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Momusayus u yenw. I'nmeprpodudaeckas xapauomuonatus (I'KMII) — ogHa u3 campix
pacpoCTpaHEHHBIX CEPACUHO-COCYIUCTHIX MAaTOJIOrHi. 3a00IeBaHNE XapaKTepU3yeTCs
HapyIIEeHUEM CTPYKTYPHI CApKOMEPOB KapAHOMHUOLUTOB U YBEIMYCHUEM UX Pa3Mepa,
TUIEPTPOPHUCH  CTEHOK JIEBOTO  JKEIYA0YKa, MPOTPECCUPYIONICH  CeplaedyHOi
HEJOCTATOYHOCTHIO, BBICOKMM PUCKOM apUTMUWA M BHE3aIHOHN cepaeuHol cmepTu. B
60% ciydaeB 3a0oJicBaHHME SIBISCTCS HACICICTBEHHBIM. Ha ceromHsmHui JeHb
n3BecTHO Oosiee 1400 reHeTHUecKUX BapraHTOB, cBsi3aHHbIX ¢ ' KMII, B renax, kotopsie
mo OOJNBIIe YacTH KOIUPYIOT capkoMmepHble Oenmku [1]. M3 3THMX TeHeTHYeCKHUx
BapHaHTOB npuMepHo 80% mpuxomurcst Ha Takue redbl, kak MYH7 u MYBPC3 [2].
OpHako He Uit BCEX OIMMCAHHBIX TEHETHYECKHX BapHUaHTOB IOJTBEpXKICHA
CIOCOOHOCTh BIMSTH HA Pa3BUTHE Marojioruu. PaHee Hamu ObUIM BbISBIICHBI /Ba
nauuenTa, ctpagaromux 'KMII, ¢ BapuanTamu ¢ HESICHBIM KIIMHWUYECKUM 3HAYCHUEM
€.1977G>A u ¢.1543 _1545delAAC B renax MYH7 u MYBPC3 cootsercTBenno [3].
Lenbto nanHoi pabOTHI SIBISIETCS UCCIIEIOBAHNE TATOTCHETUIECKOTO BKIIA/1a BAPHAHTOB
€.1977G>A u ¢.1543 1545delAAC B renax MYH7 u MYBPC3 B passutiie TKMII.
Memoowvr u ancopummwr: ]I BBISICHEHUS KIMHAYECKOTO 3HAYEHHS BApUAHTOB
€.1977G>A u ¢.1543 1545delAAC B renax MYH7 u MYBPC3 nanubie MyTaiuu Obutm
BHECEHBI B JINHUIO MHAYLHPOBAHHBIX IIIOPUIOTEHTHBIX cTBOJOBBIX KieTok (UIICK)
3n0poBoro fgoHopa K7-4Lf [4], a Takke wicnipaBlicHbI B paHee MOJYYEHHBIX MAIlMEHT-
cneruduunbix guausx WIICK [5-6]. Pepaktupoanue reno MYH7 u MYBPC3 B
munustx UTICK ocymiectsisutu ¢ momonibio cucteMbl CRISPR/Cas9 u opHotienoueuHpIx
JIOHOPHBIX OJIMTOHYKJICOTU/IOB, COJEPKAILIMX HYKICOTHIHbIE [T0cIeoBaTebHOCTH 18-
ro sk3oHa rera MYH7 unu 17-ro sx3ona rena MYBPC3. JloHOpHBIE OJHTOHYKIIEOTHIBI
JUIsL  BHECEHMS MyTauumd coaepkanud 3ameny C.1977G>A  winu  jenenuio
€.1543_1545delAAC, noHOpHBIC OJMIOHYKJICOTHIBI U WCIPABICHUS MYTaluii
COOTBETCTBOBAIM HYKJICOTHIHOHM ITOCIIEI0BATEIBHOCTH 3/10pOBOro poHopa. Cucrema
CRISPR/Cas9 wucnonp3oBagace B BHjie PHOOHYKICOIMPOTEHHOBBIX KOMILIEKCOB,
SgRNA:Cas9_NLS, koTopbie BMeCTe C TOHOPHBIME OJIUTOHYKJICOTHIaMHU JJOCTABIISLTUCH
B KJIETKH C IMOMOIIBIO 3neKkTponopanud. [Tonydennsle nocie anekrponopanuu UTICK
