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A B S T R A C T   

Personalized medicine is one of the popular approaches in biological sciences. Due to the great attention in 
personalized medicine, there exists a need for health decision algorithms developed through high-level pro-
gramming languages that already compromised the statistical analyses and numerical computations. Here, we 
present a tool that enables us to facilitate making research in the PubMed database by classifying the scientific 
literature from the published abstracts and then performed the comparative analysis to highlight the importance 
of gene-variant relationships in the decision steps. After retrieving related genes from literature, we performed 
pathway analysis with them by using computer-based tools to differentiate these sub-pathways in cardiomy-
opathy disease that are listed as hypertrophic, dilated, and arrhythmogenic right ventricular cardiomyopathy. 
Then, the pathogenic variants existing in these genes at each sub-pathway are retrieved, and the mechanistic 
interpretation about them has been gained to explain more about the differences in genes’ mode of action. Lastly, 
the need of structure-based studies to explain the etiology of the disease has been emphasized by providing the 
protein structures of related genes as a guide. This study presents the importance of combining the text-mining 
approach with the bioinformatics tool in effective manner both for catching up with the updated literature and 
for revealing newly identified genes or pathways.   

1. Introduction 

Bioinformatics is an interdisciplinary field that develops and im-
proves methods for storing, organizing, archiving, and analyzing bio-
logical data to be used for different purposes. Personalized medicine is 
one of the popular approaches in medical and biological sciences, and of 
course, its integration with bioinformatics tools has expanded the 
application fields. A combination of computer-based skills with biolog-
ical data enables the development of software tools to be used for both 
generating useful biological data and enabling the easy access of medical 
people to recent information that could play a crucial role in the 
decision-making step for treatment. Therefore, this approach becomes 
one of the main motivations behind the personalized medicine approach 
by enabling to follow the recent literature as an essential step of the 
decision-making process during the diagnosis part. It specifies different 
approaches to each person through medical decisions, practices, and 

products according to their disease susceptibility, or the risk of disease 
(Vogenberg et al., 2010). Hence, all these sub-actions in personalized 
medicine have required support from different disciplines. 

Due to the great achievements in biological sciences gained through 
both computer and wet-lab approaches, there exists a need for tools to 
keep pace with increasing volumes of information. For instance, the 
PubMed database contains more than 30 million citations and abstracts 
of biological science and biomedical literature, and this huge amount of 
deposited information would create problems such as losing the main 
focus during the literature research, coming across less or unrelated 
works in a perpetual manner, etc. The perfect combination of text 
mining approaches with bioinformatics tools enables to perform litera-
ture research in a more refined manner, and shorter the time required 
for accessing the most recent data considerably. Besides the arrange-
ment and the classification of data deposited to literature, the progress 
of the personalized medicine approach should be also supported with 
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effective web-based bioinformatics tools to highlight the importance of 
newly discovered gene(s) in the pathway level. This could happen in two 
manners; (1) the identification of novel gene(s) corresponding to novel 
pathways which means the requirement of a new or revised treatment 
approach, and (2) the identification of new gene(s) having a role in an 
already highlighted pathway which requires following up the conven-
tional medical treatment. The concept of following recent literature 
together with the effective way of compiling information for offering or 
revising conventional medical treatment has been adopted as one of the 
main motivations of this research. 

Specifically, we prefer ‘Cardiomyopathy’ disease to perform a 
comparative analysis based on its sub-division. In a generalized manner, 
it is known as one of the important heart muscle diseases whose symp-
toms are breathing shortness, swelling of the legs and irregular heart-
beat, and etc. Here, there are many sub-types of cardiomyopathy types 
such as hypertrophic cardiomyopathy, dilated cardiomyopathy, and 
arrhythmogenic right ventricular cardiomyopathy (Marian and Braun-
wald, 2017). Hypertrophic cardiomyopathy (HCM) is one of the 
well-known subtypes. It causes an abnormal thickening of the heart 
muscle by affecting the left ventricle and therefore it creates difficulty in 
the heart work (Husser et al., 2018). In the dilated cardiomyopathy, the 
left ventricle becomes enlarged, and the pumping ability of the heart 
works in an improper manner (Taylor et al., 2006). In the arrhythmo-
genic right ventricular cardiomyopathy, the right ventricle is removed 
by scar tissue and this situation can make heart rhythm problems. All 
these features create great variations in prognosis and diagnosis of 
sub-types of cardiomyopathy by referring to the individual basis behind 
them. These particular differences have mostly based on the types of 
variations in corresponding genes that have to be classified according to 
the existed pathways and to be explained through the interactions 
existing at the protein-protein level. 

