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K 40-netuto HayuyHo-1CC/IegOoBaTe/IbCKOro MHCTUTYTA
MeOULIMHCKONM reHeTKM TOMCKOro Hal[MMIOHAJIbHOT'O
CCIeoBaTe/IbCKOT0 MeAUIIMHCKOrIO IIeHTpa

Poccuiickon akageMum HayK

BakaeMble YUTaTeN!
[Ipennaraem BarieMy BHUMaHHUIO BBIITYCK, HOCBSIICH-

bl 40-neturo HayuyHo-ucciienoBaTesibCKOro MHCTH-
TyTa MEUIIMHCKON reHeTUKU TOMCKOTO HaIlMOHAIBHOTO HC-
CJIeI0BAaTEIbCKOI0 MEJUIIMHCKOTO LeHTpa Poccuiickoil aka-
neMuM Hayk. Ha cTpanuiiax Tekyliero Homepa — CTaThbH,
MOJITOTOBJICHHBIE COTPYIHUKAMU MHCTUTYTA U UX KOJUIETaMHU
10 MarepuaiaMm JOKJIanoB, mpo3BydaBmux Ha XIII Hayu-

—

"
N

HOH koHpepeHUHH «['eHEeTHKa YeloBeKa M MaTOJIOIUs,
TTOCBSIIIICHHOH F00MIIeI0 HHCTUTYTA, TIPOBEICHHON B ToMCKe
20-22 Hostops 2022 1.

Hctopus uncturyra Hadanace 6 utons 1982 r. B atot nens
B ToMCKe COCTOsIIOCH TOpKeCTBEHHOE OTKphITHE OTaENa Me-
JULUHCKON T€HETUKN MOCKOBCKOTO MHCTHTYTa MeauIMH-
ckoif reneTnku Akagemun MeauimHckux Hayk CCCP. Crycrs
5 net, B 1987 1., HayuHo-HMCCne10BaTeNIbCKUI HHCTUTYT Me-

[eHeTMYecKan KNMHKKa HayuHo-nccnefoBaTeNbCkoro MHCTUTYTa MEAULMHCKOW reHeTukn Tomckoro HAML, PAH.



JUIMHCKOM FeHETHKH ObUT TPeo0pa30BaH B CAMOCTOSITEIIEHOE
Hay4YHOE YUPEKIECHHE U BOIIEN B COCTaB TOMCKOTO HAyYHOTO
nentpa AMH CCCP.

B 1993 r. HUM menunuHckoi reHeTHKH cTaHoBUTCA De-
JIepaJIbHBIM IIEHTPOM MEIMKO-TeHETHUECKOH Ciyk0b1 Mu-
HUCTepCTBa 371paBooxpaneHust PO, a B 1994 r. B cTpykType
MHCTUTYTA OTKphIBaeTcs [ eHeTHUecKas KIMHUKA — [IEPBOE U
€IMHCTBEHHOE B Poccny crieninan3npoBaHHOE MEUIITHCKOE
yUpeXKICHUE sl TALMCHTOB C HAcJIeICTBEHHBIMH 3a00IeBa-
HussMH. C MOMEHTa CO3/IaHUsI U 110 HACTOsIIee BpeMsi B hOKyce
BHUMAHUSI MHCTUTYTA HAXOISTCS KIIOUEBBIC HAIPABICHUS
COBPEMEHHON MEMIIMHCKOW TeHETHKH M TeHETHKH YelloBe-
Ka — KJIMHUYECKas FeHeTHKa, MOMYJSIHOHHAS TeHEeTHKa U
TeHOMHKa, TeHeTHKa MHOTO(aKTOPHBIX OONIe3HEeH, MOJIeKy-
JISIpHAsi IMTOTEHETHKA, OHTOT€HETHKA, IEPCOHATN3UPOBAHHAS
MeauirHa. BaxHOU 4acThO 1€4TeIbHOCTH MHCTUTYTA CTajla
MOJTOTOBKA HAYYHBIX U MEIUIMHCKUX KaJapoB. MHCTUTYT
TOTOBUT aCIIMPAHTOB M OPIUHATOPOB, ¢ 1998 1. pabotaeT muc-
CepTAllMOHHBIN COBET MO 3aIUTE AUCCEPTALUI MO CHIeIHAb-
HoctH «I'enernkay. B 1989 r. B CubupcKkoM rocyrapcTBEHHOM
MEIWIIMHCKOM yHHBepcuteTe Ha 06a3ze HUUM menummHCKON
TEHETHKU ObUI OTKPBIT KypC MEAWIMHCKOI NeHETHKH, a B
1999 . —nepBast B Cubupu kadenpa MeIUITTHCKON TeHETHKH.
B 2016 . HUM meaunuHCKOM TeHETHKH BOIIIE]I B COCTaB ToM-
CKOTO HAIlMOHAJIBHOTO HCCIIEA0BATEIbCKOTO MEIUIIMTHCKOTO
neHTpa Poccuiickoil akaieMuu HayK — KpyIHEHIIETo B COBPe-
MeHHoH Poccnn akageMuuecKoro MeAUIIMHCKOTO Hay YHO-HC-
CJIC/IOBATEIIbCKOTO YUPEKICHHs, OOBEJMHUBILETO Hay4YHbIE
1 KIMHWYECKHE 0a3bl MIECTH HAyYHO-HCCIIENI0BATEIbCKUX
unctutytoB. Cerogust HUW menununckoit renetuku Tom-
ckoro HUMII — nuHaMU4HO pa3BUBAKOLIUICI UHCTUTYT,
OZIVH U3 BEJyIINX MEIUKO-TEeHETHUECKHUX [IEHTPOB B Poccum.
HccnenoBanust HHCTUTYTa HaNpaBiIeHbl HA BBISIBICHHUE (yH-
JTAMEHTAJIbHBIX OCHOB HACJIeICTBEHHOH MaTOJIOTHH YeJIOBeKa,
Ppa3pabOTKy ¥ BHEZPEHUE TEXHOIOT U AUArHOCTHUKH, TCUCHUS
1 NIPO(QMIAKTUKH HACIIEACTBEHHBIX 3a00I€BaHNH, pa3BUTHE
MEIULUHCKOM reHeTuKy B Poccuu kak Ba>KHOTO HalpaBJICHUs,
MHTErPUPYIOIIETO MPAKTHUECKH BCE OTPACIH COBPEMEHHOM
MEUIIMHCKOW HayKH.

OTKpBIBAET BBITYCK aHAIUTHYECKUI 0030p padoT, MocBs-
IIEHHBIX TEHETUYIECKNUM aclieKTaM ()eHOMEHA HeCTyJaiiHOTO
coueTaHus pa3HbIX Oose3Hel, moarotosieHusli E.1O. bparu-
Hoii u B.I1. ITy3b1péBbiM. B pabote 0000111€HbI M cCUCTEMATH3H-
POBaHBI COBPEMEHHBIE IIPE/ICTABIICHHS O TEHETHUECKUX OCHO-
BaX CHHTPOITHBIX M AUCTPOIIHBIX 3200JIEBAaHNH, TeHETHUECKON
apXUTEKType MHOTO(aKTOPHBIX OOJIe3HEH YeTI0BEKa — OIHOTO
13 MarucTPaJIbHBIX HANpaBICHUH HAYYHBIX MCCIECIOBaHMI
KOJIJIEKTHBA J1a00PaTOPHH TOMYJISIIMOHHON IeHETHKH.

B 0630pe 10.10. Koranesckoii u B.A. Crenanosa «Mozte-
KyJIAPHO-TEHETHUECKHE OCHOBBI OyIJIE3HOTO 3TUIEPMOITH3a»

paccMOTPEHbI HOBBIE TATOI€HETUYECKIE MEXaHU3MbI U T€HBI,
OTBETCTBEHHBIE 32 PA3BUTHE KJIACCHYECKUX W CHHJIPOMAaJIb-
HBIX (OPM OyJIJIE3HOTO SIHICPMOIIN3a — TSKEIOTO HACIIe/I-
CTBEHHOTO 3a00JI€BaHUsL, COMPOBOXKAAIOLIETOCS XPYITKOCTHIO
KOKH M MYJIBTHCUCTEMHBIMHU TIOPAKEHUSIMH.

B crarbe T.B. Hukutnoii ¢ coaBropamu «CpaBHUTENbHAS
LUTOreHETHKA aHAMOPUOHHH U HEPa3BUBAIOLIEHCs OepeMeH-
HOCTH y 4YeJIOBEKa» 00O0OIIEHBI Pe3ysbTaThl MHOTOJIETHETO
IIUTOr€HETHYECKOTO CKPUHMHTa SMOPHOJIETAIBHBIX My TaIHH,
MPOBOJUMOI0 B JIaOOPaTOPUU IUTOI'€HETUKH WHCTHTYTA.
HakonneHHbll YyHUKaIbHBIA MaTEepHall IO3BOJIMI BBIACIUTh
crenn(puveckrue XpOMOCOMHbBIE aHOMAJIMU B IPYMIAX dM-
OpPHOHOB, Pa3JINYAIOIIUXCS 10 CTETICHU TSHKECTH HapyICHUH
BHYTPUYTPOOHOTO Pa3BUTHSL.

Pa3Butne TeXHONIOrMi MOJIHOTEHOMHOIO aHAIN3a BBIBEIIO
Ha HOBBIH ypOBEHb Pa0OThl MHCTUTYTA B OOJACTH MOITYJIsi-
LUOHHOM U 3BOJIIOLIMOHHON reHeTUKU. B Tpex crarbsx, nou-
TOTOBJICHHBIX TIOJI NEPBEIM aBTOpPCTBOM B.A. CrenaHoBbIM,
B.H. XapskoBeiM 1 H.A. KoieCHUKOBBIM ¢ COTpYIHHKAMHU
71a00paTOpUH IBOTIOUOHHON TE€HETHKH, IPEACTaBICHBI HO-
BbIC JIaHHBIC O CTPYKTYpE M MPOUCXOXKJICHHH I'eHO(pOHa
psizia KOPEHHBIX CHOMPCKUX 3THOCOB, MPOJIEMOHCTPUPOBaHA
MH()OPMATHBHOCTh UIAEHTUYHBIX 110 TPOUCXOXKICHHUIO 00~
KOB T€HOMa B YCTAHOBJICHHH I'€HETHYECKUX CBS3CH MEXKIy
MOMYJISIIUAMU U ONIPEIeICHUH 3BOJIIOLIMOHHBIX MEXaHIU3MOB
aJlanTaliK Y9eJI0BeKa K (pakTopam OKpyKaromIe cpebl.

OnUreHeTnka U MOJICKYJISIPHBIC MEXaHW3MBI PETYISINT
AQKTUBHOCTH T€HOB IIPU MATOJIOTHUH SMOPHOHAIBHOTO PAa3BH-
TUSI 1 MHOTO()AaKTOPHBIX 3a00JIEBaHUSX TaKKe HAXOIATCS B
(oxyce BHMMaHUs KouiekTuBa. B padore B.B. JlemeneBoit
C COABTOpaMHM IPHUBEICHBI JaHHbIE 00 0COOCHHOCTSIX JKC-
MIPECCHN T'€HOB KaK C MX KAHOHWYECKUX, TaK U C aJbTepHa-
TUBHBIX IPOMOTOPOB perpoTpaHcno3ona LINE-1 B 3aBucu-
MOCTH OT YPOBHS €r0 METHJIMPOBAHUS B TKAHAX IUIAIICHTHI.
B crarse 1. A. ToH9apoBoii ¢ coaBTOpaMH MPOCIIEKEHA JTH-
HaMMKa U3MEHEeHU! xapakrepa metunuposanus JJHK B
KJIETKax Me4YeHH MpH IporpeccupoBannu Gpudposa, numy-
IIUPOBAHHOTO BUpPycOM renaruta C, 10 TenaToneIoIsIpHOI
KapIIHOMBI.

3aBepInaeT BBITYyCK paboTa HaIIMX Koyuier u3 MHcTuTyTa
ruronoruu u reHetnkn CO PAH (r. HoBocubupck), B KoTo-
poii 0003HaUCHEBI KITFOYEBbIE TPEOOBaHMS K IPOOOMIOATOTOBKE
ouosornueckoro marepuana s cosnanus Hi-C oubmuorex
JHK B nensx 1narHocTUKH XpOMOCOMHBIX IIEPECTPOEK CO-
BPEMEHHBIMHU MeTOJaMU 3D reHOMUKH.

Penaxust « BaBUIIOBCKOTO ’KypHaIa TeHETUKH U CEJICKITNI
nozapasiset koutektuB HUW menuumnckoii renerrkn Tom-
cxoro HUMI] ¢ ro0mmeem, jxenaeT JaTbHEHIIIETO pa3BUTHA,
TBOPYECKHX YCIIEXOB M HOBBIX JOCTIDKCHHUI Ha Oyaro poc-
CHUIICKOM MEIUITMHCKON TeHeTHKH!

Hayunvie pedaxmopbi 8blnycKa:
axaoemux PAH B.A. Cmenanog
0-p 6uon. Hayk, npogheccop PAH U.H. Jlebedes
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Abstract. The structure of diseases in humans is heterogeneous, which is manifested by various combinations of diseases,
including comorbidities associated with a common pathogenetic mechanism, as well as diseases that rarely manifest to-
gether. Recently, there has been a growing interest in studying the patterns of development of not individual diseases, but
entire families associated with common pathogenetic mechanisms and common genes involved in their development.
Studies of this problem make it possible to isolate an essential genetic component that controls the formation of disease
conglomerates in a complex way through functionally interacting modules of individual genes in gene networks. An analyti-
cal review of studies on the problems of various aspects of the combination of diseases is the purpose of this study. The re-
view uses the metaphor of a hermeneutic circle to understand the structure of regular relationships between diseases, and
provides a conceptual framework related to the study of multiple diseases in an individual. The existing terminology is con-
sidered in relation to them, including multimorbidity, polypathies, comorbidity, conglomerates, families, “second diseases”,
syntropy and others. Here we summarize the key results that are extremely useful, primarily for describing the genetic archi-
tecture of diseases of a multifactorial nature. Summaries of the research problem of the disease connection phenomenon
allow us to approach the systematization and natural classification of diseases. From practical healthcare perspective, the
description of the disease connection phenomenon is crucial for expanding the clinician’s interpretive horizon and moving
beyond narrow, disease-specific therapeutic decisions.
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AHHoTayus. CTpyKTypa 3aboneBaHuWi y uenioBeka HEOAHOPOAHA, XapaKTepr3yeTca PasnMUHbIML BapuaHTamMyi COUETaHWI
60ne3Heli, BKNoYas COMyTCTBYIOLME NATONOTU, CBA3aHHble OOLMM MaTOreHeTUYeCKUM MeXaHU3MOM, a TakxKe 6onesHu,
penKo NpoABAALWMECA COBMECTHO Ha GeHOTUMNYECKOM YpoBHe. B nocnefjHee BpeMs OTMEYaEeTCA POCT MHTepeca K 13y-
UEHWI0 3aKOHOMEPHOCTEN Pa3BUTUA He OTAENbHbIX GONE3HEN, a LienbiX CEMENCTB, CBA3AHHBIX OOLMMUN NaTOreHeTNYEeCKU-
MV MeXaHn3Mamm 1 OBLMMIN reHaMu, BOBIEYEHHBIMY B X Pa3BUTUe. B pe3ynbrate yCTaHOBMEH CYLLECTBEHHbI reHeTnye-
CKUIA KOMMOHEHT, KOHTPONMpPYIOLLMIA 06pa3oBaHrie KOHIIIOMepaToB GonesHel CloXKHbIM 06pa3oM, Yyepe3 GyHKLMOHANbHO
B3aVIMOJENCTBYIOLME MOAYNN OTAESbHbIX FTEHOB B FeHHbIX CeTAX. AHanUTUYeCcKnin 0630p nccnefoBaHuUin No Npobnematrike
pa3HbiX acCNeKTOB coueTaHus 6one3Hell 1 ABNAETCA Lienblo HacToALeln paboTbl. B 0630pe ncnonb3osaHa MeTadopa repme-
HeBTMYECKOro Kpyra A1 MO3HaHNA CTPYKTYPbl 3aKOHOMEPHBbIX CBA3el Mexay 6onesHAMM, NprBeAeHbl KOHLENTyanbHble
paMKu, CBA3aHHbIE C MHOXXECTBEHHOCTbIO 3a60NeBaHWil y MHAVBMAA. PaccMoTpeHa cylecTByoLlas TepMUHONOMUA Nprme-
HUTENbHO K HUM, CPeAU KOTOPbIX MYNIbTUMOPOVAHOCTb, MOIMMATUN, KOMOPOBUAHOCTb, KOHIIOMEpPaThbl, CEMENCTBA, <BTOPbIe
60ne3HW», CMHTponus 1 apyrue. MNprBeaeHbl KnoUyeBble pe3ynbTaTbl, Ype3BblUaiHO MoJNie3Hble, Npexae BCero, AnsA onu-
CaHVA reHeTNYEeCKo apXUTEKTYpbl 6onesHeln MHorodakTopHol npupogbl. 0606LweHns no npobneme nccnegosaxus de-
HOMeHa coyeTaHUsA GonesHel MO3BONAIT NPUONM3NTLCA K CUCTEMATM3aLMM U eCTeCTBEHHON Knaccudukauuy 6onesHei.
C TOYKV 3peHVsl NPaKTUYEeCKOro 3APaBOOXPAHEHNA ON1caHre peHOMeHa CoueTaHUsA GonesHel NMeeT peLualolLiee 3HaYeHne
AN PaCLUVIPEHVS UHTEPMPETALMOHHOIO FOPU30HTa KIVHULMCTA 1 BbIXOAA 3a NPefesibl Y3KKX, OPUEHTUPOBAHHbBIX HAa KOH-
KpeTHYI0 601e3Hb TepaneBTUYECKNX PeLLEeHWiA.

KnioueBble cnoBa: GeHoMeH coueTaHus 6onesHen; CUHTPONWS; AUCTPONUSA; KOMOPOUAHOCTb; repMEHeBTUKA.
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Introduction

We live in the “Many Worlds in One” (Vilenkin, 2010) and this
One World amazes us with the mystery and the universality
of the connections of phenomena, the variety of evolutionary
and historical events. These events take place both on a cosmic
scale and on a planetary scale and the Earthlings (humanity)
are the same universality of connections between themselves
and the surrounding world. These connections are formed
naturally or randomly, they have a long phylogenetic history of
4 billion years and only a hundred-year ontogenetic history of
each individual. The structure of “human” connections, which
appears in metabolic and morphophysiological variability,
forms the basis of medical assessments — the norm or the
disease. Since the beginning of the century, a new approach to
the study of these issues — the network analysis — has emerged
in biology and medicine. The network analysis is an attempt
to understand the laws governing all kinds of networks, from
the social to the complex gene networks that rule over all cells
and traits, determining health or disease (Barabasi et al., 2011).

The human genome, as the assemblage of all genes of the
Homo sapiens species, is in a complex and not fully understood
relationship with the environment and society. The peculiarity
of such a relationship between genome and phenome is a dif-
ference often noted now: the genome is limited (approximately
3 billion base pairs in humans), the phenome is not limited (its
limit depends on how far we want to go) (Paigen, Eppig, 2000).
A century before the “genomic revolution” took place, in the
1930s, the outstanding Russian geneticist Alexander S. Sere-
brovskiy, discussing the problem of organic evolution, defined
this problem as an “infinite-finite contradiction” in the “unity
of an infinite number of traits and a finite number of genes”
(Serebrovskiy, 1973).

In such an infinite world with an infinite number of traits,
it is always possible (although it is not easy) to observe and
identify traits connected to each other, including those related
to pathology. In the clinic, this phenomenon forms the basis
for diagnosis and healing, and stable combinations of certain
disease traits represent an independent subject of research —
the phenomenon of connection of diseases or the diseases
connection phenomenon (DCP).

In 1970, the American physician and specialist in the field
of epidemiology of non-communicable diseases, Alvan R.
Feinstein, proposed the term “comorbidity” for combinations
of diseases in individuals. Comorbidity means the manifesta-
tion of an additional clinical condition that exists or occurs in
addition to the index disease under consideration (Feinstein,
1970). Such a clinical condition may be a disease, a patho-
logical syndrome, pregnancy, a long-term “strict” diet, or
a complication of drug therapy. Comorbidity is a complex of
several diseases (megaforms, conglomerates) that exist simul-
taneously in individual patients and are observed much more
frequently than would be expected in a random distribution.

The popularity of the term “comorbidity” is striking, es-
pecially among clinicians: there is the International Research
Community on Multimorbidity (IRCMo), the Journal of Mul-
timorbidity and Comorbidity (https://journals.sagepub.com/
description/COB) has been published since 2010, and there
is an online medical platform for discussing the diagnosis
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and treatment of patients with comorbid diagnoses (https://
nexusacademy.ru/about). The author of the term “comorbidity”
is credited with the discovery that “clarified” the interpretation
of comorbid pathology (Vertkin, 2015). And yet, there is still
a feeling of overestimation of “clarity” in the understanding
of the phenomenon and the term. It is similar to the situation
described in the novel of the famous Nobel laurcate William
Faulkner: “They all talked at once, their voices insistent and
contradictory and impatient, making of unreality a possibility,
then a probability, then an incontrovertible fact, as people will
when their desires become words™!.

And yet, we must agree that the term “comorbidity” has
proved especially successful for clinicians. It became an um-
brella term for numerous names of combinations of diseases,
variants of two or more forms of pathology in patients and,
often, in their closest relatives. Sometimes such diseases are
called background or concomitant diseases. In general, accord-
ing to our calculations, the pool of names for such combina-
tions of diseases includes more than 30 terms. Among them:
multimorbidity, polypathies, comorbidity, conglomerates,
families, “second diseases” and others. Most often there are
diseases that have a “common root” (related pathogenesis,
trans-syndromal comorbidity), although other combinations
of diseases show nothing in common in pathogenesis (trans-
nosological comorbidity). Note that specific terminological
studies are limited, and as a result we see no consensus (Azais
et al., 2016; Navickas et al., 2016). However, in the current
situation the object of the study is defined, it is “comorbid
patient” (Vertkin, 2015). Good quality clinical and epide-
miological data is accumulated, which came in time to be-
come the basis for implementation of “omics” approaches
to research on the DCP problem. And there is very serious
content and a rather serious genetic aspect. This is the subject
of this article.

Conceptual toolkit

in the genetic study of the DCP

Here we present a set (assemblage) of views (principles, con-
cepts) connected with each other and forming a unified system,
that is useful, in our opinion, for understanding (interpreta-
tion, explanation) of the DCP. Let us use a metaphor — the
“hermeneutic circle” — which describes the mutual agreement
between the individual (part) and the whole, like a hermeneuti-
cal rule: we must understand the whole in terms of the detail,
and the detail in terms of the whole (Gadamer, 2010). If we
consider the DCP as a “whole”, it would be reasonable to
include as “the details” (the components of the hermeneutic
circle) the fragments of concepts (doctrines, principles) of
outstanding clinical geneticists, such as the Soviet neurologist
Sergey N. Davidenkov (1880-1961), the American geneticist
Victor A. McKusick (1921-2008), the German pediatrician
Meinhard von Pfaundler (1872—1947) and the now living
German-American clinician John M. Opitz. All of them are,
at the same time, geneticists and, most importantly, practic-
ing physicians who investigated the polymorphism of disease
manifestation and the mysterious phenomenon of a combina-
tion of several pathologies in one patient.

T william Faulkner. The Sound and the Fury. 1929.
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Without keeping the chronological order of their publica-
tions, we follow the intended logic in presenting the structure
of the hermeneutic circle, i. e., those “details” that can be useful
in interpreting the DCP as a “whole”.

“Lumpers” and “splitters” (McKusick, 1969). In the
1960s, a discussion was opened in the medical genetics com-
munity — what is the “nosology” of genetic diseases? Mainly
Mendelian diseases were discussed, but also diseases with
an inherited predisposition (multifactorial diseases, MFDs).
Phenotypically, patients represent a huge clinical diversity, and
possibilities of clarifying the etiology of diseases by molecular
genetic or cytogenetic methods were limited in those years.
So, physicians-researchers were quite free to classify the pa-
tients by combining or separating them. However, during the
discussion of this problem, an important generalization was
proposed and it was the principles of medical genetics: pleio-
tropism, variability (polymorphism) and genetic heterogeneity
(McKusick, 1968). These principles, above all, can be con-
sidered stabilizing the semantic context of understanding the
DCP. Today’s systematists of human pathology also rely on
these principles (Biesecker, 1998; Brunner, van Driel, 2004).
Moreover, with the advances in genomic medicine, it became
possible to describe the genetic architecture of multifactorial
diseases, which is understood as the number of genetic poly-
morphisms that affect the risk of disease, the distribution of
their allelic frequencies and their effect sizes, as well as their
genetic mode of action (additive, dominant and/or epistatic,
pleiotropic) (Wray et al., 2008).

Syndrome as pleiotropy, conditional tropism hypothesis
(Davidenkov, 1947; Opitz, Neri, 2013). The word “syndrome”
was first used in English in 1541, as noted by (Opitz, Neri,
2013), and is still used to indicate a common cause rather than
simply a set of symptoms. The same authors also evaluate
another dictionary definition — the syndrome, as a concur-
rence of manifestations “characterizing a specific disease”,
a greater-than-chance concurrence of identical or very similar
sets of manifestations in two or more individuals suggesting
similar pathogenesis, subject to causal verification through
the discovery of physical, infectious, toxicological, or genetic
factors (Opitz, Neri, 2013).

Today, biochemical and refined molecular/cytogenetic me-
thods identify genetic causes, epigenetic modifications in
combined phenotypes or syndromes with high accuracy. The
explanation of such combinations, their persistence or “divid-
ing” in descendants, the severity of manifestations of similar
combinations, as well as the interpretation of the relationship
between multiple variations of the norm or minor anomalies
with their advanced forms of pathology was suggested by
Sergey N. Davidenkov in the conditional tropism hypothesis
(1947). He used the evolutionary-genetic approach to analyze
more than one hundred nosological forms of human nervous
diseases. The frequency of combined appearance of the di-
seases of the nervous system in one patient or in one family
is explained by conditional tropism: in addition to its own
influence on the nervous system development, the pathological
property (gene) also has the ability to dramatically enhance
the phenotypic expression of other genotype features “moving
into the same direction” and including numerous variants. So,
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for example, a mild excavation of the foot can take the form
of a severe Friedreich’s deformity.

Associations, syntropies and dystropies, the transitive
association hypothesis (Pfaundler, Seht, 1921; Blair et al.,
2013). The renowned textbook for the diagnosis of congenital
diseases (Jones, 2011) defines associations as combinations
of congenital anomalies that have no well-defined etiol-
ogy and occur together more often than expected by chance
alone. Since its inception, the concept of “associations” has
engendered feelings of unease and vagueness, as noted (Opitz,
Neri, 2013). They agreed on two variants in the definition
of the term: coincidental concurrence (simple rencontre or
simple juxtaposition) and combination of anomalies (close
connection, polytopic defect of a body area). In the 1900s,
new designations of essentially the same associations ap-
peared: but the term “multiple abarts” (from the German
abart, malformation) was proposed for hereditary diseases
and congenital malformations, and “syntropy” (Syntropie in
German) (Pfaundler, Seht, 1921) was proposed for common
multifactorial diseases occurring in one patient at the same
time. They not only termed the “mutual disposition, attraction”
ofthe two diseases by the term “syntropy”’; in addition, on the
basis of abundant clinical data and tens of thousands autopsies
Pfaundler and Seht recorded another pathological condition
opposite to syntropy — “mutual repulsion”, incompatibility
(incongruity, dissociation) and named it “dystropy” (Dystropie
in German). At the same time, intermediate, to a certain extent
random and “neutral states” also got their name, “neutropy”
(Neutrotropie in German). According to these researchers, the
term “syndrome” can also be regarded as syntropy, because
it means a “selective relationship” of its constituent traits.
Another property of the unity of pathological conditions is
the appearance of at least two diseases in one patient at the
same time (synchrony). Thus, syntropy, syndrome, synchrony
(“3S”) are related concepts and the main factor uniting them
is a similar pathogenesis. For example, in relation to athero-
sclerosis, diabetes and obesity is a “common root” (Stein O.,
Stein Y., 1995).

In our current definition, syntropy is a natural-species
phenomenon of a combination of two or more pathological
conditions (nosologies or syndromes) in an individual and
his closest relatives, non-random and having an evolutionary
genetic basis; it is a part (an extract) of the human phenome,
comprised of a landscape of interacting traits and diseases,
reflecting continual molecular-genetic causality (Puzyryov,
2002; Puzyrev et al., 2010). The genes involved in the develop-
ment of syntropies are called syntropic genes. More precisely,
syntropic genes are a set of functionally interacting genes
localized throughout the genome, coregulated and involved in
ametabolic pathway common to a given syntropy (Puzyryov,
2002; Puzyrev et al., 2010). In the case when regulatory
relationships lead to the mutual exclusion of certain pheno-
types at the clinical level (dystropy), such genes are termed
dystropic in relation to the relevant phenotypes. There is some
semantic similarity of the concepts of “syntropic and dystropic
genes” with the term “core genes”, which were discussed in
the recently proposed omnigenic model of complex disease
(Boyle et al., 2017).
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The Diseases Connection Phenomenon

« Syntropy

(syn.: associations, comorbidity)
« Dystropy

(syn.: contrassociations, inverse comorbidity)
- Transitive genetic association

(syn.: comorbidities between Mendelian and complex (multifactorial)
diseases)

Fig. 1. Classification of disease connection forms in humans.

Finally, let us talk about the transitive genetic association
hypothesis. The transitive associations are another form of
association from the described above, syntropy (association
in the conventional sense and the most common form) and
dystropy (dissociation). David R. Blair et al. (2013) hypothe-
sized that statistically significant comorbidities between
complex (MFDs) and Mendelian diseases represent a type of
genetic association, in which a non-Mendelian phenotype is
mapped to the genetic loci that cause the Mendelian disease.
In fact, transitive associations are a kind of syntropy, but
the phenotype is the result of a combination of complex and
Mendelian disease. According to the authors of the hypothesis,
such conditions represent about half (54 %) of all comorbid
diseases (Blair et al., 2013).

Classification of variants of diseases connection in hu-
mans. There is no generally accepted classification of the DCP.
Moreover, the tasks of systematization, understanding of the
general properties that fix regular connections, in all the variety
of such combinations, have not been formulated; the existing
attempts to classify such pathological phenomena are still
fragmented and conditional. Most often, they are descriptive
in nature. This is especially true for the clinical classifica-
tion of connections designated by the term “comorbidity”,
and carriers of such pathological features are referred to as
“comorbid patients” (Vertkin et al., 2012). Now we can also
confirm the attempts to systematize the concept of “syntropy”
(Krylov, 2000): by the mechanisms of formation (etiological,
pathogenetic, age-related, iatrogenic, random), by the time of
occurrence (congenital, delayed, simultaneous, successive)
and by clinical significance (inert, interference).

Previously, we (Puzyrev, 2015) proposed the identification
of the following forms of diseases connection in individual
patients (Fig. 1). The proposed systematization of the DCP
forms is also descriptive, but the elements of intrinsic classifi-
cations can also be seen in it. This is associated, among other
things, with the designation of the key terms of connection
characteristics: association and syntropy. There are several
subject areas in scientific research (besides medicine), in
which the term “syntropy” is used. Viktor B. Vyatkin (2016)
designates three fields of science in which the concept of
“syntropy” takes an important place, proposing a classifi-
cation of syntropy (in order of the beginning of their use)
into: medical (Pfaundler — von Seht syntropy), biophysical
(Fantappie — Szent-Gydrgyi — Fuller syntropy), informational
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(Vyatkin syntropy). In our opinion, these two additional types
of syntropy not only have an independent significance, but
are also important for the essential understanding of biologi-
cal processes, including both in general pathology and in the
particular pathogenesis of the DCP.

Note that the multiplicity of diseases in an individual is a
long-standing problem that had attracted the attention of re-
searchers before the widespread use of the “comorbidity” term.
The commonality of the mechanisms of development of non-
random pathological connections is reflected in the names of
relevant concepts: “the sum of homeostasis diseases” (Dilman,
1968), “diseases of adaptation” (Kaznacheev, 1980), “cardio-
vascular disease continuum” (Dzau et al., 2006), “metabolic
syndrome” (Reaven, 1988). It is important to consider this
problem from the genetic perspective, the concepts of disea-
some (Goh et al., 2007) and network medicine (Barabasi et
al., 2011; Kolchanov et al., 2013).

Generalizations on the problem of studying the DCP allow
us to approach the intrinsic classifications of the phenomenon.
It is important. As Mikhail D. Golubovsky (2006) noted, a
good system is an event in science, a conceptual discovery,
a new vision of harmony in the chaos of facts. That is why
the inclusion of classifications in the hermeneutic circle seems
useful.

Actual data on the DCP study

Syntropies (comorbidity)
Syntropy is widespread and more common than we imagine.
For example, the 438 common diseases registered in the
UK Biobank patient histories (https://www.ukbiobank.ac.uk/)
form more than 11,000 possible combinations (Dong et al.,
2021). The global nature of the problem has initiated a huge
number of studies, mainly of an epidemiological kind. In 2021
alone, the query ‘comorbidity’ found 34,185 medical and
biological articles in the US National Center for Biotechnolo-
gy Information database (https://pubmed.ncbi.nlm.nih.gov/).
Currently, more than 50 million people aged 65 and older —
nearly half of Europe’s population —have two or more diseases
at the same time (Rijken et al., 2018). The number of comorbid
patients is predicted to continually increase, affecting up to
68 % of the population by 2035 (Kingston et al., 2018).
Molecular causes of phenotypic connections remain largely
unknown, despite active research in this field (Reynolds et al.,
2021; Jiaetal., 2022; Quick et al., 2022; Shnayder et al., 2022;
Wang et al., 2022). Through these studies, it became evident
that a significant proportion (46 %) of comorbid conditions is
caused by a common component at the level of genes, SNPs,
and gene networks interactions (Dong et al., 2021), that in
general reflects their pathogenetic relationship. For example,
the HLA-DQBI, TLR1, WDR36, LRRC32, ILIRLI1, GSDMA,
TSLP, IL33, SMAD3 genes involved in the pathogenesis of
certain allergic diseases are critical for the development of
phenotype according to the “atopic march” scenario (Ferreira
etal., 2014). Meanwhile, in terms of pathogenesis, seemingly
non-obvious connections between diseases are revealed. The
existence of many of these connections was not previously
even assumed. Varicose veins disease, according to genetic
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correlations analysis, is associated with fluid intelligence,
prospective memory and educational attainment (Shadrina
et al., 2019), and autism is positively correlated with allergic
rhinitis and autoimmune disorders (Rzhetsky et al., 2007).
A significant addition to the identification of common genes
for comorbid conditions is the study of the biological processes
in which these genes are involved (Rubio-Perez et al., 2017).
The use of such approaches provides a more complete picture
of the connections of disecases and common pathogenetic
pathways. Knowledge of these connections can be widely
applied, including treatment of comorbid patients.

Based on our own research findings on the genetic com-
ponent of allergic diseases (Freidin et al., 2015) on the one
hand, we established the molecular connection of most allergic
diseases. On the other hand, with regard to the molecular re-
lationships of allergic diseases with other diseases, we noted
their proximity to infectious diseases and a marked distance
from autoimmune diseases (Fig. 2).

The TLR4, CAT, ANG/RNASE4 genes can make the great-
est contribution to the comorbidity of bronchial asthma and
hypertension, indicating the importance of inflammation,
neovascularization and oxidative stress for the pathogenesis
of both diseases (Bragina et al., 2018). The development of
bronchial asthma phenotypes in combination with cardiovas-
cular/metabolic disorders is associated with certain genetic
variants that affect gene expression, including CAT, TLR4,
ELF5,ABTB2, UTP25, TRAF3IP3, NFKBI1,LOC105377347,
Clorf74, IRF6 and others, in the target organs of the studied
disease profile (Bragina et al., 2022).

Syntropic genes are involved in pathogenesis through com-
plex interactions with other genes, proteins, and environmental
factors, which collectively affect the clinical manifestations
of comorbidities. In most cases, abnormalities in syntropic
genes are localized mainly in non-coding RNAs and inter-
genic regions functionally associated with the regulation of
gene transcription (Dong et al., 2021). In turn, the transcrip-
tion of syntropic genes depends on epigenetic mechanisms,
in particular DNA methylation (Ferreira et al., 2017), which
indicates a modifying role of environmental influences on
complex phenotype development.

Many syntropic genes are known drug targets for therapy,
in particular allergic (FLG, IL13, ILIRLI, IL6R, INPP5D,
NDFIP1, PTGER4, TSLP, STAT6) (Ferreira et al., 2017),
bronchopulmonary and cardiovascular (EDNRA, ADRBI,
ADRB?) diseases (Zolotareva et al., 2019; Dong et al., 2021).
More than eight thousand drugs target genes involved in the
development of comorbid conditions (Dong et al., 2021).
Theoretically, such results not only highlight the important
contribution of genes to phenotypic correlations, but also
provide an opportunity for drug repurposing to target common
genetic components of syntropic diseases.

Dystropies (“diametrical diseases”)

The contrast for syntropy is the diseases that manifest by
the phenotypic conflict of one pathological condition with
another (dystropy). Dystropy affects various diseases includ-
ing immune, oncological, neurodegenerative, cardiovas-
cular, autoimmune and others. The spectrum of molecular
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Fig. 2. The results of multidimensional scaling of multifactorial diseases
based on the commonality of the genes associated with them (adapted
from Freydin et al., 2015).

Abbreviations for diseases: AD - atopic dermatitis, AR - allergic rhinitis, AS -
ankylosing spondylitis, AT — autoimmune thyroiditis, BA — bronchial asthma,
CEL - celiac disease, COPD - chronic obstructive pulmonary disease, DA —drug
allergy, END — endometriosis, FA — food allergy, HEL — Helicobacter infection,
HEP - viral hepatitis, IBD — inflammatory bowel disease, IGE — immunoglobu-
lin E level, LCH - leishmaniasis, MEN — meningococcal infection, MS — multiple
sclerosis, OST - osteoporosis, POL - pollinosis, PSOR - psoriasis, RA - rheu-
matoid arthritis, SCH - schistosomiasis, SLE — systemic lupus erythematosus,
STREP - streptococcal infection, T1D - type 1 diabetes mellitus, TB - tubercu-
losis, TRP — trypanosomiasis, URT - urticaria.

mechanisms underlying this phenomenon also seems to be
very diverse. Research on dystropy focuses on the search for
molecular and genetic differences between the diseases. As a
result of these studies, differences in the transcription of the
same genes in different diseases have been established. Using
the example of oncological and neurodegenerative diseases
dystropy (Catala-Lopez et al., 2014), it was revealed that dif-
ferentially expressed genes are mainly associated with DNA
repair, mitochondrial function, stabilization of p53, regula-
tion of angiogenesis, cell cycle, metal ion transport, glucose
transport, regulation of apoptotic processes, myeloid leukocyte
activation and phagocytosis, mnTORC1 and KRAS signaling
(Forés-Martos et al., 2021; Pepe et al., 2021). Transcriptional
changes in oncogenesis are highly variable; some genes may
be activated in some forms of cancer, but suppressed in oth-
ers, which is probably associated with the features of complex
genetic and epigenetic disorders (Zhao et al., 2016). At the
same time, common patterns are recorded. In particular, Ibafiez
et al. (2014) identified the genes MT24, MT1X, NFKBIA,
AC009469.1, DHRS3, CDKNI1A4, TNFRSF1A4, CRYBG3, IL4R,
MTIM, FAM107A, ITPKC, MID1,IL11RA, AHNAK, KAT2B,
BCL2, PTHIR, NFASC that are simultaneously activated in
several disorders of the central nervous system (Alzheimer’s
disease, Parkinson’s disease, schizophrenia) but are sup-
pressed in oncological diseases.

The examples above indicate that phenotypic suppression is
mediated by genetic factors. In some cases, potentially “harm-
ful” alleles can be beneficial, creating some kind of trade-off
between an increased risk of developing certain diseases and
a low risk of developing others. Trade-offs are inevitable,
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because the complex integrated functioning of the whole
organism needs several interacting parts to work together
to perform certain functions. Such integration can lead to
a dilemma often called the “cost of complexity” (Wagner et
al., 2008), resulting from multiple interacting parts working
together to successfully perform a function. Alteration of any
part will inevitably negatively affect other features, altering
function and reducing overall performance or fitness. Thus,
the mechanistic basis for the trade-offs may be focused on
pleiotropic genes involved in the biological pathways shared
between different traits (Mauro, Ghalambor, 2020). In accor-
dance with this suggestion, the observed divergent nature
of the transcription of some genes thought to be important
for dystropy can be expected. Diametrical disorders have
the intrinsically bidirectional nature of biological processes,
whereby expression or activation of genes can be increased
or decreased from some optimal value (Crespi, Go, 2015).

Dystropy is significantly formed by drug therapy, because
drugs can be connected with the regulation of common mole-
cular processes of phenotypically polar diseases. For example,
the use of anticholinesterase agent galantamine and the selec-
tive monoamine oxidase inhibitor selegiline in neurodegene-
rative diseases has anticancer effects (Lazarevic-Pasti et al.,
2017; Ryu et al., 2018). Two drugs for breast cancer therapy
(exemestane and estradiol) reduce the risk of Alzheimer’s
disease and other dementias (Branigan et al., 2020; Gugliel-
motto et al., 2020).

Transitive genetic associations

Genes that can harbor mutations underlying rare and highly
penetrant Mendelian diseases affect the development of more
common forms of diseases. The effect of mutations can be
either a predisposing factor for disease development or vice
versa, a suppressor of phenotype manifestations. There are
various estimates of the involvement of Mendelian genes in
the phenotypic expansion of multifactorial pathology. About
300 genes associated with common diseases in genome-wide
studies underlie a number of Mendelian diseases (Lupski et al.,
2011). By some estimates, the proportion of Mendelian genes
in the structure of multifactorial diseases is approximately
23 % (Spataro et al., 2017), but with the growth of genome-
wide sequencing data, this amount is likely to increase sig-
nificantly. In terms of specific pathology, 11 (ABCGS, LCAT,
APOB,APOE, LDLR, PCSK9, CETP, LPL, LIPC, APOAS5 and
ABCAI) out of 30 genes associated with serum lipoprotein
concentrations are involved in monogenic disorders of lipid
metabolism (Kathiresan et al., 2009). These genes, which
are causative variants of both Mendelian disorders and the
risk of multifactorial diseases, tend to have higher functional
significance and higher expression levels than genes only as-
sociated with common diseases. Furthermore, genetic variants
in conditionally “Mendelian” genes tend to present higher
odds ratios than variants on genes with no link to Mendelian
disorders (Spataro et al., 2017).

