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Abstract
Background Pathogenic variants of MYH7, which encodes the beta-myosin heavy chain protein, are major causes of 
dilated and hypertrophic cardiomyopathy.

Methods In this study, we used whole-genome sequencing data to identify MYH7 variants in 397 patients with 
various cardiomyopathy subtypes who were participating in the National Project of Bio Big Data pilot study in Korea. 
We also performed in silico analyses to predict the pathogenicity of the novel variants, comparing them to known 
pathogenic missense variants.

Results We identified 27 MYH7 variants in 41 unrelated patients with cardiomyopathy, consisting of 20 previously 
known pathogenic/likely pathogenic variants, 2 variants of uncertain significance, and 5 novel variants. Notably, the 
pathogenic variants predominantly clustered within the myosin motor domain of MYH7. We confirmed that the novel 
identified variants could be pathogenic, as indicated by high prediction scores in the in silico analyses, including SIFT, 
Mutation Assessor, PROVEAN, PolyPhen-2, CADD, REVEL, MetaLR, MetaRNN, and MetaSVM. Furthermore, we assessed 
their damaging effects on protein dynamics and stability using DynaMut2 and Missense3D tools.

Conclusions Overall, our study identified the distribution of MYH7 variants among patients with cardiomyopathy 
in Korea, offering new insights for improved diagnosis by enriching the data on the pathogenicity of novel variants 
using in silico tools and evaluating the function and structural stability of the MYH7 protein.
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Introduction
Cardiomyopathy, a cardiac muscle disease, is associ-
ated with impaired cardiac function and classified into 
hypertrophic cardiomyopathy (HCM), dilated cardio-
myopathy (DCM), arrhythmogenic right ventricular 
cardiomyopathy (ARVC), restrictive cardiomyopathy 
(RCM), and undefined cardiomyopathy. HCM is charac-
terized by unexplained left ventricular hypertrophy and 
a non-dilated left ventricle with a preserved or increased 
ejection fraction [1]. DCM is characterized by cardiac 
dilatation, predominantly of the left ventricle, and a 
beyond-repair weakening of the heart muscle, result-
ing in reduced contractile function and inefficient heart 
pumping [2].

The majority of cardiomyopathies, including HCM and 
DCM, are genetic disorders inherited in an autosomal-
dominant manner [3, 4]. Mutations in genes encoding 
thick filament components such as myosin heavy chain 
7 (MYH7) and myosin-binding protein C3 (MYBPC3) 
account for 75% of inherited HCM cases, establishing 
HCM as a sarcomere disease [3, 5–7]. In contrast, DCM 
exhibits greater genetic heterogeneity, with mutations 
occurring in genes encoding cytoskeletal, nucleoskeletal, 
mitochondrial, and calcium-handling proteins [4, 7, 8]. 
Over 50 genes have been linked to both HCM and DCM 
[9].

The MYH7 gene, located on chromosome 14, encodes 
β-myosin heavy chain [10]. In cardiac muscle cells, each 
type II myosin protein consists of two heavy chains 
(encoded by the MYH7 gene) and two pairs of regulatory 
light chains (encoded by several other genes) [10]. The 
MYH7 protein comprises a head region (also known as 
the myosin motor domain), which interacts with actin 
and ATP and is crucial for the protein’s motor activ-
ity, and a long tail region that interacts with other pro-
teins, including the tail regions of myosin proteins. Most 
variants are located within the head region, potentially 
affecting the actin-binding sites [10, 11].

Pathogenic MYH7 variants rank as the second most 
common inherited cause of HCM and third most com-
mon inherited cause of DCM [12]. These variants, pre-
dominantly missense in nature, are dominantly inherited, 
although instances of de novo variants have also been 
reported [13, 14]. Approximately 2205 missense MYH7 
variants are listed in the ClinVar database, with 372 
disease-causing variants and 1833 variants of uncertain 
significance (VUS) or conflicting interpretations of their 
pathogenicity despite the set specific pathogenicity crite-
ria for this gene in February 2024 [15].

