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Abstract. The problem of interpretation of the genetic data from patients with inherited cardiovascular diseases
still remains relevant. To date, the clinical significance of approximately 40 % of variants in genes associated with
inherited cardiovascular diseases is uncertain, which requires new approaches to the assessment of their patho-
genetic contribution. A combination of the induced pluripotent stem cell (iPSC) technology and editing the iPSC
genome with CRISPR/Cas9 is thought to be the most promising tool for clarifying variant pathogenicity. A variant
of unknown significance in MYH7, p.Met659lle (c.1977G>A), was previously identified in several genetic screen-
ings of hypertrophic cardiomyopathy patients. In this study, the single nucleotide substitution was corrected with
CRISPR/Cas9in iPSCs generated from a carrier of the variant. As a result, two iPSC lines (ICGi019-B-1 and ICGi019-B-2)
were generated and characterized using a standard set of methods. The iPSC lines with the corrected p.Met659lle
(c.1977G>A) variant in MYH7 possessed a morphology characteristic of human pluripotent cells, expressed markers
of the pluripotent state (the OCT4, SOX2, NANOG transcription factors and SSEA-4 surface antigen), were able to
give rise to derivatives of three germ layers during spontaneous differentiation, and retained a normal karyotype
(46,XY). No CRISPR/Cas9 off-target activity was found in the ICGi019-B-1 and ICGi019-B-2 iPSC lines. The mainte-
nance of the pluripotent state and normal karyotype and the absence of CRISPR/Cas9 off-target activity in the iPSC
lines with the corrected p.Met659lle (c.1977G>A) variant in MYH7 allow using the iPSC lines as an isogenic control
for further studies of the variant pathogenicity and its impact on the hypertrophic cardiomyopathy development.
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ITonyueHune nuHUIL ICGi019-B-1 1 ICGi019-B-2 nmocpeacTBoM
cIpaBjaeHms ¢ momMmoliibio cucreMbl CRISPR/Cas9 BapmaHTa
p.Met659Ile (¢.1977G>A) B reHe MYH7 B nauieHT-CIIeU(PUIHBIX
VHAVIIVIPOBAHHBIX IJIDPUIIOTEHTHBIX CTBOJJIOBBIX KJIeTKax
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AHHoTauuA. MNpobnema MHTepnNpeTaunn pe3ynbTaToB reHeTMYeCKOro aHanmsa naumneHToB, cTpafjalowWwmx Hacneq-
CTBEHHbIMY CEPAEYHO-COCYANCTBIMU 3aboneBaHUAMY, NO-NPEXHEMY COXpaHAET CBOK aKTyanbHOCTb. Ha cerop-
HAWHUA AEHb KNMHUYECKOe 3HauyeHne okono 40 % BapuaHTOB B reHaX, aCCOLMUPOBAHHBIX C HaCNeACTBEHHbIMU
cepaeyHo-coCcyanCTbIMU 3a60MeBaHNAMM, OCTAeTCA HEACHBIM, YTO MPUBOAUT K HEOOXOAMMOCTM UCMONb30BaHMWsA
HOBbIX MOAXOAOB ANA OLEHKN MaTOreHeTUYyecKoro Bknafa 3Tux BapraHToB. COBMECTHOe MpYMEeHEeHre TeXHOMO-
TN MHOYLMPOBAHHbIX MIOPUNOTEHTHBIX CTBONTIOBbIX KNETOK U PefAakTUPOBaHNA UX reHOMa C NMOMOLLbIO CUCTEMbI
CRISPR/Cas9 cuntaetca Hanbosee nepcnekTUBHbIM CMOCOOOM BblSICHEHUS MNAaTOreHHOCTU FeHeTUYECKNX BapUaHTOB.
PaHee B HECKONbKNX FeHeTNYECKNX CKPMHUHIaX MNALMEHTOB C runepTpoduryeckol KaparommonaTen 6bin BbiABIeH
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Generation of two iPSC lines via correction
of MYH7:p.Met659lle (c.1977G>A) with CRISPR/Cas9

