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BBEJEHHUE

AKTyaJILHOCTL HCCJICA0OBAHUSA

JlamuHbl A THIA SBJISIOTCS OCHOBHBIMU CTPYKTYPHBIMU O€JIKaMH SAEpHON OOOJIOYKU KIETKU U
OTHOCSTCA K KJTacCy MPOMEKYTOUHBIX (prmamenToB V tuma. JlamuHOBBIC (praMeHTHI TPEACTaBISIFOT CO00i
YIOPSAJOYEHHYIO CTPYKTYPY, SACPHYIO JaMHUHY, KOTOpas 00ecreunBaeT MPOYHOCTh SJIEPHONM MEMOpaHbI
kietkn (Naetar et al., 2017). [lepBoHaYaIbHO CYHUTATIOCH, YTO SICPHBIC JIAMUHBI A-THIIA BBITIOTHSIOT
HCKJIIOUUTENBHO CTPYKTYPHYIO POJb, 0OecreunBas COXpaHeHHue (OpMbl U KECTKOCTH sjipa. OnHako, B
HacTosLIee BpeMs JJaMUHbI A-THIa U3BECTHBI KaK Ba)KHbBIE PETrYISTOPBI SKCIIPECCUM I'€HOB M KIIIOYEBBIE
MEAMATOPhI JeTepMUHAIMU CYIb0bI Ki1eToK. JlokazaHo ydactue namuHa A/C B opraHu3aluy XpoMaruHa,
peruukanuu JIHK, perynaunu TpaHnckpunuuu reHos, 1uddepeHInpoBKe KIEeToK U A.p. Jlamunbl A-Tuna
BBITIOJTHSIOT OOJIBIIMHCTBO 3TUX QYHKIUN Onarojgapsi B3aUMOJIEHCTBUIO ¢ OeJIKaMU BHYTPEHHEH siiepHON
MeMOpanbl, (hakropamu Tpanckpunimu u JJHK. Cuauraercs, 4yto 1aMuHbl A-TUIa PEryIupyroT akTUBHOCTb
BaKHBIX CUTHAJIBHBIX ITyTeH B KileTKax (Takux kak Rb/ E2F, Wnt / B-xatenun, TGFp, Notch) mocpeactsom
UX MPSMOTO WUJIM KOCBEHHOTO B3aUMOJEHCTBHS C APYrUMU OEIKaMH.

JlaMmuHOTIATMM TIPEACTABISAIOT COOOW IIMPOKYIO Tpynmy 3a00JieBaHUM, aCCOIMHPOBAHHBIX C
mytarusamu B reHe gamuHa A/C (LMNA). Knuandeckue GeHOTHIIBI JIAMUHOIIATHH KpaliHe pa3HOOOpa3HBbI
U BKIIOYAIOT KApAWOMHUOINATHH, MHUONATUH U MHUOJUCTPO(QHH, HAPYIIEHUS pPHUTMa, MOpaXeHHe
LEHTPaJbHON W Tepudepuueckoil HEPBHOW CHCTEMBI, a Takke mporeputo. HecMoTps Ha Oomblryio
aKTyaJbHOCTb JIaHHBIX HCCIIEOBAHUN B CBSI3U C TSDKECTHIO TEUCHHS M HEOJIAronpusiTHBIM MPOTHO30M
OOJIBIIMHCTBA JAMUHONATUN, MEXaHU3MbI, TIOCPEICTBOM KOTOPBIX S/ICPHBIC JIAMUHBI BBI3BIBAIOT PAa3BUTHE
CTOJIb Pa3JIMYHbIX, HA MIEPBBINA B3NS, 3200JI€BaHUI C MOPaKEHUEM Pa3HBIX CUCTEM M OPTraHOB, OCTAIOTCS
HepacKpbIThIMU. [loHMMaHne MexaHn3MOB (GYHKIMOHUPOBAHUS JIAMUHOB, a TAKXKE MX POJIM MIPU Pa3BUTUU
MATOJIOTH PpH MyTaluu B rene LMNA npeacTapisieTcsi KpailHe akTyallbHBIM B CBSI3U CO CTPEMHUTENBHBIM
pPOCTOM oOmuCaHUK HOBBIX (GOpPM JIaMUH-accOLMpOBaHHBIX 3aboneBanuit (Burke and Stewart 2013;
Dubinska-Magiera et al. 2013; de Las Heras et al. 2014).

C yyeroM OSKcIpeccMM JaMUHOB A-TUHa BO Bcex Tumax audGepeHIUpPOBAHHBIX KIETOK
MIPENCTaBISIeTCS HEACHBIM H30MpaTeNnbHOe MopaxeHue TkaHed. Hambonee msBecTHON Momudukanmeit
namuHa A/C sBisieTcs MpPOTE€pHH, BBI3BIBAIOIIMN CEPbE3HOE HApyIIEHHUE Ppa3BUTUS — CHHAPOM
MPEXAEBPEMEHHOTO CTAPEHMSI WIIM IIPOTepuIo. DTO N3BECTHOE 3a00JI€BaHUE BCTpeyaeTcs KpaiiHe penko. B
TO K€ BpeMs ToueuHble Myrauuu LMNA, npuBOAsIINE K MOBPEXKACHUIO TKAaHEH, BCTPEYAOTCS Yalle.
MonexkynsapHple MEXaHH3MBI, IOCPEACTBOM KOTOpBIX Myrauuu LMNA HapymaroT IPOLECCH
1 depeHInPOBKH CTBOJOBBIX KJIETOK, K HACTOSIIEMY MOMEHTY MOJIpoOHO He omMcaHbl. M3BecTHO, uTO
JJaMUHBI MOTYT B3aUMOJIEMCTBOBATh C KOMIIOHEHTaMU Pa3JINYHBIX CUTHAJIBHBIX IIyTeH B KieTke. OQHUM U3

OCHOBHBIX CHUTHAJIBbHBIX HYTCI>'I, OTBCHAKONINX 3a MCKKIICTOUYHYIO CHUTHAJIM3allUI0 U IlI/I(I)(I)CpCHI_II/IpOBKy



KJIETOK, sIBJIsieTCs cUrHaIbHBIN myTh Notch (Andersson et al., 2011). Ponbs camoro curnansnoro mytu Notch
B nporuecce AupHepeHINPOBKH PA3HBIX THIIOB KJIETOK OCTAETCS HEJOCTATOYHO M3YUYECHHOM, UTO SIBISETCS
OTICILHOM, TaKXKe aKTyalbHOW TeMOH Uil uccienoBanuii. Ha monenu mporepuu, ObIIO TIOKa3aHO, YTO
mytanTHast popma LMNA, xonupyromas yKOpoueHHYIO (GopMy JJaMruHa A, IPOT€PHH, OKAa3hIBACT BIHMSIHUE
Ha (pyHKIIOHUpOBaHKUE curHabHOTO TyTH Notch (Meshorer and Gruenbaum, 2008; Scaffidi and Misteli,
2008).

B nocnenHee Bpems HccienoBaHMS B OCHOBHOM COCPENOTOYEHBl HA HM3YYEHUH MOJEKYISIPHBIX
MEXaHU3MOB pa3BUTHs JlaMuHomatuil. [lpemmaraemple MeXaHM3MBbl Pa3BUTHUSI MAaTOJOTHUU BKIIIOYAIOT
HapyluIeHUEe OPraHu3aluy XpOMaTHHA, BHYTPUKIECTOYHOM IEPEIayd CUTHAJA, a TAKXKE SIIUTCHETUYECKHE
n3MeHeHus. BeposTHO, Bce 3TU M3MEHeusl MPUBOIUT K HApYIICHUIO PETYIISINNA T€HOB, OTBETCTBEHHBIX 32
TU(pPEpeHINPOBKY KJIETOK. YYacTKM B3aUMOJCHCTBHS JIaMUH-XPOMAaTHH (JaMHH-aCCOLIMMPOBAHHBIE
noMensbl - LADs), kak U3BECTHO, y4aCTBYIOT B peryisluu skcpeccun reHoB. LADs conepsxat MHOKeCTBO
T€HOB, CBA3aHHBIX ¢ TU((HEepeHIUPOBKOM, KOTOPbIE HAXOAATCS B aKTUBHOM MJIM HEAKTUBHOM COCTOSIHUU B
3aBUCHUMOCTH OT UX aCCOLMAIIMH C XpPOMAaTHHOM. AKTHBHAsI SKCIIPECCUsi TEHOB CBA3aHa C BEICBOOOXKACHUEM
LAD ot sinepHoii namuHbl. HanmpoTuB, MHAKTHBALMS KCIPECCUU SBISETCS PE3YJAbTAaTOM MPUKPEIUICHUS
LAD x namuse.

Tpyanoctn B n3yuenun ponu namuHa A/C B aud@epeHInpoBKe KIETOK CBSI3aHbI, B YaCTHOCTH, C
OTCYTCTBHEM E€AMHOMN SKCIEPUMEHTAIBHOM Monenu. Ha cerogHsimHuii MOMEHT aKTyaJbHBIM SBIISIIETCS
HCIIOJIb30BAaHUE TIPOTEHUTOPHBIX KJIETOK Pa3IMYHOIO IPOUCXOKICHUS Ml BOCCO3NAHUSA MOJEIH
namuHonaruil. Tak, B HallleM MCCIEJOBaHUM Mbl UCIOJb3YEM CHEKTP Pa3JIMYHbIX KJIETOK, CIIOCOOHBIX
mddepeHnpoBaTbCs B MUOTEHHOM, aIUIIOT€HHOM, OCTEOT€HHOM HarnpasiieHusX. [ usydyenus s¢pexra
mytanuii LMNA na nmuddepeHInpoBKY KIECTOK Mbl MIPUMEHSEM METOJIUKY BBEIACHHUS MYTAHTHOTO I'eHa
LMNA Ha neHTUBHpPYCHOM Hocutese. Moaudukanus reHoMa KJIEeTOK ¢ MOMOILBIO BBEIEHUS IK30TE€HHbIX
¢opm namuHa A/C ¢ myranuel, Mo3BoJis€T M3y4yaTh T€ M3MEHEHHUS B KIIETKaX, KOTOPbIE BO3HUKAIOT
BCJIEICTBUE MYTAlUi, YTO B KOHEYHOM CUYETE IIPUBOAMT K Pa3BUTHIO JIAMUHONATUI. B HacTosiee BpeMs
O0COOEHHO aKTyaJIbHBIM SIBJISIETCS W3y4EHHE MEXAaHU3MOB pa3BUTHs JAMUHOINATHHA C MCIOJIb30BaHUEM
MOJIENIM MHIYLUPOBAHHBIX IIFOPUIOTEHTHBIX CTBOJIOBBIX KieTok (MIICK), momydeHHBIX OT MAlMEHTOB,
Hecymux Myrauuu B reHe LMNA. JTudpdepenuupoBka MIICK, B yacTHOCTH B KapJUOMHOLUTAPHOM
HalpaBJIEHUH, MO3BOJSET BOCCO3JaTh KapTHUHY 3a00JIeBaHUS Ha KIETKaX, KOTOpble HECYT T'€HOTHII
MAlUEHTA.

Takum 06pazoM pacKpbITHE MEXAHU3MOB BIUSHUS SAEPHBIX JIAMUHOB A-TUMa Ha UG HEpEeHITUPOBKY
KJIETOK SIBJISIETCS aKTyaJbHBIM HAIpaBI€HUEM KaK ¢ TOYKH 3peHUs (PyHJaMEHTAIbHON OMOJIOTHH, TaK U C
TOYKA 3PEHHS] INPAKTUYECKOIO MNpuMeHeHHus. [IpuMeHeHne HECKOJIBKMX KJIETOUHBIX MOAETEH,
MCMOJIb3YEMBbIX JUIl BOCCO3JJaHUS KapTHHBI 3200J1€BaHH, BBI3BAHHBIX MyTallUsIMH B reHe LMNA, I03BOIUT

Omoke MPUOIU3UTHCS MEXaHU3MY Pa3BUTHS TKaHEeCTIEHM(UUHBIX HAPYIIEHUH.



Taxke aKTyalnbHOCTh HCCIENOBAaHMM B JAaHHOW OONAacTH NPOJUKTOBAHA IMOTEHIHATBLHOU
BO3MOXHOCTBIO pa3pabOTKU TEpaeBTUYECKUX IMOIX0J0B HAa OCHOBE BBISICHEHUS! OCHOBHBIX MEXaHHU3MOB

naroreHe3a JaMUHOIIaTUH.

TeopeaneCKaﬂ U NMpaKkTHYI€CKasd 3SHAYUMOCTb paﬁoTI)I

[Tonmy4yeHHbIe TaHHBIE BHOCST CYLIECTBEHHBIM BKJIAA B (pyHIaMEHTAIbHBIC NMPEICTABICHHUS O POJIH
0eNKOB JJaMHHOB A-THIIa B Tipotiecc Au(p(HEepeHIMPOBKU KIETOK, a TAKKE O MOJCKYIIPHBIX MEXaHU3MaX,
JeXalMxXx B OCHOBE pa3BUTUSA JIaMUHONATUW. Pe3ynprarsl  MCCIENOBaHUA  JEMOHCTPHUPYIOT
WHUBUAYAJIbHBIN KIIETOYHBIA OTBET MpU AEUCTBUM pa3HbIX MyTauuil B rene LMNA Ha nuddepeHInpoBKy
Pa3IMYHBIX KJIETOK ME3EHXMMHOIO IPOMCXOXKJIEHHUS, TEM CaMbIM IOATBEpKJas TKaHEeCHelHPUUHBIN
XapakTep pa3BuTus JJamuHonarui. [Ipenmaraemoe rccnenoBaHue NpeACcTaBiIseT HECOMHEHHBIN HHTEPEC U
BaXHOCTH 11 Poccuiickoit Hayku 1 MmeauiuHbl. O4YeBHUIHO, YTO HEOOXOUMBI TajbHEHIIIIE NCCIET0OBAHUS
g Oonee mIyOOKOrO TOHUMAaHHUS TOHKOM MOJIEKYISIPHOM OCHOBBI pa3BUTHs 3a0osieBaHuil. Mbl
MpenoiaraeM, 4yTo Hamia paboTa MOKET ObITh TOJTUKOM ISl OyAYIIMX CTpaTeruil B KIETOYHON Teparuu B

OTHOICHHUHU I'CHETUYCCKU O6y0J'IOBJ'IeHHBIX 3a00JICBaHUI — JJAMUHOIIATHH.

He.ﬂl/l H 3212491 UCCJI€A0BAHUSA

ean HacTOsIIICH paOOTHI: M3YUNUTh BIMsIHUE MyTanuil B TeHe LMNA Ha niporiecchl tuddepeHInpoBKI

KJIETOK.
Sagaumn:

1. W3yuuTh BIusHHE TKaHecHeMDUUHBIX MyTaruil B reHe LMNA Ha MUOTeHHYIO TU(PEpeHITMPOBKY

MBITTMHBIX MUOOJ1acTOB TIMHUKA C2C12 1 MepBUYHBIX CATSIUTUTHBIX KJIETOK MBIIIIH.

2. W3yuntp BiMsSHUE TKaHecneUu(UyHbIX MyTanuii B TeHe LMNA Ha aJuNoreHHYIO

,Z[I/I(b(bepeHHI/IpOBKy MC3CHXHUMHBIX KJICTOK CCpAla YCJIOBCKA.

3. U3yuuts BiusHME TKaHecnmeUM(UYHbIX MyTauuii B reHe LMNA Ha OCTEOreHHYIO

¢ depeHINPOBKY HECKOIBKUX TUIIOB KIIETOK ME3EHXUMHOTO MPOUCXOKICHHUS.
4. Wsyuuts B3aumoeiicteue namuHa A/C ¢ curHanbHbIM yTem Notch.

5. W3yuuTh BiusHUE TKaHecnenudpuuHoi MyTanuu B reHe LMNA Ha U3MEHEHHUE 3KCIPECCHOHHOTO
npouiIst KapIUOMHOLIUTOB, MOJTYYEHHBIX W3 MHIYLHPOBAHHBIX IUIFOPHUIIOTEHTHBIX CTBOJIOBBIX

KJICTOK INallMCHTa C LMNA MYTaHHCﬁ IO CPAaBHCHUIO C KapANOMHUOLNUTAMHA OT 3J0POBLIX TOHOPOB.

6. UM3yuute BiusHHE TKaHecnenuduuHod Myranuu B reHe LMNA Ha  U3MEHeHue
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AMEKTPOPU3NOIOTHUECKUX CBOKWCTB KAapIUOMHUOILIMTOB, TOJNYYCHHBIX W3 HWHAYLHUPOBAHHBIX
IUTIOPUIIOTEHTHBIX CTBOJIOBBIX KJIETOK manueHta ¢ LMNA wMyrauueldl 1O CpaBHEHUIO C

KapaAuOMHOLIUTOB OT 3J0POBBLIX JOHOPOB.

Hayqnaﬂ HOBH3HaA paGOTbI

Hcnonp3oBanue B HAcTosIIeH paboTe B Ka4eCTBE KIETOYHBIX MOJENCH HECKOJIbKUX THUIOB KJIETOK
ME3E€HXMMHOTO IPOUCXOKJEHUsA, a TaKKe€ HHIYIHPOBAHHBIX IUIIOPUIIOTEHTHBIX CTBOJIOBBIX KIJIETOK
(UIICK), naet BO3MOXHOCTD ONMIKe MOJOUTH K pacIIM(ppOBKE TKAHECTIEIU(PUUHOTO MEXaHU3MAa Pa3BUTHS
namunonatuii. Illupokuit cnexrp myramuii B rene LMNA, B CBOI0O ouepenb, SBISETCS YIOOHBIM
WHCTPYMEHTOM JUIsl BOCCO3JaHUsI KapTHUHBI 3a0ojieBaHus. MBI MOKa3alid, 4TO JEWCTBUE TOW WM WHOU
LMNA wmyTanuu MOXET 3aBUCETh OT aKTUBHOCTH CUTHaJIBHOTO myTH Notch, 9To Takke oTpakaeT u
noaATBepkaaeT ¢gakTt B3aumozeicTBus Notch u mamuaoB A-tuna. [lomydeHsl HOBBIE JTaHHBIE O CBOMCTBAX
KapauomMuouuToB, nonydeHHbix u3  MIICK  mammenta ¢ LMNA R249Q  wmyranueir, Ha
ANEKTPOPHU3NOIOTUYECKOM U HKCIIPECCUOHHOM YPOBHE: MyTallUsl IPUBOAUT K MOBBIIIEHUIO KapJUOTEHHOTO
notenuuana UIICK, B To ke Bpems, KMI] ¢ nanHo# MyTaiuei xapakTepu3yroTcs 3aMeIJICHUEM KHHETUKI

MOTEHIMAI-3aBUCUMOI0 CEpJICYHOT0 HaTprueBoro kanamna Nav 1.5.

HOJIO)KEH](IH, BBIHOCUMbI€ HA 3aIIIUTY

1. HaOmiomaercst HapyllleHHE Mpollecca MBIIICYHON AUPHEPEeHIUPOBKU MEPBUYHBIX CATEITUTHBIX

KJIETOK MBI U KieTok JinHuu C2C12 npu neiictBun mytaruii LMNA G232E u LMNA R571S.

2. HaGmromaeTcs mogaBieHue mporecca aaunoreHHol audGepeHIMPOBKA COBMECTHO CO CHUKEHUEM

AKTUBHOCTH cUTHaJIbHOTO Iyt Notch mpu neiictBum myranuu LMNA R482L.

3. HaGmonaercst mpoTuBomnosnoxkHelid 3ddexr myranuu LMNA R527C Ha aKTUBHOCTH CUTHAILHOTO
nytu Notch u ocreorennyro aud@epeHIUpOBKY B ME3EHXUMHBIX KIIETKaX cepilla uYeloBeKa U

HHTCPCTHIHAJIBHBIX KIICTKAX dOPTAJIbHOI'O KildallaHa YCJIOBCKA.

4. BausHue jnaMuHOB A-THIIa Ha ,Z[I/I(I)(I)CpeHL[I/IpOBKy KIICTOK OCYILICCTBIIACTCA B KOOIICpalUU C
CUTHAJIbHBIM ITYTEM NOtCh, KOTOpPO€ HOCHUT TKaHeCHCHI/I(l)I/I‘-IHBII\/'I XapaKTep U MOKET 3aBUCCTb OT

KOHKPETHOTO HampasieHus AupdepeHIupoBKY.

5. KapauoMuouuTsl, MOJy4yeHHbIE B XOJ€ KapAWOTeHHON anpdepeHIupoBKH HHIYLIMPOBAHHBIX
IUTFOPUIIOTEHTHBIX CTBOJIOBBIX KJIETOK ¢ LMNA R249Q myranuei, XapakTepu3yroTcs U3MEHEHHBIM

HKCTIPECCUOHHBIM IPOQHIIEM.

6. KapamomMuouuTsl, MOJy4eHHbIE B XOJ€ KapAMOTeHHON IU(QepeHIUPOBKH HHIYLMPOBAHHBIX
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IUTIOPUTIOTEHTHBIX ~ CTBOJIOBBIX KJIeTOK ¢ LMNA R249Q wmyranmeit, XapakTepusyrTcs
W3MEHEHHBIMH 3JICKTPO()U3HOIOTHUSCKUMH CBOWCTBAMHU 0 CPaBHEHHUIO C KApAHMOMHUOIIUTAMHU,

MOJIYYCHHBIMU U3 UMHAYLUPOBAHHBIX INIIOPUIIOTCHTHBIX CTBOJIOBBIX KJICTOK OT 3JOPOBOI0 AOHOpPA.

[yoaukauuu u anpodauusi padoTbl

[lo marepuanam jucceprauuu OmyOJMKOBaHO 9 paboT: 6 HaydyHbIX CTared B KypHajax,
WHJICKCHpPYEeMbIX cucTeMamu WOS w/mimu Scopus, u 3 Te3uca B Marepuayiax MEKIyHAPOIHBIX
KOH(epeHIHil.

OCHOBHBIE TIOJIOKEHUSI U HAyYHbIE UTOTH UCCEPTALUU ObLIM M3JI0KEHBI B JIOKJIA/JaX Ha HAYYHBIX
koH(pepenmusax: European Society of Cardiology (ESC) Congress 2017 (bapcenona, Mcnanus. 26-30
Asrycta 2017); 5th Frontiers in CardioVascular Biology 2018 (Bena, ABctpus., 20-22 anpens 2018);
XXVI Wilhelm Bernhard Workshop on the Cell Nucleus 2019 (dmwxon, ®panmms, 20-23 Mas 2019); The
Notch Meeting XI (Adunsl, I'penus, 6—10 Oxrsa6ps 2019); [ Becepoccuiickuit koHrpecc ¢ MexXayHapOIHBIM
yuyactueM «®DuU3HONOTUS M TKaHEBas WH)KEHEPHUs CepAlla U COCYIOB: OT KJIETOYHOM OHOJOTHH [0

nporesupoBanus» (Kemeposo, Poccust. 3-7 Hos6pst 2019).

Cnucok crareil, ony0JIMKOBAHHBIX B KypPHAJaX, WHAEKCHpPyeMbIX cucreMamMu WoS u/mwiu

Scopus:

1. Ilepenenuna, K.M., Cmomuna, H.A., 3abunuk, A.C., [murpuena, P.W., MamammuueBa, A.b.,
KocrapeBa, A.A. 2017. Biausaue myranuii B reHe LMNA Ha mMuoreHHyo auddepeHIupoBKy

MEPBUYHBIX CATCJUTMTHBIX KJIETOK U KiieTok JuHun C2C12. Hutunorus 59 (2): 117-124.

2. Perepelina, K., Dmitrieva, R., Ignatieva, E., Borodkina, A., Kostareva, A., Malashicheva, A., 2018.
Lamin A/C mutation associated with lipodystrophy influences adipogenic differentiation of stem

cells through interaction with Notch signaling. Biochem. Cell Biol. 96, 342-348.

3. Perepelina, K., Klauzen, P., Kostareva, A., Malashicheva, A., 2019. Tissue-Specific Influence of
Lamin A Mutations on Notch Signaling and Osteogenic Phenotype of Primary Human

Mesenchymal Cells. Cells 8, 266.

4. Perepelina, K., Kostina, A., Klauzen, P., Khudiakov, A., Rabino, M., Crasto, S., Zlotina, A.,
Fomicheva, Y., Sergushichev, A., Oganesian, M., Dmitriev, A., Kostareva, A., Di Pasquale, E.,
Malashicheva, A., 2020. Generation of two iPSC lines (FAMRCi007-A and FAMRCi007-B) from
patient with Emery—Dreifuss muscular dystrophy and heart rhythm abnormalities carrying genetic

variant LMNA p.Arg249GIn. Stem Cell Res. 47, 101895.

5. Malashicheva, A., Perepelina, K., 2021. Diversity of Nuclear Lamin A/C Action as a Key to Tissue-
Specific Regulation of Cellular Identity in Health and Disease. Front. Cell Dev. Biol. 9, 1-18.
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1. OB30P JIMTEPATYPbI
1.1 SfAnepHble TaMUHBI

YV M03BOHOYHBIX )KMBOTHBIX SIJIEPHBIC JIAMUHBI — OCIIKH ¢ MOJIEKYIIsipHOM Maccoi 60-80 k/la, koTopbie
OTHOCSTCS K CEMEICTBY MPOMEKYTOUHBIX riiaMeHTOB V Tuna. CyllecTBYyeT JIB€ IPYIIIbl JAMUHOB, TUIT A
u Tun B, KoTOpBIE BMECTE ¢ OeTkaMy BHYTPEHHEH siIepHOM MeMOpaHbl 00pa3yroT KECTKYIO CTPYKTYPY —

SIEPHYIO JJaMHHY, JJOKAJIM30BaHHYIO 0] BHYTPEHHEN siiepHON MemOpaHoi kieTku (Pucynoxk 1).

4
y 4

/""J Liuronnasma
/

)
XPOMAaTHH

]
O
o]
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o]

Pucynok 1. TIpocTpaHCTBEHHOE TMOJOKEHUE SICPHON JIAMUHBI M €€ B3aMMOJICHCTBHE C JPYrUMHU
crpykrypamu kieTku (Malashicheva and Perepelina, 2021).

Jlamunbl A 1 B-tuna xoaupyrorcs pasHbiMu reHamu. ['en LMNA pacnonoxeH Ha 1 xpoMocoMe u
komupyer namuHbl A Ttuma: A, C, C2 u AA10 uzodopmbl. Ot u30hopMbBI 00pa3zyroTcs MyTEM
aNbTepHATUBHOTO crutaiicuara. Jlamua B Ttuna Brmrodaer B cebs m3odopmel Bl, B2 u B3. Jlamuna Bl
Konupyercs reHoM LMNBI, pacnoyio)keHHbIM Ha 5 xpoMocome, a jamuHbsl B2 u B3 — renom LMNB2,
pacnonokeHHsIM Ha 19 xpomocome. JlamuHbl A u B-Tuma oTiMyaroTcs MO NATTEPHY SKCIPECCHUH,
XapakTepy MOCTTPAHCISIIIHOHHBIX MOIU(MUKAIMNA W KICTOYHOW JOKaau3anuu. BaXXHO OTMETHTh, YTO
JKCIpeccus JTaMUHOB A-THIa CBs3aHa C MpoleccoM KieTouHoil auddepeniupoBku. Jlamunbl A-Tumna
OTCYTCTBYIOT B PAaHHHMX SMOpPHUOHAX, HO JIKCIPECCUPYIOTCS B KIIETKaX-MPEANIECTBEHHUKAX KIECTOYHOU
JUHUH U B TEPMUHAIBEHO-IU(QEepeHIIMPOBAHHBIX KIETKaX, IPHU ATOM JaMUHBI B-TuMa sKCIpeccupyroTcs
MMOBCEMECTHO M Ha BCEX dTamax pa3BuTHs. TakuMm 0Opa3oM, BO3HUKIIO MPEANOJIOKEHHE, YTO JTaMUHBI B-
TUTIA OTPEACTSIOT KXU3HECIOCOOHOCTh OpraHW3Ma B TO BpeMs, KaKk JaMHUHBI A-THUIa UMEIT Oojee

crienuanu3upoBanHble GyHKIMH. bonee Toro, ypoBeHb 3kcnpeccuu jamuHa A/C BapbupyeT B pa3HBIX
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tkaHsax (Gruenbaum and Foisner, 2015).
1.2 CtpykTypa, co3peBaHue u coopka jamuna A/C

Kak u Bce Oenku MpOMEKXYTOYHBIX (DPUITAMEHTOB, JIAMUHBI COJEP’KAT TPH CTPYKTYPHBIX JOMEHA:
HEHTPAIBHBIA O-CIIUPAJIBHBIA CTEPKHEBOH JIOMEH, KOPOTKHN WIOOYISPHBIA aMHUHOTEPMHHAIbHBIHN
«TOJIOBHOW» JIOMEH M JUIMHHBIM KapOOKCUTEPMHUHAIBHBIN «XBOCTOBOW» JOMEH. lleHTpanbHbINl TOMEH
JJAaMUHOB BKJIIOYAET TPH ciupanbHbIX cermeHnTa (1A, 1B u 2), coenuHeHHble KOPOTKUMHU JInHKepamu L1 u
L12 (Ahnetal., 2019). JlJamuHBI UMEIOT HECKOJIBKO OTIIMYHMH OT uToruiazMaTnueckux IF: 1) onu conepxkar
42 NOTOTHUTEIBHBIX AMHUHOKHUCIIOTHI B CBOEM CTEP)KHEBOM JIOMEHE; 2) Y HUX 00jiee KOPOTKHI TOJIOBHOM
JIOMEH; U 3) UX KapOOKCUTEPMHUHAJIbHBII «XBOCTOBOM) JIOMEH COJIEPKUT CUTHAJ SIIEPHOM JIOKATU3ALUU
(NLS), xoTopblii HeoOXoAMM JJIsi HX SAEPHOTO TpAHCHOpTa IIOCIE€ CHUHTE3a B IUTOIUIA3ME,
MMMYHOI00ynuHOonoA00HbIH (Ig-) nomeHn, caiiT cBs3pIBaHMs XpoMaTHHA, U MOTHB CaaX (3a UCKITIOYEHUEM
namuHa C) (rae C - nucreuH, a - anudaruyeckas aMMHOKKCI0Ta U X - mo0ast amuHokucioTa) (Gruenbaum

and Foisner, 2015; Wu et al., 2014) (Pucynok 2).

[onoBHOW AoMeH a-CnUpanbHbli CTEPXXHEBOW AOMEH XBOCTOBOW JOMEH
I 1 1T I

BapuabenbHblii Ig gomeH

I CaaX

|

L1 L12 NLS

Pucynox 2. Ctpykrypnas opranuzanus jamuaa A/C (Malashicheva and Perepelina, 2021).

Jlamun C TpaHcIupyeTcss Kak 3pemnblii 0elok 0e3 MHOXKECTBEHHBIX MOCTTPaHCIHPYEMBIX
MoauQUKaIlUA, KaK B clydae JaMuHa A-Tuma, U He uMmeeT 98 amMmuHOKHUCIOT ¢ MoTuBOM CaaX. Jlamun A-
TUTNA JKCIPECCUPYETCS B KIETKaX B BHUJAE MpelaMUHA, KOTOPBIM MpeTepreBaeT MHOKECTBEHHBIC
MOCTTPAHCISAIMOHHBIE MOAU(PUKAIIMY KAPOOKCUTEPMHUHATIBHOTO «XBOCTOBOTO» JAoMeHa. Ha mepBoM aTarme
npoueccuHra npenamuHa A ¢epmeHT Gapuesuntpanchepasa (FTase) nobasnser hapHe3nIbHYIO Tpynmy
Kk C-KOHIIEBOMY LIUCTEHHY. 3areM Tpu ocTarka (aaX) OTLICIUISIOTCS C MOMOIIBI0 METAJIONPOTEHHAZBI
uunka Zmpste24 (FACEL) unmu ¢epmenta, RAS1 (Rcel). Ha cnenyromem stane C-KOHIIEBOW HUCTEHH
KapOOKCHMETHIIMPYETCsl U30MpeHmInucTennkapookcunmermnrpancdepaszoit (ICMT). Hakonen, ¢pepmenT
Zmpste24 pacmemnser nocneanue 15 C-KOHIEBBIX aMUHOKHUCIOT JaMHHA A, TeM CaMbIM Yoass
KapOokcudapHe3WIMPOBaHHBIM U MeTHIUpoBaHHbINA 1ucTenH (Adam et al., 2013; Corrigan et al., 2005;
Fisher et al., 1986; Wu et al., 2014). Ha pucynke 3 npeacTaBieHbl IOCIEA0BaTEIbHbBIE CTAIUU MPOIIECCUHTA

npenaMuHa A BO BpEMS CO3pEBaHUS.
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Mpenamuu A

DapHeaunupoBaHue

(FTase)

Pacuwennenme |
(Zmpste24/ Rce1)

KapbokcumeTunuposanme
(IcMT)

Pacuwennenue Il

(Zmpste24)
_-.~ G
3penbii namuH A @

Pucynox 3. [locnenoBarensHbie cTaauu nporeccunra npenamuaa A (Malashicheva and Perepelina, 2021).

W3BecTHBI W JApyrue THUNBI TMOCTTPAHCISIIIMOHHBIX  MOJM(HUKAIMK JIAMAHOB, TaKHe Kak
CYMOMJIUPOBAaHUE, YOMKBUTHIIMPOBAHHE, aleTHIIMpOBaHue M (pocdopunmupoBanre. ITH MOIUDUKAINH,
OUYEBUHO, UIPAIOT BAXXHYIO POJIb B PEryISIUM TPAHCIOKAIMU JAMHHA BO BpEMS KIIETOYHOIO IIMKIIA
(Donnaloja et al., 2020; Prokocimer et al., 2009). ®ocdhopuiupoBaHie JaMHHOB y4acTBYeT BO MHOTHUX
KJIETOYHBIX Tmpoueccax. Ha ceromHsmHWil [eHb HEKOTOpbIE HCCIENOBaHMS MOKAa3alId, 4YTO
dhochopunmupoBanre criocoOCTBYeT B3aMMOICHCTBUIO MEXK Ty JlaMmiuHaMu B-tura u ructonom H2A / H2B
y Drosophila (Mattout et al., 2007). B kierkax MIJICKONUTAOIIMX JIBa CHCIU(UUSCKUX CaiiTa,
(hIaHKUPYOIMKX IEHTPAIBHBIA JOMEH JJaMUHA, (OoChHOPUITHPYIOTCS TUKIMH-3aBUcuMOi kruHa30# (CDK) -
1. OTOT 3Tan HeOOXoAMM 1A pa30OpKU JIaMHHa Ha TuMepsl Bo BpeMms Muto3a (Chaffee et al., 2014; Naetar
et al., 2017). bonee Toro, pochopunupoBanue cnocodbCTBYET TMHAMUYECKOMY B3aUMOICHCTBHUIO JIAMUHOB
c apyruMmH Oenkamu, a Takxke pacTtBopuMoctu JamuHa A/C u 00pa3oBaHHIO JIAMUHOBOW CETH.
[IpumeuaTensHO, YTO BCE 3TH MPOIECCHl MOTYT OBITh AKTUBHUPOBAHBI/MHAKTHBUPOBAHBI, MOCKOIBKY
dbochopunupoBanue spusiercs ooparumoit momudukamueii (Kochin et al., 2014; Liu & lkegami, 2020). ITo-
BUIUMOMY, (ocoprinpoBaHUe JTaMHHA WUTPAaeT POJib B MOAY/ISIMM aKTHBHOCTH SHXaHCEpOB. bblio
nmoka3zaHo, 4to S22-dochopuianupoBaHHbIE JAMUHBI COEIUWHSIOTCA C aKTUBHBIMHM CaliTaMH TE€HOMHBIX
SHXaHCEPOB, W 3TO B3aMMOJICicTBUE HapymiaeTcsi B mporepouHbix kieTtkax (Ikegami et al, 2020).
CyMounnpoBaHue, Kak ObLIIO MIOKa3aHO, BHOCHUT BKJIaJ] B HOpMallbHOE (yHKIIMOHUpOBaHUe TamuHa A/C, a
Takke B perymsiun ero coopku (Kim et al., 2011). beuto nokaszano, uro myrantssiil samun A/C (E203G u
E203K) npuBOAUT K CHHKECHHIO YPOBHS CYMOWJIMPOBaHHUS JaMHHa B (uOpoOr1acTax M MOBBIIICHHON

rubenu kietok (Zhang & Sarge, 2008).
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OCHOBHOU CTPYKTYpHOU eauHHIeH ¢(unameHToB JiamuHa A/C sBIsSeTCS CHOUPATBHBIA IUMED,
oOpa3yromuiicss B pe3ylbTare B3aUMOACHUCTBUS IBYX LEHTPAJIbHBIX CTEP)KHEBBIX JOMEHOB OCIIKOB
JAMHHOB. DTH AUMEPbI COCAMHSAACH TOJI0OBAa K XBOCTY 00pa3yroT MpOoTO(UIaMEHTHI, KOTOPBIE MOTYT OBITH
00BEIMHEHBI B PA3JIUYHBIX KOH(OUTYpAUIX ¢ 00pa30BaHUEM JIAMHHOBBIX (PMIIAMEHTOB TONIIUHOW 10 HM
(Gruenbaum and Foisner, 2015; Herrmann and Aebi, 2004; Prokocimer et al., 2009). Crpykrypa
«XBOCTOBOT0» JIOMEHA JAMHUHOB IOJIOOHA WMMYHOTJIOOYIIMHY W MOET OTOCPEIOBaTh CHEIH(PHUECKUE

MEXMOJIEKYIISIPHBIC B3auMoIeHCcTBUS ¢ npyrumu Oenkamu (Donnaloja et al., 2020) (Pucynok 4).

Tanoswoit UenTpanshbiii KBocronai
ROMEH  cTepWHeBoi Aomen mowen
T L T

N—BT N e

MoHomep

Oumep

Cé6opka npoTodunameHTa
"ronoea K xeocTy"

C6opka nonumepa

dunament 10

Pucynox 4. Dranbl coopku puamenta namuaa A/C (Malashicheva and Perepelina, 2021).

1.3 Jlamun A/C-accouunpoBaHHble 0eJIKH

JlamuHBl A-THIa BBINOJHSIOT MHOXECTBO (QYHKIUH KJIETKH, OT cTabuwiu3auuu (opMmbl sapa 10
y4yacTus B OoJsiee CIOXKHBIX Ipolieccax (TakuX Kak KieTouyHas Mpoiudeparusi, MUTpalysi, CUTHAIbHAsA
TPaHCAYKIUS, KieTouHas JuddepeHMpoBKa U Jpyrue) Onmarojgaps IIUPOKOMY CIEKTPY JaMHH-
accorpoBaHHbIX OenkoB (Enyedi and Niethammer, 2017; Gruenbaum and Foisner, 2015; Karoutas and
Akhtar, 2021; Naetar et al., 2017).

Jlamun A/C-acconuupoBaHHBIE O€NKHM JeNATCs Ha TpU OCHOBHble rpymmel: (1) Oenkwy,
o0ecreynBaroLIe MEXaHUYECKYI0 MOJIEPKKY sA1pa; (2) KOMIIOHEHTBI CUTHAJIBHOU cUCTeMBbl KieTKu; (3)
OeNKH, Perylupyrolne 3KCIPecCHuio TeHOB W opranu3auuio xpomaruHa (Gruenbaum & Foisner, 2015;
Martino et al., 2018; Zhang et al., 2019).

Cpenu namun A/C-accollMMpoOBaHHBIX OSNIKOB OTACIHHO CTOUT BhLACTUTH dSMeprH, LAP (leucine-rich
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repeats and PDZ domains) u MANI1 6Genku. LAP2, smepun u MANI1 (na3siBaemblie Oenkamu LEM)
coJiepKar crienuanbHbIi 1oMeH u3 40 aMUHOKHMCIIOTHBIX OCTAaTKOB, Ha3bIBaeMblil jomeHoM LEM, koTopbIit
B3aumoJieiicTByeT ¢ hakropom BAF (the barrier to autointegration factor), JIHK-cBsi3piBatomum axropom,
YUYaCTBYIOIIMM B OpPraHU3aIMU CTPYKTYpPhI XpoMaTuHa U cOopke saepHor 00004kH. CymecTByIOT OEIKu
LEM, y KOTOpBIX OTCYTCTBYET TPAaHCMEMOpPAHHBIM JOMEH, U IO3TOMY OHU JIOKAJIM30BaHbl B HYKJIEOT1a3Me
wm nurtoriasme (Brachner and Foisner, 2011). [Tomumo BAF-onocpenoBanHOTO BIUSHUS HA CTPYKTYPY
XpOMaTHHA, JIAMUHBI B3aUMOJCHCTBYIOT C smureHeTndeckuM peryiasitopoM ING (inhibitor of growth),
KOTOPBIN CBS3BIBACTCS C KOPOBBIMHU I'MICTOHAMH, J€alleTHIa3aMH ¥ THCTOH-alleTHATpaHCpepa3aMu, a TaKKe
C MeQMaTopaMH SIUTEHeTH4YecKo perymsiuud. bomee Toro, mammuH A/C Takke MOXET HAMPSIMYIO
B3aMMOJICHICTBOBATH C XPOMAaTHHOM, CBSI3bIBAs CienM(UIECKre 00JIacTH XpOMaTHHA, Ha3bIBaeMbIe JJTAMUHA -
accolMupoBaHHbIMH AoMeHamH (lamina-associated domains — LADs), na nepudepuu siapa (Shevelyov and

Ulianov, 2019) (Pucysoxk 5).

Yumonnasma

ONM

3MepUH  MAN1 LBR MHN

INM
AfepHan
namuHa

Hykneonnasma

XpomaTuH

Pucynok 5. B3aumoneiicTBue saepHoi JaMHuHBI ¢ OelkaMu siAepHOil 00omouku u XxpoMatuHoM. INM —
BHYTpEHHsis snepHas MeMOpana; ONM — BHemHss sjepHas memOpana; SIIK — saepHO-mOpoBbIi
komruiekc; F-actin — ¢unamenrto3nsiii aktun; MKT — wmwukporpybouku; [IdD — mnpomexyrounsie
¢unamentsr; [THII — nepunykneaproe npoctpanctBo (Malashicheva and Perepelina, 2021).

SUN u KASH 06enku sBISIOTCS BaKHBIMH KOMIIOHEHTAMH SIIEPHONH MEMOpPaHBbI, JIOKATM30BAHHBIMU
B INM (inner nuclear membrane — BHyTpeHHss sepHas MemOpana) 1 ONM (outer nuclear membrane —
BHEIIHASA syiepHas MeMOpaHa) cooTBeTcTBeHHO. SUN OGenku B3aMMOJIEHCTBYIOT HEHNOCPEICTBEHHO C
namuHoM A/C. B 10 xe Bpemss KASH Genku CBSI3BIBAIOTCSI C OCHOBHBIMU KOMITIOHEHTAMH LUTOCKETIETa,
BKJIIOYAsi aKTUHOBBIE (PUiIaMeHTHI (uepe3 HecnpuH-1 u -2), mpoMeXyTouHble (prumaMeHTHI (Yepe3 HeCTIPpUH-
3) U MHUKpPOTpyOOUKH (dYepe3 KWHE3MHOBBIE M TUHEMHOBBIE MOTOpPHBIE OCNKH, B3aMMOJCHCTBYIOIIUE C
HecripuHoM-1, -2, -4 u KASHS5) (Haque et al., 2006). Takum o6pazom, SUN u KASH Genku, HECTIpUHBI,

coBMecTHO ¢ JJaMuHOM A/C 00pa3yroT OenkoBbIi koMmIuieke, HazbiBaeMblii koMiiekcom LINC (linker of
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nucleoskeleton and cytoskeleton), KOTOpBIif SIBISETCS CBS3YIOUIMM 3BEHOM MEXAY SIPOM U
[UTOIJIa3MaTHYECKUM IUTOCKeneToM. Takum oOpaszom, depe3 LINC komruiekc BO3MOXKHA Tiepenada
MEXaHUYECKON CUJIbI B SAJIpO, NEWCTBYIOIIEH HA KJIETKY CHAapyKH, YTO UIPAET BAXKHYKO POJb BO BpPEMS
murpanmu kietok (Lee and Burke, 2018).

Kpome Toro, x mamua A/C-acCOUMMPOBAHHBIM O€JIKaM MOXKHO OTHECTH OCNKH, PETyTUpYIOIIne
AKTUBHOCTh BKHBIX CHTHAIBHBIX ITyTel B KieTKe, Takux kak Rb/E2F, Wnt/B-karenun, TGF, SMAD wu

MAPK (Gerbino et al., 2018; Worman, 2018).
1.4 YuacTtue namuna A/C B TkaHecneuuguyeckoi peryasinuu 1u¢gdepeHIpPpoOBKH KJIETOK

1.4.1 Poab 1amuna A/C B nepegaye MexaHM4eCKMX CUTHAJIOB, ONOCPEAYHOIIUX

AU(pPepeHIHPOBKY KIETOK.

B Hacrosiiee Bpemst poitb tamuHa A/C B MEXaHOTPAHCIYKITUU CYATACTCS HECOMHCHHO BaXKHOU IS
PETYIMPOBAHUHN JKH3HEHHO BAXKHBIX IMPOIECCOB B KIETKaX, BKIIFOYAs MHTPAIMIO, TOMEOCTa3, POCT H
kierounyto auddepenmuposky (Donnaloja et al., 2020; Martino et al., 2018). Bo Bpems
MEXaHOTPAHCAYKIIUU B KJIETKE IMPOUCXOAIT MPeoOpa3oBaHMs MEXaHUUYECKUX CUTHAJIOB B OMOJIOTMYECKUN
OTBET, YTO IO3BOJIAET KJIETKE aJalTUpOBaThcsi K BHEIIHEH cpene. B stom ciyudae namun A/C ciyxut
MEXaHOCEHCOPOM, I0JTy4yasi BHEIIHUE CTUMYJIbI OT BHEKJIeTouHOro mMarpukca (BKM), a 3arem npeoGpazys
WX BO BHYTpEHHUE OHOJIOTWYECKHE peakUuu. TakuM o0pa3oMm, JaMHHBI SBISIOTCA MeEIUaTOPaMU,
MTOMOTAOIIMMH KJIETKaM aJlalTUPOBAThCs K M3MeHstomeics mukpocpene (Guilluy et al., 2014; Isermann
and Lammerding, 2013; Martino et al., 2018; Osmanagic-Myers et al., 2015).

[lepBrie cBeieHUS O TOM, YTO BHELIHSSI MEXaHUYECKasl CUJIa MOYKET BIMSTH Ha KJIETOYHBIE ITPOLIECCHI,
conpoBoXaaromuecs neopmanuen sapa, ObUTM moydeHsl Maniotis u ero koiuieramu B 1990-x romax
(Maniotis et al., 1997). C Tex mop HakarIMBaIKCh 3HAHUS O MEXaHHU3MaX, JISKAIIUX B OCHOBE IepeIavn
CUTHAJIa U3 9K30TE€HHOM Cpe/lbl uepe3 [UTOILIa3MYy B SAPO.

BKM BkiII04aeT MHOXKECTBO KOMIIOHEHTOB (O€NKH, IIMKO3aMUHOTIMKAHbI M IMPOTEOTIMKAHBI),
KOTOpBIE  OMNpEIENIEHHBIM  00pa3oM  BO3ACWUCTBYIOT Ha  TOBEPXHOCTh  KieTku. Haumbonee
pacipoCTpaHEHHBIMU U3 HUX SIBISIIOTCS KOJUTareH, JJaMuHuH U ¢pubponektur (Pucynok 6). Cocras BKM
YHHUKAJIEH JUIsl OTACHHHOW TKAaHM M MOXET H3MEHSTHhCS B OTBET Ha M3MEHEHHUE OKpYXKAIoUIeH Cpemsl,
oco0eHHO B ciydae 3aboneBanusi (Bonnans et al., 2014). Mexanuueckuii curnan ot BKM mnepenaercs
TpaHCMEMOpaHHBIM OellkaM HMHTETPUHAM, KOTOPbIE BBITIOJIHSIIOT CEHCOPHYIO poiib. WHTErpuHsI
OTIOCPENYIOT MpeoOpa3oBaHUe MEXaHUYECKUX CTUMYJIOB B OMOXMMHUYECKHE CUTHANbI. MHTepecHo, 4To B
3aBUCHUMOCTH OT KOJMYECTBa M THUIA MHTETPUHOB KIETKM MOTYT pearupoBaTh mo-pasHomy (Israeli-
Rosenberg et al., 2014). 3a cuet GenkoB, TAKMX KaK TaJIHH, O-aKTUHUH U BUHKYJIMH, 00pa3yroIUX KOMIUIEKC

¢doxanbHOM anrezun (FAC), uHTerpuns! cBs3biBatoTcs ¢ nurockeneroMm. benku FAC ompenenstor cuiy
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B3aMMOJICHCTBUS MEXJIy HHTETpUHAMH W F akTWHOM, KOTOpBIH SBISETCAs OOIMIMM KOMIIOHEHTOM
utockenera (Chin et al., 2019). 3arem curnan nepenaercs yepes komruieke LINC k saepHbIM JIaMUHaM,
OCHOBHBIM CE€HCOpaM MexaHOoTpaHcayKiuu (Pucynok 6).

Baxnocts mamuHa A/C B MEXaHOTPAHCIYKIUU ObUIa IOJATBEPKICHA B UCCIICAOBAHMSIX, ITIE KIETKH,
numeHHple JamMuHa A/C MM SKCIPECCHPYIONINe MYTaHTHBIA JIAaMHH, OBUIM HECIIOCOOHBI HAIPAMYIO
nepenaBath BHeNTHHE cvitbl B sipo (Poh et al., 2012).

HecmoTpst Ha WAGHTH(PHKALUIO CIEKTpa MOJEKYISAPHBIX KOMIIOHEHTOB, YYacTBYIOIIMX B
MEXaHOTPAHCAYKIIUH, OCTA€TCsl COBEPILIEHHO HEW3BECTHBIM KaK 3T KOMIIOHEHTHI B3aUMOJICHCTBYIOT U
aJlanTUPYIOTCS APYT K APYTY, IPU ONPEESIEHUH CybObI CTBOJIOBBIX KJIETOK BO BpeMs TU((HEepeHIIMPOBKH.
Cuuraercs, uto nporecc TudPpepeHInpPOBKH SBISETCS MEXaHOUYBCTBUTEIBHBIM, U CYb0a KJIETKU MOXKET
OTPEAETATHCS TUIIOM U (PU3NYECKON CHIION BHEUIHUX CTUMYNOB. Bo BpeMs kieTouHol nuddepeHpoBKU
JAaMUHBI A-THIA MOJIy4aoT WH(OPMALMI0 00 U3MEHEHUH MUKPOOKPYXEHHS OT ONMU3JIeKAINX KIETOK U
BKM uepes nurockener. 3To NpUBOAUT K IEPECTPOUKE CTPYKTYP XpOMATHHA, a TaKkKe KOH(POPMAIIMOHHBIM
W3MEHEHHSM SJICPHBIX OCNIKOB, TAKUX KakK (DaKTOPHI TPAHCKPHITIIUU M KOMIIOHEHTHI CHTHAJIBHBIX ITyTEH.
[Ipennonaraercs, 4To 3TH MPeoOpa30BaHus ONOCPENYIOT KOH(POPMAIIMOHHBIE U3MEHEHHSI B3aUMOJICHCTBUS
Y4acTKOB XpOMAaTHHA C SACPHOM JTAMUHOW, YTO MPUBOAMT K aKTHBALIMH/PENIPECCUH T€HOB, CBSI3aHHBIX C
muddepentupoBkoii (Alcorta-Sevillano et al., 2020; Swift et al., 2013).

Oduznyeckue CBOMCTBAa TKaHEH SIBISIIOTCS BaXKHBIM (DAaKTOPOM, OIPENENSIOMNM CyAb0y KIETOK.
Hekortopele nccienoBarenn BBISBUIN KOPPEISIIIMIO MEXAY KECTKOCThIO CyOCTpara M MHTEHCHUBHOCTBHIO
TKa"ecnenuduueckor Tpanckpuniuu reia LMNA. Hanpumep, Heo u ero kosieru mpoaeMOHCTPHPOBAIIH,
YTO Cia0ble BHEIIHUE CTHUMYJbI CIIOCOOCTBYIOT Pa3BUTHIO aIUIIOTEHHOrO (DeHOTHIAa Me3eHXMMaIbHbBIX
ctBosioBBIX KiIeTok (MCK), mpu 3Tom HaGmonaeTcss uHruouposanue npoaykiuu samuna A/C (Heo et al.,
2016). pyrue aBTOpbl OOHAPYKHWJIM, 4YTO CTHUMYJIbl cpeaHed cuisl  noOyxkapaior MCK
g depeHInpoBaTbCd B HAMPABICHUM MHOLMTOB, YTO COMPOBOXKJIAETCS MOBBIIICHUEM HKCIPECCUU
namuHa A/C (Engler et al., 2006; Swift et al., 2013). Bricokuii ypoBeHs sxcnpeccuu 1amuHa A/C B TBEpIBIX
TKaHAX (TaKUX KaK KOCTh) CTAOMIM3UPYET SAPO OT MEXaHUYECKOTO cTpecca. B 1o ke BpeMs MSTKHe TKaHWU,
Takhue Kak JKHp, XapakTepu3yIOTCS HHM3KUM YpoBHeM okcmpeccun JjamuHa A/C.  beuio
MPOAEMOHCTPUPOBAHO, uTO HOkAayH namuHa A/C ycunuBaer auddepenumpoky MCK Ha msarkom
MaTpHKCe, YTO CIOCOOCTBYET pa3BUTHIO )KMPOBOTO (peHoTHNA. HanpoTuB, n30bITOYHAS SKCIIPECCHS IaMUHA
A/C ycunuBaer nqud@epeHINpPOBKY KIETOK Ha KECTKOM MarpHKCce B HAllpaBJICHMHM KOCTHOTO (peHoTHHa
(Alcorta-Sevillano et al., 2020; Swift et al., 2013). Kpome Toro, ceepxakcnpeccus samuaa A/C npuBOAUT
K MHTUOMPOBAHHUIO PEMOJICITHPOBAHMS XPOMATHHA, a TAKXKE K aKTHBAIIMU JPYTUX MPOIECCOB, TAKUX KaK
9KCTIpeccus OENKOB, CBSI3aHHBIX CO CTPECCOM, YJaCTBYIOIUX B AU((epeHIIMPOBKE KIETOK, U PEryIsTopa
TpaHckpumniuu 6enka YAPI, yuacTByromero B npoiudepaniy KIeTOK U TMOJaBIeHUH CUTHAILHOTO MyTH

Hippo (Switt et al., 2013).
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Takum oOpa3zom, uepe3 anre3nMoHHble Oenkd W ceTh nuTockenera BKM mepemaer B sapo
UH(OPMAITUIO 0 MEKPOCPEE ISl TOTO, YTOOBI CTAOMITU3UPOBATH TPABIILHYIO (POPMY U KECTKOCTH sIIipa ¢
MIOMOIIBI0 CTAa0MIM3allMM KOJIMYeCTBa JIAaMHHOB. Bpicokas skcmpeccus jnamuHa A/C 3amuiiaer Bce
KOMITOHEHTBHI S/Ipa OT CHIIBHOTO (PU3UYECKOTO JIaBJICHUS, HCXOIIUX OT )kecTkoro BKM, Hampumep, kak B
KOCTHOM TKaHH. DTOT MEXaHHW3M OTPAXKAET MEXaHWYECKyl0 Teopuro ponu jamuHa A/C B KIETKax

(Osmanagic-Myers and Foisner, 2019) (Pucynok 6).

TIERHT
noposbIH
KoMmnnekc

rHecnpmu

LXpuMa'mH

Msrkuit BKM l Namun A/C

/ ,... .;'..1 'm"

< L AnepHas
S L oBonoyka

T Namwuu A/C

Pucynox 6. Perymsnus sxcnpeccun tamuHa A/C nmocpenctBom mexaHotpancaykiuu (Malashicheva and
Perepelina, 2021).

