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Abstract

Hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) are the most com-
mon referrals in the Inherited Cardiovascular Condition (ICC) Genetics Service. Several
issues must be discussed with patients and their families during the genetic consultation
session, including the options for genetic testing and cardiovascular surveillance in family
members. We developed an ICC registry and performed next-generation-based DNA
sequencing for all patients affected by non-syndromic HCM and idiopathic DCM in our joint
specialist genetics service. The target gene sequencing panel relied on the Human Pheno-
type Ontology with 237 genes for HCM (HP:0001639) and 142 genes for DCM
(HP:0001644). All subjects were asked to contact their asymptomatic first-degree relatives
for genetic counseling regarding their risks and to initiate cardiovascular surveillance and
cascade genetic testing. The study was performed from January 1, 2014, to December 31,
2020, and a total of 62 subjects (31-HCM and 31-DCM) were enrolled. The molecular detec-
tion frequency was 48.39% (32.26% pathogenic/likely pathogenic, 16.13% variant of uncer-
tain significance or VUS for HCM, and 25.81% (16.13% pathogenic/likely pathogenic,
9.68% VUS) for DCM. The most prevalent gene associated with HCM was MYBPC3. The
others identified in this study included ACTN2, MYL2, MYH7, TNNI3, TPM1, and VCL.
Among the DCM subjects, variants were detected in two cases with the TTN nonsense vari-
ants, while the others were missense and identified in MYH7, DRSP3, MYBPC3, and
SCN5A. Following the echocardiogram surveillance and cascade genetic testing in the
asymptomatic first-degree relatives, the detection rate of new cases was 8.82% and 6.25%
in relatives of HCM and DCM subjects, respectively. Additionally, a new pre-symptomatic

PLOS ONE | https://doi.org/10.1371/journal.pone.0267770 September 27, 2022

1/15


https://orcid.org/0000-0001-7867-3238
https://orcid.org/0000-0002-5037-1550
https://doi.org/10.1371/journal.pone.0267770
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267770&domain=pdf&date_stamp=2022-09-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267770&domain=pdf&date_stamp=2022-09-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267770&domain=pdf&date_stamp=2022-09-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267770&domain=pdf&date_stamp=2022-09-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267770&domain=pdf&date_stamp=2022-09-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267770&domain=pdf&date_stamp=2022-09-27
https://doi.org/10.1371/journal.pone.0267770
https://doi.org/10.1371/journal.pone.0267770
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Genomics of HCM and DCM in a Thai genetics service

Competing interests: The authors have declared
that no competing interests exist.

relative belonging to an HCM family was identified, although the genomic finding in the
affected case was absent. Thus, ICC service is promising for the national healthcare sys-
tem, aiming to prevent morbidity and mortality in asymptomatic family members.

Introduction

An inherited cardiovascular condition (ICC) is one of the most common referrals in clinical
genetics services. ICC requires the efforts of a multidisciplinary team to serve patients and
their families and to prevent morbidity and mortality in at-risk family members. The most
common ICCs in public health include cardiomyopathy, aortopathy, pulmonary hypertension,
and arrhythmias [1-4]. In many developing countries, such as Thailand and other Southeast
Asian nations, clinical genetic services are limited owing to a limited number of clinical geneti-
cists, laboratory geneticists, and genetic counselors working in this field [5-8]. Few medical
centers have established joint specialist clinics between cardiologists and geneticists to provide
ICC genetic services for patients and families to receive genetic consultation, counseling, and
targeted genetic testing where indicated. Our retrospective data from our medical school in
Bangkok, a tertiary medical care setting, revealed that the most common ICC referrals are
hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM), which usually
result in serious medical outcomes.

HCM is defined as left ventricular hypertrophy (LVH) in the absence of abnormal loading.
Several studies have consistently reported a prevalence of unexplained LVH in approximately
1 in 500 adults worldwide [9,10]. The most common forms are familial and inherited by auto-
somal dominant patterns caused by the mutations in genes encoding cardiac sarcomere pro-
tein [11-14]. Less than 10% are associated with the inborn error of metabolism,
neuromuscular disorders, and malformation syndromes [15,16].