BAPWAHT C HEACHBIM KIIMHNYECKUM 3HaueHneM B reHe MYH7Z, p.Met659lle (c.1977G>A). B HacToAwwem nccnenoBaHnum
[laHHaA OHOHYKNeoTMAHaA 3ameHa ¢ nomolbto crctembl CRISPR/Cas9 6bina ncnpasneHa B MHAYLMPOBaHHbIX Nto-
PUMNOTEHTHbIX CTBOMOBbIX KJIETKaX, MOSTlyYE€HHbIX OT HOCUTENA STOrO FEHETUYECKOro BapuaHTa. B pesynbrate nonyye-
Hbl 1 OXapaKTePU30BaHbl C NCMOMb30BaHNEM CTaHAAPTHOrO Habopa MeTOAOB fiBe NIMHUN UHAYLIMPOBAHHbIX MpU-
NOTEHTHbIX CTBONOBbIX KNneTokK (ICGi019-B-1 n ICGi019-B-2). JInHMM MHAYLUMPOBaHHbIX MIOPUNOTEHTHbBIX CTBOMOBbIX
KNeTOK C cnpasneHHbIM BapraHTom p.Met659lle (c.1977G>A) B reHe MYH7 nmenn xapakTepHyto 1A MAPUNOTEHT-
HbIX KJIeTOK YesioBeKa MopdOorio, SKCNpeccMpoBasn MapKepbl MIIOPUNOTEHTHOrO COCTOAHUA (TPAHCKPUMNLOH-
Hble pakTopbl OCT4, SOX2, NANOG 1 noBEepXHOCTHbIN aHTUreH SSEA-4), 6bIn1 cnocobHbl JaBaTb MPON3BOAHbIE TPEX
3apopabllWeBbIX IMCTKOB NPW CMOHTaHHON AnddepeHLMPOBKe 1 COXPaHANM HOPMasbHbIV KapuoTun (46,XY). B nu-
HUAX MHOYLMPOBAHHBIX MIIOPUMNOTEHTHBIX CTBOMOBbIX KneTok ICGi019-B-1 1 ICGi019-B-2 He o6HapyxeHo Helene-
BOW akTMBHOCTK cucTembl CRISPR/Cas9. MNoaaeprkaHre naopunoTeEHTHONO COCTOAHUA U HOPMANbHOIO KapuoTuna,
a Takxe OTCYTCTBUE HeleneBon akTBHOCTU cuctembl CRISPR/Cas9 B IMHMAX MHAYLMPOBAHHbIX MIOPUMOTEHTHbIX
CTBOJIOBbIX KJIETOK C MCNpaBieHHbIM BapraHTom p.Met659lle (c.1977G>A) B reHe MYH7 no3BonAT UCNosb30oBaTb
NonyyYeHHble IMHWN B KaYeCTBE N30reHHOro KOHTPONA ANA AaNbHEeNLWNX NCCNefoBaHNin NaTOFreHHOCTY faHHOTO re-
HeTMYEeCKOro BapuaHTa 1 ero BAMAHNA Ha pa3BUTUE runepTpodnyeckon KapanommonaTum.

KnioueBble cnoBa: runeptpodryeckas KapgmoMmMonaTus; BapuaHTbl C HEACHBIM KIIMHUYECKMM 3HaueHUeM; NHAY-

LMpOBaHHble MIpUNoTeHTHble cTBoNoBble KneTku; CRISPR/Cas9

Introduction
Generation of induced pluripotent stem cells (iPSCs) and their
subsequent differentiation into cardiomyocytes is an important
tool for modeling, studying, and developing therapy methods
for inherited cardiovascular diseases (Parrotta et al., 2020;
Funakoshi, Yoshida, 2021; Gdhwiler et al., 2021). A combined
use of the iPSC-based technology and genome editing me-
thods, e. g. CRISPR/Cas9, also allows generating the so-called
isogenic iPSCs by introducing a certain variant into iPSCs
of a healthy donor or its correction in patient-specific iPSCs.
Examination of cardiomyocytes derived from the isogenic
iPSCs can overcome the challenge caused by numerous va-
riants of unknown significance found in genetic screenings
of patients with cardiovascular diseases (Guo H. et al., 2021).
Hypertrophic cardiomyopathy (HCM) is one of the most
widespread inherited cardiovascular pathologies (overall
prevalence is 0.2 %). The disease manifestations include an
asymmetric thickness of the left ventricular walls and the
interventricular septum, left ventricular outflow tract obstruc-
tion, progressive heart failure, and a high risk of atrial or
ventricular arrhythmias and sudden cardiac death (Geske et al.,
2018). HCM-causing variants can be found in genes encoding
proteins involved in sarcomere functioning and regulation of
calcium homeostasis. There are also HCM phenocopies that
are due to variants in genes associated with metabolic disor-
ders, neuromuscular diseases, and RASopathies. However, the
majority of HCM-causing variants (about 80 %) have been
found in MYH7 and MYBPC3, encoding sarcomere proteins:
B-myosin heavy chain and myosin-binding protein C, respec-
tively (Akhtar, Elliott, 2018; Pasipoularides, 2018).
Avariant of unknown significance, p.Met6591le (c.1977G>A,
rs1241603111) in MYH7, was found in a number of genetic
screenings of HCM patients (Richard et al., 2003; Bashyam
etal., 2012; Dementyeva et al., 2020a). The single nucleotide
substitution is a rare variant with no frequency in gnomAD
v4.1.0 (https://gnomad.broadinstitute.org/) and is located in
the actin-binding site of the myosin motor domain that is
highly conservative in vertebrates (Hesaraki et al., 2022).
The variant is predicted to be pathogenic by multiple in silico
tools and AlphaMissense (Dementyeva et al., 2020a; Cheng
et al., 2023; Pavlova et al., 2024). However, according to the
ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar), the