CyOKJIIOHMpOBaIH. AHAITN3 COOBITHIA B TIeNIeBbIX paiioHax B cyosonax NITCK nposoauim
cekBenupoBanreMm 1mo Conrepy. Jluamm WMIICK ¢ BHECEHHBIMH W HCTIPABICHHBIMH
mytarusamMu  €.1977G>A u €.1543 1545delAAC B renax MYH7 u MYBPC3
CTaHJAPTHBIMH ~ METoJaMH  OBbITM  TPOBEPEHBI HAa  JKCIPECCHI0  MapKepoB
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TUTFOPUITIOTEHTHOTO COCTOSIHUS, CIIOCOOHOCTH AU(PepeHIIMPOBATECS B MPOU3BOIHBIC
TpEeX 3apOJBIIICBEIX JUCTKOB M COXPaHEHUE HOPMAIBLHOrO KapuoTuma. Hammuue
HernenieBoi  aktuBHOCTH cucteMbl CRISPR/Cas9 B momyuennbix smamsix MITICK
MPOBEPsUIOCh  CeKBeHHWpoBaHWeM 1o CoHrepy msaTH HamboJee BEpOSTHBIX
Npe/ICKa3aHHbIX ~ HeleneBblX caiitoB  cucteMbl CRISPR/Cas9. Hampasiennas
mudpdepennmporka nuaud  WIICK ¢ BHecenHbiMM MyTanmusimu  C.1977G>A u
€.1543 1545delAAC B rerst MYH7 1 MYBPC3, manment-cennduunsix muanii TTICK
n muanit UTICK 310poBBIX TOHOPOB B KAPAMOMHUOIIUTHI OCYIIECTRIISIIACH TIO TIPOTOKOITY
OCHOBaHHOMY Ha MOAyJsauu curHameHoro mytu Wnt [7]. Pasmep momyueHHBIX
KapAFOMHOIIUTOB OIIEHUBAJICS C IIOMOIIBI0 HMMYHO(DIYOPECIIEHTHOTO OKpAIIUBaHUS 1
MOCIIEAYIONIETo MOJICYeTa UX TIoNIa el B mporpamMme Imagel. s kapInOMHOITUTOB C
BHeceHHoU Mmytammed C.1977G>A B rem MYH7 Taxke mpoBeleHO HCCIEAOBAHUC
MHUTOXOH/IPHAILHOTO ABIXaHMs C HCITOIB30BaHneM TexHooruu Seahorse (Agilent).
Pezynomamur: B pesynprate penakrupoBanus reaoB MYH7 u MYBPC3 nuaun UIICK
3I0pPOBOTO J0HOpa W manueHT-cneruduunbix auHui MIICK ¢ moMoIpi CUCTeMBI
CRISPR/Cas9 6pitn monyuensl oana guaus WUIICK, reTepo3urotHas mo BHECEHHOM
mytanuu ¢.1977G>A B rer MYH7, tpu nmuann UIICK, roMo3uroTHBIE TIO BHECEHHOM
mytarmu €.1543_1545delAAC B ren MYBPC3, nse nmunuu UIICK ¢ wcmpaBiaeHHON
mytanued ¢.1977G>A B reue MYH7 u tpu muaun UIICK ¢ ucnpasieHHO#l MyTanuei
.1543_1545delAAC B reme MYBPC3. Bce monyuennsie smaun UIICK coxpansutu
CBOM TUTIOPUTIOTEHTHBIE CBOWMCTBA: OKCIPECCHI0O MAapKEPOB ILTIOPHIIOTEHTHOTO
COCTOSTHUS ¥ CLIOCOOHOCTD U (HEPEHIIUPOBATLCS B MPOU3BOIHBIC TPEX 3aPOIBIIICBBIX
JUCTKOB — M HOPMaNBHEIN Kapuotunl. B momydennsix nuamsax UIICK Takxe He ObLTO
obHapyxeHo HereneBoit aktuBHocTH cucteMbl CRISPR/Cas9. Beuto mokasaHo, uTo
IJIONIAd  KapJIUOMHOIIMUTOB, MOJYYCHHBIX B  pe3y/lbTare  HalpaBICHHON
mudpdepennupoBkn snuHU WIICK ¢ BHecenHbiMu Bapuantamu c.1977G>A u
