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Abstract

Introduction. Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a severe inherited arrhythmia linked to
RYR2 mutations. CPVT is a major cause of sudden cardiac death in the young. Here we outline the experience of induced
pluripotent stem cells (iPSCs) generation from a healthy donor and a patient with CPVT. By establishing iPSCs from affected
individuals, this study can reveal mechanisms of disease pathophysiology and the potential of iPSC technology to develop
cardiogenetic research and personalized medicine.

Aim. To investigate experimental methods used to generate and validate iPSCs derived from a healthy donor with wild-
type RYR2 and a patient with RYR2 mutation.

Materials and methods. A 33-year-old female patient with CPVT was genetically screened using Sanger sequencing,
revealing a de novo RYR2 mutation (c.13892A>T; p.D4631V). Peripheral blood mononuclear cells of a healthy donor and a
patient were isolated by density gradient centrifugation and reprogrammed into iPSCs using the Sendai virus method. Cells
were cultured under feeder-free conditions in Essential 8™ Flex medium. Pluripotency was confirmed via several methods,
such as immunocytochemistry and G-banding karyotyping.

Results. The isolated cells showed optimal morphology, with cell colonies displaying smooth, well-defined edges and a
rounded shape. The cells within the colonies were densely packed. Immunostaining confirmed the expression of the
pluripotency marker TRA-1-60. Karyotype analysis revealed that all derived cell lines maintained stable chromosomal
integrity.

Conclusions. iPSCs were successfully generated from a healthy donor to serve as a “control” for comparison with
patient-derived iPSCs carrying a de novo heterozygous RYR2 mutation (c.13892A>T; p.D4631V). This iPSC-based model
offers a valuable platform for investigating CPVT pathophysiology and testing potential therapeutic approaches.
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Beepenue. KatexomamuHepruyeckas nonumopdoHas xenypoukoBas Taxukapgust  (KIDKT) - 310 Tskenas
HacnefCcTBEHHas apuTMus, cBszaHHas ¢ Mytaumamu RYR2. KIKT — ogHa M3 OCHOBHBIX NPUYWMH BHE3anHOW CepAeyqHOM
CMepTU y MONOAbIX Niogen. 34ech Mbl ONUCHIBAEM OMbIT FEHEpaLn MHAYLIMPOBAHHBIX NIHOPUNOTEHTHBLIX CTBOMOBLIX KNETOK
(nMNCK) ot 3goposoro goHopa v nauueHta ¢ KIMXKT. Bnarogaps nonyyeHuto uMCK 0T naumeHToB 370 UCCnefoBaHNe MOXET
pacKpbITb MEXaHU3Mbl Natoguanonorum 3abonesanus u noteHynan TexHonorun UINCK ans passuTus kKapanMoreHeTUUYECKNX
nccnegoBaHui M NePCOHan3npoBaHHON MEAULMHBI.

Llenb. Wccnenosath akcnepuMeEHTanNbHbIE METOAbI, UCMONb3yeMbIe 471S co3naHmus u Banugauum ulCK, nonyyeHHbIX oT
300pOBOro foHopa ¢ avkum Tunom RYR2 v naupeHTa ¢ mytaumen RYR2.

Matepuansl n metogbl. MauveHtka 33 net ¢ KIMMKT npowna reHeTUYECKUA CKPUHUHT C  WUCMONb30BaHUEM
cekBeHupoBaHusi no CaHrepy, BbisBuB MyTaumo RYR2 de novo (c.13892A>T; p.D4631V). MoOHOHyKNeapHble KneTKu
nepudepu4eckoil KPOBM 300POBOTO JOHOPA U NauyeHTa bbinn BbiAENEHbI LEHTPUMYrMpOBaHNEM B rpagyeHTe NNOTHOCTM U
nepenporpammupoBaHbl B UIMCK ¢ ncnonb3oBanmem metoga Bupyca CeHgail. KneTkw kynbTuBMpOBanuch B ycnosusix 6e3
cduoepa B cpege Essential 8™ Flex. MniopunoTeHTHOCT Gbina NOATBEPXAEHA HECKOMNbKMMM MEeTOZaMu, TakUMW Kak
VMMYHOLMTOXUMMS W KapuoTUnupoBaHue ¢ G-63HaNHIOM.