available evidence is not sufficient to determine the role of the
variant in HCM development. Therefore, functional studies
are required to find out the pathogenicity of the variant.

In our previous study, CRISPR/Cas9 was used to introduce
the variant into iPSCs of a healthy donor (Malakhova et al.,
2020) and an iPSC line heterozygous at the single nucleotide
substitution was generated. The cardiomyocytes derived from
the iPSC line with the introduced p.Met6591le (c.1977G>A)
variant in MYH7 were characterized by an increased size, an
elevated diastolic calcium level, changes in the expression of
HCM-related genes, and a decrease in basal oxygen consump-
tion rate compared to the isogenic control, which indicates the
pathogenicity of the variant (Pavlova et al., 2024). However, it
would be useful to verify the effects of the variant on the car-
diomyocyte properties under another genetic background. This
study was aimed at correction of the variant in an iPSC line
derived earlier from an HCM patient carrying the p.Met6591le
(c.1977G>A) variant in MYH7 (Dementyeva et al., 2020b)
and generation of the second panel of isogenic iPSC lines
for studying the impact of the variant on HCM development.

Materials and methods

iPSC lines used. ICGi019-B (https://hpscreg.cu/cell-line/
ICGi019-B), an iPSC line derived from an HCM patient who
was a carrier of the p.Met6591le (c.1977G>A) variant in MYH7
(Dementyeva et al., 2020b). ICGi022-A (https://hpscreg.cu/
cell-line/ICGi022-A), an iPSC line derived from a healthy
donor (Malakhova et al., 2020).

iPSC cultivation. iPSC lines were cultured at 37 °Cin 5 %
CO, on a layer of mitotically inactivated mouse embryonic
fibroblasts (feeder) in KnockOut DMEM supplemented with
15 % KnockOut Serum Replacement, 0.1 mM MEM Non-
Essential Amino Acids Solution, 1x penicillin-streptomycin,
1 mM GlutaMAX (all reagents — Thermo Fisher Scientific),
0.05 mM 2-mercaptoethanol (Amresco), and 10 ng/mL bFGF
(SCI-store). The iPSC lines were passaged with TrypLE™
Express Enzyme (Thermo Fisher Scientific) at a ratio of 1:10
every 4-5 days.

Correction of the p.Met6591le (c.1977G>A) variant in
MYH?7 of patient-specific iPSCs. 100 pmol of single-guide
RNA (Synthego, Table 1) and 20 pmol of Cas9 NLS (NEB)
were incubated for 20 min at room temperature. The ribonu-
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Table 1. Oligonucleotides and antibodies used in this study

Monyuenune aByx nuHun UMNCK nocpeacTsom ncnpasneHmna
MYH7:p.Met659lle (c.1977G>A) cuctemon CRISPR/Cas9

2025
293

Application

Protospacer
for single-guide RNA

Single-stranded donor
oligonucleotide

Analysis of editing events

Analysis of CRISPR/Cas9
off-target activity

Pluripotency markers
(RT-qPCR)

Reference gene
(RT-gPCR)

