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Abstract

Introduction. Cardiac arrhythmias are the most common among the group of cardiovascular diseases (CVD), and have
a risk of sudden cardiac death (SCD). Long QT syndrome (LQTS) is a heritable disease characterized by prolongation of the
QT interval on an electrocardiogram (ECG), which often leads to syncope and SCD. Currently, identification of mutations in
cardiac ion channel genes in patients with LQTS and recognition of genetic causes of the syndrome are actual in cardiology.

Aim. To identify cardiac ion channel mutations in genes associated with long QT syndrome in Kazakhstani patients.

Materials and methods. This study was designed as a cohort study. At present, our study has identified three patients
with LQTS. Nevertheless, the recruitment of additional patients with LQTS for the study is ongoing. lllumina TruSight Cardio
panel was used for genetic screening. The cardiopanel consists of 174 genes associated with cardiac disorders including
LQTS. After a targeted sequencing, data analysis was carried out using the programs SureCall version 2.0.7.0 (Agilent
Technologies, Santa Clara, California, USA), ANNOVAR, GTK, bwa, bowtie, bow tie 2, VarScan, efc.

Results. Clinically significant variants were found in patients with LQTS. Namely, in genes SCN5A
(c.G5296A:p.E1766K) and KCNH2 (c.C662T:p.A221V). Both variants are pathogenic and cause CVDs, specifically LQTS. In
addition, ¢.G3785A mutation (p.R1262Q), a variant of uncertain significance in SCN5A gene was detected in one patient.
Although there is insufficient data to determine the role of the variant in development of the disease.

Conclusions. Screening for mutations in cardiac ion channel genes in patients with LQTS revealed clinically significant
mutations. This research will be useful for Kazakhstani patients with LQTS in evaluation of required genetic testing and
reliable genetic guidance to prevent SCD and distinguish between various arrhythmias.

Keywords: cardiac arrhythmia, long QT syndrome, ion channel genes, mutation, sequencing.
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BeepeHne. CeppeyHble aputMuM SIBNISIOTCS Haubornee pacnpocTpaHeHHbIM 3aboneBaHWeM B rpynne CepaeyqHo-
cocynucTbix 3abonesanuin (CC3) n umetoT puck BHe3anHoi ceppeyHon cmeptu (BCC). CuHAPOM YANMHEHHOrO WHTEpBana
QT (CYWQT) sensetcs HacneacTBeHHbIM 3aboneBaHWeM, XapakTepusylowumcs yanuHeHwem uHTepeana QT Ha
anektpokapamorpamme (JKI), yto yacto npueoguT k obmopoky 1 BCC. B HacTosiee Bpemst MaeHTMMKaLMS MyTaLui B
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reHax CepAeyHbIX MOHHbIX kaHanoB y mauueHtoB ¢ CYWQT v onpegeneHne reHeTUYECKNX MPUYMH CUHOPOMA aKTyanbHbl B
Kapauonorum.

Llenb. Onpenenuts MyTauum cepaeyHbIX MOHHbIX KaHanoB B reHax, cessaHHbix ¢ CYWQT y naumenTos n3 Kasaxcrana.

Matepuansi n MeToabl. 370 MccnegoBaHue pa3paboTaHo B hopMe KOrOPTHOrO UCCneaoBaHus. Ha JaHHbI MOMEHT
Halwe wuccrnedoBaHue BbigBuno Tpex nauueHtoB ¢ CYWQT. Tem He MeHee, fanbHedwmii Habop nauueHToB Ans
1CCNeaoBaHns NpoaokaeTcs. [ reHeTUYeCcKoro CKpUHUHIA ucnonb3oBanach naHens — lllumina TruSight Cardio panel.
KapavonaHenb coctouT w3 174 reHoB, CBA3aHHBLIX C CepAEYHO-COCYAMCTbIMM HapylueHusimu, Bkiovas CYWUQT. TMocne
TapreTHOro CekBeHMpoBaHus Obln NPOBEEH aHanW3 faHHbIX C MCnonb3oBaHueM psaa nporpamm SureCall Bepcun 2.0.7.0
(Agilent Technologies, Canta-Knapa, KanucopHus, CLLIA), ANNOVAR, GTK, bwa, bowtie, bow tie 2, VarScan u 1.4.

