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Momusayus u yer». CrapeHHe — OCHOBHOH (akTOp pHCKa BO3paCT-3aBHCHMBIX
3a00JIeBaHull, pPacHpOCTPaHEHHOCTh KOTOPBIX pacTeT Ha (oHe yBeaMYeHHs
MIPOJOJDKUTEIIBHOCTH JKM3HU. X pasBuTHe B Ooyiee paHHEM BO3pacTe SBISETCA
MPOSIBIICHUEM IPEXIEBPEMEHHOTO CTapeHus, Oojee IMO3/[HEe CTAHOBUTCS OCHOBOU
yclemHoro crapenus, ponroserus. bonee 60 % inoneit B Bo3pacte crapie 65 jer
CTPaal0T HECKOIBKUMU 3a00JIEBaHUAMH, «HA0OP» M BO3pacT MaHU(ECTaUH KOTOPbIX
OTIPENIeNIAI0T TCHETHYECKHE U HKOJIOTHUECKHE (PAKTOpBI, Ka4eCTBO >KU3HU. M3BEeCTHO,
YTO apTepHajbHas TUIIEPTOHUS, KOTOpOoi cTpanaeT 7 % miozei B Bo3pacTe 10 40 et u
nBe Tpetu — ctapiie 60 jer, crocoOcTByeT pa3Butuio Oone3Hn Anbnreiimepa (BA) u
BO3pACTHOM MakyJsipHOi Aerenepaiuu (BM/]) — HemsineunMbpIx HeMpoiereHepaTUBHBIX
3a00JIeBaHU, KOTOPBIE 3a4acTyI0 Pa3BUBAIOTCS OJTHOBPEMEHHO. [ 'eHeTHYecKre OCHOBBI
MPEPACIIONIOKEHHOCTH K PAa3BUTHUI0 KOMOPOUAHBIX BO3PACT-3aBUCHUMBIX COCTOSHHN
0CTalOTCs HE SICHBIMU. [IpOIyKTHBHBIM MOAXOAOM K M3YYEHHIO UX MPUPOJBI SIBIISETCS
UCTIONb30BaHUE  OHMOJIOTMUECKUX  MOJeNiell, TeHeTHYecKass OJHOPOJHOCTh U
CTaHJApTHBIC YCIOBUS CONEPIKAHUSI KOTOPBIX CHIDKAIOT BIMSIHUE BHEITHUX (PAKTOPOB U
MOBBIILIAIOT BOCIIPOM3BOAMMOCTD pe3ynbTaToB. Llenbio HacTosmeil paboTsl ObUT MOKUCK
HYKJIEOTHJIHBIX BapHaHTOB, C KOTOPHIMHM CBSI3aHO paHHEE DPAa3BUTHE CXOJHOTO C
repuaTpuYecKiMH 3a00JIeBaHUsAMH YesoBeka (eHoTuna y kpeic muann OXYS (MLul"
CO PAH) — yHukanbHOW MoJenu npexaeBpeMeHHoro crapenus. Ha done ymepeHHo
MOBBIIICHHOTO KpPOBSIHOTO JaBieHust y Kpbic OXYS pasBuBaroTcs KaTapakTa,
KapJAuoMHuoNaTHus, peTUHonaTus, ananornunas BMJI y mrozieid, 1 KJItoueBbl€ MPU3HAKU
BA mpu otcyrctBum Mmyrtanmii B reHax App, Psenl u Psen2, cnenuduyHbIX 1S
HacJIeICTBEHHOM (hopMBbI 3a00IEBaHHUS.

