum disorder (ASD) (Celestino-Soper et al.,
2012). They suggest that the cause of developmental delay
and ASD is related to the deletion of the ATXNI, DTNBPI,
JARID2, and NHLRCI genes. The same article describes
17 more patients who had overlapping interstitial deletions
on chromosome 6p22-p24. Most patients had neurological or
behavioral abnormalities, including developmental and speech
delays, ASD, attention deficit hyperactivity disorder (ADHD),
repetitive movements, and various dysmorphic facial features.

Another article describes a rare case of interstitial deletion
on the short arm of chromosome 6 in a fetus with multiple
malformations, detected prenatally by the standard cytogenetic
method of amniotic fluid at the 26th week of pregnancy. After
termination of pregnancy, the authors eliminated the possibil-
ity of insertion of chromosome 6 material into any other chro-
mosome using fluorescent in situ hybridization (FISH) with a
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full-chromosome probe for chromosome 6 and subtelomeric
6p and 6q probes. Next, molecular karyotyping was performed
using the aCGH method, which revealed a rare de novo inter-
stitial deletion 6p22.3-p24.3 (Colmant et al., 2009).

In this study, two new twin patients from the same Yakut
family who were diagnosed with a rare de novo interstitial
deletion in the 7.5 Mb region 6p22.3-p24.3 are described.
Based on the analysis of the previous data, as well as published
materials, a comparative phenotypic analysis of these twins
between themselves and with other patients with overlapping
deletions in the 6p22-p24 region was conducted. A review of
the literature and an analysis of the gene composition with
a discussion of genotype and phenotype correlations were
carried out.

The purpose of the research was to find a chromosomal
pathology in twins from a Yakut family who have a severe
delay in psycho-speech development and mental retardation.

Materials and methods

The research was approved by the Committee on Biomedical
Ethics of the Scientific Research Institute of Medical Genetics
of Tomsk National Research Medical Center (Protocol No. 15
dated 28.02.2023). Informed voluntary consent to participate
in the research was received, signed by the parents of the
study participants.

Clinical, genealogical and cytogenetic studies of the studied
family were conducted on the basis of the Medical and Genetic
Center of the State Autonomous Institution “RH No. 1 —
NCoM named after M.E. Nikolaev” using the resources of the
biocollection “DNA Bank of Congenital and Hereditary Pa-
thology and Populations of the Republic of Sakha (Yakutia)”.

Cytogenetic examination (karyotyping) was performed
on peripheral blood lymphocytes of the patients with GTG-
differential staining of chromosomes at the level of 550 bands
according to generally accepted protocols under a light mi-
croscope.

Microarray comparative genomic hybridization (aCGH)
was performed using SurePrint G3 Human CGH 8 x 60K
microarray (Agilent Technologies, Santa Clara, California,
USA) in accordance with the manufacturer’s recommenda-
tions based on the Scientific Research Institute of Medical
Genetics of the Tomsk National Research Medical Center.
Labeling and hybridization of the patient’s DNA and refer-
ence DNA (Human Reference DNA, Agilent Technologies)
were performed using enzymatic labeling and hybridization
protocols (v. 7.5, Agilent Technologies). Array images were
obtained using the Agilent SureScan microarray scanner (Agi-
lent Technologies). The data obtained were analyzed using the
CytoGenomics (v. 5.3.0.14) software (Agilent Technologies)
and publicly available databases of genomic variants: (DGV)
(http://projects.tcag.ca/variation), MIM (https://omim.org/),
DECIPHER (https://www.deciphergenomics.org/) ClinView
Analytics (https://clinical-intelligence.org/services/clinview-
analytics/). The aCGH results were analyzed in accordance
with the recommendations of the American Collegium of
Medical Genetics and Genomics (ACMG) (Riggs et al., 2020)
and the Russian Society of Medical Geneticists (Lebedev et
al., 2023).
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A familial case of chromosome 6p22.3-p24.3 deletion
in twins with psychomotor and speech delay

Results

The patients, 7-year-old boys from a Yakut family, have been
registered at the Medical and Genetic Center of the RH No. 1 —
NCoM since 2021 at the age of four with a diagnosis of
“Residual organic damage of the central nervous system with
severe mental retardation. General speech underdevelopment
of level 1. Cerebral palsy, mixed tetraparesis”.

It is known from the medical history that the family had
previously applied to the Medical and Genetic Center at the
30th week of pregnancy in connection with the carrying of
monochoric diamniotic twins. Ultrasound examination of
the fetuses revealed a number of changes: fetus No. 1 had
edema of Warton’s jelly, as well as a hydrocele; fetus No. 2
had polyhydramnios and congenital heart disease, including
a defect of the interventricular septum and possibly an aortic
defect, dilation of the pulmonary artery throughout, a narrow
isthmus of the aorta with suspected aortic coarctation. Both
fetuses had bradycardia.

The obstetric and gynecological medical history of the
mother is burdened: the first two pregnancies ended in
childbirth on time, the third pregnancy ended in spontaneous
miscarriage at the early stages, the fourth was terminated at
the request of the mother, the sixth ended in childbirth on
time. The patients were born from the fifth pregnancy that
was threatened with early termination (see the Figure b). The
delivery was performed by caesarean section at 36 weeks of
gestation. The Apgar score was 5/7 for both children. The birth
weight of patient 1 and patient 2 was 3,030 g (percentile 25.1;
SDS 0.67) and 2,845 g (percentile 14.0; SDS 1.08), respec-
tively, the height of both patients was 50 cm (percentile 52.4;
SDS 0.06).

In terms of psychomotor development, both children began
to hold their heads at the 2nd month, turn over at the 4th and
5th months, the first child started to sit at the 7th—8th months,
the other one first sat at the 9th month. The children started
walking with support from the age of one, but at some point
both began to lose their acquired skills. The brothers resumed
independent walking by the age of two. Among other things,
both boys had a delay in speech development, the first words
appeared closer to the age of 2 years. However, after the age
of three, a regression in psycho-speech development was
noted. There is currently no speech. They communicate with
pointing gestures and facial expressions, and make inarticulate
sounds; if necessary, they lead their relatives by the hand to
the object of interest.

Based on the results of the examination and analysis of the
phenotypic data of both boys, it is possible to identify both
commonalities and differences in their phenotypic character-
istics (Table 1).

In both patients, MRI of the brain with angiography re-
vealed the signs of residual encephalopathy. Based on the ex-
amination and assessment of the mental status of the patients,
apsychiatrist diagnosed them with “Other organic disorders of
behavior and emotions with intellectual and mnestic decline
and autistic-like behavior”.

As a result of the aCGH analysis, a pathogenic deletion
was detected in the p24.3-p22.3 region of chromosome 6
(arrfGRCh37] 6p24.3p22.3(10514204 17972394)x1; ISCN,
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a Patient 1 Patient 2
Chr6 Chr6
CGH Pane CGH Pane

p25.2
p24.3

p22.3

p22.1

p25.2
p24.3

p223

p22.1

p21.32 p21.32
p21.2 p21.2
p123 p12.3
p12.1 p12.1
q12 q12
q14.1 q14.1
q143 q14.3
q16.1 ql6.1
q16.3 q16.3

q22.1
q2231

q2233
q232

q24.1
q243
q25.2

q26

q22.1
q22.31
q22.33
q23.2
q24.1
q24.3
q25.2

q26

Standard and molecular cytogenetic study, ancestry of the studied family.

CemeliHbIN CyYan aeneymm Xxpomocombl 6p22.3-p24.3 2025
y 6IM3HEL0B C 3aflePXKKOI NCMXO-PEeUYEeBOro Pas3BnTmA 29.5
b

a - profile of aCGH chromosome 6 in patients 1 and 2; b — family ancestry; n/p — non-developing pregnancy; m/a — medical abortion; ¢ — G-stained chromo-

somes 6 in patients 1 (left) and 2 (right).

2020) (see the Figure a). This chromosomal rearrangement
has a length of 7.5 Mb and was detected in both patients (see
the Figure a). 55 genes are localized in the 6p22.3-p24.3 dele-
tion region, among which 11 are pathogenetically significant
according to the MIM database (Table 2).

The standard cytogenetic examination of chromosomes
was carried out retrospectively at the Medical and Genetic
Center of the State Autonomous Institution “RH No. 1 —
NCoM named after M.E. Nikolaev”. As a result, interstitial
deletion of 6p22-p24 was confirmed in both patients (see the
Figure ¢). According to the cytogenetic study, the karyotypes
of the parents were normal, indicating a de novo structural
chromosomal rearrangement in the patients.

Discussion
The interstitial deletion 6p22.3-p24.3 found in Yakut patients
in certain regions overlaps with the previously described
interstitial deletions in the 6p22-p24 region presented in the
scientific literature; however, they have different phenotypic
and behavioral features. Search of the databases of diagnostic
laboratories Medical Genetics Laboratories (MGL, https://
med-gen.ru/en/) and Signature Genomic Laboratories (SGL,
https://www.bionity.com/en/companies/18667/signature-
genomic-laboratories-llc.html) and literary sources revealed
19 more overlapping interstitial deletions, which coincide
with the deletion found in our patients with a diagnosis of
“Delayed psycho-speech development, mental retardation
and autism-like behavior” (Table 3).

Out of these 19 patients, 13 (patients 1, 2, 4-7, 9, 11-14,
16, 17) were also diagnosed with ASD and/or manifestations

associated with ASD, including delayed speech development,
ADHD, and behavioral abnormalities (Table 3) (Tuchman,
Rapin, 2022; Goldstein, Schwebach, 2024). Some authors
suggest (Celestino-Soper et al., 2012) that some of the fol-
lowing genes may be responsible for ASD traits: ATXNI,
JARID2, DTNBPI, and NHLRC1. Some studies have shown
that homozygous mice with ATXNI gene knockout exhibit
similar aberrations to transgenic mice of the spinocerebellar
ataxia type 1 (SCA1) model with polyglutamine expansions
(Matilla et al., 1998; Crespo-Barreto et al., 2010). Despite the
absence of ataxic symptoms characteristic of SCA1, as well
as progressive cerebellar degeneration in knockout mice, both
models showed abnormalities in spatial learning and memory,
motor learning and coordination.

In addition, changes in the expression of genes associated
with the functional activity of the cerebellum have been
reported (Matilla et al., 1998; Crespo-Barreto et al., 2010).
It should be noted that in a scientific article (Colmant et al.,
2009) described in the literature, cerebellar hypoplasia was
recorded in a fetus with deletion 6p22.3-p24.3. In addition, the
meta-analysis has shown that single nucleotide polymorphic
variants in the ATXN1 gene are associated with 1Q in patients
with ADHD (Rizzi et al., 2011). A. Bremer and co-authors
(2009) hypothesized that ATXNI haploinsufficiency may
contribute to the learning difficulties observed in patients with
a 6p22 deletion, which can be noted in our patients who have
a deleted 6p22 region (Table 1).

Given the importance of haploinsufficiency for cognitive
functions and associations with behavioral abnormalities in
mouse models, P.B. Celestino-Soper and co-authors (2012)

MEOAUUMNHCKAA ULUTOTEHOMUKA / MEDICAL CYTOGENOMICS 647


https://med-gen.ru/en/
https://med-gen.ru/en/
https://www.bionity.com/en/companies/18667/signature-genomic-laboratories-llc.html
https://www.bionity.com/en/companies/18667/signature-genomic-laboratories-llc.html

G.D. Moskvitin, D.B. Kochkina, E.E. Gurinova ...
A.L. Sukhomyasova, I.N. Lebedev, N.R. Maximova

Table 1. Phenotypic features in twins with deletion 6p22.3-p24.3

A familial case of chromosome 6p22.3-p24.3 deletion
in twins with psychomotor and speech delay

Phenotypic features Patient 1
Protruding occiput +
Narrow face +
Wide eyebrows +
Thick eyelashes +
Divergent strabismus +
Wide, flat bridge of the nose +
Wide tip of the nose +
Deep filter +

Elongated lips with a wide cupid’'s bow  +
Drooping corners of the mouth +
Macrotia +

Darwin’s tubercle Left

Antihelix Protruding from both sides
A deformity of the curl that resemblesa  Left auricle

question mark in shape

“Fleshy” earlobes +

Poorly developed subcutaneous fat +

tissue

Wide umbilical ring +

Clinodactyly of 5 fingers +

Knee joint area Popliteal cord on the right,

Patient 2
+

+

+
Protruding on the right, flattened on the left

Right auricle

+
+

The area of hyperkeratosis is dirty gray in color

incomplete extension of the knee joints

Feet Swollen feet, sandal gap, flat-valgus feet
Gait Unsteady, wide base,

occasional tiptoe walking
Trunk ataxia +

Peculiarities of behavior during
examination
does not respond to name

suggest that heterozygous deletions affecting ATXNI func-
tionality may be associated with negative consequences of
developmental delay and ASD, both in isolation and in com-
bination with other gene deletions.

Deletions in the 6p.24 region are also associated with
heart defects. The EDNI gene (located at 6p24.1) encodes
the protein called endothelin-1. A study of the distribution of
messenger RNA in various tissues revealed that it is distrib-
uted differently in brain and heart tissues. Endothelin has an
effect on the central nervous system and on the excitability
of neurons. Moreover, the EDNI gene is involved in both
craniofacial and cardiac development (Bogani et al., 2005).
Our patients have the same deletion region 6p24.1 as other

Hyperactive, active, does not follow
instructions, does not follow objects,

Sandal-shaped gap, flat-valgus position
of the feet, protruding metatarsophalangeal
joint of the 5th toe of the right foot

Unsteady, wide base, periodically moves
on the outer surface of the feet

Sleepy, lethargic, turns away during
examination, does not follow instructions,
does not monitor objects

10 patients (2, 6-8, 10, 11, 14, 16, 17, 19), who also had con-
genital heart defects (Table 3), as well as the deleted EDNI
gene. It should be noted that the scientific literature describes
a mutation in the endothelin-1 gene that causes auriculocon-
dylar syndrome (MIM 615706), as well as isolated “question
mark ears” syndrome (MIM 612798) (Table 2). According
to the phenotypic comparison, the patients described by us
had similar deformities of the auricles: macrotia, a deformed
notch of the outer curl, resembling a “question mark™ in shape
(Table 1).

The JARID2 gene is expressed in both embryonic and
adult human neurons (Berge-Lefranc et al., 1996) and can
function as a transcriptional repressor (Toyoda et al., 2003);
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Table 2. Characteristics of genes located in the region 6p22.3-p24.3 (coordinates: 6:10514204-17972394 at the GRCh37 assembly)

Gene Coordinates  Function of genes Associated diseases MIM
symbol
ATXN1 6:16299112-  Binds to RNA and proteins; participates Spinocerebellar ataxia type 1, AD (MIM 164400) 601556
16761491 in transcription and developmental processes
DTNBP1 6:15522807-  Organelle biogenesis; Hermansky-Pudlak syndrome (MIM 203300); 607145
15663058 plays a role in neuronal function Schizophrenia, AR (MIM 181500)
JARID2 6:15246069-  Binds to DNA, chromatin and proteins; Developmental delay with varying degrees 601594
15522042 transcriptional repressor; of intellectual disability and dysmorphic facial
plays a role in CNS development features, AD (MIM 620098)
CAP2 6:17393595-  Binds to actin Dilated cardiomyopathy, 21, AR (MIM 620462) 618385
17557780
EDN1 6:12290361-  Binds to signaling receptors; Auriculocondylar syndrome 3, AR (MIM 615706); 131240
12297194 participates in hormonal activity Question mark ears, isolated, AD (MIM 612798)
GCM2 6:10873223-  DNA binding activity Hyperparathyroidism 4, AD (MIM 617343); 603716
10882041 Isolated familial hypoparathyroidism 2,
AD and AR (MIM 618883)
MAK 6:10762723-  Phosphorus-containing transferase activity Retinitis pigmentosa 62, AR (MIM 614181) 154235
10838553 and protein tyrosine kinase activity
PHACTRT  6:12716312-  Binds to actin and protein phosphatase 1 Developmental and epileptic encephalopathy 608723
13290446 type 70, AD (MIM 618298)
SYcpP2L 6:10886831-  An oocyte-specific gene product that localizes Premature ovarian failure 24, AR (MIM 620840) 616799
10979320 to centromeres at the dictyotene stage
and regulates the survival of primary oocytes
GCNT2 6:10492223-  Acetyl glucosaminyl transferase [Blood group li], AD (MIM 110800); 600429
10629368 activator and N-acetyllactosaminide Adult i phenotype without cataract, AD
beta-1,6-N-acetylglucosaminyl transferase (MIM 110800);
activator Cataract 13 with phenotype i in adults, AR
(MIM 116700)
TBC1D7 6:13266542-  Activates GTPases and binds to small GTPases; Macrocephaly/megalencephaly syndrome, AR 612655
13328583 plays a role in regulation of cell growth (MIM 612655)

and differentiation

Note. AD - autosomal dominant inheritance; AR — autosomal recessive inheritance.
* Gene functions are given based on the Gene Ontology Annotation (http://www.ebi.ac.uk/GOA/).

its mouse homologue, jumonji (Jmyj), is necessary for normal
neural tube formation and heart development (Takahashi et al.,
2004). Patients with a heterozygous deletion in the JARID?2
gene, which is assumed to lead to haploinsufficiency of the
JARID? gene, had clinical manifestations of disorders of the
nervous system (Barey et al., 2013; Verberne et al., 2021)
(Table 2). The described features in these patients, like in
our twins, had characteristic features such as developmental
delay, ASD, behavioral disorders, and minor facial phenotype
features (Table 1).

In this study, 11 out of 21 patients, including ours, re-
vealed various stigmas of dysmorphogenesis, including
craniofacial dysmorphia, ear deformities, and abnormalities
in the development of the upper and lower extremities, often
mentioned in the literature. In addition, most of the patients
had speech disorders and behavioral disorders. However, in
the analyzed data, both in the literature and in the present
observations, all patients lacked a common deleted region in

MEAUUMNHCKAA ULUTOTEHOMUKA / MEDICAL CYTOGENOMICS

the 6p22-p24 region, which makes it difficult to establish an
accurate diagnosis.

Conclusion

In this research, two new cases of de novo interstitial deletion
6p22.3-p24.3 in monozygotic twins from the same Yakut fa-
mily were analyzed. After studying the literature, the fact of
the rare occurrence of such a deletion in the world was proven.
A comparison of the phenotypic and behavioral features be-
tween our patients and patients previously described in the
literature, who had overlapping deletions in the 6p22-p24
region, was made. In addition to a number of common phe-
notypic features, differences were found between all patients
with deletion in the 6p22-p24 region, including our twins.
The phenotypic manifestations caused by variants in certain
areas of this region are likely to manifest with incomplete
penetrance. This fact may indicate a variation in the severity
of traits depending on the presence of modifying factors that
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A familial case of chromosome 6p22.3-p24.3 deletion

in twins with psychomotor and speech delay
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may be found in other alleles, regulatory elements, or genes
located in different parts of the genome. This makes it difficult
to unambiguously identify the minimally overlapping region
responsible for the observed phenotypes, and indicates the
importance of a consistent and multi-level approach to the
diagnosis of severe delayed psycho-speech development.
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Study of the meiotic segregation of chromosome 7
with a paracentric inversion in spermatosoa
of a heterozygous carrier
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Abstract. A paracentric inversion (PAl) is a rare type of balanced intrachromosomal structural rearrangement. Heterozy-
gotes for PAl are usually phenotypically normal, but the presence of the inversion may occasionally lead to synapsis and
recombination disruptions during meiosis. PAl can be responsible for the production of recombinant chromosomes
and unbalanced gametes. The risks associated with the birth of a child with chromosomal imbalances due to the ge-
neration of unbalanced crossover gametes is considered to be low. Nonetheless, viable offspring with intellectual dis-
abilities and/or congenital abnormalities, as well as early miscarriages, stillbirth and infertility in heterozygous carriers
of PAl have been described. Paracentric inversions may arise on various chromosomes. PAl with breakpoints on the long
arm of chromosome 7 is among the most prevalent ones in humans. To assess the meiotic behavior of abnormal chro-
mosome 7, as well as the empirical risk of producing gametes with recombinant chromosomes, the sperm FISH analysis
of a male heterozygous carrier of inv(7)(q11.23922) was performed. The percentage of recombinant sperms was 0.7 %
and chromosomal imbalance was represented as reciprocal breakage products of a dicentric chromosome 7. Notably,
spermatozoa with a dicentric chromosome 7 were not observed, which confirms its instability during meiosis I. Meiotic
segregation analysis in the heterozygous carrier of inv(7)(q11.23922) revealed a predominant formation of gametes
containing either the inverted or the intact chromosome 7, occurring at frequencies of 52.2 and 47.8 %, respectively.
This report is the first study providing a detailed description of meiotic segregation patterns of inv(7)(q11.23g22) by
using a sperm FISH approach. Recombinant gamete formation confirms the occurrence of crossing-over within the
inversion loop. Consequently, the individual risk of generating gametes (and subsequent zygotes) with chromosome 7
imbalance for this heterozygous carrier remains low.
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HccnegoBaHre MeiOTYECKON cerperanm XpoMoCOMBI 7
C rMapaleHTPNYeCcKO NHBepCuel B criepMaTo30uaax
reTepo3UroTHOrO HOCUTEJIS

M.M. AHTOHOBA @,A.A. IOpuenko (12), )K.I. Mapkosga (%), H.B. llluaoBa

MegaunKo-reHeTUUeCKNA HayUHbIN LIeHTP M. akagemmka H.MN. boukosa, Mocksa, Poccusa
@ masha-antonova-1999@yandex.ru

AHHoTauus. MapaueHTpryeckan nHBepcus (Mal) — 31o pefkas cbanaHcMpoBaHHaA BHYTPUXPOMOCOMHAA CTPYKTYp-
HasA nepecTpoiika. XoTa retepo3nroTHblie Hocutenu Mall 06bIYHO He MEIOT KNMHNYECKN 3HaUMMbIX aHOManuii GpeHo-
TNa, GaKT NPUCYTCTBUA B KapUOTMIE XPOMOCOMbI C UHBEPTUPOBAHHbIM CErMeHTOM MpefonpeaenaeT npobnembl cu-
Harncyca 1 peKombnHaLUmm B Melnose y Takux UHAVBULOB 1 MPUBOANT K GOPMMPOBAHNI0 PEKOMOMHAHTHBIX XPOMOCOM C
XPOMOCOMHbIM AncbanaHcom. Prck poxaeHna 6onbHoro peberka ana Hocutenen Mall n3-3a nponssoacTea HecbanaH-
CUPOBaHHbIX rameT B pe3y/bTaTe MeoT1YeCKOol peKoMOUHaLmmn cunTaeTca HU3KuUM. OpHako 6biiv onmcaHbl ciyyamn
poxpaeHna pebeHKa C HapyLlWeHVeM UHTENNEKTYanbHOro Pa3BUTUA U/UM NOPOKaMM PasBUTKA; Clydan CMOHTAHHbIX
abopToB, 6ecnnoauna y HocuTenen 13-3a Knaccuyeckon pekoMorHaLuy B UHBEPTUPOBAHHOM XPOMOCOMHOM CerMeHTe.
Mal moryT 6bITb cPopMUPOBaHbI Ha Pa3IMiHbIX XPOMOCOMaXx. [1okasaHo, UTo y yenoBeka OfHOM 13 YacTbiX CPeau na-
paLeHTpryeckmx nHeBepcumi aenaetca MNall ¢ nokanmsaymen Touek paspbiBa B AIIHHOM nneye XpoMocombl 7. C Lenbio
OLIeHK/ MeNOTUYECKOro NoBeeHNA XPOMOCOMbI 7 C MapaleHTPUYeCKON NHBEPCUEN B AJIVHHOM MJleye 1 aMnupuye-
cKoro pucka ¢opmMnpoBaHmA raMeT C peKOMOUHAHTHBLIMM XPOMOCOMaMI NPOBeAEHO MONEKYNIAPHO-LIUTOreHeTMYeckoe
NCccnefoBaHme KNeTok 3AKyNATa Y MyXXUnHbI — reTepo3nroTHoro Hocutena Mall xpomocombl 7 — inv(7)(q11.23922). Pe-
KOMOUHaHTHble XPOMOCOMbI 7 06Hapy»KeHbl ¢ YacToTon 0.7 % 1 B rameTax NpefcTaBneHbl CyMMapHO PeLinpOKHbIMI
npofyKTamm paspbiBa AULEHTPUYECKON XpoMocoMbl 7. CnepmaTo3ouabl C ANLEHTPUYECKO XPOMOCOMON 7 He 06Ha-
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MewoTnyeckas cerperauyma XpoMOCOoMbl 7
C MapaueHTpUYeCcKor NHBepCrein

PY>KeHbl, YTO NOATBEPKAAET GAKT HECTAOUNBLHOCTY 3TOM XPOMOCOMbI B Melo3e | y HocuTens AaHHOW napaueHTpuye-
CKOI nHBepcuK. NokasaHo, YTo MeoThYecKas cerperauma y retepo3nrotHoro Hocutens inv(7)(q11.23g22) npoxoaut
C NpenmMyLLecTBEHHbIM GOPMUPOBAHMEM FaMET C MHBEPTUPOBAHHOW M MHTAaKTHOM XPOMOCOMOW 7 C YacToTon 52.2
47.8 % COOTBETCTBEHHO. BriepBble NonyyeHbl cBefleHUs 0 YacToTe GOPMUPOBAHUSA FramMeT C PEKOMOUHAHTHBIMUN XPOMO-
CcoMamu Npun MmenoTuyeckon cerperayum inv(7)(q11.23g22), uto noateepxaeTt GakT HaNMUNA KPOCCMHIOBEPa B HBEP-
CUOHHOM neTne. [lepcoHann3npoBaHHbIN PUCK POPMUPOBAHUA raMeT (3UroT) C AncbanaHCoOM MaTepuasna XPOMOCOMbI 7
y reTepo3nroTHOro HoOCUTENA AaHHON MHBEPCUM ABNACTCA HU3KUM.

KnioueBble cioBa: napaleHTpryeckaa nHeepcus; xpomocoma 7; FISH cnepmaTto3ongos; menotnyeckan cerperayus;

peKOM6l/IHaHTH blé XPOMOCOMbI

Introduction
Inversion is an intrachromosomal structural rearrangement in
which two breaks occur, and the segment lying between the
breakpoints rotates 180°. In paracentric inversions (PAI) of
chromosomes, both breakpoints are located on the same arm
of the same chromosome. Thus, the centromere is not involved
in the rearrangement, and the rearranged chromosome consists
of an inverted segment and two flanking, distal, non-inverted
regions. PAI occurs with a frequency of 0.1-0.5 % (Gardner,
Amor, 2018). Most often, PAI is found in chromosomes 1,
3, 5,6, 7, and 11, with breakpoints localized at 3(p13p25),
6(p12p23), 6(p12p25), 7(q11g22), and 11(q21g23) (Pettenati
etal., 1995). Heterozygous carriers of PAI do not exhibit clini-
cally significant phenotypic abnormalities (Madan, 1995; Yang
et al., 1997; Muss, Schwanitz, 2007). However, the presence
of a chromosome with an inverted segment in the karyotype
can lead to problems during meiotic segregation, resulting in
the formation of gametes with recombinant chromosomes.
This, in turn, may lead to zygotes with chromosomal imbal-
ance and the birth of a child with chromosomal pathology.
A key feature of synapsis and recombination in paracentric
inversions during the pachytene stage of prophase I is the
formation of an inversion loop (Fig. la).

Depending on the number of crossovers between a nor-
mal chromosome and its PAI homologue, various meiotic
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segregation outcomes are possible. If crossing-over occurs
outside the inversion loop, no recombinant chromosomes will
form. A single crossover within the inversion loop can lead
to the formation of a recombinant dicentric chromosome and
an acentric fragment (Fig. 15-1) (Phelan et al., 1993; Anton
et al., 2005). Cells containing an acentric fragment undergo
apoptosis. The dicentric chromosome is unstable and may
rupture during anaphase of meiosis I, resulting in gametes with
abnormal chromosomes: one with an inverted duplication and
an adjacent terminal deletion (inv dup del) and the other with
a terminal deletion of the chromosome arm (Feldman et al.,
1993; Mitchell et al., 1994) (Fig. 15-2). The empirical risk of
gametes with recombinant chromosomes can be assessed using
FISH analysis of ejaculate cells (Bhatt et al., 2009; Balasar,
Acar, 2020). In cases of classical segregation leading to an
unstable dicentric chromosome, commercially available DNA
probes targeting the centromeric and subtelomeric regions of
the chromosome with PAI are sufficient for analysis.
Reports on meiotic segregation in inversion carriers show
wide variability in the frequency of recombinant gametes,
ranging from 0 to 38 % (Morel et al., 2007; Anton et al., 2005;
Bhatt et al., 2009). This variability influences the reproductive
outcomes for couples where one partner carries an inver-
sion. For male heterozygous carriers of PAI, determining the
frequency of abnormal gametes allows for personalized risk

b
a’ b’ C e d C b e a
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fod e f
1

a b c e d c b a
< a’ o b’ c’ e d C b : a
2 invdupdelq delq

Fig. 1. Meiotic segregation of a chromosome with a PAI:

a-formation of an inversion loop in meiosis I: homologous chromosomes, the lower one has an inversion (1); formation of an inversion
loop (2); crossing-over within the inversion loop (3). b — theoretically possible variants of gametes during meiotic segregation of
PAI: dicentric chromosome and acentric fragment (1); break of the dicentric chromosome, forming an inverted duplication with an
adjacent terminal deletion (inv dup del) and a chromosome with a terminal deletion of the arm (2). Adapted (Burssed et al., 2022).
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assessment of having a child with chromosomal imbalance
and improves medical and genetic counseling for the family.

The aim of our study was to evaluate meiotic segregation
of chromosome 7 with paracentric inversion in ejaculate cells
and determine the frequency of gametes with recombinant
chromosomes.

Material and methods

The patient was a healthy 41-year-old man without clinical
phenotypic abnormalities, enrolled in an assisted reproduc-
tive technology (ART) program for male infertility. Samples
of peripheral venous blood and ejaculate were collected for
analysis.

Cytogenetic study was performed on cultured peripheral
blood lymphocytes according to a standard protocol (Cytoge-
netic Methods..., 2009). GTG-banding (550 bands) revealed
the karyotype 46,XY,inv(7)(q11.23q22).

The inverted segment size relative to the q arm and the
total length of chromosome 7 were calculated as 27.4 and
16.8 %, respectively.

Preparations from spermatozoa were obtained in accordance
with a previously developed protocol (Tarlycheva et al., 2021).

FISH analysis of spermatozoa was performed using
DNA probes on the centromeric region of chromosome?7
(SE7(D7Z1), SpBlue), subtelomeric region of the long arm of
chromosome 7 (Subtel 7q, SpRed), subtelomeric region of the
long arm of chromosome 2 (Subtel 2q, SpGreen) as a control of
ploidy and hybridization efficiency (Leica, Kreatech, Germa-
ny) according to the protocol of the manufacturing company.
FISH analysis of peripheral blood lymphocytes was performed
using locus-specific DNA probes on chromosome 7 labeled
with various fluorochromes: ELN (7q11) (Sp0O)/7q22 (SpG)
(Leica, Kreatech, Germany).

Hybridization signals were analyzed using an Axio Im-
ager M.1 epifluorescence microscope (Carl Zeiss, Germany)
and Isis software (MetaSystems, Germany).
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Meiotic segregation of chromosome 7
with a paracentric inversion

Results
FISH analysis of peripheral blood lymphocytes confirmed PAI
in the patient (Fig. 2).

To evaluate the frequency of gametes with recombinant
and non-recombinant (normal and inverted) chromosome 7,
FISH analysis of the patient’s ejaculate cells was performed
using a combination of DNA probes targeting the subtelo-
meric region of the long arm and the centromeric region of
chromosome 7, as well as the subtelomeric region of the short
arm of chromosome 2. In gametes with non-recombinant
chromosomes, one blue, one red, and one green hybridiza-
tion signal should be observed. In gametes with recombinant
chromosomes — inv dup del(7q) or del(7q) — only one blue
(from the centromeric region of chromosome 7) and one green
(control) hybridization signal will be present, while the red
hybridization signal will be absent, as all such chromosomes
exhibit a terminal deletion of the long arm of chromosome 7.
Meanwhile, gametes with a recombinant dicentric chromo-
some can be identified by the presence of two blue hybri-
dization signals (corresponding to the centromeric region of
chromosome 7) and one green control signal (Fig. 3).

The results of the frequency analysis of gametes with
non-recombinant (normal and balanced) and recombinant
chromosome 7 are presented in Table 1. During the analysis of
6,116 ejaculate cells, recombinant chromosome 7 was detected
at a frequency of 0.7 %, and in mature germ cells (gametes),
it was represented exclusively by reciprocal products of the
breakage of a dicentric chromosome 7. Spermatozoa carrying
the recombinant dicentric chromosome were not detected,
confirming the instability of this chromosome during meiosis |
in the carrier of this paracentric inversion.

To assess the frequency of gametes with intact and inverted
chromosome 7, FISH analysis was performed using a com-
bination of DNA probes targeting the q11 (red hybridization
signal) and q22 (green hybridization signal) regions of chro-
mosome 7. The distance between the hybridization signals

Fig. 2. Metaphase plate (a), fragment of the karyogram of the patient with inv(7)(q11.23g22) (b) and the result
of hybridization with locus-specific DNA probes on chromosome 7 (c) - the convergence of hybridization
signals from locus-specific DNA probes to regions 7q11 (red) and 7922 (green) in one of the homologues of

chromosome 7 indicates the presence of PAI.
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SE7(D7Z1)
Subtel 7 @
Subtel2p @
inv dup del/del7q
dic7

Fig. 3. Hybridization patterns expected in gametes due to crossing-
over in the inversion loop in a male carrier of inv(7)(q11922) and the
result of FISH analysis performed on preparations from the ejaculate
of a heterozygous inv(7)(q11g22) carrier to estimate the frequency of
gametes with recombinant chromosome 7.
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ELN (7q11)/7q22
® @

inv

Fig. 4. Hybridization patterns enabling evaluation of gamete types
in the absence of recombination within the inversion loop in a male
carrier of inv(7)(q11.23922), and the results of FISH analysis on ejaculate
preparations from a heterozygous inv(7)(q11.23922) carrier for assessing
the frequency of gametes with intact and inverted chromosome 7.

Table 1. Frequency of gametes with non-recombinant and recombinant chromosome 7

DNA probes N/inv Inv dup del/del7q Dicentric Total cells
Number of cells % Number of cells % Number of cells %
SE 7/Subtel 7q 6,074 99.3 42 0.7 0 0 6,116
Table 2. Frequency of gametes with intact and inverted chromosome 7
DNA probes Inv N Total cells Critical value p
of the t-value
Number of cells % Number of cells %
ELN (7q11)/7922 1,697 52.2 1,553 47.8 3,250 1.972 <0.05

allowed for the determination of whether chromosome 7 was
intact or inverted. In the case of an inversion, the red and
green hybridization signals appeared closer together. The
hybridization results and possible signal patterns are presented
in Figure 4.

The results of the analysis of the frequency of gametes with
intact and inverted chromosome 7 are presented in Table 2.
A total of 3,250 cells were analyzed, with the frequency of
cells carrying inverted and intact chromosome 7 being 52.2
and 47.8 %, respectively.

Discussion
Constitutional chromosomal abnormalities are among the
known genetic factors contributing to male infertility, in-
creased risk of miscarriage, and the birth of children with
developmental disorders. Paracentric inversions (PAls) can
not only disrupt meiosis and spermatogenesis but also lead
to the formation of mature gametes with chromosomal im-
balance due to the generation of recombinant chromosomes
during male gametogenesis. The classic meiotic segregation
scenario for PAIs involves crossing-over within the inversion
loop, followed by the formation of a dicentric chromosome, its
subsequent breakage, and the production of gametes carrying
inv dup del and deleted chromosomes.

Multiple factors influence the formation of the inversion
loop, including the size of the inverted segment. The risk of

MEANUMNHCKAA ULUTOTEHOMWKA / MEDICAL CYTOGENOMICS

generating gametes with recombinant chromosomes depends
on the likelihood of meiotic crossing-over occurring within
the inversion loop. If the inversion is small, the probability
of crossing-over within the inverted segment is low, as the
number of crossover events appears to be proportional to
chromosome length. Studies on the meiotic segregation of
pericentric inversions have demonstrated that when the inver-
ted segment constitutes <30 % of the chromosome length,
recombinant gametes are not formed. If the inverted segment
spans 3050 % of the chromosome length, the frequency of
recombinant gametes is <5 %, increasing to 20.5 % when the
inverted segment exceeds 50 % (Morel et al., 2007). A positive
correlation between the size of the inverted segment and the
frequency of recombinant gametes has also been observed in the
limited studies on the meiotic behavior of PAls. For instance,
an analysis of meiotic segregation patterns in blastocysts du-
ring preimplantation genetic testing of couples carrying PAIs
revealed that the frequency of blastocysts with recombinant
chromosomes increased with the size of the inverted seg-
ment, ranging from complete absence (when the inversion
was <37.5 % of the chromosome length) to 12 % (for larger
inversions) (Xie et al., 2019). Our previous research also de-
monstrated that in a heterozygous carrier of a polymorphic PAI
in the short arm of chromosome 8§ (with the inverted segment
constituting 3.2 % of the chromosome length), the frequency
of recombinant gametes was 0.03 % (Yurchenko et al., 2022).
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Since only one chromosome arm is involved in the para-
centric inversion and findings indicate that synapsis initiates
distally on both arms in metacentric and submetacentric
chromosomes but involves only one arm in acrocentric chro-
mosomes (Brown et al., 1998), it was proposed to modify the
evaluation criteria for PAls. Instead of calculating the size of
the inverted segment relative to the entire chromosome, it
should be calculated relative to the length of the arm contain-
ing the inversion. S. Bhatt et al. demonstrated that when the
PAI size is less than 50 % of the corresponding chromosome
arm length, the percentage of recombinant spermatozoa ranges
from 0 to 3.72 %, increasing to 10 % or more when the PAI
exceeds 50 % of the arm length (Bhatt et al., 2014). In the
present case of a heterozygous carrier of inv(7)(q11.23q22),
where the inverted segment constitutes 16.8 % of chromo-
some 7 length and 27.4 % of its g-arm, the frequency of
recombinant gametes was 0.7 %. These findings support the
established correlation between the size of the inverted seg-
ment and recombination frequency in PAls.

Limited studies on male gametogenesis in PAI carriers have
reported an absence of recombinant chromosomes during
meiotic segregation of inv(7)(q11g22) (Bhatt et al., 2009,
2014). The authors refer to an original study (Martin, 1986)
in which meiotic segregation analysis was performed on
pronuclear chromosomes obtained via in vitro penetration
of spermatozoa from an inv(7)(q11q22) carrier into golden
hamster (Mesocricetus auratus) oocytes. After analyzing
94 metaphase spreads, the authors concluded that no recom-
binant chromosome 7 was present (Martin et al., 1986).

In our analysis assessing the frequency of recombinant
chromosome 7, hybridization patterns were examined in
over 6,000 ejaculate cells. This allowed us to obtain reliable
evidence of recombinant chromosomes in a heterozygous
inv(7)(q11.23q22) carrier, contradicting previous findings.

The frequency of gametes with inverted chromosome 7
was statistically significantly different (p < 0.05) from that
of gametes with intact chromosome 7. Thus, we suggest that
heterozygous inv(7)(q11.23q22) carriers exhibit a preferential
tendency to produce gametes with inverted chromosome 7
during meiotic segregation. However, drawing definitive con-
clusions is challenging due to the potential for random signal
proximity, which could introduce systematic bias and overes-
timate the frequency of gametes with inverted chromosome 7.

Conclusion

A key aspect of genetic counseling for families carrying
chromosomal rearrangements is assessing the risk of hav-
ing children with chromosomal abnormalities caused by
pathological segregation patterns during gametogenesis in the
parent carrying the rearrangement. Determining the degree
of genetic risk, along with the potential medical and social
consequences of the anticipated chromosomal pathology, en-
ables the development of personalized preventive strategies to
avoid the birth of an affected child. FISH analysis of ejaculate
cells is a specific method for studying the meiotic behavior
of chromosomal abnormalities, including paracentric inver-
sions. By identifying an effective combination of DNA probes
for molecular cytogenetic analysis of male gametogenesis,
it becomes possible to investigate segregation patterns and
evaluate recombination events occurring during meiosis in

Meiotic segregation of chromosome 7
with a paracentric inversion

carriers of chromosomal abnormalities. The assessment of the
risk of having a child with chromosomal imbalance directly
depends on understanding the frequency of recombinant
gamete formation.