The clinical manifestations of HCM range from asymptomatic to progressive heart failure
and sudden cardiac death. The symptoms vary from individual to individual, even within the
same family. Common symptoms include shortness of breath on exertion, chest pain, palpita-
tions, orthostasis, presyncope, and syncope [14]. LVH most often becomes apparent during
adolescence or young adulthood [17]. However, LVH can develop later in life, even in infancy
and childhood. As measured by Doppler echocardiographic imaging, diastolic dysfunction is a
common finding in the overt disease [15]. Approximately 25% of persons with HCM have a
detectable intracavitary obstruction at rest, but a much higher proportion may develop
obstructive physiology with provocation [18-20]. Individuals with HCM are at an increased
risk for atrial fibrillation (AF), a significant cause of morbidity in adults [21-23]. In addition,
approximately 10%-20% have a lifetime-increased risk for sudden cardiac death (SCD) due to
ventricular arrhythmia [24,25].

DCM is defined as a myocardial disorder characterized by the presence of LV dilatation
and LV systolic impairment in the absence of abnormal loading conditions, such as hyperten-
sion, coronary artery disease, and valvular heart disease [26]. DCM prevalence is thought to be
in the range of 1 in 2,500 adults, with an annual incidence of 5-8 per 100,000 [9]. In children,
the incidence is much lower (0.5-0.8 per 100,000 per year) [27, 28].

DCM usually presents with one of the following symptoms: 1) congestive heart failure, 2)
arrhythmias and/or conduction system defects, and 3) thromboembolic stroke and an asymp-
tomatic condition found during annual check-ups [29]. The diagnosis is made by the presence
of LV enlargement and systolic dysfunction assessed by two-dimensional echocardiography.
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An ejection fraction of less than 50% is considered systolic dysfunction. Fractional shortening
is another clinical measure of systolic function. A fractional shortening of less than 25-30% is
considered systolic dysfunction [30]. Other non-invasive studies can also facilitate the estab-
lishment of a diagnosis, such as cardiac nuclear studies, magnetic resonance imaging, and left
ventricular angiography [31,32].

The etiology of DCM can be classified as genetics and acquired; up to 35% of DCM cases
are genetics, including syndromic and non-syndromic forms. Syndromic DCM can be found
in many conditions, including neuromuscular disorders, inborn errors of metabolism, and
malformation syndromes [33]. After excluding all acquired identifiable causes, DCM is tradi-
tionally referred to as idiopathic dilated cardiomyopathy (IDC), which includes genetic forms
of DCM. When two or more closely related family members meet a formal diagnostic standard
for IDC (by excluding all detectable causes of DCM), the diagnosis of familial dilated cardio-
myopathy (FDC) is made [34-36].

Currently, it is well known that genetic testing for cardiomyopathy is beneficial for disease
management and helps family members in surveillance and early treatment. Herein, we pres-
ent genetic data contributing to the two most common genetic referrals, HCM and DCM, and
discuss the benefits of genetic testing.

Materials and methods
Ethics approval

The study was approved by the Committee on Human Rights Related to Research Involving
Human Subjects, Faculty of Medicine Ramathibodi Hospital, Mahidol University, with docu-
mentary proof of ethical clearance no. MURA2011/506 entitled “Identification of genes caus-
ing hereditary cardiomyopathies in the Thai population” (approved April 11, 2013).

Patient registry

All patients diagnosed with non-syndromic HCM and idiopathic DCM who received genetic
consultation and counseling at the Joint Specialist Clinic between the Adult Cardiology Unit
and Centre for Medical Genomics at the Faculty of Medicine Ramathibodi Hospital, Bangkok,
Thailand, between January 1, 2014, and December 31, 2020, were enrolled in the ICC registry.
The HCM and DCM diagnoses met the cardiac imaging criteria [37,38]. Informed consent
was obtained for clinical data collection and genetic testing. For minors younger than twenty-
years-old, informed consent was obtained by either their parents or guardians.