Memoowsl u anecopummer: AnanusupoBanu naHaele RNA-SeQ, mosyueHHble paHee i
00pa3ioB npehpOHTAILHOW KOpPBI, TUIIOKaMmmna U ceTdaTku Kpeic OXYS. Pumbt
KapTHpOBaIM Ha CcOOpKy pedepeHcHoro reHoma Rnor 6.0. M3 BbIIBIEHHBIX
MOMMMOP(HBIX BApUAHTOB C MUHHMAJIBHBIM Ka4eCTBOM KapTHpoBaHHs, paBHbIM 100,
ObLTN BEIOpaHBI MO3UIINHU, TEHOTUI KOTOPBIX HAXOJIMIICS B TOMO3UT'OTHOM COCTOSIHUH 110
MEHbBIIEH Mepe y TpEX XKUBOTHBIX B OJHOW SKCIEpUMEHTalbHOW rpymme. ['nmybuna
yrenus (DP) nomkna 661Th >10 10 KpaiiHeil Mepe y OZHOTO )KHBOTHOTO.

BroisBnennsle y kpeic OXYS SNPS cpaBHuBammuch C JaHHBIMH T€HOMHOTO |
TPaHCKPUIITOMHOTO CEKBEHMPOBAaHHA 45 APyrux JUHHUHA KpBIC, CPABHEHHUE NPOBOAMIIN
TOJIBKO IO JIOKyCaM, CEKBEHUPOBAaHHBIM B TPaHCKPUITOMHOM aHanu3e Kpsic OXYS.
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Pezynomamui:  CpaBHeHHE [NaHHBIX TPaHCKPUIITOMOB MpPE(QPOHTAIBLHOH KOPHI,
runmnokamia u ceryatku kpeic OXYS ¢ pedepencupim reHomoM kpsic BN/NHsdMcwi
BoIsIBIIIO 42478 SNPS B 9903 renax, u3z Hux 40373 SNP B 9699 renax ObUIH TaKxke
BEISIBJICHBI B TTOCJIEZIOBATENBHOCTSIX T€HOMOB | 1 TnHMi/CyOnnHmi, HCTTOMB3YIOMINXCS B
KayecTBE HOPMOTEH3UBHOTO KOHTPOJIS, U 22 TUHUN/CYOTUHUN KPBIC ¢ (DEHOTHUIIOM, HE
CBSI3aHHBIM C apTepHATBHOU TUnepTOHHel niau ctapeHneM. Cpemu octaBmmxcs 2105
SNP mpoBeneH NOMCK TI'€HETHYECKHMX BapHaHTOB, KOTOpble MOIYT BIMATh Ha
nposiBlieHHe eHoTUNa NpexaeBpeMenHoro crapenns y kpeic OXYS. ['ensl, Hecymue
MyTauuu y Kpeic OXY'S, cBsi3aHbl ¢ IPOLIECCUHTOM U MIPE3EHTaLeN aHTUTEHOB, POCTOM
KJIETOK IPU PAa3BUTHH, HOJOKUTEIBHON PEeryysilued JOoKanu3aluuu Oelka B KIIETKE,
peryisimel CBS3BIBAIOIIMX OCJIKOB, MPOLECCaMH B MHOTOKIJIETOYHOM OpraHU3Me,
KJIETOYHBIM CTapPEHUEM, TIIaBHBIM KOMILJIEKCOM I'MCTOCOBMECTUMOCTH | 11 harocomammu.
BbIsIBIEHO ceMb HYKJIEOTUAHBIX 3aMEH, CIIOCOOHBIX OKa3bIBaTh 3HAUMTENIBHBIN (P deKT
Ha CTPYKTYpy TpaHckpunta. Hanbosee cymecTBEHHO yKOPOUEHHBIE OCNIKH OKHUIAF0TCS
s Rims2, Lemd2, Slc25a3611 u AABR0O7045405.1, B iepBBIX TPEX M3 HUX OXKUAACTCS
norepst yHKIHOHATBFHO 3HAYMMBIX JOMEHOB. B IIepBOM 5K30HE ABYX MOCIIEAHUX TEHOB
MPOMCXOAUT CABUI PAMKU CUMTBIBAHMS, YTO TAK)KE MOKET IPHBECTH K HAKOIIJICHUIO
nedexTHoro OenkoBoro mpoaykra. IIpoaykr rema Slc25a36l1 comepxur momew,
CXOJHBIH C CyNepceMeWCTBOM MHTOXOHJAPHAIBHBIX MEPEHOCUUKOB, KOTOpPHIE
YY4acTBYIOT B  TpPAHCIOPTE MNHUPUMUAMHOBBIX  HYKJICOTHIOB JJsl  CHUHTE3a
muroxouapuansHoit JIHK. Takum o6Gpazom, SNP B rene Slc25a36l1 moxeT ObITh
BOBJICYEH B JAUCOYHKUIUIO MHTOXOHAPHHA, KOTOpas pacCMaTpUBAETCs KaK BEPOSTHAsS
MPUYMHA NPEXKAECBPEMEHHOr0 cTapeHus kpoic OXYS.

