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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 
in herited 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.Met659Ile (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/Cas9 in 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.Met659Ile 
(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.Met659Ile (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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индуцированных плюрипотентных стволовых клетках
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Аннотация. Проблема интерпретации результатов генетического анализа пациентов, страдающих наслед-
ственными сердечно-сосудистыми заболеваниями, по-прежнему сохраняет свою актуальность. На сегод-
няшний день клиническое значение около 40 % вариантов в генах, ассоциированных с наследственными 
сердечно-сосудистыми заболеваниями, остается неясным, что приводит к необходимости использования 
новых подходов для оценки патогенетического вклада этих вариантов. Совместное применение техноло-
гии индуцированных плюрипотентных стволовых клеток и редактирования их генома с помощью системы 
CRISPR/ Cas9 считается наиболее перспективным способом выяснения патогенности генетических вариантов. 
Ранее в нескольких генетических скринингах пациентов с гипертрофической кардиомиопатией был выявлен 
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Generation of two iPSC lines via correction  
of MYH7:p.Met659Ile (c.1977G>A) with CRISPR/Cas9

вариант с неясным клиническим значением в гене MYH7, p.Met659Ile (c.1977G>A). В настоящем исследовании 
данная однонуклеотидная замена с помощью системы CRISPR/Cas9 была исправлена в инду цированных плю-
рипотентных стволовых клетках, полученных от носителя этого генетического варианта. В результате получе-
ны и охарактеризованы с использованием стандартного набора методов две линии индуцированных плюри-
потентных стволовых клеток (ICGi019-B-1 и ICGi019-B-2). Линии индуцированных плюрипотентных стволовых 
клеток с исправленным вариантом p.Met659Ile (c.1977G>A) в гене MYH7 имели характерную для плюрипотент-
ных клеток человека морфологию, экспрессировали маркеры плюрипотентного состояния (транскрипцион-
ные факторы OCT4, SOX2, NANOG и поверхностный антиген SSEA-4), были способны давать производные трех 
зародышевых листков при спонтанной дифференцировке и сохраняли нормальный кариотип (46,XY). В ли-
ниях индуцированных плюрипотентных стволовых клеток ICGi019-B-1 и ICGi019-B-2 не обнаружено нецеле-
вой активности системы CRISPR/Cas9. Поддержание плюрипотентного состояния и нормального кариотипа, 
а также отсутствие нецелевой активности системы CRISPR/Cas9 в линиях индуцированных плюрипотентных 
стволовых клеток с исправленным вариантом p.Met659Ile (c.1977G>A) в гене MYH7 позволят использовать 
полученные линии в качестве изогенного контроля для дальнейших исследований патогенности данного ге-
нетического варианта и его влияния на развитие гипертрофической кардиомиопатии. 
Ключевые слова: гипертрофическая кардиомиопатия; варианты с неясным клиническим значением; инду-
цированные плюрипотентные стволовые клетки; 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; Gähwiler 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: 
β-myosin heavy chain and myosin-binding protein C, respec-
tively (Akhtar, Elliott, 2018; Pasipoularides, 2018).

A variant of unknown significance, p.Met659Ile (c.1977G>A, 
rs1241603111) in MYH7, was found in a number of genetic 
screenings of HCM patients (Richard et al., 2003; Bashyam 
et al., 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, func tional 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.Met659Ile (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.Met659Ile 
(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.eu/cell-line/
ICGi019-B), an iPSC line derived from an HCM patient who 
was a carrier of the p.Met659Ile (c.1977G>A) variant in MYH7 
(Dementyeva et al., 2020b). ICGi022-A (https://hpscreg.eu/
cell-line/ICGi022-A), an iPSC line derived from a healthy 
donor (Malakhova et al., 2020).

iPSC cultivation. iPSC lines were cultured at 37 °C in 5 % 
CO2 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, 1× 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.Met659Ile (c.1977G>A) variant in 
MYH7 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

Oligonucleotides

Application Gene/locus Product size Nucleotide sequence (5’–3’)

Protospacer  
for single-guide RNA

MYH7, exon 18 20 b GGGATGGGTGGAGCGCAAGT

Single-stranded donor 
oligonucleotide

MYH7, exon 18 89 b TATTGCATTTTTGGCCACAGGAAAATCTGAACAAGCTGAT
GACAAACTTGCGCTCCACCCATCCCCACTTTGTACGTTGTA
TCATCCCT

Analysis of editing events MYH7, exon 18 258 bp TCCTTCCTTCTTCTCCTCTCTT/ 
GTGGTGGTAGGTAGGGAGAT