HexkoTtopsle nccnenoparenu NpoieMOHCTPUPOBAIHN BAXXHOCTh [g-nomena tamuna A/C B U3MEHEHUSX,
CBSI3aHHBIX CO CTPECCOM, C TOUKHU 3PCHHUS NIEPECTPONKH JIAMUHBI. B OTBET Ha cTpecc ANMEKTPOCTATUIECKOES
B3aMMOJICHICTBUE MEXKIY IOJIOKHUTEIBHO 3apsDKCHHBIM [g-JOMEHOM M OTPUIIATENILHO 3apsHKCHHBIMU
y4acTKaMHU CTEPKHEBOTO JIOMEHA COCEIHEr0 JIaMHUHA HApyIIAeTCs, YTO MPHUBOIUT K PEOpraHU3aIlluu
namunbl (Makarov et al., 2019).

Takum o0Opa3oM, ypoBeHb Okchpeccuu JamuHa A/C  ompenenser TKaHecHelnuUIecKyro
g depeHInpoBKY KiIeToK. MexaHndeckue CUrHalbl, moctynatomue u3 BKM, Moryt HanpaBisTh JIaMUHBI
K TpaBWIbHOW CTaOWIM3alM TeHOMa B OTBET HAa MEXaHMYECKHH cTpecc M TKaHecleuu(UuyecKyro
AKCIPECCUI0 TEHOB BO BpeMs JU(PGEPEHIIMPOBKU KIETOK. DTH COOBITUS HEOOXOTUMBI IJIsl TIOJIepKaHuUs

¢bopmsbl s1pa 1 npenoTBparienus pazpymenus JJHK.
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1.4.2 Poab namuna A/C B peryJsiiu OpraHu3aluy XpOMATHHA M IKCIIPECCHH IT'eHOB

I'enomuas JIHK B sape sykapuoT, Kak M3BECTHO, IIMPOKO YIIAKOBAaHA B XPOMOCOMBI, KaxKJIas M3
KOTOPBIX 3aHMMaeT OIpPEACICHHYIO OO0JIacTh, HA3bIBaEMYI0 XpOMOcOoMHOW Tepputopueit (Cremer &
Cremer, 2010). Ilo TpaHCKpUNIIMOHHOW AKTUBHOCTH XPOMAaTUH JEJIUTCS HAa SyXpOMAaTUH, KOTOPBIH
BKJIFOYACT OOJIBIITMHCTBO AKTUBHO JKCIIPECCUPYIONIUXCS TEHOB, W TETEPOXPOMATHH, BKIIFOUAIOITUI
TPAHCKPHIIIIMOHHO HEAKTUBHBIC TE€HBI. | €TepoXpOoMaTHH B OCHOBHOM 3aHUMACT MepUBEpHIo sapa, B TO
BpeMsi KaK JYyXpOMAaTHWH JIOKaJIM30BaH BO BHYTpPEHHEH dYactu smpa. Kpome Toro, rerepoxpoMarwH
TOJIpa3/IesAeTCs Ha KOHCTUTYTHUBHBIM T€TEPOXPOMATHH, KOTOPHIN JIOKAITM30BaH B TIEPUIICHTPOMEPHBIX U
CyOTEJIOMEpHBIX 00JIACTAX XPOMOCOM, U (haKyIbTaTUBHBIA IeTePOXPOMATHH, JIOKATH30BAHHBIN B TUIEYAaX
xpomocom (Lieberman-aiden et al.,, 2009; Ou et al.,, 2017). beuio mokazaHo, YTO TreTEPOXPOMATHH
CBs3bIBaeTCs ¢ JamMuHOM A/C, 00pasylomuM SACpHYIO JJAaMUHY, B TO BpeMs Kak 3YXPOMATHH CBsI3aH C
HEOOJIBIIIMM KOJMYSCTBOM HYKIICOTUIA3MATHICCKUX JTAaMHHOB A-THma. CUMTaercs, 4To JaMHHBI A-THTA
PETYIMPYIOT PEIPECCUBHOE COCTOSIHAE TCHOB, BKIIFOUYCHHBIX B (haKyJIbTaTHBHBIN reTepoxpomaruH (Bitman-
Lotan and Orian, 2021; de Leeuw et al, 2018; Gruenbaum and Foisner, 2015). OTta TpexmepHas
OpraHM3aIis XpOMaTHHA CTII0COOCTBYET PETryJISIHH SKCIIPECCHH TSHOB U MO ICPIKAHUIO PEIPECCHH TEHOB,
BKJIIOYEHHBIX B T€TEPOXPOMATHH.

B nacrosiiee BpeMsi MHOKECTBO METOJIOB, TAKUX KaK MUKPOCKOIUSI CBEPXBBICOKOTO pa3pelieHus
(Cremer et al., 2017; Ricci et al., 2017), metomsr 3axBata xpomocom (Dekker et al, 2002) u
nMmmyHonperunuTainus xpomatuHa (ChIP) no3Bonsror Oosee m1yOOKO M3y4UTh TPEXMEPHYIO SIIEPHYIO
apxutekrypy (Collas, 2010; Oldenburg & Collas, 2016). [IpsiMbie B3auMOAEHCTBHS XpOMaTHHA C TAMHUHOM
A/C Opumn uaeHTuUIHpoBaHbl ¢ ucnonb3oBanueM JIHK-anenun-meruntpancdepassr (DamlID) (Van
Steensel & Henikoff, 2000; Guelen et al., 2008) u meTonoB uMMyHOTIpenunuTanuu xpomaruaa (Lund et
al., 2014; Lund et al., 2015). OTu obmactu Teneph MMPOKO M3BECTHHI KaK JIAMHHA-aCCOIIMUPOBAHHBIC
nomensbl (LADs). IIpubnuzurensao 30-40% rernoma 3austo LADs, KOTOpbIe coiepkaT pa3inyHble TeHBI B
PENPECCUBHOM COCTOSIHUM B COOTBETCTBHH C KOHKPETHBIM THUIIOM KJIETOK. boiee Toro, ObLIO BBICKa3aHO
peanooxeHue, uto samMmuH A/C, pacriofoKeHHbII BHYTPH AIpa, a Takxke nepudepuyueckuii namua A/C,
yyacTBylOT B pemnpeccun reHoB (Naetar et al, 2017). IlomoOHO TeTepoXpoMaTHHY, CYIIECTBYIOT
¢axynpratuBHble U koHCTUTyTUBHBIE LAD (fLAD m cLAD coorBerctBenHo). HaGop cLAD ouens
UJICHTUYEH B KJIETKaxX pa3Horo mnpoucxoxaeHus. Hamporus, {LAD yHUKanbHBI 1715 Pa3HBIX TUIIOB KIETOK
(Melcer and Meshorer, 2010). B xo1e HECKOTBKUX UCCIIEAOBaHUN OBLIO MPOAEMOHCTpHpOBaHoO, uto fLADS
MPOCTPAHCTBEHHO PACMOJIOKEHbl TKAaHECHEIU(PUUYHBIM U 3aBHUCUMBIM OT CTauH SMOPHOHAIBEHOTO
pasButus cnocobamu (Poleshko et al., 2019, 2017; Robson et al.,, 2016). HenaBHue uccrnemnoBanus,
MPOBEJICHHBIE Ha WHIYIIUPOBAHHBIX IUTIOPUIIOTEHTHBIX CTBONOBBIX KieTkax (MIICK), wHecymux

TKaHecnenupUIecKyro MyTanuio B reie LMNA, noaTBepaAMIN 3TOT (PaKT M ONPEAEIIHIIN, YTO pa3pylIeHue
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CBsI3€ll JIaMUH-XPOMATHH ITPOUCXOAUT B OOJIACTAX C OINpeesICHHBIMH XapaKkTepucTukaMu. Mcrnonbs3ys Tpu
Tuma kiaeTok Takux kak kapanomuouutsl (KMII-UTICK), aqunonutst (AJAL-UTICK) u renatountsr (I'TIL-
HNHCK), nomyyennsie u3 UIICK c ognoit u3 nByx kapauocnenuduuasix myranuit LMNA (T101 u R541C),
Obuto ycraHoBieHo, 4to LADs mMeroT kietodHo-cnenuduyeckyo opraHmsanuioo. bomee Toro,
kapauocnernuduaeckue myranun LMNA oxaspiBaror 6osiee ryoutensHoe aerictBue Ha KMII-UIICK mo
cpaBuenuio ¢ AJIL-UIICK u I'TIL-UHCK (Shah et al., 2021).

Bo Bpemsi MuTO3a AemsIIIuecs: KJICTKU MPETEePIEBAIOT BHICBOOOXKIEHHE (DAKTOPOB TPAHCKPUIILIUU H
peopraHm3aiuioo XpoMaThHa, COMPOBOXKAAMONIYIOCs Tmepectpoiikoir LADs. WuatepecHo, dYro 3T
cHelu(pHUUHbIE JUIsl KJIETOYHOIO THUIMA HW3MEHEHHs] MOTYT OBIThb PEKOHCTPYMPOBAHBI IOCIE MHTO3a
(Shevelyov and Ulianov, 2019). MonexynsipHble MEXaHU3MbI TIOJIEP>KaHUS KIECTOYHO-CIIEIIU(PUISCKON
opueHtaumu LADs ocratorcss Heu3BeCTHBIMH. Kpome TOro, He COBCEM SCHO 3a CYET KaKuX
B3aMMOJICCTBUH M C IIOMOIIbIO KAKMX KOMIIOHEHTOB XPOMAaTHH MPUKPEIUISAETCS K SIEPHOU JIaMUHE.

N3BecTHO, 4TO MHOKECTBEHHBIE B3aMMOJCWCTBUS T'€HOMA U SACPHOM JaMHUHBI BJOJb OOJBLINX
yuacTkoB LAD 3aBUCAT OT MOCTTpPaHCIALMOHHBIX MoAudukanuii rucroHoB. Poleshko ¢ komneramm
nokazanu, yto H3K9me2 Merka nmpuHHMMaeTr ydacThe B TPEXMEPHOW MPOCTPAHCTBEHHOM OpraHW3alun
reTepoXpoMaTnHa Ha Tepudepur sapa, W MOBTOPHO B3aUMOJEHCTBYET ¢ (opMmupyromencs saepHOn
namuaoi mocie muto3za (Poleshko et al.,, 2019). Kpome Toro, merkm H3K27me3, a Taxxe cauThbl
ces3eiBanusl CTCF ¢uankupyror LAD, onocpenys ux mpukperieHue K sijpepHoit odonouke (Harr et al.,
2015).

[Tomumo namuHa A, y4acTBYIOIIEr0 B OpraHU3allMd XpOMarTuHa, OEJIKW BHYTPEHHEH s/IepHOU
MeMOpaHbl MOTYT CBS3bIBaTh YYaCTKH T'€HOMA C SIIEPHOM MIACTUHKOM, YTO IPUBOAUT K PEIPECCUH T'€HOB.
beumo mokazano, 4uro Oenok BHyTpeHHeH sijmepHoi memOpanbl LBR cBs3an ¢ Moaumdukanuei ructoHa
H3K9me3 gepe3 rerepoxpomarun-cssbiBatonuii 6emok 1 (HP1) (Hirano et al., 2012). Dmepun criocobeH
B3aumoJeiicteoBath ¢ HDAC3, uHuImupys ero katanutuyeckyro akTuBHOCTH (Demmerle et al., 2012).
benox LAP2P wurpaer KpUTHUECKYI0 pOJb B OpraHM3allid TE€HOMa, SKCIIPECCHH TE€HOB U Ipoliecce
T depeHIUPOBKU MOCPEICTBOM B3auMozeicTBus ¢ AT®-3aBUCUMBIM KOMILJIEKCOM PEMOJICITUPOBAHUS
xpomatuHa BAF (xommexkc SWI/SNF y mnexonuraromux) (Margalit et al.,, 2007). bonbiie nmpumepos
ydacTusi OETKOB BHYTPEHHEH siepHO MeMOpaHbl B PEryIsIUd apXUTEKTYPhl XpOMaTHHA MOXKHO HAilTH B
panHuX 0630pax (Cai et al., 2001; Zuleger et al., 2011).

[Iponecchl nmoaaepkaHusi CTBOJIOBBIX KJIETOK B TUTFOPUIIOTEHTHOM COCTOSIHUM, @ TAK)KE X pElIeHUE
muddepeHIupoBaTbCd B OMPENCIIEHHOM HAMpaBICHUM PETYIUPYIOTCS C  TOMOIIBI0  CJIOXKHBIX
BHYTPUKIIETOYHBIX MPOTPaMM. DTH TMPOTPaMMbl MOTYT OBITh PEalIM30BaHBI MOCPEICTBOM H3MEHEHUH
aAKTUBHOCTH (aKTOPOB TPAHCKPHUIIIHUH, KOH(POPMALMOHHBIX HM3MEHEHH B OpraHU3allid XpOMaTHHA,
AKTUBHOCTH SIUTCHETUYECKUX PETYISITOPOB U MHOTHX APYrUX COOBITHIA. B 3TOM OTHOIIEHHH CTOUT

OTMETHUTh HCKJIIOUMTENIbHYI0 poib JamuHa A/C. Bo Bpems nuddepeHIMpPOBKH KIETOK MPOUCXOIUT
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IIPOCTPAHCTBEHHOE IEPEMELICHNE T€HOMHBIX PErMOHOB 10 HAINpPaBICHUIO JaMHHE WM OT Hee. Takum
o0pa3om, TeHbl, He OTHOCAIIMECS K TUPPEepeHIUPOBKE, B3AUMOACUCTBYIOT C ITACTUHKON U MEPEXOMAT B
penpeccuBHOE COCTOSHUE. B TO ke Bpems reHbl, CBsI3aHHbIe ¢ TUPPEPESHINPOBKOA, HE MPUKPEIUICHHBIE K
JJAMUHE, JOCTYNHBI IS MX 3KCIPECCUHU, YTO CHOCOOCTBYET NaJIbHEHUIIEMY ONIPEAEIECHUIO KIETOYHOM

uneatnaHocTH (Bitman-Lotan and Orian, 2021) (Pucysok 7).

HepudhepeHUMpoBaHHaA KNeTKa

AnepHas oBonoka

SiAEPHan NamMuHa

XpomaTthH

LAD ¢ aKTHBHOI aKCTIPECCHe

LAD ¢ penpeccuelt akcnpeccii

DOutpdpepeHLupoBaHHas KneTka A Tuna OudbdepeHyupoBaHHan knetka b Tuna

Pucynok 7. I3MeHeHrEe MPOCTPAaHCTBEHHBIX B3aUMOJCHCTBHUI JaMUH-XPOMATHUH B MPOLECCE KIETOYHOU
muddepentiupoBku (Malashicheva and Perepelina, 2021).

AxtuBHasg ponib JamuHa A/C B HIEHTUYHOCTH CTBOJIOBBIX KJIETOK U JU(HEpEeHLIHUPOBKE KIETOK
u3ydanach B HECKOJBKHUX UCClIeoBaHUsIX. Hampumep, B mpoliecce MUOT€HEe3a HEKOTOPbIE TeHbl B COCTaBE
LAD nepememaroTrcs K JaMHHE WIK OT Hee ONpe/Ie]ICHHBIM 00pa3oM, YTO BeleT K U3MEHEHHIO SKCIIPECCUH
reHoB (Robson et al., 2016). Panee B Hamreit 1aboparopuu ObLIIO IOKa3aHO, YTO pa3inuHbie MyTanuii LMNA
MO-Pa3HOMY BIIMSIOT Ha MATTEPH AKCIpeccuu reHoB Bo BpeMs auddepenimpokn MMCK (Malashicheva
et al., 2015).

[Tomumo ¢yHKIMIA, ONIMCAHHBIX BBIIIE, TAMHHBI A-THUIIA CBA3BIBAIOTCS C OCJIIKOM PETHHOOIACTOMBI
pRb, akTuBHas runodocdonauprupoBanHas GpopMa KOTOPOrO y4aCTBYET B PErYIALUU KIETOUYHOTO LUKIA U
aronTo3a, a TakKe B MPOIECcax MBIMICYHOW U agunonurapHoi muddepennupoku (Boban et al., 2010;
Kennedy and Pennypacker, 2014). ITocienuroro pyHKIHIO Takke TOATBEP)KIAET IPSIMOE B3aUMO/IeiicTBHE
namuHa A/C ¢ nukimaoMm D3 B mbrmeynsix kinetkax 1 SREBP1 — BakHbIM (hakTOpOM aAUMOIUTAPHON
middepenunpoBku B npeagunonurax (Mariappan et al., 2007). Kommnekc namuna A/C u sMepHHa Takxke
MOYKET B3aMOJICHICTBOBATh C 0-KAaTEHMHOM M TE€M CaMbIM OIpeJelaTh Hayao ajgunorexnesa (Boban et al.,
2010). Kpome Toro, namMuHbl A-Tuna coxpassior ¢akrop c-Fos Ha nepudepun sapa, 4To NPUBOIUT K
MIOJJABJICHUIO TPAHCKPHUIILIMOHHON aKTUBHOCTH (pakropa AP-1, Xopo1110 H3BECTHOTO PErynsTopa KIeTOUYHON

nponudepanuu, nuddepeHupoBku u anontoza (Mirza et al., 2021). Takum oOpazom, TaMuHBI A-TUTIA
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CBsI3aHBl CO MHOTMMH DPETYISATOPaMH TPAHCKPUIIMU B SIIPE M MOTYT BIMATH HA HKCIPECCHIO TEHOB,
CBSI3BIBASACH C 3TUMH (PaKTOpaMH WM BIHAS HAa COOPKY OCHOBHBIX TPAHCKPUIIIMOHHBIX KOMILJIEKCOB.
C-KOHIIEBOH HMMMYHOTTIOOYTUHOTIOAOOHBIH JoMeH NamMuHa A/C HampsMyr B3aUMOJICHCTBYET C
¢baxropom PCNA, xoTopsblii urpaet Baxknyro pousb B perumkanuu JJHK (Cobb et al., 2016; Shumaker et al.,
2008). B ecrecTtBeHHBIX ycnoBusX skcrpeccus jamuHa A/C npuBoauT K umHrHOMpoBanuio PCNA u
nedochopunuposanuto Rb, 4rto, ciemoBarenbHO, HHAKTUBUPYET (akTopbl TpaHcKpurmu rpymmnsl E2F.
DTO NPHUBOIUT K OCTAHOBKE KJIETOUHOTO IMKIA, mojasieHuto pervmkanuu JIHK u 3amycky mporecca
mupdepenunpoBku. Hapymenune skcripeccun tamuaa A/C MoxeT npuBoauTh K ocdopunupoBanuto Rb
koMriekcoM UKIMH D - ¢dk4/6 u BicBoOOXAeHMIO (hakTopa Tpanckpuniuu E2F. B pe3ynbsrare kietku
HE MepexoJiT K npoiieccy tupdepeHIIMpOBKY, U aKTUBUPYIOTCS: MexaHu3Mbl anonto3a (Chen et al., 2019).
HecmoTpst Ha OOMBIITYIO aKTYaIbHOCTH MCCIIEIOBAHMIA, TTOCBSAIIEHHBIM pacin(pOBKE PEryISITOPHBIX
GYHKIMI JTAMHHOB, Ha CETOAHSIIHAN JIeHb HET YEeTKOTO NPEACTABICHUS O BCEX MOJIEKYISIPHBIX
MEXaHH3MaX, BOBJICYCHHBIX B MPOIECCHI PETYISINU IKCIIPECCHU TEHOB W OPraHW3alMd XpPOMaTHHA BO
Bpemst 1 hepeHIIMPOBKY KIIETOK. Y UUTHIBAsI CIIOKHOCTh M PA3JIMIHS OTJIEIIbHBIX KJIETOUHBIX MEXaHU3MOB
perymsnuu UG GEpEeHIIUPOBKA  KIETOK  Pa3sHOTO  MPOUCXOXKJEHHs, HEOOXOJUMBI  TaJbHEHIIe
UCCIIEIOBAaHUS C UCIOJIb30BAaHMEM DPA3JIMYHBIX KJIETOYHBIX MOJIEJIEH C NMPUMEHEHUEM LIMPOKO CIEKTpa

COBPEMECHHBIX METOO0B.

1.4.3 B3aumopeiicrBue jamuHa A/C ¢ CHTHAJILHBIMHU NYTSAIMHM BO Bpems 1u ¢ depeHIupoBKr

KJIIETOK

[ToMUMO BBIICTIEPEYUCICHHBIX (YHKIUHA JIAMUHOB A-THIIA, OHH CHOCOOHBI MOJIYIHPOBATH
AKTUBHOCTh CHUTHAJIBHBIX MOJICKYJI ITOCPEICTBOM HMX B3aMMOJICHCTBHS C TCHHBIMH PETYIITOPAMH,
MIPOMOTOPAMH U JIPYTMMH KOMIIOHEHTAMHU CHUTHAIBHBIX KaCKaJIOB B KJICTKAX.

MexMonekynsipable  B3auMojencTBus JamuHa A/C ¢ OOJNbIIUM KOJIWYECTBOM KOMIIOHEHTOB
CUTHAJIBHBIX MYyTeH WIA HX TPOMEKYTOYHBIX COCIUHCHUH NPOUCXOIAT W3-32  Pa3iIHYHBIX
MOCTTPAHCIIAIMOHHBIX MOJAU(PHUKAIINN, KOTOPhIM MoKeT nojaseprartbes jdamuH A/C (Gerace and Tapia,
2018; Maraldi et al., 2010). B menom mnocrrpaHCIsIIUOHHBIE Moaudukanuu jJaMuHa A/C MOXHO
MOJIPa3ACIUTh Ha dbochopunmpoBanue, CYMOUIIMPOBaHUE, (dapHe3mIMpoBaHue 51
kapOokcuMmeTmupoBanue. OIHAKO BIUSHUE 3TUX MOIU(UKAIUN HA MEXaHU3MbI B3aMO/ICHCTBUS JTaMUHA
A/C ¢ npyrumu MonekyinamMH U OelKaMH OCTaeTCsl B 3HAUUTENBHON CTemeHu Hem3BecTHhIM (Andrés and

Gonzalez, 2009; Gerbino et al., 2018).
1.4.3.1 Curnauabnbiii nytb Wnt / f-karenun

CurHanbpHbIl TyTh Wnt/B-KaTeHHH WIpaeT pellaroIlyio posib B JU(QepeHInpOBKe Pa3IUUYHBIX
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KJIETOK IOCPEICTBOM DETYISIUM TEHOB, ydYacTBylomx B mnpoiudepaunu u auddepenumupoBke
ME3eHXUMalIbHON TKaHU. bbUlo mokazaHo, 4Yro [-kareHuH (mpeoOpa3oBaTenb BHYTPUKIECTOUHOTO
CHUTHAJIBHOTO TyTH Wnt/B-KaTeHHH) crocoOeH B3aMMOJICHCTBOBATh C JIAMHUH-CBSI3BIBAIOLINM OCIIKOM
SMEPUHOM, TEM CaMbIM KOHTPOJHPYSI YPOBEHB IKCIPECCUU dMEpPHHA B TU(PPEPEeHINPOBAHHBIX KIETKAX.
Wurubuposanne kuHa3pl GSK3, BaxHBIN mar B akTUBaIMK (-KaTeHWHA, HEOOXOAUMO JUIsl aIUTIOTeHe3a.
Hanpotus, axtuBanus GSK3-kuHazbl Bener K IuddepeHIIMpoBKEe CTBOJIOBBIX KIETOK B OCTEOI'€HHOM
HanpasieHun (Maraldi et al., 2011). Mcnone3ys meimeit ¢ Hokayrom (Lmna - / -), Tong u ero xoiieru
MIOKa3aJju, 4YTo OTCYTCTBHE CUHTe3a JlaMuHa A/C NpUBOIUT K OJAaBJICHUIO TP PepeHITTPOBKH MUOTEHHBIX
1 OCTEOT€HHBIX KJIETOK, YTO KOPPEJIUPYET C YBEIMUYEHUEM COAEP KaHUS KUPOBOM TKAHU M 3KCIIpeccHen
aIMTIOTEHHBIX MapKEPOB, a TAK)KE CO CHIDKEHHON aKTUBHOCTBIO CHTHaNIbHOTO Iyt Wnt/B-karenuH (Tong
et al., 2011). Yuactue curnanpHoro mytu Wnt/B-kaTeHuH B HHUIMAIIUN OCTEOTEHHOM npdepeHIIMpPOBKH
MCK 0651510 TOATBEPKIEHO B HECKONIbKUX nccienoBanusx (Tong et al., 2011; Wang et al., 2017), Torna kak
aJIMTIOTEHHOE M XOHJIPOT€HHOE HarpaBlieHHe TUPPEepeHINPOBKH MTOIABISIIOCH, KOT/Ia CUTHAIBHBIA MyTh

Wnt/B- karenun 6b11 akTuBHpoBaH (Case and Rubin, 2010; Ullah et al., 2015).
1.4.3.2 CurnansHslii nyts Notch

CurnanbHbiii yTh Notch sIBISI€TCS KITIOUEBBIM PETYISATOPOM OCHOBHBIX KJIETOUHBIX INPOLIECCOB,
BKITIOYas mposmpepannio, nuddepeHIMpoBKy U anonTo3, Kak BO B3pOCIOM OpraHU3Me, TaK U B MEPHOJ
smbpuonanbHoro passutus (Hori et al., 2013; Schwanbeck et al.,, 2011). Curnansubiii myts Notch
BKirouaeT verbipe perentopa Notch (Notchl, Notch2, Notch3, Notch4), msare auranmos (Jag-1, Jag-2,
DLLI, DLL3, DLL4) u perynsatopbl T€HOB. PerienTops! u IMraHapl — 3TO B OCHOBHOM TpaHCMeMOpaHHbIE
(bopMBbI OEeNTKOB, KOTOPbIE 00ECIIEUNBAIOT B3aUMOJICHCTBIE COCEAHUX KIIETOK JAPYr ¢ Apyrom. Penentopsl
Notch moaBepraroTcsi mociie0BaTEIbHOMY HPOTEOIUTHUECKOMY PACHICINIEHUIO MPHU CBA3BIBAHUU UX C
JUTAHJIOM, YTO MPHUBOAMUT K BBICBOOOXKACHUIO BHYTpukieTouHOTro AomeHa Notch (NICD) ot knetounoi
MeMOpanbl. NICD nepemeriiaercst B siipo, Iie OH B3aUMOJCUCTBYET ¢ (aKTopamMu TPAHCKPHIILIHU, TEM
caMbIM aKTUBHpYS dKcmpeccuto reHoB-muiieHed (Andersson et al., 2011; Henrique and Schweisguth,
2019).

YeranoBneHo, yto Notch ygacTByeT B peryssiiuu npouecca auddepeHupoBKy kietok (Bray, 2006).
bonee Toro, O6buI0 MOKa3aHO ydacTHe CUTHaiIbHOro mytu Notch B pa3BuTumM mnporepuu XaTyMHCOHA-
I'undopna (HGPS) (Pereira et al., 2008). HGPS cBsizana ¢ sxkcnpeccueit ykopoueHHOH GpopMbl TpeaaMuHa
A, Ha3pIBa€MOTO MTPOTEPUHOM, HAKOTIJIEHHE KOTOPOTO B OCHOBHOM ITPUBOJUT K aHOMAJIbHOM (hopMme sapa u
CTpykType XxpomaruHa. CuMTaercs, 4YTO TMpPH OSTOM MPOUCXOAUT TOBPESKICHUE B OCHOBHOM
Me3eHXuManbHbIX TKaHel. Scaffidi m Misteli mokasanu, uTo skcipeccus mporepuHa B yenoBedeckux MCK
BBI3bIBAET TUIIEPAKTUBAIIMIO 3KCIIPECCUU OCHOBHBIX I€HOB-MHILIEHEH curHaiabHoro mytu Notch — HEYI u

HESI (2008). 910 crocoOCTByeT M3MEHEHHIO SKCIPECCHH MapkepoB AU(depeHInpoBKU: YCUICHHBIX
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aJIMIIOTEHHBIX M MOHW)KEHHBIX OCTEOTreHHbIX. OJHAKO M3MEHEHUI XOHIPOTeHHOU Tu(QepeHIuPOBKU B
KJIETKaX, HECYLIUX MyTaluIo, B oTanuue or LMNA nuxoro tuma He Ha0monanock. B kauecTBe BO3MOXKHOTO
MeXaHu3Ma OBLJIO BBICKa3aHO MPEAIOJIOKEHUE, YTO IPUCYTCTBUE MPOTEPHHA BBI3HIBACT HAPYLICHUE CBS3H
namuHa A/C ¢ ¢akropom Ttpanckpunmuu SKIP, aktuBaropom reHoB cemeiictBa Notch, Tem cambiM
YBEJIMYMBAs JKCIpecchio cBs3aHHBIX ¢ Notch renHoB BHyTpu siapa. Kpome toro, rensl Notch, BeposTHO,
MOTYT HalpsMYIO B3aUMOJIEHCTBOBATH C SJEPHON JTAMUHOM, U UX PETYIISILMS CBA3aHa C SIUT€HETUYECKUMU
momudukanusamu (Scaffidi and Misteli, 2008).

CooOmanock 0 BIMSHMM pa3auuHbIX MyTrauuit LMNA Ha curHanbHbli myTh Notch Bo Bpems
octeorenHoi muddepentupokrn MCK. bbuto BrIcka3zaHO TPENIONIOKEHHE, YTO B3aUMO/ICHCTBHE JTaMUHA
A/C c Notch MoxeT ObITh OTHUM U3 MEXaHU3MOB, perynupyromux auddepenuuposky MCK, ocHOBBIBasCh
Ha (QakTax, 4ro TKaHecnenupuueckue myranun LMNA criocoOHBI BIUATh HA aKTUBHOCTh CUTHAJIBHOTO
nytu Notch B MCK (bornanoBa u ap. 2014). Takum oOpa3om, myranuu B reHe LMNA ydacTBYIOT B

(YHKIIMOHATBHBIX U3MEHEHUSX CUTHAILHOTO TTyTH Notch Bo Bpems nuddepeHIInpoBKH KIETOK.
1.4.3.3 Curnaasubiii nyts TGF-f§ / Smad

CyliiecTByeT MHOXECTBO J0Ka3aTeIbCTB TOTO, YTO curHaiabHbIM myTh TGF-f/Smad ydactByer B
KOCTHBIX aHOMAJIUSX Yepe3 HapylIeHHe Mpoliecca 0ocTeoreHHou auddepeHmpoBku. Smad2, kak H3BECTHO,
B3aMMOJICUCTBYET ¢ JJTaMUH-CBsi3bIBatouM 6enkoM MAN1. Kondé ¢ komneramu onucanu 6osee moapooHo
3TO B3aMMOJEHCTBHUE C IOMOIIBIO CTPYKTYpHOTO aHanu3a v BeisiBui UHM nomen MANI1, yyacTByrommii
B cBs3u Smad2-MANI1 (Kondé et al., 2010). I'ereposurornas myrarusi B rene MANI1, npuBozsmas K
norepe (QyHKIUH, MPUBOJUT K KOCTHBIM aHOMAJHMSM, TaKMM KaK OCTEONOMKMIO3 (CKIEPOTUYECKUE
MOpaXKeHUs KocTei) ¢ nim 6e3 npossieHuii cunapoma bymike-Onnenaopd u Menopeocros3a (abeppaHTHBII
POCT HOBOM KOCTHOW TKaHM Ha MOBEPXHOCTU CYILECTBYIOIIEH KOCTH). DTH aHOMAalbHbIE N3MEHEHUS
MIPUBOJIAT K YBEJIIMYCHHIO TIIOTHOCTU KocTel u cBepxakcnpeccuu TGF-b (Hellemans et al., 2004). beuio
noka3zano, 4uto MANI MoeT y4acTBOBaTh B HMHAKTHBAIMM MOCPEACTBOM KOHKYpPEHIMHU ¢ (hakropamu
TPAHCKPHIIIHHK 32 cBsi3biBaHKue ¢ Smad2 u Smad3, u oH yyacTByeT B ux edochoprinpoBanme ¢ HOMOIIBIO
docdarazer PPM1A (Bourgeois et al., 2013). Kpome toro, namun A/C MOXET BIHUATH Ha CUTHAIbHYIO
akTuBHOCTh TGF-B/Smad mocpeacrBom B3ammonelcTBus ¢ nporenHdocdarazoit 2A (Van Berlo et al.,
2005). O4eBuAHO, YTO Ui MOHUMAaHHS TOTO, KaK JTaMUHBI A-THIa CIOCOOCTBYIOT (DYHKIIMOHAIBHBIM

n3MeHeHusM curHanbHoro nytd TGF-f3 Smad, HeoOXoauMel fanpHeHIIne neciea0BaHmsL.
1.4.3.4 Curnansnbiii nytb MAPK (ERK)

[Tyte MuTOreH-akTHBHpYeMoi nporenHkuHasbl (MAPK) perynupyeT KieTouHBIN MK U MpOIece

middepenuupoBku (Maraldi et al., 2011). Jlamunbl A-Tuna omocpeayloT yaep:kanue c-Fos (¢axropa
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TPAHCKPHIILINUHU, KOTOPBIH pEeryiupyeT KII04eBbIe KJIETOYHbIC MPOIECCHI, BKIIOYas Tu(PepeHIIMPOBKY) Ha
nepudepun sapa. BzaumoneiictBue mamuna A/C ¢ daktopom c-Fos Moxer OBITh HapylIeHO H3-3a
bochopmmposanus c-Fos ¢ nomomsio MAPK Erk. DToT pe3ynbprar yka3siBaeT Ha ydactue samuaa A/C B
akTuBHOCTH curHaiapHOTO TyTH MAPK (Gonzalez et al, 2008). B kapmumomMuonmrax MbIIIeH C
JTUJIATAllMOHHOM KapAuoMuUoInaTuel, accouuupoBaHHOM ¢ Myrauued LMNA H222P B orBer Ha
MeXaHHUYECKUH cTpecc Habmoaanack akruBanus curaansHoro mytd MAPK, B kotopom yuactByror ERK1/2
n JNK kunazel. Kpome TOro, ObLIO OOHApyK€HO, 4YTO HHIMOUTOPBHl 3TOTO CUTHAJIBHOIO IIYTH
MPEAOTBPALIAIOT Pa3BUTUE KapIMOMHONATHI, CBSI3aHHBIX ¢ MyTauued B reHe LMNA, HO He BIHSIOT Ha
pasButue MbledHoil nuctpodun (Muchir et al., 2007).

Takum o0pa3zom, JaMUHBI A-THUIA CBSI3aHBI CO MHOTMMH CUTHAJbHBIMHU IYTSIMU M PETYISTOPaMHU
TPAHCKPUIILHH B SIIPE, U MOTYT BIMSTH Ha SKCIPECCHIO T€HOB, CBS3BIBAACH C (DAKTOpPaMH TPAHCKPUIILIUU

WJTU BJIUSIS HA COOPKY OCHOBHBIX TPAHCKPHUTIIIMOHHBIX KOMIIEKCOB.
1.5 JlamuHOnIATHH

JlaMmuHOIIaTUH - 3TO I'pynma HaCJICACTBCHHBIX 3360J’ICB3HHI>1, BbI3BAHHBIX MYTAIlUSIMH B TCHAX,
KOJIMPYIOIINUX a) s/ICPHBIC JIAMHUHBI; 0) OCNKH, CBSI3aHHBIC C IOCTTPAHCISIIMOHHBIMH MOIU(MUKAIMSIMU
namuHoB (Hanpumep, ZMPSTE24); B) Oenku, KOTOpble B3aUMOJICHCTBYIOT ¢ JaMuHaMu (dMepuH, LAP2,
LBR, MANI, HecnipuH) u T) 6€IKH, COCTaBISIONINE saepHbIe TOphI (Zaremba-Czogalla et al., 2011).

3a nocnenuue 20 et Ob17I0 0OHAPY)KEHO, YTO OOJBITMHCTBO JIAMUHOIIATHH BBI3BIBAETCS MYTAIUSIMU

B reHe LMNA, xotopbiii kogupyet yamuH A/C. Ha ceromHsmHuii AeHb onucaHo Oosee 15 pa3imuuHbIX

3a0oneBaHul, cBA3aHHBIX C 498 myranusmu B reHe LMNA (http:/ www.umd.be/LMNA/).

JlaMHUHOTIaTHH XapaKTEPU3YIOTCS HIMPOKUM CIEKTPOM KIMHHYECKUX (DEHOTHIIOB, MPU KOTOPHIX MOXKET
MOPAXKAETCS OJIMH TUTI TKAHU, B OCHOBHOM ME3CHXHMAIBHOTO MPOUCXOXKICHUS, HATPUMED JTUTIOAUCTPOPHSI
(TIOBpEXKICHUE JKUPOBOW TKAaHW), MaHAMOYIOaKpajibHas IUCIUIa3us (MOBPEXKJCHHE KOCTHOW TKAaHM),
KapJAMOMHMOIIATHSI M MBIIICUHAass JUCTpodus (mopakeHne cepAeyHON TKaHW U CKeleTHBIX MbI) (Rankin
and Ellard, 2006). EcTb HECKOJIBKO TPYIII JIAMUHOTIATHIA, IPH KOTOPBIX MOPAKAIOTCS pa3Hble TKAHHU, YTO
MPUBOAMT K TIEPEKPBIBAOIIUMCS MM cucTeMHbIM ¢eHoturnam (Bertrand et al.,, 2011; Crasto and Di

Pasquale, 2018; Zaremba-Czogalla et al., 2011) (Pucynox 8).
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LMNA myTauyua
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CNEeKTP NOBPEXAEHHbIX TKaHeW

HECKO/TbKO TKaHe!
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MbILULbI, KOCTb, XHp,
nepupupnyeckme cycTaBbl, AMYHMK,
CKeneTHbie Mbiliybl ceppeyYyHan TKaHb KocTb XHUpoBas TKaHb HEPBbI KoMa
Muoguctpogus 3mepu AnnarayuoHHas MaHau6ynoakpansHan MarguéynoakpansHan bonesHb lporepusa
Apeiigyca KapAHoMHOnNaTHa ANCLNa3nsg Aucrnasus iapko-Mapu-Tyta XarunHcona-Tungopaa
KoweuHocTHo-noscwas | CHHAPOM cepauepyka CemesiHas YacTHyHas PecTpUKTHBHAA
MblLLEYHaRA AHCTRODUA nunegucTpogus AEPMONATHA
KoHrenutansHas Nunoatpopua CuHapom Manypa

MbILLIEYHAR JHCTPODUS

Pucynok 8. Cnektp 3aboneBanuii, BbI3BaHHbIX MyTauusMu B reHe LMNA (Malashicheva and Perepelina,
2021).

CuHIPOM TPEXICBPEMEHHOTO CTApEHUs, TAKKE W3BECTHBIM KaK IMPOTEpHsi, SBISCTCS OJHUM U3
HanOoJiee W3YYCHHBIX 3a00JI€BaHWN YEJIOBEKAa C TMEPEKPBHIBAIOIIUMUCA (DEHOTUTIaMHU, TIPU KOTOPOM
MOPAXKAIOTCS HECKOJbKO TUIOB TKaHed. [laromorus moxker ObITH 0OyciOBIEHA MYTalUSAMH B TeHaX
ZMPSTE24, LMNA, a Takxe B TeHaX, KOAUPYIOMIUX Oeku, yuacTByromumu B peraparuu JJHK (mampumep
xenukaza RecQ — RECQL u 6enku sxcum3nonnoit pernapanuu siapa (NER)) (Navarro et al., 2006). Camoit
M3BEeCTHOM (opMoOl mporepun siBisieTcss cuHiapoM XaruumHcoHa-Iundopma (Rankin and Ellard, 2006;
Worman et al., 2010). D10 KpaifHe peakoe ayToCOMHO-IOMHHAHTHOE 3a0oJieBaHME, JeTcKas (opma
KOTOPOTO XapaKTepU3yeTCsl U3BMEHEHUSIMU KOXKU U BHYTPEHHUX OPraHOB, BEI3BAHHBIMH IPEXKICBPEMEHHBIM
crapenueM opranuzma. B 2003 roay Obl1 omucaH MEXaHW3M Pa3BUTHS JaHHOTO 3a0ojeBaHus. Myranus B
reHe LMNA BbI3BIBaCT 3aMEHYy ITUTO3WHA HAa THMHH, TaKUM 0Opa3oM oOpa3ys JOIMOJHHUTEIIbHBIA CalT
cruaiicuara B 3k30He 11, uro mpuBogutT k ykopoueHHo MPHK LMNA Ttpanckpunrta. B npouecce
TPaHCIALUU CUHTE3UpYeTCa U3MEHEeHHas (opMma npernamMuHa A, B KoTopoil MoTuB CaaX He paciierisieTcs
¢ nomouisio pepmenta ZMPSTE24, a BMecTo 3penoro namuHa A oOpasyercs 0el0K MporepuH, KOTOPHI
HE MOXeT ObITh BKIIIOUEH B sA/iepHYto JaMuny (Gonzalo et al., 2017).

B otiinume ot cunapoma XatunHcoHa-I uindopnaa a1 Apyrux 3a001eBaHUii, CBI3aHHBIX C MYTAIUSIMH
B reHe LMNA, MoJeKyIapHbIE MEXaHU3MbI [TATOTEHE3a BCE €1IE MII0XO U3Y4eHbl. BOIBIIMHCTBO MyTanuii B
rene LMNA npuBOAST K HApPYIICHHIO CEepAlla U CKeJIeTHOW MyckynaTypbl. Cpenu Takux 3a00JIeBaHHA
MOKHO BBIJICNTUTH ayTOCOMHO-IOMUHAHTHYIO M PEIECCHBHYIO (DOPMBI MBIIIEYHON IucTpodun OMepu-
Hpeiidyca (MID/1) (Worman, 2012). beiio oOHapykeHO, 4TO 3a00JIeBaHUE CBA3aHO C TOUCYHON MyTaIllen
R453W rena LMNA, kaptupoBanHoro B jokyce lq 21.2-21.3 (Favreau et al.,, 2004b). [Tozxe ObutH
obHapyxeHbl mucceHc-mytanuu, G232E, Q294P u R386K, xotopeie mpuBoaar k pazsutuio MJID]]
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(Muchir and Worman, 2007). beumu ommcanel W apyrue (opMmbl JIaMUHONIATUH C CEPHCYHBIMU U
MBIIIECYHBIMU ()EHOTUIIAMH, BBI3BAaHHBIE MyTallUsIMH B reHe LMNA : nunataiiioHHas Kapauomuonarus 1A
(Fatkin et al. 1999) u nporpeccupytomas mbliieynas auctpodust koneunocrerdr 1B (Muchir et al., 2000).
MIS/l, wu3onupoBaHHas JAWJIATallMOHHAs KAapAMOMHUOIATUS U  IOSICHO-KOHEYHOCTHAs MBbIIIEYHAs
mcTpouss XapaKTepU3yIOTCs TEPEKPHIBAIOIIMMUCS KIMHUYECKUMU (EHOTUIIAMHU W JAWJIaTAllHOHHON
KapHOMHUOIIATHEH, CBI3aHHOW ¢ HapyIIEHUsIMH cepaeuHoi mpoBogumoct (Cattin et al., 2013).

CewmeliHasg vactuyHas aunoauctpodus JlanHurana, taxke usBectHas kak FPLD, mpencrasisier
co00i1 ayToCOMHO-JOMHUHAHTHOE 3a00JI€BaHNE, XapaKTEePU3YIOlleecs MOTEPEN MOKOKHOM KUPOBOI TKaHU
B KOHEYHOCTSX M TYJIOBHIIE MOCJE MOJIOBOTO CO3pEBaHMS U M30BITOUHBIM OTJIOKEHHEM XKUpa B o0nactu
rojoBsl U men. Beero 90% myranuit LMNA nipu 3TOM CHHIPOME MPEACTaBIISIIOT cO00M MUCCEHC-MyTalluH,
nokanu3oBaHHble B 2k30HE 8 (Boguslavsky et al.,, 2006). beuto onmucaHo HECKOJBKO TAaKUX MYTaIlHi,
Harpumep, R482Q, R482W, G465D B sx3one 8 u R582H B sx30ne 11 rena LMNA (Garg et al., 2001).

MangubynoakpanpHas muciiazusi (MAD) - pemkoe ayrocomMHO-peliecCMBHOE 3abojeBaHUE,
XapaKTepU3yIoIleecss MOCTHAaTAIbHBIMU aHOMaIWsAMU KocTed. Paszsutme MAD acconumpoBaHO C
TOYEYHBIMH MyTaIusiMu B TeHe LMNA, TpuBOIAIIMMU K aMUHOKUCIIOTHRIM 3aMmeHaM (Garg et al., 2005).
MAD Taxke MOXeT ObITh BbI3BaHA MYTAllUIMH B B TeHe, Komupyromiem mnporeasy ZMPSTE24,
y4acTBYyMOIIYIO B poueccunre samuna A/C (Agarwal et al., 2003).

Takum  oOpa3om, BBINICTIEPEUYHCIICHHBIE  HanOoyiee  M3BECTHbIE  (OPMBI  JTAMHUHOTIATHMA
JEMOHCTPHUPYIOT, UYTO MYTAIlUX B OJHOM M TOM ke reHe LMNA MOryT NpUBOJIUTH K Pa3BUTHIO CEPHE3HBIX
aHOMAaJIMH, XapaKTepU3YIOIIHUXCS IIUPOKHUM CHEKTPOM KIMHUYECKUX (PeHOTUNoB. OIHAKO MeXaHU3M
pa3BUTHUS STUX 3a00JIEBaHU 10 CHX HOP MOJHOCTHIO HE U3YYEH.

Heckomnpko JieT Ha3a yuyeHble IPeAIOKUIN ABE TUIIOTE3bl, OOBSCHSIONINE PA3BUTHE JIAMMHOTIATHIA:
CTPYKTYPHYIO THIIOTE3Y U TUIIOTE3Y AKCIpeccur TeHoB. CornacHO CTPYKTYpHOM TUIIOTE3€, MyTALH B T€HE
LMNA BbI3BIBAIOT, MpeXkae BCEro, ociabieHue siiepHod MeMmOpaHbl, YTO JeNaeT €€ YSI3BUMOW s
MOBPEXKICHHUH, TPUBOAAIINX K T'HOEIH KIETOK. J[pyras rurnore3a 0CHOBaHa Ha MOJICKY/ISIPHBIX MEXaHH3Max
U CBSI3aHA C TEM, YTO JaMUHbI A-THUIA SBISIOTCS PETYISTOPaMH T€HHOM 3KcIpeccuu, a myrauuu B LMNA
HapYyIIAalT PEryasiTOPHYI CHOCOOHOCTh JIaMUHOB A-THUMA U CIOCOOCTBYIOT Pa3BUTHUIO 3a00JICBaHHIA
(Osmanagic-Myers and Foisner, 2019). B HacTositiee BpeMs €CTh IoKa3zaTelbcTBa 00enx runore3. OmHako
MHTEPECHO, YTO KJIACTepHBIA aHanu3 Myraunid LMNA oTnaer npeanodYTeHue TOW MM MHOW TUIOTE3E B
3aBUCHUMOCTH OT JIOKaNU3auuu Mmytauuid LMNA, cBSI3aHHBIX C OIIPEIEICHHBIM TUIIOM JIJAMUHOTIaTU . Takum
oOpa3om, ObUIO MoKa3aHo, uTo LMNA MyTaluu, pacroyioKeHHbIE BbIIIE CUTHAJa SJSpHON JIOKaIN3aluu
(NLS), BnusitoT Ha KOHCEPBAaTUBHBIN KOPOBOM JIOMEH, HEOOXOAUMBIH U1 (POPMUPOBAHUS U MOIEPKAHUS
LEJIOCTHOCTH SIZIEPHOTO LIUTOCKENETa, B TO BpeMsl Kak MYTalllH, pacrosokeHHble Hibke NLS, Gombiie
BIMSIOT Ha peryniaropHsle cBoiicTBa jamuHoB (Hegele, 2005). IlockonbKy mepBasi rpymnmna MyTauui B

OCHOBHOM CBsi3aHa C OOJIBIION TpyNmoil MBIIEYHBIX TUCTpOPUIA U KApAMOMHUOIATHHA, YYEHbIE



28

MPEATIOIOKIIN, YTO IPUYMHAMH ITHX 3a00JI€BaHUI SABISIOTCS, IPEK/E BCETO, HAPYIIEHHE (POPMHUPOBAHUS

CTPYKTYpHI JIAMUHBI U MeXaHU4eckue nedexTsl. Bropas rpynma mMyTanuil OTHOCUTCS K JPYrUM THIIAM

JJAMUHOIIaTUI, B YaCTHOCTU K IporepouHsiM cunapomam, FPLD u MAD, u, ckopee Bcero, cBsizaHa ¢

HapymieHneM B3aummoneiictBus jamuHa A/C ¢ TpaHCKPUIIMOHHBIMU (AaKTOpaMHU W HapylIeHHEM

PETYISINN BaXKHBIX CUTHATBHBIX TyTel B KieTke (Cattin et al., 2013) (Pucynox 9).

7 7

NamuH A - A N 1B 5 2 EENSE g —
1 34 7080 218 242 387 566 664
INamun C - A N 1B ] 2 EENSE g —
572
MeiweyHele auctpotun FPLD Mporepuns
Kapanomuonatum MAD

Pucynox 9. Koppemsuus mexnay mokanmm3anuei myrauumii B LMNA u ¢deHoTunoM 3abojeBaHUS

(Malashicheva and Perepelina, 2021).

B IMOCIICAHEC BpPEMs HUCCICAOBAaHHA B OCHOBHOM COCPCAOTOYCHBI Ha HM3YYCHHUH MOJICKYIIAPHBIX

MEXaHU3MOB pa3BuTHs JamuHomatuii (Alcorta-Sevillano et al., 2020; Osmanagic-Myers and Foisner, 2019;

Shah et al., 2021). MonekynsipHble MEXaHHU3MbI, TPEIIOKEHHBIC YUYCHBIMHU, BKIIOYAIOT HAPYIICHHUS B

OpraHu3aliyi TeTepoXpoMaTHHA, BHYTPUKIETOUYHON Mepefayd CUTHajla U B Impoliecce ayrodaruu, 4to B

KOHEYHOM HUTOTE MPUBOAUT K HAPYLICHUIO PETYISLIUU 3KCIIPECCHH pa3innyHbix reHoB (Wong and Stewart,

2020).
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2. MATEPHUAJIBI U METO/1bI

Bce wuccnenoBaHus MPOBOAWIM B HAay4YHO-HCCIEIOBATENBCKON Jabopatopun  MoneKynspHOM
KapaAnuOJIOTUH U TCHETUKH HAYYHO-UCCICAOBATCIILCKOIO HHCTUTYTA MOJICKyn?IpHOfI OMOJIOTHH U TEHETUKHU
OMMUII um. B. A. Anmazosa (Caunkr-IletepOypr, Poccus). Ha Bce paGoThl ¢ uenoBeyeckuM mMarepuagoM

MMENOCh pa3pellieHue JIOKaIbHOro 3Tuyeckoro komurera ®MULL um. B. A. Anmasosa.
2.1 Knero4Hble KyJbTypbI

B pabote ncnonb30Banuck KyIbTyphl KIETOK:
e (CareuIUTHBIE KJIETKH MBIILIN
e Mpimunbie MuoOacThl TuHUK C2C12
e DHjoTenuanbHble KJIETKU MYNOYHOM BeHbl uenoBeka (JK)
e Me3zenxumHble KieTku cepana yenoseka (MKC)
e [magkomblieyHble KIeTKH aopThl yenoseka ('MK)
e HHrepcTunmanbHble KJIETKU a0pTaIbHOTO KianaHa yenoseka (UK)
e uaynupoBaHHbIE TUTFOPUIIOTEHTHBIE CTBOJIOBBIC KiIeTKH denoBeka (UTICK)

e Kiuerku nuanum HEK 293-T
2.1.1 TIloay4yeHue ¥ KyJbTHUBHPOBAHUE CATEVIMTHBIX KJIETOK MbILIH

CareyuMTHBIC KJIIETKH MBIIITH BBIACIISIINA U3 MBIIIBI soleus camioB iuHuM C57BL/6. Mpiy soleus
m3onaupoBasii u nomemanu B cpeny JAMEM (Invitrogen, CIIIA) ¢ neHUIMIUIMH-CTPENTOMUIIMHOM
(Invitrogen, CILIA). M3onupoBanubie Mblmbl nomemand B 0,1%-p1ii pacTBopoM kojutareHassl | Tuma
(C0130, Sigma, I'epmanust) vHa 90 mun nipu Temreparype 37°C. 3aremM MbIIIIBI EHTpUGyrupoBau B 15
M npobupke npu 300 g B Teuenune 5 MuH. CynepHaTaHT YIaJIsId, a 0CaIOK PECYCHEHAUPOBAIN B 3 M
otMbIBouHOM cpeapl (JAMEM, 10% nomanunoit ceiBopotku (JIC), 1% aHTHOMOTHKA) U UHKYOHMPOBAIH B
teueHue 5 muH. [Ipouenypy OTMBIBKM MOBTOpsUIA. J[BaxAbl COOpaHHYIO HAJOCAJ0YHYIO KUIKOCThH
uentpudyrupoanu npu 1000 g B teuenue 10 muH. [lomyueHHslil B pe3ynabrare HEeHTpU(YTHPOBAHUS
KJIETOUHBIN 0cafiok pacTBopsud B 0,5 Mit KynsTypanbHo# cpensl (JJMEM ¢ no6asnenuem 20 % OBC, 10%
JIC, 1% »MOproHAIBHOTO SKCTpaKTa IbITUIeHKa U 1% aHTHOMOTHKA).

[TonyuenHsle KIETKH KylnbTUBHpOBaM Ha MOKPHITEIX Geltrex (Invitrogen, CIIIA) kynsTypaHbHBIX

yamkax npu 37°C, 5% CO2, 99% BnaxxHocTH. KynbTypallbHYIO CpeAy MEHSIM Yepe3 ACHb.
2.1.2 Muobaacrsl muauu C2C12

Knerxku muaun C2C12 xynsruBupoBanu B cpene JIMEM (Invitrogen, CIIA), ¢ no6asinenuem 10%
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®bC, 1% L-tmyramuna (Invitrogen, CIIIA) u 1% nernmmmma-cTpentomununaa (Invitrogen, CIIIA) mpu
37°C, 5% COz, 99% BIaXHOCTH.

CMeHa KynbTypaJIbHON Cpezibl MPOU3BOJUIIACH KaKIble 1BO€ CyToK. IIpu oOpa3oBaHuu KieTKaMu
MOHOCJIOSI TIPOU3BOJIMIIM IIEPECEB KYJIBTYPhl C MOMOILIBIO 2,5-KpaTHOro pactBopa TpurcuHa (Invitrogen,
CIIIA), pa3senennsiii B pocharnom Oydepe. Kiietku nHKyOUpOBaIM ¢ TPUTIICHHOM B TEPMOCTATE B TCUCHHUE
3-5 muH. [lanee xierku neHtpudyrupoBav npu 300 g B TeUeHWE 5 MUH, yIasUTM CYNEPHATaHT H
pecycreHANpPOBANIN B KYJIbTYPaJIbHOM cpezie, pa30uBasl KJIIETOUHbIE arperarhl.

