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Background: Precision medicine in paediatric cardiac channelopathy and
cardiomyopathy has a rapid advancement over the past years. Compared to
conventional gene panel and exome-based testing, whole genome
sequencing (WGS) offers additional coverage at the promoter, intronic regions
and the mitochondrial genome. However, the data on use of WGS to evaluate
the genetic cause of these cardiovascular conditions in children and
adolescents are limited.

Methods: In a tertiary paediatric cardiology center, we recruited all patients
diagnosed with cardiac channelopathy and cardiomyopathy between the ages
of 0 and 18 years old, who had negative genetic findings with prior gene
panel or exome-based testing. After genetic counselling, blood samples were
collected from the subjects and both their parents for WGS analysis.

Results: A total of 31 patients (11 cardiac channelopathy and 20 cardiomyopathy)
were recruited. Four intronic splice-site variants were identified in three
cardiomyopathy patients, which were not identified in previous whole exome
sequencing. These included a pathogenic variant in TAFAZZIN:c.284+5G>A
(Barth syndrome), a variant of unknown significance (VUS) in MYBPC3:c.1224-
80G>A and 2 compound heterozygous LP variants in LZTR1 (LZTR1:c.1943-
256C>T and LZTR1:c1261-3C>G) in a patient with clinical features of
RASopathy. There was an additional diagnostic yield of 1.94% using WGS for
identification of intronic variants, on top of conventional gene testing.
Conclusion: WGS plays a role in identifying additional intronic splice-site variants
in paediatric patients with isolated cardiomyopathy. With the demonstrated low
extra yield of WGS albeit its ability to provide potential clinically important
information, WGS should be considered in selected paediatric cases of cardiac
channelopathy and cardiomyopathy in a cost-effective manner.

KEYWORDS

channelopathy, cardiomyopathy, paediatrics, genome sequencing, intronic variants,
MYBPC3, Barth syndrome, RASopathy

1 Introduction

Precision medicine has revolutionized the field of cardiology, leading to significant
changes in practice. It plays a pivotal role in guiding prognostic and therapeutic
decision-making, as well as in preventing sudden cardiac death (SCD) in asymptomatic
family members. These conditions encompress cardiomyopathies and cardiac
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channelopathies. Panel sequencing and exome-based genetic
testing have been widely utilized to identify the molecular
aetiology of these cardiovascular conditions in recent years.
However, these approaches have limitations in their coverage,
particularly in non-coding regions, deep intronic regions and the
mitochondrial genome. Whole genome sequencing (WGS), on
the other hand, offers a more comprehensive coverage of these
regions. The use of WGS to evaluate the genetic cause of
cardiovascular conditions in children and adolescents is limited.
Bagnall et al. conducted WGS on 58 unrelated patients with
hypertrophic cardiomyopathy (HCM) and identified five patients
with pathogenic variants in the non-coding genome, which were
missed by gene panel or whole exome sequencing (WES) (1).
This underscores the significant potential of WGS in identifying
the underlying genetic causes in these diseases.

As the sole tertiary paediatric cardiology center in Hong
Kong, all cases of advanced inherited cardiovascular conditions
are referred to and managed in our center. Our experience in
the management using precision medicine has been reported,
(LQTS),
polymorphic ventricular tachycardia (CPVT), SCN5A mutation

including long QT syndrome catecholaminergic
and cardiomyopathy (2-5). This study aims to share our
initial experience in utilizing WGS to unravel the molecular
etiology in a 15-year cohort of paediatric cardiomyopathy and

cardiac channelopathy.

2 Materials and methods

2.1 Patient recruitment and clinical data
collection

All patients with a diagnosis of cardiac channelopathy and
primary cardiomyopathy over the past 15 years (January 2007-
December 2021) have undergone either target gene panel testing
using Sanger sequencing/multiplex-ligation dependent probe
amplification (MLPA)/next generation sequencing or WES in
Department of Paediatric Cardiology, Queen Mary Hospital,
Hong Kong as previously reported (2, 3, 5). The service was
subsequently relocated to Hong Kong Children’s Hospital. A
comprehensive database was maintained to track all patients who
underwent genetic testing at our center. The following patients in
the database were recruited:

1. Patients cardiac

cardiomyopathy between the ages of 0 and 18 years old,

diagnosed  with channelopathy and

meeting the diagnostic criteria of the two conditions (6-8),
AND

2. Patients who did not receive a positive genetic diagnosis from
their prior genetic investigations relating to the phenotype.
Patients with VUS in genes with no definite or moderate
evidence were also included.

If the patients were found to have variants of uncertain
significance (VUS), a thorough review of the gene information
was conducted. The gene-disease validity was assessed based on
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expert recommendation by ClinGen (https://www.clinicalgenome.
org/). If the VUS genes were found to have a definitive or
moderate evidence as genotype explanation for the concerned
phenotype (i.e., VUS with clinical relevance), those patients were
WGS. with
cardiomyopathy secondary to chemotherapy, myocarditis, or

excluded from recruitment for Individuals
environmental toxin exposure or nutrient deficiency were excluded.

Eligible patients meeting the recruitment criteria were
contacted and invited to participate in the study. Interviews were
conducted with the patients and/or their parents, and pre-test
genetic counselling was provided. Upon obtaining informed
consent, blood samples were collected from the subjects and
their parents. The following data were collected: demographic
information, diagnosis, clinical history, pedigree and initial
genotype information.

2.1.1 Whole-genome sequencing

Genomic DNA was extracted from peripheral blood using
Flexigene DNA Kit (Qiagen GmbH, Germany) and 550 ng of
extracted DNA was fragmented to a peak size of around 300 bp
for library preparation using KAPA Hyper Prep Kit (Roche,
Switzerland). The fragmented DNAs underwent end-repair,
A-tailing at the 3’end, adaptors ligation at the terminal ends
with xGen® Dual Index UMI Adapters system (Integrated DNA
Technologies, US). The adapter ligated library with size range
300-750 bp were selected by dual SPRI methods. The PCR-free
libraries were denatured and diluted to optimal concentration
for Pair-End 151 bp sequencing in Illumina NovaSeq 6,000
platform (Illumina, US).

2.1.2 Quality control and data processing for
whole-genome sequencing data

Using Illumina software bcl2fastq, sequencing reads were
assigned into individual samples with sample. An average of
92%-93% of the bases achieved a quality score of Q30, indicating
a base call accuracy of 99.9%. Fastq file were processed using
DRAGEN Germline (v3.9.5) pipeline of BaseSpace (Illumina,
USA) to map and align to hgl9/GRCh37 human reference
genome. The resulting BAM files were then input into the
Ilumina Dragen Joint Genotyping Pipeline to generate a joint
call VCF for the detection of single nucleotide variant (SNV),
insertion-deletion (indel), copy number variations (CNVs) and
structural variations (SVs).