Here, we present the frequency and distribution of 
MYH7 variants in a diverse cohort of unrelated patients 
with cardiomyopathy from the National Project of Bio 
Big Data pilot study in Korea. We performed in silico 
analyses to predict the pathogenicity of novel variants 

in comparison with known pathogenic/likely pathogenic 
variants. Furthermore, we assessed the damaging effects 
of novel MYH7 variants on protein dynamics and stability 
in DynaMut2 and Missense3D. The results of this study 
provide new insights into genetic diagnosis by examining 
the pathogenicity of novel MYH7 variants using in silico 
techniques to evaluate the function and structural stabil-
ity of the MYH7 protein.

Materials and methods
Study participants and general information
Study participants and clinical information regarding 
cardiomyopathy were obtained from the National Project 
of Bio Big Data Pilot Study conducted in Korea between 
August 2020 and December 2022 [16]. The National 
Project of Bio Big Data is a national project that aims 
to implement precision medicine and national health 
promotion; it has generated whole-genome sequenc-
ing (WGS) data, which consisted of singleton, duo, trio, 
and more than trio proband families, clinical informa-
tion, and lifestyle data of the Korean population. In the 
rare disease study of this project, approximately 15 
000 patients with rare diseases and their families were 
recruited for genetic diagnosis as well as for finding 
new genetic factors related to rare disorders based on 
the WGS analysis. We used variant calling and filtering 
data of 397 patients with cardiomyopathy (both familial 
and nonfamilial cases) in the National Project of Bio Big 
Data pilot study. Informed consent was obtained from all 
the participants and parents of patients before conduct-
ing the genetic tests. The Institutional Review Board of 
the Human Research of the Korea National Institute of 
Health, Korea Disease Control and Prevention Agency 
approved this study (Approval No. 2022-09-10-P-A, 
2022-02-07–2C-A, KDCA-2023-06-06-P-01). This study 
was performed according to the Declaration of Helsinki.

Identification of MYH7 variants in patients with 
cardiomyopathies
The workflow of the study is outlined in Fig. 1. DCM, HCM, 
undefined cardiomyopathy, ARVC, DCM and conduction 
defects, left ventricular noncompaction cardiomyopathy, 
pediatric or syndromic cardiomyopathy, and progressive 
cardiac conduction disease was detected in 218 (54.9%), 153 
(38.5%), 14 (3.5%), 4 (1.0%), 4 (1.0%), 2 (0.5%), 1 (0.3%), and 
1 (0.3%) patients, respectively (Table 1). We manually identi-
fied all annotated files from the WGS data of 397 patients 
with cardiomyopathy to identify MYH7 (NM_000257.4) 
variants. Variants with allele frequency > 0.001 in gnomAD 
(https://gnomad.broadinstitute.org/) were filtered out. 
Among them, synonymous, likely benign, benign, and non-
coding variants were excluded. Filtered MYH7 variants were 
searched in the ClinVar database (https://www.ncbi.nlm.nih.
gov/clinvar/) and classified as pathogenic, likely pathogenic, 

https://gnomad.broadinstitute.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
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or of uncertain significance, according to the guidelines of 
the American College of Medical Genetics and Genomics 
(ACMG). Representative cardiomyopathy-related MYH7 
variants were obtained from the Online Mendelian Inheri-
tance in Man (OMIM) database (https://www.omim.org/). 
Criteria for inclusion include the first mutation to be dis-
covered, high population frequency, distinctive phenotype, 

historic significance, unusual mechanism of mutation, 
unusual pathogenetic mechanism, and distinctive inheri-
tance. Most of the variants represent disease-causing muta-
tions, although a few polymorphisms are included. [17].

In silico prediction of MYH7 missense variants
The pathogenic effects of MYH7 missense variants were 
identified using several online tools such as CADD 
(https://cadd.gs.washington.edu/snv) [18], PolyPhen-2 
(http://genetics.bwh.harvard.edu/pph2/) [19], SIFT [20], 
MutationAssessor (http://mutationassessor.org/r3/) [21], 
PROVEAN [22], REVEL [23], MetaLR, MetaRNN [24], 
and MetaSVM. VarSome [25], a search engine for human 
genomic variation, was used to classify MYH7 variants 
according to the ACMG guidelines [26].