B oxxumaemom GenrkoBoM mpoaykTe rera Rims2 y kppic OXYS 0TCYTCTBYIOT HECKOIBKO
caiitoB ¢ochopunnpoBanusi ceprHa. DTOT T€H acCOUUHPOBAaH C HACIIEACTBEHHBIMU
3a00JI€BaHUSIMH CETYATKH U PUCKOM BO3PACT-3aBHCHUMBIX 3a0ojieBaHuii. Myranmu B
rene Lemd2, komupyromieM OGellOK sAEpHONW 00OJIOYKH, MOTYT MPHBOIUTH K THOEH
SMOpuOHa WM K (OPMUPOBAHHIO (PEHOTHIIA, KOTOPBIH BKIIOUACT HOBCHIIHHYIO
KaTapakTy, HacleJACTBEHHYIO NUJIATallMOHHYI0 KapJAHOMHONATHIO, PEMOJEINPOBAHUE
XpOMaTHHa M YCKOPEHHOE CTapeHue cepiedHold TkaHd. HenmaBHO moka3aHo, 4TO
myTtanuu B reHe LEMD?2 MoryT npuBOIuTh K pa3BUTHIO TPOTEPOUAHOTO (PEHOTHIA Y
moxei. [Tomumopdusm B 3ToM rede y kpbic OXY S noTeHIIMATBEHO TPUBOIUT K CABHUTY
PaMKH CUMTBIBAHMs, NPEKICBPEMEHHOMY CTON-KOAOHY M HOTEHLUAIBHOW IOTEpe
OJIHOTO M3 JIByX TpaHCMEMOpaHHBIX JOMeHOB. Kak mokasan BeCTepH-OJIOT aHaIu3, B
npedpoHTadbHOM Kope U runmokamme Kpeic OXYS mpuCyTCTBYeT —TOJBKO
MOJTHOPa3MEpHbIi OeNKOBBI MPOAYKT reHa Lemd2, xoTs ero ypoBeHb CHHKEH IO
cpaBHeHHIO ¢ Kpbicamu Wistar Ha MpoTsHKEHUH BCEi HKU3HH.

B coorserctBue ¢ amropurmMom SIFT, 33 SNPs kpeic OXYS, orcyrcTByrommue y
HOPMOTEH3MBHBIX JIMHUH, MPEINOIOKUATENFHO CIIOCOOHBI MPUBOJIUTH K HW3MEHEHHUIO
CTPYKTYphl W/mnu (yHKIMHM Oelka W MOTYT pPaccMaTpuUBaTbCs KaK BEpPOSITHBIE
KaHAMJATbI, C KOTOPBIMU CBS3aHO Pa3BUTHE (EHOTHIA MPEKAECBPEMEHHOIO CTAPCHHSI.
Cpenu Hux nBa rena (Acat2 u Ephxl) accoumupoBansl co ctapeHuem, rpymmna u3 10
renoB (Plagrl, Zmym6, Trappc9, Ngo2, Ephxl, Anol0, Chrna5, Man2cl, Pcml u
LOC100364500) cesizana ¢ HeipoaereHepaTuBHbIMU 3a001eBaHusIMH, U rer Ephx1 — ¢
apTepuagbHON TUIIEPTEH3UEN.