Variant call format (VCF) output was annotated and filtered
using Geneyx Analysis platform (Geneyx Genomex Ltd., Israel,
http://www.geneyx.com) according to the phenotypic association,
allele frequencies in control population, deleteriousness by in
silico prediction, segregation, and functional consequence. The
ClinVar, OMIM and
publications, and the reference population databases were
gnomAD, ESP, dbSNP and 1000G databases. The CNV and SV
VCF outputs were annotated using AnnoSV1, incorporating the
relevant Human Phenotype Ontology (HPO) for each case. The
prioritization of candidate genes involved a gene panel specific to

main disease databases used include

cardiomyopathy (n=29) curated by the American College of
Medical Genetics and Association of Molecular Pathology
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https://www.clinicalgenome.org/
https://www.clinicalgenome.org/
http://www.geneyx.com
https://doi.org/10.3389/fcvm.2024.1335527
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Kwok et al.

(ACMG/AMP) (9), as well as expanded cardiovascular disease gene
panel (n =217) adopted from the United Kingdom National Health
Service (NHS), GeneDx, and Blueprint Genetics, which included
primary cardiomyopathy and cardiac channelopathy genes
(Supplementary Table S2). Open-genome examination was
performed if no significant finding could be identified from the

prioritized gene panels.

2.1.3 Variant classification

Variants were scored ACMG/AMP
pathogenicity guidelines (10). The evidence of pathogenicity and
also influenced by the SVI General

Using ACMG/AMP Criteria (https://
clinicalgenome.org/working-groups/sequence-variant-interpretation/)
as suggested by the ClinGen team (11-19). Additionally, ClinGen
created a cardiomyopathy variant curation expert panel with a
modified ACMG/AMP guideline framework for MYH?7. If the

mutation fell upon the MYH7 gene, the ClinGen curated

according to the
benign impact was
Recommendations for

variation classification was used (20). Similarly, a RASopathy
variant curation expert panel with a modified framework for
nine RASopathy genes was employed (21). As more variant
expert panels had been released with modified ACMG/AMP
guidelines for cardiomyopathy and cardiac channelopathy, the
most updated version was used for analysis. In addition,
(ACGS) Dbest
practice guidelines was adopted for variant classification in

Association for Clinical Genomic Science

some cases (22).

2.1.4 Genetic test result validation and
interpretation

SNVs and small indels were further validated using Sanger
sequencing following standard protocol. For variants predicted to
affect blood RNA
previously described to provide functional evidence (23). The

splicing, sequencing was performed as
genetic test results were discussed by the multi-disciplinary team
comprising cardiologists, clinical geneticists, genome analysts, and
bioinformaticians. Post-test counselling was provided by geneticists
or genetic counsellors. Variants that were not listed in GnomAD

v.2.1.1 were referred to as “novel” throughout the manuscript.

2.2 Statistical analysis
Descriptive statistics were analyzed using SPSS and Excel.

Continuous data were expressed as mean and standard deviation.
A p-value of <0.05 was considered statistically significant.

3 Results
3.1 Results of recruitment

There was a total of 838 and 67 patients with diagnosis of
channelopathy and cardiomyopathy respectively, who underwent

genetic testing since 2007 in our cohort. Among them, 15 cardiac
channelopathy and 36 cardiomyopathy patients underwent whole
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exome sequencing as their first genetic testing. Pathogenic or likely
pathogenic variants were identified in 52 (59.1%) channelopathy
patients and 32 (47.8%) cardiomyopathy patients. VUS in
relevant/established disease genes were identified in 14 (15.9%)
channelopathy patients and 9 (13.4%) cardiomyopathy patients.

Among the remaining patients, 3 channelopathy and 6
cardiomyopathy patients had VUS with no gene-disease association,
while 19 channelopathy patients and 20 cardiomyopathy patients
had no variants identified in initial genetic testing. Figure 1 showed
the detailed flow chart of our study recruitment.

A total of 48 patients (22
cardiomyopathy) were eligible for recruitment into the study.

channelopathy and 26

However, 17 patients could not be recruited due to refusal or
failure to be reached. Ultimately, 31 patients were recruited, and
among them, 8 patients had VUS of low clinical relevance.

Among the 31 recruited subjects, 19 were male (61.3%). Their
ages ranged from 9 months to 29 years old, with an average age of
14.36 £7.16 years. All patients were of Chinese ethnicity. Before
enrolment, 22 patients had undergone WES testing. Table 1
presents the phenotype of the subjects and the genetic findings
identified by WGS analysis. In total, 7 new clinical relevant
variants could be identified in 6 patients. Four variants (in 3
patients) were intronic splice error variants, while 3 variants were
identified in exome region. The use of WGS in our cohort
resulted in an additional yield of 3.87% (1.94% for intronic
variants) in the identification of clinically relevant genetic
variants, in additional to conventional gene testing. The details of
these 6 patients are described below:

3.1.1 Patient 1—dilated cardiomyopathy (DCM) and
Barth syndrome

A full-term male infant with a birth weight of 2.4 kg was born.
The antenatal morphology scan revealed cardiomegaly and
had a
intrauterine and early infant death among male family members

pericardial effusion. He strong family history of
(Figure 2). At 2 weeks of age, he developed cardiogenic shock.
Echocardiography confirmed the diagnosis of DCM with global
Additionally, he

neonatal ketotic hypoglycemia, evolving generalized hypotonia

left ventricular dysfunction. experienced
and gross motor delay. Initial metabolic investigations, including
urine methylglutaric acid, were unremarkable. Genetic testing
using WES only identified a variant in the SCN5A gene (SCN5A:
c.874G>A, p.Gly292Ser) but the variant frequency in the East
Asian population (8/19536, f=0.0004095, GnomAD) was too
high to be considered significant for reporting. There were no
other supporting in-silico or functional data to indicate its
pathogenicity. No other variants of interest could be identified.
Unfortunately, the patient succumbed to refractory heart failure
at 9 months of age, and neutropenia was also observed.

Through WGS, a hemizygous +5 splice variant in the intronic
region of chromosome X-153641594-G-A was identified in the
TAFAZZIN gene (NM_000116.5):c.284+5G>A, inherited from the
patient’s mother. This variant was absent in the GnomAD
normal population dataset. In-silico splice-site prediction tools
predicts abnormal splicing (SpiceAl score was 0.81), suggestive of
a cryptic splice variant (delta score >0.8). Using RNA-sequencing,
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FIGURE 1

The flowchart summarizes the result of study recruitment of paediatric cardiac channelopathy and cardiomyopathy patients.

the aberrant splicing event in the TAFAZZIN gene was detected
as significant splicing outlier in the DROP pipeline, with a
FDR =0.016047. Integrated Genome View (IGV) displayed two
aberrant splicing events occur in proband, resulting in a 106 bp
and another 87 bp intron retention (Figure 3). An immature
stop codon is created at the start of intron 3, predicted to form
truncating and non-functional protein products. Repeated
metabolic work-up including urine organic acid showed
hyperexcretion of 3-methylglutaric acid and 3-methylglutaconic
acid.  Further

monolysocardiolipin/cardiolipin (MLCL/CL) ratio on dried

cardiolipin analysis demonstrated elevated
bloodspot and lymphocytes which confirmed the diagnosis
biochemically. According to ACMG and ACGS guidelines,
the variant is classified as pathogenic (PVS1, PP4_strong

and PM2_supporting).

3.1.2 Patient 2—heart transplanted DCM and
intronic MYBPC3 variant

The boy presented at his age of 12 years with exercise
intolerance and echocardiography revealed DCM with severely
depressed biventricular function. No secondary causes for his
condition could be identified. Consequently, heart transplantation
was deemed necessary for decompensated heart failure. The
family history was unremarkable and previous genetic testing
using WES yielded negative results.

