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Momueayua u yenv. B HacTosllee BpeMs KpallHE aKTyaJlbHOM 3ajadeil SBIsETCS
co37aHMe KJIETOYHBIX Mojenell cemeliHoi rtumepxonectepuHemun (CI'XC) -
HACJICICTBEHHOT0O MOHOTGHHOIO 3a00JieBaHMs, MPUBOIIIEIO K aTEpPOCKIEPO3y U
MOBBIIIEHHOMY PHCKY CEepJeYHO-COCYAMCThIX NaTonoruif. HecMoTpss Ha BBICOKYIO
gacToTy BcTpedaeMoctd (1 Ha 250 denoBek anst rerepo3uroTHoi (Gopmsl, 10 1 Ha
300 Teic. — 1 MUITH 4YenoBeK — sl TOMO3WUTOTHON) M BCEMHUPHYIO 03200YEHHOCTH
OOIIECTBEHHOTO 3/PaBOOXpaHEHUs, IPPEKTHBHOCTh MOMOIIM MAalMEHTaM OCTaeTCs
kpaiine Hu3koi. 1o ganaeiM 2022 roma, menee 3 % MAaIMEHTOB B MUPE, TIPOXOSIIITIX
geyenue B cB3UM ¢ CI'XC, pocTuraroT 1LENEeBBIX IOKa3aTeleil XxolecTepuHa
JIUTONPOTEMHOB HM3KOM muoTHOcTH. Illupokas pacmpocTpaHEHHOCTb, OTCYTCTBHE
0011e10cTYTHOTO 3 (PEKTUBHOTO JICUCHUS U YAOOHBIX PEICBAHTHBIX MOJEICH JeIar0T
aKTyalbHBIM pa3paboTKy kieTouHslx mozeneid CI'XC, orBeuaromux TpeOOBaHHUIM
COBPEMEHHOM TPaHCIALMOHHON MenuuuHbl. BONBIMIMHCTBO ciyyaeB ceMeilHOM
TUIIEPXOJIECTEPUHEMUN BBI3BaHbl MATOTCHHBIMH aJUIEJIBHBIMH BapUaHTaMH B TeHE
peuenTopa aunonpotrenHoB HU3Koi miotHocTH LDLR. OcHoBHast pons B maroreHese
CT'XC npunamnexut peuentopam JIITHII B kimeTkax mnedeHH, OTBETCTBEHHBIM 3a
WHTEPHAIM3AIUIO XOJECTepUHA W €ro mocieayromuid mMeTabonusM. [IoBBIIIEHHBIM
yposeHb xousiectepuHa JIITHII B kpoBu TakXke BIMSIET HA KPOBEHOCHBIE COCYIbI U
COCYIUCTbIE KJIETKH MOCPEACTBOM HAKOIUICHHUS JIMIMIOB BHYTPU MHTUMBI, BBI3bIBas
OKHCIIUTENbHBIA CTPECC, PEKPYTUPOBAHUE BOCHAJIMTENIBHBIX KJIETOK M JIOKAJIbHYIO
MPOAYKIMIO IIMTOKHMHOB. OTO TPUBOJUT K OHIOTENHAIbHOW JTUCPYHKIMH U
00pa30BaHUIO aTEpPOM B apTepHsiX, KOPHE aopThl M KjamaHax C MOCIEAYIOLIUM
pasBuTHeM OoJiee TsDKeNbIX natojoruil. HecMoTpst Ha To 4TO 3HAOTENHMH y4acTBYeT B
natoreHe3e CI'’XC, Mano M3BECTHO O TOM, KaK COCYJIHUCTBIE 3HJIOTEIHAIbHBIE KIETKH
pasnuyaloTcsa y oM ¢ HOpMaibHBIMA W TaToreHHbIMH aymensimMu LDLR. Ilenpro
JaHHOM paloTHI ABJseTCs NonydeHue nzoreHHoi cucrembl Tuauii UTICK nanneHToB ¢
CI'XcC, ux peseBaHTHBIX nddepeHImpoBaHHBIX MIPOU3BOIHBIX u
BaCKYJISIPU3MPOBAHHBIX T€MATOOPTaHOMIOB Ha UX OCHOBE.

