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Abstract

This study investigates the genetic background of pediatric-onset cardiac channelopathies,
a rare group of genetic disorders causing arrhythmias and sometimes sudden death, whose
genetic background remains partially unknown. The research analyzed 59 pediatric pa-
tients (<18 years of age) diagnosed with different channelopathies (LQTS, BrS, CPVT, SQTS,
and conduction disorders), along with 40 of their family members, using Next-Generation
Sequencing (NGS) after genetic counseling. A causative genetic variant was found in 47%
of cases, mainly in the KCNQ1 (42%), RYR2 (16%), CACNAIC (10%), and SCN5A (10%)
genes. Notably, a de novo large deletion in KCNH2 was detected in an LQTS patient, and a
pathogenic CALM1 variant was identified in a child. A compound heterozygous KCNQ1
was consistent with Jervell and Lange-Nielsen syndrome. In light of these data, genetic test-
ing is crucial for diagnosis, prognosis, and treatment planning; cascade screening allowed
early risk identification and preventive interventions for family members. Expanding NGS
technologies and research on new candidate genes may enhance personalized therapies in
the future.

Keywords: genetic testing; pediatric channelopathies; personalized therapies; cascade
screening; sudden infant death

1. Introduction

Inherited cardiac channelopathies represent a heterogeneous group of rare disorders
characterized by variable clinical expression, age of onset, and risk of life-threatening
arrhythmias. In the pediatric population, the diagnostic and prognostic role of genetic
testing is increasingly recognized, especially in the context of diseases such as long QT
syndrome (LQTS), catecholaminergic polymorphic ventricular tachycardia (CPVT), and
Brugada Syndrome (BrS). These conditions may manifest in early life or remain silent until
adolescence or adulthood, making timely diagnosis essential to prevent sudden cardiac
death [1-3].
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Pediatric-onset cardiac channelopathies are responsible for arrhythmias that can, in
some cases, lead to sudden death. Although the genetic basis of these diseases is well
established, the complete underlying genetic architecture remains only partially under-
stood [4]. Genetic testing plays a pivotal role in defining etiology, establishing prognosis,
guiding therapeutic choices, and identifying at-risk family members. Early diagnosis and
proper risk stratification are particularly relevant in asymptomatic individuals with known
familial variants [4].

In minors, genetic testing is generally performed in the presence of clinical signs sug-
gesting an inherited arrhythmic syndrome or when a pathogenic variant has been identified
in a family member. According to current guidelines, predictive testing in asymptomatic
children should be carefully considered in light of the potential psychological implications,
the penetrance and expressivity of the disease, and the availability of preventive measures
or effective treatments [3,5]. For some channelopathies, such as CPVT or LQTS, early
identification of genetically at-risk individuals allows for the implementation of life-saving
therapies [3].

In the past two decades, numerous gene variants have been associated with inherited
cardiac arrhythmias. However, genotype—phenotype correlation remains challenging in
many cases. Overlapping genetic substrates may be found across distinct arrhythmias, and
conversely, the same clinical phenotype may arise from variants in genes with very different
molecular functions [4]. Due to the rarity of these disorders and their concentration in a
limited number of referral centers, studies on pediatric cohorts remain limited, as does
high-quality data on genotype—phenotype correlations.

Despite advances in next-generation sequencing (NGS) technologies, the integration
of genetic findings into clinical practice still requires careful interpretation and multidisci-
plinary collaboration. There is a need for more comprehensive and clinically integrated
data to guide decision-making in this vulnerable population.

The aim of this study was to genetically characterize a cohort of pediatric patients
diagnosed with cardiac channelopathies (period of enrollment from 2018 to 2023), using a
disease-specific NGS panel. We also investigated the correlation between identified genetic
variants and clinical phenotypes. In selected cases, cascade testing in first-degree relatives
was performed to assess familial segregation and the potential presence of de novo variants.

2. Materials and Methods
2.1. Genetic Counseling and Sample Collection

Genetic counseling and molecular analyses were performed as part of a diagnostic
workflow approved by the local ethics committee. Written informed consent was obtained
from both parents for each underage proband, authorizing genetic testing, sample stor-
age, possible re-analysis in light of emerging gene—disease associations, and anonymized
inclusion in national and international research projects (Figure 1).

A three-generation family pedigree was obtained for each proband during the genetic
counseling session to assess family history and identify possible inherited conditions or
events such as sudden cardiac death. Peripheral blood samples were collected from the
probands and from parents (NGS trio analysis) or from other family members.

2.2. DNA Extraction and Quantification

Genomic DNA was extracted from peripheral blood using the EZ1 DNA extraction
kit (QIAGEN, Hilden, Germany), based on magnetic bead technology for automated DNA
isolation and purification. DNA quantity and purity were assessed via spectrophotometry.
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Figure 1. Cardiogenetics Unit: During the pre-test genetic counseling session, personal and family
history were collected to reconstruct the pedigree. The testing procedure, including its benefits and
limitations, was explained, and informed consent was obtained. The post-test counseling session in-
cluded the delivery and discussion of results. Genetic testing outcomes can be classified as follows [6]:
identification of a (probably) pathogenic variant; identification of a variant of uncertain significance
(VUS); or no variant identified. The interpretation of genetic test results requires close multidisci-
plinary collaboration between the laboratory geneticist performing the test and the clinicians involved
in patient care.