In this paper, we aim to provide a comparative analysis about car-
diomyopathy disease by firstly emphasizing three main sub-types of 
cardiomyopathy as dilated, arrhythmogenic right ventricular, and hy-
pertrophic cardiomyopathy. The initial step is to develop a text-mining 
approach for extracting the recent biological information deposited to 
PubMed by utilizing specific keywords in published articles. To perform 
this, both R-language and Python languages have been employed to 
provide a comparison between them in terms of dataset content and 
visualization by indicating the strong and weak parts. This developed 
text-mining tool has been employed by entering the ‘cardiomyopathy’ 
term together with other related ones to create a gene-variant dataset. 
Among many, only pathogenic variants, known to be a cause of dilated, 
arrhythmogenic right ventricular and hypertrophic cardiomyopathy, are 
retrieved for further analysis. Indeed, we provide a comparative analysis 
between gene variants and their structural implications in order to refer 
to their functional importance. The most essential information is pro-
vided in the level of gene, protein, and protein-protein/small molecule 
interactions to complete the whole picture about which genes are 
playing an essential role in the subtypes of cardiomyopathy, and how 
the subtypes are differentiated from each other. This comparative 
analysis is also highlighting the potential of working on studying the 
functional impacts of pathogenic variants from the structural point of 
view. 

2. Materials and methods 

2.1. Creating a dataset in R- and Python- programming language 

In the first part of this study, the cardiomyopathy-associated genes 
have been retrieved from the literature through text-mining approach. 
To perform this, two different programming languages, R- and Python- 
languages, are employed. For R-language, RISmed package is used for 
extracting the bibliographic content from NCBI databases (Kovalcık, 
2017), and then almost 6000 articles are requested as abstract and 
PubMed ID via EutilsSummary function of RISmed package. To parse the 

specific terms such as “cardiomyopathy”, the parameters defined in 
EutilsSummary function are used. The data frame with two columns is 
created to receive the results of text mining applications in the form of 
PubMED ID columns with the corresponding articles. Stringr (Wickham, 
2019), tm (Feinerer and Hornik, 2019), dplyr (Wickham, 2020), and 
tidyr (Wickham, 2020) packages are used to apply text-mining appli-
cations, respectively, and the abstract including datasets are taken from 
PubMed. By entering the searched keywords (“cardiomyopathy”), the 
full articles published between 2015 and 2020 are reached for further 
investigation. 

For the case of Python programming language, the similar ap-
proaches are employed to retrieve the full articles via text-mining 
approach. For the creating of dataset, Entrez, and Medline modules 
from the Biopython packages are employed, and almost 6000 cardio-
myopathy related articles are requested from the PubMed (Cock et al., 
2009). These requested data are filtered with “cardiomyopathy” terms 
according to their publication date, and then the efetch function of the 
entrez module is utilized to retrieve the PubMed IDs. By parsing the 
MEDLINE packages, the abstracts, title and PubMED IDs of retrieved 
data are organized via the Pandas package (McKinney, 2017). The 
further information is taken via text-mining approach. 

2.2. Retrieving the variants from the selected genes to perform 
comparative analysis 

Based on the created datasets with text-mining approaches via R- and 
Python languages, the further information, e.g. gene name, variant ID, 
and etc., is obtained from both the abstracts and the requested full-texts. 
As a further step, these cardiomyopathy-associated genes are listed and 
searched in NCBI. The further information about these genes are 
collected in terms of chromosome locations, pathogenicity, and 
pathway. The chromosome locations and pathogenicity information are 
taken from NCBI-Gene and ClinVar, respectively. Only pathogenic var-
iants existed in the cardiomyopathy-associated genes are reported here. 
To check the relevant pathway where genes are having a role, KEGG and 
Reactome databases are used (Kanehisa and Goto, 2000). 