Frontiers in Cardiovascular Medicine

Through WGS, an intronic variant in the MYBPC3 gene
(NM_000256.3:c.1224-80G>A) identified. This
intronic region was not adequately covered in good depth in

was specific
previous WES analysis. The variant was inherited from his father
and was rare in population (allele frequency =0.0000637). Using
SpliceAl, the variant received a high score, indicating its
potential to cause aberrant splicing. Notably, this cryptic splice-
altering variant in MYBPC3 has also been observed in two HCM
patients in which an exonization of the last 78 bp of intron 13 in
the mutated transcript, was demonstrated by minigene splicing
report assay. This exonization results in an insertion of 26 amino
acids (24, 25). A case with the same variant was also reported in
ClinVar, where it was classified as a likely pathogenic (LP)
variant, albeit without accompanying phenotype information.
MYBPC3 is a gene with a definitive evidence of HCM but with a
limited evidence of DCM association. Although the gene
mutation has been reported to cause DCM (26), there is still a
association.

lack of robust evidence in this gene-disease

Complexities exist in genotype-phenotype relationships, in
relating MYBPC3
cardiomyopathy. The patient might suffer from burnt-out HCM
but it could not be proven. As biallelic variants in MYBPC3 are

associated with severe early onset disease (27), a second hit in

variant change in causing dilated

this gene was reanalyzed again with no additional findings. The
variant was classified as VUS based on the ACMG guidelines

frontiersin.org
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TABLE 1 Phenotype of recruited subjects and results of whole genome sequencing.

Phenotype | Recruited Subjects | Genes identified by prior Patient Variants Pathogenicity | ACMG criteria
subjects with testing, classified as VUS number identified by used
previous with limited gene- (positive WGS
WES disease association) testing using
WGS)
DCM 8 8 KCNH2, CBL, DSP 1 TAFAZZIN:c.284 P PVS1, PP4_strong,
+5G>A PM2_supporting
2 MYBPC3:c.1224- VvUS PVS1_moderate,
80G>A PM2_supporting
HCM 6 5 3 LZTRI:c.1943- LP PVS1,
256C>T PM2_supporting,
PM3
LZTRI:c1261- LP PVS1,
3C>G PM2_supporting,
PM3
RCM 2 2
LVNC 3 1 ACTN2, MT-TK 4 MYH7: LP PS2,
c.1118C>A PM2_supporting,
PP3
ACM 1 0 MYOMI/MYHI1
LQTS 2 1
CPVT 2 0 5 RYR2:¢.6679G>A Lp PM2_supporting,
PP4, PMI1_strong
6 RYR2:¢.1858T>G Vvus PM2_supporting,
PP3, PP4
BrS 2 1 AKAP9
SQTS 1 1
Idiopathic V'T/ 3 2 VCL/KCNA5
VF
SND 1 1
Total 31 22

DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; RCM, restrictive cardiomyopathy; LVNC, left ventricular non-compaction cardiomyopathy; ACM,
arrhythmogenic cardiomyopathy; LQTS, long QT syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; BrS, brugada syndrome; SQTS, short QT
syndrome; VT/VF, ventricular tachycardia/ventricular fibrillation; SND, sinus node dysfunction; LP, likely pathogenic; P, pathogenic; VUS, variant of unknown significance.

O

0O © A A

58y Male fetus Male fetus
Loss of pregnancy Loss of pregnancy
with unknown with unknown

|___| reason reason
. i é %
26y

31y 35y 33y
. death 4m 31y TAFAZZIN:c.284+5G>A
ECG normal TAFAZZIN:c.284+5G>A VE, 2myocarditis  TAFAZZIN:c.284+5G>A

ECG normal
No gene test
performed

O @ Carrier of TAZ familial variant
Male fetus 3y / . / A Phenotype +ve
1UD at 38wks death 9m

Healthy
No molecular autopsy Barth syndrome
TAFAZZIN:c.284+5G>A

FIGURE 2
Pedigree of patient 1 showed multiple affected maternal male family members. His mother is a carrier of the familial variant.
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FIGURE 3

Mutation in the TAFAZZIN gene (NM_000116.5):c.284+5G>A in patient 1- two aberrant splicing events occur in proband, resulting in a 106 bp and
another 87 bp intron retention, with an immature stop codon created at the start of intron 3.

(PVS1_moderate, PM2_supporting). His father’s cardiovascular
investigation was normal with no other clinically affected
paternal family members.

3.1.3 Patient 3—HCM and RASopathy, autosomal
recessive LZTR1 variants

The patient presented with antenatal ventricular hypertrophy,
with of HCM,
secundum atrial septal defect and left coronary artery fistula to

subsequent established postnatal diagnosis

right ventricle. There was symmetrical hypertrophy of his
myocardium, which was compatible with HCM changes related

to RASopathy. In addition, he also had Abernethy malformation
type 1b, with congenital absence of portal vein. Clinical
examination revealed facial features consistent with Noonan
syndrome (Figure 4), along with developmental delay. Prior
genetic testing utilizing trio WES was negative. There was no
significant family history.

WGS identified 2 compound heterozygous putative splice-site
variants in leucine zipper-like transcriptional regulator 1 (LZTRI)
gene. LZTRI encodes the BTB-kelch superfamily proteins which
control various fundamental cellular processes, with a strong
association with RASopathy. LZTRI(NM_006767.4):c.1943-256C>T

X

FIGURE 4

Patient 3 showed clinical features of hoonan syndrome: hypertelorism, down-slanting eyes, pectus carinatum.

Frontiers in Cardiovascular Medicine

06 frontiersin.org


https://doi.org/10.3389/fcvm.2024.1335527
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Kwok et al.

was paternally inherited which was rare in GnomAD dataset (allele
frequency = 0.00006159). SpliceAl predicted an effect in splicing,
specifically a donor gain of 0.24. Functional analysis confirmed the
presence of additional RT-PCR products of 583 bp, including a
117-bp alternate exon retained from within intron 16. The
resulting cryptic exon contained a premature stop codon,
predicting a truncated protein [p.(Tyr741Hisfs*89)]. Previous
literature and ClinVar reported several cases of Noonan syndrome
associated with this variant, identified in multiple unrelated
affected individuals (28-30). Therefore, the variant is classified as
pathogenic (PVS1, PM2_supporting, PM3). Another variant in
LZTRI, (NM_006767.4):c1261-3C>G, was maternally inherited.
SpliceAl predicted an effect in splicing (acceptor loss 0.36;
acceptor gain 0.62). The variant was rare in GnomAD control
population (allele frequency =0.000008029). RNA
demonstrated that the variant led to aberrant splicing. The variant

sequencing

was detected in trans with a pathogenic variant. The variant was
therefore classified as LP (PVS1, PM2_supporting, PM3). Clinical
assessment of his parents and younger sister was negative.