PesynbTatbl. M30n1poBaHHble KNeTkU MNPOAEMOHCTPUPOBANM ONTUMArbHYO MOPAOMOrMio, NPU 3TOM KIETOUHbIe
KOMOHWUM UMENN FMagK1e, YETKO O4YEpPYEHHbIE Kpast U OKpyryto dopmy. KneTki BHyTPW KOMOHWIA Obinu MAOTHO YNakoBaHbI.
IMMyHOOKpaLLVBaH1e NOATBEPANUIIO KCIPECCH0 Mapkepa nitopunoteHTHocT TRA-1-60. AHanua kapuoTuna nokasarn, uto
BCE MOMyYeHHbIE IMHWM KNETOK COXPaHANN CTaburbHY0 XPOMOCOMHYIO LIENOCTHOCTb.

BbiBopbl. MICK Bbinn ycnewHo nomnyyeHbl OT 340POBOMO AOHOPA, YTOBbI CYXMTb «KOHTPONEM» AN CPaBHEHMS C
iPSC, nomnyyeHHbIMM OT nMauueHTa, Hecywumm reteposuroTHyto Mytaumo RYR2 de novo (c.13892A>T; p.D4631V). 3ta
mogenb Ha ocHoe MINCK npeanaraet UeHHyo nnatdopmy anst uccnegosanust natoduanonorn KIMKT v TecTupoBaHus
NOTEHLMANbHbIX TEPaNeBTUYECKMX NOLXOL0B.

Knoveebie cnosa: ullCK, KIDKT, cepOeyHas apummus, Mymauusi, ModenuposaHue 3abonesaHull,
nepcoHanu3uposaHHas MeouyuHa.
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Tyiingeme
KATEXOJIAMMHEPIUsnbiK NOJIMMOPO®TbI KAPbIHLWIAJbIK
TAXUKAPOUA (KNKT) BAP HAYKACTbIH KAH MOHOHYKIEAPIbI
XACYWANAPBIH MHOAYKUMUANAHFAH NNIOPUNOTEHTTI AIH
XXACYLWAJAPBIHA (MNOX) KAMUTA BAFOAPJIAMATAY ToXXIPUBECI
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Kipicne. KatexonamuHeprusanblk nonumopdTel  KapblHwanblk Taxukapaus (KMKT) RYR2  myTtauusinapbimeH
GannaHbICTbl ayblp TYKbIM KyanailTbiH aputMus 6onbin Tabbinagsl. KMKT xac epecektepaeri KEHETTEH XYPeK OniMiHiH,
Heri3ri cebebi 6onbin Tabbinagsl. MyHaa 6i3 cay poHopaaH xaHe KIMKT 6ap HaykacTaH MHOyKUMsiNaHFaH NIlopUnoTEeHTTi
AiH xacywanapbiH (MMIK) reHepaumsnay Texipubemisai 6asHpaimbia. 3apaan wekkeH agamaapgad ulIXK any apKbinbl
Oyn 3epTTey aypydblH naTomexaHuamzepi Typanbl TyciHik 6epe anagbl xoHe WIIPK  TEXHOMOMMSACHIHbIH,
KapauMoreHeTUKanbIK 3epTTeynep MeH Aepbec MeamLMHaHb! JaMbITy MYMKIHZAIMH kepceTeai.

Makcatbl. YKabaibl tunti RYR2 6ap cay goHopgaH xaHe RYR2 wmytauusickl 6ap HaykactaH anbinFad uIMIDK
reHepaLmsnay xoHe Tekcepy YLUiH KoraaHbinaTblH 9KCNEPUMEHTTIK aicTepai 3epTTey.