The idea of a mutational burden materialization in com-
mon pathology is not new. The experimental basis for this
phenomenon was the publication of Michael S. Brown and
Joseph L. Goldstein (Brown, Goldstein, 1986), which showed

Genetic outline of the hermeneutics
of the diseases connection phenomenon in human

that patients with heterozygous mutations in the low-density
lipoprotein receptor (LDLR) gene, along with familial hy-
percholesterolemia, have coronary atherosclerosis and myo-
cardial infarction. In 2013, David R. Blair (Blair et al., 2013)
formulated a hypothesis about the transitivity of rare Mende-
lian variants into a pathological “allelic continuum” in a wide
range of final phenotypic effects from monogenic to complex
multifactorial diseases. To date, extensive factual material
has been accumulated to support this hypothesis. Carriers of
FLG gene mutations associated with loss of filaggrin func-
tion have an increased risk of developing atopic dermatitis
(Sandilands et al., 2007) and bronchial asthma in the context
of atopic dermatitis, while at the same time the risk of asthma
without atopic dermatitis is reduced (Palmer et al., 2006). This
finding suggests that FLG gene mutations are an important
risk factor for atopy in general, but with different chances for
a particular phenotype. Carriers of Gaucher disease muta-
tions, mainly L444P and N370S in the glucocerebrosidase
(GBA) gene, have an increased risk of Parkinson’s disease
(Sidransky et al., 2009). Heterozygous carriers of mutations
in the cystic fibrosis transmembrane regulator (CFTR) gene
are predisposed to idiopathic chronic pancreatitis (Weiss et
al., 2005) and chronic obstructive pulmonary disease (Divac
et al., 2004).

Various approaches are used to gain knowledge about the
active contribution of Mendelian disease genes as causative
genes for multifactorial diseases. For example, based on the
prioritization of data from genome-wide associative studies
of various forms of cardiomyopathies, it was found that 70 %
of the hypertrophic and 56 % of the dilated cardiomyopathy
genes are associated with various Mendelian diseases. This
finding suggests that the existing dichotomous classification
of diseases — monogenic and multifactorial — has become
irrelevant and requires rethinking taking into account new
knowledge about the genetic structure of susceptibility (Naza-
renko et al., 2022).

The potential of separate gene mutations is evaluated as pro-
tective factors in relation to oncological diseases. In particular,
activation of apoptosis and autophagy by mutant huntingtin
(Gomboeva et al., 2020), as well as the oncotoxic function of
CAG repeats (Murmann et al., 2018), the expansion of which
causes the Huntington’s disease, may prevent the development
of most types of cancer in patients with this hereditary disease
(Catala-Lopez et al., 2014). The molecular oncoprotective me-
chanism of the Laron dwarfism mutation (OMIM #262500)
(NM_000163.5(GHR):¢.594A>G (p.Glu198=)) in the growth
hormone receptor gene is mediated by effects on the activity
of genes involved in the control of the cell cycle, mobility,
growth and oncogenic transformation (Werner et al., 2020).

Loss of function of individual proteins due to loss-of-
function mutations provides specific resistance against some
common phenotypes. Protection against type 2 diabetes is
associated with carrying a mutation in the zinc transporter
type 8 gene (SLC3048) that leads to the synthesis of a trun-
cated protein (Flannick et al., 2014). As a consequence of
the resulting deficiency of SLC3048 gene function through
the mechanism of haploinsufficiency, carriers of mutant al-
leles have better insulin secretion due to increased glucose
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Fig. 3. Modeling of relationships between multifactorial/monogenic diseases by commonality of associated genes, based on: multivariate scaling (a)

and hierarchical cluster analysis (b).

Abbreviations for diseases: AD — eczema (atopic dermatitis), AID — Alzheimer’s disease, AR - allergic rhinitis, Ather — atherosclerosis, BA — atopic bronchial asthma,
BS - Brugada syndrome, CAD - coronary artery disease, CD1 - type 1 diabetes, CD2 - type 2 diabetes, CelD - celiac disease, DC - dilated cardiomyopathy,
FA - food allergy, GD - Gaucher’s disease, GU — gastric ulcer, HC - hypertrophic cardiomyopathy, HD — Huntington'’s disease, Hyper - arterial hypertension, Ich -
ichthyosis, Ml - myocardial infarction, MS — multiple sclerosis, Ob - obesity, ParD - Parkinson’s disease, Ps — psoriasis, RA — rheumatoid arthritis, RhP - polyposis

sinusitis, Sch - schizophrenia, Spul - pulmonary sarcoidosis, Tb — tuberculosis.

sensitivity and proinsulin conversion in the pancreatic beta
cells. Another example relates to nonsense mutations (Y 142X,
C679X, and R46L) in the proprotein convertase subtilisin-
kexin type 9 (PCSKY) gene underlying familial hypercho-
lesterolemia (OMIM #603776); these mutations result in
lower low-density lipoprotein cholesterol level (Cohen et al.,
2005). Heterozygous carriers of F508del in the cystic fibrosis
transmembrane regulator (CFTR) gene, which causes cystic
fibrosis, are more resistant to infectious diseases such as cho-
lera, typhoid fever and tuberculosis. Therefore, some authors
attribute the high prevalence of cystic fibrosis in the modern
human population to the adaptive advantage of mutation car-
riers (Bosch et al., 2017).

The results of the classification of some multifactorial and
Mendelian diseases based on the genes associated with them
have identified a large common genetic component of mul-
tifactorial diseases (as evidenced by their proximity to the
center in Figure 3, a). Monogenic diseases are expectedly
distant from them, with the exception of Huntington’s disease,
which is not only close to other neurodegenerative diseases
in the degree of gene commonality, but also has molecular
similarities with infectious, autoimmune, and cardiometabolic
diseases (see Fig. 3, b). Overall, in terms of the degree of
genetic “commonality” and clustering, most of the diseases
studied reflect the generally accepted classification of diseases.
However, such modeling has a limitation, since it depends on
the extent to which genes are studied, so we should expect
a shift in the location of monogenic diseases. At present, the
amount of genomic information is rapidly expanding, which

brings us closer to filling the gap in the knowledge about
disease-associated genes. But even after this gap is filled, a
more difficult task remains: to understand the mechanisms
of manifestation of the mutation effect and to map the ge-
netic interactions of mutations in different genes, which are
combined in a certain way due to structural and molecular
interaction (Diss, Lehner, 2018), contributing to phenotypic
diversity.

Conclusion

The last decades have been an important milestone for ge-
nomic research due to the possibilities of high-throughput
technology and the enormous amount of data obtained. It is
expected that between 100 million and 2 billion human ge-
nomes could be sequenced by 2025, far exceeding growth in
other dynamically developing fields that generate Big Data:
astronomy, YouTube and Twitter (Stephens et al., 2015).
The authors of the aforementioned paper compare genomic
research to a “four-headed beast” based on four main de-
mands in genomics throughout the life cycle of the datasets
generated by sequencing — acquisition, storage, distribution,
and analysis (Stephens et al., 2015). Of these four demands,
the greatest effort is required to analyze and comprehend the
results obtained, to unravel the complex relationship between
genetic variants and phenotypes. This relationship is to a large
extent a stochastic process, limited by the genome on the one
hand and environmental factors on the other. Consequently,
rational ways to comprehend biologically complex objects in
the world of Big Data are still relevant.
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The results of the study of the diseases connection pheno-
menon (comorbidity, syntropy/dystropy) accumulated in the
scientific literature lead to the necessity and possibility of ap-
proaching such a vision of generalization, which was outlined
by the outstanding Carl R. Woese in his paper: “...the essence
of biology lies not in things as they are, but in things coming
into existence” (Woese, Goldenfeld, 2009). In this context,
our article attempts to consider the diseases connection phe-
nomenon within the framework of the “hermeneutic circle”
metaphor. It is important to note the historical continuity of
scientific knowledge on the issue, which was originally based
on a holistic view of the development of living organisms,
ranging from ‘Geoffroyism’ (named after Etienne Geoffroy
Saint-Hilaire), reflected in the principles of connexion, the
unity of elementarity and integrity (Holodkovsky, 1915), to
the manifestation of the complex tropism of hereditary factors
(Davidenkov, 1947) and the principles of systematization in
medical genetics (McKusick, 1968), and finally to the frame-
work of modern concepts of network biology and medicine
(Barabasi et al., 2011; Kolchanov et al., 2013).

The progress of research on comorbidities has shown the
insufficiently comprehensive nature of the existing termino-
logy. For example, in contrast to the term “comorbidity”,
which has become familiar in medical practice, the genetic
discourse of the proximity of concomitant diseases is most
fully interpreted by the terms “syntropy’ and “dystropy”, re-
flecting the peculiarities of pathogenetic relationships between
diseases. The pathogenetic principle of gene involvement in
the development of comorbid diseases allowed to classify them
as syntropic and dystropic genes (Puzyrev, 2015). Important in
this context is the classification of genes on a mechanistic basis
into nuclear/core and peripheral genes, that have omnigenic
effects on the development of the pathological phenotype
through trans- and cis-regulation (Boyle et al., 2017; Liu et al.,
2019). It is obvious that, along with nuclear genes, peripheral
genes are important objects for MFDs comorbidity studies,
because their global activity in specific cell types determines
cellular function and disease risk.

The molecular nature of comorbidities, which allows them
to be connected in many, often non-fatal and even beneficial
combinations, remains difficult to explain due to some “liber-
ties of genome” determined by the dynamic and non-linear
nature of the functioning of the system, regulated by feedbacks
that can be disrupted in predictable but individual way. The
degree of benefit or harm of such combinations of diseases of
the conditional “adaptive phenotype” depends on the trade-
offs that are most obvious due to competition for the limited
resources of the organism. Probably, vulnerability to some
diseases with a relatively low risk of developing others is
reduced to the establishment of some “price of complexity”,
based on the pleiotropic action of genes.

Thus, the diseases connection phenomenon, described in
clinical practice for a long time, is of independent interest for
fundamental research. The DCP also becomes an additional
way to elucidate the etiology and pathogenesis of complex
diseases, in the study of which modern methodological and
conceptual approaches are involved. On the other hand, the
diseases connection phenomenon is important for practical
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healthcare, since its description is crucial for expanding the
clinician’s interpretative horizon and moving beyond narrow,
disease-specific therapeutic decisions. By expanding our
knowledge of the molecular diversity of the human phenome,
we can encourage the revision of current disease classifica-
tions (Piro, 2012), the identification in such classifications of
subtypes with different prognosis for the patient and family
members, individual responses to treatment (Manolio, 2013).
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Molecular genetic basis of epidermolysis bullosa
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Abstract. Epidermolysis bullosa (EB) is an inherited disorder of skin fragility, caused by mutations in a large number of
genes associated with skin integrity and dermal-epidermal adhesion. Skin fragility is manifested by a decrease in resis-
tance to external mechanical influences, the clinical signs of which are the formation of blisters, erosions and wounds
on the skin and mucous membranes. EB is a multisystemic disease and characterized by a wide phenotypic spectrum
with extracutaneous complications in severe types, besides the skin and mucous membranes, with high mortality.
More than 30 clinical subtypes have been identified, which are grouped into four main types: simplex EB, junctional
EB, dystrophic EB and Kindler syndrome. To date, pathogenic variants in 16 different genes are associated with EB
and encode proteins that are part of the skin anchoring structures or are signaling proteins. Genetic mutations cause
dysfunction of cellular structures, differentiation, proliferation and apoptosis of cells, leading to mechanical instability
of the skin. The formation of reduced proteins or decrease in their level leads mainly to functional disorders, forming
mild or intermediate severe phenotypes. Absent protein expression is a result of null genetic variants and leads to
structural abnormalities, causing a severe clinical phenotype. For most of the genes involved in the pathogenesis of
EB, certain relationships have been established between the type and position of genetic variant and the severity of
the clinical manifestations of the disease. Establishing an accurate diagnosis depends on the correlation of clinical,
genealogical and immunohistological data in combination with molecular genetic testing. In general, the study of
clinical, genetic and ultrastructural changes in EB has significantly expanded the understanding of the natural history
of the disease and supplemented the data on genotype-phenotype correlations, promotes the search and study of
epigenetic and non-genetic disease modifier factors, and also allows developing approaches to radical treatment of
the disease. New advances of sequencing technologies have made it possible to describe new phenotypes and study
their genetic and molecular mechanisms. This article describes the pathogenetic aspects and genes that cause main
and rare syndromic subtypes of EB.

Key words: epidermolysis bullosa; pathogenesis; genotype-phenotype correlations; heterogeneity.
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AHHoTauua. bynnesHbiii snnaepmonus (b3) — Hacne[CTBEHHOE HapyLLEHME, Bbi3biBaloLLEe XPYMKOCTb KOXM, 06yCnoB-
NEHHYI0 U3MEHEHVAMMN FeHOB, OTBEYAIOLLMX 33 LIeIOCTHOCTb KOXUN U AepMO-3nugepMasbHyto agresuto. XpynkocTb
KOXM NPOABNAETCA CHKEHNEM YCTONUMBOCTM K BHELUHMM MEXaHUYeCKnM BO3AENCTBUAM, KIIMHUYECKME NPU3HaKK
KOTOpoW — 06pa3oBaHKe My3blpelt, 3p03M1I 1 pPaH Ha KoXe 1 Cn3UCTbix obonoykax. na b3 xapaktepeH wWypokuii
deHoTUNNYECKNIA CNEeKTP, NPU TAXKENbIX TUMNAX, KPOME KOXNM U CIIN3UCTbIX, OTMEYALOTCA MYSIbTUCMCTEMHOCTb NOPaxe-
HUS 1 Pa3BUTUE BHEKOXKHbIX OCSTOXKHEHWI, BbICOKas JleTanbHOCTb. BbligeneHo 6onee 30 KNMHUYeCKMx noaTunos b3,
CrpynnUPOBaHHbIX B YeTblpe OCHOBHbIX TUMa: MPOCTOM, NOFPaHNYHbIN, AnCcTpoduyecknin b3 n cnHagpom KnHgnepa.
Ha cerogHAwwHMN aeHb b3 06ycnoBnmBatoT NaToreHHble BapuaHTbl B 16 pasfnMyHbIX reHax, KoTopble KOANPYIOT 6enku,
BXOAALLME B COCTAaB KPENALMX CTPYKTYP KOXMU, N CUTrHasNbHble 6enku. leHeTnyeckme aedeKTbl B STUX reHax ciyxaT
NPUYMHON HapyLleHnA GYHKLMN KNETOUHbIX CTPYKTYP, MpoLeccoB anddepeHumposky, nponudepanmm 1 anonTtosa
KNeTOK, MPUBOAA K MeXaHNYEeCKOI HeYCTOMYMBOCTUN KOxKM. Obpa3oBaHMe YKOPOUEHHbIX O€NKOB NN YMEHbLUEHME UX
Konunuectsa obycnaBnvBaeT B OCHOBHOM dyHKLMOHasbHble HapyLleHns, GopmMrpya nerkre nnv cpepHeTaxenble de-
HOTUNbI. [1pY HYNEBbIX reHETNYECKNX BapmaHTaX, BCIIeACTBME KOTOPbIX SKCNpeccua 6enka yTpaumBaeTcsa NOAHOCTbIO,
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MonekynapHo-reHeTu4YecKkme OCHOBbI
6ynnesHoro anvaepmonunsa

BO3HVIKAIOT CTPYKTYPHbIE HapYLLEHNs, BEKYLUME TAXKENYIO KIMHUYECKYIO KapTWHY. [ 60NbWMHCTBA BOBIEYEHHbIX
B natoreHes b reHoB 06HapyXeHbl ONpefeneHHble CBA3Y MEXAY XapaKTePOM 1 JIOKanu3aumen reHeTUYecKknx ae-
bEKTOB C TAXKECTbIO KNMHUYECKUX NPOABNEHNI 3a60/1eBaHNA. YCTaHOBNEHVE TOYHOTO AMarHo3a 3aBuCUT OT Koppe-
NAUMKN KIIMHNYECKIX, FeHeanormyeckmx U UMMYHOTMCTONTOMMYECKMX AaHHbIX B COUETAHWMN C MONIEKYNIAPHO-TeHeTrYe-
CKVMM MccriefoBaHvieM. B Lenom mnsydeHune KNMHUYECKKX, FEHETUYECKUX 1 YNIbTPACTPYKTYPHbIX 3MeHeHui npu B3
3HAUMTENIbHO pacLIMpPAET NOHXMaHNE eCTeCTBEHHOrO TeueHUs 3aboneBaHns U MNOMOJHAET AaHHble O KOpPensauusax
reHOTUN-PpeHOTHIM, COCOBCTBYET MOWCKY 1 N3YUYEHUIO SMUTEeHETUYECKMX N HETeHeTNYEeCKIX pakTopoB-MoauduKaTo-
poB 3aboneBaHus, a Takxke pa3paboTke NOAXO[OB K paAMKarbHOMY feueHuio 3aboneBaHus. HoBble BO3MOXHOCTY
TEXHOJOMI CEKBEHNPOBAHMWA MO3BOMN OMNKUCaTh HOBbIE GPEHOTUNMbI U U3YUUTb UX FeHETUYECKIE U MONEKYNIAPHbIe
MeXaHU3Mbl. B HacTosLen cTaTbe ONMcaHbl NaToOreHeTUYeCKMe acneKTbl Y reHbl, BbI3bIBalOLMe KNacCMueckme v peg-

Kre cmHapomarsbHble noatunbl b3.

KnioueBble croBa: 6yJ1J'Ie3HbIVI ANNAepPMonn3; natoreHes; Koppenaunmn FeHOTI/II'I-d)eHOTI/II'I; reTeporeHHoOCTb.

Introduction

Epidermolysis bullosa (EB) is a group of rare and currently
incurable genetically determined hereditary skin diseases. The
disease is characterized by fragility of the skin and mucous
membranes that occurs with mechanical trauma, seemingly
insignificant in terms of shear force, often accompanied by
damage to nails, teeth and hair (Panzaru et al., 2022). The
spectrum of characteristic skin manifestations is wide and
includes blisters, erosions, wounds that can become chronic,
scarring, crusting, milia, skin atrophy, and dyspigmentation.
In rare subtypes, it is possible not only to damage the skin, but
also muscles, the gastrointestinal tract, kidneys, etc., which is
due to the nature of the expression of the defective protein.

The severity of the disease varies from phenotypically mild
to severe disabling or lethal variants, which determines the
expected prognosis of life expectancy. Severe EB subtypes
develop as systemic diseases with secondary multiple organ
damage and developmental delay, anemia, affect heart and
bones, movement disorders, early susceptibility to skin can-
cer, and premature death. The treatment of EB is exclusively
symptomatic and is aimed at the prevention of mechanical
injuries, wound care, treatment of infectious complications
and extracutaneous manifestations of the disease. To date,
no therapeutic approaches have been able to cure EB patients
(Panzaru et al., 2022).

Epidermolysis bullosa is a demonstrative model of mecha-
nobullous disease, and the study of the underlying mechanisms
has made it possible to make significant progress in under-
standing the fundamentals of the physiology and pathophysio-
logy of the skin. The gained knowledge about EB was reflected
in the classification, which was revised several times over
the past decade by an international consensus group (Has et
al., 2020a). Epidermolysis bullosa is divided into four main
types — simplex EB (EBS), junctional EB (JEB), dystrophic
BE (DEB) and Kindler’s syndrome (KS), which is based on
the ultrastructural changes and the level of blisters in the skin
and reflects the consequences of genetic defects on the protein
function. Epidermolysis bullosa is clinically and genetically
very heterogeneous, inherited in an autosomal dominant (AD)
or autosomal recessive (AR) pattern of inheritance (Has et al.,
2020a). Advances in understanding the pathogenesis of EB
contribute to the development of potentially effective protein,
cell and gene therapies (Has et al., 2020b).

The epidermal basal layer, basement membrane zone (BMZ)
and extracellular matrix are key subregions that take central

place in the pathophysiology of EB (Uitto et al., 2017) and
genetic changes disturb the structure or function of their pro-
teins (Mariath et al., 2020a). Pathogenic variants in 16 dif-
ferent genes determine the genetic and allelic heterogeneity
of EB and the grouping of four main types of EB, including
more than 30 clinical subtypes. EB-associated genes en-
code intracellular, transmembrane or extracellular proteins,
mainly structural components of the cytoskeleton (keratin 5
and 14), BMZ (064 integrin, type X VII collagen, laminin-332,
type VII collagen, a3 integrin alpha subunit, kindlin-1) or
intercellular adhesion proteins (desmoplakin, plakophilin,
placoglobin) (see the Table) (Has, Bruckner-Tuderman, 2014).
Table presents the key processes of pathogenesis leading to
a certain phenotype.

The main EB types

Simplex EB (EBS) is the most common type, accounting for
about 70 % of all patients with EB (Has, Fischer, 2019), and
includes 14 clinical subtypes according to the latest classifi-
cation. Simplex EB has a wide range of severity, from mild
with blistering of the palms and feet to generalized forms with
extracutaneous lesions, sometimes fatal (Fine, 2010). Simplex
EB is most often caused by defects in the keratin filaments of
basal keratinocytes, has a different genetic basis: it is asso-
ciated with changes in at least seven genes and represents the
greatest clinical diversity.

Most subtypes of EBS are inherited in the AD pattern,
although AR inheritance occurs in some regions of the world
(Gostynska et al., 2015; Vahidnezhad et al., 2019). The most
common EBS subtypes observed in clinical practice are
caused by mutations in the keratin 5 or 14 genes (70-80 % of
cases), while according to the literature data, at least 17 % of
patients with EBS had mutations de novo (Bolling et al., 2011;
Wertheim-Tysarowska et al., 2016). In addition, EBS with AD
inheritance may be associated with heterozygous variants in
the PLEC or KLHL24 genes (Grilletta, 2019; Kiritsi et al.,
2021). Rare digenic inheritance caused by mutations in the
KRTS5 and KRT14 genes have also been described in patients
with EBS (Sathishkumar et al., 2016).

Keratin 5 and keratin 14 have a similar protein structure
consisting of a central a-helical rod domain that is responsible
for the polymerization of these proteins to form keratin tono-
filaments. The core domain is subdivided into segments 1A,
1B, 2A and 2B by flexible linkers L1, L12 and L2, flanked by
variable domains V1 and V2 in both proteins. Also, keratin 5
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Classification of epidermolysis bullosa (EB) and main mechanisms of pathogenesis

Subtype Type Gene Mechanism
affected

Localized AD KRT5, Abnormal keratin cytoskeletal network and basal cytolysis
.................. KRT14

Intermediate

Severe AD KRTS5, Abnormal keratin cytoskeletal network, clumping of keratin tonofilaments
KRT14 leading to basal cytolysis

With mottled pigmentation AD Predominantly Rupture of keratin filaments, basal cytolysis, and additional aggregation of
KRT5, densely packed complex melanosomes in the perinuclear cytoplasm of basal
less frequently keratinocytes
KRT14

Migratory circinate AD KRT5 Keratin 5 elongation due to late termination codon generation leads to T-cell

mediated inflammation

Intermediate AD KLHL24 Pathogenic variants result in a truncated and more stable KLHL24 protein,
with cardiomyopathy followed by increased degradation of KRT14

Intermediate AD, PLEC Reduced HD due to disruption of the internal plaque to which the keratin
with PLEC mutations AR cytoskeleton attaches, followed by basal cytolysis

Intermediate AR PLEC The cleavage is as close as possible to the BMZ; HD is significantly reduced
with muscular dystrophy in size; breaking of the interaction of sarcomeres due to the rodless isoform

of plectin inside the Z-disks; defective attachment between assembled
desmin filaments triggers the formation of desmin protein aggregates as well
as secondary mitochondrial failure

Severe with pyloric atresia AR PLEC Absent plectin

EB simplex AR KRT5, Absence or significant reduction of bundles of tonofilaments in basal
KRT14 keratinocytes

Localized or intermediate AR DST Absence of inner HD plaques, compensatory increase in KRT14 and plectin,

with BP230 deficiency which may explain the mild phenotype

Localized or intermediate AR EXPH5 Disruption of intracellular vesicles transport along actin and tubulin

with exophilin 5 deficiency networks; an increase in perinuclear vesicles with abnormal keratin;

loss of basal keratinocyte adhesion

Localized with nephropathy AR CD151 Pathogenic variants lead to reduced adhesion of keratinocytes mediated
(CD151 deficiency) by laminin-332-integrin a331 complexes in the epidermis and podocytes

Severe AR LAMAS3, Laminin 332 is usually absent; reduced HD; abnormal or absent sub-basal
LAMBS3, lamina densa; reduction of anchoring filaments
LAMC2
Intermediate AR LAMAS3, Reduced laminin-332; absent or reduced collagen of type XVII
LAMBS3,
LAMC2,
COL17A
With pyloric atresia AR ITGA6, Absent or markedly reduced a6[34 integrin; Pathogenic variants in the
ITGB4 ITGB4 gene leading to partial expression of integrin 34 may cause a milder
phenotype
Localized AR LAMAS3, Variable abnormalities and expression levels in defective proteins
LAMB3,
LAMC2,
COL17A,
ITGB4,
ITGA3
Inversa AR LAMAS3, Reduced expression of laminin-332
LAMBS3,
LAMC2
Late onset AR COL17A Reduced or abnormal expression of type XVII collagen

20 BaBunoBckuii xKypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 2023 - 27 « 1



10.10. Kotanesckasn MonekynapHo-reHeTMyecKkmne OCHOBbI 2023
B.A. CrenaHoB 6ynnesHoro annaepmonmsa 2741
End of the Table
Subtype Type Gene Mechanism
affected
Laryngo-onycho-cutaneous AR LAMA3 Abnormally truncated a3A subunit of laminin-332
syndrome
With interstitial lung disease AR IGTA3 Variants with loss of function of the a3 integrin subunit are common;
and nephrotic syndrome missense variants may cause milder disease and improve survival
Dystrophic EB — sublamina densa
DDEB, intermediate AD COL7A1 Reduced or abnormal type VIl collagen; usually due to missense mutations
causing glycine replacement at the hinge region of the type VIl collagen triple
helix
DDEB, localized AD COL7A1 Reduced or abnormal type VIl collagen resulting from monoallelic deletions,
missense variants, or splice site mutations
DDEB, pruriginosa AD COL7A1 Pathogenic mechanism is unknown
DDEB, self-improving AD COL7A1 Intracellular accumulation of unsecreted procollagen VII; retention of type VIl
collagen in basal keratinocytes; gradual improvement in the formation of
type VIl collagen and anchoring fibrils for unknown reasons
RDEB, intermediate AR COL7A1 Combinations of biallelic pathogenic variants in COL7AT (missense, nonsense,
insertions, deletions, and splice site variants) result in reduced or abnormal
production of type VIl collagen
RDEB, severe AR COL7A1 Biallelic null variants in COL7AT that result in a markedly reduced or absent
type VIl collagen and, therefore, in a lack of functional anchoring fibrils
RDEB, inversa AR COL7A1 It is assumed that specific mutations of arginine and glycine in the triple
helix of type VI collagen reduce the thermal stability of the protein, causing
clinical manifestations in areas of the body with a higher temperature, incl. on
mucous membranes
RDEB, localized AR COL7A1 Reduced or abnormal type VIl collagen
RDEB, pruriginosa AR COL7A1 As in DDEB, pruriginosa
RDEB, self-improving AR COL7A1 As in DDEB, self-improving
DEB, severe AD, COL7A1 Pathogenetic mechanisms are unknown, the phenotype occurs in compound
AR heterozygotes for a dominant mutation of glycine in COL7AT in one allele
and a recessive variant in the second allele, which changes the protein
microenvironment in the BMZ area, increasing the severity of clinical
manifestations
Kindler syndrome — variable and mixed
Kindler syndrome AR FERMT1 Pathogenic variants promote disruption of keratinocyte cytoskeletal

networks, abnormal integrin activation, and loss of keratinocyte adhesion
to the underlying basement membrane

Note. AD - autosomal dominant type of inheritance; AR — autosomal recessive type of inheritance; BMZ — basement membrane zone; HD — hemidesmosome;
DDEB - dominant dystrophic epidermolysis bullosa; RDEB - recessive dystrophic epidermolysis bullosa.

has a conserved H1 and H2 homology domain. The KRT5
and KRT14 genes are expressed in the basal keratinocytes of
the epidermis, where their protein products combine to form
heterodimeric molecules. The K5 and K14 dimers are the
main components of the keratinocyte intermediate filament
system, which assemble into an intracellular network (Bunick,
Milstone, 2017).

Among the pathogenic variants in the KRTS5 and KRT14
genes predominate dominant missense variants that affect
the ability of keratins to interact with their partner. The loca-
tions of the pathogenic variant in the functional domains of
the KRT5 or KRT14 genes are of key importance (Arin et al.,

2010). Dominant-negative pathogenic variants are grouped at
the beginning of 1A or the end of 2B segments of the helical
rod domain of KRTS5 and KRT/4 and are typical of severe
generalized EBS, because these domains are highly conserved
and are considered critical for filament assembly.

The most common pathogenic variants are: p.Glu477Lys in
the KRTS5 gene and p.Argl25Cys, p.Argl125His, p.Asn123Ser
in the KRT14 gene (Bolling et al., 2011; Vahidnezhad et al.,
2016). In moderate EBS, pathogenic variants are located in
the second part of segments 1A or 2B of the core domain
of KRT5 and KRTI4. In this subtype, they do not alter the
process of keratin elongation during filament assembly, but
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impair their function (Has, Bruckner-Tuderman, 2014). In the
localized EBS subtype, pathogenic variants are clustered in
both KRT5 and KRT14, usually outside the highly conserved
core domain boundary motifs, as well as in L12 linkers, in
addition, in the KRT5 gene in the H1 domain, causing struc-
tural instability of the filaments (Bardhan et al., 2020). More
distinct correlations with the genotype were found in the EBS
subtype with spotted pigmentation, which is associated with
pathogenic variants in the V1 domain of the KRTS5 gene, so
the p.Pro25Leu variant accounts for 90-95 % of mutations in
this subtype (Arin et al., 2010).

Severe and moderate EBS with AR inheritance is associated
with rare pathogenic biallelic variants in KR714 and KRTS,
which are found in consanguineous families (Vahidnezhad et
al.,2016). Homozygous mutations in the KRT5 gene result in
a severe phenotype, extracutaneous manifestations, and early
mortality (Has et al., 2006).

The latest revision of the EB classification characterized
rare syndromic EBS subtypes associated with mutations in
the PLEC, KLHL24, DST, EXPH5, and CD151 genes (see
the Table); we will consider them below.

The plectin protein encoded by the PLEC gene is a cytoske-
letal protein that links the network of intermediate filaments
to HD and thus acts as a mediator of the mechanical stability
of keratinocytes in the skin (Natsuga, 2015). A large number
of alternatively spliced first exons of the plectin gene form
multiple protein isoforms and determine different expression
in tissues, which ensures clinical diversity and leads to four
rare EBS phenotypes.

Pathogenic variants in the PLEC gene were mainly found
in exons 31 and 32, loss-of-function variants leading to more
severe phenotypes such as EBS with pyloric atresia (EBS-AP)
and, as a result of null variants of the PLEC gene, EBS with
muscular dystrophy (EBS-MD), where skeletal muscle fibers
lose their structural integrity due to defects in desmin filaments
(Natsuga, 2015). Moderate EBS with AR inheritance is caused
by a specific homozygous nonsense mutation p.Argl6X in
the first exon encoding the plectin la isoform, resulting in
the absence of only this specific isoform (Gostynska et al.,
2015). Also, in exon 31 of the PLEC gene, a dominant amino
acid substitution p.Arg2110Trp was described, which leads
to a partial loss of protein function and causes HD fragmen-
tation (Kiritsi et al., 2021), which is clinically manifested as
moderate EBS.

The KLHL24 protein belongs to a family of highly con-
served proteins with BTB/kelch domains; pathogenic variants
in the KLHL24 gene lead to dysregulation of autoubiquitina-
tion and change the regulation of degradation of keratin 14 mo-
lecules and cause its fragmentation (Dhanoa et al., 2013). In
the EBS subtype caused by mutations in the KLHL24 gene, in
all described cases, a heterozygous variant was observed in the
start codon, the most common being c.1 A-G with a dominant
negative effect (Bardhan et al., 2020). Also, 85 % of patients
with this subtype of EBS at a young age develop dilated
cardiomyopathy caused by KLHL24-mediated degradation
of desmin, the main protein of cardiomyocyte intermediate
filaments (Grilletta, 2019).

Dystonin (BPAG1) is a member of the plakin protein family
(Ganani et al., 2021). The DST gene encodes the epithelial
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BPAGT-¢ isoform, which is a structural component of internal
HD plaques and consists of a helical-helical rod domain and
flanking N- and C-termini. The N-terminus of the BPAG1-e
protein is involved in its integration into HD and has bind-
ing sites for type XVII collagen and B4 integrin, while the
C-terminus is the key point of attachment of keratin interme-
diate filaments (Kumar et al., 2015). Mutations in BPAG1-e
have been shown to be associated with impaired adhesion of
keratinocytes, increased cell migration with reduced expres-
sion of f4-integrins on the cell surface (Ganani et al., 2021).
Clinically, it leads to a mild phenotype.

The exophilin-5 protein, a RAB27b GTPase effector protein
encoded by the EXPHY5 gene, is not a structural component
of intermediate filaments, desmosomes, or PD. Although its
role is not fully known, it is assumed that it contributes to
the regulation of intracellular transport of vesicles, including
the control of their formation and movement along the actin
and tubulin networks, as well as the secretion of exosomes
(Natsuga et al., 2010). Single families are described with ho-
mozygous variants in the EXPHY5 gene, leading to a frameshift,
as well as in combination with nonsense variants. Mild clinical
manifestations have been described.

In the epidermis, the expression of the transmembrane
protein CD151 is localized in HD, binding to a6p4 integrin
and stabilizing its interaction with laminin-332, and plays
a critical role in the formation of the HD complex. CD151
mediates cell adhesion and intracellular vesicular transport
of integrins. In the kidneys, it forms complexes with a3f1
and a6B1 integrins and is required for the correct assembly
of glomerular and tubular basement membranes (Margadant
et al., 2010). A defect in the CD151 protein determines the
clinical manifestations in individuals with CD151-associated
EBS, including nephropathy with proteinuria (Karamatic
Crew et al., 2004).

Junctional EB (JEB) is also a clinically and genetically
heterogeneous group of skin fragility disorders, includes nine
clinical subtypes, and is a rare type of EB (Has et al., 2020a).
JEB subtypes have pathognomonic signs, for example, in se-
vere generalized subtype, granulation tissue is rapidly formed
in typical places, and mortality is high (Kiritsi et al., 2011).
Phenotypic variability in JEB is extremely wide — from only
nail dystrophy to death in the first year of life. Pathogenic va-
riants in seven different genes lead to the development of JEB,
all subtypes are inherited in the AR type. Pathogenic variants
in the LAMA3, LAMB3, and LAMC?2 genes encoding the a3,
B3, and y2 chains of laminin-332, as well as in the COL17A41
gene, encoding type X VII collagen, lead to the most common
JEB subtypes (Uitto et al., 2016). Rare JEB phenotypes are
associated with deficiency of a6p4 integrin, leading to the
development of JEB with pyloric atresia and deficiency of
the a3 subunit of a3B1 integrin, causing EBS with respiratory
and renal involvement (Kiritsi et al., 2013).

The laminin-332 protein is a heterotrimer consisting of o3,
B3, and y2 chains, which are encoded by the LAMA3, LAMB3,
and LAMC? genes, respectively. Together with the extracel-
lular domain of type XVII collagen, they form anchor fila-
ments. The laminin-332 protein binds at its a-chain C-terminus
to a3B1 integrins in focal adhesion sites and a6B4 integrins
in HD, connecting the surface of basal keratinocytes to the
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dermal-epidermal BM (Dogic et al., 1998). In the dermis, the
N-terminus of laminin-332 chains bind to type VII collagen,
so that anchor filaments and anchor fibrils connect directly
(Aumailley et al., 2003). Loss of laminin-332 expression
causes extreme skin fragility and excess granulation tissue in
generalized severe JEB. In laminin-332-deficient JEB sub-
types, the LAMB3 gene is altered in 70 % of cases. Approxi-
mately 9 % of patients with JEB have mutations in the LAMA3
and LAMC? genes, respectively (Varki et al., 2006; Uitto et
al., 2016). The most common pathogenic variant is p.R635X,
as a “hot” mutation point, which accounts for 45—63 % of all
pathogenic alleles of the LAMB3 gene in generalized severe
JEB, resulting in the absence of one of the three proteins that
are assembled in laminin-332.

Mild manifestations of EB are caused by missense muta-
tions, splicing site mutations, and deletions with preservation
of the reading frame, which, leading to a change in the key
positions of protein subunits, affect the ability of laminin a3,
B3, and y2 to assemble into a trimeric molecule, its secondary
structure, and its ability to form intracellular anchor fibrils
(Kiritsi et al., 2011).

A special phenotype, laryngo-onycho-cutaneous syndrome
(LOC syndrome), manifests pathogenic variants that form
a stop codon in exon 39, specific for the alpha-3 subunit of
the LAMA3 gene, where three causative variants have been
described so far: p.V51fs; p.GIn157Ter; p.Trpl6Ter (Wang
et al., 2022). Recently, C. Prodinger et al. (2021) reported
three new mutations in the LAMA3 gene outside of exon 39.

Type XVII collagen protein is a homotrimer consisting
of three identical subunits, is a transmembrane protein and
the main structural component of PD, has both intracellular
and extracellular domains. Type XVII collagen acts as a cell
surface receptor for extracellular matrix proteins (van den
Bergh, Giudice, 2003). The extracellular domain of type
XVII collagen is associated with laminin-332; in this regard,
it takes part in the creation of anchor filaments, can control
cell motility, determines the spatial orientation of laminin-332
and its location in the collagen-IV-containing lamina BM
(Tong, Xu, 2004).

This protein also regulates the differentiation of amelo-
blasts, epithelial cells involved in the formation of tooth ena-
mel (Asaka et al., 2009). Enamel defects, ranging from punc-
tate to generalized hypoplasia, occur in all subtypes of JEB,
arising from impaired adhesion of the odontogenic epithelium
from which ameloblasts originate (Wright et al., 2015).

Also, type XVII collagen plays a central role in regulating
the proliferation of the interfollicular epidermis, participating
in the maintenance of hair follicle stem cells, where it controls
their aging program, which may explain the irreversible hair
loss in people with type XVII collagen deficiency (Matsumura
et al., 2016).

Pathogenic variants in the COL17A41 gene usually result
in moderate JEB (Pasmooij et al., 2004), although a few
fatal cases have been described with the presence of patho-
genic COL17A41 variants (Murrell et al., 2007). According
to D. Kiritsi et al. (2011) 69 % of the COLI17A41 gene vari-
ants were nonsense variants, insertions or deletions, 19 %
were missense variants, and 12 % were splice site variants.
Pathogenic variants leading to exon skipping in the COL17A41
gene have a mitigating effect on the phenotype, allowing the
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production of a sufficiently functional protein (Condrat et
al., 2019).

In some cases, nonsense mutations can cause mild manifes-
tations of moderate generalized JEB due to alternative splicing
mechanisms. It was shown that in patients with a homozygous
nonsense mutation p.R795X in exon 33, COL1741 mRNA is
formed as a result of alternative splicing, which allows the
production of a small amount of type XVII collagen.

Integrins are heterodimeric transmembrane receptors con-
sisting of a- and B-subunits that form a functional receptor
(Masunaga et al., 2017). In the epidermis, a3p1, a6p4, and
02P1 integrins are the most abundant. The a6p4 integrin binds
to laminin-332 and to keratin filaments within the cell, which
allows it to coordinate the cellular response and regulate adhe-
sion, migration, and proliferation of keratinocytes. The a6p4
integrin is also involved in the formation of HD integrity and
stability and interacts with type XVII collagen, plectin, and
dystonin (Has, Nystrom, 2015). The group of Bl-integrins
is associated mainly with the basal surface of keratinocytes
and is involved in the formation of focal contacts. The a331
integrin is found both on the basal and lateral surfaces of
basal keratinocytes, where it can participate in intercellular
contacts.

The ITGA6 gene encodes the 06 subunit, the /7GB4 gene
encodes the B4 subunit of the a6p4 integrin. Pathogenic va-
riants in these genes, leading to premature termination of
translation, form a severe phenotype that can be fatal in the
neonatal period. Most of the mutations are in the /7GB4 gene;
splicing site variants, small deletions and insertions, amino
acid substitutions that lead to a rare subtype, JEB with pyloric
atresia, have been described (Masunaga et al., 2017). Studies
of genotype and phenotype correlations indicate that variants
located in the extracellular domain of /7GB4 are usually as-
sociated with a more severe phenotype compared to those
located in the cytoplasmic tail (Mariath et al., 2021). In the
ITGAG gene, single variants with loss of function in patients
from consanguineous families are described, which are clini-
cally manifested by early manifestation and often with a fatal
outcome (Schumann et al., 2013; Masunaga et al., 2017).

The ITGA3 gene encodes the a3 integrin subunit, which is
associated with the B1 subunit and forms the a3p1 integrin
involved in interactions with extracellular matrix proteins, in-
cluding laminins. The o3 integrin subunit is expressed in basal
keratinocytes, podocytes, tubular epithelial cells, alveolar
epithelial cells, and many other tissues (Bardhan et al., 2020).

Several cases of JEB with interstitial lung disease and renal
abnormalities have been reported, associated with pathogenic
variants in the /TGA3 gene, the expression of which in diffe-
rent tissues explains the multiple organ damage observed in
patients. In addition, the relationship between the a3 integrin
subunit and the cell membrane is complex, including post-
translational modifications, cleavage, heterodimerization with
the B1 integrin subunit, and association with CD151. Amino
acid substitutions can interfere with these events and act as
null mutations, leading to severe disease (Has et al., 2012);
variants that express a residual, truncated, or dysfunctional
protein may result in a milder phenotype and improved sur-
vival (Liu et al., 2021).

Dystrophic EB (DEB) is divided into two main groups:
dominant DEB (DDEB) and recessive DEB (RDEB). Clini-
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cal diversity includes 11 subtypes, with all subtypes having
cutaneous and extracutanecous manifestations of varying se-
verity. In general, RDEB is more severe than DDEB, ranging
from severe skin manifestations with scarring and fibrosis,
secondary complications, extracutaneous manifestations, and
a high risk of squamous cell carcinoma, to mild skin fragility
on the extremities or only nail dystrophy. However, there is a
significant phenotypic overlap between AD and AR subtypes,
which often makes it clinically difficult to establish the type
of inheritance of DEB in a patient, especially if the proband
is the only patient in the family.