PesynbTatbl. KnHuyecku sHaummble BapuaHTbl Obinin 0OHapyxeHbl y nauueHtoB ¢ CYMQT. A umeHHo, B reHax SCN5A
(c.G5296A:p.E1766K) 1 KCNH2 (c.C662T:p.A221V). Oba BapuaHTa SBASIOTCS NaTOreHHbiMM M BbidbiBalT CC3, B
yactHocT, CYUQT. Kpome Toro, y ogHoro nauueHta Obina obHapykeHa MyTaums €.G3785A (p.R1262Q), sapumaHT
HeonpeaeneHHon 3HavumocTn B reHe SCN5SA. OpHako, Ha CEroaHALWHNA AeHb HEAOCTATOMHO AaHHbLIX ANS onpeaeneHns
pOnW BapuaHTa B pa3suTum 3a60neBaHus.

BbiBogbl. CKpUHWMHI MyTauui B reHax CepaeuHbIX MOHHbIX kaHanoB y nauueHToB ¢ CYWQT BbISBUN KMMHUYECKM
3HauMMble MyTauuu. To wuccregoeaHue OyaeT MOMesHbIM Ans KasaxcraHckux nauweHtoB ¢ CYWQT ans oueHku
HeoDOXOMMMOr0 reHETUYECKOrO TECTUPOBAHUS 1 HAZEKHOIO rEHETUYECKOTO KOHCYNbTUPOBaHMS Ans npegotapatyerus BCC u
NaeHTUUKALMM ONpeaeneHHON apuTMuiA.

Knroyeenie crnosa: cepdeqHas apummus, CUHOPOM OnuHHO20 QT, 2eHbI UOHHbIX KaHamos, Mymauyusi, CeK8eHUposaHue.
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Kipicne. XXypek aputmusicl xypek-kaH Tamblpnapbl aypynapbl (XKKA) TobbiHga eH ken TapanfaH aypy 6onbin
Tabbinagbl kaHe keHeTTeH xypek eonimi (KKO) kaynmiH Tygbipagbl. ¥sapTbinFaH QT cuHgpomsl (LQTS) -
anekTpokapanorpamMmaparbl (KM QT apanbifbiHbiH y3apybiMeH cunaTTanatblH TYKbIM KyananTblH aypy, Byn xui ecteH
TaHyFa xoHe KKO -He okenepi. Kasipri yakbitta LQTS nauweHTTepiHgeri XypekTeri MOHObIK KaHan reHgepiHgeri
MyTaumsanapabl aHbIKTay XeHe CUHAPOMHbIH, reHeTUKanblk cebenTepiH aHbIKTay Kapavonornsaa e3ekTi macene bonbin
Tabblnagsl.

Makcartbl. KasakctaHablk naupeHTTepae LQTS-mMeH GainaHbICThbl XXYPEKTIH, MOHABIK KaHan reHaepaeri MyTaumsnapbix
aHbIKTay.

Marepuanpgap meH agictep. byn 3epTrey KoropTTbl 3epTTey TypiHge xacanmFaH. Ocbl yakbiTka [fewiH 6i3gin
3eptTeyimia LQTS Gap yw HaykacTbl aHblkTagbl. [lereHMeH, mauueHTTepni 3epTTeyre ofaH opi inikTey xanfacypa.
['eHeTUKanbIK CKPUHMHT kacay MakcaTbiHga lllumina TruSight Cardio maHeni konpaHbingbl. KapauonaHenb xypek-kaH
Tamblprapbl aybITKynapbiMeH bainaHbicTbl 174 reHHeH Typapbl, CoHbIH iwiHe LQTS Te kipegi. TapreTTi cekBeHnpneyaeH
kemiH bipkatap 6armapnamanap SureCall 2.0.7.0 (Agilent Technologies, CaHta-Knapa, KanudopHus, AKLL), ANNOVAR,
GTK, bwa, bowtie, bow tie 2, VarScan xeHe T. 6. KongaHa oTbIpbIn, epekTepai Tanaay Xyprisingi.