Tracking of relatives

All asymptomatic first-degree relatives were informed to perform echocardiography and
genetic surveillance by issuing referral letters to their primary healthcare providers within one
year of the initial clinical diagnosis. There were two options for cardiovascular surveillance: 1)
performing surveillance at the local cardiovascular service and bringing the referral letter
describing the results back to the ICC clinic, or 2) referring relatives to cardiologists in the ICC
clinic to perform surveillance. Individuals > 12 years were given recommendations to undergo
echocardiography and genetic testing, while children aged less than 12 years were only asked
to be subjected to physical examination. Echocardiography and genetic testing were performed
in younger children if abnormal cardiac findings were detected during a physical examination.
Due to ethical considerations, genetic testing in the relatives was performed by Sanger’s DNA
sequencing of the targeted variants, which were only characterized as pathogenic or likely
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pathogenic. Informed consent was obtained from all relatives before processing cardiovascular
surveillance and targeted variant testing.

Sample collection and DNA extraction

Peripheral venous blood samples were collected by using EDTA as an anticoagulant. DNA was
extracted from leukocytes using an automatic nucleic acid isolation system (QuickGene-610L,
Kurabo Industries, Japan).

Next-generation-based DNA sequencing

Using genomic DNA from the submitted specimens, all exons and/or flanking splice junctions

of genes in the target gene list were sequenced (Fig 1). Next-generation sequencing was per-
formed using SureSelect Human All Exon V7 (Agilent Technology, Santa Clara, CA). The
NGS library was prepared for paired-end (2 x 150 bp) sequencing on the NovaSeq 6000 plat-
form (Illumina, San Diego, CA) according to the manufacturers’ recommendations. The DNA
sequences were aligned to the human genome reference sequence (GRCh38/hg38 build) with
GATK version 4.0 (Broad Institute, Cambridge, MA). The HaplotypeCaller was used for vari-
ant calling (Broad Institute). All variants obtained from the Sure Select Human All Exon kit
71Mb were obtained and subsequently analyzed within the region of 12 base distances from
splice site boundaries. Sequencing results have an average coverage depth of about 100x with
more than 90% of the targeted bases achieved >20x. For quality filtering, variants with reading
depths >10x coverage in a single allele and >20x scope in homozygotes were selected. Each of
the selected variants had a threshold quality score >Q40. Variant discovery analysis was per-
formed using VarSeq version 2.2.1 (Golden Helix, Bozeman, MT). Candidate variants of spe-
cific genes were determined using a minor allele frequency (MAF) < 0.05, East Asian (EAS)
population data from the 1000 Genomes Project phase III, gnomAD Exomes Variant Frequen-
cies 2.0.1, gnomAD Genomes Variant Frequencies 2.0.1, BROAD, and an in-house Thai
Exome database (updated December 2020). Functional prediction based on dbNSFP

Dilated Cardiomyopathy (DCM); HP:0001644;
142 genes

ACADS ACTAI ACTIN2 ADA2 ADCYS
ALMSI ANKRDI11 ATP5SFID BBS2 CHKB
COL741 CPT2 CSRP3 DMD DMPK
DNAJC19 DOLK DPM3 DSG2 DSP EPG5
ERBB3 EYA4 FKRP FKTN GABRD GATAS
GATADI HADHB HAMP HBB HJV
HMGCL ITGA7 JUP KAT6B LAMA3
LAMA4 LAMB3 LAMC2 LDB3 LIMS2
MAP3K20 MEFV MGMEI MLYCD
MMACHC MMPI1 NEXN NUP107 PGMI
PLN POLG POLG2 POMT2 PPCS
PRDM16 PSENI PSEN2 RBCKI RBM20
RERE RRM2B RYRI SCN5A SELENON
SGCB SGCD SKI SPEG TCAP TERT
TNNI3K TOP34 TPM2 TPM3 TWNK UBRI
VPS134 XK XRCC4