Marepuanpgap men agictep. KIMKT-meH aybipatbiH 33 xacTarbl omen Haykacta C3Hrep CEKBEHMprey apKbinbl
reHeTVKanbIK CKpUHWHT HaTWxeciHAe xaHa RYR2 mytaumscel aHbikrangbl (€.13892A>T; p.D4631V). deni cay goHop MeH
MaUMEHTTEH arnblHFaH nepudepusnblK KaH MOHOHYKNeapsbl Kacyllanapbl rpagueHTi ueHTpudyranay apksinbl Genin
anbiHbin, CeHpan Bupycel agiciver wlK-fa kaiTta bargapnamanaHgbl. YKacywanap Essential 8™ Flex opTacbiHaa
cugepcis xarganga ecipingi. MmopunoTeHTTININ MMMyHOLMTOXMMUS XoHe G-63HL KapuoTuNTey CUSKTbI SLiCTEepMeH
pactangp!.
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HaTtuxenepi. Xacywanap OHTannbl MOPGONOrMsHbl KOPCETTI, XKacylwa KOMOHMsANapbl Teric, WeTTepi aHblK XaHe
AeHrenek niwiHai. Kononnanapgarbl xacywanap TbiFbl3 opHanackaH. MmmyHouutoxummus agici TRA-1-60 nntopunoTeHTTi
MapKepaiH KcnpeccusicbiH  kepceTTi. Kapuotuntik Tangay 6apnblk Xacylla nuHusinapbl TypakTbl XPOMOCOMArblK

TYTaCTbIKTbI CAKTalTbIHbIH KOPCETTI.

KopbiTbiHabl. ul1XK-aa xaHa reteposurotansl RYR2 mytaumsicel (¢.13892A>T; p.D4631V) 6ap nauneHTTeH anblHFaH
UMIK-meH canbicThipy YLLiH «b6akbinay» peTiHAe KonaaHdy YLiH cay goHopaaH caTTi anbiabl. byn ullX Herisivgeri
mogenb KIKT natou3nonoruscelH 3epTTey XoHe bIKTUManbl eMaik SficTepdi CbiHay VYLWiH KyHAbl nnatgopmaHsl

VCblHafbI.

Tydin cesdep: ullX, KIKT, xypek apummusicsl, Mymayusi, aypydb! Modensoey, Oepbec MeouyuHa.
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Introduction

Primary electrical heart disorders (PED), also referred
as cardiac channelopathies, are a group of inherited genetic
conditons that affect the electrical activity of
cardiomyocytes. PED includes various diseases such as
long QT syndrome (LQTS), short QT syndrome (SQTS),
Brugada syndrome, early repolarization syndrome,
catecholaminergic  polymorphic ventricular tachycardia
(CPVT), and idiopathic ventricular fibrillation [1]. One of the
deleterious consequences of PED may be sudden cardiac
death, especially in young individuals. According to the
World Health Organization (WHO) sudden cardiac death is
an unexpected death that occurs within the first 1 hour of
symptom onset. The genetic basis of the disease includes
specific rare mutations in genes encoding cardiac ion
channels or their subunits. Mutations in ion channel genes
include sodium, potassium, calcium channels, and
mutations in regulatory proteins [2]. CPVT is an extremely
severe type of inherited arrhythmia characterized by a
typically normal electrocardiogram (ECG) and triggered by
physical or emotional stress. The main arrhythmogenic
mechanism consists of unusual calcium release from the
sarcoplasmic reticulum (SR). In a healthy heart, calcium
(Ca?*) transients occur following the initiation of an action
potential, as calcium influx through L-type calcium channels
triggers calcium release from the SR. In contrast, in CPVT,
mutations in the associated genes alter the function of the
encoded proteins, resulting in spontaneous Ca®* transients
[3]. CPVT is marked by sudden cardiac arrest and accounts
for nearly 15% of sudden cardiac deaths in young
individuals. If left undiagnosed, it is highly fatal, with a
mortality rate reaching up to 50% by the age of 35. The
main disease-causing gene, which occurs in approximately
60-70% of patients with CPVT is the gene encoding
ryanodine receptor 2 (RYR2). Most RYR2 mutations are
missense variants that result in the accumulation of calcium
and its sudden release into the cytoplasm. Such release
triggers delayed afterdepolarizations, leading to ventricular
arrhythmias. Genetic analysis revealed other mutations in
genes like CASQ2, TRDN, TECRL, KCNJ1, CALM1,
CALM2, CALM3, SCN5A, PKP2, and ANK2, but their
prevalence is less than 5% [4]. In the frame of our previous
research projects, we studied 35 patients, 33 of whom were
diagnosed with idiopathic ventricular tachycardia by

mutations in the RYR2 gene. We observed a novel
heterozygous missense mutation in the RYR2 gene
(c.13892A>T; p.D4631V; case #239) with high pathogenic
potential (high in-silico, de-novo prediction scores,
reference databases negative) in a patient with classic
clinical features of CPVT. The de novo penetrance of this
variant should be considered high due to the early age of
onset, characteristic, and severe clinical course [5]. It is
challenging to functionally prove the relationship of such
deleterious mutations with the phenotypic manifestations of
the disease. Only patient-specific models in inherited
cardiac diseases may partially unveil the mechanism of
disease formation and progression. Induced pluripotent
stem cell (iPSC) technology may serve as a promising tool
for mirroring a patient's genetic blueprint.