Mycoplasma detection

Application

Pluripotency markers

Markers of differentiated
derivatives

Secondary antibodies

Oligonucleotides

Gene/locus Product size
MYH7, exon 18 20b
MYH7,exon 18 89b
MYH?7, exon 18 258 bp
chr4:14217409-14217428 559 bp
chr7:57819587-57819606 378 bp
chr8:139343032-139343051 535bp
chr20:9996001-9996020 575 bp
chr2:241709069-241709088 541 bp
NANOG 116 bp
Sox2 100 bp
B2M 90 bp
16S ribosomal RNA gene 280 bp
Antibodies
Antibody Dilution
Mouse IgG2b anti-OCT3/4 1:50
Rabbit IgG anti-SOX2 1:200
Mouse IgG3 anti-SSEA-4 1:200
Mouse IlgG2a anti-TUBB3 1:500
Mouse IgG2a anti-aSMA 1:100
Mouse IgG1 anti-CK18 1:100
Goat anti-Mouse IgG (H + L) 1:400
Secondary Antibody, Alexa Fluor 568
Goat anti-Rabbit IgG (H + L) Highly 1:400
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488
Goat anti-Mouse 1gG3 Cross- 1:400
Adsorbed Secondary Antibody,
Alexa Fluor 488
Goat anti-Mouse IgG1 Cross- 1:400

Adsorbed Secondary Antibody,
Alexa Fluor 488

Nucleotide sequence (5'-3)

GGGATGGGTGGAGCGCAAGT

TATTGCATTTTTGGCCACAGGAAAATCTGAACAAGCTGAT
GACAAACTTGCGCTCCACCCATCCCCACTTTGTACGTTGTA

TCATCCCT

TCCTTCCTTCTTCTCCTCTCTT/
GTGGTGGTAGGTAGGGAGAT

TCTGGTAAGAGCCTGACTTCTG/
TCCCACCTGCCATTGGAATA

ACGATACTCAAGGCCCAATCT/
TGGTGTTTCCTCATCCTGGT

GCCAGGAAAGTTCAGTGGTTAG/
CCCTCTCTCTTCCTGCTCTTAT

GACTTGTAATAACTCTCACTCACCTAAA/
CCAGGCAATGTTAAGCCTTCAT

TCCCGTGTGGATTTCTTTAGGT/
TGTAGGCGTTCTGGATCTTCTG

TTTGTGGGCCTGAAGAAAACT/
AGGGCTGTCCTGAATAAGCAG

GCTTAGCCTCGTCGATGAAC/
AACCCCAAGATGCACAACTC

TAGCTGTGCTCGCGCTACT/
TCTCTGCTGGATGACGTGAG

GGGAGCAAACAGGATTAGATACCCT/
TGCACCATCTGTCACTCTGTTAACCTC

Company, cat. no., RRID

Santa Cruz Biotechnology, sc-5279, RRID:AB_628051
Cell Signaling Technology, 3579, RRID:AB_2195767
Abcam, ab16287, RRID: AB_778073