Analysis of CRISPR/Cas9 
off-target activity

chr4:14217409–14217428 559 bp TCTGGTAAGAGCCTGACTTCTG/ 
TCCCACCTGCCATTGGAATA

chr7:57819587–57819606 378 bp ACGATACTCAAGGCCCAATCT/ 
TGGTGTTTCCTCATCCTGGT

chr8:139343032–139343051 535 bp GCCAGGAAAGTTCAGTGGTTAG/ 
CCCTCTCTCTTCCTGCTCTTAT

chr20:9996001–9996020 575 bp GACTTGTAATAACTCTCACTCACCTAAA/ 
CCAGGCAATGTTAAGCCTTCAT

chr2:241709069–241709088 541 bp TCCCGTGTGGATTTCTTTAGGT/ 
TGTAGGCGTTCTGGATCTTCTG

Pluripotency markers 
(RT-qPCR)

NANOG 116 bp TTTGTGGGCCTGAAGAAAACT/ 
AGGGCTGTCCTGAATAAGCAG

SOX2 100 bp GCTTAGCCTCGTCGATGAAC/ 
AACCCCAAGATGCACAACTC

Reference gene  
(RT-qPCR)

B2M 90 bp TAGCTGTGCTCGCGCTACT/ 
TCTCTGCTGGATGACGTGAG

Mycoplasma detection 16S ribosomal RNA gene 280 bp GGGAGCAAACAGGATTAGATACCCT/ 
TGCACCATCTGTCACTCTGTTAACCTC

Antibodies

Application Antibody Dilution Company, cat. no., RRID

Pluripotency markers Mouse IgG2b anti-OCT3/4 1:50 Santa Cruz Biotechnology, sc-5279, RRID:AB_628051

Rabbit IgG anti-SOX2 1:200 Cell Signaling Technology, 3579, RRID:AB_2195767

Mouse IgG3 anti-SSEA-4 1:200 Abcam, ab16287, RRID: AB_778073

Markers of differentiated 
derivatives

Mouse IgG2a anti-TUBB3 1:500 BioLegend, 801201, RRID:AB_2313773

Mouse IgG2a anti-αSMA 1:100 Dako, M0851, RRID:AB_2223500

Mouse IgG1 anti-CK18 1:100 Abcam, ab668, RRID:AB_305647

Secondary antibodies Goat anti-Mouse IgG (H + L) 
Secondary Antibody, Alexa Fluor 568

1:400 Thermo Fisher Scientific, A11031, RRID:AB_144696

Goat anti-Rabbit IgG (H + L) Highly 
Cross-Adsorbed Secondary Antibody, 
Alexa Fluor 488

1:400 Thermo Fisher Scientific, A11008, RRID:AB_143165

Goat anti-Mouse IgG3 Cross-
Adsorbed Secondary Antibody,  
Alexa Fluor 488

1:400 Thermo Fisher Scientific, A21151, RRID: AB_2535784

Goat anti-Mouse IgG1 Cross-
Adsorbed Secondary Antibody,  
Alexa Fluor 488

1:400 Thermo Fisher Scientific, A21121, RRID:AB_2535764

http://antibodyregistry.org/AB_2218107
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cleoprotein complexes, together with 300 ng of single-stranded 
donor oligonucleotide (Biolegio, Table 1), were electroporated 
into 1 × 105 iPSCs of the ICGi019-B line on a Neon Transfec-
tion System (Thermo Fisher Scientific), using the program: 
1100 V, 30 ms, 1 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 (2×) (Biolabmix) on a T100 Thermal Cy-
cler (Bio-Rad), using the program: 95 °С – 3 min; 35 cycles: 
95 °С – 30 s, 62 °С – 30 s, 72 °С – 30–40 s; 72 °С – 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 °С in 0.28 % KCl. 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 
Axio plan 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, 1× penicillin-streptomycin, 1 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-Х100 
(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 °С 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 

Ti-E microscope with NIS Elements Advanced Research soft-
ware version 4.30 (Nikon).

RT-qPCR. 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 µg 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 °С – 
10 s, 60 °С – 1 min. CT values were normalized by the ΔΔCT 
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 (2×) (Biolabmix) on a T100 Thermal Cycler (Bio-Rad), 
using the program: 95 °C – 3 min; 35 cycles: 95 °C – 15 s, 
67 °C – 15 s, 72 °C – 20 s; 72 °C – 5 min. The primers used 
are listed in Table 1.

Results
The p.Met659Ile (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.Met659Ile 
(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.Met659Ile (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.Met659Ile (c.1977G>A) variant in MYH7 showed 
that two iPSC lines, ICGi019-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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Fig. 1. Correction of the p.Met659Ile (c.1977G>A) variant in MYH7 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.Met659Ile (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; c – 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.Met659Ile 
(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 

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.Met659Ile (c.1977G>A) variant in MYH7.
a – karyotype of the iPSC lines with the corrected p.Met659Ile (c.1977G>A) variant in MYH7 (ICGi019-B-1 and ICGi019-B-2); b – morpho logy 
of the ICGi019-B-1 and ICGi019-B-2 iPSC lines. Scale bar 250 µm; c – 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 µm; 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, 
β3- tubulin), mesoderm (αSMA, smooth muscle α-actin), and endoderm (CK18, cytokeratin 18). Scale bar 100 µm; f – absence of mycoplasma 
contamination in the ICGi019-B-1 and ICGi019-B-2 iPSC lines. Ctr+, positive control for mycoplasma contamination, H2O, negative control 
for mycoplasma contamination.