ABCC9 ACAD9 ACADVL ACTCI
ATP6 BAG3 BOLA3 COXI1 COX2
COX3 COX7B CRYAB DES FHLI
GLBl HADH HADHA HCCS
LAMP2 LMNA MYBPC3 MYH6
MYH7 MYL2 MYPN NDI ND2
ND4 ND5 ND6 NDUFAF3
NDUFB8 NDUFBIl1 NDUFS2
RAF1 SCO2 SDHA SLC2410
SLC25A4 SURF1 SYNEI SYNE2
TAZ TKFC TMEM43 TNNCI
TNNI3 TNNT2 TPMI TRNF
TRNK TRNLI TRNQ TRNSI
TRNS2 TRNV TRNW TSFM TTN
TXNRD2 VCL

AARS2 ADAR AGK AGPAT2 AIP ALGl ANKS6 ATAD3A ATPSFIE ATPSMK ATP6VIA
ATPAF2 BCSIL BRAF BRCAI BRCA2 BRIPI BSCL2 CAVI CAV3 CAVINI CLN3 COA5 COA6
COA48 COG7 COQ2 COQ4 COX6BI COX14 COX15 CPTIA DLD ECHSI ELAC2 ELN EMD
ERCC4 FAH FANCA FANCB FANCC FANCD2 FANCE FANCF FANCG FANCI FANCL
FANCM FASTKD2 FBXL4 FLNC FOXREDI FTO FXN GAA GATA4 GLA GNPTAB GNS
GPR101 GTPBP3 HGSNAT HLA-B HRAS HSD17B10 IFIHI ILI2B INSR KLF1 KRAS LIAS
LIPTI MAD2L2 MAP2K1 MAP2K2 MC2R MENI MICOS13 MIPEP MRAP MRPL3 MRPL44
MRPS14 MRPS22 MTFMT MTOI MYL3 MYLK2 MYOZ2 NAGA NAGLU NDUFAI NDUFA2
NDUFA4 NDUFA6 NDUFA9 NDUFAIO NDUFAII NDUFAI2 NDUFAI3 NDUFAFI
NDUFAF2 NDUFAF4 NDUFAF5 NDUFAF6 NDUFB3 NDUFB9 NDUFBI(0 NDUFSI
NDUFS3 DUFS4 NDUFS6 NDUFS7 NDUFS8 NDUFVI NDUFV2 NEK8 NFI NNT NRAS
NUBPL OPAIl PALB2 PDHAI PETI100 PMM2 PPA2 PPARG PPPICB PRKAG2 PTPNII
PYGL PYGM ORSLI RAD51 RAD5IC RFWD3 RITI RNASEH2A RNASEH2B RNASEH2C
SAMHD1 SARDH SDHAF1 SDHB SDHD SGSH SHMT2 SHOC2 SLC1943 SLC2245 SLC2543
SLC30A410 SLX4 SMCIA SOS1 STAR SUFU TACOI TANGO2? TAPTI TGFBI TIMMDCI

TMEM1264 TMEMI126B TMEM70 TPII TREXI TRNN TTPA UBE2T UQCRFSI VPS334
XRCC2 YARS2

Hypertrophic Cardiomyopathy (HCM); HP:0001639;

237 genes

Fig 1. Targeted gene list for hypertrophic and dilated cardiomyopathy. Based on the Human Phenotype Ontology, 237 and 142 genes are listed as the
genetic cause of hypertrophic cardiomyopathy (HP:0001639) and dilated cardiomyopathy (HP:0001644), respectively. Of them, 61 genes are described as the

etiology of both phenotypes (white box).

https://doi.org/10.1371/journal.pone.0267770.9001
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Functional Predictions and Scores 3.0, GHI, and splice affecting was determined using predic-
tion scores from dbscSNV Splice Altering Predictions 1.1, GHI [39].