Jljig 3aMOpO3KH KJIETKU TakXe CHUMAaJM CO JHA KYJIbTYpaJbHON MOCYAbl C MOMOIIbIO TPUIICHHA U
uentpudyruposanu npu 300 g B TeueHHE S MUH, YIASUIA HAJI0CAIOYHYIO )KHIKOCTh U PECYCIIEHIUPOBAIH
KJeTouHbli ocasiok B 10%-om pactBope kpuonpotekropa IMCO B @BC. CycneH3nio KJIETOK EPEeHOCUIH
B KpUONPOOMPKK M 3aMmopaxuBaiu mpu Ttemmeparype -80°C. Ha crmemyromumii neHb KpHONPOOUPKU

MepeHOCHITN B )XuAKUM a30T (-195°C).
2.1.3 HHTepcTHHHMAJIBbHbIE KJIETKH a0PTAJbHOr0 KjianaHa yenoseka (UK)

K BBLICIAIN U3 3J0POBBIX KJIAllaHOB, MOJYYCHHBIX OT MALMCHTOB IMOCJE OICpalyu II0 3aMCHE
AOpTAJIBLHOTO KJIallaHa B paMKax ormnepanuu, npooguMor B ®MMUILL um. AnmazoBa. M3onupoBaHHBII
kJiarnan obpabatsiBanu B 0,2%-0oM pacTBope koitareHassl (kotarenasA-tumna IV, >160 en/mr, Worthington
Biochemical Corporation, CIIIA) kak 6s110 onricano panee (Kostina et al., 2018). [TonyuenHyto KynbpTypa
KJIETOK MOJJIEp>KUBaM B KynbTypaibHo# cpene: JJMEM (Invitrogen) ¢ no6asnenuem 15% ®bC, 2 MM L-

rryramuHa 1 100 en/mi neHunuuIMH-Tpentomuiinia (Invitrogen).
2.1.4 TInaakombllieyHble KJIeTKH a0pThl YesaoBeka (I'MK)

I'MK Bbigensun myteM (pepMEeHTaTUBHOM 0OpabOTKHU CTEHKH aOpThl. AOPTY NMOMEIIAINA B PacTBOP
KOJUTareHassl 1o MpoTOKoITy, onucanHomy panee (Kostina et al., 2018). AopranbHyto TkaHb 00pabaTbIiBaIn
0,1%-piM pacTBOpOM KOJuTarenasnl (kosmarenasza, Ttum III, >100 en/mr, Worthington Biochemical
Corporation, CIIIA) B Teuenne 1 uwaca mpu 37°C. [lanee, mocne mpombiBanus B cpene [IMEM c
nobasinenuem 20% DBC u anTHOMOTHKA, TKaHb aOPThl M3MeEIBYaNU Ha HeOousblIue (parMeHThl U
MIEPEHOCUITH B KYJIBTYypajbHBIA (h1ack ¢ MpeaBapUTEIbHO HAHECEHHBIMHM Ha JHO LapanuHamu. Kietku
kynsTHBOpoBaiK B cpenie JIMEM (Invitrogen, CILIA) ¢ no6asnenuem 20% DBC (Invitrogen, CILIA), 2 MM

L-rnyramuna u 100 en/mn nenunmnuH-TpentomuiinHa (Invitrogen, CIILIA).
2.1.5 DupaoTeaMadbHbIEe KJICTKH MYNOYHOH BeHbI YyesnoBeka (JK)

OK nonyyanu U3 Myrno4Hoi BeHbI MyTeM ¢epMeHTaTUBHON 00paboTku Tkanu (Baudin et al., 2007)

Beny npomsiBanu B @Cb, 3anonusum 0,1%-bIM pacTBopoM KoJutareHassl (kojutarenasa I, Worthington
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Biochemical Corporation, CIIIA) u unkyoupoBamu B ®Cb mpu 37° C B Teuenne 10 mmu. PactBOp
KOJUJTareHas3bl, COACPIKaIIMK KIETOYHYIO cyclieH3uto neHtpudyruposanu mnpu 300 g B TeueHHe 5 MUH.
Knerounsiii ocagok mpomeiBanu B JIMEM (Invitrogen, CIIIA), pecycneHAMpOBaM W BBICEBAIM Ha
KYJIbTYpalibHbIe Yamku, MOKpbIThie 0,2%-bM sxenatiuHOM (Sigma-Aldrich, CIILIA) B cpeny ECM (Stem

Cell, Kanaga). Knetku nognepxxusaim npu 37°C, 5% CO2.
2.1.6 Me3senxumHuble KJaeTkH cepana yenosexka (MKC)
2.1.6.1 Iloayuenne, KyJbTUBUpOBanue u Tpancaykuuss MKC

Cornacao mpotokony (Smits et al, 2009) ¢parmenT Tkanu mwuokapaa mnpombiBaiu B DCB,
M3MeNpIal U MHKyOMpoBaiv B pactBope kojutareHassl II (1 mr/mum) B teuenue 2 4 npu 37°C. Tkanb
nporyckanu yepe3 Guiabtp ¢ quamerpom nop 40 MkM U neHTpudyrupoBanu B TeueHue 5 muH npu 300 g.
Ocanok pecycrnieHaupoBaiu B KyiasrypaibHoit cpeae (20% ECM (Stem cell, Kanaga), 70% JAMEM/F12
(Thermo Fisher Scientific, CILIA), 10% ®bC (Hyclone) (Thermo Fisher Scientific, CILIA), 1x pactBop
amuHokucior MEM NEAA, 1% L-tmyramun (Invitrogen, CIIA), 1% neHIMIUIMH-CTPENTOMHULIMH
(Invitrogen, CI1IA)) u BbiceBanu Ha yamiky, HOKpbITyI0 0,1%-biM >xenatuHOM. KieTku noanep>kuBanu B
KyneTypanbHo# cpene npu 37° C u 5% CO2. KyneTypalbHyI0 Cpelly MEHSUIM Kaxkable Tpoe cyTok. [Ipu
JNOCTHKEHUHU KIJIETKAaMU MOHOCIIOSI TIPOBOJMIIM TNEPEeceB KyIbTyphl C UCHOJIb30BaHHEM 2,5-X pacTBopa
tpurnicuna (Invitrogen, CIIIA), passenennoro B @Cbh. KneTkn nHKyOUpOBaIM ¢ TPUTICHHOM B TEPMOCTATE
B TeuyeHue 3-5 MuH. 3aTeM K KIeTKaM J00aBIISJIM HPOTPETYI0 KyIbTypajbHYIO Cpeay M TIIATENIbHO
pecycreHaupoBaiy, pa3ouBas KieTouHsle arperatel. CycreH3uio KieTok nentpudyruposanu mpu 300 g B
teueHue 5 MuH. CynepHaTaHT yaalisijii, a 0CaJOK PeCyCIeHAUPOBAIIN B CBEXKEH KylnbTypaibHO cpene. s
SKCIIEPIMEHTOB KJIETKM PacCeBaINCh Ha 12-TyHOYHbIE MIAHIIETH U3 pacyeTa 60x10° KIeTok Ha TyHKY.

Bo Bpemst moceBa MKC Ha 12TH-TyHOYHBIE TUIAHIIETH B CPEIy JUISl KYJIBTHBHPOBAHUS J100aBIISIN
KOHIIGHTpAT BUPYCHBIX YacTull. Yepe3 16 4 mocine TpaHCAYKIUU KIETKaM MEHSUIH KyIbTypajabHYIO CpPeny.

Nmmynodenotunuposanne MKC npoBoaunu Ha nporounom nuroduryopumerpe Guava easyCyte 5
(Millipore, CIIIA) ¢ ucnosb30BaHMEM MOHOKJIOHAIBHBIX aHTUTEen npotuB CD33, CD56, CD73, CD90,

CD105, CD117, CD146, CD166 (Abcam, CIIIA) B COOTBETCTBUH C MIPOTOKOJIOM (PUPMBI-IIPOU3BOAUTEIIS.
2.1.6.2 Tudpepennnposka MKC B agunoreHHOM H 0CTEOT¢HHOM HANPaBJICHUSX

OcCTeoreHHyl0 WIH aIUMOTeHHYI0 au((epeHIINPOBKH KIETOK HMHIYLIUPOBAIU IyTEeM 3aMEHbI
POCTOBO# cpenbl Ha U HepeHIIMPOBOYHYIO.

CocraB cpefpl s MPOBEACHUS aAUIIOTEHHON TU(PEpEeHIIMPOBKU: KYIbTypalibHas cpena (yKa3zaHo
BhIIIIe), coaepxamas 0,5MM 3-u300ytui-1-metmnkcantud, IMkM nexcamerasoH, 1MkM uncynuH, 0,2MM

ungomeranud, 0,5MM pocurmutazon (Bce Sigma, CIIIA). Cmeny nuddepeHIIupOBOUHON Cpenbl ¢
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nobasneHneM Bcex AU(B(GEpPeHUUPOBOYHBIX  (PAKTOPOB  MPOM3BOAMIN  KaXIble TPOE  CYTOK.
[IponomxurenbHOCTh TG GEPSHIIUPOBKU COCTaBIsUIa 14 nTHEH.

CocraB cpefpl UTsl POBEIEHUSI OCTEOTeHHOH nr(epeHIIMPOBKH: KyIbTypaibHas cpeaa (yka3zaHo
BbilIe), conepxkamas SOMKM ackopOuHOBON KkucinoThl, IMKkM pgekcamerasona, 10MM OGera-
mmnepondocgara (Sigma, CIIA). CmeHy cpeabl Tak e MPOU3BOIWIN KaKIbIE TPOE CYTOK.

[IponomwkurensHoCTh AU HEpEeHIIUPOBKH cocTaBisia 21 AeHb.
2.1.6.3 Okpacka MKC, tu¢pepeHIupoBaHHBIX B aIMNIOT€HHOM HANPABJIEHUU

HuddepenunpoBannbie ki1eTku okpamuBaiu kpacuteneM OilRed (Sigma, CILA). ng storo, u3
KyJIbTypaJbHOM OCyAbI yansiiu cpeny u npombiaiu kietku @Ch. [lanee kieTouHbli ciioil pukcupoBanu
pactBopoM 4%-Horo IIDA B Teuenne 30 MUH NpU KOMHATHOM TeMIEpaType ¢ MOCIEAYIOUIe OTMBIBKOI
®CB. B nynky ¢ kimerkamu ao0asisiin kpacutenb OilRed um makyoupoBanu B Teuenue 30 muH. Kinetku
MPOMBIBAJIM JBAXKJbl BOJOM U OCTaBISAJIM HEOOJBIIOE KOJIMYECTBO BOJBI [UIS MPEIOTBPALICHUS
MepeChIXaHUs KIIETOK.

PesynbraTel Okpacku aHATM3UPOBAIH C TTIOMOIIBIO MHBEPTUPOBAHHOTO MUKpPOCKOTa Axiovert (Zeiss,
I'epmanms).  Ilporpammuoe oOecneuenne MosaiX (Carl Zeiss Microsystems, ['epmanusi) Obu1o
MCIIOJIb30BAHO ISl OMpeesieHusl KonyecTBa AuddepeHIMpOoBaHHBIX KJIETOK Ha JIYHKY JJISl KaXJ0Tro U3

YCIOBHI.
2.1.7 HuayuupoBaHHbIE ILIIOPUINIOTEHTHBIE cTBOJIOBbIE KJIeTKU (UIICK)

B pa6ore ucnonp3oBanmm UIICK nunuto, Hecymyro myranuio R249Q B rene LMNA, KOTOpyro
MolydaJli € HMCMOJb30BaHWEeM Habopa s penporpammupoBanus CytoTune-iPS 2.0 Sendai
Reprogramming Kit (Thermo Fisher Scientific, CIIIA).

B kauectBe koHTpOJIs ncnonb3oBau aBe auHun UTICK: AD3 u WTSIi004-A.

Jluaus AD3 Obuia mobe3no mpenocrasineHa Heranosoit M.O. (MHILI PAH, Cankr-IlerepOypr,
Poccust). AD3 nunus Oblia co3ana u3 HeoHaTtalbHbIX (hruOpobnacToB yenoBeka (HNF) ¢ ucnons3oBanuem
JEHTUBUPYCHOTO HEMHTErpupyromero Habopa mis nepernporpammupoBanus Cenpaii CytoTune-iPS 2.0
Sendai Reprogramming kit (Thermo Fisher Scientific, CIIIA) B cooTBETCTBUM C HWHCTPYKIHSIMU
npousBoautenss. HNF Ovimn mpuo6perensl y Lonza (Slough, BenukoOpuTanust) 1 KylTbTUBUPOBAHBI, KaK
onucaHo panee (Neganova et al, 2017). AD3 nuHus ObLIa OXapakTepHU30BaHA B COOTBETCTBUU C
poToKosIoM, onyonukoBaHHbIM paHee (Chichagova et al., 2015), u cooTBeTCTBOBaJIa BCEM KPUTEPUSAM
wnopunoreHTHocTH (Neganova et al., 2017, 2016).

JIunus WTSIi004-A 6b11a npro6petena B EBporneiickom 0aHKe MHTYITUPOBaHHBIX ITFOPUIOTEHTHBIX

ctBonoBbix kietok (EBiSC) (https://www.sigmaaldrich.com/RU/en/product/sigma/66540074). bank
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EBiSC mpusnaer Wellcome Trust Sanger Institute (WTSI) mcTo4YHMKOM WHAYIHPOBAaHHOW YEIOBEKOM
wnopunotreHTHo kiertounot muaun WTSIi004-A (HPSI1113i-qolg 3), xoTopas Oblna cosmana mpu

noanepxkke komnanuit EFPIA u EBponeiickoro Coroza (IMI-JU”).
2.1.7.1 Hoayuyenne u kyabrusuposanue UIICK

Jluanro UIICK, Hecymyro wmyranuto LMNA R249Q, nomydanu oOT manueHTa ¢ paHee
BepH(PUIIMPOBAHHBIM AUArHO30M MuoauCTpodus Imepu-Lpeiidyca (MAD) 1 KIMHUYECKH 3HAYUMBIMU
HapyIIEHUSMH PUTMa MyTEeM PENpoTrpaMMHUPOBAHUs MalMEHT-CHeUPUIHBIX T-mumdoruToB. s sToro
MIPOBOJIAIIN SKCTTAHCHIO T-TuM@Oo1MTOB TIeprdepruuecKoil KpOBU MTyTeM KYJIETUBHPOBAHUS B TEUCHUE HOUU
MOHOHYKJIeapHOU (pakuuu kposH B cpene RPMI1640 Glutamax ¢ no6asnenuem 10% OBC, 50 ME/Ma
neHunwuHa, 50 Mxr/ma crpentomuiinaa, 200 en. [1L-2, a Taxke marHuTHBIX YacTui] Dynabeads Human
T-Activator CD3/CD28 (Bce Thermo Fisher Scientific, CILIA). Jlanee mpoBoaumM MarHuTHYIO Cemaparuio
T-muMOIMTOB C TOMOIBI0O MATHUTHOTO TTaTHBA. {715 MHAYKIMM penporpaMMupoBanust T-1uMponuTsI
TpaHcaynupoBanu Bupycamu CeHpaii, Hecymumu Habop penporpammupyromux ¢pakropos (CytoTune-iPS
2.0 Sendai Reprogramming Kit, Thermo Fisher Scientific, CIIIA). PenmporpamMmMmupoBanue 0CymecTBIsUTH
Ha TIOJUIOKKE M3 MBIIIKHBIX 3MOpHOHaIbHBIX pubOpodnactoB (MO®) B cpene hES (KO-IMEM, 20%
KOSR, 1% amunokucior NEAA MEM, 2 MM mnyramuna, 50 ME/Mn nenunummuaa u 50 MKr/mu
cTpenToMuninHa, SSMKM [B-mepkanrostanona, 10 Hr/mMin pekoMOuHaHTHOTO uenoBeueckoro bFGF) B
TeueHue 3-5 Henenb 10 oopazoBanus kosoHu UITCK. O6pa3oBaHHbIC KOJOHHH OTOMPAIH, H30IMPOBATH
Y MIEPEHOCWIIH B TYHKU 6-THUIIYHOUHOTO IJIaHIIETa, 3apanee 3acestHHoro MO® u3 pacuera 250 ThIC. KIETOK
Ha nyHKY. Ogny ucxoanyro UITCK kosoHMIO TEpeHOCUIIN Ha OJIHY JIYHKY.

3arem mosyuennble JuHMKM UWIICK Obum  amantupoBaHbl K OecPUACPHBIM  YCIOBHAM
kynsTuBUpoBanus. Komonuu UTICK nepenocunu B cpeny Essential 8 (Thermo Fisher Scientific, CIILIA) na
yamku, nokpeiTeie Geltrex. [Ipu moctmkenun kinetkamu 80-90% KOHQIIO3HTHOCTH, X MACCHUPOBAIH C
ucnonszoBanueM pearenra ReLeSR (Stem Cell Technologies, Kanana) B cpeny Essential 8, cogep:xairyto
5 MxM unrubutopa Rock kunaser Y-27632 (Tocris, Benukoopurtanus). Cpeny MeHsuu exxenHeBHO. Kietku

nogaepxkuBanu mpu 37°C, 5% CO?2.

2.1.7.2 Ilposepka cnocodHoctu UTICK k nndepenniupoBke B KJIeTKH Tpex

3apoaAbINIE€BbIX JIUCTKOB

J111s MoATBEpKACHUS ITIOPUIIOTEHTHBIX cBONCTB y nonydeHHbIx MIICK nunuit, 6pi1a mpousBeneHa
MpoOBepKa MOTEHIHaNa K GopMupoBaHUio Tpex 3apoxbimeBbix TucTkoB. UIICK muddepennuposanu ¢
ucnonszoBanueM STEMdiff™ Trilineage Differentiation Kit (Stem Cell Technologies, Kanana) cormacuo

PEKOMCHAAIUAM ITPOU3BOIUTECIIA. Knerku BrIceBamm Ha 24-J'IYHO‘-IHBIC IJIAHIICTBI, MNPCABAPUTCIILHO
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nokpeiTeie Geltrex, B cpeny Essential 8 ¢ no6asnennem 5 MkM unarudutopa ROCK Y-27632. Yepes 24
yaca POCTOBYIO CPEIdy MEHSJIM Ha COOTBETCTBYIOIIYIO JU(M(HEPEHIIMPOBOYHYIO CpEely U3 YKa3aHHOTO
Habopa; CMEHY CpeJibl MPOBOMIIN pa3 B ABa MHs. Jlamee Ha 5-i1 JeHB UTSI ME30- B SHTOJACPMBI, U Ha 7-i
JCHb JUISL DKTOJEPMBI, TPOBOMIN UMMYHOIIMTOXHMHUYECKOE OKpAIIMBAHUIO Ha MapKepbl, crier(puaHbie

I TPEX 3apOAbIIICBLIX JIMCTKOB.
2.1.7.3 Kapauorennasi nu¢gdepenuuposka UIICK

Huddepenuuposky MIICK B HampaBiaeHMM KapAHOMHOLIMTOB IPOBOAMIN IIYyTEM MOIYISILIMU
aKTMBHOCTH Wnt CHTHAIMHTA MAJBIMH MOJIEKYJIaMH COTJIACHO paHee OIyOMKOBAaHHOMY IPOTOKOIY
(Burridge et al., 2014; Lian et al., 2013) ¢ HeKOTOpbIMU MOAUPHUKAIIASIMH.

st moceBa Ha muddepenuuporky UIICK caHumanu co nHa KynbTypajdbHOW MOCYABI C TTOMOIIBIO
pearenta TrypLe Select (Thermo Fisher Scientific, CIIIA), cycnen3uto kiaeTok HeHTpUYrupoBaiu mpu
300 g B Teuenne 5 muH. HamocagouHyro KUIKOCTh YIAISAIN, KIETOYHBIM OCAZOK PECYCHEHIUPOBAIH B
KynbTypaibHOi cpene Essential 8 (Thermo Fisher Scientific, CILIA), ¢ nob6asnennem 5 MkM nHrudutopa
ROCK Y-27632 (Tocris, Kanana). Cycnien3unto KIeTOK pacceBain Ha 3apaHee mokpeiteie Geltrex (Thermo
Fisher Scientific, CIITA) 12-nynounsle muianmeTs! B ioTHocTH 600x 1073 ki1eTok Ha myHKY. Yepes 24 yaca
KJIeTKaM 3ameHsTu cpeny Essential 8 Ha cBexy. Uepes 24 vaca mociie cMenbl cpenbl Essential 8, 3amyckanu
muddepeHupoky myrem 3ameHbl poctoBoit cpenpl (Essential 8) ma muddepenumnporounyro (RPMI1640
Glutamax, ¢ no6asnenunem B27 6e3 uncynuna, 50 ME/mi neanmmmmaa, 50 MKT/MIT cTpenrToMUITnHa (Bce
Thermo Fisher Scientific, CIIIA), a 6 uM CHIR99021 (Selleckchem, CIIIA)) u ocTaBnsau Ha aABa JTHS.
[Tocne aToro knetrku aepkanu 48 yacoB B cpene RPMI1640 Glutamax ¢ no6asinennem B27 6e3 uncynuHa
n S5uM IWR-1 (Stem Cell Technologies, Kanana). Jlamee cpeny mensuim Ha RPMI1640 Glutamax, ¢
no6asnenuem B27 6e3 nacynuna ¢ 50 ME/Mn nennnminaa, 50 Mxr/mn crpentomuiinia (Thermo Fisher
Scientific, CHIA). C 6 no 21-23 nens nuddepenunpoBku kietku quddepenuuponanu B cpene RPMI1640
Glutamax, ¢ po6aBnenuemM B27 ¢ uncynunom, 50 ME/mn nenunumsuivaa, 50 MKI/MI CTPENTOMHIIMHA
(Thermo Fisher Scientific, CIIIA). Cmeny cpeasl ocymecTBIsUId pa3 B 2-3 mHSA. MeTaboan4ecKyro
CEJIEKIINIO KapAMOMHUOIIMTOB MPoBo K Ha 9-13 nenp nuddepeHunpoBku. [iist 7TOT0 KIIETKU NEPEBOIUIH
Ha cenekrupytomyto cpeny (AMEM 6e3 rmoko3sl u nupysata (Thermo Fisher Scientific, CIIIA), 4 MM
naktara Hatpus (Sigma Aldrich, CIIA), 2 MM rmnyramuna, 50 ME/mn nenunmminaa, 50 MKr/mi
crpentomuninia (Thermo Fisher Scientific, CIIIA)). Bo Bpems ceneknuu HaOmoqanu rudensb
HenuddepeHITMPOBaHHBIX KIETOK U BEKUBAHUE KapIHOMHOIIUTOB.

[TonyueHHbIE KapIUOMHOIIUTHI CHUMANU CO JIHA KYJIBTYpaJlbHOW MOCYABI C MOMOIIBIO peareHTa
TrypLe Select B cpene RPMI1640 Glutamax ¢ no6asnenuem B27 u caxxanu Ha crekia, mokpeiteie Geltrex

(Bce Thermo Fisher Scientific, CILIA), ans nanbHERIIMX 31€KTPO(PU3HOIOTHIECKUX UCCIIEI0BAHMIM.
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2.2 IlnazMuabl

[Mnasmuna pLVTHM mnro6e3no mnpenocraBnenHas D. Trono (Ecole Polechnique, Lausanne,
[IBetinapusi), ObLTa UCTIONB30BaHA JJIsI CO3/IaHUS JICHTUBUPYCHBIX BEKTOPOB. PaHee B Hamieid mabopatopun
Ha OCHOBE JAHHOHW IUIa3MUIBI OBUTH CKOHCTPYHPOBAHBI KOHCTPYKIIMH, HECYIIHE TEHBI, KOJIUPYIOIIHEC
cienyromue 6enku: BHyTpukiaeTounbiid jomeH Notchl (NICD, Notch intracellular domain), JaMun qukoro
tuna (LMNA WT), namun ¢ 3amenoit R482L (LMNA R482L), namun ¢ 3amenoit R527C (LMNA R527C)
(Malashicheva et al., 2015, 2007).

2.3 IIpon3BoacTBO JICHTUBMPYCHBIX YACTHIL

[Ipou3BOACTBO JIGHTUBUPYCHBIX YACTUI[ OCYLIECTBISUIM IO TPOTOKOIY, pPa3pabOTaHHOMY B
naGoparopun  goktopa JI. Tpomo (Ecole Polytechnique Fédérale de Lausanne, IllBeiimapus) u

Mo upunrpoBanHslil B 1aboparopuun A. H. Tomunmuna (Malashicheva et al., 2007).
2.4 NMMYHOUMTOXHMMHMYECKasi OKPACKA KJIETOK

KneTtku Ha mpenmMeTHBIX cTekiax (ukcuponaiu 4%-bIM pacTBOPOM MapadopMalibIeruia B TEHCHHE
12 muH npu koMHaTHOM Temmneparype. Kinetku nepmeadbunuzoBanu 0,5%-bm pactBopoM TputoHa X-100 B
OCb B TeueHHE 5 MUH NPU KOMHATHOUM Temrieparype. 3ateM kineTku oTMbiBaiu ®Cb Tpu paza no 5 MuH.
brnokupoBanue Hecrienn(pUIHOTO CBA3BIBAHUS MTPOU3BOIMIN € ToMolbio 1%-Horo pactBopa BCA na ®Ch
B TeueHue 30 MUH NpU KOMHATHOM TeMIeparype, IMOcie 4Yero yhaausiau pactBop. HMukydamuio c
MEPBUYHBIMU AHTUTEIAMU MPOBOIWIM BO BJIQKHOM KaMepe B TEUEHHE OJHOTO 4Yaca MpU KOMHATHOM
temrieparype. PaGounii pactBop antuten rotoBuwinu B 1%-Hom pactBope BCA na @CBb. Ilocne Tpex
OoTMbIBOK 10 5 MuH B @Cb keTku MHKYOUPOBAIM CO BTOPUYHBIMU aHTUTEIaMH, KOHbIOTHPOBAHHBIMU C
(bi1yopoxpoMoM, B TEUEHHE Yaca B TEMHOTE IPU KOMHATHOM TeMIeparype, ¢ Mociaeayromeld OTMBIBKOW B
OCb Tpu paza mo S5 MuH. Sfapa [ONOJTHUTENIBHO OKpalIUBAIM pacTBOpoM 4',6-mHMaMuIUHO-2-
denumunonom (DAPI) (Invitrogen, CILIA) B Teuenue 1 muH. 3areM KIeTKU ABaXKbI poMbiBasid B OCh.
Crexna MoHTHpOBaNU ¢ noMolbio cpeasl Fluoromount™ Aqueous Mounting Medium (Sigma, CIIIA).
Busyanuzanuio u aHanu3 pe3ylnbTaToB MMMYHOIIUTOXUMUU MPOU3BOAMIN C TIOMOIIBI0 (IyOPECIIEHTHOTO
Mukpockomna Zeiss AxioObserver Z1 ¢ kamepoit Axiocam 506 Ha mporpaMMHOM obecnieueHnu Zen software
(Zeiss, I'epmanus). [lepBuuHble 1 BTOpUYHBIE aHTUTENA, UCTIONb3yeMble B paboTte, puBeneHbl B Tadnuie

1.

[Ipumeuanue AnTHTENA PasBenenue | Katanoxusiii Ne (Cat #)/RRID

[TropunorenTHBIN Mmapkep | Goat anti-OCT4 1:200 Santa Cruz Cat# 9656,
(epBUYHbBIE AHTHUTEIIA) RRID:AB 653551
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[ImropunoTeHTHEIN Mapkep Mouse anti-NANOG 1:200 Millipore Cat# MABD24,
(mepBUYHBIE aHTUTENA) RRID:AB 11203826
[ImropunoTeHTHEIN Mapkep Mouse anti-SSEA4 1:200 R&D Systems Cat# MAB1435,
(mepBUYHBIC aHTHUTENA) RRID:AB_357704
DKTOnEepMaNbHBIA MapKep Mouse anti - BIII 1:200 R&D Systems Cat# MAB1195,
(mepBUYHbIE aHTUTENA) Tubulin RRID:AB_357520
Me3zonepMalbHBINH MapKep Goat anti-Brachyury 1:200 R&D Systems Cat# AF2085,
(mepBUYHbIE aHTUTENA) RRID:AB_ 2200235
OHTOAEPMATIbHBIN MapKep Goat anti-GATA6 1:200 R&D Systems Cat# AF1700
(mepBUYHbIE aHTUTENA) RRID:AB 2108901
KapanomuonurapHsiii Mapkep | Mouse anti-troponin T | 1:200 Thermo Fisher Scientific Cat#
(mepBUYHbIE aHTUTENA) MAS5- 12960,
RRID:AB_11000742
Kapanomuonurapnsiit Mmapkep | Mouse Anti- 1:200 Santa Cruz, Cat# sc-74480
(TIepBUYHBIE AHTHUTEIIA) Tropomyosin
MuoreHHbIi MapKep Mouse anti-desmin 1:200 Clone D33, DAKO
(mepBUYHEIE aHTHUTENA) MO0760
MuoreHHbIi MapKep Mouse anti- Myosin 1:200 R&D Systems Cat# MAB4470-SP
(mepBUYHEIE aHTHUTENA) Heavy Chain (MYHC)
SAnepusiit 0enok amun A/C Mouse-Lamin A/C 1:200 Invitrogen, Cat # MA3-1000
(mepBUYHEIC aHTHUTENA) Monoclonal
Bropuunbie aHTHTETA AF546 1:1000 Invitrogen
BropudHbie anTHTENTA AF488 Goat Anti- 1:1000 Invitrogen Cat# A11029,
Mouse IgG RRID:AB_ 138404
Bropuunsie anTHTENA AF488 Donkey Anti- 1:1000 Invitrogen Cat# A11029,
Goat IgG RRID:AB 2534102

Ta6J'II/H_Ia 1. AHTI/ITeJ'Ia, HUCIOJIB3YEMBIC IJIsI UMMYHOIUTOXUMHUYCCKOTO OKpAalllMBaAHUA.

2.5 AHaJam3 3KCHpeccum reHoB

Ananu3 3KcIpeccuM I'e€HOB INPOBOAMIM € ucnoib3oBaHueMm Merona I[P B pexume peansHOro
BpemeHu. Brinenenne PHK u3 kiietok npoBoawiu ¢ momobsio Habopa peaktuBoB ExtractRNA (EBporen,
Poccus) ¢ mocnenyromeii o6padotkoii JJTHKazoit I (Thermo Fisher Scientific, CIIIA). Peakuuto oOparHoii
TPaHCKPUIIMK TMPOBOAMIM ¢ Hcoiab3oBaHueM Habopa MMLV RT (Esporen, Poccus). Peakiuto TIHP B
peXHMe pearbHOTO0 BpPEeMEHH MpoBOIWIM ¢ ucnonb3oBaHueM cmecn qPCR mix-HS SYBR+LowROX
(EBporeH, Poccusi) ¢ renocnenmduueckumu mpaiimepamu Ha mpudope LC480 (Roche, Ilseitmapus).

OTHOCUTENBHYIO SKCIPECCUI0 aHAIM3UPYEMbIX TE€HOB paccuuThiBaii MetojoMm 27-AACt, ucnonb3ys
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GADPH B xauectBe pedepeHcHoro rena. KoHIEHTpamio 1 YUCTOTY MOITYUYEHHBIX 00pa3lioB ONpeeIIsiIn

pu oMotnu crekrpodoromerpa Nanodrop 7500 (Wilmington, CIIA). Kpome Toro, mpoBepKy KadecTBa

BeienieHHOM PHK ocymiecTBisiig ¢ momonisio anekrpodopesa B 1%-HOM arapo3HOM relie Mpu CUIIe TOKa

80 MA c ucnonp3oBanueM 3nnekrpodopernaeckux kamep ¢pupmsl BioRad (CHIA). ITlocnenoBarensHOCTH

HCII0JIb3YEMBIX ITpaiiMepoB npezcTabiieHbl B Tabmune 2.

Ten

[TocnenoBarenpHOCTH MIpsIMOTO/00paTHOTO Mpaiimepa (5'-3")

IlocaenoBaTeIbHOCTD npaﬁMepOB K I¢HaM 4€J10BE€Ka

GAPDH | AATGAAGGGGTCATTGATGG/AAGGTGAAGGTCGGAGTCA
A PedepencHslii ren
HEYI TGGATCACCTGAAAATGCTG/CGAAATCCCAAACTCCGATA
HESI AGCACAGAAAGTCATCAAAG/AGGTGCTTCACTGTCATTTC
NOTCHI | GTCAACGCCGTAGATGACC/ TTGTTAGCCCCGTTCTTCAG
NOTCH3 | GGAGCCAATAAGGACATGCAGGAT/GGCAAAGTGGTCCAA
CAGCAGC
NOTCH4 | GTTGTGACAGGGTTGGGACT/CAGCCCAGTGGGTATCTCTG | I'eHpI-mMumieHu
SLUG TCCAGACCCTGGTTGCTTCA/GAATGGGTCTGCAGATGAGC | curHaiabHOIO IyTH
C Notch
C-MYC TTTCGGGTAGTGGAAAACCA/CACCGAGTCGTAGTCGAGG
T
CCND3 TGACCATCGAAAAACTGTGC/TTGAGCTTCCCTAGGACCAG
DLL4 AGGCCTGTTTTGTGACCAAG/CTCCAGCTCACAGTCCACAC
JAGI TGCCAAGTGCCAGGAAGT/GCCCCATCTGGTATCACACT
AP2 GCCAGGAATTTGACGAAGTC/TGGTTGATTTTCCATCCCAT | Mapxkepsr
PPARG AGCCTTCCAACTCCCTCATGGCA/TCCGGAAGAAACCCTTG | anumnoreHHoOU
CATCCT b depeHInpPOBKU
RUNX2 TGGATCACCTGAAAATGCTG/CGAAATCCCAACTCCGATA
ATF4 HS00909569 g1 (TagMan)
OPN TCACCTGTGCCATACCAGTTAAA/TGGGTATTTGTTGTAAAG
CTGCTT Mapxkepsl
COLIAlI | GACCTAAAGGTGCTGCTGGAG/CTTGTTCACCTCTCTCGCC | ocreoreHHOM
A T PepeHIUPOBKU
OGN GGCAATAACACCATTACCTCCC/AGGGTGGTACAGCATCAA
TGT
BMP4 AGCACTGGTCTTGAGTATCCTG/GCAGAGTTTTCACTGGTC




38

CC

OCT3/4 GAAGGAGAAGCTGGAGCAAA/CTTCTGCTTCAGGAGCTTG
G
NANOG CAGCCCTGATTCTTCCACCAGTCCC/TGGAAGGTTCCCAGT {nopunorerTLIe
CGGGTTCACC HAPIEPH
SOX2 AACCCCAAGATGCACAACTC/GCTTAGCCTCGTCGATGAAC
TBXT GGGTACTCCCAATCCTATTCTGAC/GCTGGACCAATTGTCAT
GGG
ISL1 GCGGAGTGTAATCAGTATTTGGA/GCATTTGATCCCGTACA
ACCT
GATA4 CGACACCCCAATCTCGATATG/GTTGCACAGATAGTGACCC
GT
MEF2C CCAACTTCGAGATGCCAGTCT/GTCGATGTGTTACACCAGG
AG
T TTCGACCTGCAGGAGAAGTT/GCGGGTCTTGGAGACTTTCT
MYH7 TAGACACACTTGAGTAGCCCAG/CTAGCCGCTCCTTCTCTG
ACT
ACTN2 GAACAAGATGGAGGAGATTGCC/GATGTTGTGCTCATACTG
CTTCA
FLNC GACAACCATGACTACTCCTACACT/CCGCCATAAGTCACTG | KapauoreHHbIE
TCACT MapKepbl
DMPK GAGACCTATGGCAAGATCGTCC/CTGAATGAAGTCTCGAGC
CTCC
ILK] CCAAGATCAAGTGGCAGAGGAC/GTCCACAGGCATCTCTC
CATAC
SCN5A GAGCGGCTGTGAAGATTCTGGTTC/GCCATGAACACGCAGT
TGGTG
SCN4B GGCTCCTCCTTCTGTCTTAAGAG/CTGAGAGAAGCTGCATG
ATCCA
TRPM4 CTGCACGACGTTCATAGTTGAC/TGTGTGCATCGCTGTCCC
HCN4 CGCTGCCACCACTTCTGT/TTCAGGTGCCTTGGCGTC
PKP2 GCTGCTTCCGTCCTTCTGTA/GGAGTGGTAGGCTTTGGCA
DSP GGCACCAGCAGGATGTACTA/CTCCTGGATGGTGTTCTGGT

GJAS

GCCAGTACTTCATCTACGGAATCT/GGATACGTAACAGTTG
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ACCGG

JUP

ACTCTGTGCGTCTCAACTATGG/AAGCCGATGGTTGCCTTG
AC

IlocaenoBaTeIbHOCTD npaﬁMepOB K Ir¢HaM MbIIIH

TGC

Myomaker | CCTGTGATGGGCCTGGTTTGTC/GGTTCATCAAAGTCGGCC
AGTGC
Pax3 CGATGGCATCCTGAGTGAGC/GCCGTGAAGGTGGTTCTGC
Myf5 AAGGCTCCTGTATCCCCTCAC/TGACCTTCTTCAGGCGTCT
AC
MyoD CTGCCTTCTACGCACCTGGAC/GGGCCGCTGTAATCCATCA | Mapxkepsr
TGC MUOTEHHOU
MyoG GAGACATCCCCCTATTTCTACCA/GCTCAGTCCGCTCATAGC | mudpdepeHIpoBKH
C
Myh4 GGCTGAGGAGGCTGAGGAAC/CTGGGACTCCGCGATGTCA
G
Mrf4 CAGTGGCCAAGTGTTTCGGATCA/CTTCTCCACCACCTCCT
CCAC
GAPDH GGATCTGACGTGCCGCCTG/GAAGGTGGAAGAGTGGGAGT

Pedepencuriii reH

Tabnuna 2. [TocnenoBareabHOCTH IpaliMepoB, UcToNb3yeMbIX uts [IL[P B perkxume peaabHOT0 BpeMeHH.

2.6 Crarucruyeckasi 00padoTKa JaHHBIX, MOJYy4YeHHbIX nocae peakuuu [P B pe:xkume

PeaibHOT0 BpeMeHH

g craructudeckoil oOpaOOTKH JaHHBIX U MOCTPOEHUs TIpadUKOB HCIOJIB30BAIM IPOrpamMmy

GraphPad, rpaduku crpounu ¢ ucnons3oBanueM mnporpamMmmbel Microsoft Excel. JlanHubie B pesynbrarax

IpCACTaBJICHBI B BUAC CPCAHETIO 3HAYCHUA 110 BCEM HpOBe,Z[éHHLIM OKCIICPpUMCHTAM, YKa3aHbl CTaHAAPTHBIC

otksioHeHus (SD) unu ommbku cpennero (SEM). JlocToBEpHOCTh pa3Inyuii MeX Ay TPyINIaMy OLEHUBAIIN

IIpru NMOMOIIN HEMAPaMETPHUICCKOTO KPUTCPHUA MaHHa- YUTHH. I[OCTOBepHLIMI/I CHUTAJIN pa3Indusd IpU

ypoBHe 3HaunMocTH p<0,05 (*) u p<0,01 (*%*).

2.7 HoaykonnuyecrBennas ITIP.

Jlisi TOATBEpXKJIEHHsT OTCYTCTBUSL JK30TEHHBIX (hakTopoB penporpammupoBanus WIICK

HCNOJIb30BAIM ~ MeToh  noiiykoiaumuectBeHHou [P ¢ mocinenyromum

ammuupoanHeix pparmentos JIHK B arapo3nom rerne.

anekTpodopezom
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PeakunonHnas cMech BKIroyaia cieayroume KoMmnoHeHTsl: 50 Hr matpuusl k/IHK, 1 Mmka npsmoro
u obparHoro npaiimepos (10 mMoub), 2 Mk cmecu ANTP (10 MM), 5x 6ydep DreamTaq Green (Thermo
Fisher Scientific, CIIIA), 5 en. Taq-nomumepassl (Cuiiekc). [locnenoBarenbHOCTH paiitMepOB yKa3aHbI
B Tabmune 3. Peakius npoBoauiachk mo cienyromniei cxeme: 95°C — 30c¢, 35 muxnos (95°C —30 ¢, Tm —
30 ¢, 72°C — 1 mun) u 72°C — 5 mun. [1LP npoBoamiu ¢ ucnions3zoBanueM npudopa Applied Biosystems
(CHIA). Onekrpodopes ammmudunmpoanubix pparmentoB JJHK npoBoaunu B 1% arapo3nom resie Ha

TAE 6ydepe npu npu cuie toka 80 MA.

I'en [TocnenoBarenbHOCTD TIPSMOTO/ OOpPATHOTO MpanmMepa
(5'-3)
Tpancren Bupyca Cenmaii KOS ATGCACCGCTACGACGTGAGCGC/ACCTTGACAA
TCCTGATGTGG
I'eHoMHas SeV GGATCACTAGGTGATATCGAGC/ACCAGACAAGA
MOCJIETIOBATENHOCTh GTTTAAGAGATATGTATC

Bupyca Cennait

T'en momarnrHero xo3siicTea GAPDH | CAAGGTCATCCATGACAACTTTG/GTCCACCACC
CTGTTGCTGTAG

Tab6numa 3. [locmenoBaTeIbHOCTH MPAaiMEPOB, UCTIOIB3YEMBIX IS TTOJTyKOondecTBeHHOM [11[P

2.8 Peaknus Ha miesiounyro ¢gocdarasy

Jns moarBepkaeHUs TUTIOPUNIOTEHTHBIX cBoMcTB MIICK nHMHMI KIE€TKM OKpalmuBaJId C
WCIIONb30BaHUEM cybOcTpata i oOHapyxkeHus 1menoyHo (docdarazsr NBT/BCIP  (Roche,
[IBeitiapusi) B COOTBETCTBUU C MHCTPYKIHUSAMHU MPOU3BOAUTENSA. MukpodoTorpaduu noiaydand mnpu

oMot Mukpockona AxioObserver.D1 (Carl Zeiss, ['epmanus).
2.9 Omnpenenenne ypoBHSI AKTHBALMH PENOPTEPHON KOHCTPYKIHMH

Jlis OIEHKM aKTHUBHOCTH CUTHaJIbHOTO mytu Notch ucrnonb3oBalivi JEHTUBUPYCHBIM BEKTOP Ha
ocHOBe penoprepHoi monudepaznoit koHCTpykiuu 12XCSL. Ilnasmupma 12XCSL comepkuT reH
monudepasbl, KOTOPbI HAXOAMTCS MOJA KOHTPOJIEM MHUHUMAIBHOTO MHpomoTopa, Hecymero 12 CSL-
3aBUCHMBIX MOBTOPOB. AKTHBalUs TeHa Jroludepasbl cBUAETENbCTBYeT 00 aktuBanuu CSL-3aBucuMOif
TPAHCKPHIIINK U TAaKUM 00pa3oM 00 aKTUBAIIMU CHUTHAIBHOTO MyTH Notch.

Kinetkn pacceBanu Ha 12-1yHOUYHBIE IUIAHIIETHI, B KOTOPbIE BBOJAWIN C TOMOUIBIO JICHUBUPYCHOM
TPaHCAYKLMU OJHOBpPEMEHHO penoprepHyro miazmuny (12XCSL), nnazmuny, Hecymyto reH NICD, u
ma3Muay, Hecyuyro reH LMNA — nukoro Tuma, JTu00 C OJHOM W3 HCCIeAyeMblx Mytanuit. Jlms
oTIpeieTICHUs yPOBHS aKTUBAIIUU PETIOPTEPHBIX KOHCTPYKIUI HCIIONB30BAIHM KoMMepdeckuit Habop Renilla

Luceferase assay systems (Promega, CIIA) cormacHo pexoMeHAauusiM mHpousBoautens. V3mepeHue
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monrQepa3zHoil aKTUBHOCTHU MTpou3Boamin Ha pudope Synergy?2 (BioTek, CIIIA). B kauecTBe KOHTpOJIS
MCTOJIB30BAIM MPOOBI C KJIETKaMu 0e3 TPaHCAYKIIUU PENOpTEpHO onndepa3sHoil KOHCTPYKIMEH W/ Win

0e3 moOaBIeHUs O (EpUHA.
2.10 MeToa okanbHoI (pukcannu norennuasaa (patch-clamp)

OKCIIEpUMEHTBl 10 perucrpauuu Bxojsuiero Toka Harpuss (INa) ObulM  BBINOJNHEHBI €
MCTIOJIB30BaHMEM METO/Ia JIOKAJIHbHOH (prKcanuu nmoreHmuana (patch-clamp) B orBeieHnn OT 1eI0# KICTKH
(whole-cell). Buyrpuknerounsiit pactBop /yist peructpamuu INa (mmons/i): 130 CsCl, 10NaCl, 10 EGTA,
10 HEPES (pH 7.3 CsOH). IIpu peructpauuu INa B pactBop Taxke no6asnsiian 20 MkM Hudeaununa ans
OJOKMpPOBaHUS KaJlbLIMEBBIX TOKOB. BHekmeTounslit pactBop st perucrpauuu INa: 140 NaCl, 1MgCl12,
1.8 CaCl2, 10 HEPES, 10 I'mtoxo3a (pH 7.4 CsOH).

CrekJITHHBIE MUKPOIJIEKTPOIBI H3rOTaBIUBAINCH Tipu moMotn mysuiepa (P-1000, Sutter Instrument,
CLIA). CompotuBnenue 3meKkTpoJoB cocrapisuio 1,8-3,2 mMOwm. IlomyueHue HaHHBIX U KOPpEKLHUA
MMOTEHITHATIOB JKHIKOCTHOTO COenuMHeHMs (junction potential) mpoBommiIach C TOMOIIBIO YCHIUTENS
Axopatch 200B u mporpammuoro obecnieuenusi Clampfit Bepcun 10.3 (Molecular Devices Corporation,
CIIA). Toku Oputn momydeHbl mpu 4actore ctumymsinuu 20-50xl1p m ordunbTpoBansl Ha 5 kI ¢
TOMOIIIBIO aHayoro-1udposoro mpeodpazoparens (Digidata 1440A acquisition system, Molecular Devices
Corporation, CIIIA). IlocnemoBarenbHOE COMPOTUBICHHE KommeHcupoBaioch npu 75-80%. YToOs
n30eXaTh BOBMOXKHBIX KOJIeOaHUN B KHHETHKE CTallMOHAPHON aKTUBAIlMU U MHAKTUBAIIMH BCE MPOTOKOJIBI

3aMKMCHIBAJINCh KaK MUHUMYM 5-10 MuH moce nepexojia B koHpurypamuto whole-cell.
2.11 Anajan3 JaHHBIX

Jlis monydeHusl BOJBT-aMIEPHBIX XapaKTepUCTHK HarpueBoro Toka (I/V) Obul ucnosib3oBan
CJIEAYIOLIUI MPOTOKOJ: UMITYJIbCHI ACTIONIAPU3ALINY KIETKH OT MoAjepKuBaeMoro norexuana -100 MB 1o
HanpspkeHus: mexay -80 u 40 MB B Teuenue 20 mc ¢ marom 5 MB. IlnotHOocTh TOKa (TA/N®D) momydeHa
myTeM HOpMHpoBaHUs aMruiuTynbl INa Ha emkocTh kineTku. [loTeHIan peBepcun pacCUUTHIBAJICS MTyTeM
JTUHEHHONW SKCTpAmNoJsAIUK THKOBBIX TOKOB MpH MOTeHHManax nenoispusamuu oT 10 mo 40 mB.
3aBUCUMOCTh aKTHBAI[MM OT HANpsSOKEHHUs] TPEACTaBIseT COo00i 3aBUCHMOCTh HOPMHUPOBAHHOM
MIPOBOAMMOCTH (JIOJTM aKTUBUPOBAHHBIX KAHAIOB) OT MEMOPAHHOTO MOTEHIMANIA ¥ paccunThiBaeTcs u3 I/'V
npoTtokona. CTalMoHapHas akKTUBallKs OIIeHUBaeTcs ¢ oMokl GyHkiuu bonsimanna G/Gmax = 1/(1 +
exp((V1/2 -V)/k)), rne Gmax — MakcuMmanbHas MPOBOAMMOCTh IS Harpus, V1/2 — moTeHmman, mpu
KOTOpOM akTuBHpoBaHO 50% kaHanoB 1 k — KOHCTaHTa HAKJIOHA.

Taxoke TmpuUMEHSIICS Sl JOMOJHUTENBHBIX MPOTOKOIOB JUISl BBISBICHUS TAaKUX XapaKTEPUCTUK

MYTAQHTHBIX KaHAJIOB, KaK CTallUOHAapHas HWHAKTHBALUA, CTalUOHApHAad 6BICTpa}I HWHaKTUBallUsA H
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CTallMOHAapHasi MeJUieHHass MHakTuBanus. CTalMoHapHas WHAKTUBAIMs Oblla TOTydeHa C IOMOIIBIO
CIICIYIOILEr0 MPOTOKOJA: MOICPKUBAIOIINI MOTeHIMaa Ha MemOpaHe — -100mMB, nmpenmmynse 500mc,
BapbUPYIOIINM 110 HanpsikeHuto oT -120 no 0 MB ¢ marom 5 MB ¢ nocnenytomieit nenonsipuzanueii -20 mB
(Tectupyromuii umiynbc). CranroHapHasi ObIcTpas HHAKTUBAIMS H3MEPSUIACh TPU TIOMOIIH CIIETYIOIIETO
nporokoiyia. Knerku Haxoaunuces npu norenuuaie -100 B, a 3arem Obumi runep- v JenoJsipu30BaHbl B
teuenue 20 Mc 10 HanpsukeHui Mexay -120 u 0 MB ¢ marom 5 MB, a 3atem nenossipu30BaHbl B TEUCHUE
20 MC TpW HanpsHDKEHUH, BBI3BIBAIONIEM MaKCUMallbHBIA OTBET B 1/V-mpotokone. IlapameTpsl KpuBBIX
CTAl[MOHApHOW WHAKTUBAllMU M CTAIllMOHAPHOM OBICTPON HHAKTUBALMU OINpPENESUINCh U3 ypaBHEHHS
Bonsimanna I/Imax = 1/(1 + exp((V1/2 -V)/k)), rne Imax — MakcuManbHbI HaTpueBbld TOK , V1/2 —
MOTEHIUA, IPU KOTOPOM WHAKTUBUPOBAaHO 50% KaHaoB 1 k — KOHCTaHTa HAKJIOHA.

CranuoHapHas MeJUIEHHash MHAKTHBALMs U3Mepsulach ¢ ucnojb3oBaHueM 10 ¢ mpeummynbca npu
HanpspKeHUW B auanaszone ot -120 no 0 MB ¢ marom 5 MB ¢ nocnenyromieit runepnonspusanueid 1o -120
MB B Teuenue 100 Mc, yTOOBI yHanuTh OBICTPYIO MHAKTUBAIMIO U 20 MC TECTOBBIM UMIYIILCOM, KOTOPBIN

BBI3BIBAET MaKCUMaTbHBIN OTBET B I/V mpoToxkoe.
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3. PE3VJIBTATBI 1 OBCYXXJIEHUSA

B namem HCCIICAOBAHUHN MbI HUCIIOJIB30BaJIU CIICKTP TKaHeCHeHI/I(bI/I‘-IGCKI/IX TOYCYHBIX MyTaI_II/II\/JI BTCHC
LMNA, cBs3aHHBIX ¢ ompeAeleHHbIM (eHoTurom 3abosieBanus. Takum oOpa3oM, Ha OCHOBE BBEICHHS
MyTaHTHOTO TeHa jJamuHa A/C B KIETKH Ha JICHTHBHUPYCHOM HOCHTEJE MBI MOJCIHUPOBATH (PEHOTHII

3a00JIeBaHUs HA Pa3JIMYHBIX KIICTOYHBIX MOACIIAX.

3.1 UccienoBanue BJAMAHUSA TKaHecnenupUIHbIX MyTauuid B rene LMNA Ha MbIIIEYHYIO

AU PepeHIHPOBKY

B kadecTBe KIETOYHBIX MoOJeNed MbIedHON and@epeHIMpoBKH ObUIM BBIOpPAHBI MBIIIMHBIE
Muo6nactel muHUM C2C12 U caTelIMTHBIE KJIETKU MBIW. J[aHHBIM BHIOOP OCHOBBIBAJICS HAa TOM, 4YTO
MepeYCIIEHHbIE KJIETOUYHbIE MOJIEINH, KaK ObLIIO MOKa3aHO, SKCIIPECCUPYIOT OCHOBHBIE MapKEPhI MBIILIEUHOM

T hepeHINPOBKY U CIIOCOOHBI CIMBATHCS ¢ 00pa30BaHUEM MHOTPYOOK.

3.1.1 Buusaunue G232E u R571S myraunii B rene LMNA na npouecc ¢gopMupoBaHus

MHOTpPYOOK

Jnst momudukaruu reHoma kieTku jJuHUM C2C12 u mepBUYHBIC CATEJUTMTHBIC KIETKH MBIIIH
TPaHCIYIIMPOBAIN KOHIICHTPATOM JIEHTHUBUPYCHbIX dactull (5 MOI), Hecymux pasHbie (QOpMBI
YeJIOBEUECKOTO JaMuHa: JaMuH auKoro tumna (LMNA WT) u myrantabie popmambl (LMNA G232E u LMNA
R571S).

bl npousBeneH cpaBHUTENbHBIN aHanu3 A(PGEKTUBHOCTH 3apa)KeHHs KJIETOK pasHbIMU (hopMaMu
namMuHa. {18 3TOro mpoBOIMIIM MMMYHOLUUTOXMMHYECKYIO OKpPacKy MHUOTPYOOK C IOMOUIBIO aHTHUTED,
pacnio3Haromnux jJamuHa A/C yenoBeka (3eneHsblil 1BeT Ha Pucynke 10, A). s Bu3yanu3anuu MUOTPYyOOK
KJIETKU KPacHJIM C TIOMOIIbIO aHTUTEJN, PACTIO3HAIOIIUX TSKEIbIe 1IeTTM MUO3MHA MBIIIN (KpacHBIN IIBET Ha
Pucynke 10, A). Ananu3 3()()eKTHBHOCTH TapaHCIYKIUU KIETOK SHAOTeHHbIMU (opmamu LMNA He
MOKa3aJl 3HAYUMBIX Pa3IU4Uid IPU UCTIONIb30BaHUH pa3HbIX GopMm LMNA (LMNA WT/LMNA G232E/LMNA
R5718S). [IpouieHTHOE COOTHOIIEHUE SEP, BU3YAIU3UPYEMBIX MOCIE UMMYHOIIUTOXUMUYECKONH OKPACKH
Ha jamuH A/C yenoBeka, JUlsl pa3HbIX ¢opM snamuHa Obuto ciexyromum: aast LMNA WT — 30,57% (n
aHamM3upyeMbIx MHOTpYOok=105), B caydae LMNA G232E — 29,93% (n=99), u B cayuae LMNA R571S —
46,93 % (n=100) (Pucynoxk. 10, A). Kpome Toro, He ObIJI0 0OHAPYKEHO KaKUX-THOO0 BUIUMBIX HApYIIEHUH
B MOp(OJIOTHH Sep.

C uenplo OLIEHKH BIUSHUS MYTaHTHBIX ()OpM JIaMHHA Ha MPOIECC MBIIIeYHOU nauddepeHInpoBKku
(bopmupoBanue MOTPYOOK), HCIONB30BATU CATEIIIUTHBIC KJIETKU MBIIIH, KOTOPBIE TPAHCIYLUPOBAIU
nentuBupycoM, HecymiuM LMNA G232E wim LMNA RS71S. B kxaueTrBBe KOHTPOJISI BBICTYNANIU

CaTEJUIMTHBIE KJIIETKH, TPAHCAYLIUPOBaHHBIE JIEHTUBUpYCOM, HecymuM LMNA WT. TpancaynupoBaHHbIE
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kieTku auddepeHmpoBany B TeueHne 7 THEH B Cpeie ¢ HU3KUM COJIepyKaHHEeM ChIBOPOTKU. Mopdooruto
MHOTPYOOK,  DKCIIPECCHPYIOIIMX  AK30TeHHbIE  (OpPMBI  JaMHHA, OLEHUBAIM C  HOMOIIBIO
MMMYHOIIMTOXMMUYECKON OKpacKu Ha JECMUH U Tspkenbie nenu MuoduHa (Pucynok. 10, b). Konrponem
BBICTYIIM MHOTPYOKH, MOJIydeHHbIE HAa OCHOBE CATEJUIMTHBIX KJIETOK, Hecymux LMNA WT, a Taxxke
MUOTPYOKH, 00pa30BaHHbBIE HA OCHOBE HETPAHCIYyLIMPOBAHHBIX CATEJUTUTHBIX KIETOK. BBUIO ycTaHOBIIEHO,
YTO MYTAaHTHbIE MHUOTPYOKH XapaKTE€pPH3YIOTCSI MEHbIIEH JUIMHOW 10 CPaBHEHHIO C KOHTposieM. Takxke
ObUIO TOKAa3aHO, YTO MYTAallMd HPUBOIAT K OOpa30BaHUI0 MHOTPYOOK C HAPYIIEHHBIM MPOIECCOM
PacXOXKACHHUS slIEP.