DEB develops as a result of mutations in only one gene,
the COL7A1 gene, which encodes type VII collagen, the main
protein of anchor fibrils that provide BM attachment to the
underlying dermis. Pathogenic variants in the COL7A1 gene
lead to a disruption in the production and molecular structure
of collagen, causing splitting of the upper layers of the dermis
and destruction of anchor fibrils. The nature and location of
pathogenic variants are important determinants of the phe-
notype (Hovnanian et al., 1997), which is determined by the
expression and residual function of collagen VII (Mariath et
al., 2020).

Type VII collagen is a non-fibrillar collagen synthesized
by both epidermal keratinocytes and dermal fibroblasts and
is localized in the BM zone below the epithelial layers, rep-
resenting a homotrimer consisting of three identical a1 poly-
peptide chains (Uitto et al., 1992). Each al polypeptide chain
contains a central collagen triple helix domain and terminal
non-collagen NC-1 and NC-2 domains (Chung, Uitto, 2010).
The triple helical domain consists of a repeating Gly-X-Y
sequence interrupted by non-collagenous regions, the largest
of which consists of 39 amino acid residues and is known as
the “hinge” region.

The NC-1 domain mediates the attachment of anchor
fibrils to the basement membrane and islets of collagen IV
in the dermis (Bruckner-Tuderman et al., 2013). The NC-2
domain contains conserved cysteines involved in the forma-
tion of disulfide bonds, which provide a link between type VII
collagen homotrimers. In addition, loops formed by anchor
fibrils in the papillary dermis capture and mechanically hold
interstitial collagen fibers, which are mainly represented by
collagen types I, III and V.

Also, type VII collagen promotes the migration of keratino-
cytes, which is one of the stages of wound healing, providing
their re-epithelialization (Woodley et al., 2008). It has been
shown that in DEB the size or number of anchor fibrils is
reduced, or they are absent (Uitto, Christiano, 1992), which
determines the main mechanism and severity of the develop-
ment of clinical manifestations. Impaired function of type VII
collagen leads to deep skin defects, scarring of the mucous
membranes, the formation of milia and fibrosis.

Hundreds of mutations in the COL7A1 gene associated
with DEB are known (Sawamura et al., 2005; Has et al.,
2020a). Thus, most cases of DDEB are the result of dominant-
negative mutations. Approximately 75 % of DDEB patients
have glycine substitution variants in the Gly-X-Y triple heli-
cal domain, especially in exons 73, 74, and 75 (Varki et al.,
2007). At this hotspot, glycine residue substitutions can lead
to greater protein destabilization than glycine residue substitu-
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tions within a long, continuous collagen segment, and variants
near the hinge region cause protein misfolding and accumula-
tion within cells (Chen et al., 2001). It is also suggested that
exon 73 may encode amino acid residues important for the
ability of type VII collagen to provide keratinocyte motility
(Woodley et al., 2008).

Glycine as well as other amino acid substitutions and splic-
ing variants outside the Gly-X-Y region are also found in
DDEB, and intrafamilial phenotypic variability suggests that
other factors may influence cell resistance to friction (Koss-
Harnes et al., 2002).

Severe generalized RDEB usually results from the absence
of a COL7A41 gene product resulting in null genetic variants
on both alleles, about 30 % of which are nonsense stop codon
or splicing variants resulting in large deletions, determining
disease severity (van den Akker et al., 2011). Many patients
with moderate RDEB are compound heterozygous for a pre-
mature stop codon and glycine substitution in the collagen
domain, another missense variant or variants that disrupt
splicing, resulting in destabilization of the triple helix or con-
formational changes in the protein that affect its functionality
(Panzaru et al., 2022).

This variety of combinations of genetic variants explains
the wide range of clinical manifestations. So, for example,
p.Gly2049Glu and p.Arg2063Trp variants, adjacent to the
“hinge” region, reduce the ability to maintain fibroblast ad-
hesion and lead to a significantly reduced ability to support
keratinocyte migration, which slows down the healing of
erosions in RDEB patients (Varki et al., 2007). Milder forms
of RDEB are often caused by a combination of splicing
and missense variants. Glycine substitutions may also occur
in RDEB.

Kindler syndrome (KS) is a rare type of EB characterized
by skin fragility and acral blistering from birth, development
of skin atrophy, photosensitivity, poikiloderma, diffuse palmo-
plantar hyperkeratosis, and pseudosyndactyly (Lai-Cheong,
McGrath, 2022). Morphologically, KS differs from other types
of EB in that blistering is variable and can occur at different
levels of the dermal-epidermal junction. KS develops as a
result of pathogenic variants in the FERMT1 gene. The disease
is inherited according to the AR type.

The FERMT1 gene encodes the Kindlin-1 protein, which is
a multidomain focal adhesion protein. Kindlin-1 is involved
in the connection between the actin cytoskeleton and the
extracellular matrix through focal adhesion, as well as in
integrin-associated signaling pathways (Has et al., 2011). The
absence of Kindlin-1 leads to disorganization of keratinocytes
as a result of incorrect integrin-mediated cell adhesion and
migration (Rognoni et al., 2016). More than 90 pathogenic
loss-of-function variants have been registered in the FERMT1
gene, including: missense, nonsense, and splicing variants;
insertions; and Alu-mediated gene rearrangements that result
in the absence of the Kindlin-1 protein or the production of
a non-functional protein (Lai-Cheong, McGrath, 2022). En-
vironmental factors play an important role in the phenotypic
diversity of KS and determine the severity. X. Zhang et al.
suggested that homologue 1 of the fermitin family is important
for the suppression of UV-induced inflammation and DNA
repair (Zhang et al., 2017).
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Conclusion

The multisystem manifestations of EB and the involvement
of a significant number of proteins that provide mechanical
stability of the skin in the pathogenesis are due to its genetic
heterogeneity. Pathogenic variants in the genes encoding
proteins of the epidermal and dermal anchoring complexes,
as well as signal proteins that determine the integrity of the
skin, lead to their structural and functional defects. EB is
characterized by pronounced clinical variability and, at the
same time, similar manifestations in different genotypes. Re-
search and accumulation of the data of the natural history of
disease and the genotype-phenotype correlations contribute to
understanding the EB pathogenesis and determine the develop-
ment of approaches for symptomatic and etiopathogenetic, in
particular, gene therapy.

References

Arin M.J., Grimberg G., Schumann H., de Almeida H. Jr., Chang Y.-R.,
Tadini G., Kohlhase J., Krieg T., Bruckner-Tuderman L., Has C.
Identification of novel and known KRTS5 and KRT/4 mutations in
53 patients with epidermolysis bullosa simplex: correlation between
genotype and phenotype. Br: J. Dermatol. 2010;162(6):1365-1369.
DOI 10.1111/5.1365-2133.2010.09657 x.

Asaka T., Akiyama M., Domon T., Nishie W., Natsuga K., Fujita Y.,
Abe R., Kitagawa Y., Shimizu H. Type XVII collagen is a key player
in tooth enamel formation. Am. J. Pathol. 2009;174(1):91-100. DOI
10.2353/AJPATH.2009.080573.

Aumailley M., el Khal A., Knoss N., Tunggal L. Laminin 5 process-
ing and its integration into the ECM. Matrix Biol. 2003;22(1):49-54.
DOI 10.1016/S0945-053X(03)00013-1.

Bardhan A., Bruckner-Tuderman L., Chapple I.L.C., Fine J.-D., Har-
per N., Has C., Magin T.M., Marinkovich M.P., Marshall J.F.,
McGrath J.A., Mellerio J.E., Polson R., Heagerty A.H. Epidermo-
lysis bullosa. Nat. Rev. Dis. Primers. 2020,6(1):78. DOI 10.1038/
s41572-020-0210-0.

Bolling M.C., Lemmink H.H., Jansen G.H.L., Jonkman M.F. Muta-
tions in KRTS5 and KRT14 cause epidermolysis bullosa simplex in
75 % of the patients. Br. J. Dermatol. 2011;164(3):637-644. DOI
10.1111/.1365-2133.2010.10146.x.

Bruckner-Tuderman L., Mcgrath J.A., Robinson E.C., Uitto J. Progress
in Epidermolysis bullosa research: summary of DEBRA Interna-
tional Research Conference 2012. J. Invest. Dermatol. 2013;133(9):
2121-2126. DOI 10.1038/jid.2013.127.

Bunick C.G., Milstone L.M. The X-ray crystal structure of the keratin
1-keratin 10 helix 2B heterodimer reveals molecular surface pro-
perties and biochemical insights into human skin disease. J. Invest.
Dermatol. 2017;137(1):142-150. DOI 10.1016/;.jid.2016.08.018.

Chen M., Keene D.R., Costa F.K., Tahk S.H., Woodley D.T. The carboxyl
terminus of type VII collagen mediates antiparallel dimer formation
and constitutes a new antigenic epitope for epidermolysis bullosa
acquisita autoantibodies. J. Biol. Chem.2001;276(24):21649-21655.
DOI 10.1074/JBC.M100180200.

Chung H.J., Uitto J. Type VII collagen: the anchoring fibril protein at
fault in dystrophic epidermolysis bullosa. Dermatol. Clin. 2010;
28(1):93-105. DOI 10.1016/J.DET.2009.10.011.

Condrat 1., He Y., Cosgarea R., Has C. Junctional epidermolysis bul-
losa: allelic heterogeneity and mutation stratification for precision
medicine. Front. Med. (Lausanne). 2019;5:363. DOI 10.3389/fmed.
2018.00363.

Dhanoa B.S., Cogliati T., Satish A.G., Bruford E.A., Friedman J.S.
Update on the Kelch-like (KLHL) gene family. Hum. Genomics.
2013;7(1):13. DOI 10.1186/1479-7364-7-13.

Dogic D., Rousselle P., Aumailley M. Cell adhesion to laminin 1 or 5
induces isoform-specific clustering of integrins and other focal adhe-

2023
2741

MonekynapHo-reHeTu4YecKkme OCHOBbI
6ynnesHoro anvaepmonunsa

sion components. J. Cell Sci. 1998;111(Pt. 6):793-802. DOI 10.1242/
JCS.111.6.793.

Fine J.-D. Inherited epidermolysis bullosa. Orphanet J. Rare Dis. 2010;
5:12. DOI 10.1186/1750-1172-5-12.

Ganani D., Malovitski K., Sarig O., Gat A., Sprecher E., Samuelov L.
Epidermolysis bullosa simplex due to bi-allelic DST mutations: Case
series and review of the literature. Pediatr. Dermatol. 2021;38(2):
436-441. DOI 10.1111/pde.14477.

Gostynska K.B., Nijenhuis M., Lemmink H., Pas H.H., Pasmooij A.M.G.,
Lang K.K., Castaion M.J., Wiche G., Jonkman M.F. Mutation
in exon la of PLEC, leading to disruption of plectin isoform la,
causes autosomal-recessive skin-only epidermolysis bullosa sim-
plex. Hum. Mol. Genet. 2015;24(11):3155-3162. DOI 10.1093/hmg/
ddv066.

Grilletta E.A. Cardiac transplant for epidermolysis bullosa simplex
with KLHI.24 mutation-associated cardiomyopathy. J44D Case
Rep. 2019;5(10):912-914. DOI 10.1016/j.jdcr.2019.08.009.

Has C., Bauer J.W., Bodemer C., Bolling M.C., Bruckner-Tuderman L.,
Diem A., Fine J.-D., Heagerty A., Hovnanian A., Marinkovich M.P.,
Martinez A.E., McGrath J.A., Moss C., Murrell D.F., Palisson F.,
Schwieger-Briel A., Sprecher E., Tamai K., Uitto J., Woodley D.T.,
Zambruno G., Mellerio J.E. Consensus reclassification of inherited
epidermolysis bullosa and other disorders with skin fragility. Br. J.
Dermatol. 2020a;183(4):614-627. DOI 10.1111/bjd.18921.

Has C., Bruckner-Tuderman L. The genetics of skin fragility. Annu.
Rev. Genomics Hum. Genet. 2014;15(1):245-268. DOI 10.1146/
annurev-genom-090413-025540.

Has C., Castiglia D., del Rio M., Garcia Diez M., Piccinni E., Kiritsi D.,
Kohlhase J., Itin P., Martin L., Fischer J., Zambruno G., Bruckner-
Tuderman L. Kindler syndrome: Extension of FERMT1 mutational
spectrum and natural history. Hum. Mutat. 2011;32(11):1204-1212.
DOI 10.1002/HUMU.21576.

Has C., Chang Y.-R., Volz A., Hoeping D., Kohlhase J., Bruckner-Tu-
derman L. Novel keratin 14 mutations in patients with severe re-
cessive epidermolysis bullosa simplex. J. Invest. Dermatol. 2006;
126(8):1912-1914. DOI 10.1038/sj.jid.5700312.

Has C., Fischer J. Inherited epidermolysis bullosa: New diagnostics and
new clinical phenotypes. Exp. Dermatol. 2019;28(10):1146-1152.
DOI 10.1111/exd.13668.

Has C., Nystrém A. Epidermal basement membrane in health and di-
sease. Curr. Top. Membr. 2015;76:117-170. DOI 10.1016/bs.ctm.
2015.05.003.

Has C., South A., Uitto J. Molecular therapeutics in development for
epidermolysis bullosa: Update 2020. Mol. Diagn. Ther. 2020b;
24(3):299-309. DOI 10.1007/s40291-020-00466-7.

Has C., Sparta G., Kiritsi D., Weibel L., Moeller A., Vega-Warner V.,
Waters A., He Y., Anikster Y., Esser P., Straub B.K., Hausser 1.,
Bockenhauer D., Dekel B., Hildebrandt F., Bruckner-Tuderman L.,
Laube G.F. Integrin a3 mutations with, lung, and skin disease.
N. Engl. J. Med. 2012;366(16):1508-1514. DOI 10.1056/NEJMOA
1110813.

Hovnanian A., Rochat A., Bodemer C., Petit E., Rivers C.A., Prost C.,
Fraitag S., Christiano A.M., Uitto J., Lathrop M., Barrandon Y.,
de Prost Y. Characterization of 18 new mutations in COL7A1 in
recessive dystrophic epidermolysis bullosa provides evidence for
distinct molecular mechanisms underlying defective anchoring fibril
formation. Am. J. Hum. Genet. 1997;61(3):599-610. DOI 10.1086/
515495.

Karamatic Crew V., Burton N., Kagan A., Green C.A., Levene C.,
Flinter F., Brady R.L., Daniels G., Anstee D.J. CD151, the first mem-
ber of the tetraspanin (TM4) superfamily detected on erythrocytes,
is essential for the correct assembly of human basement membranes
in kidney and skin. Blood. 2004;104(8):2217-2223. DOI 10.1182/
blood-2004-04-1512.

Kiritsi D., Has C., Bruckner-Tuderman L. Laminin 332 in junctional
epidermolysis bullosa. Cell Adh. Migr. 2013;7(1):135-141. DOI
10.4161/CAM.22418.

MEOUUMNHCKAA TEHETUKA / MEDICAL GENETICS 25



Yu.Yu. Kotalevskaya
V.A. Stepanov

Kiritsi D., Kern J.S., Schumann H., Kohlhase J., Has C., Bruckner-Tu-
derman L. Molecular mechanisms of phenotypic variability in junc-
tional epidermolysis bullosa. J. Med. Genet. 2011;48(7):450-457.
DOI 10.1136/JMG.2010.086751.

Kiritsi D., Tsakiris L., Schauer F. Plectin in skin fragility disorders.
Cells. 2021;10(10):2738. DOI 10.3390/cells10102738.

Koss-Harnes D., Hoyheim B., Anton-Lamprecht 1., Gjesti A., Jorgen-
sen R.S., Jahnsen F.L., Olaisen B., Wiche G., Gedde-Dahl T. A site-
specific plectin mutation causes dominant epidermolysis bullosa
simplex Ogna: two identical de novo mutations. J. Invest. Dermatol.
2002;118(1):87-93. DOI 10.1046/j.0022-202x.2001.01591 x.

Kumar V., Bouameur J.E., Bar J., Rice R.H., Hornig-Do H.T., Roop D.R.,
Schwarz N., Brodesser S., Thiering S., Leube R.E., Wiesner R.J.,
Brazel C.B., Heller S., Binder H., Loffler-Wirth H., Seibel P., Ma-
gin T.M. A keratin scaffold regulates epidermal barrier formation,
mitochondrial lipid composition, and activity. J. Cell Biol. 2015;
211(5):1057-1075. DOI 10.1083/JCB.201404147.

Lai-Cheong J.E., McGrath J.A. Kindler syndrome. In: Murrell D. (Ed.).
Blistering Diseases: Clinical Features, Pathogenesis, Treatment.
Berlin; Heidelberg: Springer, 2022;433-439. DOI 10.1007/978-3-
662-45698-9 43.

LiuY., Yue Z., Wang H., Li M., Wu X, Lin H., Han W., Lan S., Sun L.
Anovel ITGA3 homozygous splice mutation in an ILNEB syndrome
child with slow progression. Clin. Chim. Acta. 2021;523:430-436.
DOI 10.1016/J.CCA.2021.10.027.

Margadant C., Charafeddine R.A., Sonnenberg A. Unique and redun-
dant functions of integrins in the epidermis. FASEB J. 2010;24(11):
4133-4152. DOI 10.1096/1j.09-151449.

Mariath L.M., Santin J.T., Frantz J.A., Doriqui M.J.R., Schuler-Facci-
ni L., Kiszewski A.E. Genotype-phenotype correlations on epider-
molysis bullosa with congenital absence of skin: A comprehensive
review. Clin. Genet. 2021;99(1):29-41. DOI 10.1111/cge.13792.

Mariath L.M., Santin J.T., Schuler-Faccini L., Kiszewski A.E. Inhe-
rited epidermolysis bullosa: update on the clinical and genetic as-
pects. An. Bras. Dermatol. 2020;95(5):551-569. DOI 10.1016/j.abd.
2020.05.001.

Masunaga T., Ogawa J., Akiyama M., Nishikawa T., Shimizu H., Ishi-
ko A. Compound heterozygosity for novel splice site mutations of
ITGAG in lethal junctional epidermolysis bullosa with pyloric atre-
sia. J. Dermatol. 2017;44(2):160-166. DOI 10.1111/1346-8138.
13575.

Matsumura H., Mohri Y., Thanh Binh N., Morinaga H., Fukuda M.,
Ito M., Kurata S., Hoeijmakers J., Nishimura E.K. Hair follicle aging
is driven by transepidermal elimination of stem cells via COL17A1
proteolysis. Science. 2016;351(6273):aad4395. DOI 10.1126/science.
aad4395.

Murrell D.F., Pasmooij A.M.G., Pas H.H., Marr P., Klingberg S.,
Pfendner E., Uitto J., Sadowski S., Collins F., Widmer R., Jonk-
man M.F. Retrospective diagnosis of fatal BP180-deficient non-
Herlitz junctional epidermolysis bullosa suggested by immunofiuo-
rescence (IF) antigen-mapping of parental carriers bearing enamel
defects. J. Invest. Dermatol. 2007;127(7):1772-1775. DOI 10.1038/
SJ.JID.5700766.

Natsuga K. Plectin-related skin diseases. J. Dermatol. Sci. 2015;77(3):
139-145. DOI 10.1016/j.jdermsci.2014.11.005.

Natsuga K., Nishie W., Shinkuma S., Arita K., Nakamura H., Ohya-
ma M., Osaka H., Kambara T., Hirako Y., Shimizu H. Plectin de-
ficiency leads to both muscular dystrophy and pyloric atresia in
epidermolysis bullosa simplex. Hum. Mutat. 2010;31(10):E1687-
E1698. DOI 10.1002/humu.21330.

Panzaru M.C., Caba L., Florea L., Braha E.E., Gorduza E.V. Epider-
molysis bullosa — a different genetic approach in correlation with
genetic heterogeneity. Diagnostics. 2022;12(6):1325. DOI 10.3390/
diagnostics12061325.

Pasmooij A.M.G., van der Steege G., Pas H.H., Sillevis Smitt J.H.,
Nijenhuis A.M., Zuiderveen J., Jonkman M.F. Features of epider-
molysis bullosa simplex due to mutations in the ectodomain of

Molecular genetic basis
of epidermolysis bullosa

type XVII collagen. Br: J. Dermatol. 2004;151(3):669-674. DOI
10.1111/J.1365-2133.2004.06041.X.

Prodinger C., Chottianchaiwat S., Mellerio J.E., McGrath J.A., Ozoe-
mena L., Liu L., Moore W., Laimer M., Petrof G., Martinez A.E.
The natural history of laryngo-onycho-cutaneous syndrome: A case
series of six pediatric patients and literature review. Pediatr. Derma-
tol. 2021;38(5):1094-1101. DOI 10.1111/PDE.14790.

Rognoni E., Ruppert R., Féssler R. The kindlin family: functions, sig-
naling properties and implications for human disease. J. Cell Sci.
2016;129(1):17-27. DOI 10.1242/JCS.161190.

Sathishkumar D., Orrin E., Terron-Kwiatkowski A., Browne F., Marti-
nez A.E., Mellerio J.E., Ogboli M., Hoey S., Ozoemena L., Liu L.,
Baty D., McGrath J.A., Moss C. The p.Glu477Lys mutation in kera-
tin 5 is strongly associated with mortality in generalized severe epi-
dermolysis bullosa simplex. J. Invest. Dermatol. 2016;136(3):719-
721.DOI 10.1016/j.jid.2015.11.024.

Sawamura D., Goto M., Yasukawa K., Sato-Matsumura K., Nakamu-
ra H., Ito K., Nakamura H., Tomita Y., Shimizu H. Genetic studies
of 20 Japanese families of dystrophic epidermolysis bullosa. J. Hum.
Genet. 2005;50(10):543-546. DOI 10.1007/S10038-005-0290-4.

Schumann H., Kiritsi D., Pigors M., Hausser 1., Kohlhase J., Peters J.,
Ott H., Hyla-Klekot L., Gacka E., Sieron A.L., Valari M., Bruckner-
Tuderman L., Has C. Phenotypic spectrum of epidermolysis bullosa
associated with a6p4 integrin mutations. Br. J. Dermatol. 2013,
169(1):115-124. DOI 10.1111/bjd.12317.

Tong G., Xu R. The role of collagen XVII in regulating keratinocyte
migration. Lab. Invest. 2004;84(10):1225-1226. DOI 10.1038/lab
invest.3700168.

Uitto J., Bruckner-Tuderman L., Christiano A.M., McGrath J.A., Has C.,
South A.P., Kopelan B., Robinson E.C. Progress toward treatment
and cure of epidermolysis bullosa: Summary of the DEBRA inter-
national research symposium EB2015. J. Invest. Dermatol. 2016;
136(2):352-358. DOI 10.1016/j.jid.2015.10.050.

Uitto J., Christiano A.M. Molecular genetics of the cutaneous basement
membrane zone. Perspectives on epidermolysis bullosa and other
blistering skin diseases. J. Clin. Invest. 1992;90(3):687-692. DOI
10.1172/JC1115938.

Uitto J., Chung-Honet L.C., Christiano A.M. Molecular biology and
pathology of type VII collagen. Exp. Dermatol. 1992;1(1):2-11. DOI
10.1111/J.1600-0625.1992.TB00065.X.

Uitto J., Has C., Vahidnezhad H., Youssefian L., Bruckner-Tuderman L.
Molecular pathology of the basement membrane zone in heritable
blistering diseases: The paradigm of epidermolysis bullosa. Matrix
Biol. 2017;57-58;76-85. DOI 10.1016/j.matbi0.2016.07.009.

Vahidnezhad H., Youssefian L., Saeidian A.H., Mozafari N., Bar-
zegar M., Sotoudeh S., Daneshpazhooh M., Isaian A., Zeinali S.,
Uitto J. KRTS5 and KRT14 mutations in epidermolysis bullosa sim-
plex with phenotypic heterogeneity, and evidence of semidominant
inheritance in a multiplex family. J. Invest. Dermatol. 2016;136(9):
1897-1901. DOI 10.1016/j.jid.2016.05.106.

Vahidnezhad H., Youssefian L., Saeidian A.H., Uitto J. Phenotypic
spectrum of epidermolysis bullosa: The paradigm of syndromic
versus non-syndromic skin fragility disorders. J. Invest. Dermatol.
2019;139(3):522-527. DOI 10.1016/j.jid.2018.10.017.

van den Akker P.C., Jonkman M.F., Rengaw T., Bruckner-Tuder-
man L., Has C., Bauer J.W., Klausegger A., Zambruno G., Casti-
glia D., Mellerio J.E., Mcgrath J.A., van Essen A.J., Hofstra R M.W.,
Swertz M.A. The international dystrophic epidermolysis bullosa pa-
tient registry: an online database of dystrophic epidermolysis bullosa
patients and their COL7A1 mutations. Hum. Mutat. 2011;32(10):
1100-1107. DOI 10.1002/humu.21551.

van den Bergh F., Giudice G.J. BP180 (type XVII collagen) and its role
in cutaneous biology and disease. Adv. Dermatol. 2003;19:37-71.

Varki R., Sadowski S., Pfendner E., Uitto J. Epidermolysis bullosa.
I. Molecular genetics of the junctional and hemidesmosomal va-
riants. J. Med. Genet. 2006;43(8):641-652. DOI 10.1136/JIMG.2005.
039685.

26 BaBunoBckuii xKypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 2023 - 27 « 1



10.10. Kotanesckasn
B.A. CtenaHoB

Varki R., Sadowski S., Uitto J., Pfendner E. Epidermolysis bullosa.
II. Type VII collagen mutations and phenotype-genotype correla-
tions in the dystrophic subtypes. J. Med. Genet. 2007;44(3):181-
192. DOI 10.1136/JMG.2006.045302.

Wang R., Sun L., Habulieti X., Liu J., Guo K., Yang X., Ma D.,
Zhang X. Novel variants in LAMA3 and COL7AI and recurrent
variant in KRT5 underlying epidermolysis bullosa in five Chinese
families. Front. Med. 2022;16(5):808-814. DOI 10.1007/S11684-
021-0878-X.

Wertheim-Tysarowska K., Otdak M., Giza A., Kutkowska-Kazmier-
czak A., Sota J., Przybylska D., Wozniak K., Snieg()rska D., Niepo-
koj K., Sobczynska-Tomaszewska A., Rygiel A.M., Ptoski R., Bal J.,
Kowalewski C. Novel sporadic and recurrent mutations in KR7S5
and KRT14 genes in Polish epidermolysis bullosa simplex patients:

ORCID ID

Yu.Yu. Kotalevskaya orcid.org/0000-0001-8405-8223
V.A. Stepanov orcid.org/0000-0002-5166-331X

2023
2741

MonekynapHo-reHeTu4YecKkme OCHOBbI
6ynnesHoro anvaepmonunsa

further insights into epidemiology and genotype-phenotype correla-
tion. J. Appl. Genet. 2016;57(2):175-181. DOI 10.1007/s13353-015-
0310-9.

Woodley D.T., Hou Y., Martin S., Li W., Chen M. Characterization
of molecular mechanisms underlying mutations in dystrophic epi-
dermolysis bullosa using site-directed mutagenesis. J. Biol. Chem.
2008;283(26):17838-17845. DOI 10.1074/JBC.M709452200.

Wright J.T., Carrion .A., Morris C. The molecular basis of hereditary
enamel defects in humans. J. Dent. Res. 2015;94(1):52-61. DOI
10.1177/0022034514556708.

Zhang X., Luo S., Wu J., Zhang L., Wang W.-hui, Degan S., Erd-
mann D., Hall R., Zhang J.Y. KINDI1 loss sensitizes keratinocytes
to UV-induced inflammatory response and DNA damage. J. Invest.
Dermatol. 2017;137(2):475-483. DOI 10.1016/J.JID.2016.09.023.

Acknowledgements. This work was supported by the Ministry of Science and Higher Education of the Russian Federation (Federal Scientific
and Technical Program for the Development of Genetic Technologies for 2019-2027, agreement No. 075-15-2021-1061, RF 193021X0029).

Conflict of interest. The authors declare no conflict of interest.

Received October 17, 2022. Revised December 10, 2022. Accepted December 20, 2022.

MEOUUMNHCKAA TEHETUKA / MEDICAL GENETICS 27



MEOVNUNHCKAA FTEHETUKA BaBMNoBCKU XXypHan reHeTUKM 1 cenekumm. 2023;27(1):28-35

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-23-05

Original Russian text https://vavilovj-icg.ru/

Comparative cytogenetics of anembryonic pregnancies
and missed abortions in human

T.V. Nikitina @), E.A. Sazhenova, E.N. Tolmacheva, N.N. Sukhanova, S.A. Vasilyev, IN. Lebedev

Research Institute of Medical Genetics, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia
® tnikitina@medgenetics.ru

Abstract. Miscarriage is an important problem in human reproduction, affecting 10-15 % of clinically recognized preg-
nancies. The cases of embryonic death can be divided into missed abortion (MA), for which the ultrasound sign of the
embryo death is the absence of cardiac activity, and anembryonic pregnancy (AP) without an embryo in the gestational
sac. The aim of this study was to compare the frequency of chromosomal abnormalities in extraembryonic tissues de-
tected by conventional cytogenetic analysis of spontaneous abortions depending on the presence or absence of an
embryo. This is a retrospective study of 1551 spontaneous abortions analyzed using GTG-banding from 1990 to 2022
(266 cases of AP and 1285 cases of MA). A comparative analysis of the frequency of chromosomal abnormalities and
the distribution of karyotype frequencies depending on the presence of an embryo in the gestational sac was carried
out. Statistical analysis was performed using a chi-square test with a p <0.05 significance level. The total frequency
of chromosomal abnormalities in the study was 53.6 % (832/1551). The proportion of abnormal karyotypes in the AP
and MA groups did not differ significantly and amounted to 57.1 % (152/266) and 52.9 % (680/1285) for AP and MA,
respectively (p=0.209). Sex chromosome aneuploidies and triploidies were significantly less common in the AP group
than in the MA group (2.3 % (6/266) vs 6.8 % (88/1285), p=0.005 and 4.9 % (13/266) vs 8.9 % (114/1285), p=0.031, re-
spectively). Tetraploidies were registered more frequently in AP compared to MA (12.4 % (33/266) vs. 8.2 % (106/1285),
p=0.031). The sex ratio among abortions with a normal karyotype was 0.54 and 0.74 for AP and MA, respectively. Thus,
although the frequencies of some types of chromosomal pathology differ between AP and MA, the total frequency of
chromosomal abnormalities in AP is not increased compared to MA, which indicates the need to search for the causes
of AP at other levels of the genome organization, including microstructural chromosomal rearrangements, monogenic
mutations, imprinting disorders, and epigenetic abnormalities.

Key words: anembryonic pregnancy; missed abortion; miscarriage; karyotype; chromosomal abnormalities; sex chro-
mosomes; triploidy; tetraploidy.
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CpaBHUTe/IbHAS IUTOTeHeTMKA aHIMOPVOHNUN
11 Hepa3BuBalolleiicsa 6epeMeHHOCTH Y YeJIOBeKa

T.B. Huxuruna @, E.A. Caxxenosa, E.H. Toamauesa, H.H. CyxanoBa, C.A. Bacuabes, VI.H. Ae6epen

HayuHo-nccnepoBaTenbCKmm MHCTUTYT MEANLIMHCKON reHeTUKKN, TOMCKMI HaLMOHaNbHbIN NccnefoBaTebCKMin MeANLIMHCKNI LIeHTP
Poccuminckon akapemnn Hayk, Tomck, Poccua
® tnikitina@medgenetics.ru

AHHoTauuA. HeBblHalWMBaHMe 6epeMeHHOCTN ABNAETCA Cepbe3HOl NPO6IeMoil B penpomyKumn yenoseka, 3atparu-
Batoweir 10-15 % KIMHMYECKM pacno3HaBaeMbix 6epemeHHocTein. Cpean cyyaeB SMOPUOHANBHON rMbeny MOXHO
BblAeNnTb 3amepLure (Hepassusatowmnecs) bepemeHHocTr (HB), Npy KOTOPbIX YNbTPa3BYKOBbIM MPU3HAKOM rbenm
SMOpPUOHA CNYXNUT OTCYTCTBME cepauebreHuns, 1 aHamopuoHun (Ad) — oTcyTcTBUE SMOPUOHA B NOMOCTM MAOAHOMO
MelwKa. Llenbto faHHOro mccnefoBaHUA GbI10 CPaBHEHVE YaCcTOTbl XPOMOCOMHbIX aHOManWin BO BHE3apOAblLLEBbIX
TKaHAX, BblABAAEMbIX NPW CTaHAAPTHOM LIMTOTEHETUYECKOM aHann3e maTtepuana CMoHTaHHbIX abopToB, B 3aBUCU-
MOCTW OT Ha/lM4MA WUAW OTCYTCTBMA dMOpMoHa. [poBefjeHO peTpocneKTnBHOe nccnepaoBaHne 1551 cnoHTaHHOro
abopTyca, MPoaHaNN3MPOBAHHOIO C NMOMOLLbI CTaHAAPTHOTO LUTOrEHETUYECKOro uccnefoBaHna ¢ 1990 no 2022 .
(266 cnyyaeB A3 1 1285 cnyyaes HB) B HUWN mepgunumHckon reHeTnkn Tomckoro HAML,. BbinonHeH cpaBHUTENbHbIN
aHasM3 YacTOTbl XPOMOCOMHbIX aHOMAJNIA 1 pacnpefesieHNA YacToT KapOTUMOB B 3aBUCUMOCTI OT HanMyms smbpuo-
Ha B MONOCTU MAIOAHOrO Melka. CTaTUCTUYECKUA aHann3 NPOBOAUAN C UCMONb3OBaHMEM KpUTEpUA XU-KBagpaT C
YPOBHeM 3Haunmoct p < 0.05. CymMapHO YacToTa XPOMOCOMHbIX aHOMAsNI B UCCIIef0BaHHON BbIGOPKe coCcTaBmMa
53.6 % (832/1551). Jona aHoManbHbIx KaproTunos B rpynnax A3 n Hb 3HauMmo He pasnuyanach u coctasuna 57.1 %
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CpaBHUTENbHAA LMTOreHeTVIKa aHIMOPUOHNN
1 Hepa3BUBalOLLENCA 6EPEMEHHOCTY Y UeNoBeKa

(152/266) 1 52.9 % (680/1285) ana A3 n Hb cooTBeTcTBEHHO (p = 0.209). Mpun HB cTaTncTMUecKkn 3HauMmo Yalle BCTpe-
YasiMcb aHOMasMK Ymcna NonoBbiX XpoMocoM (6.8 % (88/1285) npotus 2.3 % (6/266), p = 0.005) n Tpunnongmm (8.9 %
(114/1285) npoTus 4.9 % (13/266), p = 0.031). B TO e Bpema nNpu OTCYTCTBUM SMOPUOHA CTaTUCTUYECKM 3HAYUMO
Yalye peructpupoBanacb Tetparionauna (12.4 % (33/266) npotns 8.2 % (106/1285), p = 0.031). CooTHOLLEHME NONOB
(46,XY:46,XX) cpean abopTycoB C HOpMasbHbIM KapuoTunom coctasuno 0.54 n 0.74 gna AS n Hb cooTBeTCTBEHHO.
Takum 06pa3om, XOTA YaCTOTbl HEKOTOPbIX TUMOB XPOMOCOMHbIX aHOManuii pasnuyatotca mexay A3 n Hb, cymmapHas
YacToTa XPOMOCOMHbIX aHOManM Mpu AD He NOBbILWEHa No cpaBHeHMIo ¢ HB, uTo CcBMAETENbCTBYET O HEOOXOAMMOCTY
novcka npuymnH A3 Ha APYrnX YPOBHAX OpraHn3aLumn reHoMa, BKoYasas MUKPOCTPYKTYPHbIE NepecTporiki XPOMOCOM,
MOHOTEeHHbIE MyTaLK, HAPYLLEHNUA UMIMPUHTUHIA 1 abeppaHTHbIE SNUTreHeTUYecKre MoanbrKaLmn.

KnioueBble cnoBa: aHIMOPUOHMA; Hepa3BMBatoLAACA 6epeMeHHOCTb; HeBbIHAWMBaHNE 6epeMeHHOCTY; KapuoTum;
XPOMOCOMHblE aHOMasIMK; NONOBbIE XPOMOCOMbI; TPUMOUANSA; TETPaNIoUANA.

Introduction

Miscarriage is one of the most common issues in human
reproduction that results in embryonic or fetal death in 10 to
15 % of all clinically recognized pregnancies (Larsen et al.,
2013). Cytogenetic studies reveal chromosomal abnormalities
in 50—60 % of first trimester abortions (Menasha et al., 2005;
van den Berg et al., 2012; Hardy et al., 2016; Soler et al., 2017;
Wang et al., 2020; Wu et al., 2021), and in recent years, there
has been an increasing amount of data about the association
of miscarriage with copy number variations (CNV), gene
mutations, methylation abnormalities and other epigenetic
aberrations (Levy etal., 2014; Fuetal., 2018; Fan et al., 2020;
Finley et al., 2022). Identification of embryo death causes is
necessary to assess the miscarriage risk in subsequent pregnan-
cies; in addition, uncovering a pathogenic factor is important
for psychological condition of the couples.

Anembryonic pregnancy is the absence of an embryo in the
gestational sac, and it is one of the earliest forms of miscar-
riage. In anembryonic pregnancy, a blastocyst is implanted into
the uterine wall, a gestational sac is formed, but the embryo
itself either does not develop initially, or its formation arrests
at the earliest stages (no later than the 5th week of gestation),
and then only extra-embryonic components of the conceptus
continue to proliferate and grow.

As a rule, at around 6 weeks of gestation, the secondary
yolk sac and the primary germ layers could be detected within
the gestational sac by transvaginal ultrasound, and primitive
cardiac tube could be detected during the 7th week. In early
pregnancy loss there are several ultrasonography features: the
absence of embryonic cardiac activity with a diameter of the
gestational sac >25 mm, crown—rump length (CRL) >7 mm
for a period of 6 weeks or more; the absence of an embryo
and its cardiac activity 14 days after the detection of a gesta-
tional sac without a yolk sac; the absence of an embryo and
its cardiac activity 11 days after the detection of a gestational
sac with a yolk sac (Doubilet et al., 2013). Thus, ultrasound
scanning makes it possible to differentiate two forms of early
embryonic death: anembryonic pregnancy (AP) and missed
abortion (MA). AP is diagnosed in the absence of an embryo
and a secondary yolk sac in the cavity of the gestational sac,
for a period of more than 7 weeks (Radzinsky et al., 2015); in
addition, ultrasound criteria for AP are a gestational sac more
than 13 mm without a yolk sac or more than 18 mm without
an embryo. The absence of cardiac activity in the presence of
an embryo is a sign of MA.

There are terminological inconsistencies, which make it
difficult to compare the results of studies implemented in dif-

ferent centers. The ICD-10 uses the terms ‘blighted ovum’ and
‘missed abortion’, accepted many years ago (Robinson, 1975),
which do not quite represent the clinical features found using
the ultrasound examination (Farquharson et al., 2005). The
European Society of Human Reproduction and Embryology
(ESHRE) special group has proposed the terms ‘anembryonic
(empty sac) miscarriage’ for a gestational sac >8 mm in dia-
meter and without a yolk sac or embryo; ‘yolk sac miscarriage’
for a gestational sac with a yolk sac, but without an embryo;
‘embryonic miscarriage’ with an embryonic CRL of at least
7 mm without cardiac activity (Kolte et al., 2015). Thus,
the diagnosis of AP includes both an empty gestational sac
(empty sac) and a gestational sac with a yolk sac and without
an embryo (yolk sac only).

The estimated frequency of AP among the first trimester
pregnancy losses differs: from 16 % in early studies (Robinson,
1975), 22.6 % after IVF (Li et al., 2017), and up to 3040 %
in most studies (Lathi et al., 2007; Cheng et al., 2014; Ouyang
et al., 2016; Yoneda et al., 2018). Despite the prevalence of
AP, data on the frequency of chromosomal abnormalities in
this pathology are contradictory. Intuitively, it seems that such
early and pronounced violations, which lead to the develop-
mental arrest of the embryo per se at the initial stages of its
formation, should be associated with a significantly increased
frequency and severity of chromosomal abnormalities. In some
studies such association was found (Angiolucci et al., 2011).
At the same time, most recent studies demonstrate either the
absence of significant differences in the frequency of chromo-
somal abnormalities between the AP and MA groups (Lathi
et al., 2007; Mufoz et al., 2010; Ljunger et al., 2011; Liu et
al., 2015), or even a lower frequency of abnormal karyotypes
in AP compared to MA (Ginsberg et al., 2001; Cheng et al.,
2014; Li et al., 2017; Yoneda et al., 2018; Gu et al., 2021).
Therefore, we consider it of current interest to study large
samples of AP and MA cases in comparison with the published
data. In this work, we studied the frequency and spectrum of
chromosomal anomalies detected by cytogenetic analysis of
1551 cases of early miscarriage, depending on the presence
or absence of an embryo.

Materials and methods

The object of this study was 1551 spontaneous abortions,
karyotyped in the Cytogenetic Laboratory of the Research
Institute of Medical Genetics of the Tomsk National Research
Medical Center. Products of conception (POC) were obtained
from gynecological clinics of Tomsk and Seversk, along with
information regarding the patient’s age, woman’s obstetric
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and gynecological history, and the number and outcomes of
her previous pregnancies. The study was approved by the
Biomedical Ethics Committee of the Research Institute of
Medical Genetics of the Tomsk National Research Medical
Center, Protocol 10, Feb. 15, 2021. Informed consents were
obtained from all patients.

In most cases, abortion karyotypes were established using
conventional GTG banding after long-term extra-embryonic
fibroblast culture (90.9 %, 1410 samples) or direct preparations
of the chorionic villi (1.9 %, 29 samples). Conventional com-
parative genomic hybridization (CGH) (3.5 %, 54 samples)
and interphase fluorescence in situ hybridization (FISH) with
centromere-enumeration probes (3.7 %, 58 samples) were per-
formed in cases where traditional cytogenetic analysis failed.
AP were diagnosed by ultrasound examination and included
266 (17.2 %) abortions (with absence of an embryo in the ca-
vity of the gestational sac for more than 7 weeks, a gestational
sac more than 13 mm without a yolk sac or more than 18 mm
without an embryo). The other 1285 abortions (82.8 %) with an
embryo were assigned to the MA group (where an embryonic
pole was identified without cardiac activity).