Hatuxenepi. LQTS 6ap HaykacTapaa KIMHMKanblK MaHbI3Abl reHETUKANbIK BapuaHTTap Tabbingbl. Atan aiTkanaa,
SCN5A (c.G5296A:p.E1766K) xoHe KCNH2 (¢.C662T:p.A221V) reHaepinae. XKorFapbiaa atanfaH eki reHeTukarblk BapuaHT
natorengi 6onbin keneqi, xoHe ae XKA iwinge LQTS Tyabipagsl. CoHbiMeH KaTtap, 6ip naumentTe ¢.G3785A (p.R1262Q)
MyTaumsickl aHbikTangbl, 6yn SCN5SA reiHgeri 6enricia MaHbI3abIMbIK BapuaHTbiHa xaTagbl. Anariga, 6yriHri kyHre aemin
BapWaHTTbIH aypy A4aMybIHAaFbl PEniH aHbIKTay YLLiH AepekTep XKeTkinikcia 6onbin keneai.

KopbitbiHabl. LQTS nauneHTTEpIHOEr XYPeKTeri MOHAbIK KaHan reHaepiHaeri CKPUHUHT KAMHUKAmbIK MaHbl3abl
MyTauuanapabl aHblKTagel. Byn 3epTTey KasakctaHgblk LQTS naumeHTTepi yLiH KaXeTTi reHeTukanblk TecTineyai
BaranaymeH katap, KXXO©-iH angpiH any xaHe Genrini apuTMusiHbl aHbIKTay Lapanapsl YLWiH nangans! 6onsin tabbinags!.

Tytin ce3dep: apummus, y3apmbiiraH QT CUHOPOMbI, UOHObIK KaHas 2eHOepi, Mymayusi, CEK8eHUpIeY.
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Introduction

Globally, cardiovascular diseases (CVD) are the leading
cause of death in the world, and estimated to result in 17.9
million deaths annually as reported by the World Health
Organization (WHO). Over the past decade, there has been a
notable rise in the prevalence of CVDs in Kazakhstan [15, 27].
Cardiac arrhythmias are the most common among the group of
CVDs, and can lead to sudden cardiac death (SCD). Long QT
syndrome (LQTS) is a life-threatening cardiac arrhythmia
characterized by a prolonged ventricular repolarization, namely
a prolonged QT interval on a standard electrocardiogram
(ECG). The syndrome is associated with an elevated risk of
torsades de pointes (TdP)-triggered seizures, syncope, and
SCD due to abnormal heart rhythms [19, 22]. Approximately
1:2000 people suffer from LQTS with a more significant impact
in SCD.

The diagnosis of LQTS is established based on the
following criteria: a) the presence of a corrected QT interval
on a 12-lead ECG, typically defined as >470 ms for males
and >480 ms for females [1]; b) the presence of a confirmed
pathogenic LQTS mutation, regardless of the duration of QT
interval; and c) the assessment of LQTS risk, determined by
symptoms, family history, and ECG results in the absence
of a secondary cause for QT prolongation [19].
Nevertheless, roughly 5-10% of individuals in the general
population show a QTc > 460 ms in screening ECGs [21].

In practical terms, a baseline QTc value = 500 ms is
considered distinctly abnormal. If observed in the absence
of one or more risk factors for QT prolongation, it should
strongly induce clinical suspicion for congenital LQTS
(cLQTS). Consequently, the observation warrants a Class |
recommendation to proceed with LQTS genetic testing [1,
9.