BioLegend, 801201, RRID:AB_2313773

Dako, M0851, RRID:AB_2223500

Abcam, ab668, RRID:AB_305647

Thermo Fisher Scientific, A11031, RRID:AB_144696

Thermo Fisher Scientific, A11008, RRID:AB_143165

Thermo Fisher Scientific, A21151, RRID: AB_2535784

Thermo Fisher Scientific, A21121, RRID:AB_2535764
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cleoprotein complexes, together with 300 ng of single-stranded
donor oligonucleotide (Biolegio, Table 1), were electroporated
into 1 x 103 iPSCs of the ICGi019-B line on a Neon Transfec-
tion System (Thermo Fisher Scientific), using the program:
1100 V, 30 ms, | time. The electroporated cells were trans-
ferred to a feeder layer in the iPSC medium without antibiotic
and supplemented with 10 ng/ml Y-27632 (Sigma-Aldrich).
48 h later, the cells were subcloned into 96-well plates. iPSC
clones were cultivated as described in the previous section.
Analysis of editing events in MYH7 and CRISPR/Cas9
off-target activity. Genomic DNA was isolated from the iPSC
clones using Wizard® Genomic DNA Purification Kit (Pro-
mega). Genomic DNA regions contained exon 18 of MYH7
or CRISPR/Cas9 off-target sites predicted using IDT (https://
www.idtdna.com/) were amplified by PCR with BioMaster
HS-Taq PCR-Color (2x) (Biolabmix) on a T100 Thermal Cy-
cler (Bio-Rad), using the program: 95 °C — 3 min; 35 cycles:
95°C—-30s,62°C—-30s,72°C—-30-40s; 72 °C — 5 min.
The primers used are listed in Table 1. Sanger sequencing of
the PCR products was performed using the Big Dye Termina-
tor V. 3.1. Cycle Sequencing Kit (Applied Biosystems) and
analysis was conducted at the SB RAS Genomics Core Facility
(http://www.niboch.nsc.ru/doku.php/corefacility).
Karyotype analysis. iPSC lines were plated at a ratio of
1:4 on a 12-well plate 48 h before metaphase collection. Four
different concentrations of Colcemide (from 25 to 50 ng/mL)
were added 2.5 h before metaphase collection. Cells were dis-
aggregated with TrypLE™ Express Enzyme (Thermo Fisher
Scientific). Hypotonic treatment was conducted for 20 min
at 37 °C in 0.28 % KCI. Cells were fixed in Carnoy’s solu-
tion (methanol-acetic acid 3:1) as described in (Sorogina et
al., 2023). Karyotype of the iPSC lines was analyzed on
Axioplan 2 (Zeiss) with the ISIS 5 program (MetaSystems).
50 metaphase plates were analyzed for the iPSC lines.
Spontaneous in vitro differentiation. iPSCs were treated
for 40 min with 0.15 % Collagenase IV (Thermo Fisher Sci-
entific). The resulting cell aggregates were transferred to Petri
dishes coated with 1 % agarose and cultivated for 2 weeks in
DMEM/F12 (1:1) medium supplemented with 15 % KnockOut
Serum Replacement, 0.1 mM MEM Non-Essential Amino
Acids Solution, 1x penicillin-streptomycin, | mM GlutaMAX
(all reagents — Thermo Fisher Scientific). The embryoid bo-
dies formed were plated on 8-well Chambered Coverglasses
(Thermo Fisher Scientific) coated with Matrigel (Corning)
and cultured for a week in the same medium. The medium
was changed every 3 days. The differentiated derivatives were
analyzed by immunofluorescence staining.
Immunofluorescence staining. iPSCs or their differen-
tiated derivatives were fixed in 4 % paraformaldehyde (Sigma-
Aldrich) for 10 min, permeabilized in 0.4 % Triton-X100
(Sigma-Aldrich) for 10 min, incubated with 1 % bovine serum
albumin (VWR) for 30 min (all the steps were conducted at
room temperature). In case of SSEA-4, cell treatment was
carried out without the permeabilization step. Cells were
incubated overnight at 4 °C with primary antibodies and for
1 h at room temperature with secondary antibodies. After each
incubation with antibodies, the cells were washed with PBS
twice for 15 min. The antibodies used are provided in Table 1.
Nuclei were counterstained with DAPI (Sigma-Aldrich). Im-
munofluorescence staining was analyzed on a Nikon Eclipse
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Ti-E microscope with NIS Elements Advanced Research soft-
ware version 4.30 (Nikon).

RT-gPCR. RNA was isolated from iPSC lines with TRIzol
Reagent and treated using the Invitrogen™ DNA-free™ DNA
Removal Kit (all reagents — Thermo Fisher Scientific). Reverse
transcription of 1 pg of RNA was conducted with M-MuLV
reverse transcriptase (Biolabmix). RT-qPCR was performed
with BioMaster HS-qPCR SYBR Blue 2% (Biolabmix) on a
QuantStudio™ 5 Real-Time PCR System (Applied Biosys-
tems), using the program: 95 °C — 5 min; 40 cycles: 95 °C —
105, 60 °C — 1 min. CT values were normalized by the AACT
method (Livak, Schmittgen, 2001) using B2M as a reference
gene. The primers used are listed in Table 1.

Mycoplasma detection. Mycoplasma contamination in
iPSC lines was detected by PCR with BioMaster HS-Taq PCR-
Color (2x) (Biolabmix) on a T100 Thermal Cycler (Bio-Rad),
using the program: 95 °C — 3 min; 35 cycles: 95 °C — 15 s,
67°C—15s,72°C—20s; 72 °C — 5 min. The primers used
are listed in Table 1.

Results

The p.Met6591le (c.1977G>A) variant in MYH7 was corrected
in the patient-specific ICGi019-B iPSC line via introduction
of a double-strand break with CRISPR/Cas9 and subse-
quent homology-directed repair with single-stranded donor
oligonucleotide. The protospacer for the single-guide RNA
and Protospacer Adjacent Motif (PAM) were designed to be
located as close as possible to the target substitution and to
introduce a synonymous substitution in PAM to protect MYH7
from repetitive editing (Fig. 1a). Low off-target activity of the
selected single-guide RNA was confirmed using Benchling
(https://www.benchling.com/) and IDT (https://www.idtdna.
com/). The single-stranded donor oligonucleotide was chosen
to correspond to the reference nucleotide sequence of a part of
MYH7 intron 17 and exon 18 and contained the synonymous
substitution (Fig. 1a).