The POC material, usually represented by the fragments of
the gestational sac, was delivered to the laboratory in sterile
saline, thoroughly washed from blood, and separated from
decidual tissues. Methods of embryonic cells culture, chromo-
some preparations, cytogenetic techniques, FISH and CGH
were performed as described previously (Lebedev, Nikitina,
2013).

The calculation of the statistical significance of differences
between frequencies was performed using the y? analyses;
the normality of the distribution for quantitative indicators
was checked using the Kolmogorov—Smirnov test; due to
the differences from the normal distribution, comparisons
between groups were performed using the nonparametric
Mann—Whitney test. A significance level of p < 0.05 was
applied for all tests. The sex ratio (SR) was calculated as
the ratio of karyotypes 46,XY :46,XX. Recurrent pregnancy

Comparative cytogenetics of anembryonic
pregnancies and missed abortions in human

loss (RPL) was defined as two or more consecutive miscar-
riages in a woman’s obstetric history.

The study was performed at the Core Medical Genomics
Facility of the Tomsk National Research Medical Center
(NRMC) of the Russian Academy of Sciences using the
resources of the bio-collection “Biobank of the population
of Northern Eurasia” of the Research Institute of Medical
Genetics, Tomsk NRMC.

Results

Table 1 shows the comparison of the demographic characte-
ristics of the studied groups of abortions. The age of mothers
and fathers, the number of woman’s pregnancies and sponta-
neous abortions, and the proportion of couples with RPL in
a woman’s history did not differ significantly in the samples.
However, the gestational age (both by the date of the last men-
strual period and by ultrasound examination) in the AP group
was significantly less than in the MA group.

In total, abnormal karyotypes were found in 53.6 % (832/
1551) of abortions. Table 2 shows the karyotype frequencies.
The rates of the different types of chromosomal abnormalities
among pregnancy losses with and without an embryo were
52.9 % (680/1285) and 57.1 % (152/266) respectively, and
did not differ significantly (p = 0.209). We found similar
frequencies of chromosomal abnormalities between AP and
MA in the autosomal trisomies (27.8 and 22.5 %), autosomal
monosomies (1.5 and 0.6 %), structural aberrations (2.3 and
1.0 %) and combined anomalies that include combinations of
different types of chromosomal aberrations in one abortion
(4.9 and 4.2 %) (see Table 2). At the same time, numerical
abnormalities of sex chromosomes in AP were three times
less common than in MA (2.3 and 6.8 %, p = 0.005). This dif-
ference was even more pronounced for monosomy X: 0.8 %
(2/266) and 5.0 % (64/1285), p < 0.001.

Triploidies occurred significantly less frequently, and tet-
raploidies occurred significantly more frequently in abortions
without embryo in comparison with embryonic miscarriages

Table 1. Comparison of demographic parameters of the AP and MA groups

Parameter

28.6+6.23
(24.0-33.0; 28.0)

30.9+6.69
(26.0-35.0; 30.0)

9.4+2.23
(8.0-11.0;9.1)

Gestational age in ultrasound, weeks 73+1.84
(6.0-8.5;7.0)
No. of pregnancies 29+2.20
(1.0-4.0; 2.0)
No. of miscarriages 1.6+1.05
(1.0-2.0; 1.0)
RPL in anamnesis, % 38.7

AP MA p
283+6.14 28.5+6.18 0.491
(24.0-32.0; 28.0) (24.0-33.0; 28.0)

30.5+6.52 30.9+6.64 0.405
(26.0-35.0; 30.0) (26.0-35.0; 30.0)

9.0+2.13 9.5+2.24 0.001
(7.5-10.1;9.0) (8.0-11.0;9.3)

6.6+1.62 7.5+1.84 <0.001
(5.5-7.6; 6.5) (6.0-8.5; 7.3)

3.2+242 29+2.18 0.085
(1.0-4.5; 2.0) (1.0-4.0; 2.0)

16+1.13 16+1.04 0.633
(1.0-2.0;1.0) (1.0-2.0;1.0)

355 394 0.278

Note. Mean + standard deviation (lower and upper quartile; median); * gestational age calculated by the date of the last menstrual period. Significantly different

rates are in bold.
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Table 2. Karyotypes of abortions in the AP and MA groups

2023
2741

CpaBHWTeNbHAA UUTOreHETNKA aHIMOPUOHMIN
1 HepasBuBaloLLeiics 6epeMeHHOCT Y YenoBeka

Karyotypes Total

n_1551 ..............
46XX422(272) ...........
46XY297(191) ...........
S eXChromosome abnormahty ......................................... 9 4(61) .............
Aumsomalmsomy363(234) ...........
TanOIdy ............................................................................ 1 27 (8 2) .............
Tetraplm d y ....................................................................... 1 39 (90) .............
Structura|rearrangements ................................................ 19 ( 12) .............
AUtO Soma| monosomy ...................................................... 12 (08) .............
Others ................................................................................. 11(07) .............
Comb mEd* ......................................................................... 6 7(43) .............

AP MA p
s e

............ 7 4(278)348(271)0806
40(150) ......................... : 57(200) ....................... S
.............. . (23)88(68)0005
............ : 4(278)289(225)0062
............ 13(49)”4(89)0031
33(124) ......................... 106(82) ......................... S
.............. . (23)13“0)0094
.............. : (15)8(06)0136
.............. 3(”)8(06)0372
............ 13(49)54(42)0618

Note. Percentages are given in parentheses. * Combined - combination of different types of abnormalities. Significantly different rates are in bold.

(4.9and 8.9 %, p=0.031; 12.4 and 8.2 %, p=0.031 in AP and
MA, respectively). Since some of the tetraploid karyotypes in
mosaic form may represent cultural artifacts, we reexamined
some tetraploid samples using FISH in non-cultured tissues.
The frequency of FISH-confirmed tetraploidies showed even
more statistically significant differences: 14/266 (5.3 %) at AP
vs 22/1285 (1.7 %) in MA (p < 0.001).

Among the abortions with normal karyotype, the SR was
0.54 for AP and 0.74 for MA; there were no significant dif-
ferences in the distribution of 46,XX and 46,XY karyotypes
(»p =0.142).

Discussion

The aim of this study was to compare the frequency of chro-
mosomal abnormalities in pregnancy losses with and without
an embryo (MA and AP). In this study, we analyzed a large
sample of miscarriages (1551 abortions) and did not find
significant differences in the chromosomal abnormality rates
between the AP and MA groups (57.1 and 52.9 % respectively,
p=0.209). An analysis of previously published comparative
studies showed conflicting results regarding the correlation
between the karyotype and the presence of an embryo in the
gestational sac (Table 3).

As Angiolucci et al. (2011) have reported, the frequency of
abnormal karyotypes positively correlated with the diagnosis
of AP, however, the authors found this correlation in relation
to dead embryos with normal ultrasound signs. We recalcu-
lated the data of Angiolucci et al. (2011) using comparison of
AP with the total group of abortions with the presence of an
embryo, and did not find a statistically significant correlation
between the frequency of chromosomal abnormalities and
presence/absence of an embryo (p = 0.381) (see Table 3). In
some studies (Lathi et al., 2007; Mufioz et al., 2010; Ljunger
etal., 2011; Liu et al., 2015), no association between the fre-
quency of abnormal karyotypes and the presence or absence

of an embryo was found, as in the present work. However,
most recent studies of relatively large samples reveal a nega-
tive correlation between the absence of an embryo and the
chromosomal aberrations rate (Cheng et al., 2014; Li et al.,
2017; Yoneda et al., 2018; Gu et al., 2021). This discrepancy
may be due to differences in karyotype evaluation methods,
sample sizes, and population structure (see Table 3). In addi-
tion, some studies were carried out on biased samples, such
as women with infertility (Li et al., 2017), or from high-risk
groups for aneuploidy (Muifloz et al., 2010), or the average
mother age in the sample was more than 35 years (Ginsberg
et al., 2001; Muifioz et al., 2010; Angiolucci et al., 2011).
Nevertheless, the results of the analysis of the published data,
starting from 2001 (since small samples were examined in
earlier studies), indicate that the frequency of chromosomal
abnormalities in AP is lower than in miscarriage with an em-
bryo (44.4 % (813/1833) vs 59.3 % (2701/4558), respectively,
p<0.001) (see Table 3). Similar conclusions were obtained in
the meta-analysis of Huang etal. (2019) (p=0.03, OR=0.68,
95 % CI =0.48-0.97).

A possible explanation may be that specific types of ge-
netic aberrations are critical for different stages of the early
embryonic development. This assumption is supported by the
different frequency of chromosomal abnormalities for two
different pathological phenotypes included in the diagnosis
of AP: empty sac and yolk sac only. Thus, in the AP subgroup
with an empty sac, the frequency of chromosomal abnormali-
ties was significantly lower than in the AP subgroup with the
yolk sac only (Ouyang et al., 2016; Li et al., 2017; Gu et al.,
2021) (see Table 3).

The presence of a yolk sac in a gestational sac without an
embryo means that the disorders appear after the segregation
of the hypoblast and epiblast, which occurs 67 days after
fertilization. The hypoblast, which gives rise to the endoderm
of the yolk sac, continues to develop, while the epiblast,
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Table 3. Comparative frequencies of chromosomal abnormalities in AP and MA in various studies

Reference N Method
This study 1551 Culture,
G-banding
Romanova, 2022 273 Direct,
Q-banding
Guetal, 2021 1102 (887) CMA and FISH
Yoneda et al.,, 2018 151 (141) Culture, G-banding
Lietal, 2017 2172 CGH and FISH
after IVF
Liu et al, 2015 183 Culture,
G-banding
Cheng et al,, 2014 223 Culture,
G-banding
Angiolucci et al., 2011 156 G-banding
Ljunger et al., 2011 259 (239) Direct,
G-banding
Mufoz et al,, 2010 185 Direct,
G-banding
Lathi et al., 2007 272 Culture, G-banding
Ginsberg et al.,, 2001 129 G-banding
Total 6411 -

Aneuploidy rate Aneuploidy rate p
in the AP group in the MA group
57.1 % (152/266) 52.9 % (680/1285) 0.209
25.7 % (9/35) 67.2 % (160/238) <0.050
47.1 % (64/136) 62.1 % (466/751) 0.001
50.8 % (32/53) 77.3 % (68/88) <0.001
28.1 % (138/491) 52.2 % (641/1227) <0.001
empty sac
43.4 % (197/454) 0.002
yolk sac only
35.4 % (335/945) <0.001
AP total
56.1 % (32/57) 61.1 % (77/126) 0.526
46.3 % (37/80) 61.5 % (88/143) 0.030
72.2% (13/18) 33.8 % (23/68)* 0.006
61.6 % (85/138)** 0.381
54.5 % (48/88) 65.6 % (99/151) 0.092
60.5 % (26/43) 67.6 % (96/142) 0.387
58.2 % (53/91) 68.0 % (123/181) >0.050
57.1 % (12/21) 90.7 % (98/108) <0.001
44.4 % (813/1833) 59.3 % (2701/4558) <0.001

Note. Nis the sample size, in brackets is the total number of compared cases of AP and MA; CMA, chromosomal microarray analysis; CGH, comparative genomic

hybridization; FISH, fluorescence in situ hybridization.

* Relative to abortions with a normal phenotype on ultrasound examination; ** relative to abortions with the presence of an embryo on ultrasound examination.

which gives rise to the three germ layers of the embryo itself
(endoderm, ectoderm, and mesoderm), is blocked. An empty
gestational sac means that the abnormalities appeared before
the separation of the inner cell mass into hypoblast and epi-
blast, i. e. during implantation (Boss et al., 2018). At such an
early stage, the influence of non-genetic factors is unlikely to
be significant. The lower frequency of chromosomal abnor-
malities in such embryos may be due to the fact that at such
early stages of development, damage of the activity of genes
important in early embryogenesis due to point mutations,
CNYV, or epigenetic anomalies is more critical than a change
in the gene dosage due to aneuploidy.

Considering the predominant contribution of genetic causes
(compared to maternal or environmental causes) to a very
early arrest of embryonic development, the lower frequency
of chromosomal abnormalities in the absence of an embryo
in the gestational sac makes it promising to search for genetic
aberrations of the sub-chromosomal level and epigenetic
anomalies in AP cases (Lebedev et al., 2013). Thus, chro-

mosomal microarray analysis revealed a greater number of
CNV in AP compared to MA (299 and 132, respectively), and
in AP among pathogenic rearrangements 54.3 % deletions
and 45.7 % duplications were found, whereas in MA only
duplications were found (Savchenko et al., 2018). Interest-
ingly, the set of genes in CNV also differed: in AP, the genes
responsible for basic biological processes, such as migration,
cell contacts, and adhesion, were more often affected, while in
MA, the genes responsible for morphogenesis were affected.

We found different frequencies of some types of chromo-
somal abnormalities between abortions with and without an
embryo. In our sample, sex chromosome aneuploidies (es-
pecially the 45,X) were less common in AP than in MA (see
Table 2). Frequency of the 45,X karyotype has been found to
be significantly higher in miscarriages with an embryo in most
published comparative studies (Minelli et al., 1993; Mufioz et
al.,2010; Cheng et al., 2014; Liu et al., 2015; Veropotvelyan,
Kodunov, 2015; Lietal., 2017; Ozawa et al., 2019; Gu et al.,
2021). These results indicate that monosomy X does not have
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a noticeable negative effect on the early development of the
embryo per se, and such embryos die at later stages, possibly
due to a failure of trophoblast function (Ahern et al., 2022).

Triploidy is another type of chromosomal abnormality,
which is more common in embryonic miscarriages than in
anembryonic ones. Previous studies suggested that the majo-
rity of triploidies are the result of fertilization errors leading
to either diandry (the presence of two sets of paternal chromo-
somes) or digyny (the presence of two maternal sets) (Thaker,
2005). Due to the phenomenon of chromosomal imprinting,
paternal chromosomes contribute to the preferential prolife-
ration of trophoblast tissues. Perhaps it is diandric triploidy
that leads to the AP phenotype, but this assumption needs to
be verified.

Common feature for both of the above mentioned types of
chromosomal abnormalities is that the mechanism of their
origin is not associated with meiotic nondisjunction in oocytes.
It is known that cases of X-chromosome monosomy are most
often caused by errors in paternal meiosis (Hassold et al.,
1988; Segawa et al., 2017), and triploidies are caused mostly
by fertilization errors. Therefore, the rate of these types of
karyotype abnormalities is increased among abortions from
young mothers in comparison with older mothers (Soler et al.,
2017; Wang et al., 2020; Gu et al., 2021). Since the mother’s
age was similar in our AP and MA samples, the higher rate
of monosomy X and triploidy in MA in comparison with AP
supports the assumption that embryos with these karyotype
abnormalities survive better.

We found a higher frequency of tetraploidy in the AP group,
which is consistent with the data of (Veropotvelyan, Kodunov,
2015; Ozawaetal., 2019) and implies an unfavorable influence
of the tetraploid karyotype, leading to an earlier termination
of embryo development.

We found that sex ratio (SR) in abortions with normal
karyotype deviates from the expected SR and constitutes
0.74 for MA and 0.54 for AP. Although the differences
between the groups did not reach a statistically significant
level (p = 0.142), they are consistent with the data obtained
earlier in our laboratory using significantly smaller samples.
In the study (Evdokimova et al., 2000) it was shown that the
proportion of 46,XY embryos inversely correlates with the
severity of developmental disorders: the SR was 0.77 for
spontaneous abortions without significant intrauterine delay
of development; 0.60 for MA and 0.31 for AP (compared to
1.10 for control group of induced abortion). One of the reasons
for the biased SR may be maternal cell contamination (MCC)
of extra-embryonic cell cultures. But since both AP and MA
samples were analyzed concomitantly, and the frequency of
MCC was low (Nikitina et al., 2005), this equalizes the pos-
sible effect of maternal contamination on SR in our study.
Interestingly, a large-scale study of SR in early human deve-
lopment (from conception to birth) showed that SR decreases
in the first week after conception (due to excess male morta-
lity) and then increases for at least 10—15 weeks (due to excess
female mortality) (Orzack et al., 2019). Thus, the excess of
female embryo loss in the first trimester of pregnancy probably
represents a real phenomenon.

The development of cell-based technologies offers a unique
opportunity to study the biological mechanisms that lead to
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embryogenesis failure. Thus, induced pluripotent stem cells
(iPSCs) reproduce the characteristics of embryonic stem cells,
including unlimited proliferative capacity and the ability to dif-
ferentiate into derivatives of three germ layers (pluripotency).
It has been shown that iPSCs can be derived from trophoblast
tissues not only from embryos with a normal karyotype, but
also from embryos with some chromosomal aneuploidies (for
example, monosomy X and trisomy 13) (Parveen etal., 2017;
Long et al., 2020). If it is possible to reprogram trophoblast
cells and obtain iPSC lines from anembryonic cases, this will
open up the possibility to study the processes in the deriva-
tives of various germ layers leading to an early developmental
arrest of the embryo.

Conclusion

We found that the pattern of chromosomal abnormalities partly
differs between AP and MA, and the presence of an embryo
is positively correlated with sex chromosome aneuploidy and
triploidy, while the absence of an embryo is positively cor-
related with tetraploidy. At the same time, the total frequency
of chromosomal abnormalities in AP and MA did not differ,
which indicates the need to search for the causes of AP at
other levels of genome organization, including microstructural
chromosomal rearrangements, monogenic mutations, imprint-
ing disorders, and other aberrant epigenetic modifications of
the genome.
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Structure and origin of Tuvan gene pool
according to autosome SNP and Y-chromosome haplogroups
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Abstract. Tuvans are one of the most compactly living peoples of Southern Siberia, settled mainly in the territory of
Tuva. The gene pool of the Tuvans is quite isolated, due to endogamy and a very low frequency of interethnic mar-
riages. The structure of the gene pool of the Tuvans and other Siberian populations was studied using a genome-
wide panel of autosomal single nucleotide polymorphic markers and Y-chromosome markers. The results of the
analysis of the frequencies of autosomal SNPs by various methods, the similarities in the composition of the Y-chro-
mosome haplogroups and YSTR haplotypes show that the gene pool of the Tuvans is very heterogeneous in terms
of the composition of genetic components. It includes the ancient autochthonous Yeniseian component, which
dominates among the Chulym Turks and Kets, the East Siberian component, which prevails among the Yakuts and
Evenks, and the Far Eastern component, the frequency of which is maximum among the Nivkhs and Udeges. Analy-
sis of the composition of IBD-blocks on autosomes shows the maximum genetic relationship of the Tuvans with the
Southern Altaians, Khakas and Shors, who were formed during the settlement of the Turkic groups of populations
on the territory of the Altai-Sayan region. A very diverse composition of the Tuvan gene pool is shown for various
sublines of Y-chromosomal haplogroups, most of which show strong ethnic specificity. Phylogenetic analysis of
individual Y-chromosome haplogroups demonstrates the maximum proximity of the gene pool of the Tuvans with
the Altaians, Khakas and Shors. Differences in frequencies of Y-chromosome haplogroups between the Todzhans
and Tuvans and a change in the frequencies of haplogroups from south to north associated with the East Asian
component were found. The majority of the most frequent Y-chromosome haplogroups in the Tuvans demonstrate
the founder effect, the formation age of which is fully consistent with the data on their ethnogenesis.
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CTpyKTYpa " MPOUCXOKIeHNe reHOPOHJa TYBMHIIEB
10 JAHHBIM ayTOCOMHBLIX SNP 1 rariorpyrmn Y-XpOMOCOMBI

B.A. Cremanos, H.A. Koaecuukos, A.B. Baanxosa, A.A. 3apy6un, VL.IO. Xurpunckas, B.H. Xapokos @&

HayuHo-nccnepoBaTenbCKmim MHCTATYT MEANLIMHCKON reHeTUKKN, TOMCKMI HaLMOHaNbHbIN NccnefoBaTebCKMin MeAULIMHCKNI LIeHTP
Poccumiickon akapemnn Hayk, Tomck, Poccua
® Vladimir-kharkov@medgenetics.ru

AHHoTauus. TyBMHUbI — OAVH U3 Hanbonee KOMMaKTHO MPOXMBatoLWmX Hapoaos tOxHon Cnbupw, pacceneHHbIn
B OCHOBHOM Ha Tepputopuu TbiBbl. [eHODOHT TYBMHLEB ABNAETCA JOCTAaTOYHO 0O60CO6IEHHBIM 3a CYET SHAOraMuUn
1 OYeHb HM3KOWM YacTOTbl MeXKHaLMOHaNbHbIX 6pakoB. ViccnenoBaHa CTpyKTypa reHodOoHAa TYBUHLEB U APYruX
CMOUPCKMX NONYNALMIA NO NOSHOrEHOMHON MAaHeN ayTOCOMHbIX OAHOHYKEOTUAHbIX NOMMMOPOHbBIX MapKepoB
1 Mapkepam Y-XpomMoCoMbl. Pe3ynbTaTbl aHann3a 4yactoT ayTocomHbix SNP pasnuyHbiMu meTogamu, CXOACTBaA Mo
cocTaBy rannorpynn Y-xpomocombl 1 YSTR-rannoTrmnos nokasblBatoT, YTO reHOGOHS TYBUHLIEB OUYEHb reTeporeHeH
Mo COCTaBY reHeTUYeCKnX KOMNoHeHToB. OH BKJtOYaeT B ceb6A APEBHUA aBTOXTOHHbIN €HUCENCKMIA KOMMOHEHT,
LOMUHVPYIOLWNIA Y UYyNbIMCKUX TIOPKOB U KETOB, BOCTOYHOCUOMPCKII, Npeobnajatownin y AKyToB U 3BEHKOB, U
[anbHEBOCTOYHbII, YaCTOTa KOTOPOro MakcMMasibHa Y HUBXOB U ya3renues. AHanu3 coctaBa IBD-6110KoB Ha ayToco-
Max EMOHCTPUPYET MaKCMMalibHOe reHeTUYeCKoe POACTBO TYBUHLIEB C KXKHbIMY anTaliLaMm, Xxakacamu v wopLa-
MU, KOTopble GOPMUPOBANUCL NPKU paccesieHn TPKCKUX FPYNN nonynauni Ha Tepputopun Antae-CasHcKoro pe-
rMoHa. BblsiBneH oyeHb pa3HOO6pa3HbIi COCTaB reHodOoHAa TYBUHLEB MO Pa3INYHBIM CyONNHUAM Y-XPOMOCOMHbIX
rannorpynn, 60NbLNHCTBO U3 KOTOPbIX MOKA3blBAKOT CUIIbHYIO STHUYECKYIO cneundrnyHocTb. QunoreHeTnyecKnin
aHanu3 oTaenbHbIX Y-XPOMOCOMHbIX raniorpynn AeMOHCTPUPYET MaKCMManbHyo 61130CTb reHopoHAa TYBMHLEB
C anTafuamu, xakacamu 1 lwopLamu. BHyTpr TyBMHCKOTO 3THOCA O6HapY»KeHbl 3HaUMTeNbHbIe Pa3NYnAa MeXIy Bbl-
60pKaMK 13 3aMafHbIX, I>KHbIX 1 BOCTOUYHbIX PaioHOB TbiBbl MO [J0J1e MOHIOJIbCKOTO M @HUCENCKOTO reHeTNYECKNX
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CTpyKTypa 1 nponcxoxaeHvie reHodoHaa TyBUHLEB
no AaHHbIM ayTOCOMHbIX SNP 1 rannorpynn Y-xpomocombl

KOMMOHEHTOB. leHeTUYeckoe pa3Hoobpasne TyBUHLEB MO Y-XPOMOCOMHbIM ranjorpymnnam 1 MakcMmanbHO pas-
HOPOAHDIN COCTaB reHeTNYECKUX KOMMOHEHTOB CBMIETENbCTBYIOT O CAMOM BbICOKOM Pa3HOO6pasnm TyBUHCKOTO
reHopoHAa No CPaBHEHMIO CO BCeMU KOPEHHbIMM Hapogamu Cubupun. O6Hapy»KeHbl pas3nmnums Nno YacToTam ransio-
rpynn Y-XxpoMOCOMbI MeXAy TOAKMHLAMU 1 TyBUHLAMW I U3MEHEHME YacToT ransiorpyn C lora Ha ceBep, CBs3aH-
HbIX C BOCTOYHOA3MATCKUM KOMMOHEHTOM. BoNbWMHCTBO Hambonee YacTbix raniorpynmn Y-XpoMoCOMbl y TYBUHLIEB
LeMOHCTPUpPYeT 3pdeKT ocHoBaTenNs, BO3pacT GOPMUPOBAHNSA KOTOPbIX MOTHOCTbIO COMAacyeTcs C LaHHbIMM 06 1X

3THOreHese.

KntoueBble cnoBa: FeHO¢OHﬂ; nonynAaunn 4YenoBeka; reHeTnyeckoe pa3Hoo6pa3V|e; reHeTn4yeCckne KOMMOHEHTbI;

Y—xpomocoma; TYBUHLbI.

Introduction

From the point of view of studying population and evolu-
tionary genetic processes, analyzing genetic diversity, and
reconstructing the genetic history of populations, the gene
pool of the indigenous population of Southern Siberia is a
unique system. The problems related to the analysis of the
composition and ratio of various substrate components among
the Siberian peoples, despite the high level of study, have a
number of unanswered questions. In this regard, genetics
provides the richest opportunities for studying these problems,
since the development of new approaches to the analysis of the
population gene pool makes it possible to bring ethnogenetic
studies to a completely new level. Modern methods used in
molecular genetic research and new bioinformatic develop-
ments make it possible to reliably identify various ancestral
genetic components in the gene pool of various peoples and
individuals.

One of the most important problems of ethnology and an-
thropology of the population of Southern Siberia is the issue
of the formation of indigenous ethnic groups, in the solution
of which, at present, methods of analyzing genomic data play
an important role. The gene pool of the indigenous population
of'this region was formed due to the long-term and multi-stage
mixing of a large number of local gene pools of various tribes
of Caucasoid and Mongoloid origin. The indigenous ethnic
groups of Southern Siberia are characterized by various
anthropological types, complex ethnic and demographic his-
tory. The mixture of numerous Turkic, Mongolian, Yeniseian,
Samoyed and Ugric groups based on the genetic substrate
of the ancient Indo-European tribes and taiga Mongoloids
formed as a result a motley picture of the genetic diversity
of the population of this region (Gene Pool of the Population
of Siberia, 2003).

The processes of merging and assimilation with the par-
ticipation of various migration flows played an important
role in the formation of modern Turkic-speaking populations
of Southern Siberia, especially the Tuvans. In the era of the
Eneolithic, Bronze and Early Iron Ages, the territory of Tuva
was part of the habitat of the ancient Caucasoid population,
which later developed the cultures of the Scythian-Siberian
world (Alekseev, 1984). The penetration of the Central Asian
Mongoloid component into the territory of Southern Siberia
dates back to the VII-VI centuries BC. The appearance of
the forest, taiga Mongoloid component also dates back to
approximately the same time (Kiselev, 1951). Gradually,
there was an increase in the Mongoloid component, from the
predominance of the Caucasoid in the Scythian time to the
formation in the XIII-XIV centuries AD of the modern Central
Asian anthropological type of the Tuvans (Debets, 1948).

Tuvans are one of the most compactly living peoples of
Russia, settled mainly in the territory of Tuva. In Russia,
according to the All-Russian Population Census of 2010, the
number of the Tuvans is 263,934 people. At the same time, the
gene pool of the Tuvans is relatively isolated, due to endogamy
and a very low frequency of interethnic marriages (Puzyrev et
al., 1999; Kucher et al., 2003). The heterogeneity of the tribal
composition of the Tuvans was shown (Potapov, 1969). For
some groups of Tuvans, isolation of local populations was
noted, caused both by geographical factors and historically,
which is especially pronounced for Tuvans-Todzhans from
the northeastern mountainous part of Tuva. In recent years,
a number of scientific publications have been devoted to the
study of the Tuvinian gene pool, which were focused on the
study of the general spectrum of mtDNA lines, Y-chromoso-
me haplogroups, and the detailing of individual clades (Ste-
panov, Puzyrev, 2000; Stepanov et al., 2001, 2006; Derenko
et al., 2006; Kharkov et al., 2013; Damba et al., 2018a, b;
Agdzhoyan et al., 2021).

The purpose of this study is a comprehensive analysis of
the structure of the gene pool of Tuvans and the reconstruc-
tion of their origin in comparison with other populations of
the indigenous population of Siberia. To address the issues of
genetic proximity of Tuvans with other indigenous peoples,
genotyping of a wide genomic set of autosomal markers using
high-density biochips, as well as an expanded set of SNP and
STR-markers of the Y-chromosome was performed in various
indigenous peoples of Siberia.

Materials and methods
The material of the study was DNA samples of men with a
total number of 419 samples, representing the indigenous
population of the Republic of Tuva. Samples were collected
in the village Teeli (west of Tuva) (N=44), village Kungurtug
(south-east of the Republic) (N = 48), village Toora-Khem
(north-eastern part of Tuva) (N = 23), and the city of Kyzyl
(N =304). Samples from Kyzyl were assigned to the corre-
sponding territorial group according to the birthplaces of the
donors. The samples were divided into five territorially distant
groups: west (Barun-Khemchigsky, Bai-Taiginsky, Dzun-
Khemchigsky, Sut-Kholsky, Mongun-Taiginsky districts)
(N=169), center (Chaa-Kholsky, Tandynsky, Kaa-Khemsky,
Kyzyl, Ulug-Khem, Chedi-Khol, Piy-Khem, Tes-Khem,
Ovyur, Erzin districts) (N = 179), east (N = 71), including
the northeast (Todzhinsky district) (N = 23) and southeast
(Tere-Kholsky district) (N = 48).

The sampling of primary biological material (venous blood)
from donors was carried out in compliance with the procedure
of written informed consent for the study. For each donor, a
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questionnaire was compiled with a brief pedigree, indicating
ethnicity and places of birth of ancestors. An individual was
assigned to a given ethnic group based on his own ethnic
identity, his parents and place of birth.

For the analysis of Y-chromosome haplogroups and hap-
lotypes of Tuvans, all 419 male DNA samples were used.
For genotyping on chips, unrelated accessions from the vil-
lage of Teeli of Bai-Taiga kozhuun (N = 28) were selected.
Other populations of the indigenous population of Siberia are
represented by: Chulyms, Khakas-Sagays, Khakas-Kachins,
Southern Altaians, Kets, Khanty, Tomsk Tatars, Buryats,
Yakuts, Evenks, Nivkhs, Udeges, as well as Kalmyks, Dun-
gans and Kirghiz.

Genome-wide genotyping data were obtained using In-
finium Multi-Ethnic Global-8 (Illumina) microarrays for SNP
genotyping, including over 1.7 million markers. The material
was deposited in the bioresource collection “Biobank of the
Population of Northern Eurasia”. For comparative analysis,
we used genotype data for 1677114 autosomal SNPs (Illumina
Multi-Ethnic Global-8 biochip) of 917 samples and geno-
typing data for more than 3000 Y-chromosomal SNPs and
36 YSTRs from more than 1600 male samples representing
the indigenous population of Siberia and neighboring regions.
More than 30 population samples have been characterized,
which are described in detail in our previous works (Kolesni-
kovetal., 2021, 2022). The NGSadmix method (Scotte, 2013)
and the ADMIXTURE program (Alexander et al., 2009, 2011)
were used to analyze the component composition and amount
of impurities in individuals and populations, and a compara-
tive analysis of autosomal SNP data and haplogroups and
haplotypes of Y-chromosomes.

Autosomal SNP genotype array clustering and quality
control were performed using a protocol developed by (Guo
et al., 2014) using GenomeStudio (Ilumina. GenomeStudio,
genotyping module v2.0.3), a software package that Illumina
has developed for various genomic analyses. For filtering,
normalizing and calculating standard genomic statistics and
indicators, the standard set of programs, including vcftools,
beftools, and plink, proved to be optimal. To analyze linkage
blocks identical in origin, the Refined IBD algorithm (Brow-
ning B.L., Browning S.R., 2013) was used, which shows more
accurate results compared to the algorithms built into plink.
The genotypes were preliminarily phased using the Beagle 5.1
software (Browning S.R., Browning B.L., 2007). To compare
the populations, the sums of the average lengths of blocks
identical in origin (IBD segments — identical by descent) were
obtained between pairs of individuals.

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). With the help
of 156 SNP markers, the belonging of the samples to dif-
ferent haplogroups was determined. The classification of
haplogroups is given in accordance with the data of the
International Society for Genetic Genealogy (website www.
isogg.org). Analysis of STR haplotypes within haplogroups
was performed using 44 STR markers of the non-recombining
part of the Y-chromosome (DYS19, 385a, 385b, 388, 3891,
38911, 390, 391, 392, 393, 426, 434, 435, 436, 437, 438, 439,

Structure and origin of Tuvan gene pool according
to autosome SNP and Y-chromosome haplogroups

442, 444, 445, 448, 449, 456, 458, 460, 461, 481, 504, 505,
518, 525, 531, 533, 537, 552, 570, 576, 635, 643, YCAlla,
YCAIIb, GATA H4.1, Y-GATA-A10, GGAAT1B07).

STR markers were genotyped using capillary electropho-
resis on an ABI Prism 3730 genetic analyzer. Genotyping
of SNP markers was performed using PCR and subsequent
analysis of DNA fragments using RFLP analysis. Experi-
mental studies were carried out on the basis of the Center
for Collective Use of Research Equipment “Medical Geno-
mics” (Research Institute of Medical Genetics of the Tomsk
National Research Medical Center). The construction of
median networks of Y-chromosome haplotypes was carried
out using Network v.10.2.0.0 (Fluxus Technology Ltd; www.
fluxus-engineering.com) using the Bandelt median network
method (Bandelt, 1999). The generation age of the observed
diversity of haplotypes in haplogroups was estimated using the
ASD method (Zhivotovsky, 2004), based on the mean square
differences in the number of repeats between all markers.

Results and discussion

Genotyping of a large array of SNPs makes it possible to study
in great detail the patterns of haplotype diversity that mark
various substrate and superstrate layers of the population gene
pool, the degree of miscegenation with the alien population
at various levels — from individual to generic and ethnic, to
conduct a detailed analysis of the demographic history of
various populations and analyze the molecular phylogenetic
and phylogeographic structure of Y-chromosome haplogroups.
This makes it possible to more accurately reconstruct the ge-
netic and demographic events that occurred in the past. The
use of modern bioinformatic approaches on a wide array of
SNPs and a detailed phylogeny of uniparental lines makes it
possible to more accurately reconstruct the formation of the
Tuvan gene pool.

After processing the data on the results of a microchip study
to filter the progenotyped samples and carry out further calcu-
lations, a search was first made among the Tuvans of mestizos
using the NGSadmix program. The NGSadmix method, when
launched on the data array that we formed, showed that all
progenotyped samples of the Tuvans do not have crossbreed-
ing, which is fully consistent with the data of the DNA donor
questionnaire. The obtained data on the frequencies of SNPs
in the studied population samples were used to elucidate the
genetic relationships between different ethnic groups. The
ADMIXTURE algorithm was used to reduce the dimension
and identify the genetic components.

Component composition of the gene pool of the Tuvans
To identify individual genetic components in the gene pool of
the studied populations, the ADMIXTURE program was used,
which makes it possible to identify the mixed composition of
a set of individuals based on genotype data and, thereby, to
make assumptions about the origin of the population. Model-
ing using ADMIXTURE has recently become one of the main
methods of analysis in the study of the gene pools of modern
and ancient human populations, allowing you to analyze the
same data at different hierarchical levels.

Tuvans, in comparison with most Siberian populations,
show a very diverse composition of genetic components.
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Their distribution is most clearly manifested at K = 12. For
almost all Siberian populations, the complete dominance of
one genetic component, characteristic of individual samples
or closely related indigenous peoples, is shown. In addition to
the Tuvans, a rather heterogeneous component composition
was also found among the Khakas-Kachians. The spectrum
of genetic components of the Kachins almost completely
coincides with the Tuvans, but differs in their proportions.

Altai component. With the maximum frequency in the Tu-
vans (53 %), the genetic component that dominates in the
Southern Altaians (up to 90 %) is represented. Taking into
account the fact that the analyzed sample of the Tuvans re-
presents the westernmost region bordering the Republic of
Gorny Altai, this is quite natural. It is presented with sufficient
frequency among the Kyrgyz (9.8 %) and Khakas-Kachins
(7.6 %), related to the Southern Altaians. Probably, this genetic
component is associated with the influence of Turkic speakers
in the formation of modern South Siberian peoples. Previously,
the proximity of the Altaians and Tuvans was shown by ana-
lyzing the allele frequencies of the ZFX gene (Khitrinskaya
etal.,2010), X-linked STR markers (Vagaitseva et al., 2014),
enzymes and blood proteins (Spitsyn et al., 1984), frequen-
cies blood groups of the ABO system and according to their
anthropological parameters (Bogdanova, 1978a, b; Alekseev,
1984; Alekseeva, 1984).

East Siberian component. The second most common
among the Tuvans is the East Siberian genetic component
(21 %), which is dominant among the Yakuts (94 %), Evenks
from Yakutia (93 %) and Transbaikalia (62 %). This corre-
sponds to the linguistic data on the South Siberian origin of
the ancestors of modern Yakuts. It is 30 % among the Buryats,
12 % among the Kachins, and 4 % among the Southern Al-
taians. The distribution of this genetic component is consistent
with the classification of racial types. Tuvans, Tofalars, Yakuts
and Dolgans are carriers of the traits of the North Asian minor
race — one of the subdivisions of the continental branch of the
great Mongoloid race. Two moderately different types are
distinguished in the composition of the North Asian Mon-
goloids — Baikal and Central Asian. The first type is typical
primarily for the Tungus-Manchurian peoples, the second — for
the Turkic and Mongolian peoples (Turkic Peoples of East
Siberia, 2008).

East Asian component. In third place in the Tuvans (11 %)
is the dominant component of the Dungans (91 %), Buryats
(63 %) and Kalmyks (54 %). It manifests itself most clearly
at K = 12. It makes up a larger proportion among the Kir-
ghiz (49 %), Kazakhs (46 %), Uzbeks (43 %), Khakas-Ka-
chins (41 %) and Tomsk Tatars (24 %) and has a small share
among the Kachins (4 %) and Southern Altaians (4 %). It is
this genetic component that reflects the contribution of the
latest groups of immigrants from the territory of Mongo-
lia to the gene pool of the population of Southern Siberia.
Almost all other studied populations of Siberia and the Far
East — the Yakuts, Shors, Khakas-Sagays and Chulyms de-
monstrate the almost complete absence of this component.
It was not found among the Evenks, Khanty, Kets, Chulyms,
Chukchi, Koryaks and Nivkhs. The general picture of the
distribution of this genetic component is in good agreement
with anthropological and ethnographic data on the influence
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of the Mongol expansion on the ethnogenesis of the studied
ethnic groups.

Yeniseian component. The largest share of this component
is characteristic of the Chulym Turks (94 %) and Kets (65 %).
In the Kets, its proportion is lower due to miscegenation and
the detection by the NGSAdmix method of a recent Caucasoid
admixture in many samples. Among Tuvans, its frequency is
6.9 %, and among Kachins, 20 %. The results obtained are in
good agreement with the data of ethnology, anthropology and
linguistics on the contribution of the Yeniseian component to
the formation of various peoples of the Altai-Sayan region and
the historical areas of the Yeniseian languages.

Far Eastern component. The last genetic component in the
Tuvans present with a significant frequency (4.9 %) prevails in
the Nivkhs (96 %) and Udege (56 %). It is present with a low
frequency among the Trans-Baikal Evenks (11 %), Buryats
(10 %), Kalmyks (8 %) and Dungans (6 %). Probably, its
presence reflects the contribution of the taiga Mongoloids,
who in ancient times settled westward from Primorye and
Transbaikalia.

It can be assumed that the Samoyed component can also be
present in the Tuvinian gene pool, however, its determination
requires an analysis of the population groups in which it is
dominant (Nenets, Enets, Nganasans and Selkups).

Identical in origin clutch blocks. As a result of bioinfor-
matics processing of genotyping data from high-density bio-
chips of various Siberian populations, an analysis was made
of the coincidence of DNA fragments common in origin
between populations and individuals. A segment with identi-
cal nucleotide sequences is IBD in two or more individuals
if they inherit it from a common ancestor without recombina-
tion, that is, in these individuals the segment has a common
origin. The expected length of an IBD segment depends on
the number of generations since the last common ancestor.
One of the applications of the analysis of genome regions of
common origin is the quantitative assessment of the degree
of relationship between individuals, which can also supple-
ment information on the genetic relationships of populations
(Gusev et al., 2011).

Samples from the sample of the Tuvans showed the maxi-
mum match in IBD blocks among themselves (10.07 %), then
with a sample of the Southern Altaians (1.62 %), Evenks
(0.81 %), Yakuts (0.77 %), Chulyms ( 0.70 %), Khakas-Sa-
gays (0.66 %), Khakas-Kachins (0.64 %), Buryats (0.58 %),
Kalmyks (0.57 %), Udeges (0.39 %) and Khanty (0.38 %).
The degree of overlap of IBD blocks between the Tuvans
and other population samples is consistent with the results
of ADMIXTURE on the distribution of allele frequencies
and common genetic components in these populations. The
FROH inbreeding coefficient was also calculated for all indi-
viduals by homozygosity blocks (ROH). For the Tuvans, its
value (0.0151) is much lower than for the Chulyms (0.0292),
Kazyms (0.0280) and Russkinskaya Khanty (0.0266), Kets
(0.0259) and Khakas-Sagays from the foothill Tashtyp region.
Almost equal to the Tuvans in terms of FROH value are the
samples of the Southern Altaians (0.0168) and the Khakas-
Kachins of the Shirinsky district (0.0146). This indicates the
absence of a significant role of inbreeding in the formation of
the gene pool of modern Tuvan populations.
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Haplogroups of the Y-chromosome

For the most frequent Asian haplogroups of the Y-chromoso-
me in the Tuvans, additional terminal SNPs were genotyped,
which made it possible to more accurately separate the
samples into individual specific sublines. The frequencies of
occurrence are indicated only for them (see the Table). The
frequencies of other rather rare haplogroups represented by
separate samples, indicated in an earlier article (Kharkov et
al., 2013), are not given here, since additional SNPs were not
selected for them.