Prediction of changes in protein stability and interaction 
due to MYH7 missense variants
Changes in protein stability and interactions of MYH7 
missense variants were predicted using DynaMut2 
(http://biosig.unimelb.edu.au/dynamut/) [27] and Mis-
sense3D (http://missense3d.bc.ic.ac.uk/missense3d/) 
[28]. DynaMut2 predicts protein dynamics and flexibility, 
whereas Missense3D predicts structural changes induced 
by amino acid substitutions. Experimental (PDB: 5tby) 

Table 1 Number of patients with cardiomyopathy carrying 
MYH7 variants
Category Number of 

patients with 
MYH7 variants

Total 
num-
ber of 
patients

Arrhythmogenic right ventricular 
cardiomyopathy

0 4

Dilated cardiomyopathy 14 218
Dilated cardiomyopathy and conduction 
defects

0 4

Hypertrophic cardiomyopathy 24 153
Left ventricular noncompaction 
cardiomyopathy

0 2

Pediatric or syndromic cardiomyopathy 0 1
Progressive cardiac conduction disease 0 1
Undefined 3 14

41 397

Fig. 1 Workflow of this study. P, pathogenic; LP, likely pathogenic; VUS, variant of uncertain significance. OMIM, Online Mendelian Inheritance in Man

 

https://www.omim.org/
https://cadd.gs.washington.edu/snv
http://genetics.bwh.harvard.edu/pph2/
http://mutationassessor.org/r3/
http://biosig.unimelb.edu.au/dynamut/
http://missense3d.bc.ic.ac.uk/missense3d/
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and predicted (AlphaFold: AF-P12883-F1) structures of 
the human MYH7 protein were used as inputs.

Statistical analyses
Statistical analyses were performed using GraphPad 
Prism 8.0.2 for Windows (GraphPad Software; www.
graphpad.com). Data are presented as the mean ± stan-
dard deviation (SD) of all analyses. Tukey’s multiple 
comparisons test was used for all one-way analyses of 
variance (ANOVAs) with repeated measures. The level 
of statistical significance was set at p < 0.05. Asterisks * in 
the figures represent significance levels of p < 0.05.

Results
General characteristics of patients with cardiomyopathies 
carrying MYH7 variants
To identify MYH7 variants, we selected 397 patients with 
cardiomyopathy among the 15 000 participants with 
diverse rare diseases from the National Project of Bio Big 
Data pilot study in Korea. Using our filtering strategy, we 
identified 27 variants within the coding region of MYH7 
in 41 unrelated patients (Fig.  1). Forty-one patients, 
including 22 men (53.7%) and 19 women (46.3%), had 
various subtypes of cardiomyopathy, including HCM 
(59%), DCM (34%), and undefined (7%) (as detailed 
in Table  1). The mean ages of male and female patients 
were 47.4 ± 14.6 and 43.9 ± 20.0 years, respectively, with 
no difference in age between males and females. MYH7 
variants were identified in 33 singletons (80.5%), 4 duos 
(9.8%), 1 trio (2.4%), and 3 quartets (7.3%) (Supplemen-
tary Table 1).

General information on the MYH7 variants identified in this 
study
In this study, we identified 27 potentially causative MYH7 
variants in 41 patients with cardiomyopathy. We uti-
lized the ClinVar and Clinical Genome Resource (Clin-
Gen) databases, which are public archives of human 
genetic variants, to confirm the clinical significance of 
the 27 MYH7 variants identified in this study for car-
diomyopathy. Consequently, the identified MYH7 vari-
ants were classified into 20/27 (74%) known pathogenic 
or likely pathogenic variants, 2/27 (7%) VUS, and 5/27 
(19%) novel variants (Fig.  1 and Supplementary Table 
1) based on the ClinVar database. The following five 
novel variants were not previously reported in ClinVar: 
p.Glu55Lys, p.Tyr134His, p.Phe488Leu, p.Gln1318Leu, 
and p.Asn1918_Ala1922del (Supplemental Table 1). 
The following seven variants were included in the Clin-
Gen Cardiomyopathy Variant Curation Expert Panel: 
p.Arg369Gln, p.Arg403Gln, p.Arg403Trp, p.Arg663His, 
p.Arg870Cys, p.Glu1356Lys, and p.Thr1377Met (Supple-
mental Table 1). Among the 14 patients with DCM, 10 
(71%) had pathogenic or likely pathogenic variants, and 

4 (29%) had VUS or novel variants (Supplementary Table 
1). Moreover, among the 24 patients with HCM, 22 (92%) 
had pathogenic or likely pathogenic variants and 2 (8%) 
had novel variants (Supplementary Table 1). One of the 
three patients with undefined cardiomyopathy had a 
VUS, and the other had a novel variant. The remaining 
one patient with left ventricular noncompaction cardio-
myopathy and progressive cardiac conduction disease 
had a likely pathogenic variant (Supplemental Table 1).