Variant calling was based on the human phenotype ontology (HP:0001639 for HCM and
HP:0001644 for DCM (Fig 1). The interpretation of sequence variants was based on HGMD
professional 2020.3 release (The Human Gene Mutation Database, the Institute of Medical
Genetics in Cardiff, UK), ClinVar database (updated on November 1, 2020; National Center
for Biotechnology Information, USA National Library of Medicine), and the OMIM®) data-
base (updated on November 1, 2020; Online Mendelian Inheritance in Man®), Johns Hopkins
University, USA). Variant classification relied on the standards and guidelines recommended
by the American College of Medical Genetics and Genomics (ACMG) and the Association for
Molecular Pathology (AMP) [40]. Sanger sequencing was confirmed in all variants in the
panel, except for likely benign and benign characteristics. Variant interpretation for DCM fur-
ther relied on ACMG/ClinGen guidelines for the DCM Precision Medicine study [41].

Statistical analysis

Most data were presented using descriptive statistics. Comparisons between groups were per-
formed using Fisher’s exact test when p < 0.05, which was accepted as statistically significant.
Data analysis was performed using GraphPad® software (GraphPad, San Diego, CA).

Results

Basic clinical information of patients registered in inherited cardiovascular
clinics

A total of 62 subjects (31-HCM and 31-DCM) were enrolled from January 1, 2014, to Decem-
ber 31, 2020 (8.86 cases/year). Among the patients in the HCM registry, the majority were
male (n = 22;70.97%). The average age of onset was 53.03 + 15.87 years. The median age of
onset was 52 years. Of these, 22 (70.97%) had a later onset at > 45 years of age. Eighteen sub-
jects (58.06%) had left ventricular obstruction as assessed by echocardiography, while the rest
had non-obstructive or apical cardiomyopathy. Three patients (9.68%) reported that they had
experienced an unexplained cause of syncope. Fifteen patients (48.39%) had experienced at
least one of the following arrhythmias: atrial fibrillation, supraventricular tachycardia, ventric-
ular tachycardia, or ventricular fibrillation. Implantable cardioverter-defibrillator (ICD) sur-
gery was performed on seven patients (22.58%). A positive family history of hypertrophic
cardiomyopathy or sudden unexplained cardiac death in one of the first- or second-degree rel-
atives was observed in 16 patients (51.61%). Genomic variants related to HCM were detected
in 15 cases (48.39%), of which 10 (32.26%) were classified as pathogenic/likely pathogenic (P/
LP) variants, and the others (16.13%) were classified as VUS (S1 Table). Clinical factors related
to the presence of genetic variants (P/LP and VUS) were age of onset less than the median age
(p < 0.01; odds ratio 11.92; 95% CI 2.27-50.84) and presence of left ventricular obstruction

(p < 0.05; odds ratio 6.67; 95% CI 1.32-27.42), while the other factors displayed no statistical
significance (p > 0.05).

Regarding the DCM registry, the majority of the enrolled subjects were male (n = 21;
67.74%). The average onset was 42.77 + 14.19 years. The median age of onset was 44 years. Fif-
teen patients (48.39%) had later onset at > 45 years of age. The mean left ventricular ejection
fraction was 31.32 + 9.86%. Twenty patients (64.52%) experienced arrhythmia, as described
above. Of them, 10 (32.26%) patients were treated with ICD implantation. A positive family
history of dilated cardiomyopathy, sudden unexplained cardiac death, and unknown cause of
congestive heart failure in first- or second-degree relatives was described in nine cases
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(29.03%). Genomic variants related to DCM were identified in eight cases (25.81%), of which
five cases (16.13%) were classified as pathogenic/likely pathogenic, and the others (9.68%)
were classified as VUS (S2 Table). None of the clinical factors were related to the presence of
P/LP and VUS (p > 0.05).

Genomic findings of hypertrophic and dilated cardiomyopathy

All genomic variants related to HCM and DCM and their essential bioinformatic parameters
are summarized alphabetically (Table 1). MYBPC3 variants were the most prevalent among
HCM patients, while nonsense TTN variants accounted for the majority in the DCM registry.