The most frequent Y-chromosome haplogroup in the Tuvans
is N1a2b1-B169, which makes up 24 % of the total array of
male samples. It is divided into three sublines that differ in
terminal SNPs and haplotype clusters. Its variant N1a2b1b2b1
(B178,PF3415,735147,7235149, 235152) is present with the
maximum frequency among the Tuvans. In addition to the
Tuvans, two samples of the Southern Altaians belong to it.
According to the YFull website, this line was also found in
one man from Kyrgyzstan and two from China. The haplotypes
of this lineage have a stellar phylogeny, indicating a strong
founder effect (Fig. 1).

The age of this line among the Tuvans according to YSTR
is 1442 years (SD = 368 years). Its presence among the Al-
taians, Kirghiz and Chinese in the form of single samples is
possibly associated with the inclusion of individual men of
Tuvan origin in their composition. This line among the Tu-
vans represents a common genetic substrate for them, which
is unequivocally connected with the heritage of the Samoyed
population of the territory of Southern Siberia. The presence
of different ethnospecific variants of the N1a2b1 haplogroup
among the Tuvans, Khakas, and Shors indicates a significant
genetic differentiation between them. This confirms the ab-
sence of migrations of carriers of this haplogroup and gene

Structure and origin of Tuvan gene pool according
to autosome SNP and Y-chromosome haplogroups

exchange over the past few hundred years. The main factor
in its spread on the territory of Tuva was the genetic isola-
tion of local Samoyedic groups and the intensive increase in
their population. Four samples of Tuvans belong to a very
rare parallel line N1a2blb2al~ (B228, Z35125, Z35127,
735128). It was previously found in Mongols (Illimée et al.,
2016). The third Tuvan subline (xB175, Z35117, Z35118)
includes 10 samples.

The second most frequent among the Tuvans is the hap-
logroup Nlal (19 %), which is divided into three branches.
In the total sample, its frequency is inferior to N1a2bl by only
5 %, covering slightly less than 30 % of samples in the west
of Tuva. The first line Nlala2~ (B187 xB449) in the total
sample of the Tuvans has a frequency of 6.4 %. In the eastern
regions — Todzhiinsky and Tere-Kholsky, this haplogroup was
not found. This variant is very ethnospecific and is not found
in other populations. The sister line parallel to it (Nlala2 ~
B499) with a relatively recent divergence from the Tuvan
line is also characteristic of the Khakas-Sagais and Shors. It
dominates in frequency in the Khakas seoks Khyi and Khobyi.
Among the Shors, this haplogroup includes all men of the seok
Kyi and Kobyi (Kharkov, 2020). On the median networks, the
haplotypes of these lines in the Tuvans, Khakas, and Shors
form three clusters that do not intersect with the Tuvans, except
for one sample (Fig. 2).

At the same time, the haplotypes of the Khakas-Sagays of
the Tashtyp district, bordering Shoria, are very close to the
Shors and demonstrate a strong recent founder effect. The total
age of the Tuvan haplotype cluster was 1863 years (SD =294
years). This shows the long-standing division of these lineages
between the Tuvans, Khakas, and Shors, and rather strong
founder effects for individual seoks of Khakas and Shors.
This subline has a very limited geographic range. Most likely,

Frequencies of occurrence of the main Y-chromosome haplogroups among the Tuvans

Haplogroup
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Fig. 1. Median network of YSTR haplotypes of the N1a2b1b2b1 haplogroup in Tuvans and Southern Altaians.
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Fig. 2. Median network of YSTR haplotypes of the N1ala2~ haplogroup in Tuvans, Khakas, and Shors.
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Fig. 3. Median network of YSTR haplotypes of haplogroup Q1b1a3bl1a~ - B30 in Tuvans and Southern Altaians.

the initial place of its distribution was the territory of Tuva,
from where it spread to Gornaya Shoria and then to Khakas-
sia. It separated from the main stem of Nlal very early and,
like many other rare Y-chromosomal lineages, was preserved
with a sufficiently high frequency only in relatively isolated
mountain populations. Its separation from the main stem of
the Nlala haplogroup occurred approximately 10,700 years
ago (YFull). Due to its population specificity and isolation,
the relationship of this variant with the Samoyedic, Ugric, or
other genetic components is ambiguous.

The second subline Nlala among the Tuvans is
Nlalalala3a2 (B219 xB199). It is represented in all dis-
tricts and has a frequency of 11.9 %. It also includes three
samples of the Altaians. It was not found among the Khakas,
Shors and Chulyms. The line Nlalalala3a2c2-B199, which
is closely related to it, dominates in the Eastern Buryats and is
represented by a rather high frequency in the Western Buryats.
The appearance of these lines is unambiguously connected
with the settlement of Mongolian ethnic groups in Tuva, Bu-
ryatia and Altai. The age of this line according to haplotypes
among the Tuvans was 1500 years (SD = 304 years). The

spread of this Y-chromosome lineage occurred a little later
than the carriers of the Tuva-Shor-Khakas branch Nlala2~.

Only two specimens of Tuvan-Todzhans belong to a very
rare lineage Nlalala (L708, L839 xL392). In terms of hap-
lotypes, it is very close to the Yakut-Evenki haplogroup
Nlalalala4alal, but is not mutated in its terminal SNPs
(M1979, M1984, M1988, M1991). The presence of this
Y-chromosome variant in the Todzhans is consistent with the
distribution of the East Siberian genetic and overlap in IBD
blocks with the Yakuts and Evenks. This lineage also includes
four samples of Khakas-Sagay men from the Askizsky district
with haplotypes close to those of Tuva.

Haplogroup Q1bla3bla~(B30/YP1691,YP1693, YP1694)
occupies 13 % of the total sample of the Tuvans. Its maximum
frequency falls on the eastern samples of the Todzhans and
Tuvans of the Tere-Kholsky kozhuun (25 %). Four samples of
Southern Altaians also belong to this lineage (Fig. 3).

The descending gradient of this haplogroup from east to
west was shown on the territory of Tuva earlier (Kharkov et
al., 2013; Damba et al., 2018b; Agdzhoyan et al., 2021). The
highest frequency of the haplogroup Q1bla3bla~ for Tuvans
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in Todzha is apparently a consequence of their relative genetic
isolation and the preservation of a greater proportion of the
local autochthonous Yeniseian genetic component. The age
of this line according to haplotypes among the Tuvans was
2187 years (SD = 446 years). The distribution frequency of
the haplogroup Q1bla3bla~ and its related lines Q1bla3bla2-
B33 and Q1bla3b4-B31 in the populations of the indigenous
peoples of Southern and Western Siberia reflects the contribu-
tion to their gene pools of local aboriginal population groups
belonging to the Yeniseian language family, which are quite
ancient in origin. Analysis of the Y-chromosomal sublines
Q1bla3b shows that the original center of origin and settle-
ment of its carriers is the territory of modern Tuva.

Different populations with a share of the Mongolian genetic
component have different haplogroups and sublines, the origin
of which is associated with the settlement of various ethnic
groups and migration events of different times. Among the
Tuvans, the result of the Mongolian contribution, in addition
to Nlalalala3a2, is the haplogroups of the clades C2bl,
02 and O3. All of them are very close to the variants pre-
sented with a high frequency among the Mongols, Buryats
and Kalmyks. The share of C2blc (M504) and C2blalalal
(F3850) is the highest in the southeastern sample (15 %).
Lineage C2blalalal (F3850) was found only in the southern
and southeastern regions. The more frequent line C2blbl
(M77) shows a clinal decrease in frequency from southeast
to west. The same is true for haplogroups O2 and O3. In the
gene pool of almost all the populations studied, in which the
Mongolian genetic component is not detected by autosomal
SNP, the indicated Y-chromosome haplogroups are also ab-
sent. Phylogenetic analysis of Y-chromosomal sublines and
haplotypes shows that the center of origin and distribution of
the carriers of the Mongolian component is the territory of
Central Asia.

These haplogroups among the Tuvans are a legacy of the
genetic contribution of late Mongoloid migrants, reflecting
the contribution of the Xiongnu and Mongolian settlers to
the territory of Tuva. Thus, genetic data confirm that the
penetration of Mongolian nomads into the territory of Tuva
came from the south, gradually spreading to the northern
regions, and, accordingly, the mongolization of the popula-
tion of Tuva was most pronounced precisely in the southern
regions. This coincides with the data of paleoanthropology
(Alekseev, 1984) and anthropology of the modern population
(Bogdanova, 1978a). The data of linguistics characterizing the
southeastern dialect as formed as a result of the significant
influence of the Mongolian language also completely coincide
with the distribution of this component and the frequencies of
haplogroups that we obtained.

The haplogroup Rlala (12 %) among the Tuvans in-
cludes seven different lines. Six Tuvan men belong to the
Rlalalb2a2a (Z2123) lineage. Three Altaians and two Kir-
ghiz also belong to it. Five more Tuvans belong to the line
Rlalalb2a2a3blal~ (YP1542, YP1556) close to it. It domi-
nates in frequency among the southern Altaians and Teleuts.
Twenty-seven Tuvans had the R1alalb2 (Y43109) line, which
was divided into three variants differing in haplotypes. Sixteen
Tuvans and five Southern Altaians belong to one variant. In
the second, there are four Tuvans, Khakas from the Turan and
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Khyzyl Khaya seoks, and almost all Shors from the Tartkyn,
Shor-Kyzai and Kara-Shor seoks. In the third, there are seven
Tuvans, Khakas from various seoks of the Beltir and Biryu-
sin, and Shors of the seoks of the Cheley and Chediber. This
confirms the data that some groups of Tuvans who roamed
in the Minusinsk Basin and were later called the “Beltyr”
were completely assimilated by local tribes, constituting one
of the components of the formation of the ethnos of modern
Khakas.

The haplogroup R1alalb2el~ (YP1509) among the Tuvans
is also divided by haplotypes into two lines. Nine samples of
Tuvans of the first variant are very similar in haplotypes to
this variant among the Khakas of the Kharga seoks and the
Shors of the Karga and Cheli seoks and one Teleut. Eight
samples belong to another specific variant common among
the Telengits and Northern Altaians.

A very large diversity of the R1ala haplogroup was shown
among the indigenous population of the Altai-Sayan region.
Its various sublines split long ago and show no star-like hap-
lotype phylogeny, reduced diversity, or traces of the founder
effect. This indicates a significant size of the effective size
of the populations of the ancient Caucasoids and Turks, who
introduced these components into the gene pool of modern
Tuvans, Khakas and Shors. Founder effects with significant
demographic growth were found only in the Southern Altaians,
Kirghiz and Teleuts in the haplogroup Rlalalb2a2a3blal~.
The distribution of various discovered sublines of the hap-
logroup Rlala in the territory of Tuva, Altai, Khakassia
and Shoria is most likely associated with the Turks and the
Yeniseian Kyrgyz.

Of the other haplogroups among the Tuvans, eight more
are single samples (D, E, 11, 12a,J1, J2a, J2al and R1b). Most
likely, their presence is partly due to the recent miscegenation
and earlier dispersal of the Central Asian populations. The
results of the study of the detailed phylogeny of Y-chromoso-
me haplogroups made it possible to more accurately analyze
the component composition of the Tuvan gene pool. This is a
more accurate addition to the analysis of autosomal markers,
which makes it possible to reconstruct in detail the forma-
tion of their gene pool. This information is also important for
describing the similarities and differences between the com-
pared groups, as well as the processes of their ethnogenesis.
Various Y-chromosome haplogroups in the Tuvan gene pool
demonstrate their genetic affinity with the Altaians, Khakas,
Shors, Buryats, Mongols, Evenks, Kets, Chulym Turks, and
Teleuts. This allows us to characterize in more detail the
gene pool of the indigenous South Siberian population and
the genetic relationships and continuity of populations living
in this territory.

Conclusion

Thus, in the present study, a detailed study of the gene pool
of Tuvans was carried out based on the data of high-density
biochips and a wide range of SNPs of the non-recombining
part of the Y-chromosome. A very heterogeneous composition
of the gene pool of the Tuvans and Khakas was found, both in
autosomal SNPs and in various sublines of Y-chromosomal
haplogroups. The maximum closeness of the gene pool of the
Tuvans with the Altaians, Khakas and Shors is shown. Analy-
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sis of IBD blocks and individual rare variants of male lines
demonstrates traces of more ancient connections with the an-
cient aboriginal population of this region and the populations
of Eastern Siberia and the Far East. Within the Tuvan ethnos,
significant differences were found between samples from the
western, southern, and eastern regions of Tuva in terms of the
proportion of the Mongolian and Yeniseian genetic compo-
nent. The genetic diversity of the Tuvans in Y-chromosomal
haplogroups and the most heterogeneous composition of ge-
netic components indicate the highest diversity of the Tuvan
gene pool, compared to all other indigenous peoples of Siberia.

In the future, we plan to analyze in more detail the structure
of the gene pools of the South and West Siberian populations
by adding population samples of the Samoyedic peoples — the
Nenets and Selkups.
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Relationship of the gene pool of the Khants with the peoples
of Western Siberia, Cis-Urals and the Altai-Sayan Region
according to the data on the polymorphism

of autosomic locus and the Y-chromosome
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Abstract. Khanty are indigenous Siberian people living on the territory of Western Siberia, mainly on the territory of
the Khanty-Mansiysk and Yamalo-Nenets Autonomous Okrugs. The present study is aimed at a comprehensive analy-
sis of the structure of the Khanty gene pool and their comparison with other populations of the indigenous popula-
tion of Southern and Western Siberia. To address the issues of genetic proximity of the Khanty with other indigenous
peoples, we performed genotyping of a wide genomic set of autosomal markers using high-density biochips, as well
as an expanded set of SNP and STR markers of the Y-chromosome in various ethnic groups: Khakas, Tuvans, Southern
Altaians, Siberian Tatars, Chulyms (Turkic language family) and Kets (Yeniseian language family). The structure of the
gene pool of the Khanty and other West Siberian and South Siberian populations was studied using a genome-wide
panel of autosomal single nucleotide polymorphic markers and Y-chromosome markers. The results of the analysis
of autosomal SNPs frequencies by various methods, the similarities in the composition of the Y-chromosome hap-
logroups and YSTR haplotypes indicate that the Khanty gene pool is quite specific. When analyzing autosomal SNPs,
the Ugrian genetic component completely dominates in both samples (up to 99-100 %). The samples of the Khanty
showed the maximum match in IBD blocks with each other, with a sample of the Kets, Chulyms, Tuvans, Tomsk Tatars,
Khakas, Kachins, and Southern Altaians. The degree of coincidence of IBD blocks between the Khanty, Kets, and Tomsk
Tatars is consistent with the results of the distribution of allele frequencies and common genetic components in these
populations. According to the composition of the Y-chromosome haplogroups, the two samples of the Khanty differ
significantly from each other. A detailed phylogenetic analysis of various Y-chromosome haplogroups made it pos-
sible to describe and clarify the differences in the phylogeny and structure of individual ethnospecific sublines, to de-
termine their relationship, traces of population expansion in the Khanty gene pool. Variants of different haplogroups
of the Y-chromosome in the Khanty, Khakas and Tuvans go back to their common ancestral lines. The results of a
comparative analysis of male samples indicate a close genetic relationship between the Khanty and Nenets, Komi, Ud-
murts and Kets. The specificity of haplotypes, the discovery of various terminal SNPs confirms that the Khanty did not
come into contact with other ethnic groups for a long time, except for the Nenets, which included many Khanty clans.
Key words: gene pool; human population; genetic diversity; genetic components; Y-chromosome; Khanty.
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CBs13b reHO(OHIa XaHTOB C Hapogamm 3arangHoi Cubupu,
[Ipenypanbs u Antasi-CasiH 110 JaHHBIM O IIOJIMMOpdusme
ayTOCOMHBIX JIOKYCOB U Y-XPOMOCOMBI
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HayuHo-nccnepnoBatenbCKMin UHCTUTYT MEANLIMHCKON reHeTUKKU, TOMCKMI HaLMOHaNbHbIN NccnefoBaTenbCKUin MeAULIMHCKII LeHTP
Poccuinckon akapemnn Hayk, Tomck, Poccna
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AHHOTaLuMA. XaHTbl — KOPEHHOW CMOUPCKMIA HAapOA, MPOXKMBAOLWNIA Ha Tepputopun 3anagHon Cnbupu, B OCHOBHOM
Ha TeppuTopUN XaHTbl-MaHcniickoro 1 fimano-HeHeLKoOro aBTOHOMHbIX OKPYroB. HacTosLlee nccnenoBaHme Hanpas-
NEeHO Ha KOMIMJIEKCHbIV aHann3 CTPYKTYpPbl reHOPOHAA XaHTOB 1 UX CPaBHEHMWE C APYTMMU NOMYNALMAMN KOPEHHOTO
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CBA3b reHo$OHAA XaHTOB C HApOAaMu
3anagHoi Cnbupu, Mpepypanba n Antasa-CasH

HaceneHus tOxHon 1 3anagHon Cnbupw. N pelweHns BONPOCOB reHETNYECKON 6IM30CTM XaHTOB C APYTMMY KOPEH-
HbIMM HapPOAAMU BbIMOJTHEHO rEHOTUMPOBAHME LIMPOKOIO rEHOMHOIO Habopa ayTOCOMHbIX MapKePOB C MOMOLLbIO
BbICOKOMIOTHBIX 61I0YMMOB, @ TakXKe paclumpeHHoro Habopa SNP- 1 STR-MapKepoB Y-XpOMOCOMbI Yy pasfvyHbIX 3T-
HMYECKMX FPYNM: XakacoB, TYBUHLEB, IOXKHbIX anTailes, CMOUPCKMX TaTap, YynbiMLEB (TIOPKCKan A3blkoBasa ceMbs) U
KeToB (eHMcencKan A3blkoBaA ceMbsa). Pe3ynbTaTbl aHanM3a 4acToT ayTOCOMHbIX SNP pa3nnmyHbiMu meTogamu, cxof-
CTBa Mo cocTaBy rariorpynn Y-xpomocombl 1 YSTR-rannotnnos CBUAETENbCTBYIOT, YTO reHOPOH[ XaHTOB JOCTAaTOYHO
cneuunduyeH. Mpwn aHanmnze aytocomHbix SNP B 06enx BbIGOpKax NOAHOCTbIO JOMUHUPYET YrOPCKUIA reHEeTUYeCKI
KOMMOHEHT (8o 99-100 %). BbibopKM XaHTOB MoKasany MakcrMasibHOe coBnageHvie no IBD-6nokam mexay cobon,
C BbIOOPKOW KETOB, UyNbIMLEB, TYBUHLEB, TOMCK/X TaTap, XakaCOB-KauMHLEB U I0XKHbIX anTalues. CTeneHb coBna-
feHusa IBD-610KOB Mexay XaHTaMK, KeTaMu 1 TOMCKMMU TaTapamu COrfacyeTcs ¢ pesynbTaTaMu pacnpefeneHns B
3TMX NOMYNALMAX YacTOT annenen n obLmx reHeTMYeckux KOMNoHeHToB. Mo cocTaBy rannorpynn Y-xpoMocombl ABe
BbIOOPKM XaHTOB 3HAUUTESIbHO Pa3NNYaloTCA Mexxay coboi. [leTasnbHblii GUNOreHeTUYECKNIA aHanmM3 PasfiNyHbIX ra-
nnorpynn Y-XpoMOCOMbl MO3BOIWA ONUCATb Y YTOYHUTb Pa3nnumna B GUIOreHnn 1 CTPYKTYpe OTAENbHbIX 3THOCME-
LUNOUUHBIX CYyONUHWIA, ONpeaenuTb UX POLCTBO, CNeAbl SKCMAHCUM YMCTIEHHOCTM B reHOQOHAE XaHTOB. BapuaHTbl
pasHbIX raniorpymnn Y-XpoMOCOMbI Y XaHTOB, XakaCOB 1 TYBUHLIEB BOCXOAAT K OOLMM AN1A HUX NPeLKOBbIM JIHUAM.
Pe3ynbTaTbl CPaBHUTENBHOIO aHanM3a 06Pa3sLOB My>KUMH TaKXKe CBUAETENbCTBYIOT O 6/IM3KOM reHeTMYECKOM POACTBE
MEXAY XaHTaMn U HEHLAMK, KOMW, yaMypTaMmn 1 Ketamun. CneunduyHoCTb rannoTinoB, obHapyKeHre pasfnyHbIX
TepMuHanbHbix SNP noaTBep»AatoT, UTO XaHTbl 4OCTATOYHO AONTO HE MENN KOHTAKTOB C APYrMU STHOCaMU, Kpome
HEHLIeB, B COCTaB KOTOPbIX BOLLIO MHOIO XaHTbINCKMX POLOB.

KnioueBble croBa: reHoOHZ; NMOMyNALUN YENOBEKA; FEHETUUYECKOE Pa3HOOOpasne; FreHETUYECKME KOMMOHEHTDI;
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Y-XpOMOCOMa; XaHTbl.

Introduction

The study of the structure of the gene pools of populations of
various Siberian regions is one of the priority areas of modern
human genetics and helps to reveal in detail some of the issues
related to their ethnogenesis.

The Khanty are an indigenous people living on the territory
of Western Siberia, mainly on the territory of the Khanty-Man-
siysk and Yamalo-Nenets Autonomous Okrugs, as well as the
Tyumen Region. Small groups of Khanty live in the north of
the Tomsk Region and in the Komi Republic. According to
the All-Russian census of 2010, the number of Khanty was
30,943 people, of which 61.6 % lived in the Khanty-Mansi
Autonomous Okrug and 30.7 %, in the Yamalo-Nenets Auto-
nomous Okrug. The Khanty have three large ethnographic
groups that coincide with the groups of their language dia-
lects —northern, southern and eastern, and the southern (Irtysh)
Khanty were Turkified and became part of the Siberian Tatars,
having mixed with them, and were also assimilated by Russian
settlers (Peoples of West Siberia..., 2005).

Khanty populations are of considerable interest for popula-
tion genetic studies, both due to the relatively poor knowledge
with the involvement of modern genomic technologies, and
due to the specificity of the gene pools of their individual
groups that developed under conditions of long-term genetic
isolation.

The settlement of the Khanty in antiquity was very wide —
from the lower reaches of the Ob in the north to the Baraba
steppes in the south and from the Yenisey in the East to the
Trans-Urals, including the rivers Northern Sosva and Lyapin,
as well as part of the rivers Pelym and Konda in the west.
Since the 19th century, the Mansi began to move beyond the
Urals from the Kama and Ural regions, being pressed by the
Komi-Zyryans and Russians. From an earlier time, part of the
southern Mansi also left to the north in connection with the
creation in the XIV-XV centuries of the Tyumen and Siberian
khanates — the states of the Siberian Tatars, and later (XVI—
XVII centuries) with the development of Siberia by the Rus-
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sians. In the XVII-XVIII centuries, the Mansi already lived
on Pelym and Konda. Part of the Khanty also moved from
the western regions to the east and north (to the Ob from its
left tributaries), which is recorded by the statistical data of the
archives. Their place was taken by the Mansi. So, by the end
ofthe XIX century, there was no Ostyak population left on the
rivers Northern Sosva and Lyapin: they either moved to the Ob
or merged with the newcomers (The Peoples of Russia, 1994).

In the north, the Khanty came into contact with the Nenets,
some of them were assimilated by them, which is confirmed by
ethnographic data, as well as our study of the tribal structure
of the Gydan Nenets according to Y-chromosome markers
(Kharkov et al., 2021). The migration of the Khanty to the
north and east continued into the 20th century. By the 20th
century, the southern Khanty were almost completely assimi-
lated by the Tatars and Russians.

Historically, the Khanty population was not homogeneous
either in language or culture. Some scientists divide the Khanty
language into two large groups — western and eastern, while
others still subdivide the western dialects into southern and
northern. In anthropological terms, the Khanty are the most
characteristic representatives of the Ural type, which also
includes the Mansi, Selkups, Nenets, Baraba Tatars, Shors,
Northern Altaians and Khakas. The closest relatives of the
Khanty in origin, language and culture are the Mansi (Brook,
1986).

The purpose of this study is a comprehensive analysis of
the structure of the Khanty gene pool and the reconstruction
of their origin in comparison with other populations of the
indigenous population of Southern and Western Siberia. To
address the issues of genetic proximity of the Khanty with
other indigenous peoples, genotyping of a wide genomic set of
autosomal markers using high-density biochips, as well as an
expanded set of SNP and STR-markers of the Y-chromosome
was performed in various ethnic groups: Khakas, Tuvans,
Southern Altaians, Siberian Tatars, Chulyms (Turkic language
family) and Kets (Yeniseian language family).
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Materials and methods

The material of the study was DNA samples of men and
women from two populations of the Khanty in the village
of Russkinskaya, Surgut district and the village of Kazym,
Beloyarsky district of the Khanty-Mansi Autonomous Okrug.
The sampling of primary biological material (venous blood)
from donors was carried out in compliance with the procedure
of written informed consent for the study. For each donor, a
questionnaire was compiled with a brief pedigree, indicating
ethnicity and places of birth of ancestors. An individual was
assigned to a given ethnic group based on their own ethnic
identity, their parents and place of birth.

For the analysis of Y-chromosome haplogroups and haplo-
types of the Khanty, 120 DNA samples of men from the village
of Russkinskaya (N = 64) and the village of Kazym (N = 54)
of the Khanty-Mansi Autonomous Okrug were used. For ge-
notyping on high-density microchips, unrelated samples from
the village of Kazym (N=30) and the village of Russkinskaya
(N = 26) were selected. Other populations of the indigenous
population of Siberia are represented by: Chulyms (N = 22),
Khakas (Sagays of the Tashtyp district, N =29 and Kachins
of the Shirinsky district, N = 26), Southern Altaians (village
of Beshpeltir of the Chemal district, N = 24 and Kulada vil-
lage, Ongudaysky district, N = 25), Kets (Kellogg village,
Turukhansky district, Krasnoyarsk Territory, N = 15), Tomsk
Tatars (Chernaya Rechka village, Eushta village and Takhta-
myshevo village, Tomsky district, N = 20), Tuvinians (Teeli
village of Bai-Taiginsky kozhuun, N = 28).

Genome-wide genotyping data were obtained using In-
finium Multi-Ethnic Global-8 (Illumina) microarrays for SNP
genotyping, including over 1.7 million markers. The material
was deposited in the bioresource collection “Biobank of the
Population of Northern Eurasia”.

Autosomal SNP (single nucleotide polymorphism) geno-
type array clustering and quality control were performed using
aprotocol developed by (Guo et all., 2014) using GenomeStu-
dio (Ilumina. GenomeStudio) (genotyping module v2.0.3), a
software package that Illumina developed for various genomic
analyses. For filtering, normalizing and calculating standard
genomic statistics and indicators, the standard set of programs,
including vcftools, beftools, and plink, proved to be optimal.

To analyze linkage blocks identical in origin, the Refined
IBD algorithm (Browning B.L., Browning S.R., 2013) was
used, which shows more accurate results compared to the
algorithms built into plink. The genotypes were preliminar-
ily phased using the Beagle 5.1 software (Browning S.R.,
Browning B.L., 2007). To compare the populations, the sums
of the average lengths of blocks identical in origin (IBD seg-
ments — identical by descent) were obtained between pairs
of individuals.

The tSNE method was used to analyze genetic relationships
between populations. The NGSadmix method (Scotte et al.,
2013) and the ADMIXTURE program (Alexander et al., 2009;
Alexander, Lange, 2011) were used to analyze the component
composition and the amount of impurities in individuals and
populations.

To study the composition and structure of Y-chromosome
haplogroups, two systems of genetic markers were included
in the study: diallelic locuses represented by SNPs and polyal-
lelic highly variable microsatellites (YSTRs). With the help of
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138 SNP markers, the belonging of the samples to different
haplogroups was determined. The classification of haplo-
groups is given in accordance with the data of the International
Society for Genetic Genealogy (website www.isogg.org).

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, 3891I,
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, YCAIIb,
GATA H4.1, Y-GATA-A10, GGAAT1B07). STR markers
were genotyped using capillary electrophoresis on an ABI
Prism 3730 genetic analyzer. Genotyping of SNP markers
was performed using PCR and subsequent analysis of DNA
fragments using RFLP analysis.

Experimental studies were carried out on the basis of the
Center for the Collective Use of Research Equipment “Medi-
cal Genomics” (Research Institute of Medical Genetics of the
Tomsk National Research Medical Center). The construction
of median networks of Y-chromosome haplotypes was carried
out using the Network v.10.2.0.0 (Fluxus Technology Ltd;
www.fluxus-engineering.com) using the Bandelt median
network method (Bandelt et al., 1999). The generation age
of the observed diversity of haplotypes in haplogroups was
estimated using the ASD method (Zhivotovsky et al., 2004)
based on the mean square differences in the number of repeats
between all markers.

Results and discussion

The large array of data on autosomal SNPs obtained as a result
of genotyping of high-density microarrays in samples of the
Khanty and other indigenous Siberian peoples makes it pos-
sible to characterize the gene pool of the studied samples in
the most detailed way using various methods. Genotyping of
an extended set of specific Y-chromosome SNPs from vari-
ous haplogroups makes it possible to describe the molecular-
phylogenetic and phylogeographic structure of individual
Y-chromosome haplogroups much more accurately.

After processing the data on the results of a microarray
study to filter the progenotyped samples and perform further
calculations, a search was carried out among the mestizo
Khanty using the NGSadmix program. The algorithm of this
program makes it possible to determine the ratio of ancestral
components from NGS data with a relatively shallow coverage
depth. The calculation principle is similar to other programs
such as FRAPPE and ADMIXTURE, but NGSadmix, unlike
them, works effectively when there is statistical uncertainty
in individual genotypes. The NGSadmix method, when run
on the data array we formed, showed that almost all Khanty
samples do not have crossbreeding, which is fully consistent
with the data from the DNA donor questionnaire. Crossbreed-
ing with Russians (up to 30 %) was found only for one man
from the village of Russkinskaya. His belonging to the Euro-
pean Y-chromosomal lineage R1blalb-L407 confirms the
miscegenation on the paternal side. This sample was excluded
from further calculations.

The obtained data on the frequencies of SNPs in the stu-
died samples were used to elucidate the genetic relationships
between the population samples included in the work. For
dimensionality reduction, spatial analysis, and identification
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of genetic components, we settled on two algorithms: tSNE
and ADMIXTURE. The tSNE method makes it possible to
more clearly divide the data array into separate ethnospecific
groups of samples compared to the PCA method.

Genetic relationships of the Khanty

with other populations of Western and Southern Siberia
When analyzing the data array on the frequencies of autosomal
SNPs using the tSNE method at the level of individual samples
(Fig. 1). It is shown that the two samples of the Khanty are
very close, while the samples of the Kazym and Russkinskaya
Khanty do not intersect on the graph and are separated from
each other.

The Khanty are characterized by specific features of the
gene pool and do not cluster with other populations. Com-
pared with subethnic groups of the Khakas and Southern Al-
taians from different settlements, more geographically distant
samples of the Khanty demonstrate a much greater genetic
closeness. The samples of the Kets and Tomsk Tatars are clos-
est to the Khanty. The genetic distances between the Khanty
and the populations of Southern Siberia are much greater.
Samples that are ethnically and geographically close to each
other are located quite close in the Fig. 1, but each sample is
included in a separate ethnospecific cluster. The exception is
only a few single samples of the Khakas.

Component composition of the gene pool of popula-
tions. Modern methods used in genomic studies and new
bioinformatic approaches make it possible to reliably identify
ancestral genetic components of different origins in the gene
pool of various populations and individuals. To identify in-
dividual genetic components in the gene pool of the studied
populations, the ADMIXTURE program was used, which
makes it possible to identify the mixed composition of a set
of individuals based on genotype data and, thereby, to make
assumptions about the origin of the population.

Modeling using ADMIXTURE has recently become one of
the main methods of analysis in the study of the gene pools
of modern and ancient human populations, allowing you to
analyze the same data at different hierarchical levels. When
the number of ancestral components is set to more than two, in
most of the studied populations, a genetic component specific
to the Khanty is revealed, which is most clearly manifested in
the analyzed array of population samples at K = 8, which can
be interpreted as the “Ugric” genetic layer in the gene pool
of modern populations. The Khanty are characterized by the
dominance of this component, which is their genetic basis
(up to 99-100 % at the level of most individuals). A significant
proportion of this component is also found in the Kets (up to
45-50 % in some individuals) and Tomsk Tatars (up to 5-9 %).
Previously, it was shown that this component also occupies
a significant share in the gene pool of the populations of the
Volga-Ural region — the Bashkirs (up to 25 %), Maris (up to
20 %), Komi, Udmurts and Chuvashs (up to 15 %). It is pre-
sent with less frequency in almost all South Siberian samples,
among the Tuvans, Chulyms, Altaians, and Khakas of Sagays
(from 5 to 10 %) (Kharkov et al., 2020).

The dominance of the Ugric component in all Khanty
samples, starting from K = 3, and the almost complete absence
of other genetic components in their genomes at the individual
and population level, indicates that their ancestral populations
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Fig. 1. Differentiation of the genomes of the population of Southern and
Western Siberia by three components of tSNE.

were in genetic isolation for a very long time. This suggests
that the ancient Ugric population of the modern territory of
the Khanty settlement did not mix with other ethnic groups
and confirms the absence of other groups of migrants from the
territory of Southern Siberia and the steppe zone.

The result obtained shows that the overall picture of the
distribution of the components is in good agreement with the
geographical location of the studied populations, binding to
a specific region, anthropological and linguistic differences.
This information makes it possible to more accurately judge
the similarities and differences between the compared popula-
tions, the composition of ancestral components, as well as the
process of formation of their gene pool.

Identical in origin clutch blocks. As a result of bioin-
formatics processing of genotyping data from high-density
biochips of various Siberian populations, an analysis was
made of the coincidence of DNA fragments common in origin
between populations and individuals. A segment with identi-
cal nucleotide sequences is IBD in two or more individuals
if they inherit it from a common ancestor without recombina-
tion, that is, in these individuals the segment has a common
origin. The expected length of an IBD segment depends on
the number of generations since the last common ancestor.
One of the applications of the analysis of genome regions of
common origin is the quantitative assessment of the degree
of relationship between individuals, which can also supple-
ment information on the genetic relationships of populations
(Gusev et al., 2012).

The samples of the Khanty showed the maximum match in
IBD blocks with each other (6 %), then with a sample of the
Kets (1.45 %), Chulyms (0.71 %), Tuvans (0.35 %), Tomsk
Tatars (0.33 %), Khakas Kachins (0.32 %), and Southern
Altaians (0.28 %). At the same time, among the Khanty, a
greater coincidence of IBD blocks is observed in Russkin-
skaya (23.5 %), compared with Kazym (18.1 %).

The degree of overlap of IBD blocks between the Khanty,
Kets, and Tomsk Tatars is consistent with the results of tSNE
and ADMIXTURE in terms of the distribution of allele fre-

nonynaAuUMOHHAA TEHETUKA YENTOBEKA / HUMAN POPULATION GENETICS 49



V.N. Kharkov, N.A. Kolesnikov, L.V. Valikhova ...
A.V. Marusin, 1.Yu. Khitrinskaya, V.A. Stepanov

quencies and common genetic components in these popula-
tions. At the same time, in Khanty population from Russkin-
skaya, who have the largest sum of average lengths of IBD
segments between pairs of individuals, the greatest contribu-
tion is made by IBD longer than 10 cm (42—46 %), which
indicates a strong recent inbreeding within the population.
To confirm this, the FROH inbreeding coefficient was calcu-
lated for all individuals for the three classes of homozygosi-
ty blocks (ROH). For the West Siberian populations, the Chu-
lym population (0.0292), the Kazym (0.0280) and Russkin-
skaya Khanty (0.0266) and Kets (0.0259) populations, which
are close in value, have the maximum values. Among the South
Siberian populations, including the Altaians, Tomsk Tatars,
Tuvans and Khakas, the maximum value was also found
for the sample of Khakas-Sagays from the foothill Tashtyp
region (0.0318), twice as high as the Khakas-Kachins of the
plain Shirinsky region. The minimum value is typical for the
Tomsk Tatars (0.0071).

There is a high correlation for FROH > 1.5 with the sum
of mean IBD segment lengths (IBD > 1.5 cM) between
pairs of individuals within Siberian populations (» = 0.9246,
p <5.612¢-09). To calculate the Spearman correlation coef-
ficient, cor.test was used in the R program. The ratio of the
sum of the average lengths of IBD segments (IBD > 1.5 cM)
between pairs of individuals to the coefficient of genomic
inbreeding (FROH > 1.5) in the Russkinsskaya Khanty is
higher than in Kazym Khanty. These indicators of genomic
inbreeding and distribution of IBD lengths within Khanty
populations are in good agreement with their territorial isola-
tion and confirm the absence of recent gene flows between
populations for hundreds of years.

Haplogroups of the Y-chromosome. As a result of the ana-
lysis of the frequency of occurrence of the used SNP markers
in the studied samples of the Khanty, eight haplogroups of the
Y-chromosome were identified. According to the composi-
tion and frequencies of haplogroups, the samples of Russian
and Kazym Khanty men are very different from each other.
Only two haplogroups are present in both samples (see the
Table).

Thirty-nine samples belong to the N1a2blbl subline in
the Russkinskaya Khanty, and only three in the Kazym
ones. Terminal for this line, the Khanty have SNPs Y68212,
Y70717,Y70315,Y70327. This Khanty subline is close to the

Relationship of the gene pool of the Khanty with the peoples
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N1a2blbl variants in the Chulyms (VL65, Z35095, Z35099,
735102) and Khakas-Kachins (Z35093, 235097, Z35103)
(Valikhova et al., 2022).

The haplogroup N1a2b1b1 among the Khanty is ethnospe-
cific and does not coincide in terminal SNPs and haplotypes
with the dominant among the Nenets Nla2blbla~ (B171,
B170, 235091, Z35092) (Kharkov et al., 2021).

A feature of the ethnic composition of the majority of the
South Siberian peoples is the presence of clans (seoks), where
kinship is counted along the male line. Such a generic struc-
ture is typical for the Shors, Khakas, northern and southern
Altaians, and Teleuts. All other samples of men from various
West and South Siberian populations (the Enets, Khakas-
Sagays, Shors, Chelkans and Tuvans, as well as the Khakas
seoks formerly part of the Beltirs and Biryusins, assimilated
in the late 19th and early 20th centuries) belong to others sub-
lines of haplogroup N1a2b. The median network of haplotypes
(Fig. 2) demonstrates a stellate phylogeny in the Khanty with
a recent founder effect and a predominance of the ancestral
haplotype in frequency.

The specific cluster of Khanty haplotypes is equidistant
from all seoks of the Khakas-Kachins. The age of this cluster
among the Khanty was 858 years (SD = 338 years), which
is approximately one and a half to two times higher than the
age of the clusters of the Kachin seoks Khaskha — 487 years
(SD = 153 years), Yzyr — 501 years (SD = 203 years), Sokh-
khy — 585 years (SD = 215 years) (Kharkov et al., 2020) and
Chulym Turks 667 years (SD = 194 years). Thus, the Khanty
in this haplogroup have a direct genetic connection with the
Kachins, Chulyms and Nenets, whose ancestral lines diverged
quite a long time ago and reflect their connection with the
peoples of the Samoyedic language group.

The second haplogroup N1a2b2al (VL97, L1419, Y3185,
Y3188, Y3189,Y3190, Y111190) is common for two Khan-
ty samples (previously designated as the European N1b-E
lineage). This subline was found among the Bashkirs, Kazan
Tatars, Komi, Mari, Karelians, Vepsians, Finns and Russians
(https://www.yfull.com/). Phylogenetically closest to the Khan-
ty along this line are the Komi samples. Ethnospecific branches
of the Khanty and Komi unite SNPs Y65017 and Y89655, not
found in other populations. The Khanty and Komi have the
least ancient common ancestor for this haplogroup, compared
to other European populations.

Frequency of occurrence of Y-chromosome haplogroups in the Khanty

Haplogroup

Village of Russkinskaya

Village of Kazym

% (N) % (N)

609(39) .................................... 55(3) ............................
94(6)166(9) ............................
e 55(3) ............................
e 241(13) ..........................
e 92(5) ............................
e 389(21) ..........................
47(3) ....................................... S
250(16) .................................... S
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Fig. 2. The median network of YSTR haplotypes of the N1a2b1b1 haplogroup in the Khanty, Chulyms and Khakas-Kachins.

The Khanty are marked in light blue, the Chulyms are in red, the Khakas of the Sokhkhy seok are in blue, the Khakas of the Yzyr seok
are in green, and the yellow are Khakases seok Hhaskha, dark green - seok Purut.

According to the YFull website, this branch split from the
ancestral line about 2800 years ago. Theoretically, there are
two options for the appearance of this haplogroup among the
modern Khanty and Komi: 1) inheritance from a common
ancient ancestral group of Ugric tribes; 2) the recent mixing
of Khanty with ethnic Komi migrants to Siberia. However,
the results of the analysis of genomic data using NGSadmix,
ADMIXTURE, IBD blocks and differences in terminal SNPs
of Y-chromosomes do not confirm the second variant. The
YSTR haplotypes of this line in the Khanty and Komi also
differ by several mutations. Previously, V.N. Pimenoff et al.
suggested in their work that when the Ob-Ugric Khanty and
Mansi went to the western slopes of the Ural Mountains and
to the north-west of Siberia, a unique association N1b-A and
N1b-E was formed (Pimenoff et al., 2008). This combination
of N1b sublines in the Khanty and Mansi suggests a recent
confluence of the western and eastern lineages in North Wes-
tern Siberia. Our new data do not contradict this version.

All other haplogroups are represented only in individual
samples of the Khanty. The haplogroup N1a2b2b1~(Z35076)
includes three samples of the Kazym Khanty. The lincage
Nl1a2b2bl~ (B528, Y24382, Z35076, Z35077) closest to
it is also common among the Komi. The Udmurts, Tatars,
Chuvashs and Bashkirs have its more modern line (B226).
The YSTR haplotypes of this haplogroup in the Komi and Ud-
murts are closer to each other than to the Khanty samples. The
presence among the Khanty and Komi of two haplogroups,
Nla2b2al and N1a2b2b1~, with ethnospecific terminal SNPs
and different haplotypes indicates their inheritance from fairly

ancient common ancestors, most likely part of the early Ugric
population of these territories.

Thirteen samples of the Kazym Khanty belong to the hap-
logroup Nlalalala2alcl~(Y13850,Y13852). Seven of them
have the surname Pyak, which is Nenets in origin, referring to
the Forest Nenets. All seven of these samples have very close
haplotypes and are descendants of a relatively recent common
Nenets ancestor. In the questionnaires of these men, who con-
sider themselves Khanty, Nenets ancestors were indicated on
the paternal line with different depths. The remaining six men
of this haplogroup differ in haplotypes from the Pyak genus.