The development of induced pluripotent stem cells
(iPSCs) by Shinya Yamanaka in 2006 marked a
groundbreaking achievement, made possible by the
collective contributions of past and present researchers in
related scientific fields [6]. Human induced pluripotent stem
cell (hiPSC) technology has advanced significantly since
Yamanaka and colleagues first demonstrated that human
fibroblasts could be reprogrammed by the forced
expression of four transcription factors: octamer-binding
protein 3/4 (OCT3/4; also known as POU5F1), SOX2, c-
MYC (Myc proto-oncogene protein), and Kriippel-like factor
4 (KLF4). This pioneering method was subsequently
validated by other research groups, either using the same
set of factors or modified versions. Like human embryonic
stem cells (hESCs), hiPSCs exhibit the key properties of
self-renewal and pluripotency, enabling differentiation into
derivatives of all three germ layers. Unlike hESCs, however,
hiPSCs are generated without the use of human embryos,
thereby avoiding many of the ethical controversies that
have historically impeded hESC research. Additionally,
because hiPSCs can be derived from individual patients,
they retain unique genomic characteristics, making them
valuable for modeling patient-specific disease phenotypes
[7-10].

This article aims to summarize the experimental
methodologies employed in the generation and
characterization of iPSCs derived from a healthy donor and
a patient exhibiting a CPVT phenotype. Within the scope of
this article, we wanted to share our experience in the
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implementation of this complex but promising technology in
the field of cardiogenetics with the scientific community of
Kazakhstan. We are pioneering the use of iPSC technology
in Kazakhstan, with the expectation that it will contribute to
the advancement of personalized medicine in the field of
cardiovascular disorders.

Materials and methods

CPVT case and genetic analysis

The research was performed in accordance with the
principles of the Declaration of Helsinki. The research
protocol was approved at a meeting of the Local Ethics
Committee of the Private Institution “National Laboratory
Astana”, protocol No. 05-2022 dated 10.21.2022. Informed
written consent was obtained from the participant. The
CPVT case included a 33-year-old female individual. The
onset of symptoms occurred at the age of 13, characterized
by recurrent episodes of syncope and the emergence of
distinctive ECG patterns, including mono- and polymorphic
ventricular premature beats, which progressed to
bidirectional ventricular tachycardia and episodes of
polymorphic ventricular tachycardia. We performed Sanger
sequencing of hot-spot regions of the RYR2 gene for this
patient. Our targeted genomic sequencing revealed de-
novo heterozygous missense RYR2 mutation (c.13892A>T;
p.D4631V) in a 33-year-old female patient with CPVT.

Isolation of peripheral blood mononuclear cells (PBMC)

PBMCs were isolated from whole blood using a density
gradient centrifugation method with Histopaque-1077
(Sigma-Aldrich). Briefly, the blood was diluted with PBS and
layered carefully over Histopaque-1077, followed by
centrifugation at 400 x g for 30 minutes at room
temperature without brake. The mononuclear cell layer was
collected, washed twice with PBS, and centrifuged to
remove platelets and residual plasma. The isolated PBMCs
were counted, viability assessed, and the cells were either
used immediately for reprogramming or cryopreserved in
freezing medium containing 10% DMSO and FBS.