AHanu3 TeHeTHYEeCKOro CXOJCTBAa, OCHOBAHHBIM Ha HIESHTHPHUIMPOBaHHBIX SNP,
nokasal, 4yTo reaetuaeck Kpeickl OXY'S HanOonee 6mu3ku k muHun Kpoic ISIAH/Iegn
(oHa TakKe mpoucxoauT u3 Kpbic Wistar/Icgn), ueM K IpyruM runepTeH3UBHBIM JIMHUSAM
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u cyonmHusM Kkpsic (puc. 1). Cpean
2105 SNPs, BBISIBIECHHBIX Yy KpBIC

o LH/MavRrrc
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oSS/

o S /HsdMont OXYS, 725 BcTpedanmuch TaKxke y

e T OJTHOM WA HECKOJIBKMX
TUNEPTEH3UBHBIX JIMHUNM Kpbic. M3

oMHS/GIb HHAX 663 ObUIH OOIMMH IS KPBIC

0.0
1

OXYS u HUCAI' u He ObUIH
wonermn | OOHAPYIKEHBI Yy JIPDYTHX KpbIC C
SHRSP/GIa o runepronuei. Cpeau TEHOB C
sihwtsd —& | NaHHBIMM ~MyTalMsIMH  HaumOoiee
sHR/OlalpovPrin | - THTEPECCH T'€H OHOKCHUATUAPO-
7a3bl 1, KOTOPBIM accCOLMUpPOBaH C
TUIIEPTOHNKEH, a TAKXKE KOPPEeTUpyeT
1 C HeHWpoaereHepaTHBHBIMUA 3a00-
JEBAaHUSIMM M TCUXWYECKHUMHU
o . 1 T ' 1 1 paccrpoiictBamu. SNP B reHax
015 0.10 0,05 0.00 0.05 0.10 015 020 Pla2rl1 u Ccdc28b sBiasgrorcs
HanboJiee pPacHpOCTPaHEHHBIMU Y
TUIEePTEH3UBHBIX KpBIC u
pacroyioXeHbl B~ IE€HETHYECKUX
JIOKyCax, acCOLMHPOBAaHHBIX C
runepronneii. Boicokuit TuTp PLA2R1 B chIBOpoTKE OOHapykeH Yy MAallMEHTOB C
muaberom 1 Tuma, auaOeTHYEcCKOd peTHHONATHEW, apTepHalbHOW THIIEPTCH3WEW W
HepoTryeckum cuHIpoMoM. Bernok, koaupyemsiii reHom Ccdc28b, accoruuposan ¢
cunapomoM bapae—bumia, ayTocoMHO-peIiecCUBHBIM pacCTPONCTBOM, BKITFOUAIOLIUM
JIETEHEpalMi0  CeTYaTKH, OXHUPEHHEe, KOTHUTUBHBIE HApYyIIEHUS, YMCTBEHHYIO
OTCTaJIOCTh, [IOYEUHBIE PACCTPOICTBA U THUIIEPTEH3UIO.
Buigoowi: Takum o0pazom, BeisiBiIeHHBIE Y Kpbic OXYS SNPS MoryT crioco6cTBOBaTSH
Kak pa3Butuio y kpbic OXYS yMepeHHOH TuUNepTeH3uu, Tak © (EeHOTHIa
NPEXAECBPEMEHHOIO CTapEHUS B LIEIOM, B TOM 4Hcie — npu3HakoB bA u BM/I. B 1o xe
BpEMs Mbl HE BBISIBUIM MyTallli, KOTOpble MOTJIM Obl OHO3HAYHO ONpPENeIIATh JaHHBIH
(EHOTHII, YTO CBHJETEIBCTBYET OO O COBOKYIHOM JEHCTBUM MHOKECTBEHHBIX
TeHHBIX HapylleHHH, Tn00 o (akTopax, HE CBA3AHHBIX C MYTALUSIMU B KOJIUPYIOIIUX
pernonax remoma kpeic OXYS. Jlunus kpsic OXYS u gpyrue uccneoBaHHbIE HAMU
JUHAW MMEIOT Malo OOIIMX MYTallUi, 4TO yKa3blBaeT Ha COOCTBEHHBIE MEXaHU3MBI
pasButus natojorud y kKpeic OXYS, oTimyaronue ux Aaxe OT TeHETUYECKH OIU3KUX
kpsic ISIAH/Icgn.
Qunancuposanue. VlccnenoBaHue NOMJEPXKAHO T'OCYJApCTBEHHBIM — OOKETHBIM
npoektoM (Ne FWNR-2022-0016).
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Puc. 1. Amamu3 paccTOSHHH MEXIy KpbICaMHU
OXYS/lcgn u 12 runepTeH3UBHBIMU JIHHUSAME KPbIC
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Motivation and Aim: Aging is a major risk factor for age-related diseases, the prevalence
of which is increasing as life expectancy increases. Their development at an earlier age
is a manifestation of premature aging; later development becomes the basis for
successful aging and longevity. More than 60 % of people over the age of 65 suffer from
several diseases, the “set” and age of manifestation of which are determined by genetic
and environmental factors and quality of life. It is known that arterial hypertension,
which affects 7 % of people under the age of 40 and two thirds of people over 60,
contributes to the development of Alzheimer's disease (AD) and age-related macular
degeneration (AMD) - incurable neurodegenerative diseases that often develop
simultaneously. The genetic basis of predisposition to the development of comorbid age-
related conditions remains unclear. A productive approach to studying its nature is the
use of biological models, the genetic homogeneity of which and standard maintenance
conditions reduce the influence of external factors and increase the reproducibility of
results. The goal of this work was to search for nucleotide variants that are associated
with the early development of a phenotype similar to human geriatric diseases in OXYS
rats (ICG SB RAS), a unique model of accelerated aging. With mildly elevated blood
pressure, OXY'S rats develop cataracts, cardiomyopathy, retinopathy similar to AMD in
humans, and key features of AD in the absence of mutations in the App, Psenl, and
Psen2 genes specific to the inherited form of the disease.