In our study of the Taz Nenets (Kharkov et al., 2021), it
was found that all men representing the Khanty origin of the
Salinder, Lar and Tibichi clans completely belong to this
haplogroup. Representatives of these genera formed in the
XVIII-XIX centuries in the lower reaches of the Ob as a
result of the development of the Nenets large-herd reindeer
husbandry and the involvement of part of the northern Khanty
in it (Kvashnin, 2003). All haplotypes of the Kazym Khanty
of this haplogroup differ significantly from the haplotypes of
the Taz Nenets.

The other five samples of the Kazym Khanty belong to the
haplogroup Nla2blblbl~ (B172, Z35108). All previously
surveyed Nenets men from the Vanuito phratry belonging to
the Vanuito, Puiko and Yaungat clans, and the Purungui clan
of Khanty origin, belong to it. Four samples of the Khanty dif-
fer in haplotypes from the Nenets, but one almost completely
coincides with them. Such a division into haplotypes specific
to the Khanty and close to the Nenets coincides with the data
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O Khanty
@ Kets

Fig. 3. Median network of YSTR haplotypes of haplogroup Q1b1a3b1a2~
in Khanty and Kets.

on the haplogroup Nlalalala2alcl~. It is obvious that the
gene pool of the Kazym Khanty includes precisely the variants
of these haplogroups of Khanty origin, but relatively recently
marriages were also made with the Forest Nenets. The absence
of these haplogroups in the Russkinskaya Khanty is in good
agreement with the data on the distribution of IBD blocks and
the coefficient of genomic inbreeding.

The distribution of various haplogroups of the N clade
of the Y-chromosome in the studied populations is in good
agreement with the frequency of the Ugric genetic compo-
nent. Phylogenetic analysis of Y-chromosomal sublines and
haplotypes of various haplogroups of the N clade shows that
the center of origin and distribution of the carriers of the
Ugric component in Southern, Western Siberia and Eastern
Europe is the territory of modern Altai and Sayan Mountains.
The obtained results are well comparable with the data of
ethnology, anthropology and linguistics on the contribution
of the Uralic component to the formation of various peoples
of the Altai-Sayan and the historical areas of Ugric and other
languages of the Uralic language family.

Almost 40 % of men from Kazym belong to the haplogroup
Qlbla3bla2~ (235974 xB32, B33, Z35993). The lincage
Qlbla3bla2~ (B33, Z35991) specific to the Kets popula-
tion is closest to it. In addition to the Kets, this variant also
prevails among the Selkups from the Tomsk Region and the
Krasnoyarsk Region. A more distant line Qlbla3bla~ (B30,
YP1693 xZ35991) is common in Tuvan populations, with a
maximum frequency in the eastern mountainous regions of
Tuva (up to 25 %). Khanty samples show a specific haplotype
spectrum with a recent founder effect that is not observed in
the Kets (Fig. 3).

The distribution of these sublines in the populations of
the Khanty, Kets, and Tuvans is in good agreement with the
shares of matches in IBD blocks between them, the tSNE

Relationship of the gene pool of the Khanty with the peoples
of Western Siberia, Cis-Urals and Altai-Sayan Region

plot, and the distribution of the Ugric genetic component in
these populations over the autosomal part of their gene pool.
The presence of this lineage among the Khanty is not due to
recent borrowing from other aboriginal populations (Kets and
Selkups), but to the fact that it was already part of the settling
ancestral groups.

Three men from the village of Russkinskaya have a com-
pletely different haplogroup of the Q clade — Qla2b~ (M25,
L716, YP1674, YP1676). This is a very rare haplogroup not
found in other Siberian populations. It is presented with the
maximum frequency among the ethnic Turkmens of Kara-
kalpakstan, Iran and Afghanistan (Grugni et al., 2012; Skha-
lyakho et al., 2016). In most other ethnic groups, its frequency
is very low. Khanty haplotypes are quite different from other
populations. Most likely, the presence of this line among them
is not a consequence of recent miscegenation, but is a legacy
of the Ugric groups that migrated from southern Siberia and
the Urals to the north.

The last haplogroup, which includes 16 Khanty men from
the village of Russkinskaya, is Rlalalb2-Y43850. The hap-
lotypes of all samples are quite close, which indicates a recent
founder effect (Fig. 4).

Khanty-specific terminal SNPs are S7280, FGC687, and
FGC38304. The Rlalalb2-Y43850 variants closest to this
lineage are represented with a high frequency in the Khakas
and Shors, and less frequently in the Tuvans and Northern Al-
taians. According to YFull, this haplogroup is approximately
3800 years old. All of these patterns belong to four different
lineages that split a long time ago. The age of the haplotype
cluster in the Khanty was 933 years (SD = 336 years), which
is approximately one and a half times less than the age of the
South Siberian lines. The Khakas seok Piltir is 1469 years old
(SD =342 years) (Y39884 xY43109). The lineage of this hap-
logroup (Y62155.2) specific for the Biryusa Khakas seoks of
Turan, Khyzyl Khaya and Shor seoks of Tartkyn, Shor-Kyzai
and Kara-Shor has approximately the same age — 1315 years
(SD =227 years). The branch with a wider distribution in the
Sayan-Altai populations (Y43109) is even older — 1566 years
(SD =350 years). The difference in SNP and STR among the
Khakas, Shors, Tuvans, and Northern Altaians is greater than
with the Khanty.

A strong heterogeneity of the studied samples of the Khan-
ty in terms of the composition and frequencies of various
haplogroups is shown. The phylogeny of various lineages of
two haplogroups, N1a2b1b1 and R1alalb2-Y43850, indicates
their South Siberian origin in the Khanty gene pool. The ter-
ritory of the Sayan and Altai was the primary focus of the
generation of diversity and the expansion of the number of
ancestral groups of carriers of these haplogroups in Siberia.
It is most likely that the distribution of most Y-chromosome
haplogroups among the Khanty occurred during the initial
settlement of the Ugric tribes to the north and west.

It is necessary to take into account the fact that the range
of modern Khanty is located to the north of the territory of
their ancestors. The West Siberian and Volga-Ural regions
were the place of secondary generation of diversity, but not
the formation of the N1a2 haplogroup itself. At the moment,
there is no final opinion regarding the place of formation of
the ethnoi of the Uralic language family, but numerous data,
including the results of studies of the phylogeny and phylo-
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Fig. 4. Median network of YSTR haplotypes of haplogroup R1ala1b2-Y43850 in the Khanty, Khakas, Shors, Tuvans and Altaians.
Khanty are in light blue, Khakas are in blue, Shors are in crimson, Tuvans are in dark green, Altaians are in green.

geography of clade N haplogroups, point to Southern Siberia.
Linguistic paleontology points to the Proto-Ural ecological
area as a territory limited in the west by the Ural Range, in the
north by approximately the Arctic Circle, in the east by the
area of the lower reaches of the Angara and Podkamennaya
Tunguska and the middle reaches of the Yenisey, in the south
by approximately the modern southern border of the West
Siberian taiga from the northern foothills of the Sayan and
Altai to the lower reaches of the Tobol and the Middle Urals
inclusively (Napolskikh, 2018).

Conclusion

Thus, the gene pool of the two Khanty populations is a hetero-
geneous set of Y-chromosome haplogroups, but very similar
in autosomal markers. The expanded composition of terminal
SNPs for the identified haplogroups made it possible to de-
scribe in detail and clarify the differences in the phylogeny
and structure of individual ethnospecific sublines, to determine
their relationship, and traces of population expansion in the
Khanty gene pool. The results of a comparative analysis of
male samples indicate a close genetic relationship of the

Khanty with the Altai-Sayan Khakas and Tuvans, as well as
with the Nenets, Komi, Udmurts and Kets. The specificity of
haplotypes and the detection of various terminal SNPs indicate
that the Khanty did not come into contact with other ethnic
groups for a long time. The only exception is the Nenets,
which included many Khanty clans. For the northern popula-
tion of the Kazym Khanty, Y-chromosomal lines show a small
contribution of the Forest Nenets.

The results obtained do not contradict the generally accept-
ed versions of the Khanty ethnogenesis, but allow us to take
a fresh look at this process. The main factor in the formation
of the Khanty gene pool was their territorial genetic isolation
and later mixing with the newcomer Samoyed population,
which, when switching to tundra reindeer husbandry, led to a
strong demographic growth of their clans as part of the Ne-
nets. The relatively low genetic diversity in autosomal SNPs
and the rather high level of inbreeding in the Khanty confirm
this. New information about the structure of the Khanty gene
pool is an important addition to the existing anthropological,
archaeological, ethnological and linguistic data on their for-
mation and kinship with other peoples.
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Blocks identical by descent in the genomes
of the indigenous population of Siberia
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Abstract. The gene pool of the indigenous population of Siberia is a unique system for studying population and evolution-
ary genetic processes, analyzing genetic diversity, and reconstructing the genetic history of populations. High ethnic diver-
sity is a feature of Siberia, as one of the regions of the peripheral settlement of modern human. The vast expanses of this
region and the small number of aboriginal populations contributed to the formation of significant territorial and genetic
subdivision. About 40 indigenous peoples are settled on the territory of the Siberian historical and ethnographic province.
Within the framework of this work, a large-scale population study of the gene pool of the indigenous peoples of Siberia
was carried out for the first time at the level of high-density biochips. This makes it possible to fill in a significant gap in
the genogeographic picture of the Eurasian population. For this, DNA fragments were analyzed, which had been inherited
without recombination by each pair of individuals from their recent common ancestor, that is, segments (blocks) identical
by descent (IBD). The distribution of IBD blocks in the populations of Siberia is in good agreement with the geographical
proximity of the populations and their linguistic affiliation. Among the Siberian populations, the Chukchi, Koryaks, and
Nivkhs form a separate cluster from the main Siberian group, with the Chukchi and Koryaks being more closely related.
Separate subclusters of Evenks and Yakuts, Kets and Chulyms are formed within the Siberian cluster. Analysis of SNPs that
fell into more IBD segments of the analyzed populations made it possible to compile a list of 5358 genes. According to the
calculation results, biological processes enriched with these genes are associated with the detection of a chemical stimulus
involved in the sensory perception of smell. Enriched for the genes found, molecular pathways are associated with the me-
tabolism of linoleic, arachidonic, tyrosic acids and by olfactory transduction. At the same time, an analysis of the literature
data showed that some of the selected genes, which were found in a larger number of IBD blocks in several populations at
once, can play a role in genetic adaptation to environmental factors.

Key words: IBD; human populations; Siberian populations.
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VM oeHTUYHbIE 10 IIPOMCXOKAEHII0 OJIOKU
B reHOMax KOpeHHOro HaceyneHus: Cuoupu
IEeMOHCTPUPVIOT FTeHeTUYeCKIEe CBSI3U MeXY IMOMYISIUIMN
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AHHoTayusA. [eHopOoH KOpeHHOro HaceneHusa CMGUPW NpeacTaBnseT coboi YHUKaNbHYIO CUCTEMY C TOUKM 3PeHUs UC-
CNlefoBaHKA NONYNALMOHHO- U 3BOJIIOLIMOHHO-TEHETUYECKUX NPOLIECCOB, aHanv3a reHeTNYeckoro pasHoo6pasms U PEKOH-
CTPYKLUV FeHeTUYeCKOl MCTopur nonynaumii. Boicokoe aTHUYecKoe pa3Hoobpasue aBnseTca ocobeHHoCTbio Crbrpin Kak
OfHOrO U3 PernoHoB NepudeprinHOro pacceneHns CoOBPeMeHHOro yenoseka. OrpomMHble MPOCTPaHCTBa 3TOrO PermoHa u
MaJsIoUMCSIEHHOCTb abOPUreHHOTO HaceneHVs CrnocobCcTBOBaNV GOPMUPOBAHMIO 3HAUNTENBHON TEPPUTOPUANIBHON 1 reHe-
TYecKol NnoApasaeseHHoCTH. Ha Tepputopun cubnpcKom NCTOprKo-3THOrpaduUyecKon MPOBMHLUM paccenieHbl okono 40
KOPEeHHbIX HapoaHocTeli. [IpoBeaeHO MaclwTabHOe NONYNALMOHHOE NCCNIeAOBaHKE reHodOoHa KOPeHHbIX HapopoB Crnbu-
pu Ha ypoBHe BbicokonnoTHoro JHK-mukpounna Infinium Multi-Ethnic Global-8, no3sonstoLiee 3anonHNTb CyLLECTBEHHDbIN
npoben B reHoreorpadprueckon KapTuHe HaceneHus EBpasuu. 1ns 3toro 6bi1v 0To6paHbl U NPoaHanM3npoBaHbl pparmeH-
7ol IHK, yHacnefoBaHHble 6€3 peKoMOMHaLUW KaxgoW Napoi MHAVMBMAOB OT UX HelaBHEro obLero NpeakKa, T.€. CErMeHTbI
(6nokw), aeHTNYHbIE Mo Npoucxoxaeruio (IBD). PacnpepeneHue 6nokos IBD B nonynayusax Cubumpn xopoLo cornacyeTcs
C reorpaduyeckor 6130CTblo NONYNALUIA 1 UX A3bIKOBOW MPUHALNEXHOCTbIO. YyKuu, KOPAKN U HABXW CPEAU CUMOMPCKUX
nonynauunii GopMUPYIOT OTAENbHbIA OT OCHOBHOW rpynnbl CbVpU Knactep, NprUYem 4ykum 1 KopsKu fBnsaoTca bonee

© Kolesnikov N.A., Kharkov V.N., Vagaitseva K.V., Zarubin A.A,, Stepanov V.A,, 2023

This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

N.A. Kolesnikov, V.N. Kharkov
K.V.Vagaitseva, A.A. Zarubin, V.A. Stepanov

Blocks identical by descent in the genomes
of the indigenous population of Siberia

6n13KopoacTBeHHbIMU. O6pasytoTca OTAeNbHbIE CYOKIacTePbl 9BEHKOB 1 AKYTOB, KETOB U YyNbIMLEB, TYBUHLEB 11 aNnTaliLeB
BHYTpU cnbmpckoro knactepa. AHann3 SNP, kotopble nonaganu B 6onbluee KonnmuecTso IBD-cermeHTOB aHanmsnpyembix
nonynAuuiA, NO3BOMWA COCTaBUTb CMUCOK M3 5358 reHoB. Mo pe3ynbratam pacyeTa, oboralleHHble STUMU reHamun 6uono-
rmyeckmne NpPoLecchbl CBA3aHbl C OOHAPYKEHNEM XMMUUYECKOro pa3apanTens, y4acTBYIoOLWero B CEHCOPHOM BOCNPUATUAN
3anaxa. OboralleHHble HaNAEeHHbIMY FeHaMK MOJIEKYIAPHDBIE MYTH CBA3aHbl C MeTabos3MOM JIMHONEBOW, apaxAOHOBOW,
TUPO3UHOBOW KNC/IOT 1 NyTeM O6OHATENbHON TPaHCAYKUMU. [pn 3TOM aHanm3 nuTepaTypHbIX AaHHBIX MOKa3as, YTo HEKO-
TOpble 113 0TO6PAHHBIX FEHOB, KOTOPbIE BCTPEYan1ch B 6osblueM KonnyecTBe 6n10KoB IBD cpa3y B HECKONBbKMX NONYNALMUAX,
MOFYT UrpaTb POsb B ajanTaLuum YyenoBeka K GakTopam OKpy»KatoLei cpefbl.

Kniouesble cnosa: IBD; nonynaummn yenoseka; cMbrpckme nonynauum.

Introduction

Genetic and demographic processes in populations, population
fluctuations, cross-breeding events, migrations and natural
selection affect the structure of genetic diversity in the ge-
nomes of individuals and populations as a whole. In particular,
genetic and demographic processes lead to the formation of
linkage blocks of common origin (identity by descent, IBD).
A segment having identical nucleotide sequences is IBD in two
or more individuals if they have inherited it from a common
ancestor without recombination, that is, in these individuals
the segment has a common origin. The expected length of an
IBD block depends on the number of generations that have
passed since the segment appeared in the last common ancestor
(Browning S.R., Browning B.L., 2010; Palamara et al., 2012).

IBD segments can be used to reveal the demographic history
of populations, including bottleneck effects and gene flows in
populations (Gusev et al., 2012). Recent studies have shown
differences in IBD distribution between African, Asian, and
European populations, as well as IBD segments shared with
ancient genomes such as those of Neanderthals and Deniso-
vans (Hochreiter, 2013).

Close relatives have rather long DNA fragments identi-
cal with each other and, accordingly, in most chromosomes
there are blocks of considerable length identical by descent
(> 66.7 cM), as a result of which the expected length of the
total IBD is about 1700 cM. Cousins and second cousins are
expected to have multiple regions (more than 2.5 expected
segments) due to the presence of recent ancestors determining
their relationship. For first cousins, each IBD is expected to
have a total length greater than 62 ¢cM and for second cousins,
25 cM. Distant cousins that are fourth cousins or more distant
are very likely to carry one or more regions from their near-
est common ancestor. Such couples include the vast majority
of people in a particular population and are usually referred
to as “unrelated” because the proportion and number of IBD
across the genome is expected to be relatively small between
them (Gusev et al., 2012).

IBD segments can also help in the detection of natural
selection signals in the human genome. Searching for regions
with an excess of IBD segments allows the identification of
genomic regions in the human genome that are under very
recent and strong selection, since selection generally increases
the number of IBD segments among individuals in a popula-
tion (Albrechtsen et al., 2010; Han, Abney, 2011).

Regarding the populations of the indigenous ethnic groups
of Siberia, it has been suggested that large-scale dispersal and
mixing of populations probably may explain the unusually
high proportion of IBD between populations (Pugach et al.,
2016).

The purpose of this study was to analyze the structure of
the gene pool of populations of the indigenous population of
Siberia, based on the identification of linkage blocks identical
by descent, and their intra- and interpopulation distribution.

Materials and methods

Genome-wide genotyping data were generated using Infinium
Multi-Ethnic Global-8 microarrays (Illumina) with over 1.7 mil-
lion markers. Samples with more than 5 % missing positions,
as well as SNPs with more than 10 % missing genotypes,
were excluded from the analysis. The data were preliminarily
filtered by the minimum rare allele frequency (MAF, minor
allele frequency > 0.01). As a result, 886,889 autosomal SNPs
were included in the final data set.

Populations of the indigenous peoples of Siberia (N =477)
are represented by Altaians (B —the village of Beshpeltir, Che-
malsky district, N = 24 and K — the village of Kulada, Ongu-
daysky district, N=25), Buryats (A —the village of Aginskoye,
Aginsky district, N = 23 and K — the village of Kurumkan,
Kurumkansky district, N = 28), Kalmyks (N = 29), Kets
(N =15), Koryaks (N = 20), Chukchi (N = 25). The Koryak
material was collected in the Koryak Autonomous District of
the Kamchatka Region. A population sample of the Chukchi
whose blood samples were collected in the villages of Lorino,
Sireniki, Yanarykot and Novoe Chaplino of the Chukotka
Autonomous Okrug belongs to the coastal group, Nivkhs
(N =13), Tatars (T — Tomsk, N =20), Tuvans (N = 28), Ude-
ges (N=15), Khantami (K — the village of Kazym, Beloyarsk
district, N = 30 and R — the village of Russkinskaya, Surgut
district N = 26), Khakases (T — Sagais of the Tashtyp district
N=29 and S — Kachins of the Shirinsky district N =26), Chu-
lyms (N = 22), Evenks (Z — Transbaikalian (Chara village of
the Kalarsky district, Moklakan village and Tupik village of
the Tungiro-Olyokma region) N = 25 and Y — Yakut Evenks
(N =28) and Yakuts (N = 26).

The material was deposited in the bioresource collection
“Biobank of the Population of Northern Eurasia”. The char-
acteristics of the studied populations are presented in Table 1.

Phasing of genotypes was carried out using Beagle 4.1
software (Browning S.R., Browning B.L., 2007). The Refined
IBD algorithm, refined-ibd.16May19.ad5 jar version (Brow-
ning B.L., Browning S.R., 2013), was used to analyze genome
blocks identical by descent. To compare the populations, the
sums of the average lengths of the IBD segments between pairs
of individuals were obtained for the following length ranges:
1.5-1.999 cM, 2-3.999, 4-7.999, 8-15.999 and >16 cM (for
convenience, these ranges are referred to further in the text
as 1.5-2 cM, 24, 4-8 and 8-16 cM). A heat map with a
dendrogram based on the logarithm of the sum of the average
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Table 1. Characteristics of the studied population samples of the indigenous population of Siberia

Population Location Sample Language affiliation Anthropological type

size (family/group)
A|ta,ans(3) .............. Chema|skyD|5mCt24 ................ A|ta|c/'|'urk|c .......................................... Mongo|o|d(centra|AS|an) ....................
A|ta,anS(K) .............. ongudayskyD,Smct ...................... 25 ...............
Buryats(A) ............... AngkYDlsmctB ................. A|ta|/Mongo||an ..................................
BuryatS(K)KurumkanSkYDlst”ct .................... 28 ...............
Chukchi Chukotka Autonomous Okrug 25 Chukchi-Kamchatka languages ~ Mongoloid (Arctic)
Chu|yms .................. Tomsk0b|ast22 ................. A|ta,c/-|-urk,cUrahcmongo|o,d(south5,ber,an) ......
Evenks(Y)  Republicof Sakha (Yakutia) 28 Altaic/Tungus-Manchulanguages  Mongoloid (Baikal)
Evenks(z) ................ Zabayka|skyKra| ............................. 25 ...............
Ka|myksRepub|,cofKa|myk,a29 ................ A|ta,/Mongo|,an ................................... Mongo|o,d(centra|A5,an) ....................
KetsKrasnoyarskKra, .............................. 1 5 ................. yemse, ................................................... yemse, ....................................................
Khakas(s)  Kachintsy, Altaysky District 26 Ataicfukic  Uralic, mongoloid (South Siberian)
Khakas(T)  Sagays TashtypskyDistrict 29
Khamy(K)BebyarskyD,st,,ct30Ura|/0bug,,cUral .........................................................
Khanty(R)SurQUtSkyDlsmct ........................... 26 ...............
Koryaks  Kamchatkakai 20 Chukchi-Kamchatka languages ~ Mongoloid (Arctic)
N,thssakha|m0b|ast ............................... 1 3pa|eoa5,an|anguage ............................ Mongo|0Id(Sakha|m0Amur) ..............
Tatars(T) ................. TomSkTatarszo ................ A|talc/-|-urk,cUrahcmongo|o,d(south5,ber,an) ......
Tuvans ..................... TyvaRePUbhc ................................. 28 ................. Mongo|o|d(centra|/_\s|an) ....................
UdegepnmorSkyKral .................................. 1 5 ................. A|talc/-|-ungusManchu|anguages ...... Mongo|o|d(3a|ka|) ................................
YakUtSRePUbhcofsakha(Yakuna)26 ................ A|ta,c/-|-urk,c .......................................... Mongo|o|d(centra|AS|an) ....................

IBD segment lengths between pairs of individuals was built
using the heatmap.2 package in the R software environment.

We also identified SNPs that fell into a larger number of
IBD segments of the analyzed populations (the frequency
of SNPs in IBD was higher than the 99th quantile of the
frequency distribution), determined the belonging of these
SNPs to genes, and assessed the biological significance of
the resulting list of these genes. For this analysis, we used the
WebGestalt web resource (WEB-based Gene SeT AnaLysis
Toolkit); in particular, the analysis of KEGG paths and gene
ontologies (Gene Ontology) was conducted using the ORA
(over-representation analysis) method.

Results and discussion

For a more detailed analysis of the genetic relationship of
the Siberian populations and to find out to what extent their
genetic structure can be explained by recent local migrations,
we isolated and analyzed DNA fragments that were inherited
without recombination by each pair of individuals from their
recent common ancestor, that is, segments (blocks) identical
by descent (IBD).

The populations inhabiting the territory of Siberia are
characterized by a unique genetic and demographic history,
which is reflected, among other things, in the distribution of
IBD blocks both within the populations and between them.

We calculated the sums of the average lengths of the IBD seg-
ments between pairs of individuals and, based on their results,
built a heat map with a dendrogram based on the logarithm of
the sum of the average lengths of the IBD segments (Fig. 1).

The number of common segments among representatives of
different populations is consistent with the geography of their
residence, since the peoples living nearby can be influenced
by common genetic and demographic processes. Analysis of
the heat map demonstrates the clustering of the populations
of the Siberian group, linking peoples by place of origin.
Among the Siberian populations, the Chukchi, Koryaks and
Nivkhs form a separate cluster from the main group of Sibe-
rian populations, with the Chukchi and Koryaks being more
closely related. Separate subclusters of Evenks and Yakuts,
Kets and Chulyms, Tuvans and Altaians are formed within
the Siberian cluster.

With the gradation of the IBD segments with different
mean length, the trend generally remains, but some differ-
ences appear that more accurately characterize the recent
admixture between the peoples. For longer IBDs, the clus-
ters are more in line with the current geographic location of
the populations, reflecting the recent exchange of common
regions. In three length ranges with IBD sizes (1.52-2, 24,
and 4-8 cM), populations are better divided into closely
geographically located pairs: Koryak-Chukchi, Yakut-Evenki.
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Fig. 1. Heatmap with dendrogram based on the logarithm of the sum of mean IBD segment lengths (>1.5 cM) between pairs

of individuals.
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Fig. 2. Diagram of the sum of the average lengths of IBD segments between pairs of individuals in the studied populations
for IBDs of different sizes (1.5-2, 2—4, 4-8, 8-16, >16 cM).
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The Kets almost equally share IBD blocks with the Chulyms
(18.7-27.2-7.7 cM) and Khanty (23.4-24.4-4.8 cM for
Khanty (K) and 25.9-30.1-7.9 c¢M for the Khanty (R)), while
among the Khanty, a greater value of common IBD blocks is
observed in the Russian Khanty, which corresponds to their
closer geographical location compared to the Khanty of the
Beloyarsky district.

For the Khakas, who are more distant from the Kets, the
values of the total IBD blocks are almost two to three times
lower than for the Khanty (9.8-10.4-2.5 cM for the Khakas (S)
and 9.1-10.6-3.8 cM for Khakas (T)). Despite the fact that the
Evenks, Tuvans and Yakuts are even more remote, for the Tu-
vans (12.3-12.8-2.1 cM) and the Yakuts (12.8-12.5-2.1 cM),
there are similar values of total IBD blocks, for the Trans-
Baikal Evenks (16.4-16.9-3.0 cM), it is worth noting that
the values of the IBD blocks are greater than with the Yakut
Evenks (14.7-14.0-2.6 cM).

With few exceptions, common IBD segments between
Siberian populations are better explained by the geographic
proximity of the populations rather than by their linguistic
affiliation. For example, the Yakut Evenks living in the terri-
tory of Yakutia have more IBDs in common with the Yakuts
(252.7 cM) than with the Transbaikal Evenks (102.5 cM). At
the same time, the sum of the average lengths of IBD segments
between pairs of individuals between two populations of the
Evenks is comparable to the sum between the Transbaikalian
Evenks and Yakuts (95.2 cM).

In terms of intrapopulation IBD analysis, in general, in-
dividuals from populations of the Far North and Far East
(Koryaks, Chukchi, Nivkhs) share more IBDs with specimens
from the same group than individuals from the South Siberian
populations such as the Altaians and Tuvans. At the same time,
in the Chukchi, Koryaks, and Nivkhs, short IBD fragments of
1.5-4 cM (55-57-59 %) make the largest contribution, which
may indicate a bottleneck in the past during migrations to
the north and northeast and/or a strong isolation from other
populations inhabiting the territory of Siberia. At the same
time, in the Chulyms, Khanty (R), inhabiting the central part of
Siberia and having the largest sum of average lengths of IBD
segments between pairs of individuals, the largest contribution
is made by IBDs longer than 8 cM (47-51 %), which indicates
a strong recent inbreeding within the population.

The most genetically heterogeneous Siberian populations,
which have minimal values for the genomic inbreeding coef-
ficient (Froy) (Kolesnikov et al., 2021), also have minimal
values for the sum of the average lengths of IBD segments.
This is most pronounced in the populations of Kalmyks, Agin
Buryats, and Tomsk Tatars (Fig. 2).

In Buryat populations, there are no significant differences
in the average total length between pairs of individuals with
other populations, but there is a significant difference in the
distribution of IBD within populations. Thus, the Buryats (K)
have a significantly larger average total length between pairs
of individuals within the population (335.4 ¢cM), compared
with the Buryats (A) (163.5 cM), largely due to medium and
long IBD. The Agin Buryats have a much higher proportion of
short IBDs (16-30-28-19—7 %) than the Kurumkan Buryats
(9-24-29-25-13 %). Despite the fact that for the Buryats,
who have a large total population, with their numbers almost
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doubling from 237 thousand in 1926 to 461 thousand in
2010, this difference between populations can be explained
by a sharp increase in the population of the village of Agin-
skoye from 451 people in 1908 up to 4556 people in 1939
and 15 thousand in 2010, and the stability of the population of
the village of Kurumkan, with a population of 5617 people in
1979 and 5465 in 2010, located in one of the remote regions
of Buryatia.

A similar dynamics is observed in the populations of the
Chukchi (20-36-22-12-11 %), Koryaks (24-33-17-11-
15 %), Nivkhs (21-38-21-13-7 %) and Kalmyks (29-39—
22-7-3 %), followed by a sharper decrease in the proportion
of long IBD. The Chukchi, Nivkhs and Koryaks, which have
a small population (up to 13 thousand), are characterized by
the absence of sharp fluctuations in the number of populations
over the past hundred years with an increase of 29-9-6 %,
respectively, which could also contribute to a reduction in the
total long IBD segments subject to a small number of closely
related marriages within the population.

Actotal of 189,314 SNPs were obtained for 20 populations,
falling into the largest number of IBD segments of the ana-
lyzed populations (the frequency of SNPs falling into IBD is
higher than the 99th quantile of the frequency distribution).
Of these, 88,530 SNPs are located in intergenic regions, the
rest are located in the region of 5358 genes. Table 2 shows the
genes that were shown in four or more populations.

From the list of 5358 genes most frequently found in
IBD blocks, 1694 were annotated using the KEGG database
according to WebGestalt. As a result, analysis taking into
account the Benjamini—-Hochberg correction (FDR = 0.05)
revealed molecular KEGG pathways enriched in these genes:
the linoleic acid pathway hsa00591 (FDR = 0.0051) including
17 genes (CYP2CS, CYP2CY, PLA2GIB, PLBI, CYPIA2,
CYP2C19, CYP344, PLA2G10, PLA2G2A, PLA2G2C,
PLA2G2D, PLA2G2E, PLA2G2F, PLA2G4A4, PLA2G4C,
PLA2GS5, PLA2G6), the arachidonic acid pathway hsa00590
(FDR = 0.0240) including 27 genes (CYP2C8, CYP2C9,
PLA2GI1B, PLBI, ALOX12, ALOX12B, ALOX15B, ALOX5,
CYP2B6, CYP2C19, GPXI1, GPX3, GPX7, PLA2G10,
PLA2G2A, PLA2G2C, PLA2G2D, PLA2G2E, PLA2G2F,
PLA2G4A4, PLA2G4C, PLA2GS5, PLA2G6, PTGIS,
PTGSI1, PTGS2, TBXAS1), tyrosine metabolism pathway
hsa00350 (FDR = 0.0240) including 18 genes (ADHIA,
ADHIB, ADHIC, ADH4, ADHS5, ADH6, ADH7, ALDH3BI,
ALDH3B2, AOC2, AOC3, DDC, GOTI, HPD, IL411,
PNMT, TYR, TYRPI), olfactory transduction pathway
hsa04740 (FDR = 4.55E-08) including 159 genes.

The metabolic conversion of polyunsaturated fatty acids
(PUFAs) such as linoleic acid into biologically active long
chain PUFAs (> 20 carbons, LC-PUFAS) such as arachidonic
acid is essential for proper metabolism. LC-PUFAs and their
metabolites are important structural and signaling components
for numerous biological systems, including brain develop-
ment and function, innate immunity, and energy homeostasis
(Marszalek, Lodish, 2005; Calder, 2013). There are also food
sources of preformed LC-PUFAs in eggs and some meats
containing arachidonic acid (Horrocks, Yeo, 1999; Howe et
al., 2006; Chilton et al., 2014). The patterns found in the
distribution of IBD containing genes involved in fatty acid
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Table 2. Genes falling into regions with the maximum number of IBD blocks in more than four populations
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metabolism may indicate recent directional selection asso-
ciated with adaptation to dietary habits in cold climates or
reflect the influence of a Western diet (Chilton et al., 2014).
Positive selection in genes that affect the level of LC-PUFAs,
as well as the metabolic efficiency by which LC-PUFAs are
formed in populations of the Pygmies on Flores Island (Tucci
et al., 2018), Greenland Inuit (Fumagalli et al., 2015) and
Native Americans (Amorim et al., 2017; Harris et al., 2019),
is also thought to be associated with dietary habits in cold
climates, although the exact selection pressure is unknown
(Fumagalli et al., 2015). An example is the similarity of
genotypes in the genes of the olfactory system, which may
play a role in the formation or maintenance of social bonds
between individuals within a population (Christakis, Fowler,
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2014). For such genotypes, higher rates of positive selection
have been found (Fu et al., 2012).

The analysis of gene ontologies (according to WebGestalt,
3511 genes turned out to be annotated according to the gene
ontology database) showed nine statistically significant bio-
logical processes (taking into account the Benjamini—Hoch-
berg correction (FDR = 0.05)) associated with the detection
of a chemical stimulus involved in the sensory percep-
tion of smell (GO:0050911, GO:0007608, GO:0050907,
G0:0050906, GO:0051606, GO:0009593, GO:0007600,
GO:0007606, GO:0050877).

An analysis of the literature also revealed that a number of
genes that fall into IBD blocks can play a significant role in
the formation of oncology and influence the treatment. For
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example, the A4GAB gene is included in the IBD blocks in
five populations. A44GAB consists of 10 exons encoding a
315 amino acid (aa) protein, the AAGAB (alpha and gamma
adaptin binding) protein. AAGAB is widely expressed and
interacts with the gamma-adaptin and alpha-adaptin adapter
protein complexes, AP1 and AP2. It is involved in membrane
transport and plays a role in endocytosis and protein sorting.
Heterozygous 44GAB mutations cause pitted palmoplantar
keratoderma type 1 (PPKP1), a skin disease characterized
by punctate hyperkeratosis of the palms and soles (Kiritsi et
al., 2013). AAGAB is also a promising biomarker for chemo-
therapy response and outcome during breast cancer treatment.
However, the exact role of A4GAB in the development of
breast cancer is currently unclear and potentially requires
further study (Bownes et al., 2019).

Another gene, GSE1, which falls into IBD blocks in five
populations, may function as an oncogene in breast, stomach,
and prostate cancer, and may also be important in the treat-
ment of patients with prostate cancer (Bamodu et al., 2021).

IQCH-AS1 encoding antisense RNAIQCH 1 (IQCH-AS1)
correlates with survival and diagnosis of cancer patients, but
its role in the development of thyroid cancer and doxorubicin
chemosensitivity remains unclear (Fei et al., 2022).

The role of SMAD3 in the regulation of genes important for
cell development, such as differentiation, growth and death,
implies that changing its activity or suppressing its activity
can lead to the formation or development of cancer.

Also, some of the genes presented in Table 1 may play arole
in human adaptation to environmental factors. For example,
the /JOCH gene may play a regulatory role in spermatogenesis
(Yin et al., 2005) and is also associated with adult growth in
Mongols (Kimura et al., 2008).

The CHRNA4 gene encodes for the 04p2 subcomponent
of nicotinic receptors in the human brain. Individuals with
certain CHRNA4 genotypes have been shown to be better at
tracking and identifying multiple objects in visual search tasks
(Espeseth et al., 2010). Polymorphisms in the CHRNA4 gene
also seem to contribute to personality development by affect-
ing the degree of developmental sensitivity to both normal and
adverse environmental conditions (Grazioplene et al., 2013).

The COL20A41 gene encoding type XX alpha 1 collagen is
noted in a number of genes with non-synonymous changes
with a high frequency in modern humans compared to archaic
hominids, which probably contributed to the development
of unique human traits and is an interesting object for study
(Kuhlwilm, Boeckx, 2019).

Conclusion

Thus, as a result of our study, new information was obtained
on the structure and composition of the gene pools of the
indigenous peoples of Siberia, their genetic relationships and
genetic and demographic processes based on an analysis of the
distribution of linkage blocks identical in origin. The results
obtained demonstrate the clustering of Siberian populations,
linking peoples by place of origin, demonstrating a common
origin and a high degree of kinship. The populations inhabiting
the territory of Siberia are characterized by a unique genetic
and demographic history, which is reflected in the distribu-
tion of IBD blocks both within the population and between
them. The analysis of IBD blocks significantly complements
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the study of the formation and interaction of ethnic groups,
but does not provide unambiguous answers for populations
developing under conditions of complex ethnogenesis. With
few exceptions, the overall IBD in Siberia is better explained
by the geographical proximity of the populations rather than
by their linguistic affiliation.

Analysis of SNPs that fell into more IBD segments of the
analyzed populations made it possible to compile a list of
5358 genes. According to the results of calculations, biologi-
cal processes enriched in these genes are associated with the
detection of a chemical stimulus involved in the sensory
perception of odor. Enriched with the found genes, molecular
pathways are associated with fatty acid metabolism and olfac-
tory transduction. At the same time, an analysis of the literature
data showed that some of the selected genes, which were found
in a larger number of IBD blocks in several populations at
once, can play a role in human adaptation to environmental
factors and are promising targets for further study.
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Abstract. The placenta has a unique hypomethylated genome. Due to this feature of the placenta, there is a potential pos-
sibility of using regulatory elements derived from retroviruses and retrotransposons, which are suppressed by DNA methy-
lation in the adult body. In addition, there is an abnormal increase in the level of methylation of the LINE-1 retrotransposon
in the chorionic trophoblast in spontaneous abortions with both normal karyotype and aneuploidy on different chromo-
somes, which may be associated with impaired gene transcription using LINE-1 regulatory elements. To date, 988 genes
that can be expressed from alternative LINE-1 promoters have been identified. Using the STRING tool, genes (NUP153 and
YWHAB) were selected, the products of which have significant functional relationships with proteins highly expressed in
the placenta and involved in trophoblast differentiation. This study aimed to analyze the expression of the NUP153 and
YWHAB genes, highly active in the placenta, from canonical and alternative LINE-1 promoters in the germinal part of the
placenta of spontaneous and induced abortions. Gene expression analysis was performed using real-time PCR in chorionic
villiand extraembryonic mesoderm of induced abortions (n = 10), adult lymphocytes (n = 10), spontaneous abortions with
normal karyotype (n = 10), and with the most frequent aneuploidies in the first trimester of pregnancy (trisomy 16 (n = 8)
and monosomy X (n = 6)). The LINE-1 methylation index was assessed in the chorionic villi of spontaneous abortions using
targeted bisulfite massive parallel sequencing. The level of expression of both genes from canonical promoters was higher
in blood lymphocytes than in placental tissues (p < 0.05). However, the expression level of the NUP153 gene from the al-
ternative LINE-1 promoter was 17 times higher in chorionic villi and 23 times higher in extraembryonic mesoderm than in
lymphocytes (p < 0.05). The expression level of NUP153 and YWHAB from canonical promoters was higher in the group of
spontaneous abortions with monosomy X compared to all other groups (p < 0.05). The LINE-1 methylation index negatively
correlated with the level of gene expression from both canonical (NUP153 - R = -0.59, YWHAB - R = -0.52, p < 0.05) and
alternative LINE-1 promoters (NUP153 — R = -0.46, YWHAB - R = -0.66, p < 0.05). Thus, the observed increase in the LINE-1
methylation index in the placenta of spontaneous abortions is associated with the level of expression of the NUP153 and
YWHAB genes not only from alternative but also from canonical promoters, which can subsequently lead to negative con-
sequences for normal embryogenesis.