Memoowr u  ancopummur:  WIICK momydeHbl IyTeM  penpoOrpaMMHPOBAHUS
MOHOHYKJICAPHBIX KJIETOK MAalMEHTOB C MCIOJb30BAHUEM HEHHTETPUPYIOIIUXCS
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SnucoMHBIX BekTOpoB. [lomyuennsle smuHuum MIICK namuwentoB ¢ CI'XC
OXapakTepu30BaHbl 1O TpeOoBaHMsAM EBpormeiickoro peectpa ILIIOPUIOTEHTHBIX
CTBOJIOBBIX KJIETOK 4esoBeka https://hpscreg.eu/. [ImFopumoTEHTHOCTH OATBEPKIEHA C
MOMOIIBI0 ~ UMMYHO(DIYOPECIIEHTHOH  OKpacKd  aHTHUTENlaMH K  MapKepam
TUTIOPUIIOTEHTHOCTH, MOJTYKOJIMYECTBECHHON OLIEHKH 3KCIIpeccun T€HOB
IUIIOPUNIOTEHTHOCTH ~ MeTogoMm  [IIIP B pexume  peajibHOTO  BpPEMEHH,
MMMYHO(IIYOPECIICHTHOTO aHalli3a CIOCOOHOCTH 0Opa30BBIBATH MPOW3BOIHBIE TPEX
3apoABILEBBIX JUCTKOB. [loaTBep kaeHne HAIMYKS ajlyieNbHBIX BapuanToB reHa LDLR
B mnomyueHHbx MIICK BeimomHeHO mmocpencTBoM cekBeHupoBaHUs mo CeHrepy.
[HonrBepxaenne renerndeckoit uaeHTHIHOCTH UIICK 11 MOHOHYKII€apHBIX KIIETOK, U3
KOTOpBIX OHHU MOJy4YeHBI, MpoBoAWIOCH mocpeactBoM STR-anammza. ®azupoBanue
MaTOJIOTUYECKUX alIeNbHBIX BapuaHToB TeHa LDLR BemmonHeHo ¢ momomibio
ceksenupoBaamst Oxford Nanopore. B xome paboThl TpoBeneHa HamIpaBlICHHAS
muddepenmmporka MIICK B sHIOTENMHAaIbHOM, ME3CHXHMAIBLHOM CTPOMAIBHOM H
TeNTOLUTAPHOM HANPaBJICHUSX, MOJyYSHBI BRICKYJSIPU3UPOBAHHBIC TENAaTOOPTaHOHIBI.
XapaKTepHUCTHKA KJIETOK MPOBOIMIIACH METOIAMH HIMMYHO]ITYOPECIIEHTHOTO aHaJH3a 1
MPOTOYHOU IUTOMETPUH. I XapaKTepUCTHUKU SHAOTEINOIMTOB HCIIOIB30BAJICS TECT
Ha aHTHOTeHe3 iN VItro, aHaim3 CHOCOOHOCTH TOTIIONIATh MEUYCHHBIC JIUTIONPOTCHHBI
Huskol miotHoctu. CekpenupoBanne PHK nporogunm Ha matdopme Illumina HiSeq
1500. IlomyueHuwe reHeTHYeCKH MOMUGUIMPOBAaHHBIX w30reHHbIX JuHMA WIICK
MPOBOJIMIIK METOJIOM pelAakTUpoBaHus ocHoBaumii (base editing) ¢ wmcmonb3oBaHueM
pPEeIaKTOpOB IUTO3WHOBRIX ocHOBaHM BE4 u agennnoBbix ocHoBanuit ABE7.10.
Peszynomamer: B pesynbprare paboThl moydeHbl u oxapaktepu3oBansl 9 muamii UTICK
OT MaNMEHTOB-KOMIAYHIHBIX TETEPO3UTOT IO MATOTEHHBIM aJIEIEHBIM BapUaHTaM reHa
LDLR ¢ TmxenpiMu kmumauuyeckumu mposienusmu CI'XC: ¢.530C>T/c.1054T>C;
€.2141-966_2390-330del/c.1327T>C;
€.1246C>T/c.940+3_940+6del/c.940+3_940+6del. 3 nuHumM 3aperucTpupoBaHbl B
EBporneiickoM peecTpe IUTIOPUIIOTEHTHBIX CTBOJOBBIX KieTtok hPSCreg [1-3]. C
MOMOIIbI0 HAHOIIOPOBOI'O CEKBEHUPOBAHUS IMOKAa3aHO, YTO MATOT€HHbIE aJuIeIbHbBIE
BapuanThl TeHa LDLR B reHomax BceX MAI[MEHTOB pAacloNaraloTcs B TpPaHC-
monoxenuu [4].