LQTS is a genetic disorder. The key genes KCNQ1,
KCNH2 and SCN5A develop three types of LQTS: LQTS
type 1 (LQT1), LQTS type 2 (LQT2), and LQTS type 3
(LQT3), respectively [9,26]. Above-mentioned primary
genes KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3)
constitute roughly 75% of confirmed LQTS cases, while the
lesser-known genes collectively contribute about 5% [26].
Despite the rarity of the syndrome, studies using mutational
analyses have identified over 450 mutations across 10
genes linked to different types of LQTS [12]. It is important
to mention that LQTS is typically inherited in an autosomal-
dominant (AD) manner [23]. Sporadic de novo mutations
occurring in the germline cells might explain approximately
5% to 10% of LQTS cases. Moreover, multisystem
syndromic disorders linked to either QT or QTU
prolongation: ankyrin B syndrome (previously known as
LQT4), Andersen-Tawil syndrome (ATS, formerly LQT7),
and Timothy syndrome (TS, formerly LQT8) are listed below
(Table 1).

Table 1.

Current genetic basis of LQTS subtypes (adapted from Giudicessi J.R., Wilde A.A., Ackerman M.J. [9]).
Gene LQTS subtypes |[OMIM  |Protein Functional effect Mode of inheritance  |Frequency
KCNQ1 |LQT1 192500 |Kv7.1 Reduced lks AD; AR ~30-35%
KCNH2  |LQT2 613688 [Kv11.1 Reduced lkr AD ~25-30%
SCN5A  |LQT3 603830 |Nav1.5 Increased INa AD ~5-10%
ANK2  |LQT4/ABS  |600919  |Ankyrin B Aberrant ion channel /

transporter localization
KCNE1 |LQT5 613695 |MinK Reduced lks AD <1%
KCNE2 |LQT6 613693 |MiRP1 Reduced lkr AD <1%
KCNJ2  |LQT7/ATS1 170390 |Kir2.1 Reduced lki AD <1%
CACNA1C |LQT8 /TS 601005 |Cav1.2 Increased lcaL (slowed VDI) |Sporadic; AD mosaicism |Very rare
CAV3 LQT9 611818 |Caveolin 3 Increased Ina AD <1%
SCN4B  |LQT10 611819 [Nav1.5/B4-subunit |Increased Ina AD <1%
AKAP9  |LQT11 611820 |Yotiao Reduced lks AD <1%
SNTA1  |LQT12 612955 |Syntrophin-a1 Increased Ina AD <1%
KCNJ5  |LQT13 613485 |Kir3.4 Reduced lk ach AD <1%
CALM1  |LQT14 616247 |Calmodulin 1 Increased Ica, (defective CDI) |Sporadic ~1-2%
CALM2 |LQT15 616249 |Calmodulin 2 Increased Ica. (defective CDI) |Sporadic <1%
CALM3  |LQT16 114183 |Calmodulin 3 (Lé‘;?eﬁl”fereggﬁd leas Sporadic A%

LQTS, Long QT Syndrome; OMIM, Online Mendelian Inheritance in Man; AD, autosomal dominant; AR, autosomal recessive; ABS,
Ankyrin-B syndrome; ATS, Andersen Tawil syndrome; TS, Timothy syndrome; CDI, calcium-dependent inactivation; VDI, voltage-

dependent inactivation.
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The proper function of the heart relies on the
synchronized activation and deactivation of inward
depolarizing (sodium (Na*) and calcium (Ca?*) channels) as
well as outward repolarizing (potassium (K*) channels)
currents governing by five primary phases of the cardiac
action potential (AP). Genetic (inherited) or acquired defects
that enhance the depolarizing Na*/Ca2* currents (Ina and |
cal) or diminish the repolarizing K* currents (lks, Ik, and lk1)
can lead to an elongated ventricular cardiac AP [8, 9, 14]:
KCNQ1-encoded Iks (Kv7.1) potassium channel, KCNH2-
encoded Ik (Kv11.1) potassium channel, or SCN5A-
encoded Ina (Nav1.5) sodium channel [5,22]. As a result, this
elongation is evident through a prolonged QT interval on the
surface 12-lead ECG. Dysfunction of ion channels, so-
called channelopathy is caused by mutations in genes
coding pore-forming a-subunit of ion channels,
consequently causing life-threatening cardiac arrhythmias.