This study demonstrates that meiotic segregation of the
paracentric inversion inv(7)(q11.23g22) in the long arm of
chromosome 7 predominantly results in gametes carrying
either an intact or inverted chromosome 7. For the first time,
data on the frequency of recombinant gamete formation during
meiotic segregation of inv(7)(ql1q22) have been obtained,
confirming the occurrence of crossing-over within the inver-
sion loop. The personalized risk of producing gametes (or
zygotes) with chromosomal imbalance in a heterozygous
carrier of inv(7)(q11q22) is 0.7 %, which is considered low.
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Abstract. Reciprocal translocations are the most common structural chromosomal rearrangements, occurring at a
frequency of 0.08-0.3 % in the human population. The vast majority of carriers of reciprocal translocations are phe-
notypically normal, but have an increased risk of miscarriage or the birth of children with intellectual disabilities and
multiple congenital abnormalities due to meiotic malsegregation of chromosomes involved in the translocation. This
study presents a familial case of translocation involving the distal regions of the short arms of chromosomes 3 and
10, detected in seven family members across three generations. The investigation was prompted by the detection of
adeletion 10p15 and a duplication 3p25 revealed through clinical exome sequencing in a proband exhibiting pheno-
typic abnormalities, which may correspond to der(10)t(3;10)(p25;p15). GTG cytogenetic study of the proband’s family
revealed that the mother, grandmother, aunt and brother — none of whom displayed any clinical or phenotypic mani-
festations — were carriers of a balanced chromosomal rearrangement, t(3;10)(p25;p15). By contrast, the karyotype
of the proband’s sibling - a girl with severe cognitive, neurological, and developmental abnormalities - was found
to be 46,XX,der(3)t(3;10)(p25;p15)dmat. Molecular karyotyping facilitated further clarification of the chromosomal
imbalance and the precise breakpoints on both chromosomes involved in the translocation. This study provides a
detailed description of the clinical and phenotypic manifestations resulting from the presence of derivative chromo-
somes 3 and 10 in the karyotype. Additionally, it discusses the mechanisms underlying the formation of chromosomal
imbalances in the family members with the abnormal phenotype, the relationship between the severity of clinical
manifestations and changes in gene dosage due to chromosomal rearrangements, as well as potential preventive
and rehabilitative measures aimed at reducing the risk of chromosomal pathology in the families with carriers of
autosomal reciprocal translocations.
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CemeliHana TpaHcnoKaumna
mexay xpomocomamu 3 1 10

KaMu pa3BuUTMA BCNeACTBME NaTONOrMyeckon MernoTMUYeCKor cerperaumm XpomMoCcoMm, BOBMI@YEHHbIX B TPAHC/TOKaLMIo.
B paHHoOM paboTe npefcTaBneH cemMeiHbIn Ciyyaii TpaHCIoKaLMm MeXay ANCTaNbHbIMY yYacTKaMu KOPOTKOTO nileva
XPOMOCOMbI 3 1 KOPOTKOrO Mjleya XpomMocombl 10, Korga nepectpoiika Mexay xpomocomamu 3 1 10 6bina obHapy-
JKeHa y Cemu UneHOB CeMbM B TPeX noKoseHusax. Mosogom ana obcnefoBaHnA cemMbi CTaNo BbIABIEHUE NPU KIANHU-
YeCcKOM CEKBEHMPOBaHMM 3K30Ma Aeneuumn cermeHTa p15 xpomocombl 10 1 gynankaumm cermeHTa p25 Xpomocomb! 3
y npobaHfa ¢ aHomanuamm peHoTuna, 4To MoxeT cooTBeTcTBOBaTb der(10)t(3;10)(p25;p15). LinToreHeTnueckoe mc-
cnepoBaHue (GTG-oKpaluMBaHNe XPOMOCOM) YlIeHOB CeMbM MOKa3aso, YTo MaTb, a Takke 6abyluka, TeTa n cmbc npo-
6aHga 6e3 KNMHNYECKNX 1 GEHOTUMUYECKNX aHOMaNNiA ABNAITCA HOCUTENAMU COanaHCUPOBAHHON XPOMOCOMHOM
nepectpoiikm — t(3;10)(p25;p15). Y cnbca npobaHaa, AEBOUKU C TAXKENbIMU KOTHUTUBHBIMU, HEBPONOMMYECKUMI Hapy-
LEeHNAMMN 1 aHOMANUAMY Pa3BUTUA, onpeaeneH KapuoTtnn 46,XX,der(3)t(3;10)(p25;p15)dmat. MonekynapHoe Kapuo-
TUNMPOBaHME NO3BONIUIIO YTOUHUTb Pa3Mep XPOMOCOMHOIO ancbanaHca 1 TOUKM pa3pbiBa Ha 06enx Xpomocomax,
BOBJIEUEHHbIX B TPaHCIOKauuio. B ctaTbe npefcTaBneHo onuncaHne KAnHUKO-GeHOTUNMYECKUX 0cobeHHOCTeln Npu
HanMuun B KapmoTmne AeprBaTHbIX XPoMocom 3 1 10. O6cyxaatoTca mexaHnsm GopMUPOBaAHNA XPOMOCOMHOTO ANC-
6anaHca y UneHoB cemMbl C aHOMaNMAMK GEeHOTUNA, 3aBUCUMOCTb TSXKECTU KNMHUYECKUX NPOSIBIEHMI OT pa3mepa 1
reHHOro COCTaBa OGHAPYKEHHbBIX XPOMOCOMHbIX NEPECTPOEK, a TakKe HEOOXOAMMbIe MePONPUATUSA, HanpaBiEHHbIe
Ha npegynpexneHune poxaeHna pebeHka ¢ XpOMOCOMHO MaToNormen B CemMmbAX HOCUTENeNn ayTOCOMHbIX PeLnpPOK-
HbIX TPaHCNOKaLNI.

KnioueBble cnoBa: peLrnpoKHas TpaHCIoKaLMsA; MenoTryeckas cerperaLus; XpOMOCOMHbI AncbanaHc; aeprsaTHas
Xpomocoma 3; aepuBaTtHaa xpomocoma 10; GTG-oKpalumBaHMe XPOMOCOM; KIIMHNYECKOe CEKBEHMPOBAHNE SK30Ma;

XPOMOCOMHbIVI MMKPOMATPUYHbIA aHanus; 3p AeneLyOHHbI CUHAPOM

Introduction

Reciprocal translocations (RT) involve the reciprocal ex-
change of genetic material between two chromosomes, with
a breakpoint occurring in each chromosome. Such exchanges
can be balanced (if no chromosomal material is lost or gained)
or unbalanced (if there is a net loss or gain of genetic material
in one or both chromosomes). RT is one of the most common
structural chromosomal abnormalities, with an estimated fre-
quency of 1 in 500 to 1 in 625 newborns (Ogilvie, Scriven,
2002). The population frequency of balanced translocation
carriers ranges from 0.08 to 0.3 % (Kochhar, Ghosh, 2013).

As a rule, carriers of reciprocal translocations (RT) are
phenotypically normal. However, their reproductive potential
is often compromised by an increased risk of infertility, re-
current miscarriage, or the birth of children with intellectual
disabilities and multiple congenital anomalies. This risk arises
from the high likelihood of chromosomal imbalance in the
offspring, resulting from aberrant meiotic segregation in RT
carriers (Hu et al., 2016).

Chromosome segregation patterns are established during
meiosis I, and in rare cases, may also result from errors in
meiosis II. In RT carriers, the formation of bivalents between
non-homologous chromosomes involved in the translocation
becomes impossible during prophase I. Instead, a quadrivalent
structure forms, ensuring complete homosynapsis between
the rearranged chromosomes. During gametogenesis, three
segregation patterns are possible —2:2, 3:1, and 4:0 — reflect-
ing the distribution of chromosomes from the quadrivalent
to daughter gametocytes. The predominant segregation pat-
tern is largely determined by the quadrivalent configuration,
which itself depends on the breakage—reunion points in the
rearranged chromosomes (Gardner, Amor, 2018).

Of the 32 theoretically possible gamete combinations re-
sulting from meiotic segregation in reciprocal translocation
(RT) carriers, only two produce genetically balanced gametes:
those containing either both non-rearranged chromosomes
or both derivative chromosomes (alternate 2:2 segregation
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pattern). All the other segregation patterns result in gametes
with chromosomal imbalance. The 2:2 malsegregation pat-
terns include: adjacent-1 segregation — produces gametes
with partial trisomy/monosomy of the translocated segment;
adjacent-2 segregation — leads to partial trisomy/monosomy
ofthe centric segment. In 3:1 segregation, gametes with 22 or
24 chromosomes are formed. Resulting zygotes contain 45 or
47 chromosomes. Zygotes with 47 chromosomes (trisomic)
demonstrate the highest viability among unbalanced outcomes.
In 4:0 segregation gametes receive either all four chromo-
somes or none from the quadrivalent. Resulting zygotes
exhibit either double trisomies or double monosomies. These
zygotes are uniformly nonviable (Shilova, 2016).

The viability of carriers and the severity of clinical mani-
festations in cases of chromosomal imbalances depend on
three key factors: the size of the imbalanced region, its chro-
mosomal location, specific genes involved in the affected
regions. Notably, translocations with terminal breakpoints
demonstrate a significantly increased frequency of embryos
with chromosomal imbalance. The terminal location of break-
points represents an independent risk factor resulting in the
birth of viable offspring with multiple congenital anomalies,
chromosomal imbalance. Statistical analysis reveals that
carriers of RTs with at least one terminal breakpoint (0.2 of
the size of the respective chromosome arm and less) have a
6-fold increased risk of producing viable offspring with these
adverse outcomes compared to RTs without terminal break-
points (Shilova, 2019). When chromosomal imbalances affect
genes critical for embryonic development, developmental
arrest typically occurs either during early embryogenesis or
later in prenatal development (Beyer et al., 2019). In cases
where the imbalance is compatible with continued in utero
development, gestation typically results in the birth of a child
with congenital malformations and/or developmental abnor-
malities (Shilova, 2016).

This study investigates the phenotypic and genetic con-
sequences of meiotic segregation patterns in translocations
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between chromosomes 3 and 10, specifically involving their
terminal regions, across three generations of a single family.
We present: a clinical case of 3p deletion syndrome resulting
from genomic imbalance in a female, with concurrent cases
of 10p15 deletion syndrome in male and female cousins.

Materials and methods

Proband III-1, a boy born in 2006, was first evaluated by a
clinical geneticist at the Chelyabinsk Regional Children’s
Clinical Hospital in 2009. In 2018, his newborn sister (I1I-5)
and parents (II-1, II-2) underwent cytogenetic analysis. Six
additional family members, including the proband’s brother
(I1I-3), maternal aunt (II-4), her two daughters (I111-7, I1I-10),
as well as the maternal grandmother (I-1) and grandfather
(I-2), were examined in 2024 (Fig. 1).

Cytogenetic analysis was performed on GTG-banded
metaphase chromosome preparations (550-band resolution)
obtained from PHA-stimulated peripheral blood T-lympho-
cytes, following a standardized cytogenetic protocol (Medical
Genetics, 2022).

Molecular and cytogenetic investigations were performed
in an external laboratory. High-resolution chromosomal mi-
croarray analysis (CMA) was conducted using the Affymetrix
CytoScan HD oligonucleotide microarray platform, follow-
ing the manufacturer’s protocol (Affymetrix, USA). Data
analysis was performed using the Chromosome Analysis Suite
(ChAS) software (v4.0). Clinical exome sequencing (CES)
was performed via next-generation sequencing (NGS) with
paired-end reads. Sequencing data were processed by aligning
reads to the human reference genome (GRCh38/hg38). The
DECIPHER database was utilized to assess genes within the
chromosomal imbalance region for haploinsufficiency and
triplosensitivity effects.

Cytogenetic and CMA results were interpreted according
to the International System for Human Cytogenomic Nomen-
clature (ISCN 2024).

All studies involving human participants complied with the
ethical guidelines of the National Committee for Research

46,XX,1(3;10)

Familial translocation
between chromosomes 3 and 10

Ethics and the Declaration of Helsinki (1964, with later
amendments). Written informed consent was obtained from
all participants or their legal guardians.

Results

Male proband (III-1), born in 2006, was the product of an
uncomplicated first pregnancy and delivery. His birth pa-
rameters included: weight: 2,600 g (1st—2nd centile, ~3 %),
length: 51 cm (4th—5th centile, ~50 %), Apgar scores: 7/8. The
boy exhibited significant psychomotor delay: head control
achieved at 3 months, independent sitting at 10—11 months,
ambulation at 2.5 years (developed progressively stiff gait).
The first genetic assessment (2009) at Chelyabinsk Regional
Children’s Clinical Hospital revealed normal male karyotype
(46,XY) on GTG-cytogenetics. Despite recommendations for
annual follow-up, the family was lost to genetic surveillance
for 9 years.

The patient was re-evaluated at the same institution due to
progressive neurological deterioration and admitted to neuro-
logy service (2023). At age 7, the patient experienced signifi-
cant motor regression — lost ambulation capacity (currently
only able to crawl), markedly limited expressive language
(5-word vocabulary). A history of seizure-like episodes was
characterized by ocular squeezing, risus sardonicus (sustained
grimacing), perioral cyanosis, respiratory distress, myoclonic
jerks of extremities. Clinical exome sequencing (CES) was
performed in 2024 to investigate progressive neurodevelop-
mental regression, complex seizure disorder, suspected un-
derlying genetic etiology.

CES revealed that proband III-1 carried a 2,993,266 bp
deletion on the short arm of chromosome 10 (chr10:179763—
3173029), encompassing 27 genes, including 10 protein-
coding genes. Among these, three were OMIM-annotated:
ZMYNDII (associated with autosomal dominant intellec-
tual developmental disorder 30 [AD]), WDR37 (linked to
neurooculo-cardiogenitourinary syndrome [AD]), PITRM]
(implicated in autosomal recessive spinocerebellar ataxia 30
[AR]). Additionally, a 9,809,749 bp duplication was detected

(p25;p15)

46,XY

I 46,XY 4%’;’;':;31;51)0) @
! 3 U 5
I A I A A
2 6 9
n 46,XY,der(10) 146,XY,t(3;10)mat] 46,XX,der(3) 46,XX,der(10)
1 3 5 7 10

/Y

Fig. 1. Schematic representation of one and the same family members - carriers of the translocation t(3;10)(p25;p15) -

across three generations (the arrow points to the proband).
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Fig. 2. Unbalanced and balanced variants of familial translocation between chromosomes 3 and 10.

a - karyotype of the mother II-2, reciprocal translocation t(3;10)(p25;p15); b — karyotype of the proband’s sister Ill-5 46,XX,der(3)t(3;10)(p25;p15)dmat; ¢ - karyo-
type of the proband'’s female cousin I1I-10 46,XX,der(10)t(3;10)(p25;p15)dmat). GTG-banding of the chromosomes.

on the short arm of chromosome 3 (chr3:2735965-12545714),
spanning 115 genes (58 protein-coding ones). These findings
imply that the proband carries a derivative chromosome 10
resulting from a translocation between chromosomes 3 and 10.

In 2018, the proband’s parents sought medical genetic coun-
seling for their three-month-old daughter (III-5). The girl was
born from the mother’s (II-2) fifth pregnancy, which occurred
against a background of complicated obstetric-gynecological
history. This was the mother’s third delivery, resulting in a full-
term cesarean section. The mother’s previous pregnancies in-
cluded: two live births — the proband (III-1, born in 2006) and
amale sibling (I1I-3, born in 2012), two spontaneous abortions
in early gestation (unknown etiology; no genetic or cytogenetic
analysis was performed on the embryos). Prenatal findings
in III-5 included marginal chorion presentation, intrauterine
growth restriction (IUGR), congenital heart disease (CHD),
musculoskeletal anomaly, polydactyly of the upper extremi-
ties. The gestation was complicated by chronic decompensated
placental insufficiency and polyhydramnios. Birth parameters
(ITI-5) were as follows: birth weight: 1,970 g (<Ist centile,
3 %), length: 45 cm (1st centile, 3 %), head circumference:
35 cm (5th centile, 75 %), thoracic circumference: 30 cm (1st
centile, 3 %). These anthropometric measurements indicate
severe intrauterine growth restriction (IUGR). The Apgar score
was 7. Clinical and phenotypic features included multiple
congenital malformations, subclinical hyperthyroidism, iliac
ectopia of the left kidney, flexion contractures of both thumbs,
hip dysplasia, grade 2 cerebral ischemia, movement disorder
suppression syndrome, ocular abnormalities: microphthalmia,
microcornea. Congenital heart disease (CHD) included pri-
mum atrial septal defect (ASD), persistent left superior vena
cava, patent foramen ovale (PFO), elongated Eustachian valve,
grade | mitral regurgitation, group | pulmonary hypertension,
circulatory failure (class 2A).

The cytogenetic investigation revealed derivative chromo-
some 3, karyotype 46,XX,der(3). Parental karyotyping clari-
fied the origin of chromosomal anomaly: the mother (II-2)
is the carrier of a reciprocal translocation — 46,XX,t(3;10)
(p25;p15). The father (II-1) had a normal male karyotype —
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46,XY. Thus, the karyotype of the proband’s sister (III-5)
was determined as 46,XX,der(3)t(3;10)(p25;pl5)dmat
(Fig. 2).

Molecular karyotyping of the proband’s sister (III-5) pre-
cisely delineated the genomic imbalance and translocation
breakpoints: arrff GRCh38] 3p26.3p25.2(11007 12547742)
x1,10p15.3p15.2(45908 3500569)x3. Chromosome 3 dele-
tion can be described as follows: size: 12,536,735 bp, genes
affected: 132 (60 protein-coding ones), including 37 OMIM-
annotated genes. Chromosome 10 microduplication was
3,454,661 bp in size, genes affected: 33 (11 protein-coding
ones).

It can be concluded that the chromosomal imbalances
observed in proband III-1 (karyotype: 46,XY,der(10)t(3;10)
(p25;p15)mat), who inherited the derivative chromosome 10,
and sibling I1I- 5, who inherited the derivative chromosome 3,
result from meiotic adjacent-1 2:2 malsegregation of a mater-
nal reciprocal translocation t(3;10)(p25;p15) (Fig. 3).

In 2024, the proband’s parents sought genetic re-evaluation
for their 12-year-old son (III-3) (born 2012), who exhibited
no clinical abnormalities. G-banding revealed a balanced
translocation, 46,XY,t(3;10)(p25;p15)mat, inherited from his
mother (II-2).

The same year, the mother’s sister (II-4) consulted medical
geneticist with her two daughters: a phenotypically normal
older daughter (ITI-7, born 2006) (46,XX) and a younger
daughter (I1I-10, born 2017) presented with delayed motor
development (gait instability, limited speech) and dysmor-
phic features. The karyotype of the younger girl showed an
unbalanced derivative chromosome 10: 46,XX,der(10)t(3;10)
(p25;p15)mat. Molecular karyotyping of the mother (II-2)
revealed a balanced reciprocal translocation t(3;10)(p25;p15).
Parental karyotyping traced the translocation to the grand-
mother (I-1), confirming a familial balanced translocation,
46,XX,t(3;10)(p25;p15) (Fig. 1).

Thus, in the presented family the daughters I1-2, I1-4 and the
grandson II1-3 inherited balanced translocation 46,XX,t(3;10)
(p25;p15) from the grandmother I-1. As a result of meiotic
adjacent-1 malsegregation proband I11-1 and his cousin I1I-10
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Fig. 3. Schematic representation of: a — reciprocal translocation formation between chromosomes 3 and 10, t(3;10)(p25;p15);
b - variants of meiotic segregation patterns of chromosomes with translocation.

had unbalanced karyotype with derivative chromosome
der(10) and the karyotype of proband’s sister I1I-5 with the
severe clinical manifestations contains derivative chromo-
some der(3) (Fig. 3).

Discussion

Chromosome banding analysis at a 550-band resolution per
haploid set enables the detection of chromosomal abnor-
malities in 3—10 % of patients with intellectual disability.
GTG-banding remains the gold standard for diagnosing chro-
mosomal imbalances exceeding 8—10 Mb in size (Lebedev et
al., 2023). However, as with any method relying on subjective
interpretation, the accuracy of results depends heavily on the
cytogeneticist’s expertise, chromosome spreading quality, and
banding clarity. Unfortunately, the derivative chromosome 10
(der(10)) in the proband (I1I-1) was not detected during initial
cytogenetic analysis in 2009, significantly prolonging the
“diagnostic odyssey” of this family.

As shown in Figures 1 and 3, four family members exhibited
a balanced/normal karyotype, resulting from maternal alter-
nate meiotic segregation of a familial reciprocal translocation
t(3;10). In contrast, three individuals — the proband (III-1) and
his cousin (I1I-10) (both with der(10)), as well as the proband’s
sister (III-5, with der(3)) — had unbalanced karyotypes due to
adjacent-1 malsegregation (2:2 segregation). This suggests
that balanced and unbalanced gametes (zygotes) are formed
at near-equal frequencies (4:3) during meiotic segregation of
this translocation. Literature analysis indicates that meiotic
malsegregation occurs in ~30 % of reciprocal translocation
cases, with adjacent-1 segregation being the most prevalent
(~80 %). Adjacent-2 segregation is observed in ~13 % of
cases, while tertiary (exchange) segregation accounts for
~7 % (Shilova, 2016).

Given that both mothers (II-2 and II-4) had a history of
spontaneous abortions (the grandmother’s obstetric history is
unknown), we hypothesize that these pregnancy losses may
represent embryos with chromosomal imbalances resulting
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from either meiotic adjacent-2 segregation of the familial
translocation, or aneuploidy involving chromosomes 10 and 3
(which would be incompatible with live birth).

Presumably, in this reciprocal translocation, only concep-
tuses with chromosomal imbalances arising from adjacent-1
segregation (2:2) appear viable. Literature evidence suggests
that when breakpoints occur in terminal chromosomal regions
(as in our case), the likelihood of live-born children with mul-
tiple congenital anomalies and/or chromosomal imbalances
increases sixfold (Shilova et al., 2019). In the present study,
both breakpoints were located in terminal regions, which
likely contributed to the birth of affected children with severe
phenotypic manifestations.

The limited family pedigree does not permit a statistically
robust assessment of the empirical recurrence risk for chro-
mosomal imbalance in offspring. Nevertheless, our findings
indicate a substantial observed risk (3/7, or 43 %) of unbal-
anced outcomes. This information is particularly relevant for
the proband’s brother (III-3), a balanced carrier of t(3;10),
and should inform both clinical counseling and his future
reproductive planning. Notably, among the grandmother’s
five grandchildren, only III-3 and one cousin (I1I-7) show no
clinically significant phenotypic abnormalities. The other three
(III-1, III-5, and III-10) exhibit developmental defects and
multiple congenital anomalies resulting from genomic imbal-
ance. While modern reproductive technologies (such as PGD)
could mitigate this risk, the high probability of unbalanced
segregation warrants heightened clinical vigilance regarding
the reproductive choices of translocation carrier I1I-3. For
instance, longitudinal follow-up of families with identified
chromosomal rearrangements (diagnosed 15-34 years prior)
revealed two significant findings: in four families, parents
had no recollection of their children’s previous cytogenetic
diagnoses, and in four additional families (representing ap-
proximately 10 % of the study cohort), parents failed to com-
prehend the clinical implications of the karyotyping results
(Bache et al., 2007).
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Clinical and phenotypic manifestations in children with unbalanced genome formed during meiotic segregation t(3;10)(p25;15)

Physical features

of 3p25-pter deletion
(Malmgren et al., 2007;
Fuetal, 2021)

Low birthweight

Developmental delay

Growth retardation/
abnormality

Locomotor activity

11I-5 Proband’s sister
Karyotype, CMA:
3p25-pter deletion,
10p15-pter duplication

+

+
No speech or its understanding

No
Did not walk: knee-joint contracture,
joints of the hand contracture

IlI-1 Proband

CES:

3p25-pter duplication,
10p15-pter deletion

No

+
Says up to ten words,
no self-care

B

Independent walking
from the age of 2.5 years
up to the age of 7,
currently only crawling

+
B

No (macrocephaly observed)

11I-10 Proband'’s female cousin
Karyotype:

3p25-pter duplication,
10p15-pter deletion

No

+
Indistinct speech

Independent walking,
gait stiffness increases

+
4

No (macrocephaly observed)

Feeding problems +
Hypotonia +
Microcephaly +
Blepharophimosis +
Ocular hypertelorism/ No
Hypertellrism

Flat nasal bridge +
Polydactyly +
Synophrys +
Micrognathia +
Low set ears +

Plump earlobes/earlobe fullness

No (ophthalmoptosis observed)  No
+ +
No 4k
No No
No No
No No
+ +

Note. Children with similar chromosomal imbalance are marked with a background.

Molecular characterization using chromosomal microar-
ray analysis (CMA) and clinical exome sequencing (CES)
in the proband (III-1) and his affected sister (III-5) enabled
precise mapping of translocation breakpoints, identification
of genes contained within the unbalanced chromosomal
regions. Based on the karyotyping results, we hypothesized
that the proband (III-1) and his female cousin (I1I-10) carried
a genomic imbalance involving a 10p15-pter deletion and a
3p25-pter duplication, indicating the presence of a derivative
chromosome 10 (der(10)). In contrast, chromosomal microar-
ray analysis (CMA) of the proband’s sister (I1I-5) identified a
derivative chromosome 3 (der(3)) with a terminal 3p25-pter
deletion (12.5 Mb) and a 10p15-pter duplication (3.5 Mb)
(see the Table).

Although all patients with chromosomal imbalances in our
cohort exhibited severe cognitive and physical impairments,
detailed clinical evaluation revealed that the phenotypes of
the two der(10) carriers were similar but different from that
of the proband’s sister (I1I-5) with der(3).

MEAUUMNHCKAA ULUTOTEHOMUKA / MEDICAL CYTOGENOMICS

The terminal deletion of the 10p15-pter region was first
reported by D. Elliott et al. (1970). To date, approximately
50 cases of 10p15-pter deletions with varying lengths have
been described in the literature. The core clinical features
associated with 10p15-pter deletions include cognitive im-
pairment, behavioral abnormalities, speech delay, locomotor
dysfunction, craniofacial dysmorphism, hypotonia, brain
malformations, and seizures. These features are attributed
to haploinsufficiency of the ZMYND 11 (OMIM 608668) and
DIP2C (OMIM 611380) genes (DeScipio et al., 2012); both
are located within the deleted region identified in proband
II1-1 and his female cousin III-10, who exhibited characteristic
clinical manifestations. Notably, the phenotypic spectrum
in these cases may reflect not only the 10p deletion but also
the concurrent 3p25-pter duplication, which encompasses
13 protein-coding genes known to be triplosensitive. The pa-
tients require specialized neurorehabilitation, particularly the
female cousin I1I-10, who demonstrates progressive locomotor
deterioration similar to proband I1I-1.
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In contrast, patient III-5 (the proband’s sister) exhibited
severe clinical features consistent with 3p deletion syndrome,
further supporting the pathogenicity of the 3p25-pter deletion
identified in her case (Verjaal, De Nef, 1978; Malmgren et
al., 2007; Fu et al., 2021) (see the Table). Deletions of the
terminal 3p region represent a rare chromosomal abnormality
associated with characteristic phenotypic features, includ-
ing microcephaly, ptosis, hypertelorism, and micrognathia.
Affected individuals typically exhibit low birth weight, hy-
potonia, intellectual disability, developmental delay, delayed
bone maturation, and renal anomalies. Congenital heart de-
fects — particularly atrioventricular septal defects — occur in
approximately one-third of cases (Martins et al., 2021). In our
study, the proband’s sister (III-5) had severe manifestations
from birth, including low birth weight, complete absence of
locomotor activity and speech, microcephaly, polydactyly,
synophrys, and micrognathia. Notably, these features were
absent in the proband (III-1) and his female cousin (I1I-10),
highlighting the phenotypic divergence between the two
genomic imbalances. Of particular interest is the contrasting
cranial growth patterns observed: microcephaly in I11-5 (with
3p25-pter deletion) versus macrocephaly in cases with 3p25-
pter duplication. This reciprocal phenotype likely reflects
dosage sensitivity of genes within this region, underscoring
the critical role of gene copy number in neurodevelopment
and craniofacial morphogenesis.

As previously noted, the 3p25-pter deletion region en-
compasses 132 genes, including 25 morbid genes associated
with clinical phenotypes. Among these, haploinsufficiency of
SETDS5, BRPF1,CRBN,ATG7,SLC6A411, GRM7,and ARPC4
has been linked to neurodevelopmental disorders and cogni-
tive impairment. Notably, the region also includes CHLI, a
candidate gene for nonspecific intellectual disability due to its
high expression in the developing brain (Martins et al., 2021;
Tsuboyama, Igbal, 2021). The concurrent 10p15-pter dupli-
cation in this patient may further contribute to the abnormal
phenotype, as this region contains two triplosensitive genes:
LARP4B and DIP2C. Of these, DIP2C has been specifically
associated with developmental delay and speech impairment,
suggesting a potential additive or synergistic effect of the dual
genomic imbalance.

Conclusion
The 14-year clinical odyssey of this three-generation family
enabled the identification of carriers with both the balanced
reciprocal translocation t(3;10) and derivative chromosomes
resulting from adjacent-1 meiotic 2:2 malsegregation. Break-
points were precisely mapped using high-resolution genomic
techniques — chromosomal microarray analysis (CMA) and
clinical exome sequencing (CES). Variability in the size and
gene content of the imbalanced regions correlated with the se-
verity of phenotypic abnormalities among affected individuals.
Notably, patients sharing similar genomic imbalances exhib-
ited comparable and progressively worsening clinical manifes-
tations, underscoring the necessity for multidisciplinary care
involving neurologists and rehabilitation specialists.
Chromosomal imbalances involving concurrent terminal
deletions and duplications of non-homologous chromosomes

Familial translocation
between chromosomes 3 and 10

typically arise from meiotic segregation errors in parental
reciprocal translocations. Thus, parental karyotyping is es-
sential to identify translocation carriers. Although the pro-
band’s brother (I11-3) with the balanced translocation remains
asymptomatic, genetic counseling is critical to inform him
of his reproductive risks. Advanced preimplantation (PGT)
and prenatal diagnostic methods can significantly reduce the
likelihood of transmitting severe genomic disorders to his
offspring.
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Transposable elements as key regulators
of placental development
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Abstract. Transposable elements (TEs), comprising over one-third of the human genome, play a crucial role in its evo-
lution, serving as a significant source of regulatory sequences. Under normal circumstances, their activity is tightly
controlled by DNA methylation mechanisms; however, the effectiveness of this suppression varies substantially across
tissues. The placenta, characterized by global hypomethylation, represents a unique environment where retroviruses
and retrotransposons, typically silenced in somatic cells, gain the opportunity for activation. This distinct epigenetic
landscape of the placenta allows transposons to participate in the regulation of genomic activity, influencing processes
ranging from early embryogenesis to postnatal development. DNA hypomethylation in the placenta not only promotes
TE mobilization, but also opens the possibility of using their components as independent genes and regulatory ele-
ments — promoters, enhancers, and other functional modules. These elements are involved in key aspects of placental
development, including syncytiotrophoblast formation, extravillous trophoblast invasion, spiral artery remodeling, and
endometrial decidualization. Importantly, TEs can serve as sources of alternative promoters for neighboring genes, and
ancient mammalian transposons contain multiple transcription factor binding sites, enabling coordinated regulation
of genes sharing a common function. Despite the growing interest in the role of transposable elements in placental
development and function, many questions remain unanswered. In particular, the mechanisms of non-long terminal
repeat (non-LTR) retrotransposon function during pregnancy remain poorly understood. A deep understanding of these
processes is necessary to elucidate regulatory disorders in the placenta associated with major obstetric syndromes. This
review examines the contribution of transposable elements to the functioning of the human genome, particularly their
impact on gene expression, in the context of pregnancy and placental development.
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MOoOGU/IbHbIE 3/1IEMEHTHI KaK KII0UeBbI€ PEryIsITOPhI
pa3BUTHS IIJIALl€HThI

M.A. XKuakuna @, E.H. Toamauéna (°), C.A. BacuabeB

HayuHo-vccnepoBaTenbCknii UHCTUTYT MeAULIMHCKON reHeTrKy TOMCKOTO HaLMOHaNbHOTo UCCIEeA0BaTENbCKOTO MEAVLIMHCKOTO LIEHTPa
Poccuminckor akapemnn Hayk, Tomck, Poccua

@ maria.amelkina@medgenetics.ru

AHHoTauuA. MobunbHble 3nemeHThI (transposable elements, TE), cocTaBnatoLme CBbiLe TPETH YENOBEUYECKOTO FEHOMA,
MFPatoT KIKYEBYIO POJIb B €r0 SBOJIIOLMM, BbICTYMas BaXKHbIM UCTOUYHUKOM PETYIIAITOPHbIX MOC/IeA0BaTeNIbHOCTE. B HOp-
Me VX aKTVBHOCTb ECTKO KOHTPOMMPYETCA MexaHu3mamu metunuposanus [HK, ogHako 3ddeKTMBHOCTb Takoro mno-
[aBNeHUs CyLLeCTBEHHO Pa3iMyaeTca Mexay TKaHaMu. MnaueHTa, oTnyarLLancs rmobanbHbIM rMNoMeTUIPOBaHNEM,
npeacTaBnseT cobomn yHUKanbHyto Cpeay, rie PETPOBMPYChI U PETPOTPAHCMO30HbI, 06bIYHO MOYALLME B COMATUYECKMX
KNeTKax, MosyyaloT BO3MOXKHOCTb aKTMBALUW. DTOT 0CObbIN SMUreHeTUYeCKNin NaHawadT NiaLeHTbl No3BOMAET TPaHC-
Mo30HaM y4acTBOBaTb B PETYALMM FeHOMHOI aKTUBHOCTM, OKa3blBast BAUAHME HA MPOLLECCh, MPOTEKaLLME OT PaHHEro
ambpuoreHesa Ao NOCTHaTalbHOIO pa3BuTys. fMnometunuposaHve HK B nnaueHTe He TONbKO CNOCOGCTBYeT MOGY-
nu3aumn TE, HO 1 OTKPbIBAeT BO3MOXHOCTb MCMOJIb30BaHMA X KOMMOHEHTOB B KauecTBe CaMOCTOATENIbHbIX FEHOB U
perynaTopHbIX 3/IEMEHTOB — MPOMOTOPOB, SHXAHCEPOB 1 APYTUX GYHKLNOHANbHBIX MOAYNEN. DTN 3/IEMEHTbI BOBNIEYEHbI
B K/IIOUEBbIE aCMEKTbI MALEHTAPHOrO Pa3BUTHS, BKIOUas GOPMUPOBaHME CUHLUTUOTPOdO6IAcTa, MHBA3UIO BHEBOP-
CHYaToro TpodobnacTa, peMOLENMPOBaHKE CNMPabHBIX apTEPUI U AeLmnayanm3aumio SHAOMETPIS. BaxHO oTMeTnTb,
uTo TE MOTYT CY>KMTb MCTOYHUKAMM anbTePHATVBHBIX MPOMOTOPOB AfA COCEAHNX FEHOB, a |PEBHMUE TPAHCMO30HbI Mile-
KOMWTAKOLWMNX COAEPKaT MHOXKECTBEHHbIE CaliTbl CBA3bIBAHWA TPAHCKPUMNLMOHHbIX GaKTOPOB, 06ecrneynBas CKOOPAUHM-
POBaHHYIO PErynsaumio reHoB, 06befuHeHHbIX obLei GyHKLMen. HecMOTpA Ha PacTyLwmii UHTEPEC K PO MOBUMbHbIX
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Mob6unbHble 3nemMeHTbI
KaK KJiloueBble perynaTopbl pa3BnUTUA naaueHTbl

3NIEMEHTOB B Pa3BUTVMN 1 GYHKLIMOHUPOBAHMN MlaLeHTbl, MHOTME BOMPOChI ocTatoTcs 6e3 oTBeTa. B uactHocTty, mano-
M3yUYeHHBIMU NPOLOMKAIOT BbITb MeXaHN3Mbl GYHKLMOHVPOBAHMA B X0fe 6epeMeHHOCTN PETPOTPAHCMNO30HOB, HE CO-
JepXalymnx ASIMHHbIX KOHLEeBbIX MOBTOPOB (non-LTR peTpoTpaHcno3oHoB). [NMy6okoe NoHWMaHMe 3TrX NpoLeccoB Heob-
XOOUMO L1 MPOACHEHUA HAPYLWEHWIA PErynAaLMmM B NiaLeHTe Npu 60MbLIMX akyLLepCcKUX CMHAPOMax. B faHHoM 063ope
paccmaTprBaeTCs BKNag MOOUIbHBIX SNIEMEHTOB B GYHKLMOHNPOBAHWE reHOMa YenoBeKa, B YaCTHOCTU UX BIMAHME Ha
3KCMPECCHIO FEHOB, B KOHTEKCTE GEPEMEHHOCTM 1 Pa3BUTWSA NALEHTDI.

KnioueBble croBa: MOGU/IbHbBIE /1IEMEHTbI; PETPOTPAHCNO30HbI; PETPOBUPYChI; Pa3BUTUE MALeHTbl

Introduction

Approximately 40 % of the mammalian genome is com-
prised of mobile genetic elements called “transposons”
(TEs) (Chesnokova et al., 2022). At first glance, such
an abundance of TEs in mammalian genomes seems
paradoxical, given the potential risks associated with
uncontrolled transposition (Doolittle, Sapienza, 1980).
However, this coexistence reflects an ongoing evolution-
ary arms race between TEs and their hosts, resulting in
a dynamic equilibrium. Although most mammalian TEs
have been inactivated through mutations or transcriptional/
post-transcriptional silencing, there are exceptions. Some
TE/host interactions, initially driven by the need for TE
replication, can be repurposed to perform important func-
tions in host development or physiology.

In recent decades, it has become clear that such adapta-
tion of mobile genetic element sequences to perform new
functions in the host genome is a crucial step in their evo-
lution. J. Brosius and S.J. Gould (1992) made a significant
contribution to understanding this process, challenging the
view of mobile genetic elements solely as “junk DNA” and
proposing that TEs should be considered a source of evolu-
tionary innovation through the mechanism of exaptation —
the repurposing of existing genetic elements to perform
new functions. It is important to note that while adaptation
involves the refinement of features under the direct selec-
tion for their current function, exaptation describes the use
of pre-existing traits for entirely new purposes (Brosius,
Gould, 1992). As such, mobile genetic elements (such as
transposons and retrotransposons) can take on biologically
significant roles in gene regulation, formation of new func-
tional elements of the genome or its structure (Chuong et
al., 2016).

The reproductive strategy of placental mammals, charac-
terized by intrauterine development and prolonged lactation,
requires significant energetic and metabolic expenditures
on the part of the maternal organism (Hamilton, Boyd,
1960). Under such substantial maternal costs, natural se-
lection predictably favors the development of mechanisms
for early elimination of non-viable embryos in the early
stages of ontogenesis. From this perspective, the matter of
the preservation of mobile elements in the genome, despite
their potentially destructive effects and the strong action of
selection, is of scientific interest.

The evolutionary persistence of TEs can be explained
by their strategic integration into key processes that deter-
mine organism viability at critical stages of development.
These fundamental processes include an activation of the
embryonic genome, a successful embryo implantation, and

placentation. The effectiveness of this strategy is supported
by the large-scale invasion of TEs into mammalian genomes.

The features of epigenetic regulation in the placenta, such
as global DNA hypomethylation and the presence of partially
methylated domains of extended genomic regions with inter-
mediate levels of methylation (Novakovic, Saffery, 2013),
provide unique conditions for the activation of endogenous
retroviruses and retrotransposons that are repressed in most
somatic tissues (Honda, 2016). The brevity of existence and
temporary nature of placenta as an organ further explains
the specificity of its epigenome organization.

This review attempts to systematize current data on the
functional significance of mobile elements in placental
development and function.

Transposable elements

in mammalian genomes

Mobile genetic elements are highly abundant in mammalian
genomes. While previously considered “junk DNA”, their
significant influence on host genome function is now a well-
established fact. According to current data, approximately
50 % of the human genome is comprised of retrotransposons
and DNA transposons (de Koning et al., 2011).

From the perspective of molecular transposition mecha-
nisms, all transposable elements (TEs) are divided into two
main classes (Wicker et al., 2007). The first class groups
the elements called “retrotransposons”. For movement,
these elements utilize an RNA intermediate followed by
reverse transcription via a “copy-and-paste” mechanism
while preserving the original sequence intact (Mustafin,
2018). The second class is represented by DNA transposons,
which transpose genes without RNA involvement via a
“cut-and-paste” mechanism (TIR and Cryptons) or through
replicative transposition (Helitrons and Mavericks) (Musta-
fin, 2018). Retrotransposons, in turn, are classified into five
orders based on their molecular organization, transposition
mechanisms, and reverse transcriptase phylogeny: endog-
enous retroviruses (ERVs) with long terminal repeats (LTR-
retrotransposons), LINE and SINE elements, DIRS-like
elements, and Penelope-like elements (Wicker et al., 2007).

Typical ERVs contain three conserved coding domains
(gag, env, pol) and are flanked by identical long terminal
repeats (LTRs) on both sides (see the Figure). However,
over the course of vertebrate evolution, most ERVs have
acquired multiple mutations, resulting in the loss of their
ability to fully express viral proteins (Johnson, 2019). The
human-specific group of LTR-containing retrotransposons
is commonly referred to as HERVs (human endogenous
retroviruses).
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LTR-containing and non-LTR retrotransposons in the human genome.

For HERV retrotransposons: long terminal repeat (LTR) (yellow blocks), and gag (green block), env (red block), pol (blue block) encoding
domains. For LINE-1 retrotransposon: untranslated regions (UTR) (yellow blocks); sense and antisense internal promoters (black arrows);
ORF1 includes a coiled-coil (CC) domain, RNA recognition motif (RRM) and C-terminal domain (CTD); ORF2 includes endonuclease (EN),
reverse transcriptase (RT) and cysteine-rich (C) domains; poly(A) tail (polA follows 3" UTR). For Alu: FLAM (free left Alu monomer); FRAM
(free right Alu monomer); RNA polymerase Ill transcription start site (black arrow) and conserved cis-acting sequences required for
transcription (white blocks A and B in the left Alu monomer); adenosine-rich fragment (brown block AAA between the left and right
Alu monomers); terminal poly(A) tail (borown block AAAA); flanking genomic DNA of variable size (hatched gray block), followed by the
pol Ill RNA termination signal (gray block TT). For human SVA: CCCTCT hexameric repeat; inverted Alu-like repeat (green block with a
reverse arrow); GC-rich VNTR (hatched green block); SINE-R sequence homologous with HERV-K10 (ENV and LTR regions); cleavage and
polyadenylation specificity factor (CPSF) binding site; terminal poly(A) tail (polA) (as per Lee et al., 2024).

Mobile genetic elements lacking long terminal repeats
(non-LTR) are primarily represented by two classes: long
interspersed nuclear elements (LINEs) and short interspersed
nuclear elements (SINEs). LINE elements have a length of
several thousand nucleotide pairs, whereas the size of SINEs
usually does not exceed 600 base pairs (Kramerov, Vas-
setzky, 2011; Bourque, 2018). The fundamental difference
between these groups lies in their transcription mechanisms:
LINEs, like LTR-retrotransposons, are expressed by RNA
polymerase II, while most SINEs are transcribed with the
involvement of RNA polymerase 11 (Kramerov, Vassetzky,
2011).

SINE elements exhibit exceptionally high abundance
in mammalian genomes, exceeding 100,000 copies. They
replicate employing a retrotransposition mechanism based
on the “copy-and-paste” sequential transcription into RNA,
reverse transcription to form cDNA, and integration into
new genomic loci. This process is entirely dependent on
the enzymatic machinery encoded by LINE elements.
In the human genome, the most prevalent SINE family is
Alu—300-nucleotide sequences that evolved from 7SL RNA
(Lee et al., 2024).