JlJ1 KONMYeCTBEHHOM XapaKTEPUCTUKHU PE3YNbTAaTOB, MOTYUYEHHBIX [10CIE UMMYHOIIUTOXUMUYECKON
OKpacKHd MYTAaHTHBIX U KOHTPOJIbHBIX MUOTPYOOK, OBLITH 110 CYUTAHBI JJTMHBI MHOTPYOOK (KOJIMYECTBO SIIIEP,
MHKOPIIOPHUPOBAaHHBIX B MUOTPYOKY) (Prucynok. 10, B). JImuHbI KOHTPOJIBHBIX MHOTPYOOK (Hecymux LMNA
WT/nerpancaynmpoBanusie) B 65-70% ciaydaeB coaepsxanu 6omee 15 saep. OqHako MUOTPYOKH, HECYIITHE
LMNA R571S, B 60% cnydaeB conepxkanu 5-10 sigep; a muotpyoku ¢ LMNA G232E — Bcero mump 1-2
sanpa.

CymecTByeT JBa MeXaHH3Ma, OOBSICHSIOIIUX IOYEeMYy KJIETKH, HECyIlHe MYyTalHio, 00pa3yroT
MHOTPYOKH C HAPYIICHHBIM MTPOIIECCOM MBIIICYHON TU(GEPEHITUPOBKU: 1) HapyIIeHNe ICJICHHS B KJIETKaX
BCJIE/ICTBUE MYyTaluii; 2) HapyieHue mnpoiecca causiaus. C 1ebio OLeHKH Mpoliecca CAUSHUS KIETOK ObLT
MOCYUTaH UHACKC clussHus (MHaeke cimstHus = (N saep, THKOPIOPUPOBAHHBIX B MUOTPYOKH/N Bcex saep)
% 100%) (Pucynok 10, I'). Unaekchl cnusiHusl y KOHTPOJIbHBIX MUOTPYOOK cocTaBisuin 47,99 + 0,45% (s
LMNA WT) n 46,97 £ 1,49% (1151 HeTpaHCIYyIMPOBAHHBIX KJIETOK). B TO ke Bpemsi, MHACKCHI CIUSIHUS Y
MYTQHTHBIX MUOTPYOOK Obliu Huke — 17,98 £+ 1,83% (mnst LMNA R571S) u 12,42 + 4,24% (nnst LMNA
G232E). lanHble MO JJIMHAM MHOTPYOOK M HMHJAEKCAM CIUSHUS AOIOJHSUIMA JPYr Jpyra, KJIETKH ¢
HAaUMEHBIIUM HHJEKCOM CIHSHHS, UMETU HaUMEHbIIYyI JUIMHY. M1 HaoOOpOT, KIETKU C MOBBIIICHHBIM
MHJICKCOM CIIUSHUS OBLIIN CTI0COOHBI 00pa30BHIBATh JUIMHHBIE TPYOKH.

Kpowme Toro, npu ananuze Mopdonoruu MUOTPYOOK, HECYIIUX pa3Hble (JOPMBI FeHa JIaMUHA, OBbLITU
oOHapyKeHbI «aHOPMAJIbHBIEY» MUOTPYOKH, KIIETKH, B KOTOPBIX ObLIT HAPYILIEH MPOIECC PACXOXKACHUS SACP
k nomocam (Pucynok. 10, J1). bputo mocuuTaHo KOJIMYECTBO TAaKUX aHOPMAIbHBIX MHOTPYOOK i BCEX
¢dopm namuna: st LMNA G232E — 61,65 + 6,23% ot o61iero unciaa MUOTpYOOK, B ciydae LMNA R571S
— 64,68 £ 4,62%, B ciiyuae sHAoreHHON Qopmbl namuHa U LMNA WT — 6,94 £ 2,16% (Pucynok. 10, E).
Taxum o0pa3oM, HalllM JaHHBIE YKA3bIBAIOT Ha TO, YTO MyTaluu B reHe LMNA cBA3aHBI C HapyIICHHEM

Ipolecca pacxoXKAeHus SAep K MoJitocaM npu popmupoBaHuu MuoTpyook (Ilepenenuna u np., 2017).
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A
Kotpons LMNA G232E LMNA RST1S
B
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KonmuecTeo "aHopmansHsix" MUoTpYBoK (%)

Pucynok 10. Mopdonoruueckast xapakreprucTuka MUOTPYOOK, HECYIIIUX TpaHCTeHHbIE (opMbl TamMuHa A/C
(LMNA).

(A) MMyHOLMTOXMMHYECKAs] OKpacka MHOTPYOOK, O0Opa30BaHHBIX CaTEJUIMTHBIMU KJIETKAMHM MBILIH,
HeCylux pasHble (opmbl JamuHa. Tsokensle nenu muo3zuHa (MyHC, kpacHblil 1BeT). Snpa okpaiieHbl
DAPI (cuHuii 1BET) U aHTUTEIAMU K YEJIIOBEUECKOMY JIAMUHY (3€JI€HBIN IBET).

(b) MMmyHomMTOXMMHMYECKasE OKpacka MHUOTPYOOK, OOpa30BaHHBIX CATEUIUTHBIMHM KIETKAMH MBIIIH,
Hecymux pasHble Gopmel amuHa. Okpacka Ha aecMuH (Desmin) u Tspkensle nenu muoszuna (MyHC)
(xpacHblit 11BeT). Snpa oxpamenst DAPI (cunuii user).

(B) IlIpoueHTHOE COOTHOIIEHHE JIMH MHOTPYOOK, SKCIPECCHPYIOUIMX pa3Hble (OPMbI JIaMHHA.
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MuoTpyOKH, S3KCHpeccupyromue >HAOTeHHbIH JamuH (n=120 wmuorpydook) m LMNA WT (n=120
MHUOTPYOOK), conepxar 15-19 sinep. Muotpyoku ¢ LMNA R571S (n=74 muotpyoxu) conepxar 5-10 simep,
a Muotpyoku ¢ LMNA G232E (n=62 muotpyoku) — 2-4 siipa.

(I') Unnekc cnusHUS MHOTPYOOK, HECYHIIUX pasHble (GopMmbl JamuHA. JlaHHBIE MPEICTABICHBI B BUJC
cpenuux 3HadeHuil £ SD (n nmpoananusupoBaHHbIX MUOTpyOok: K (xoHTposn)=120, LMNA WT=120,
LMNA G232E=62, LMNA R5715=74).

(J0) Ilpumep «anopmanbHOI» MuOTpyOKH. OKpacka Ha JlecMUH (KpacHbIi 1BeT). SAnpa okpamenst DAPI
(cuHwMii LBeT).

(E) KonnuecTBO «aHOpMaJIbHBIX» MUOTPYOOK, HECYIIUX pa3Hble (OPMEBI JJaMuHa. [laHHbIEe TPEICTaBICHBI
B BHUJE cpenHux 3HaueHudl = SD (n npoananuzupoBaHHbIX MHOTpYOOK: K (koHTponb)=120, LMNA
WT=120, LMNA G232E=62, LMNA R571S=74) (Ilepenenuna u ap., 2017).

3.1.2 Buusanue G232E u R571L myraumii B rene LMNA Ha 3Kcnpeccri0 OCHOBHBIX TeHOB

MBIIIEYHOH 1M (] PepeHIIUPOBKHU

Jlanee MBI TIpOaHATU3UPOBATN W3MEHEHHE DKCIPECCHH MHUOTEHHBIX MApKEpOB B KIETKAX JIMHUH
C2C12 BcnenctBue mytanuit LMNA G232E u LMNA R571S npu meimeunort nuddepenmupoke. s
3TOrO MBI HCNOIb30Banu Meto [IL[P B pexxuMe peanbHOro BpEMEHH, OLIEHUBAsK SKCIIPECCHIO CIETYIOIINX
reHoB: Pax3, Myf5, Myomaker, MyoD, MyoG, Myh4, Mrf4 (Pucynox 11). Knerku muaum C2C12,
TpaHCAYLMpPOBaHHbIE  JeHTuBHpycoM, HecymuM LMNA  WT/LMNA  G232E/LMNA  RS71S,
muddepeHnupoBain B TeueHUe 24 9acoB, 72 4yacoB M 7 THEH.

Pe3ynbrar mo skcmpeccud IeHOB IMOKa3and M3MEHEHMsI B YPOBHSAX DKCIIPECCHH HEKOTOPBIX I'€HOB,
BbI3BaHHbIC nAeiicTBUeM mytainuid. Myranus LMNA G232E npuBoguia K CTAaTUCTHYECKH 3HAYUMOMY
CHWKEHUIO dKcTIpeccuu TeHa Myomaker uepe3 24 yaca u 7 qHeit mocine HHAYKIUA Ju¢GEepeHITTPOBKU TI0
CpaBHEHHUIO ¢ KieTkamMu, TpaHcayrupoBaHHbIX LMNA WT. Ilpu LMNA R571S Taxke HaOm0maI0Ch
CHIDKEHUIO dKcnpeccun Myomaker Ha 7 nenb quddepeHunpoBKy.

Taxoxe ObLIO TTOKA3aHO, YTO MYTAllMH BBI3BIBAIOT TMOBBINICHUE dKcTipeccuu Myf5 u MyoD B KineTkax
Ha paHHed craguu auddepeHnupoBkd (24 dyaca). Ha Oomee mo3mHeW CTaauyd MBIIICYHOMN
g depeHunpoBky (7 AHEl) ObLII0 OTMEUEHO CHUXKEHUE YpoBHs dkcnipeccuul MyoG u Mrf4 non neiictBuem

LMNA G232E myrauuu no cpaBuenuto ¢ LMNA WT (Ilepenenuna u np., 2017).
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Pucynok 11. Onenka Bausaust LMNA R571S u LMNA G232E Ha 3kcnipeccui0 MUOT€HHBIX MApKEPOB MIPH
MbIteaHoi nuddepennupoke kietok duHUU C2C12. [To ocr OY yka3zaHO OTHOCHUTEIHLHOE KOJHYECTBO
MPHK pmst Kaoro reHa, n3MepeHHoe no merony 2°4Cr, u HopmuposaHHOoe Ha ob6pasen LMNA WT.
JlanHbIC TIPECTABICHBI B BUJIE CPEIHUX 3HAYCHHUH 10 4-6 Ouosnormdeckum moropam £ SEM. *p<0,05;
*#p<0,01; wt — LMNA WT; 571 — LMNA R5718S; 232 — LMNA G232E (Ilepenenuna u ap., 2017).

3.1.3 OO0cy:kaeHue pe3yJbTaTOB, MOJYYEHHbBIX IIPU M CCJIEI0BAHUU BJIUSHUS MYTAlMH B TeHe
LMNA (G232E u R571S) na npouecc Mbime4Hoi 1uddpepeHunpoBKU MIU00JIACTOB

MbIM JUHAM C2C12 ¥ nepBUYHBIX CATE/UIMTHBIX KJIETOK MbIIIU

Msb1 npoBenu oneHKy BiuusHUS LMNA MyTanuid, acCOIMMPOBAHHBIX C Pa3BUTHUEM MBIILICYHOM
muctpoun Imepu-/peiidyca (LMNA G232E) u aqunaranumonnoit kapauomuonaruu (LMNA R571S), o
€CTh 3aTParuBalOIIUX CKEJIETHYIO MYCKYJIATypy U CEpACYHYI0 MYCKYIaTypy COOTBETCTBEHHO, Ha MPOIIECC
MBIIIEYHOU Au(pPepeHInpoBKU. MBI MOKa3aiy, YTO aHAIM3UPYEMble MYTAIlH TPUBOIAT K HAPYLICHUIO
Iporecca MbIIIEYHOH 1 (epeHIIMPOBKY — HAPYIICHUIO CIUSHUA KJIETOK U (POPMUPOBAHUIO MHOTPYOOK.
MuoTpyOKH, SKCTIPpECCUPYIOLINE MyTaHTHbIE (DOPMBI JIAMUHA, XapaKTepU30BAIMCh MEHBILIUM YHCIIOM SAEP
[0 CPAaBHEHHMIO C MUOTPYOKaMH, 3KCIPECCUPYIOIIMMHU 3K30T€HHBIH JJAaMHH JTUKOTO THMA M 3HJOTEHHYIO
¢dopmy namuHa. MBI yCTAaHOBHWJIM, 4TO OOpa30BaHHME KOPOTKUX MHOTPYOOK OBLIO acCOLMHUPOBAHO CO
CHIDKEHHEM UHJEKCa CIUSHHUS KiIeToK. Kpome TOoro, MyTaHTHBIE KJIETKM 4YacTo 0Opa30BbIBAIH
«QHOPMAJIBHYIO» MHOTPYOKH (s1Ipa KOHLIEHTPUPOBAINCH B cepearne Muotpyook) (Cadot et al., 2012; Yin
et al., 2013). Takum ob6pa3zom, mporecc TUdPpepeHIMPOBKH O HAPYLIEH HE TOJBKO Ha PaHHUX ATamax

CIIUSTHUSI MUOOJIACTOB, HO U Ha 0oJiee MO3THUX, KOTIa MUOTPYOKa yxke cpopMUpOBaHa.
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[Tonmy4yeHHble HaMU pe3yJAbTATHl MO OICHKE BIMSHHUSA MYTallMii TeHa JIaMHHa Ha MOP(OJIOTHIO
MHUOTPYOOK HMOATBEP)KIAIOT U JOTOJHSIIOT MMEIOIINEcs JUTeparypHble naHHble. OqHa U3 paHHUX paboT
ObuTa BBITIONIHEHA Ha KynbType kierok C2C12, xotopwie skcrpeccupoBam LMNA R453W, nepmyio
ONHUCAHHYI0 MYyTaluioo jJamuHa y OosbHOro MJIDJI. Knetku, comepskaiiue NaHHYIO MYTallUiO, WUMEIU
CHIDKEHHYIO CIIOCOOHOCTH K Tporeccy auddepeHnnpoBKr. AHAIN3 SKCIPECCHH MHOTCHHBIX MapKepOB
BBISIBWJI CHIDKEHHBIN ypoBeHb MyoG, Tpu 3TOM dKcIpeccus 0ojiee paHHEro mapkepa MyoD ocraBaiach
neusMmenHoi (Favreau et al., 2004a). B emnie onHoii paboTe, B KOTOPOU MCIOJIBL30BAIH Ty ke KICTOYHYIO
muHuio (C2C12), u ananusupoBanu 1y xe myranuio (R453W), takke BBISIBUIM CHUYKEHHE DKCIIPECCUU
MyoG (Hakelien et al., 2008). bputo moxasano, 4To BIUSHHE MyTallMii TeHa JJAMHHA Ha dKcTipeccuto MyoD
u MyoG cBsi3aHO ¢ yyacTueM jJamuHa A B peryisiiuu curianbibix myreid Rb/E2F u Rb/MyoD (Pekovic et
al., 2007).

B skcnieprMeHTax Ha MepBUYHBIX CATEJUTUTHBIX KIIETKaX, MOJYYEHHBIX OT MBIIIEH-HOKAYTOB 110 TeHYy
Lmna, 6pu10 OKa3aHO, YTO MUOOIACTHI AEMOHCTPUPOBAIIN CHH)KEHHYIO CKOPOCTh Nposudepanuu, a He
CHIDKEHHBIN MHEKC cusHUS, Kak B Hamiel padote (Cohen et al., 2013). D10 HECOOTBETCTBUE C HAIIUMHU
pe3ynbTaTaMu MOXET ObITh OOBSICHEHO Pa3HbIMHU KIETOYHBIMU MOJENSMH, UCIOJIb3YyEeMbIMU B paboTax.
Bo3MoxHO, B KJI€TKax, MOJHOCTBIO JIMIICHHBIX JIAMUHA, aKTUBUPYIOTCS KOMIIEHCATOPHBIE MEXaHHU3MBI,
KOTOPBIX HET MPHU IKCIPECCUU MYTAHTHOU (POPMBI.

Hamu nanabie mo skcnpeccuu reda Myf5 (MOBBIIEHHBIN YPOBEHB SKCIIPECCHH Yepe3 24 yaca mocie
uHaykiun auddepentupoBkun — npu gedctBun LMNA G232E) cornmacoBBIBAlOTCS € pe3yibTaramu
AKCIIEPUMEHTOB, MPOBOAMMBIX HA MEPBUYHBIX MHOOJIAcCTax MbIIEH-HOKAayTOB 10 TeHy Lmna. Ilpu
OTCYTCTBHM JIaMHHa B KJI€TKaxX JKCIpeccHs TPaHCKpUIIHMOHHOTrO ¢aktopa Myf5 Obuia MOBBbIIIEHA, a
MapKepbl CaTEJUIMTHBIX KieToK Pax3/Pax7 cBoi ypoBeHb 3kcnpeccun He MeHsmu (Frock et al., 2006).
Kpome Ttoro, cymiecTByioT paboThl, B KOTOPBIX aBTOPHI AHAIU3UPOBAIU OHOICUNHBIA MaTepuall,
MOJIy4EHHBINH OT OOJBHBIX ¢ MyTauuen reHa LMNA. CarennuTHble KIETKU 3TUX MAIlleHTOB TAK)Ke UMENH
CHIDKEHHBIN ypOBEHb dKcTpeccuu MyoD, HO TIpU 3TOM KOJIMYECTBO KJIETOK, SKCIIPeCCUpYOmuX Pax7 ObLI0
yBenuueHo (Park et al., 2009). UTo cooTBETCTBYeT HAIIUM pe3yabTaTaM Mo KCIpeccuu reHa Pax3.

Taxum o6pazom, LMNA MyTaniuu, acCCOLMUPOBAHHBIE C PA3BUTUEM CKEJIETHO-MBIIIIEYHOTO (PeHOTHA,
IPUBOJAT K CHIDKEHHOM CHOCOOHOCTH MHOOJIACTOB ()OPMHPOBATH MUOTPYOKH, a TaKKe K YBEIMYEHHOH
JKCIIPECCUN PAHHUX MAapKEpOB MHUOTEHE3a M CHMKEHHOM JKCIIPECCUH MO3JHMX MapKEpOB MHOIEHE3a.
OnHako B 3aBHCHMOCTH OT aHAJIM3MPYeMOIo Marepuana, crnocoba MoIU(HKALWK TeHa JIaMUHA U
MIPOIOJKUTENBHOCTH (P PEPEeHIINPOBKH PE3YAbTAaThl MOT'YT BapbHUPOBATh.

Taxoke B Harei paboTe ObLJIO BBISIBJICHO CHIKEHUE SKCIIpeccuu rena Myomaker uepes 24 yaca nocie
Havana audpdepenipoBku 1 LMNA G232E u ciiyets ceMb JHeH nocie Hadana AuddepeHupoBKy A
ob0enx myrauuid. CHIKEHHBIN ypoBeHb dKcrpeccun Myomaker MOXeT OBbITH CIEICTBHEM CHH)KEHHOTO

YPOBHA SKCIPECCUU MyOG K HacTOoAIIEMY MOMCHTY OO KOHI@ HE sCHO, IOA KOHTPOJICM KaKUX
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TPAHCKPHUIIIMOHHBIX (PaKTOPOB HaxoaAuTcst Myomaker, peanoNoXuTensHO 3T0 dakropsl MyoD u MyoG,
Tak Kak reH Myomaker uMeeT B CBOEM IPOMOTOpPE MOCIENOBATEIbHOCTh ISl CBSI3bIBAHUS C
TPAHCKPHUIIIIMOHHBIMU (PAKTOPAMH THIIA «CIIHPAIb-TIETIIA-CIMPaIby», KAKUMHU | sBIsitoTcst MyoD u MyoG
(Millay et al., 2014). Takum oOpa3om, cHIDKeHHas1 dKcrpeccuss MyoG MOKET NMPUBOANUTH K CHIKEHHOMN
skcpeccun Myomaker.

Tot ¢axrt, yTO TpH ACWCTBUM MYTAIlUH, 3aTparuBaOIIel MBIIICUHYIO MycKynarypy, LMNA G232E,
MIPOUCXOJUT CHIKEHUE dKcpeccuu Myomaker yxe uepe3 24 daca nocie HHAYKIUU quddepeHnpoBKH,
COOTBETCTBYET JJAaHHBIM O MEHBIIEH JIMHE 00pa3yeMbIX MPU ITON MyTallud MUOTPYOOK M CaMbIM HU3KUM
MHJIEKCOM CIIUSIHUSI KJIETOK.

Takum oOpasom, myranus, Beayllas K pPa3BUTHIO CKEJIETHO-MBIIIEYHOTO (DEHOTHIIA, OKa3bIBAET
HauOObIINK HeraTuBHbINA 3((EeKT Ha COCOOHOCTh MUOOIACTOB K CIUSHUIO U AKCIPECCHUI0 OCHOBHBIX
MapKepoB MbIIIEUHON Tu(depeHINPOBKU. DTU JaHHBIE MOATBEP)KIAIOT TKaHECTIeHU(DPUUHBIM XapakTep

pasButus 3aboneanus (Ilepenenuna u mp., 2017).

3.2 UccaenoBanue BiausiHue mytaumii B rene LMNA Ha npouecc aIMnoreHHon

Au(pPepeHIUPOBKHU

Jlnst uccnenoanus s dexra Tkanecnenuduanoit myranuu B rene LMNA (R4821) Ha agumnoreHHyo
maddepeHINPOBKY, B Ka4ecTBE KIETOYHOW MOJEIU MBI WCIOJB30BAIM ME3CHXHMHBIC KIIETKH Cepiia
(MKC) u4enoBeka. bwuto moxazano, uyto MKC cnocoOubl auddepeHIupoBaTbcss B aIUNIOTCHHOM
HanpaBiieHun (ManammueBa u jp. 2015), yTo moaTBepkaaeT 000CHOBAHHOCTh MCIIOJIL30BAHUS JAHHBIX
KJIETOK B KayeCTBE MOJCIH ISl WCCIICAOBAHHMS MEXaHU3MOB DPa3BUTHS 3a00JIEBaHHU, MPH KOTOPHIX

MIPOUCXOIUT HApYIICHHE aJUIOTeHe3a.
3.2.1 Ouenka mopdosioruu siep

Ha mnepBom »sTame paGoThl OCYHIECTBISIN MOAM(PHUKAIMIO KJIETOYHOTO TEHOMAa C IMOMOIIBIO
TPAHCAYKIUU JICHTUBUPYCHBIMU KOHCTPYKIUSIMHU, HECYIIMMHU T'€H YeJIOBEYECKOTrO JIaMHUHA JUKOTO THUIIA
(LMNA WT) unu myrantabsie Gopmbl (LMNA R482L unu LMNA R527C). s oueHku 3PPeKTUBHOCTH
KIETOYHOU TpaHcaykuuu wucrnonb3oBain MKC KpbIChl ¢ TeNnbl0 BHU3yalnHM3allil B HHUX JKCIPECCUU
yenoBeyeckoro  yampHa ~ A/C.  DKcIpeccuio  3K30T€HHbIX  (OpM  JIaMHHA  HOATBEPKIalU
MMMYHOIUTOXUMHUYECKUM OKpAIIMBAHUEM C TIOMOIIBI0 aHTUTEN, CHEIU(PUUIECKH PACIIO3HAIONIUX JTAMHUH
A/C denoBeka. B kadecTBe MOJOKHUTEIBHOTO KOHTPOJS MCIONB30BalU HeTpaHcaynupoBanHele MKC
yenoBeka (Pucynox 12).

Pe3ynbpraTtel OKpacku IEMOHCTPUPYIOT H3MEHEHHs Mopdonoruu saep («Imy3bIpeHue» siIepHoOu

MeMOpaHbl) B KJETKaX, TPAaHCAYLHMPOBAHHBIX JIEHTUBUpYcoM, HecymuM LMNA R482L. B sampax
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KOHTPOJIBHBIX (HETPAHCIYIUPOBAHHBIX) KJIETOK M KJIETOK, skcmpeccupytomux LMNA WT, ne Obuio

3a(hUKCUPOBAHO KaKMX-IMOO M3MEHEeHUH B siepHoil Mopdonoruu (Perepelina et al., 2018).

Control LMNA WT LMNA R482L

40x

Pucynoxk 12. Amnanu3 oskcopeccun TpaHcreHHbIXx ¢opm snamuHa A/C B MKC  kpbichl.
NMMyHOLIMTOXMMHYECKAsk OKpacka CTBOJIOBBIX KJIETOK cep/ila Kpbichl Ha JaMuH A/C yenoBeka (3e1eHbIi
LBET), siApa JomoiHuTedbHO okpamieHsl DAPI (cunuii uBer). B kauectBe kontpons (Control) —
HETpaHCIyIIUPOBAaHHBIE CTBOJIOBBIE KJIETKHU cepana yenoBeka (Perepelina et al., 2018).

3.2.2 Ounenka Baussuusa LMNA R482L Ha akTUBHOCTH CHTHAJbHOTO0 myTu Notch B

HeanddepeHIIUPOBAHHBIX KJIETKAX

Bce panbHeiimme sKkciepuMeHTH TPOBOMIM ¢ uctionb3oBanneM MKC denoBeka. UToObl M3ydUTh
BiusiHUE MyTaruu LMNA Ha aKTHBHOCTh CUTHAJIBHOTO TyTH Notch, MBI H3MEpHIIH YPOBEHb SKCIIPECCUU
reHoB-muiieHeir Notch B MKC denoBeka. B kieTkax, TpaHCIyIMpOBaHHBIX JICHTHBUPYCOM ¢ LMNA WT
nmu LMNA R482L, Ob11 akTUBUPOBAH CUTHAIBHBIN IMyTh Notch ¢ MoOMOIIbIO BBEJCHUS BHYTPUKJICTOYHOTO
nomeHa Notch (NICD) Ha neHTHBHPYCHOM HOCHTEJE JUIsl JaJlbHEHIIero aHamusa skcrnpeccun Notch-
3aBUCUMBIX TeHOB: HEYI, SLUG, CMYC (c-Myc) u CCND3 (muknun D3). Beenenne NICD npuBoauio k
CYIIECTBEHHOMY MOBBIIMICHUIO 3Kcripeccuu HEYI, 4to sBiseTcs CIEICTBUEM aKTHUBALIMU CUTHAJIBLHOTO
nytu Notch. LMNA R482L BbI3bIBall CTAaTUCTUYECKH 3HAUMMoOeE CHIbKeHue skcnpeccun HEYI, SLUG,
CMYC (c-Myc) u CCND3 no cpaBaenuto ¢ LMNA WT (Pucynok 13). DTy qaHHBIC YKa3bIBalOT Ha TO, YTO
MytaHTHbIN JamMuH A/C oka3piBaeT MHrUOUpYyroliee aeiictBue Ha akTUBHOCTH Notch (Perepelina et al.,

2018).
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Pucynox 13. Myranus LMNA R482L npuBouT K M3MEHEHUIO dKcnpeccun reHoB-mutieHeil Notch 8 MKC
YeJIOBEeKa B YCJIOBUAX akTUBaIuu Notch. OTHOCHTEIBHYIO SKCIIPECCHIO TEHOB olleHnBaiii MmetozoM I11P B
peXUMe peaTbHOTO BPpEMEHHU. 3HAYCHHS MPEACTABICHBI B BUAC cpenHero 3HadeHus = SD, (n = 3); *, p <
0,05, (n=3) (Perepelina et al., 2018).

3.2.3 Ouenka Bausinusit LMNA R482L na agunorennyio 1u¢¢epeHunpoBKy B YCJI0BHAX

aktuBanuu Notch

Ms1 npogemoncTpupoBaiy, uto MKC uenoBeka o6manatoT criocoOHOCThIO auddepeHnnpoBarbes B
aJIMIIOTEHHOM HarpaeiieHud. bputa nmpoBeneHa okpacka muddepennupoBanabix MKC ¢ ucnons3oBaHuEM
cneruduueckoro kpacurens Oil Red (na 14 nens), a takke [P B pexxume peanbHoro Bpemenu (Ha 3

JIeHb) Ha aaunorennsie Mapkepsl (AP2 u PPARG) (Pucynox 14).
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Pucynok 14. IlpoBepka amunorenHoro noreHmuana MKC denoBeka. Ha BepxHel mNaHenw MNoOKa3aHbI
nzobpaxenuss Heaupdepennuposannbix (Hemudd.) u  muddepenuupoBannbix (dudd.) xmerox,
okpameHHbix Kpacutenem Oil Red. Ha HwkHEW maHenmu MpoaeMOHCTPHPOBAHBI pPe3yibTaThl aHAIU3a
IKCIIPECCUU aTuMoTeHHBIX MapkepoB AP2 u PPARG ¢ nmomompbio metona I[IIIP B pexume peanbHOTO
BpeMeHH. Pe3ynbrarhl mpeAcTaBieHbl B BUAe cpeqHux 3HadeHuit + SD, (n = 3); ** p < 0,01 (Perepelina et
al., 2018a).

Jnst ouenku >ddexra myrantHoro LMNA Ha skcmpeccuio TeHoB-muineHed Notch Bo Bpems
agunorenHoi quddepennuporkr MKC MBI TpaHCAYITUPOBAIM KIIETKH JICHTHBUPYCaMu, Hecymumu LMNA
WT wm LMNA R482L, n aktuBupoBasin Notch ¢ momomnisto NICD kak Ob11o ommcaHo panee. [lanmee
KOHTpOJIbHBIE (HETpaHCAYLMpOBaHHbBIE) U TpaHcAaylnupoBaHHble MKC ObuiM  UHAYHHPOBaHBI K
agunoreHHot muddepennuporke. Ha pucynke 15 mnoka3zano, 4ro akrtuBamuss Notch wuHTHOUpyeT
aaunoreHnyro  auddepeHIupoBKy, UYTO  ObUIO  OHpEIeNieH0  IyTeM  IoJcueTa  IUIoUiaau
muddepeHIMPOBaHHBIX KIETOK W aHanu3a dkcnpeccuu AP2 u PPARG (Pucynok 15, A, b). B orcyrcTBue
aktuBaiuu Notch LMNA R482L He oka3biBaja 3aMETHOTO BIUSHUS Ha aJUINOTEHHYIO0 AU(PepeHITUPOBKY
MKC mno cpaBuenuto ¢ LMNA WT. B 1o xe Bpems, npu aktuBauuu Notch LMNA R482L Bwi3bIBana
CTaTUCTUYECKM 3HAUYMMOE CHIDKEHHE KolndecTBa AU(QPEpEeHIMPOBAHHBIX KJIETOK, a TaKXKe CHI)KEHUE
JKCIPEeCcCUr aauroreHHbix mapkepoB AP2 u PPARG. Takum o6pazom, LMNA R482L wunrubupyer
apunorennyro auddepeniupoky MKC Tonbko B YCIOBMSIX aKTHBAIlMM CHTHaiIbHOTO mmyTtH Notch

(Perepelina et al., 2018).
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Pucynox 15. Myramus LMNA R482L npuBoauT K moaaBieHuto anunoreHHon auddepenimpoku MKC
yenoBeka B ycnoBusx aktuBauu Notch. (A) JleBbiii pucyHok — muddepeHInpoBaHHbIe KIECTKUA TMOCIE
okpammBanusi kpacurenem Oil Red. [lpaBeiii puCyHOK — pe3yabTaThl TOJCYETa  IUIOIIAAN
muddepentiupoBanHbIX KiIeTok. (b) PesymbraThl aHammza sKCIpeccHUu aaumoTeHHBIX MapkepoB AP2 u
PPRG wmetonom IIIP B pexume peanbHOro BpeMeHH. Pe3ynbTaThl NMpENCTaBICHBI B BHUIE CPEIHUX
3HaueHui = SD, (n = 3); *, p < 0,05 (Perepelina et al., 2018).

3.2.4 Ouenka Biausiuusi LMNA R482L. Ha akTUBHOCTH CUTHAJBLHOTO yTH Notch B

auddepennupoBanubix MKC

Lenpto naHHOrO 3Tana padoTsl ObLIO MCCIEJOBaHUE BIUSHUS MYyTaHTHOM (opmbl namuHa (LMNA
R482L) na akTtuBHOCTH curHajipHOro mytu Notch mpu MHAYKUIMM aJunoreHHo audQepeHLnpoBKH.
Monuduxkaruto renoma MKC npousBogumu nipu niomonu Beenenus LMNA WT wim LMNA R482L nHa
JEHTUBUPYCHOM HocuTese. Notch akTUBUpPOBAIM C MOMOIIBIO TPAHCAYKIHMM JEHTUBUPYCOM, HECYIIUM
NICD. AKTUBHOCTb CUTHaIBHOTO IyTH Notch olleHnBany Mo ypoBHIO SKCIIpECCHU TeHoB-MuleHel Notch
(HEYI n NOTCHI) metonom IIIIP B pexumMe peaabHOro BpeMeHU Ha 3 nieHb aupdepeHIupoBKu. Mbl
oOHapyxuiu uHruouposanue Notch B KJeTKax, SKCIPECCUPYIOIUX MYTaHTHBIN JJaMuH A/C, B yCIOBHSAX
akTuBanuu Notch 10 cpaBHEHHIO ¢ KJIETKAMU JTUKOTO THMa. Takke, B KaueCTBE JOMOIHUTEIbHON OLEHKH
akTMBHOCTH Notch, MBI HCIIOJIB30BaAJIM PENOPTEPHYIO JtoMdepazHyo KoHCTpykuuto CSL-luc, ypoBeHb
aKTMBHOCTH KOTOPOH oTpaxaeT akTuBHOCTh CSL-3aBucuMoii Tpanckpunuuu. JlrormdepasHas akTHBHOCTh

CSL-luc monreepauna pesynbratsl [ILIP B pesxkxume peansHoro Bpemenu (Pucynox 16) (Perepelina et al.,
2018).



54

HEY1 i NOTCH1

=
1=}
;

@

16

)

1,2

I

08

[

04

OTHOCUTENbBHBIA ypoBeHs MPHK

OTHOCUTENBHBIA ypoBeHs MPHK

-]

o

NICD - = = ®* -+ * NICD - - -+ + o+
LMNA - WTR482L - WT R482L LMNA - WTR482L - WT R482L

CSL-luc

g
3

8
3

N
-1
s

=
8
8

niounchepasHas akTUBHOCTb

NIED = = = + + +
LMNA - WTR482L - WT Rds2L

Pucynok 16. LMNA R482L mnpuBoguT K TMOJABICHHIO JKCIpeccuu TeHoB-muieHedl Notch B
mudpdepenunpoBanubix MKC uenoseka. OtHocutensHblid yposenb MPHK HEY1 u NOTCHI ouenuBanu
MetoaoM [IIIP B pexume peaqbHOTO BpeMEHU. AKTUBHOCTh CHTHAIBHOTO TyTH Notch TOTOTHUTENTHHO
M3MEpsUTA ¢ moMolbio JironudepasHoro pernoprepa CSL-luc. Pesynsrarel mpeacTtaBieHbl Kak CpeaHee
3Hauenue = SD (n = 3), *, p <0,05 (Perepelina et al., 2018).

3.2.5 OO0cy:xkaeHue pe3yJbTaTOB, MOJYYEHHbIX IPU UCCIEI0BAHUU BIUSHUS MYTAallMU B TeHe
LMNA (R482L) na agunorennyo au¢pdepeHunpoBKy U PyHKIMOHMPOBAHM e

curHajbHOro mytu Notch

Ms1 nokazaim, uto LMNA R482L Bbe3piBaa MOPGHOJIOTMYECKHEe M3MEHEHHUS B CTPYKTypE slIpa,
NposiBIIsIONIMECs B BUe sAepHbIX my3bipeid B MKC kpbichl. CTPYKTYpHBIE aHOMAJIUM B SIIEPHOM JIaMUHE,
BbI3BaHHbIE MyTalusiMu B LMNA, MoOryT cnocoOCTBOBarh HapyIIEHHOMY B3aUMOJICHCTBUIO MEXIY
JaMUHAMH U xpomatuHoM. Panee yxe Obutio moka3ano, 4to LMNA R482L npuBoguT K HapyLICHHIO
sJIepHOM JaMUHBI B pubpobnacrax, momydyeHHbIX OT nanueHToB ¢ FPLD (Capanni et al., 2003).

Ha ypoBHe skcripeccuy T€HOB MbI IOKa3add, YTO BBEACHUE B KIETKUM MYTaHTHOU (opmbl LMNA
R482L mpuBOANUT K CHUKEHUIO HKCIIPECCUU T'€HOB-MHUIIEeHel curHanbHoro nmytu Notch: HEYI, SLUG, C-
MYC, CCND3 — no cpaBaenuto ¢ LMNA WT B HenuddepeHunpoBaHHbIX KieTkax. [lomydeHHble JaHHbIE
CBHUJIETENILCTBYIOT O TOM, 4YTO MYTaHTHble (OpPMBI JIaMHHA OKa3bIBAlOT HETaTUBHOE BIMSIHUE Ha
(YHKIIMOHHMPOBaHUE CUTHAIBHOTO ImyTH Notch.

Taxoke MBI TOKa3aJIM, 4TO MPH JOMOJHUTENbHON akTuBanuu Notch, mpu momoru Beenenuss NICD Ha
neHTuBUpycHOoM Hocutene, LMNA R482L oxa3piBaeT HeraTMBHOE BIMSHHE Ha (PYHKIIMOHUPOBAHUE
curHanpHoro mytu Notch o cpaBHeHuto ¢ tamuHoM auxoro tuna (LMNA WT). JlanHble pe3ynbrarhl OblTH

nostyueHsl ¢ nomoiubto I[P B pexxnme peanbHOro Bpemenu Ha red HEY] n IOATBEPKIEHBI C TIOMOIBIO
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penopTepHoit moudepasHoil KOHCTPYKIIUH.

Tarxke ObUIO mMOKa3zaHO, uyTO Myrauus B TeHe LMNA R482L mnpuBOOUT K CHHUKCHHUIO
middepennmpoBouHoro norennuana. CurHaabHbIi myTh Notch Takke oka3bIBajl HETaTUBHOE BIMSHHUE HA
nporecc aaunoreHHoW muddepenuupoBku. Pesymbratel I[P B peanbHOM BpeMEHH MMOKa3aiH, YTO
onHoBpeMeHHoe BBeneHue NICD u LMNA R482L npuBOIMT K JOCTOBEPHOMY CHUXKEHHIO YPOBHS
skcnipeccuu TeHoB AP2 u PPARG 1o cpaBaenuto ¢ LMNA WT. Beim ormyOnukoBaHbl IOJOOHBIE pabOTHI €
y4acTHEeM MyTaHTHOM (popmbl TamuHa, npuBo e K mporepun (Meshorer and Gruenbaum, 2008; Scaffidi
and Misteli, 2008). Panee cooOmanoch, 4yTo u30bITOUHAs skcrpeccuss jJamuHa A/C monaBisieT
aaunorennyo nudgepenunpoBky (Bermeo et al., 2015; Tilgner et al., 2009; Vadrot et al., 2014). Kpome
TOTr0, OBLIO TIOKa3aHo, uTo MyTanus LMNA R482W Bnuser Ha perynsaTopHyto akTuBHOCTh 6enka SREBP1,
(akTOopa TPAHCKPUIILIUK, KOTOPBIM PErylIupyeT COTHU I'€HOB, YYacCTBYIOUIUX B METa0OIM3ME JIUIUIO0B U
mudpdepenurpoBke agunouuToB (Vadrot et al, 2014). OnnHako B Hamed KIETOYHOW MOJEIH C
HCIOJIb30BAHUEM ME3EHXUMHBIX KJIETOK CEpACYHOIO MPOUCXOKIeHHUs Mbl HaOmomanu LMNA R482L-
OTOCpEeIOBaHHOE WHIMOMpOBaHHE AqUMNOTeHHON IupdepeHIMPOBKH TOJBKO B YCIOBHUSX aKTHUBALUU
curHanpHOTO yTH Notch. Yke Ob110 MOKa3aHo, 4TO OEJTOK SMEpHUH (TTApPTHEP IO CBA3BIBAHUIO C IAMUHOM
A/C) HenocpeacTBEHHO B3aUMOJAEUCTBYET C BHYTPUKIETOUHBIM AoMeHOM Notch, TeM cambIM MOJaBIIssA
aktuBHOCTH Notch (Lee et al., 2017). B nmpyrom wuccnemoBanuu OBUIO MPOAEMOHCTPHPOBAHO, YTO
B3aMMO/JICCTBHE SMEpHHA C JaMUHOM A Hapymaercs B pe3ynbrare LMNA R482L B kileTkax NallueHTOB C
FLPD (Capanni et al.,, 2003). Hamu nanusie o momaBineHuu Notch ¢ momompro LMNA R482L B
HeubdepeHIIMPOBAHHBIX U TU(PPEepEeHIIMPOBAHHBIX KIETKAX COMIACYIOTCS ¢ STUMHU JaHHBIMU.

Takum 06pa3oM, pe3yabTaThl, HOITy4YE€HHBIE HA JAHHOM 3Talle, I03BOJIMIIN BBICKA3aTh IPEAIOJIOKEHHE
0 BO3MOXKHOCTH B3aUMOJICHCTBUS JTaMUHOB A-THUIIAa C KOMIIOHEHTaMM CUTHaIbHOTO Iyt Notch, a Takxke o
TOM, YTO U3MEeHEeHHE MU (HEPEHIIPOBOYHOTO MOTEHIMANIA KIIETOK, SKCIPECCUPYIOLIUX MYTaHTHbIE (DOPMBI

JaMUHa, MOXKeT IpoucxoauTs mpu yuactuu Notch (Perepelina et al., 2018).

3.3 UccaenoBanue BJAMSHAS TKaHecnenM(PpUIHbIX MyTanui B rene LMNA na npouecc

0CTeoreHHoM T PepeHUPOBKH Me3EHXUMHBIX KJIETOK YeJI0BeKa

3ajmadell JaHHOTO ATara MCCieoBaHus ObLIO M3Y4uTh BiusHUE LMNA MyTanuii Ha OCTEOr€HHYIO
1 depeHInpOBKY U aKTUBHOCTh CUTHAJILHOTO IyTH Notch B HECKOJIBKUX THUIAX KJIETOK ME3€HXMMHOIO
MPOUCXOKJCHUS. [ toCcTHKeHUs 3TOM 1ienu Mbl BeIOpaiu e mytaiuu B rene LMNA (R527C uR471C),
aCCOIIMMPOBAHHBIX € MaHauOynoakpaibHON aucriazueit (MAD), xapakrepusylomieics cepbe3HbIM
HapylIeHHeM Tpoliecca OCTEOTeHHON Tu(QepeHIIMPOBKH, U CPAaBHUIU JICHCTBHE JaHHBIX MyTalUil Ha
ocTeoreHHyl0 auddepeHuUpoBKY U akTUBHOCTH Notch B dYeThlpex TuHax KIETOK YeloBeKa
ME3EHXUMaJIbHOTO MPOMCXOXKACHUS — DHJIOTEIMANBHBIX KIETOK myrnouyHoi BeHbl (DK), Me3eHXMMHBIX

knetkax cepana (MKC), rmankombrmiedsbix kinetkax aoptel (MK) u uMHTEpCTHLMANBHBIX KIETKaX
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aopranpHoro kinanana (UK).

3.3.1 Oumnenka mopdonornu siaep MKC kpbichl, 3KcIIpecCHPYOIIUX TPAHCTeHHbIE (POPMBI

agamuua A/C

Ms1 npoananuzupoBanu Mopdosoruto siaep B MKC KpbIchl, TpaHCIyIIMPOBAaHHBIX JICHTUBUPYCAMH,
COJIEp KaIllMMHU I'eH YesloBeueckoro lamuHa aukoro tuna (LMNA WT), unu ren namuna ¢ myrtanueit (LMNA
R527C u LMNA R471C). TpancayupoBaHHble U KOHTpOsbHbIE (HeTpaHcayurpoBanHble MKC yenoBeka)
KJIETKM ObUIM OKpalleHbl aHTUTEeNaMHu, cnenuduuecku pacrnos3HaiomuM jamuH A/C denoBeka. B
KOHTPOJIbHBIX (HETPaHCAYLMPOBAaHHBIX) KJETKaX W B KIIETKaX, TpaHcaylupoBaHHbIX LMNA WT, snpa
OoTMeJaluch 0e3 U3MEHEHUH B siepHOH MOP(OIOrUH, ¢ HOPMAJIBHBIM pactpenenenueM jdamuHa A/C. B
KJeTkax, TpancayupoBaHHbix LMNA R527C u R471C, 6b110 3aMe4eHO U3MEHEHHE MOP(OJIOTUN YacTh

SJIep B BUJIE «ITy3bIpeHUs» AnepHblii MeMOpansl (Pucynoxk 17) (Perepelina et al., 2019).
Control LMNAWT LMNA R527C LMNA R471C

20x

40x

Pucynok 17. Buzyanuzanus mamuna A/C B MKC kpbIckl, Hecymux paziaudabie Gopmbel LMNA. Control —
HerpancayuupoBanHas MKC demoBeka. KieTkn okpamuiBany aHTUTENaMu TpoTuB JamuHa A/C,
pacno3Hatommmu yenoBeueckuit mamud A/C. LMNA R527C u LMNA R471C npuBoauiid K My3bIPEHHUIO
snepHoit memOpansl (Perepelina et al., 2019).

3.3.2 Ouenka Biaussuusi LMNA R527C n LMNA R471C Ha 3Kkcnpeccuio 0CTeOreHHbIX

MapKepoB B Me3eHXUMHBIX KJeTKax 4ejoBeka (IK, MKC, 'MK u UK).

Jns Toro, 4toObl OLIEHUTh CHOCOOHOCTh KIETOK K OCTEOTeHHOM Ju((epeHIMpOBKe, Mbl
MHAYLUPOBAJIM OCTEOTeHHYIO IM(depeHInpoBKy B KIETKaXx MyTeM J00aBiIeHHs CcrenupruuecKux
(baxTopoB B cpeny KyabTuBHpoBaHus. CpaBHEHHE YPOBHEH 3KCIIPECCHUH OCTEOreHHBIX MapkepoB (RUNX2,
ATF4, OPNwu COLIA]I) B HenudpepeHInpOBaHHBIX KJIETKaX U KIETKaxX, 1M HepeHIUpOBaHHbBIX B TEUCHHE
3 nHeii, ouenuBanu ¢ nomoinsto [P B pexume peansroro Bpemenu (Pucynok 18 — 9K, 19 — MKC, 20 —
I'MK, 21 — UK, Bepxuwuii psix). Mbl HaOnMr0qamM 3HAYUTENIHOE CHUKEHHE YPOBHS dKcTipeccuu reHa RUNX?2

B muddepenuupoBannbix ['MK, a taxke renoB OPN u COLIAI B nuddepennupoBannbix MK mo
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CpaBHEHHIO ¢ Hemu(QpepeHIUPOBAHHBIMU KiIeTkaMu. OIHako, Mbl HE HaOMIOJaTu CTAaTUCTUYECKH
3HAYMMBIX U3MEHEHHUI YPOBHEH SKCIIPECCHU OCTEOTEHHBIX MapKEPOB MPH UHAYKIMU AU HEepeHInpOBKY B
MKC u OK.

3areM MBI MPOAHATM3UPOBAIM BIUSHHE MYTAaHTHBIX (opM LMNA Ha 3KCIPECCHIO0 OCTEOTECHHBIX
MapkepoB B muddepenmupyrommxcs kierkax (Pucynok 18 — 9K, 19 — MKC, 20 —I'MK, 21 — UK, HmxHUl
psn). st 5Toro Mel TpaHCcIyLMpOBaIU KJIETKU JIEHTUBUpYcamu, Hecymumu LMNA WT unu MyTaHTHYIO
bopmy LMNA (LMNA R527C u LMNA R471C), n uHAyIMPOBAIH OCTEOTCHHYIO IH(QEpESHIIMPOBKY.
Tpancnykus LMNA R471C npuBoania K 3HAYUTETbHOMY U3MEHEHUIO YPOBHS IKCIIPECCUU OCTEOT€HHBIX
MapkepoB: yBenudeHuto RUNX2 u ATF4 8 MKC; ysenmuuenuto ATF4 B I'MK; yBennuenuto RUNX2 u
ymenblieHuto ATF4 u COLIAI B UK. LMNA R527C BpI3bIBaja 3HAYUTEIBHOE YBEIUYEHHUE YPOBHS
skcpeccun RUNX2 B MK u UK, a raxke cHukenue yposHs sxkcnpeccun COLIAI B UK. Kpome Toro,
MbI OOHAPYXWJIM OYeHb HU3KUHN ypoBeHb dkcrpeccuu reHoB OPN u COLIAI B DK, u OPN B MKC. B
COBOKYITHOCTH, 3TU JJAHHbBIE IEMOHCTPUPYIOT WHIUBUIYAIbHBIA paHHUN OTBET KaXKJOTO THUIA KIETOK Ha

OCTEOTeHHYIO MHAYKIMIO U MyTaHTHBIN LMNA (Perepelina et al., 2019).

RUNXZ2 ATF4 OPN COL1A1

-
@
]
-
o
]
Ld
o
]
»
o
]

-
o
1
-
o
1

-

-
o
1
-
o
1

=

o
1

Ll

I
o
I
e
o
1

QTHOCHTENEHBIR YpoaeHs MPHK
OTHOCUTENBHBIA YDoBEHE MPHK
GTHOCHTENEHBIR YpOsEHE MPHK
OTHOCHTENLHLIA YposeHs MPHK

;

Il Hepudd. Audbdp.

RUNX2 ATF4 OPN COL1A1

2.0q

- - ~
= 1] o
1 1 ]
w
1
N
e
]

TensHbiA yposess MPHK

e
o
Il

aTHOGH

OTHOCHTENbHBIA YposeHs MPHK

QTHOCHTENBHBIR YPoseHs MPHK
OTHOCHTENBHBIA yposeHs MPHK

o
o
I

m WT [ RS527C W R471C

Pucynox 18. I3MeHnenue sxcripeccun octeoreHHbix MapkepoB B DK Beaenctsue myrauuid LMNA R527C u
LMNA R471C. OtnocurenbHbiii ypoBeHb MPHK onenuBanu ¢ momomisto IIIIP B pexume peanbHOro
BpeMeHU. BepxHuii psii AEMOHCTPHUpPYET YPOBEHb JKcrpeccud B HeaudhepeHIUPOBAHHBIX KIETKaX
(Hemudd) u xnerkax Ha 3-i neHb octeoreHHoM nuddepenunposku (Judd). Huwkuauil psaa neMoHcTpupyeT
yYpOBEHB JKcTpeccuu B AuddepeHupoBaHHbIX KileTkax, Hecymux mub6o LMNA WT (WT), nubo LMNA
R527C/LMNA R471C (R527C/R471C). Pe3ynbraThl mpeacTaBleHbl Kak cpeaHee 3HaueHue + SD
(Perepelina et al., 2019).
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Pucynok 19. U3menenue skcripeccun ocreoreHHbix MapkepoB B MKC uyenoBeka BCleACTBHE MyTalui
LMNA R527C u LMNA R471C. OtHocurensHbiil ypoBeHb MPHK onenuBanu ¢ nomomsto I[P B pexume
peanbHOro BpeMeHU. BepXHuil psja AeMOHCTpUPYET YpOBEHb JKCHpeccuu B HenubdepeHIMpOBaHHBIX
knetkax (Hemudd) u knetkax Ha 3-i1 nenbp ocreoreHHoM nuddepenuuposku (Judd). Huwxuuit psn
JEMOHCTPHPYET YPOBEHb AKCIIpecCuu B TH(depeHIIMPOBAHHBIX KIIeTKaX, Hecymux du060 LMNA WT (WT),
60 LMNA R527C/LMNA R4T71C (R527C/R471C). Pe3ynbrarsl peACTaBICHBI KaK CpeiHee 3HAUCHUE +
SD (Perepelina et al., 2019).
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Pucynok 20. M3meHeHue skcnpeccuu octeoreHHbx mapkepoB B 'MK yenoBeka BciencTBue Myrtanuit
LMNA R527C u LMNA R471C. OtHocutenbHblil ypoBeHb MPHK onennBanu ¢ nomouisto [P B pexxnme
peanbHOro BpeMeHHU. BepxHuil psii IeMOHCTpUpPYeT YPOBEHb SKCHpPEcCHH B HenuddepeHIIMPOBAHHBIX
kinerkax (Hemudd) m knerkax Ha 3-i neHb octeoreHHod nuddepenuupoku (dudd). Huwxuuil psg
JIEMOHCTPHUPYET YPOBEHB KcIIpeccuy B U depeHnpoBaHHBIX KIeTKaX, Hecymux 6o LMNA WT (WT),
160 LMNA R527C/LMNA R471C (R527C/R471C). Pe3ynbrarsl NpeacTaBIeHbI KaK CpeiHee 3HaYeHHE +
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SD (Perepelina et al., 2019).
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Pucynox 21. I3menenne skcnipeccnn octeoreHHbIX MmapkepoB B MK venoBeka Benencreue myranuil LMNA
R527C u LMNA R471C. OtnocurensHbiii ypoBeHb MPHK onenmBamu ¢ momomsio TP B pexume
peanbHOro BpeMeHU. BepXxHuil psa AeMOHCTpUPYET YpOBEHb JKcHpeccuu B HenupdepeHIHpOBaHHBIX
kirerkax (Hemudd) m kmerkax Ha 3-M meHb octeoreHHo muddepenumpoku (Audd). Huxauit psag
JIEMOHCTPHUPYET YPOBEHB IKCIIPeCcCHH B AuddHepeHITMPOBaHHBIX KiIeTKaX, Hecymux oo LMNA WT (WT),
60 LMNA R527C/LMNA R4T71C (R527C/R471C). Pe3ynbrarsl peACTaBICHBI KaK CpeiHee 3HAUCHUE +
SD (Perepelina et al., 2019).

3.3.3 Ouenka Biaussnus myrauuid LMNA R527C/R471C Ha 3kcnpeccHio reHoB-MHUIlleHel

Notch B Me3eHXMMHEIX KJIETKAaX YeJ0BeKa

C nenpro M3ydeHHs] BO3MOXKHOM Koolepaluuu JIAMHHOB A-THIA C CUTHaJIbHBIM IiyreM Notch, Mbl
IIPOAHAIM3UPOBAIIM KaK MyTaHTHbIE ()OPMBI JJaMHHA BIMSIOT HA SKCIPECCHIO OCHOBHBIX I'€HOB-MMIICHEH
Notch B ueTbipex Tumnax me3eHxuMHbIX kiieTok uenoBeka: DK, MKC, IMK u UK (Pucynox 22, 23, 24, 25
COOTBETCTBEHHO). MBI TpaHCIyLIUPOBAIN KJIETKHU JEHTUBUpYcaMu, HecyliuMu LMNA WT uinu MyTaHTHYIO
bopmy LMNA (LMNA R527C/LMNA R471C). Uanykuust octeoreHHON audQepeHupoBKH BhI3bIBaa
CTaTUCTUYECKU 3HaunMoe yBenuueHue skcnpeccun NOTCHI n NOTCH3 B MKC mno cpaBHeHuwo c
HenubdepeHpoBaHHbIMU  KieTkamMu  (Puc. 23,  Bepxumit  psanp).  MHAyKnus — OCTEOTEHHOM
middepennupokrn B MK BbI3bIBaJIa CTAaTUCTHYECKM 3HauMMoOe CHIDKeHHe oskcnpeccun NOTCHI,
NOTCH3, NOTCH4, HEYI, HESI (PucyHok 26, BepxHUi paa) U cHuxkeHue toiabko HESI nns TMK
(Pucynok 24, Bepxuuii pan). B OK craructudyecku 3HaunMoro >¢dekra He HaOmomanu (Pucynok 22,
BEPXHHH psin).