specific iPSC line (Fig. 2d). The iPSC lines with the corrected 
p.Met659Ile (c.1977G>A) variant in MYH7 were capable to 
be differentiated into derivatives of three germ layers as was 
shown by expression of markers of ectoderm, mesoderm, and 
endoderm in cells obtained under spontaneous differentiation 

of the iPSC lines in embryoid bodies (Fig. 2e). The iPSC lines 
were also free from mycoplasma contamination (Fig. 2f ). The 
ICGi019-B-1 and ICGi019-B-2 iPSC lines were registered in 
the Human Pluripotent Stem Cell Registry (hPSCreg, https://
hpscreg.eu/). Their passport is provided in Table 2.

ICGi019-B-1, 46,XY

OCT4 SOX2 SSEA-4

OCT4 SOX2 SSEA-4

TUBB3 αSMA CK18

TUBB3 αSMA CK18

IC
G

i0
19

-B
-1

IC
G

i0
19

-B
-1

IC
G

i0
19

-B
-2

IC
G

i0
19

-B
-2

ICGi019-B

Ectoderm Mesoderm Endoderm

NANOG SOX2

Re
la

tiv
e 

ge
ne

 e
xp

re
ss

io
n

ICGi019-B-1
ICGi019-B-2

2.5

2.0

1.5

1.0

0.5

0

IC
G

i0
19

-B

IC
G

i0
19

-B
-1

IC
G

i0
19

-B
-2

M
W

Ct
r+

H
2O

ICGi019-B-2, 46,XYa

b

d

f

e

c

https://hpscreg.eu/
https://hpscreg.eu/


Получение двух линий ИПСК посредством исправления 
MYH7:p.Met659Ile (c.1977G>A) системой CRISPR/Cas9

А.Е. Шульгина, С.В. Павлова, Ю.М. Минина 
С.М. Закиян, Е.В. Дементьева

2025
29 • 3

355МОЛЕКУЛЯРНАЯ И КЛЕТОЧНАЯ БИОЛОГИЯ / MOLECULAR AND CELL BIOLOGY

Table 2. Passport of the ICGi019-B-1 and ICGi019-B-2 iPSC lines

Unique identifier ICGi019-B-1
ICGi019-B-2

Alternative name of cell line HCM1f33-wt119
HCM1f33-wt147

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

Type of cell line iPSCs

Origin Human

Additional origin information Age: 38
Sex: M
Ethnicity: Caucasian

Cell source Peripheral blood mononuclear cells

Method of reprogramming Transgene free episomal plasmid vectors

Reprogramming factors OCT4, KLF4, L-MYC, SOX2, LIN28

Clonality Clonal

Evidence for reprogramming transgene elimination PCR, not detected

Genetic modification Yes

Type of genetic modification Correction of genetic variant

Disease Hypertrophic cardiomyopathy

Gene/locus MYH7:c.1977G>A (p.Met659Ile), rs1241603111

Method of modification/site-specific nuclease used CRISPR/Cas9

Site-specific nuclease delivery method Electroporation with ribonucleoprotein complexes of single-guide RNA and Cas9_NLS

Genetic material introduced into the cells Single-stranded donor oligonucleotide corresponding to the reference nucleotide 
sequence and containing a synonymous substitution in PAM

Method of introduced modification analysis Sanger sequencing of PCR-products containing MYH7 exon 18

Method of off-target activity analysis Sanger sequencing of PCR-products containing predicted CRISPR/Cas9 off-target sites

Morphology Monolayer colonies similar to those of human pluripotent cells

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

Karyotype 46,XY

Contaminations Bacteria, fungi, and mycoplasma were not detected

Potential application Studying pathogenetic contribution of the p.Met659Ile (c.1977G>A) variant in MYH7 
to hypertrophic cardiomyopathy development

Method of culturing On a layer of mitotically inactivated mouse fibroblasts (feeder)

Medium KnockOut DMEM (Thermo Fisher Scientific)

Temperature, °C 37

CO2 concentration, % 5

O2 concentration, % 20

Method of passaging TrypLE™ Express Enzyme (Thermo Fisher Scientific)

Ratio for passaging 1:10

Cryoconservation 90 % FBS, 10 % DMSO

Storage conditions Liquid nitrogen

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

Date archived/stock date June 2024
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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; Escribá 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.Met659Ile 
(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.Met659Ile (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.Met659Ile (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 a result, 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.Met659Ile (c.1977G>A) 
variant in MYH7 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.Met659Ile (c.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 

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.Met659Ile (c.1977G>A) 
variant in MYH7.

Conclusion
Using CRISPR/Cas9, an HCM-associated variant of unknown 
significance, p.Met659Ile (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.Met659Ile (c.1977G>A) variant in MYH7 for studying the 
variant pathogenicity and role in HCM pathogenesis.
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