LINE-1 elements, constituting approximately 17 %
of the human genome (Chesnokova et al., 2022), have a
complex structure. Full-length functional copies, of which
there are approximately one thousand, contain untranslated
regions (UTRs) necessary for transpositional activity. These
elements include a 5'-UTR with a unique bidirectional
promoter, two open reading frames (ORF1 and ORF2)
encoding ORF1p and ORF2p proteins, and a 3'-UTR with

a polyadenylation signal (see the Figure). Of particular
interest is the organization of the LINE-1 promoter region,
containing both a sense promoter regulating the expression
of retrotransposition proteins and an antisense promoter
(ASP) (Lee et al., 2024).

Regulation of retrotransposon activity in mammalian
somatic cells is critical for maintaining genomic stabi-
lity. Numerous studies confirm the key role of epigenetic
mechanisms, particularly DNA methylation, in suppress-
ing the potentially hazardous transpositional activity of
these elements (Slotkin, Martienssen, 2007). This control
mechanism act as an important protective barrier, prevent-
ing the development of genomic disorders and associated
pathological conditions.

Unique epigenetic landscape of the placenta

The placenta is characterized by global DNA hypomethyl-
ation, which distinguishes its epigenetic profile from somatic
tissues (Ehrlich et al., 1982). The average level of 5-meth-
ylcytosine in human placental tissue is 2.5-3 %, whereas in
umbilical cord blood it reaches ~4 % (Price etal., 2012). The
given epigenetic status is a key factor in regulating expres-
sion of genes, controlling placental growth and trophoblast
functional activity (Robinson, Price, 2015).

The premise of placental hypomethylation is epigenetic
reprogramming, a key feature of which in the zygote and
embryo at the preimplantation stage of development is the
loss of DNA methylation, such that the late morula/early
blastocyst exhibits the lowest level of DNA methylation
compared to any other period of ontogenesis. Subsequent
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de novo methylation in the inner cell mass is accompanied
by TE repression, while placenta-forming trophectoderm
cells maintain a hypomethylated state of these elements
(Price et al., 2012).

Although the functional role of the reduced level of
genome methylation observed in the placenta is still not
fully understood, studies show that it can activate the ex-
pression of mobile elements that is normally suppressed
in other tissues (Macaulay et al., 2011). DNA methylation
of HERV families in the placenta exhibits widely varying,
but on average reduced levels compared to embryonic and
adult tissues (Reiss et al., 2007). In contrast, the average
DNA methylation index of Alu is similar in placental and
fetal tissues (Price et al., 2012; Rondinone et al., 2021),
and DNA methylation of the LINE-1 retrotransposon is
reduced and more variable in the placenta compared to
fetal tissues.

However, a decrease in TE methylation levels does not
always lead to an increase in their transcriptional activity.
For example, in a recent study, S. Lanciano et al. found that
only a small number of copies of young L1s are activated
upon decreased DNA methylation in the genome, whereas
most hypomethylated L1 loci unexpectedly remain silent
(Lanciano et al., 2024). The promoters of young active L1
elements are hypomethylated in human embryonic stem cells
compared to differentiated cells, which partially explains
their higher level of expression.

Hypermethylation of LINE-1 in the placenta has also
been reported in some pregnancy pathologies. Hydatidiform
mole is one cause of pregnancy loss and the most common
type of gestational trophoblastic disease. In patients with
hydatidiform mole, a twofold increase in LINE-1 methyla-
tion levels was observed throughout placental development
and differentiation, whereas the level of overall genome
methylation and other repeats remained the same in this
pathology (Lou et al., 2020). In spontaneous abortions with
aneuploidy, increased LINE-1 methylation was observed in
extraembryonic tissues (Vasilyev et al., 2021). However, at
the same time, LINE-1 is hypomethylated in extraembryonic
tissues of spontaneous abortuses with a normal karyotype,
which can lead to enhanced LINE-1 activation and subse-
quent mutational insertions (Lou et al., 2020).

An example of the influence of hypomethylation on the
activity of mobile elements in the placenta is the hypo-
methylation of the AluY retrotransposon in the KCNHS
locus. A differentially methylated region in the promoter
region and first exon of transcript 1a of the KCNH5 gene
is of retrotransposon origin: 147 bp of the promoter and
162 bp of the exon evolved from a SINE-element of the AluY
family. This element, which first appeared in the primate
genome about 25-30 million years ago, has been preserved
only in humans, great apes, and Old World monkeys, in-
dicating its recent (on an evolutionary scale) integration.
Hypomethylation of AluY in the placenta correlates with
activation of an alternative KCNHY transcript, demonstrating
how epigenetic modification of mobile elements can par-
ticipate in tissue-specific gene regulation (Macaulay et al.,
2011).
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Functional exaptation of mobile

genetic elements in the placenta

Low levels of DNA methylation in the placenta have facili-
tated the use of TE parts as functional regulatory sequences.
In particular, TEs have been integrated into placenta-specific
enhancers, alternative promoters, and other cis-regulatory
elements, contributing to the evolutionary diversification of
placental functions (Hoyt et al., 2022).

TE derivatives play an important role in various processes,
including altering splicing patterns, enhancing recombina-
tion, forming enhancer and silencer regions, utilizing alter-
native promoters, and gene neofunctionalization (Brosius,
1999). The regulatory activity of TEs is apparent as early
as the blastocyst stage and is maintained throughout mam-
malian prenatal development, including in the placenta.
Certain integrated retroviral sequences have evolved into
critically important regulatory elements, modulating the
expression of neighboring genes or even forming novel gene
loci (Johnson, 2019).

The genes ERVW-1 (syncytin-1) and ERVFRD-1 (syn-
cytin-2) are classical examples of HERV elements that
have undergone exaptation, acquiring placenta-specific
functions (Macaulay et al., 2011). They have retained the
ability to encode envelope (env) proteins, which typically
mediate viral entry into cells (Nelson et al., 2003). However,
in the placenta, these proteins have acquired a novel
physiological function: they mediate the differentiation and
fusion of cytotrophoblast cells, leading to the formation
of the multinucleated syncytiotrophoblast (Potgens et al.,
2002).

The syncytin family, derived from HERVs, is a unique
group of fusogenic proteins that play a crucial role in pla-
cental morphogenesis. Experimental data indicate that the
surface SU domain of these proteins is essential for cell fu-
sion, as evidenced by its inhibition with specific antibodies
(Shimode, 2023).

In addition to cell fusion, syncytin-1 regulates critical
functions such as proliferation and antiviral responses in
trophoblast stem cells (West et al., 2022). Syncytin-2 con-
tains a typical retroviral immunosuppressive env domain
(Mangeney et al., 2007). Its expression in human cytotro-
phoblast cells suggests the involvement of this protein in
establishing immunological tolerance during pregnancy,
potentially through suppression of the maternal immune
response to the fetus. Thus, former viral envelope proteins
have been adapted to perform entirely new functions that
are crucial for successful pregnancy.

The protein suppressin, the gene of which also originates
from an ERV, performs opposing functions by inhibiting cell
fusion. Suppressin has been identified in cultured human
trophoblast cells and placental tissue samples. Suppressin
utilizes ASCT?2 as a receptor to inhibit syncytin-1-mediated
fusion of cytotrophoblast cells (Sugimoto et al., 2013). In
placental development, the balance of syncytin and suppres-
sin gene expression determines the differentiation pathways
of trophoblasts. It directs cells either towards fusion, forming
the multinucleated syncytiotrophoblast, or towards invasion,
forming the invasive trophoblast. Therefore, the regulation
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of these two HERV-derived genes is critical for normal
placental formation and function.

The imprinted genes PEG10 (paternally expressed 10)
and PEG11/RTLI (retrotransposon like 1), expressed from
the paternal homolog, are also derived from ERVs. PEG10
contains two overlapping open reading frames, the product
of one of which features protease activity and plays an
important role in the formation of fetal capillaries in mice
(Clark et al., 2007). Both PEG10 and PEG11/RTL1 encode
proteins that are highly homologous with the group-specific
antigen and polymerase proteins of the sushi-ichi retrotrans-
poson of the pufferfish genome, which belongs to the 793/
gypsy family (Kim et al., 1994; Song et al., 1994). Functional
studies in model organisms have demonstrated the key role
of these genes in embryonic development.

In PEG10 knockout mice, the labyrinthine and tra-
becular layers of the chorion are absent, accompanied by
early embryonic lethality (Ono et al., 2006). Furthermore,
CRISPR-Cas-induced deletion of PEG0 in trophoblast stem
cells led to impaired differentiation. Increased expression
of the PEG1I gene, or its deficiency, led to late embryonic
lethality and neonatal death with damage to placental capil-
lary networks in mice (Sekita et al., 2008; Kitazawa et al.,
2017). These data highlight the fundamental significance of
ERV-derived genes for ensuring normal placental develop-
ment and successful pregnancy, demonstrating complex
evolutionary mechanisms of exaptation of viral elements
to perform critical physiological functions.

Mobile genetic elements as a source

of placenta-specific enhancers

TE-related sequences are widespread throughout the human
genome, found both within genes and in adjacent regulatory
regions. According to Refseq data, 27.4 % of transcribed
human DNA sequences have at least one transcript variant
with insertions of TE sequences in untranslated regions
(van de Lagemaat, 2003). Approximately 45 % of human
enhancers are TE-derived (Simonti, 2017).

The function of enhancers is to regulate gene expression
through the binding of transcription factors. In placental
tissue, a significant prevalence of certain transposon classes
is observed among placenta-specific enhancers. LTR-ret-
rotransposons show the highest representation, followed
by SINE, LINE, and DNA transposon elements (Sun et al.,
2021). In humans, TE-derived enhancers are involved in
context-specific gene regulation, including the expression
of genes related to pregnancy, early embryonic develop-
ment, and the formation of innate immunity (Modzelewski
et al., 2022).

Human placental enhancers often overlap with spe-
cific families of endogenous retroviruses (ERVs), including
MER21A, MER41A/B, and MER39B, typically associated
with immune responses and placental function (Sun et al.,
2021). MER41A/B elements create multiple binding sites
for transcription factors, including ones located near the
FBN2 gene, which encodes the placenta-specific peptide
hormone placentin, stimulating glucose secretion and tro-
phoblast invasion (Yu et al., 2020; Sun et al., 2021). The
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MERA41 family has six subfamilies, including A/B/C/D/E/G
(Kojima, 2018). The evolutionary significance of these
elements is underscored by their role in the formation of
interferon-stimulated cis-regulatory elements that interact
with the key transcription factors STAT1 and IRF1 (Schmid,
Bucher, 2010; Chuong et al., 2016; Buttler, Chuong, 2022).

Another important example of TE-derived regulatory
elements is LTR10A, acting as a powerful enhancer for es-
sential placental genes, including ENG (Frost et al., 2023).
The ENG protein plays a significant role in regulating tro-
phoblast differentiation (Mano et al., 2011).

Leptin (LEP), encoded by one of the TE-regulated genes,
performs multiple functions in early pregnancy. This hor-
mone is involved in regulating implantation, trophoblast
invasion, and placental angiogenesis, creating the necessary
conditions for normal fetal development (Pérez-Pérez et al.,
2018). In addition to its regulatory function, leptin promotes
trophoblast proliferation and inhibits apoptotic processes
(Magarifios et al., 2007, Pérez-Pérez et al., 2008). LEP
expression in the placenta is controlled by the transposon
MERI11 (Bi et al., 1997).

Of equal importance is the corticotropin-releasing hor-
mone (CRH) gene, which regulates the duration of preg-
nancy. Its placental expression is controlled by the primate-
specific element THE1B (Dunn-Fletcher et al., 2018).

LTR8B and MERI11D elements, which are associated
with the PSG gene cluster (Frost et al., 2023), encoding
pregnancy-specific glycoproteins, exhibit notable evolution-
ary patterns. Their distribution among primates correlates
with the type of placentation: from 624 genes in Old World
monkeys to 1-7 genes in New World monkeys and complete
absence in lemurs with epitheliochorial placentas (Zim-
mermann, Kammerer, 2021). Convergent evolution of this
cluster in primates and mice (Rudert et al., 1989) suggests
its important role in the development of the hemochorial
placenta. These results suggest that integration of LTR8B
elements prior to the expansion of the PSG cluster in humans
was an important step that contributed to high expression of
these genes in the trophoblast.

The function of PSG genes during pregnancy remains
unclear. However, low levels of circulating PSGs are asso-
ciated with recurrent pregnancy loss, fetal growth restriction,
and preeclampsia (Towler et al., 1977; Arnold et al., 1999).

MERG61D/E elements employ a specific regulatory
mechanism, participating in the formation of binding sites
for the transcription factor TP63 (Li et al., 2014). This fac-
tor, related to p53 (Riege et al., 2020), supports trophoblast
proliferation, preventing premature differentiation. MER61
elements expand the TP63 binding network, participating in
cellular stress responses (Su et al., 2015), thus highlighting
the multifunctional nature of transposable elements with
regards to placental development regulation.

Placenta-specific gene expression from
transposable element promoters

Promoters formed from transposons represent an evolutio-
narily significant mechanism of coordinated gene regulation
(Modzelewski et al., 2022). Such mechanisms are particu-
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larly important in critical stages of embryonic development,
requiring precise temporal and spatial organization of gene
expression. Furthermore, transposon-derived regulatory ele-
ments enhance the reliability of genetic programs by creating
redundancy in transcriptional factor interaction networks.

All orders of retrotransposons and DNA transposons can
initiate the formation of chimeric transcripts in mammalian
embryos, although their relative activity varies significantly
among species and developmental stages (Oomen et al.,
2025). The highest concentration of such transcripts is ob-
served in oocytes and at the stage of embryonic genome acti-
vation, covering the period from the two-cell stage to the com-
pacted morula stage (8—16 blastomeres). The integration of
TE-derived promoter sequences into the host genome creates
evolutionary prerequisites for the emergence of new gene
expression patterns in various cell types, and also contributes
to the generation of shortened or elongated protein isoforms,
which ultimately can lead to gene neofunctionalization
(Ashley et al., 2018).

Comparative analysis of the transcriptomes of preim-
plantation embryos of five placental mammal species
(mice, pigs, cows, rabbits, and rhesus macaques) revealed
species-specific features of transposon-mediated regulation.
LTR elements predominate in mouse embryos (59 % of all
TE-initiated transcripts), while LINE elements dominate
in rabbits (40 %), and SINE elements, in rhesus macaques
(42 %). Notably, SINE elements, despite their relatively
recent evolutionary origin, demonstrate the ability to form
chimeric transcripts in all studied species, although their
number varies greatly: from 112 transcripts in cows to 3,910
in rhesus macaques (Oomen et al., 2025). These findings
emphasize the important role transposon elements play
in regulating early embryonic development in placental
mammals.

The mechanisms of TE-mediated expression regulation
significantly differ. Transposon-derived promoters can either
fuse with canonical gene promoters or completely replace
them, as well as function as alternative regulatory elements
located in various positions relative to the transcription ini-
tiation site. LTR elements, which retain promoter activity in
both the sense and antisense orientations, are of particular
interest (van de Lagemaat et al., 2003).

A classic example of TE-mediated regulation is the
CYP19A41 gene, which encodes aromatase P450 and the
expression of which in the placenta is controlled by the
LTR promoter MER21A (van de Lagemaat et al., 2003).
Another significant example is the pleiotrophin (P7N) gene,
demonstrating tissue-specific alternative regulation: while
one of its transcripts is expressed ubiquitously, including
placental tissue, another variant, controlled by the 5’-LTR
HERV-E, exhibits strict placenta-specificity (Reiss et al.,
2007; Benson et al., 2009).

Another example is the INSL4 gene, encoding a primate-
specific peptide of insulin-like hormone and involved in
the apoptosis of placental cells. Its expression is controlled
by a HERV element, which likely determines the placenta-
specific nature of expression in humans and other modern
primates (Macaulay et al., 2011).
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The LINE-1 antisense promoter can also initiate the
formation of chimeric transcripts, in which 5’-antisense
LINE-1 sequences are joined to exons of neighboring genes
via splicing. However, the functional significance of LINE-1
element activation in the placenta is currently unclear. Previ-
ously, using bioinformatics methods, 988 putative LINE-1
chimeric transcripts were identified, with 911 of them being
described for the first time (Criscione et al., 2016). Notably,
the products of genes specific to neural tissue and placenta
predominate among these transcripts, but experimental
confirmation of these data has not yet been obtained.

An important step in the establishment and maintenance
of pregnancy in many placental mammals is the differen-
tiation (decidualization) of endometrial stromal fibroblasts
into decidual stromal cells in response to progesterone.
Decidualization triggers extensive reprogramming in the en-
dometrium, leading to dramatic changes in gene expression,
recruitment of immunosuppressive immune cells, vascular
remodeling, and secretory transformation of uterine glands
(Gellersen et al., 2007). In mammals, approximately 13 % of
differentially expressed endometrial genes are located within
200 kb of the placental mammal-specific DNA transposon
MER20 (Class II TE), which is thought to be involved
in regulating key placental genetic networks, including
cAMP-dependent signaling pathways in endometrial cells
(Lynchetal., 2011). MER20 contains multiple binding sites
for various transcription factors, and ancient mammalian
transposons in general are enriched in hormone-sensitive
regulatory elements that define endometrial cell identity
(Lynch et al., 2015).

Furthermore, mapping of functionally active regions of the
genome in decidual stromal cells showed that approximately
90 % of open chromatin regions, 58 % of enhancers, and
31 % of promoters overlapped with DNA regions derived
from ancient TEs, most of which were specific to mammals
or eutherians (Lynch et al., 2015).

Thus, the evolutionary domestication of transposable ele-
ments in the mammalian genome has led to the formation
of aunique regulatory landscape necessary for the develop-
ment and function of the placenta as an evolutionary novel
organ. These changes have affected both the embryonic and
maternal components of the placenta, providing complex
mechanisms for their interaction.

Alternative mechanisms of mobile genetic
element impact on placental development

In addition to the aforementioned mechanisms of placental
development regulation, TEs perform other functions in
mammals that, albeit not studied in detail with respect
to placentation, play a significant role in early embryonic
development, likewise characterized by genome hypomet-
hylation.

Of particular interest is transposon-dependent alterna-
tive splicing, in which TEs can contain donor or acceptor
splice sites, modifying the canonical pre-mRNA processing
pathways and contributing to the emergence of new protein
isoforms with unique functional properties (Modzelewski
etal., 2022).
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A vivid example of this phenomenon is the AluY ele-
ment, which integrated into intron 6 of the TBXT gene in
the hominoid ancestor’s genome about 25 million years
ago. The interaction of this element with the older AluSx1,
located in the reverse orientation, leads to the formation of a
hairpin structure in pre-mRNA, which excludes exon 6 from
the mature mRNA. The resulting TBXTAexon6 alternative
isoform, specific to hominoids, correlates in time with the
loss of a tail in this evolutionary lineage. Experimental ex-
pression of this isoform in mice leads to tail development
disorders, confirming the key role of this TE-mediated
modification in the evolution of primate morphology (Xia
etal., 2024).

Transposon elements also have a significant impact on
chromatin architecture through the formation of binding
sites for the CTCF protein, which mediates the formation of
topologically associated domains (TADs) (Rao et al., 2017).
Approximately 20 % of species-specific TADs contain
CTCEF sites encoded by species-specific TEs (Choudhary
et al., 2020). Although most TAD boundaries are evolu-
tionarily conserved (Vietri et al., 2015), SINE elements
show significant enrichment in these regions (Lu et al.,
2020), apparently performing a stabilizing function for
CTCF-site clusters (Kentepozidou et al., 2020). TEs can
also contribute to the establishment of species-specific
chromatin loops by introducing new CTCF anchor motifs
(Choudhary, 2020).

Notably, some TADs in pluripotent stem cells are formed
by an alternative mechanism dependent on the transcrip-
tion of HERV-H elements (Santoni et al., 2012, Ohnuki et
al., 2014). Likewise, in mouse embryos at the 2-cell stage,
MERVL elements are not only the main source of promot-
ers for controlling early embryonic development gene
expression, but also contribute to the formation of domain
boundaries (Kruse et al., 2019). Similar mechanisms may be
involved in establishing specific chromatin conformations
and in trophoblast stem cells, determining their differentia-
tion potential.

TEs are actively involved in chromatin remodeling pro-
cesses. It has been shown that the expression of LINE-1
plays an important role in chromatin organization during
the activation of the mouse zygotic genome. Prolonged
transcriptional activation of LINE-1 or premature tran-
scriptional suppression of LINE-1 in mouse zygotes leads
to developmental arrest. At the same time, this effect is not
explained by the proteins encoded by LINE-1, but depends
on the expression of non-coding RNA LINE-1 (Jachowicz
et al., 2017). They act as a nuclear scaffold to recruit the
Nucleolin and Kap1 proteins to suppress the Dux/MERVL
transcription program at the two-cell stage and maintain
the function of the pluripotency gene network in mouse
embryonic stem cells (Percharde et al., 2018).

It is also notable that HERV-K elements, which have
been relatively recently introduced into the human genome
(Belshaw et al., 1999), are actively transcribed during normal
human embryogenesis, starting from the eight-cell stage to
the preimplantation blastocyst stage. Similar mechanisms
may regulate the balance between proliferation and dif-
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ferentiation of trophoblast cells, determining the correct
formation of placental structures.

An important evolutionary mechanism is TE-mediated
recombination, often occurring between species-specific
Alu and LTR elements, which can lead to gene duplication
with subsequent neofunctionalization. A classic example is
the duplication of the growth hormone gene in catarrhine
primates, caused by recombination between Alu elements
(Barsh et al., 1983). Growth hormone from duplicated
genes is expressed in the placenta and interacts with growth
hormone and prolactin receptors in placental tissues (Haig,
2008). This example demonstrates how TE-mediated ge-
nomic rearrangements can directly affect placental physiol-
ogy and evolution.

Thus, numerous studies confirm that the early develop-
ment of human embryos occurs with the active participa-
tion of retroviral and retrotransposon transcripts (Grow et
al., 2015), which emphasizes the fundamental role of these
elements in the formation and regulation of embryogenesis
in mammals. Similar mechanisms likely operate in the pla-
centa, making mobile elements important participants in the
formation and function of this unique organ.

Conclusion

The evolutionary persistence of transposons in mammalian
genomes is partly driven by their strategic integration into
critical stages of early placental development. It is pivotal
that this integration provides TEs with a dual selective ad-
vantage: guaranteed vertical transmission via incorporation
into genes essential for implantation and placentation (where
their elimination leads to embryonic lethality), and access
to a unique epigenetic niche. Global hypomethylation and
the presence of partially methylated domains in the placenta
create an environment permissive to limited retrotransposon
activity without catastrophic consequences for the host
organism.

Of critical significance is the synergy between the tran-
sient nature of the placenta and TE replicative strategies: the
ephemeral existence of this organ mitigates the long-term
risks of uncontrolled transposition, while simultaneously
providing a unique opportunity for functional testing of
novel mobile element insertions. Partially methylated
domains in the trophoblast genome serve as a molecular
platform for exaptation, where potentially beneficial new
regulatory mechanisms (such as providing alternative pro-
moters or enhancers) are selectively fixed in the genome.
Such dynamics transforms an initially parasitic relationship
into a symbiotic one, where TEs are guaranteed replication
and transmission, and the host benefits from a source of evo-
lutionary innovation for regulating placental development.

References

Arnold L.L., Doherty T.M., Flor A.W., Simon J.A., Chou J.Y.,
Chan W.Y., Mansfield B.C. Pregnancy-specific glycoprotein gene
expression in recurrent aborters: a potential correlation to interleu-
kin-10 expression. Am J Reprod Immunol. 1999;41(3):174-182. doi
10.1111/.1600-0897.1999.tb00530.x

Ashley J., Cordy B., Lucia D., Fradkin L.G., Budnik V., Thomson T.
Retrovirus-like gag protein arcl binds RNA and traffics across sy-

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 - 5


https://pubmed.ncbi.nlm.nih.gov/10326620/
https://pubmed.ncbi.nlm.nih.gov/10326620/

M.A. XunkunHa, E.H. Tonmauéa
C.A. Bacunbes

naptic boutons. Cell. 2018;172(1-2):262-274.e11. doi 10.1016/j.cell.
2017.12.022

Barsh G.S., Seeburg P.H., Gelinas R.E. The human growth hor-
mone gene family: structure and evolution of the chromosomal
locus. Nucleic Acids Res. 1983;11(12):3939-3958. doi 10.1093/
nar/11. 12.3939

Belshaw P.J., Walsh C.T., Stachelhaus T. Aminoacyl-CoAs as probes
of condensation domain selectivity in nonribosomal peptide syn-
thesis. Science. 1999;284(5413):486-489. doi 10.1126/science.284.
5413.486

Benson D.A., Karsch-Mizrachi I., Lipman D.J., Ostell J., Sayers E.W.
GenBank. Nucleic Acids Res. 2009;37(D1):D26-D31. doi 10.1093/
nar/gkn723

Bi S., Gavrilova O., Gong D.W., Mason M.M., Reitman M. Identifica-
tion of a placental enhancer for the human leptin gene. J Biol Chem.
1997;272(48):30583-30588. doi 10.1074/jbc.272.48.30583

Bourque G., Burns K.H., Gehring M., Gorbunova V., Seluanov A.,
Hammell M., Imbeault M., Izsvak Z., Levin H.L., Macfarlan T.S.,
Mager D.L., Feschotte C. Ten things you should know about trans-
posable elements. Genome Biol. 2018;19(1):199. doi 10.1186/
$13059-018-1577-z

Brosius J.P. Analyses and interventions: anthropological engagements
with environmentalism. Curr Anthropol. 1999;40(3):277-309. doi
10.1086/200019

Brosius J., Gould S.J. On “genomenclature”: a comprehensive (and re-
spectful) taxonomy for pseudogenes and other “junk DNA”. Proc
Natl Acad Sci USA. 1992;89(22):10706-10710. doi 10.1073/pnas.
89.22.10706

Buttler C.A., Chuong E.B. Emerging roles for endogenous retrovi-
ruses in immune epigenetic regulation. /mmunol Rev. 2022;305(1):
165-178. doi 10.1111/imr.13042

Chesnokova E., Beletskiy A., Kolosov P. The role of transposable
elements of the human genome in neuronal function and pathology.
Int J Mol Sci. 2022;23(10):5847. doi 10.3390/ijms23105847

Choudhary M.N.K., Friedman R.Z., Wang J.T., Jang H.S., Zhuo X.,
Wang T. Co-opted transposons help perpetuate conserved higher-
order chromosomal structures. Genome Biol. 2020;21(1):16. doi
10.1186/s13059-019-1916-8

Chuong E.B., Elde N.C., Feschotte C. Regulatory evolution of innate
immunity through co-option of endogenous retroviruses. Science.
2016;351(6277):1083-1087. doi 10.1126/science.aad5497

Clark M.B., Jénicke M., Gottesbiihren U., Legge M., Poole E.S., War-
ren P.T. Mammalian gene PEGI0 expresses two reading frames
by high efficiency —1 frameshifting in embryonic-associated tis-
sues. J Biol Chem. 2007;282(52):37359-37369. doi 10.1074/jbc.
M705676200

Criscione S.W., Theodosakis N., Micevic G., Cornish T.C., Burns K.H.,
Neretti N., Rodi¢ N. Genome-wide characterization of human L1
antisense promoter-driven transcripts. BMC Genomics. 2016;17:
463. doi 10.1186/512864-016-2800-5

de Koning A.P.J., Gu W., Castoe T.A., Batzer M.A., Pollock D.D. Re-
petitive elements may comprise over two-thirds of the human ge-
nome. PLoS Genet. 2011;7(12):¢1002384. doi 10.1371/journal.pgen.
1002384

Doolittle W.F., Sapienza C. Selfish genes, the phenotype paradigm and
genome evolution. Nature. 1980;284(5757):601-603. doi 10.1038/
284601a0

Dunn-Fletcher C.E., Muglia L.M., Pavlicev M., Wolf G., Sun M.A.,
Hu Y.C., Huffman E., ... Swaggart K.A., Lamm K.Y.B., Jones H.,
Macfarlan T.S., Muglia L.J. Anthropoid primate-specific retroviral
element THEIB controls expression of CRH in placenta and al-
ters gestation length. PLoS Biol. 2018;16:¢2006337. doi 10.1371/
journal.pbio.2006337

Ehrlich M., Gama-Sosa M.A., Huang L.-H., Midgett R.M., Kuo K.C.,
McCune R.A., Gehrke C. Amount and distribution of 5-methylcyto-
sine in human DNA from different types of tissues or cells. Nucleic
Acids Res. 1982;10(8):2709-2721. doi 10.1093/nar/10.8.2709

2025
295

Mob6unbHble 3nemMeHTbI
KaK KJiloueBble perynaTopbl pa3BnUTUA naaueHTbl

Frost J.M., Amante S.M., Okae H., Jones E.M., Ashley B., Lewis R.M.,
Cleal J.K., Caley M.P., Arima T., Maffucci T., Branco M.R. Regu-
lation of human trophoblast gene expression by endogenous ret-
roviruses. Nat Struct Mol Biol. 2023;30(4):527-538. doi 10.1038/
$41594-023-00960-6

Gellersen B., Brosens I.A., Brosens J.J. Decidualization of the human
endometrium: mechanisms, functions, and clinical perspectives.
Semin Reprod Med. 2007;25(6):445-453. doi 10.1055/s-2007-
991042

Grow E.J., Flynn R.A., Chavez S.L., Bayless N.L., Wossidlo M., We-
sche D.J., Martin L., Ware C.B., Blish C.A., Chang H.Y., Pera R.A.,
Wysocka J. Intrinsic retroviral reactivation in human preimplanta-
tion embryos and pluripotent cells. Nature. 2015;522(7555):221-
225. doi 10.1038/nature14308

Haig D. Placental growth hormone-related proteins and prolactin-re-
lated proteins. Placenta. 2008;29:S36-S41. doi 10.1016/j.placenta.
2007.09.010

Hamilton W.J., Boyd J.D. Development of the human placenta in the
first three months of gestation. J Anat. 1960;94(3):297-328

Honda T. Links between human LINE-1 retrotransposons and hepatitis
virus-related hepatocellular carcinoma. Front Chem. 2016;4:21. doi
10.3389/fchem.2016.00021

Hoyt S.J., Storer J.M., Hartley G.A., Grady P.G.S., Gershman A., de
Lima L.G., Limouse C., ... Eichler E.E., Phillippy A.M., Timp W.,
Miga K.H., O’Neill R.J. From telomere to telomere: the transcrip-
tional and epigenetic state of human repeat elements. Science. 2022;
376(6588):eabk3112. doi 10.1126/science.abk3112

Jachowicz J.W., Bing X., Pontabry J., Boskovi¢ A., Rando O.J., Torres-
Padilla M.-E. LINE-1 activation after fertilization regulates global
chromatin accessibility in the early mouse embryo. Nat Genet. 2017;
49(10):1502-1510. doi 10.1038/ng.3945

Johnson W.E. Origins and evolutionary consequences of ancient en-
dogenous retroviruses. Nat Rev Microbiol. 2019;17(6):355-370. doi
10.1038/s41579-019-0189-2

Kentepozidou E., Aitken S.J., Feig C., Stefflova K., Ibarra-Soria X.,
Odom D.T., Roller M., Flicek P. Clustered CTCF binding is an
evolutionary mechanism to maintain topologically associating
domains. Genome Biol. 2020;21(1):5. doi 10.1186/s13059-019-
1894-x

Kim A., Terzian C., Santamaria P., Pelisson A., Purd’homme N., Bu-
cheton A. Retroviruses in invertebrates: the gypsy retrotransposon
is apparently an infectious retrovirus of Drosophila melanogaster.
Proc Natl Acad Sci USA. 1994;91(4):1285-1289. doi 10.1073/pnas.
91.4.1285

Kitazawa M., Tamura M., Kaneko-Ishino T., Ishino F. Severe damage
to the placental fetal capillary network causes mid-to late fetal le-
thality and reductionin placental size in Pegl1/Rt/1 KO mice. Genes
Cells. 2017;22(2):174-188. doi 10.1111/gtc.12465

Kojima K.K. Human transposable elements in Repbase: genomic
footprints from fish to humans. Mob DNA. 2018;9:2. doi 10.1186/
s13100-017-0107-y

Kramerov D.A., Vassetzky N.S. SINEs. Wiley Interdiscip Rev RNA.
2011;2(6):772-786. doi 10.1002/wrna.91

Kruse K., Diaz N., Enriquez-Gasca R., Gaume X., Torres-Padil-
la M.-E., Vaquerizas J.M. Transposable elements drive reorganisa-
tion of 3D chromatin during early embryogenesis. BioRxiv. 2019.
doi 10.1101/523712

Lanciano S., Philippe C., Sarkar A., Pratella D., Domrane C., Dou-
cet AJ., van Essen D., Saccani S., Ferry L., Defossez P.A., Cris-
tofari G. Locus-level L1 DNA methylation profiling reveals the
epigenetic and transcriptional interplay between L1s and their in-
tegration sites. Cell Genom. 2024;4(2):100498. doi 10.1016/j.xgen.
2024.100498

Lee M., Ahmad S.F., Xu J. Regulation and function of transposable
elements in cancer genomes. Cell Mol Life Sci. 2024;81(1):157. doi
10.1007/s00018-024-05195-2

Li Y., Moretto-Zita M., Leon-Garcia S., Parast M.M. p63 inhibits ex-
travillous trophoblast migration and maintains cells in a cytotropho-

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 673


https://pubmed.ncbi.nlm.nih.gov/29328915/
https://pubmed.ncbi.nlm.nih.gov/29328915/
https://academic.oup.com/nar/article/11/12/3939/1567090
https://academic.oup.com/nar/article/11/12/3939/1567090
https://pubmed.ncbi.nlm.nih.gov/10205056/
https://pubmed.ncbi.nlm.nih.gov/10205056/
https://pubmed.ncbi.nlm.nih.gov/18940867/
https://pubmed.ncbi.nlm.nih.gov/18940867/
https://pubmed.ncbi.nlm.nih.gov/9374555/
https://pubmed.ncbi.nlm.nih.gov/30454069/
https://pubmed.ncbi.nlm.nih.gov/30454069/
https://www.journals.uchicago.edu/doi/abs/10.1086/200019
https://www.journals.uchicago.edu/doi/abs/10.1086/200019
https://pubmed.ncbi.nlm.nih.gov/1279691/
https://pubmed.ncbi.nlm.nih.gov/1279691/
https://pubmed.ncbi.nlm.nih.gov/34816452/
https://pubmed.ncbi.nlm.nih.gov/35628657/
https://pubmed.ncbi.nlm.nih.gov/31973766/
https://pubmed.ncbi.nlm.nih.gov/31973766/
https://pubmed.ncbi.nlm.nih.gov/26941318/
https://pubmed.ncbi.nlm.nih.gov/17942406/
https://pubmed.ncbi.nlm.nih.gov/17942406/
https://pubmed.ncbi.nlm.nih.gov/27301971/
https://pubmed.ncbi.nlm.nih.gov/22144907/
https://pubmed.ncbi.nlm.nih.gov/22144907/
https://pubmed.ncbi.nlm.nih.gov/6245369/
https://pubmed.ncbi.nlm.nih.gov/6245369/
https://pubmed.ncbi.nlm.nih.gov/30231016/
https://pubmed.ncbi.nlm.nih.gov/30231016/
https://pubmed.ncbi.nlm.nih.gov/7079182/
https://pubmed.ncbi.nlm.nih.gov/37012406/
https://pubmed.ncbi.nlm.nih.gov/37012406/
https://pubmed.ncbi.nlm.nih.gov/17960529/
https://pubmed.ncbi.nlm.nih.gov/17960529/
https://pubmed.ncbi.nlm.nih.gov/25896322/
https://pubmed.ncbi.nlm.nih.gov/17981323/
https://pubmed.ncbi.nlm.nih.gov/17981323/
https://pubmed.ncbi.nlm.nih.gov/14399291/
https://pubmed.ncbi.nlm.nih.gov/27242996/
https://pubmed.ncbi.nlm.nih.gov/27242996/
https://pubmed.ncbi.nlm.nih.gov/35357925/
https://pubmed.ncbi.nlm.nih.gov/28846101/
https://pubmed.ncbi.nlm.nih.gov/30962577/
https://pubmed.ncbi.nlm.nih.gov/30962577/
https://pubmed.ncbi.nlm.nih.gov/31910870/
https://pubmed.ncbi.nlm.nih.gov/31910870/
https://www.pnas.org/doi/10.1073/pnas.91.4.1285
https://www.pnas.org/doi/10.1073/pnas.91.4.1285
https://pubmed.ncbi.nlm.nih.gov/28111885/
https://pubmed.ncbi.nlm.nih.gov/29308093/
https://pubmed.ncbi.nlm.nih.gov/29308093/
https://pubmed.ncbi.nlm.nih.gov/21976282/
https://www.biorxiv.org/content/10.1101/523712v1
https://pubmed.ncbi.nlm.nih.gov/38309261/
https://pubmed.ncbi.nlm.nih.gov/38309261/
https://pubmed.ncbi.nlm.nih.gov/38556602/
https://pubmed.ncbi.nlm.nih.gov/38556602/

M.A. Zhilkina, E.N. Tolmacheva
S.A. Vasilyev

blast stem cell-like state. Am J Pathol. 2014;184(12):3332-3343. doi
10.1016/.ajpath.2014.08.006

Lou C., Goodier J.L., Qiang R.A. Potential new mechanism for preg-
nancy loss: considering the role of LINE-1 retrotransposons in early
spontaneous miscarriage. Reprod Biol Endocrinol. 2020;18(1):6. doi
10.1186/512958-020-0564-x

Lul.Y., Shao W., Chang L., YinY., Li T., Zhang H., Hong Y., ... Liu W.,
Yan P., Ramalho-Santos M., Sun Y., Shen X. Genomic repeats cate-
gorize genes with distinct functions for orchestrated regulation. Cell
Rep. 2020;30(10):3296-3311. doi 10.1016/j.celrep.2020.02.048

Lynch V.J., Leclerc R.D., May G., Wagner G.P. Transposon-mediated
rewiring of gene regulatory networks contributed to the evolution
of pregnancy in mammals. Nat Genet. 2011;43(11):1154-1159. doi
10.1038/ng.917

Lynch V.J., Nnamani M.C., Kapusta A., Brayer K., Plaza S.L., Ma-
zur E.C., Emera D., ... Young S.L., Lieb J.D., DeMayo F.J., Fes-
chotte C., Wagner G.P. Ancient transposable elements transformed
the uterine regulatory landscape and transcriptome during the evolu-
tion of mammalian pregnancy. Cell Rep. 2015;10(4):551-561. doi
10.1016/j.celrep.2014.12.052

Macaulay E.C., Weeks R.J., Andrews S., Morison .M. Hypomethyla-
tion of functional retrotransposon-derived genes in the human
placenta. Mamm Genome. 2011;22(11-12):722-735. doi 10.1007/
s00335-011-9355-1

Magarifios M.P., Sanchez-Margalet V., Kotler M., Calvo J.C., Va-
rone C.L. Leptin promotes cell proliferation and survival of tro-
phoblastic cells. Biol Reprod. 2007;76(2):203-210. doi 10.1095/
biolreprod.106.051391

Mangeney M., Renard M., Schlecht-Louf G., Bouallaga I., Heid-
mann O., Letzelter C., Richaud A., Ducos B., Heidmann T. Pla-
cental syncytins: genetic disjunction between the fusogenic and
immunosuppressive activity of retroviral envelope proteins. Proc
Natl Acad Sci USA. 2007;104(51):20534-20539. doi 10.1073/pnas.
0707873105

Mano Y., Kotani T., Shibata K., Matsumura H., Tsuda H., Sumigama S.,
Yamamoto E., Iwase A., Senga T., Kikkawa F. The loss of endoglin
promotes the invasion of extravillous trophoblasts. Endocrinology.
2011;152(11):4386-4394. doi 10.1210/en.2011-1088

Modzelewski A.J., Chong J.G., Wang T., He L. Mammalian genome
innovation through transposon domestication. Nat Cell Biol. 2022,
24(9):1332-1340. doi 10.1038/s41556-022-00970-4

Mustafin R.N. Functional dualism of transposon transcripts in evolu-
tion of eukaryotic genomes. Russ J Dev Biol. 2018;49:339-355. doi
10.1134/S1062360418070019

Nelson P.N., Carnegie P.R., Martin J., Davari Ejtehadi H., Hooley P.,
Roden D., Rowland-Jones S., Warren P., Astley J., Murray P.G.
Demystified. Human endogenous retroviruses. Mol Pathol. 2003;
56(1):11-18. doi 10.1136/mp.56.1.11

Novakovic B., Saffery R. Placental pseudo-malignancy from a DNA
methylation perspective: unanswered questions and future direc-
tions. Front Genet. 2013;4:285. doi 10.3389/fgene.2013.00285

Ohnuki M., Tanabe K., Sutou K., Takahashi K. Dynamic regulation
of human endogenous retroviruses mediates factor-induced repro-
gramming and differentiation potential. Proc Natl Acad Sci USA.
2014;111(34):12426-12431. doi 10.1073/pnas.1413299111

Ono R., Nakamura K., Inoue K., Naruse M., Usami T., Wakisaka-
Saito N., Hino T., ... Miki H., Kohda T., Ogura A., Yokoyama M.,
Kaneko-Ishino T. Deletion of Pegl0, an imprinted gene acquired
from a retrotransposon, causes early embryonic lethality. Nat Genet.
2006;38(1):101-106. doi 10.1038/ng1699

Oomen M.E., Rodriguez-Terrones D., Kurome M., Zakhartchenko V.,
Mottes L., Simmet K., Noll C., ... Savatier P., Goke J., Wolf E.,
Kaessmann H., Torres-Padilla M. An atlas of transcription initia-
tion reveals regulatory principles of gene and transposable element
expression in early mammalian development. Cell. 2025;188(4):
1156-1174.€20. doi 10.1016/j.cell.2024.12.013

Percharde M., Lin C.-J., Yin Y., Guan J., Peixoto G.A., Bulut-Karslio-
glu A., Biechele S., Huang B., Shen X., Ramalho-Santos M.