3arem Mbl onleHwd BiaustHue mytanuii LMNA R527C u LMNA R471C na rensi-mumenu Notch, mo

cpaBHeHHio ¢ LMNA WT. Mbl 0OHapyXuu 3HaYUTEIbHOE yBeIHueHne ypoBHs skcnpeccun NOTCH3 B
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MKC, Be13BanHO€ Mytauueit LMNA R527C, no cpasuenuto ¢ LMNA WT (PucyHok 23, HuwxHuil psan). B
I'MK, necymux LMNA R471C Ob10 OTMEYEHO 3HAYUTEILHOE CHIDKEHHE YpoBHs dkcnpeccuu NOTCH3
no cpaBHeHuto ¢ LMNA WT (Pucynok 24, HwxHuil psn). Kpome Toro, Mel NnpoaeMOHCTpUpOBaIU
CTaTUCTUYECKU 3HAUMMbIE U3MEHEHHUsI ypoBHel akcripeccun reHoB B UK: cunxenne NOTCHI u NOTCH3
n yBenuueHue skcrnpeccun NOTCH4 B knetkax, TpaHcaylupoBaHHbIX LMNA R471C; LMNA R527C
IIPUBOJMIIA K yBeNM4YeHUI0 3kcripeccut HEST (PucyHok 25, HUXHUM psin).

[Tony4yeHHple pe3ynpTarsl NOABOAAT K BBIBOAY O TOM, YTO MyTanuu B reHe LMNA nonpaBisior
(yHKIMOHUpPOBaHUE cUTHaTbHOrO myTH Notch, u, TakuM 00pa3oM, JONOJHSIOT HAIIM TMPEAbIAYIIHE

MIPEATOIOKEHUS O TOM, 4TO dPPexT myranuit B LMNA MOXET HOCUTH KJIETOYHO-3aBUCHUMBIN XapakTep

(Perepelina et al., 2019).
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Pucynok 22. H3menenue skcnpeccun Notch-3aBucumbix reHoB B DK denoBeka BCIEACTBHE MYTallHid
LMNA R527C u LMNA R471C. OtnocutensHblil yposeHb MPHK onennBanu ¢ nomomsto [P B pexume
peaibHOTO BpeMeHH. BepXHuil psii IeMOHCTPUPYET YPOBEHb JKCHpeccud B HeaubdepeHIUpPOBAHHBIX
kierkax (Hemudd) m kmerkax Ha 3-i neHb octeoreHHor auddepeHmuposku (dudd). Hwxaui psn
JIEMOHCTPHUPYET YPOBEHB dKCTpeccuu B MU GepeHIINpoBaHHBIX KIeTKaX, Hecymux 1u6o LMNA WT (WT),
160 LMNA R527C/LMNA R471C (R527C/R471C). Pe3ynbrathl mpeAcTaBIeHbl KaK CpeHee 3HaUeHUE +
SD (Perepelina et al., 2019).
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Pucynoxk 23. U3menenue skcnpeccun Notch-3aBucumbix renoB B MKC uenoBeka BCIIEICTBHE MyTalldid
LMNA R527C u LMNA R471C. OtHocurenbHbiil ypoBeHb MPHK onienuBanu ¢ nomoisto 1P B pexxume
peaibHOTO BpeMeHH. BepXHuil psiin JeMOHCTPUPYET YPOBEHb JKCHpeccud B HeauddepeHIHPOBaHHBIX
kietkax (Hemudd) m xmerkax Ha 3-i geHb octeorenHor auddepenmuposku (dudd). Hmwxuuit psn
JEMOHCTPHUPYET YPOBEHB dKCIIpeccuu B MU dhepeHITNPOBAHHBIX KIeTKaX, Hecymux JTu6o LMNA WT (WT),

60 LMNA R527C/LMNA R471C (R527C/R471C). Pe3ynbratsl MpeACTaBICHBI KaK CPEIHEE 3HAUCHHE +
SD (Perepelina et al., 2019).
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Pucynok 24. U3menenue skcnpeccun Notch-3aBucumbix reHoB B ' MK denoBeka BCenCTBHE MyTaiuid
LMNA R527C u LMNA R471C. OtHocurtensHblil ypoBeHb MPHK onennBanu ¢ nomouisto [P B pexxnme
peanbHOrO BpeMeHU. BepxHuii psii JeMOHCTPUPYET YPOBEHb SKCIpPEecCHH B HenudepeHIIMpPOBaHHBIX
kinerkax (Hemudd) m ximerkax Ha 3-if neHp octeorenHoi nuddepentmpoBku (dudd). Hmwxaumid psg
JIEMOHCTPUPYET YPOBEHB SKCIPECCUH B TP PEepeHINPOBAHHBIX KIIeTKaX, Hecymux 6o LMNA WT (WT),
60 LMNA R527C/LMNA R471C (R527C/R471C). Pe3ynbrarhl mpeACcTaBICHbI KaK CpeHEE 3HAUCHUE +
SD (Perepelina et al., 2019).
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Pucynok 25. N3menenue skcripeccun Notch-3aBucumbix reHoB B MK uenoBeka BcliecTBUE MyTalludid
LMNA R527C u LMNA R471C. OtnocurenbHbiil ypoBeHb MPHK onienuBanu ¢ nomoisto 1P B pexxume
peaibHOTO BpeMeHH. BepXHuil psii JeMOHCTPUPYET YPOBEHb JKCHpeccud B HeaubdepeHIUpPOBAHHBIX
kinerkax (Hemudd) m kmerkax Ha 3-i neHb octeoreHHor auddepenmuposku (dudd). Hwxaui psn

JEMOHCTPHUPYET YPOBEHB dKCIIPecCHH B MU hEepeHITNPOBAHHBIX KIIeTKaX, Hecymux Ju6o LMNA WT (WT),
60 LMNA R527C/LMNA R471C (R527C/R471C). Pe3ynbrarsl IpeACTaBICHBI KaK CPEIHEE 3HAUCHHE +
SD (Perepelina et al., 2019).

3.3.4 Ouenka Baussaus myrauuu LMNA R527C na ocreorennyro nuddepenunpoky MKC u

UK B ycaoBusx aktuanum Notch

YuuTbIBas pe3ynbTaThl, MOJYYEHHbIE Ha MPEIbIIyIeM dSTare padoThl, Mbl BbIOpaId JBE JTUHHUH
Me3eHxUMHBIX Ki1eTok (MKC u UK) ams nocnenyronmx sKCepuMeHTOB, MTOCKOIbKY B HUX ObLIT OTMEUEH
6ounee spkuit a3pdexr or LMNA R527C myranuu B ycnoBusx akrusaiuu Notch.

B nepByto ouepens mbl uccnenoBanu BiausiHue LMNA R527C Ha akTUBHOCTh CUTHAJIBHOTO IMYTH
Notch. Begenune NICD B MKC u UK npuBoamno k yBenuuenuto skcrpeccun HEYI (Pucynox 26-27,
BEPXHsIS NaHEelb, epBbIi rpaduk) Ha 3 u 12 nens audQepeHITupOBKH, 9TO CBUAETENHCTBYET 00 aKTUBAIIMH
Notch. CoBmectnoe neiictBue LMNA R527C myranuu u aktuBauuu Notch TpUBOAMIO K TMOJIABICHUIO

skcnipeccun HEYI 8 MKC no cpaBuenuto ¢ LMNA WT (Pucynok 26, BepxHsisi HaHelb, BTOPOH Tpaduk).



63

AHanorn4HeIM 00pa3oM, aKTUBHOCTH Jironinpepaznoro penoprepa CSL camxkanace B MKC ¢ LMNA R527C
no cpaBaenuto ¢ LMNA WT, npu axruBaiuu Notch (Pucynox 26, Bepxusisi nanesb, Tpetuit rpaduk). B To
xe BpeMs, UK ¢ LMNA R527C umenu noBellIeHHBINH ypoBEeHb 3Kcnipeccuu HEY] o cpaBHeHuto ¢ LMNA
WT, B ycnoBun akruanuu Notch (Pucynox 27, BepxHuii psizi, BTOpOid TpaduK).

[Ipu uccnenoBanuu BiusiHUS LMNA R527C nHa ocreorennyro muddepenuposky MKC nu UK B
ycnoBun aktuBanmu Notch ObUTO BBISIBICHO TOAaBiIeHHE ocTeoreHHo# nuddepenuposku B MKC, uto
HaOMIOManochk Mo ypoBHIO 3kcripeccun RUNX2 (Pucynok 26, HWKHUE psia, Bropod rpaduk). B To xe
Bpems, B UK HaGmonanoch nosblienne ypoBHs skcrpeccun RUNX2 B Tex xe ycnoBusx (Pucynok 27,
HIDKHUA PsiJl, BTOPOU rpaduk).

Takum o0pazom, Mbl HaOmomanu wuHruoOupyromee nericreue LMNA R527C Ha OCTEOTeHHYIO
mipdepenunpoky B MKC, Ttorma kak LMNA RS527C BeI3piBajla  aKTHBAIMIO OCTEOTEHHOM

mudpdepenunposku B UK (Perepelina et al., 2019).
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Pucynok 26. Myramuss LMNA R527C npuBoaut K mojaBieHUIo skcrnpeccuu HEYI (BepxHss NaHENb,
BTOpO# rpaduk) u RUNX2 (awxHss nmanens, BTopoit rpadguk) B MKC npu aktuBanuu Notch. Yposens
MPHK HEY1 n3mepsinu ¢ nomoubto [P B pexume peasibHoro Bpemenu. Yposenb MPHK ocreorennoro
Mmapkepa RUNX2 uzmepsuin ¢ nomouisto I[P B pexxume peansHOM Bpemenu. [lomonnutensHo Notch-
3aBUCHUMYIO TPAHCKPUITIIMIO U3MEPSUTH C TIOMOIIIBIO aHAlIM3a aKTUBHOCTH JtoruepasHoro pernoprepa CSL-
luc (BepxHss maHesb, TpeTuid rpaduk). Pe3ynbraTsl npeacTaBieHsl B BUAE cpeaHero 3HayeHus =SD, * p
<0,05, ** p <0,01 (Perepelina et al., 2019).
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Pucynok 27. Myranmus LMNA R527C npuBoauT K NMOBBILIEHUIO 3Kcnipeccuu HEYI (BepxHss MaHEb,
BTOpOH rpaduk) 1 RUNX2 (HwxkHss nanens, Bropoii rpaduk) B K npu akrusanuu Notch. Yposens MPHK
HEY1 namepsinu ¢ nomoisto [P B pexxume peasibHoro Bpemenu. YposeHb MPHK ocTeorennoro mapkepa
RUNX2 nzmepsinu ¢ nomoipto [P B pexxume peaibHOM BpeMeHU. Pe3ynbTarsl MpeicTaBieHbl B BUJIE
cpennero 3naueHus =SD, * p <0,05, ** p <0,01 (Perepelina et al., 2019).

3.3.5 AHaJu3 3KCIPecCHH 0CTEOreHHbIX MAPKEPOB M T€HOB-MHIIIEHEel CUTHAJIBLHOT0 yTH

Notch B pa3ubIx JuHusAX Heau G epeHIIHPOBAHHBIX Me3eHXMMHBIX KJIETOK

Mpl npoBeNH CpaBHUTENIBHBIN aHAIU3 YPOBHEH JKCIPECCUU T'€HOB-MHIIEHEH CHUTHAJIbHOTO IMyTH
Notch 1 ocTeoreHHBIX MapKkepoB B ueThIpex HeauddepeHmpoBaHHbIX TUHUAX (PrcyHOK 28). [TomyueHnHbie
pe3yabTaThl MOKA3bIBAIOT, YTO, HECMOTPs Ha o01Iee Me3eHXUuMHOe npoucxoxaeHue, K, MKC, 'MK, UK
MMEIOT OY€Hb pa3Hble YPOBHU SKCIPECCUM AaHAIM3UPYyEeMbIX T'€HOB. MBI MpeamnojaraeM, 4ro 3TOT
HauaIbHBINA AKCIPECCUOHHBINA MPO(GUIb KaXKI0T0 TeHa MOXKET BIUATh Ha 3 dekT myTanuu B reHe LMNA u

neiicteus Notch B pasnbix Tumax kietok (Perepelina et al., 2019).
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Pucynoxk 28. BapnabenbHOCTh YPOBHEH DKCIIPECCHUU Te€HOB-MHIIeHEeH Notch U 0CTEOreHHBIX MapKEPOB B
pa3IMyYHbIX THNaX HeaupdepeHIMPOBAHHBIX ME3EHXUMHBIX KJIETOK ueioBeka. OTHOCUTENbHBIN YPOBEHb
MPHK onenuBanu ¢ momompto I[P B pexume peanbHOro BpeMeHU. Pe3ynbTaThl mpeAcTaBiICHbl Kak
cpennee 3HaueHue + SD (Perepelina et al., 2019).

3.3.6 OO0cy:kaeHue pe3yJbTATOB, MOJYYEHHbBIX IIPU U CCJIEI0BAHUU BJIUSHUS MYTAllMH B reHe
LMNA (R527C u R471C) na npouecc ocTeoreHHoi 1udpepeHuupoBKHA KIETOK

ME3CHXUMHOI'0 ITPOUCXOKACHUSA

B nanHoMm paszene uccienoBaHMs HamMM ObUIM TOJIyY€HBl PE3yJIbTaThbl O BIMSHUM MYTalHi,
aCCOILMMPOBAHHBIX C PAa3BUTHEM KOCTHOTO (DEHOTHINAa JaMMHANaTUH, Ha TPOLECC OCTEOreHHOM
middepeHInpoBKH 4 TUIIOB KJIETOK ME3EHXUMHOI'0 MPOUCXOKICHUS. MBI IOKa3ajH, 4To KJIETKHU OJIM3Kue
10 MMPOUCXOXKICHUIO (ME3EHXMMHOE IPOUCXO0KIEHUE) MOTYT II0-pa3sHOMY pearupoBaTh Ha JIelcTBUE OJJHON
U TOM e mMyTauuu B reHe LMNA B xo1e octeoreHHoi quddepenunposku. Panee B Haielt 1aboparopuu
yxke Obuio mnokazano Ha MCK denoBeka, uyto wmyrauuu LMNA, CBsA3aHHBIE C pa3IUYHBIMU
(EeHOTUNMYECKMMH TPOSBICHUSAMH 3a00JIeBaHUS, OKa3bIBAIOT PA3HOE BIUSHHE Ha INPOLECC KIETOYHOM
middepennnpokr MCK (Malashicheva et al., 2015).

Mgl nokasanu, uro aevictBue LMNA mytanuii Ha ocTeoreHHyro AU GEpeHIINPOBKY MOKET TaKKe

3aBUCeTh OT curHanbHoro mytu Notch. CurHanbsbeiii myte Notch sBisieTcs OJHMM U3 KITIOUEBBIX
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PETYIIATOPOB, O0ECIEUNBAIONMINX Pa3BUTHE, AUPPEPEHIIUPOBKY M MOJJACPKAHUE TKAHEW BO B3POCIOM
opraam3me (Andersson et al., 2011). M3BectHo, uro Notch ydacTByeT B peryasiiuu OCTEOTEHHOM
maddepenunpoku (Zanotti and Canalis, 2016). Yuactue Notch Bo B3aumoieiicTBuu ¢ 1aMuHamMu A-THIIA
OBLITIO TIOKA3aHO IS IPOTepUHa, OelIka, BOHUKAIOIIETO B pe3ylibrate nenenuu reaa LMNA, 9To TpUBOIUT
K npexaeBpemeHHomy crapennto (Scaffidi and Misteli, 2008). Taxke 010 mOKa3aHo, uyto JamMuH A/C
BiusieT Ha quddepeHunpoBky ocreodnactoB (Tsukune et al., 2017) 1 MOXKET SABIATHCS ONPENEIAIONIAM
(dakTOpoM B MaToTreHe3e Kak capkorneHuu, Tak u ocreonenun (Tong et al., 2011). B Heckonmbpkux padorax
ONHCAaHO, YTO OKCIPECCHsl NpOTEepHHA CBs3aHAa ¢ (QYHKIHMOHANbHBIMH HapymeHusMu B MCK,
MIPUBOAIIUME K TIPEKIeBpEMEeHHOM ocTeoreHHoM auddepenmponke (Scaffidi and Misteli 2008; Blondel
et al. 2014).

B namem uccrnenoBanuu Mbl HA0JIIO1aTM PA3IMYHBINA OTBET YETHIPEX KJICTOUHBIX JIMHUHN HA JICUCTBUE
MyTaluid B XojJie ocTeoreHHoi nuddepeHunpoBku. [lo-BuauMoMy, KIETKH, HaXOJAIUECs Ha paHHEH
cranuu U GepeHInpOBKH 0CO00 YYBCTBUTENIbHBI K HapyIIEHUIO (DYHKIHMOHUPOBAHHS JIaMHUHOBBIX
(bmIaMeHTOB, NMPUYEM pa3Hble KJIETOYHBIC JTUHUHA MOTYT MO-pa3HOMY pearnpoBaTh Ha TH U3MEHCHUSI.
[ToBbITIeHNE MM TTOHIKEHHE JKcrpeccud JiaMuHa A/C MOXKET NMPHUBOIAWTH K U3MEHEHHIO DKCIIPECCHUU
TEHOB U JIPYTUX PEryIATOPHBIX MporeccoB B kieTke (Piekarowicz et al., 2017).

Cy1ecTBYIOT CBUAETEILCTBA TOTO, YTO MyTalluu B 1amMuHe A/C, BbI3bIBaroIIre 3a00J€BaHUs, MOTYT
pagrKaaIbHO M3MEHUTH JaMUH-XpoMaThHOBBIE B3amMmoneicTBus (Briand and Collas, 2020). Hanpumep,
Obl10 TIOKa3aHo, uTto Mmytamusi LMNA R482W, acconumpoBaHHas C JUMNOIUCTPOQHUEH, MPUBOJUT K
W3MEHEHUIO TMPOCTPAaHCTBEHHOW KoH(opmaiuu xpomatuHa (Renningen et al, 2015). Otu pannbie
YKa3bIBalOT Ha TO, 4To jJaMHH A/C ydacTBYeT B PEryNAlMU AKCIPECCUU T€HOB B IMPOIECCE Pa3BUTHS,
MIOCPEJICTBOM OTPaHMYEHUS] WM JOCTymHOCTH crneunpuueckux odbnacteit IHK nns B3aumonelicTBus
IIPOMOTOpa C 3HXaHcepoM. Bee 3T 1aHHbIe CBUIETENBCTBYIOT O TOM, 4TO MyTanuu B JamuHe A/C MOryT
cnenuduueckum 00pazoM U3MeHATh cyas0y kieTok (Briand and Collas, 2020).

Pe3ynbrathl, mosydeHHbIE B JAHHOM HCCIEIOBAHUM, MOKA3bIBAOT, uTo jJamuHa A/C oOKa3bIBaeT
CTPOTO TKaHecTnenu(puuecKoe BIUSIHUE MPU OJHUX U TEX e YCIOBUAX HA PA3IIUYHBIE THITHI ME3EHXUMHBIX
KJIETOK uesjoBeka. Mbl HaOmonanu MIUPOKUN AMANa30H B YPOBHSAX OKCIPECCHU T'€HOB-MHILIEHEH
curHanpHOro myTd Notch W OCTEOTeHHBIX MapKepOB MEXAYy pa3TUYHBIMU THIAMH KIETOK. MBI
MIPEIoaraeM, 4YTo pa3Hble YPOBHU SKCIPECCHU T€HOB B PA3UYHBIX JUHUSIX SBISIOTCS PE3YIbTaTOM
YHHUKAQJIBHON I KJIETOK MPOCTPAHCTBEHHOW OPHUEHTAIIMM I'€HOMHBIX YYaCTKOB, B3aHMMOJICHCTBYIOLIUX C
JTAMUHOM, W SBJSIFOTCS KIIFOYEBBIM (DaKTOPOM, OTPEAETSIONIUM cyab0y KieTok. CpaBHEHHE KIIETOYHBIX
MoO/IeJIed, UCTIONIb3YEMBIX B HCCIIEIOBAaHUHU, TIO3BOJIIET HAM OJIMKE MOJIOWTH K TOHUMAHUIO PETYISITOPHOM
poJii TaMUHOB A-THUTNa, onpeAenstonux audQepeHnpoBOYHbIE PEIICHNUsS KIETOK Pa3IHYHbIX JTUHUN

(Perepelina et al., 2019).
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3.4 UccaenoBanue 3¢ppexra nanueHr-cnenudpuyeckoin myranum B rene LMNA na
npouecc KapaAuoreHHou aAuddepeHuMpoBKY HHAYUMPOBAHHBIX IVIIOPHUIIOTEHTHBIX

CTBOJIOBBIX KJICTOK Y€JI0BCKA

OCHOBHBIM MOAXOJOM JIaHHOTO pPa3jiella MCCIEJ0BAaTEIbCKON pabOThl SBISUIOCH CO3JAaHUE MOJEIU
JJAMUH-aCCOLMMPOBAHHONW KapJUOMUONIATUH C LENbI0 M3YYEHHUS MEXaHU3MOB, JIeKAllUX B OCHOBE
HapylIeHUs MPOIECCOB KapAMOTEHHON Mu(QepeHIMPOBKH BCieAcTBUE MyTauuid B reHe LMNA. Jlns
MOJIEIMPOBaHMs Tpoliecca KapAuoreHHoN nuddepeHIMpoBKY HAaMU ObUIM BBIOpaHbl MHIYLUPOBAHHBIE
witopunoteHTHbIE cTBONIOBBIE KieTku (MIICK), necymue myrauuio B reHe LMNA (R249Q). Takxe B

Ka4eCcTBE KOHTpoJieH Ob11u ucnonab3oBanbl aBe inauu UTICK, monydeHHbIe OT 310pOBBIX JOHOPOB.
3.4.1 Tlonyuyenue u xapakrepuctuka JuHuu UIICK, necymeit LMNA R249Q myrauuio

UIICK mnonyyanu mnyTéM penporpaMMHpOBaHHsS MHalMeHT-CHeHUGUUHBIX T-TMMQPOUUTOB C
nomotibio CytoTune-iPS 2.0 Sendai Reprogramming Kit (Invitrogen, CIIIA), cornacHo pekoMeHIausam
nipou3BoauTeNst. OCOOEHHOCTh 3THX BUPYCOB COCTOMT B TOM, UTO OHU sBisgtoTcst PHK-Bupycamu, kotopsie
HE BCTpauBarOT CBOM reHetnueckuid matepuan B JJHK kieTku u 3IMMUHUAPYIOTCS B TE€UEHHE MecsIa IOCe
TpaHcayKuuu. Vcrnonbp3oBaHue 3TUX BHUPYCOB MO3BOJMIO M30€KaTh HEKOHTPOJIUPYEMOTO BCTPaWBaHUS
TPAHCTE€HOB B T€HOM KJIETKM M MX MOCIEAYIOUIero BIUSHUSA Ha OU((GEepeHIUPOBOUHYIO CHOCOOHOCTH
UIICK.

[Tonyyennsie kosmonun MIICK oOnamanmu  kimaccudyeckod MopQoJIoTHEH IUIIOPUIIOTECHTHBIX
CTBOJIOBBIX KJIETOK, T. €. 00pa30BBIBAIA OKPYIJIblE TUIOCKUE KOJOHUH C YETKUMHU KpasiMu 0€3 MpPHU3HAKOB
muddepenunpoBku (Pucynok 29, A), a Takke AEMOHCTPUPOBAIIM MO3UTUBHYIO OKPACKY HA IIEJIOYHYIO
docdarazy (Pucynok 29, b). DHpgoreHHas sKcrpeccus TPaHCKPUIIIMOHHBIX (aKTOPOB — OCHOBHBIX
peryastopoB 1mropunoreHTHOcTH OCT3/4, NANOG, SOX2 6puta moareepkaeHa meroaom I[P B
pexuMe peanbHOro BpeMeHH. B kauecTBe MO3UTUBHOIO KOHTPOJISL SKCIIPECCUU F€HOB IUIFOPUIIOTEHTHOCTHU
obuta ucnonszoBaHa PHK, Beinenennas u3 nuHuM >MOpuOHAnmbHBIX KieTok dYenoBeka C16 (OK),
nosydeHHbIXx B uHctutyre Llutonmorun PAH (Pucynox 29, B). Taxxke mnomyuennsie MIICK
JEMOHCTPHUPOBANH SACPHYIO JIOKATU3AUI0 TpaHCKpUIIHOHHBIX (pakTopoB OCT3/4 u NANOG, u Hanuyue
noBepxHocTHOTO Mapkepa SSEA4 (Pucynok 29, I'). AHanu3 ¢ moMOIIbI0 MPOTOYHON ITUTOMETPHH TaKKe
BBISIBUJI BBICOKHI YPOBEHb SKCIPECCHH MOBepXHOCTHOro anturesa SSEA4 (Pucynok 29, ).

YcrpaneHue 3k30reHHbIX (hakTopoB penporpamMmupoBanus B muHuK UTICK 6bu10 moATBEpKICHO C
nomo1npsto OT-IILP co cnenudunueckumu npaitmepamu (Tabnuua 3). B kauecTBe NO3UTUBHOTO KOHTPOJIS
HKCIPECCUH TPAHCTE€HOB (I€HOB penporpaMMHUpYloIIero Habopa, cojaepiKallerocs B reHOMEe BHUPYCOB

Cenpaif) ucnonszoBana PHK, BeimeneHHas u3 MoOHOHyKieapoB mnepudepudeckoit kposu (PBMC),
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TpaHCIyIUpoBaHHBIX Bupycamu Cennaii ¢ ucnonnr3oBanueMm CytoTune-iPS 2.0 Sendai Reprogramming Kit
(Pucynoxk 29, E).

Jlnst mpoBenieHnsl TeHOTUNIpoBanus ¢parmMeHT rena LMNA ammumummposanu metogoMm 1P u
cekBeHHpoBay rpu nomomu cMecu BigDye Terminator v3.1 sequencing kit u cBenaropa 3130 Genetic
Analyzer (Applied Biosystems, CIIIA). [Tonyuennas UIICK nuHus Hecla COOTBETCTBYIONIYIO MAIlUCHT-
criemuduaHyio MyTaruu B rene LMNA (Pucynok 29, E).

bb110 nokaszaHo, 4TO NOJydeHHAsl IMHUS UMeeT HopMalbHbId KapuoTun (Pucynok 29, XX). Ananus
MPOBOAMIIN C Hcmosb3oBaHueM MmukpouunoB SurePrint G3 Human CGH Microarray 8x60K (Agilent
Technologies) B COOTBETCTBHUU C PEKOMEHAAIMSIMHU TMPOU3BOIUTENS. AHAIU3 KOMUWHOCTH YYaCTKOB
reHoma ObLJT IPOBEJIEH ¢ UCTOJIb30BaHKEM TporpammHoTo obecnieuenus CytoGenomics Software v3.0.1.1
(Agilent Technologies, CIIIA) ¢ uMnopTupoBaHHBIMH 0a3aMM JaHHBIX KOMMWHOCTH Y4aCTKOB I€HOMa
YeloBeKa.

s npoBepku crnocodHoctn UIICK nunuii nuddepeHnpoBatbcsi B KIETKA TPeX 3apOJIbIIIEBbIX
nuctkoB ucnonb3oBanu STEMdiff™ Trilineage Differentiation Kit (Stem Cell Technologies, Kanana).
JuddepeHurpoBaHHble KIETKHA OBLIM OKpAIIEHBI C MOMOIIIBI0O METOJa UMMYHOLIUTOXUMUU Ha MapKephl
sktoaepmsl (BIII tubulin), me3onepmer (Brachyury) u satogepmer (GATAG6) (Pucynok 29, XX) (Perepelina
et al., 2020).
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Pucynok 29. Xapakrepuctuka UIICK nunuu, Hecymeit myranuo R249Q. (A) BHemHuii BuI KOJTOHHH
UIICK; (b) oxpacka xomonuii UIICK Ha menounyro ¢ocdarazy; (B) Ananus skcrnpeccuud OCHOBHBIX
MapKepoB IIopunoreHTHOCTH MetozoM IILP B pexume peanbHoro Bpemernn. DCK — smOpHoHaIbHBIE
cTBojIoBble KieTku uenoBeka. (I') MmmyHonumtoxmmuueckas okpacka sunHuil WUIICK Ha Mmapkepsl
TUTIOPUIIOTEHTHOCTH. (J]) AHanu3 Hanwuus MOBEepXHOCTHOro aHTureHa SSEA4 mertomoMm mpoTouHOM
nutomerpur. (E) IloaTBepkeHrne ycTpaHEeHHs K30TE€HHBIX (PAaKTOPOB PENpOrpaMMHUpPOBAHUS METOJOM
OT-IILP. PBMC — Peripheral blood mononuclear cells. (E) IIpoBepka Hamuuus naiueHT-crenupuaeckoit
mytaiuu B rene LMNA metonom ceHuposanusi Ha Cenrepy. (K) IIposepka kapuoruna UIICK metonom
MOJIEKYJISIPHOTO ~ KapUOTUNUpoBaHWss  Ha  uunax. (3)  MMmyHouMTOXMMHYecKas  OKpacka
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maddepennnpoBannbix UIICK Ha Mapkepsl Tpex 3apozpimeBbix guctkoB (BIII tubulin — skTomepma,
Bruchyury — me3onepma, GATA6 — saTonepma) (Perepelina et al., 2020).

3.4.2 Coznanue moaean kapauomuouuToB Ha ocHoBe UIICK (MIICK-KMII)

Huddepenuuporky monydennbix MIICK ¢ LMNA R249Q wu xoutponbHbIXx muaHA WIICK
OCYILECTBIISIIH 10 paHee OTPadOTaHHOMY B Hallei 1a00paTopuu MPOTOKOIY, OCHOBAHHOMY Ha MOIYIISILIUU
curHanpHoro mytn Wnt/B-karenun (Lian et al., 2012) ¢ He3HauuTEeNbHBIME MOU(PHUKAIUAME. J[aHHBIH
npotokolt mupdepernuporku UIICK B kKapIMOMHOIUTHI, BKJIFOYAIOIIHA 5 OCHOBHBIX ATAlOB, OTOOpaXKEH

Ha Pucynke 30.

UNcK

E8
medium

KneTku
Me3ofepMbl

RPMI/B27-ins
Chir99021 6pM

KML,

RPMI/B27-ins
IWR1 5uM

KneTKu-npefliecTBeHHUKU

K -
Q) il’s-.?—a

PanHue KML| MozgHue KML),

RPM/Bz7ins> RPMI/BZ7> Cenekuma > RPMI/BZ7>

4 peHb 6 OeHb 12 peHb 15 neHb 21-23 peHb

0 peHb 2 peHb

Pucynok 30. Cxema npotokona auddepennuposku UIICK B nanmpasnenun kapauomuonutoB (Perepelina
et al., 2022).

B nepByto ouepens Mbl npoussenu mnpoBepky KoHTposibHOM MIICK nuHuM v nuHUM ¢ MyTanuen B
reHe LMNA na criocoOHOCTh U depeHIIpoBaThCS B KapAUOTeHHOM HarpaBieHHH. C eNbIo MPOCISIuTh
JUHAMHUKY OOpa30BaHUS CTPYKTYPHBIX KOMIIOHEHTOB AU(DPEepeHIUPYIOMUXCS KapAUOMHUOLUTOB MBI
OKpaIlMBaIM KJIETKH Ha paszHbIX cramusax auddepentuporku (0, 2, 5, 7, 14 u 21 nens). C momomibio
MMMYHOLIMOXUMHUYECKOTO  OKpAlIMBaHUS  Mbl  MPOJIEMOHCTPUPOBAIM  MPUCYTCTBUE  OCHOBHBIX
KapIMOTEHHBIX MapKepoB — TpornoHuHa T U TPONOMHO3HHA KaK B KOHTPOJIBHBIX KJIETKaX, TaK U B KJIETKaX
¢ LMNA R249Q.

NMMyHOLIMTOXMMHYECKOE OKpamiuBaHue Iuh(epeHIUpPYOMUXCS KapAUOMUOIIMTOB  BBISIBUIIO
YBEIIUYCHHE YPOBHS IKCIIPECCUU TPOMOHMHA T M TPONMOMMO3MHA BO BpeMsi JU(PEPEeHIIMPOBKH B ABYX
muHusx UTICK (korTpons u R249Q). Mb1 otmeTuinu 6oee panHioro skcrpeccuto Tpornonuna T B UTICK-
KMILI, necymux LMNA R249Q mno cpaBHeHuto c¢ koHTpoieM (Pucynok 31). Kakux-nmubo apyrux
WU3MEHEHHUH, CBA3aHHBIX cO CTpyKTypHbIMU aHoManusamu MIICK-KML, necymumu LMNA R249Q, nHe

HaOJIFOAJIOCh.



71

KOHTPOMb

R249Q

14 peHb
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Pucynok 31. UmmyHonutoxumuueckass okpacka KoHTpodbHbIX WUIICK (konTpons) u UIICK ¢ LMNA
R249Q myranueit (R249Q) Ha xapauoreHHsle Mapkepsl (TpornoHuH T u Tpomomuosus). Kinetku Obuin
muddepeHIupoBaHbl B KapIMOTCHHOM HampaBieHuu B Teuenme 0, 3, 5, 7, 14 u 21 gusa. Snpa
nonoaHuTebHO okpamenbl DAPI (cunwmit) (Perepelina et al., 2022).

Jlnst Toro, 4yToOBI MCCIENOBAaTh M3MEHEHWE DKCIPECCHU Kapauo-crenuduyHbIX TeHOB B LMNA
R249Q-KMII mb1 ucnosb3zoBanu Meron [P B pexxume peanbHOro BpeMeHH. Mbl MpoaHaTu3upOBaIn
aKkcripeccuto caeaywmux reHoB: TBXT, ISLI, GATA4, MEF2C (xkapauaiabHble TPaHCKPHUITIIMOHHBIC
dakropel), TNNT2 n MYH7 (capkomepHble TeHbl) B KOHTPOJbHBIX U LMNA R249Q UIICK-KMI] Ha
pa3HbBIX cTaausx KapauoreHHou nuddepenuuposku (0, 2, 5, 7, 14, 21 nens) (Pucynox 32).

Ha 2-it nens nuddepeHIIMpOBKH 0TMEYATIOCh TIOBBIIIEHUE YpoBHS dKkcnpeccun TBXT (Brachyury),
YTO OTpa)kaeT aKTHBAIMIO oOpa3oBaHusi Me3onepMbl. MuHTepecHo, uro LMNA R249Q BbI3bIBaNa
NoBbIlIeHUE YpoBHS 3kcnpeccun TBXT mno cpaBHeHuto ¢ koHTposbHbIMU WIICK-KMILI. Okcnpeccus
OCHOBHBIX paHHUX Kapauo-cneuuuunbix renoB (ISLI, GATA4, MEF2C) Oblia oOHapy»eHa 1nocie 2-ro
nus nuddepenunpoBku. B wactnoctu, LMNA R249Q) BbI3bIBalia OBBIIIEHHE YPOBHS dKcnipeccuu ISL 1 Ha
5,7, 14 u 21 genp nuddepenumpoBku. LMNA R249Q UTICK-KMI] xapaktepu3zoBanuchk 00jee BBICOKUM
ypoBHeM 3kcnipeccun GATA Ha 7-i1 1eHb ¥ IOBBIIIEHHBIM YPOBHEM 3kcnipeccu MEF2CHa 5, 7, 14-1i nesb
KapIMOoreHHOH M1 (EepeHIIUPOBKY 110 CPAaBHEHHIO C KOHTPOJIEM.

Hauano »skcnpeccun TNNT2 u MYH7 (kapauo-cnenmduyeckue MapKepbl MHO31HEH cTaauu)
Habmonanace ¢ 5-7 nusa muddepenuupoBku. LMNA R249Q myranusi BbI3bIBalla MOBBINICHUE YPOBHS
TNNT2 8 UTICK-KMII nHa 5-#1 u 21-it aenp quddepeHInpoBKH M0 cpaBHEHHUIO ¢ KOHTpoabHbIMU MTTCK-
KMLI. Oxcnpeccus MYH?7 Oblna 3HauuTensHo yBennueHa B LMNA R249Q UITCK-KMII o cpaBHeHHIO ¢
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KOHTpoJieM Ha 14-it u 21-i nenp quddepeHInpPOBKY.
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Pucynoxk 32. CpaBHeHune skcnipeccuu kapauoreHHsix MapkepoB B KML, monydennbix u3 UIICK 310poBbIx
noHopoB (Koutpoinb) u UTICK ¢ LMNA R249Q mytanueit (LMNA R249Q). UTICK nuddeperiupoBanvch
B Teuenue 0, 2, 5, 7, 14 u 21 nus. Yposenb MPHK u3mepsnu ¢ nomompto [P B pexume peambHOrO
BpeMeHH. Pe3ynbTarhl mpeacTaBiaeHsl B Bue cpeanero =SD, * p <0,05, ** p <0,01 (Perepelina et al., 2022).

Takum oOpazom, LMNA R249Q UIICK-KMI] npoaeMOHCTpUpPOBAIM TOBBIIICHHBIA YpPOBEHb
AKCIPECCHUN ME30JepMaIbHBIX U KapAnO-CHeU(PUUHBIX (DAKTOPOB TPAHCKPHUIILIUH, & TAK)KE CAPKOMEPHBIX
TeHOB, YTO YKa3blBaeT Ha 00IIyto aucperymsiuio npoduis sxcnpeccun reHo UTICK-KMII, Be13BaHHYIO

naToreHHbIM BiausHUEM MyTanuun LMNA R249Q (Perepelina et al., 2022).

3.4.3 Ouenka Biausiuusi LMNA R2249Q myranuu Ha dkcnpeccuoHHbIi npoduas KMIL na

no3aHei craauu anuddepeHIupoOBKI

C uensbto BeisicHeHus, MoxeT 1 LMNA R249Q BnusATh Ha 3kcnpeccuio reHoB B 3penbix KMLI, mbl
COCpPEIOTOYIINCh Ha TMo3AHel (asze kapauoreHHou nuddepentupoBku (21 nens) (Pucynok 33). Mur
WCCIIENIOBANIU AKCIPECCHUI0 TE€HOB, KOIUPYIOMIMX OENKU, MOANCPKUBAIOIINE CAPKOMEPHYIO CTPYKTYpY -
ACTN2 u FLNC (Pucynok 33, A), u oOHapyKWIM 3HaYUTEIbHYIO aKTHBALMIO 3THX reHoB B KMIL],
Hecymux LMNA R249Q (R249Q), no cpaBHeHuto co 3a0poBbiMu KMII (xoHTpomns). Kpome Toro, msr
HaOMIoNan JOCTOBEPHOE TMOBBIINIEHHE YPOBHA JKcrmpeccun DMPK, KOAUPYIOUIETO NPOTEUHKUHA3Y
MuoToTHueckoit auctpoduu (Pucynok 33, b). Taxke Mbl HaOIIOMAIN TTOBHIICHHBIN YPOBEHb SKCIIPECCHH
reHa SCN5A, KoAupyIOIIEro KapAauo-crnerupuIHbIi MOTeHIINaI-3aBUCUMBIA HaTpHEeBBId KaHal Navl.5, B

TO BpeMsl Kak KaKMX-JTM00 N3MEHEHUH B 9KCIPECCHH T€HOB, KOAMPYIOIINX HOHHBIE KaHanbl SCN4B, TRPM4
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u HCN4, ne 6110 o6HapyxeHo (Pucynox 33, B). bbiio 06HapyxeHo, 4T0 reHbl, KOAUPYIOIINE KOMITOHEHTHI
MEXKKJIETOYHBIX KOHTAaKTOB, Takue kak PKP2, DSP n GJAS5, nopaBnstorcas B KMI[ ¢ LMNA R249Q
(Pucynok 33, T') (Perepelina et al., 2022).

A B
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Pucynox 33. CpaBHeHue skcnpeccuu kapauoreHHbix MapkepoB B KMLI, nosydennbix u3z UIICK 310poBbix
nonopoB (Konrpons) u UIICK ¢ LMNA R249Q mytauumeii (R249Q). UIICK muddepennupopanics B
teyenne 21 aus. (A) OlieHKa SKCIIPECCUOHHOTO YPOBHS I'€HOB, KOJAUPYIOIIUX CTPYKTYPHBIE CAPKOMEPHbBIE
o6enxku KMLI. (b) Ouenka sKCpecCHOHHOTO YPOBHS F€HOB, KOAUPYIOIIUX perynsaropubie kuHazsl KMLI.
(B) Omenka 5KCIpecCHOHHOTO YpPOBHS TEHOB, Koaupyromux uoHHble kKaHanel KMII[. (I') Ornenka
HKCIPECCUOHHOTO YPOBHS I'€HOB, KOJUPYIOMIUX OEIKH, BXOJSAIINE B COCTaB MHTEPKATUPYIOMIHUX AUCKOB
KMI. Yposenb MPHK wu3mepsuin ¢ nomompto [P B pexume peanbHOro BpemMeHH. Pe3ynbTaThl
npecTaBieHbl B Buae cpeanero =SD, ** p <0,01 (Perepelina et al., 2022).

3.4.4 DnexTpodu3N0JIOrHYecKasi XapaKTepPUCTHKA KAPAHOMHOLUTOB, nojy4eHHbIx u3 UTICK

nanuenTa ¢ myranuei LMNA R249Q.

bruodusndeckrue mapameTpbl HaTPUEBOIO TOKA OBUIM MOJYyYEHBI C MOMOUIBI0 METO/A JOKAIbHOM
¢ukcannu mnoteHuuana (patch-clamp) B otBemenum ot 1uenoir knetrku (whole-cell configuration).
[I10THOCTH HAaTPUEBOTO TOKa ObLIA IMOJy4YEeHA MOCPEICTBOM HOpPMAlU3alMM 3HAYEHMH CHUJIbI TOKa Ha

3HaUE€HHUE EMKOCTH MeM6paHBI, KOTOpad KOMIICHCUPOBAJIACh UHAWUBUAYAJIbHO IJISA KaXKJI0M KJIETKH.
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Bo Bcex OMBITHBIX TpymHmax HaOMIOAAaTNCh THIIMYHBIE CIIEAbI HAaTpHEeBBIX TOKOB (Pucynok 34, A).
[lukoBasi TIIOTHOCTH HAaTpUEBOro Toka B JBYX KOHTposbHbIX rpymnmax WIICK-KMII cymectBeHHO He
ormyanach Jpyr ot gapyra (Pucynoxk 34, b, Tabmuna 4). HUIICK-KMIL[ ¢ LMNA R249Q
IIPOJAEMOHCTPUPOBAJIA 3aMETHOE CHUKEHHME NMUKOBOW IJIOTHOCTH TOKA 10 CPABHEHHUIO C KOHTPOJBHBIMU
rpynnaMu. B koutponeHbeix UTICK-KML] MmakcumanbHbIN TOK HaTpus HaOnronaics npu -25 mB, Toraa kak
B UTICK-KMII ¢ LMNA R249Q makcumanbHbIN TOK ObLI IpU OoJiee AeNoIIpu30BaHHOM NOoTeHIHae -20
MB (Pucynok 35, B). Xopomo H3BECTHO, YTO CHM)KEHHE IUIOTHOCTH TOKa MOXET OBITh BBI3BAHO
M3MEHEHHUSMHU B pabOTe KaHaJIOB, a TAKXKe HapYIIEHUSIMH TPAHCIIOPTa OEJIKOB.

JUisg BBISICHEHMsI NPUYMH CHWKEHHUS IUIOTHOCTH TOKa HATpUsi Mbl UCCIIEAOBAIM KHUHETUYECKHE
MapaMeTpbl CTAlMOHAPHBIX KPUBBIX AKTUBAllMM M WHAKTUBAalMU. Hamu OB BBISBIEH CIABUT KpPUBOM
CTal[MOHapHOW akTuBaluu B ctopony aenoispusanuu B UTICK-KMI] ¢ LMNA R249Q no cpaBHEHHIO C
koHTpoeM (Pucynok 34, I, Tabnuna 4). 9To u3MeHeHHe B CBOMCTBAaX BOPOT KaHaja yYKa3bIBaeT Ha MOTEPIO
¢ynkuun (loss-of-function) HaTpueBoro kaHaja B KJI€TKax HalueHTa. B oTianuue oT 3TOro, Mbl TaKxke
OOHapyKWiH, 4YTO KpuBas CTAlMOHAPHOM WHAKTHBAIlMM Obla TaKXKe CMEIIeHa B CTOPOHY
nenonsipuzoBaHHoro mnoteHnuana (Pucynox 34, JI, Tabmuma 4), 4ro XapakTepHOo i (eHOTHMma ¢

npuobperenueM pynkiuu (gain-of-function phenotype).
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Pucynox 34. ®yHkuuoHalbHAas XapaKTepUCTHKa aKTUBHOCTU HarpueBoro kaHaia B MIICK-KMII,
necyuux LMNA R249Q. (A) Tunuunsie cnenst Toka Hatpus B UTICK-KMLI. (b) [TukoBblie IIOTHOCTH TOKa
Hatpus Juist kouTpodst 1 UTICK-KMI] nanuenta ¢ R249Q). Jlannsie npeacrasiensl kak meanansl. UTICK-
KMI] nanuenta npoAeMOHCTPUPOBAIN 3aMETHOE CHIDKEHHUE MIIOTHOCTH Toka Harpus. (B) CooTHomeHue
TOK-HampsbkeHue HarpueBoro kaHamna B koHTposie u UIICK-KMI[ ¢ LMNA R249Q. (I') 3aBucuMocTs
CTallMOHAapHOW akTuBauuu oT HanpspkeHus i koHTposst U UTICK-KMI] ¢ LMNA R249Q. UTTCK-KMII
MaryeHTa MpoIEMOHCTPUPOBAIH 3aMelieHue akTuBaIuio. (/]) 3aBucuMoCTh cTallMOHapHO MHAKTHBALIHH
or HampsbkeHus st koHTpons u  UIICK-KMIL[ ¢ LMNA R249Q. UIICK-KMIL] mnauuenrta
MPOAEMOHCTPHPOBAIN HapymieHue nHakTuBamuu (Perepelina et al., 2022).

KonTtpoas n R249Q n p

Ilhomnocme moka npu - nA/nd -652.9 + 68.4 27 -3249+293 28 p<0.0001
20mB
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Cmayuonapuasn Vi, mV -37.7+0.8 27 -33.0+1.2 28 0.002
akmueauus k 4.0+0.3 4.7+0.2 0.02
Cmayuonapuan Vi, mV -75.7+1.3 23 -73.4+25 22 0.09
UHaKmueayus k 7.1+0.3 8.0+04 0.07

Tabmuma 4. buodpusndeckue mapameTpsl HarpreBoro Toka B UTICK-KMII, momydeHHBIX B KOHTPOJIBHBIX
NIICK-KMI] namuenta. EMxocts. KonTpons: 9.5 + 0.85 pF; nanuent: 11.4 £ 0.8 pF. p=0.07, (Perepelina
et al., 2022).

Takum o6pazom, LMNA R249Q myranuus NpuBOAUT K M3MEHEHHIO (PYHKIMOHAJIBHOW aKTUBHOCTH
HatpueBblx KaHamoB MIICK-KMILI, orpaxkas koMmIuiekcHOoe BiusiHue Myrauun LMNA Ha
ANEKTPOPU3NOJIOTUYECKUE CBOMCTBA KapIMOMHOLMTOB manueHTta. (CrenoBaTenbHO, HaOIOIaeMble
M3MEHEHHUS XapaKTepUCTHUK HATPUEBOTO TOKa MOXKHO paccMaTpuBaTh KaK BO3MOXKHBIN MEXAHU3M Pa3BUTHUS

aputmuu (Perepelina et al., 2022).

3.4.5 OO0cyxnenune pe3yJbTaToOB, OJYYEHHBIX IPH HccaeqoBaHuu Baussuusa LMNA R249Q

MyTalnuu Ha npouecc kapauorennou nuddepenuuposku UIICK

W3BecTHO, 4TO ONHUM W3 HamOoJIee YACTHIX MPOSIBICHUHA JAMWUHOIIATHH SIBISIOTCS HapyIICHUS
CEpJEYHOTO PUTMA U IPOBOJUMOCTH, B TOM YHucie PUOPHILIAIMS TpEaCepanii, )KeTyJOUKOBas apuTMHUsl, a
TaKKe BHE3aIHas cepaeuHas cMepTh. JucyHKIus cepaeyHol CUCTEMbl MOXKET BO3HUKATh KaK OTAEIbHOE
3aboneBaHue, Tak u ObITh comyTcTByromieit maronorueit (Chaffee et al. 2014; Chandar et al. 2010; Chen et
al. 2019; Corrigan et al. 2005; Fatkin et al. 1999). U3BectHO, uTO NamMuH A/C SIBISIETCS KITFOUEBBIM
perynsaropoM 3kcnpeccun reHoB (Osmanagic-Myers and Foisner, 2019). [TosTomy MBI poaHaTM3upOBAIIA
npoduiak dkcnpeccuu kapuo-crnenupuyunbix reHoB B UTICK-KMI ¢ LMNA R249Q nHa no3aHe# craaun
KapauoreHHo# nuddepeHurnpoBKku. Mbl Mokazaiu, YTO MyTalus TPUBOAUT K MOBBIIICHUIO SKCIPECCUU
TeHOB, KOJIUpPYIOMUX Oenku muTockeneTa (aktud ¥ guramud C). Coobmanock, uto ¢unamud C ¥ akTUH
BHOCAT BKJIaJ] B KOPTUKAIbHBIA IIUTOCKENET, TEM CaMbIM 3allUIlas CTPYKTYpYy KapIUOMHOLUTOB OT
Mexanundeckoro crpecca (Fujita et al., 2012). YuutsiBasi, uto namun A/C B3aMMOAEWUCTBYET C aKTHHOM
nocpenctBoM LINC komruiekca v y4acTBYeT B PETYISLIMHU CTPYKTYPHON apXUTEKTYPhl COKPATHTEIbHOM
Tkanu (Swift et al., 2013), myranTHbiil 7amua A/C MOXKET BIUSATh Ha OpraHu3aluio capkomepoB. Kpome
Toro, 1aMuH A/C, y4acTBYIOIINI B PEryisiliuy SKCIPECCUU T€HOB, MOXKET U3MEHITh TPAHCKPUIIIIMOHHBIN
cTaryc KJIeTKH Bcaenctsue LMNA myranui.

B nanno# paGoTe MBI POIEMOHCTPUPOBAINA U3MEHEHUE IKCITPECCHH KapInO-CIEeIH(PHUUHBIX TEHOB B
UIICK-KMIl ¢ LMNA R249Q Ha pa3HbIX cTagusx KapauoreHHod auddepenuupoBku. Ilockonbky
MYTQHTHBI JIaMUH TepseT CHOCOOHOCTh K TMPAaBWJIBHOMY BCTPAMBAHHIO B SACPHYIO JIAMUHY,
CIIeZIOBATENbHO, B3aMMOJCHCTBHUE JAMUH-XpPOMAaTHH HApyIIaeTcs, 4TO BiIE€YeT 3a co00il W3MEHEeHHE
JKCTIpeccuu reHoB, BkitoueHHbIX B LAD (Briand and Collas, 2020). B pe3ynbrare MoxkeT Mpou30uTH Oosee

paHHHMH 3amyck mporpamMmbl aud¢epeHnranud. B HacTosAIeM UCCIEIOBaHUM Mbl OOHApPYKHIU
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MOBBIIIEHHYIO CIIOCOOHOCTh K KapauoreHHou nuddepeniuposke WUIICK, necymmx myranuio LMNA
R249Q). B Gonee panHeM HcciaeJOBaHUM OBUIO ONMMCAHO aKTHBUpYIOIIEe JeiicTBue crienupuunbix LMNA
MyTalMii Ha aJUNOTeHHYIO U OCTEOTeHHYIO IH(PPEPESHIUPOBKY MYIBTUIOTEHTHBIX ME3E€HXUMAaJbHBIX
CTpOMaJIBHBIX KiIeTOK denmoBeka (Malashicheva et al., 2015). JIpyroe uccienoBaHue YCTaHOBHIIO, YTO
myraiun LMNA G232E/R482L BbI3BIBAIOT HAapyIICHHE PErysiiud MbIedHoil auddepeHunpoBku
MbeIMHBIX MuoOmactoB ymHuE C2C12 (Ignatieva et al,, 2020). YuuTpIBas BBIIIECKa3aHHOE, MOXHO
MPEATIOIIOKUTH, YTO JaMUH A/C UTpaeT CYyIECTBEHHYIO POJIb B ONIPEACTICHUN CYIbObI KIETOK, a MyTaIlus
LMNA R249Q nipuBouT K qucperynsauuu qudpdeperunpoBodHoit nporpammel B Moaenu UTTCK-KMILIL

HecMoTpst Ha n3BecTHBIE (PAKTHI O KIMHUYECKUX MPOSBICHUSX CEPACUHBIX apUTMUNA M HapyLIEHUI
MIPOBOAMMOCTH, CBSA3aHHBIX C MyTanmusMu LMNA, umeercsl JHIb HECKOJIBKO padOT, MOCBSIEHHBIX
BrusiHui0 LMNA mytanuii Ha GyHKITMOHUPOBAHME MOHHBIX KaHAJIOB cep/lia. B HacTosieM uccienoBanuu
Mol onpeaeuid, yto B UTICK-KMII ¢ LMNA R249Q snexrpodusnonorndeckne GyHKIHH CEPASTHOTO
HaTPHUEBOTO KaHasia ObUIM 3aMETHO U3MEHEHBI.

B mnoxoxeit pabdore ¢ wucnoms3oBanueMm wmozenu MWIICK-KMI[ Op11  mpoaeMoHCTpHpOBaH
uHruoupyroumii apdexr myraunun LMNA K219T na ¢ynkuuio Navl.5. Myramus LMNA K219T
MPUBOJWIA K CHIKEHHUIO IJIOTHOCTH TOKa HAaTpusi U 0ojiee MEIEHHOHM CKOPOCTH MPOBOJMMOCTH B
COYETaHMHU CO CHIXKeHUEM dkcnpeccun SCNIA (reH, koaupyromuii Navl.5), 4To yka3biBaeT Ha HapyIICHHE
akTuBHOCTH KaHasioB Navl.5 (Salvarani et al., 2019). B nHamem uccienoBaHuu MOKa3aH aHAJIOTHYHBIN
abdexr myrammum LMNA R249Q na mapamerpbl Navl.5: CHWwKeHHE TIJIOTHOCTH HaTPHUEBOTO TOKAa M
W3MEHEHUS KUHETHUKUW HATPHUEBOrO TOKAa. YUYHUTHIBAsS T€HOTHUII-(DEHOTUIINYECKYIO KOPPEISLHUI0 MEXKIY
MyTtanuen B rene LMNA u pe3ylbTupyromuM GEeHOTHIIOM, ITOAPa3yMEBACTCs, YTO MATOJIOTHH, BI3BAHHBIE
OJM3KO JIOKAJIM30BAaHHBIMU 3aMeHaMU (00e MyTalluy JIOKAJIM30BaHbI B [IECHTPAILHOM POJ] JOMEHE JaMHHa
A/C), noyokHBl UMETh OOImMK MexaHu3M 3abosieBanus (Scharner et al., 2010). Ognako, B OTJIMYHME OT
pesynbratoB Salvarani, B HacTosimeM uccienoBanuu 3kcrpeccust SCN5A B UTICK-KMIL] ¢ LMNA R249Q
ObLTa TOBBIIIEHA, YTO MOXKET OBITh CBA3aHO C KOMIIEHCATOPHBIM MEXaHU3MOM. BeposTHo, maxe OIHM3KO
JOKalM30BaHHble MyTauuu B LMNA He 007a[alOT TOJHOCTHIO HACHTUYHBIMU MATOT€HETHUYECKHUMHU
MEXaHU3MaMHU, a MOXKET Pa3InyaThCsl Ha yPOBHE IUTCHETUYECKON perymsiuu sxkcnpeccun SCNIA.