3.1.4 Patient 4—6—1likely pathogenic variants in
exome region for LVNC and CPVT

Two LP variants and one VUS were identified in one LVNC patient
and 2 CPVT patients. The LVNC patient was suspected to have
mitochondrial ~disease with a homoplasmic VUS variant
[NC_012920.1 (MT-TK):m.8338A>G] identified.
subsequent metabolic investigations yielded unremarkable results,

However,

10.3389/fcvm.2024.1335527

Through WGS, a LP MYH7 (NM_000257.4):c.1118C>A
(p.Ala373Glu) variant was identified, which was associated with LVNC.

The probands of two families with CPVT were also recruited
with previous negative RYR2 panel testing. Both probands
presented with exertional syncope and positive treadmill test, and
one of them had a strong family history of aborted cardiac arrest
(Figure 5). Quadruple WGS was performed for the family and a
heterozygous RYR2 (NM_001035.3:c.6679G>A;
p.Val2227lle) was identified in all clinically affected family
members. The variant was located in mutation hotspots therefore

variant

PM1_strong rule can be applied (31). Singleton WGS was
performed for another proband and a heterozygous RYR2 variant
(NM_001035.3:c.1858T>G; p.Cys620Gly) was identified as VUS.

3.1.5 Cohort of subjects with prior WES testing

Among the 22 patients who were tested using WES
(6 channelopathy and 16 cardiomyopathy), 4 new clinical
relevant variants could be identified in 3 cardiomyopathy
patients. The use of WGS in this subset of cohort resulted in an
additional yield of 13.6%.

4 Discussion

Cardiac channelopathy and cardiomyopathy are significant
causes for SCD and morbidity in children and adolescents.
Through cascade genetic screening of family members, early

and the clinical course did not align with a mitochondrial disorder.  assessment and intervention can be facilitated. Genetic
death 20’s
Heart disease
! O
62y 49y

b. 1967

Q__

AT a7y

CPVT
RYR2:c.6679G>A +ve

1 month infant
Adrenaline challenge negative
RYR2:c.6679G>A -ve

FIGURE 5
Pedigree of the CPVT family of patient 5.

Aborted cardiac arrest
ICD implanted
RYR2:c.6679G>A +ve

25y

CPVT
Aborted cardiac arrest
RYR2:c.6679G>A +ve

History of syncope
Treadmill —ve
RYR2:¢c.6679G>A -ve,

O
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discoveries also lead to new therapies that target specific disease
mechanisms, enabling genotype guided management. This study
aimed to demonstrate the use of WGS in a 15-year cohort of
paediatric cardiac channelopathy and cardiomyopathy, on top of
conventional gene testing. With the expanding use of WGS, this
pioneer study serves to share the initial experience of employing
this advanced genomic testing in these specific groups. It is
worth noting that our study is the first related study on Asian
population, and several novel variants are reported. Specifically,
four new variants located in intronic regions of genes could be
identified in 3 patients.

4.1 Extra yield of intronic and splice-site
variants using WGS

WGS enables comprehensive scrutiny of single nucleotide
variants and small insertions/deletions, within both coding and
regulatory regions of the genome. It offers additional coverage at
the promoter, intronic regions and the mitochondria genome.
Moreover, WGS enables the detection of structural variants
which are not possible to identify using panel sequencing or WES.

In recent years, there have been an increase in the identification
of disease-causative variants located in deep intronic and
mitochondrial regions, some of which can create novel pseudo-
exons (32, 33). Identifying and understanding intronic and
splice-site  variants in  paediatric  channelopathy and

they

knowledge of the genetic basis of these conditions. As rare novel

cardiomyopathy are significant because expand our
variants continue to be identified, RNA sequencing has been
developed as a tool to confirm the functional impact of these
variants, providing supporting evidence for their pathogenicity.
In our cohort, RNA sequencing was used successfully to confirm
the functional impact of the TAFAZZIN variant in patient 1, and
the 2 LZTR1 variants in patient 3.

WGS allows for a more comprehensive evaluation of the
genetic landscape of these disorders, enabling better diagnosis,
risk assessment, and potential targeted therapeutic interventions.
As novel genes continue to be discovered through WGS, it has
transitioned from being a scientific advancement to a clinical
diagnostic tool in identifying molecular explanation of cardiac
channelopathy and cardiomyopathy. The presence of such
variants in affected individuals can also inform genetic
counselling, provide insights into disease mechanisms and
prognosis, and offer potential treatment options. In our study,
the pathogenic intronic variants in the 2 patients identified
through WGS enable our patient’s families to utilize the variant

information for future preconception counselling.

4.2 Cost-effectiveness of WGS in paediatric
channelopathy and cardiomyopathy

Albeit the discovery of these novel variants, the extra yield

using WGS to detect these intronic and splice-site variants was
only 1.94%. The low yield was probably due to current limitation
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these non-exonic variants for cardiac

channelopathy and cardiomyopathy, hindering their reporting in

of knowledge in

the laboratory.

Compared to WES and gene-panel testing, WGS is associated
with higher costs, longer turn-around times, and a greater chance
of identifying VUS. Additional functional studies, such as RNA
sequencing, may also be required to assist determination of
pathogenicity of detected variants in these regions, thus adding
to overall testing cost. Inevitably, it hinders the use of this
advanced genetic methodology currently, especially in resource-
scarce settings.

Targeted gene panel testing, on the other hand, balances
reasonably comprehensive coverage and are often highly
optimized for complete and uniform capture of region of
interest. It remains as the first line diagnostic testing for proband
in most of cardiovascular units (34). In fact, WES covers all the
coding regions and theoretically splicing variant changes in
canonical regions near the ends of exon-coding regions can be
discovered as well.

Despite variants in these canonical regions should be able to be
identified by WES, the limitation of data information in these
regions may hinder reporting of these variants. In our study, the
variant changes TAFAZZIN:c.284+5G>A and LZTRI:c1261-3C>G
are also located in these areas of interest, which were not
reported in pervious WES analysis. Investigations were launched
and we could identify the variant change in the initial WES raw
data. However, owing to a narrower candidate gene prioritization
and more stringent quality control filtering, these variants were
not picked up for further analysis in previous WES reporting. As
TAFAZZIN gene was not included in the core genes for primary
cardiomyopathy, the gene prioritization was put at a lower
position and the variant change had probably been filtered out.
For LZTRI gene, the variant change was not reported as the
pathogenicity could not be determined with its nature of
autosomal recessive inheritance, and without another pathogenic
variant detected in-trans in prior WES testing, these LZTRI
variants might not be reported as well. Therefore, WGS is shown
to be superior in the detection of these variants in this region.

This also sheds a light on the alternative approach of re-analysis
of sequencing data to look for novel discoveries, before fishing the
genotype using WGS. The phenotype determination can also help
in the sequencing analysis, especially in pediatric cases in which
specific metabolic diseases or autosomal recessive conditions may
worth a second inspection or further investigations (27).

Despite the skewed cost-effectiveness in employing WGS in
these patients, the importance of genotype-guided management
and subsequent cascade family screening may worth the cost.
Clinical pictures and family history can definitely help in
prioritizing our patient to undergo this advanced genetic testing.
For example, patient 1, who exhibited a severe antenatal-onset
DCM phenotype with multiple affected male family members,
was a good candidate for WGS testing. This made the pre-test
probability higher in finding a genetic explanation for the
proband. The identification of Barth syndrome in this patient
demonstrated the value of WGS. The patient’s family benefited
from cascade family screening of other maternal siblings, leading
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to subsequent pre-conception counselling for female carriers.
Additionally, WGS could have also guided the possible use of
therapies such as elamipretide and gene therapy for refractory
heart failure (35-37), although our patient died before receiving
a genetic diagnosis.