Transposable elements as key regulators
of placental development

A LINEI-nucleolin partnership regulates early development and
ESC identity. Cell. 2018;174(2):391-405.e19. doi 10.1016/j.cell.
2018.05.043

Pérez-Pérez A., Toro A., Vilarifio-Garcia T., Maymé J., Guadix P.,
Duenas J., Fernandez-Sanchez M., Varone C., Sanchez-Margalet V.
Leptin action in normal and pathological pregnancies. J Cell Mol
Med. 2018;22(2):716-727. doi 10.1111/jemm.13369

Potgens A.J.G., Schmitz U., Bose P., Versmold A., Kaufmann P,
Frank H.-G. Mechanisms of syncytial fusion: a review. Placenta.
2002;23:S107-S113. doi 10.1053/plac.2002.0772

Price E.M., Cotton A.M., Pefiaherrera M.S., McFadden D.E., Ko-
bor M.S., Robinson W. Different measures of “genome-wide” DNA
methylation exhibit unique properties in placental and somatic tis-
sues. Epigenetics. 2012;7(6):652-663. doi 10.4161/epi.20221

Rao S.S.P., Huang S.C., Glenn St Hilaire B., Engreitz J.M., Perez E.M.,
Kieffer-Kwon K.R., Sanborn A.L., ... Schlick T., Bernstein B.E.,
Casellas R., Lander E.S., Aiden E.L. Cohesin loss eliminates all
loop domains. Cell. 2017;171(2):305-320.e24. doi 10.1016/j.cell.
2017.09.026

Reiss D., Zhang Y., Mager D.L. Widely variable endogenous retrovi-
ral methylation levels in human placenta. Nucleic Acids Res. 2007;
35(14):4743-4754. doi 10.1093/nar/gkm455

Riege K., Kretzmer H., Sahm A., McDade S.S., Hoffmann S., Fi-
scher M. Dissecting the DNA binding landscape and gene regula-
tory network of p63 and p53. eLife. 2020;9:¢63266. doi 10.7554/
eLife.63266

Robinson W.P., Price E.M. The human placental methylome. Cold
Spring Harb Perspect Med. 2015;5(5):a023044. doi 10.1101/
cshperspect.a023044

Rondinone O., Murgia A., Costanza J., Tabano S., Camanni M., Corsa-
ro L., Fontana L., ... Ferrazzi E., Bosari S., Gentilini D., Sirchia S.M.,
Miozzo M. Extensive placental methylation profiling in normal preg-
nancies. Int J Mol Sci. 2021;22(4):2136. doi 10.3390/ijms22042136

Rudert F., Zimmermann W., Thompson J.A. Intra- and interspecies
analyses of the carcinoembryonic antigen (CEA) gene family re-
veal independent evolution in primates and rodents. J Mol Evol.
1989;29(2):126-134. doi 10.1007/BF02100111

Santoni F.A., Guerra J., Luban J. HERV-H RNA is abundant in human
embryonic stem cells and a precise marker for pluripotency. Retrovi-
rology. 2012;9:111. doi 10.1186/1742-4690-9-111

Schmid D., Bucher P. MER41 repeat sequences contain inducible
STAT1 binding sites. PLoS One. 2010;5(7):e11425. doi 10.1371/
journal.pone.0011425

Sekita Y., Wagatsuma H., Nakamura K., Ono R., Kagami M., Waki-
saka N., Hino T., ... Ogura A., Ogata T., Yokoyama M., Kaneko-
Ishino T., Ishino F. Role of retrotransposon-derived imprinted gene,
Rtl1, in the feto-maternal interface of mouse placenta. Nat Genet.
2008;40(2):243-248. doi 10.1038/ng.2007.51

Shimode S. Acquisition and exaptation of endogenous retroviruses in
mammalian placenta. Biomolecules.2023;13(10):1482. doi 10.3390/
biom13101482

Simonti C.N., Pavli¢ev M., Capra J.A. Transposable element exapta-
tion into regulatory regions is rare, influenced by evolutionary age,
and subject to pleiotropic constraints. Mol Biol Evol. 2017;34(11):
2856-2869. doi 10.1093/molbev/msx219

Slotkin R.K., Martienssen R. Transposable elements and the epigenetic
regulation of the genome. Nat Rev Genet. 2007;8(4):272-285. doi
10.1038/nrg2072

Song S.U., Gerasimova T., Kurkulos M., Boeke J.D., Corces V.G.
An Env-like protein encoded by a Drosophila retroelement: evi-
dence that gypsy is an infectious retrovirus. Genes Dev. 1994;8(17):
2046-2057. doi 10.1101/gad.8.17.2046

Su D., Wang X., Campbell M.R., Song L., Safi A., Crawford G.E.,
Bell D.A. Interactions of chromatin context, binding site sequence
content, and sequence evolution in stress-induced p53 occupancy
and transactivation. PLoS Genet.2015;11(1):e1004885. doi 10.1371/
journal.pgen.1004885

674 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 -5


https://pubmed.ncbi.nlm.nih.gov/25307348/
https://pubmed.ncbi.nlm.nih.gov/25307348/
https://pubmed.ncbi.nlm.nih.gov/31964400/
https://pubmed.ncbi.nlm.nih.gov/31964400/
https://pubmed.ncbi.nlm.nih.gov/32160538/
https://pubmed.ncbi.nlm.nih.gov/21946353/
https://pubmed.ncbi.nlm.nih.gov/21946353/
https://pubmed.ncbi.nlm.nih.gov/25640180/
https://pubmed.ncbi.nlm.nih.gov/25640180/
https://pubmed.ncbi.nlm.nih.gov/21874386/
https://pubmed.ncbi.nlm.nih.gov/21874386/
https://pubmed.ncbi.nlm.nih.gov/17021346/
https://pubmed.ncbi.nlm.nih.gov/17021346/
https://pubmed.ncbi.nlm.nih.gov/18077339/
https://pubmed.ncbi.nlm.nih.gov/18077339/
https://pubmed.ncbi.nlm.nih.gov/21914777/
https://pubmed.ncbi.nlm.nih.gov/36008480/
https://link.springer.com/article/10.1134/S1062360418070019
https://link.springer.com/article/10.1134/S1062360418070019
https://pubmed.ncbi.nlm.nih.gov/12560456/
https://pubmed.ncbi.nlm.nih.gov/24368911/
https://pubmed.ncbi.nlm.nih.gov/25097266/
https://pubmed.ncbi.nlm.nih.gov/16341224/
https://pubmed.ncbi.nlm.nih.gov/39837330/
https://pubmed.ncbi.nlm.nih.gov/29937225/
https://pubmed.ncbi.nlm.nih.gov/29937225/
https://pubmed.ncbi.nlm.nih.gov/29160594/
https://pubmed.ncbi.nlm.nih.gov/11978067/
https://pubmed.ncbi.nlm.nih.gov/22531475/
https://pubmed.ncbi.nlm.nih.gov/28985562/
https://pubmed.ncbi.nlm.nih.gov/28985562/
https://pubmed.ncbi.nlm.nih.gov/17617638/
https://pubmed.ncbi.nlm.nih.gov/33263276/
https://pubmed.ncbi.nlm.nih.gov/33263276/
https://pubmed.ncbi.nlm.nih.gov/25722473/
https://pubmed.ncbi.nlm.nih.gov/25722473/
https://pubmed.ncbi.nlm.nih.gov/33669975/
https://pubmed.ncbi.nlm.nih.gov/2509715/
https://pubmed.ncbi.nlm.nih.gov/23253934/
https://pubmed.ncbi.nlm.nih.gov/20625510/
https://pubmed.ncbi.nlm.nih.gov/20625510/
https://pubmed.ncbi.nlm.nih.gov/18176565/
https://pubmed.ncbi.nlm.nih.gov/37892164/
https://pubmed.ncbi.nlm.nih.gov/37892164/
https://pubmed.ncbi.nlm.nih.gov/28961735/
https://pubmed.ncbi.nlm.nih.gov/17363976/
https://pubmed.ncbi.nlm.nih.gov/17363976/
https://pubmed.ncbi.nlm.nih.gov/7958877/
https://pubmed.ncbi.nlm.nih.gov/25569532/
https://pubmed.ncbi.nlm.nih.gov/25569532/

M.A. XunkunHa, E.H. Tonmauéa
C.A. Bacunbes

Sugimoto J., Sugimoto M., Bernstein H., Jinno Y., Schust D. A novel
human endogenous retroviral protein inhibits cell-cell fusion. Sci
Rep. 2013;3:1462. doi 10.1038/srep01462

Sun M., Wolf G., Wang Y., Senft A.D., Ralls S., Jin J., Dunn-Flet-
cher C.E., Muglia L.J., Macfarlan T.S. Endogenous retroviruses
drive lineage-specific regulatory evolution across primate and ro-
dent placentae. Mol Biol Evol.2021;38(11):4992-5004. doi 10.1093/
molbev/msab223

Towler C.M., Horne C.H.W., Jandial V., Campbell D.M., MacGilli-
vray I. Plasma levels of pregnancy-specific Bl-glycoprotein in com-
plicated pregnancies. Br J Obstet Gynaecol. 1977;84(4):258-263.
doi 10.1111/j.1471-0528.1977.tb12573 .x

van de Lagemaat L.N., Landry J.R., Mager D.L., Medstrand P. Trans-
posable elements in mammals promote regulatory variation and
diversification of genes with specialized functions. Trends Genet.
2003;19(10):530-536. doi 10.1016/5.tig.2003.08.004

Vasilyev S.A., Tolmacheva E.N., Vasilyeva O.Yu., Markov A.V., Zhiga-
lina D.I., Zatula L.A., Lee V.A., Serdyukova E.S., Sazhenova E.A.,
Nikitina T.V., Kashevarova A.A., Lebedev I.N. LINE-1 retrotrans-
poson methylation in chorionic villi of first trimester miscarriages
with aneuploidy. J Assist Reprod Genet. 2021;38(1):139-149. doi
10.1007/s10815-020-02003-1

Vietri M., Schink K.O., Campsteijn C., Wegner C.S., Schultz S.W.,
Christ L., Thoresen S.B., Brech A., Raiborg C., Stenmark H. Spastin

2025
295

Mob6unbHble 3nemMeHTbI
KaK KJiloueBble perynaTopbl pa3BnUTUA naaueHTbl

and ESCRT-1II coordinate mitotic spindle disassembly and nuclear
envelope sealing. Nature. 2015;522(7555):231-235. doi 10.1038/
nature 14408

West R.C., Ezashi T., Schoolcraft W.B., Yuan Y. Beyond fusion:
a novel role for ERVW-1 in trophoblast proliferation and type I
interferon receptor expression. Placenta. 2022;126:150-159. doi
10.1016/j.placenta.2022.06.012

Wicker T., Sabot F., Hua-Van A., Bennetzen J.L., Capy P., Chal-
houb B., Flavell A., Leroy P., Morgante M., Panaud O., Paux E.,
SanMiguel P., Schulman A.H. A unified classification system for
eukaryotic transposable elements. Nat Rev Genet. 2007;8(12):973-
982. doi 10.1038/nrg2165

Xia B., Zhang W., Zhao G., Zhang X., Bai J., Brosh R., Wudzin-
ska A., ... Dasen J.S., Maurano M.T., Kim S.Y., Boeke J.D., Yanai 1.
On the genetic basis of tail-loss evolution in humans and apes. Na-
ture. 2024;626(8001):1042-1048. doi 10.1038/s41586-024-07095-8

YuY.,Hel.-H.,HuL.-L., Jiang L.-L., Fang L., Yao G.-D., Wang S.-J., ...
Shang T., Sato Y., Kawamura K., Hsueh A.J.W., Sun Y.-P. Placensin
is a glucogenic hormone secreted by human placenta. EMBO Rep.
2020;21(6):¢49530. doi 10.15252/embr.201949530

Zimmermann W., Kammerer R. The immune-modulating pregnancy-
specific glycoproteins evolve rapidly and their presence correlates
with hemochorial placentation in primates. BMC Genomics. 2021;
22(1):128. doi 10.1186/s12864-021-07413-8

Conflict of interest. The authors declare no conflict of interest.
Received February 18, 2025. Revised July 15, 2025. Accepted July 16, 2025.

MEOUUMHCKAA TEHETUKA / MEDICAL GENETICS 675


https://www.nature.com/articles/srep01462
https://pubmed.ncbi.nlm.nih.gov/34320657/
https://pubmed.ncbi.nlm.nih.gov/34320657/
https://pubmed.ncbi.nlm.nih.gov/870010/
https://pubmed.ncbi.nlm.nih.gov/14550626/
https://pubmed.ncbi.nlm.nih.gov/33170392/
https://pubmed.ncbi.nlm.nih.gov/33170392/
https://pubmed.ncbi.nlm.nih.gov/26040712/
https://pubmed.ncbi.nlm.nih.gov/26040712/
https://pubmed.ncbi.nlm.nih.gov/35816776/
https://pubmed.ncbi.nlm.nih.gov/35816776/
https://pubmed.ncbi.nlm.nih.gov/17984973/
https://pubmed.ncbi.nlm.nih.gov/38418917/
https://pubmed.ncbi.nlm.nih.gov/32329225/
https://pubmed.ncbi.nlm.nih.gov/33602137/

MEDICAL GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
Original article Vavilov Journal of Genetics and Breeding. 2025;29(5):676-684

doi 10.18699/vjgb-25-74

Rare missense substitutions in the mitochondrial DNA genes
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Abstract. Human mitochondrial DNA (mtDNA) exhibits high population-level polymorphism. While certain pathogenic
mtDNA variants are known to cause hereditary mitochondrial syndromes, often presenting with cardiac arrhythmias,
life-threatening ventricular tachycardia (VT) itself is a major risk factor for sudden death in cardiovascular diseases.
The aim of the work was to study rare (“private”) missense substitutions in the mtDNA of patients with documented
episodes of ventricular tachycardia in comparison with patients with ischemic heart disease without life-threaten-
ing heart arrhythmias and individuals without clinical manifestations of cardiovascular diseases. The sequencing of
mtDNA was performed using high-throughput sequencing methods. Specialized algorithms predicting the effect of
gene variants were used to assess the effect of missense substitutions. Comparative analysis of the spectrum of the
identified amino acid substitutions in the studied groups showed that about 40 % of the individuals in all three groups
were carriers of “private” missense variants in mtDNA. However, among such substitutions, the variants classified by
the APOGEE2 predictor as “variants of uncertain significance” (VUS) were more common in the group of patients with
heart arrhythmias than in the control group, where “private” missense substitutions of the VUS category were not de-
tected (p = 0.0063 for Fisher's exact test). In addition, the groups differed in their phred-ranked Combined Annotation
Dependent Depletion (CADD) scores, which were lower for individuals in the control group. The results indicate that
rare mtDNA variants may contribute to predisposition to cardiovascular disease - in particular, to the risk of develop-
ing ventricular tachycardia by some patients.
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AHHoTauuaA. MutoxoHgpuranbHas JHK (mTAHK) xapakTepusyeTca BbICOKMM NOAMMopdr3mom B nonynauuax. Mpv stom
HeKoTopble naToreHHble BapuaHTbl MTAHK moryT nprBoanTb K pasBUTUIO HaCeACTBEHHbBIX MUTOXOHAPUANbHbBIX CUH-
[ POMOB, CMMTOMATUKa KOTOPbIX BKJTIOYAET B TOM Yncie HapylueHna putma cepaua. C Apyro CTOPOHbI, XKNU3Heyrpo-
XKalolye apuTMnK, B BUAE XKeny[oUYKOBOW TaxKapAanum, ABNATCA GakTOPOM pricka BHE3amnHoM CMepTH y NaunueHToB
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Pepkune myncceHc-3ameHbl B reHax MutoxoHapuanbHon JHK
y NaLUMEHTOB C XeslyA0UYKOBbIMM TaxnKapanamn

C CepAeYHO-COCYANCTbIMM 3aboneBaHuAMK. Lienbio paboTbl cTano nccnefoBaHne pefKux (<MpuBaTHbIX») MACCEHC-3a-
MeH B MTHK naumeHTOB ¢ 3aperncTprMpoBaHHbIMY SMM30L4aMy KeNy[0UYKOBOW TaXUKapAMU B aHaMHe3e B CPaBHEHN
C MauMeHTaMm C UlemMmmnyeckor 6onesHbio cepaLa 6e3 KU3HeyrpoXarLnx HapyLIeHni pUTMa 1 MHAMBUAaMN 6e3 Knu-
HYECKMX MPOABNEHNI CepAeYHO-COCYANCTbIX 3aboneBaHmin. OnpegeneHne nocneposatenbHocTy MTAHK nposognnu
C MOMOLLbIO METOLOB BbICOKOMPOW3BOAMTENIbHOTO CEKBEHMPOBAHNA, A1 OLEHKN 3P deKTa MUCCEHC-3aMeH UCMOMb30-
BaSlM CMeLVan3npoBaHHble anropuUTMbl-NPeauKTopbl 3GPeKTa reHHbIX BapnaHToB. CpaBHUTENbHbIN aHan3 CNekTpa
BbIAIBIEHHBIX aMWHOKUCIIOTHBIX 3aMeH B MCC/IEA0BaHHbIX rpyrmnax rnokasaJs, YTo BO BCeX Tpex rpynmnax okono 40 %
VHAVIBMLOB ObIN HOCUTENAMM «MPUBATHBIX» MUCCEHC-BapraHToB B MTAHK, ofHaKko cpeawn Hyx B rpynmne nauyeHToB
C HapyLUEHUAMMN CepAeYHOro prTMa Yalle BCTPeYanncb BapuaHThbl, Knaccuprumpyemble npegukropom APOGEE2 Kak
«BapuWaHTbl HeonpefeneHHoro 3HayeHus» (VUS), No cpaBHEHWIO C KOHTPOMbHOW FPYNMOW, B KOTOPOW «MPUBATHBIX»
MMCCceHC-3ameH KaTeropum VUS He obHapyeHo (p = 0.0063 ans TouHoro Kputepusa Ouiepa). Kpome Toro, rpynnbl
pa3nnyanunck no 3HayeHnam phred-panxupoBaHHbix 3HayeHnn CADD (Combined Annotation Dependent Depletion),
KOTOpble OblIN HUXe AN MHAMBUAOB U3 KOHTPOMbHOI rpynmbl. [lonyyeHHble pe3ynbTaTbl YKasbiBalOT Ha TO, UTO pef-
Kune BapuaHTbl MTIHK MoryT BHOCWTb BKNaj B NMPeApacrnofioEHHOCTb K CepAeUYHO-COCYANCTbIM 3aboneBaHnAM, B
YaCTHOCTU B PYCK Pa3BUTISA XKeJTy[OUYKOBOW TaXUKAPANU Y HEKOTOPbIX MaLMEHTOB.

KnioueBble cioBa: MUToxoHapvanbHas [HK; apntmus; xenynoukoBas Taxukapans; 3GGeKT MUCCeHC-3aMeH; OLieHKa
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NMaTOreHHOCTN reHeTU4YeCKUX BapnaHTOB

Introduction
Human mitochondrial DNA (mtDNA) exhibits a high
degree of polymorphism, and, consequently, the proteins
encoded by mitochondrial genes are similarly polymor-
phic. These proteins play a critical role in energy me-
tabolism as essential components of the mitochondrial
respiratory chain complexes. With the continuous growth
of the human population, the burden of rare, so-called
“private” genetic variants has increased substantially
(Gao, Keinan, 2014), raising the likelihood that newly
emerging gene variants — including mtDNA missense
substitutions — may persist in the population even if they
exert a mildly deleterious effect. While such variants are
insufficient to cause severe hereditary disorders, they
may contribute to the risk of common polygenic diseases.
The myocardium is one of the most energy-demanding
tissues in the body. Most cardiovascular continuum
disorders arise from myocardial ischemia, which is
characterized by hypoxia, mitochondrial dysfunction,
and oxidative stress (Kibel et al., 2020; Severino et al.,
2020; Yang et al., 2022). Mitochondrial dysfunction, in
turn, can exert an arrhythmogenic effect both through
impaired ATP synthesis and via oxidative stress-induced
membrane depolarization (Montaigne, Pentiah, 2015;
Gambardella et al., 2017; van Opbergen et al., 2019).
This is consistent with the frequent occurrence of car-
diac arrhythmias in patients with mitochondrial diseases
caused by pathogenic mtDNA mutations or nuclear gene
defects affecting mitochondrial function (Ng, Turnbull,
2016). Conversely, severe cardiac arrhythmias — particu-
larly paroxysmal ventricular tachycardia — are associ-
ated with a high risk of sudden cardiac death (Koplan,
Stevenson, 2009; Chao et al., 2017), underscoring the
importance of identifying hereditary risk factors for
these conditions.

Early research on mtDNA variants associated with
cardiovascular disease risk primarily focused on com-
mon population variants and their combinations (hap-
logroups) (Palacin et al., 2011; Hudson et al., 2014;
Golubenko et al., 2015, 2021; Kytdvuori et al., 2020;
Rosello-Diez et al., 2021). Advances in sequencing
technologies now enable fast comprehensive analysis of
the mitochondrial genome, leading to growing interest
in the role of rare mtDNA variants in disease pathoge-
nesis (Govindaraj et al., 2014, 2019; Hagen et al., 2015;
Piotrowska-Nowak et al., 2019).

The aim of this work was to study mtDNA rare mis-
sense variants in patients with ventricular tachycardia in
comparison with patients without ventricular tachycardia
and with relatively healthy individuals.

Materials and methods
There were three groups of participants in the study.
The “main” group consisted of patients hospitalized
in the Department of Surgical Treatment of Complex
Heart Rhythm Disorders and Electrical Pacing at the
Cardiology Research Institute of Tomsk National
Research Medical Center. All patients underwent im-
plantation of a cardioverter-defibrillator (ICD) due to
a history of ventricular tachycardia (VT) episodes, as
part of primary or secondary prevention of sudden car-
diac death (Bockeriaet al., 2017). The group included
127 individuals. Medical histories and diagnostic data
were analyzed for all patients. Patients with severe
comorbidities (cancer, NYHA class IV heart failure, or
chronic kidney disease stages IV—-V) were excluded.
The majority were male (74.8 %), with a median age of
64.0 years (IQR: 59.0-71.0).

The “comparison” group (n = 53) comprised pa-
tients with stable ischemic heart disease and no his-
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Table 1. Clinical characteristics of the patients

Rare missense substitutions in the mitochondrial DNA genes
in patients with ventricular tachycardia

Parameter Main group Comparison group p
(n=127) (n=53)
Age and gender
Age, years, Me (Q;; Q3) 64.0 (59.0; 71.0) 67.0(63.5;71.5) 0.08420
Males, n (%) 95 (76.7) 23(43.4) 0.00005
Females, n (%) 32(23.3) 30 (56.6) 0.00005
Clinical symptoms and comorbidities
Ischemic heart disease, n (%) 102 (80.3) 53 (100) < 0.001
History of infarctions, n (%) 72 (56.7) 0 <0.001
Hypertension, n (%) 118(92.9) 53 (100) 0.046772
Dyslipidemia, n (%) 91(71.7) 30 (56.6) 0.049927
Obesity, n (%) 79 (62.2) 32(60.4) 0.818220
Diabetes mellitus type 2, n (%) 25(19.7) 6(11.3) 0.017902
Impaired glucose tolerance, n (%) 10(7.9) 3(5.7) 0.601015
Body mass index, kg/m2, Me (Q;; Q3) 28.4(25.6;32.1) 29.6 (26.2;33.8) 0.072343

Note. p - significance level when comparing groups using the Pearson y2 test (for frequencies) or the Mann-Whitney U-test (for quantitative characteristics).

tory of myocardial infarction, VT, or indications for
ICD implantation. Their median age was 67.0 years
(IQR: 63.0-71.0). Clinical characteristics of all patients
are provided in Table 1.

In addition to the two groups of patients, a “control”
group (n = 58) was formed, which consisted of Tomsk
city residents who had no history of cardiovascular
symptoms, including absence of heart rhythm distur-
bances; in addition, these individuals either had no
stenosis of the carotid arteries, or the stenosis did not
exceed 30 % (estimated by the ultrasound examination).
The median age in this sample was 69.0 (62.0; 73.0)
years, the ratio of men to women was 40:28 (69 % men).

Informed consent for participation in the study was
obtained from all individuals included in the studied
groups. The study protocol was approved by the bio-
medical ethics committees of the Research Institute
of Medical Genetics and the Research Institute of
Cardiology of the Tomsk National Research Medical
Center.

Venous blood samples (6—10 mL, EDTA) were col-
lected, and DNA was isolated using phenol-chloroform
extraction.

The complete mitochondrial genome was sequenced
via high-throughput sequencing (next-generation se-
quencing, NGS). Mitochondrial DNA was amplified
by long-range PCR with two overlapping fragments:
1) 9,065 bp (primers: 9397-9416 and 1892-1873 of the
human mtDNA reference sequence) and 2) 11,170 bp

678

(primers: 15195-15214 and 9796-9777). Overlapping
regions spanned 9397-9796 and 15195-1873.

PCR was performed using the BioMaster LR HS-PCR
(2x) kit (BioLabMix, Russia). PCR product concentra-
tion was quantified via Qubit (Thermo Fisher Scientific,
USA) with Spectra Q BR reagents (Raissol, Russia).
Equimolar pools of both PCR products (20 ng/uL)
were prepared for each sample. DNA libraries were
prepared using DNA library preparation kits designed
for working with genomic DNA, with double indexing
of the libraries. In particular, DNA Prep kits (Illumina,
USA) and SG GM Plus kits (Raissol, Russia) were used.
The manufacturer’s protocols were followed without
modifications.

Sequencing was performed either on the MiSeq
sequencer (Illumina, USA) using MiSeq reagent v.2
kit, 300 cycles, or on the GenoLab M sequencer
(GeneMind, China) using GenoLab M V2.0 FCM rea-
gent kit, 150 cycles.

After the data demultiplexing, fastq nucleotide reads
were aligned to the reference human genome sequence
(hg38) using DRAGEN 3.9.5 software, DNA pipeline
(Illumina, USA). The resulting bam files were analyzed
with mtDNA-specific software MtDNA-Server 2 (Weis-
sensteiner et al., 2024). As a result, a list of nucleotide
substitutions in comparison with the human mtDNA
reference sequence (Andrews et al., 1999) was obtained,
and an assessment of the mtDNA haplogroup for the
identified haplotype was done according to the generally
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accepted human mtDNA tree (van Oven, Kayser, 2008).
The mtDNA sequences in the *.fasta or *.txt format were
also analyzed in the mtPhyl program (Eltsov, Volodko,
2011), which draws the phylogeny of the analyzed se-
quences and provides a list of missense variants divided
into “haplogroup associated” and “private” substitutions,
accompanied with amino acid conservation index for
these substitutions.

To assess the effect of missense substitutions in
mtDNA genes, we used the APOGEE 2 meta-predictor,
which was developed specifically for mitochondrial
DNA (Bianco et al., 2023), and in addition, CADD
scores (Rentzsch et al., 2021) were analyzed. Data
on these and other tools for assessing mtDNA mis-
sense substitutions are available online at the Mitlm-
pact project address: http://bioinformatics.css-mendel.it/
(Castellana et al., 2015). Statistical analysis was per-
formed in JASP 0.19.3 (JASP Team, 2024). Group
comparisons used Pearson’s y? test (frequencies) or the
Mann—Whitney U-test (quantitative variables).

Results

The mtDNA sequencing results demonstrated high
mitochondrial genome diversity in the studied cohorts,
with nearly all individuals exhibiting unique mtDNA
haplotypes. Only two haplotypes were observed twice,
both occurring in the “main” patient group. The frequen-
cies of major mtDNA haplogroups were distributed as
follows: haplogroup H occurred at 34 % in the “main”
group, 34 % in the “comparison” group, and 41 % in
controls; haplogroup J, at 8, 9, and 14 %; haplogroup T,
at 12,9, and 3 %; and haplogroup U, at 30, 34, and 34 %
respectively. These frequencies corresponded to the
reported Tomsk population data (39 % for H, 7 % for J,
10 % for T, and 25 % for U) (Golubenko et al., 2021).
Although trends suggested reduced haplogroup T and
elevated haplogroup J frequencies in controls, along
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with increased haplogroup U frequency both in controls
and in “comparison” patients, these differences did not
reach statistical significance.

In the “main” patient group, we identified 61 private
missense variants and 85 haplogroup-associated mis-
sense variants (Table 2). Altogether, 50 individuals (39 %
of the group) carried private missense substitutions,
including 7 patients with two variants and 2 patients
with three variants. The “comparison” group exhibited
28 private missense variants (found in 23 individuals,
43 % of this group, including 5 carriers of two variants)
compared to 45 haplogroup-associated variants. The
control group showed 35 private missense variants dis-
tributed among 23 individuals (40 % of controls), with
8 individuals harboring two variants and 2 individuals
carrying three variants.

Elson’s neutrality test (Elson et al., 2004) revealed no
statistically significant deviations in the ratio of syno-
nymous to non-synonymous substitutions from neutral
selection expectations across groups. Similarly, we
observed no significant differences in mean amino acid
conservation indices between private and haplogroup-
associated variants.

The APOGEE2 meta-predictor classifies missense
variants using the standard five-tier pathogenicity system
(benign, likely benign, variants of uncertain significance
(VUS), likely pathogenic, and pathogenic) (McCor-
mick et al., 2020). Variants with APOGEE2 scores of
0.265-0.716 are categorized as VUS, while higher and
lower scores indicate likely pathogenic/pathogenic and
likely benign/benign variants, respectively (Bianco et al.,
2023). No private missense variants in our cohorts met
criteria for pathogenic or likely pathogenic. In contrast,
the main group contained 11 private VUS variants (18 %
of its private variants), while the comparison group had
three (10.7 %), and controls showed none (Table 2).
This represents a significant accumulation of non-benign

Table 2. Characteristics of mtDNA missense polymorphism in the studied groups

Parameter

Overall number of private missense variants, n

Overall number of non-private (haplogroup-associated)
missense variants, n

Mean value of conservation index (by MtPhyl estimates)
for private missense variants, %

Number of private missense variants classified as VUS
(proportion of VUS in all private missense variants), n (%)

Number of individuals with private missense variant, n (%)

Note. VUS - variant of uncertain significance.

Group

main comparison control
(n=127) (n=53) (n=58)
61 28 35

75 40 37
49.54 49.82 52.98
11(18.0) 3(10.7) 0(0)

50 (39.4) 23 (43.4) 23(39.7)
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Main group

Comparison group

23

Control group

B Benign

m  Likely benign

m Uncertain
significance

Fig. 1. Attribution of private mtDNA missense variants to the different
categories of pathogenicity (the numbers indicate the number of variants
in the corresponding category).

private variants in the main group compared to controls
(p = 0.0063, Fisher’s exact test). Differences between
other group pairings were non-significant. The distribu-
tion of private variants across pathogenicity categories
is illustrated in Figure 1.

The complete list of private missense substitutions
classified as VUS is presented in Table 3. Notably, two
variants (T3394C and G13708A), though identified as

Rare missense substitutions in the mitochondrial DNA genes
in patients with ventricular tachycardia

private in our patients, appear in multiple haplogroups
on the human mtDNA phylogenetic tree — particularly
G13708A, which characterizes West-Eurasian hap-
logroup J. Another private variant resulted not in an
amino acid substitution but in replacement of a stop
codon with glutamine (T9205C, MT-ATP6 Ter227Gln)
in the ATP6 gene. While APOGEE2 cannot score such
variants, ClinVar database classifies it as VUS (https://
www.ncbi.nlm.nih.gov/clinvar/variation/693124/, ac-
cessed 24.02.2025). Similarly, a stop-to-lysine variant
(A7444G, MT-COI Ter514Lys), associated with hap-
logroup V7 and found in the main group, was previously
considered pathogenic due to protein elongation but has
been reclassified as “likely benign” after having been
reviewed by ClinVar experts (https://www.ncbi.nlm.
nih.gov/clinvar/variation/9663/, accessed 24.02.2025).

Of all VUS, 50 % are located in the genes encoding
subunits of the first complex of the respiratory chain
(NADH dehydrogenase), which is consistent with the
total length of these genes, which encompass 65 % of
the total length of all protein-coding mtDNA genes. It is
interesting, however, that all three VUS identified among
the patients of the comparison group were located not in
the NADH dehydrogenase genes but in the cytochrome b
gene (two variants) and cytochrome ¢ oxidase gene (one
variant). It can also be noted that while haplogroup H
is the most common among Europeans (about 40 % of
the population), only three VUS, i. e. 21 %, belonged to
this haplogroup (H6ala, H36, H1j8), whereas a signifi-

Table 3. Private mtDNA missense variants classified as VUS (APOGEE2)

No. mtDNA change Gene Amino acid change
1 T3394C MT-ND1 Y30H
2 C6489A MT-CO1 L196l

3 G6510A MT-CO1 A203T
4 C8369T MT-ATP8 P2S

5 T9205C MT-ATP6 227Q
6 G9738A MT-CO3 A178T
7 T10237C MT-ND3 160T

8 G11696A MT-ND4 V313l
9 T12075C MT-ND4 M439T
10 C13036T MT-ND5 P234S
11 G13708A MT-ND5 A458T
12 T14291A MT-ND6 E128V
13 A14841G MT-CYTB N32S
14 G15152A MT-CYTB G136S

APOGEE2 score  Patient group mtDNA haplogroup
0.5822 Main J1b1a1
0.3289 Main T

0.2836 Comparison H6ala
0.2767 Main U5a2alb
- Main J1a1b1
0.3554 Main R2
0.6661 Main HV
0.3383 Main K1
0.3560 Main U5alb
0.4992 Main K1b1
0.3070 Main Tla
0.4046 Main H36
0.2743 Comparison H1j8
0.2924 Comparison U5al
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cant portion of VUS (36 %) belonged to haplogroup U
(USa2alb, USalb, K1, K1bl, U5al), and another 36 %
belonged to the R2°JT cluster (J1blal, T, J1alvl, R2,
T1a). It might be assumed that the appearance of VUS
on the background of haplogroup R2’JT may be a risk
factor for the development of arrhythmia, including VT,
but the total number of VUS in our study is too small
to perform any statistical tests, so this issue requires
additional research.

The classification of variants into pathogenicity
classes is “categorical’; however, it relies on quantitative
scales of the effect estimates. One of these estimates is
CADD (combined annotation dependent depletion), an
integrated metric based on machine learning, which uses
more than 60 tools for annotating all possible genetic
variants, followed by calculating the probability of their
appearance in the genome and ranking all possible vari-
ants according to this probability. The logarithm of this
score (phred-like ranking) is used to identify the least
“probable” variants in the genome, which are therefore
the variants with the greatest effect. According to the
developers’ recommendation, the minimum (threshold)
value of the CADD phred score for considering a pos-
sibility of functional significance is 10. It means that
the variant is among the 10 % most significant of all
theoretically possible variants in the genome (Rentzsch
etal., 2021).

The plot of CADD phred score values for all “private”
missense variants is shown in Figure 2. In all groups,
there were missense substitutions with this parameter
value greater than 10; however, in the control group,
only 26.6 % of “private” missense substitutions were
in this zone, and the median value of this parameter
was 8.3, while in the patient groups, the median value
was 13 (main group) and 13.2 (comparison group).
In total, 61.7 % of private substitutions in the main
group and 64.3 % in the comparison group had a
CADD phred score greater than 10. This differentia-
tion was statistically significant both according to the
results of variance analysis (p = 0.014) and accor-
ding to the nonparametric Kruskal-Wallis criterion
(p=0.011).

Discussion

Unlike evolutionarily “established” combinations of
mtDNA variants designated as haplogroups, all newly
emerging variants are ‘“private”, meaning they are
present only in the examined individual and probably
in his/her close maternal relatives. When the population
size constantly increases, there is an excess of “private”
gene variants in the population (Gao, Keinan, 2014).
Such newly arising mtDNA variants may influence
the phenotype. When the variant has a strong negative
effect on the phenotype, it may be eliminated from the

2025
295

Pepkune myncceHc-3ameHbl B reHax MutoxoHapuanbHon JHK
y NaLUMEHTOB C XeslyA0UYKOBbIMM TaxnKapanamn

301
25
° s L A
L ) o®
[ ° [ ]
20 " i ° "
ks ° ®e
< ®
a 15F
[a)
a [ ] . ,}.
S @o ® °
“1of e ° -
s "
' oq
| ¥’
® @ ®
@
ol ® wl e
Comparison Control Main
group group group

Fig. 2. Plot of CADD phred scores for all private missense substitutions in
the studied groups.

population by natural selection; however, if the effect is
small, the variant can persist in the population for many
generations and even spread due to genetic drift.

Assessing the effect of a missense substitution in a
gene on the structure and function of the encoded protein
is an important issue. Despite the variety of algorithms
and predictors developed for in silico effect estimation,
the results of these studies do not always correspond
to the true effect of specific missense substitutions.
This is partly due to the insufficient experimental data
on the pathogenicity of various variants, since only a
small share of all possible amino acid substitutions has
been studied in this regard, so extrapolation of these
patterns to the entire data set is not always correct. In
addition, epistatic interactions of amino acid residues
between amino acid residues within or between protein
subunits may contribute to effect variability, where
additional amino acid substitutions could compensate
for or exacerbate the effect of the analyzed substitution.

APOGEE?2 is a meta-predictor that uses for its assess-
ment evolutionary conservation; protein structural char-
acteristics, including tertiary structure data and Gibbs
free energy change (AAG); effect estimates obtained
from various predictor programs: PolyPhen2, SIFT,
Fathmm, PROVEAN, MutationAssessor, EFIN, CADD,
PANTHER, PhDSNP, SNAP, and MutationTaster2
(Bianco et al., 2023). This tool has the highest sensitivity
(87 %) and specificity (90 %) compared to other predic-
tors, according to the paper.

Distribution of values from the quantitative predictor
of functional significance (CADD) showed that private
mtDNA missense substitutions in the control group were
characterized on average by lower values of this para-
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meter, and these differences were statistically significant.
Similar to the proportion of VUS, the two groups of
patients (the main and comparison groups) did not differ
from each other in mean CADD values.

Comparison of the fraction of variants with uncertain
significance (VUS) among private missense substitutions
showed a higher proportion of VUS in the main patient
group versus controls. At the same time, missense sub-
stitutions of the VUS category were also registered in
the comparison group patients, though their APOGEE2
scores were minimal (Table 3). The ratio of such variants
to the total number of private missense substitutions in
this sample (3/28, or 10.7 %), while lower than in the
main group (11/61, or 18 %), showed no statistically
significant difference (p > 0.05 by Fisher’s exact test).
Thus, the high frequency of VUS-category missense
substitutions may be associated not with arrhythmia risk
specifically but with predisposition to cardiovascular
diseases in general. Some previous mtDNA studies have
also identified rare and private substitutions, including
missense variants, which can be classified as VUS or
even as likely pathogenic variants — for example, in
patients with hypertrophic cardiomyopathy (Govindaraj
etal.,2014; Hagen etal., 2015), dilated cardiomyopathy
(Govindaraj et al., 2019), and atherosclerosis (Piotrow-
ska-Nowak et al., 2019).

Notably, two identified variants classified as VUS
may be characteristic of certain mtDNA haplogroups.
The G13708A substitution is one of the defining variants
for haplogroup J, which is known to enhance expressiv-
ity of the pathogenic G11778A variant causing Leber’s
optic atrophy in European populations (Torroni et al.,
1997). The T3394C substitution similarly enhances
manifestation of pathogenic variant G11778A but in
Asian populations (Ji et al., 2019). Both substitutions
occur repeatedly in human mtDNA phylogeny (www.
phylotree.org). Remarkably, in our study, the patient
with private T3394C substitution had mtDNA belonging
to haplogroup J (specifically J1blal, Table 3), mean-
ing they also carried the G13708A substitution. Thus,
this individual had two missense substitutions, each
representing an unfavorable “background” promoting
manifestation of pathogenic mtDNA variants. In this
regard, it is interesting that, according to the published
data, similar combinations of mtDNA variants were
identified in Parkinson’s disease, where variants typi-
cally associated with certain haplogroups (“out of place”
variants) were more frequent in patients than in controls
(Miiller-Nedebock et al., 2022). Leber optic atrophy and
Parkinson’s disease are not cardiovascular diseases, but
these examples may present general patterns of mtDNA
variants effects manifestation.

Classifying a genetic variant as a VUS does not nec-
essarily indicate a negative effect — it indicates only a
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higher probability that such a variant somehow influ-
ences the phenotype, hence the term “variant of uncertain
significance”. Nevertheless, the excess of such variants
in the group of patients with life-threatening cardiac
arrhythmias (ventricular tachycardia) and a high risk
of sudden death revealed in our study suggests that, at
least in some cases, the risk of sudden death may be in-
creased by rare mtDNA variants with a negative effect,
resulting in a decrease in the mitochondrial function. It
can be assumed that, under normal conditions, minor
deviations from optimal function of mitochondrial pro-
tein complexes may be compensated by increased mi-
tochondrial gene expression, mitochondrial biogenesis,
or modulation of specific biochemical pathways. Under
cellular stress condition, however, this “borderline”
mitochondrial dysfunction may become critical for the
myocardial pathology development.

Whether such variants represent an arrhythmia-
specific risk factor or generally increase cardiovascular
disease risk remains an open question. Further studies are
required in patient cohorts with diverse cardiovascular
pathologies. Assessing genetic background effects on
rare missense substitutions (potential epistatic inter-
actions) will require larger samples, as private VUS-
category missense variants occur in fewer than 10 % of
patients. In addition, it should be noted that our study
did not consider heteroplasmy — a situation when only
a portion of the mtDNAs have the variant, which can
be either inherited or somatically arisen de novo. Due
to the lack of the possibility of analyzing the DNA of
parents (mothers), we could not assess de novo variant
occurrence. All mtDNA variants described here were
homoplasmic.

Conclusion

Comparative analysis of rare (private) missense substi-
tution spectra in mtDNA protein-coding genes among
cardiovascular disease patients — particularly those with
life-threatening arrhythmias — revealed several missense
substitutions that may be classified as VUS, suggesting
possible functional impacts on mitochondrial respiratory
chain proteins. No such variants were found in the con-
trol group of individuals without clinical cardiovascular
symptoms.