Takke ocTaeTcst OTKPBITBIM BOMPOC, SBJISIETCS JIM AUCHYHKIMS HATPUEBOIO TOKA MEPBUYHBIM HIIU
BTOPUYHBIM ciencTBueM aencteusa myrauuu LMNA R249Q. ComnacHo nansbiM axkcnpeccnn, UTTCK-KMIT
¢ LMNA R249Q umeror nounxkenusle ypoBHu PKP2, DSP u GJAS. Poib GenkoB KJIETOUYHBIX KOHTAKTOB B
MPAaBUIBHON JIOKAIM3alMM U (YHKIMOHUPOBAHWU KAaHAJIOB BO BCTABOYHBIX JMCKAX XOPOILO H3BECTHA.
IToxa3zaHo, 4To TUIaKO(QUILTUH U AECMOIUIAKUH HHTETPUPOBAaHBI B MAKPOMOJIEKYIISIpHBIH KoMIuiekc ¢ Navl.5
B IyJie MHTEPKAJIUPYIOLINX AUCKOB HAaTpueBbIX kaHaoB (Shy et al., 2013). bouto moxaszano, yro Navl.5
COBMECTHO JIOKQJIM3YETCs C MIaKO(pHUIMHOM BO BCTABOYHBIX JMCKaX, a MoTeps skcnpeccun PKP2 (reH,

KO,Z[I/IPYIOH_II/Iﬁ HJlaKO(I)I/IJIHI/IH 2) NPUBOAUT K CHUKCHUIO TOKAa HATPUA B KYJIBTYPC KapJAUaJIbHbIX MUOIITUTOB
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(Sato et al. 2009). MccnenoBanus BimusiHus myraumii PKP2 na 1ok Harpusi Ha mozaenu WITCK-KMI]
MOJITBEPIMIIM, YTO rallNIOHE0CTATOUHOCTh PKP2 MOXET IPUBOAUTH K CHU)KEHUIO aKTUBHOCTH HaTPUEBBIX
kaHanmoB (Khudiakov et al, 2020). Takum o0Opa3om, B TEKyIIeM HCCIECAOBAHHUH MBI TOAICPKHBAEM
THIIOTE3Y O TOM, YTO HapyleHue skcnpeccun PKP2 MoxeT nmpuBecTH K auchyHkimn Navl.S.

Hapsiny ¢ mpenpsiaymieit snexrpodusnonornyeckoit xapakrepuctukoit UTICK-KMI] ¢ myrauueit DSP
H1684R, mpuBoaseil K CHWKEHUIO TOKOB Harpus M Kambius (Gusev et al., 2020), Hamm pe3yabTaThl
[IOTYEPKUBAIOT BAKHOCTh OEJIKOB MEXKKJIETOYHBIX KOHTAKTHBIX B IPAaBWJILHOM (PYHKIMOHHUPOBAHUU
HaTpueBoro kanana. Ponp HapymeHnHo# skcnipeccunt GJAS B AMCPYHKIIMN HAaTPUEBBIX KaHAJIOB OCTAETCS
HESICHOU, HECMOTpsI Ha cooOleHus: o0 acconnanuu myrauuii B GJAS5 ¢ mepuarensHoil aputmueil (Bai,
2014). B coBOKyMHOCTH, CHUYKEHHE TOKa HATPHsI MOXKHO paccMaTpuBaTh Kak cieactue neduunura PKP2
n DSP B Kimerkax mnauueHta. TouHble MOJIEKYISIpHbIE MEXaHU3MBbI, JIeKallu€é B OCHOBE
anekrpodusnonorndeckux aedexroB mpu  LMNA-acconMupoBaHHOM KapIHOMHUOTIATUH, OCTAIOTCS
HESICHBIMH U TPeOYIOT JalbHENIINX UCCIIe0BaHU.

Taxum 00pa3oM, MOXKHO CKa3aTh, YTO HAIIM Pe3yJbTaThl MOATBEPXKIAIOT (HyHIAMEHTAIBHYIO POJIb
namuHa A/C B KapauoreHHOU nuddepeHIpoBKe, PErysiiMM IKCIPECCUU MapKepoB KapAHOTreHe3a U

ANEKTPO(PHU3NOTOTMTIECKUX CBOMCTB cepaedHoro HarpueBoro kanana Nav 1.5 (Perepelina et al., 2022).
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3AK/IFIOYEHUE

JlaMUHOTIaTHH TIPEICTABIAIOT COOOM TPYMITY TSKENBIX HACIEICTBEHHBIX 3a00JIEBaHH, KOTOPHIC
4acTo MPOSBISIIOT ce0sl TKaHecenu(pUYHO, T. €. IOPaKaroT MPEUMYIIIECTBEHHO OJIMH TUI TKaHU. MIMeHHO
Takue (popMBI JAMHHOTIATHIA OCTAIOTCSI HA CETOAHSIIHUAN JCHb HEIOCTAaTOYHO N3yYCHHBIMH B OTHOIICHUH
UX NATOr€HETUYEeCKUX MeXxaHu3MoB. [loaTomy JuIsl Mccae1oBaHUS MEXaHU3MOB pa3BUTHS JIAMUHONATUI B
JTAHHOM HCCJIEZIOBAHUU HUCIIOJIb30BAJIUCh TOUEUHbIE MyTaluu B reHe LMNA, accoluupoBaHHbIE C TOW WU
WHOM TKaHecnenupuaHo Gopmoii 3a00eBaHU.

Tor ¢akr, yro pasHble myranuu B reHe LMNA BbI3BIBAIOT pa3iMyHble TKaHecHeUUu(UIHbIE
HapyIleHUs, JaeT OCHOBAHMS I0JIararh, YTO OHU MIPAIOT CYIIECTBEHHYIO POJb B AUPPEpEeHIIUPOBKE
KJIeTOK. JleficTBUTENbHO, POJIb IAMUHOB A-THIIa B Mpoleccax KIETOYHON aAudepeHIupoBKH yxKe Oblia
MOKa3aHa C WCIOJIb30BAaHUEM MBIITUHBIX MOJIENeH, HOKAyTHRIX Mo TeHy Lmna (Zhang et al., 2013), Ha
MOJIEJISIX CTBOJIOBBIX KJIETOK, Y KOTOPBIX TPAHCKPUIIIUS TeHa Lmna narnOoupoBana ¢ momonisio MUPHK
(Akter et al., 2009). Ongnako norepsi GyHKIIMOHUPOBAHUS JIJAMHUHOB HE OTBEYAET TEM YCIOBHUSAM, KOTOPHIS
TpeOyroTCs U1 pa3BUTHSI TKaHecTieUn(UUHBIX GOopM JTaMUHONATHi. MyTaliu, BbI3bIBAIOIINE ayTOCOMHO-
JOMUHAHTHBIE (OPMBI JIAMUHOTIATHI, 00yCIaBIMBAIOT MpHoOpeTeHne HOBBIX (DyHKIUK namuHOM A/C
(gain-of-function), a He TPHUBOJAT K IMOJABJICHUIO CHUHTE3a W (PYHKIIMOHHPOBAHUS SHIOTECHHBIX (GopMm
namunaa A/C B kieTke. MI3BecTHO, 4TO BBEICHHE 3K30TeHHOTO LMNA NpUBOIUT K CUHTE3Y OeTKa, KOTOPBIN
MOXKET «KOHKYPHPOBATh)» C HOpMaIbHOM (opMOii 3a BcTpauBaHue B sifiepHyto TaMuHy (Boguslavsky et al.,
2006). D10 000CHOBBIBAET SKCIEPUMEHTAIBHOE MOCTPOCHHE IAAHHOTO HUCCIIEAOBaHHUSA, B KOTOPOM IpHU
ITOMOIIY BBEJICHHSI SK30T'€HHBIX (JOPM JJaMHUHA BO3MOXKHO MOJIETITUPOBATh pa3nyHble (POPMBI TaMUHOMIATHIA
U HCCIeOBaTh TKaHecHelu(pUUecKre HapylleHusl, KOTOpble BOSHUKAIOT MO ACHCTBHEM TOW WM UHOM
mytaiuu B rene LMNA B nipouiecce nuddepeHITMPOBKU KIETOK.

Tak kak mnpu MyTanusx JaMUHOB B OOINbIIEH Mepe CTpajaloT TKAaHU ME3EHXUMHOIO
MIPOUCXOXKJCHHS, B YACTHOCTH MBIIIEYHAs, JXUPOBas U KOCTHAs, Mbl HCIIOJIB30BaJl B KayeCTBE
T dEepeHIUPOBOYHON MOJENU KJIETKH ME3€HXMMHOIO MPOUCXOXKJIeHUs. Tak, ObUIM HCCIeIOBaHbI
HapyIIEeHUs TPOIECCOB MHUOTCHHOW, aJUIMOreHHOW W OcTeoreHHoW auddepeHIpoBOK, BBI3BAaHHBIE
TKaHecreu(pUIecKuMu MyTalusMu B TeHe LMNA, Ha pa3HBIX KIETOYHBIX MOJEMSX: MBIIIUHbBIE
Muobmactel nuHHM C2C12 W mepBUYHBIE CATEIUIMTHBIE KIETKM MbIIM (MblmeuHas mojens); MKC
yenoBeka (aaumnorenHas mojens); MKC, DK, 'MK u UK uenoBeka (ocreorennas mojens). Kpome Toro, B
KauecTBe Mojenu kapauoreHHoi muddepennupoBku Mol ucnonszoBanu HUIICK, xoTopsle, kak ObLIO
MOKa3aHO paHee, ycIemHo auddepeHuupyroTcs a kapauomuonutsl (Burridge et al., 2014; Lian et al,,
2013).

B uenom MOJIYYCHHBIC PEC3YJIbTAaTbl IOATBCPKIAAKOT TKaHeCHeLII/I(I)I/ILIHHﬁ XapaKTCp pa3BUTHUA
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JaMUHOTATUH. MyTalui UHAMBHYaIbHBIM 00pa30M MPUBOIAT K JUCPETYISAIUU U PEepEeHIIMPOBOUHBIX
MPOIECCOB, KaK HA YPOBHE JKCIIPECCHU T'CHOB, TaK M Ha MOP(OIOTHYECKOM ypoBHE. B 4acTHOCTH, MBI
nokaszanu, uyro wmyramuu G232E u RS71S B rene LMNA HapymaiT MOpPOLECC MBIILIEYHON
maddepennmpoBkr MuoomactoB guHuM C2C12 U caTeNIMTHBIX KJIETOK MBIIIHN: MTPOUCXOJUT HApYyIIECHHE
mporiecca 00pa3oBaHUS MHOTPYOOK, a TakKe HapyIIEeHHEe OKCIPECCHH MHOTEHHBIX MAapKepoB.
Haunbonpmmii marnOupyrommii s¢pdexr Ha MbimedHyo auddepeHunpoBKy okassiBaeT myranus LMNA
G232E, Tem caMbIM MOATBEpK1asi TKaHecnennpuaHbIi Xapakrep pa3sutus JamuHonatuid (Ilepenenmna u
ap., 2017). B cnysae wuccnenoBanus BiausiHus LMNA R482L wmyrauuu Ha aguIOTEHHYIO
TU(pPEpeHINPOBKY, Mbl TaKXe MPOJEMOHCTPUPOBAIM HWHIHOUpYIOlee JeHCTBUE MYTallUd Ha
mupdepenunpoBky MKC uenoseka (Perepelina et al., 2018). LMNA R527C u LMNA R471C myranuu, kak
ObUIO TOKa3aHO, TAKXKE HEraTHBHO BIIMSIOT Ha MPOIECC OCTEOTeHHON AUPPEepeHIUPOBKH ME3EHXUMHBIX
KJIETOK, OJIHAKO CTENEHb M XapakTep aHHOTO BIMSHMS pa3iMyeH B Pa3HBIX KIETKaX ME3EHXUMHOTO
npoucxoxaenus (Perepelina et al., 2019). Pe3ynsrare! no uccnenoBanuto a3 dexra myranuu LMNA R249Q
Ha kapauoreHHyo audgepenunposky UIICK nmponemoncrpupoBanu, yro UIICK nmanumenTta oGmagaror
MOBBIIIEHHBIM MMOTEHIMAJIOM K KapAWOTeHHOH auddepeHIpoke, 0JHAKO Ha 3IEKTPO(U3HOIOTHYECKOM
YpOBHE MyTallusl IPUBOJIUT K 3aMeIJIeHUIO KUHETUKH Nav 1.5 kaHana 1 CHUKEHUIO TUIOTHOCTH HaTPUEBOTO
TOKa, TO cpaBHEHHUIO ¢ KoHTpoibHbIMU KMII. Taxxke HaOmMIOManoch CHMKEHHE SKCIIPECCHU TEHOB,
KOJIMPYIOIMHKX OeKH, BXoasamue B coctaB gecmMocoM (PKP2, DSP u GJAS), a Takke TMOBBIIIICHUE YPOBHS
skcnipeccun SCNSA, xonupyromero cepiaednbiii Nav 1.5. Mbl npenmonaraeM, CHUKEHHE SKCIPECCHS
PKP2, DSP u GJAS5 BcnencrBue LMNA myrtanuu, BIUSIOT Ha GyHKIMOHUpoBaHue Nav 1.5, moBbIeHne
akcripeccu SCN5A MOXHO paccMaTpuBaTh B KadeCTBE KoMreHcaTtopHoro mexanusMma (Perepelina et al.,
2022).

B Hameit pabote riccnenyeMble MyTalluu IPUBOAST K U3MEHEHUI0 MU (epeHIIPOBOYHBIX CBONCTB
KJIETOK, BRIOpaHHBIX B KauecTBe Mojiend. OIHAKO Helb3sl CKa3aTh, YTO ATH )K€ MyTallMH OynyT OKa3bIBaTh
ToT %€ 3 ekt Ha nuddepeHITPOBKY KIETOK B APYTUX KIECTOUHBIX MOJENIX. B 3TOM 1 3akitodaercs cyTh
TKaHecnenu(UIeckoro xapakrepa ICHCTBUS JTaMUHOBBIX Myrauui. Tak, Hampumep, B paboTe paHee
BBITIOJIHCHHOW B Hamiel Jlaboparopun (Malashicheva et al., 2015), Obu10 MMOKa3aHO, YTO MPH BBEIACHUH
pasHbIx TKaHecneuupuuHelx Myrauuid B MCK He HaOmiomanu Kakoro-to onaHoro s¢¢exra Ha
middepeHInpOBKY KiIeTOK. BBenéHHbIe MyTalluu HEe BBIKIIOUAIOT (PYHKIMHU JTaMUHA, a MOJYIUPYIOT UX
TakuM 00pa3oM, YTO B Clydae HEKOTOPBIX MyTaluil 3ppekTuBHOCTh AUD(HEpeHIMPOBKN HE TOJIBKO HE
CHIDKAETCS, HO JTaXKe MOXKET yBEIUUMBaThCsA. Ha OCHOBE HaIIMX pe3ylapTaToB U pPe3yIbTaTOB, MOJIY4YEHHBIX
B JIDYTUX HMCCJIEJOBAHUSAX, MOXKHO MPEINOJIOKNUTh, YTO HAOMIOMAeMbIi pa3nuuHblid 3G (GeKT oT MyTanuit
MOYKET TOBOPHUTH O TOM, 4TO U (HEpEeHIINPOBOYHBIN MOTEHIIUA KIETOK PErYIHPYeTCsl KAKUM-TO OamaHcoM
JTAMHUHOBBIX (DOPM, U HapyIIeHUE 3TOro OanaHca MOXKET PUBOAUTH K CABUTY AU(PEepeHINPOBKYU B Ty HIIU

HHYIO CTOpPOHY. BCpO}ITHO, MMO3TOMY pa3HbIC MYTAllMU OJHOTO U TOI'O K€ I'CHA MPHUBOIAAT K U3MCHCHUIO
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i depeHInPOBOYHOTO MOTEHIIMAIA U KaK CIEJCTBUE - K pa3HbIM (PEHOTHIIAM 3a00JIeBaHMS.

Taxoke 3HAYUTENBHYIO POJIb B TU(PHEPEHIIMPOBKE KIETOK UIPAIOT SMUTCHETHUCEKUE MEXaHU3MBI.
Kak yxe oTmeuanoch, JaMUHBI MOTYT B3aUMOJIEHCTBOBATH € ONpeAcaEéHHbIMU yyacTkaMu reHoma (LADs)
U BIIMATH HA SKCTIpeccHio reHoB. Paboter Lund ¢ coaBTOpamu moka3anu, 4Tto B 3aBUCHMOCTH OT Xapakrepa
JAHHBIX B3aMMOJICHCTBHIA B CTBOJIOBBIX KJIETKAaX MOXKET 3aITyCKaThCs Mporpamma auddepeHnpoBKy B TOM
win wHoM Hampasienun (Lund et al, 2013; Lund and Collas, 2013). Ilo-Buaumomy, B Tmporiecce
(G pepeHIMPOBKH KIETOK MPOHMCXOIAT TMPOCTPAHCTBEHHBIE IMEPECTPOCHUS TEHOMHBIX YYacCTKOB IIO
HaIpaBJICHUIO K JIJAMUHE WK OT Hee. TakuMm o0pazom, rensl, Bxoasmue B LADs, cBsi3aHHbIE C TaMUHOM,
MOTYT IEPEXO/IUTh B PETIPECCUBHOE COCTOSTHUE, U HATIPOTUB T€HBI, TUCCOIIMUPYIOIINECS OT JAMHHBI MOTYT
MEPEXOUTh B aKTUBHO-TPAHCKPHOMpyeMoe COCTOsIHHE. Tak, TeHbl, HEOOXOIUMbIE ISl CIIeIU(pUIECKON
mddepeHINPOBKH, aKTHBUPYIOTCS ITYTEM OTICIICHHS YYaCTKOB T€HOMA OT SJIePHON JIAMHHBI.

Hapymenne mnpaBunpHOM yrmanku jamuHa A/C BenenctBue wmyranmii LMNA TpuBOIAT K
HApYIICHUIO TEJIOCTHOCTA W (DYHKIIUH SACPHON JIAMHUHBI, a KaK CIIEJCTBUE, HAPYIIAETCS MPaBHIHHOE
B3aMMOJICHICTBAE XPOMATHHA C JIAMUHAMH. OTH KOH(GOpPMAIMOHHBIE W3MEHEHHS BJIEKYT 3a COO0O0H
JTUCPETYISIIAIO SKCTIPECCUH TEHOB, B TOM YHCJI€ TEHOB, OTBETCTBEHHBIX 3a muddepennmpoBky (Melcer and
Meshorer, 2010; Scaftidi and Misteli, 2008; Zhang et al., 2019). Bce 3Tu peopranuzanuu reHomMa 3aBUCST
OT CTaJIUM KJIETOYHOTO IMKJIA ¥ PA3IMYaroTCs B pa3HbIX KieTkax (Bitman-Lotan and Orian, 2021; Shah et
al., 2021).

Eme oo 11e1p10 paboThl OBIIO MCCIIEAOBAHUE COBMECTHOTO JACUCTBUS MyTanuii B reHe LMNA n
curHasibHoro mytu Notch B mponecce nuddepenunpoBku kinetok. CurHanbHblii myth Notch sBisgercs
OJHUM M3 0a30BBIX IyTEeH MEXKKIETOYHON CUTHAIM3ALUU, ONPEACISAIOINX KICTOUHYIO CYIb0y, a TaKkkKe
COOTHOILIEHHE CTBOJIOBBIX CBOMCTB U CLIOCOOHOCTHU KJIETOK K Iuddepeniuponke. Kak u B ciydae MHOTUX
APYruX CUTHAIBHBIX IyTel, Notch nelicTByeT B caMbIX pa3HbIX KJIETKAaX U TUIAX TKAHEW, U pPe3ylbTaT ero
BO3IEUCTBUS CHUJIBHO 3aBUCUT OT KIJIETOYHOIO OKpYyXKeHHs. Hamu JaHHble NO3BOJMIM BbICKA3aTh
IIPEATNOJIOKEHHE O BO3MOYKHOCTH B3aUMOJAEUCTBUS JIAMUHOB A-THUIa U KOMIIOHEHTOB CHIHAJIBIOTO IYTH
Notch, a Takxe 0 ToM, 4TO U3MeHEeHHE TUPHEPEHIIMPOBOUHBIX CBOUCTB KIETOK ¢ MyTallusMu B reHe LMNA
MOXET MpoUcXoAuTh mpu ydactuu Notch. B 1gaHHOM wHcciaeoBaHUM Mbl JIEMOHCTPUPYEM, 4YTO
CBEpXaKTUBAIMsl CUTHAJIBHOTO 1Myt Notch ¢ moMolpio BBe€HUS aKTUBMPOBAHHOIO JIOMEHA pelentopa
Notch (NICD) unru6upyer npouecc au¢phepeHIIpOBKH CTBOJIOBBIX KJIETOK B aUIIOTCHHOM HallpaBlIeHUN
(Perepelina et al., 2018). B To >xe Bpems, aktuBaius Notch akTuBHpyeT oCTeoreHHyro AU hepeHInpoBKy
MKC u UK (Perepelina et al., 2019). CymectByeT Npeanoyio)keHHue O TOM, YTO I'€Hbl - KOMIIOHEHTHI
curHasnbHoro mytu Notch, camMu MOTYT HENMOCPEICTBEHHO (DPU3NYECKH B3aUMOJICWCTBOBATH C SIIEPHOM
JTAMHMHOM W/WITM UX PETYIALNS CBA3aHa C U3MEHEHUSMH B NIUTeHEeTHYecKuX Moaudukanusax (Meshorer and
Gruenbaum, 2008). Bo3M0>HO, 4YTO HEKOTOpbIE MYTallMM TAaKUM 00pa3oM, MOTYT HapyllaTb CAWThI

B3aUMOJICHCTBHUS JIaMHUHOB C T€HaMHU-MUIIIEHIMH CUTHAJIbHOIO myTu Notch.
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B nmanHOM mccnenoBaHUM OBLTH M3yd€HBI MOJICKYJSPHBIE MEXaHU3MBbl Pa3BUTHs JIAMHHOMATHH C
IIPUMEHEHUEM DPA3JIMYHBIX 0JX0J0B. Ha OCHOBE NOJYYEHHBIX PE3YIBTATOB MOXHO YTBEP)KIAaTh, YTO
middepeHInpPOBOYHBIE PEIICHUS KIETKU 3aBUCIT OT MHOTHX (PAaKTOPOB, B TOM YHUCIIE OT OIpEAeICHHON
myrauuu LMNA, cTeneHn akTUBHOCTH CUTHaJIbHOTO myTH Notch, a Takke OoT IpOUCXOXKAEHUS caMou
KJIETKU. Ba)XHBIM SIBISETCSI U3YYUTh COBOKYIMHOCTb BO3MOMKHBIX M3MEHEHHMH B KIIETKE, MPOUCXOIALINX
BCJIC/ICTBUE BO3HMKHOBEHUsS MyTauuii LMNA, B TOM 4uClI€ U SIUTCHETUYECKUE W3MEHEHHS, a TaKkKe
HapylleHUsl B3aUMOJIEHCTBUSI JAMUHOB C KOMIIOHEHTAMU CUTHAJIBbHBIX ITyTEH, a TaKK€ OLIEHUTh, KaK 3TU
M3MEHEHUs BIUAIOT Ha npouecchl quddepeHunpoBku. Takue uccaenoBaHus JaayT BO3MOXKHOCTD MOHSTh
OOLIYI0 KapTUHY MOJIEKYISIPHBIX IPOLECCOB B KIETKE, MPUBOJAMIMX K Pa3BUTUIO 3THUX TSKEIBIX

3a00JIEBaHUI.

B PE3YIbTATE HAIIUX I/ICCJ'IeJIOBaHI/Iﬁ B COOTBETCTBHUHM C IIOCTABJICHHBIMH 3aJadaMH ObLIH CACJIaHBbI

CJICAYIOIIHEC BBIBOADI:

1. Myrauun LMNA G232E u LMNA RS571S npuBoAsaT K HapylIEHHIO MBIIIEYHOU

T hepeHINPOBKY NEPBUUHBIX CAaTEJUIUTHBIX KIETOK MBI U KieTok uHun C2C12.

2. Myramus LMNA R482L mnomaBiseT mporiecc amunoreHHoW audQGepeHIIMpPOBKA 3a CYET

CHIDKEHHUS aKTUBHOCTH CUTHaJIbHOTO 1yt Notch.

3. Myranuss LMNA R527C nonaBnsieT octeoreHHyo nudQepeHnupoBKy U akTUBHOCTh Notch B
ME3CHXUMHBIX KJIETKaxX cepjlia yeiaoBeka; B To ke BpeMs mytauust LMNA R527C aktuBupyet
octeorennyro auddepeHnrpoBky u Notch B HMHTEPCTHIHAIBHBIX KJIETKaX aopTaJbHOTO

KJ1altaHa 4C€JIOBCKaA.

4. JlamuHbl A-THIa B KOONEPALMU C CUTHANBHBIM IyreM Notch Biusior TkanecneuuGuUHbIM

00pa3oM Ha npouecc TudPepeHITUPOBKH KIETOK.

5. Myrauus LMNA R249Q npuBoAMT K M3MEHEHHIO O3KCIPECCHOHHOTO  Mpoduis
KapIMOMHOLIUTOB, MOJYYEHHBIX M3 WHAYIIHUPOBAHHBIX TUIFOPUIIOTEHTHBIX CTBOJIOBBIX KIETOK
MAalMEeHTa: MOBBIIICHUIO IKCIPECCUU T€HOB, KOAMPYIOUIUX CTPYKTYPHBIE OEJKH; CHUKECHUIO

OKCIIPECCHUU T'CHOB, KOAUPYIOIIUX OenKku J€CMOCOM.

6. Myramus LMNA R249Q npuBOAUT K HU3MEHEHHUIO 3JIEKTPO(PU3HOIOTHYECKUX CBOICTB
KapIMOMHOLIUTOB, TOJYYEHHBIX U3 WHIYLUPOBAHHBIX IUIIOPUIIOTEHTHBIX CTBOJIOBBIX KIIETOK:
CHI)KEHUIO TTMKOBOM IUIOTHOCTM HATPHEBOIO TOKA, 3aMEMJIEHUIO CTALIMOHAPHOM aKTHBALMH

HaTpUCBOT'O TOKA, 3aMCIJICHUTO CTaHHOHapHOﬁ HHAKTHUBALlUX HATPUCBOT'O TOKA.
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CIIMCOK COKPAIIIEHUH

CSL — CBF1, Suppressor of Hairless, Lag-1 (dakTop TpaHCKpHUIIIIUU, KOTOPBIH OTBEYAET 32 AKTUBAIUIO
Notch reHoB)

DAPI (4',6-diamidino-2-phenylindole) — 4°,6-nmnamunnHo-2-heHmmHI0I
DMEM — nurarenbHas cpena Urna B monudukarum Jyms0ekko
LAD — lamina associated domain

LMNA — ren namuna A/C

NICD — Notch IntraCellular Domain,

NLS — nuclear localization signal

PEI — polyethylenimine hydrochloride

BCA — Ob1unii CBIBOPOTOYHBIN albOyMHUH

I'MK — rmagxoMbITITeqHbIe KISTKH

JAMCO (muMuTHICYTb(POKCH]T) — KPUOTIPOTEKTOP

JIHK — ne3oxkcupnOOHyKIEHHOBAs KUCIIOTa

UK — uHTEepCTUIIMATBHBIX KIETKH

UIICK — uHaynupoBaHHbIE IUTIOPUTIOTEHTHBIE CTBOJIOBBIE KJIETKHU
HIICK-KMI] — kapaunomuonutsl, nosrydeHHbsie Ha ocHoBe UTTCK
kJIHK — xommmemenTapHas 1e30KCHPUOOHYKICHHOBAST KHCIIOTa
KMII — kapaAnoMuonuThI

JIC — nomaguHas CbIBOPOTKA

MKC — Me3eHXUMHBIE KJIETKH ceplla YeJI0BeKa

MD/1 — muonucrpodust Dmepu-peiidyca

MCK — Me3eHXMMHBIE CTBOJIOBBIE KIIETKH

[TDA — mapadopmaibaerug

[P — monuMepa3Has nenHasi peaxkius

PHK — pubonyknenHoBas Kuciora

ObC — detanbHas KOPOBBS CHIBOPOTKA

@®CBb — pocdarao-coneBoii Oydep

OK — OHAOTCIINAJIbHBIC KIICTKHU A0PThI YCJIOBCKA
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INTRODUCTION

The relevance of the research

A-type lamins are the main structural proteins of the cell’s nuclear membrane and belong to the class
oftype V intermediate filaments. Lamin filaments are an ordered structure, the nuclear lamina, that provides
strength to the cell's nuclear membrane (Naetar et al., 2017). Initially, A-type nuclear lamins were thought
to play an exclusively structural role, maintaining the shape and rigidity of the nucleus. However, A-type
lamins are now known to be important regulators of gene expression and key mediators of cell fate. Lamin
A/C has been shown to be involved in chromatin organization, DNA replication, regulation of gene
transcription, cell differentiation, etc. A-type lamins perform most of these functions through interactions
with inner nuclear membrane proteins, transcription factors, and DNA. A-type lamins are believed to
regulate the activity of important signaling pathways in cells (such as Rb/E2F, Wnt/B-catenin, TGFf, Notch)
through their direct or indirect interaction with other proteins.

Laminopathies are a broad group of diseases associated with mutations in the lamin A/C (LMNA)
gene. The clinical phenotypes of laminopathies are extremely diverse and include cardiomyopathies,
myopathies and myodystrophies, arrhythmias, lesions of the central and peripheral nervous system, and
progeria. Despite the great relevance of these studies due to the severity of the course and unfavorable
prognosis of most laminopathies, the mechanisms by which nuclear lamins cause the development of so
different, at first glance, diseases affecting different systems and organs, remain undiscovered.
Understanding the mechanisms of functioning of lamins, as well as their role in the development of
pathologies with mutations in the LMNA gene, seems to be extremely relevant due to the rapid growth of
descriptions of new forms of lamin-associated diseases (Burke and Stewart 2013; Dubinska-Magiera et al.
2013; de Las Heras et al. 2014).

Given the expression of A-type lamins in all types of differentiated cells, selective tissue damage
seems unclear. The most well-known modification of lamin A/C is progerin, which causes a serious
developmental disorder - premature aging syndrome or progeria. This known disease is extremely rare. At
the same time, LMNA point mutations leading to tissue damage are more common. The molecular
mechanisms by which LMNA mutations impair stem cell differentiation have not yet been described in
detail. It is known that lamins can interact with components of various signaling pathways in the cell. One
of the main signaling pathways responsible for intercellular signaling and stem cell differentiation is the
Notch signaling pathway (Andersson et al., 2011). The role of the Notch signaling pathway itself in the
process of differentiation of different cell types remains insufficiently studied, which is a separate, also
relevant topic for research. In a model of progeria, a mutant form of LMNA encoding a truncated form of
lamin A, progerin, has been shown to affect the functioning of the Notch signaling pathway (Meshorer and

Gruenbaum, 2008; Scaffidi and Misteli, 2008).
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Recently, research has mainly focused on the study of the molecular mechanisms of the development
of laminopathies. Proposed pathology mechanisms include disruption of chromatin organization,
intracellular signaling, and epigenetic changes. Probably, all these changes lead to dysregulation of genes
responsible for cell differentiation. Lamin-chromatin interaction sites (lamin-associated domains - LADs)
are known to be involved in the regulation of gene expression. LADs contain many differentiation-related
genes that are either active or inactive depending on their association with chromatin. Active gene
expression is associated with the release of LAD from the nuclear lamina. In contrast, expression
inactivation is the result of LAD attachment to the lamina.

Difficulties in studying the role of lamin A/C in cell differentiation are associated, in particular, with
the lack of a unified experimental model. Nowadays, the use of progenitor cells of various origins to recreate
the model of laminopathies is relevant. Thus, in our study, we use a spectrum of different cells capable of
differentiating in the myogenic, adipogenic, and osteogenic directions. To study the effect of LMNA
mutations on cell differentiation, we use the technique of introducing a mutated LMNA gene on a lenivirus
carrier. Modification of the cell genome by introducing exogenous forms of lamin A/C with a mutation
makes it possible to study the changes in cells that occur due to mutations, which ultimately leads to the
development of laminopathies. Currently, it is especially important to study the mechanisms of
development of laminopathies using the model of induced pluripotent stem cells (iPSCs) obtained from
patients carrying mutations in the LMNA gene. Differentiation of iPSCs, in particular in the cardiomyocyte
direction, makes it possible to recreate the picture of the disease on cells that carry the patient's genotype.

Thus, the discovery of the mechanisms of the influence of type A nuclear lamins on cell differentiation
is an important direction both from the point of view of fundamental biology and from the point of view of
practical application. The use of several cellular models used to reconstruct the disease pattern caused by
mutations in the LMNA gene will allow us to get closer to the mechanism of the development of tissue-
specific disorders.

Also, the relevance of research in this area is dictated by the potential for the development of
therapeutic approaches based on the elucidation of the main mechanisms of the pathogenesis of

laminopathies.

Theoretical and practical significance of the work

The obtained data make a significant contribution to the fundamental understanding of the role of A-
type lamins in the process of cell differentiation, as well as the molecular mechanisms underlying the
development of laminopathies. The results of the study demonstrate an individual cellular response under
the action of various mutations in the LMNA gene on the differentiation of various cells of mesenchymal
origin, thereby confirming the tissue-specific nature of the development of laminopathies. The proposed

study is of undoubted interest and importance for Russian science and medicine. Further research is needed
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to better understand the subtle molecular basis of disease development. We suggest that our work may be

an impetus for future strategies in cell therapy concerning genetically determined diseases - laminopathies.

The aim and objectives of the study

The aim of this work is to study the impact of mutations in the LMNA gene on the processes of cell

differentiation.
Objectives:

1. To study the effect of tissue-specific mutations in the LMNA gene on myogenic differentiation of

C2C12 mouse myoblasts and mouse primary satellite cells.

2. To study the effect of tissue-specific mutations in the LMNA gene on the adipogenic differentiation

of human cardiac mesenchymal cells.

3. To study the effect of tissue-specific mutations in the LMNA gene on osteogenic differentiation of

several cell types of mesenchymal origin.
4. To study the interaction of lamin A/C with the Notch signaling pathway.

5. To study the effect of a tissue-specific mutation in the LMNA gene on the change in the expression
profile of cardiomyocytes obtained from induced pluripotent stem cells of a patient with a LMNA

mutation compared to cardiomyocytes from healthy donors.

6. To study the effect of a tissue-specific mutation in the LMNA gene on the change in the
electrophysiological properties of cardiomyocytes obtained from induced pluripotent stem cells of

a patient with a LMNA mutation compared to cardiomyocytes from healthy donors.

The scientific novelty of work

The use of several types of cells of mesenchymal origin, as well as induced pluripotent stem cells
(iPSCs) as cell models in this work, makes it possible to get closer to deciphering the tissue-specific
mechanism of the laminopathies development. A wide range of mutations in the LMNA gene, in turn, is a
relevant tool for recreating the picture of the disease. We have shown that the effect of a particular LMNA
mutation may depend on the activity of the Notch pathway, which also reflects and confirms the fact of
interaction between Notch and A-type lamins. Interesting data were obtained on the properties of
cardiomyocytes obtained from iPSCs of a patient with the LMNA R249Q mutation at the
electrophysiological and expression levels: the mutation leads to an increase in the cardiogenic potential of

iPSCs, while at the same time, CMCs with this mutation are characterized by a slowdown in the kinetics of
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the voltage-dependent cardiac sodium channel Nav 1.5.

Principal findings to be considered

There is a violation of the process of muscle differentiation of mouse primary satellite cells and

C2C12 cells under the action of LMNA G232E and LMNA R571S mutations.

Suppression of the process of adipogenic differentiation is observed together with a decrease in the

activity of the Notch signaling pathway under the action of the LMNA R482L mutation.

An opposite effect of the LMNA R527C mutation on Notch signaling activity and osteogenic
differentiation in human heart mesenchymal cells and human aortic valve interstitial cells is

observed.

The effect of A-type lamins on cell differentiation is carried out in cooperation with the Notch
signaling pathway, which is tissue-specific and may depend on the specific direction of

differentiation

Cardiomyocytes obtained during cardiogenic differentiation of induced pluripotent stem cells with

LMNA R249Q mutation are characterized by an altered expression profile.

Cardiomyocytes obtained during cardiogenic differentiation of induced pluripotent stem cells with
the LMNA R249Q mutation are characterized by altered electrophysiological properties compared

to cardiomyocytes obtained from induced pluripotent stem cells from a healthy donor.

Publications and approbation of work

Based on the materials of the dissertation, 9 papers were published: 6 scientific articles in journals

indexed by WoS/Scopus systems, and 3 theses in the materials of international conferences.

The main provisions and scientific results of the dissertation were presented in reports at scientific

conferences: European Society of Cardiology (ESC) Congress 2017 (Barcelona, Spain, 26-30 August
2017); 5th Frontiers in Cardio Vascular Biology 2018 (Vienna, Austria, April 20-22, 2018); XXVI Wilhelm
Bernhard Workshop on the Cell Nucleus 2019 (Dijon, France, May 20-23, 2019); The Notch Meeting XI

(Athens, Greece, 6-10 October 2019); I All-Russian Congress with international participation "Physiology

and tissue engineering of the heart and blood vessels: from cell biology to prosthetics." (Kemerovo, Russia,

November 3-7, 2019).
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1. LITERATURE REVIEW
1.1 Nuclear lamins

Nuclear lamins in metazoan cells are members of the type V intermediate filament (IF) family. There
are two groups of lamins, the A type and the B type, which, in association with inner nuclear membrane

proteins, form a stiff meshwork under the inner nuclear membrane termed the nuclear lamina (Figure 1).

j‘/f nesprin E
Ao,
Pat

Nucleus

Figure 1. Spatial position of the nuclear lamina and its interaction with other cell structures (Malashicheva
and Perepelina, 2021).

Lamins A and B-type are encoded by different genes. The LMNA gene is located on chromosome 1
and encodes A-type lamins. As a result of alternative splicing of LMNA gene transcript, several isoforms
such as A, C and minor isoforms AA10 and C2 are generated. B-type lamin includes isoforms B1, B2 and
B3. Lamin BI is encoded by the LMNBI gene located on chromosome 5, while lamins B2 and B3 are
encoded by the LMNB?2 gene located on chromosome 19. Lamins A and B-type differ in their expression
pattern, post-translational modifications, and cellular localization. While B-type lamins are expressed
overall in all cells, A-type lamins are only expressed in differentiated cells, which apparently determines
the specific functions of this type of lamin in the cell. Moreover, the expression level of lamin A/C varies

in different tissues (Gruenbaum and Foisner, 2015).
1.2 Organization, maturation and assembly of lamin a/c

Along with all IFs, lamin filaments contain three structural domains: a central a-helical rod domain,
a short globular amino-terminal “head” domain and a long carboxyterminal “tail” domain. The rod domain
of lamins includes three helical segments (1A, 1B, and 2), connected by short linkers L1 and L12 (Ahn et

al., 2019). Lamins have several differences from cytoplasmic IFs: 1) they contain 42 additional amino acids



103

in their rod domain; 2) they have a shorter head domain; and 3) their carboxyl-terminal “tail domain
includes the nuclear localization signal (NLS)—which is required for their nuclear transport after synthesis
in the cytoplasm—, an immunoglobulin-like (Ig-) fold domain, a chromatin binding site, and—with the
exception of lamin C—a CaaX motif (where C is cysteine, a—an aliphatic amino acid, and X—any amino

acid) (Gruenbaum and Foisner, 2015; Wu et al., 2014) (Figure 2).

Head domain a-helical coiled-coil rod domain Tail domain
[ ] ] 1
Variable Ig domain

L1 L12 NLS

Figure 2. Structural organization of lamin A/C filament (Malashicheva and Perepelina, 2021).

Lamin C is translated as a mature protein without multiple post-translated modifications as in the
case of A-type lamin, and lacking 98 amino acids with CaaX motif; A-type lamin is expressed in cells as
prelamin, which undergoes multiple post-translational modifications of the carboxyterminal “tail” domain.
At the first stage of prelamin A processing, farnesyltransferase enzyme (FTase) adds a farnesyl group to the
C-terminal cysteine. Then the three residues (aaX) are cleavaged via the zinc metalloprotease Zmpste24
(FACE1) or RAS converting enzyme 1 (Rcel). At the next stage C-terminal cysteine is carboxymethylated
by the isoprenylcysteine carboxyl methyltransferase (ICMT). Finally, enzyme Zmpste24 cleaves the last 15
C-terminal amino-acids of lamin A, thereby removing the carboxy farnesylated and methylated cysteine
(Adam et al., 2013; Corrigan et al., 2005; Fisher et al., 1986; Wu et al., 2014). Figure 3 presents the lamin
A post-translational modifications during maturation.

Prelamin A

Farnesylation
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NNV

Cleavage Il
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_._, ;e
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Figure 3. Serial stages of prelamin A processing (Malashicheva and Perepelina, 2021).
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Other types of post-translational modifications of lamins are known such as sumoylation,
ubiquitylation, acetylation, and phosphorylation. These modifications obviously play a significant role in
regulating lamin translocation during the cell cycle (Donnaloja et al., 2020; Prokocimer et al., 2009).
Phosphorylation of lamins is involved in plenty of cellular process. To date, some research has shown that
phosphorylation contributes to the interaction between B-type lamins and histone H2A/H2B in Drosophila
(Mattout et al., 2007). In mammalian cells two specific sites flanking the lamin’s rod domain are
phosphorylated by cyclin-dependent kinase (CDK)-1. This event is required for lamin disassembly into
dimers during mitosis. (Chaffee et al., 2014; Naetar et al., 2017). Moreover, phosphorylation contributes to
the dynamic interaction of lamins with other proteins as well as lamin A/C solubility, and lamina meshwork
formation. Remarkably, all these processes could be activated/inactivated, as phosphorylation is a reversible
modification (Kochin et al., 2014; Liu & Ikegami, 2020). Apparently, lamin phosphorylation takes place in
the modulation of enhancer activity. It has been reported that S22-phosphorylated lamins connect with
active genomic enhancer sites and this interaction is violated in progeroid cells (Ikegami et al., 2020).
Sumoylation has been shown to be important for normal lamin A/C functions and also for the regulation of
lamin A/C assembly (Kim et al., 2011). It has been shown that mutant lamin A/C (E203G and E203K) leads
to a decreased level of lamin sumoylation in fibroblasts and increased cell death (Zhang & Sarge, 2008).

The main structural unit of lamin A/C filaments is a coiled dimer formed as a result of the interaction
of two central rod domains of lamin proteins. These dimers are connected head-to-tail and form
protofilaments, which could be combined in various configurations to form 10 nm lamin filaments
(Gruenbaum and Foisner, 2015; Herrmann and Aebi, 2004; Prokocimer et al., 2009). The structure of the
lamin “tail” domain is similar to immunoglobulin and could mediate specific intermolecular interactions

with other proteins (Donnaloja et al., 2020) (Figure 4).
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Figure 4. Steps of lamin A/C assembly (Malashicheva and Perepelina, 2021).

1.3 Lamin A/C-binding proteins

All lamin A/C functions from maintaining nucleus shape to participations in more comprehensive
processes (including signaling transduction, and cell differentiation) are perform due to the diversity of
lamin A/C-binding proteins (Enyedi and Niethammer, 2017; Gruenbaum and Foisner, 2015; Karoutas and
Akhtar, 2021; Naetar et al., 2017).

Lamin A/C-binding proteins consist of three general groups: (1) proteins that perform mechanical
support of the nucleus; (2) components of signaling pathways (3) proteins involved in gene expression and
chromatin organization regulation (Gruenbaum & Foisner, 2015; Martino et al., 2018; Zhang et al., 2019).

Among lamin A/C-associated proteins, emerin, LAP (leucine-rich repeats and PDZ domains), and
MANI proteins are more important. LAP2, emerin, and MAN1 (called LEM proteins) contain a special 40
amino acid domain called the LEM domain that interacts with the barrier to autointegration factor (BAF),
a DNA-binding factor involved in chromatin structure organization and nuclear envelope assembly. There
are LEM proteins that lack a transmembrane domain and are therefore located in the nucleoplasm or
cytoplasm (Brachner and Foisner, 2011). In addition to their BAF-mediated influence on chromatin
structure, lamins interact with the epigenetic regulator ING (inhibitor of growth), which binds to core
histones, deacetylases, and histone acetyltransferases, as well as to mediators of epigenetic regulation.
Moreover, lamin A/C can also interact directly with chromatin by binding specific regions of chromatin

called lamina-associated domains (LADs) at the nuclear periphery (Shevelyov and Ulianov, 2019) (Figure
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Figure 5. Interrelations lamin A/C with nuclear envelope proteins and chromatin. INM — inner nuclear
membrane; NPC — nuclear pore complex; ONM — outer nuclear membrane; F-actin — filamentous actin;
MTs — microtubules; IF — intermediate filaments; PNS — perinuclear space (Malashicheva and Perepelina,
2021).

SUN and KASH domain proteins are important nuclear membrane proteins localized in the INM and
ONM (outer nuclear membrane), respectively. The SUN proteins interact directly with lamin A/C. KASH
proteins bind to major cytoskeleton members, including actin filaments (through nesprin-1 and -2),
intermediate filaments (via interaction with nesprin-3), and microtubules (via kinesin and dynein motor
proteins binding to nesprin-1, -2, -4 and KASHS5) (Haque et al., 2006). Thus, SUN and KASH domain
proteins, nesprins, together with lamin A/C, form a protein complex called the LINC (linker of
nucleoskeleton and cytoskeleton) complex, which unites the nucleus and the cytoskeleton and enables force
transmission across the nuclear envelope during nuclear positioning and migration (Lee and Burke, 2018).

In addition, through protein—protein interactions, A-type lamins are believed to interact with and
regulate the activity and availability of important signaling pathway proteins in the cell, such as Rb/E2F,
Wnt/B-catenin, TGFB, SMAD, and MAPK (Gerbino et al., 2018; Worman, 2018).

1.4 Lamin A/C participation in tissue-specific regulation of cell differentiation
1.4.1 Lamin A/C role in mechanosignaling defining cell differentiation

Currently, the role of lamin A/C in mechanosignaling is considered to be essential for regulating vital
processes in the cells including migration, homeostasis, growth, and differentiation (Donnaloja et al., 2020;
Martino et al., 2018). Mechanosignaling is the cell's ability to modulate the mechanical signals into a
biological response by acting on several cell functions above. In this case, lamin A/C serve as

mechanosensor, receiving external stimuli from the extracellular matrix (ECM), and then transforming
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them into internal biological responses. Thus, lamins are mediators, helping the cells to adapt to a changing
microenvironment (Guilluy et al., 2014; Isermann and Lammerding, 2013; Martino et al., 2018;
Osmanagic-Myers et al., 2015).

The first piece of knowledge about the fact that external mechanical force could lead to cell response
resulting in nucleus deformation was obtained by Maniotis and colleagues in the 1990s (Maniotis et al.,
1997). Since then, knowledge has been accumulating about the mechanisms underlying the signal
transduction from the exogenous environment through the cytoplasm to the nucleus.

ECM includes many components (proteins, glycosaminoglycans, and proteoglycans) that impact the
cell surface in a specific manner. The most common of them are collagen, laminin, and fibronectin (Figure
6). The ECM composition is unique for a given tissue and could be changed in response to alteration of the
environment, especially in the case of a disease (Bonnans et al., 2014). The mechanical signal from ECM
is transmitted to membrane-bound integrins that perform a sensor role. Integrins mediate the transformation
of mechanical stimuli into biochemical signals. Interestingly, depending on the quantity and type of
integrins, cells can react in a different way (Israeli-Rosenberg et al., 2014). Through the accumulation of
proteins termed focal adhesion complex (FAC), integrins are associated with the cytoskeleton. FAC
proteins, such as talin, a-actinin, and vinculin, define the strength of interaction between integrins and
filamentous actin (F-actin), which is a general cytoskeleton component (Chin et al., 2019). Then the signal
is translocated via the LINC complex to nuclear lamins, the main sensors of mechanotransduction (Figure
6).

The importance of lamin A/C in mechanotransduction was confirmed in studies where cells lacking
lamin A/C or expressing LMNA mutants were unable to directly transmit forces to the nucleus (Poh et al.,
2012).

Despite the identification of a spectrum of molecular components involved in mechanotransduction,
it remains completely unknown how these components act and adapt to each other to affect cellular
functions and stem cell fate. The differentiation process is believed to be mechanosensitive, and cell fate
could be determined by type and physical force of external stimuli. Current proposed model could be as
follows. During cell differentiation A-type lamins get information about the changing microenvironment
from nearby cells and ECM through the cytoskeleton. This leads to a rearranging meshwork and chromatin
structures, or urges conformational changes in nuclear proteins such as transcription factors and
components of signaling pathways. It is supposed that these conversions lead to chromatin segments’
translocation away from or to the lamina, resulting in activation/repression of differentiation-related genes
(Alcorta-Sevillano et al., 2020; Swift et al., 2013).

The physical properties of tissues are an important factor in determining the fate of cells. Some
researchers have revealed correlations between substrate stiffness and gene transcription intensity of lamin

A/C in a tissue-specific manner. For instance, Heo and colleagues have demonstrated that low external
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stimuli promote mesenchymal stem cell (MSC) to adipogenic differentiation associated with inhibited
lamin A/C production (Heo et al., 2016). Other authors revealed that medium force stimuli induce MSC to
differentiate into myocytes’ direction, which is accompanied by elevation of lamin A/C expression (Engler
et al., 2006; Swift et al., 2013). In addition, high lamin A/C expression level of hard tissues (such as bone)
stabilizes the nucleus against mechanical stress. At the same time, soft tissues, such as fat, are characterized
by a low expression level of lamin A/C. It has been demonstrated that lamin A/C knockdown enhances
mesenchymal stem cell differentiation on a soft matrix, which contributed to fat phenotype development.
In contrast, lamin A/C overexpression enhances cell differentiation on a stiff matrix toward a bone
phenotype (Alcorta-Sevillano et al., 2020; Swift et al., 2013). In addition, lamin A/C overexpression leads
to an inhibition of chromatin remodeling, and also to an activation of other actions such as expression of
stress-related proteins implicated in cell differentiation, and transcriptional regulator YAP1 involved in cell
proliferation and the suppression of apoptotic genes and Hippo pathway (Switt et al., 2013).

Thus, via adhesion proteins and cytoskeleton meshwork, ECM transmits information into the nucleus
about the microenvironment to stabilize proper shape and stiffness of the nucleus by means of the quantity
of lamins. High lamin A/C expression protects all components of the nucleus from severe forces coming
from a stift ECM, for example in a bone tissue. This mechanism reflects a mechanical theory of lamin A/C’s

role in the cells (Osmanagic-Myers and Foisner, 2019) (Figure 6).
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Figure 6. Regulation lamin A/C expression in the cells of soft and stiff tissue via mechanotransduction
(Malashicheva and Perepelina, 2021).

Some researchers have demonstrated the importance of the Ig-domain of lamin A/C in stress-related

changes in terms of lamina rearrangement. In response to stress, electrostatic interaction between the
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positively charged Ig-tail domain and negatively charged regions of the rod domain of a nearby lamin’s
filament is disrupted, resulting in lamina reorganization (Makarov et al., 2019).

Thus, the expression level of lamin A/C determines tissue-specific differentiation of cells. In this way,
mechanical signals coming from the intercellular matrix can direct lamins to proper stabilization of the
genome in response to mechanical stress and tissue-specific gene expression during cell differentiation.

These events are necessary to support nucleus shape and prevent the DNA from breaking.
1.4.2 Lamin A/C role in regulation chromatin organization and gene expression

Genomic DNA in the eukaryote nucleus is known to be extensively packaged in chromosomes, each
of which occupies a certain area termed the chromosome territory (Cremer & Cremer, 2010). According to
transcriptional activity, chromatin is divided into euchromatin, which includes the majority of actively
expressed genes, and heterochromatin, including transcriptionally inactive genes. Heterochromatin mostly
occupies the nuclear periphery, whereas euchromatin is localized in the interior part of the nucleus. In
addition, heterochromatin is sub-divided into constitutive heterochromatin, which is localized in the
pericentromeric and subtelomeric regions of chromosomes, and facultative heterochromatin, localized in
chromosome shoulders (Lieberman-aiden et al., 2009; Ou et al, 2017). It has been shown that
heterochromatin is associated with lamin A/C forming the nuclear lamina, while euchromatin dominating
in the nuclear interior is connected with a small number of nucleoplasmic lamin A/C. A-type lamins are
considered to regulate the repressive state of genes included in facultative heterochromatin (Bitman-Lotan
and Orian, 2021; de Leeuw et al, 2018; Gruenbaum and Foisner, 2015). This three-dimensional
organization of chromatin contributes to the gene expression regulation and maintenance of silencing of
heterochromatic genes.

Nowadays, the multiplicity of methods such as super-resolution microscopy (Cremer et al., 2017;
Ricciet al., 2017), chromosome capture methods (Dekker et al., 2002), and chromatin immunoprecipitation
(ChIP) allow deeper investigation of 3D nuclear architecture (Collas, 2010; Oldenburg & Collas, 2016). In
this way direct interactions of chromatin with lamin A/C were identified using DNA adenine
methyltransferase identification (DamID) (Van Steensel & Henikoff, 2000; Guelen et al., 2008) and
chromatin immunoprecipitation methods (Lund et al., 2014; Lund et al., 2015). These regions now are
broadly known as lamina-associated domains (LADs). Approximately 30-40 % of the genome is occupied
by LADs, which contain different gene sets in a silent state according to the particular type of cells.
Moreover, it has been suggested that lamin A/C located in the nuclear interior as well as peripheral lamin
A/C (as a part of lamina) are involved in gene repression (Naetar et al., 2017). Similar to heterochromatin,
there are facultative and constitutive LADs (fLADs and cLADs respectively). The set of cLADs is very
identical in cells from several origins. Conversely, fLADs are unique for different cells types (Melcer and

Meshorer, 2010). During several studies, it has been demonstrated that fLADs are spatially positioned in



110

tissue-specific and embryo stage-dependent ways (Poleshko et al., 2019, 2017; Robson et al., 2016). Recent
research conducted on induced pluripotent stem cells (iPSC) carrying a tissue-specific LMNA mutation has
confirmed this fact and determined that disruption of lamin—chromatin bonds occurs in regions with specific
characteristics. Using three cell types such as cardiomyocytes (iPS-CMs), adipocytes (iPS-adips), and
hepatocytes (iPS-heps), obtained from iPSC with one of the two cardiac-specific LMNA mutations (T10I
and R541C), it has been determined that LADs have cell-specific organization. Moreover, cardiac-specific
LMNA mutations have a more destructive effect on iPS-CMs compared with iPS-adips and iPS-heps (Shah
et al., 2021).

During mitosis, dividing cells undergo some nuclear events, including release of transcription factors
and chromatin reorganization accompanied by rearrangement of LADs. Interestingly, these cell-type—
specific changes could be reconstructed after mitosis (Shevelyov and Ulianov, 2019). The molecular
mechanisms of maintenance of cell-specific orientation of LADs remain unknown. Also, it is not fully clear
how chromatin is attached to nuclear lamina.

Multiple interactions of the genome and lamina along large LAD regions are known to be dependent
on histone post-translational modifications. Poleshko and colleagues have demonstrated that the H3K9me2
mark takes part in 3D spatial heterochromatin organization at the nuclear periphery, and re-associates with
the forming nuclear lamina after mitosis (Poleshko et al., 2019). Besides, H3K27me3 marks, as well as
CTCEF binding sites, flank LADs, mediating their anchoring to the nuclear envelope (Harr et al., 2015).

In addition, apart from lamin A/C participating in chromatin organization, INM proteins can bind
genome regions with nuclear lamina, resulting in gene silencing. So it has been shown that LBR is
connected with the histone modification H3K9me3 through heterochromatin-binding protein 1 (HP1)
(Hirano et al., 2012). Emerin is able to interact with HDAC3 by initiating its catalytic activity (Demmerle
et al., 2012). The LAP2B protein plays a critical role in genome organization, gene expression and
differentiation process via interaction with the ATP-dependent chromatin remodeling complex BAF
(mammalian SWI/SNF complex) (Margalit et al., 2007). There are more examples of the involvement of
INM proteins in the regulation of chromatin architecture which can be found in previous reviews (Cai et
al., 2001; Zuleger et al., 2011).