Reprogramming of PBMC

Peripheral blood mononuclear cells (PBMCs) were
reprogrammed into induced pluripotent stem cells (iPSCs)
using the CytoTune™-iPS 2.0 Sendai Reprogramming Kit
(Life Technologies). After isolation, PBMCs were cultured
in StemPro™-34 medium (Life Technologies) supplemented
with cytokines to promote cell expansion and viability. On
day 4, cells were transduced with Sendai virus vectors
encoding the reprogramming factors OCT4, SOX2, KLF4,
and ¢-MYC at a multiplicity of infection (MOI) of 7:7:7,
respectively. The transduction was performed in 24-well
plates and centrifuged at 750 x g for 45 minutes. Following
transduction, cells were maintained in the same medium for
an additional 2 days. On day 6, transduced cells were
transferred onto Matrigel-coated 6-well plates. Media were
changed, and emerging iPSC colonies were manually
picked between days 18-21 and cultured in Essential 8™
medium (Life Technologies) under feeder-free conditions.
All procedures were performed under sterile conditions.

Immunocytochemistry (ICC)

For pluripotency marker analysis, fixed iPSC were
stained using immunocytochemistry. The TRA-1-60 Alexa
Fluor™ 488 antibody (Life Technologies) was diluted 1:50
and added to the cell culture medium. Then incubated with
the diluted antibody solution at 37°C for 30 minutes in a
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humidified incubator with 5% CO,. Following incubation,
cells were gently washed three times with FluoroBrite
DMEM to remove unbound antibody. Imaging was
performed using a Celena X fluorescence microscope to
confirm the expression of pluripotency markers.

Karyotyping

To check chromosomal stability, iPSCs were subjected
to G-banding karyotyping. Cells were treated with colcemid
to arrest them in metaphase, followed by hypotonic
treatment with 0.075 M KCI. After fixation with
methanol:acetic acid (3:1), cells were dropped onto chilled
slides and air-dried. Slides were stained with Giemsa and
analyzed under a microscope to determine karyotypic
stability.

Results

Peripheral blood mononuclear cells (PBMCs) were
successfully isolated using Histopaque-1077-based
density gradient centrifugation method, which was
selected as the optimized protocol due to its improved
yield, clarity of cell layer separation, and processing
efficiency. In this method, whole blood was diluted 1:1
with sterile PBS and gently layered onto Histopaque-1077,
followed by centrifugation at 400 x g for 30 minutes at
room temperature without brake. This approach resulted
in a well-defined buffy coat layer containing PBMCs.
Following two rounds of washing with PBS and
centrifugation at 250 x g for 10 minutes, cells exhibited
high viability, minimal erythrocyte contamination, and
formed a clean pellet. The simplified layering technique
and avoidance of mechanical disruption helped preserve
cell morphology and integrity. Overall, the optimized
method provided good results in terms of PBMC purity,
yield, and ease of isolation, and was therefore selected for
subsequent experiments. Peripheral blood mononuclear
cells (PBMCs) were successfully reprogrammed into
induced pluripotent stem cells (iPSCs) using Sendai virus
vectors, which demonstrated efficiency, reproducibility,
and cell viability. In this reprogramming method, freshly
isolated PBMCs were cultured in a defined medium
without prior cell-type selection, and transduced directly
with Sendai virus vectors carrying the Yamanaka factors.
Colonies with typical iPSC morphology emerged between
days 18-21, and were manually picked for expansion.
This method required minimal manipulation, allowing for a
workflow with reduced handling time and lower
contamination risk. Furthermore, the use of Essential 8
medium under feeder-free conditions supported robust
colony growth and maintenance of the TRA-1-60
pluripotency marker. Overall, the modified protocol of
reprogramming proved to be more efficient and practical,
yielding a higher reprogramming success rate and
healthier iPSC colonies suitable for downstream
applications such as disease modeling and cardiomyocyte
differentiation. Therefore, this method was selected as the
optimized reprogramming approach in our study. As a
result of reprogramming, we were able to obtain iPSC
colonies with good morphology, well-defined edges, and
shape (Fig.1). As a validation, we stained iPSCs with the
pluripotency marker TRA-1-60 and identified expression of
the marker under the fluorescent microscope (Fig.2).
Moreover, karyotype examination of iPSCs showed stable
chromosomal integrity (Fig.3).
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Figure 1. Stable induced pluripotent stem cells with optimal morphology.
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Figure 2. Inmunocytochemistry of iPSCs for TRA-1-60 pluripotency marker.
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Figure 3. Karyotyping analysis of iPSCs.