Distribution in domain and frequency of MYH7 variants
The 27 identified MYH7 variants comprised 26 mis-
sense variants and a small-deletion variant of 15 base 
pairs (see Supplementary Table 1). Known pathogenic 
or likely pathogenic variants of MYH7 were predomi-
nantly located within the myosin motor domain of 
the MYH7 protein (15/27, 55.6%) (Fig.  2). Two patho-
genic variants were located within the IQ domain (2/27, 
7.4%), and seven pathogenic or likely pathogenic vari-
ants were located in the coiled-coil domain (9/27, 33.4%) 
(Fig.  2). Among these variants, p.Arg249Gln emerged 
as the most prevalent, being present in four unrelated 
DCM and two unrelated HCM cases in this study, fol-
lowed by p.Arg663His in four unrelated HCM cases and 
p.Thr1377Met in three unrelated HCM cases (Fig.  3). 
The p.Tyr134His variant was identified in two unre-
lated patients with HCM or undefined cardiomyopa-
thy, with no report of its pathogenicity in ClinVar or 
other databases (Fig. 3 and Supplementary Table 1). The 
p.Leu476Phe and p.Glu1356Lys variants were identified 
in two unrelated patients with HCM or DCM (Fig. 3 and 
Supplementary Table 1).

In silico prediction of MYH7 variants
We performed in silico analysis to evaluate the pathogenic 
effects of the VUS and novel MYH7 missense variants, 
including the p.Glu55Lys, p.Tyr134His, p.Ser148Arg, 
p.Phe488Leu, p.Arg807Cys, and p.Gln1318Leu variants. 
We compared these missense variants with the known 
pathogenic MYH7 variants identified in our study and 
missense variants selected from the OMIM database. We 
scored the VUS and novel missense MYH7 variants using 
SIFT, Mutation Assessor, and PROVEAN to evaluate 
their interspecific and evolutionary sequential conser-
vation. The VUS and novel MYH7 variants had patho-
genicity scores < 0.05 in SIFT, with the exception of the 
p.Gln1318Leu variant (Fig.  4a). The MYH7 p.Tyr134His 
and p.Arg807Cys variants were associated with a high 
risk (scores > 3.5) regarding a deleterious effect on 
MYH7 function as altered missense variants in Mutation 
Assessor, whereas the other variants had a low impact 
(scores ≤ 1.9) (Fig. 4b). In PROVEAN, all variants exclud-
ing p.Glu55Lys and p.Ser148Arg indicated pathogenic-
ity with respect to MYH7 function (Fig. 4c). We further 

http://www.graphpad.com
http://www.graphpad.com
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Fig. 3 Heat map demonstrating the frequency of MYH7 variants identified in this study. The frequency of MYH7 variants ranges from white (0) to red (4), 
with diverse subtypes of cardiomyopathy indicated on the y-axis. All MYH7  variants are clustered across the x-axis. DCM, dilated cardiomyopathy; HCM, 
hypertrophic cardiomyopathy

 

Fig. 2 Distribution of all MYH7 variants identified in this study. All variants shown are annotated according to the human genome GRCh38, using the 
MYH7 protein accession number NP_000248.2. Variants identified in this study are shown above the protein domain, and OMIM variants are located 
below. Pathogenic (P)/likely pathogenic (LP) variants reported as causal variants in ClinVar are shown in red, variants of uncertain significance (VUS) are 
shown in yellow, and novel variants are shown in blue. MYH7 contains functional domains such as the myosin motor, IQ, and coiled-coil domain
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scored the MYH7 variants using PolyPhen-2 to evaluate 
protein structural alterations. We found that all variants 
excluding p.Glu55Lys and p.Phe488Leu had a “probably” 
(scores ≥ 0.957) or “possibly” (0.453 ≤ x ≤ 0.956) damaging 
effect on MYH function (Fig. 4d). Finally, we scored the 
MYH7 variants using supervised machine learning anal-
ysis with the CADD, REVEL, MetaLR, MetaRNN, and 
MetaSVM tools (Fig.  4e–i). The novel MYH7 variants, 
excluding p.Glu55Lys, were predicted to have damag-
ing effects on protein function in REVEL, MetaLR, and 
MetaRNN (Fig.  4f-h). The MYH7 p.Ser148Arg variant 
was predicted to have a benign effect in CADD, whereas 
other variants exhibited pathogenic scores in CADD 