Key words: miscarriage; placenta; retrotransposon LINE-1; DNA methylation; NUP153; YWHAB.
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Expression of NUP153 and YWHAB genes
from different promoters in human placenta

AHHoTayuA. [Ina nnaLeHTbl XxapaKTepeH YHUKabHbIN FTMNOMETUIMPOBaHHbIN reHoM. bnarofaps 1o ocobeHHOCTM nna-
LIeHTbI B NEepBOM TPUMeCTpe 6epeMeHHOCTU HabntodaeTca NoTeHUnanbHas BO3MOXXHOCTb UCMOJIb30BaHWSA PerynaToOpHbIX
3N1EeMEHTOB, MOJyYEHHbIX OT PETPOBUPYCOB 1 PETPOTPAHCNO30HOB, KOTOPbIE BO B3POC/IOM OpraH1M3Me NoAaBnaioTcA MeTu-
nuposaHunem [IHK. Kpome Toro, y CMoHTaHHbIX abOPTYCOB U C HOPManbHbIM KaproOTUMOM, U C aHeynonanaMmn oTMeYaeTca
aHOManbHOE NOBbILWEHNE YPOBHA METUIMPOBaHMA peTpoTpaHcno3oHa LINE-1 B Tpodobnacte xoproHa, 4To MOXKeT ObiTb
CBA3aHO C HapyLleHeM TPaHCKPUMNUUM FeHOB C UCMOMb30BaHNEM perynaTtopHbix snemeHToB LINE-1. Ha cerogHAwHmi
JeHb NAeHTMPMLMPOBaHO 988 reHoB, CMOCOBHbIX IKCMPECCMPOBATLCA C anbTepHaTVBHbIX NPpomoTopoB LINE-1. U3 Hux ¢
nomoubto MHcTpymeHTa STRING 6binn 0TOGpaHbl FeHbl, TPOAYKTbI KOTOPbIX B3aMMOAENCTBYIOT C 6efikaMu, SKCnpeccrpyio-
LMMMCA Ha BbICOKOM YPOBHE B NJlaLleHTe 1 yyacTeyowmmin B anddepeHumposke Tpopobnacta, NUP153 n YWHAB. Lienbio
HaCTOALLEro nccnefoBaHMna ABNANCA aHanus skcnpeccun reHoB NUPT53 n YWHAB ¢ KaHOHMYECKMX 1 anbTepHaTMBHbIX NPO-
MOTOPOB peTpoTpaHcrosoHa LINE-1 B 3apoabllueBoi YacT nnaueHTbl CNOHTaHHbIX Y MEAULIMHCKMX abopTyCcoB NepBoro
TpumecTpa 6epemeHHoCTU. OnpeneneHrie ypoBHA SKCMPeCccMmn reHoB npoBoguamn ¢ nomolybto MNLP B pexrme peanbHoro
BpemMeHu B IumdoLumTax B3poCbix MHANBMAOB (n = 10), B BOPCUHAX XOPVOHa 1 KCTPasMOPUOHaNbHOM Me3ofepme meau-
LMHCKUX abopTycoB (n = 10) U CNOHTaHHbIX abOPTYCOB C HOPMasbHbIM KapuoTunom (n = 10) 1 ¢ Hanbonee YacTbIMK aHEY-
nnovanamu B | Tpumectpe 6epemeHHOCTY (Tprucomua 16 (n = 8) n moHocomus X (n = 6)). UHaekc metununposaHua LINE-1
OLeHVBanu B BOPCHaX XOPUOHA CMOHTaHHbIX abOPTYCOB C MOMOLLbIO TapreTHOro 61ucynbGUTHOrO MacCcoBOro napasniesnb-
HOFO CEeKBEHNPOBAHUA. YPOBEHb KCNPeCccumn 060X reHOB C KAHOHMYECKNX MPOMOTOPOB 6bls Bbllle B AMMpoLUTax KpoBM,
yeMm B TKaHAX nnaueHTbl (p < 0.05). OgHako ypoBeHb sKkcnpeccum reHa NUP153 ¢ anbtepHaTBHOro npomotopa LINE-1 6bin
Bbille B 17 pa3 B BOPCMHAX XOPMOHa U B 23 pasa — B 3KCTPasMOPVIOHaNbHOI Me3ofepMe Mo CPpaBHeHMIo ¢ MMMdoLMTamm
(p < 0.05). Mexpgy rpynnamu CoHTaHHbIX abOPTYCOB C MOHOCOMMEW X 1 OCTaNbHBIMU FPyNnamMun Gbiiv BbiSBAEHbI CTaTW-
CTWUYECKM 3HaUMMble pa3nnuusa. YposeHb akcnpeccun NUP153 n YWHAB ¢ KaHOHUYECKUX MPOMOTOPOB Obls Bbille B Fpynne
CMOHTaHHbIX abOPTYCOB C MOHOCOMYEN X MO CPaBHEHMIO CO BCeMU Apyrmu rpynnamm (p < 0.05). iHgekc meTnnvpoBaHua
LINE-1 oTpuuaTenbHO KoppennpoBasn C ypOBHEM 3KCMPeCccum reHoB Kak ¢ KaHoHuvecknx (NUP153 — R = -0.59, YWHAB -
R=-0.52, p < 0.05), TaK 1 C anbTepHaTNBHbIX NpomoTopoB LINE-1 (NUP153 — R =-0.46, YWHAB - R = -0.66, p < 0.05). Taknum
obpa3om, Habnogaemoe Hamm NMoBbilleHne nHAeKca MeTunpoBanusa LINE-1 B nnaueHTe cnoHTaHHbIX abOPTYyCOB CBA3aHO
c ypoBHeM 3kcnpeccun reHoB NUP153 n YWHAB He TOnbKO € anbTepHaTUBHBIX, HO 1 C KAHOHNYECKNX MPOMOTOPOB, YTO B
JanbHellemM MOXeT MPUBOAUTL K HEFaTUBHbIM MOCNEACTBUAM 4/1A HOPMaNbHOro SMbpuoreHesa.

KntoueBble cioBa: HEBbIHALLVBaHVE BepeMeHHOCTY; NNaLeHTa; peTpoTpaHcno3oH LINE-1; metunuposanue OHK; NUP153;

YWHAB.

Introduction

In humans, reproductive losses are more common in the first
trimester of pregnancy than in other periods of embryogenesis.
One of the most common causes of early embryonic death is
an abnormal number of chromosomes (aneuploidy), which
leads to severe developmental anomalies. The formation of
aneuploidy with meiotic and mitotic origin corresponds to the
waves of epigenetic reprogramming, in particular, genome
demethylation in the zygote and at the cleavage stage. Early
blastocyst demonstrates less DNA methylation at the latter
stage than cells at any other moment of ontogeny (Smith et
al., 2012). A rapid wave of de novo DNA methylation for the
inner cell mass then follows while the trophectoderm remains
hypomethylated (Santos et al., 2010).

Throughout pregnancy, the placenta has a unique hypome-
thylated epigenetic landscape compared to other extraembryo-
nic and embryonic tissues, which may indicate its special
functions (Robinson, Price, 2015). Hypomethylation in pla-
cental DNA occurs mainly in “partially methylated domains”
and is unevenly distributed throughout the genome. “Partially
methylated domains” refers to large (> 100 kb) regions of low
DNA methylation alternating with regions of higher DNA
methylation (Schroeder et al., 2013).

The placenta exhibits reduced DNA methylation of some
types of repetitive genome elements (Price et al., 2012).
One of them, the LINE-1 retrotransposon (long interspersed
nuclear element-1), is the largest, occupying approximately
20 % of the genome, and the most evolutionarily young
class of retrotransposons in humans, retaining the ability to
transpose (Ostertag et al., 2001). The transcriptional activity

of LINE-1 is suppressed by DNA methylation during most
periods of ontogeny.

An important feature of LINE-1 that requires attention is its
high level of methylation in blood leukocytes, regardless of
age and gender, while the level of LINE-1 methylation in other
tissues has its tissue-specific differences (Chalitchagorn et al.,
2004). It was shown that for the placenta as an independent
organ, the level of methylation of retrotransposons doesn’t
always coincide with the global level of methylation of the
entire genome. The level of LINE-1 methylation in the tissues
of'the placenta of the third trimester of pregnancy significantly
decreases compared to the first trimester of pregnancy. At the
same time, changes in the DNA methylation level of the entire
genome are not found between the first and third trimester
placentas (He et al., 2014).

It can be assumed that LINE-1 methylation and activation
are transiently regulated during normal placental develop-
ment. This raises the question of a possible functional role for
LINE-1 retrotransposon sequences in placental development.
Previously, we found that some spontaneous abortions with
normal karyotypes were characterized by epigenetic disorders
similar to spontaneous abortions with aneuploidy. In particular,
some spontaneous abortions with a normal karyotype had an
increased methylation index in the LINE-1 retrotransposon
promoter, which was characteristic of groups of spontaneous
abortions with trisomy 16 and monosomy X (Vasilyev et al.,
2021b).

One of the possible roles of LINE-1 may be the usage of its
regulatory sequences to influence the transcription of adjacent
genes. This effect becomes feasible because LINE-1 includes
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Fig. 1. Functionally significant connections of the proteins involved in the development of the placenta (GO:0061450, GO:0097360,
G0:0001890) with the NUP153 and YWHAB genes according to STRING.

Yellow shows proteins that have functional bonds (highlighted in red) with the NUP153 and YWHAB genes (marked in orange) (STRING

score > 0.4).

a sense promoter that controls the transcription of the ORF1
and ORF2p proteins required for retrotransposition, and an
antisense promoter that controls the transcription of chimeric
transcripts, LINE-1 5'-antisense sequences spliced with exons
of neighboring genes (Denli et al., 2015). LINE-1 antisense
transcripts affect up to 4 % of all human genes, and LINE-1
antisense promoters are actively transcribed in various types
of human cells, including embryonic tissues. A total of 988
genes that can be expressed from alternative LINE-1 promo-
ters have been identified so far (Criscione et al., 2016b). It is
possible that the expression of multiple genes in extraembryo-
nic tissues may occur predominantly from alternative LINE-1
promoters because LINE-1 promoters are hypomethylated in
the placenta.

Using the STRING tool, two genes, NUP153 and YWHAB,
were selected among the genes capable of expression from
alternative LINE-1 promoters. Their products showed a high
level of expression in the placenta and are functionally associ-
ated with proteins involved in trophoblast differentiation (ac-
cording to Gene Ontology: GO:0061450, trophoblast cell mi-
gration; GO:0097360, chorionic trophoblast cell proliferation;
GO0:0001890, placenta development) (Fig. 1). The NUP153
gene functions as a scaffolding element in the nuclear phase
of the nuclear pore complex. It is required for normal nuclear-
cytoplasmic transport of proteins and mRNA during somatic
cell division (Bilir et al., 2019) and in mouse embryonic stem
cells (Souquet et al., 2018). The YWHAB gene belongs to the
group of genes responsible for signal transduction by binding
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to phosphoserine-containing proteins. The protein encoded by
the gene interacts with RAF1 and CDC25 phosphatases and
may play a role in mitogenic signaling and cell cycle regula-
tory mechanisms. It was shown that YWHAB overexpression
stimulates and maintains attachment-independent cell growth
in a fibroblast cell line isolated from mouse embryos (Sasaki
et al., 2014).

The aim of this study was to analyze the expression of the
NUP153 and YWHAB genes from canonical and alternative
LINE-1 promoters in the germinal part of the placenta of
spontaneous and induced abortions.

Materials and methods

The samples were from chorionic villi and extraembryonic
mesoderm of induced abortions (IA) (n = 10, gestational age
8.2+2.3 weeks), spontaneous abortions (SA) with normal
karyotype (n= 10, gestational age 7.2+ 1.4 weeks), trisomy 16
(n = 8, gestational age 6.5+0.8 weeks), and monosomy X
(n = 6, gestational age 8.6+0.7 weeks). Samples were taken
from the Biobank of Northern Eurasia of the Research Institute
of Medical Genetics of the Tomsk National Research Medical
Center. The samples were obtained from 2004 to 2021 and
stored in liquid nitrogen, before their use for analysis. The
study was conducted in compliance with ethical standards by
the Helsinki Declaration of the World Medical Association.
The study was approved by the Biomedical Ethics Committee
of the Research Institute of Medical Genetics of the Tomsk
National Research Medical Center (November 9, 2020/No. 7).

A standard cytogenetic analysis was performed on direct
preparations of chorionic villi and fibroblast cultures of the
extraembryonic mesoderm to determine the karyotype (Lebe-
dev et al., 2004). Karyotyping results for 14 trisomic and mo-
nosomic SA samples were confirmed by fluorescence in situ
hybridization (FISH). Aneuploidy mosaicism was assessed
with a lower cutoff of 10 % and an upper cutoff of 90 %.

Centromere-specific DNA probes for X chromosomes were
used for the analysis of monosomy X and subtelomeric DNA
probes (16q and 16p) were used for the analysis of triso-
my 16. The analysis was carried out according to the protocol
described elsewhere (Vasilyev et al., 2010). Four samples had
amosaic karyotype with a trisomy level from 10 to 90 %. The
remaining 10 spontaneous abortions with a higher propor-
tion of trisomy or monosomy were classified as having pure
aneuploidy. The blood lymphocytes of 1A parents (5 couples,
age 30.8+2.7) were used as a comparison group that were
contained in the Lyra reagent (Biolabmix, Russia) before the
start of the experiment.

RNA was isolated from chorionic villi and extraembryonic
mesoderm by the phenol-chloroform method. All tissues were
stored in liquid nitrogen from the moment of obtaining the ma-
terial of the studied samples to the beginning of RNA isolation.
Tissue separation was preliminarily carried out in RNAlater
(Invitrogen, USA) to stabilize the RNA in the samples. Each
sample was homogenized in a mortar with liquid nitrogen,
adding 500 pl of Lyrareagent (Biolabmix, Russia). The lysate
was incubated first for 5 min at 55 °C, then for 5 min at room
temperature. The lysate was then centrifuged at 12,000 rpm
for 10 min to remove undissolved fragments, and the super-

Expression of NUP153 and YWHAB genes
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natant was transferred into a new tube. A volume of 0.2 ml of
chloroform was added per each 1 ml of Lyra reagent, followed
by shaking (by hand) for 15 s, followed by incubation of the
mixture for 10 min at room temperature, and centrifugation
at 10,000 g for 10 min at 4 °C. Next, 0.5 ml of 100 % cold
isopropanol was added to the aqueous phase containing RNA
per each 1 ml of Lyra reagent, and the mixture was incubated
at—20 °C for 10 min, after which the sample was centrifuged
at 12,000 g for 10 min at 4 °C.

The precipitate was washed twice with 80 % cold ethanol at
10,000 g for 5 min at 4 °C. The precipitate was then dried for
2 min in a concentrator (Eppendorf, USA) (parameters: 45 °C,
V-AL). After this, 40 ul of DEPC water and 1 ul of RiboLock
(Thermo, USA) were added to dissolve the precipitate and
left for 10 min at room temperature until complete dissolu-
tion. All samples were kept on ice to avoid RNA degradation
during isolation whereas at the incubation stage all steps were
performed at room temperature. All samples were stored at
—80 °C after isolation.

The RNA was treated with DNase (Biolabmix) to obtain
pure RNA. Further, the OT-M-MuLV-RH kit (Biolabmix)
with a random hexaprimer was used for reverse transcription.
The reverse transcription reaction mixture included 1.5 pg
RNA, 3 ul hexaprimer, 4 ul KCl reaction buffer, 2 ul 0.1 M
DDT, 1 pul 10 mM dNTP mix, and 1 pl revertase. Two types
of primers were designed for the NUP153 and YWHARB genes:
the first for long products that are expressed only from ca-
nonical promoters, and the second for short products that are
expressed from alternative LINE-1 antisense promoters (see
the Table).

The NUPI153 gene includes 22 exons, while the short
transcript from the alternative LINE-1 promoter contains
only exons 21-22. Primers were designed in exons 1617
for detecting NUP153 gene transcripts from the canonical
promoter and in exons 21-22 for detecting transcripts from the
alternative promoter. Two normal long transcripts with exons 7
or 6 are transcribed from the normal promoter of the YWHAB
gene. In this regard, primers were designed for each product.
For the first transcript with seven exons, primers were designed
in exons 1-2. For the second transcript with 6 exons, primers
were designed in exons 1-3. Primers of the short product from
the alternative LINE-1 promoter of the YWHAB gene were
designed in exons 4-7 (Fig. 2). The expression from alternative
gene promoters was taken to be the difference between the
level of gene expression estimated using primers specific to the
region downstream the alternative promoter and the level of
gene expression estimated using primers annealing upstream
in the first exons. This value was used for data analysis and
is displayed on the charts. For the YWHAB gene, the sum of
expression levels of both long transcripts was subtracted from
the expression level of the canonical promoter.

The methylation index was assessed in 19 CpG sites of the
LINE-1 promoter in chorionic villi of spontaneous abortions
using targeted bisulfite massive parallel sequencing. Library
preparation and evaluation were carried out according to a
previously published protocol (Vasilyev et al., 2021a). Sta-
tistical analysis of data was performed using Statistica 10.0
software.
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Sequences of oligonucleotide primers for assessing
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the level of expression of the NUP153, YWHAB, and GAPDH genes using real-time PCR

Transcript

Transcript from the canonical promoter
(NM_001278209.2, 22 exons)

Shortened transcript from the alternative promoter LINE-1

(2 exons)

Transcript from the canonical promoter
(NM_003404, 7 exons)

Transcript from the canonical promoter
(NM_139323, 6 exons)

Shortened transcript from the alternative promoter LINE-1

(4 exons)

Transcript from the canonical promoter
(NM_002046.7, 10 exons)

Note. F-forward primer; R - reverse primer.

Nucleotide sequence

NUP153
Canonical Alternative
promoter LINE-1 promoter
[ |
i 1
—> — -«
VWHAB NM_001278209.2
Canonical Alternative
promoter LINE-1 promoter
r NM_13932
— -« — -«
Canonical Alternative
promoter LINE-1 promoter
F 1 NM_003404
— -« — -«

Fig. 2. Scheme of the location of alternative LINE-1 promoters for the NUP153 and YWHAB genes.

The arrows schematically mark the hybridization sites of oligonucleotide primers. The arrow starting at the beginning of the LINE-1
element indicates the direction of transcription from the direct LINE-1 promoter, which is canonical. The second arrow pointing in
the opposite direction marks the direction of expression from the alternative antisense LINE-1 promoter, which is also alternative

for the studied genes.

Results

The expression level of the NUP153 gene from the canoni-
cal promoter was 12.5 times higher in lymphocytes than in
placental tissues (p = 0.000001). The expression level of the
YWHAB gene from the canonical promoter was also on aver-
age higher in blood lymphocytes than in placental tissues (by
4.6 times) (transcript NM_ 13932 (p=0.00003)). The expres-
sion level of the NM_ 003404 transcript of the YWHAB gene
was highly variable in lymphocytes. However, the expression

level of the NUP153 gene from alternative LINE-1 promoters
was statistically significantly higher in extraembryonic tissues
compared to lymphocytes of adults (17 times in chorionic villi
and 23 times in extraembryonic mesoderm, p <0.05) (Fig. 3).
The levels of expression of both genes from canonical promo-
ters were higher in the SA group with monosomy X than in
the groups of SA with normal karyotype (Fig. 4).

The level of methylation of the LINE-1 retrotransposon
promoter was assessed in the chorionic villi of spontane-
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W NUP153Can
B NUP153Alt

B YWHAB Can (NM_003404)
B YWHAB Can (NM_13932)
O YWHABAIt

16+

The gene expression level

all al

Chorion Mesoderm

Lymphosytes Chorion Mesoderm Lymphosytes
Fig. 3. Comparison of the NUP153 (a) and YWHAB (b) gene expression levels from canonical promoters and alternative LINE-1

promoters in blood lymphocytes, chorion, and placental mesoderm.
Values are given as fold differences relative to the level of gene expression from the canonical promoter in adult lymphocytes. Expression

levels of two different transcripts from the canonical promoter (NM_003404, NM_139323) are shown for the YWHAB gene. The reference
gene is GAPDH. Can is the canonical promoter, and Alt is the alternative LINE-1 promoter.

a b
35r m NUP153 Can 50¢ B YWHAB Can (NM_003404)
_ B NUP153 Alt B YWHAB Can (NM_13932)
[7]
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Fig. 4. Comparison of the expression level of the NUP153 (a) and YWHAB (b) genes from canonical promoters and alternative
LINE-1 promoters between groups of spontaneous abortions and induced abortions.

Values are given as fold differences relative to the level of gene expression of the canonical promoter in the group of induced abortions.
SANK - spontaneous abortions with normal karyotype; Tri 16 — spontaneous abortions with trisomy 16; Mono X — spontaneous abortions

with monosomy X.

ous abortions with different karyotypes. The average level
of LINE-1 methylation in chorionic villi of SA was 41.9+
+5.8 % with trisomy 16, 39.7+3.6 % with monosomy X, and
38.4£3.9 % with normal karyotype. The LINE-1 methyla-
tion index negatively correlated with the level of gene expres-
sion from both canonical (NUPI153 — R = —0.59, p < 0.003;
YWHAB — R =-0.52, p <0.01) and alternative LINE-1 pro-
moters (NUP153 —R=-0.46,p=0.03; YWHAB — R =—0.66,
p=0.001) (Fig. 5).

Discussion

In the present work, it was found that the level of expres-
sion of the NUP153 and YWHARB genes in the placenta from
canonical promoters was lower compared to the adult blood
lymphocytes, but the expression of the NUP153 gene from
the alternative LINE-1 promoter was higher in the placenta.
This result has supported the hypothesis that in the placenta,
the expression of genes from alternative promoters derived
from retroviruses and retrotransposons can be activated due
to the hypomethylated epigenetic landscape. This assump-
tion is also supported by the enrichment of genes that are
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tissue-specifically expressed in the placenta among all genes
which can be transcribed from alternative LINE-1 promoters
(Criscione et al., 2016a).

We have not found significant differences in the level of
expression of the YWHAB and NUP153 genes from alterna-
tive promoters between groups of spontaneous abortions
with different karyotypes and the control group of induced
abortions. At the same time, the levels of expression of both
genes from canonical promoters were higher in the group of
spontaneous abortions with monosomy X. However, it has
been found that the level of expression of the studied genes
changes in individual spontaneous abortions depending on
changes in the level of LINE-1 methylation. The obtained data
clearly demonstrated that the expression level of the NUP153
and YWHAB genes from the canonical and alternative LINE-1
promoters correlates with the LINE-1 methylation level: the
higher the LINE-1 methylation level, the lower the expression.

There can be several reasons for the relationship between
the level of LINE-1 methylation and the expression of the
studied genes from both promoters. First, a short transcript
from an alternative promoter may be associated with the
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Fig. 5. Correlation of the NUP153 and YWHAB gene expression with the LINE-1 methylation index in the chorionic trophoblast of spontaneous abortions

with normal karyotype, trisomy 16, and monosomy X.

Correlations of the LINE-1 methylation index with various transcripts of the NUP153 and YWHAB genes: a - NUP153 gene expression from the canonical promoter;
b - NUP153 gene expression from the alternative promoter; ¢ - YWHAB (NM_003404) gene expression from the canonical promoter; d - YWHAB (NM_139323)
gene expression from the canonical promoter; e — YWHAB gene expression from the alternative promoter. SANK - spontaneous abortions with normal karyotype;
Tri 16 — spontaneous abortions with trisomy 16; Mono X — spontaneous abortions with monosomy X.

activation of gene transcription from the canonical promoter.
However, this option seems unlikely, because the expression
level of the studied genes from canonical promoters against
the background of genome hypomethylation in the placenta
was lower than in lymphocytes, which are characterized by
a LINE-1 methylation level of more than 70 % (Rosser, An,
2012). This should be the opposite if this hypothesis is correct.

Second, the level of methylation of the LINE-1 retrotrans-
poson may reflect the global level of genome methylation
and the level of methylation in the canonical promoter of the
studied genes. This variant seems to be more likely, but also
doesn’t remove the issue of reduced expression of the studied
genes in the placenta against the background of a hypomethy-
lated epigenetic landscape compared to adult lymphocytes.
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The expression of the studied genes is regulated not only by
methylation but also by tissue-specific transcription factors.

It remains unclear whether the NUP153 and YWHAB gene
expression both from the canonical and alternative promoter
plays a functional role in the placenta or whether these tran-
scripts are by-products of the genome hypomethylation. Po-
tentially, the impaired NUP153 expression can have a negative
impact on the nuclear-cytoplasmic transport of proteins and
mRNA, and the abnormal YWHAB gene expression can affect
the transmission of cell signals.

NUPI153 and YWHAB gene products have significant func-
tional connections with proteins involved in the differentiation
of the trophoblast (see Fig. 1). NUP153 interacts with the
AGO2, SENP2, C1QOBP, and PPARD genes. A list of signifi-
cant connections is wider for the YWHAB gene — it interacts
with the TFEB, CUL7, ZFP36L, MAP2K 1, AKT1, CDKNIB,
SNAII, MAPK1, and EGFR genes.

The impaired function of each of these genes has a negative
effect on the normal course of embryogenesis. For example,
the normal expression of MAPK is necessary for the develop-
ment of non-embryonic ectoderm during placentogenesis. Its
absence can lead to embryo death due to abnormal develop-
ment and hypovascularization of the placenta (Bissonauth et
al., 2006). The CUL7 gene is actively expressed in the cell
lines of the trophoblast. Protein deficiency of the CUL7 gene
is associated with a delay in intrauterine development due to
abnormal development of the placenta, which leads to intra-
uterine hypoxia (Fahlbusch et al., 2012). The deficit can lead
to the occurrence of cutaneous or hypodermal hemorrhages,
as well as the development of trophoblast with abnormal vas-
cular structure at later stages of gestation (Arai et al., 2003).
CUL7 mutations in the embryo line are associated with the
3-M syndrome, which is characterized by pre- and postnatal
growth retardation (Maksimova et al., 2007; Fu et al., 2010).

The SENP2 gene belongs to the family of ubiquitin-like
proteins and is localized in the cell in the nuclear pores and
cytoplasm (Talamillo et al., 2020). SENP2 mutations impair
cell cycle progression during trophoblast development in mice:
deletion of SENP2 impairs the p53/Mdm2 pathway, affect-
ing trophoblast progenitor cells and their maturation (Chiu
et al., 2008). SENP2 influences the normal development of
cardiomyocytes during further differentiation. Overexpres-
sion causes abnormal proliferation of cardiomyocytes with
dysregulation of cyclin and cyclin-dependent kinase inhibi-
tors, leading to congenital heart anomalies (Kim et al., 2012).
On the other hand, deletions also cause defects in myocardial
development due to reduced proliferation (Kang et al., 2010).

It is logical to assume that the existing functional relation-
ships of the NUP153 and YWHAB genes with genes involved
in trophoblast differentiation can go both in a negative di-
rection and in a protective one. Pathological changes in the
expression of the NUP153 and YWHAB genes can potentially
lead to impaired function of other genes, the formation of a
pathological embryo phenotype, or even embryonic death.

Conclusion

We have revealed that the NUP153 and YWHAB genes in the
placenta tissues are predominantly expressed from alternative
LINE-1 promoters located in the intrones. Even though the
expression from alternative promoters of LINE-1 was higher

Expression of NUP153 and YWHAB genes
from different promoters in human placenta

than with canonical gene promoters for all groups (sponta-
neous and induced abortions), and there were no significant
differences in the level of expression of the YWHAB and
NUP153 genes from alternative promotors between groups,
we have seen a trend towards the general decrease in expres-
sion in spontaneous abortions compared to induced abortions.
However, it has been found that the level of expression of the
studied genes changes in individual spontaneous abortions,
depending on changes in the level of genome methylation. The
obtained data demonstrate the relationship between the levels
of the NUP153 and YWHAB gene expression from canonical
and alternative LINE-1 promoters with LINE-1 methylation
levels in extraembryonic tissues of spontaneous abortions.

Thus, an increase in the LINE-1 methylation index in the
placenta of spontaneous abortions may be associated with
a decrease in gene expression not only from alternative but
also from canonical promoters. The revealed features of the
relationship between the LINE-1 methylation level with the
NUP153 and YWHAB gene expression levels indicate an exist-
ing mechanism for self-regulation of normal embryogenesis,
disturbance of which can lead to embryo death.
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Changes in DNA methylation profile in liver tissue during
progression of HCV-induced fibrosis to hepatocellular carcinoma
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Abstract. In this study we compared methylation levels of 27,578 CpG sites between paired samples of the tumor
and surrounding liver tissues with various degrees of damage (fibrosis, cirrhosis) in HCV-induced hepatocellular car-
cinoma (HCC) patients, as well as between tumor and normal tissue in non-viral HCC patients, using GSE73003 and
GSE37988 data from GEODataSets (https://www.ncbi.nlm.nih.gov/). A significantly lower number of differentially
methylated sites (DMS) were found between HCC of non-viral etiology and normal liver tissue, as well as between
HCC and fibrosis (32 and 40), than between HCC and cirrhosis (2450 and 2304, respectively, according to GSE73003
and GSE37988 datasets). As the pathological changes in the tissue surrounding the tumor progress, the ratio of hy-
per-/hypomethylated DMSs in the tumor decreases. Thus, in tumor tissues compared with normal/fibrosis/cirrhosis of
the liver, 75/62.5/47.7 % (GSE73003) and 16 % (GSE37988) of CpG sites are hypermethylated, respectively. Persistent
hypermethylation of the ZNF154 and ZNF540 genes, as well as CCL20 hypomethylation, were registered in tumor tis-
sue in relation to both liver fibrosis and liver cirrhosis. Protein products of the EDG4, CCL20, GPR109A, and GRM8 genes,
whose CpG sites are characterized by changes in DNA methylation level in tumor tissue in the setting of cirrhosis and
fibrosis, belong to “Signaling by G-protein-coupled receptors (GPCRs)” category. However, changes in the methylation
level of the “driver” genes for oncopathology (APC, CDKN2B, GSTP1, ELF4, TERT, WTT) are registered in tumor tissue in
the setting of liver cirrhosis but not fibrosis. Among the genes hypermethylated in tumor tissue in the setting of liver
cirrhosis, the most represented biological pathways are developmental processes, cell-cell signaling, transcription
regulation, Wnt-protein binding. Genes hypomethylated in liver tumor tissue in the setting of liver cirrhosis are related
to olfactory signal transduction, neuroactive ligand-receptor interaction, keratinization, immune response, inhibition
of serine proteases, and zinc metabolism. The genes hypermethylated in the tumor are located at the 7p15.2 locus
in the HOXA cluster region, and the hypomethylated CpG sites occupy extended regions of the genome in the gene
clusters of olfactory receptors (11p15.4), keratin and keratin-associated proteins (12q13.13, 17921.2, and 21922.11),
epidermal differentiation complex (1921.3), and immune system function loci 9p21.3 (IFNA, IFNB1, IFNWT1 cluster)
and 19913.41-19q13.42 (KLK, SIGLEC, LILR, KIR clusters). Among the genes of fibrogenesis or DNA repair, cg14143055
(ADAMDECT) is located in the binding region of the HOX gene family transcription factors (TFs), while cg05921699
(CD79A), cg06196379 (TREMT1) and cg10990993 (MLH1) are located in the binding region of the ZNF protein family
transcription factor (TF). Thus, the DNA methylation profile in the liver in HCV-induced HCC is unique and differs de-
pending on the degree of surrounding tissue lesion - liver fibrosis or liver cirrhosis.

Key words: DNA methylation; chronic hepatitis C; HCV; liver fibrosis; liver cirrhosis; hepatocellular carcinoma.
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rnpu nporpeccupoBanuy HCV-mHAyIIMPOBAaHHOTO Puopo3a
IO rernaTole/UIIISAPHON KapITHOMBI
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AHHoTayus. C ncnonb3oBaHnem AaHHbix GSE73003 1 GSE37988, npeactaBneHHbix B 6a3e gaHHbix GEODataSets
(https://www.ncbi.nlm.nih.gov/), npoBefeH cpaBHUTENbHbIA aHanM3 ypoBHA meTunupoBaHua 27578 CpG-canToB
MeXAy NapHbIMU 06pasLamy OMyXONeBO U OKPYXKatoLel Onyxosb TKaHAMK NeYeHn pPasfnyHoOM CTENEeHN nopaxe-
HuA (Gnbpo3s, unppos) y 6onbHbIX HCV-rHAYLMpOoBaHHON renatouentonapHon KapuuHomon (TLUK), a Takxke mexay
Onyx0NeBOI U HOPMabHOW TKaHbio Y 6onbHOro MUK HeBupycHOI 3Tonoruu. BoiAsBneHo 3HaunTeNbHO MeHbLUEe Ync-
no auddepeHuUranbHO METUIMPOBAHHBIX CATOB MEXAY HOPMasbHON TKaHbto neveHn 1 MUK HeBrpycHO STMonorum,
a Takxke mexay UK n ¢pubposom (32 1 40), yem mexxkpy MUK u umpposom (2450 1 2304 cOOTBETCTBEHHO MO JaHHbIM

© Goncharova I.A,, Zarubin A.A., Babushkina N.P, Koroleva I.A., Nazarenko M.S., 2023
This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

N.A. ToHuapoBa, A.A. 3apy6uH, H.M. babywknHa
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Mpodunb metnnnposarua HK B TKaHM neyeHy npu
nporpeccmpoBaHnmn Grbpo3sa Jo renatoueoNapHON KapLunuHOMbI

GSE73003 1 GSE37988). Mo mepe nporpeccmpoBaHnsA MaToONOMUYeCckoro U3MeHeHNA OKPY»KatoLen onyXonb TKaHW
YMEHbLLIAETCA COOTHOLLEHME KONNYeCTBa rmnep-/rmnomMeTMInpoBaHHbIX AnddepeHLmanbHO METUIMPOBaHHbIX cali-
TOB B ONyxo”nu. Tak, B ONyx0sieBOI TKaHM NO CPaBHEHMIO C HOPMaJIbHOW/PrBPO30M/LMPPO30M NEYEHN FTMNnepMeTUIN-
poBaHbl 75/62.5/47.7 % (GSE73003) n 16 % (GSE37988) CpG-caniToB cOOTBETCTBEHHO. CTONKOE rmnepmeTuinpoBaHmie
reHoB ZNF154 n ZNF540, a Takxe runometunvpoBaHme CCL20 3aperncTpupoBaHo B OMyXON1eBOWN TKaHN OTHOCUTENbHO
Kak ¢p1bpo3a, TaKk 1 Lppo3sa neyeHu. benkosble npoayKTbl reHoB EDG4, CCL20, GPR109A n GRMS8, CpG-caiTbl KOTOPbIX
XapaKTepun3yloTcA M3MeHeHUeM ypoBHsA MeTunnposarusa [JHK B onyxonu Ha doHe umppo3sa n ¢ubposa, nprHagnexar
K KaTeropuu «nepefayn CUrHaaoB peLenTopoB, CBA3aHHbIX ¢ G-6enkom». OfHaKo U3MeHeHVe YPOBHA METUINPOBa-
HUA «pariBepHbIx» Ana oHkonatonorum reHos (APC, CDKN2B, GSTP1, ELF4, TERT, WTT1) pernctpupyeTtca B OMyxosieBow
TKaHW Ha GoHe LuMppo3a neyeHn, Ho He Grbpo3sa. Cpean rMnepmMeTUINPOBaHHbIX B OMYXONEBON TKaHV reHOB Ha poHe
LMppo3a neyeHn Hanbonee NpeacTaBNEHHbIMM GUONOTMYECKUMI MYTAMMN ABASIOTCA NPOLLECChl Pa3BUTHA, Nepeaayn
MEXKNETOUHbIX CUFHANOB, PErynauuy TPAHCKpUNUMK, cBs3biBaHuA ¢ 6enkamu Wnt-nyTu. FeHbl, TMNOMEeTUANPOBaH-
Hble B OMyX0sieBOV TKaHWN NeyeHn Ha GoHe ee LMPPOTNYECKOrO NOPaXKeHUsA, OTHOCATCA K Nepefaye 0OOHATENIbHbIX
CUTHaNOB, HEMPOAKTMBHOMY B3aUMOAENCTBUIO IMraHAa C peLenTopoMm, KepaTuHu3aunm, IMMYHHOMY OTBETY, UHIU-
61POBaHNIO CEPUHOBDIX MPOTea3s 1 MeTabonn3My LMHKa. [MnepMeTUIMPOBaHHbIE B OMYXOJN FeHbl IOKanmn3yTca B
nokyce 7p15.2 B pernioHe knactepa HOXA, a runometunupoBaHHble CpG-caiiTbl 3aHUMAIOT NPOTAXKEHHble 0bnacTy
reHoMa B KnacTepax reHoB 00OHATeNbHbIX peuenTopos (11p15.4), KepaTrHa U KepaTnH-acCoLMMPOBaHHbIX 6enKkoB
(12913.13,17921.2 1 21922.11), Komnnekca anuaepmanbHol anddepeHumposkn (1921.3), a Takxke GyHKLMOHNPOBA-
HUA IMMYHHOI cucTeMbl — IOKycbl 9p21.3 (knactep IFNA, IFNB1, IFNWT) n 19q13.41-19q13.42 (knactepsbl KLK, SIGLEC,
LILR, KIR). Cpepu reHoB ¢pubporeHesa nnu penapauun JHK cg14143055 (ADAMDECT) nokann3oBaH B permoHe cBs3bl-
BaHMA TPaHCKPUNLMOHHBIX pakTopoB cemenctea HOX, a cg05921699 (CD79A), cg06196379 (TREM1) n cg10990993
(MLHT) pacnonoeHbl B 0651aCTV CBA3bIBaHNA TPAHCKPUMNLMOHHBIX GpakTopoB cemelicTBa 6enkos ZNF. Takum obpa-
30Mm, npoduns metunuposaHus [HK B nevenn npyu HCV-uHpyumposaHHo MUK aBnseTcs yHMKanbHbIM 1 pa3nnyaeTcs

2023
2741

B 3aBMCVMOCTY OT CTEMEHU NMOPAKEHNA OKPYXKatoLLel TKaHn — GMOPO3 nnm UmMppos.
KnioueBble cnioBa: meTunupoaHue LHK; XBIC; prbpo3 neueHu; LMppo3 neyeHy; renatoLeniionspHas KapLuHoma.

Introduction

Malignant neoplasms of the liver are characterized by an in-
creasing incidence rate worldwide (Philips et al., 2021). The
highest morbidity and mortality rates are observed in East Asia
and Africa, where the leading cause of hepatocellular carci-
noma (HCC) is chronic viral hepatitis B and non-alcoholic
fatty liver disease (NAFLD). However, in developed countries
one of the main causes of HCC development is considered to
be chronic viral hepatitis C (chronic HCV, CHCV); and its
prevalence is high in Europe and maximal in Eastern Euro-
pean countries, including Russia (Goossens, Hoshida, 2015;
Petruzziello et al., 2016).

The molecular mechanisms of HCC development differ
significantly depending on the etiology of the disease. Thus,
the hepatitis B virus (HBV) can integrate into the genome
of the host hepatocyte, which leads to the direct triggering
of carcinogenesis through the activation of protooncogenes
and/or suppression of the activity of tumor suppressor genes
(Levrero, Zucman-Rossi, 2016). In turn, the hepatitis C virus
(HCV), which is an RNA virus, has limited ability to integrate
into the genome of the host liver cell and realizes its carci-
nogenic potential by switching on a multi-stage process that
leads through chronic liver inflammation and fibrosis progres-
sion to the formation and development of tumor clones. The
risk of developing HCC in chronic HCV infection is directly
related to the severity of liver fibrosis; it is a rare event in the
initial stages of fibrosis and occurs significantly more often
in patients with cirrhosis (Khatun et al., 2021).

Among the various factors determining susceptibility to
HCYV infection and the progression of fibrosis to HCC, the
genetic and epigenetic component plays an important role.
In particular, genome-wide association studies (GWAS) have
identified approximately 140 loci, of which 84 are attributed
to known genes, the protein products of which are involved
in the response to HCV infection, antiviral therapy, spontane-

SMUTEHETUKA U PErynauma AKTUBHOCTU FrEHOB / EPIGENETICS AND GENE REGULATION

ous viral clearance, and the development of complications to
interferon therapy (Kanz et al., 2005).

Genes, including EXO1, VCAN, KIT and MIR200C, which
are associated with the development of HCV-induced HCC
and considered as potential targets for pharmacotherapy, have
been identified (Goossens, Hoshida, 2015; Schulze et al.,
2015; Chenetal., 2021). In addition, microRNAs determined
in liver tissue or serum have been shown to have prognostic
value in the development of HCV-induced HCC (Aly et al.,
2020; Yan et al., 2021).

There are few experimental studies of liver tissue methy-
lome aberrations in liver pathology depending on etiological
causes (Neumann et al., 2012; Hlady et al., 2014). The main
data regarding viral etiology are the data obtained by compara-
tive analysis of paired tumor and non-tumorous liver tissues
in Asian patients with HCC on the Illumina Infinium Human
Methylation BeadChip 27k platform (Shen et al., 2012; Mah
etal.,2014; Yamada et al., 2016). A number of studies involve
reanalysis of the available DNA methylation findings using
additional data, including those obtained on the Illumina Hu-
man Methylation 450 BeadChip microarray from The Cancer
Genome Atlas (Fan et al., 2018; Meng et al., 2018; Wang Y.
et al., 2019; Jiang et al., 2020; Zhao et al., 2021).

A comparison of the lists of differentially methylated CpG
sites between the analyzed liver tissues in HCC patients in
different studies (Shen et al., 2012; Mah et al., 2014; Yamada
et al., 2016) reveals significant similarities. For example, the
list of hypermethylated genes in tumor tissue presented in
the paper of (Yamada et al., 2016) overlaps by 93 % with the
data of another group (Mabh et al., 2014). A different picture
is observed when comparing the results of reanalysis. Thus,
common genes are rarely found in the lists of genes significant
for the HCC development presented in various studies (Fan
et al., 2018; Meng et al., 2018; Wang Y. et al., 2019; Jiang
et al., 2020). This can be explained by the different criteria
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chosen for the reanalysis of the primary data provided in the
GEO repository (Edgar et al., 2002; Barrett et al., 2013). At
the same time, none of the mentioned studies took into ac-
count the etiology of HCC, and the analyzed group included
both carriers of HBV or HCV and patients without viruses or
their combinations.

The contribution of DNA methylation to the development
of HCV- and HBV-induced HCC has been reviewed in meta-
analyses including studies of targeted methylation of genes
associated with liver diseases (Zhang et al., 2019, 2022).
The genes hypermethylated in liver tumor tissues in HCC of
various viral etiologies have been identified. However, these
genes are largely common, which does not provide a complete
picture of the patterns of the DNA methylation profile in the
influence of hepatitis B and C viruses.

Our research team has been working on the genetic aspects
of CHCV. As a result, we established the associations of poly-
morphisms in fibrogenesis genes and DNA repair genes with
pathology and pathogenetically significant features, including
stages of liver fibrosis (Goncharova et al., 2020). It is possible
that there are features of the DNA methylation profile in liver
tissue in the setting of fibrosis and cirrhosis induced by HCV
and causing HCC.

Thus, the aim of this study was to identify changes in the
DNA methylation profile, including the regions of genes
involved in fibrogenesis or DNA repair, in liver tissue during
the progression of HCV infection from liver fibrosis to HCC
using re-analysis of primary data stored in the GEO repository.

Materials and methods

Data from several studies analyzing the profile of DNA
methylation in the liver of Asian patients with HCC caused
by viral hepatitis B and C on the Illumina Infinium Human
Methylation BeadChip 27k platform are available in the GEO
database (Table 1). For Caucasians, there is no data available
on DNA methylation in HCC in the GEO repository.

DNA methylation profile in liver tissue during
progression of fibrosis to hepatocellular carcinoma

From the GSE73003 and GSE37988 datasets, we selected
for analysis the patients diagnosed with CHCV by the pre-
sence of a hepatitis C virus total antibody (HCVab+) and the
absence of a viral hepatitis B surface antigen (HBsAg—). From
the GSE73003 dataset, we chose patients with HCV-induced
HCC, in which non-tumor liver tissue was characterized by
various stages of fibrotic lesion: liver fibrosis in the setting
of CHCV (n = 3) and liver cirrhosis (n = 8). In addition, the
study included one patient with HCC of unknown etiology,
who was HCVab and HBsAg negative, in which the surround-
ing liver tissue was defined as normal (HCC normal tissue/
normal tissue).

From the GSE37988 array, patients with HCV-induced
HCC, in which non-tumor liver tissue was at the stage of
cirrhosis (n = 6), were included in the analysis. In the pre-
sent work, we did not differentiate the tissues and did not use
histological sections, but relied only on the data presented in
GSE37988 and GSE73003 GEODataSets (https://www.ncbi.
nlm.nih.gov/).

As the GSE57956 dataset does not provide information on
the etiology of the pathology, in particular hepatitis B and C
viral infection, the tissue samples were not included in the
present study.

In addition to the 27,578 CpG sites presented on the Illu-
mina Infinium Human Methylation BeadChip 27k methylation
array, the methylation status of fibrogenesis genes and DNA
repair genes was analyzed separately. We chose genes associ-
ated with CHCYV, liver fibrosis stages, the rate of fibrosis pro-
gression to liver cirrhosis and comorbid pathologies of CHCV,
according to our previous studies (Goncharova et al., 2020).