2.3. Genetic Testing
Genetic analysis was performed using a dual approach:

e Next-Generation Sequencing (NGS) was carried out using a targeted gene sequencing
approach (Paired-End 150 bp) on an Illumina NextSeq550 platform.

e  Library preparation and enrichment were performed using the Illumina DNA Prep
with Enrichment protocol and Twist Custom Panel Cardio_V2 probes.

e  The panel comprised 195 genes, of which 29 were specifically analyzed for their
association with cardiac channelopathies (see Supplementary Tables S1 and S2).

e  Quality threshold metrics were defined as >98% of target bases covered at >20X depth
and a mean target coverage >200X.

e  Sequencing data were processed using the DRAGEN Enrichment App (BaseSpace
Professional, Illumina Inc., San Diego, CA, USA) and interpreted using BaseSpace
Variant Interpreter.

e Sanger sequencing was used to validate NGS-detected variants and to perform fa-
milial segregation analysis when a known variant had been previously identified in
the proband.

2.4. Variant Filtering and Classification

The analysis was focused on the coding regions and intron—exon junctions (15 bp).
Synonymous variants and those with a minor allele frequency (MAF) > 1% in population
databases (GnomAD v4.1.0) were excluded.

Variant interpretation was performed using Varsome (https://varsome.com (ac-
cessed on 1 December 2024)) and Web-InterVar (http://wintervar.wglab.org (accessed
on 1 December 2024)), ClinVar (https://www.ncbinlm.nih.gov/clinvar (accessed on
1 December 2024)), HGMD Professional (https:/ /www.hgmd.cf.ac.uk (accessed on 1 De-
cember 2024)), and CardioClassifier v0.2.0 (https:/ /www.cardioclassifier.org (accessed on
1 December 2024)).


https://varsome.com
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Variants were classified according to the American College of Medical Genetics and
Genomics (ACMG) and the Association for Molecular Pathology (AMP) [6] guidelines
into five classes: (1) pathogenic (P), (2) probably pathogenic (PP), (3) variant of uncertain
significance (VUS), (4) probably benign (PB), and (5) benign (B).

2.5. Copy Number Variant Detection (CNVs)

CNYV detection was performed using the VarSeq tool (Golden Helix) and the EVai
(Engenome) tool and confirmed by Multiplex Ligation-dependent Probe Amplification
(MLPA-MRC-Holland).

2.6. Parental Testing and De Novo Variant Assessment

A variant was considered de novo if absent in both parents, confirmed by Sanger
sequencing, and if paternity /maternity was assumed or validated.

3. Results
3.1. NGS Analysis

The analysis of NGS data obtained from the panel of 29 genes associated with inherited
cardiac arrhythmias identified, on average, approximately 900 single nucleotide variants (SNVs)
or small insertions/deletions per patient (see Supplementary Materials Tables S1 and S2).

After an initial functional filter—retaining only exonic or splice-site variants, including
missense, stopgain, stoploss, and SNVs—around 820 variants were excluded per sample,
resulting in ~70-100 variants per patient selected for further evaluation.

A frequency filter was then applied to exclude common variants (minor allele fre-
quency > 1%) using the GnomAD (v4.1.0) database (https://gnomad.broadinstitute.org
(accessed on 1 December 2024)).

This step reduced the variant count to ~20-30 per patient.

Each variant was individually interpreted through databases and tools previously described.

After read mapping, 99.4% of target bases were covered at >20X depth with a mean
target coverage of 450X.

3.2. Identified Variants

A causative genetic variant was found in 47% of cases, mainly in KCNQ1 (n = 13; 42%)
associated with Long QT Syndrome (LQTS), RYR2 (n = 5; 16%) with Catecholaminergic
Polymorphic Ventricular Tachycardia (CPVT), CACNAIC (n = 3; 10%) with LQTS, and
SCNbJA (n = 3; 10%) with Brugada Syndrome (BrS) (Figure 2).
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Figure 2. Channelopathies ECGs: (a) Brugada Syndrome; (b) CPVT; (c) Long QT Syndrome; (d) Short
QT Syndrome.
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3.2.1. Brugada Syndrome (BrS)

A variant (PP or VUS) was identified in three out of twelve BrS probands (25%)
(Table 1). Two probands carried three VUSs (1 = 1 in CACNAIC and n = 2 in SCN5A), and
one carried a probably pathogenic SCN5A variant.

Table 1. List of variants identified during NGS analysis.