(Fig. 4e). The MYH7 p.Tyr134His and p.Arg807Cys vari-
ants had pathogenic scores in MetaSVM (Fig.  4i). The 
pathogenicity scores of the VUS and novel variants were 
similar to those of the known pathogenic variants in 
SIFT, Mutation Assessor, PROVEAN, PolyPhen-2, and 
MetaLR (Fig. 4a–d and g). However, the VUS and novel 
variants had significantly lower scores compared with 
those of known pathogenic variants in CADD (p = 0.0190 
vs. OMIM), REVEL (p = 0.0058 vs. OMIM; p = 0.0334 vs. 
P/LP), MetaRNN (p = 0.0019 vs. OMIM; p = 0.0298 vs. P/
LP), and MetaSVM (p = 0.0338 vs. P/LP)(Fig.  4, Supple-
mentary Tables 2 and 3). In particular, the p.Tyr134His 
and p.Arg807Cys variants showed high pathogenicity in 

Fig. 4 In silico predictive scores of MYH7 variants. Comparison of predicted pathogenicity scores for pathogenic (P)/likely pathogenic (LP) and VUS (vari-
ants of uncertain significance)/novel missense MYH7 variants in this study, with missense variants identified in OMIM. The scatter dot plots show the val-
ues for various predictive scores: (a) SIFT, (b) Mutation assessor, (c) PROVEAN, (d) PolyPhen-2, (e) CADD (GRCh38-v1.6), (f ) REVEL, (g) MetaLR, (h) MetaRNN, 
and (i) MetaSVM scores. The pathogenicity score threshold based on a previous study [41] is presented in the gray area of each graph. Data are presented 
as the mean ± standard deviation. Statistical significance in e, f, h, and i was calculated using ordinary one-way ANOVA in GraphPad Prism 8.0.2. * = p < 0.05
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the in silico analyses, suggesting that they may be pos-
sible causative variants of cardiomyopathy (Fig.  4 and 
Table 2).

Next, we utilized the DynaMut2 and Missense3D web 
servers to predict the effect of these MYH7 variants on 
protein structure and visualize the residues of MYH7 
missense variants. The p.Tyr134His (–1.23  kcal/mol), 
p.Ser148Arg (–0.36 kcal/mol), p.Phe488Leu (–2.08 kcal/
mol), and p.Arg807Cys (–0.49  kcal/mol) variants had 
relatively lower ΔΔG values, implying reduced protein 
stability, although the p.Glu55Lys (0.57  kcal/mol) and 
p.Gln1318Leu (0.4  kcal/mol) variants were predicted to 
not affect protein stability in DynaMut2 (Fig. 5; Table 2, 
and Supplementary Table 4). In addition, the p.Tyr134His 
(156.816 Ǻ^3) and p.Ser148Arg (111.672 Ǻ^3) variants 
led to alterations in cavity volume, whereas the other 
variants had no effect on MYH7 protein structure as pre-
dicted in Missense3D (Supplementary Table 4).