The aim of the research is to identify cardiac ion
channel mutations in genes associated with long QT
syndrome in Kazakhstani patients by performing a targeted
next generation sequencing (NGS).

Materials and methods

Patient material

The research was performed in accordance with the
principles of the Declaration of Helsinki. The study protocol
was approved by the Ethics Committees of the National
Laboratory Astana, Nazarbayev University and the National
Research Cardiac Surgery Center (NRCSC), Astana,
Kazakhstan. Informed written consent was obtained from all
participants.

Currently, three patients have been diagnosed with
LQTS in our study. Although further recruitment of study
participants is still being in process. The clinical data of
patients including demographics (age, gender, and
ethnicity), diagnosis, abnormalities, and family anamnesis
were also collected.

Genomic DNA (gDNA) was isolated from whole blood
using QlAamp D NA Mini Kit: DNA purification from blood or
body fluids (Qiagen). The concentration of DNA was
measured by using NanoDrop 2000 spectrophotometer
(Thermo Scientific). The qualitative and quantitative
analysis of DNA concentration was performed via
electrophoresis using a 1% agarose gel in the
Electrophoretic bath apparatus (BioRad) and Qubit 2.0
Flourometer (Thermo Fisher Scientific), respectively.

Preparation of DNA libraries

The preparation of DNA libraries was carried out in
accordance with the protocol “lllumina DNA Prep with
Enrichment”. DNA libraries were sequenced using the
lllumina Truesight Cardio gene panel. The quality control of
the DNA libraries was performed on BioAnalyzer 2100 with
the Agilent DNA 1000 Kit (Agilent Technologies).
Additionally, the check of DNA library concentrations was
performed on Qubit 2.0 Flourometer (Thermo Fisher
Scientific) by using Qubit TM ds High Sensitivity Assay kit.

Target enrichment and sequencing

[llumina TrueSight Cardio panel was applied for
targeted sequencing of samples. The targeted sequencing
was performed on lllumina MiSeq platform. The cardiopanel
consists of 174 genes associated with cardiac disorders,
including LQTS. Particularly, the panel includes following
genes: potassium voltage-gated channel, KQT-like
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subfamily, member 1 - KCNQ1, potassium voltage-gated
channel, subfamily H, member 2 — KCNH2, potassium
inwardly rectifying channel, subfamily J, member 5 -
KCNJ5, potassium voltage-gated channel, Isk-related
family, member 1 — KCNE1, potassium voltage-gated
channel, Isk-related family, member 2 — KCNE2, potassium
voltage-gated channel, Isk-related family, member 3 -
KCNES3, sodium voltage-gated channel, alpha subunit 5 —
SCNb5A, calcium channel, voltage-dependent, L-type alpha
1C subunit — CACNA1C, caveolin 3 — CAV3, sodium
channel voltage-gated, type IV, beta — SCN4B, ankyrin —
ANK2, A-kinase anchor protein 9 — AKAP9, syntrophin,
alpha 1 — SNTAT, T-box transcription factor — TBX3.
Calmodulin 1 CALM1, Calmodulin 2 - CALM2,
Calmodulin 3 — CALM3.

Data analysis and variant classification

The sequenced samples were sent for further
bioinformatics analysis. Sequence data processing was
conducted on genetic variants in genes predisposed to
cardiovascular diseases. Several programs have been used
for sequence data analysis: SureCall version 2.0.7.0
(Agilent Technologies, Santa Clara, California, USA),
ANNOVAR, GTK, bwa, bowtie, bow tie 2, VarScan, efc.

The sequencing data were compared with available
online international genomic databases ExAC, SIFT, ESP,
Genbank, NCBI, EP 6500, 1000 Genomes, MutationTaster,
SNPedia, Ensemble, ClinVar, efc.