Number of

Gene Probands Variant Disease Variant Class
1 c.655C>T p.(Arg219Cys) High-VUS
SCN5A 1 ¢.3840+5G>A p.(?) VvUS
(OMIM: 600163) . €.3940_3941delCT BrS PP
p- (Leul341Valfs*4)
1 ¢.2548_2550del p.(Glu850del) LQTS VvUS
Conduction
( Oli:/l?l\(/:[NﬁZLCZ:O 5) 1 ¢.1468G>A p.(Gly490Arg) Disorders/ Uncl'assified \4SE
Arrhythmias
1 ¢.5759A>G p.(Tyr1920Cys) BrS VUS
1 c.11761A>T p.(Thr3921Ser) CPVT High-VUS
RYRD 1 ¢.527G>A p.(Argl76Gln) de novo P
. Conduction
(OMIM: 180902) 1 ¢.5755C>T p.(Argl919Trp) Disorders/Unclassified VUS
1 €.942_944del p.(Leu316del) Arrhythmias Vvus
1 c.467T>C p.(Leul56Pro) High-VUS
1 c.1486_1487del p.(Leu496Alafs*19) P
2 c.1032 + 6T>G p.(?) VuS
1 c.1686-2A>G p.(?) P
KCNQI 1 ¢.1700T>C p.(Ile567Thr). P
(OMIM: 607542) 1 ¢.1664G>A p.(Arg555His) LQTS P
’ 1 c.1096C>T p.(Arg366W) P
1 c.683+5G>A p.(?) PP
2 c.518T>A p.(Vall73Asp) PP
1 ¢.1034G>A p.(Gly345Glu) P
1 c.514_524dup p.(Gly179Serfs*62) P
ANK2 1 c.6164G>A p.(Arg2055Lys) LQTS VUus
(OMIM: 607542) 1 c.7142C>A p.(Ala2381Asp) vus
KCNH2 1 ¢.1600C>T p.(Arg534Cys) LQTS PP
(OMIM: 152427) 1 ex12-13-14del CNV de novo PP
AKAP9
(OMIM: 604001) 1 ¢.9830T>C p.(Ile3277Thr) LQTS VUS
CALM1
(OMIM: 114180) 1 ¢.389A>T p.(Asp130Val) de novo LQTS P
Conduction
PKP2 c.194_196del . e
. 1 =N . Disorders/Unclassified vus
(OMIM: 602861) p-(Ala65_Arg66delinsGly) Arrhythmias

List of variants identified, associated with disease, and classified according to ACMG guidelines [6]. The high-VUS
variants have a score close to a PP and could be re-classified pending further evidence, such as a functional study
or co-segregation with disease in families.

Consistent with the literature, SCN5A emerged as the most involved gene in BrS, ac-

counting for three out of four identified variants [7]. Two were missense variants (resulting

in amino acid substitution), one affected a splice site, and one was a two-base deletion

causing a frameshift and premature stop codon.
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3.2.2. Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)

Variants (P or VUS) were identified in three out of seven CPVT probands (43%), all
affecting the RYR2 gene (Table 1). In two cases, the same known pathogenic missense
variant (arginine-to-glutamine substitution at a conserved position) was detected [8]; the
third variant was a VUS classified as “high VUS”. These results are in line with previous
reports highlighting the central role of RYR2 in CPVT [9].

3.2.3. Long QT Syndrome (LQTS)

A variant (P, LP, or VUS) was identified in 19 out of 31 LQTS probands (61%). Among
them, seven carried VUSs (AKAP9, CACNAIC, ANK2, KCNQ1), while twelve probands
carried thirteen P/PP variants (CALM1, KCNH2, KCNQ1). KCNQ1 was the most frequently
affected gene (13/20 variants), as previously described [10] (Table 1).

Variants included eleven missense changes, three deletions, five intronic variants, and
one frameshift duplication. Notably, a known missense pathogenic variant in KCNQ1 was
supported by functional studies [11].

An in-frame deletion in CACNA1C (VUS), a two-nucleotide frameshift deletion in
KCNQ1 (pathogenic) [12], and a three-exon heterozygous deletion in KCNH2 (probably
pathogenic) were also identified.

Intronic variants included one probably pathogenic splice variant in KCNQ1, with in
silico support from multiple splicing prediction tools [13].

3.2.4. Short QT Syndrome (SQTS)

No variants were identified in the three unrelated SQTS probands.

3.2.5. Conduction Disorders/Unclassified Arrhythmias

A VUS was identified in three out of six probands with unclassified arrhythmias (50%).
Variants affected the RYR2 (n = 2), CACNAIC (n = 1), and PKP2 (n = 1) genes. Among
these variants, two were missense, one was an in-frame deletion (RYR2), and one was a
delins (PKP2). The CACNAIC variant was considered a “high VUS”, with a Gly-to-Arg
substitution (Table 1).

3.3. Family Analysis

Cascade testing was performed in 22 out of 59 probands (CPVT, LQTS, BrS, and
unclassified arrhythmias), extending the analysis to 40 first-degree relatives. Approximately
two-thirds of index cases had a positive family history of inherited arrhythmias.

Determining whether a variant is inherited or de novo is critical for risk assessment
and contributes to pathogenicity classification.

Among relatives, variants were identified in 3/40 for CPVT, 14/40 for LQTS, 3/40 for
BrS, and 2/40 for conduction disorders/unclassified arrhythmias. The associated genes
were SCN5SA (n = 2), RYR2 (n = 3), PKP2 (n = 1), KCNQ1 (n = 11), KCNH2 (n = 1), and
ANK2 (n=1).