Discussion

Primary electrical cardiac disorders or channelopathies
are inherited genetic disorders affecting the electrical activity
of cardiomyocytes, posing a risk of malignant arrhythmias
that can result in sudden cardiac death. Channelopathies

11

include heterogeneous diseases such as long QT syndrome
(LQTS), short QT syndrome (SQTS), idiopathic ventricular
fibrillation (IVF), Brugada syndrome (BrS), catecholaminergic
polymorphic ventricular tachycardia (CPVT), and early
repolarization syndromes (ERS). CPVT is commonly linked to
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mutations in genes involved in calcium handling within
cardiac cells, such as the ryanodine receptor gene (RYR2)
and the calsequestrin gene (CASQ2). If left untreated, CPVT
carries a high risk of mortality, with around 30% of affected
individuals experiencing at least one cardiac arrest and up to
80% suffering one or more syncopal episodes. In some
cases, sudden death may be the initial presentation of the
disease [11,12]. According to the guideline of European
Society of Cardiology, “upgrade of genetic counseling and
testing” is in the list of 10 novel key aspects of management
of ventricular arrhythmias and prevention of sudden cardiac
death. Future advancements in the evaluation of genetic
variants are essential, as the number of variants of uncertain
significance (VUS) and likely pathogenic variants continues to
grow with the increasing use of genetic testing [13]. A number
of specific genes have been strongly implicated in the
pathophysiology of channelopathies. However, not all genetic
variants within these genes are well characterized, especially
those classified as VUS. From a fundamental research
perspective, the underlying disease mechanisms are yet to
be elucidated. In these terms, disease modeling tools such as
induced pluripotent stem cell-derived cardiomyocytes can
serve as an appropriate technology for studying the molecular
basis of the disease. Here, we report the successful
generation of induced pluripotent stem cells (iPSCs) from a
healthy donor to serve as a control in disease modeling of
catecholaminergic  polymorphic  ventricular  tachycardia
(CPVT). The induction of iPSCs from peripheral blood
mononuclear cells (PBMCs) using the Sendai virus
reprogramming method demonstrated efficiency and
reproducibility. The colonies displayed classical iPSC
morphology, expressed the pluripotency marker TRA-1-60,
and maintained normal karyotype stability. These findings are
consistent with previous reports indicating the efficacy of
Sendai virus-based reprogramming systems in generating
integration-free, pluripotent stem cells with reliability for
downstream applications [14-16]. The case of the CPVT
patient carrying a de novo heterozygous missense mutation
in the RYR2 gene (c.13892A>T; p.D4631V) provides an
opportunity to reveal pathogenic mechanisms associated with
RYR2 dysfunction. RYR2 is a tetrameric protein embedded in
the membrane of the sarcoplasmic reticulum (SR), where it
facilitates ion release during systole. It is tethered to
calsequestrin-2 (CASQ2) through associated regulatory
proteins. The pathophysiology of CPVT is characterized by
impaired calcium homeostasis resulting from mutations in
critical calcium-handling proteins, such as RYR2 and CASQ2
[17,18]. As a rare but fatal arrhythmia with a normal resting
ECG, CPVT represents significant diagnostic and therapeutic
challenges. Therefore, an induced pluripotent stem cell
(iPSC)-based model derived from the patient's genetic
background may serve as a valuable platform for
investigating the mechanisms underlying arrhythmia onset,
disturbances in calcium handling, and individualized
responses to pharmacological interventions [19,20].

Future differentiation of both control and mutant iPSC
lines into cardiomyocytes will enable electrophysiological
assessments and calcium imaging studies, providing
functional validation of the disease phenotype and response
to candidate drugs. Such patient-specific cardiomyocytes
may also uncover genotype—phenotype relationships,
contributing to improved risk stratification.
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Conclusion

This study reports the successful generation of induced
pluripotent stem cells (iPSCs) from a healthy donor, which
will further be used as a “control” sample to compare it with
the patient's iPSCs carrying RYR2 mutation. Currently,
generation of iPSCs from patient with CPVT, carrying a de
novo heterozygous missense mutation in the RYR2 gene
(c.13892A>T; p.D4631V) is ongoing. This iPSCs model
provides a valuable platform for studying the
pathophysiology of CPVT and evaluating potential
therapeutic interventions. Further experiments will be
conducted to obtain patient-derived cardiomyocytes and
assess their electrophysiological responses, calcium
handling, and contractile functions.
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