Methods and Algorithms: We analyzed RNA-seq data obtained previously from samples
of the prefrontal cortex, hippocampus, and retina of OXY'S rats. Reads were mapped to
the Rnor 6.0 reference genome assembly. From the identified polymorphic variants with
a minimum mapping quality of 100, positions were selected whose genotype was in a
homozygous state in at least three animals in one experimental group. Reading depth
(DP) must be >10 in at least one animal.

The SNPs identified in OXYS rats were compared with genomic and transcriptomic
sequencing data from 45 other rat strains; comparisons were made only for loci
sequenced in the transcriptomic analysis of OXY'S rats.

Results: Comparison of transcriptome data from the prefrontal cortex, hippocampus and
retina of OXYS rats with the reference genome of BN/NHsdMcwi rats revealed
42478 SNPs in 9903 genes, of which 40373 SNPs in 9699 genes were also identified in
the genome sequences of 11 strains/substrains used as normotensive controls, and
22 strains/substrains of rats with a phenotype not associated with arterial hypertension
or aging. Among the remaining 2105 SNPs, a search was conducted for genetic variants
that may influence the manifestation of the accelerated aging phenotype in OXYS rats.
Genes carrying mutations in OXYS rats are associated with antigen processing and
presentation, cell growth during development, positive regulation of protein localization
in the cell, regulation of binding proteins, processes in a multicellular organism, cellular
senescence, major histocompatibility complex | and phagosomes.