3.4. Relevant Pediatric Clinical Cases
3.4.1. Case 1—Catecholaminergic Polymorphic Ventricular Tachycardia (RYR2)

A 9-year-old Italian child was referred to our center by the Sports Medicine Depart-
ment for evaluation of suspected catecholaminergic polymorphic ventricular tachycardia
(CPVT) (Figure 3a). Her family history was negative for cardiac channelopathies. NGS
analysis identified a heterozygous variant in the RYR2 gene: ¢.527G > A p. (Argl76GIn)
(Table 1). This variant has been described as pathogenic and associated with CPVT [14].
It is absent from GnomAD (v4.1.0) and reported as pathogenic in HGMD Professional
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(CM010421) and ClinVar (ID: 201194). In silico tools predicted a damaging effect. A differ-
ent pathogenic variant at the same amino acid residue (p.Argl76Leu) has been previously
reported. Parental testing confirmed the variant was de novo, meeting a strong criterion
for pathogenicity. Her siblings are not carriers and do not require further follow-up.

chrt
p;gg Wp 1T p3d pal pakd PILL pILT pii2 pl q,.‘——:—mx anr q Q24T QI

41bp
213081080 W00 1308080
1 ! 1 1 !

29F1307m_S7.vef
EREIL)
23F1208p_58.ve!

2371308
23F13091_50.ve1
23F13001 I

23F1307m_57 bam Ceverage

[
/ -/- madre i rf
iy 29F1207m_57.bam it
it
—
]
23F1309p_58 bam Covennge
1 1| Ll 1
padre i iy
2371208p_58 bam it
=
7/ T |
23F19001_58 bam Coverage
[
probando % [l
23F13001_58 bam X (]
c c ict c
i
Sequence -{urcnz;,nnunannnnnnulncr,nnrr<,c.a,r.,ni
RYR2¢.527GA i i - Sl Sl Sl
(a)

O

+/- KCNQ1 c.1034G>A
—I- KCNQ1c514_524dup

+[= KCNQ1 ¢.1034G>A

O

/ =/- KeNQt c.10346>A
+/- KCNQ1 c.514_524dup

+/= KCNQ1 ¢.514_524dup

(b)

Figure 3. (a) Catecholaminergic Polymorphic Ventricular Tachycardia (RYR2). Female, 9 years
old, with cardiological evaluation for eligibility to competitive sports; no family history of chan-
nelopathies; heterozygous variant in the RYR2 gene. Left panel: Pedigree of the family affected
by CPVT. Black-filled individuals represent patients with CPVT. Genotype is indicated as follows:
+/— for RYR2 carriers, —/— for wildtype individuals. Both siblings and parents tested negative
for the variant, which is therefore classified as de novo. Right panel: Visualization of the RYR2
¢.527G > A p. (Argl76GIn) heterozygous variant using IGV software (IGV, version 2.16.2: Broad
Institute, Cambridge, MA, USA), showing the sequencing data of the parents (mother, father) com-
pared with that of the proband. The presence of the variant is clearly detected only in the proband’s
sequence. (b) Jervell and Lange-Nielsen Syndrome (KCNQ1). Left panel: Family pedigree. The
proband (indicated by the arrow) was diagnosed with Jervell and Lange-Nielsen syndrome (JLNS),
an autosomal recessive disorder. Both parents are heterozygous carriers of different KCNQ1 variants;
the proband is a compound heterozygote and exhibits the clinical phenotype. Right panel: Patient’s
ECG with JLNS.

3.4.2. Case 2—Jervell and Lange-Nielsen Syndrome (KCNQ1)

An 8-year-old child of Brazilian origin, born to non-consanguineous parents, was
referred for evaluation of bilateral sensorineural hearing loss, mild intellectual disabil-
ity, and QT-interval prolongation (Figure 3b). There was no reported family history of
inherited channelopathies.
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NGS-based genetic testing revealed two heterozygous pathogenic variants in the
KCNQ1 gene: c.1034G > A p. (Gly345Glu) and c¢.514_524dup p. (Gly179Serfs*62) (Table 1).

Parental testing showed that the variants were inherited from the mother and father,
respectively, confirming compound heterozygosity and a diagnosis of Jervell and Lange-
Nielsen syndrome (JLNS). Both variants have been previously associated with JLNS and
isolated long QT syndrome (LQTS), in which the cardiac phenotype is combined with
congenital deafness and the onset is pediatric [12-15].

3.4.3. Case 3—Long QT Syndrome and Calmodulinopathy (CALM1)

A 15-year-old girl, born to non-consanguineous Italian parents, experienced a cardiac
arrest at 9 months of age following an intense auditory stimulus (pneumatic drill). She was
resuscitated and admitted to the hospital, where a prolonged QT interval was documented.
Initial genetic testing was negative, and beta-blocker therapy was started.