The balance between cost-effectiveness and clinical utility of
WGS will likely shift as the WGS cost decreases and turn-around
times improve of in the future. Particularly, with the increasing
understanding of intronic, splicing and mitochondrial variants in
cardiac channelopathy and cardiomyopathy, it helps clinicians to
escape from the potential VUS purgatory. Time is required to
gather specific gene-disease and functional data for variants in
these
determination. Until we gain more experience in handling WGS

mysterious non-coding regions for pathogenicity
data for cardiac patients, careful patient selection is crucial before
subjecting individuals with cardiomyopathy and channelopathy
to WGS testing.

Considering the widespread use of WGS, it is extremely
important for the interpretation of a cardiac genetic test to be
provided by a team of providers with expertise in genetics and
cardiology [Class ITA recommendation] (38). A multidisciplinary
approach, comprising cardiologists, clinical geneticist, genetic
counsellors, genome analysts and bioinformaticians, in an expert
centre should therefore be adopted. A scientific statement from
the American Heart Association has stressed the importance of
the establishment of specialized clinical cardiovascular genetic
programs (38). Expertise should be encouraged to be built up in
a dedicated centre, especially the classification and interpretation
of these genetic information can change over time as new
information becomes available based on familial segregation
studies and functional validation of genetic variants, resulting in
significant differences in up to 18% of genetic results (39).

Despite applying WGS to investigate the molecular basis of
clinically irrefutable phenotypes, it still remained gene elusive in
some cases of paediatric channelopathy and cardiomyopathy in
our cohort. In cardiac channelopathy, out of 77 cases with
completion of genetic work-up using WGS, 9 of the cases
(11.7%) still remained gene elusive without P/LP variants or
clinical relevant VUS. Similarly, in cardiomyopathy, out of 61
cases with completion of genetic work-up using WGS, 16 of the
cases (26.2%) still remained gene elusive without P/LP variants
or clinical relevant VUS. This suggests that these conditions may
not be solely explained by monogenic causes. Given the
significant genetic and phenotype heterogeneity, as well as
variable penetrance, a polygenic basis of these conditions is now
being investigated by genome-wide association studies (GWAS).
These studies aim to investigate the role of common variants
(with a frequency of >1% in the general population) as protective
or predisposing roles by incorporating polygenic risk scores
(40-44). Such common variants are routinely screened out by
exome or genome based genetic testing. Therefore, in addition to
an approach to look for monogenic explanation by escalating
searching for disease-causative variants, we should remain open-
minded and consider alternative model to better explain the
pathogenesis of cardiac channelopathy and cardiomyopathy at
molecular level.
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4.3 Limitation

The study included patients with varying initial genetic
testing approaches, ranging from target genetic panel study
(sanger sequencing/MLPA/next
WES. The
contemporary genomic knowledge of cardiac channelopathy and

sequencing) to
selected based on the

generation
genes analyzed were
cardiomyopathy at the time of genetic testing. There were
expected discrepancies in the gene coverage for the panel tests
employed our recruited patients, in their old testing. Due to the
high cost in old era of genetic testing, either channelopathy or
cardiomyopathy gene panels were employed. Initially, we
considered repeating another gene panel testing or WES before
recruitment into WGS testing. However, given that the diagnostic
power of WGS has been proven to be superior to that of gene
panel testing, we decided there was no need to validate its
diagnostic power by duplicating the gene panel testing prior to
recruitment. As for WGS, we used at least 30x depth for detailed
analysis. We adjusted our hypothesis to test WGS’s ability to
identify intronic and spice-site variants in our special cohort. No
matter what methodology of testing was employed in prior
should not be
conventional gene panel testing.

Although direct comparison of WES and WGS cannot be
performed under this methodology, if the identified variants are

testing, intronic variants picked up by

outside the exome, it is logical to assume the inability for WES
to detect these variants. In fact, all our intronic and splice-site
variants were discovered in subjects with WES performed
previously, this further supports our hypothesis that WGS can
uncover those variants which were not detected by WES.
Furthermore, we illustrate the role of WGS over WES in
uncovering intronic variants in cardiomyopathy, but not cardiac
channelopathy cases. Cardiomyopathy used to have lower genetic
yield in exome-based testing when compared with channelopathy
(2-5). Therefore, it is expected that more novel variants outside
the coding regions will be discovered with this advanced
technology in cardiomyopathy cases.

With regard to the gene coverage used in our WGS analysis,
our gene panel list included all genes with definitive and
moderate evidence in ClinGen for cardiac channelopathy and
cardiomyopathy. Therefore, all the relevant and robust genes
were included in the WGS analysis. For genes with disputed or
limited evidence, only genes associated with the phenotypes with
sufficient evidence were considered. In paediatrics, genes with
recessive inheritance are increasingly recognized and discovered
(27). Most of these genes were prioritized already for our
analysis, except for those genes established as plausible genes
after our study period, like BAG5, CAP2, FLII, KLHL24, LDB3,
LEMD2, LMOD2, MYZAP. As open genome examination was
employed in our WGS analysis, ample time was spent to ensure
all relevant and updated genes were examined, followed by
rectification of evidence necessary to establish the pathogenicity.

Patients with VUS genes of definitive or moderate evidence
were not recruited for this WGS study because these relevant
genes are likely attributed to the phenotype, although the
evidence was not yet sufficient to upgrade those variants to likely
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pathogenic ones for clinical actions. Therefore, the yield of further
advanced genetic test is expected to be low, and values of using
WGS in this subgroup may require further studies to address.

Under current methodology, there were still 4 channelopathy
and 5 cardiomyopathy patients recruited for WGS without
repeating WES. Therefore, 3 variants in exome region in patient
4-6 were included in our report, which should be able to be
picked up by contemporary gene panel testing or WES. Those
MYH7 and RYR2 variants were not identified in prior gene
testing because sanger sequencing/multiplex-ligation dependent
probe amplification (MLPA) were employed to test certain
hotspots in the gene. Therefore, this illustrates the importance of
considering repeating testing in patients with a high probability
of a specific inherited cardiac disease and a molecular screening
performed in a pre-NGS era or with an incomplete NGS panel (31).

Our tertiary paediatric cardiology centre has been at the forefront
of genetic testing for cardiac channelopathy cases in our region since
2007. All cases of channelopathy patients should have undergone
initial genetic testing, but a few of patients might die before genetic
testing can be offered. Therefore, our genetic database should
represent almost all cases of paediatric channelopathy in Hong
Kong. In terms of paediatric cardiomyopathy, routine genetic
testing has only been implemented in the past 5 years. All our
active cases were recruited to complete the genetic work-up using
WES 2 years before this WGS recruitment (5). Therefore, our
cohort may not include older or deceased cardiomyopathy patients
who were not tested during the pre-genetic testing era. Finally, the
recruitment process faced challenges as well, as a considerable
number of patients either refused participation or could not be
reached. Despite these difficulties, we were able to recruit 31
patients for WGS analysis.