2.3. Performing informatics analysis for cardiomyopathy 

By using the retrieved data from PubMed through text mining 
approach, we performed the classification of all retrieved data based on 
the subtypes of cardiomyopathy diseases. Immediately after the classi-
fication of genes based on the subtypes of cardiomyopathy diseases, the 
corresponding mutations in these genes are also listed. By following this 
particular classification, the comparative analysis is performed in the 
different manners, e.g. genes-subtypes, genes-genes, genes-clinical 
interpretation of variants, and etc. All these information are 
mentioned in detail manners in the results and discussion section. 

3. Results and discussion 

In the scope of this project, we aim to contribute how the subtypes of 
cardiomyopathy disease vary among the affected genes and existed 
variants on those genes. First, we retrieve all data from PubMed via a 
text-mining approach, which has been performed by in-house scripts 
written in both R- and Python languages whose details are reported in 
the method section. The workflow of these scripts is provided in Fig. S1. 
Our aim is to use both R- and Python languages written in-house scripts 
is to demonstrate both of the two could be the goods options to perform a 
text-mining approach from PubMed. 

By following the advances in alternative sequencing approach within 
the last decade, there is a great in the number of publications related to 
cardiomyopathy including different aspects such as genetic basis, 
treatment approaches, case studies, and etc. (see Fig. S2). This great 
increment in the published works has also demonstrated the fact that the 
different genes have played different roles in the subdivision of 
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cardiomyopathies such as dilated cardiomyopathy, hypertrophic car-
diomyopathy, and arrhythmogenic right ventricular cardiomyopathy. 
Herein, it has been already demonstrated by epidemiology researches 
based on different clinics of cardiomyopathy disease that ethnicity also 
contributes well to this variant pool and this also contributes more to the 
explosion in the fields of cardiomyopathy researches. The generation of 
a huge amount of data in this field motivates us to perform pathway- 
based comparative analysis to clarify more about which genes are 
providing more control over which subtypes of cardiomyopathy disease. 
In other words, we try to understand the dominance of cardiomyopathy- 
associated genes based on the specific pathways or to provide a more 
mechanistic point of view about the structural and functional relations 
of existed variants in these genes in any subtypes. 

In Supplementary Fig. S2, we clearly observe to what extent the 
subtypes of cardiomyopathy, are studied and conclude that the less and 
more studied cardiomyopathy types are restive and dilated cardiomy-
opathies, respectively, between 2015 and 2020. Among all subtypes of 
cardiomyopathies, restrictive cardiomyopathy is accounted for less than 
5% both in Europe and in United States (Braunwald and Marian, 2017). 
The recent statistics performed in the U.S. state that almost 750,000 
people are diagnosed with dilated cardiomyopathy. As in line with ex-
pectations, increasing the number of any type of cardiomyopathy also 
increases the number of publications in this field and this could increase 
the attention of researchers to this field more and more. According to the 
reports of studies performed with different field studies and population 
characteristics, the prevalence rate varies significantly between 1: 500 
(0.2%) and 1: 3000 (0.03%) (Husser et al., 2018), and generally cohort 
studies are used to determine this specific prevalence values (Moran 
et al., 2012). The prevalence value of Arrhythmogenic Right Ventricular 
Cardiomyopathy (ARVC), another type of cardiomyopathy, is different 
from the dilated cardiomyopathy as being stated that the prevalence 
value of ARVC is 1 per 2500 to 1 per 5000 in the world (Basso et al., 
2009) but the prevalence value of dilated cardiomyopathy is 1 per 2500 
individuals with an incidence ode 7/100,000 per year. Even their 
prevalence values become similar to each other, each of them has been 
dominated by different genes sharing so different genetic backgrounds 
plus epigenetic variations. 