At age 10, an ICD was implanted. Two years later, an appropriate shock was de-
livered following torsades de pointes. In 2020, with the inclusion of CALM1 in LQTS
panels [16], repeat genetic testing identified a heterozygous variant in CALM1 (c.389 A > T
p. (Asp130Val)) (Table 1, Figure 4a).
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Figure 4. (a) Long QT Syndrome and Calmodulinopathy (CALMT1). Left panel: Pedigree of the family.
The proband (indicated by the arrow) was found to carry a heterozygous CALM1 mutation. Both parents
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and the proband’s sister tested negative for the variant, supporting its classification as de novo.
Right panel: Sanger sequencing electropherograms. The upper panel shows the mother’s wild-type
sequence; the middle panel shows the father’s wild-type sequence; and the lower panel shows
the proband’s heterozygous CALM1 c.389A > T (p.Asp130Val) variant. The de novo status of the
variant is confirmed by its absence in both parents. According to the International Calmodulinopathy
Registry (ICalmR) [17], this variant is rare, associated with severe phenotypes, and typically presents
early in life (onset at 1.5 years). Adrenergic stimulation is a common trigger (81% of cases), and
sudden cardiac death occurs in approximately 27% of affected individuals. (b) Sudden Cardiac Death
and KCNH2 CNV. Left panel: Pedigree of the family. The proband (indicated by the arrow) was
found to carry the ex12-13-14 deletion. Both parents tested negative for the variant, supporting its
classification as de novo. Right panel: CNV analysis revealed a multi-exon deletion in the KCNH2
gene (exons 12-14), confirmed by MLPA. SNV analysis was negative.

The variant was not present in either parent, supporting a de novo origin. The
patient was included in the International Calmodulinopathy Registry [17]. At her latest
cardiology visit, the patient was asymptomatic, with a QTc of 592 ms on the ECG and
normal biventricular function on echocardiography. She remains on beta-blockers with
biannual follow-up. Calmodulinopathies are responsible for Long QT Syndrome presenting
in infancy or early childhood with heart block and severe QT prolongation [17].

3.4.4. Case 4—Sudden Cardiac Death (KCNH2 CNV)

A 12-year-old boy died suddenly during sleep, likely triggered by an auditory stressor.
A postmortem cardiogenetic evaluation was initiated. Initial analysis of single nucleotide
variants (SNVs) using an arrhythmia gene panel was negative (Figure 4b).

Subsequent CNV analysis using the VarSeq bioinformatics pipeline (Golden Helix)
identified a heterozygous deletion encompassing exons 12-14 of the KCNH2 gene (ex12-13-
14del) (Table 1).

The deletion was confirmed by MLPA. Parental testing did not detect the variant,
indicating a de novo origin and supporting its classification as a pathogenic variant with
strong ACMG evidence.

4. Discussion

Inherited arrhythmia syndromes represent a heterogeneous group of disorders in
terms of diagnostic approach, genotyping, clinical manifestations, and prognosis. Although
most of these syndromes follow an autosomal dominant inheritance pattern, they may
exhibit incomplete penetrance, variable expressivity, and overlapping phenotypes [18].
Given this complexity, molecular genetic testing using Next-Generation Sequencing (NGS)
technologies has become an essential diagnostic tool [19].

Currently, most clinical genetic tests are phenotype-driven, yet for accurate diagnosis,
molecular investigation is crucial. In Long QT Syndrome (LQTS), for instance, genetic
testing can be part of the diagnostic criteria, and understanding the underlying genetic
etiology is critical for guiding both prognosis and treatment. Patients with syndromes
such as Jervell and Lange-Nielsen or Timothy Syndrome (LQTS-8) tend to have a more
severe clinical course, whereas in LQTS-1, the arrhythmic risk partly depends on the
specific channel region affected by the mutation. The identification of a causative variant
associated with inherited arrhythmia in pediatric patients could help manage early severe
syndromic cases with a higher risk of life-threatening arrhythmic events. For example,
the risk in patients with LQTS seems to be highest in childhood and gradually decreases
over time. This leads to timely and tailored treatment of (asymptomatic) gene carriers,
both through personalized lifestyle advice and pharmacologically. At the same time and
of equal importance, unaffected family members (noncarriers) can be reassured [20,21].
In Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT), the diagnostic yield
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of genetic testing in suspected cases is moderately high. The identification of affected
first-degree relatives is particularly important due to the high penetrance and lethality of
the condition. Different pathogenic variants in the RYR2 gene have been associated with
variable levels of clinical risk.

Brugada Syndrome (BrS), on the other hand, is clinically challenging to diagnose, and
the diagnostic utility of genetic testing remains limited. In clinically diagnosed BrS patients,
the genetic diagnostic yield is approximately 20-30%, with the majority of pathogenic
variants found in SCN5A, a gene associated with multiple arrhythmia syndromes due to its
pleiotropic effects [1].

Genetic testing is therefore progressively transforming the management of inherited
cardiac diseases, owing to the unique potential of NGS technologies to identify causative
variants in potentially lethal conditions and enable cascade screening of at-risk family mem-
bers [2]. Furthermore, NGS allows for the simultaneous analysis of multiple genes, facilitat-
ing a more comprehensive characterization of patients with polygenic cardiac disorders.