Classification of novel MYH7 variants
Based on population data, location, in silico pathogenic 
prediction, and phenotype associations, we manu-
ally classified the VUS and novel MYH7 variants using 
the ACMG/Association Molecular Pathology (AMP) 
framework (Supplementary Table 5). In patient 1, the 
p.Glu55Lys variant was predicted as a VUS with lev-
els of evidence PM2 and BP4. In patients 2 and 3, the 
p.Tyr134His variant was predicted as likely patho-
genic with levels of evidence PP3, PM1, PM2, and PS4. 
In patient 4, the p.Ser148Arg variant was predicted as 
pathogenic with levels of evidence PS1, PM1, PM5, and 
PM2. In patient 20, the p.Phe488Leu variant was pre-
dicted as a VUS with levels of evidence PM1, PP3, and 
PM2. In patient 28, the p.Arg807Cys variant was pre-
dicted as a VUS with levels of evidence PM5, PP3, and 
PM2. In patient 34, the p.Gln1318Leu variant was pre-
dicted as a VUS with levels of evidence PM2. In patient 
42, the p.Asn1918_Ala1922del variant was predicted as 
a VUS with levels of evidence PM4 and PM2. We also 
used VarSome [25], an automated engine, for classifying 
the VUS and novel MYH7 variants according to ACMG 
guidelines [26]. The novel p.Tyr134His, p.Ser148Arg, 
p.Arg807Cys, and p.Asn1918_Ala1922del variants were 
predicted as likely pathogenic, whereas the p.Glu55Lys, 
p.Phe488Leu, and p.Gln1318Leu variants were predicted 
as VUS (Supplementary Table 5).

Discussion
In this study, we identified 27 MYH7 variants in 41 unre-
lated cases in a cohort of 397 patients with cardiomy-
opathy from the National Project of Bio Big Data pilot 
study in Korea. These MYH7 variants included 20 known 
pathogenic/likely pathogenic, 2 VUS and 5 novel vari-
ants of cardiomyopathy. We performed in silico analysis Ta
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of the VUS and novel MYH7 variants to understand their 
potential pathogenic contributions to cardiomyopathy.

Of the 27 variants identified, 26 were missense vari-
ants. Cardiomyopathy is well-established to be pre-
dominantly caused by missense variants in the MYH7 
gene [29]. Notably, 15 variants in this study clustered 
within the myosin motor domain spanning positions 85 
to 778, which is critical for MYH7 function. Variants in 
the myosin motor domain are likely to negatively affect 
the interaction with actin, which is essential for convert-
ing ATP into mechanical energy. Supporting this finding, 
previous studies showed that the p.Arg369His variant led 
to decreased maximal myosin binding to F-actin with-
out affecting ATPase activity in vitro. This variant also 
reduced locomotion in adult Drosophila, indicating that 
the p.Arg369His variant is critical for both actin inter-
action and muscle function [30]. In addition, a zebrafish 
knockout model of the myosin motor domain of MYH7 
generated using the CRISPR/Cas9 genome editing sys-
tem exhibited abnormal heart development [11]. A study 
on induced pluripotent stem cell-derived cardiomyocytes 
from a patient with the p.Arg663His variant reported 
disease characteristics and abnormal calcium handling 
as the mechanisms underlying HCM development at the 
cellular level [31]. This implied that variants in this region 
are more likely to disrupt protein function than those 
located elsewhere.

We identified the same MYH7 variants in several unre-
lated patients in this study. These patients were recruited 
nationwide from Korea as part of the National Project of 
Bio Big Data pilot study, and it was confirmed that they 
were unrelated individuals with cardiomyopathy. The 

high frequency of these variants in our study is consis-
tent with reports in the literature [6, 32–38] and data-
bases such as ClinVar, ClinGen, and OMIM DB, where 
these variants have been identified as causative for car-
diomyopathy. It is plausible that these variants are also 
frequently observed in other cohorts. For instance, the 
p.Arg249Gln variant was found in six unrelated individ-
uals in our study. Richard et al. reported this variant in 
three unrelated cases of HCM from their French cohort 
[6], and Woo et al. detected the variant in three individu-
als with HCM from a Canadian cohort [32]. Notably, the 
p.Arg249Gln variant appears to be particularly prevalent 
in our Korean population. To determine whether the 
p.Arg249Gln variant is especially common within the 
Korean population, further population studies are neces-
sary. Additionally, the p.Arg663His variant was identified 
in four individuals in our study and has been identified in 
a substantial number of HCM patients across ethnically 
diverse populations [33–38].