The clinical significance of genetic variants was
interpreted in accordance with the guidelines developed by
the American College of Medical Genetics and Genomics
(ACMG) and the Association of Molecular Pathology (AMP)
in 2015 [17]. Variant interpretations were made on InterVar
(https:/iwintervar.wglab.org/) platform. The obtained genetic
variants were filtered and classified into five categories of
ACMG/AMP recommended standards: pathogenic (P),
likely pathogenic (LP), a variant of uncertain significance
(VUS), likely benign (LB) or benign (B) [16].

Results

Targeted sequencing and step-by-step filtering of
annotated variants identified 119 genetic variants in patient
Ne 001, 125 — in patient Ne 007, and 132 — in patient Ne
011. Among them, patients Ne 001 and 007 have disease-
causing variants with pathogenicity status.

Patient Ne 001. Mutation in the SCN5A gene
(c.G5296A:p.E1766K) was detected in 23 years old man
(Kazakh). He was diagnosed with LQTS at the age of 15,
then experienced syncopal event at 19. Family anamnesis
of the patient states that an uncle on his mother's side died
of heart disease at the age of 28. Holter monitoring on 12-
lead ECG was performed. The main rhythm is sinusoidal.
The average heart rate was 64 bpm. The maximum heart
rate is 125 bpm. The minimum heart rate was 37 bpm. The
P-wave is normal. There are two premature ventricular
contractions. No pauses. No ST segment change. The
maximum corrected QT interval (QTc) was 561 ms (Figure
1). The systolic function at rest is not impaired. Ejection
fraction (EF) is 62%.

SCN5A, p.E1766K (rs137854601) is classified as a
pathogenic variant by ClinVar and a likely pathogenic
according to ACMG/AMP classifications. The variant is
nonsynonymous single nucleotide variant (SNV) and
located in exon 27 of the SCN5A gene (Table 2).
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Figure 1. Electrocardiogram of patient Ne. 001 (diagnosed with LQTS);

A) tachycardia (at a heart rate of 128 bpm) on ECG; B) prolonged QT interval on ECG, QT¢c max = 561 ms.

Table 2.
Clinically significant genetic variants of patients diagnosed with LQTS in our study.
PatientID | Age, | Family history of | Mutations Geno Clin Var ACMG / AMP ID OMIM
(gender) | years |CVD/SCD (yes/no) type classification
Ne. 001 (M) |23 Yes/no SCNSA: hetero Pathogenic Likely rs137854601 (600163
p.E1766K Zygous pathogenic
c. 5296 G>A
Ne. 007 (F) (16 Yeslyes KCNH2: hetero Pathogenic / Pathogenic  |rs121912504 (152427
p.A221V zygous |Likely pathogenic
c. 662 C>T
No. 011 (F) |47 Yeslyes SCN5A: hetero Conflicting Uncertain rs765907469 600163
p.R1262Q  |zygous |interpretations of |significance
¢.3785 G>A pathogenicity

No information on 1000Genome and ExAC databases.
The SIFT score is 0.001, and the Mutation Taster score
equals to 1.0. The genotype is heterozygous (0/1). The
allele depth of the variant is 179 (Ref) and 31 (Alt), the total
depth of readings is 210. The quality of the genotype is 99.
According to 21 clinical diagnostic laboratories, this variant

A.

has a pathogenic status by ClinVar carrying a different
phenotype of heart diseases LQT1, LQT3, congenital heart
disease, Brugada syndrome, etc.

Patient Ne 007. Missense variant in KCNH2 gene
(c.C662T:p.A221V) was found in a 16 years old girl
(Kazakh). (Figure 2).

1 (!
y it \
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Figure 2. Electrocardiogram of patient Ne 007 (diagnosed with LQTS, being treated with automatic ICD)
A) prolonged QT interval on ECG (QT max= 672 ms at a heart rate of 50 bpm); B) P-controlled heart stimulation on ECG.
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In addition to LQTS, the patient was diagnosed with
paroxysmal unstable ventricular tachycardia, and ventricular
extrasystole. Associated diagnosis: Idiopathic epilepsy. The
girl is being treated with an automatic implantable
cardioverter-defibrillator (ICD) by St. Jude Medical Fortify
Assure in 2020. Chronic heart failure (CHF) Il (NYHA). In
family anamnesis, the mother of the patient died of cardiac
arrest at young age (32 y.o.). Holter monitoring on 12-lead
ECG was performed. The main rhythm is sinusoidal.
Episodes of unstable ventricular tachycardia have been
recorded. During the observation period, the minimum QT
interval was 207 ms at a heart rate of 181 bpm, and the
maximum was 672 ms at a heart rate of 50 bpm (Figure 2).