In our cohort, the use of a custom-designed 29-gene panel covering genes associated
with LQTS, Short QT Syndrome (SQTS), CPVT, BrS, and conduction or unclassified arrhyth-
mias provided enhanced diagnostic resolution compared to traditional Sanger sequencing,
which was nonetheless employed for variant confirmation and familial testing. Among
59 index patients with channelopathies or conduction disorders, the overall diagnostic
yield was 47% (28/59), considering both pathogenic/probably pathogenic variants and
variants of uncertain significance (VUS) (Figure 5). In addition, the yield of genetic test-
ing for channelopathies in children and adults is similar and it depends on the age of
patients, the specific genetic test used, family history, and the clinical presentation [2,22]
(see Supplementary Table S2).

IDENTIFIED VARIANTS
in 28 of 59 probands (47%)

AKARS - m Fathogenic varianis (F)

BB Frobably Pathogenic variants (PP)
Variants of Uncertain Significance (VUS)

G S B R

myUs
PP
upP

1 2 3 4 5 & ¥ ] L] S [i] 1 12 13 14
SCNSA CACHAIC RYR2 P2 KNal ANK KINH2 AXAP9 cav
2 3 3 1 3 2 o 1 o
1 0 o 0 3 0 2 0 o
o o 2 o 7 o o o 1

31 Pathogenic variants / probably pathogenic variants / variants of uncertain significance
(missense)

Figure 5. Identified variants in 28 of 59 probands (47%): Variants were identified in 47% of patients
across all disease categories, including 31 pathogenic (P), probably pathogenic (PP), and variants
of uncertain significance (VUS), mostly missense. KCNQ1 was the most frequently mutated gene
(42%), followed by RYR2 (16%). High-VUS were also included—these are variants with a potential
pathogenic role but lacking sufficient evidence, and familial segregation studies may help clarify their
clinical significance.
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Opverall, our data partly diverge from published reports, likely due to two main factors:
(1) the limited sample size, and (2) the inclusion of patients with high clinical suspicion
but without a confirmed diagnosis. Moreover, we included VUS in our statistical analysis,
acknowledging that their clinical relevance may change as further data become available
through future research and family-based segregation analyses.

We included VUS in the yield calculation because some VUS—particularly high-VUS—may
contribute to the disease phenotype. Moreover, segregation analysis in families can help
establish or refute a pathogenic correlation [22]. It is also important to emphasize that a
negative genetic test alone cannot exclude the diagnosis in an index case [1].

Among BrS patients, our findings were consistent with those reported in the literature:
25% (3/12) tested positive by genetic screening (including 75% VUS), compared to ~30%
in recent studies [7]. As expected, SCN5A was the most frequently mutated gene in our
BrS patients. Only one of the four variants identified in SCN5A was classified as probably
pathogenic, while the others (two in SCN5A and one in CACNAIC) were VUS. This aligns
with current literature, which reports that approximately 75% of BrS-associated variants
involve SCN5A, and 25% involve other genes.

Brugada Syndrome had the lowest diagnostic yield in our cohort, with two patients
carrying SCN5A variants and one harboring a CACNAIC variant. As reported in the Sup-
plementary Materials, a commercial panel of 29 genes associated with channelopathies was
used for the analysis, which does not include the SCN10A gene [23]. However, pathogenic
variants in this gene are rare, and the associations with the disease are “disputed” according
to the ClinGen consortium. We cannot exclude that some patients in our cohort harbored a
variant in SCN10A, and the diagnostic yield may be influenced. A prolonged PR interval
was observed in a small subset of individuals, consistent with conduction abnormalities
previously described in Brugada Syndrome. At presentation and throughout follow-up,
no arrhythmic events occurred in either genotype-positive or genotype-negative cases,
suggesting that in pediatric BrS, clinical expression may be more strongly influenced by age-
dependent penetrance than by genotype alone. Although genetic confirmation is important
for cascade screening of relatives, the variable expressivity of Brugada Syndrome means
that the potential psychological impact of genetic results—particularly in asymptomatic
children—should be carefully considered and discussed during pre-test genetic counseling
(see Supplementary Tables S3 and S4).

For CPVT, our data showed a genetic diagnostic yield of 43% (3/7) (including 33%
VUS), slightly below the 50-60% reported in the literature [9]. This discrepancy may reflect
the small sample size. In our series, RYR2 variants were identified in 100% of genetically
positive CPVT cases, in line with previous findings that report gain-of-function variants in
RYR2 in up to 95% of genetically confirmed cases [24,25].

In CPVT, all genotype-positive patients carried RYR2 variants. Both genotype-positive
and genotype-negative individuals showed a high prevalence of ventricular arrhythmias
on ambulatory monitoring and during exercise testing, reflecting the intrinsically high
arrhythmic burden of this condition. These findings highlight the value of genetic confir-
mation and refining pharmacological management, which typically includes beta-blockers
and, in selected cases, the addition of flecainide to further suppress ventricular arrhythmias
(see Supplementary Tables S3 and S4).

Among LQTS patients, genetic testing was positive in 61% (19/31) of cases (including
35% VUS), compared to the ~75% positivity rate in published data [26]. The KCNQ1
gene accounted for the majority of variants in our cohort (65% vs. 35% reported in the
literature [10]), with 13 out of 20 variants affecting this gene. Other identified variants were
in ANK2 (10%, all VUS), KCNH2 (10%, all probably pathogenic), and CACNA1C, AKAP9,
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and CALM1 (5% each, with variants classified as pathogenic or VUS). These frequencies
were notably higher than the ~1% typically attributed to these minor genes in other studies.