CRISPR/Cas9 ribonucleoprotein complexes consisting of
single-guide RNA and Cas9 NLS, together with the single-
stranded donor oligonucleotide, were electroporated into cells
of the ICGi019-B line. 84 iPSC clones were generated and
analyzed using Sanger sequencing. In 71 (84.52 %) iPSC
clones, editing events in MYH7 exon 18 were found. Non-
homologous end joining (indels) occurred in 54 (64.29 %) of
the iPSC clones. Homology-directed repair with the single-
stranded donor oligonucleotide accompanied by p.Met6591le
(c.1977G>A) variant correction was detected in 17 (20.23 %)
iPSC clones. However, 9 iPSC clones with the homology-
directed repair in the mutant allele also demonstrated off-target
editing events (indels) in the second allele. Thus, 8 iPSC clones
with the corrected p.Met6591le (c.1977G>A) variant in MYH7
have been generated (Fig. 1b).

For use in fundamental and applied studies, iPSC lines
have to match a number of criteria, including the normal
karyotype. Karyotype analysis of the iPSC lines with the
corrected p.Met6591le (¢.1977G>A) variant in MYH7 showed
that two iPSC lines, ICGi1019-B-1 and ICGi019-B-2, retained
the normal number and structure of chromosomes — 46,XY
(Fig. 2a). The ICGi019-B-1 and ICGi019-B-2 iPSC lines
were chosen for further characterization. No CRISPR/Cas9
off-target activity was found after comparison of the nucleotide
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Monyuenune aByx nuHun UMNCK nocpeacTsom ncnpasneHmna
MYH7:p.Met659lle (c.1977G>A) cuctemon CRISPR/Cas9

A

Protospacer

ICGi019-B
patient-specific

ICGi022-A
healthy donor

ICGi019-B-1
corrected MYH7 p.Met659lle

ICGi019-B-2
corrected MYH7 p.Met659lle

ICGi019-B
patient-specific

1CGi019-B-1
corrected MYH7 p.Met659lle

1CGi019-B-2
corrected MYH7 p.Met659lle

Fig. 1. Correction of the p.Met659lle (c.1977G>A) variant in MYH?7 of the patient-specific iPSCs using CRISPR/Cas9.

a - design of single-guide RNA and single-stranded donor oligonucleotide for MYH7 editing. The nucleotide sequence of a fragment of intron 17 and exon 18 is
given. The positions of the protospacer for the single-guide RNA, PAM, and the single-stranded donor oligonucleotide are indicated in grey, magenta, and yellow,
respectively. The target substitution and synonymous substitution in PAM are shown with red rectangles; b — an example of two iPSC clones with the corrected
p.Met659lle (c.1977G>A) variant in MYH7 (ICGi019-B-1 and ICGi019-B-2). Nucleotide sequences of the same region in the patient-specific iPSC line (ICGi019-B)
and the iPSC line of the healthy donor (ICGi022-A) are provided for comparison. The target substitution and synonymous substitution in PAM are shown with
red rectangles; ¢ — absence of CRISPR/Cas9 off-target activity at one of the predicted CRISPR/Cas9 off-target sites in the iPSC lines with the corrected p.Met659lle
(c.1977G>A) variant in MYH7 (ICGi019-B-1 and ICGi019-B-2). The nucleotide sequence of the same region in the patient-specific iPSC line used for MYH7 editing
(ICGi019-B) is given for comparison. The CRISPR/Cas9 off-target site and its positions in the human genome (hg38) are indicated in red.

sequences of the top-five CRISPR/Cas9 off-target sites and
their surroundings in the iPSC lines and the patient-specific
ICGi019-B line used for MYH7 editing (Fig. 1c). Despite
MYH7 editing, the ICGi019-B-1 and ICGi019-B-2 iPSC
lines retained their pluripotent properties. The iPSC lines
possessed morphology similar to that of human pluripotent

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

stem cells (Fig. 2b) and were characterized by expression of
the pluripotent state markers such as the OCT4 and SOX2
transcription factors and SSEA-4 surface antigen (Fig. 2C).
The expression level of pluripotency genes, NANOG and
SOX2, in the ICGi019-B-1 and ICGi019-B-2 iPSC lines was
demonstrated to be comparable to that in the original patient-
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Fig. 2. Characterization of the iPSC lines with the corrected p.Met659lle (c.1977G>A) variant in MYH?7.