Groups showed no differences in overall mtDNA mis-
sense polymorphism characteristics (the total number
of missense substitutions, the proportion of carriers of
private missense variants in the group, more than one
private missense substitution in one individual, the
amino acid conservation index). However, there were
statistically significant differences between the main
group (with a history of ventricular tachycardia and a
high risk of sudden death) and the control group in the
proportion of VUS among private missense variants. In
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addition, differences between the groups were revealed
for the values of the quantitative score characterizing
the possibility of the functional significance of variants
(CADD score). These results allow us to assume that it
is rare missense substitutions of mtDNA that may have
functional impact and contribute to the predisposition
to the cardiovascular continuum diseases, including the
development of ventricular tachycardia in patients.
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Crouzon syndrome: preimplantation genetic testing
for a familial case with a whole and a mosaic variant of the disease
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Abstract. Crouzon syndrome, which is a hereditary craniosynostosis, can be the result of inheritance from either pa-
rent, as well as de novo mutations in the FGFR2 gene. With a confirmed molecular genetic diagnosis, preimplantation
genetic testing for monogenic diseases (PGT-M) is available for high-risk families. However, there is currently little
information in the literature about using this approach to prevent this condition. The aim of our study was to de-
scribe the clinical case of IVF/ICSI with PGT-M for Crouzon syndrome with a successful outcome and confirmatory
diagnostics. PGT-M was planned and performed for a married couple (aged 24 and 25), in which the husband had
Crouzon syndrome. The husband’s father had a milder form of Crouzon syndrome and the pathogenic variant of
the FGFR2 gene was in a mosaic form. During preparation, a testing system was selected for the pathogenic variant
NM_000141.5(FGFR2):c.1007A>G (p.Asp336Gly) of the FGFR2 gene, and gene-linked polymorphic microsatellite mar-
kers. The STR markers in the husband'’s father excluded chimerism for the pathogenic variant and indicated mosaicism
with the involvement of germ cells. Molecular genetic analysis was performed using a nested PCR, with detection by
fragment analysis for STRs and restriction analysis of the pathogenic variant. During the IVF program, superovula-
tion stimulation and embryological procedures were performed according to standard protocols. Fertilization was
achieved using the ICSI method, and blastocyst biopsy was done on the sixth day of development. For PGT-M, a direct
analysis of pathogenic variants and an indirect analysis of selected informative STRs were used. The thawed embryos
were transferred based on the results of preimplantation testing. We selected twelve STRs flanking the FGFR2 gene,
eight informative ones were used during PGT-M. In the IVF program, 15 mature oocytes were obtained, then four
blastocysts were biopsied. One of the four embryos inherited a normal paternal chromosome, the other three had
the pathogenic variant and the associated risk haplotype. A singleton pregnancy has occurred as a result of embryo
transfer recommended after PGT-M. Following the child’s birth, molecular diagnostics were performed, confirming
the PGT-M result. The presented clinical case provides an effective example of IVF with PGT-M to prevent the birth of
affected children in families with hereditary craniosynostosis.
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Crouzon syndrome: PGT-M for a familial case
with a whole and a mosaic variant

AnHoTauusA. CrHgpom Kpy3oHa, OTHOCALMIACA K HaCeACTBEHHBIM KPAaHWOCMHOCTO3aM, MOXET ObITb KaK pe3ynbTaTom
HacneoBaHMA OT OAHOrO M3 poauTeneil, Tak U BapraHTOM de novo myTaumii B reHe FGFR2. Mpu nogTBep»KAeHHOM
MOJIeKyNIAPHO-TeHeTMYECKOM AinarHo3e AnA cemell BbICOKOro pucka BO3MOXHO MpoBeAeHre nperMniaHTaLMoHHO-
ro reHeTNYECKOro TECTUPOBaHNA MOHOreHHOro 3abonesaHua (MIT-M). OgHaKO Ha CErofHALWHNIA AeHb B NUTepaTtype
Masio CBefleHMIN O TaKoM Moaxofe K npodunaktuke gaHHoro 3abonesaHuA. Llenbto Halwen paboTbl ABMAOCH OnKnca-
Hue knuHnyeckoro cnyyvaa IKO/MKCU ¢ MIT-M gna cnHgpoma KpysoHa ¢ ycnewHbIM UCXOA0M 1 MOATBepKAAtoLLen
avarHocTmkon. MnanmposaHme v nposeaeHue MIT-M BbiNoOAHeHbI A4ns cynpy»Keckon napbl (24 n 25 neT), B KOTOpoOWn
cmHapom KpysoHa 6biny My»a. Y oTua cynpyra cuHgpom Kpy3soHa 6bin B 6onee nerkoi ¢opme 1 naToreHHbIn BapnaHT
reHa FGFR2 npwcyTcTBOBaN B MO3aMYHOM BapuaHTe. Ha moarotoButeNibHOM 3Tane nogobpaHa cucteMa TeCTMpPOBa-
HMA natoreHHoro BapuaHta NM_000141.5(FGFR2):c.1007A>G (p.Asp336Gly) reHa FGFR2 v cLenfeHHbIX C FeHOM Mosu-
MOP®GHBIX MUKPOCATENUTHBIX MapKepoB. Mpodunb STR-MapKepoB y oTua cynpyra UCKyan XMMepusm no natoreH-
HOMY Bapu1aHTy 1 CBUAETeNbCTBOBAN O MO3anLM3Me, 3aTparvBatoLemM nosioByto IMHUI0. MonekynapHo-reHeTu4eckni
aHanu3 nposogunu metonom riesgosoit MUP ¢ petekumen pparmeHTHbIM aHann3om ana STR n pecTpUKLMOHHOIO
aHanv3a Ans natoreHHoro BapuaHTa. B xoge nporpammbl KO cTyMynsaLuio CynepoBynaumMm 1 sMOPUoNornyeckme
npovueaypbl BbINOAHANN MO CTaHAAPTHBIM NMPOTOKOMaM, ONMfI0A0TBOPeHUe nposoaunu metogom VKCU. Buoncua 6na-
CTOLMCT BbINOMHANACL Ha 6-e cyTKu pa3suTuA. MNpu MIT-M ncnonb3oBanu NpAMON aHann3 NaToreHHoro BapuaHTa u
KOCBEHHbI aHann3 no oTobpaHHbIM Ha NOArOTOBUTENbHOM 3Tane MHGopmaTBHbIM STR. MepeHoC pa3MOPOXKEHHOTO
SMOpPMOHA BbINOJHEH C YyYeTOM pPe3ynbTaToB NPenMniaHTaLuMoHHOro TecTupoBaHua. Hamm 6bino otobpaHo ABeHas-
uatb STR, ¢naHkmpytowmx reH FGFR2, n3 HUX BoceMb MHPOPMATUBHBIX ObiNKn ncnonb3oBaHbl B xoae MIT-M. B npo-
rpamme IKO nonyuyeHo 15 3penbix OOLMTOB 1 B JajibHeWLIEM YeTbipe 611acTOLMUCTbI, KOTOpPbIe OblIN BUOMNCUPOBAHDI.
OfuH 13 YyeTbipex SMOPMOHOB YHaCIe40Bal HOPMasbHYIO OTLIOBCKYIO XPOMOCOMY, B TPEX OCTaslbHbIX BbISBAANICA Ma-
TOFEHHbIV BapyaHT U acCOLMMPOBAHHDBIV C HM FanioTun pucka. B pesynbtate nepeHoca B MONOCTb MATKK SMOpUO-
Ha, peKOMeHAoBaHHOro no pe3synbtatam MNIT-M, HacTynuna ogHonnogHasa 6epemeHHOCTb. [ocne poxaeHns pebeHka
npoBefeHa MOJeKyAPHO-TeHeTuyeckan AnarHoCTrKa, noareepamsan pesynsrat MIT-M. MNpeacTtaBneHHbIN HamMy
KIMHWYECKNIA Cryyail ieMoHCTpurpyeT 3ddeKkTrBHBIN Nprumep npumeHeHna KO ¢ MNIT-M gna npeaoTBpaLleHna pox-
LeHNs 6ONbHBIX AETEN B CEMbSIX C HACEACTBEHHBIMY KPAaHMOCMHOCTO3aMMU.

KnioueBble cnoBa: cuHgpom Kpy3soHa; MI'T-M; npemmnnaHTayMoHHOe reHeTnyeckoe TectpoBaHue; KO, mo3anumsm;

reH FGFR2

Introduction

Crouzon syndrome belongs to an extensive heterogeneous
group of craniosynostosis — birth defects that are charac-
terized by premature fusion of one or more sutures in the
cranial vault prior to the completion of growth and devel-
opment of the brain, which leads to limited growth of the
skull, brain, face and central nervous system development.
Among craniosynostosis, syndromic craniosynostoses are
estimated to comprise 15 % of all cases. To date, there are
over 180 craniosynostosis syndromes identified. About 8 %
of cases are familial or inherited (Al-Namnam et al., 2019).
Crouzon syndrome (OMIM 123500) is the most common
syndrome among hereditary craniosynostosis. It is caused by
mutations in the fibroblast growth factor receptor 2 (FGFR?2)
gene, which is located on chromosome 10 (10q26.13). The
FGFR?2 protein is involved in cell signaling, and disruption
of the FGFs/FGFR2 signaling pathway leads to abnormal
differentiation, proliferation and apoptosis (Al-Namnam et
al., 2019; Yapijakis et al., 2023).

The incidence of Crouzon syndrome is approximately
16.5 cases per million live births (1:60,000). We have not
found any data on the incidence of the disease in Russia.
The disease is inherited as an autosomal dominant trait
with incomplete penetrance and variable expressivity.
In approximately 70 % of cases the disease is inherited
from one parent, while in other cases, it is the result of a
de novo mutation (Al-Namnam et al., 2019). The syndrome
was first described by Louis Edouard Octave Crouzon
in 1912.

686

The disease usually manifests itself in the first three years
of life. It can be suspected during the antenatal period using
ultrasound examination. It is also often detected at birth
due to its classic signs in newborns, which include cranio-
synostosis, hypoplasia of the middle part of the face, pro-
ptosis (exophthalmos), and, in some cases, a beaked-shaped
nose. Other common manifestations of the syndrome include
coronary craniosynostosis with other cranial sutures fusion,
brachycephaly, hypertelorism, prominent frontal tubercles,
strabismus, orbital proptosis, mandibular prognathism,
and maxillary hypoplasia. These signs either become more
pronounced or may regress over time (Al-Namnam et al.,
2019). Hearing loss is also common (55 %), and fusion of
the C2 and C3 vertebrae occurs in 30 % of cases. Another
manifestation may be progressive hydrocephalus (30 %).
The patients’ mental abilities are usually normal, but in
some cases, increased intracranial pressure can lead to in-
tellectual disability. The differential diagnosis of Crouzon
syndrome includes Apert syndrome and Pfeiffer syndrome.
Historically, these diseases were described separately, but the
overlap of spectrum of molecular genetic disorders suggests
that these conditions form a continuum (Koltunov, 2011;
Al-Namnam et al., 2019).

Treatment of Crouzon syndrome is based on the severity
of symptoms. To optimize treatment, a comprehensive as-
sessment by a multidisciplinary team of specialists is needed.
The main treatment method is surgery. It allows to perform
correction of the face skull and eye sockets in order to opti-
mize cerebral blood flow and prevent the effects of increased
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intracranial pressure, blindness and mental retardation. Sur-
gical intervention can be staged or combined, depending on
the level of functional impairment in the patients and their
age (Koltunov, 2011; Sokolova et al., 2024).

Molecular genetic examination is currently an important
part in the diagnosis of Crouzon syndrome. If there is a high
risk of transmission of Crouzon syndrome to offspring, pre-
implantation genetic testing for monogenic disease (PGT-M)
may be used (Wenger et al., 1993-2025). To achieve this, the
couple needs to resort to IVF (in vitro fertilization). PGT-M
is currently used worldwide for a wide range of monogenic
diseases, however, we found in the literature a description
of only one clinical case of PGT-M for Crouzon syndrome
(Abou-Sleiman et al., 2002).

In our work, we presented a clinical case of IVF/ICSI
with PGT-M with a successful outcome and confirmatory
diagnostics.

Material and methods

IVF with PGT-M was performed for a married couple
(a 24-year-old woman and a 25-year-old man), in which
the husband had the disease status of Crouzon syndrome.
The phenotypic manifestations of the man included hy-
pertelorism, a beaked nose, exophthalmos (not very pro-
nounced), hypoplasia of the middle part of the face, a high
palate and a protruding chin. His father also had Crouzon
syndrome. The father’s clinical manifestations were milder,
with no exopthalmos, hypoplasia, or hypertelorisms. Familial
pathogenic variant of NM_000141.5(FGFR2):c.1007A>G
(p-Asp336Gly) was detected in a heterozygous state in the
spouse and his father as a result of Sanger sequencing;
“14 % mosaicism or chimerism with heterozygosity” for the
father was noted (Genoanalytika LLC, Moscow, 2022). The
abbreviation for the pathogenic variant, D336G, is used in
this article. The variant is described in the ClinVar database
(Variation ID: 374815) and is associated with the develop-
ment of Crouzon syndrome (OMIM 123500). At least three
in silico pathogenicity prediction programs confirmed the
pathogenic effect of the variant on the gene or gene pro-
duct (AlphaMissense, Revel, Aggregated Prediction). The
nucleotide sequence variant was not registered in the control
sample of The Genome Aggregation Database v4.1.0 and
in the Russian Federal Medical and Biological Agency
database of population frequencies of genetic variants for
the Russian Federation population (version 1.1.2, database
version 59.1, https//gdbpop.nir.cspfmba.ru). This missense
variant is located in the gene where missense variants often
cause the disease.

The couple underwent detailed medical genetic counsel-
ing, including the issues of planned molecular genetic test-
ing system and ART (assisted reproductive technologies)
counseling. Voluntary informed consent was obtained from
all persons involved in the study for all procedures.

The biological material for the PGT-M setup was venous
blood samples from spouses and parents of the husband, as
well as from a voluntary unrelated donor (for DNA testing
and single lymphocytes) collected into EDTA-containing
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vacutainer tubes. For postnatal diagnosis, the newborn’s
dried blood spots on a filter blank were used. DNA isola-
tion was carried out using the DNA-sorb-B kit (Amplisens,
Russia) from 100 pl blood. DNA from a dried blood spot
sample was isolated using the PREP-MB-DBS DWP kit
(DNA-Technology, Russia) at the Auto-Pure 96 robotic
station (Hangzhou Allsheng Instruments Co., Ltd, China).
Samples of single lymphocytes were used as biological mate-
rial to validate the system. For this purpose, a suspension of
mononuclear cells was isolated from blood by centrifugation
in a density gradient of ficoll solution. Single lymphocytes
were then taken with a glass biopsy micropipette under
a microscope using a polyvinylpyrrolidone solution and
each was placed into an individual microtube with a lysing
solution. The lysing solution for single lymphocytes and
embryo trophectoderm samples contained proteinase K,
triton X-100, and twin 20 (Verlinsky, Kuliev, 2004).

For PGT-M, a testing system has been developed that
includes analysis of the pathogenic variant D336G of the
FGFR?2 gene, as well as polymorphic STR markers (short
tandem repeats) linked to the FGFR2 gene. STRs have been
selected within 1 million bp from the pathogenic variant
with heterozygosity ranging from 0.8 to 0.9 for dinucleotide
repeats, and no less than 0.7 for tri-tetranucleotide repeats.
At the PGT-M setup stage, PCR reactions and optimization
(gradient PCR if necessary) were performed for all frag-
ments for test DNA, followed by analysis of family samples
to identify informative STRs. The developed system was
validated on single lymphocytes (N = 8).

Standard PCR (2nd PCR) in a volume of 20 pl with fluo-
rescently labeled oligonucleotide primers was used to test
DNA samples from family members. Nested PCR was used
during single-cell testing, both during PGT-M and single
lymphocyte validation. The first round of PCR (1st PCR)
was multiplexed in a volume of 50 pl. 1 pl of the 1st PCR
product was used as a template for the 2nd PCR. Negative
and positive controls were used in all amplification series.
The overall scheme of molecular genetic testing, as well
as conditions and amplification programs were carried out
according to the recommendations of Y. Verlinsky and
A. Kuliev (Verlinsky, Kuliev, 2005).

The 2nd PCR products were preliminarily examined in
a 7 % polyacrylamide gel to assess the loading of samples
on capillary electrophoresis and the quality of negative
controls. Fragment analysis of STR markers was performed
by capillary electrophoresis on a Nanophore 05 genetic
analyzer (Institute of Analytical Instrumentation, Russia).
The GeneMarker software (SoftGenetics, USA) was used
to evaluate the fragment analysis results. The study of the
pathogenic variant involved restriction analysis with HspAl
and detection in a 7 % polyacrylamide gel. GelRed dye
(Biotinum, USA) was used to color gels.

The couple underwent standard pre-treatment assess-
ment according to national guidelines to plan IVF (Assisted
Reproductive Technology..., 2019). Controlled ovarian hy-
perstimulation was performed using standard short protocol
with recombinant FSH (follicle stimulating hormone) and
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antagonists. The dose of FSH was selected individually.
Ovulation was triggered 0.2 mg of Decapeptil (Ferring
GmbH, Germany) when at least three follicles reached
17 mm in size according to ultrasound monitoring. Trans-
vaginal follicle puncture was performed under ultrasound
control 36 hours later. WHO standard criteria were used
for ejaculate analysis (WHO Laboratory Manual..., 2010).

ICSI (intracytoplasmic sperm injection) was used as a fer-
tilization technique. Embryological procedures and embryo
biopsy were carried out taking into account national and
international guidelines (ESHRE PGT Consortium and SIG-
Embryology Biopsy Working Group et al., 2020; Evaluation
of Oocytes..., 2021). A single-step medium SAGE 1-Step™
(ORIGIO, Denmark) was used for embryo culture. Biopsy of
good and excellent quality embryos was performed on day 6
using a flip method. The obtained trophectoderm fragments,
after washing in phosphate buffer (PBS), were transferred
into microtubes containing 5 pl of lysing buffer and frozen
at —20 °C. Immediately after the biopsy, blastocysts were
vitrified using Kitazato media and carriers (Kitazato Cor-
poration, Dibimed-Biomedical Supply, Spain).

PGT-M was performed using the nested PCR method,
according to the scheme developed at the preliminary stage,
taking into account the aforementioned conditions and
international recommendations (ESHRE PGT-M Working
Group et al., 2020).

The preparation for the transfer of the thawed embryo was
carried out in a natural cycle, taking into account the results
of PGT-M. Kitazato thawing media (Kitazato Corporation,
Dibimed-Biomedical Supply, Spain) and a transfer catheter
Guardia™ Access ETEmbryo Transfer Catheter (COOK
Medical, USA) were used.

Pregnancy diagnosis was performed by standard analysis
of human chorionic gonadotropin (HCG) on the 14th day
after the embryo transfer, followed by ultrasound exami-
nation of the gestation at 7 weeks. No invasive prenatal
diagnosis was made.

S PCR w H FH MH

Crouzon syndrome: PGT-M for a familial case
with a whole and a mosaic variant

Postnatal diagnosis was performed using samples of dried
newborn bloodstains. Molecular genetic testing of the new-
born included all the loci tested during PGT-M.

The study was carried out using the resources of the Bio-
bank of the Population of Northern Eurasia biocollection
at the Research Institute of Medical Genetics of the Tomsk
National Research Medical Center and the equipment of the
Medical Genomics Center for Collective Use at the Tomsk
National Research Medical Center.

Results

During the PGT-M setup, a test system was developed for a
family with a high genetic risk (50 %) of Crouzon syndrome,
including the analysis of the pathogenic variant D336G and
12 polymorphic STR markers. The presence of the patho-
genic variant was confirmed by restriction analysis in the
husband and his father, both for the preliminary examination
of the family and for the PGT-M (see the Figure).

We have recorded a difference in the intensity of restric-
tion fragments between the father and the husband. In the
husband’s father, the fragment corresponding to the allele
with the pathogenic variant looked significantly paler than
normal. This was consistent with the results of molecular
genetic examination provided by the family for PGT-M
planning, which also noted mosaicism in the husband’s
father.

The informative value of STR markers for PGT-M was
established through the family analysis based on testing
samples from the husband’s parents. Table 1 shows the
polymorphic STR markers we selected and studied in the
family samples.

Nine of the twelve STRs tested were informative regard-
ing the husband’s chromosome carrying the pathogenic
variant. The husband’s father did not have any additional
alleles across the entire spectrum of highly polymorphic
microsatellite markers studied, which excluded the assump-
tion of chimerism.

_-HL-—J s J S R S
——
e NG RN N
e

S PCR Eil =2 E3 E4 W H

The result of testing the pathogenic variant D336G in the FGFR2 gene by restriction analysis with gel detection (inverted image) in
family samples from PGT-M setup and embryo samples during PGT-M. W - wife/woman; H — husband/man; FH - husband'’s father;
MH - husband’s mother; E1-E4 - the embryo samples; PCR - PCR product without endonuclease digestion; S — the pUC19/Mspl

size standard.
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Table 1. Results of the preliminary stage of PGT-M for a family with Crouzon syndrome

No.  STR/Gene, Repeat (distance from the pathogenic variant, Mb),

localization (chr10:/GRCh37/hg19)

1 AG (0.98) 122297505-122297597

2 AT (0.85) 122422706-122422730

3 ACAG (0.81) 122466425-122466476

4 AAT (0.74)* 122533089-122533125

5 AC(0.68) 122593191-122593232

6 AC (0.55) 122725637-122725689

7 FGFR2

8 AC(0.01) 123283616-123283661

9 AT (0.22) 123493200-123493222
10 AAT (0.61) 123888576-123888611
1 AG (0.66) 123935589-123935661
12 AC(0.76) 124039027-124039061

13 ATC (0.95) 124227919-124227959

Alleles (bp)

Husband Wife Husband’s Husband’s

father mother
255/257 (239/247) 255/245 247/257
354/354 374/374 354/374 352/354
250/250 208/208 250/208 246/250
282/273 (291/294) 282/291 282/273
160/152 (162/160) 160/154 160/152
236/242 (254/246) 236/258 234/242
D336G/N N/N D336G/N N/N
256/258 (258/260) 256/256 246/258
186/186 (186/194) 186/186 186/186
161/149 (161/149) 161/149 152/149
136/128 (128/108) 136/144 138/128
246/244 238/238 246/232 248/244

90/96 (96/87) 90/90 87/96

Note. Alleles linked to the pathogenic variant are indicated in bold and underlined; uninformative STRs are marked in gray; alleles with coupling that were not
established during the preliminary stage are marked in parentheses. * A locus that has not been validated on single cells is marked.

Next, the testing system was validated using samples
of single lymphocytes and products obtained from whole-
genome amplification of embryos. Acceptable amplification
in terms of fragment intensity, absence of non-specific frag-
ments and peak shape was confirmed for all STRs except
for one. One STR located at a distance of 0.74 million bp
was excluded from the system due to lack of amplification
on single cells.

During the IVF treatment cycle, a starting dose of go-
nadotropins 200 [U FSH+75 IU LH (luteinizing hormone)
was used. The total gonadotropin dose was 1,950 IU
FSH+600 IU LH. No complications occurred during stimu-
lation. 21 oocytes were retrieved from 23 follicles, 15 of
them being mature. Fertilization was performed by ICSI
in order to reduce contamination of parental DNA during
embryo testing. The husband’s ejaculate was teratozoosper-
mic; the sperm concentration was 167 million/ml, the per-
centage of progressively mobile was 49 %. The next day after
fertilization, 12 zygotes with two pronuclei were formed.
Onday 3, 11 embryos were developing. Four embryos have
reached the blastocyst stage, and all of them have been suc-
cessfully biopsied for genetic testing.

Trophectoderm fragments from four embryos were tested
for the familial pathogenic variant responsible for Crouzon
syndrome and the linked STR markers selected at the pre-
liminary stage. The preimplantation study included only
informative STRs validated on single cells.

The results of preimplantation analysis of pathogenic
variant of the FGFR2 gene are shown in the Figure. During

PGT-M, the paternal pathogenic variant D336G of the
FGFR2 gene was found in a heterozygous state in three
embryo samples. A normal FGFR?2 allele was detected in
the sample of the first embryo. The genotype of embryo 1
can be interpreted as homozygous for the normal allele.
However, due to the risk of allele dropout (ADO) in PGT-M,
the genotype was interpreted only in conjunction with STR
results. The full results of preimplantation testing are pre-
sented in Table 2.

All presumably homozygous profiles in the embryo
samples (Table 2) are indicated as a single allele, as a pre-
cautionary measure in interpretation, due to the possible phe-
nomenon of ADO. The results of STR testing showed that the
samples from three embryos carrying the pathogenic variant
contained paternal alleles linked to the pathogenic variant
of the gene. A normal paternal haplotype was detected in
embryo 1, along with one of the maternal haplotype, which
confirmed the normal homozygous status of the embryo in
relation to the pathogenic variant.

Genetic testing for aneuploidy was not carried out,
based on the couple’s decision following medical genetic
counseling.

The transfer of thawed embryo number 1 into the uterine
cavity was performed based on the preimplantation testing
results. Cryotransfer was performed in a naturally modified
ovulation trigger cycle (HCG 6,500 IU).

The result was a singleton pregnancy, confirmed by
ultrasound. The pregnancy progressed without complica-
tions. Standard prenatal screening did not detect any fetal
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Table 2. PGT-M results and confirmatory diagnostic results for a family with Crouzon syndrome

No. STR/Gene, Alleles (bp)
Repeat (Mb)
PGT-M: embryo samples Control family samples IVF-PGT-M
baby

E1 E2 E3 E4 Husband Wife
1 AG (0.98) 257/247 255/239 255/247 255/247 255/257 239/247 257/247
2 AC (0.68) 152/160 160/162 160 160 160/152 162/160 152/160
3 AC (0.55) 242/246 236/254 236/246 236/246 236/242 254/246 242/246
4 FGFR2 N D336G/N D336G/N D336G/N D336G/N N/N N/N
5 AC (0.01) 258/260 256/258 256/260 256/260 256/258 258/260 258/260
6 AAT (0.61) 149 161 161/149 161/149 161/149 161/149 149/149
7 AG (0.66) 128/108 136/128 136/108 136/108 136/128 128/108 128/108
8 AC (0.76) 244/238 246/238 246/238 246/238 246/244 238/238 244/238
9 ATC (0.95) 96/87 90/96 90/87 90/87 90/96 96/87 96/87

Note. Alleles linked to a pathogenic variant are shown in bold and underlined; loci in italics can be interpreted individually in embryo samples as homozygous

or one allele due to the ADO of the second allele.

abnormalities. Invasive prenatal diagnosis, recommended by
genetic counseling to check the genotype of the fetus, was
not performed due to the patient’s concerns about potential
complications. The pregnancy was terminated via cesarean
section at 39 weeks of gestation. In May 2024, a healthy
baby girl weighting 3,480 g was born. Her Apgar score was
7/8 according to the discharge records.

Confirmatory genetic diagnosis was performed using
dried newborn blood sample for the familial variant of
Crouzon syndrome. The testing was carried out on all loci
included in the PGT-M (Table 2). As a result, the child had
a genotype homozygous for the normal allele of the FGFR2
gene, confirmed by the paternal haplotype. The postnatal
confirmatory diagnosis results completely matched the
results of embryo 1 testing during PGT-M.

Discussion

Our article provides a detailed description of a clinical case
of IVF with PGT-M to prevent the birth of a child with Crou-
zon syndrome in a family where the husband and his father
suffered from this disease. The familial pathogenic variant
of the FGFR2 gene in the husband’s father was present in
a mosaic form and was not a consequence of chimerism, as
proven by our data from microsatellite analysis. This most
likely caused a milder clinical manifestation of the disease.
For embryos, we recorded the standard heterozygous (non-
mosaic) pathogenic variant, as well as for the husband (see
the Figure).

A case of generative and somatic mosaicism for the same
pathogenic variant c.1007A>G(p.Asp336Gly), as in our
clinical case, is described in the work of A. Goriely et al.
(2010). In a mother without Crouzon syndrome, a heterozy-
gous mosaic variant ¢.1007A>G(p.Asp336Gly) was detected
in approximately 25-30 % of blood and saliva cells. In a
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child with Crouzon syndrome, this pathogenic variant was
present, as it was in our case, in the standard heterozygous
form (Goriely et al., 2010).

Cases of transmission of an autosomal dominant disease
from a parent who is a mosaic carrier of a pathogenic vari-
ant have also been found for other conditions, in particular,
for autosomal dominant polycystic kidney disease (Hopp et
al., 2020). The prevalence of this phenomenon is currently
unclear for various hereditary diseases.

During the IVF program, four blastocysts were obtained,
all of which were successfully biopsied and tested for Crou-
zon syndrome. We used a strategy based on analyzing the
pathogenic variant and linked informative STR markers that
were selected during the PGT-M setup. We used nested PCR
but not genome-wide amplification, because the combination
of PGT-M and aneuploidy analysis was not performed for
this clinical case. Our approach allowed us to draw definitive
conclusions regarding the inheritance of the chromosome
responsible for the familial variant of Crouzon syndrome
in each embryo. The dominant nature of inheritance of the
disease determines a 50 % risk for embryos. In our case,
3 out of 4 (75 %) embryos had the pathogenic variant.
One embryo had a normal status, and its transfer led to the
achievement of pregnancy and birth of a healthy child.

There is little data on PGT-M for Crouzon syndrome in
scientific publications. In 2002, a group from the UK pub-
lished the results, reporting the first successful PGT for this
condition (Abou-Sleiman et al., 2002; Harper et al., 2002).
Both articles describe the same clinical case. One article
presents the test results in more detail (Abou-Sleiman et al.,
2002), while the second one focuses on the outcomes (Harper
etal.,2002). Amarried couple, in which a woman had Crou-
zon syndrome, underwent pre-implantation testing during
two IVF cycles. They had a history of the birth of a girl with
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Crouzon syndrome, who later died during corrective surgery.
The preimplantation testing system included the analysis of
the pathogenic variant using the SSCP (single strand confor-
mational polymorphism) method. Two intragenic SNPs were
tested during preparation for the diagnosis, but they were
uninformative for the spouses (Abou-Sleiman et al., 2002).
In addition to the FGFR2 gene fragment, unlinked D21S11
locus was included in the preimplantation analysis to control
amplification. In just two cycles, 23 day 3 embryos were
analyzed. The strategy of taking two blastomeres during
biopsy was used. Eight embryos were diagnosed as normal,
nine as abnormal and six were inconclusive. Five embryos
were transferred during two embryo transfer procedures.
The second cycle of PGT resulted in a twin pregnancy, but
only one embryo had a heartbeat. Prenatal diagnosis was not
performed at the request of the married couple and confir-
matory diagnosis was done postnatally. A healthy baby boy
was born (Harper et al., 2002).

We have not found any other descriptions of PGT-M for
Crouzon syndrome. During our work, we did not encounter
any specific difficulties with PGT-M related to the disease,
gene, or specific pathogenic variant. Due to the complex
molecular mechanisms involved in craniosynostosis de-
velopment, this group may have attracted less attention
from specialists as a method for preventing the disease
until now. Our experience shows that PGT-M can success-
fully be applied in cases where there is a clear monogenic
inheritance.

In comparison with the above-described clinical case
from the literature, in our case, pregnancy was achieved in
the first treatment cycle of IVF with PGT. The differences
can be noted in a number of aspects of the entire process
related to technology changes in this area. We had fewer
embryos for preimplantation testing. In general, when testing
trophectoderm samples from 5 or 6-day embryos, as it was
in our study, there are fewer samples for PGT-M compared
to testing blastomeres on day 3, because of natural selection
of embryos from day 3 to 5.

For the genetic analysis we used a more detailed test-
ing system, which included a clear identification of the
pathogenic variant by restriction analysis, and at least two
informative flanking STRs for the family. To analyze the
pathogenic variant properly, a restriction analysis was used
based on the natural site of the restriction endonuclease in
the case of the pathogenic variant. This approach proved to
be more informative than the SSCP method. Currently, a
wide range of innovative genome-wide methods have been
proposed in the field of PGT-M (De Rycke, Berckmoes,
2020). At the same time, it is important to consider the
potential benefits and drawbacks of these methods for each
specific case.

The STRs included in our study allowed us to identify all
the difficulties of amplification and interpretation of PGT
results, including ADO, contamination, and recombination.
Even in the cases where amplification of the pathogenic al-
lele fails, haplotypes can allow us to clearly identify embryos
carrying a chromosome with the paternal pathogenic variant.
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According to modern standards, targeted preimplantation
analysis without linked informative markers is not recom-
mended (ESHRE PGT-M Working Group et al., 2020).

In the clinical case presented by us, PGT for aneuploidy
was not performed. The spouses were of a relatively young
age; there were no other indications for this procedure.

Conclusion

Our study presents a clinical case of IVF with PGT-M for
a married couple at high risk for Crouzon syndrome, with
a successful outcome confirmed by postnatal diagnosis. In
comparison with the only case presented in the literature,
our results reflect a more modern and, in some aspects, a
more reliable approach to IVF with PGT-M for Crouzon syn-
drome. In the family studied, the pathogenic variant of the
FGFR2 gene was present in a mosaic form in the husband’s
father, while in the husband and, consequently, in embryos
it had the standard heterozygous state. Microsatellite analy-
sis used in our work excluded chimerism in the husband’s
father. The issues of transmission of dominant diseases in
the cases of parental mosaicism require further research.
The clinical case presented by us demonstrates an effective
example of the use of [IVF with PGT-M to prevent the birth
of'sick children in families with hereditary craniosynostosis.
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Population transcriptomics: a novel tool
for studying genetic diversity in human populations
under normal and pathological conditions
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Abstract. Genetic mechanisms regulating gene expression encompass complex processes such as transcription,
translation, epigenetic modifications, and interactions of regulatory elements. These mechanisms play a crucial
role in shaping phenotypic diversity in humans. High-throughput technologies, such as expression microarrays and
next-generation sequencing (NGS), have enabled precise analysis of transcripts for thousands of genes genome-
wide. These methods have enabled researchers to measure gene expression levels in various tissues and cells and
to gain deeper insights into previously inaccessible biological processes. Numerous studies show that gene ex-
pression varies significantly among individuals. However, there are also notable differences between populations
from different continental groups, driven by genetic, epigenetic, environmental factors, and natural selection. Fur-
thermore, disease states represent an important factor influencing gene activity, as they can significantly alter the
transcriptomic profiles of individual cells. In this context, comparative population genetic studies help uncover
the molecular mechanisms underlying complex phenotypic traits and identify population-specific features of tran-
scriptomic profiles in both health and disease. However, despite significant progress in this field, many aspects
remain underexplored. Specifically, the distribution of gene expression variability among populations, the degree
of research coverage for specific ethnic groups, the spectrum of biological materials used, and the contribution of
population affiliation to observed differences in gene expression during pathological conditions require further
investigation. This review presents an overview of contemporary research focused on analyzing variability in ex-
pression profiles across different human populations. It summarizes findings from individual studies, outlines the
advantages and limitations of the methods employed, highlights key research directions in population transcrip-
tomics, and discusses potential practical applications of the data obtained.
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TTonyasg1MOHHAas TPAHCKPUIITOMMKA : HOBbI MHCTPYMEHT
JICCIeJOBaHISI TeHETUYEeCKOro pa3HooOpa3vs MOMVJ/IS I
ye/iloBeKa B HOpMe U ITpU IaTOJIOTUN

A.A. Ba6osckas (0@, E.A. Tpudonona (), B.A. Crenanos

HayuHo-nccnenoBaTenbCKmMin UHCTATYT MEANLIMHCKON reHeTUKN TOMCKOro HaLMOHabHOMo NCCefoBaTeIbCKOro MeAMLMHCKOrO LeHTpa
Poccuiickon akapemnm Hayk, Tomck, Poccua

@ anastasia.babovskaya@medgenetics.ru

AHHOTaLuA. [eHETNYECKME MEXaHU3MbI, PErYNINPYIOLLME SKCMPECCUIO FEHOB, BKITIOYAIOT B €65 CNOXHbIe npouec-
Cbl: TPAHCKPUNUKIO, TPAHCAALMIO, SMUreHeTUYeCKne MoaNdUKaLyn U B3aUMOLENCTBME PEryNATOPHbBIX SIEMEHTOB.
OHU UrpatoT KNoueByio posib B GOpMUPOBaHMN GpeHOTUNIMYeCKoro pa3Hoobpasus Yenoseka. bnarogapsa BHegpe-
HUIO BbICOKOMPOU3BOANTENBbHbIX TEXHOMOT I, TAaKNX KaK SKCMPECCUOHHbIE MUKPOUMMbI U MacCOBOE NapansienbHoe
cekBeHmpoBaHue (NGS), cTaio BO3MOXKHbIM C BbICOKOI TOUYHOCTbIO aHaM31poBaTh TPAHCKPUMTbI Ha YPOBHE ThicAY
reHOB MO BCEMY FeHOMY. TV MEeTOZbl MO3BOJIUIN YUYEHBIM HE TOJIKO OMNpPefensaTb YPOBHY SKCMPECCH FEHOB B pas-
JINYHBIX TKAHAX 1 KNeTKax, HO U rny6xe n3yyatb 6ronornyeckre npoueccbl 1 GeHOMeHbl, KOTopble paHee ocTa-
BanuCb HEAOCTYMHbIMM ANA aHanu3a. Tak, MHOrouncneHHble paboTbl MOATBEPAUIN, UTO, HECMOTPA Ha npeobna-
JaHVe VHOVBUAYANbHbIX PAa3iNUnii B YPOBHE IKCMPECCHN FeHOB, CYLLECTBYIOT TakxKe 3HauMMble BapuaLmmn Mexay
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Population transcriptomics as a tool for studying
the genetic diversity of populations

nonynAuMAMMN, MPUHaANEXaLMMUN K Pa3HbIM KOHTUHEHTaNbHbIM rpynnam, 06yCcioB/IeHHble reHeTUYECKMM, SMK-
reHeTVYeCKMM 1 CpefoBbIMM GakTopamu 1 JeNCTBEM eCcTeCTBEHHOrO 0TOopa. Kpome Toro, BaXkHbIM $pakTopom,
BNVAKOLWNMM Ha aKTUBHOCTb NreHOB, ABJIAIOTCA 3a6oneBava, KOTOpPbI€ MOTYT CYyLLECTBEHHO U3MEHATb TPAHCKPUNTOM
OTAENbHbIX KNeTOK. B 3TOM KOHTeKcTe cpaBHUTENbHbIE NONYNALMOHHO-TeHEeTUYECK/Ee NCCNIef0BaHUA MO3BONAIOT
pacKpbITb MONEKYNAPHbIE MEXaHU3MblI, IeXalLlyie B OCHOBE CJTIOXHbIX GeHOTUNNYECKUX NMPU3HAKOB, U MAEHTUGULIN-
poBaTb NonynALMOHHO-creLndrnyeckne 0cobeHHOCTU TPaHCKPUNTOMHbBIX Mpoduneit Kak B HOpMe, Tak 1 Npw naTo-
NOTNYECKMX COCTOAHMAX. HecMOTpA Ha 3HauUMTeNbHbIN NPOrpecc B 3TOM 06nacTh, MHOTVE acMeKTbl OCTAlOTCA Hefjo-
CTaTOYHO M3yYeHHbIMU. B YacTHOCTW, pacnpefeneHrie BaprabenbHOCTY SKCNPECcUy FeHOB MeXy NOoMnynALMAMY,
cTeneHb nccnefoBaHHOCTU OTAEJIbHbIX STHUYECKNX Tpynmn, CNEKTP NCNOJIb3yemMoro 6UONOrNYECKOro mMaTepunana,
a TakXe BKSaz NonynALUMOHHON NPUHAANEXHOCTU B Habnofaemble pasnnyma SKCNPeccumn reHoB Npuy NaTonoru-
YecKmx COCTOAHMAX TpebyloT AanbHellwero nyyeHnsa. B HacToAlleln cTaTbe NpeacTaBneH 0630p COBPEMEHHbIX
nccnefoBaHuni, MOCBALLEHHbIX aHanv3y BaprabenbHOCTY SKCMPECCUOHHBIX Mpoduneit B pasinyHbiX NOMyNALMAX
yenoseka. O606LeHbl pe3ynbTaTbl OTAESNbHbIX IKCNEPVMEHTOB, OMMCaHbI MPENMYLLECTBA 1 OrpaHNYeHNA NCMONb-
3yemblX MeTO/0B, BblfieNleHbl OCHOBHble HanpaBneHna paboT B 061acTV NONYALMOHHON TPaHCKPUNTOMMKY, a TaK-
»Ke 0603HaueHbl NepcneKkTrBbl NPaKTUYeCKOro NpuMeHeHA Noy4YeHHbIX AaHHbIX.

Kntouesblie cnosa: nonynauuu; RNA-seq; maccoBoe napasnnenbHoe CEKBEHUPOBaHMWE; SKCNPECCHA FreHOB; TPaHC-

Kpnntom

Introduction

The human phenotype, in both health and disease, is a com-
plex system shaped by genomic, transcriptomic, epigenetic,
metabolomic, and environmental factors. From a protein-
coding DNA sequence to its functional protein product in the
cell, a range of molecular mechanisms is involved, among
which processes occurring at the transcriptome level play a
pivotal role. The transcriptome, defined as the complete set
of transcripts in a cell at a specific moment in time, is central
to the mechanisms of genetic regulation of cellular function.
Understanding it is essential for identifying the molecular
pathways underlying various functional states, including
pathological ones. Numerous studies have demonstrated
variability in gene expression at the population level (Spiel-
man et al., 2007; Storey et al., 2007; Zhang et al., 2008). This
phenomenon is driven by multiple factors, including environ-
mental conditions, dietary habits, epigenetic regulation, and
more. Additionally, natural selection likely contributes to the
observed differences in gene expression by shaping unique
genetic profiles of populations through adaptation processes.
Another factor significantly influencing gene expression pat-
terns is the presence of pathological processes.

Extensive research has revealed substantial differences in
gene expression in diseases such as diabetes, cancer, cardio-
vascular disorders, reproductive issues, neurological condi-
tions, and infectious diseases (Wei et al., 2011; Allard et al.,
2012; Nédélec et al., 2016; Mitchell et al., 2017). Notably, the
prevalence of some of these diseases varies across populations
(Kelly et al., 2017). Variability in the transcriptional activity
of genes linked to disease pathogenesis, shaped by long-term
adaptation and fixed in each population’s gene pool, may
contribute to these interpopulation differences.