In LQTS, genotype-positive (G+) patients have KCNQ1 variants in the majority of
cases. Compared with genotype-negative (G—) patients, G+ individuals exhibited a trend
toward longer QTc intervals (497 £ 43 ms vs. 473 £ 36 ms), consistent with a higher
degree of repolarization abnormality. Importantly, the only patient in the entire LQTS
cohort who experienced a cardiac arrest was G+, highlighting the potential prognostic
relevance of a confirmed genetic diagnosis. Beta-blocker therapy was prescribed in al-
most all LQTS patients regardless of genotype, and no cases of sudden cardiac death
occurred during follow-up. These observations reinforce previous evidence that pediatric
LQTS—particularly in genetically confirmed cases—may carry a substantial arrhythmic
risk even in the absence of prior symptoms, supporting early initiation of beta-blockers,
strict avoidance of QT-prolonging triggers, and tailored lifestyle recommendations for both
symptomatic and asymptomatic carriers (see Supplementary Tables S3 and 54).

In contrast, no pathogenic or probably pathogenic variants were identified in patients
diagnosed with SQTS. This finding is consistent with the literature, where the causative
variant can only be identified in 20-30% of cases, reflecting the rarity and limited genetic
characterization of this condition [27].

In patients with conduction disorders or unclassified arrhythmias, the diagnostic
yield was 50% (3/6), all involving VUS in RYR2, PKP2, or CACNA1C. Without extended
family studies, these variants alone are insufficient for a definitive diagnosis of inherited
arrhythmia. However, in two cases, family testing confirmed the segregation of the VUS
with the disease phenotype. Notably, the CACNAIC c.1468G > A p. (Gly490Arg) variant
was classified as a high-VUS. This variant affects a conserved nucleotide in exon 10 and has
previously been reported in a male Brugada patient [28]. Functional studies demonstrated
significantly reduced calcium current (~10% of wild type), although the causal link between
this current reduction and arrhythmogenesis remains to be fully elucidated.

In summary, our findings demonstrate that the diagnostic yield of genetic testing
varies considerably across channelopathy subtypes—highest in LQTS, intermediate in
CPVT, and lowest in BrS—yet its clinical value extends well beyond establishing a diagno-
sis. Genetic confirmation refines prognostic assessment, guides therapeutic strategies (e.g.,
early beta-blockade in LQTS, flecainide use in CPVT), and enables efficient cascade screen-
ing to identify at-risk relatives, even in the absence of overt clinical manifestations. These
benefits support the integration of clinically guided genetic counseling into the diagnostic
pathway for pediatric-onset channelopathies, in accordance with current consensus recom-
mendations. Given the complexity and potential psychological implications—particularly
in children—this process should ideally be conducted in specialized referral centers for pe-
diatric cardiomyopathies and channelopathies, where multidisciplinary teams can provide
comprehensive clinical, genetic, and psychological support.

4.1. Relevant Pediatric Clinical Cases
4.1.1. Case 1—Catecholaminergic Polymorphic Ventricular Tachycardia (RYR2)

Within this family, the proband is the only individual with a heterozygous variant:
The patient presents a de novo variant, classified as pathogenic according to the ACMG
guidelines. Given that the variant is considered de novo, other family members are exempt
from follow-up, as they are unlikely to carry the variant.

According to the literature, de novo variants in the RYR2 gene are commonly found in
pediatric patients with Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT).
This gene encodes the cardiac ryanodine receptor (RyR2) and is responsible for calcium
release from the sarcoplasmic reticulum into the cytosol. Pathogenic gain-of-function
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variants in RYR2 lead to an altered RyR2 protein, with increased diastolic cytosolic calcium
levels, causing arrhythmic consequences, particularly under adrenergic conditions [21].

4.1.2. Case 2—Jervell and Lange-Nielsen Syndrome (KCNQ1)

Within this family, the proband was diagnosed with Long QT Syndrome (LQTS).
Genetic testing identified two pathogenic variants in the KCNQ1 gene, p. (Gly345Glu) and
p-(Gly179Serfs*62), both described in the literature as associated with Jervell and Lange-
Nielsen Syndrome (JLNS), an autosomal recessive form of LQTS. Based on the genetic
test and clinical presentation (the patient exhibits congenital sensorineural hearing loss
and mild intellectual disability), the syndromic form of the disease was confirmed and
clarified [21]. Genetic testing was then extended to the parents, revealing the presence of a
variant in each, despite normal phenotypes. Specifically, the mother was found to carry the
p- (Gly345Glu) variant, and the father carried the p. (Gly179Serfs*62) variant. This result
clarified the family’s genetic background: the parents are carriers of different variants in
the same gene, both transmitted to the child, who developed the disease. This finding
established a recurrence risk of 25% for the couple to have another affected child and a 50%
chance of having a child who is a healthy carrier of the condition.