The MYH7 p.Asn1918_Ala1922del variant identi-
fied in this study is an in-frame deletion. Interestingly, 
MYH7 variants causing the distal phenotypes are located 
within the tail region of the slow myosin molecule [39]. 
This location is in the region of the reported domains for 
interaction with myomesin and titin [39]. Variants in the 
ultimate C-terminus of slow myosin are known to cause 
body myopathy, whereas variants in the proximal neck, 
head part, and coiled-coil domain may cause cardiomy-
opathy [6, 40]. Most variants for the distal phenotype 
are targeted to lysine residues; however, further mecha-
nistic explanations for the molecular pathogenesis are 
lacking. Therefore, monitoring and updating the clinical 

Fig. 5 DynaMut2 prediction of interatomic interactions of the native MYH7 vs. the variants. (a) Prediction scores of changes in protein stability using 
the DynaMut2 server. Interatomic interaction of MYH7 variants visualized using DynaMut2 in (b, c) p.Tyr134His and (d, e) p.Phe488Leu. Wild-type and 
mutant residues are indicated in a purple rectangle and represented as sticks along with the surrounding residues involved in the interaction. Dot points 
represent the interaction with the following color codes: pink, clash; light blue, VDW; red, hydrogen bond; yellow, ionic; light green, aromatic; green, 
hydrophobic; blue, carbonyl contacts
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phenotypes of patients with C-terminus variants, such as 
the distal myopathy of the patient with the p.Asn1918_
Ala1922del variant identified in this study, is required.

We discovered 7 MYH7 variants that were reported 
as VUS or not previously reported in the ClinVar data-
base. We compared the VUS and novel missense MYH7 
variants identified in this study with those catalogued 
in OMIM to assess variant pathogenicity using in silico 
tools. Representative variants of OMIM are mostly dis-
ease-causing variants [17]. Available in silico tools can 
help researchers establish the pathogenicity of novel vari-
ants identified in disease-causing genes [41–43]. Many 
approaches have been developed to enable these predic-
tions, with their number growing rapidly in recent years 
[18–24, 27, 28]. To date, such studies have mainly focused 
on predicting the effect of missense variants on the struc-
ture, function, and evolutionary conservation of proteins 
[41, 44]. This strategy could provide a genetic diagnosis 
in addition to variant classification. The missense vari-
ants identified in our study, including p.Tyr134His, 
p.Ser148Arg, p.Phe488Leu, and p.Arg807Cys, were 
predicted to have pathogenic effects on normal MYH7 
function and structure. In CADD, REVEL, MetaRNN, 
and MetaSVM analyses, the in silico scores of the novel 
variants were significantly lower than those of known 
pathogenic variants, further suggesting a benign effect 
of the p.Glu55Lys variant on protein function. As MYH7 
is a key contributor to cardiomyopathy, our results from 
the in silico analyses of novel variants may be sufficient 
to suggest that they are causative variants. Nevertheless, 
functional in vitro or in vivo experiments of these novel 
variants are required to validate the damaging effects on 
the MYH7 gene or protein in further studies.

Genetic variants are mainly reported in ClinGen [15, 
45], which is a Food and Drug Administration-recog-
nized human genetic variant database containing expert-
curated assertions regarding variant pathogenicity and 
supporting evidence summaries. Several MYH7 vari-
ants, including p.Arg369Gln, p.Arg403Gln, p.Arg403Trp, 
p.Arg663His, p.Arg870Cys, p.Glu1356Lys, and 
p.Thr1377Met, were analysed in our study and are reg-
istered in the Inherited Cardiomyopathy Expert Panel 
(CMP-EP) in ClinGen. The CMP-EP established adjusted 
ACMG/AMP variant classification rules that can be used 
for all MYH7-associated cardiomyopathies [15].

We manually classified two MYH7 variants as poten-
tial pathogenic or likely pathogenic according to the 
ACMG/AMP framework for MYH7 [15]. One novel vari-
ant, p.Tyr134His, is located within the myosin motor 
domain (PM1_moderate) and was first identified in two 
patients with HCM in this study (PM2_moderate and 
PS4_supporting). The p.Tyr134His variant was predicted 
to have pathogenic effects on protein function and struc-
tural stability using all in silico tools (PP3_supporting). 

The p.Ser148Arg variant was also located in the myosin 
motor domain (PM1_moderate) and is absent in the nor-
mal population (PM2_moderate). The equivalent variant 
c.442 A > C (p.Ser148Arg) was classified as likely patho-
genic by ClinVar (PS1_strong), and the alternative variant 
c.441 C > A (p.Ser148Ile) was classified as pathogenic by 
UniProt (PM5_moderate). Other variants were classified 
as VUS. Sharing information on patients with cardio-
myopathy harboring the same variant in other studies or 
adding details of the clinical phenotypes and family his-
tories of patients can potentially upgrade the rule-based 
classification of VUS to likely pathogenic.