a - karyotype of the iPSC lines with the corrected p.Met659lle (c.1977G>A) variant in MYH7 (ICGi019-B-1 and ICGi019-B-2); b - morphology
of the ICGi019-B-1 and ICGi019-B-2 iPSC lines. Scale bar 250 um; ¢ - expression of the OCT4 and SOX2 transcription factors and SSEA-4 sur-
face antigen in the ICGi019-B-1 and ICGi019-B-2 iPSC lines. Scale bar 100 pm; d - expression of pluripotency genes, NANOG and SOX2, in the
ICGi019-B-1 and ICGi019-B-2 iPSC lines in comparison with the original patient-specific ICGi019-B line. Data are presented as mean +SEM;
e — capacity of the ICGi019-B-1 and ICGi019-B-2 iPSC lines to be differentiated into derivatives of three germ layers: ectoderm (TUBB3,
B3-tubulin), mesoderm (aSMA, smooth muscle a-actin), and endoderm (CK18, cytokeratin 18). Scale bar 100 um; f— absence of mycoplasma
contamination in the ICGi019-B-1 and ICGi019-B-2 iPSC lines. Ctr+, positive control for mycoplasma contamination, H,0, negative control
for mycoplasma contamination.

specific iPSC line (Fig. 2d). The iPSC lines with the corrected  of the iPSC lines in embryoid bodies (Fig. 2e). The iPSC lines
p-Met6591le (c.1977G>A) variant in MYH7 were capable to  were also free from mycoplasma contamination (Fig. 2f). The
be differentiated into derivatives of three germ layers as was  ICGi019-B-1 and ICGi019-B-2 iPSC lines were registered in
shown by expression of markers of ectoderm, mesoderm, and  the Human Pluripotent Stem Cell Registry (hPSCreg, https://
endoderm in cells obtained under spontaneous differentiation ~ hpscreg.eu/). Their passport is provided in Table 2.
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Table 2. Passport of the ICGi019-B-1 and ICGi019-B-2 iPSC lines

Unique identifier

Alternative name of cell line

Institution

Type of cell line
Origin

Additional origin information

Cell source

Method of reprogramming

Reprogramming factors

Clonality

Evidence for reprogramming transgene elimination
Genetic modification

Type of genetic modification

Disease

Gene/locus

Method of modification/site-specific nuclease used
Site-specific nuclease delivery method

Genetic material introduced into the cells

Method of introduced modification analysis
Method of off-target activity analysis
Morphology

Pluripotency

Karyotype
Contaminations

Potential application

Method of culturing
Medium
Temperature, °C

CO, concentration, %
O, concentration, %
Method of passaging
Ratio for passaging
Cryoconservation
Storage conditions

Cell line repository/bank

Date archived/stock date

1CGi019-B-1
ICGi019-B-2

HCM1f33-wt119
HCM1f33-wt147

Federal Research Center Institute of Cytology and Genetics,
Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

iPSCs
Human

Age: 38
Sex: M
Ethnicity: Caucasian

Peripheral blood mononuclear cells
Transgene free episomal plasmid vectors
OCT4, KLF4, L-MYC, SOX2, LIN28

Clonal

PCR, not detected

Yes

Correction of genetic variant

Hypertrophic cardiomyopathy
MYH7:c.1977G>A (p.Met659lle), rs1241603111
CRISPR/Cas9

Electroporation with ribonucleoprotein complexes of single-guide RNA and Cas9_NLS

Single-stranded donor oligonucleotide corresponding to the reference nucleotide
sequence and containing a synonymous substitution in PAM

Sanger sequencing of PCR-products containing MYH7 exon 18
Sanger sequencing of PCR-products containing predicted CRISPR/Cas9 off-target sites
Monolayer colonies similar to those of human pluripotent cells

Confirmed by expression of the pluripotent state markers and spontaneous
differentiation in derivatives of three germ layers

46,XY
Bacteria, fungi, and mycoplasma were not detected

Studying pathogenetic contribution of the p.Met659lle (c.1977G>A) variant in MYH7
to hypertrophic cardiomyopathy development

On a layer of mitotically inactivated mouse fibroblasts (feeder)
KnockOut DMEM (Thermo Fisher Scientific)

37

5

20

TrypLE™ Express Enzyme (Thermo Fisher Scientific)

1:10

90 % FBS, 10 % DMSO

Liquid nitrogen

https://hpscreg.eu/cell-line/ICGi019-B-1
https://hpscreg.eu/cell-line/ICGi019-B-2

June 2024

MOJIEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY 355



A.E. Shulgina, S.V. Pavlova, J.M. Minina
S.M. Zakian, E.V. Dementyeva

Discussion

iPSC editing with CRISPR/Cas9 has been successfully ap-
plied for studying HCM pathogenetic mechanisms caused
by known pathogenic variants in sarcomere protein genes
(Mosqueira et al., 2018; Smith et al., 2018; Wang et al., 2018;
Cohn et al., 2019; Bhagwan et al., 2020; Shafaattalab et al.,
2021; Chai et al., 2023; Escriba et al., 2023; Guo G. et al.,
2024) and deciphering the pathogenicity of several variants
of'uncertain significance in HCM-associated genes (Ma et al.,
2018; Pavlova et al., 2024).