Surveillance in asymptomatic first-degree relatives

Of the 62 families, 36 (60%) followed the recommendation to undergo cardiovascular and
genetic surveillance within six months after the first genetic consultation of the index cases.
Among 66 first-degree relatives of 36 families, cardiomyopathy was identified in five (7.58%).
HCM was newly diagnosed in three of 34 relatives (8.82%), and DCM was detected in two of
32 (6.25%) relatives (Table 2). Four relatives were reported of good health status, but their car-
diac imaging findings met the diagnostic criteria for either HCM or DCM. Additionally, there
was one family (H020) where the index case and the asymptomatic first-degree relative pre-
sented with significant echocardiogram findings, but the genomic variant was absent. On the
other hand, our study did not detect any asymptomatic relatives who carried genomic variants
without meeting cardiac imaging diagnostic criteria.

Discussion

Current status of the inherited cardiovascular condition service in
developing countries

ICC clinics aim to provide diagnoses of certain inherited cardiovascular conditions, manage-
ment, genetic counseling, genetic testing, and screening of asymptomatic family members.
Such clinics require a multidisciplinary team that specializes in different fields. The most com-
mon referrals to such clinics are cardiomyopathy (HCM, DCM, arrhythmogenic cardiomyop-
athy, and left ventricular noncompaction), arrhythmia (Brugada syndrome and long QT
syndrome), aortopathy (Marfan syndrome and nonsyndromic thoracic aneurysm), and pul-
monary hypertension cases. Several ICC clinics around the world detect new cases in the fam-
ily, with the aim of offering early intervention to prevent morbidity and mortality. Establishing
an ICC clinic in a developing country is a great challenge because genetic testing is costly and
requires government subsidies. For example in Thailand, the gross domestic product (GDP)
per capita was 6,450 USD in 2020 (data obtained from the World Bank Organization), but
next-generation sequencing performed domestically was estimated to be less than 1,160 USD.
In addition, the number of genetic professionals, such as cardiologists specializing in ICC, clin-
ical geneticists, clinical laboratory geneticists, bioinformaticians, and genetic counselors, is
limited. The ratio of clinical geneticists per 100,000 people in Thailand is 0.04. These socioeco-
nomic parameters make it difficult to establish ICC clinics in the country [5]. Currently, our
single-center ICC clinic is at the toddler stage, and the sample size provided in this registry
may not represent the situation of the whole nation. In addition, our relatively small sample
size had its effects on the statistical analysis. If we could increase the number of ICC profes-
sionals around the country, it would be fantastic to initiate multi-center collaboration and
improve accurate national statistics.
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Table 2. Echocardiographic surveillance and the variants identified in asymptomatic first-degree relatives within six months following the first genetic

consultation.

Registry | Total

families
HCM 31
DCM 31
Overall | 62

Number of families
with at least one
first-degree relative
coming for genetic
consultation and

Total number of Newly Index case ID | Genes HGVS Coding HGVS Protein Relatives
relatives performing |diagnosed | belonging to DNA who were
echocardiography cases the newly newly
diagnosed diagnosed
relatives
34 3 (8.82%) HO005 MYBPC3 | NM_000256.3: NP_000247.2:p. A 29-year-
c.3624_3624delC (Lys1209fs) old brother
HO014 MYBPC3 | NM_000256.3: NP_000247.2:p. A 68-year-
c.2300A>G (Lys767Arg) old mother
HO020 Negative A 25-year-
old son
32 2 (6.25%) D022 MYBPC3 | NM_000256.3: NP_000247.2:p. A 21-year-
c.1246G>A (Gly416Ser) old son
D030 TNNT2 | NM_001276345.2: | NP_001263274.1: | A 2-year-old
c.506G>A p.(Argl69Gln) son
66 5 (7.58%)