Pathogenic variants in potassium channel genes are responsible for the vast majority
of LQTS cases, with KCNQ1 and KCNH2 accounting for 80% of all genetically explained
cases of LQTS. Pathogenic homozygous or compound heterozygous variants in KCNQ1
and KCNET1 cause the recessive form of Jervell and Lange-Nielsen Syndrome (JLNS), where
the cardiac phenotype is associated with congenital deafness. KCNE1 is strongly linked
to acquired LQTS (aLQTS), as is KCNE2, which causes a less common subtype typically
associated with low penetrance and a mild phenotype [21].

4.1.3. Case 3—Long QT Syndrome and Calmodulinopathy (CALM1I)

In this family, the only individual carrying the heterozygous variant is the proband;
thus, this variant can be classified as de novo and causative of the disease due to its
autosomal dominant inheritance. Her 13-year-old sister is not considered at risk and was
excluded from follow-up.

The clinical characteristics of this pathology include its rarity and severity, with the
first cardiac event typically occurring around 4 years of age. Adrenergic stimulation serves
as a trigger for arrhythmic events in 81% of patients, and major arrhythmic events are seen
in 68%. Sudden death is reported in 27% of patients. Of the de novo variants, 93% are
CALM-LQTS-related, with a characteristic phenotype: a QTc of 594 + 73 ms, T waves with a
late peak onset, perinatal manifestation in 58% of cases, an average age of onset of 1.5 years,
and life-threatening arrhythmias in 78% of cases [17].

4.1.4. Case 4—Sudden Cardiac Death (KCNH2 CNV)

The genetic analysis of the proband, conducted post-mortem and including CNV
analysis, revealed a deletion affecting exons 12-13-14 of the KCNH2 gene. The variant was
absent in the parents, which led to the classification of the CNV as de novo and causative of
the fatal pathology. Additionally, other family members, including the proband’s brother
and any potential future children of the couple, are exempt from follow-up. This case
highlights the importance of performing NGS analysis not only for SNVs but also for large
deletions—duplications (CNVs) in molecular autopsy.

4.2. Family Studies

Genetic testing proved to be of considerable value in familial contexts, enabling early
identification of (likely) pathogenic variants among both symptomatic and asymptomatic
relatives. Testing in parents also allowed for the identification of de novo variants. Pheno-
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typic variability among carriers of the same variant—even within the same family—may
be influenced by environmental factors, genetic modifiers, or polymorphisms that affect
gene expression [18]. In our cohort, we analyzed 40 family members from 22 index cases.
Of these, 22 individuals (55%) carried the same variant as the proband. Family testing was
particularly useful in three cases in which a de novo variant was identified in the proband
and considered causative of the disease.

5. Conclusions

A genetic cause of cardiac channelopathy was identified in 47% of the probands
analyzed. The diagnostic yield of genetic testing was highest in cases of Long QT Syndrome
(LQTS)—particularly associated with variants in the KCNQ1 gene, responsible for LQTS
type 1—and in Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT), with a
predominance of RYR?2 variants underlying the autosomal dominant form.

Genetic testing has supported clinicians in establishing the etiology and prognosis
of channelopathies, particularly in syndromic forms, and has in some cases contributed
to therapeutic decision-making (e.g., implantable cardioverter-defibrillator placement)
and lifestyle recommendations (e.g., restrictions on competitive sports). Moreover, it
has allowed for recurrence risk assessment in the context of future pregnancies, thereby
enabling informed reproductive choices through genetic counseling. Cascade screening of
family members has also been instrumental in identifying individuals at risk, offering the
opportunity for early preventive interventions (e.g., in LQTS cases).

Currently, the causative variant can only be identified in a limited percentage of
patients, ranging from 75-80% in LQTS to as low as 20-30% in Brugada Syndrome (BrS).
Thus, a negative genetic test does not rule out a clinical diagnosis or the possibility of an
underlying genetic cause in genomic regions not yet characterized. Furthermore, genotype—
phenotype correlations remain incompletely understood.

In the future, advances in NGS technologies and expanded knowledge of genetic mech-
anisms are expected to enable the discovery of new disease-causing genes and pathogenic
pathways, paving the way for the development of increasingly personalized therapeutic
strategies—including the potential for gene-based therapies.
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The following abbreviations are used in this manuscript:

NGS Next-Generation Sequencing

LQTS Long QT Syndrome

CPVT Catecholaminergic Polymorphic Ventricular Tachycardia
BrS Brugada Syndrome

DNA Deoxyribonucleic Acid

DRAGEN Dynamic Read Analysis for GENomics (Illumina pipeline)
MAF Minor Allele Frequency

GnomAD  Genome Aggregation Database
HGMD Human Gene Mutation Database
ACMG American College of Medical Genetics

AMP Association for Molecular Pathology
P Pathogenic
PP Probably Pathogenic
VvUS Variant of Uncertain Significance
PB Probably Benign
B Benign
MLPA Multiplex Ligation-Dependent Probe Amplification
PCR Polymerase Chain Reaction
SNV Single Nucleotide Variant
SQTS Short QT Syndrome
JLNS Jervell and Lange-Nielsen syndrome
ICD Implantable Cardioverter Defibrillator
ECG Electrocardiogram
IGV Integrative Genomics Viewer
CNV Copy Number Variants
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