5 Conclusion

The genetic investigation using WGS in our cohort of
paediatric cardiac channelopathy and cardiomyopathy had a
small additional yield on top of conventional genetic testing.
Several novel intronic spice-error variants were identified. WGS
can be considered in selected paediatric cases of cardiac
channelopathy and cardiomyopathy, especially in gene-elusive
proband with a strong phenotype and positive family history.
Currently, the widespread use of this advanced genomic
technology in cardiac channelopathy and cardiomyopathy is
limited, with a cost-effectiveness consideration.

Data availability statement

Original datasets are available in a publicly accessible
repository: The original contributions presented in the study are
publicly available. This data can be found here: https://www.ncbi.
nlm.nih.gov/sra/PRJINA1086226.

Frontiers in Cardiovascular Medicine

10

10.3389/fcvm.2024.1335527

Ethics statement

The studies involving humans were approved by Institutional
Review Board of the Hong Kong Children’s Hospital. The studies
were conducted in accordance with the local legislation and
Written
participation in this study was provided by the participants’ legal

institutional requirements. informed consent for
guardians/next of kin. Written informed consent was obtained
from the minor(s)’ legal guardian/next of kin for the publication
of any potentially identifiable images or data included in

this article.

Author contributions

SK:  Validation, Supervision, Project administration,
Methodology, Investigation, Funding acquisition, Formal
Analysis, Conceptualization, Writing - review & editing,

Writing - original draft. AK: Software, Validation, Methodology,
Investigation, Formal Analysis, Data curation, Writing - review
& editing. JS: Project administration, Investigation, Writing —
editing. CS: Validation,
Methodology, Investigation, Formal Analysis, Writing - review &

review & Project administration,

editing. ML: Formal Analysis, Data curation, Writing — review &

editing. CM: Formal Analysis, Data curation, Writing
review & editing. MC: Formal Analysis, Data curation, Writing —
review & editing. ST: Resources, Writing - review & editing. BC:
Funding acquisition, Validation, Supervision, Resources, Project

administration, Conceptualization, Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article.

The project is supported under Hong Kong Health and
Medical Research Grant, The Government of the Hong Kong
Special Administrative Region (HMRF PR-HKCH-1),
Children’s Heart Foundation (Hong Kong).

and

Acknowledgments

We would like to express our gratitude towards all
participants involved in this study. The group wishes to
express our gratitude towards the support by the Society for
the Relief of Disabled Children (SRDC) and the Centre of
Genomic Sciences of The University of Hong Kong
for providing the genome sequencing Special
acknowledgment was given to Dr. TC Yung, Dr. KS Lun as
founders of this patient cohort, and Ms Winnie WT Pang as
assistant of the project management.

service.

frontiersin.org


https://www.ncbi.nlm.nih.gov/sra/PRJNA1086226
https://www.ncbi.nlm.nih.gov/sra/PRJNA1086226
https://doi.org/10.3389/fcvm.2024.1335527
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Kwok et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Bagnall RD, Ingles J, Dinger ME, Cowley MJ, Ross SB, Minoche AE, et al. Whole
genome sequencing improves outcomes of genetic testing in patients with
hypertrophic cardiomyopathy. ] Am Coll Cardiol. (2018) 72(4):419-29. doi: 10.1016/
jjacc.2018.04.078

2. Kwok SY, Liu AP, Chan CY, Lun KS, Fung JL, Mak CC, et al. Clinical and genetic
profile of congenital long QT syndrome in Hong Kong: a 20-year experience in
paediatrics. Hong Kong Med ]. (2018) 24(6):561-70. doi: 10.12809/hkm;j187487

3. Yu TG, Liu AP, Lun KS, Chung BH, Yung TC. Clinical and genetic profile of
catecholaminergic polymorphic ventricular tachycardia in Hong Kong Chinese
children. Hong Kong Med J. (2016) 22(4):314-9. doi: 10.12809/hkm;j154653

4. Baruteau AE, Kyndt F, Behr ER, Vink AS, Lachaud M, Joong A, et al. SCN5A
mutation in 442 neonates and children: genotype-phenotype correlation and
identification of higher-risk subgroups. Eur Heart J. (2018) 39(31):2879-87. doi: 10.
1093/eurheartj/ehy412

5. Shi ZJ, Chau JFT, Kwok SY, Yeung KS, Fung JLF, Yung TC, et al. Genetic
spectrum of paediatric cardiomyopathy in Hong Kong. ] HK Coll Cardiol. (2020)
28:35.  Available online at:  https://www.hkcchk.com/upload/file/Journals/
HKCC_April2020_v28_nol.pdf

6. Mathew T, Williams L, Navarathnam G, Rana B, Wheeler R, Collins K, et al.
Diagnosis and assessment of dilated cardiomyopathy: a guideline protocol from the
British society of echocardiography. Echo Res Pract. (2017) 4(2):G1-G13. doi: 10.
1530/ERP-16-0037

7. Pantazis A, Vischer AS, Perez-Tome MC, Castelletti S. Diagnosis and
management of hypertrophic cardiomyopathy. Echo Res Pract. (2015) 2(1):R45-53.
doi: 10.1530/ERP-15-0007

8. Priori SG, Blomstrom-Lundqvist C, Mazzanti A, Blom N, Borggrefe M, Camm J,
et al. 2015 ESC guidelines for the management of patients with ventricular
arrhythmias and the prevention of sudden cardiac death: the task force for the
management of patients with ventricular arrhythmias and the prevention of sudden
cardiac death of the European society of cardiology (ESC). Endorsed by: association
for European paediatric and congenital cardiology (AEPC). Eur Heart J. (2015) 36
(41):2793-867. doi: 10.1093/eurheartj/ehv316

9. Hershberger RE, Givertz MM, Ho CY, Judge DP, Kantor PF, McBride KL, et al.
Genetic evaluation of cardiomyopathy: a clinical practice resource of the American
college of medical genetics and genomics (ACMG). Genet Med. (2018) 20
(9):899-909. doi: 10.1038/s41436-018-0039-2z

10. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American college of medical genetics and genomics and the
association for molecular pathology. Genet Med. (2015) 17(5):405-24. doi: 10.1038/
gim.2015.30

11. Abou Tayoun AN, Pesaran T, DiStefano MT, Oza A, Rehm HL, Biesecker LG,
et al. Recommendations for interpreting the loss of function PVS1 ACMG/AMP
variant criteria. Hum Mutat. (2018) 39(11):1517-24. doi: 10.1002/humu.23626

12. Ghosh R, Harrison SM, Rehm HL, Plon SE, Biesecker LG. Updated
recommendation for the benign stand-alone ACMG/AMP criterion. Hum Mutat.
(2018) 39(11):1525-30. doi: 10.1002/humu.23642

13. Walker LC, Hoya M, Wiggins GAR, Lindy A, Vincent LM, Parsons MT, et al.
Using the ACMG/AMP framework to capture evidence related to predicted and
observed impact on splicing: recommendations from the ClinGen SVI splicing
subgroup. Am ] Hum Genet. (2023) 110(7):1046-67. doi: 10.1016/j.ajhg.2023.06.002