This study was devoted to generating iPSC lines via cor-
rection of a variant of unknown significance, p.Met6591le
(c.1977G>A) in MYH7, in patient-specific iPSCs using
CRISPR/Cas9. The variant is localized in the actin-binding
site of the myosin motor domain where 37 variants have been
described according to the ClinVar database. 12 variants are
pathogenic and likely pathogenic whereas the remaining
25 (67.6 %) variants have uncertain significance or conflict-
ing classifications of pathogenicity. This fact emphasizes the
problem of interpretation of genetic data in clinical practice
and makes examining the impact of variants of unknown
significance in the functionally important actin-binding region
much more relevant.

We previously introduced the p.Met6591le (c.1977G>A)
variant into MYH7 of the iPSCs from the healthy donor with
CRISPR/Cas9 (Pavlova et al., 2024). Comparing the cardio-
myocytes derived from the CRISPR/Cas9-edited iPSC line and
its healthy isogenic control demonstrated that introduction of
the variant resulted in appearance of HCM features such as an
increased cardiomyocyte size, an elevated diastolic calcium
level, a decreased basal oxygen consumption rate, and changes
in expression pattern of HCM-related genes. These findings
support the pathogenicity of the variant. However, validating
the effects of the p.Met6591le (c.1977G>A) variant in MYH7
under another genetic background could reinforce the conclu-
sion on the variant clinical significance.

The variant correction in the patient-specific iPSCs was
performed using electroporation with CRISPR/Cas9 ribo-
nucleoprotein complexes and single-stranded donor oligo-
nucleotide. The method of CRISPR/Cas9 delivery was shown
to cause a higher rate of editing events and reduced rate of
CRISPR/Cas9 off-target activity in comparison with CRISPR/
Cas9 delivery via plasmid transfection (Liang et al., 2015). To
augment the efficiency of the editing process, we also used
chemical modifications, 2’-O-methyl 3’ phosphorothioate
and 3’ phosphorothioate bonds between the first three 5" and
3’ terminal nucleotides, to protect the single-guide RNA and
single-stranded donor oligonucleotide, respectively, from de-
gradation and to stabilize the system (Hendel et al., 2015).
As aresult, a high percentage of the iPSC clones with editing
events (84.52 %) and homology-directed repair (20.23 %) was
observed after correction of the p.Met6591le (c.1977G>A)
variant in MYH?7 of the patient-specific iPSCs. Moreover, no
CRISPR/Cas9 off-target activity was revealed when analyzing
the top-5 CRISPR/Cas9 off-target sites in the iPSC clones.

The iPSC lines with the corrected p.Met6591le (¢.1977G>A)
variant in MYH7 (ICGi019-B-1 and ICGi019-B-2) matched all
the criteria of human pluripotent stem cells. The iPSC lines
had an appropriate morphology, expressed the main tran-
scription factors and surface antigens characteristic of the
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pluripotent state, and gave rise to derivatives of three germ
layers during spontaneous differentiation. This fact, together
with the maintenance of the normal karyotype, makes the
iPSC lines a good isogenic control for further verification of
the variant pathogenicity and examination of HCM pathoge-
netic mechanisms triggered by the p.Met6591le (c.1977G>A)
variant in MYH7.

Conclusion

Using CRISPR/Cas9, an HCM-associated variant of unknown
significance, p.Met6591le (c.1977G>A) in MYH7, was cor-
rected in the patient-specific iPSCs. Eight iPSC lines with the
corrected variant have been generated and two of the iPSC
lines (ICGi019-B-1 and ICGi019-B-2) have been character-
ized in detail. The ICGi019-B-1 and ICGi019-B-2 iPSC
lines retained the pluripotent status and normal karyotype
and demonstrated no CRISPR/Cas9 off-target activity, which
gives an opportunity to use the iPSC lines with the corrected
p-Met6591le (¢c.1977G>A) variant in MYH7 for studying the
variant pathogenicity and role in HCM pathogenesis.
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