To date, a significant body of data has been accumulated
from various experiments, indicating the presence of interpo-
pulation variability in human gene expression. However, the
distribution of this variability across populations, the extent of
research coverage for specific population groups, the range of
biological materials used, and the contribution of population
affiliation to the observed differences in gene expression under
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pathological conditions remain insufficiently explored. This
review synthesizes findings from studies investigating patterns
of gene expression changes across human populations, outlines
the advantages and limitations of the methods employed, and
highlights promising directions for future research in this field.

Microarray technologies

in studying transcriptomics variability

between populations

Nowadays, various technologies have been developed for
characterizing and quantifying genome-wide gene expression,
including hybridization-based methods (microarrays) and
sequencing approaches. Hybridization methods use fluores-
cently labeled cDNA to bind with high-density commercial
microarrays. The widespread use of microarrays for genome-
wide gene expression analysis has enabled the identification of
multiple levels of gene expression variability within a species:
interpopulation, interindividual, and intraindividual (including
intertissue and intercellular levels).

One of the earliest studies dedicated to exploring popula-
tion-level variability in the human transcriptome was con-
ducted using peripheral blood from 52 individuals across three
Moroccan Amazigh (Berbers) groups with distinct lifestyles:
desert nomads, rural villagers, and urban dwellers (Idaghdour
et al., 2010). According to the expression profile analysis
obtained via microarrays, the percentage of differentially ex-
pressed genes between the studied groups ranged from 16.4 %
(desert nomads vs. rural villagers) to 29.9 % (rural villagers
vs. urban dwellers). The authors attributed this primarily to the
predominant influence of environmental factors on shaping
transcriptome variability.

However, the majority of data confirming interpopula-
tion differences in gene expression have been derived from
lymphoblasts (Dixon et al., 2007; Goring et al., 2007) and
lymphoblastoid cell lines (LCLs) collected as part of the In-
ternational HapMap Project (Stranger et al., 2007). These cell
lines constitute a biobank of B-lymphocytes gathered from
various populations — CEU (Caucasians), CHB (Chinese), JPT
(Japanese), YRI (Nigerians), and AA (African Americans) —
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and modified with the Epstein—Barr virus to ensure viability
(Baust et al., 2017). Initial studies investigating interpopula-
tion variability using microarrays were conducted by research
groups led by B. Stranger (Stranger et al., 2007), J. Storey
(Storey etal., 2007), and R. Spielman (Spielman et al., 2007).
These studies focused on identifying genes with differential
expression between populations of European (CEU), East
Asian (CHB, JPT), and African (YRI) ancestry.

In the study by R. Spielman and colleagues, a microarray
covering more than 4,000 genes was used to compare expres-
sion between Caucasians (60 CEU) and Mongoloids (41 CHB
and 41 JPT). It was found that over 1,000 genes (approxi-
mately 25 %) exhibited differential expression between CEU
and the combined CHB/JPT group, while only 27 genes
showed differences between Chinese (CHB) and Japanese
(JPT) samples (Spielman et al., 2007). Cluster analysis con-
firmed that samples from Chinese individuals in Los Angeles
(CHLA) were more similar in expression profiles to CHB/
JPT than to CEU, indicating a characteristic expression pat-
tern associated with Asian ancestry (Spielman et al., 2007).
A later study by P. Daca-Roszak and E. Zietkiewicz aimed to
identify population-specific genes between Caucasians and
Mongoloids. Analysis of B-lymphocyte cell lines revealed
20 genes with interpopulation expression differences. Of
the 13 genes selected with the highest fold-change (FC > 2),
three (UTS2, UGT2B17, and SLC7A7) confirmed their status
as differentially expressed upon validation: UTS2 showed
hyperexpression in Chinese samples, while UGT2B17 and
SLC7A7 were hyperexpressed in Caucasians (Daca-Roszak,
Zietkiewicz, 2019).

Another microarray-based transcriptome study of lympho-
blasts found that approximately 17 % of genes exhibited ex-
pression differences between Caucasians (CEU) and Negroids
(YRI). Many of these genes were associated with immune re-
sponses, including cytokines and chemokines (CCL22, CCLS5,
CCR2, CXCR3). Functional analysis revealed an enrichment of
inflammatory response categories among genes differentially
expressed between CEU and YRI, supporting their role in im-
mune and infectious diseases (Storey et al., 2007).

Population differences in gene expression between Negroids
and Caucasians were further analyzed using the Affymetrix
GeneChip Human Exon 1.0 ST microarray, which includes
over 9,100 transcripts, on an expanded sample of 176 LCLs
(87 CEU and 89 YRI). It was determined that 4.2 % of tran-
scripts showed significant expression differences between the
groups. Hyperexpression of 156 genes was observed in Cau-
casian (CEU) samples, while 254 genes were hyperexpressed
in African (YRI) samples (Zhang et al., 2008). Subsequent
functional analysis identified the involvement of these genes in
processes such as ribosome assembly, antimicrobial humoral
response, intercellular adhesion, mRNA catabolism, and tRNA
processing. Notably, nine genes (DPYSL2, CTTN, PLCGI,
SS18, SH2B3, CPNE9, CMAH, CXCR3 and MRPS7) had
previously been described as differentially expressed between
CEU and YRI (Storey et al., 2007).

One of the largest population studies, conducted by H. Fan’s
group in 2009, encompassed 210 LCLs from four ethnic
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groups (CEU, CHB, JPT, and YRI) using a high-density
[llumina microarray covering over 11,000 transcripts. This
study aimed to investigate interindividual and interpopulation
differences in gene expression on a genome-wide scale and to
determine the proportion of genes contributing to each type of
variability. It was found that interindividual variability was a
critical component of genetic differences within populations,
accounting for nearly half (43 %) of the total variability in
gene expression (Fan et al., 2009). These findings align with
later data from full-transcriptome studies (RNA-seq) (Hughes
et al., 2015), which will be discussed below.

Notably, these studies used lymphoblastoid cell lines from
the same populations, but the reported gene expression vari-
ability ranged from 8 to 38 % (see the Table). This discrep-
ancy may be attributed to several factors, including technical
variability related to cell culture conditions and biological
variability caused by epigenetic modifications and adapta-
tion to in vitro conditions (Lappalainen et al., 2013). While
cell culturing offers advantages, such as minimal biomaterial
requirements, high reproducibility, and well-characterized pro-
perties, it introduces a significant component of variability into
the transcriptomic profile. For instance, freeze—thaw cycles,
culture medium composition, and cell density can substantially
affect gene expression and transcriptome architecture (Baust et
al., 2017). These limitations underscore the need for cautious
interpretation of data derived from cell lines.

Another critical factor influencing data variability is the
gene expression profiling method. Despite its widespread use,
microarray analysis is susceptible to the so-called “batch ef-
fect”. This effect arises from technical differences between
experimental batches, such as the use of different microarray
lots, analysis platforms, or variations in experimental condi-
tions (e. g., temperature, humidity, or experiment date) (Fellen-
berg et al., 2006). To minimize batch effects, bioinformatics
correction methods, such as Empirical Bayes methods, are
employed to normalize data and reduce the impact of technical
artifacts. However, such adjustments may lead to the loss of
biologically significant expression differences, limiting the
interpretation of results (Johnson et al., 2007).

High-throughput sequencing technologies (NGS)
in studying gene expression variability

between populations

The advancement of high-throughput sequencing (NGS) tech-
nologies has provided the most comprehensive coverage of the
genome and transcriptome, enabling researchers to identify
key molecular pathways involved in pathological processes
with high precision, detect disease biomarkers, and assess
dynamic changes in gene expression in response to various
stimuli. Unlike microarray profiling, NGS allows for the
analysis of not only gene expression levels but also alterna-
tive splice variants, rare transcripts, and post-transcriptional
modifications, significantly expanding opportunities for un-
derstanding gene regulation (Kukurba, Montgomery, 2015).
Given the modern research trend toward increasing sample
sizes and output data volumes, as well as several limitations
imposed by microarray profiling technology (e. g., batch ef-
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Transcriptomic studies involving two or more populations compared with each other

No.

10

11

12

13

14

15

16

17

18

19

20

Studies of interpopulation variability in gene expression in groups of healthy individuals

Populations

CEU =60, CHB =41,
PT=41
CEU=8,YRI=8
CEU =87,YRI =89
YRI =60, CEU = 60,

CHB =45, JPT =45

194 individuals
(Arabs and Amazighs)

CEU =109, CHB = 80,
GIH=82,JPT=82,
LWK =82, MEX =45,
MKK =138, YRI=108

YRI =30, CEU = 30,
CHB =90, JPT =45

EA=211,AA=112,CA=78

AA=10,CA=10,EA=10
CEU =35/37, CHB = 32/29
CEU =91, FIN =95,

GBR =94, TSI =93, YRl =89

4 San, 7 Mbuti Pygmies,

7 Mozambicans, 7 Pathans,
7 Cambodians, 6 Yakuts,

7 Maya

CEU =20,CHB =20

AA=24,EA=148

AA=10,EU=10,EA=10,
CA=10

EU =100, AA=100

Russians = 8, Buryats =9

EA=17,AA=18

AA=21,EA=17

AA=10,EU=14

Study object

LCL

LCL

LCL
LCL

Leukocytes

LCL

LCL

Monocytes, CD4+
T-lymphocytes

Skin

LCL/Blood
leukocytes

LCL

LCL

LCL

GTEx

Placental tissue

CD14+ monocytes

Decidual placental
cells

Genetic differences* Platform

25 % (939 DEGs between CEU and
CHB,

756 DEGs between CEU and JPT,
27 DEGs between CHB and JPT)

83 % interindividual,
17 % interpopulation

383 DEGs

38 % interindividual,
8-18 % interpopulation

56t014%

472-947 cis-eQTL

205,192,193, and 193 cis-eQTL
in YRI, CEU, CHB, and JPT,
respectively

In CD4+ T-cells: 2,352 cis-eQTL in EA,
592 cis-eQTL in CA, 722 cis-eQTL

in AA

In monocytes: 3,090 cis-eQTL in EA,
1,181 cis-eQTL in CA, 1,318 cis-eQTL
in AA

378 DEGs

189 DEGs

3% RNA-seq

25%

423 DEGs

47 % intertissue,
4 % interpopulation

33.2 % intraindividual,
58.9 % interindividual,
7.8 % interpopulation

821 DEGs

4 % interpopulation,
67 % interindividual

Studies of interpopulation variability in gene expression in disease

Breast cancer

Blood endothelial
cell

Endometrial tumor
tissue

~490 DEGs

31 DEGs

341 DEGs
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Microarrays

Microarrays

Reference

Spielman et al., 2007

Storey et al., 2007

Zhang et al,, 2008

Fan et al., 2009

Idaghdour et al., 2010

Stranger et al., 2012

Yang et al., 2014

Raj et al, 2014

Yinetal, 2014

Daca-Roszak,
Zietkiewicz, 2019
Lappalainen et al., 2013

Martin A.R. et al., 2014

Lietal, 2014

Melé et al., 2015

Hughes et al., 2015

Quach etal,, 2016

Babovskaya et al.,, 2024

Martin D.N. et al., 2009

Wei et al., 2011

Allard et al., 2012
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No. Populations Study object

21 EU=52,AA=11 Prostate tumor

and stromal tissue

22 AA=22,EA=19 Lung tumor tissue 501 DEGs
23 Russians =21, Yakuts = 23 Placental tissue ~40 %
24 AA=80,EA=94 Macrophages 93%

25  Populations of Southern
and West-Central Europe

Blood leukocytes
groups

26 AA=48,EA=23 Blood leukocytes

Genetic differences*

56 DEGs in tumor tissue,
677 DEGs in stromal tissue

876 DEGs across all comparison

50 % differences in proinflammatory

Platform Reference

Microarrays Kinseth et al.,, 2014

Mitchell et al., 2017
Trifonova et al., 2022
RNA-seq Nédélec et al., 2016

Beretta et al., 2020

Thames et al., 2019

transcription factor activity

Note. The table uses standard population designations from the “1000 Genomes Project” (1000 Genomes Project Consortium et al., 2012) and “HapMap Project”
(International HapMap Consortium, 2003): CEU - Utah residents of Central European ancestry, CHB - Chinese, GIH - Indians, JPT - Japanese, LWK - Luhya, MEX -
Mexicans, MKK — Maasai, YRI - Yoruba, FIN - Finns, GBR - British, TSI - Tuscans. Introduced abbreviations: AA — African Americans, EA - Americans of European
ancestry, CA - Americans of Asian ancestry, EU — Caucasians, DEGs - differentially expressed genes.

*The contribution of interpopulation differences to the total variability in gene expression is provided by default.

fects and limited genome coverage), researchers are increas-
ingly turning to NGS methods. These approaches offer greater
accuracy, reproducibility, and depth of analysis, making
them preferable for studying complex biological processes
(Hrdlickova et al., 2017).

In the context of studying gene expression variability across
human populations, two key directions can be distinguished.
The first focuses on investigating the influence of natural selec-
tion and environmental factors on shaping expression profiles.
For instance, studies demonstrate that population-specific dif-
ferences in gene expression are often linked to adaptations to
diverse ecological conditions, such as high-altitude hypoxia,
ultraviolet radiation levels, or dietary patterns (Hodgson et
al., 2014). These studies help elucidate how evolutionary
processes shape the transcriptomic landscape across different
populations. The second direction examines differences in
gene expression associated with diseases, the prevalence or
clinical presentation of which varies among populations. For
example, research on oncological, autoimmune and infectious
diseases shows that population differences in gene expression
can influence disease susceptibility, progression and response
to therapy (Lappalainen et al., 2013; Quach et al., 2016; Way
et al., 2016).

Studies of interpopulation variability

in gene expression in groups of healthy individuals

Several studies in the literature have explored expression
profiles across different populations using cohorts of condi-
tionally healthy individuals. In one such study, transcriptomic
variability was characterized in over 460 lymphoblastoid cell
lines (LCLs) derived from individuals of an African popula-
tion (YRI) and four European subpopulations (CEU, FIN,
GBR and TSI) (Lappalainen et al., 2013). Interpopulation
differences accounted for only a minor fraction (3 %) of the
total gene expression variability. Nevertheless, the number
of genes exhibiting statistically significant expression dif-
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ferences between the African and European populations was
substantial, ranging from 1,300 to 4,300 genes depending on
the European population compared. In contrast, the number
of differentially expressed genes identified when comparing
European subpopulations among themselves was significantly
lower.

In another study, gene expression was examined in 20 LCLs
obtained from individuals of European (CEU) and East Asian
(CHB) populations (Li et al., 2014). The analysis identified
over 400 differentially expressed genes, including 132 genes
with elevated expression and 291 genes with reduced expres-
sion in the CHB population compared to the CEU one.

A.R. Martin and colleagues investigated transcriptomic
profiles in 45 LCLs derived from seven non-European
populations (Namibian San, Mbuti Pygmies from the Demo-
cratic Republic of Congo, Algerian Mozabites, Pathans from
Pakistan, Cambodians from East Asia, Siberian Yakuts, and
Mexican Maya). They identified 44 genes with significant
differential expression across the studied populations, most of
which were associated with immune pathways. The greatest
interpopulation variability in expression was observed for the
genes THNSL2, DRP2, VAV3, IQUB, BC038731, RAVER2,
SYT2, LOC100129055, AK126080 and TTN (Martin A.R. et
al., 2014).

An original approach to minimize the influence of ex-
ternal factors on gene expression patterns was proposed by
D. Hughes and colleagues. They studied interpopulation vari-
ability in gene expression in placental tissue from individuals
of four populations: Americans of European, South Asian,
East Asian, and African ancestry (Hughes et al., 2015). The
results indicated that approximately 8 % of gene expression
variability was attributable to interpopulation differences,
while 58.9 % of transcriptome variability was driven by
interindividual differences within a single population. The
greatest expression variability was recorded in the African
and South Asian populations, where over 140 differentially
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expressed genes were identified. Genes exhibiting the highest
interpopulation variability were predominantly involved in im-
mune response, cellular signaling, and metabolism processes.
Despite the strengths of this study, a significant limitation for
interpreting the results is the factor of cellular heterogeneity,
which cannot be eliminated when using whole tissue. To
better understand true variability in gene expression, a study
design was proposed in which the transcriptomic landscape
was examined in a single cellular subpopulation of decidual
cells from individuals of Russian and Buryat populations
(Babovskaya et al., 2024). This study was the first to assess
intra- and interpopulation variability in genome-wide gene ex-
pression at the level of individual placental tissue cells. The
findings revealed that interpopulation differences among in-
dividuals with physiological pregnancies accounted for 4 %,
while interindividual variability contributed 67 % (Nit= 67 %)
(Fig. 1). Transcripts involved in regulating apoptotic enzyme
activity exhibited the least variability, whereas those partici-
pating in renal filtration, blood pressure regulation, TGFp-
mediated processes, and cellular signal transduction showed
the greatest variability.

RNA-seq data analysis showed that gene expression vari-
ability between populations ranges from 4 to 25 %. However,
in studies where total gene expression variability is further
divided into components characterizing interindividual and
intraindividual variance, this range narrows to 3—8 %. Overall,
at these levels, gene expression variability among the studied
populations does not, on average, reach the level observed at
the genome-wide scale, where the proportion of interpopula-
tion genetic differences in the total genetic diversity of human
populations is estimated at 10—15 % (Stepanov, 2016). Never-
theless, the population component significantly influences
gene expression variability, underscoring its role in shaping
transcriptomic diversity.

Studies of interpopulation variability

in gene expression in disease contexts

The investigation of polygenic diseases is of significant scien-
tific interest due to their high prevalence across populations.
According to epidemiological data, multifactorial diseases
(MFDs) account for approximately 90 % of all hereditary
pathologies, highlighting their substantial medical and social
importance and relevance to modern genetic research (Hoff-
janetal., 2016). The risk of MFDs is typically associated with
numerous factors, including socioeconomic, demographic,
cultural, environmental, and genetic determinants. Our un-
derstanding of the genetic determinants of disease risk has
expanded considerably with the advent of high-throughput
genomic tools, enabling researchers to profile the genome, epi-
genome, and transcriptome and to broadly analyze the result-
ing data (Gurdasani et al., 2019; Sirugo et al., 2019). Demo-
graphic features, genetic drift, and environmental adaptation
over millennia have led to global population differentiation.
This genomic diversity opens new opportunities for biomarker
discovery, treatment development, and a better understanding
of disease risk across populations. Given the accumulated
evidence of significant gene expression variability in various
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90 Nst

67 % Nit

Nst

Number of transcripts

29 % Net

Variability coefficient

Fig. 1. Interpopulation (Nst), interindividual (Nit), and inter-replicate (Net)
differences obtained from the analysis of sums of squares for groups with
physiological pregnancy.

pathologies, as well as differences in disease prevalence and
clinical manifestations depending on racial background, there
is a need to assess the extent to which the population genetic
component influences the observed variability.

For example, L. Beretta and coauthors used transcriptomic
technologies to study systemic scleroderma in populations of
Southern and West-Central Europe, identifying both shared
and population-specific pathological pathways in this autoim-
mune disease (Beretta et al., 2020). The experiment revealed
that a key role in the pathogenesis of systemic scleroderma is
played by type I interferon activation signaling pathways via
TLR receptors, irrespective of population affiliation.

The study by Y. Nédélec and colleagues demonstrated
population differentiation in infectious diseases. It was found
that 9.3 % of genes expressed in macrophages exhibit dif-
ferences in regulatory responses to infection linked to popula-
tion background. Specifically, African ancestry is associated
with a stronger inflammatory response and reduced intracel-
lular bacterial growth (Nédélec et al., 2016). However, earlier
research indicated that approximately 34 % of genes expressed
in macrophages show at least one type of transcriptional di-
vergence related to population affiliation: either differences
in gene expression or, less commonly, transcript isoform di-
versity (Lappalainen et al., 2013). One of the most significant
observations by Y. Nédélec and colleagues was the detection
of a stronger inflammatory response to infection in individu-
als of African ancestry. This finding aligns with prior studies
showing that Africans more frequently carry alleles associated
with heightened proinflammatory responses (Ness et al., 2004)
and exhibit elevated levels of circulating C-reactive protein
(Kelley-Hedgepeth et al., 2008). Although the precise causal
relationship between population affiliation and proinflamma-
tory response remains unestablished, it can be hypothesized
that the stronger inflammatory response in individuals of
African ancestry explains their enhanced ability to control
bacterial growth post-infection (Nédélec et al., 2016).

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 - 5



A.A. babosckas, E.A. TpudoHoBa
B.A. CtenaHoB

Cardiovascular diseases have also been a focus of research
interest. P. Wei and colleagues examined differential gene
expression in endothelial cells between African Americans
and Caucasians, exploring the potential contribution of certain
genes to observed population differences in the incidence of
tumors and cardiovascular diseases. Notably, African Ameri-
cans (AA) exhibit a 2.4-fold higher incidence and approxi-
mately 50 % greater prevalence of hypertension compared
to Caucasians (EA). The comparison of AA and EA groups
revealed that 31 genes showed differential expression between
the two groups at FDR = 0. Four genes exhibited elevated
expression in the AA group compared to EA, while 27 genes
showed reduced expression in AA (Wei et al., 2011). Among
the differentially expressed genes (DEGs), PSPH stood out
due to its highest differential expression across the studied
groups. Interestingly, a homolog of this gene, PSPHL, was
later identified in another study as the most differentially
expressed gene between African Americans and Americans
of European ancestry. J. Allard and colleagues investigated
genes differentially expressed in endometrial cancer between
women of Caucasian and African ancestry. It was reported
that, in addition to differences in disease incidence, molecular
cancer subtypes also vary between carriers from Caucasian and
African populations, suggesting the presence of population-
specific features in the expression profiles of tumor tissues.
African American women are typically diagnosed with more
advanced disease, unfavorable histological types, and higher
malignancy grades compared to Caucasians. The study found
that gene expression variance between populations accounted
for 7.2 % (341 transcripts) at p < 0.005 (Allard et al., 2012).
Among these, the phosphoserine phosphatase gene PSPHL
was identified as the most hyperexpressed in both tumor and
normal endometrial and ovarian tissues of African Ameri-
can women compared to tissues from women of European
ancestry. This suggests that PSPHL is not a tumor marker, a
conclusion further supported by studies on breast, prostate,
and endothelial cells (Wallace et al., 2008; Martin D.N. et al.,
2009; Wei et al., 2011).

There is also significant interest in studying population-
specific features of oncological diseases, driven by their
substantial contribution to global morbidity and mortality.
M. Kinseth and colleagues (2014) established population
differentiation in the incidence and progression of prostate
cancer. Incidence and mortality rates among African Ameri-
cans (AA) are 1.5 and 2.3 times higher, respectively, than
among individuals of Caucasian ancestry. AA also tend to
experience more aggressive disease progression and earlier
onset. Notably, this study again demonstrated differential
expression of the phosphoserine phosphatase genes (PSPH)
and CRYBB?2 between individuals of European and African
ancestry (Wallace et al., 2008). Consistent with prior research,
the authors concluded that these genes are not associated with
tumor tissue but may serve as markers of racial background
(Kinseth et al., 2014).

Another study on population differentiation in gene expres-
sion in oncology, conducted by K.A. Mitchell and colleagues,
aimed to determine whether racial differences in gene and
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microRNA expression influence clinically significant differen-
ces in lung tumor biology between African Americans (AA)
and Americans of European ancestry (EA). They showed that
while there are similarities in expression profiles between the
populations, differences exist in both protein-coding tran-
scripts and the non-coding genome. The researchers found
that the transcriptome of AA tumor cells was enriched in stem
cell and invasion pathways, whereas the transcriptomic profile
of EA tumor cells showed enrichment in categories related to
cell cycle, mitosis, and proliferation processes. The authors
noted hypoexpression of the genes ARLI17A4, LRCC37A3, and
KANSLI in lung tissues of AA compared to EA (Mitchell
et al., 2017). These genes are located in the 17q21 region,
where structural diversity — an inversion polymorphism with
duplication — has been previously identified (Steinberg et
al., 2012). The presence of a direct (H1) or inverted (H2)
haplotype influences differential susceptibility to non-allelic
homologous recombination and diseases, including cancer.
European populations exhibit a high frequency of duplication
events, whereas most West African populations lack those
(Steinberg et al., 2012). Other studies on breast, colon, pros-
tate, and endometrial tissues have also identified genes with
expression varying by population affiliation, such as PSPHL,
CRYBB2, AMFR, and SOS1 (Martin D.N. et al., 2009; Allard
et al., 2012; Field et al., 2012; Mitchell et al., 2017).

Alongside oncological diseases, reproductive health holds
high social significance. However, studies of the transcriptome
in reproductive system disorders using a population-based
approach remain rare. This is due to both limited availability
of biological samples and methodological challenges, such as
the need to account for hormonal fluctuations and other factors
affecting gene expression. Nevertheless, such studies are criti-
cal for understanding the etiology of reproductive disorders
and developing personalized treatment approaches. Previous
research has demonstrated racial and ethnic differences in the
incidence of preeclampsia (PE), a severe pregnancy complica-
tion associated with high maternal and infant mortality. For
instance, studies by Torchin, Ghosh, and Wolf indicate that
African American women have a higher risk of developing
PE compared to women of European ancestry (Wolf et al.,
2004; Ghosh et al., 2014; Torchin et al., 2015). Interpopula-
tion variability in the expression levels of genes and proteins
playing key roles in PE pathogenesis may contribute to these
differences. For example, A. Whitney and colleagues showed
that average levels of prognostic angiogenic (PIGF) and
antiangiogenic factors (sEng, sVEGFR1) differ significantly
between African Americans and Caucasians living in the
United States (Whitney et al., 2003). Notably, both domestic
and international studies have reported associations between
polymorphic markers of genes encoding angiogenic and an-
tiangiogenic factors and the risk of preeclampsia (Akulenko
et al., 2020; Rana et al., 2022). These findings highlight the
importance of studying the genetic aspects of preeclampsia
while considering population-specific characteristics.

In Russia, one of the first studies aimed at identifying mo-
lecular mechanisms underlying severe pregnancy complica-
tions, such as preeclampsia, while accounting for the genetic
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Fig. 2. Top 10 hub genes (red) with their nearest neighboring nodes (gray) in the protein-protein interaction network: a - Russians, b - Yakuts.

features of Siberian populations, was conducted using high-
density microarrays. This study included genome-wide gene
expression profiles from 21 women of Russian (European) and
23 women of Yakut (East Asian) ancestry (Trifonova et al.,
2022). The study demonstrated a bioinformatics approach to
data analysis that not only identified differentially expressed
genes between populations but also analyzed clusters of co-
expressed genes within protein-protein interaction network
models and highlighted functionally active hubs (hub genes)
in these networks. Network analysis of co-expression gene
blocks yielded 10 clusters containing 7,968 genes associated
with PE in Russians and 9 clusters containing 7,966 genes
in Yakuts. Construction of protein-protein interaction net-
works identified the most functionally active genes: CULI,
ANAPCI11, LNX1, CDC20, UBE2L6, FBX09, KLHLI3,
UBA3, KCTD7, RNF111 in Russians (Fig. 2a), and KLHL3,
FBI1IPSXL,ASB2, LRRC41, LMO7,RNF7,SKP2, FBXOZ2 in
Yakuts (Fig. 2b). These genes are predominantly involved in
the assembly and regulation of the ubiquitin-ligase complex.
In total, 1,701 genes associated with PE were common to both
populations. Functional annotation of these genes revealed
their involvement in interferon activity and ubiquitin-ligase
complex function (Trifonova et al., 2022).

Prospects for applying transcriptome research

in forensics

The evidence presented above regarding the existence of
interpopulation variability in gene expression across different
human populations, along with the identification of specific
markers characteristic of certain population groups, suggests

that this knowledge could complement standard protocols
used in forensic science (Daca-Roszak, Zietkiewicz, 2019).

Transcriptomic data could serve as an additional tool for
individual identification, particularly in cases where traditional
methods, such as short tandem repeat (STR) analysis, are
insufficiently informative due to DNA degradation. Studies
demonstrate that gene expression exhibits high individual
specificity, driven by both genetic variations and epigenetic
modifications (Spielman et al., 2007; Storey et al., 2007,
Stranger et al., 2007; Price et al., 2008; Zhang et al., 2008; Fan
etal., 2009; Lappalainen et al., 2013). These findings indicate
that carefully selected population-specific transcriptomic
markers could be utilized in forensics similarly to DNA-based
marker methods to infer the population origin of forensic
samples, especially when standard protocols are hindered by
sample heterogeneity (e. g., mixed samples).

In practice, identifying multiple contributors through DNA
marker genotyping in forensic samples is challenging or in-
feasible when reference DNA profiles are unavailable (Wes-
ten et al., 2009). Furthermore, in conjunction with identity
determination, population-specific markers could be used
to accurately estimate the time of death. Results from using
RNA analysis as a complement to the forensic toolkit show
that gene expression patterns change post-mortem in a tis-
sue- and individual-specific manner, potentially allowing for
the estimation of the time of death (Gonzalez-Herrera et al.,
2013; Ferreira etal., 2018). However, successfully integrating
transcriptomic markers into forensic investigations requires
further research, standardization of protocols, and the deve-
lopment of specialized databases.
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Conclusion

Population transcriptomics studies represent a powerful tool
for analyzing the genetic and molecular mechanisms under-
lying complex phenotypic traits. These studies enable the
identification of population-specific features in the transcrip-
tomic profiles of cells and tissues, which can be applied both
for fundamental scientific purposes and in practical contexts
such as forensic expertise, including biomarker analysis and
genetic sample identification. Moreover, population transcrip-
tomics opens new avenues for understanding the molecular
mechanisms of diseases across diverse human populations.
Recent research has demonstrated that genetic and transcrip-
tional differences between populations may play a key role
in the pathogenesis of autoimmune, infectious, oncological,
and reproductive system diseases. Further advancements in
population transcriptomics could lead to the development of
novel approaches for the diagnosis, prevention, and treatment
of diseases, tailored to the population-specific characteristics
of individuals. Thus, population transcriptomics emerges as
a promising field in molecular biology, capable not only of
deepening our understanding of the genetic and epigenetic
mechanisms underlying phenotypic differences between po-
pulations but also of providing a scientific foundation for
implementing innovative strategies in medical practice.
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in the East Slavic population of Northeastern Siberia
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Abstract. Data on mitochondrial DNA (mtDNA) polymorphism at the population level are of significant interest to
researchers in the fields of population and ethnic genetics, forensic medicine, and forensic science. In the present
study, we have obtained data on the variability of whole mitochondrial genomes in the immigrant East Slavic popu-
lation of Northeastern Siberia (using the Magadan region as an example). The study yielded novel data concern-
ing mtDNA variability in the Magadan region’s inhabitants comprising maternal lineages of Russians (N = 49) and
Ukrainians (N = 15), as well as individuals with a mixture of maternal and paternal ancestries, including Russians on
the maternal side and indigenous populations (Koryaks, Evenes, and Itelmens) on the paternal side (N = 4). In addi-
tion, the mitogenomes of the Russian population from the Novgorod, Kaluga, and Yaroslavl regions (N = 15) were
sequenced to enhance the power of the phylogeographic analysis. The results of the study demonstrated that the
mitochondrial gene pool of the East Slavic immigrant population in the Magadan region is characterized by a high
level of diversity. The analysis of genetic differentiation of Russian populations within Russia, as measured by the
variability of complete mitochondrial genomes, revealed a low level of interpopulation differences (Fst = 0.15 %,
P =0.2). The results of multidimensional scaling of Fst distances indicate that the Russians residing in the Magadan
region are genetically similar to the Russian populations inhabiting the southwestern part of the country, specifical-
ly the Belgorod and Orel regions. The gene pool of the Russian population in the Magadan region is predominantly
characterized by mtDNA haplotypes of West Eurasian (including European) origin. The prevalence of East Asian-
derived haplotypes among the Russian population is relatively low, accounting for approximately 4.8 % of the
total. However, certain East Asian-specific haplogroups, such as F1b1 and Z1a1a, have demonstrated a prolonged
presence in the gene pools of Eastern European populations, as evidenced by phylogeographic analysis. Among
the European mtDNA haplotypes of Russians from the Magadan region, Eastern European variants predominate,
and they also have a high proportion of mtDNA haplotypes specific to Slavs (19.4 %). Furthermore, rare mtDNA hap-
lotypes have been identified in the mitochondrial gene pools of Russians and Ukrainians residing in the Magadan
region. These rare haplotypes are linked to the maternal lines of Empress Alexandra Fedorovna Romanova (hap-
logroup H1af2) and Prince Dmitry, son of Prince Alexander Nevsky (haplogroup F1b1-a3a2a).

Key words: mitochondrial genome; genetic polymorphism; molecular phylogeography; Eastern Slavs; Northeastern
Siberia
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[TonuMopd13M MUTOXOHAPMAJIbHBIX TEHOMOB
YV BOCTOYHOC/IaBSIHCKOro HacejieHsI CeBepo-BocToka Cuboupn

b.A. Maasipuyk @, I'A. Aenucosa (12), A.H. AutBuHoB

NHcTuTyT 6rionornyecknx npobnem Cesepa [lanbHeBOCTOUHOro oTaeneHns Poccninckoi akagemun Hayk, MarapaH, Poccus
@ malbor@mail.ru

AHHoTauuA. MHdopmauua o nonumopdurame mutoxoHapuanbHon OHK (MTOHK) Ha monynAuMOHHOM ypoBHe
BbI3blBaeT 6OMbLUON UHTEPeC CO CTOPOHbI UcCefoBaTenell B 061aCT NONYAALNOHHON N STHNYECKON reHeTUKN,
cynebHo MeaVLMHbI U KPUMUHANUCTUKI. B HacToAwweln paboTe nonyyeHbl faHHble 06 U3MEHUMBOCTU LiESbIX MI-
TOXOHAPWAbHbIX FEHOMOB Y MPULLIIOFO BOCTOYHOCIaBAHCKOro HaceneHus CeBepo-Boctoka Cnbmpu (Ha nprmepe
MaragaHcko o6nacti), a TakxKe HOBble cBefeHNA 06 n3meHumBoctn MTOHK y xuteneii MaragaHckoin obnacti —
pycckux (N = 49) n ykpanHues (N = 15) - no MaTepUHCKOWN NINHMK, @ TaK>Ke METUCHOTO NMPOUNCXOXKAEHNA — PYCCKUX
Mo MaTEPUHCKON JIMHWM 1N KOPEHHbIX »KUTenen (KOPAKK, 3BeHbI, UTenbMeHbl) No otuoBckor nuHum (N = 4). Kpome
3TOro, ASIA NOBbIWEHUA NHOPMATUBHOCTM dunoreorpadryeckoro aHann3a CeKBeHNPOBaHbI MUTOFEHOMbI PYyC-
ckux HoBropopackoii, Kany»ckoi n ipocnaeckoi obnacteit (N = 15). Pe3ynbTaTbl NpoBefEHHOIO NCCIEA0BAHMS NMO-
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Monumopdunsm MUTOXOHAPUANbHBIX FEHOMOB
y BOCTOYHOCNABAHCKOro HaceneHua Cesepo-Boctoka Crnbrpu

Kasanu, 4To MUTOXOHAPUANbHbIA reHOPOHS, NMPULLIOrO BOCTOYHOC/IABAHCKOrO HaceneHua MaragaHckow obnactu
XapaKTepur3yeTCs BbICOKMM YPOBHEM FEHETMYECKOTO pa3Hoobpasua. Pe3ynbTaTbl aHanm3a reHeTndeckon andpde-
peHuraLumn Nonynaunin PyccKoro HaceneHus Poccrm no AaHHbIM 06 U3MEHUMBOCTY LIEMbIX MUTOXOHAPUANIbHBIX
reHOMOB CBUETENbCTBYIOT O HU3KOM YPOBHE MEXNOMYAALNOHHbIX pa3nnymn (Fst = 0.15 %, P = 0.2). o pe3ynbTa-
TamM MHOFOMEPHOTO LWKanMpoBaHuA Fst-anctaHumin pycckne MaragaHckon o6nacTv KnactepursyoTca C pyccKumm
0ro-3anafHomn Yactu cTpaHbl — nonynaunamm benropopckoi n Opnosckoi obnacTeir. B reHopoHAe pycckoro Ha-
ceneHuns MaragaHckor obnactv npeobnagatot rannotunbl MTAHK 3anagHoeBpasniickoro (BKoYas eBponenckoe)
npouncxoxaeHus. [lona rannoTnnoB BOCTOYHOA3MATCKOrO MPOUCXOXKAEHWA Y PYCCKUX HeBenmnKa (4.8 %), ogHaKo
YyacTb 13 Hux (rannorpynnsl F1b1 1 Z1ala), cornacHo pesynbtatam ¢unoreorpadunyeckoro aHanmsa, AnuTenbHoe
BpeMs 3BOMIOLMOHMpPOBana B reHoboHAax nonynauuii BoctouHoin EBponbl. Cpefin eBponenckmx no nponcxoxae-
Huto rannotunos MTAHK y MaragaHcKmx pycckrx npeobnafatoT BOCTOYHOEBPOMENCKME BapraHTbl, @ TakKe y HUX
BblcOKa fona rannotunos MTAHK, cneunduunbix ana cnassaH (19.4 %). B MuToxoHapmranbHbIX reHopoHAaxX PyccKux
1 yKpaunHLeB MaragaHckoi 061acTi o6Hapy»XeHbl pefKre ranjaoTurbl, POACTBEHHbIE MATEPUHCKUM JIMHUAM UMIe-
paTtpuubl AnekcaHapbl DegopoBHbl PomaHoBon (rannorpynna H1af2) n KHA3a OmMnTpusa, cbiHa KHA3A AnekcaHapa
HeBsckoro (rannorpynna F1b1-a3a2a).

KnioueBble cnoBa: MUTOXOHAPWANbHBIA FEHOM; FeHETUYECKUA nonmmopdusm; monekynsapHaa d¢unoreorpadus;
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Introduction

Mitochondrial DNA (mtDNA) is a maternally inherited, non-
recombining genetic system that is highly informative for
studying the genetic history of populations and reconstructing
migrations. The utilization of mtDNA markers to investigate
the emergence processes of Siberian immigrant populations of
Eastern European (predominantly Russian) origin dates back
to the initial population studies of mitochondrial DNA poly-
morphism in Russia (Lemza, Sokolova, 1992; Malyarchuk
et al., 1994; Derenko, Malyarchuk, 1996; Kazakovtseva et
al., 1998). Recent studies have demonstrated that the migrant
population of Siberia exhibits a high diversity of mitochon-
drial lineages, predominantly of European origin (Gubina et
al., 2014). This phenomenon can be attributed to historical
migration processes that commenced in the 16th—17th cen-
turies, coinciding with the exploration of Siberia by Russian
pioneers. These processes persisted throughout the capitalist
and socialist development of Russian society, contributing to
the contemporary genetic landscape of the region.

Meanwhile, investigations of mtDNA polymorphism in
the Russian Old Believers of Siberia, who diverged in the
mid-17th century, demonstrated that the genetic composition
ofthe Old Believers aligns with that of European populations,
including Russians. Nevertheless, the prevalence of the East
Asian component in the gene pool of the Russian Old Believ-
ers is marginally higher compared to contemporary Russians
residing in the Novosibirsk Oblast (Gubina et al., 2014). This
observation may be attributed to the increased level of inter-
marriage between the Old Believers and indigenous Siberians,
living in close proximity for several centuries.

Meanwhile, investigations of mtDNA polymorphism in
the Russian Old Settlers — descendants of Russian servants
and traders who established themselves in the Far North of
Eastern Siberia from the mid-17th century onward — revealed
a remarkably elevated proportion of East Asian genetic pat-
terns in the gene pools of the Russian Old Settlers (100 % in
Pokhodsk and Markovo residents, 67 % in Russkoe-Ust’e
residents) (Sukernik et al., 2010; Borisova et al., 2024). This
phenomenon can be attributed to the unique historical develop-
ment of the Russian Old Settlers’ populations, characterized

nonynaAuUMOHHAA TEHETUKA YENTOBEKA / HUMAN POPULATION GENETICS

by intermarriage between immigrants from Eastern Europe
(Cossacks, merchants, and industrialists) and indigenous
women, predominantly of Yukaghir origin (Sukernik et al.,
2010; Solovyev et al., 2023; Borisova et al., 2024).

The genetic structures of modern indigenous populations in
the northeast of Siberia are similarly organized. The gene pools
of the Koryaks, Evens, and Chukchi also show asymmetry in
the contribution of maternal (by mtDNA) and paternal (by
Y chromosome) lineages of European origin, with paternal
lineages of this kind sharply prevailing over maternal lineages
(Balanovska et al., 2020; Agdzhoyan et al., 2021; Derenko et
al., 2023; Solovyev et al., 2023; Borisova et al., 2024; Malyar-
chuk, Derenko, 2024). The initial settlements established by
Russian explorers and traders (Tauysk, Gizhiginsk, Yamsk,
Ola, and other settlements) emerged in the 17th—18th centuries
within the boundaries of Magadan Oblast. However, it was
not until the 1930s that a significant influx of individuals,
numbering in the hundreds of thousands, arrived in the region,
primarily driven by the economic development of this pros-
perous Siberian territory. Consequently, the Magadan Oblast
began to form the so-called newcomer population, which was
predominantly comprised of Russians (81.5 %) and Ukrainians
(6.3 %) (according to Rosstat data from 2010). The indigenous
aboriginal population constituted approximately 3 % of the
total Magadan Oblast population, numbering 133,387 indi-
viduals (according to Rosstat data from 2024).

In this paper, we present data on the variability of whole
mitochondrial genomes in the immigrant population of the
Magadan region. Our objective is to use these data to identify
phylogeographic patterns of mitochondrial haplotypes and to
study interpopulation relationships of the Russian population
of the Russian Federation.

Materials and methods

Mitochondrial genome sequences of the Russian residents
of the Magadan region (Magadan city and settlements of the
Severo-Evensky district; N = 49) were determined. The mito-
chondrial genomes of Magadan residents were also subjected
to phylogeographic analysis, which included 15 Ukrainians
(on the maternal side) and four individuals of mixed ancestry,
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comprising Russians on the maternal side and indigenous
peoples (Koryaks, Evenes, and Itelmens) on the paternal side
(Table S1 in the Supplementary Materials)'.