https://doi.org/10.1371/journal.pone.0267770.t002

Molecular diagnosis of hypertrophic cardiomyopathy

To date, pathogenic variants causing HCM have been characterized in one of the genes encod-
ing sarcomere proteins, with MYBPC3 and MYH?7 being the most prevalent [42,43]. Variants
in the sarcomere gene have been identified in 50-60% of patients with family history and in
20-40% of patients with sporadic HCM [44,45]. Our results showed that all variants (P/LP/
VUS) were identified in 9 of 16 patients (56.25%) with family history and in 6 of 15 patients
(40%) with no significant family history, thereby corroborating the results of previous studies.
In terms of the distribution amongst age groups, classic HCM is commonly seen in adoles-
cents. Nevertheless, the average and median age of onset of patients in our registry were up to
50 years. In fact, our joint ICC clinic was established under the adult cardiology service, which
accepts a referral of patients above 15 years of age. Therefore, younger patients under pediatric
care were not included in this study. Furthermore, our cohort displayed a high proportion of
variants detected in MYBPC3, which has been associated with a later onset age [46]. Mean-
while, the lowest onset age of patients in our ICC registry who carried an MYH?7 pathogenic
variant was 16 years (H016) (S1 Table). MYH? is a well-known gene as a cause of HCM in
younger patients, resulting in significant LVH and the development of symptoms by the sec-
ond decade of life [47]. Owing to the lack of younger patients in our department, the propor-
tion of MYH7-associated HCM in our cohort seemed to be lower than the general incidence.
However, approximately 16% of patients carried VUS owing to insufficient bioinformatic
data to support pathogenic characteristics, that is, variants in ACTN2 (H017), MYBPC3
(HO018), TPM1 (H003), and VCL (HO011) (S1 Table). These VUS were described as missense
and displayed the potential of pathogenic criteria owing to various bioinformatic information,
such as the absence of minor allele frequency in controls, in silico analysis suggestive of protein
damage, and location in highly conserved regions. However, the total interpretation scores did
not meet the P/LP criteria and required further family studies. Familial co-segregation analysis
data would be highly informative if an apparent autosomal dominant inheritance or suggestive
de novo occurrence was elucidated. A recent study demonstrated that novel variant detection
was estimated at 35-40%, and 56% were considered “private” variants specific to each family
[44]. Although data retrieved from familial co-segregation analysis would be helpful to convert
these VUS into P/LP, family tracking was difficult for several reasons, such as none of the
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living relatives, relatives living in a different city, and asymptomatic relatives showing no inter-
est in genetic testing.

Most P/LP variants in our HCM study were predominantly missense variants, resulting in
nonsynonymous amino acid substitutions. Therefore, the variant peptides encoded by those
heterozygous genomic variants might negatively interfere with the co-expressed wild-type pro-
tein. This phenomenon suggests a dominant-negative effect [48]. However, not all missense
variants contribute to this phenomenon. The dominant-negative effect usually occurs if the
variant product of a particular gene can only interact with the same elements as a wild-type
product and adversely affect the normal protein function [49]. In the meantime, nearly half of
the variants in MYBPC3 in our study were caused by frameshifts and splice-site variants, sug-
gesting a loss-of-function and haploinsufficiency mechanism [50].

Several clinical predictors have been proposed to be associated with the presence of genetic
variants in HCM patients. We performed statistical analysis for age at onset, left ventricular
obstruction, arrhythmias, syncope, and family history. We demonstrated that only a median
age of less than 52 years at onset and left ventricular obstruction were statistically significant.
Previous publications have described that the variables related to a higher probability of a posi-
tive genetic test included family history, young age, left ventricular thickness, heart failure, and
ventricular arrhythmia [51-53].