B nanHoii paboTe BriepBbIe MOTYyYEHBI U HCCIIEOBaHbI SHJIOTENUABLHBIE IIPOU3BOTHBIE
UIICK mnammentoB ¢ CI'XC. OOHapykeHO, YTO 3HIOTEIWAIbHBIE IPOU3BOJIHBIE,
nonyuenHsle n3 UIICK, skcmpeccupytor 6enoxk LDLR, koTopblii B HOpManbHBIX
KJIETKaX BBISABIIACTCS NPEUMYIIESCTBEHHO B 3peiod (opme [S]. DHaoTenuaibHbIC
kietk, nonydeHHsle u3 MIICK namnuentoB ¢ CI'XC, 7eMOHCTpUPYIOT MOHMKEHHBIN
ypoBeHb 3permoro LDLR wu cHmKeHHYI0 CIIOCOOHOCTh K HWHTEpHAIN3AIUU
JUTIONIPOTEMHOB HU3KOW IUIOTHOCTH. Kpome TOro, 3HIOTENHAlIbHBIE KIETKH C
MyTaHTHeIM LDLR oOHapyxuBaroT crnenupuueckuii NpoQuib TPAHCKPHIITOMA C
MTOHIKEHHOW PETYISIUe TeHOB TPAHCIIOPTa MOHOKapOOHOBEIX KUCIIOT, K30IUTO3a U
KJIETOUHOMU aJre3uu, a TAKKE C YCUICHHOU PErysiUeii CATHAJIBHBIX MyTEeH KIETOYHOU
CEKpEelUH U aKTHBAI[UH JIEHKOIIUTOB.

UIICK nanuenToB ¢ CI'’XC nuddepeHninpoBaHbl TakKe B TeNaTo- 1 ME3CHXUMAaJIbHbIC
CTpOMallbHbIE TpOW3BOAHBIE. Ha wX OCHOBe ¢ J00aBiIeHHEM OJHOTEIHAIBHBIX
MPOM3BOAHBIX MOJMYYEHBI BACKYJISPH3MPOBAHHBIE T'eaTOOPTaHOHIB. B pesymbrarte
cexksennpoBanns PHK o6napyxeHo, d9ro B remaToopraHonjax IOJABISIIOCH
OOJIBLIIMHCTBO TEHOB, CBSA3aHHBIX C OWOJOrMYECKMMH Hpoueccamu (perysus
AKTUBALMM KJIETOK/JICHKOLMTOB, IMO3UTUBHAS PEryJSHs CUTHAIBHOrO NyTH Wnt,
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peryJsims pocTa KJIeTOK, KJIETOUHBIH OTBET Ha XMMHUYecKUi crpecc). Cpeau reHoB ¢
MOBBIIICHHON 3KcIpeccuell oOHapy>KeHbl TeHBI, CBS3aHHBIC C peryisiueld cOOpkH
oenkoBo-amuaHOTO KoMimiekca (GO:0065005, BIN1, SOAT2, MFSD2A).