Before jumping into the classification of genes and associated vari-
ants according to subtypes of cardiomyopathy disease, we list the clin-
ical finding for each subtype of cardiomyopathy that helps more to 
differentiate one with respect to the other. It has been stated that dilated 
cardiomyopathy occurs in complex remodeling of one or both ventricles 
and enlargements of the heart chambers. The diagnostic stage mostly 
depends on echocardiography, electrocardiogram, MRI features, and 
biomarkers, moreover, genetic factors are taken into consideration. The 
treatment of dilated cardiomyopathy usually requires a combination of 
medications such as diuretics, β-blockers, and angiotensin-converting 
enzyme inhibitors or biventricular pacemakers and implantable 
cardioverter-defibrillators (Jefferies and Towbin, 2010). Hypertrophic 
cardiomyopathy occurs due to the presence of thickening in the walls of 
the left ventricle. Even the clinical features are different; the diagnosis of 
hypertrophic cardiomyopathy depends on the same methods as in 
dilated cardiomyopathy. In addition, β-blockers, calcium channel 
blockers, heart rhythm drugs such as amiodarone or disopyramide have 
been used for the medical treatment of it (Maron et al., 2012). 
Arrhythmogenic cardiomyopathy reveals by the replacement of the 
normal right ventricular myocardium with fibro-fatty tissue. Electro-
cardiogram, cardiac multi-detector computed tomography, cardiac 
magnetic resonance imaging, echocardiography, cardiac angiography 
can be used in its clinical diagnosis. Also, the family history of patient 
play important role as well as dilated cardiomyopathy and hypertrophic 
cardiomyopathy in diagnostic approaches of the disease. β-blockers, 
amiodarone, and sotalol have been used in their pharmacological ther-
apy. Also, radiofrequency ablation is offered as an option to reduce the 
symptoms of Arrhythmogenic cardiomyopathy (Sattar et al., 2019). 

Here, we first identify the specific genes having a role in different 

subtypes of cardiomyopathy and we present the basic information about 
them in Table 1. 

As displayed in Table 1, there are 14 different genes playing roles in 
subtypes of cardiomyopathy disease. When we focus more on Table 1, it 
is clearly seen that these genes are not localized on a specific chromo-
some but rather presented in the different parts of the genome. Among 
all genes, there are 7 genes playing a specialized role just in one subtype 
of cardiomyopathy diseases, e.g. MYH7, RBM20, and RAF1 in hyper-
trophic cardiomyopathy, DES, DSG2, and PKP2 in Arrhythmogenic right 
ventricular cardiomyopathy, and RBM20 in dilated cardiomyopathy. 
The rests of these genes have a role in more than 2 subtypes of cardio-
myopathy disease. In the following part, we have divided the genes 
according to their presence in different subtypes of cardiomyopathy 
diseases, and the genes and corresponding variants in dilated, arrhyth-
mogenic right ventricular, and hypertrophic cardiomyopathies are pre-
sented in Tables 2–4, respectively. 

Specifically for the dilated cardiomyopathy pathway, there are re-
ported 23 variants in total, and here 12 out of 23 results in the presence 
of stop codon, served for the termination of protein expression. Thus, the 
terminated proteins do not actualize their functions designed specif-
ically by their functions. 

If we focus more on these variants, we curate more and more details 
about the functions of proteins expressed from these genes in order to 
relate more about the subtypes of cardiomyopathy diseases, dilated 
cardiomyopathy for Table 2. DES gene encodes a muscle-specific class II 
intermediate filament that is 53.5 kDa and composed by 470 amino 
acids. Here, there are 3 important regions in this protein; a conserved 
alpha-helix rod, a variable alpha helix head, and a carboxyl-terminal 
tail. Between residue numbers 413 and 470, there is a carboxyl tail, 
which is responsible for the integration of filaments and interaction with 
the proteins and organelles. Especially, there is a specific role of the 
region presented in carboxyl tail as residue 438 and 453 as being 
interacted with CRYAB, small heat shock protein chaperon. Due to the 
introduction of a stop codon in Arg429* (see Table 1), this particular 
region is not synthesized and it results in the deregulation in the inte-
gration of filaments and the prevention of further interactions with other 
proteins and organelles. The second gene in Table 2 is the DSP gene that 
encodes a protein anchoring intermediate filaments to dismosal plagues 
and forms an obligate component of functional desmosomes. The roles 
of DSP protein are listed as the organization of desmos process and in-
termediate filament cytoskeleton, the regulation of heart rate by cardiac 
contraction, the regulation of cardiac muscle cell action potential, the 
regulation of ventricular compact myocardium morphogenesis, and etc. 
(Abrams and Saffitz, 2017). Specifically for dilated cardiomyopathy, 
there are six mutations that results in the termination of protein 
expression, e.g. Trp233*, Cys289*, Arg425*, Arg1113*, Arg1458*, and 
Gln1511*. Among all these listed mutations, Trp233*, Arg425* and 
Gln1511* are also present in the Arrhythmogenic right ventricular 
cardiomyopathy pathway (see Table 3) but the remaining ones are just 
specific for dilated cardiomyopathy pathway. In the crystal structure of 
DSP protein, it is stated that the region between Met1 and Leu 584, also 
known as the N-terminal plakin domain, is involved in the interaction 
with plakophilin 1 and junctioning with plakoglobin. Due to the pres-
ence of Trp233*, Cys289* and Arg425* termination mutations, this 
particular region is not synthesized anymore and the disruption in the 
conformational change results in the loss of function in DSP protein by 
preventing the binding of intermediate filament (IFs) to N-terminus of 
protein (Green et al., 1992). Moreover, N-terminus of desmoplakin is 
known to be involved in binding to plakoglobin and clustering of 
desmosomal cadherin-plakoglobin complexes that have been controlled 
a series of phosphorylation reactions. About the crystal structure of DSP 
protein, it is stated that there is a central filamentous between Phe1057 
and Arg1945 residues. Due to the presence of Arg1113*, Arg1458*, and 
Gln1511* mutations, this particular central filamentous region plus to C- 
terminus of DSP, which is composed of three subdomains with periodic 
repeating units, is not synthesized anymore and this causes the 
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impairments in the cell adhesion and the disruptions in IFs networks 
(Hofmann et al., 2000). 