Furthermore, the mitogenomes of the Russians from the
Novgorod, Kaluga, and Yaroslavl oblasts (N =10, 3, and 2, re-
spectively) were sequenced to enhance the comprehensiveness
of phylogeographic analysis (Table S1). The methods and ap-
proaches employed for sequencing whole mtDNA molecules
were previously described (Derenko, Malyarchuk, 2010).
The nucleotide sequences of mitochondrial genomes were
deposited in GenBank (www.ncbi.nlm.nih.gov) under acces-
sion numbers PQ285752-PQ285800, PQ300111-PQ300129,
and PQ283331-PQ283345.

Phylogenetic relationships between mtDNA nucleotide
sequences were analyzed using the maximum parsimony
method implemented in the mtPhyl v4.015 program (https://
isogg.org/wiki/MtPhyl). During the construction of the tree,
length polymorphism at sites 16180-16193, 309-315, and
514-524 as well as substitution at position 16519 were not
considered. To determine the evolutionary age of mono-
phyletic mtDNA clusters, we employed the molecular clock
incorporated in the mtPhyl program based on the correction of
the long-term phylogenetic rate of mutations in human mtDNA
(one nucleotide substitution in the whole mitogenome over
3,624 years, or 1.665 % 108 substitutions per site per year),
taking into account the effect of negative selection (Soares
et al., 2009).

The phylogenetic classification of mtDNA haplogroups
proposed by the developers of the PhyloTree resource (www.
phylotree.org) was utilized as a foundation for this study.
Furthermore, the regularly updated classification of mtDNA
variants provided by the YFull MTree resource (https://www.
yfull.com/mtree/) was also considered. The designation of
monophyletic mtDNA clusters as ethnospecific was made on
the following criteria: at least 75 % of mtDNA haplotypes in
the cluster were found to be characteristic of representatives
of a certain ethnic group (e. g., Russians) or ethnic commu-
nity (Slavs). For the phylogeographic analysis of mtDNA,
we utilized data on the variability of complete mitogenomes
in individuals representing diverse human populations, as
reported in GenBank, the Logan DNA Project (http://www.
ianlogan.co.uk), and YFull MTree. At the end of 2024, the
GenBank database has accumulated a collection of over
61,000 mitochondrial genomes, representing a diverse array
of ethnic groups from various geographical regions worldwide
(https://www.mitomap.org/foswiki/bin/view/MITOMAP/
GBFreqlnfo). The ethnic affiliation of the studied samples
was determined through the utilization of information derived
from the available databases.

In order to undertake a comparative analysis of complete
mtDNA variability at the population level, we employed
previously published data for the Russian populations of the
European part of the country (Malyarchuk et al., 2017). In ad-
dition to 49 new mtDNA sequences, the Russian samples from
the Magadan region included 13 previously sequenced mito-
chondrial genomes (Table S1). The genetic diversity parame-
ters of populations were calculated using the DnaSP 5.10.01

"Table S1 and Fig. S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Malyarchuk_Engl_29_5.xIsx
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software package (Librado, Rozas, 2009). The analysis of mo-
lecular variability (AMOVA, Fst-analysis) based on pairwise
nucleotide differences between mitogenomes was performed
using the Arlequin 3.5.1.2 software package (Excoffier, Li-
scher, 2010). The location of populations in two-dimensional
space was investigated using the multidimensional scaling
method of interpopulation Fst-differences, implemented in
the STATISTICA10 software package (StatSoft Inc.).

Results and discussion

Interpopulation differences of the Russian population
based on whole mitochondrial genome variability data

An analysis of mtDNA variability revealed that the studied
Russian samples from the Magadan region (49 new and 13 pre-
viously sequenced mitogenomes) do not show significant dif-
ferences at the population level in the primary parameters of
genetic diversity in comparison with other Russian populations
of the European part of Russia (Table 1). According to these
results, the Magadan Russians occupy an intermediate posi-
tion among the Russian populations, where the lowest values
of the average number of pairwise nucleotide differences (k)
are observed among the Russians of the Pskov and Novgorod
regions, and the highest, among the Russians of the Vladimir
region. Tajima’s D parameter, which tests the neutrality of
mtDNA evolution within populations, has a significantly nega-
tive value in the Magadan region, a finding also observed in
other European populations, including Russians (Litvinov et
al., 2020). This suggests the influence of negative selection
on mtDNA variability.

The analysis of Fst-differences between mitochondrial
genomes in Russian populations showed the absence of in-
terpopulation differences (Fst = 0.15 %, P = 0.2). Pairwise
comparisons revealed statistically significant differences
between the population of the Vladimir region and the north-
western Russian populations of the Pskov and Novgorod
regions (Table 2). Conversely, the results of multidimensional
scaling of interpopulation F'st-differences indicate that the
Russian population of the Magadan region is grouped with the
southwestern populations of the Belgorod and Orel regions
(Fig. 1). This grouping is significantly different from the Rus-
sians of the Vladimir region, as can be seen from the results
of multidimensional scaling.

Phylogeographic analysis of mtDNA haplotypes

of the East Slavic immigrant population

of the Magadan region

The gene pool of Russian population of Magadan region is
represented mainly by Western Eurasian mtDNA haplogroups
(95.2 %) (Table S1). The most prevalent are haplogroups H
(37.1 %), T (16.1 %), U (14.5 %), J (6.5 %), and HV (4.8 %).
Other Russian populations in Eastern Europe have similar
mitochondrial haplogroup spectra (Morozova et al., 2012;
Kushniarevich et al., 2015; Malyarchuk et al., 2017).

The results of the phylogenetic analysis revealed the pre-
sence of 62 different mtDNA haplotypes within the cohort
of the Russian population residing in the Magadan region
(N = 62). This indicates that the sample did not contain iden-
tical haplotypes. Furthermore, phylogeographic analysis of
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Table 1. Genetic parameters in Russian populations according to the data on variability of whole mitochondrial genomes

Populations N n s h s k Tajima’s D (p-value)
Magadan'’ 62 61 416 0.999 +0.003 0.0018 £ 0.0009 30.24 -2.39(<0.01)
Belgorod2 64 64 437 1.0 £0.003 0.0018 £ 0.0009 30.18 -2.39(<0.01)

Orel? 48 48 311 1.0 +£ 0.004 0.0017 £ 0.0009 28.44 -2.18 (< 0.01)
Vladimir? 73 71 433 0.999 + 0.002 0.0019 £+ 0.0009 31.38 -2.27 (< 0.01)
Tula? 59 59 418 1.0 £0.003 0.0018 £ 0.0009 29.38 -2.41(<0.01)
Pskov? 68 66 368 0.999 +0.003 0.0016 = 0.0008 26.88 -2.29 (< 0.01)
Veliky Novgorod? 64 63 404 1.0 £0.003 0.0017 £ 0.0009 27.99 -241(<0.01)
Russians in total’ 438 419 1,224 0.9997 + 0.0002 0.0018 £ 0.0009 29.19 -2.59 (< 0.001)

Note. N - sample size; n - number of haplotypes; s — number of polymorphic sites; h — haplotypic diversity; T — nucleotide diversity; k — average number of pair-
wise nucleotide differences.
References: ' present study; 2 Malyarchuk et al., 2017.

Table 2. Fst-differences between Russian populations according to the data on the variability of nucleotide sequences
of whole mitogenomes

Populations Belgorod Orel Vladimir Tula Pskov Veliky Novgorod
Belgorod 0

Orel 0 0

Vladimir 0.0048 0.0025 0

Tula 0.0007 0 0.0085 0

Pskov 0 0 0.0115* 0.0043 0

Veliky Novgorod 0 0 0.0093* 0.0026 0 0

Magadan 0.0005 0 0 0.0039 0.0013 0

Note. Fst-values are based on pairwise nucleotide differences between mtDNA haplotypes and are shown under the diagonal.
* Statistically significant differences (P < 0.05).

the mtDNA haplotypes identified in the Magadan Russians 1.0

revealed that these genetic variants are predominantly distrib- 08 )

uted within the European population (refer to Table S1 and a%aqan

Figure S1 for more details). A total of three distinct haplotypes 06 f'

were identified as belonging to haplogroups that are prevalent 04 3elgorod

in West Asia, including H-7630-11113-12172, R0ala5, and P

MS5alb, with samples 10 R,2 R, and 44 R corresponding to 02

these haplogroups, respectively. However, the origins of two

additional haplotypes could not be determined. Approximately § _ Viadimir
a quarter of the Magadan sample (25.8 %) consisted of mtDNA : 02 ik JNovgorod @ ®
haplotypes common in Eastern European populations, with 5 _04 )

almost 20 % of the Magadan Russian haplotypes belonging Pskov

to mtDNA subgroups predominantly distributed among Slavs 06 °

(haplogroups HV-15617, HV6al, H1b2g, H13a2b, U4d2b, -08

USalalh, USa2blg, USa2alo, Klcle, K2bl, J1c3al, V7a)

(Flg Sl) A pl'OpOI'tiOIl of the samples (113 %) were found _1.?0.8 ~06 -04 -02 0 0.2 0.4 0.6 0.8 1.0 12
to belong to haplogroups that had been identified primarily Dimention 1

within the Russian population (H5ala, J1c4bl, I1alc-10454, Fia. 1. Results of multidi onal scaling of int lation Fstoval

ig. 1. Results of multidimensional scaling of interpopulation Fst-values
ch_10.086._12_136’ Rlalal, Flbl-a3a2a). The frequency of based on pairwise nucleotide differences between sequences of whole
the Baltic-Finnish component (H1n4, H49, USblbla, Zlala)  mitochondrial genomes from different Russian populations. The stress
was 8.1 %. value is equal to 0.00003.
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Fig. 2. Phylogenetic tree of mtDNA of haplogroup F1b1-a3a.

Nucleotide positions at which transitions occurred are shown on the branches;
16180delA indicates deletion A at position 16180; the GenBank sample num-
bers and ethnicity are also indicated.

Three mtDNA haplotypes identified in the Russians of the
Magadan region belong to haplogroups of East Asian origin:
F1bl, Zlala, and N9a2a2. However, the phylogeographic
analysis demonstrated that haplogroup N9a2a2 is exclusively
distributed in East Asia, as it was detected only in the Japanese
population (Fig. S1). The presence of the Zlala haplotype
suggests a potential contribution of Finno-Ugric tribes to the
ethnic history of Russians (Lunkina et al., 2004). This mtDNA
haplogroup is prevalent in populations from Northeastern
Europe, particularly in the Fennoscandian region. It is hypo-
thesized that this haplogroup was introduced into the gene
pool of the Sami and Finns from the Volga-Urals region about
3,000 years ago (Tambets et al., 2004; Ingman, Gyllensten,
2007). The Flbl-haplotype identified in the Magadan Rus-
sians is noteworthy for its association with the Flbl-a3a2a
subgroup, which, according to the YFull MTree classifica-
tion system, is predominantly present in the modern Russian
populations of the Kursk, Belgorod, and Bryansk regions
(Table S1). Phylogenetic analysis showed that this haplotype
is almost identical (except for deletion at position 16180) to
the F1bl-haplotype identified in Prince Dmitry, son of Prince
Alexander Nevsky, and possibly of Cuman origin (Zhur et
al., 2023) (Fig. 2).

Phylogeographic analysis of 15 mitogenomes of Ukrainian
origin also demonstrated that the identified mtDNA haplo-
types are predominantly distributed in European populations
(Table S1). Three of these haplotypes belong to Slavic-specific
mtDNA haplogroups (H6cl, Hlu5a2, HV9blal), while one
more belongs to haplogroup USblblald, which is predomi-
nantly distributed among Finns. Notably, the Ukrainian sample
from the Magadan region exhibited a rare haplotype belong-
ing to haplogroup Hlaf2, which is known to be associated
with the maternal lineage of Empress Alexandra Fedorovna
Romanova (Fig. 3).
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Fig. 3. Phylogenetic tree of mtDNA of haplogroup H1af.

Nucleotide positions at which transitions occurred are shown on the branches,
and the evolutionary age of the H1af2 subgroup in thousands of years (ky) is
also indicated.

Despite the substantial size of the GenBank database, which
includes more than 61,000 mitogenomes from diverse ethnic
backgrounds, it lacks other Hlaf2 sequences. In contrast, the
YFull MTree database contains additional Hlaf2 sequences
(YF129594 and YF109892). However, both databases lack
information on ethnic origin and the nucleotide sequences
themselves. Our study enabled the detection of an Hlaf2
haplotype associated with the Russian Tsarina in an individual
of Ukrainian origin. The evolutionary age of the Hlaf2 sub-
group was determined to be about 1.3 thousand years, and
the YFull MTree database suggests a slightly higher estimate
of 3.2 thousand years. Genealogical data indicate that the
maternal lineage of the Russian Empress (or Queen Victoria
of Great Britain, respectively) is of Western European (espe-
cially French) origin.

Phylogeographic analysis of individuals of mixed ancestry
revealed that the haplotypes of two individuals (Koryak on
the paternal side) belong to haplogroups found predomi-
nantly among Finns (K1cl and USblbla). The remaining
two mtDNA haplotypes are associated with haplogroups for
which the precise geographical origins remain uncertain; both
J2blall and USalala are common in European populations.

Conclusion

The results of the study demonstrated that the mitochondrial
gene pool of the East Slavic immigrant population in North-
eastern Siberia (with a focus on the Magadan region) exhibited
a high level of diversity. At the same time, the genetic differen-
tiation of Russian populations, as determined by the analysis of
variability in whole mitochondrial genomes, was found to be
remarkably low. This finding suggests a high degree of similar-
ity among mtDNA haplotypes in diverse Russian populations.
The mitochondrial gene pool of the Russian population of the
Magadan region does not differ significantly from the gene
pools of other Russian populations of the European part of the
country. According to the results of multidimensional scaling
of Fst-distances, the Magadan Russians cluster with the Rus-
sian populations of the southwestern part of the country, spe-
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cifically the Belgorod and Orel regions. This result indicates
a distinctive characteristic of the contemporary population of
Northeastern Siberia in comparison with the populations of the
Russian Old Settlers, who established themselves in the Far
North of Eastern Siberia since the middle of the 17th century.
The Russian Old Settlers have a markedly high prevalence
of East Asian (predominantly Yukaghir) mtDNA haplotypes
(Sukernik et al., 2010; Borisova et al., 2024). The analysis of
Y chromosome polymorphism and autosomal loci shows that
the European variants of polymorphism preserved in these
populations (along with the Russian language and culture) are
predominantly associated with the population of Northeastern
Europe. This finding lends support to the “Pomor” hypothesis
of the origin of the Russian Old Settlers of the Arctic coast
(Solovyev et al., 2023).

An analysis of the gene pool of the Russian and Ukrainian
inhabitants of the Magadan region shows that the mtDNA hap-
lotypes of European origin are predominant. The proportion
of East Asian mtDNA haplotypes among Russians is minimal
(4.8 %), and further analysis using phylogeographic methods
revealed that F1b1 and Z1ala haplotypes, despite their East
Asian origin, have undergone extensive evolution within the
gene pools of Eastern European populations. Among mtDNA
haplotypes of European origin, Eastern European variants
predominate in the Magadan region Russians, accounting
for a significant proportion (19.4 %) of mtDNA haplotypes
specific to Slavs. Such high frequencies of Slavic-specific
mtDNA lineages have been previously reported only among
Ukrainians — 23.6 % (Malyarchuk, Derenko, 2023).

It is interesting to note that the findings in the mitochondrial
gene pools of modern Russians and Ukrainians have revealed
the presence of rare haplotypes that appear to be related to the
maternal ancestry of Empress Alexandra Fedorovna Roma-
nova and Prince Dmitry, son of Prince Alexander Nevsky.
These findings may offer a promising avenue for further
research.
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Abstract. The Forest and Tundra Nenets in different areas of the Yamalo-Nenets Autonomous Okrug were studied
using Y-chromosome markers. The results of analyzing the genetic structure of Nenets clans using 44 STR markers
of the Y chromosome are presented, taking into account their presence in subethnoses (Tundra and Forest Nenets),
as well as to the Kharyuchi (“true Nenets”) and Vanuito (“foreigners”) phratries. The number of the Nenets (N = 606)
includes the Tundra (N = 536) and Forest (N = 70) Nenets. Sublineage N1a2b1b1a~-B170 is specific for the clans in
the Kharyuchi phratry, and sublineage N1a2b1b1b-B172, for the clans in the Vanuito phratry. Most Forest Nenets
clans have haplogroup N1a2b1-B478. All males of the Pyak clan, which is prevalent in the Forest Nenets, have a
specific haplogroup, N1alalala2alc1~. The results of the study suggest that the Nenets clan associations typi-
cally have a common ancestor in the male line and are characterized by a recent founder effect. Each Nenets clan
has its own specific cluster of haplotypes, equidistant from each other. The structure of Y-chromosome haplotypes
and haplogroups in the Nenets gene pool includes the Nenets heritage from the Khanty and Enets. Many samples
from these sample sets were shown to have rare haplotypes that were absent from the baseline data and to dif-
fer significantly from the other haplotypes found in the populations. They belong to various rare branches of the
Y-chromosome haplogroups found only in these sample sets. Some samples form haplotype variants that have
not been described previously and allow us to characterize the phylogeny of these lineages in more detail. The
Forest and Tundra Nenets differ greatly in the composition of haplogroups, which is fully consistent with ethnologi-
cal and linguistic data on the origin of these populations. The predominant haplogroups are N1alalala2alcl~-
Y13850, Y13852,Y28540 CTS9108 (xY24219, Y24375) and N1a2b1-B478, Z35080, Z35081, Z35082, Z35083, Z35084
(xB169) in the Forest Nenets, and N1a2b1b1a~-B170 (x235104), N1alalala2alc~-Y13850,Y13852,Y13138, PH3340
(xY24219,Y24365) and N1a2b1b1b-B172, 235108 in the Tundra Nenets.
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Ocob6eHHOCTY TeHO(MOHI0B JIECHBIX U TYHJIPOBBLIX HEHIIEB
I10 TaIIorpyImnamM Y-XpOMOCOMBbBI

B.H. XapbkoB 1@, A.B. Baauxosal, A.C. AAaMOBZ, A.A. 3apybun L MLIO. XuTpuHcKas 1 B.A. Cremanos (/9!

1 HayuHo-nccneoBaTenbCKuii MIHCTUTYT MEAULIMHCKO reHeTUKM TOMCKOro HaLMOHabHOTO NCC/IeA0BaTeNIbCKOro MeANLIMHCKOTO LieHTpa
Poccuminckor akapemnun Hayk, Tomck, Poccua
2 MepamKo-reHeTMUECKNA HayYHbIN LeHTp UM. akagemunka H.M. boukosa, MockBa, Poccua

@ vladimir.kharkov@medgenetics.ru

AHHOTauuA. iccnefoBaHbl ecHble Y TYHAPOBbIE HEHLbl U3 Pa3fNYHbIX paioHoB AMano-HeHeuKoro aBTOHOMHO-
ro okpyra no mapkepam Y-xpoMocombl. [lpefcraBneHbl pesynbraTbl reHeTUYeCKON CTPYKTYPbl HEHELKMX POAOB
no 44 STR-mapkepam Y-XpOMOCOMbI C Y4ETOM UX MPUHAANIEXHOCTU K Cy63THOCaM (TYHAPOBbIE U NECHbIEe HEHLIbI),
a Takxe K ppatpmam Xaproum («<HacToAlme HeHLbl») U BaHynTo («<HOMNeMeHHNKW»). KonnyectBo HeHueB N = 606
nenutca Ha TyHapoBbix (N = 536) n necHbix (N = 70). Jna pofos, nprHagnexatmx K ¢patpun Xaptouu, cneyudpmnyna
cy6nuumsa N1a2b1b1a~-B170, a ana pogos dpatpum Banyinito - N1a2b1b1b-B172. Y 6onblunHCTBa poaoB, OTHOCA-
LMXCA K Cy63THOCY NecHbIX HeHLeB, npucyTcTayeT rannorpynna N1a2b1-B478. Bce myxumnHbl pofa MAK, LOMUHK-
pyIOLLEro y fieCHbIX HEHLEB, NpuHaanexat K cneundnyHon rannorpynne N1alalala2alcl~. Pesynbtatbl paboTbl
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The Forest and Tundra Nenets:
differences in Y-chromosome haplogroups

CBUAETENbCTBYIOT O TOM, YTO POAOBbIE 0ObeIMHEHUA HEHLEB, KakK MPaBW/Io, UMEIOT O6LLEero npefKka no My»KCcKom
NIMHUW, ANA HUX XapakTepeH HefaBHUI 3bdeKT ocHoBaTena. Kaxabli HEHELKMIA pof UMeeT CBOW crneLnduyHbIni
KnacTep ranioTunos, paBHOYZaNeHHbIX Apyr oT gpyra. CTpyKTypa ranfoTMmnoB 1 ranaorpynn Y-XpomMoCcoMbl B CO-
CTaBe HeHeLKoro reHopoHaa AEMOHCTPUPYET HacneAre HEHLIEB OT XaHTOB U SHLEB. 114 MHOrMX 06pasLioB U3 STUX
BbI6GOPOK MOKa3aHbl MHAMBMAYabHbIE PeAKME ranaoTumbl, KOTOpble OTCYTCTBYIOT B 6a3ax AaHHbIX U 3HAUUTENIbHO
OT/INYAIOTCA OT APYrMX ranioTUnoB, OOHAPYKEHHbIX B 3TUX NonynAumax. OHY OTHOCATCA K PasfiMyHbIM peaKuM
BETBAM raniorpynn Y-xpomoCcoMbl, 06HapyKeHHbIM TOJIbKO B 3TUX Bbl6opKax. YacTb 06pa3Los popmmpyeT oTaesb-
Hble BapWaHTbl ranjioTuNoB, KOTOPbIE He ObiNV ONMCcaHbl paHee, 1 NO3BONIAET 6osee NOJPOOHO OXapaKTePM30BaTb
dUNoreHnIo STUX NNHUIA. JlecHble U TYHAPOBbIE HEHLIbI CUNIbHO Pa3fMYaloTCA MO COCTaBy raniorpynrn, Yto MOSIHO-
CTblO COOTBETCTBYET JaHHbIM STHOIOrOB 1 JIMHFBUCTOB O NMPOUCXOXKAEHNIN STUX MONYNALMA. Y NeCHbIX HEHLEB npe-
obnagatot rannorpynna N1alalala2alcl~-Y13850, Y13852, Y28540 CTS9108 (xY24219,Y24375) n ¢ HebonbLwON
yactoTown rannorpynna N1a2b1-B478, 235080, Z35081, Z35082, Z35083, Z35084 (xB169). Y TyHAPOBbIX HeHLEB
JoMuHMpYtoT Tpy rannorpynnbl, N1a2b1b1a~-B170 (xZ35104), N1alalala2alc~-Y13850, Y13852,Y13138, PH3340

(xY24219,Y24365) n N1a2b1b1b-B172, Z35108.

KntoueBble cI0Ba: reHOGOHA; NONyALMI YesloBeKa; reHeTMYeckoe pasHoobpasue; Y-XpoOMOCOMa; HeHLbl

Introduction

The Nenets are an indigenous people of the northern territo-
ries of Western Siberia and the Eastern European part of the
Urals. According to the All-Russian Census of 2021, there
were 49,646 of them. They are divided into European and
Siberian. European Nenets live in the Nenets Autonomous
Okrug of the Arkhangelsk Region, Siberian Nenets live in the
Yamalo-Nenets Autonomous Okrug of the Tyumen Region
and in the Dolgano-Nenets Taimyr Municipal District of the
Krasnoyarsk Territory. A very small number of Nenets live in
the Khanty-Mansi Autonomous Okrug, the Murmansk Region
and the Komi Republic. Together with the Enets, Nganasan
and Selkup languages, the Nenets language belongs to the
Samoyedic group of the Uralic language family. According
to anthropological characteristics, the Nenets belong to the
Mongoloids.

The Nenets are divided into Forest Nenets (living in the area
of the Taz and Pur rivers of the Purovsky district of the Yamal-
Nenets Autonomous Okrug) and Tundra Nenets, inhabiting the
northern Priobye of the Yamal, Tazovsky and Nadym districts.
The number of the Forest Nenets is very small and amounts to
approximately 1,500 people. According to available data, the
Forest Nenets have retained the archaic features of the Nenets
community. The phenotype of the Forest Nenets has a more
pronounced Mongoloid component (a less developed beard,
the presence of epicanthus, a flatter face, a lower bridge of
the nose), but at the same time these features are combined
with Caucasian features: light eyes, a raised tip of the nose
and the base of the nose. The narrow nose brings the Forest
Nenets closer to the Tungus-Manchu peoples of Siberia and the
Yukaghirs, typologically similar to each other; based on these
data, some anthropologists suggest that it was the aboriginal
tribes related to the Yukaghirs that were the predecessors of
the Samoyeds in the modern territory inhabited by the Nenets
(Alekseeva et al., 1972).

The Samoyedic languages are divided into two groups:
Northern Samoyedic (Nenets, Enets, Nganasan) and Southern
Samoyedic (Selkup and the languages of the Sayan High-
lands) (Maitinskaya, 1966). Within the Nenets language,
there are two dialects: the Tundra dialect, spoken by 95 %
of the Nenets, and the Forest dialect. The Tundra dialect, in
turn, is subdivided into three subdialects: western, eastern,
and Bolshezemelsky, which formed the basis of the literary
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Nenets language (Tereshchenko, 1956; Khomich, 1976).
The Forest dialect is used by the Nenets inhabiting the taiga
zone. Understanding between Nenets who speak the Tundra
and Forest dialects is very scarce, since the two dialects have
significant differences in phonetics. Some phonetic features
of the Tundra dialect may be related to the preservation of
these sounds from the Uralic proto-language or they appeared
secondarily, thanks to the language of the aborigines living in
the tundra territories. The second option is supported by the
fact that similar sounds are also found in the languages of the
Chukchi, Koryaks, and Eskimos (UNESCO, 2010).

Such a significant difference in the two Nenets dialects in
phonetic, lexical and morphological features can be explained
by a closer connection of the Forest Nenets with representa-
tives of the Enets, Nganasan, and also some features of the
Forest Nenets dialect bring it closer to the Khanty language.
This once again confirms that the Forest Nenets are an earlier
autochthonous group of the Nenets.

The clan structure of the Nenets has been well studied by
anthropologists and ethnographers (Volzhanina, 2017). Mar-
riages among the Nenets have always been strictly exogamous.
Among the Tundra Nenets, clans were united into two phra-
tries. The first of them is Kharyuchi (“real Nenets”), which
included all the clans of Samoyed origin. The second phratry
is Vanuito (“foreigners”), consisting of clans that go back to
the indigenous population of these territories, as well as clans
of Enets and Khanty origin included in it (Khomich, 1976).

Differences in the composition and frequencies of Y-chro-
mosome haplogroups between these two phratries are shown
in our previous article (Kharkov et al., 2021). It revealed the
features of haplogroup frequencies between the two Nenets
phratries and the clans of the Tundra Nenets, who originated
from the Samoyeds, Enets and Khanty.

The objectives of this article are to increase the samples of
Tundra Nenets and compare them with new samples of Forest
Nenets by Y haplogroups.

The study of the structure of human population gene pools
is one of the key areas of modern genetics. In recent years,
there has been a real breakthrough in population genetics
associated with the widespread introduction of sequencing
methods, both for whole-genome genotyping of samples and
for searching for new informative SNP markers in various
Y-chromosome haplogroups. This makes it possible to analyze
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the differences in the gene pools of the Tundra and Forest
Nenets of the Yamal-Nenets Autonomous Area not only at the
ethnic and subethnic levels, but also at the clan level. If two
people belong to different haplogroups, there can be no rela-
tionship between them in the male line. Genetic relationship is
determined by the similarity of other indicators — haplotypes
with an increase in the number of YSTR for a more detailed
specification of the differences between them.

Until recently, the main problem was the lack of informa-
tive SNP markers for detailed analysis of the phylogenetic
structure and origin of various haplogroups. New basic and
terminal SNPs of the Y chromosome are extracted from the
data of complete genomes for a more detailed analysis of the
division of specific lines of these haplogroups. The number
of SNPs discovered in recent years has already reached many
thousands. Many SNPs have been confirmed on a limited set
of samples and data on the frequencies of the sublineages
they determine in real ethnic groups are absent or are very
approximate, due to the non-representativeness of the samples
studied.

Detailed analysis of haplogroups based on Y-chromosome
SNP and STR genotyping is one of the most effective met-
hods for studying the genetic diversity of human populations.
It allows for a more accurate reconstruction of the origin of
individual sublineages within haplogroups, calculation of
their age and founder effects, as well as description of the
demographic growth of populations and the phylogeny of spe-
cific variants of all Y-chromosome haplogroups. This method
provides a higher level of geographic differentiation among
Y-chromosome variants compared to mitochondrial DNA
(mtDNA) and autosomes. These data can be used to study
migration events and the history of ethnic groups (Underhill
et al., 2000; Adamov, Fedorova, 2024; Adamov et al., 2024).
Y-chromosome DNA markers have shown the highest level
of genetic differentiation between populations compared to
any other genetic systems.

The aim of this study is a comprehensive analysis of
haplogroup frequencies and differences in Y-chromosome
haplotypes in the Forest and Tundra Nenets populations. To
address the differences between them, the structure of Asian
haplogroups Nlal and N1a2 was determined and YSTR data
were obtained to clarify the age and relationships between the
different branches of these haplogroups.

Materials and methods

The study material consisted of DNA samples of men from
various populations of Tundra (N = 536) and Forest Nenets
(N = 70). Over the past few years, we have increased the
number of samples of Forest and Tundra Nenets, which
included additional small clans that were not included in the
population sample published in the previous article (Kharkov
et al., 2021). Increasing the number of samples for various
population samples of the indigenous population of Russia
makes a significant contribution to the study of the specific
features of their gene pools according to Y-chromosome hap-
logroups. Tundra Nenets were collected in the villages of
Tazovsky, Antipayuta, Gyda, Samburg, Aksarka, Beloyarsk,
Yar-Sale, Syunai-Sale, Nadym. Forest Nenets were collected
in the villages of Tarko-Sale and Kharampur. The Kharyuchi
phratry includes the Samoyedic clans Ader, Anagurichi, Vora,
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Vylko, Evai, Lapsui, Nenyan, Okotetto, Susoi, Serotetto,
Tadibe, Taleev, Togoi, Tesida, Khudi, Heno, Yadne, Yando,
Yaptunai. The Vanuito phratry includes the Samoyedic clans
Vanuito, Vengo, Puiko, Yar, Yaptik, Yaungad; the Enets clans
Maryik, Okovai, Ter; the Khanty clans Vekho, Nerkagi, Pu-
rungui, Salinder, Tibichi. The European Nenets clans include
Laptander, Pyryrko, Syadai, Taiberi, which are not part of the
Kharyuchi and Vanuito phratries. The Forest Nenets include
the main clan Pyak, the Samoyedic clan Vello, Segoi; Enets
clans Ayvasedo, Nyach, Ter (Kvashnin, 2011).

The material was obtained during joint scientific and practi-
cal medical expeditions from 2019 to 2024 and deposited in the
bioresource collection “Biobank of the Population of Northern
Eurasia”. Primary biological material (venous blood) was col-
lected from donors in compliance with the written informed
consent procedure for the study. A questionnaire was compiled
for each donor with his pedigree, ethnicity and places of birth
of ancestors. The study included only DNA samples from male
donors who, according to the questionnaire, denied the fact
of miscegenation on the paternal line with representatives of
other ethnic groups in at least three generations.

To study the composition and structure of Y-chromosome
haplogroups, two systems of genetic markers were included
in the study: diallelic loci represented by SNPs and polyal-
lelic highly variable microsatellites (YSTRs). Using 357 SNP
markers, the belonging of men to different haplogroups was
determined. Some of them form the main base lines of hap-
logroups, while the remaining terminal SNPs are present in
specific sublines in different related clans.

Genotyping of terminal SNP markers was performed using
polymerase chain reaction and subsequent analysis of DNA
fragments using RFLP (restriction fragment length polymor-
phism) analysis. For specific terminal SNPs for individual
sublines, genotyping of a small number of samples was car-
ried out based on their YSTR haplotypes and the results of
NGS sequencing of the Y chromosome. The designation of
haplogroups was given with reference to the ISOGG 2019
Y-DNA Haplogroup Tree.

Analysis of STR haplotypes within haplogroups was per-
formed using 44 STR markers of the non-recombining part
of'the Y chromosome (DYS19, 385a, 385b, 388, 3891, 3891,
390, 391, 392, 393, 426, 434, 435, 436, 437, 438, 439, 442,
444, 445, 448, 449, 456, 458, 460, 461, 481, 504, 505, 518,
525,531,533,537,552,570,576, 635, 643, YCAlla, YCAIID,
GATAH4.1,Y-GATA-A10, GGAAT1B07). STR markers were
genotyped using capillary electrophoresis on ABI Prism 3730
and Nanofor-05 devices.

The experimental studies were carried out at the Center for
Collective Use of Research Equipment “Medical Genomics”
(Research Institute of Medical Genetics, Tomsk National Re-
search Medical Center). Construction of median networks of
Y-chromosome haplotypes was performed using the Network
v.10.2.0.0 program (Fluxus Technology Ltd; www.fluxus-
engineering.com) using the Bandelt median network method
(Bandelt et al., 1999). The generation age of the observed
haplotype diversity in haplogroups was estimated using the
ASD method (Zhivotovsky et al., 2004) based on the root-
mean-square differences in the number of repeats between
all markers. When calculating the age of births for individual
haplogroups, single samples that significantly stood out from
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the general cluster of haplotypes were excluded. Calculations
were performed for birth groups of at least five samples. The
generation age was taken to be 30 years, the mutation rate was
0.0033 per locus per generation (Balanovsky, 2017).

The selection of derivative YSNP variants for haplogroup
age estimation was performed based on the coordinate of the
hg38 reference sequence, which falls within the combBED
regions that roughly correspond to X-degenerated euchro-
matin sequences. The combBED sequence consists of
857 Y-chromosome regions with a total length of 8.47 Mb
(Adamov et al., 2015). The age estimation error is calculated
based on the assumption of the Poisson nature of the SNP
mutation process (Poznik et al., 2013). These SNP positions
were extracted from whole-genome sequencing data for
54 Nenets male samples.

Results and discussion

After genotyping of Y-chromosome SNP markers and YSTR
markers, a strong difference was shown between the Forest
and Tundra Nenets in the composition of haplogroups.

The clans of the Forest Nenets belong to two main hap-
logroups, Nlalalala2alcl~-Y 13850, Y13852, Y28540
CTS9108 (xY24219,Y24375) and N1a2b1-B478, Z35080,
735081, 235082, Z35083, Z35084 (xB169), which are
dominant in frequency, and only three samples belonging
to haplogroup N1a2blb1-B170 belong to the Segoi clan.
The set of haplogroups is more diverse among the Tundra
Nenets. The most frequent haplogroups are N1a2b1bla~-B170
(xZ35104), Nlalalala2alc~-Y 13850, Y13852, Y13138,
PH3340 (xY24219,Y24365) and N1a2b1b1b-B172, 235108,
the remaining haplogroups with lower frequencies are listed
in Table 1. Forest and Tundra Nenets do not coincide in the
frequencies of Y-chromosome haplogroups and their clans
differ greatly in the haplotypes of various sublineages.

Y-chromosome haplogroup N1a2b-P43 (previously desig-
nated as N1b and N2), dominant in the Tundra Nenets (indicate
the total 69.8 %), is found with uneven distribution among
East Asian, Siberian and Eastern European populations. Its
highest proportion is present in the populations of Western
Siberia among the Nganasans (92 %), Enets (78 %) and Nenets
(57 %) (Karafet et al., 2002; Tambets et al., 2004; Derenko et

The Forest and Tundra Nenets:
differences in Y-chromosome haplogroups

al., 2007; Rootsi et al., 2007; Mirabal et al., 2009; Iluméie et
al., 2016; Kharkov et al., 2021).

Two branches of the Y-chromosome haplogroup
Nlalalala2-Z1936 are present in the clans of the Tundra
Nenets (Lapthander, Nerkagi, Salinder, Tibichi and Yar) and
a parallel branch of this haplogroup is present in the Forest
Nenets clan Pyak.

Haplogroup Q1bla3b1-BZ99 was found only in three
men from the Anagurichi clan of the Yamal Nenets. It has a
southern Siberian origin, but a very low frequency in most
Siberian populations, so it is not yet possible to compare its
heritage in the Nenets with the aboriginal or alien Samoyedic
population. In the whole-genome data obtained using the
Admixture method, there are almost no data on the composi-
tion of Y-haplogroups of the ancient aboriginal population of
these territories called Sikhirtya. According to ethnographers,
the alien Samoyeds took their daughters as wives (Peoples of
West Siberia, 2005). The number of men of this aboriginal
population has greatly decreased due to clashes with the
ancestors of the Nenets and the spread of various infectious
diseases over the past several hundred years. They were
hunters similar to the Yukaghirs, and their numbers did not
increase from generation to generation, because they did not
master reindeer herding (Khomich, 1970).

The population samples of the Gydan and Yamal Nenets
completely coincide in the composition of haplogroups, but
differ significantly in their frequency (Table 2). Among the
Taz Nenets, the maximum frequency is characteristic of
Nla2b1b1-B170, which corresponds to the proportion of men
belonging to the Kharyuchi phratry. Among the Yamal Nenets,
more than a third in frequency is occupied bY haplogroup
Nlalalala2-Z1936, to which belong almost all representa-
tives of the Laptander clan and part of the Yar clan, who
are descendants of the European Tysiya Nenets (Kvashnin,
2011).

Haplogroup N1a2b1b1-B170. This haplogroup is the
most frequent among the Tundra Nenets. The Nenets are
characterized by its division into specific haplotype variants,
which almost completely coincide with their division into
clans. It completely dominates in the Kharyuchi phratry,
which includes the clans Ader, Evai (Yavai), Lapsui, Nenyan,

Table 1. Frequency of occurrence of Y-chromosome haplogroups in Tundra and Forest Nenets

Haplogroups

N1a2b1-B478, 235080, Z35081, Z35082, 235083, 235084 (xB169)
N1a2b1b1a~-B170 (xZ35104)

N1a2b1b1b-B172,735108

N1a2b2a1-VL97,Y3185 (xZ35049,235070)

N1alalala2-Z1936 (xL1034, CTS9925, PF967.2)

N1alalala2alc~-Y13850,Y13852,Y13138, PH3340 (xY24219,Y24365)

N1alalala2alc1~-Y13850,Y13852,Y28540 CTS9108 (xY24219,Y24375)

Q1b1a3b1-BZ99 (xB30)
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Nenets,
Tundra Forest
6.8 % (36) 18.6 % (13)
45.8 % (243) 42%(3)
14.1 % (75) -

3.1% (16) -

10.7 % (57) -

18.8 % (100) -

- 77.2 % (54)

0.7 % (4) -
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Table 2. Distribution of Y-chromosome haplogroups among Tundra and Forest Nenets by clans
Clan Haplogroups
N1a2b1-B478, Nla2blbla~ N1a2b1b1b- N1a2b2al- Nlalalala2- Nlalalala2alc~ | Nlalalala2alcl~ Qlbla3b1- Total
735080, -B170 B172, VL97, 71936 -Y13850,Y13852, | -Y13850,Y13852, BZ99 (xB30) number
735081, (xZ35104) 735108 Y3185 (xL1034, Y13138, PH3340 | Y28540 CTS9108
735082, (xZ35049, CTS9925, (xY24219, (xY24219,Y24375)
735083, Z35070) PF967.2) Y24365)
735084
(xB169)
Ader - 6 - - 1 - - - 7
~440 years
(SD=172)
Agichev - - - - - - 1 - 1
Aivasedo 10 1 - - - - 1 - 12
~520 years
(SD =159)
Anagurichi - - - - - - - 3 3
Vanuito - - 58 - - - - - 58
~110 years
(SD=19)
Vora - - - - 2 - -
Vylkoo 4 - - - - - - - 4
Vello - 6 2 - - - - -
~460 years
(SD =164)
Vengo - 1 1 5 - - - - 7
Veho - - - 1 - - - - 1
Evay Yavay - 7 - - - - - - 7
~420 years
(SD=135)
Lapsui - 55 - - - 2 - - 57
~310 years
(SD =140)
Laptander - - - - 31 - - - 31
~110 yearst
(SD=41)
Ledkov - - - - 1 - - - 1
Marik 6 - - - - - - - 6
~230 years
(SD=115)
Nenyang - 4 - - - - - - 4
Nerkagi - - - - - 10 - - 10
~280 years
(SD=117)
Nyach 8 1 - - - 1 - - 10
~400 years
(SD =210)
Okovay 2 - - - - - - - 2
Okotetto - 4 1 - - - - - 5
Puyko - - 4 - - - - - 4
Purungui - - - - - - - 5
~140 years
(SD=74)
Pyryrko 1 - - - - - - - 1
Pyak - - - - - - 52 - 52
~560 years
(SD =183)
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Table 2 (end)
Clan Haplogroups
N1a2b1-B478, Nla2blbla~ N1a2blblb- N1a2b2al- | N1alalala2- | Nlalalala2alc~ Nlalalala2alcl~ | Qlb1a3b1- Total
735080, -B170 B172, VL97, 71936 -Y13850,Y13852, | -Y13850,Y13852, BZ99 (xB30) | number
735081, (xZ35104) 735108 Y3185 (xL1034, Y13138, PH3340 | Y28540 CTS9108
735082, (xZ35049, CTS9925, (xY24219, (xY24219, Y24375)
735083, 735070) PF967.2) Y24365)
735084
(xB169)
Salinder - - - - - 56 - - 56
~600 years
(SD =230)
Segoy - 6 - - - - - - 6
~450 years
(SD=189)
Susoi - 7 - - - - - - 7
~80 years
(SD =45)
Serotetto - 6 - - - - - - 6
~110 years
(SD =84)
S e e e S S S S
Tadbe -2 - e e
T S
Taleev ‘ 2 ‘ - ‘ - ‘ - ‘ 2 ‘ - ‘ - ‘ - ‘ 4
T T T e O B
Tibichi - 3 - - - 14 - - 17
(SD=71)
Togoy - A= -3 e
Togoba - - - e e
Teddo |- - - e e e
Tesida - 21 - - - - - - 21
~70 years
(SD=41)
L e e S S A
Khudi 1 8 - - - - - - 9
~90 years
(SD =48)
L e e e S S S F R
Yadne - 53 - 1 - 2 - - 56
~160 yearst
(SD =85)
Yando — 19 - - - - - - 19
~180 years
(SD =86)
Yaptik 3 1 - ‘ - ‘ - - - ‘ - ‘ 4
Yaptunay - 25 - - - - - - 25
~230 years
(SD=92)
Yar - 11 2 13 17 6 - - 49
~160 years ~520 years ~581 years ~33 years
(SD =94) (SD=111)  (SD=240) (SD =35)
Yaungat - - 1 - - - - - 1
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Segoi, Susoi, Serotetto, Tesida, Khudi, Yadne, Yando, Yaptunai
(Table 2). Its age, estimated by us based on YSTR markers,
is ~500 years (SD = 111). The age of this lineage, according
to YSNP sequencing data from whole-genome data of Nenets
samples, is ~1,030 years; in earlier studies, it was determined
as ~1,650 years (Ilumée et al., 2016). This haplogroup was also
found in several men of the Vello clan, belonging to the Forest
Nenets, which is not formally part of the Kharyuchi phratry.
Another clan that is not part of this phratry, but belongs to this
sublineage is Yar (part of the Vanuito phratry).