14. Brnich SE, Abou Tayoun AN, Couch FJ, Cutting GR, Greenblatt MS, Heinen
CD, et al. Recommendations for application of the functional evidence PS3/BS3
criterion using the ACMG/AMP sequence variant interpretation framework.
Genome Med. (2019) 12(1):3. doi: 10.1186/s13073-019-0690-2

Frontiers in Cardiovascular Medicine

1

10.3389/fcvm.2024.1335527

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2024.
1335527 /full#supplementary-material

15. Jarvik GP, Browning BL. Consideration of cosegregation in the pathogenicity
classification of genomic variants. Am | Hum Genet. (2016) 98(6):1077-81. doi: 10.
1016/.ajhg.2016.04.003

16. Biesecker LG, Harrison SM, ClinGen Sequence Variant Interpretation Working
G. The ACMG/AMP reputable source criteria for the interpretation of sequence
variants. Genet Med. (2018) 20(12):1687-8. doi: 10.1038/gim.2018.42

17. Pejaver V, Byrne AB, Feng BJ, Pagel KA, Mooney SD, Karchin R, et al.
Calibration of computational tools for missense variant pathogenicity classification
and ClinGen recommendations for PP3/BP4 criteria. Am ] Hum Genet. (2022) 109
(12):2163-77. doi: 10.1016/j.ajhg.2022.10.013

18. Smirnov D, Schlieben LD, Peymani F, Berutti R, Prokisch H. Guidelines for
clinical interpretation of variant pathogenicity using RNA phenotypes. Hum Mutat.
(2022) 43(8):1056-70. doi: 10.1002/humu.24416

19. Walsh R, Lahrouchi N, Tadros R, Kyndt F, Glinge C, Postema PG, et al.
Enhancing rare variant interpretation in inherited arrhythmias through quantitative
analysis of consortium disease cohorts and population controls. Genet Med. (2021)
23(1):47-58. doi: 10.1038/s41436-020-00946-5

20. Kelly MA, Caleshu C, Morales A, Buchan ], Wolf Z, Harrison SM, et al.
Adaptation and validation of the ACMG/AMP variant classification framework for
MYH7-associated inherited cardiomyopathies: recommendations by ClinGen’s
inherited cardiomyopathy expert panel. Genet Med. (2018) 20(3):351. doi: 10.1038/
gim.2017.218

21. Gelb BD, Cave H, Dillon MW, Gripp KW, Lee JA, Mason-Suares H, et al.
Clingen’s RASopathy expert panel consensus methods for variant interpretation.
Genet Med. (2018) 20(11):1334. doi: 10.1038/gim.2018.3

22. Ellard S, Baple EL, Callaway A, Berry I, Forrester N, Turnbull C, et al. ACGS Best
Practice Guidelines for Variant Classification in Rare Disease 2020. (2020). Available
online at: https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-
classification-v4-01-2020.pdf

23. Lee M, Kwong AKY, Chui MMC, Chau JFT, Mak CCY, Au SLK, et al. Diagnostic
potential of the amniotic fluid cells transcriptome in deciphering Mendelian disease: a
proof-of-concept. NPJ Genom Med. (2022) 7:74. doi: 10.1038/s41525-022-00347-4

24. Lopes LR, Barbosa P, Torrado M, Quinn E, Merino A, Ochoa JP, et al. Cryptic
splice-altering variants in MYBPC3 are a prevalent cause of hypertrophic
cardiomyopathy. Circ Genom Precis Med. (2020) 13(3):e002905. doi: 10.1161/
CIRCGEN.120.002905

25. Janin A, Chanavat V, Rollat-Farnier PA, Bardel C, Nguyen K, Chevalier P, et al.
Whole MYBPC3 NGS sequencing as a molecular strategy to improve the efficiency of
molecular diagnosis of patients with hypertrophic cardiomyopathy. Hum Mutat.
(2020) 41(2):465--475. doi: 10.1002/humu.23944

26. Udurachi BS, Zivoi A, Leonte A, Tapoi L, Ureche C, Birgoan SG, et al. An
update on MYBPC3 gene mutation in hypertrophic cardiomyopathy. Int | Mol Sci.
(2023) 24: 10510. doi: 10.3390/ijms241310510

27. Lipov A, Jurgens SJ, Mazzarotto F, Allouba M, Pirruccello JP, Aguib Y, et al.
Exploring the complex spectrum of dominance and recessiveness in genetic
cardiomyopathies. Nat Cardiovasc Res. (2023) 2:1078-94. doi: 10.1038/s44161-023-
00346-3

28. Johnston JJ, van der Smagt J], Rosenfeld JA, Pagnamenta AT, Alswaid A, Baker
EH, et al. Autosomal recessive Noonan syndrome associated with biallelic LZTR1
variants. Genet Med. (2018) 20(10):1175-85. doi: 10.1038/gim.2017.249

29. Hanses U, Kleinsorge M, Roos L, Yigit G, Li Y, Barbarics B, et al. Intronic
CRISPR  repair in a preclinical model of Noonan syndrome-associated
cardiomyopathy. Circulation. (2020) 142(11):1059-76. doi: 10.1161/
CIRCULATIONAHA.119.044794

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcvm.2024.1335527/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1335527/full#supplementary-material
https://doi.org/10.1016/j.jacc.2018.04.078
https://doi.org/10.1016/j.jacc.2018.04.078
https://doi.org/10.12809/hkmj187487
https://doi.org/10.12809/hkmj154653
https://doi.org/10.1093/eurheartj/ehy412
https://doi.org/10.1093/eurheartj/ehy412
https://www.hkcchk.com/upload/file/Journals/HKCC_April2020_v28_no1.pdf
https://www.hkcchk.com/upload/file/Journals/HKCC_April2020_v28_no1.pdf
https://doi.org/10.1530/ERP-16-0037
https://doi.org/10.1530/ERP-16-0037
https://doi.org/10.1530/ERP-15-0007
https://doi.org/10.1093/eurheartj/ehv316
https://doi.org/10.1038/s41436-018-0039-z
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1002/humu.23626
https://doi.org/10.1002/humu.23642
https://doi.org/10.1016/j.ajhg.2023.06.002
https://doi.org/10.1186/s13073-019-0690-2
https://doi.org/10.1016/j.ajhg.2016.04.003
https://doi.org/10.1016/j.ajhg.2016.04.003
https://doi.org/10.1038/gim.2018.42
https://doi.org/10.1016/j.ajhg.2022.10.013
https://doi.org/10.1002/humu.24416
https://doi.org/10.1038/s41436-020-00946-5
https://doi.org/10.1038/gim.2017.218
https://doi.org/10.1038/gim.2017.218
https://doi.org/10.1038/gim.2018.3
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://doi.org/10.1038/s41525-022-00347-4
https://doi.org/10.1161/CIRCGEN.120.002905
https://doi.org/10.1161/CIRCGEN.120.002905
https://doi.org/10.1002/humu.23944
https://doi.org/10.3390/ijms241310510
https://doi.org/10.1038/s44161-023-00346-3
https://doi.org/10.1038/s44161-023-00346-3
https://doi.org/10.1038/gim.2017.249
https://doi.org/10.1161/CIRCULATIONAHA.119.044794
https://doi.org/10.1161/CIRCULATIONAHA.119.044794
https://doi.org/10.3389/fcvm.2024.1335527
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Kwok et al.