The processes of maintaining stem cells in a pluripotent state, as well as their decision to differentiate
in a certain direction, are under regulation via complex intracellular programs. These programs can be
realized throughout changes of the activity of transcription factors, chromatin organization reconstitutions,
epigenetic regulator activity, and many other events. In this regard, it is worth noting the exclusive role of
lamin A/C as a part of chromatin organization and regulation of differentiation-related gene expression,
resulting in the cell's choice of further fate and specification of an identity. During cell differentiation,
spatial relocation of genomic regions towards or away from lamina occurs, as is shown in Figure 7. Thus,

genes non-relevant to differentiation interact with lamina and become silent. At the same time,
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differentiation-related genes unattached from lamina are available for their expression, facilitating the

development of a particular cell identity (Bitman-Lotan and Orian, 2021) (Figure 7).
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Figure 7. Alteration of the spatial organization of the lamin-chromatin interactions within cell
differentiation (Malashicheva and Perepelina, 2021).

The active role of lamin A/C in stem cell identity and cell differentiation has been investigated in
several studies. For example, during myogenesis some genes move in and out of LADs in a specific way,
leading to changes in their expression state. Some of these genes encode NETs (see above). This tissue-
specific NET expression is significant for selective chromosomes docking near the nuclear periphery
(Robson et al., 2016). Our group has shown an impact of various LMNA mutations on unique expression
pattern of genes during MSC differentiation (Malashicheva et al., 2015).

Besides the functions described above, A-type lamins bind to the retinoblastoma protein pRb, one of
the main cell cycle regulators, and are also involved in the regulation of apoptosis and in the processes of
muscle and adipogenic differentiation (Boban et al., 2010; Kennedy and Pennypacker, 2014). Lamin A/C
involvement in cell differentiation is also confirmed by the direct interaction of lamin A/C with cyclin D3
in muscle cells as well as with SREBP1, an important factor of adipogenic differentiation, in pre-adipocytes
(Mariappan et al., 2007). The complex of lamin A/C and emerin could also interact with a-catenin and
thereby determine the onset of adipogenesis (Boban et al., 2010). In addition, A-type lamins retain factor
c-Fos at the nuclear periphery, which leads to the repression of transcriptional activity of AP-1 factor, a
well-known regulator of cell proliferation, differentiation, and apoptosis (Mirza et al., 2021). Thus, A-type
lamins are associated with many transcriptional regulators in the nucleus and can influence gene expression
by binding to these factors or by affecting the basic transcriptional complexes assembly.

The C-terminal immunoglobulin-like domain of lamin A/C directly interacts with the PCNA
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replication factor, which plays an important role in DNA replication (Cobb et al., 2016; Shumaker et al.,
2008). In natural conditions, lamin A/C expression leads to inhibition of PCNA and dephosphorylation of
Rb, which consequently inactivates transcription factors of the E2F group. This leads to the arrest of the
cell cycle, suppression of DNA replication, and initiation of the differentiation process. Impaired lamin A/C
expression could lead to phosphorylation of Rb by the cyclin D - cdk4/6 complex and the release of
transcription factor E2F. As a result, cells do not proceed to the process of differentiation, and the apoptotic
mechanisms are activated (Chen et al., 2019).

Despite many discoveries regarding the role of lamin A/C in the regulation of gene expression and
chromatin organization, there is still no clear understanding of all the molecular participants in these
processes. Given the complexity and distinction of each specific cell type mechanism of differentiation
regulation, further studies are needed on the development mechanism of severe hereditary diseases

associated with impaired tissue differentiation—Ilaminopathies.
1.4.3 Lamin A/C cooperation with signaling pathways during cell differentiation

Aside from the lamin A/C functions discussed above, they are capable of modulating the activity of
signaling molecules via their interaction with gene regulators, promoters, and the other components of
signaling cascades in the cells.

Intermolecular interactions of lamin A/C with plenty of molecular signaling components or their
intermediates occur due to different posttranslational modifications that lamin A/C may undergo (Gerace
and Tapia, 2018; Maraldi et al., 2010). As a whole, post-translational modifications of lamin A/C can be
subdivided into phosphorylation, sumoylation, farnesylation, and carboxymethylation. However, the
influence of these modifications on lamin A/C cooperation mechanisms with other molecules and proteins

remains largely unknown (Andrés and Gonzalez, 2009; Gerbino et al., 2018).
1.4.3.1 Wnt/p-catenin

The Wnt/B-catenin signaling pathway plays a decisive role in the differentiation of various cells via
regulation of the genes involved in mesenchymal tissue proliferation and differentiation. It has been shown
that B-catenin (intracellular signal transducer in the Wnt/B-catenin signaling) is capable of interacting with
lamin-binding protein emerin, thereby controlling the expression level of emerin in differentiated cells.
Inhibition of GSK3 kinase, an important step in -catenin activation, is required for adipogenic lineage
differentiation. In contrast, GSK3-kinase activation leads to differentiation of stem cells towards the
osteogenic lineage (Maraldi et al., 2011). Using knockout mice (Lmna -/-), Tong and colleagues have shown
that the absence of lamin A/C synthesis leads to suppression of myogenic and osteogenic cell

differentiation, which correlates with an increase of adipose tissue content and with expression of
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adipogenic markers, as well as with decreased activity of the Wnt/B-catenin signaling pathway (Tong et al.,
2011). The implication of Wnt/B-catenin signaling in osteogenic differentiation promotion of MSCs was
confirmed in several studies (Tong et al., 2011; Wang et al., 2017), whereas adipogenic and chondrogenic
direction of differentiation was suppressed when Wnt/B-catenin was activated (Case and Rubin, 2010; Ullah

et al., 2015).
1.4.3.2 Notch pathway

Notch signaling is a key regulator of main cellular processes including proliferation, differentiation,
and apoptosis in both the adult organism and the developing embryo (Hori et al., 2013; Schwanbeck et al.,
2011). The Notch pathway includes four Notch receptors (Notchl, Notch2, Notch3, Notch4), five ligands
(Jag-1, Jag-2, DLL1, DLL3, DLL4), and gene regulators. Receptors and ligands are mainly transmembrane
forms of proteins that ensure the interaction of neighboring cells with each other. Notch receptors undergo
sequential proteolytic cleavages upon binding of their ligand, resulting in the release of Notch intracellular
domain (NICD) from the cellular membrane. NICD is translocated into the nucleus, where it interacts with
transcription factors, thereby activating expression of target genes (Andersson et al., 2011; Henrique and
Schweisguth, 2019).

Notch is established to regulate the cell differentiation process (Bray, 2006). Moreover, the
involvement of Notch signaling in Hutchinson-Gilford progeria syndrome (HGPS) has been shown (Pereira
et al., 2008). HGPS is associated with expression of a truncated form of prelamin A called progerin, whose
accumulation mainly leads to abnormal nuclear shape and chromatin structure. Thus, mostly mesenchymal
tissues are thought to be damaged. Scaffidi and Misteli showed that the expression of progerin in human
MSCs causes hyperactivation of the main targets of the Notch signaling pathway—HEY1 and HES1 (2008).
This contributes to a change in the expression of differentiation markers: enhanced adipogenic and reduced
osteogenic ones. However, changes in the chondrogenic differentiation in the cells carrying the mutation,
in contrast to the wild-type LMNA, were not observed. As a possible mechanism, it has been suggested that
the presence of progerin causes a disruption of a connection of lamin A/C with the transcription factor SKIP,
an activator of genes of the Notch family, thereby increasing Notch-related gene expression inside the
nucleus. In addition, Notch genes probably can directly interact with the nuclear lamina, and their regulation
is associated with epigenetic modifications (Scaffidi and Misteli, 2008).

The impact of various LMNA mutations on the Notch pathway during differentiation of the cells of
various mesenchymal origin has been reported. In our previous work, we proposed that the cooperation of
lamin A/C with Notch signaling could be one of the mechanisms regulating MSC differentiation, based on
the facts that tissue-specific LMNA mutations are able to influence the Notch signaling activity in MSCs
(Bogdanova et al. 2014). Thus, specific mutations in the LMNA gene are implicated in functional changes

of Notch signaling during cell differentiation.
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1.4.3.3 TGF-p/Smad pathway

There is considerable evidence that the TGF-B/Smad pathway is involved in bone abnormalities via
contravention of the osteogenic differentiation process. Smad2 is known to interact with lamin-binding
protein MAN1. Konde and colleagues described in more detail this interaction via structural analysis, and
revealed a UHM domain of MANI participating with Smad2-MAN1 link (Kond¢ et al., 2010).
Heterozygous loss-of-function mutation in the MANI gene leads to bone abnormalities in humans, such as
osteopoikilosis (sclerotic bone lesions) with or without manifestations of Buschke-Ollendorff syndrome,
and melorheostosis (aberrant growth of new bone tissue on the surface of existing bones). These abnormal
changes lead to increasing bone density and overexpression of TGF-b (Hellemans et al., 2004). It has been
shown that MANI could be implicated in inactivation through competition with transcription factors for
binding to Smad2 and Smad3, and it contributes to their dephosphorylation by phosphatase PPMI1A
(Bourgeois et al., 2013). In addition, lamin A/C can impact TGF-B/Smad signaling activity via interplay
with protein phosphatase 2A (Van Berlo et al., 2005). To understand how A-type lamins facilitate functional
changes of TGF-/Smad pathway, further research is obviously needed.

1.4.3.4 MAPK (ERK) pathway

The mitogen-activated protein kinase (MAPK) pathway regulates the cell cycle and differentiation
process (Maraldi et al., 2011). A-type lamins mediate retaining c-Fos (transcription factor that regulates key
cellular processes, including differentiation) at the periphery of the nucleus. Cooperation of lamin A/C with
c-Fos factor could be disrupted due to phosphorylation of c-Fos by MAPK Erk. This result suggests the
participation of lamin A/C in MAPK pathway activity (Gonzalez et al., 2008). In knockout mouse models
of dilated cardiomyopathy with the LMNA H222P mutation in response to mechanical stress in
cardiomyocytes, activation of the MAPK signaling pathway was observed, in which kinases such as
ERK1/2 and JNK were involved. In addition, inhibitors of this signaling pathway were found to prevent
the development of cardiomyopathies associated with a mutation in the LMNA gene, but did not affect the
development of muscular dystrophy (Muchir et al., 2007).

Thus, A-type lamins are associated with many signaling pathways and transcriptional regulators in
the nucleus and could influence gene expression by binding to these factors or by affecting the assembly of

basic transcriptional complexes.
1.5 Laminopathies

Laminopathies are a group of hereditary diseases caused by mutations in genes encoding a) nuclear
lamins; b) proteins associated with post-translational modifications of lamins (such as ZMPSTE24); c)

proteins that interact with lamins (emerin, LAP2, LBR, MANI, nesprins) and d) proteins that make up
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nuclear pores (Zaremba-Czogalla et al., 2011).
Over the past 20 years, it has been found that most laminopathies are caused by mutations in the
LMNA gene, which encodes lamin A/C. To date, over 15 different diseases have been described, associated

with 498 mutations in the LMNA gene (http://www.umd.be/L MNA/). Laminopathies are characterized by

a wide range of clinical phenotypes, in which one type of tissue is most often affected, mainly of
mesenchymal origin, for example, lipodystrophy (damage to adipose tissue), mandibuloacral dysplasia
(damage to bone tissue), cardiomyopathy and muscular dystrophy (damage of the heart and skeletal
muscles) (Rankin and Ellard, 2006). There are some groups of laminopathies in which different tissues are
affected, resulting in overlapping or systemic phenotypes (Bertrand et al., 2011; Crasto and Di Pasquale,
2018; Zaremba-Czogalla et al., 2011) (Figure 8).
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Figure 8. Variability of diseases caused by mutations in the LMNA gene (Malashicheva and Perepelina,
2021).

Premature aging syndrome, also known as progeria, is one of the best-studied human diseases with
overlapping phenotypes, in which several tissues are affected. The pathology is caused by mutations in the
ZMPSTE?24 gene, mutations in the LMNA gene, as well as by mutations in genes encoding DNA repair
proteins, such as in RecQ protein-like helicases (RECQLs) and nuclear excision repair (NER) proteins and
others (Navarro et al., 2006). The most famous form of progeria is Hutchinson-Guildford syndrome (Rankin
and Ellard, 2006; Worman et al., 2010). This is an extremely rare autosomal dominant disease, a childhood
form of progeria, characterized by changes in the skin and internal organs caused by premature aging of the
body. In 2003, the mechanism of this disease development was described. A mutation in the LMNA gene
causes the substitution of cytosine with thymine amino acid, thus forming an additional splice site in exon
11, resulting in a truncated mRNA of LMNA transcript. In the process of translation, an altered form of

prelamin A is synthesized, in which the CaaX motif is not cleaved, and instead of the mature lamin A, the
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progerin protein is formed, which cannot be incorporated into the nuclear lamina resulting in disruption the
scaffold of the nucleus (Gonzalo et al., 2017).

Unlike HGPS, for other diseases associated with mutations in the LMNA gene, the molecular
mechanisms of pathogenesis are still poorly understood. Most mutations in the LMNA gene affect the heart
or skeletal muscles. Among such diseases, Emery-Dreifuss autosomal dominant and recessive forms of
muscular dystrophy (EDMD) could be distinguished (Worman, 2012). The disease was found to be
associated with the R453 W point mutation of the LMNA gene mapped to locus Iq 21.2-21.3 (Favreau et al.,
2004b). Later, missense mutations were found, for example, G232E, Q294P and R386K, leading to the
development of EDMD (Muchir and Worman, 2007). Other diseases of the heart and skeletal muscles
associated with mutations in the LMNA gene were soon described: dilated cardiomyopathy 1A (Fatkin et
al. 1999) and limb-girdle progressive muscular dystrophy 1B (Muchir et al., 2000). EDMD, isolated dilated
cardiomyopathy, and limb-girdle muscular dystrophy are characterized by overlapping clinical phenotypes
and dilated cardiomyopathy associated with cardiac conduction abnormalities (Cattin et al., 2013).

Dunnigan-type familial partial lipodystrophy, also known as FPLD, is an autosomal dominant
disorder characterized by a loss of hypodermic adipose tissue in the limbs and torso after puberty and excess
fat deposition in the head and neck region. A total of 90% of the LMNA mutations in this syndrome are
missense mutations located in exon 8 (Boguslavsky et al., 2006). Several such mutations have been
described, for example, R482Q, R482W, G465D in exon 8, and R582H in exon 11 of the LMNA gene (Garg
et al., 2001).

Mandibuloacral dysplasia (MAD) is a rare autosomal recessive disorder characterized by postnatal
bone anomalies. MAD occurrs due to point LMNA mutations associated with amino acid substitutions (Garg
et al., 2005). Mandibuloacral dysplasia could also be caused by mutations in the ZMPSTE24 protease,
involved in the processing of prelamin A to lamin A/C (Agarwal et al., 2003).

Thus, these few main examples of laminopathies demonstrate that mutations in the same LMNA gene
could lead to the development of severe abnormalities, characterized by a wide range of clinical tissue-
specific phenotypes. However, the mechanism of development of these diseases is still not fully understood.

Several years ago, scientists proposed two hypotheses explaining the development of laminopathies:
a structural hypothesis and a gene expression hypothesis. According to the structural hypothesis, mutations
in the LMNA gene cause, first of all, weakening of the nuclear membrane, which makes it vulnerable to
damage resulting in cell death and a replacement of differentiated tissue in specific cells. Another
hypothesis is based on molecular mechanisms, and is related to the fact that A-type lamins are regulators
of gene expression of some proteins, and mutations in the LMNA genes, therefore, disrupt their regulatory
capacity and contribute to the disease development (Osmanagic-Myers and Foisner, 2019). Currently, there
is evidence for both hypotheses. However, it is interesting that cluster analysis of LMNA mutations gives

preference to one or another hypothesis depending on the localization of LMNA mutations associated with
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a particular type of laminopathies. Thus, it has been shown that mutations in the LMNA gene located
upstream of the nuclear localization signal (NLS) affect the conserved core domain necessary for the
formation and maintenance of the integrity of the nuclear cytoskeleton, while mutations located
downstream interact more closely with chromatin and transcription factors (Hegele, 2005). Since the first
group of mutations is mainly associated with a large group of muscular dystrophies and cardiomyopathies,
scientists suggested that the causes of these diseases are, first of all, a violation of the formation of the
lamina structure and mechanical defects. The second group of mutations belongs to other types of
laminopathies—in particular, to progeroid syndromes, FPLD and MAD— and is most likely associated

with disturbances in the interaction and regulation of important signaling pathways in the cell (Cattin et al.,

2013) (Figure 9).
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Figure 9. Correlation between localization of the LMNA mutations and disease phenotype (Malashicheva
and Perepelina, 2021).

Recently, research has mainly focused on the study of the molecular mechanisms of the development
of laminopathies (Alcorta-Sevillano et al., 2020; Osmanagic-Myers and Foisner, 2019; Shah et al., 2021).
The molecular mechanisms proposed by scientists include disturbances in the organization of
heterochromatin, intracellular signal transduction, and in the process of autophagy, which ultimately leads
to the regulation of the expression of various genes (Wong and Stewart, 2020) (Literature review from

Malashicheva and Perepelina, 2021).
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2. MATERIALS AND METHODS

All studies were carried out at the Research Laboratory of Molecular Cardiology and Genetics of the
Research Institute of Molecular Biology and Genetics of the Federal Medical Research Center V. A.
Almazova (St. Petersburg, Russia). All work with human material had permission from the local ethical

committee of the Almazov National Medical Research Centre.
2.1 Cell cultures

The following cell cultures were used in the work:
* Mouse satellite cells
* Mouse myoblasts C2C12
* Human umbilical vein endothelial cells (EC)
* Human mesenchymal cardiac cells (CMC)
* Human aortic smooth muscle cells (SMC)
* Interstitial cells of the human aortic valve (IC)
* Human induced pluripotent stem cells (iPSC)

* HEK 293-T cell line
2.1.1 Isolation and cultivation of mouse satellite cells

Mouse satellite cells were isolated from the soleus muscle of C57BL/6 males (weighing 16-18 grams).
The soleus muscle was isolated and placed in DMEM medium (Invitrogen, USA) with penicillin-
streptomycin (Invitrogen, USA). Isolated muscles were treated with 0.1% collagenase type I solution
(C0130, Sigma, Germany) for 90 min at 37°C. Next, the muscles were centrifuged in 15 ml tubes at 300 g
for 5 min. The supernatant was removed, and the pellet was intensively resuspended in 3 ml of wash
medium (DMEM, 10% horse serum (LS), 1% antibiotic) and incubated for 5 min. The washing procedure
was repeated one more time. The twice collected supernatant was centrifuged at 1000 g for 10 min. The
obtained cell pellet was dissolved in 0.5 ml of the culture medium (DMEM with the addition of 20% FBS,
10% LS, 1% chicken embryonic extract and 1% antibiotic).

Cells were cultured on Geltrex-coated (Invitrogen, USA) dishes at 37°C, 5% CO2, 99% humidity.

The culture medium was changed every second day.
2.1.2 Mouse myoblasts C2C12

C2C12 cells were cultured in DMEM medium (Invitrogen, USA) supplemented with 10% FBS, 1%
L-glutamine (Invitrogen, USA), and 1% penicillin-streptomycin (Invitrogen, USA) at 37°C, 5% CO2, 99%
humidity.
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The culture medium was changed every two days. When the cells reached a monolayer, the culture
was passed. Cells were detached from the bottom of the culture dish with a 2.5x trypsin solution (Invitrogen,
USA) diluted in phosphate buffer. Cells were incubated with trypsin in a thermostat for 3-5 min. Next, the
cells were centrifuged at 300 g for 5 min, the supernatant was removed and resuspended in the culture
medium, breaking up the cell aggregates.

To freezing C2C12 the cell suspension was centrifuged at 300 g for 5 min, the supernatant was
removed, and the cell pellet was resuspended in a 10% DMSO in FBS. The cell suspension was transferred

into cryovials and frozen at -80°C. The next day, the cryovials were transferred to liquid nitrogen (-195°C).
2.1.3 Interstitial cells of the human aortic valve (IC)

IC were isolated from healthy aortic valves obtained from patients after aortic valve replacement
surgery. For this, the valve was treated with a 0.2% collagenase solution (collagenase A-type 1V, >160
U/mg, Worthington Biochemical Corporation, USA), as described previously (Kostina et al., 2018). IC
were cultured in a growth medium containing DMEM (Invitrogen, USA) supplemented with 15% FBS, 2
mM L-glutamine, and 100 U/ml penicillin-treptomycin (Invitrogen, USA).

2.1.4 Human aortic smooth muscle cells (SMC)

SMCs were isolated by enzymatic treatment of the aortic wall. The aorta was placed in a collagenase
solution according to the protocol described previously (Kostina et al., 2018). Aortic tissue was treated with
0.1% collagenase solution (collagenase, type III, >100 U/mg, Worthington Biochemical Corporation, USA)
for 1 hour at 37°C. Further, after washing in DMEM medium with the addition of 20% FBS and an
antibiotic, the aortic tissue was crushed into small fragments and transferred to a culture flask with scratches
preliminarily applied to the bottom. Cells were cultured in DMEM medium (Invitrogen, USA)
supplemented with 20% PBS (Invitrogen, USA), 2 mM L-glutamine, and 100 U/ml penicillin-treptomycin
(Invitrogen, USA).

2.1.5 Human umbilical vein endothelial cells (EC)

EC were obtained from the umbilical vein by tissue enzymatic treatment (Baudin et al., 2007). The
vein was washed in PBS, filled with a 0.1% collagenase solution (collagenase II, Worthington Biochemical
Corporation, USA) and incubated in PBS at 37°C for 10 min. The collagenase solution containing the cell
suspension was centrifuged at 300 g for 5 min. The cell pellet was washed with DMEM, resuspended, and
plated on a plate coated with 0.2% gelatin (Sigma-Aldrich, USA) in ECM endothelial medium (Sciem Cell,
USA). All cultures were maintained at 37°C, 5% CO2.
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2.1.6 Human mesenchymal cardiac cells (CMC)
2.1.6.1 Isolation, cultivation, and transduction of CMC

According to the protocol (Smits et al., 2009), a fragment of myocardial tissue obtained during heart
surgery was washed in PBS from residual blood, dissected onto small clamps and digested with collagenase
IT (Worthington) solution (1 mg/mL) for 2 h at 37 °C. Then, the cell suspension was passed through a 40
um strainer and centrifuged for 5 min at 300 g. The pellet was resuspended in growth medium (20% ECM
(Stem cell), 70% DMEM/F12 (Thermo Fisher Scientific, USA), 10% FBS (Hyclone) (Thermo Fisher
Scientific, USA), 1x MEM NEAA amino acid solution, 1% L -glutamine (Invitrogen, USA), 1% pencillin-
streptomycin (Invitrogen, USA)), and seeded onto a 0.1% gelatin-coated plate. The cells were maintained
in growth medium at 37°C and 5% CO2. The growth medium was changed every three days. When the
cells reached a monolayer, the culture was passed. For this, the culture medium was removed and the cells
were washed with PBS. Cells were detached from the bottom of the culture dish using a 2.5x trypsin
solution (Invitrogen, USA) in PBS. Cells were incubated with trypsin at 37°C for 3—5 min. Then, to inhibit
trypsin, a warmed growth medium was added and carefully resuspended, breaking cell aggregates. The cell
suspension was transferred into 15 ml centrifuge tubes and centrifuged at 300 g for 5 min. The supernatant
was removed and the pellet was resuspended in fresh growth medium. For experiments, cells were seeded
on 12-well plates in density 60x103 cells per well.

Concentrate of lentiviral particles was added to the culture medium after CMC were seeded in 12
well plate. The culture medium was changed 16 hours after transduction.

The CMCs’ immunophenotype was verified with a flow cytometer (GuavaEasyCyte6, Millipore)
using CD33, CD45, CD117, CD90, CD105, CD73, CD146, and CD56 monoclonal antibodies (Becton

Dickson) according to manufacturer's recommendations.
2.1.6.2 Differentiation of the CMC in the adipogenic and osteogenic directions

The induction of osteogenic or adipogenic differentiations were performed by replacing the growth
medium with a differentiation medium.

Compound of the medium for adipogenic differentiation: growth medium (described above)
containing 0.5 mM 3-isobutyl-1-methylxanthine, 1 pM dexamethasone, 1 pM insulin, 0.2 mM
indomethacin, and 0.5 mM rosiglitazone (Sigma, USA). The differentiation medium was changed every
three days. The duration of adipogenic differentiation is 14 days.

Compound of the medium for osteogenic differentiation: growth medium containing 50 uM ascorbic
acid, 1 pM dexamethasone, and 10 mM beta-glycerol phosphate (Sigma, USA) was used. The medium was
also changed every three days. The duration of differentiation is 21 days.
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2.1.6.3 Staining of CMC:s differentiated in the adipogenic direction

Differentiated cells were stained with OilRed (Sigma, USA). To do this, the medium was removed
from the culture dish and the cells were washed with PBS. Next, the cell layer was fixed with a 4% PFA
solution for 30 min at room temperature, followed by washing with PBS. OilRed dye was added to the well
with cells and incubated for 30 min. The cells were washed twice with water and a small amount of water
was left to prevent the cells from drying out.

The staining results were analyzed using an Axiovert inverted microscope (Zeiss, Germany). MosaiX
software (Carl Zeiss Microsystems, Germany) was used to determine the number of differentiated cells per

well for each of the conditions.
2.1.7 Induced pluripotent stem cells (iPSC)

iPSC line with LMNA R249Q was generated from the patient’s PBMCs using CytoTune-iPS 2.0
Sendai Reprogramming Kit (Invitrogen, USA). Additionally, two control wild type lines were used: AD3
and WTSI1004-A.

AD3 line was kindly given by Dr. Neganova (Institute of Cytology, Russian Academy of Sciences,
Saint-Petersburg, Russia). AD3 line was generated from human neonatal fibroblasts (HNFs) using the
lentiviral, nonintegrating CytoTune-iPS 2.0 Sendai Reprogramming kit (Invitrogen, USA) according to the
manufacturer’s instructions. HNFs were purchased from Lonza (Slough, UK) and were cultured as
described (Neganova et al., 2017). Generated AD3 iPSC line was characterized according to the protocol
published before (Chichagova et al., 2015) and fulfilled all criteria of pluripotency (Neganova et al., 2017,
2016).

WTSIi004-A line was obtained from European Bank for Induced pluripotent Stem Cells (EBiSC)
(https://www.sigmaaldrich.com/RU/en/product/sigma/66540074). The EBiSC Bank acknowledges
Wellcome Trust Sanger Institute (WTSI) as the source of the hiPSC line WTSIi004-A (HPSI1113i-qolg_3),

which was generated with support from EFPIA companies and the European Union (IMI-JU”).
2.1.7.1 Generation and cultivation of the iPSC

1PSC line carrying the LMNA R249Q mutation was generated from a patient with a previously verified
diagnosis of Emery-Dreyfus myodystrophy (EDMD) and clinically significant arrhythmias by
reprogramming patient-specific T-lymphocytes. For this, peripheral blood T-lymphocytes were expanded
by culturing the blood mononuclear fraction overnight in RPMI1640 Glutamax medium supplemented with
10% FBS, 50 IU/ml penicillin, 50 pg/ml streptomycin, 200 units IL-2, and Dynabeads Human T-Activator
CD3/CD28 magnetic particles (all Thermo Fisher Scientific, USA). Next, magnetic separation of T-

lymphocytes was carried out using a magnetic stand. To induce reprogramming, T lymphocytes were


https://www.sigmaaldrich.com/RU/en/product/sigma/66540074
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transduced with Sendai viruses carrying reprogramming factors (CytoTune-iPS 2.0 Sendai Reprogramming
Kit, Thermo Fisher Scientific, USA). Reprogramming was performed on a mouse embryonic fibroblast
(MEF) scaffold in hES medium (KO-DMEM, 20% KOSR, 1% NEAA MEM amino acids, 2 mM glutamine,
50 IU/ml penicillin, and 50 pg/ml streptomycin, 55 pM B-mercaptoethanol, 10 ng/ml of recombinant human
bFGF) for 3-5 weeks before the formation of iPSC colonies. Distinct iPSC colonies with classical iPSC
morphology were separated with a plastic tip into the wells of'a 6-well plate pre-seeded with MEF at a rate
0f250,000 cells per well. Thus, one original iPSC colony was transferred to one well, thereby isolating the
colonies.

1IPSC colonies were manually picked and transferred in Essential 8 medium (Thermo Fisher
Scientific, USA) on Geltrex-coated plates. When the cells reached 80—-90% confluency, they were passaged
onto fresh Geltrex-coated plates using ReLeSR (Stem Cell Technologies, Canada) into Essential 8 medium
containing 5 uM Rock kinase inhibitor Y-27632 (Tocris, UK). The medium was changed daily and cells

were cultured at 37°C in a 5% CO; atmosphere.
2.1.7.2 Testing the ability of iPSC to trilineage differentiation

To confirm the pluripotent potential of the generated iPSC line, the ability for the formation of three
germ layers was tested. iIPSCs were differentiated using the STEMdiff™ Trilineage Differentiation Kit
(Stem Cell Technologies, Canada) according to the manufacturer's recommendation. Cells were seeded on
24-well Geltrex-coated plates in Essential 8 medium supplemented with 5 uM of the ROCK inhibitor Y-
27632. After 24 hours, the growth medium was changed to the appropriate differentiation medium; the
medium was changed every two days. Then, on the 5th day for the meso- and endoderm, and on the 7th
day for the ectoderm, immunocytochemical staining was performed for markers specific for the three germ

layers.
2.1.7.3 Cardiogenic differentiation of the iPSCs

Differentiation of iPSCs towards cardiomyocytes was performed by modulating Wnt signaling
activity with small molecules according to a previously published protocol (Burridge et al., 2014; Lian et
al., 2013) with some modifications.

For plating for differentiation, iPSCs were detached from the plate using the TrypLe Select reagent
(Thermo Fisher Scientific, USA), the cell suspension was centrifuged at 300 g for 5 min. The supernatant
was removed, and the cell pellet was resuspended in the Essential 8 culture medium (Thermo Fisher
Scientific, USA) supplemented with 5 uM of the ROCK inhibitor Y-27632 (Tocris, Canada). The cells were
plated on Geltrex-coated 12-well plates at a density of 600,000 cells per well. After 24 hours, Essential 8

medium were replaced for fresh. 24 hours after changing the Essential 8 medium, differentiation was started
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by replacing the growth medium (Essential 8) with the differentiation medium (RPMI1640 Glutamax,
supplemented with B27 without insulin, 50 IU/ml penicillin, 50 pg/ml streptomycin (all Thermo Fisher
Scientific, USA), and 6 uM CHIR99021 (Selleckchem, USA)) and left for two days. After that, the cells
were maintained for 48 hours in RPMI1640 Glutamax medium supplemented with B27 without insulin and
S5uM IWR-1 (Stem Cell Technologies, Canada). Then the medium was changed to RPMI1640 Glutamax
supplemented with B27 without insulin with 50 IU/ml penicillin, 50 pg/ml streptomycin (Thermo Fisher
Scientific, USA). From 6 to 21-23 days of differentiation, cells were differentiated in RPMI1640 Glutamax
medium supplemented with B27 with insulin, 50 IU/ml penicillin, 50 pg/ml streptomycin (Thermo Fisher
Scientific, USA). The medium was changed every 2-3 days. Metabolic selection of cardiomyocytes was
performed on days 9-13 of differentiation. To do this, the cells were transferred to a selection medium
(DMEM without glucose and pyruvate (Thermo Fisher Scientific, USA), 4 mM sodium lactate (Sigma
Aldrich, USA), 2 mM glutamine, 50 IU/ml penicillin, 50 pg/ml streptomycin (Thermo Fisher Scientific,
USA)). During selection, the death of undifferentiated cells and the survival of cardiomyocytes were
observed.

Obtained cardiomyocytes were detached from the plates using the TrypLe Select reagent in
RPMI1640 Glutamax medium supplemented with B27 and planted on Geltrex-coated slides (all Thermo
Fisher Scientific, USA) for further electrophysiological studies.

2.2 Plasmids

To create lentivirus production, a plasmid system based on the pLVTHM plasmid, kindly provided
by D. Trono (Ecole Polechnique, Lausanne, Switzerland), was used. We used viruses carrying genes
encoding the following proteins: Notchl intracellular domain (NICD), wild-type lamin (LMNA WT), lamin
with R482L substitution (LMNA R482L), lamin with R527C substitution (LMNA R527C). Plasmids were
previously constructed in the Laboratory of Molecular Cardiology of the Almazov National Medical

Research Centre (Saint-Petersburg, Russia) (Malashicheva et al., 2015, 2007).
2.3 Production of lentiviruses

The method is based on a protocol developed in the laboratory of Dr. D. Trono (Ecole Polytechnique
Fédérale de Lausanne, Switzerland) and modified in the laboratory of A. N. Tomilin (Malashicheva et al.,

2007).
2.4 Immunofluorescence staining

Cells were fixed on glass slides with 4% paraformaldehyde solution for 12 min at room temperature.

The cells were permeabilized with a 0.5% solution of Triton X-100 in PBS for 5 min at room temperature.
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Then the cells were washed with PBS three times for 5 min. Nonspecific binding was blocked with a 1%
BSA solution in PBS for 30 min at room temperature, after which the solution was removed. Incubation
with primary antibodies was carried out in a humid chamber for one hour at room temperature. The working
solution of antibodies was prepared in 1% BSA solution in PBS. After three washes for 5 min in PBS, the
cells were incubated with secondary antibodies conjugated with fluorochrome for an hour in the dark at
room temperature, followed by washing in PBS three times for 5 min. The nuclei were additionally stained
with 4',6-diamidino-2-phenylindole (DAPI) solution (Invitrogen, USA) for 1 min. Then the cells were
washed twice in PBS. Glasses were mounted using Fluoromount™ Aqueous Mounting Medium (Sigma,
USA). Immunocytochemistry results were visualized and analyzed using a Zeiss AxioObserver Z1
fluorescent microscope with an Axiocam 506 camera using Zen software (Zeiss, Germany). Primary and

secondary antibodies used in the work are shown in the Table 1.

Antibodies Dilution Company Ne (Cat #)/RRID
Pluripotent marker | Goat anti-OCT4 1:200 Santa Cruz Cat# 9656,
(primary antibodies) RRID:AB_653551
Pluripotent marker Mouse anti-NANOG | 1:200 Millipore Cat# MABD24,
(primary antibodies) RRID:AB 11203826
Pluripotent marker Mouse anti-SSEA4 1:200 R&D Systems Cat# MAB1435,
(primary antibodies) RRID:AB 357704
Ectodermal marker Mouse anti - BIII 1:200 R&D Systems Cat# MAB1195,
(primary antibodies) Tubulin RRID:AB 357520
Mesodermal marker Goat anti-Brachyury | 1:200 R&D Systems Cat# AF2085,
(primary antibodies) RRID:AB 2200235
Endodermal marker Goat anti-GATA6 1:200 R&D Systems Cat# AF1700
(primary antibodies) RRID:AB 2108901
Cardiac-specific marker | Mouse anti-troponin | 1:200 Thermo Fisher Scientific Cat#
(primary antibodies) T MAS- 12960,
RRID:AB 11000742
Cardiac-specific marker | Mouse Anti- 1:200 Santa Cruz, Cat# sc-74480
(primary antibodies) Tropomyosin
Myogenic marker Mouse anti-desmin 1:200 Clone D33, DAKO
(primary antibodies) MO0760
Myogenic marker Mouse anti- Myosin | 1:200 R&D Systems Cat# MAB4470-
(primary antibodies) Heavy Chain SP
(MYHC)
Nuclear lamin A/C Mouse-Lamin A/C 1:200 Invitrogen, Cat # MA3-1000
(primary antibodies) Monoclonal
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Secondary antibodies AF546 1:1000 Invitrogen

Secondary antibodies AF488 Goat Anti- 1:1000 Invitrogen Cat# A11029,
Mouse IgG RRID:AB_ 138404

Secondary antibodies AF488 Donkey Anti- | 1:1000 Invitrogen Cat# A11029,
Goat IgG RRID:AB 2534102

Table 1. Antibodies used in immunofluorescence analysis.

2.5 Gene expression analysis

Gene expression studies were performed using qPCR assay. Total RNA was isolated from cells with

Extract RNA reagent (Evrogen, Russia) and was subsequently treated with DNase I (Thermo Fisher

Scientific, USA). Reverse transcription reaction was performed using MMLV RT kit (Evrogen, Russia).

QPCR measurement was conducted using the qPCR mix-HS SYBR+LowROX (Evrogen, Russia) with

gene-specific primers on an LC480 platform (Roche, Switzerland). The relative expression of target genes

was calculated by the 2"—AACt method with the GADPH used as the reference gene. The concentration

and purity of the obtained samples (the ratio of absorption peaks 260 nm/280 nm - purity from proteins and

amino acids; 260 nm/ 230 nm - purity from salts and phenols) were determined using a Nanodrop 7500

spectrophotometer (Wilmington, USA). In addition, the quality of the isolated RNA was checked by

electrophoresis in 1% agarose gel at a current of 80 mA using electrophoretic chambers from BioRad

(USA). The primer sequences used are listed in Table 2.

Gene

Sequence of forward/reverse primer (5'-3")

Primer sequence for human genes

CcC

GAPDH | AATGAAGGGGTCATTGATGG/AAGGTGAAGGTCGGAGTC
Reference gene
AA
HEYI TGGATCACCTGAAAATGCTG/CGAAATCCCAAACTCCGAT
A
HESI AGCACAGAAAGTCATCAAAG/AGGTGCTTCACTGTCATTT
C
NOTCHI | GTCAACGCCGTAGATGACC/ TTGTTAGCCCCGTTCTTCAG
Target genes for
NOTCH3 | GGAGCCAATAAGGACATGCAGGAT/GGCAAAGTGGTCCA
Notch pathway
ACAGCAGC
NOTCH4 | GTTGTGACAGGGTTGGGACT/CAGCCCAGTGGGTATCTCT
G
SLUG TCCAGACCCTGGTTGCTTCA/GAATGGGTCTGCAGATGAG
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C-MYC TTTCGGGTAGTGGAAAACCA/CACCGAGTCGTAGTCGAG
GT
CCND3 TGACCATCGAAAAACTGTGC/TTGAGCTTCCCTAGGACCA
G
DLL4 AGGCCTGTTTTGTGACCAAG/CTCCAGCTCACAGTCCACA
C
JAGI TGCCAAGTGCCAGGAAGT/GCCCCATCTGGTATCACACT
AP2 GCCAGGAATTTGACGAAGTC/TGGTTGATTTTCCATCCCAT
PPARG AGCCTTCCAACTCCCTCATGGCA/TCCGGAAGAAACCCTT | Adipogenic markers
GCATCCT
RUNX2 TGGATCACCTGAAAATGCTG/CGAAATCCCAACTCCGATA
ATF4 HS00909569 g1 (TagMan)
OPN TCACCTGTGCCATACCAGTTAAA/TGGGTATTTGTTGTAAA
GCTGCTT
CoLiIAl | GACCTAAAGGTGCTGCTGGAG/CTTGTTCACCTCTCTCGC
cA Osteogenic markers
OGN GGCAATAACACCATTACCTCCC/AGGGTGGTACAGCATCA
ATGT
BMP4 AGCACTGGTCTTGAGTATCCTG/GCAGAGTTTTCACTGGT
CccC
OCT3/4 GAAGGAGAAGCTGGAGCAAA/CTTCTGCTTCAGGAGCTT
GG
NANOG CAGCCCTGATTCTTCCACCAGTCCC/TGGAAGGTTCCCAG
TCGGGTTCACE Pluripotent markers
SOX2 AACCCCAAGATGCACAACTC/GCTTAGCCTCGTCGATGAA
C
TBXT GGGTACTCCCAATCCTATTCTGAC/GCTGGACCAATTGTCA
TGGG
ISL1 GCGGAGTGTAATCAGTATTTGGA/GCATTTGATCCCGTACA
ACCT Cardiac-specific
GATA4 CGACACCCCAATCTCGATATG/GTTGCACAGATAGTGACC | markers
CGT
MEF2C CCAACTTCGAGATGCCAGTCT/GTCGATGTGTTACACCAG

GAG
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T

TTCGACCTGCAGGAGAAGTT/GCGGGTCTTGGAGACTTTC
T

MYH7 TAGACACACTTGAGTAGCCCAG/CTAGCCGCTCCTTCTCT
GACT

ACTN2 GAACAAGATGGAGGAGATTGCC/GATGTTGTGCTCATACT
GCTTCA

FLNC GACAACCATGACTACTCCTACACT/CCGCCATAAGTCACT
GTCACT

DMPK GAGACCTATGGCAAGATCGTCC/CTGAATGAAGTCTCGAG
CCTCC

ILK1 CCAAGATCAAGTGGCAGAGGAC/GTCCACAGGCATCTCT
CCATAC

SCN5A GAGCGGCTGTGAAGATTCTGGTTC/GCCATGAACACGCAG
TTGGTG

SCN4B GGCTCCTCCTTCTGTCTTAAGAG/CTGAGAGAAGCTGCAT
GATCCA

TRPM4 CTGCACGACGTTCATAGTTGAC/TGTGTGCATCGCTGTCC
C

HCN4 CGCTGCCACCACTTCTGT/TTCAGGTGCCTTGGCGTC

PKP2 GCTGCTTCCGTCCTTCTGTA/GGAGTGGTAGGCTTTGGCA

DSP GGCACCAGCAGGATGTACTA/CTCCTGGATGGTGTTCTGG
T

GJAS GCCAGTACTTCATCTACGGAATCT/GGATACGTAACAGTTG
ACCGG

JUP ACTCTGTGCGTCTCAACTATGG/AAGCCGATGGTTGCCTT

GAC

Primer sequence for mouse genes

Myomaker | CCTGTGATGGGCCTGGTTTGTC/GGTTCATCAAAGTCGGC
CAGTGC

Pax3 CGATGGCATCCTGAGTGAGC/GCCGTGAAGGTGGTTCTGC

Myf5 AAGGCTCCTGTATCCCCTCAC/TGACCTTCTTCAGGCGTCT
AC

MyoD CTGCCTTCTACGCACCTGGAC/GGGCCGCTGTAATCCATC

ATGC

Myogenic markers
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MyoG GAGACATCCCCCTATTTCTACCA/GCTCAGTCCGCTCATAG
CC
Myh4 GGCTGAGGAGGCTGAGGAAC/CTGGGACTCCGCGATGTC
AG
Mrf4 CAGTGGCCAAGTGTTTCGGATCA/CTTCTCCACCACCTCC
TCCAC
GAPDH GGATCTGACGTGCCGCCTG/GAAGGTGGAAGAGTGGGAG
TTGC Reference gene

Table 2. Primer sequences used for qPCR.
2.6 qPCR data analysis

The GraphPad program was used for statistical data processing and plotting; the plots were created
using the Microsoft Excel program. The resulted data are presented as the mean value of all experiments
performed, standard deviations (SD), or errors of the mean (SEM) are indicated for each analyzed sample.
The significance of differences between groups was assessed using the nonparametric Mann-Whitney test.

Differences were considered significant at a significance level of p<0.05 (*) and p<0.01 (**).
2.7 RT-PCR

To confirm the elimination of exogenous reprogramming transgene factors in the generated iPSC line
RT-PCR analysis with primers specific to Sendai vectors’ sequences (KOS, SeV) or GADPH gene.
Components of the PCR reaction: 50 ng of the cDNA template obtained after the reverse transcription
reaction, 1 pl of forward and reverse primers (10 pM), 2 ul of ANTP mixture (10 mM), 5x DreamTaq Green
buffer (Thermo Fisher Scientific, USA), 5 units. Taq polymerase (Silex). Primer sequences are shown in
Table 3. Amplification was carried out according to the following scheme: 95°C - 30 s, then 35 cycles (95°C
-30s, Tm - 30 s, 72°C - 1 min) and 72°C - 10 min. PCR was performed in a DNA amplifier (Applied
Biosystems, USA). Electrophoresis of amplified DNA fragments was performed in 1% agarose gel on TAE
buffer at a current of 80 mA.

Gene Forward/Reverse primer (5'-3")
Sendai virus KOS ATGCACCGCTACGACGTGAGCGC/ACCTTGACAATCCTGAT
transgenes GTGG
Sendai virus SeV GGATCACTAGGTGATATCGAGC/ACCAGACAAGAGTTTAAG
genome AGATATGTATC
Reference gene GAPDH | CAAGGTCATCCATGACAACTTTG/GTCCACCACCCTGTTGC
TGTAG

Table 3. Primer sequences used for RT-PCR
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2.8 Alkaline phosphatase staining

For the pluripotency confirmation, iPSCs were stained using the sensitive substrate for alkaline
phosphatase detection NBT/BCIP (Roche, Switzerland) solution according to the manufacturer's
instructions. The results of staining were visualized using an AxioObserver D1 microscope (Carl Zeiss,

Germany).
2.9 Promoter activity assay

To assess the activity of the Notch signaling pathway, a lentiviral vector based on the luciferase
reporter construct 12XCSL was used. In the construct, the expression of the firefly luciferase gene is
regulated by 12 CSL binding sites upstream of a minimal TK promoter and the level of CSL promoter
activity indicates the transcriptional activation of a Notch pathway.

The cells were seeded on 12-well plates and transduced simultaneously with: 1) lentivirus containing
the 12xCSL-luc reporter; 2) lentivirus containing the NICD gene; 3) lentivirus containing the LMNA (wild
type or mutant). Samples with cells without transduction with a luciferase reporter construct and/or without
the addition of luciferin were used as controls. Cells were lysed using Luciferase Assay System (Promega,
USA) according to the manufacturer’s recommendations 48 hours after transduction. Luciferase activity
was measured with Synergy2 (BioTek, USA). Samples were normalized by protein content using Pierce

BCA Protein Assay Kit (Thermo Fisher Scientific, USA).
2.10 Sodium current recording

Experiments on recording the incoming sodium current (INa) were performed using the patch-clamp
method in a whole-cell lead. Intracellular solution for recording INa (mmol/l): 130 CsCl, 10NaCl, 10
EGTA, 10 HEPES (pH 7.3 CsOH). When registering INa, 20 uM nifedipine was also added to the solution
to block calcium currents. Extracellular solution for recording INa (mmol/l): 140 NaCl, IMgCI2, 1.8 CaCl2,
10 HEPES, 10 Glucose (pH 7.4 CsOH).

Glass microelectrodes were fabricated using a puller (P-1000, Sutter Instrument, USA). The
resistance of the electrodes was 1.8-3.2 mOhm. Data acquisition and correction of liquid junction potentials
were performed using an Axopatch 200B amplifier and Clampfit software version 10.3 (Molecular Devices
Corporation, USA). The currents were obtained at a stimulation frequency of 20-50 kHz and filtered to 5
kHz using an analog-to-digital converter (Digidata 1440A acquisition system, Molecular Devices
Corporation, USA). Series resistance was compensated at 75-80%. To avoid possible fluctuations in the
kinetics of stationary activation and inactivation, all protocols were recorded for at least 5-10 min after

switching to the whole-cell configuration.
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2.11  Data analysis

To obtain current-voltage characteristics of sodium current (I/V), the following protocol was used:
cell depolarization pulses from a maintained potential of -100 mV to a voltage between -80 and 40 mV over
20 ms in 5 mV steps. The current density (pA/pF) was obtained by normalizing the INa amplitude to the
cell capacitance. The reversion potential was calculated by linear extrapolation of peak currents at
depolarization potentials from 10 to 40 mV. The activation versus voltage dependence is the dependence of
the normalized conductance (proportion of activated channels) on the membrane potential and is calculated
from the I/V protocol. Stationary activation is estimated using the Boltzmann function G/Gmax = 1/(1 +
exp((V1/2 -V)/k)), where Gmax is the maximum conductivity for sodium, V1/2 is the potential at which
50% of the channels are activated and k is the slope constant.

A number of additional protocols were also used to identify such characteristics of mutant channels
as stationary inactivation, stationary fast inactivation and stationary slow inactivation. Stationary
inactivation was obtained using the following protocol: a membrane maintenance potential of -100mV, a
500ms prepulse varying in voltage from -120 to 0OmV in SmV steps followed by -20mV depolarization (test
pulse). Stationary fast inactivation was measured using the following protocol. Cells were held at a potential
of -100 mV and then hyper- and depolarized for 20 ms to voltages between -120 and 0 mV in 5 mV steps,
and then depolarized for 20 ms at a voltage that produced the maximum I/V response. protocol. The
parameters of the stationary inactivation and stationary fast inactivation curves were determined from the
Boltzmann equation I/Imax = 1/(1 + exp((V1/2 -V)/k)), where Imax is the maximum sodium current , V1/2
is the potential at which 50% of the channels are inactivated and k is the slope constant.

Stationary slow inactivation was measured using a 10 s prepulse at a voltage ranging from -120 to 0
mV in 5 mV steps followed by hyperpolarization to -120 mV for 100 ms to remove fast inactivation and a

20 ms test pulse that elicits the maximum response in I/V protocol.
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3 RESULTS AND DISCUSSIONS

In our study, we used a spectrum of tissue-specific point mutations in the LMNA gene associated with
a particular disease phenotype. Thus, based on the introduction of the mutant lamin A/C gene into cells via

lentivirus, we modeled the disease phenotype on the varied cells.
3.1 Investigation of the LMNA mutations’ effect on muscle differentiation

Mouse C2C12 myoblasts and mouse primary satellite cells were used as cellular models for muscle
differentiation. These cell models are shown to express the main markers of muscle differentiation and are

able to fuse to form myotubes.
3.1.1 Effect of the G232E and R571S mutations in the LMNA gene on myotube formation

To modify the genome, C2C12 cells and mouse primary satellite cells were transduced with a
concentrate of lentiviral particles (5 MOI) carrying different forms of human lamin: wild-type lamin (LMNA
WT) and mutant forms (LMNA G232E and LMNA R5718).

A comparative analysis of the effectiveness of cell infection with different forms of lamin was carried
out. To do this, we perform immunocytochemical staining of myotubes using antibodies that recognize
human lamin A/C (green color in Figure 10, A). To visualize myotubes, cells were stained with antibodies
recognizing mouse myosin heavy chains (red in Figure 10, A). An analysis of the efficiency of cell
transduction with endogenous forms of LMNA showed no significant differences when different forms of
LMNA (LMNA WT/LMNA G232E/LMNA R571S) were used. The percentage of nuclei visualized after
immunocytochemical staining for human lamin A/C for different forms of lamin was as follows: for LMNA
WT - 30.57% (n analyzed myotubes = 105), in the case of LMNA G232E - 29.93% (n=99), and in the case
of LMNA R571S - 46.93% (n=100) (Figure 10, A). In addition, no visible abnormalities in the nuclear
morphology were found.

To assess the effect of mutant forms of lamin on the process of muscle differentiation (formation of
myotubules), mouse satellite cells were used, which were transduced with lentivirus carrying LMNA G232E
or LMNA R571S. Satellite cells transduced with lentivirus carrying LMNA WT were used as controls. The
transduced cells were differentiated for 7 days in a low serum medium. The morphology of myotubes
expressing exogenous forms of lamin was assessed by immunocytochemical staining for desmin and
myosin heavy chains (Figure 10, B). As a control, myotubes generated from satellite cells with LMNA WT
and from non-transduced satellite cells were used. It was found that the mutant myotubes are characterized
by a shorter length compared to the control. It has also been shown that mutations lead to the formation of
myotubes with an impaired process of nuclear distribution.

In order to quantify the results obtained after immunocytochemical staining of the mutant and control
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myotubes, the lengths of the myotubes (the number of nuclei incorporated into the myotube) were
calculated (Figure 10, C). Control myotube lengths (carrying LMNA WT/non-transduced) contain more
than 15 nuclei in 65-70% of cases. However, myotubes carrying LMNA R571S contained 5-10 nuclei in
60% of cases; and myotubes with LMNA G232E contained only 1-2 nuclei.

There are two mechanisms explaining why cells carrying a mutation form myotubes with a disturbing
process of muscle differentiation: 1) a violation of division in cells due to mutations; 2) a violation of the
fusion process. To assess the process of cell fusion, the fusion index was calculated (fusion index = (N
nuclei incorporated into myotubes/N of all nuclei) x 100%) (Figure 10, D). Fusion indices for control
myotubes were 47.99 + 0.45% (for LMNA WT) and 46.97 £+ 1.49% (for non-transduced cells). At the same
time, fusion indices in mutant myotubes were lower, 17.98 + 1.83% (for LMNA R571S) and 12.42 +4.24%
(for LMNA G232E). Data on myotube lengths and fusion indices complemented each other, cells with the
lowest fusion index had the shortest length. In contrast, cells with an increased fusion index were able to
form long tubes.

Moreover, “abnormal” myotubes were found, cells with impaired the process of positioning the nuclei
(Figure 10, E). The number of such abnormal myotubes was calculated for all forms of lamin: for LMNA
G232E - 61.65 = 6.23% of the total number of myotubes, for LMNA R571S - 64.68 + 4.62%, for the
endogenous form of lamin and LMNA WT — 6.94 + 2.16% (Figure 10, E). Thus, our data indicate that
mutations in the LMNA gene are associated with a violation of the divergence of nuclei to the poles during

the formation of myotubes (Perepelina et al., 2017).
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Figure 10. Morphological characteristics of myotubes carrying transgenic forms of lamin A/C (LMNA).
(A) Immunocytochemical staining of myotubes formed by mouse satellite cells bearing different forms of
lamin. Myosin heavy chains (MyHC, red). Nuclei are stained with DAPI (blue) and anti-human lamin A/C
antibodies (green).

(B) Immunocytochemical staining of myotubes formed by mouse satellite cells bearing different forms of
lamin. Staining for desmin (Desmin) and myosin heavy chains (MyHC) (red). Nuclei are stained with DAPI
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(blue).
(C) Percentage of myotube lengths expressing different forms of lamin. Myotubes expressing endogenous
lamin (n=120 myotubes) and LMNA WT (n=120 myotubes) contain 15-19 nuclei. Myotubes with LMNA
R571S (n=74 myotubes) contain 5-10 nuclei, and myotubes with LMNA G232E (n=62 myotubes) contain
2-4 nuclei.
(D) Fusion index of myotubes bearing different forms of lamin. Data are presented as means £ SD (n
analyzed myotubes: C (control)=120, LMNA WT=120, LMNA G232E=62, LMNA R5715=74).
(E) An example of an "abnormal" myotube. Stained for desmin (red). Nuclei are stained with DAPI (blue).
(F) Number of "abnormal" myotubes bearing different forms of lamin. Data are presented as means = SD
(n analyzed myotubes: C (control)=120, LMNA WT=120, LMNA G232E=62, LMNA R571S=74)
(Perepelina et al., 2017).

3.1.2 Impact of the G232E and R571L LMNA mutations on the expression of the myogenic

markers

Next, we analyzed changes in the expression of myogenic markers in C2C12 cells due to LMNA
G232E and LMNA R571S mutations during muscle differentiation. For this, we used the real-time PCR
method, evaluating the expression of the following genes: Pax3, Myf5, Myomaker, MyoD, MyoG, Myh4,
Mrf4 (Figure 11). C2C12 cells transduced with lentivirus carrying LMNA WT/LMNA G232E/LMNA R571S
were differentiated within 24 hours, 72 hours, and 7 days.

The gene expression analysis result showed alterations in the expression levels of some genes caused
by the action of the mutations. The LMNA G232E mutation resulted in a statistically significant decrease
of the Myomaker gene expression 24 hours and 7 days after differentiation induction compared to cells
transduced with LMNA WT. LMNA R5718S caused a decreased level of the Myomaker on the 7th day of
differentiation.

Also, it was shown that mutations caused an increase in the expression of Myf5 and MyoD in cells at
an early stage of differentiation (24 hours). At a later stage of muscle differentiation (7 days), a decrease in
the expression level of MyoG and Mrf4 was observed under the influence of the LMNA G232E mutation
compared to LMNA WT (Perepelina et al., 2017).
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Figure 11. Evaluation of the effect of the LMNA R571S and LMNA G232E on the expression of myogenic
markers during muscle differentiation of C2C12 cells. The OY axis indicates the relative amount of mRNA
for each gene measured by the 2-AACT method and normalized to the LMNA WT sample. Data are
presented as means of 4-6 biological replicates + SEM. *p<0.05; **p<0.01; wt—LMNA WT; 571 - LMNA
R5718S; 232-LMNA G232E (Perepelina et al., 2017).