Molecular diagnosis of dilated cardiomyopathy

The etiology of DCM is diverse and can be categorized as acquired, syndromic, or non-syndromic.
Our ICC registry included only patients diagnosed with idiopathic DCM without other systemic
involvement; therefore, the most well-known acquired causes were excluded, such as ischemic pro-
cess, a significant history of acute viral myocarditis, particular drug use, heavy alcohol consumption,
chronic kidney disease stage 4-5, hyperthyroidism, uncontrolled hypertension, and other suspicious
conditions. Patients with syndromic DCM, such as cardiomyopathy found in neuromuscular disor-
ders, neurodevelopmental disorders, and inherited metabolic diseases, were also excluded. The over-
all variant detection rate, including P/LP/VUS, was approximately 25.81% (P/LP16.13%; VUS
9.68%). Focusing on the probability of P/LP variant detection and the family history correlation, the
culprit variants were identified in 2 of 9 patients (22.22%) with family history and 3 of 22 patients
(13.64%) with no family history (S2 Table). These results are consistent with those of previous litera-
ture describing the identification of a culprit variant in approximately 20-40% of patients with famil-
ial DCM and approximately 13-25% of patients with sporadic DCM [54,55].

To date, the most prevalent genes contributing to the DCM phenotype include TTN (15-
20%), LMNA (6%), MYH?7 (4%), FLNC (2-4%), BAG3 (3%), and TNNT2 (3%) [56]. The other
reported genes are rare. The other reported genes are rare. Our ICC registry demonstrated
TTN, MYH7, MYBPC3, and TNNT2 as P/LP, but VUS was also detected in MYH7, SCN5A,
and CSRP3. TTN encodes a giant protein called Titin, which is responsible for the passive elas-
ticity of cardiac muscle, and this gene is known to be highly variated [57]. Many TTN variants
were obtained following NGS data generation and classified as benign.

Similar to the approach in the HCM group, familial co-segregation analysis would be help-
ful to confirm the pathogenicity of VUS. Variants causing DCM are also suggestive of either
dominant-negative or haploinsufficient mechanisms.

In our cohort, none of the clinical predictors was related to the presence of genomic find-
ings, that is, age at onset, LVEF, arrhythmias, ICD implantation, and family history. However,
to facilitate screening, genetic testing is recommended for all patients with familial DCM. In
contrast, guideline recommendations for testing in patients with sporadic DCM differ, but
specific clinical features might increase the testing yield [54].
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Cardiac and genetic surveillance in first-degree relatives

The results of our study suggest that the offer for cardiac screening in first-degree relatives of
patients diagnosed with HCM or DCM is still beneficial, even though the genomic variant is
either present or absent. We established a genetic counseling system for relatives of all newly
diagnosed cases by issuing referral letters to all first-degree relatives. The letter mentions why
they needed cardiovascular surveillance and genetic testing. Most developing countries face
similar difficulties because the national genetic counseling system is in the toddler stage [8].
This work is currently consultant-led and varies based on the individual’s practice. However,
60% of the relatives in our cohort who received our letter robustly followed the recommenda-
tions within the first year of contact.

The detection rate of echocardiogram surveillance and genetic testing among asymptom-
atic relatives was attractive. We detected 8.82% and 6.25% new presymptomatic cases of
HCM and DCM, respectively. Thus, our genetic service detected new patients, approxi-
mately one in 13 asymptomatic family members (Table 2). Previous studies also showed
that a new diagnosis for HCM in children’s first-degree relatives was approximately 8-10%
[58]. Conclusively, family screening remains essential, and relatives would benefit from
early detection and intervention to prevent subsequent adverse outcomes. Although the
ICC system in developing countries is not solid, genetic testing and family screening are
recommended to apply clinical practice guidelines worldwide, based on each national
healthcare context [59,60].

Conclusions

This research highlighted the lessons and learning curve of genomic findings of non-syndro-
mic HCM and idiopathic DCM in ICC clinics in a developing country. We provided genomic
data sharing from the Southeast Asian population, which would be useful for the global data-
base. The national ICC registry in our country remains at a beginner stage. Our aim is to intro-
duce these data to the government to consider the reimbursement of genetic testing for
cardiomyopathy in patients and their relatives. In addition, we need national-level support to
train more staff members keen to practice ICC and increase awareness in other clinicians
about the genetic referral of these conditions.

Supporting information

S1 Table. Clinical information of patients affected by hypertrophic cardiomyopathy in this
study.
(PDF)

§2 Table. Clinical information of patients affected by dilated cardiomyopathy in this
study.
(PDF)
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