30. Kuan SW, Chua KH, Tan E-W, Tan LK, Loch A, Kee BP. Whole mitochondrial
genome sequencing of Malaysian patients with cardiomyopathy. Peer]. (2022) 10:
€13265. doi: 10.7717/peer;j.13265

31. Walsh R, Mazzarotto F, Whiffin N, Buchan R, Midwinter W, Wilk A, et al.
Quantitative approaches to variant classification increase the yield and precision of
genetic testing in Mendelian diseases: the case of hypertrophic cardiomyopathy.
Genome Med. (2019) 11(1):5. doi: 10.1186/s13073-019-0616-z

32. Tobert KE, Tester DJ, Zhou W, Haglund-Turnquist CM, Giudicessi JR,
Ackerman MJ. Genome sequencing in a genetically elusive multigenerational long
QT syndrome pedigree identifies a novel LQT2-causative deeply intronic kecnh2
variant. Heart Rhythm. (2022) 19:998-1007. doi: 10.1016/j.hrthm.2022.02.004

33. Sabbah HN. Barth syndrome cardiomyopathy: targeting the mitochondria with
elamipretide. Heart Fail Rev. (2021) 26:237-53. doi: 10.1007/s10741-020-10031-3

34. Wilde AAM, Semsarian C, Marquez MF, Sepehri Shamloo A, Ackerman MJ,
Ashley EA, et al. European Heart rhythm association (EHRA)/heart rhythm society
(HRS)/Asia pacific heart rhythm society (APHRS)/Latin American heart rhythm
society (LAHRS) expert consensus statement on the state of genetic testing for
cardiac diseases. ] Arrhythm. (2022) 38(4):491-553. doi: 10.1002/joa3.12717

35. Reid Thompson W, Hornby B, Manuel R, Bradley E, Laux J, Carr J, et al. A phase 2/
3 randomized clinical trial followed by an open-label extension to evaluate the effectiveness
of elamipretide in barth syndrome, a genetic disorder of mitochondrial cardiolipin
metabolism. Genet Med. (2021) 23(3):471-8. doi: 10.1038/s41436-020-01006-8

36. Wang S, Li Y, Xu Y, Ma Q, Lin Z, Schlame M, et al. AAV gene therapy prevents

and reverses heart failure in a murine knockout model of barth syndrome. Circ Res.
(2020) 126(8):1024-39. doi: 10.1161/CIRCRESAHA.119.315956

37. Towbin JA, McKenna WJ, Abrams DJ, Ackerman MJ, Calkins H, Darrieux FCC,
et al. 2019 HRS expert consensus statement on evaluation, risk stratification, and
management of arrhythmogenic cardiomyopathy. Heart Rhythm. (2019) 16(11):
e301-e72. doi: 10.1016/j.hrthm.2019.05.007

Frontiers in Cardiovascular Medicine

12

10.3389/fcvm.2024.1335527

38. Ahmad F, McNally EM, Ackerman M]J, Baty LC, Day SM, Kullo IJ, et al.
Establishment of specialized clinical cardiovascular genetic programs: recognizing
the need and meeting standards. A scientific statement from the American heart
association. Circ Genom Precis Med. (2019) 12:¢000054. doi: 10.1161/HCG.
0000000000000054

39. Bland A, Harrington EA, Dunn K, Pariani M, Platt JCK, Grove ME, et al.
Clinically impactful differences in variant interpretation between clinicians and
testing laboratories: a single-center experience. Genet Med. (2018) 20(3):369-73.
doi: 10.1038/gim.2017.212

40. Bezzina CR, Barc ], Mizusawa Y, Remme CA, Gourraud JB, Simonet F. Common
variants at SCN5A-SCN10A and HEY?2 are associated with Brugada syndrome, a rare
disease with high risk of sudden cardiac death. Nat Genet. (2013) 45:1044-9. doi: 10.
1038/ng.2712

41. Wijeyeratne YD, Tanck MW, Mizusawa Y, Batchvarov V, Barc ], Crotti L, et al.
SCN5A mutation type and a genetic risk score associate variably with Brugada
syndrome phenotype in SCN5A families. Circ Genom Precis Med. (2020) 13:
€002911. doi: 10.1161/CIRCGEN.120.002911

42. Barc J, Tadros R, Glinge C. Genome-wide association analyses identify new
Brugada syndrome risk loci and highlight a new mechanism of sodium channel
regulation in disease susceptibility. Nat Genet. (2022) 54(3):232-9. doi: 10.1038/
541588-021-01007-6

43. Lahrouchi N, Tadros R, Crotti L, Mizusawa Y, Postema PG, Beekman L, et al.
Transethnic genome-wide association study provides insights in the genetic
architecture and heritability of long QT syndrome. Circulation. (2020) 142:324-38.
doi: 10.1161/CIRCULATIONAHA.120.045956

44. Kany S, Reissmann B, Metzner A, Kirchhof P, Darbar D, Schnabel RB,
et al. Genetics of atrial fibrillation-practical applications for clinical management: if
not now, when and how? Cardiovasc Resm. (2021) 117:1718-31. doi: 10.1093/cvr/
cvabl153

frontiersin.org


https://doi.org/10.7717/peerj.13265
https://doi.org/10.1186/s13073-019-0616-z
https://doi.org/10.1016/j.hrthm.2022.02.004
https://doi.org/10.1007/s10741-020-10031-3
https://doi.org/10.1002/joa3.12717
https://doi.org/10.1038/s41436-020-01006-8
https://doi.org/10.1161/CIRCRESAHA.119.315956
https://doi.org/10.1016/j.hrthm.2019.05.007
https://doi.org/10.1161/HCG.0000000000000054
https://doi.org/10.1161/HCG.0000000000000054
https://doi.org/10.1038/gim.2017.212
https://doi.org/10.1038/ng.2712
https://doi.org/10.1038/ng.2712
https://doi.org/10.1161/CIRCGEN.120.002911
https://doi.org/10.1038/s41588-021-01007-6
https://doi.org/10.1038/s41588-021-01007-6
https://doi.org/10.1161/CIRCULATIONAHA.120.045956
https://doi.org/10.1093/cvr/cvab153
https://doi.org/10.1093/cvr/cvab153
https://doi.org/10.3389/fcvm.2024.1335527
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Whole genome sequencing in paediatric channelopathy and cardiomyopathy
	Introduction
	Materials and methods
	Patient recruitment and clinical data collection
	Whole-genome sequencing
	Quality control and data processing for whole-genome sequencing data
	Variant classification
	Genetic test result validation and interpretation

	Statistical analysis

	Results
	Results of recruitment
	Patient 1—dilated cardiomyopathy (DCM) and Barth syndrome
	Patient 2—heart transplanted DCM and intronic MYBPC3 variant
	Patient 3—HCM and RASopathy, autosomal recessive LZTR1 variants
	Patient 4–6—likely pathogenic variants in exome region for LVNC and CPVT
	Cohort of subjects with prior WES testing


	Discussion
	Extra yield of intronic and splice-site variants using WGS
	Cost-effectiveness of WGS in paediatric channelopathy and cardiomyopathy
	Limitation

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