Moreover, 12 pauses due to bradyarrhythmia were
registered. EF is 64%. The chambers of the heart are not
expanded.

According to both ClinVar and the ACMG/AMP
classifications KCNH2, p.A221V (rs121912504) is classified
as pathogenic variant. There is no available information on
1000 Genome and ExAC databases; however, Mutation
Taster indicates a score of 1.0. The genotype of KCNH2 is
heterozygous (0/1). The allele depth of the variant is 32
(Ref) and 63 (Alt), with a total read depth of 95. The
genotype quality is 99.

Figure 3. Electrocardiogram of patient Ne 011 (diagnosed with cLQTS);

Patient Ne 011.

A variant of uncertain significance in SCN5A gene
(c.G3785A:p.R1262Q) was detected in a 47-years-old
woman (Kazakh). The patient was diagnosed with
congenital LQTS. In family anamnesis, the mother died
suddenly at the age of 30. According to echocardiogram
results, the chambers of the heart are normal; systolic
function of the left ventricle is satisfactory; EF is 66%.
Holter monitoring on 12-lead ECG was performed for 1
day. 13h 37min, of which 2h 46 min. was occupied by
physical activity, 9h 3min - sleep. During the observation
period, the average heart rate was 61 bpm during the day
and 53 bpm at night. The minimum heart rate was 45 bpm
during sleep. The maximum heart rate reached 83 bpm
(submaximal heart rate not achieved, 48% (<80%)). AV
conduction is normal. No pauses longer than 2.0 seconds
were detected. A single ventricular ectopic activity was
registered in the form of one isolated premature
ventricular  contraction. No diagnostically significant
changes in the ST-T segment were detected. The average
QTc interval was 485ms (ranging from 442 to 540ms). A
significant prolongation of the corrected QT interval from
450 to 540 ms was recorded during 14h 42 min. (Figure
3).
- No pathogenic variants have been
found. Nevertheless, genetic variants with
different  clinical interpretations  were
identified variants  of  uncertain
significance, benign and likely benign
variants. For  example, SCN5A
(rs765907469) is classified as a variant of
uncertain  significance  according  to
ACMG/AMP  guidelines.  According to
ClinVar, the variant has “Conflicting
Interpretations of pathogenicity” status
(Table 2). The variant has a heterozygous
genotype, with a total coverage depth of
257. The genotype quality is 99. However,
presently provided data are insufficient to
determine the role of this variant in disease
development.

the average QTc interval = 485ms (ranging from 442 to 540ms).

Discussion

LQTS is usually characterized by syncope or heart
arrest, primarily triggered during physical activity and
emotional stress [19]. In most patients, symptoms might not
be observed throughout their lives. It has been
demonstrated that up to 13% of cases could lead to SCD,
with 36% experiencing syncope episodes before the age of
40 [23].

Moreover, SCD and syncope are clinical manifestations
of prolonged ventricular arrhythmias.

In fact, approximately 75% of all LQTS cases result
from mutations in genes encoding cardiac ion channels, ion
channel subunits, or proteins modulating ion channel
function. However, a quarter of LQTS cases are challenging
to identify based on genotype, especially complicating
matters for family members within the risk group.