Statistical data analysis was performed using lumi, limma
packages in the R software environment (Bioconductor). The
correction for multiple comparisons was performed using the
Benjamini—-Hochberg (FDR) method.

The methylation index {3, which represents the ratio of the
intensity of fluorescence signals of methylated alleles to the

Table 1. General characterization of studies related to the analysis of the DNA methylation profile in the liver
in patients with HCC caused by viral hepatitis B and C using the lllumina Infinium Human Methylation BeadChip 27k

GEO accession Population Number of patients ~ Findings

References

684 CpG sites were hypermethylated and 1640 were hypo-
methylated in the tumor compared to non-tumor tissues

Shen et al., 2012

Hypermethylation in the tumor was confirmed for the CDKL2,
STEAP4, HIST1H3G, CDKN2A and ZNF154 genes

2037 CpG sites were hypermethylated and 2379 were hypo-
methylated in the tumor compared to non-tumor tissues

Mah et al., 2014

Hypermethylation in the tumor was confirmed for the SPDY1,
TSPYL5, PKDREJ, ZNF154, TUBB6, CYB5R2 and SH3YL1 genes, and
hypomethylation was confirmed for the CYB11B1 and SPRR3 genes

number with HCC, liver tissue
GSE37988 Taiwan n=62,

paired tumor/

non-tumor tissues (AR =0.20, FDR < 0.05).
GSE57956 Singapore n=>59,

paired tumor/

non-tumor tissues (AR >0.10, FDR < 0.05).
GSE73003 Japan n=20,

paired tumor/
non-tumor tissues

875 CpG sites were hypermethylated and 1795 were hypo-
methylated in tumor compared to non-tumor tissues
(AR >0.15,FDR < 0.01).

Yamada et al., 2016

Hypermethylation in tumor was confirmed for the APC, CDKN2A,
GSTP1,AKR1B1, GRASP, MAP9, NXPE3, RSPH9, SPINT2, STEAP4 and

ZNF154 genes
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sum of fluorescence signals of methylated and unmethylated
alleles, was used as a parameter of DNA methylation level.
The methylation index f varies from 0 (unmethylated state)
to 1 (complete methylation of all CpG sites at a given posi-
tion). CpG site was considered as differentially methylated if
it had a difference in the average methylation level between
the groups of samples with FDR < 0.05 and |AB| > 0.2, which
exceeds the microarray measurement error and complements
the statistical significance of the differences by a biologically
valid criterion.

Functional annotation of protein products of genes contain-
ing differentially methylated CpG sites (DMS) was performed
using Web-based GEne SeT AnaLysis Toolkit programs with
Weighted set cover (Liao et al., 2019) and Metascape (Zhou
etal., 2019) category reductions. The categories of the genes
described in terms of biological processes and molecular func-
tions correspond to the Gene Ontology (GO) database classi-
fier, in terms of signaling and metabolic pathways correspond
to KEGG and Reactome, in terms of drug targets correspond
to DrugBank, and in terms of chromosomal localization cor-
respond to Chromosomal Location.

Additionally, we performed the genomic annotation of
DMSs in fibrogenesis genes and DNA repair genes in the
hepatocellular carcinoma cell line HepG2 using the UCSC
Genome Browser (Kent et al., 2002). This annotation allowed
us to characterize CpG sites that localize in gene promoters,
open chromatin regions accessible to RNA polymerase II or
transcription factor (TF) binding sites, and thereby possibly
affect changes in gene expression.

Results and discussion

Identification of DMSs and their genes

between tumor and non-tumor liver tissues

(normal without hepatitis C and B viruses, fibrosis

and cirrhosis in the setting of CHCV) in patients with HCC
A comparative analysis of the methylation level of 27,578 CpG
sites between paired samples characterized as HCC surround-
ed by normal tissue and normal liver tissue in a patient without
hepatitis C and B viruses (GSE73003) revealed 32 DMSs,
among which 24 CpG sites (21 genes) were hypermethylated
and 8 CpG sites (7 genes) were hypomethylated in tumor ver-
sus normal tissue (Fig. 1, a). Two CpG sites were identified in
the RBM4,SOX9 and SPAGS genes (hypermethylated in tumor
tissue), as well as in ACTA2 (hypomethylated in tumor tissue).

Twenty CpG sites with the greatest differences in methyla-
tion levels between tumor and normal liver tissues are pre-
sented in Suppl. Material 1!. Most of them are located in the
region of CpG islands (16 sites or 80 %). Among them are the
CpG sites in the RBM4, TRIP12, BFSPI, FBPI, SGCE and
PTPN4 genes, which have previously been associated with
the development of HCC (see Suppl. Material 1).

Forty differentially methylated sites were identified in
HCC surrounded by fibrotic tissue versus fibrosis in CHCV
(GSE73003) (see Fig. 1, b). In the liver tumor tissue, 25 CpG
sites (24 genes) were hypermethylated compared to the fibrotic
tissue and 15 CpG sites (15 genes) were hypomethylated.
Significant changes in methylation levels during oncotransfor-

T Supplementary Materials 1 and 2 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Goncharova_Engl_27_1.pdf
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mation of fibrotic liver tissue were shown for the CpG sites of
the ZNF154, DNM3, DLECI, LYPD3, DDX49, NEFH, CCL20
and NNMT genes, which were previously associated with HCC
development (see Suppl. Material 1). Moreover, the most
significant hypermethylation in the tumor versus fibrosis was
detected for two CpG sites located in the region of the CpG
island in the 1st exon of the ZNF'154 gene (Ap=0.593-0.596,
FDR <0.01).

Of all the differentially methylated genes (DMGs), only the
CCL20 protein product is a proangiogenic chemokine that is
highly upregulated in cells infected with HCV and induces
endothelial cell invasion and migration during HCC formation
(Benkheil et al., 2018). The cg21643045 site in the CCL20
gene, located in exon 1, was hypomethylated in tumor tissue
compared to fibrotic tissue (Ap =—-0.382, FDR = 0.0235).

A comparison of DNA methylation level between paired
samples of liver tissues (tumor and cirrhosis) in CHCV
(GSE73003) revealed 2450 DMSs (see Fig. 1, ¢). In tumor-
affected liver tissue versus non-tumor tissue, 1168 CpG
sites (886 genes) were hypermethylated and 1282 CpG sites
(998 genes) were hypomethylated.

Of the twenty CpG sites of genes that showed the most
significant changes in methylation level during oncotrans-
formation of liver tissue affected by cirrhosis, the GRMS,
DNM3, DLECI, ZNF154, WNK2, MFAPS5, FOXD3, NEFH,
MTNRIB, CCL20 and RAB31 genes were associated with HCC
development (see Suppl. Material 1). Moreover, cg21790626
inthe ZNF154 gene and cg21643045 in the CCL20) gene were
hyper- and hypomethylated, respectively, in tumor tissue
versus cirrhotic tissue (AP = 0.598, FDR = 3.10x107 and
AB =-0.459, FDR = 1.43x10°9).

A comparative analysis of the methylation level of
27,578 CpQG sites between paired samples of tumor and non-
tumor liver tissue in the setting of HCV-induced liver cirrhosis
(GSE37988) revealed 2304 DMSs (see Fig. 1, d). In the liver
tumor tissue versus cirrhotic tissue, 386 CpG sites (305 genes)
were hypermethylated and 1936 CpG sites (1483 genes) were
hypomethylated.

The genes and CpG sites that showed the most significant
changes in the methylation level during oncotransformation of
liver tissue affected by cirrhosis according to GSE37988 are
presented in Suppl. Material 1. Among them, the MAGEAS3,
APC, AKT3, MMP26 and WFDC1 genes are associated with
HCC according to previous studies (see Suppl. Material 1).
In contrast to the GSE73003, a smaller proportion of CpG
sites (7 out of 20, or 35 %) were located in the region of
CpG islands. Moreover, only two of them, cg16970232 and
€g24332422 in the APC gene, were hypermethylated in tumor
tissue versus cirrhotic tissue (AR = 0.730, FDR = 1.0x10~*and
AB=0.581, FDR = 1.2x107%).

Characterization of common DMGs

between tumor and non-tumor liver tissues

(normal without hepatitis C and B viruses, fibrosis

and cirrhosis in the setting of CHCV) in patients with HCC
A comparison of the lists of genes containing DMSs between
tumor and non-tumor tissues in patients with HCC, depending
on the degree of tumor-adjacent liver tissue damage, revealed
thatthe ZNF'154, DNM3, FLJ21159, DLEC1, CCDC37, NEFH,
CCL20 and KRTAP1I-1 genes are among the top ones with
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Fig. 2. Venn diagram showing the number of total DMGs between the tumor and adjacent liver tissue of different lesion de-
grees (normal without C and B viruses, fibrosis and cirrhosis in CHCV) in patients with HCC.

Blue/red - hypo-/hypermethylated genes in tumor tissue versus non-tumor tissue; underlined - location of DMSs in the region of CpG

island; */! - gene involved in HCC/HCC in CHCV.

maximum differences in the methylation level of CpG sites
between the tissues (see Suppl. Material 1).

The differentially methylated genes between tumor tissues
and liver fibrosis/cirrhosis (GSE73003) are characterized by
the presence of seven common genes, six of which are hyper-
methylated in the tumor regardless of the degree of surround-
ing tissue damage (Fig. 2). Five of the seven DMSs in com-
mon genes are located within CpG islands. The DLEC1, SST,
IRAK3,SGNE1, LYPD3 and TBCID] genes have previously
been shown to be associated with the development of HCC,
and the DLECI, IRAK3 and SGNEI genes were hyperme-
thylated in the tumor (Qiu et al., 2008; Kuo et al., 2015;
Meng et al., 2018), which is consistent with the results of the
present study.

There are 24 DMGs common to tumors in the presence of
fibrosis and cirrhosis from the two datasets (GSE73003 and
GSE37988). Among them, 16 DMGs (66.7 %) are hyper-
methylated and located in the CpG island region (see Fig. 2).
An association with HCC development has previously been
shown for 21 genes: DNM3 was downregulated and FOXD3,
LDHB, NEFH, ZNF154, FLJ21159, PKDREJ, ABHD9 and
WNK?2 were hypermethylated in tumor tissue (Shen et al.,
2012; Revilletal., 2013; Liu Z. et al., 2016; Meng et al., 2018;
Miller et al., 2021). The CCDC37, CCL20, DNM3, ZNF154
and ZNF'540 genes overlap with the list of twenty DMGs in
HCC regardless of etiology (Shen et al., 2012).

Among the eight genes hypomethylated in the tumor, for
CCL20, DDX49 and GRMS, the increased expression in
blood serum and/or tumor tissue in patients with HCC was
previously demonstrated, including upregulation of CCL20

in HCC in the setting of CHCV (Benkheil et al., 2018; Dai et
al., 2021; Gao et al., 2022).

We performed a functional annotation of 24 common
DMGs between the tumor and the adjacent liver tissue of
various degrees of damage using the Metascape resource (see
Fig. 2). It showed the association of hypermethylated (EDG4)
and hypomethylated genes (CCL20, GPR109A4 and GRMS)
with processes of signaling by G-protein-coupled receptors
(R-HSA-372790). Moreover, the expression of the GRMS
gene in tumor tissue negatively correlates with the survival
of patients with HCC, and its methylation level is included
in the panel of genes important for disease prediction (Gao
et al., 2022). It is thought that GPCRs play the role of onco-
modulators, the aberrant expression of which alters various
normal signaling pathways in the cells, disrupting angiogene-
sis, invasion, migration, metastasis, and immune response in
HCC initiation and progression, which makes them attractive
molecular therapeutic targets (Peng et al., 2018).

The present study revealed hypermethylation of the CpG
sites of the ZNF154 and ZNF540 genes encoding zinc finger
proteins in liver tumor tissue compared to fibrosis and cirrhosis
(see Fig. 2). Some proteins of this category are included in the
signature of prognostic markers of survival of patients with
HBV-induced HCC and are the top hypermethylated genes in
HCC of various etiologies (Shen et al., 2012; Wang X. et al.,
2021). An analysis of the expression of these genes in the liver
showed that in HCC of various etiologies, transcription repres-
sion of many zinc finger proteins ZNF is observed (Gongalves
et al., 2022). It is likely that in HCV-induced HCC, the zinc
finger protein genes, in particular ZNF154 and ZNF540, can
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be promising early markers of oncotransformation, beginning
with fibrosis, and not only in the setting of liver cirrhosis.

None of the genes from the list of 24 common DMGs be-
tween tumor and adjacent liver tissues in fibrosis and cirrhosis
in the setting of CHCV from the two data sets (GSE73003
and GSE37988) were included in the list of known molecu-
lar “drivers” of malignancies, including HCC (Hlady et al.,
2014; Bailey et al., 2018; Cai et al., 2020; Molina-Sanchez
et al., 2020; Zhang et al., 2022). However, such genes are
found among DMGs between tumor and cirrhotic tissues. In
particular, CpG sites within the CpG islands of the promoters
ofthe APC, CDKN2B, GSTP1, ELF4wnand TERT genes were
hypermethylated in tumor tissue, and various CpG sites of the
WTI gene were characterized by multidirectional changes in
their methylation levels.

Functional annotation of DMGs

between tumor and non-tumor liver tissues

(normal without hepatitis C and B viruses, fibrosis

and cirrhosis in the setting of CHCV) in patients with HCC
In terms of the most represented biological pathways and
basic molecular functions, the genes harboring hypo- and
hypermethylated CpG sites in tumor tissue, compared to cir-
rhotic tissue in patients with HCC in the setting of CHCV,
are similar between the GSE73003 and GSE37988 datasets
(Suppl. Material 2). Thus, for genes the CpG sites of which are
hypermethylated in tumor tissue, biological processes related
to development (GO:0007399, GO:0009790, GO:0048468,
FDR < 2.2x107!%) and cell-cell signaling (GO:0007267,
FDR <2.2x10719, see Suppl. Material 2) are most represented.
These results are partially consistent with (Shen et al., 2012)
data, where developmental processes are distinguished among
the most significant in HCC of various etiologies. Genes con-
taining hypermethylated CpG sites in HCV-induced HCC are
similar in molecular functions to genes identified in HCC of
various etiologies (Shen et al., 2012) and include transcription
regulation and DNA binding (GO:0003700; GO:0140110,
G0:0003677, FDR <0.0002), as well as Wnt-protein binding
(GO:0017147, FDR = 1.3x10°%).

The hypermethylated genes are located on chromosome 7
(7p15.2) in the region of the HOXA cluster (FDR =2.3x1073,
see Suppl. Material 2). Previously, identification of DNA
methylation signature in liver tissue in HCC showed that 39
out of 214 CpG sites were associated with altered gene ex-
pression. This includes genes located in the chr7:27144326—
27145664 region in close proximity to homeobox transcrip-
tion factors (HOXA6, HOXA3, HOXAS5, HOXA7 and HOXA4)
that are involved in oncogenesis, cell proliferation and migra-
tion (Gongalves et al., 2022).

Hypomethylated genes in HCV-induced HCC are mainly re-
lated to the following biological processes: immune and defen-
se responses (GO:0006955, GO:0006952, FDR < 2.2x10716);
G protein-coupled receptor signaling pathway (GO:0007186,
FDR < 6.0x10719); epithelial cell differentiation (GO:0030855,
FDR < 2.2x10716, see Suppl. Material 2), which is partially
consistent with the data obtained for HCC of various etiolo-
gies (Shen et al., 2012).

According to the molecular functions of hypomethylated
genes in HCV-induced HCC of various etiologies (Shen et al.,
2012), on the one hand, similarities are revealed with respect

DNA methylation profile in liver tissue during
progression of fibrosis to hepatocellular carcinoma

to several categories, such as binding to receptors of various
antigens, and on the other hand, the activity of peptidase
inhibitors, including serine-type peptidase, is noted only in
HCV-induced carcinoma (see Suppl. Material 2). The serine
protease inhibitor secreted by liver tumor cells (SPINK1 or
LC-SPIK) is now known to be a protein that significantly
increases in the blood serum of individuals with HCC of viral
etiology (Lu et al., 2020).

According to the KEGG and Reactome databases, the most
significant molecular pathways for genes hypomethylated
in the tumor were olfactory transduction (hsa04740, FDR <
<2.2x10716), cytokine-cytokine receptor interaction (hsa04060,
FDR < 7.8x1077) and neuroactive ligand-receptor interaction
(hsa04080, FDR < 0.0007); signaling by G protein-coupled
receptors (GPCRs) (R-HSA-372790, FDR < 3.5x107°), kera-
tinization (R-HSA-6805567, FDR < 2.2x10-16) and immu-
ne system (R-HSA-168256, FDR < 3.4x1079, see Suppl. Ma-
terial 2). Apparently, this is due to the fact that DNA hy-
pomethylation in the tumor spreads over extended genome
regions in the gene clusters of olfactory receptors (11p15.4),
keratin and keratin-associated proteins (12q13.13, 17q21.2
and 21g22.11), epidermal differentiation complex (1q21.3),
as well as immune system functioning — loci 9p21.3 (IFNA,
IFNBI, IFNWI cluster) and 19q13.41-19q13.42 (LILR, KIR,
KLK, ZNF, SIGLEC clusters, see Suppl. Material 2).

Disruption of epigenetic regulation of the immune system
is a common feature in cancers of various localizations (Berg-
lund et al., 2021). Olfactory transduction and neuroactive
ligand-receptor interaction are part of the G protein-coupled
receptor signaling pathway, the enrichment of which is also
common in malignant neoplasms (Wei et al., 2012). Ectopic
expression of olfactory receptor genes, associated with epi-
genetic mechanisms among others, seems to provide inva-
siveness and metastasis of tumor cells in the late stages of
malignancy (Fessahaye et al., 2021). Disruption of the kera-
tinization process is a less frequently reported event in tumor.
For it, an association with the DN A hydroxymethylation level
in head and neck cancer depending on the carriage of the
human papillomavirus is shown (Liu S. et al., 2020), as well
as the enrichment of hypomethylated genes in breast cancer
(Holm et al., 2016).

The DrugBank database indicates that hypomethylated
genes in HCV-induced HCC are involved in zinc metabolism
(DB01593); and zinc supplementation may be recommended
to reduce the risk of HCC after HCV eradication with direct-
acting antiviral agents (Hosui et al., 2021). It is possible that
there is an association between zinc deficiency and hypo-
methylation of DNA in individual genes (Azimi et al., 2022).

The profile of methylation

of fibrogenesis genes and DNA repair genes

Ten differentially methylated CpG sites were identified among
the genes the protein products of which are involved in the
processes of fibrogenesis or DNA repair from the category of
genes previously shown to be associated with liver diseases in
the studies of our research group (Table 2). The cg03876618
site of the /GFBP7 gene and the cg14323109 site of the
KDR gene located in the CpG island regions were hyperme-
thylated in the tumor compared to the surrounding cirrhotic
tissue. The CpG sites of the ADAMDEC1, CD794, MMP3 and
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Mpodunb metnnnposarua HK B TKaHM neyeHy npu
nporpeccmpoBaHnmn Grbpo3sa Jo renatoueoNapHON KapLunuHOMbI

Table 2. DMSs of genes involved in fibrogenesis and DNA repair between tumor and cirrhotic liver tissue in patients with HCC

2023
2741

CpG site Gene Distance to HCC/Cirrhosis

TSS/IOCALION  Frreeeeeeeeeeeeesssessssss sttt tsss s AR AR

on CpG island 3+SD (GSE73003) FDR 3+SD (GSE37988) FDR
14143055 ADAMDECI  1374fn0 046£015070£004 00106  034016/073+005 00038
cg0s921699  CD7OA  477mo 052£017/074£003 00136  045:020/074+005 00469
cgleasezza  MMP3 emo 035:016/066£002 00029  037+022/0714005 00300
06196379 TREMI 428/ 0214007/044£002 00004  013+012/036+005 00139
Cgo3876618,GFBP7 ................ 5 Os/yes ...................... 0 55i022/0191002 ............. 0 00”__ ..................

cg14323109KDR ..................... 181/yes ...................... 0 34i020/008i002 ............. 0 0124__ ..................

Cg10990993MLH7 ................... 1347/no ..................... 0 19i004/042i009 ............. 0 0036__ ..................

Cgo1053621APOA2 ................. 5 73/n0__ ..................... 0 18i012/047i009 ............. 0 0”9 .........

c906531741 ............... H TR3B .................. 139/n0__ ..................... 0 451024/079i003 ............. 0 0437 .........

cgo3017475 .............. T A52R38 .............. 8 Sz/no__ ..................... 0 251,0”/0551,007 ............. 0 0001 ..........

Note.TSS - transcription start site; 3 — methylation level; SD - standard deviation. Bold highlights DMSs/DMGs hypermethylated in tumor tissue compared to

liver cirrhosis. The lines indicate that CpG sites are not DMSs between tumor and cirrhotic liver tissues.

TREM]1 genes were differentially methylated according to the
GSE37988 and GSE73003 datasets (see Table 2).

Genomic annotation using the UCSC Genome Browser
showed that in the hepatocellular carcinoma cell line
HepG2, the active promoter contains cg01053621 (4POA2)
and ¢g10990993 (MLHI); and cg03876618 (IGFBP7),
cgl4323109 (KDR), cgl16466334 (MMP3), cg06196379
(TREM1I) n cg01053621 (APOA?2) are localized in the RNA
polymerase II subunit A binding regions.

The cg14143055 site of the ADAMDEC]! gene, hypome-
thylated in tumor tissue, is localized in the binding region of
HOX family transcription factors, which play an important
role in oncogenesis of various tumors, including HCC (Gon-
calves etal., 2022). At the same time, HCV infection and virus
core protein expression trigger HOX gene activation (Kasai et
al., 2021), which may be one of the factors in the development
of HCV-induced HCC.

CpG sites hypomethylated in tumor tissue in HCV-in-
duced HCC —¢g05921699 (CD794), cg06196379 (TREM1),
cg10990993 (MLH1) — are located in the binding region of the
TFs, representing the zinc finger protein (ZNF) family. ZNF, in
addition to regulation of transcription, induce protein-protein
interactions, post-transcriptional regulation, lipid metabolism,
immune responses, and affect the development of many forms
of cancer, including HCC (Li et al., 2022).

In conclusion, it should be noted that our study has a limita-
tion due to the small size of samples of patients with normal
and fibrotic tissues surrounding the tumor in CHCYV, since
in most cases HCC develops in the setting of cirrhotic tissue
and other cases are observed much less frequently. The study
did not consider the intratumoral and cellular heterogeneity
of tissues, which is closely related to the DNA methylation
profile (Hlady et al., 2017). Taking into account the fact that
the focus of the study was to analyze the DNA methylation
profile in the liver in HCV-induced HCC, it is difficult to
unambiguously identify CpG sites specific to this pathology.

A methodological limitation is the impossibility of distinguish-
ing between DNA methylation and DNA hydroxymethylation,
since it undergoes bisulfite modification before hybridization
on a methylation profiling microarray.

Conclusion

A comparative analysis of the DNA methylation profile in
the liver of patients with HCC between tumor and non-tumor
tissues with various degrees of lesion (normal tissue, HCV-
induced fibrosis, HCV-induced cirrhosis) showed a signifi-
cantly lower number of DMSs between HCC and normal tissue
without hepatitis C and B viruses/liver fibrosis in CHCV (32
and 40) than between HCC and liver cirrhosis in the setting
of HCV in the GSE73003 and GSE37988 datasets (2450 and
2304, respectively).

Based on the fact that the severity of fibrosis correlates with
liver function and cirrhosis is the main risk factor for HCC
development (Roehlen et al., 2020), we can expect normal
and fibrotic liver tissue to be maximally distant from HCC by
their epigenetic profile and, as fibrosis progresses to cirrhosis,
the number of DMSs between the tumor and the surrounding
tissues will decrease. Nevertheless, we see the opposite pat-
tern: the more severe the lesion of the liver tissue surrounding
the tumor, the greater the differences in DNA methylation
levels observed between them. It is possible that normal liver
tissue or tissue with minimal fibrotic lesion helps to restrain
the functional imbalance of tumor genome, causing minimal
differences in the DNA methylation profile between these
tissues. This assumption is indirectly confirmed by the fact
that changes in the methylation level of the “driver” genes for
HCC are registered in the setting of cirrhosis, but not fibrosis.

As the pathological changes in the liver tissue surround-
ing the tumor progress, the ratio of hyper-/hypomethylated
DMSs in the tumor decreases. Thus, in patients with HCC,
24 CpQG sites, or 75 % of all DMSs, are hypermethylated in
tumor tissue compared to normal tissue. Compared to liver
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tissue affected by fibrosis in the setting of CHCV, 25 out of
40 DMSs, or 62.5 %, are hypermethylated in tumor tissue.
When the liver tissue surrounding the tumor is cirrhotic,
the number of hypermethylated CpG sites in tumor tissue
versus the comparison group is 47.7 and 16 % (GSE73003
and GSE37988, respectively). Previous studies have also
revealed the predominance of hypomethylated CpG sites in
extended genome regions, including those in the region of
genes and intergenic regions, in HCC tumor tissue versus the
surrounding cirrhotic liver tissue (Shen et al., 2012; Hlady et
al., 2014; Yamada et al., 2016; Yan et al., 2021). The present
study shows for the first time that in patients with HCC the
tumor in the setting of unaffected liver tissue and with liver
fibrosis in CHCV is characterized by a greater proportion of
hypermethylated CpG sites, while the number of hypome-
thylated sites increases in tumor tissue in cirrhosis.

The studies of the profile of gene methylation in the liver in
HCC focus on hypermethylated genes, including genes of the
ZNF and HOX families, among which the search for markers
significant for disease development is performed. At the same
time, a comparative analysis showed that in HCV-induced
HCC, a greater number of hypermethylated CpG sites were
observed in tumor tissue only compared to the surrounding
tissue with features of fibrosis. In the case when the tissue
surrounding the tumor represents liver cirrhosis, most of the
loci in the tumor tissue are hypomethylated, which appears
to be a late event that occurs during the transition from the
fibrotic damage of liver tissue to malignant transformation.

In this regard, in HCV-induced HCC, attention should
also be paid to hypomethylated loci, which, as shown in
this study, belong to GPCR proteins (CCL20, GPR1094 and
GRMS), localized in the binding sites of such TFs as HOX
(ADAMDECI), ZNF (CD79A4, MLH]I) or in the region of
serine protease inhibitor genes, one of which — SPINK1 — is
currently considered as a marker capable of detecting HCC
of viral etiology at an early stage. In addition, in our work,
hypomethylated DMSs were localized in genes associated
with zinc metabolism, which is known to play a role in the
pathogenesis of many diseases, including HCC.

Thus, the functional state and lesion degree of the tissue
surrounding the tumor must be taken into account in studies
evaluating the DNA methylation profile in the liver in HCC,
since the DMGs spectrum differs significantly between tumor/
non-tumor tissue pairs, depending on whether it is relatively
normal or with features of fibrosis or cirrhosis. To identify
prognostic markers of HCC, including liquid biopsies, the
etiology of the disease should be considered, since the spec-
trum of DMSs and DMGs of HCV-induced HCC only partially
overlaps with those identified in the analysis of this pathology
of other nature.
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Abstract. The genome-wide variant of the chromatin conformation capture technique (Hi-C) is a powerful tool for re-
vealing patterns of genome spatial organization, as well as for understanding the effects of their disturbance on disease
development. In addition, Hi-C can be used to detect chromosomal rearrangements, including balanced translocations
and inversions. The use of the Hi-C method for the detection of chromosomal rearrangements is becoming more wide-
spread. Modern high-throughput methods of genome analysis can effectively reveal point mutations and unbalanced
chromosomal rearrangements. However, their sensitivity for determining translocations and inversions remains rather
low. The storage of whole blood samples can affect the amount and integrity of genomic DNA, and it can distort the
results of subsequent analyses if the storage was not under proper conditions. The Hi-C method is extremely demand-
ing on the input material. The necessary condition for successfully applying Hi-C and obtaining high-quality data is
the preservation of the spatial chromatin organization within the nucleus. The purpose of this study was to determine
the optimal storage conditions of blood samples for subsequent Hi-C analysis. We selected 10 different conditions for
blood storage and sample processing. For each condition, we prepared and sequenced Hi-C libraries. The quality of the
obtained data was compared. As a result of the work, we formulated the requirements for the storage and processing of
samples to obtain high-quality Hi-C data. We have established the minimum volume of blood sufficient for conducting
Hi-C analysis. In addition, we have identified the most suitable methods for isolation of peripheral blood mononuclear
cells and their long-term storage. The main requirement we have formulated is not to freeze whole blood.

Key words: Hi-C; human peripheral blood; blood samples storage.
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AHHoTauua. MeTop 3axBaTa KOHGOPMaLMM XpOMaTriHa B ero nosiHoreHoMHom BapuaHTe (Hi-C) — MOLWHBIN NHCTPY-
MEHT He TONbKO A/1A BbIABMEHNA 3aKOHOMEPHOCTE NPOCTPAHCTBEHHONM OpraHM3aLumy reHoMa, HO U AnA NOHVMaHKA
BAVAHMA UX HapyLlWeHWA Ha pa3BuTue 3aboneBaHuii. Kpome TOro, MeTos, MOXeT ObiTb MCMOMb30BaH ANA AeTeKUun
XPOMOCOMHBIX MEepecTpoek, B TOM umncie cbanaHCMpOBaHHbIX TPAHCIOKaUMn 1 MHBepcuid. MprumeHeHre metoga Hi-C
AJ1A MOMCKa XPOMOCOMHbIX NMepecTpoeK noslyyaeT Bce 6osiee WMPOKOe pacnpocTpaHeHre. To CBA3aHO C TeM, YTO CO-
BPEMEHHbIE BbICOKOMPON3BOANTENbHbIE METOAbI aHaM3a reHOMa No3BOoNAT SPHEKTVBHO JETEKTUPOBATb TOUEYHbIE
MyTauuu N HecbanaHCMpPOBaHHbIE XPOMOCOMHble nepecTporikin. OfHaKo YyBCTBUTENIbHOCTb 3TUX METOAOB ANA onpe-
feneHnsa cbanaHCcMpPOBaHHbIX TPAHCIOKaLMIA U MHBEPCUIA OCTAaeTCA JOCTaTOYHO H3KOW. XpaHeHre 06pasLoB LieflbHOM
KPOBW MOXET BIMATb Ha KONIMYECTBO U1 LIeNOCTHOCTb Bbliensaemon U3 H1ux reHomHow [IHK, a kpome Toro, npuBoguTb
K NCKaXKeHMIO pe3ynbTaToB MOC/eAyoWMX aHann3oB B TOM Cllyyae, eCin XpaHeHne OCyLLeCTBAANOCh B HEHaANeXa-
wux ycnosuax. Metog Hi-C kpaliHe TpeboBaTeneH K UCXOLHOMY MaTepuany, Tak Kak HeOOX0AMMbIM YCIOBMEM OIS €70
YCNewWwHOro NPUMEHEHUA N MOJSTYYEHUA KauyeCTBEHHbIX JaHHbIX ABMAETCA COXPaHeHVe MPOCTPAHCTBEHHOW YKNafKM
XpomaTtunHa BHyTpu agpa. Llenb Hawero nccnegoBaHna coctoana B TOM, YTOObl ONpeAennTb ONTUManbHble YCnoBua
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Influence of human peripheral blood samples
preprocessing on the quality of Hi-C libraries

XpaHeHNsA KPOoBW ANs npoBefeHnsa nocnepytouiero aHanusa Hi-C. boinv BbibpaHbl 10 pasnmnyHbIX YCIOBUI XpaHeHUs
06pasLoB KPoBU 1 NPO6GOMOArOTOBKY. [N1A Kaxaoro ycnosusa npurotosnieHbl Hi-C 61MGIMOTEKN 11 OTCEKBEHVPOBaHDI,
nocsie Yero OLEHMBaNOCh KauyecTBO MOJyYEHHbIX 6UbnMoTek. B pesynbrate chopmynupoBaHbl TpeboBaHMA K Xpa-
HeHMIO 1 NoArotoBke 06pa3sLoB, HeobxoarMble AN NofyyeHus KavectBeHHbIX Hi-C gaHHbIX. Hamu ycTaHOBReH Mu-
HManbHbIN 06bem 06pasLa KPoBY, [OCTATOUHbIA AnA npoBefeHusa Hi-C aHanu3a. MomMrMmo 3Toro, Mbl onpegenunu
CNocobbl BblAeNeHs AAePHbIX 371EMEHTOB KPOBU U 1X AONTOCPOYHOTO XPpaHeH s, Hambonee noaxonalyme ana nocne-
aytoulero nposefeHnsa Hi-C aHanu3sa. OcHoBHoe TpeboBaHne, cGOPMYNMPOBAHHOE HaMU, — He 3aMOPaXnBaTb Liefb-

HYIO KPOBb.

Kniouesble cnoBa: Hi-C; nepudepryeckan KpoBb YenoBeka; XpaHeHre 06pasLoB KPOBU.

Introduction

The combination of chromatin conformation capture methods
with whole genome sequencing led to the development of
a simple and efficient Hi-C protocol that allows genome-wide
studying of chromatin architecture (Liecberman-Aiden et al.,
2009; Rao et al., 2014). In addition to the data concerning the
organization and dynamics of chromatin in the nucleus, the
Hi-C results showed that the relationship between three-di-
mensional distance in nuclear space and “nucleotide” distance
in genomic coordinates can be described by a power function
for all cell types. This means that chromosomal rearrange-
ments have effects not only on the contacts frequency of re-
gions directly located at the points of chromosome breaks, but
also change the pattern of three-dimensional contacts of a wide
area around the rearrangement boundary (Mozheiko, Fish-
man, 2019). Chromosomal rearrangements detecting methods
based on the analysis of the chromatine three-dimensional
organization have recently been proposed (Harewood et al.,
2017; Chakraborty, Ay, 2018; Diaz et al., 2018; Fishman et al.,
2018; Melo et al., 2020). These methods detect various types
of rearrangements, including balanced ones, which are still
difficult to detect by other methods (Hakim et al., 2012; Dong
etal., 2017). In addition, information about single nucleotide
variations can be obtained from Hi-C data (Mozheiko, Fish-
man, 2019), which is important for medical genetics.

Whole blood is a common biological starting sample for
medical genetics. Proper blood samples handling is critical
for genome-wide studies. Long-term storage and inadequate
storage conditions lead to a decrease in the amount of iso-
lated DNA (Nederhand et al., 2003; Malentacchi et al., 2015;
Schroder, Steimer, 2018) and its degradation (Ross et al., 1990;
Permenter et al., 2015). A high degree of DNA degradation
is a serious problem for subsequent molecular biological
analyses (Palmirotta et al., 2011; Malentacchi et al., 2015).
For example, an increase in the storage time of a blood sample
leads to an overestimation of the level of DNA methylation,
which may be due to the different stability of methylated and
unmethylated DNA (Schrdder, Steimer, 2018).

The key steps of the Hi-C protocol are chromatin frag-
mentation and ligation. To obtain high-quality datasets, it is
necessary that both of these steps take place in nucleus, under
conditions of maximum preservation of the nucleus integrity.
Thus, unlike DNA sequence analysis methods, the Hi-C
method imposes additional requirements on the quality of the
input material. In this regard, it seems relevant to determine
the appropriate storage conditions for blood samples intended
for Hi-C analysis.

Materials and methods

Peripheral human blood was collected from the antecubital
vein into Vacutainer EDTA Blood Collection Tubes. Blood
samples storage conditions and preprocessing steps are speci-
fied in the Table and Figure 1.

The isolation of peripheral blood mononuclear cells
(PBMC) from 3 ml of whole blood was performed using one
of the following methods:

+ Red Blood Cell Lysis Buffer (RBCL, BioLegend) was used
for lysis of erythrocytes according to the manufacturer’s
instructions. Then the cells were washed once with phos-
phate buffer saline (PBS).

- centrifugation 300 g for 10 minutes. Serum, including in-
terphase, was transferred into PBS and centrifuged 300 g
for 10 minutes.

- sedimentation method on the density gradient Histopa-
que-1077 Hybri-max (Sigma) according to the manufac-
turer’s instructions.

Cryopreservation of PBMC was performed in a cell freezing
medium: 10 % DMSO, 90 % KSR (Thermo Fisher Scientific).
Cells were frozen at —80 °C and stored in liquid nitrogen. After
thawing, the cells were washed once with PBS.

Cells were counted and resuspended in PBS at a concen-
tration of 1 million cells/ml. Cell fixation, Hi-C library pre-
paration, and data analysis were performed as described in
Gridina et al. (2021) using DNase I (Thermo Fisher Scientific)
or S1 nuclease (Thermo Fisher Scientific) for chromatin frag-

Storage and preprocessing conditions

# A brief description of blood samples storage conditions
and preprocessing (the time from the blood collection)

10 Less than 4 hrs; Histopaque-1077 Hybri-max;
freezing KSR+DMSO
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Blood sample storage Removal of red Freezing Counting Fixation

after collection blood cells

. +4°C + Red Blood Cell Lysis « in freezing medium:

.-20°C Buffer 10 % DMSO,

«RT « centrifugation 300 g 90 % KSR; -80 °C

« Histopaque-1077 « not
Hybri-max
Fig. 1. Blood samples preprocessing.
mentation. HAPA Hyper prep and QIAseq® FX DNA Library 4r o
Kit (Qiagen) were used for NGS libraries preparation, accord- b
ing to the manufacturer’s instructions. The DNA concentration
was measured using a Qubit 3.0 fluorimeter (Thermo Fisher 10l
Scientific). NGS libraries were sequenced on HiSeq XTen  _
(Illumina) with 150 bp paired reads. % 8
E ]
Results and discussion il
. . . . @ ]

The first Hi-C step is cells fixation with paraformaldehyde, al .
which is necessary to preserve the native spatial organization © ) ° 8
of chromatin within the nucleus. Unfortunately, it is not always 2 ¢ ® )
possible to deliver the sample to the laboratory for fixation on © © o
the blood collection day. We decided to systematically estimate 0 5 3 p s p . p 5 o

the impact of blood storage and preprocessing conditions on
the quality of the obtained Hi-C data. Ten conditions were
chosen, which included: different methods of PBMC isolation
from whole blood; different time and temperature of sample
storage; the possibility of freezing PBMC before fixing for
long-term storage (see Fig. 1 and the Table).

Although blood sampling is a minimally invasive procedure
for biomedical diagnostics, it is clear that there are certain
limits on the amount of blood that can be obtained from a pa-
tient. Especially if the patient is a small child, or has certain
problems with the blood coagulation system. Hi-C analysis
requires 1.5-2.5 million cells. Normally, 1 ml of blood con-
tains (4—11) x 106 cells. To test each condition, 3 ml of whole
blood was taken in two replicates. The PBMC were counted
(Fig. 2) after erythrocytes lysis but before cells fixation.
A significantly higher number of cells were in the samples
processed according to condition #3 (isolation of nuclear
elements without RBCL treatment). We did not determine the
proportion of living cells during counting. It is possible that
dying cells were preserved in samples #3, whereas they were
lysed in other cases using RBCL buffer (Brown et al., 2016) or
freezing. Supporting the assumption, there were significantly
less cells in samples #4 and #10 that were not treated with
RBCL but were frozen than in #2.

There were no signs of hemolysis before the start of the
isolation of PBMC for all samples except #6, and it was not
possible to evaluate this parameter for samples #6. Hemolysis
should be avoided, as it is one of the main factors negatively
affecting the amount of DNA isolated from blood (Caboux et
al., 2012), which may be associated with DNA degradation
by nucleases released from degrading cells.

Cell conglomerates were formed in some samples during
erythrocyte lysis and subsequent washings. The conglome-
rates were in both replicates in samples #6, #8, #9 and #10.
For these samples, it was not possible to accurately count cells
and aliquot them uniformly.

Fig. 2. The PBMC count in 1 ml of blood.

Colors indicate replicates. The horizontal axis represents the storage and pre-
processing conditions described in the Table.

2.5 million fixed cells were taken to prepare Hi-C libraries.
To assess the quality of Hi-C libraries (Belaghzal et al., 2017),
the following controls were made: genomic DNA, DNA after
chromatin fragmentation and after ligation. All controls looked
accepted (Fig. 3).

We sequenced the Hi-C libraries using paired-end reads with
alength of 150 bp, mapped the paired-end reads to the human
hgl19 genome (GRCh_37) and estimated quality metrics of
Hi-C datasets. All libraries had a high proportion of aligned
reads (Fig. 4, a).

Previously, we have shown (Gridina et al., 2021) that the
most important quality metric of Hi-C datasets is the propor-
tion of cis interactions (ratio cis/all (FF and RR orient)) (see
Fig. 4, b). It reflects the proportion of Hi-C reads that mapped
on the same chromosome among all Hi-C reads. The percen-
tage of cis interactions was comparable for all libraries except
samples #6 where it was 40.3 and 35.7 %. It means that these
Hi-C data are not informative as most fragments ligated ran-
domly. Blood samples #6 were frozen without a cryoprotectant
and stored for 4 days at —20 °C. The observed low percen-
tage of cis interactions might be due to random DNA strand
breaks occurring when cells are frozen without cryoprotectants
(Narayanan et al., 2001; Peng et al., 2008; Al-Salmani et al.,
2011). On the other hand, this method of freezing leads to
ice crystals formation inside the cell and, as a result, to the
breaking of cellular and nuclear structures (Mazur, 1984). The
release of DNA fragments from the nucleus and their ligation
in solution can occur in any way, which leads to the formation
of non-informative DNA fragments.
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Influence of human peripheral blood samples
preprocessing on the quality of Hi-C libraries

Fig. 3. Chromatin fragmentation and ligation controls in Hi-C experiments.

The numbers represent the storage and preprocessing conditions described in the Table. The order of samples: gDNA, fragmented DNA, ligated DNA. M — DNA

ladder 100 bp.
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Fig. 4. Quality metrics of Hi-C datasets: g, aligned reads; b, cis interactions.

Colors indicate replicates. The horizontal axes represent the storage and preprocessing conditions described in the Table.

Conclusions
We systematically evaluated various blood samples storage
and preprocessing conditions in this work.

As aresult, we formulated the following recommendations
for the storage and preprocessing of blood samples for Hi-C
analysis:

« If it is not possible to deliver the sample on the blood collec-
tion day, the samples can be stored at +4 °C for a minimum
of 7 days.

« It is better to lyse red blood cells with RBCL buffer before
cryopreservation.

« 1-2 ml of whole blood is sufficient (in a person without
signs of leukopenia), but if the sample is going to be stored
for more than 48 hours, the volume should be increased
up to 46 ml.

+ Never freeze whole blood.
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