C wucnons3zoBanueM CRISPR-Cas9-omocpenoBaHoro peaakTHPOBaHHS OCHOBaHUH
nonyyeHsl u3orenHsle JuHMM  UIICK  manmueHTa-KOMOAmHAHON —TeTEpO3UTOTHI
€.530C>T/c.1054T>C co ckoppeKTHPOBAaHHBEIMHM alIEIbHBIMI BaprHanTamu reda LDLR.
B omHoit uHMM mpou3o1nia KOPPEKITHsS aTOTeHHOTO aJiebHOro BapuanTta ¢.530C>T
no «3popoBoro» ¢.530C. Takum o0pa3oM, AaHHas JUHHUSA [OCIE€ KOPPEKIHUH
npencTaBisieT co0oil TOMO3UToTy Mo «3aopoBoit» mosunmuu ¢.530C u ocraetcs
TeTEPO3UTOTON 1O MAaTOreHHOMY ajuienbHOoMYy Bapuanty c.1054T>C. B nByx apyrux
JMHUSX TPOH30IIIa KOPPEKUUs reTepo3uroTHol mo3uuuu ¢.530C/T 10 TOMO3UTOTHI 1O
«oonpHOMY» €.530C>T Bapmanty. Takum 00pazom, 5TH JABE JHUHHUU MPEICTABISIOT
c000i#1 TOMO3UTOTY O «00IpHONY To3unuu ¢.530T W OCTArOTCS TETePO3UroTaMu II0
MaToreHHoMy aiienbHoOMy Bapuanty c¢.1054T>C. TIponeMOHCTPHPOBaHO, HYTO
SHIIOTENHANBHBIE TPOU3BOAHBIE TeHerndeckn Moaudummposannsix UWIICK co
CKOPPEKTUPOBAHHBIM JI0 «37I0POBOT0» ajuiesibHbIM BapuanToMm LDLR BoccranaBnuBaroT
(YHKIMOHAIBHOCTh pELENTOpa W MMEIT [JOCTOBEPHO IOBBILECHHBIM YpPOBEHBb
WHTEPHAJIU3alUU MEYCHHON (OPMBI JTUITONPOTEMHOB HU3KOH TIIOTHOCTH.