In our research, patient Ne 001 has a pathogenic
mutation in SCN5A  (c.G5296A:p.E1766K)  gene,
consequently the mutation lead to LQT3 accounting for
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roughly 10% of all cases [7, 18]. The particular genetic
variant is not found in 121,222 chromosomes from a control
group, et it is frequently identified in affected individuals
with LQTS and BrS conditions. A functional study has
demonstrated that this variant has a deleterious effect on
protein structure/function and leads to a permanent inward
flow of Na* ions, which has also been previously noted in
other LQTS-associated SCN5A mutations [6]. Furthermore,
this variant has been classified as pathogenic by numerous
clinical diagnostic laboratories and respected databases.
Besides, 47 years old woman, patient Ne 011 has a
heterozygous variant of uncertain significance in SCN5A
gene, although targeted sequencing has not revealed any
pathogenic variant. Due to insufficiency of clinical
information,  well-established functional studies are
necessary for proper interpretation of such variants. The
Genome Aggregation Database (gnomAD) has noted this
variant in 7 out of 273,056 chromosomes from a general
population sample [25]. Presently, the evidence is
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insufficient to definitively ascertain the impact of this variant
in relation to disease. Consequently, this variant is
categorized as VUS. The woman was diagnosed with
cLQTS, however, despite the all progress in genetic
screening methods, the detection of a potential pathogenic
variant in a LQTS patient with a clear phenotype is around
75%-80% [26]. Cardiac incidents can manifest from early
childhood to the middle stages of life, more prevalent
between preteen and the twenties, consequently with the
decreasing risk through this period. The typical age range
for these events varies slightly depending on the genotype.
After the age of 40, cardiac events are rare; if they do
occur, they are often induced by the use of drugs that
prolongs the QT interval or by hypokalemia, or they might
be linked to the LQT3 [27].

Remarkably, we identified a missense pathogenic
mutation in KCNH2 gene in patient Ne 007. As KCNH2 gene
encodes a component of a voltage-activated potassium
channel found in cardiac muscle, mutations in this gene can
cause LQT2. About 30% of LQTS cases are linked to
KCNH2 mutations causing LQT2 [11]. The found missense
variant in KCNH2 gene leads to misfolding of the KCNH2
protein. This mutation results in the formation of a
heterozygous ion channel with a reduced function,
comprising both the mutant and wild-type proteins.
Additionally, this mutation inhibits the expression of the fully
developed or mature KCNH2 protein [4].

Generally, genetic testing for LQTS has both diagnostic
and prognostic implications. It is crucial to differentiate
pathogenic mutations from rare variants in order to
accurately analyze genetic tests for LQTS. The careful
examination of identified gene variants is critical before
attributing pathogenicity to them, and involving a genetics
specialist in this process is a sensible approach. The
interpretation should consider the variant's prevalence in
population databases, its predicted impact on protein
function (based on in vitro and in vivo studies).

In our study, the patient Ne 007 is being treated with
ICD at young age. Despite the fact that the frequency of
ICD implantation was highest among LQT3 patients, the
highest rate of successful interventions was observed
among women with LQT2 who were identified as being at
high risk [18, 28]. One of the largest studies on ICD
(involving 233 patients, mean age at implantation=30+17
years) state that a notably high proportion of females (77%)
and LQT3 patients received ICDs. Over a monitoring period
of 4.6 years on average, ~28% of patients experienced at
least one appropriate shock, while a quarter encountered
adverse events. Notably, more than half of these patients
had not previously experienced a cardiac arrest, and a
significant portion had not failed -blocker therapy [24].

We have not functionally characterized each specific
mutation, which is a potential study limitation. Moreover, up
to 25% of LQTS cases still lack a clear genetic explanation
[24]. Thorough clinical observation, particularly carriers of
clinically significant variants, will significantly contribute to
our comprehension of further risk factors and evaluating
their impact on the onset and progression of the disease.

Conclusion

Despite the study limitation in terms of quantity of study
participants, genetic screening for mutations in cardiac ion
channel genes in LQTS patients revealed clinically valuable
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mutations. Targeted sequencing of genetic variants
associated with cardiac ion channels in individuals with
LQTS is planned to continue as further recruitment of the
patients to the cohort is still ahead. The study could be
beneficial for Kazakhstani patients with LQTS in assessing
the need for genetic testing and offering genetic counseling
of patient's close relatives to prevent SCD and to
differentiate between various types of arrhythmias.
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