€.1543_1545delAAC B reust MYH7 u MYBPC3 u marueHT-crieliuuuHbIX JHHAN
WIICK, a0ocTOBEpHO YBEIWYEHBI MO CPABHEHHUIO C IUIOMIAJIAIMU KapIUOMHOIIUTOB,
nony4yeHHbIX mpu nuddepenuuposke nuaui WIICK 310poBbBIXx moHOopoB. Takxke
0a30BBIll YpOBEHb TOTPEOJICHHS KHCIOPOAa B KapAHOMHOLUTaX C BHECEHHBIM
reHeTuyeckuM BapuaHtoM c.1977G>A B ren MYH7 Obu1 3HauuTeNbHO HUXKE
OTHOCHUTEJILHO KapJIUOMHUOIMTOB, NoiaydeHHbIX u3 jguaun MIICK 3mopoBoro moHopa,
WCTIONIb30BaHHOM /ISl BHECEHUST MYTaIHH.

Buigoowr: C ucnonp3oBanneM cucremsl CRISPR/Cas9 Obuta co3maHa naHe b N30IeHHBIX
suanit UTICK st u3ydeHus maTOreHETUYECKOro BKiajga BapuaHtoB C.1977G>A u
€.1543_1545delAAC B renax MYH7 u MYBPC3 B passurue I'KMII. B
KapauoMuouurTax, noiaydeHHbiXx wu3 JuHuil HIICK ¢ BHECEHHBIMH MyTalUsSMHU
€.1977G>A u ¢.1543_1545delAAC B rerst MYH7 1 MYBPC3, Bocripor3BOANTCS TAKOM
BakHbIl pu3Hak ' KMII, kak yBenuueHHsIi pazmep. KpoMe Toro, B KapJHOMHOIIMTAX
¢ BHeceHHOW wMmyramumeir C.1977G>A B rtem MYH7 oOHapyxeHO CHIbKeHHE
MUTOXOHJPHUAJIBHOTO  JAbIXaHWs. JlaHHBIE  pE3yJbTAaTHl  CBHJIETENLCTBYIOT O
maToreHHocTr BapuantoB C.1977G>A u €.1543 1545delAAC B renax MYH7 wu
MYBPC3.

Qunancuposanue: Vccnenosanue nomaepxkano PHD (mpoekt Ne 22-15-00271).
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Motivation and Aim: Hypertrophic cardiomyopathy (HCM) is one of the most common
cardiovascular pathologies. The disease is characterized by disruption of sarcomere
structure of cardiomyocytes and their enlarged size, hypertrophy of left ventricle walls,
progressive heart failure, a high risk of arrhythmia and sudden cardiac death. In 60% of
cases, the disease is inherited. To date more than 1400 HCM-associated genetic variants
in genes encoding predominately sarcomeric proteins have been described [1]. Among
the variants, about 80% were found in MYH7 and MYBPC3 [2]. However, capacity to
have impact on pathology development is confirmed not for all the genetic variant. We
previously identified two HCM patients carrying variants of unknown significance —
€.1977G>A and ¢.1543_1545delAAC in MYH7 and MYBPC3, respectively [3].

The aim of this work is studying pathogenetic contribution of ¢.1977G>A and
€.1543_1545delAAC variants in MYH7 and MYBPC3 to HCM development.