Buigoowi: Tlonyuennsie UIICK sBnstorcs mepBoii B Poccum komtekuueidt MIICK
MalMeHToB C pa3HeIMH  ¢dopMaMH marolorudecknx Myrtanumii TteHa LDLR,
MPEICTaBISIIONIE cO00i AOCTYNHBIM NPAKTHYECKH B HEOTPAHMUYCHHBIX KOIUYECTBAaX
MaTepHan Juis HanpaBieHHOW Au((EepeHIMPOBKH B pEIEBAHTHBIC KIETOYHBIE THITHI U
HCCIIEAOBAHUS MOJIEKYJISIPHO-TEHETHUECKUX OCHOB aTepOCKIepo3a, BeizBaHHOTO CI'XC.
[Tony4eHHbIE pe3ynbTaThl yKa3bIBAIOT Ha TO, YTO 3HAOTEINAIbHbBIE KIETKU MAlIMEHTOB
¢ CI'XC camu mo cebe Oosee TpeApacloONOKEHb K OKHCIUTEIFHOMY CTpeccy M
BOCTIAJICHUIO, YTO BMECTE C IOBBIIICHHBIM BHEIIHUM YPOBHEM XOJECTEPHHA MOXKET
YCKOpATh  DHIOTEIWANbHYI0  AWCPYHKIWIO, CImOcoOCTBYs Oomee  ObICTpoMy
MPOTPECCUPOBAHUIO aTEPOCKIIEPO3a M JPYTUX CEPACYHO-COCYIUCTHIX MAaTOJIOTHIA,
cBa3aHHbIX ¢ CI'XC. I'eHeTnueckas KOppeKlMs MAaTOTEHHOT'O aJIeIbHOTO BapHaHTa
reda LDLR BoccranaBnmBaer QyHknnoHansHOCTh perienitopa JIITHIL. Ilomyuennsie
kinerounsle Mmogenu CI'XC BHecyT BKjiIag B HcclelOBaHHME 3a00JIEBaHUS U
3 PEKTHBHYIO Pa3pabOTKy TaAPTeTHHIX TePaeBTHUECKIX MPETapaToB.
Qunancuposanue: ViccnenoBanue noaepsxkano rpaaroM PHO (Ne 24-15-00346).
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Motivation and Aim: Currently, an extremely urgent task is to create cell models of
familial hypercholesterolemia (FH), a hereditary monogenic disease that leads to
atherosclerosis and an increased risk of cardiovascular pathologies. Despite the high
incidence of the disease (1 in 250 people for the heterozygous form, up to 1 in 300
thousand — 1 million people — for the homozygous form) and the worldwide public health
concern, the effectiveness of patient care remains extremely low. As of 2022, less than
3 % of patients worldwide being treated for FH achieve LDL cholesterol targets. The
pervasive prevalence, lack of publicly available effective treatment, and the absence of
convenient relevant models make it imperative to develop cell models of FH that align
with the standards of modern translational medicine. The majority of cases of familial
hypercholesterolemia are attributable to pathogenic allelic variants in the low-density
lipoprotein receptor gene (LDLR). The primary role in the pathogenesis of FH is
attributed to LDL receptors in liver cells, which are responsible for the internalisation of
cholesterol and its subsequent metabolism. Furthermore, elevated levels of LDL
cholesterol in the bloodstream also affect blood vessels and vascular cells through the
accumulation of intra-intimal lipids, which in turn causes oxidative stress, the
recruitment of inflammatory cells, and the local production of cytokines. This results in
endothelial dysfunction and the formation of atheromas in the arteries, aortic root and
valves, with the subsequent development of more severe pathologies. Although the
endothelium has been implicated in the pathogenesis of FH, there is a paucity of
knowledge regarding the differences between vascular endothelial cells in individuals
with normal and pathogenic LDLR alleles. The objective of this study is to establish an
isogenic system of induced pluripotent stem cell (iPSC) lines derived from patients with
FH, along with their relevant differentiated derivatives and vascularised hepatocyte
organoids.

Methods and Algorithms: iPSCs are generated by reprogramming patient-derived
mononuclear cells using non-integrating episomal vectors. The resulting iPSC lines from
patients with FH were characterised in accordance with the requirements of the European
Registry of Human Pluripotent Stem Cells (https://hpscreg.eu/). The pluripotency of the
cells was confirmed using immunofluorescent staining with antibodies to pluripotency
markers, semi-quantitative assessment of the expression of pluripotency genes using
real-time PCR, and immunofluorescent analysis of the ability to form derivatives of the
three germ layers. The presence of allelic variants of the LDLR gene in the obtained
iPSCs was confirmed using Sanger sequencing. The genetic identity of the iPSCs and
the mononuclear cells from which they were derived was confirmed using STR analysis.
The phasing of pathological allelic variants of the LDLR gene was conducted using
Oxford Nanopore sequencing. During the course of the study, the directed differentiation
of iPSCs was conducted in three distinct directions, namely endothelial, mesenchymal
stromal and hepatocyte. The resulting vascularised hepatocyte organoids were obtained.
Cell characterisation was conducted via immunofluorescence analysis and flow
cytometry. To characterise endothelial cells, an in vitro angiogenesis test was employed,
whereby the ability to absorb labelled low-density lipoproteins was analysed. RNA
sequencing was conducted on the Illumina HiSeq 1500 platform. Genetically modified
isogenic iPSC lines were obtained by base editing using the BE4 cytosine base and
ABE7.10 adenine base editors.
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Results: The work yielded nine iPSC lines obtained and characterised from patients who
were compound heterozygotes for pathogenic allelic variants of the LDLR gene with
severe clinical manifestations of FH. These variants included ¢.530C>T/c.1054T>C;
€.2141-966 2390-330del/c.1327T>C; and ¢.1246C>T/c.940+3_940+6del/c.940+3
_940+6del. Three lines are registered in the European Pluripotent Stem Cell Registry
(hPSCreg) [1-3]. The use of nanopore sequencing revealed that pathogenic allelic
variants of the LDLR gene were located in the trans position in the genomes of all
patients [4].