Seven nucleotide substitutions were identified that can have a significant effect on the
structure of the transcript. The most significantly truncated proteins are expected for
Rims2, Lemd2, Slc25a3611 and AABR07045405.1; in the first three of them, loss of
functionally significant domains is expected. Frameshift occurs in the first exon of the
last two genes, which can also lead to the accumulation of a defective protein product.
The SIc25a3611 gene product contains a domain similar to the superfamily of
mitochondrial transporters that are involved in the transport of pyrimidine nucleotides
for mitochondrial DNA synthesis. Thus, the SNP in the Slc25a36l1 gene may be

2240 BGRS/SB-2024



involved in mitochondrial dysfunction, which is considered a likely cause of accelerated
aging in OXYS rats.
The expected protein product of the Rims2 gene in OXYS rats lacks several serine
phosphorylation sites. This gene is associated with hereditary retinal diseases and the
risk of age-related diseases. Mutations in the Lemd2 gene, which encodes a nuclear
envelope protein, can lead to embryonic death or a phenotype that includes juvenile
cataracts, hereditary dilated cardiomyopathy, chromatin remodeling and accelerated
aging of cardiac tissue. Recently, it was shown that mutations in the LEMD2 gene can
lead to the development of a progeroid phenotype in humans. Polymorphisms in this
gene in OXYS rats potentially result in a frameshift, a premature stop codon, and the
potential loss of one of the two transmembrane domains. Western blot analysis showed
that only the full-length protein product of the Lemd2 gene is present in the prefrontal
cortex and hippocampus of OXYS rats, although its level is reduced compared to Wistar
rats throughout life.
According to the SIFT algorithm, 33 SNPs of OXYS rats, absent in normotensive strains,
are presumably capable of leading to changes in protein structure and/or function and
can be considered as likely candidates associated with the development of the
accelerated aging phenotype. Among them, two genes (Acat2 and Ephx1) are associated
with aging, a group of 10 genes (Plagrl, Zmym6, Trappc9, Nqo2, Ephxl, Anol0,
Chrnab, Man2cl, Pcml and LOC100364500) are associated with neurodegenerative
diseases, and the Ephx1 gene is associated with arterial hypertension.
Genetic similarity analysis based on identified SNPs showed that OXYS rats are
genetically closest to the ISIAH rat strain (also derived from Wistar/Icgn rats) than to
other hypertensive rat strains and substrains (Fig. 1). Among the 2105 SNPs identified
in OXYS rats, 725 were also found in one or more hypertensive rat strains. Of these, 663
were common to OXYS and ISIAH
rats and were not found in other
hypertensive rats.
Among the genes with these
mutations, the most interesting is the
oMHSIGb epoxide hydrolase 1 gene, which is
associated with hypertension and
also correlates  with  neuro-
e | degenerative diseases and mental
Srrwss —g | disorders. SNPs in the Pla2rl and
svrompern| CCOC28D  genes are the most
common in hypertensive rats and are
located in genetic loci associated
i with hypertension. High serum titers
I of PLA2R1 were found in patients
o OXYS/lcgn with type 1 diabetes, diabetic
o1 ow o o oos  owm  os  ox  letinopathy, hypertension, and
nephrotic syndrome. The protein
Fig. 1. Analysis of distances between OXYS/lcgn ~ encoded by the Ccdc28b gene is
rats and 12 hypertensive rat strains associated ~ with  Bardet-Bied|
syndrome, an autosomal recessive
disorder involving retinal degeneration, obesity, cognitive impairment, mental
retardation, renal disorders and hypertension.
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Conclusion: Thus, the SNPs identified in OXYS rats may contribute to both the
development of moderate hypertension in OXYS rats and the accelerated aging
phenotype in general, including signs of AD and AMD. At the same time, we did not
identify mutations that could unambiguously determine this phenotype, which indicates
either the cumulative effect of multiple gene disorders or factors not associated with
mutations in the coding regions of the OXY'S rat genome. The OXY'S rat strain and other
strains we studied have few common mutations, which indicates their own mechanisms
for the development of pathology in OXYS rats, distinguishing them even from
genetically similar ISIAH/Icgn rats.
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