In the current study, we identified three patients with 
variants in genes other than MYH7. Patient 1, who has 
DCM, carries both the MYH7 p.Glu55Lys and LMNA 
p.Phe113Leu variants. Whereas LMNA is well-known as 
a causative gene for DCM [46, 47], the p.Phe113Leu vari-
ant is reported as a VUS for Charcot-Marie-Tooth dis-
ease type 2 in the ClinVar database. Patient 20, also with 
DCM, has both the MYH7 p.Leu476Phe and MYBPC3 
p.Arg502Gln variants. MYBPC3 is recognized as a caus-
ative gene for both HCM and DCM [48, 49] and the 
MYBPC3 p.Arg502Gln variant is frequently reported 
as pathogenic or likely pathogenic for cardiomyopathy 
in the ClinVar database. Patient 40, with DCM, has the 
MYH7 p.Arg1396Trp and TNNT2 p.Arg151Gln variants. 
The TNNT2 is reported as a causative gene for cardiomy-
opathy [50], and the TNNT2 p.Arg151Gln variant is also 
reported as pathogenic or likely pathogenic for cardiomy-
opathy in the ClinVar database. Given the reported pos-
sibility of oligogenic inheritance in cardiomyopathy [51, 
52], it is necessary to investigate whether the phenotypes 
of patients with both MYH7 and other causative gene 
variants for cardiomyopathy, such as LMNA, MYBPC3, 
and TNNT2, are more severe compared to those with 
only MYH7 variants. Further studies will be needed to 
update additional clinical data.

Structural variants (SVs) such as copy number vari-
ants, insertions, and inversions have greater effects 
on human genome functions than single nucleotide 
variants (SNVs) or small insertions/deletions. Long-
read sequencing (LRS) produces tens to thousands of 
kilobase reads and detects the breakpoints of complex 
SVs. Using LRS, Sonoda et al. [53] confirmed a large 
deletion extending from MYH6 to MYH7, including 
the breakpoints, in a family with the inherited atrial 
septal defect. Another recent study used LRS on five 
sarcomeric protein genes (MYH7, MYBPC3, TPM1, 
TNNT2, and TNNI3) in four patients with HCM [54]. 
Thus, LRS is a useful approach to detect SVs in undi-
agnosed patients with suspected inherited diseases, 
including cardiomyopathy, that do not harbor any 
reported causative SNVs.
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This study had several limitations. First, there are 
limitations in the clinical information collected from 
the large-scale National Project of Bio Big Data pilot 
study to analyse the genotype–phenotype relationships 
of the novel MYH7 variants identified in our study. 
These limitations include a lack of human phenotype 
ontology terms, information on age at first diagno-
sis, family history, and phenotypic information on 
patients with oligogenic inheritance or modifier vari-
ants. A new project to update the insufficient clinical 
information in this study will be needed in the future. 
Second, we could not perform trio-based genetic anal-
ysis owing to limitations in acquiring patient family 
information. The average age of patients with MYH7 
variants was 46 years; thus, it was difficult for the par-
ents of patients to participate in this project. Last, we 
assessed SNVs and small deletions only and did not 
evaluate SVs, large rearrangements, or exon-range 
alterations even when using the WGS data. Hence, 
additional pathogenic SVs of MYH7 that were not 
detected in this study might be present, the detection 
of which will require further analyses.

Conclusions
In this study, we identified 27 MYH7 variants in 41 
unrelated patients with diverse cardiomyopathies 
from the National Project of Bio Big Data pilot study 
in Korea. These variants comprised 20 known patho-
genic/likely pathogenic, 2 VUS, and 5 novel variants. 
Notably, known pathogenic MYH7 variants were pre-
dominantly situated within the myosin motor domain 
of the MYH7 protein. In silico analyses revealed that 
these novel MYH7 variants had pathogenic effects 
on protein function and structural stability. In sum-
mary, this study is the first to identify the distribution 
of MYH7 variants in patients with cardiomyopathy 
in Korea and could provide new insights into genetic 
diagnosis through the assessment of novel variants’ 
pathogenicity using in silico tools.
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