3.1.3 Discussion of the results obtained in the study of the LMNA mutations effect on the

C2C12 cells and mouse satellite cell muscle differentiation

We evaluated the effect of the LMNA mutations leading to the development of Emery-Dreyfus
muscular dystrophy (LMNA G232E — leads to the affection of the skeletal muscles) and dilated
cardiomyopathy (LMNA R571S — leads to the affection of the cardiac tissue), on the process of muscle
differentiation. We have shown that the analyzed mutations lead to a disruption in the process of muscle
differentiation — disruption of cell fusion and the formation of myotubes. Myotubes expressing mutant
forms of lamin were characterized by a lower number of nuclei compared to myotubes expressing
exogenous wild-type lamin and endogenous form of lamin. We found that the formation of short myotubes
was associated with a decrease in the fusion index. In addition, mutant cells often formed "abnormal"
myotubes (nuclei were concentrated in the middle of myotubes) (Cadot et al., 2012; Yin et al., 2013). Thus,
the differentiation process was disrupted not only at the early stages of myoblast fusion but also at later
stages, when the myotube was already formed.

Our results on the assessment of the lamin gene mutations’ effect on myotube morphology confirm

and supplement the available literature data. One of the early works was performed on a culture of C2C12
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cells that expressed LMNA R453W, the first described lamin mutation in an EDMD patient. Cells containing
this mutation had a reduced ability to differentiate. Analysis of the expression of myogenic markers revealed
a reduced level of the MyoG, while the expression of the earlier MyoD marker remained unchanged
(Favreau et al., 2004a). Another study performed on the same cell line (C2C12) and analyzing the same
mutation (R453W) also revealed a decrease in MyoG expression (Hakelien et al., 2008). It has been shown
that the effect of lamin gene mutations on MyoD and MyoG expression is associated with the involvement
of lamin A/C in the regulation of Rb/E2F and Rb/MyoD signaling pathways (Pekovic et al., 2007).

In experiments conducted on satellite cells obtained from Lmna gene knockout mice, it was shown
that myoblasts demonstrated a reduced proliferation rate rather than a reduced fusion index, as in our work
(Cohen et al., 2013). This discrepancy with our results can be explained by different cellular models used
in the works. It is possible that compensatory mechanisms are activated in cells completely devoid of lamin,
which are not present when the mutant form is expressed.

Our data on the expression of the Myf5 gene (an increased level of expression 24 hours after the
induction of differentiation under the action of the LMNA G232E) were consistent with the results of
experiments performed on primary myoblasts of Lmna gene knockout mice. In the absence of lamin in the
cells, the expression of the Myf5 transcription factor was increased, while the Pax3/Pax7 satellite cell
markers did not change their expression level (Frock et al., 2006). Moreover, there are works devoted to
analysis of biopsy material obtained from patients with a LMNA mutation. The satellite cells of these
patients also had a reduced level of MyoD level, but the number of cells expressing Pax7 was increased
(Park et al., 2009). This is consistent with our results on Pax3 gene expression.

Thus, LMNA mutations associated with the striated-muscle phenotype development lead to a reduced
ability of myoblasts to form myotubes, as well as increased expression of early myogenesis markers and
reduced expression of late myogenesis markers. However, the results could vary depending on the analyzed
material, the method of modification of the lamin gene, and the duration of cell differentiation.

Also, in the present work, a decrease in Myomaker gene level was detected 24 hours after the
induction of differentiation for LMNA G232E and 7 days after the induction of differentiation for both
mutations. The reduced level of Myomaker expression may be associated with the reduced level of MyoG
level. Up to date, it is not completely clear what transcription factors participate in the regulation of the
Myomaker expression. Possibly, MyoD and MyoG factors involve in the regulation of the Myomaker
activity, since the Myomaker gene has a sequence in its promoter for binding to transcription factors of the
“helix-loop-helix” type, which are MyoD and MyoG (Millay et al., 2014). Thus, reduced MyoG expression
may lead to reduced Myomaker expression.

The fact that under the action of the mutation affecting striated-muscle, LMNA G232E, Myomaker
expression decreases already 24 hours after the induction of differentiation, is consistent with the data on

the shorter length of myotubes formed during this mutation and the lowest cell fusion index.
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Thus, the mutation leading to the development of the striated-muscle phenotype has the greatest
negative effect on the ability of myoblasts to fuse and the expression of the key markers of muscle
differentiation. This confirms the tissue-specific manner of the disease development (Perepelina et al.,

2017).
3.2 Investigation of the LMNA mutations’ impact on adipogenic differentiation

Human cardiac mesenchymal cells (CMCs) were used as a cell model to study the effect of a tissue-
specific mutation in the LMNA gene (R482L) on adipogenic differentiation. CMCs were shown to be able
to differentiate into adipocytes (Malashicheva et al. 2015), which confirms the validity of using these cells

as a model for studying the mechanisms of disease development in which adipogenesis is affected.
3.2.1 Evaluation of cell transduction efficiency and nuclear morphology

Firstly, the cellular genome was modified by transduction with lentiviral constructs carrying the wild-
type human lamin gene (LMNA WT) or mutant forms (LMNA R482L or LMNA R527C). To assess the
efficiency of cell transduction, rat CMCs were used to visualize the expression of human lamin A/C.
Expression of exogenous forms of lamin was confirmed by immunocytochemical staining with antibodies
specifically recognizing human lamin A/C. Non-transduced human CMCs were used as a positive control
(Figure 12).

We noted changes in nuclear morphology ("blebbing" of the nuclear membrane) in cells transduced
with lentivirus carrying LMNA R482L. In contrast, control (non-transduced) cells and cells transduced

with LMNA WT had no changes in nuclear morphology (Perepelina et al., 2018).

Control LMNA WT LMNA R482L

40x

Figure 12. Analysis of the expression of transgenic forms of lamin A/C in rat CMC. Immunocytochemical
staining of rat heart stem cells for human lamin A/C (green), nuclei were additionally stained with DAPI
(blue). Control — non-transduced human CMC (Perepelina et al., 2018).
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3.2.2 Evaluation of the LMNA R482L impact on the Notch pathway activity in the

undifferentiated cells

All further experiments were performed using human CMCs. To explore the LMNA mutation effect
on Notch pathway activity we measured the expression level of the Notch-related genes in human CMCs.
We transduced CMCs with lentiviruses carrying LMNA WT or LMNA R482L and activated Notch signaling
via transduction of the cells with Notch-intracellular domain (NICD). We analyzed the expression of
following genes: HEYI, SLUG, CMYC (c-Myc), and CCND3 (cyclin D3). The introduction of NICD led to
a significant increase in HEY'1 expression, which is a consequence of the activation of the Notch signaling
pathway. LMNA R482L led to a significant decreased level of HEY1, SLUG, CMYC, and CCND3 compared
to LMNA WT (Figure 13). Thus, mutant lamin A/C counteracts the activation of the Notch pathway in
undifferentiated CMCs (Perepelina et al., 2018).
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Figure 13. LMNA R482L in cooperation with Notch activation lead to alterations in expression of the Notch
target gene in CMC. Relative mRNA level was measured by qPCR. The results are represented as mean +
SEM. *p<0.05, (n = 3) (Perepelina et al., 2018).

3.2.3 Evaluation of the LMNA R482L effect on adipogenic differentiation under conditions of

Notch activation

We demonstrated that CMCs capable to differentiate toward adipocytes (Figure 14). Staining with oil
red O dye (on day 14) and qPCR (on day 3) on adipogenic markers (4P2 and PPRG) were carried out.

Undifferentiated CMCs were used as a negative control.
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Figure 14. CMCs testing on ability to adipogenic differentiation. The upper panel shows undifferentiated
(Undiff) and differentiated (Diff) cells stained with Oil Red dye. The lower panel shows the expression
level of adipogenic markers AP2 and PPARG measured by qPCR. The results are represented as mean +=SD
(n=13); **p <0.01 (Perepelina et al., 2018a).

To study the effect of mutant LMNA on expression of Notch target genes during adipogenic
differentiation of the CMC, we transduced cells with lentiviruses carrying LMNA WT or LMNA R482L and
activated Notch with NICD as described previously. Further, control (non-transduced) and transduced
CMCs were induced to adipogenic differentiation. Figure 15 shows that Notch activation inhibits
adipogenic differentiation, which was determined by counting the area of differentiated cells and analyzing
AP2 and PPARG expression (Figure 15, A, B). In the absence of Notch activation, LMNA R482L had no
significant effect on the adipogenic differentiation of the CMC compared to LMNA WT. At the same time,
upon Notch activation, LMNA R482L caused a statistically significant decrease in the number of
differentiated cells, as well as a decrease in the expression of adipogenic markers AP2 and PPARG. Thus,
LMNA R482L inhibits the adipogenic differentiation of the CMC only under conditions of activation of the
Notch signaling pathway (Perepelina et al., 2018).
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Figure 15. LMNA R482L leads to decrease adipogenic differentiation when Notch is activated. (A) Left
panel: differentiated cells stained with oil red O dye. Right panel: percentage of oil red O positive cells for
different conditions. (B) relative mRNA level of adipogenic markers AP2 and PPRG measured by qPCR.
The results are represented as mean £SD, (n = 3); *p < 0.05 (Perepelina et al., 2018).

3.2.4 Evaluation of the LMNA R482L effect on Notch signaling activity in differentiated
CMCs

The aim of this stage of the work was to study the effect of the mutant lamin (LMNA R482L) on the
Notch pathway activity during adipogenic differentiation. CMC’s genome modification was performed by
introducing LMNA WT or LMNA R482L via lentiviruses. The notch was activated by transduction with
NICD. The activity of the Notch pathway was explored by measurement expression of Notch-related genes
(HEYI and NOTCH1) by qPCR on day 3 of adipogenesis. We found inhibition Notch in the cells expressing
mutant lamin A/C in the condition of the Notch activation compared to wild-type cells. Additionally, we
used the reporter luciferase construct CSL-luc, the activity level of which reflects the activity of CSL-
dependent transcription. The luciferase activity of the CSL-luc reporter confirms the results of qPCR

(Figure 16) (Perepelina et al., 2018).
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Figure 16. LMNA R482L leads to decrease Notch target gene expression in differentiated CMCs when
Notch is activated. Relative mRNA level of NOTCHI and HEY1 was measured by qPCR. Notch activity
was additionally measured using luciferase CSL-luc reporter. The results are represented as mean + SD (n
= 3); *p < 0.05 (Perepelina et al., 2018).

3.2.5 Discussion of the results obtained from the study of the LMNA R482L effect on the

adipogenic differentiation and the functioning of the Notch signaling pathway

We showed that LMNA R482L caused morphological changes in the nucleus structure, manifested in
the form of nuclear blebbing in the rat CMC. The structural anomalies in nuclear lamina caused by
mutations in LMNA could contribute to the altered interaction between lamins and chromatin. Lamin A/C
fail to functionally assemble in fibroblasts bearing R482L derived from a FPLD patient (Capanni et al.,
2003).

At the level of gene expression, we showed that the introduction of the LMNA R482L into cells leads
to a decrease in the expression of the Notch target genes: HEYI, SLUG, C-MYC, CCND3 compared to
LMNA WT in undifferentiated cells. The obtained data demonstrated that mutant forms of lamin have a
negative effect on the functioning of the Notch pathway.

We also showed that LMNA R482L had a negative effect on the Notch pathway compared to wild-
type lamin (LMNA WT) in presence additional activation of Notch. These results were obtained using real-
time PCR for the HEYI gene and confirmed using a luciferase reporter construct.

According to our results, LMNA R482L mutation leads to a decrease in differentiation potential. The

Notch pathway also had a negative effect on the process of adipogenic differentiation. The results of real-
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time PCR showed that the simultaneous introduction of NICD and LMNA R482L leads to a significant
decrease in the AP2 and PPARG level compared to LMNA WT. Similar results were reflected earlier papers
involving a mutant form of lamin leading to progeria (Meshorer and Gruenbaum, 2008; Scaffidi and Misteli,
2008). Lamin A/C overexpression has previously been reported to suppress adipogenic differentiation
(Bermeo et al., 2015; Tilgner et al., 2009; Vadrot et al., 2014). Additionally, the LMNA R482W mutation
has been shown to affect the regulatory activity of the SREBP1 protein, a transcription factor that regulates
hundreds of genes involved in lipid metabolism and adipocyte differentiation (Vadrot et al., 2014).
However, in our cellular model using mesenchymal cells of cardiac origin, we observed LMNA R482L-
mediated inhibition of adipogenic differentiation only under conditions of Notch activation. Emerin
(binding partner for lamin A/C) has been shown to directly interacts with the Notch intracellular domain,
thereby inhibiting Notch activity (Lee et al., 2017). In another study, the interaction of emerin with lamin
A/C was shown to be impaired by LMNA R482L in cells from FLPD patients (Capanni et al., 2003). Our
findings on Notch down-regulation by LMNA R482L in undifferentiated and differentiated cells are in
agreement with these reports.

Thus, our data suggest that A-type lamins may interact with components of the Notch pathway. The
details and outcomes of this interaction deserve further research to better understand the role of A-type

lamins in cellular differentiation as well as the in pathology (Perepelina et al., 2018).

3.3 Study of the effect of tissue-specific mutations in the LMNA gene on the process of

osteogenic differentiation of human mesenchymal cells

The aim of this stage of the work was to study the effect of tissue-specific LMNA mutations on
osteogenic differentiation and activity of the Notch pathway in several cell types of mesenchymal origin.
We selected two LMNA mutations associated with mandibuloacral dysplasia (MAD), a congenital disorder
characterized by a severe impairment of the osteogenic differentiation process, LMNA R527C, and LMNA
R471C, and compared the effect of these mutations on osteogenic differentiation and Notch activity in four
types human cells of mesenchymal origin - umbilical vein endothelial cells (EC), cardiac mesenchymal

cells (CMC), aortic valve smooth muscle cells (SMC) and aortic valve interstitial cells (IC).
3.3.1 Evaluation of cell transduction efficiency and nuclear morphology

We analyzed the morphology of nuclei in rat CMC transduced with lentiviruses containing the wild-
type human lamin gene (LMNA WT) or the mutated lamin gene (LMNA R527C and LMNA R471C).
Transduced and control (non-transduced human CMC) cells were stained with antibodies specifically
recognizing human lamin A/C. Control (non-transduced) cells and cells transduced with LMNA WT

characterized by no changes in nuclear morphology. In contrast, cells transduced with lentivirus carrying
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LMNA R527C and LMNA R471C characterized by abnormalities in nuclear morphology ("blebbing" of the

nuclear membrane) (Figure 17) (Perepelina et al., 2019).
Control LMNAWT LMNA R527C LMNA R471C

Figure 17. Lamin A/C visualization in rat CMCs carrying different forms of the LMNA. Control — human
non-transduced CMC. The cells were stained with anti-lamin A/C antibodies recognizing human lamin A/C.
LMNA R527C and LMNA R471C caused nuclear blebbing as a consequence of the mutations (Perepelina
et al., 2019).

3.3.2 Evaluation of the LMNA R527C and LMNA R471C impact on the expression of
osteogenic markers in human mesenchymal cells (EC, CMC, SMC, and IC).

To evaluate the ability of cells to osteogenic differentiation, we induced osteogenic differentiation in
cells by adding specific factors to the culture medium. Comparison of expression levels of osteogenic
markers (RUNX2, ATF4, OPN, and COL1A1) in undifferentiated cells and cells differentiated within 3 days
was assessed using qPCR (Figure 19 - EC, 20 - CMC, 21 - SMC, 22 - IC, upper row). We observed a
significant decrease in the expression level of the RUNX2 gene in differentiated SMC, as well as of the
OPN and COLIAI genes in differentiated IC compared to undifferentiated cells. However, we did not
observe statistically significant changes in the levels of osteogenic markers in the differentiated CMC and
EC.

Then we analyzed the impact of the mutant lamin A/C on the expression of the osteogenic markers
in differentiating cells (Figure 19 - EC, 20 - CMC, 21 - SMC, 22 - IC, lower row). We transduced cells with
lentiviruses carrying LMNA WT or a mutant form of LMNA (LMNA R527C and LMNA R471C) and induced
osteogenic differentiation. Cells expressed LMNA R471C were characterized by significant alterations in
the expression level of osteogenic markers: increased expression of the RUNX2 and ATF4 in the CMC;
increased expression of the A7F4 in SMC; increased expression of the RUNX2 and a decreased level of the
ATF4 and COLIAI in IC. Mutation LMNA R527C led to a significant increase in the RUNX2 expression
in SMC and CI, as well as a decrease in the COLIA1 expression in IC. Moreover, we noted a minor

expression level of the OPN and COLIA1 genes in EC, and OPN in the CMC. Taken together, we suggest
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that LMNA mutation has a unique effect considering different cell types during osteogenesis (Perepelina et
al., 2019).
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Figure 18. Changes in osteogenic expression profile of EC caused by LMNA R527C and LMNA R471C
mutations. Relative mRNA level was assessed by qPCR. Upper panel shows expression level in
undifferentiated cells (Undiff) and cells on day 3 of osteogenic differentiation (Diff). Lower panel shows
expression level in differentiated cells carrying either LMNA WT (WT) or LMNA R527C/LMNA R471C
(R527C/R471C). The results are represented as mean + SD (Perepelina et al., 2019).
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Figure 19. Changes in osteogenic expression profile of CMC caused by LMNA R527C and LMNA R471C
mutations. Relative mRNA level was assessed by qPCR. Upper panel shows expression level in
undifferentiated cells (Undiff) and cells on day 3 of osteogenic differentiation (Diff). Lower panel shows
expression level in differentiated cells carrying either LMNA WT (WT) or LMNA R527C/LMNA R471C



Relative mRNA level

-
2]
1

-
o
1

Hod
»n
1

0.0-

RUNX2

2.09

Relative mRNA level

ATF4

145

Relative mRNA level

OPN

Diff.

OPN

Relative mRNA level

0.0-

n
o
]

(R527C/R471C). The results are represented as mean = SD, * p <0,05 (Perepelina et al., 2019).
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Figure 20. Changes in osteogenic expression profile of SMC caused by LMNA R527C and LMNA R471C
mutations. Relative mRNA level was assessed by qPCR. Upper panel shows expression level in
undifferentiated cells (Undiff) and cells on day 3 of osteogenic differentiation (Diff). Lower panel shows
expression level in differentiated cells carrying either LMNA WT (WT) or LMNA R527C/LMNA R471C
(R527C/R471C). The results are represented as mean £+ SD, * p <0,05 (Perepelina et al., 2019).
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Figure 21. Changes in osteogenic expression profile of IC caused by LMNA R527C and LMNA R471C
mutations. Relative mRNA level was assessed by qPCR. Upper panel shows expression level in
undifferentiated cells (Undiff) and cells on day 3 of osteogenic differentiation (Diff). Lower panel shows
expression level in differentiated cells carrying either LMNA WT (WT) or LMNA R527C/LMNA R471C
(R527C/R471C). The results are represented as mean = SD, * p <0,05 (Perepelina et al., 2019).
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3.3.3 Evaluation of the LMNA R527C and LMNA R471C impact on the expression of Notch-

related genes in human mesenchymal cells

To evaluate the interaction of lamin A/C with the Notch pathway, we analyzed the effect of LMNA
mutations on the expression of Notch-related genes in four types of human mesenchymal cells: EC, CMC,
SMC, and IC (Figure 23, 24, 25, 26 respectively). The osteogenic differentiation of non-transduced CMC
led to a significant increased expression level of the NOTCHI and NOTCH3 genes compared to
undifferentiated cells (Figure 23, upper row). The induction of osteogenic differentiation of the IC led to a
statistically significant decrease in the expression of the NOTCHI, NOTCH3, NOTCH4, HEYI, HESI
(Figure 25, upper row) and a decrease in HES for SMCs (Figure 24, upper row). No statistically significant
effect was observed in EC (Figure 22, upper row).

At the next step, we assessed the effect of LMNA R527C and LMNA R471C mutations on Notch target
genes compared to LMNA WT. We found a significant increase in NOTCH3 expression in the CMC caused
by the LMNA R527C mutation compared to LMNA WT (Figure 23, lower row). SMCs carrying LMNA
R471C showed a significant decrease in NOTCH3 expression compared to LMNA WT (Figure 24, lower
row). Additionally, we demonstrated statistically significant changes in gene expression levels in IC: a
decrease in NOTCH1 and NOTCH3, and an increase in NOTCH4 expression in cells transduced with LMNA
R471C; LMNA R527C resulted in an increase in HES expression (Figure 25, lower row).

Our data suggest that mutant lamin A/C leads to impaired Notch signal transduction and confirms our
previous observations that the effect of mutations in LMNA may be cell-type dependent (Perepelina et al.,

2019).
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Figure 22. Changes in expression of Notch-dependent genes in EC caused by LMNA R527C and LMNA
R471C mutations. Relative mRNA level was assessed by qPCR. The upper panel shows expression levels
in undifferentiated cells (Undiff) and cells on day 3 of osteogenic differentiation (Diff). The lower panel
shows expression levels in differentiated cells carrying either LMNA WT (WT) or LMNA R527C/LMNA
R471C (R527C/R471C). The results are represented as mean + SD, * p <0,05 (Perepelina et al., 2019).
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Figure 23. Changes in expression of Notch-dependent genes in CMC caused by LMNA R527C and LMNA
R471C mutations. Relative mRNA level was assessed by qPCR. The upper panel shows expression levels
in undifferentiated cells (Undiff) and cells on day 3 of osteogenic differentiation (Diff). The lower panel
shows expression levels in differentiated cells carrying either LMNA WT (WT) or LMNA R527C/LMNA
R471C (R527C/R471C). The results are represented as mean + SD, * p <0,05 (Perepelina et al., 2019).
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Figure 24. Changes in expression of Notch-dependent genes in SMC caused by LMNA R527C and LMNA
R471C mutations. Relative mRNA level was assessed by qPCR. The upper panel shows expression levels
in undifferentiated cells (Undiff) and cells on day 3 of osteogenic differentiation (Diff). The lower panel
shows expression levels in differentiated cells carrying either LMNA WT (WT) or LMNA R527C/LMNA
R471C (R527C/R471C). The results are represented as mean = SD, * p <0,05 (Perepelina et al., 2019).
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Figure 25. Changes in expression of Notch-dependent genes in IC caused by LMNA R527C and LMNA
R471C mutations. Relative mRNA level was assessed by qPCR. The upper panel shows expression levels
in undifferentiated cells (Undiff) and cells on day 3 of osteogenic differentiation (Diff). The lower panel
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shows expression levels in differentiated cells carrying either LMNA WT (WT) or LMNA R527C/LMNA
R471C (R527C/R471C). The results are represented as mean = SD, * p <0,05 (Perepelina et al., 2019).

3.3.4 Evaluation of the LMNA R527C effect on the CMC and IC osteogenic differentiation in

the presence of Notch activation

Next, we explored the impact of LMNA R527C mutation on osteogenic phenotype of CMC and IC
(as they had a stronger response under the influence of the LMNA R527C mutations) in the presence of
Notch activation (3 and 12 days).

Firstly, we explored an effect of the mutation on the Notch activity. The introduction of NICD into
CMC and IC caused upregulation of the HEY! (Figure 26-27, upper row, first graph) at 3 and 12 days of
differentiation. Consequently, Notch was activated. The combined effect of the LMNA R527C mutation and
Notch activation led to downregulation of the HEY! in CMCs compared to LMNA WT (Figure 26, upper
row, second graph). Similarly, CSL luciferase reporter activity was reduced in CMC with LMNA R527C
compared to LMNA WT when Notch was activated (Figure 26, upper row, third graph). At the same time,
IC with LMNA R527C had an increased HEY! level compared to LMNA WT, in the condition of Notch
activation (Figure 27, upper row, second graph).

The study of the LMNA R527C mutation effect on osteogenic differentiation of CMC and IC in
presence of Notch activation, revealed inhibition of osteogenesis in the CMC, evaluated by the RUNX2
expression (Figure 26, lower row, second graph). In contrast, the LMNA R527C mutation caused increased
RUNX?2 expression in IC in the same conditions (Figure 27, lower row, second graph).

Thus, we observed an inhibitory effect of LMNA R527C on osteogenic differentiation in the CMC,
while LMNA R527C induced activation of osteogenic differentiation in IC in presence of Notch activation

(Perepelina et al., 2019).
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Figure 26. The LMNA R527C mutation causes a decrease of the HEY! (upper panel, second graph) and
RUNX?2 (lower panel, second graph) expression in differentiated CMC when Notch is activated. Relative
mRNA levels of HEYI and RUNX2 were measured by qPCR. The results are represented as mean + SD, *
p <0.05, ** p <0.01. Additionally, Notch-dependent transcription was measured using luciferase CSL-luc
reporter (upper panel, third graph) (Perepelina et al., 2019).
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Figure 27. The LMNA R527C mutation causes an increase of the HEY! (upper panel, second graph) and
RUNX?2 (lower panel, second graph) expression in differentiated CMC when Notch is activated. Relative
mRNA levels of HEYI and RUNX2 were measured by qPCR. The results are represented as mean + SD, *
p <0.05, ** p <0.01 (Perepelina et al., 2019).
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3.3.5 Analysis of osteogenic markers and Notch target genes expression in different lines of

undifferentiated mesenchymal cells

We compared expression levels of Notch target genes and osteogenic markers in four undifferentiated
lines (Figure 28). The results show that, despite a common mesenchymal origin, EC, CMC, SMC, and IC
have very different levels of expression of the same gene. We suggest that this initial gene profile could

also influence the effect of a given LMNA mutation in a given cell line (Perepelina et al., 2019).
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Figure 28. Variability of the expression levels of the Notch-dependent (upper graph) and osteogenic
(lower graph) genes in four undifferentiated cell lines of mesenchymal origin. Relative mRNA level was
assessed by qPCR. The results are represented as mean + SD (Perepelina et al., 2019).

3.3.6 Discussion of the results obtained in the study of the LMNA R527C and LMNA R471C

effect on the process of osteogenic differentiation in cells of mesenchymal origin

In this section of the study, we obtained results on the effect of mutations associated with the

development of the bone phenotype of laminopathy on the process of osteogenic differentiation of 4 cell
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types of mesenchymal origin. We have shown that cells of similar origin (mesenchymal origin) may
respond differently to the same mutation in the LMNA gene during osteogenic differentiation. Previously,
it was shown in our laboratory in a human MSC model that LMNA mutations associated with various
phenotypic manifestations of the disease have different effects on the process of MSC cell differentiation
(Malashicheva et al., 2015).

We have shown that the effect of LMNA mutations on osteogenic differentiation may also depend on
the Notch signaling pathway. The Notch pathway is one of the key regulators that ensure the development,
differentiation, and maintenance of tissues in the adult organism (Andersson et al., 2011). Notch is known
to be involved in the regulation of osteogenic differentiation (Zanotti and Canalis, 2016). The involvement
of Notch in interaction with A-type lamins has been shown for progerin, a protein resulting from the
deletion of the LMNA gene that leads to premature aging (Scaffidi and Misteli, 2008). Lamin A/C is shown
to affects osteoblast differentiation (Tsukune et al., 2017) and may be a determining factor in the
pathogenesis of both sarcopenia and osteopenia (Tong et al., 2011). Several studies have reported that
progerin expression is associated with functional impairments in MSCs leading to premature osteogenic
differentiation (Scaffidi and Misteli 2008; Blondel et al. 2014).

We observed different responses of four cell lines to the effect of mutations during osteogenic
differentiation. Apparently, cells at an early stage of differentiation are particularly sensitive to disruption
of the lamin filaments functioning, and different cell lines may respond differently to these changes. An
increase or decrease in lamin A/C expression can lead to changes in gene expression and other regulatory
processes in the cell (Piekarowicz et al., 2017).

There is evidence that disease-causing mutations in lamin A/C can radically alter lamin-chromatin
interactions (Briand and Collas, 2020). For example, the LMNA R482W mutation associated with
lipodystrophy has been shown to lead to a change in the spatial conformation of chromatin (Renningen et
al., 2015). These data indicate that lamin A/C is involved in the regulation of gene expression during
development by restricting or accessing specific regions of DNA for promoter-enhancer interaction. All of
these data suggest that lamin A/C mutations can specifically alter cell fate (Briand and Collas, 2020).

The results obtained in this study show that lamina A/C has a strictly tissue-specific effect under the
same conditions on different types of human mesenchymal cells. We observed a broad range in expression
levels of Notch signaling target genes and osteogenic markers between different cell types used in the study.
We suggest that different levels of gene expression in different lines are the result of the spatial orientation
of genomic regions that interact with lamina, which is unique for cells, and is a key factor determining cell
fate. Comparison of the cell models used in the study allows us to come closer to understanding the
regulatory role of A-type lamins, which determine the differentiation decisions of cells of different lines

(Perepelina et al., 2019).
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3.4 Study of the patient-specific LMNA mutation’s effect on the cardiogenic differentiation of

induced human pluripotent stem cells

The main approach of this part of the research work was to create a model of lamin-associated
cardiomyopathy in order to study the mechanisms underlying the disturbance of cardiogenic differentiation
caused by LMNA mutations. To model the process of cardiogenic differentiation, we used induced
pluripotent stem cells (iPSCs) carrying a mutation in the LMNA gene (R249Q). Also, two iPSC lines

generated from healthy donors were used as controls.
3.4.1 Generation and characterization of the iPSC line carrying R249Q LMNA mutation

1IPSCs were generated by reprogramming patient-specific T-lymphocytes with CytoTune-iPS 2.0
Sendai Reprogramming Kit (Invitrogen, USA) according to the manufacturer's recommendations. Sendai
viruses are RNA viruses that do not integrate their genetic material into the DNA of the cell, and are
eliminated within a month after transduction. The usage of these viruses made it possible to avoid the
uncontrolled insertion of transgenes into the cell genome and their subsequent effect on the differentiation
ability of iPSCs.

Obtained iPSC colonies had the classic morphology of pluripotent stem cells, i.e. they formed round
flat colonies with clear edges without signs of differentiation (Figure 29, A), and also showed a positive
stain for alkaline phosphatase (Figure 29, B). Expression of transcription factors - the main regulators of
pluripotency OCT3/4, NANOG, SOX2 - was confirmed by real-time PCR. RNA isolated from the C16
human embryonic cell line (EC) obtained at the Institute of Cytology RAS was used as a positive control
for the expression of pluripotency genes (Figure 29, C). Furthermore, the obtained iPSCs demonstrated the
nuclear localization of the transcription factors OCT3/4 and NANOG, and the presence of the surface
marker SSEA4 (Figure 29, D). Flow cytometry analysis revealed high expression of human iPSC-specific
surface marker SSEA4 (Figure 29, E).

Elimination of exogenous reprogramming factors in iPSCs was confirmed by RT-PCR with specific
primers (Table 3). RNA isolated from PBMC transduced by Sendai viruses using the CytoTune-iPS 2.0
Sendai Reprogramming Kit was used as a positive control for the expression of transgenes (genes of the
reprogramming set contained in the Sendai virus genome) (Figure 29, F). Genotyping by means of Sanger
sequencing confirmed that generated iPSCs line retained the patient-specific heterozygous LMNA p.R249Q
genetic variant (Figure 29, G). Molecular karyotyping demonstrated normal 46, XY karyotype (Figure 29,
H). The analysis was performed using SurePrint G3 Human CGH Microarray 8x60K microarrays (Agilent
Technologies) in accordance with the manufacturer's recommendations. The copy number of genome
regions was analyzed using CytoGenomics Software v3.0.1.1 (Agilent Technologies, USA) with imported

databases of copy numbers of human genome regions.
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STEMdiff™ Trilineage Differentiation Kit (Stem Cell Technologies, Canada) was used to assess the
ability of iPSCs to differentiate into cells of three germ layers. Differentiated cells were stained using
immunocytochemistry for ectoderm (BIII tubulin), mesoderm (Brachyury), and endoderm (GATAG6)
markers (Figure 29, I) (Perepelina et al., 2020).
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Figure 29. Characterization of the iPSC line carrying the R249Q mutation. (A) The appearance of the iPSC
colony; (B) iPSC colonies stained for alkaline phosphatase; (C) Expression analysis of the pluripotency
main markers by qPCR. ES - human embryonic stem cells. (D) Immunocytochemical staining of iPSCs for
pluripotency markers. (E) Flow cytometry analysis revealing of surface antigen SSEA4. (F) Confirmation
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of' exogenous reprogramming factors elimination by RT-PCR. PBMC - peripheral blood mononuclear cells.
(G) Verification for the presence of a patient-specific mutation in the LMNA gene by Sanger sequencing.
(H) Verification of iPSC karyotype by chip-based molecular karyotyping. (I) Immunocytochemical staining
of differentiated iPSCs for markers of three germ layers (BIII tubulin - ectoderm, Brachyury - mesoderm,
GATAG - endoderm) (Perepelina et al., 2020).

3.4.2 Generation of the iPSC-based model of healthy CMs and LMNA R249Q CMs

Cardiogenic differentiation of iPSCs with LMNA R249Q and control iPSC lines was carried out
according to a protocol based on modulation of the Wnt/B-catenin signaling pathway (Lian et al., 2012)
with minor modifications. This protocol of iPSC-derived cardiomyocytes (iPSC-CMs) generation includes

5 main stages are shown in Figure 30.
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Figure 30. Scheme of the cardiogenic differentiation of the iPSCs (Perepelina et al., 2022).

First of all, we assessed the control iPSC lines and the line with a mutation in the LMNA gene for the
ability to differentiate into cardiomyocytes. The duration of cardiogenic differentiation varied (0, 2, 5, 7,
14, 21 days) to observe the expression of cardiac-specific markers in dynamic.

Immunostaining of differentiating cardiomyocytes revealed increasing levels of troponin T and
tropomyosin during the differentiation timeline (for control and LMNA R249Q). We noted earlier
expression of troponin T protein in iPSC-CMs with LMNA R249Q compared with control (Figure 31). Any
other changes related to structural abnormalities of iPSC-CMs carrying LMNA R249Q have not been

observed.
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Figure 31. Immunofluorescence staining of iPSC (Control and LMNA R249Q) on a different stage of
differentiation (0, 2, 5, 7, 14, 21 days) for cardiac-specific markers troponin T, and tropomyosin (green
color). For nuclei detection, cells were counterstained with DAPI (blue color). Scale bars, 50 pm
(Perepelina et al., 2022).

To explore the alteration of the cardiac-specific genes expression in the cardiomyocytes due to LMNA
R249Q mutation, we used qPCR method. We analyzed the expression of the follow genes: TBXT, ISLI,
GATA4, MEF2C (cardiac transcription factors), TNNT2 and MYH?7 (sarcomeric genes), in control and
LMNA R249Q iPSC-CMs on a different developmental stages of cardiogenic differentiation (0, 2, 5, 7, 14,
21 days) (Figure 32).

At the day 2 expression level of the TBXT (Brachyury) was noted to be increase, reflecting activates
mesoderm formation. Interestingly, that LMNA R249Q caused increase TBXT expression level compared
to control iPSC-CMs. Expression of the essential early-stage cardiac genes (ISLI, GATA4, MEF2C) was
detected after day 2 of differentiation. In detail, LMNA R249Q caused increase of the ISL/ expression level
on 5, 7, 14, and 21 days of differentiation. LMNA R249Q iPSC-CMs characterized by higher GATA
expression level on day 7, and increased MEF2C expression level on 5, 7, 14 days of cardiogenic
differentiation compared to control.

Expression of the TNNT2 and MYH?7 (late-stage cardiac-specific markers) was observed from 5-7
days of differentiation. LMNA R249Q caused increase of the TNNT2 level in the iPSC-CMs on day 5 and
day 21 of differentiation compared to control iPSC-CMs. MYH?7 expression was significantly increased in

LMNA R249Q iPSC-CMs compared to control iPSC-CMs on day 14 and day 21 of differentiation.
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Figure 32. Cardiac genes expression in control iPSC-CMs and LMNA R249Q iPSC-CMs on different stages
of cardiogenic differentiation as measured by qPCR. A value of 1 was given to mRNA levels for Control

1PSC on day 0 of cardiogenic differentiation for all genes. The results are represented as mean + SD; * p <
0.05, ** p <0.01 (Perepelina et al., 2022).

To sum up, LMNA R249Q iPSC-CMs demonstrated increased expression levels of mesodermal and
cardiac-specific transcription factors as well as sarcomeric genes, indicating overall dysregulation of gene

expression profile in iPSC-CMs carrying LMNA R249Q mutation (Perepelina et al., 2022).

3.4.3 Evaluation of the LMNA R249Q effect on the expression profile of iPSC-CMs at the late

stage of differentiation

To elucidate whether the LMNA R249Q) can affect gene expression in mature CMs we focused on the
late-stage of cardiogenic differentiation (day 21) (Figure 33). We explored the expression of genes coding
for sarcomeric proteins—ACTN2 and FLNC (Figure 33, A), and found a significant upregulation of these
genes in CMs carrying LMNA R249Q compared to control CMs. In addition, we observed a significant
increase in the expression level of the DMPK gene, encoding myotonic dystrophy protein kinase (Figure
33, B), and increased expression level of the SCN5A gene, encoding cardiac voltage-gated sodium channel
Navl.5. However, any changes in the expression of genes coding for ion channels SCN4B, TRPM4, and
HCN4 have not been found (Figure 33, C). Genes encoding components of intercellular contacts such as
PKP2, DSP, and GJAS5 were downregulated in LMNA R249Q CMs (Figure 33, D). Thus, observed complex
alterations in the expression level of the key structural genes could contribute to the cardiac manifestation

of the laminopathies (Perepelina et al., 2022).
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Figure 33. Cardiac genes expression in Control iPSC-CMs and LMNA R249Q iPSC-CMs on day 21 of the
cardiogenic differentiation. mRNA level was measured by qPCR. The results are represented as mean +
SD; ** p < 0.01. (A) Level expression of the genes connected to sarcomeric cytoskeleton. (B) Genes
encoding regulatory cardiac kinase. (C) Genes encoding ion channels. (D) Genes encoding proteins of an
intercalated discs (Perepelina et al., 2022).

3.4.4 Electrophysiological characterization of iPSC-CMs carrying LMNA R249Q mutation

Biophysical parameters of sodium current were obtained using sodium current recording via patch-
clamp technique. The sodium current density was obtained by normalizing the current strength values to
the value of the membrane capacitance, which was compensated individually for each cell.

All experimental groups demonstrated typical sodium current traces (Figure 34, A). The peak current
density of iPSC-CMs from two different healthy controls did not differ significantly (Figure 34, B, Table
4). However, patient’s iPSC-CMs showed a marked reduction of peak current density compared with both
controls. The analysis of the current-voltage relationship revealed that iPSC-CMs from both controls had
their maximal current at -25 mV, whereas the patient’s iPSC-CMs had a maximal current at a more
depolarized potential of -20 mV (Figure 34, C). It is well known that decreased current density may be

caused by alterations in channel gating as well as protein trafficking disturbances.
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To examine the reasons for sodium current density reduction, we explored the kinetic parameters of
the channel steady-state activation and inactivation. LMNA R249Q iPSC-CMs demonstrated a significant
depolarizing shift of the voltage-dependence of steady-state activation compared to control iPSC-CMs
(Figure 34, D, Table 4). These changes in channel gating properties indicate loss-of-function of the sodium
channel in patient-derived iPSC-CMs. Surprisingly, the voltage-dependence of steady-state inactivation

was shifted to depolarized potential (Figure 34, E, Table 4), which is typical for gain-of-function phenotype.
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Figure 34. Functional characterization of sodium channel activity in iPSC-CMs carrying R249Q genetic
variant in LMNA gene. (A) Typical sodium current traces in iPSC-CMs. (B) Peak sodium current densities
for control and patient’s iPSC-CMs. Data presented as medians. Patient’s iPSC-CMs demonstrated marked
decrease in sodium current density. (C) Current-voltage relationship of sodium channel in control and
patient’s iPSC-CMs. (D) Voltage-dependence of steady-state activation for control and patient’s iPSC-
CMs. Patient’s iPSC-CMs showed delayed activation. (E) Voltage-dependence of steady-state inactivation
for control and patient’s iPSC-CMs. Patient’s iPSC-CMs demonstrated impaired inactivation (Perepelina
et al., 2022).
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Control n R249Q n p
Current density at -20mV pA/pF -652.9 + 68.4 27 -3249+29.3 28 p<0.0001
Steady-state activation Vin, mV -37.7+0.8 27 -33.0+1.2 28 0.002
k 40+0.3 47+0.2 0.02
Steady-state inactivation Vin, mV S75.7+1.3 23 -73.4+2.5 22 0.09
k 7.1+0.3 8.0+04 0.07

Table 4. Biophysical parameters of sodium current in iPSC-CMs obtained from control and the patient’s
iPSC-CMs. Capacitance. Control iPSC-CMs: 9.5 + 0.85 pF; patient’s iPSC-CMs: 11.4 + 0.8 pF. p=0.07,
(Perepelina et al., 2022).

Thus, the LMNA R249Q mutation resulted in altered sodium channel functional activity of iPSC-
CMs, reflecting the complex influence of the LMNA variant on the electrophysiological properties of the
patient’s cardiac myocytes. Therefore, observed changes in sodium current characteristics can be

considered as a possible mechanism of arrhythmia development in this patient (Perepelina et al., 2022).

3.4.5 Discussion of the results obtained in the study of the LMNA R249(Q mutation effect on

the process of cardiogenic differentiation of the iPSC

One of the most common manifestations of laminopathies is known to be heart rhythm and conduction
abnormalities, including atrial fibrillation, ventricular arrhythmia, as well as sudden cardiac death. Cardiac
system abnormalities can exist as a separate disease or as an accompanying pathology (Chaffee et al. 2014;
Chandar et al. 2010; Chen et al. 2019; Corrigan et al. 2005; Fatkin et al. 1999). Lamin A/C is known to be
a regulator of gene expression (Osmanagic-Myers and Foisner, 2019). Thus, we assessed the expression of
cardiac-specific genes in LMNA R249Q iPSC-CMs on the late-stage of cardiac differentiation. We have
demonstrated that LMNA R249Q mutation leads to overexpression of the genes encoding the cytoskeletal
proteins actin and filamin C. Both filamin C and actin are known to facilitate the cortical cytoskeleton,
thereby protecting the cardiomyocyte's structure from mechanical stress (Fujita et al., 2012). Whereas that
lamin A/C interacts with actin through the LINC complex and participates in the regulation of the structural
architecture of the contractile tissue (Swift et al,, 2013), mutated lamin A/C can affect sarcomere
structuration. Moreover, lamin A/C, being involved in the regulation of the gene expression, can cause
changes in the transcriptional status of the cell due to LMNA mutation.

Besides, we established the alterations in cardiac-specific gene expression in LMNA R249Q iPSC-
CMs during the different stages of the differentiation. Given mutations in the LMNA gene lead to
rearrangement of the spatial anchoring of genomic regions (LADs) to the nuclear lamina, its conformational
changes are known to cause dysregulation of the gene expression (Briand and Collas, 2020). Consequently,
the earlier launch of the differentiation program can occur. In the present study, we found an enhanced
cardiogenic differentiation capacity of the iPSC carrying the LMNA R249Q genetic variant. In the earlier

report, an activation effect of the tissue-specific LMNA genetic variants on the adipogenic and osteogenic
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potential of human multipotent mesenchymal stromal cells was described (Malashicheva et al., 2015).
Another research established that both LMNA G232E/R482L variants caused dysregulation of muscle
differentiation (Ignatieva et al., 2020). From this perspective, we can assume that lamin A/C plays an
essential role in cell fate determination, and LMNA R249Q genetic variant leads to dysregulation of the
differentiation program in the iPSC-CMs model.

Though clinical manifestations of cardiac arrhythmias and conduction abnormalities linked to LMNA
variants have frequently been reported, there are only a few reports of cardiac ion channel changes
associated with LMNA genetic variants. In the present study, we determined that in LMNA R249Q iPSC-
CMs, electrophysiological functions of the cardiac sodium channel were markedly altered.

Recent work on iPSC-CMs revealed the effect of the LMNA K219T on the Nay1.5 function. LMNA
K219T expression resulted in a decreased sodium current density and slower conduction velocity combined
with reduced SCN54 (encoding Nav 1.5), thus indicating an impaired activity of Nay1.5 channels (Salvarani
et al., 2019). Our study found a similar effect of the LMNA R249Q variant on the Nay1.5 parameters,
decreased sodium current density, and changes in sodium current kinetics. The genotype-phenotype
correlation between LMNA genetic variant and the resultant phenotype implies that pathologies caused by
closely localized substitutions (both are localized in the rod domain of lamin A/C filament) share a common
disease mechanism (Scharner et al., 2010). However, in the present study, the expression of SCN54 in
LMNA R249Q 1iPSC-CMs was increased, which could be a compensatory alteration. Probably even closely
localized mutations in the LMNA do not share the completely identical pathogenic mechanisms via the
epigenetically mediated regulation of SCN5A expression.

The question remains open whether the sodium current dysfunction is a primary or secondary
consequence of the observed genetic variant in the LMNA gene. According to the expression data, LMNA
R249Q iPSC-CMs had decreased levels of PKP2, DSP, and GJAS. The role of cell junction proteins in
proper channel localization and function in intercalated discs is well established. Plakophilin and
desmoplakin were reported to be integrated in the macromolecular complex of Nay1.5 in an intercalated
discs pool of sodium channels (Shy et al., 2013). Nay1.5 was shown to be co-localized with plakophilin in
intercalated discs, and the loss of PKP2 expression resulted in sodium current reduction in a culture of
cardiac myocytes (Sato et al. 2009). The iPSC-CMs-based studies of the effect of PKP2 mutations on
sodium current confirmed that PKP2 haploinsufficiency could lead to decreased sodium channel activity
(Khudiakov et al., 2020). Thus, in the current study, we further support the hypothesis that impaired
expression of PKP2 can lead to Nay1.5 dysfunction.

Along with the previous electrophysiological characterization of the DSP H1684R variant in iPSC-
CM s linked to the decreased sodium and calcium currents (Gusev et al. 2020), the present results underscore
the importance of intercellular contact proteins in proper channel functioning. The role of the impaired

expression of GJA5 in sodium channel dysfunction remains unclear, despite the reported association of
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GJAS5 mutations with atrial fibrillation (Bai, 2014). Taken together, the sodium current reduction can be
considered a consequence of PKP2 and DSP deficiency in the LMNA patient cells. Precise molecular
mechanisms underlying the electrophysiological defects in LMNA-associated cardiomyopathy remain
unclear and demand further investigations.

To sum up, our results support the fundamental role of lamin A/C in cardiogenic differentiation,
regulation of cardiogenic gene expression, and electrophysiology properties of the sodium ion channel

(Perepelina et al., 2022).
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CONCLUSION

Laminopathies are known to be severe hereditary diseases that are manifested as tissue-specific
disorders, i.e. predominantly affect one type of tissue. Currently, these forms of laminopathies remain
insufficiently studied concerning their pathogenic mechanisms. Therefore, to study the mechanisms of
laminopathies' development, this study used point mutations in the LMNA gene associated with certain
tissue-specific forms of diseases.

Considering the different mutations in the LMNA gene cause various tissue-specific disorders
suggests that they play a significant role in cell differentiation. Indeed, the role of A-type lamins in cell
differentiation processes has already been shown using LMNA knockout mouse models (Zhang et al., 2013),
in stem cell models where the LMNA gene transcription is inhibited by siRNA (Akter et al., 2009). However,
the loss of lamin function does not meet the conditions required for the development of tissue-specific
forms of laminopathies. Mutations causing autosomal dominant forms of laminopathies lead to the gain of
new functions by lamin A/C (gain-of-function), and do not lead to suppression of the synthesis and
functioning of endogenous forms of lamin A/C in the cell. The introduction of exogenous LMNA is known
to lead to the synthesis of a protein that can "compete" with the standard form for incorporation into the
nuclear lamina (Boguslavsky et al., 2006). This knowledge justifies the experimental model of the study, in
which, by introducing exogenous forms of lamin we can model various forms of laminopathies and study
tissue-specific disorders that occur under the influence of mutations in the LMNA gene during the
differentiation of mesenchymal origin cells.

Since tissues of mesenchymal origin, namely, muscle, fat, and bone, are more affected by lamin
mutations, we used cells of mesenchymal origin as a differentiation model. Thus, we studied the disorders
of the myogenic, adipogenic, and osteogenic differentiation processes caused by tissue-specific mutations
in the LMNA gene using different cell models: C2C12 mouse myoblasts and mouse satellite cells (muscle
model); human CMC (adipogenic model); human EC, CMC, SMC, and IC (osteogenic model). In addition,
we used 1IPSCs as a model for cardiogenic differentiation, which, as previously shown, successfully
differentiate into cardiomyocytes (Burridge et al., 2014; Lian et al., 2013).

In general, the obtained results confirm the tissue-specific manner of the laminopathies' development.
Mutations in a specific manner lead to dysregulation of differentiation processes at the gene expression
level as well as at the morphological level. In particular, we found that G232E and R571S mutations in the
LMNA gene disrupt the myogenic differentiation of C2C12 myoblasts and mouse satellite cells: the
formation of myotubes is disrupted, as well as the expression of myogenic markers. The LMNA G232E
mutation had the greatest inhibitory effect on muscle differentiation, thereby confirming the tissue-specific
manner of the laminopathies' development (Perepelina et al., 2017). Next, we observed the inhibitory effect

of the LMNA R482L mutation on adipogenic differentiation of CMC (Perepelina et al., 2018). LMNA
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R527C and LMNA R471C mutations have also been shown to negatively affect the process of osteogenic
differentiation of mesenchymal cells. However, the degree and manner of this effect differ in different cells
of mesenchymal origin (Perepelina et al., 2019). The results concerning the LMNA R249Q impact on the
cardiogenic differentiation of iPSCs demonstrated that the patient's iPSCs characterized an increased
potential for cardiogenic differentiation, however, at the electrophysiological level, the mutation led to a
slowdown in the kinetics of the Nav 1.5 channel and a decrease in sodium current density, compared with
control iPSC-CMs. Furthermore, a decrease in the expression of genes encoding desmosomal proteins
(PKP2, DSP, and GJAS5), as well as an increase in the expression level of SCN54 encoding cardiac Nav 1.5.
We hypothesize that decreased expression of PKP2, DSP, and GJAS5 via LMNA mutations affect the
functioning of Nav 1.5; increased expression of SCN54 can be considered as a compensatory mechanism
(Perepelina et al., 2022).

In our work, mutations lead to a change in the differentiation properties of cells used as a model.
However, the same mutations in the other cells will not have the same effect on cell differentiation (tissue-
specific manner of the action of lamin mutations). For example, various tissue-specific mutations
introduced into MSCs had not equal effect on cell differentiation, as it was shown in a previous work
(Malashicheva et al., 2015). The introduced mutations do not turn off lamin functions. In contrast, mutations
modulate them in such a way that, in the case of some mutations, the differentiation efficiency not only
does not decrease but may even increase. Based on our results and the results obtained in other studies, it
can be assumed that the observed different effects of mutations may indicate that the differentiation
potential of cells is regulated by some balance of lamin forms, and a violation of this balance may lead to
a shift in differentiation to another direction. As a result, different mutations of the same gene lead to a
change in the differentiation potential and, as a consequence, to different disease phenotypes.

Epigenetic mechanisms also play a significant role in cell differentiation. As noted above, lamins can
interact with certain regions of the genome (LADs) and affect gene expression. The reports of Lund et al.
demonstrated that depending on the way these interactions in stem cells a differentiation program can be
launched in a certain direction (Lund et al., 2013; Lund and Collas, 2013). Apparently, in the process of
cell differentiation, spatial rearrangements of genomic regions occur towards or away from the lamina.
Thus, genes included in LADs associated with the lamina can transform into a repressed state, and,
conversely, genes dissociated from the lamina can transform into an actively expressed state. Thus, the
genes necessary for specific differentiation are activated by separating sections of the genome from the
nuclear lamina.

Abnormal folding of lamin A/C due to LMNA mutations leads to disruption of the integrity and
function of the nuclear lamina, and as a result, the proper interaction of chromatin with lamins is disrupted.
These conformational changes lead to dysregulation of gene expression, including genes responsible for

differentiation (Melcer and Meshorer, 2010; Scaffidi and Misteli, 2008; Zhang et al., 2019). These genome
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reorganizations are cell cycle stage-dependent and vary across cells (Bitman-Lotan and Orian, 2021; Shah
et al., 2021).

Another goal of the work was to study the combined effect of mutations in the LMNA gene and the
Notch signaling pathway in the process of cell differentiation. The Notch pathway is one of the main
pathways of intercellular signaling that determines cell fate, as well as the ratio of stem properties and the
ability of cells to differentiate. Notch acts in a diversity of cells and tissue types, and its outcome is highly
dependent on the cellular environment. Our data suggest that A-type lamins may interact with components
of the Notch pathway. We demonstrated that overactivation of the Notch pathway led to inhibition of the
adipogenic differentiation process in CMC (Perepelina et al., 2018). At the same time, Notch overactivation
activates osteogenic differentiation of the CMC and IC (Perepelina et al., 2019). There are some suggestions
that genes encoding components of the Notch pathway may directly interact with the nuclear lamina
(Meshorer and Gruenbaum 2008). From this perspective, we can assume that some mutations can disrupt
the interaction sites of lamins with target genes of the Notch signaling pathway.

The study of the molecular mechanisms of laminopathies' development is a multifaceted study that
requires the application of various approaches. Based on the results obtained in this study, it can be argued
that the differentiation decisions of the cell depend on many factors, including the specific LMNA mutation,
the degree of activity of the Notch pathway, as well as the origin of the cell. It is important to study the
totality of possible changes in the cell due to the LMNA mutations, including epigenetic changes and
disturbances in the interaction of lamins with signaling pathway components, and to assess how these
changes affect differentiation processes. Such studies will make it possible to understand the overall picture

of the molecular mechanism that leads to the development of these serious diseases.

To sum up, we can do some conclusions:

1. Mutations LMNA G232E and LMNA R5718S lead to impaired muscle differentiation of mouse
satellite cells and C2C12 cells.

2. The LMNA R482L mutation suppresses the process of adipogenic differentiation by reducing the
activity of the Notch pathway.

3. LMNA R527C mutation suppresses osteogenic differentiation and Notch activity in human
mesenchymal cardiac cells while LMNA R527C mutation activates osteogenic differentiation and

Notch in human aortic valve interstitial cells.

4. A-type lamins cooperating with the Notch pathway affect the process of cell differentiation in a

tissue-specific manner.

5. The LMNA R249Q mutation leads to a change in the expression profile of cardiomyocytes
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obtained from the patient's induced pluripotent stem cells: an increase in the expression of genes

encoding structural proteins; a decrease in the expression of genes encoding desmosome proteins.

The LMNA R249Q mutation leads to a change in the electrophysiological properties of
cardiomyocytes derived from induced pluripotent stem cells: a decrease in the peak density of

sodium current, a slowdown in stationary activation of sodium current, a slowdown in stationary

inactivation of sodium current.
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ABBREVIATIONS

BSA — bovine serum albumin

cDNA — complementary DNA

CM - cardiomyocyte

CMC - cardiac mesenchymal cells

CSL — CBF1, Suppressor of Hairless, Lag-1 (transcription factor that is responsible for activating the
genes downstream of the Notch pathway)
DAPI — 4',6-diamidino-2-phenylindole

DCM - dilated cardiomyopathy

DMSO — dimethyl sulfoxide

DNA — deoxyribonucleic acid

EC — human umbilical vein endothelial cells
EDMD — Emery-Dreifuss muscular dystrophy
FBS — fetal bovine serum

hES — human embryonic stem cells

HS — horse serum

IC — interstitial cells of the human aortic valve
iPSC — induced pluripotent stem cells

LAD — lamina associated domain

LMNA — lamin A/C gene

MEF — mouse embryonic fibroblast

MSC — mesenchymal stem cells

NICD — Notch intracellular domain

NLS — nuclear localization signal

PBMC — peripheral blood mononuclear cells
PBS — phosphate buffer saline

PCR — polymerase chain reaction

PEI — polyethylenimine hydrochloride

PFA — paraformaldehyde

RNA — ribonucleic acid

RT-PCR - reverse transcription PCR

SMC — human aortic smooth muscle cells
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