The median network N1a2blbla-B170, which includes men
of the Kharyuchi phratry, has a typical star-shaped structure,
with a clearly distinguished central haplotype, from which
all the others originate. The inclusion of almost all clans
of the phratry in this haplogroup confirms the theory of the
community and unity of origin of the Tundra Nenets from a
common male ancestor along the paternal lines. The age of
this haplogroup, estimated by SNP markers (~1,030 years)
does not quite coincide with the approximate time of the main
migration of the Samoyedic tribes from the territory of the
Kulai culture to the far North (Peoples of West Siberia, 2005).
Their migration began in the 3rd-2nd centuries BC, and the
common ancestor of all men of the Kharyuchi phratry along
the male line was formed about a thousand years ago.

The age calculation of the Nenets clans that belong to this
haplogroup according to YSTR is given in Table 2. The time
of the common ancestor for each individual clan approxi-
mately coincides with the data of ethnographers. The Ader clan
(~440 years) is one of the most ancient clans among the Nenets
of the Kharyuchi phratry, and the ancestors of this clan were
among the first to develop the territory to the east of Yamal.
It was first recorded in the yasak book of 1695 (Kvashnin,
2001). The Lapsui clan (~310 years) separated from the third
Kharyuchi wave in the mid-19th century, and the Susoi clan
(~80 years), in turn, separated from the Okotetto clan in the
1920s (Kvashnin, 2001). The age of the second largest Yadne
clan is ~160 years. The Figures 1 and 2 show the median
networks of the clans with the largest number of men: Lapsui
N =55 (Fig. 1) and Yadne N = 53 (Fig. 2).

Haplogroup N1a2b1b1b-B172, Z35108. Another parallel
line, N1a2b1-B172, is characteristic of the Vanuito phratry of
the Tundra Nenets. Its carriers belong to the Vanuito, Vello,
Purunguy, Puiko, Yar and Yaungat clans. The formation
time of this more ancient Nenets branch according to YSNP
is ~1,420 years. The age of these clans is also indicated in
Table 2. The total age of the Purunguy, Puiko, Vello and Yar
clans is ~240 years (SD = 71). Just like for the Kharyuchi
phratry, the age of these clans coincides with the time of their
origin. These clans were first recorded in the materials of the
Surgut Church in 1880, and the Vello clan, in 1860 (Kvash-
nin, 2001). This lineage, present in the Nenets, was inherited
by them from the Khanty ancestors in the male line. Almost
each of these Nenets clans is characterized by the complete
dominance of a specific subbranch N1a2b1b1b-B172, 235108
with terminal SNPs and with a specific haplotype spectrum
emphasizing the recent founder effect. In the north, the Khanty
came into contact with the Nenets, some of them were as-
similated by them, which is confirmed by ethnographic data,
as well as our study of the clan structure of the Gydan Nenets
using Y-chromosome markers (Kharkov et al., 2021).
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Fig. 1. Median network of YSTR haplotypes of haplogroup
N1a2b1b1a-B170 in the Lapsui clan.

Fig. 2. Median network of YSTR haplotypes of haplogroup
N1a2b1b1a-B170 in the Yadne clan.

The median network of this haplogroup (Fig. 3) has a
clearly visible predominant haplotype, but the network itself
consists of two clusters and, unlike the median network of
the Kharyuchi phratry, is more fragmented. This difference
between the two phratries is easily explained by the origin
of these phratries. Vanuito developed on a local aboriginal
substrate and also includes clans of Enets and Khanty origin,
unlike Kharyuchi, who are carriers of the South Siberian
Samoyed component (Prokofiev, 1940). The high frequency
of this main haplotype of the median network in many men
proves the strong demographic growth of these clans over
the past two hundred years with a several-fold increase in the
number of sons from generation to generation.

Haplogroup N1a2b1-B478, 7235080, Z35081, 235082,
735083, 735084 (xB169). This line is specific to the Enets
clans that became part of the Nenets. It is included in the Tun-
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Fig. 3. Median network of YSTR haplotypes of haplogroup
N1a2b1b1a-B170 in the Vanuito, Purungui, Yar, Puiko, Wello, Okotetto
and Yaungat clans.

The genus Vanuito is shown in lilac, the genus Purungui in dark green, the
genus Yar in light green, the genus Puiko in blue, the genus Wello in white, the
genus Okotetto in red, and the genus Yaungat in yellow.

dra and Forest Nenets with a frequency of 6.8 % and 18.6 %,
respectively (Table 1). In particular, N1a2b1-B478 was found
in the Maryik, Nyach, Okovai and Ter clans — Enets clans that
became part of the Tundra Nenets. This haplogroup is also
present in the Forest Nenets clans Ayvasedo, Nyach and Ter,
which are a branch of the Enets clan Muggadi and belong to
the Vanuito phratry. The total age of haplogroup N1a2b1-B478
according to YSTR was ~680 years (SD = 202), according to
Y SNP data of their complete genomes, it is much older than
other haplogroups of the Nenets — ~3,430 years.

The YSTR data apparently determine the age of their
separation from a common ancestor in the male line. The
SNP data determine the time of occurrence of these mutations
several thousand years before the demographic growth of
the Samoyedic peoples in the tundra territory. In the median
network constructed for these clans (Fig. 4), one can notice
the absence of a dominant haplotype, as was typical for the
Kharyuchi and Vanuito phratry. The demographic growth of
the clans belonging to this haplogroup from generation to
generation is much smaller, compared to other clans of the
Kharyuchi and Vanuito phratry. Most likely, this was due
to military clashes between the Enets and Nenets, the small
number of descendants of the Enets clans, and their mortality
from infectious diseases.

The division of this median network into small clusters
may indicate heterogeneity of the origin of the Forest Nenets

The Forest and Tundra Nenets:
differences in Y-chromosome haplogroups

Fig. 4. Median network of YSTR haplotypes of haplogroup N1a2b1-B478.

The Aivasedo genus is shown in light blue, the Nyach genus in dark green,
the Vylko genus in light green, the Syadai genus in blue, the Taleev genus in
pink, the Maryik genus in light blue, the Yaptik genus in red, the Okovai genus
in yellow, the Khudi genus in brown, the Hardyu genus in black, the Pyryrko
genus in grey, and the Heno genus in white.

group. For example, the Aivasedo clan was formed by inclu-
ding components of the Tundra Nenets (the Chor clan) during
their interaction with the Forest Enets (Vasiliev, 1973). The
origin of the Nyach clan is still debated among ethnographers
(Verbov, 1939; Dolgikh, 1960). According to the first version,
this clan is one of the fundamental clans of the Forest Nenets
of unknown origin, according to another version, it is a clan
not of the Forest, but of the Tundra Nenets, which is known in
the tundra under the name Nyats. All these Enets clans were
assimilated by the Nenets and became part of the Vanuito
phratry and the Forest Nenets. They are descendants of the
local indigenous population of these territories, belonging
to the Samoyedic group of languages, who mastered these
areas long before the arrival of the Kharyuchi phratry, who
are descendants of the later second wave of Samoyeds from
Southern Siberia (Vasiliev 1975).

Haplogroup Nlalalala2alcl~-Y13850, Y13852,
Y28540 CTS9108 (xY24219,Y24375). This haplogroup is
completely dominant among the Forest Nenets, to which all
men of the Pyak clan belong (Fig. 5). According to YSNP data,
in comparison with the calculation of a common ancestor ac-
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Fig. 5. Median network of YSTR haplotypes of haplogroup N1alalala2alc1~-Y13850 of the Pyak clan.

cording to YSTR (~560 years), its age turned out to be much
more ancient —~2,680 years. There is no clearly distinguish-
able dominant haplotype in the median network. The Pyak
clan is one of the oldest clans, first mentioned in 1627, which
consists of many divisions (Vasiliev, 1973). This haplogroup
was not found among the Tundra Nenets.

Haplogroup Nlalalala2alce~Y13850,Y13852,Y13138,
PH3340 (xY24219,Y24365). This haplogroup is sister to
the haplogroup of the Pyak clan. Its age according to YSTR
is ~1,405 years (SD = 374). It is found in the clans of the
Tundra Nenets Salinder, Tibichi, Nerkagi, Taiberi, Vora, Yar,
Lar, Togoy, Lapsui.

Haplogroup N1a2b2al-VL97, Y3185 (xZ35049,Z35070).
This is a clade of the European branch of N1a2b, which was
possibly inherited by the Forest Nenets from the Khanty or
Komi. A description of this line is given in our article on the
Khanty (Kharkov, 2023). It is present in the Yar and Vengo
clans with a low frequency. The total age of this haplogroup
in the Nenets was ~1,110 years (SD = 185).

Each of the above-mentioned clans is characterized by the
presence of a dominant haplotype, as well as a pronounced
genetic proximity to individuals belonging to it, which indi-
cates a founder effect for each individual clan and a biologi-
cal relationship of men of each clan along the male line. All
samples belonging to different sublineages have a pronounced
founder effect. They are characterized by a star-shaped phy-
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logeny of median networks, forming separate groups by clans.
Their male ancestors separated from the southern Siberian
populations quite a long time ago and went north into the
tundra territory.

The results of genetic analysis prove that all Nenets clans
are, first of all, a union of relatives on the paternal line. These
data indicate a close relationship between all clans belon-
ging to one of the phratries. With isolated exceptions, each
phratry has its own specific cluster of haplotypes, equidistant
from each other. Most clans of Forest and Tundra Nenets are
characterized by the complete dominance of one haplogroup
with a specific spectrum of haplotypes, emphasizing the recent
founder effect. Two Nenets phratries differ significantly in the
genetic structure of clans by Y-chromosome markers, which
confirms their formation on the basis of different ancestral
components from the autochthonous and migrant popula-
tion. All samples belonging to different sublineages show a
pronounced founder effect.

The fundamental differences between the Forest and
Tundra Nenets in Y-chromosome haplogroups are shown.
Three ethnic groups took part in the ethnogenesis of the
Nenets: the Samoyedic group, the local aboriginal group,
and clans of Khanty origin. As a result of their interaction,
according to B.O. Dolgikh (1960), two phratries of the Nenets
were formed. One goes back to the Samoyeds (Kharyuchi),
and the other to the aborigines (Vanuito). Our results on the
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distribution of various Y-chromosome haplogroups in the
Nenets clans are completely consistent with these data. The
clan structure of the Forest and Tundra Nenets within their
subpopulations was revealed.

Conclusion

The Nenets clans of Khanty and Enets origin are completely
different from each other and from the Samoyedic Kharyuchi
phratry by Y-chromosome haplogroup composition. The age of
YSTR haplotypes for Y-chromosome haplogroups coincides
with the beginning of the demographic growth of mixed
populations. The data obtained in this work supplement the
information on the differences between Forest and Tundra
Nenets. They are in good agreement with the accumulated
body of knowledge from other disciplines studying Siberian
populations: linguistics, areology, anthropology. This makes it
possible to describe in more detail the history of the formation
of the gene pool of Forest and Tundra Nenets. In the course
of the work, an expanded set of YSTR markers was selected
and used, which made it possible to move to a fundamentally
new level of detail in the molecular phylogenetic structure of
haplogroups and differentiation of samples.
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Abstract. Occupying a fairly extensive territory within the East European Plain, representatives of the Chernyakhov
culture interacted with many synchronous tribes of other cultures inhabiting neighbouring regions. The question of
a possible Proto-Slavic component in the population of the Chernyakhov culture is a subject of many years of discus-
sion, but there is still no evidence for the genetic contribution of representatives of this culture to the gene pool of
the Slavs in the subsequent historical period. In this study, we present the results of the craniological and genetic
analysis of an individual from the Krynichki burial ground, presumably belonging to the Slavic part of the population
of the Chernyakhov culture. A craniometric comparative analysis was conducted for several series of skulls of the East
Slavs and representatives of the Chernyakhov culture. The comparison of intragroup variability in the groups of the
two cultures showed marked differences between them in the first three principal components. At the same time,
the East Slavic and Chernyakhov cultures have similar levels of craniological variability. Differences between female
specimens are not so pronounced as those of males’ Based on the analysis of whole-genome sequencing data, the
individual from the Krynichki was identified as being a female. The complete sequence of mitochondrial DNA, which
belongs to the haplogroup H5a1a1, was reconstructed. For this mitochondrial lineage, a phylogenetic relationship
was revealed with eight specimens from publicly available genomic databases, five of which belong to representa-
tives of the present-day West and East Slavic populations. Furthermore, we revealed a mitochondrial sequence iden-
tical to that from our previous research on an individual from a medieval burial site located in the modern Vologda
region, which is thought to have Slavic ancestry. The complete match between the medieval individual’s mtDNA
sequence and that of a representative of the Chernyakhov culture points to their likely maternal ancestry. Thus, a pos-
sible continuity between representatives of the Chernyakhov culture (3rd century AD) and the population of Ancient
Rus’ (the second half of the 12th—early 13th centuries AD) has for the first time been shown, as genomic data suggest.
Key words: Chernyakhov culture; Slavs; ancient DNA; mitochondrial DNA; H5ala1; craniology; phylogeographic
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AHHOTaUuA. 3aHMas JOBOJIbHO OOLIMPHYIO TeppUTOPULO B Npeaenax Pycckol paBHMHBI, MPeACcTaBUTENN YEPHAXOB-
CKOW KyNnbTypbl B3aUMOAENCTBOBASIM CO MHOTUMW CUHXPOHHBIMY NMIeMeHaMu, NPUYHAANeXaWUMn K 4pYyrum KynbTyp-
HbIM rpynnam 1 HacenABLUNMY CMeXHble pPervoHbl. NpeaMeToM MHOTONETHUX ANCKYCCUI ABNAETCA BONPOC O BO3MOX-
HOM MPUCYTCTBUN MPOTOC/IABAHCKOrO KOMMOHEHTa B CTPYKTYpPe HaceNeHNA YePHAXOBCKOM KyNbTypbl, Of4HAKO [0 CUX
nop OTCYTCTBYET AoKa3aTesibHasA 6a3a reHeTMYeCcKkoro BKfaga npeacTaBuTeneil AaHHOW KynbTypbl B reHOGOHA caBAH
B MocsefyloLemMm ncTopnuyeckom nepuoge. B ctatbe npeacrasieHbl pesynbraTbl KPaHNOMOMMYECKOrO 1 FeHeTUYeCKo-
ro aHanM3a MHAUBUAA 13 MOTUIbHUKA KPpUHUYKKM, NPefnonoXnTenbHO, OTHOCALLEroCA K CIAaBAHCKOW YacTy Hacene-
HUA YePHAXOBCKOW KynbTypbl. [poBefieH KpaHOMETPUYECKU CPaBHUTENbHBIA aHaNn3 HECKONbKUX CEPUIA YepenoB
BOCTOYHbIX C/TAaBAH 1 NpeAcTaBUTENen YepHAXOBCKON KynbTypbl. CONocTaBneHne BHyTPUIpynnoBor U3MEHUYNBOCTA B
rpynnax AByX KynbTyp MoKa3ano 3ameTHble Pa3nnyma Mexay HAMU Mo TPeM NepBbiM FMaBHbIM KOMMOHeHTaM. B To xe
BpeMA AMana3oH KPaHOornyeckom N3MeHUYNBOCTN BOCTOUHbIX CNTaBAH U HOCUTENEN YePHAXOBCKOW KyNbTypbl COMO-
cTaBMM. Pa3nnumsa B XXeHCKMX BbIOOPKax He Tak pe3Ko Bblpa)eHbl, Kak B My>XCK/X. Ha OCHOBe aHann3a faHHbIX NOSIHO-
reHOMHOrO CeKBEHMPOBaHWA OMpeaesieH XeHCKUIA Non ncciefyemoro nHAMBMAa. PeKOHCTpyrpoBaHa nonHas nocne-
foBaTeNbHOCTb MuToXoHApuanbHon [HK, KoTopasa oTHocuTcA K rannorpynne H5alal. lna 3To MUTOXOHAPUaNbHOM
NNHWK BbiABNIEHa dUNOreHeTMYeCKas CBA3b C BOCEMbIo 06pa3sLamu, HageHHbIMU B OTKPbITbIX 6a3ax AaHHbIX FeHOMHbIX
nocnefoBaTenbHOCTEN, NATb U3 KOTOPbIX OTHOCATCA K NPeACTaBUTENAM COBPEMEHHbIX 3anafjHO- Y BOCTOYHOCIAaBAH-
cKux nonynAumin. bonee Toro, obHapyeHa NAEHTUYHAA MUTOXOHAPWaNbHaA NOCeA0BaTeNIbHOCTb, MPUHaAIexallas
NCCNefoBaHHOMY HaMy paHee UHAVBUAY U3 CPeAHEBEKOBOro MOTW/IbHMKA Ha TeppuTtopun coBpemeHHon Bonorog-
CKoW 0651acTyi, A4Sl KOTOPOro PacCMaTPVBAETCA CNABAHCKOE NMPOUCXOXAeHMWe. [onHoe coBnaieHne nocnefoBaTenb-
HocTu MTAHK npeactaBuTens YepHAXOBCKOW KyNbTypbl U 3TOrO CpeAHEBEKOBOro MHAMBUAA NpeanonaraeT nx BeposT-
HO€e POLCTBO MO MaTEPUHCKOW NIMHMK. Takum 06pa3om, BNepBble Ha OCHOBE MEHOMHbIX [aHHbIX MOKa3aHa BO3MOXHas
NpeeMCcTBEHHOCTb MeXKAY HEKOTOPbIMU NPpefCcTaBUTeNnAMr YepHaxoBckon KynbTypbl (Il B. H.3.) n HaceneHna [ipeBHen
Pycu (BTopas nonosuHa Xll-Hauano XllI BB.).

KnioueBbie crioBa: YepHAXOBCKaA KynbTypa; cnaBaHe; apeBHAa JHK; mutoxonapuanbHaa [HK; H5ala1; kpaHmnonorus;
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Introduction
A new cultural entity, known as the Chernyakhov culture, arose
at the end of the Roman era in the territories of the Northern
Black Sea Region and the upper reaches of the Dniester-West-
ern Bug rivers (Magomedov, 2001). The multi-ethnic origin
of'this group is currently the prevailing theory among experts
(Sedov, 1979; Magomedov, 2001; Zinkovskaya, Kolesnikova,
2020). Nonetheless, it remains ambiguous which “barbar-
ian” tribes formed the basis of the Chernyakhov culture, and
which ones exerted influence subsequent to its final formation
(Shchukin, 2005). Archaeologists examine the existence of a
Slavic or Proto-Slavic element in its composition, the carriers
of which thereafter developed the areas previously occupied by
the representatives of the Chernyakhov culture (Sedov, 1979;
Shchukin, 1997; Terpilovsky, 2000). The presence of Early
Slavic cultural components can be seen in the Chernyakhov
settlements in the Middle Dniester region (Lyapushkin, 1968;
Rickman, 1975; Vinokur, 2002); however, pinpointing the
purported Proto-Slavic component is a challenging objective
when relying solely on archaeological and anthropological
approaches (Terpilovsky, 2000; Magomedov, 2001).
Krynichki is a burial site located in the Middle Dniester,
specifically in the Balti district of the Odessa region. As an
archaeological site, it has been known since the end of the
19th century, but it began to be considered as a site of the
Chernyakhov culture in the 20th century (Gamchenko, 1911;
Symonovich, 1960). The existence of the Chernyakhov culture
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in the 3rd-4th centuries AD was verified by the artefacts found
during the 1957—-1958 excavations at this location carried out
by the South Russian Expedition of the IIMK of the USSR
Academy of Sciences. During the works on the Labushna
Posad gully, a single-layer settlement and burial ground dated
to the 3rd-4th centuries AD were discovered (Symonovich,
1960). There were only indications of inhumation in the burial.
This characteristic distinctly differentiates this burial from the
sites of the Chernyakhov culture, which are characterised by
varying proportions of both inhumation and cremation rites
(Nikitina, 1985). Furthermore, the grave was positioned sepa-
rately from the others, which cannot be explained by family
ties or belonging to a particular social group (Symonovich,
1960). In the burial site, only three of the five found skeleton
remains burial site were quite well preserved, allowing for
their anthropological and genetic investigations.

A young girl individual from Burial 4 was studied in this
research. The skeleton was found in an oval-shaped grave,
lying on its back in an extended position, with the head orien-
tated northeast. The burial contained two garter-style bronze
crossbow fibulae, glass beads, a multi-part bone comb secured
with bronze nails, and a cylindrical clay spindle adorned with a
circular pattern on its sides. Also in the burial at the left elbow
was a bronze staff-like pin, which apparently served to attach
the ribbon to the braid (Nikitina, 2008). The aforementioned
inventory is typical of female graves. It is significant that the
habit of embellishing the braid with a ribbon was prevalent
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among East Slavic women up to the 19th-20th centuries (Chis-
tov, 1987). This trait may be thought as indirect indication
of the buried female’s relationship to the Slavic community.

Complex genetic research of the Chernyakhov culture re-
presentatives, together with anthropological data, can aid in
estimating their potential genetic contribution to the forma-
tion of Slavic populations. Previously, mitochondrial genome
analysis has proved its effectiveness to obtain information
about historical processes, particularly migratory occurrences
(Andreeva et al., 2024), as well as to assess the kinship be-
tween individuals (Andreeva et al., 2023a) and the probable
origins of the studied people (Andreeva et al., 2023b).

The purpose of this study was to conduct a comprehensive
analysis of the presence of the Slavic component in Chernya-
khov culture representatives using paleoanthropological and
genetic data.

Materials and methods

The skulls of 153 Chernyakhov culture representatives from
the funds of the Research Institute and Museum of Anthropol-
ogy of Lomonosov Moscow State University were measured
and analysed; for comparative analysis by statistics methods,
several craniological series of East Slavs (229 skulls) were
also studied (Table 1). A part of the studied materials included
in the analysis overlapped geographically. This is because the
Slavic tribes inhabited far more territory than the Chernya-
khov groups.

Eight measurements of the facial section of the skull (Alek-
seev, Debets, 1964) were used in the analysis: mean facial
width (46 Mar.), upper facial height (48 Mar.), orbital width
(51 Mar.), orbital height (52 Mar.), nasal width (54 Mar.),
subspinale height above the zygomaxillary chord, simotic
width (SC Biom.) and height (SS Biom.). By World PCA
software and the set of additional analytical techniques based
on it, craniometric data were statistically analysed using the
principal component (PC) approach (for a thorough descrip-
tion, see (Evteev et al., 2021)).

A fragment of the petrous part of temporal bone of museum
specimen No. 10917 (Fig. 1a) was used for genetic research. It
belongs to a juvenile individual from grave 4 of the archaeo-
logical site of Krynichki (Fig. 15). This burial site dates back
to 230-270 AD (Nikitina, 2008).

Ancient DNA was extracted from the cochlea specimen
weighing 0.236 grams. The DNA extraction was carried out in
sterile rooms of the Sirius University of Science and Techno-
logy in accordance with the previously published methodology
(Andreeva et al., 2022). The sample of DNA was assigned
the number AB93.

The DNA quality was evaluated using an Agilent Bioana-
lyzer 2100 using a High Sensitivity DNA chip kit (“Agilent”).
The ancient DNA was used to create a genomic library
(Gansauge et al., 2017), which was then sequenced on the
[llumina HiSeq 2500 platform using single-end reads.

The bioinformatics analysis of the sequencing data involved
multiple stages. AdapterRemoval v2 (Schubert et al., 2016)
was used to remove adapter sequences. The nucleotide se-
quences with a length greater than 30 nucleotides were aligned
to the reference genomes rCRS/NC_012920.1 (mitochondrial
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genome) (Anderson et al., 1981) and hg19/GRCh37 (human
reference genome) using the BWA tool (Li, Durbin, 2009).
MapDamage v.2.2.1 (Jonsson et al., 2013) was used to validate
the authenticity of ancient DNA by analysing the frequency
of C—T substitutions at the ends of reads. Contamination
was evaluated using the Schmutzi software (Renaud et al.,
2015). To identify the genetic sex of the sample, the ratios of
the average number of reads covering sex chromosomes (X
and Y separately) to the number of reads covering autosomal
ones were calculated.

Reads with a mapping quality score greater than 20 were
used to reconstruct the mitochondrial sequence (mtDNA). The
genetic variations were determined by the BCFtools program
(Danecek et al., 2021). Additionally, quality filtering was ap-
plied to the genotypes (QUAL > 30), as well as normalisation
of the identified insertions and deletions. The nucleotide varia-
tions found in mitochondrial DNA were verified using the IGV
(integrative genomics viewer) tool (Robinson et al., 2011).

Mitochondrial haplogroup determination of AB93 was per-
formed using Haplogrep3 (Schonherr et al., 2023), based on
Phylotree build 17 (Van Oven, 2015). The Yfull MTree 1.02
database (https://www.yfull.com/mtree/) was used for vali-
dation.

The search for the mtDNA sequences of both present-day
and ancient individuals that had the highest similarity to the
AB93 sample was conducted using public databases such as
NCBI (https://www.ncbi.nlm.nih.gov/nuccore), Allen An-
cient DNA Resource (AADR) (Mallick et al., 2024), Yfull
MTree 1.02 (https://www.yfull.com/mtree/), and AmtDB
(Ehler et al., 2019). The BLAST service (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) was used to search and select sequences
in the NCBI database. The search conditions were set to 100 %
Query coverage and a Percent Identity of at least 99.98 %.

The phylogeographic analysis was carried out using the
maximum likelihood method in the mtPhyl program (Eltsov,
Volodko, 2016). The major clade was constructed by grouping
samples with the fewest number of nucleotide substitutions,
taking into consideration the whole mitochondrial sequence.
For samples from the ancestral haplogroup poly-C tracts,
tandem repeat sections 522524 and 573-576, and nucleotide
position 16519 (a so-called “hot spot”) were excluded from
the analysis.

Results

At the first stage, several craniological series of East Slavic
and Chernyakhov culture skulls were examined. On the basis
of Chernyakhov male skulls, it was found that the first two
principal components (PC1 and PC2) account for 47.5 % of
the variability, while the first four ones account for 78.5 %.
Therefore, the first two components show notable variance
(Fig. 2). Individuals with high PC1 values have increased
face height and width and facial profile and, to a lesser extent,
increased eye socket height and nose width. Individuals with
high PC2 values are characterised by a decrease in facial
width combined with an increase in the size of the back of the
nose. In general, the analysed groupings do not form clearly
defined clusters. Nevertheless, the calculation of intragroup
average pairwise Euclidean distances by PC1—4 values (SPER)
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No.

—_
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Series title

Geographic location
of the burial site

Number of skulls

male

Craniological samples of representatives of the Chernyakhov culture (153 ind.)

Baev
Budesti
Viktorovka
Gavrilovka
Gorodok
Danilova balka
Derevyannaya
Zhuravka
Koblevo
Krivchany
Krynichki
Malaeshty
Mikhailovka
Ranzhevoe
Ridkoduby
Romashki
Ruzhichanka
Sabodash
Furmanovka
Chernyakhov
Chistilov

Volyn region
Dubossari region
Nikolaev region
Kherson region
Rivne region
Kirovograd region
Kiev region
Cherkassy region
Mykolaiv region
Khmelnitsky region
Odessa region
Dniester

Kherson region
Odessa region
Khmelnitsky region
Kiev region
Khmelnitsky region
Cherkasy region
Odessa region

Kiev region
Ternopil region

Total

Craniological samples of East Slavs (229 ind.)

Novgorod barrows (Kotorsk lll, Udrai Il, Udrai IV,
Retenskoe ozero, Logoveshche, Konezer'e, Slavenka,
Ozertitsy and Khreple)

Kostroma group of barrows
(Ples, Gorodok, Novoselki)

Groups of barrows in the basin of the middle reach
of the Moscow River (Il'inskoe, Kosino, Spas-Tushino,
Lepeshki)

Groups of barrows in the area of the Smolensk reach
of the Dnieper River (Volochek, Seltso, Varnavino,
Selishche, Staraya Rudnya, Ivanovichi)

A series of the Vladimir-Ryazan-Nizhegorod town groups
of barrows (Ziminki, Murom, Popovskaya, Gorodishche,
Terekhovo)

Chernigov group of barrows
(Gushchino, Bakhmach, Stol'noe, Shestovitsy)

Pereyaslavl group of barrows
(Pereyaslav-Khmel'nitskii, Medvezh'e, Lipovoe)

Groups of barrows in the middle reach of the Desna River
(Gochevo, Aleksandrovka, Krasnoe, Golubitsa,
Setnyi khutor)

nonynaAuUMOHHAA TEHETUKA YENTOBEKA / HUMAN POPULATION GENETICS

Novgorod region,
according to (Sankina, 2012)

Kostroma region,
according to (Alexeyeva, 1966)

Moscow region,
according to (Alexeyeva, 1966)

Smolensk region,
according to (Alexeyeva, 1966)

Vladimir, Ryazan,
Nizhny Novgorod regions,
according to (Alexeyeva, 1966)

Chernigov region,
according to (Alexeyeva, 1966)

Poltava region,
according to (Alexeyeva, 1966)

Kursk and Chernigov regions,
according to (Alexeyeva, 1966)

Total

32

w NN

91

48

27

22

32

170

female

62

28

21

59
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Fig. 1. Anthropological material used for genetic analysis.

Mitogenomic analysis of a Chernyakhov individual

and his genetic association with the Slavs

a - the petrous part of right temporal bone of female individual (museum No. 10917); b — scheme of burial 4 from the

burial site in the settlement of Krynichki (Symonovich, 1960).

showed that the samples from Budesti and Chernyakhov (left
bank of the Dniester River, present-day Dubossari district, and
present-day Kiev region, Obukhov district, respectively) are
the most homogeneous (SPER < 2.7), while the series from
Gavrilovka (present-day Kherson region) is significantly more
heterogeneous (SPER <4.5).

In the study of female skulls, the first two principal compo-
nents explain 46 % of the overall variability, whereas the first
four explain 73.7 %. The morphological meaning of PC1 is
completely consistent with that of the male skulls: individuals
with high values of this component have increased facial size,
eye socket and nose width, as well as enhanced horizontal
profiling. PC2 has a similar connotation in general, describing
arise in the size of the nasal bones. Thus, the basic tendencies

of morphological diversity of the facial region of the skull in
the male and female sections of the combined series of the
Chernyakhov culture are similar (Fig. 2).

Additionally, principal component analysis was applied to
the representatives of the East Slavs and the Chernyakhov cul-
ture. This analysis revealed substantial discrepancies between
them for the first three PCs (Fig. 3). According to the Kaiser
criterion (Deryabin, 2008), the first three principal components
can be considered significant, as well as conditionally the
fourth (eigenvalue 0.97). At the same time, East Slavs and
individuals of the Chernyakhov culture have a similar range
of overall craniological diversity (intragroup SPER —3.18 and
3.07, respectively). Some local male series of skulls (Budeshti
and Chernyakhov) overlap with East Slavic groupings (Smo-

Male groups Female groups
° ® Assembled gr. °
3| ©® Budesti
[ . ® Gavrilovka °
[ e Zhuravka
. Lo ° d ° °
. [ ° =. ° e " °
° (5 .. F ° 1 Qo had
° ® X
3 0 ©° .‘ 3% . ° . o, ° -
L4 0 (
° )
. L 4 e & <%°° ° o ©Budesti ° ° z“( o9 o
° - .® ) ® Assembled gr. [ ] ot ®
° oY o ® Gavrilovka -1 ‘. o
Y - e Zhuravka ° g o
. N @ o Koblevo -2 ° [ ¢
° ° ° ® Mikhailovka °
o Chernyakhov -3}
-3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
PC1 PC1

Fig. 2. Location of the studied groups of the Chernyakhov culture in the space of PC1 and PC2.
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Fig. 3. Location of the studied male skulls in the space of four PCs (East Slavs and representatives of the Chernyakhov culture together).
The red lines in the figure restrict the cluster of East Slavs and Chernyakhov culture individuals with similar PC scores from the cluster of East Slavs with very

different scores.

0.20 |

Frequency

0.05

Nucleotide position

Fig. 4. Nucleotide substitution profile obtained using the mapDamage2 programme (Jonsson et al., 2013) for reads
mapped to the mitochondrial reference genome.

The red line indicates specific for ancient DNA C—T substitutions among the first 25 nucleotides from the 5’-end of the DNA

fragments.

lensk, Kostroma, and Vladimir-Ryazan-Nizhegorod regions).
The disparities in the generalised female series of skulls are
less pronounced than those observed in the male series.

The second stage was genetic analysis of AB93. The whole
mitochondrial DNA sequence of the Chernyakhov culture
representative was reconstructed. This individual presumably
has a Proto-Slavic component based on the archaeological
context.

According to the results of sequencing and primary bio-
informatic analysis, about 115.8 million short reads were
obtained, of which 51.5 % were mapped to the human refer-
ence genome. The higher frequency of C—T substitutions
observed throughout the entire length of the fragments (Fig. 4)
confirms that the AB93 sample belongs to ancient DNA. This

nonynaAuUMOHHAA TEHETUKA YENTOBEKA / HUMAN POPULATION GENETICS

specific DNA deamination deals with postmortem alterations
and marks DNA extracted from archaeological and anthro-
pological samples well. The ratio of the average number of
reads covering sex chromosomes (X and Y separately) to the
number of reads covering autosomal ones revealed that the
studied sample belonged to a female, which is consistent with
the archaeological context.

Mapping reads to the reference human mitochondrial
genome (NC_012920.1) resulted in the reconstruction of the
whole mitochondrial DNA sequence. The average coverage
was x48,32, which allowed us to identify the mitochondrial
haplogroup of AB93 and to conduct phylogeographic analysis.
The analysis of the AB93 mtDNA sequence revealed varia-
tions associated with haplogroup H5alal (Table 2).
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Table 2. Variants of single nucleotide substitutions, forming mitochondrial haplogroups

and detected in the mitochondrial sequence of AB93

Coordinate of the nucleotide position Reference variant —

on the rCRS mitochondrial reference genome

456 C-T
16304 T—-C
4336 T—C
15833 C—T
721 T—C
16483 G—A

variant detected in AB93

Haplogroup formed
by the detected substitutions

H5'36
H5
H5a
H5a1
H5a1a

H5alal

Table 3. Ancient samples with mitochondrial DNA belonging to haplogroup H5a1a

Sample name Dating Cultural background  Region, burial site Haplogroup*  Reference

AB93 230-270 AD Chernyakhov culture  Odessa region, H5ala This study
Krynichki burial ground

MH605032 (BM5) Early Bronze Age Thracian culture Bulgaria, H5ala Modi et al., 2019
Bereketska grave

DB37 Second half of 12th - Russian North Vologda region, H5ala Rozhdestvenskikh

beginning of 13th centuries AD Minino Il etal, 2024

PCA0044 100-300 AD Wielbark culture Poland, Kowalewko H5a1la Stolarek et al., 2023

PCA0403 11th-12th centuries AD - Poland, H5ala Stolarek et al., 2023
Lubusz Voivodeship,
Santok

* Haplogroup is indicated according to the PhyloTree consensus classification; samples not included in the phylogeographic analysis are marked in grey.

In addition to haplogroup-forming variations, the mtDNA
sequence of AB93 had an A-to-G substitution at position 93
located in hypervariable region 2 (HVR2). This variant does
not define a haplogroup and is a private variant of the AB93
sample.

Mitochondrial sequences of individuals from public data-
bases belonging to haplogroups H5ala and H5alal were used
for phylogeographic analysis. Additionally, mtDNA sequences
diverging by no more than three haplogroup-forming substi-
tutions were included in the analysis. Thus, the sequences
of 38 samples, including AB93, with geographic, ethnic, or
cultural affiliation were selected for phylogeographic analysis.
Of these, three sequences belonged to ancient individuals
(Table 3) and 35 were from present-day individuals.

Figure 5 shows a fragment of the reconstructed phylogeo-
graphic tree of the mitochondrial lineage H5ala. Five out of
the eight samples belong to representatives of present-day
Slavic populations and one is a previously studied individual
from a medieval burial site in the modern Vologda region.
This individual was dated to the latter half of the 12th to early
13th centuries AD and was identified as having Slavic origins
(Rozhdestvenskikh et al., 2024). The mitochondrial DNA
sequences of a Chernyakhov culture representative (AB93)

and a medieval individual (DB37) from the Minino II burial
site were found to be identical.

Discussion

The results of the anthropological analysis demonstrate that
the morphological variability of the Chernyakhov culture’s
individuals has a generally uniform character in the space of
principal components, with no pronounced clusters. At the
same time, the overall range of craniological variability is
significant and comparable to that in generalised craniological
series for the entire territory of the settlement of the medieval
East Slavs. This result indicates that the craniological series of
Chernyakhov representatives have heterogeneity, potentially
attributable to genetic factors.

The mitochondrial sequence of the studied individual of
the Chernyakhov culture belongs to haplogroup H5alal. This
lineage is part of the ancestral clade H5ala, which is prevalent
in present-day Slavic groups in Central and Eastern Europe
(Mielnik-Sikorska et al., 2013; Malyarchuk et al., 2017). It
was found in East Slavic populations (including Russians,
Ukrainians, and Belarusians) as well as among West Slavs
(Poles, Czechs, Slovaks, and Kashubians) (Mielnik-Sikorska
etal.,2013; Malyarchuk et al., 2017). Haplogroup H5ala has
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H5ala

HQ659693_Polish
JX128054_Poland, Kashubia
JX128074_Slovak
GQ983087_Nothern Italy

G16483A

H5ala1

A93G

315insC 515delAC

JX128051_Poland, AB93_Krynichki (230-270 AD)

Gdanisk Pomerania DB37_Russia, Vologda region,
Minino Il burial ground, (Xlll c.)

315insC

JQ703302_Finland
KT381969_Ukraine, Poltava

Fig. 5. Fragment of the phylogeographic tree constructed using the
mtPhyl program for mtDNA samples of the mitochondrial branch of
H5ala.

The studied sample is shown in red. The ancient individual highlighted in bold
italics. Present-day samples have an identifying number as well as geographic/
ethnic information. Haplogroups of the H5a1 lineage are indicated in blue. For
transitions, the position number and the substitution variant are indicated.
ins — insertion and its location in the genome; del - deletion and its location
in the genome.

the highest frequency (13.29 % of the entire sample) among
present-day Poles (https://www.familytreedna.com/).

All ancient individuals whose mitochondrial sequences
belong to haplogroup H5ala have been found in the territory
of Eastern Europe. The oldest bearer of this haplogroup dat-
ing back to the Early Bronze Age was found in present-day
Bulgaria, in the eastern part of the Balkan Peninsula (Thrace)
(Modi et al., 2019). In Poland, haplogroup H5ala was found
in a representative of the Wielbarka culture (100-300 AD)
(Stolarek et al., 2023), as well as in a medieval individual from
the Santok necropolis in western Poland. This necropolis is
assigned to the local Pomeranian people and dates back to the
11th—12th centuries AD (Stolarek et al., 2023). The hypothesis
has been proposed that the Wielbark civilisation was based on
the indigenous population of the Vistula and Western Bug river
basins, as well as Gothic tribes who migrated from southern
Scandinavia (Stolarek et al., 2023). Furthermore, the local
tribes are thought to represent Eastern Europe’s Proto-Slavic
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population (Grzesik, 2017). Significantly, an analysis of the
hypervariable regions of mitochondrial sequences demon-
strated the continuity of mitochondrial lineages in present-day
Poland, dating back at least to the Roman period. It was also
found that the local maternal lineages are part of the mito-
chondrial branch H5al (Juras et al., 2014).

We revealed that the mitochondrial DNA sequence of the
representative of the Chernyakhov culture from the Middle
Dniester exactly matches that of a medieval young man from
the Russian North (present-day Vologda region) (Rozhdest-
venskikh et al., 2024). It is important to note that, despite the
fact that this individual from the Russian North was buried in
a region primarily inhabited by local Finno-Ugric tribes, his
burial customs followed Christian practices (Archaeology...,
2007). Also, this period is characterised by active interaction
between Slavic and Finno-Ugric groups in the early stages of
the Ancient Rus’ state formation. Most likely, this young man
was a non-local Slavic representative (Rozhdestvenskikh et al.,
2024). The identity of the mitochondrial sequences suggests
a probable maternal relationship between these two indivi-
duals — a teenage girl from a burial in the south of Rus’ and a
young man from a northern burial ground. This allows us to
identify potential migration routes of the ancient population
within the East European Plain.

Conclusion

As a result, our craniological analysis shows that East Slavs
and Chernyakhov culture representatives share a similar range
of craniological diversity. Genetic analysis also reveals that
the mitochondrial lineage identified in the individual of the
Chernyakhov culture is characteristic of Slavic groups, both
present-day and ancient, who inhabited territories associated
with the probable origin and settlement of the Slavs. In this
regard, we can assume the presence of a genetic connection of
the maternal lineage between representatives of the Chernya-
khov culture and the ancient population of Eastern Europe,
on the basis of which the Slavic community was formed.
However, it should be noted that the data on the genetic con-
nection between representatives of the Chernyakhov culture
and the Slavs that we obtained for the first time on the basis
of mitochondrial genomes require further confirmation using
additional genetic markers and anthropological material.
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