Methods and Algorithms: To find out clinical significance of ¢.1977G>A and
€.1543 1545delAAC variants in MYH7 and MYBPC3, the mutations were introduced in
induced pluripotent stem cells (iPSCs) of healthy donor, the K7-4Lf line [4] and were
corrected in patient-specific iPSC lines generated previously [5-6]. MYH7 and MYBPC3
editing in the iPSC lines was performed with CRISPR/Cas9 and single-stranded donor
oligonucleotides contained nucleotide sequences of MYH7 exon 18 or MYBPC3 exon
17. Donor oligonucleotides for introducing mutations comprised c¢.1977G>A
substitution or c¢.1543 1545delAAC deletion, donor oligonucleotides for mutation
correction corresponded to nucleotide sequences of healthy donor. CRISPR/Cas9 was
used in the form of ribonucleoprotein complexes, sgRNA:Cas9 NLS, that were
delivered to cells together with the donor oligonucleotides by electroporation. The iPSCs
obtained after electroporation were subcloned. Analysis of events in the target regions
in the iPSC subclones was carried out using Sanger sequencing. iPSC lines with
introduced and corrected ¢.1977G>A and ¢.1543 _1545del AAC mutations in MYH7 and
MYBPC3 were checked for expression of pluripotency state markers, capacity to be
differentiated into derivatives of three germ layers, and retaining normal karyotype by a
standard set of methods. Off-target CRISPR/Cas9 activity in the iPSC lines was verified
by Sanger sequencing of top-5 predicted CRISPR/Cas9 off-target sites. Directed
differentiation of the iPSC lines with introduced ¢.1977G>A and c.1543 1545delAAC
mutations in MYH7 u MYBPC3, the patient-specific iPSC lines and iPSC lines of healthy
donors into cardiomyocytes was performed according to the protocol based on the Wnt
signaling pathway modulation [7]. The size of the cardiomyocytes was evaluated using
immunofluorescence staining followed by cardiomyocyte area calculation in ImageJ.
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For cardiomyocytes with introduced ¢.1977G>A mutation in MYH7, mitochondrial
respiration was also examined using the Seahorse (Agilent) technology.

Results: As a result of MYH7 and MYBPC3 editing of the iPSC lines of healthy donor
and patient-specific iPSC lines using CRISPR/Cas9, one iPSC line heterozygous at
introduced ¢.1977G>A mutation in MYH?7, three iPSC lines homozygous at introduced
€.1543 1545delAAC mutation in MYBPC3, two iPSC lines with corrected ¢.1977G>A
mutation in MYH7, and three iPSC lines with corrected ¢.1543_1545del AAC mutation
in MYBPC3 were generated. All the iPSC lines retained their pluripotent properties —
expression of the pluripotency state markers and capacity to be differentiated into
derivatives of three germ layers — and normal karyotype. Off-target CRISPR/Cas9
activity was not observed in the iPSC lines. It was shown that areas of cardiomyocytes
derived from the iPSC lines with introduced ¢.1977G>A and c.1543 1545delAAC
variants in MYH7 and MYBPC3 and patient-specific iPSC lines were significantly
increased in comparison with those derived from the iPSC lines of healthy donors. Basic
oxygen consumption rate in cardiomyocytes with introduced ¢.1977G>A variant in
MYH7 was decreased compared to cardiomyocytes derived from the iPSC line of healthy
donor used for introducing the mutation.

Conclusion: A panel of isogenic iPSC lines for studying pathogenetic contribution of
€.1977G>A and c.1543_1545delAAC variants in MYH7 and MYBPC3 to HCM
development has been generated using CRISPR/Cas9. An important HCM feature,
enlarged cardiomyocyte size, was reproduced in cardiomyocytes derived from the iPSC
lines with introduced ¢.1977G>A and c.1543 1545delAAC mutations in MYH7 and
MYBPC3. A decrease in mitochondrial respiration was also revealed in cardiomyocytes
with introduced ¢.1977G>A mutation in MYH7. The results testify in favor of
pathogenicity of ¢.1977G>A and ¢.1543_1545delAAC variants in MYH7 and MYBPC3.
Funding: The study was supported by Russian Science Foundation (project No. 22-15-
00271).
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