In this study, endothelial derivatives of iPSCs derived from patients with FH were
obtained and studied for the first time. It was demonstrated that endothelial derivatives
derived from iPSCs express the LDLR protein, which is predominantly expressed in the
mature form in normal cells [5]. Endothelial cells derived from iPSCs from patients with
FH exhibited reduced levels of mature LDLR and a reduced ability to internalise low-
density lipoproteins. Furthermore, endothelial cells with a mutated LDLR exhibit a
specific transcriptome profile, characterised by the downregulation of monocarboxylic
acid transport, exocytosis, and cell adhesion genes, as well as the upregulation of cellular
secretion and leukocyte activation signalling pathways.

Additionally, iPSCs derived from patients with FH can be differentiated into hepatocyte
and mesenchymal stromal cell derivatives. Based on these findings, vascularised hepato-
organoids were generated by the addition of endothelial derivatives. RNA sequencing
revealed that the majority of genes associated with biological processes were suppressed
in hepatoorganoids, including those involved in regulating cell/leukocyte activation,
positive regulation of the Wnt signalling pathway, regulation of cell growth, and cellular
response to chemical stress. Among the genes with increased expression, those
associated with the regulation of protein-lipid complex assembly were identified
(GO:0065005, BIN1, SOAT2, MFSD2A).

Isogenic iPSC lines from a patient with a heterozygous ¢.530C>T/c.1054T>C mutation
in the LDLR gene were obtained using CRISPR-Cas9-mediated base editing. Allelic
variants of the LDLR gene were corrected in these lines. In one line, the pathogenic
allelic variant ¢.530C>T was corrected to the “healthy” ¢.530C. Consequently, the
aforementioned line, following correction, is homozygous for the "healthy" position
¢.530C and remains heterozygous for the pathogenic allelic variant ¢.1054T>C. In two
additional lines, the heterozygous position ¢.530C/T was corrected to homozygote for
the “sick” ¢.530C>T variant. Consequently, these two lines are homozygous for the
diseased position ¢.530T and remain heterozygous for the pathogenic allelic variant
¢.1054T>C. It has been demonstrated that endothelial derivatives of genetically modified
iPSCs with the allelic variant of LDLR corrected to a “healthy” one restore the
functionality of the receptor and have a significantly increased level of internalisation of
the labelled form of low-density lipoprotein.

Conclusion: The obtained iPSCs represent the inaugural collection of iPSCs from
patients with various forms of pathological mutations of the LDLR gene in Russia. This
material is available in almost unlimited quantities, offering a valuable resource for
targeted differentiation into relevant cell types and research into the molecular genetic
basis of atherosclerosis caused by FH. The findings indicate that endothelial cells from
patients with FH are themselves more susceptible to oxidative stress and inflammation.
This, in conjunction with elevated extrinsic cholesterol levels, may accelerate
endothelial dysfunction, contributing to a more rapid progression of atherosclerosis and
other cardiovascular pathologies associated with FH. The findings indicate that
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endothelial cells from patients with FH are themselves more susceptible to oxidative
stress and inflammation. This, together with elevated extrinsic cholesterol levels, may
accelerate endothelial dysfunction, contributing to more rapid progression of
atherosclerosis and other cardiovascular pathologies associated with FH. The correction
of a pathogenic allelic variant of the LDLR gene restores the functionality of the LDL
receptor. The resulting cell models of FH will contribute to the study of the disease and
the development of targeted therapeutic drugs, which will be effective in treating the
disease.

Funding: The study is supported by a grant from the Russian Science Foundation
(No. 24-15-00346).
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