The next gene in Table 2 is MYBPC2 that encodes the cardiac isoform 
of myosin-binding protein C. Here, myosin-binding protein C is 
expressed in the heart muscle and it has been regulated by 

phosphorylation of the cardiac isoform in cAMP-dependent protein ki-
nases upon the stimulation by their modulation of cardiac contraction 
(WEBER et al., 1993). In literature, many mutations are reported as 
being linked to hypertrophic cardiomyopathy (see Tables 4 and 5) but 
Trp1214* is just reported as a cause of dilated cardiomyopathy (see 

Table 1 
Basic information about the retrieved genes related to cardiomyopathy.  

Genes name Chromosome 
location 

Ensemble ID Pathway(s) which genes are involved 

DES (Desmin) 2q35 ENSG00000175084 Arrhythmogenic right ventricular cardiomyopathy 
DSG2 (Desmoglein) 18q12.1 ENSG00000046604 Arrhythmogenic right ventricular cardiomyopathy 
DSP (Desmoplakin) 6p24.3 ENSG00000096696 Arrhythmogenic right ventricular cardiomyopathy, Dilated Cardiomyopathy 
LAMP2 (Lysosomal Associated Membrane Protein 2 2 

3 5) 
Xq24 ENSG00000005893 Dilated Cardiomyopathy 

MYBPC3 (Myosin Binding Protein C3) 11p11.2 ENSG00000134571 Hypertrophic cardiomyopathy, Dilated Cardiomyopathy 
MYH7 (Myosin Heavy Chain 7) 14q11.2 ENSG00000092054 Hypertrophic cardiomyopathy 
MYL2 (Myosin Light Chain 2) 12q24.11 ENSG00000111245 Hypertrophic cardiomyopathy, Dilated Cardiomyopathy 
PKP2 (Plakophilin 2) 12p11.21 ENSG00000057294 Arrhythmogenic right ventricular cardiomyopathy 
PLN (Phospholamban) 6q22.31 ENSG00000198523 Dilated cardiomyopathy, Hypertrophic cardiomyopathy 
PRKAG2 (Protein Kinase AMP-Activated Non-Catalytic 

Subunit Gamma 2) 
7q36.1 ENSG00000106617 Hypertrophic cardiomyopathy 

RAF1 (Raf-1 Proto-Oncogene, Serine/Threonine 
Kinase) 

3p25.2 ENSG00000132155 Hypertrophic cardiomyopathy 

RBM20 (RNA Binding Motif Protein 20) 10q25.2 ENSG00000203867 Dilated cardiomyopathy 
TTN (Titin) 2q31.2 ENSG00000155657 Hypertrophic cardiomyopathy, Dilated Cardiomyopathy 
DMD (Dystrophin) Xp21.2-p21.1 ENSG00000198947 Hypertrophic cardiomyopathy, Dilated Cardiomyopathy, Arrhythmogenic 

right ventricular cardiomyopathy  

Table 2 
Genes and variants presented in dilated cardiomyopathy pathway.  

Gene Variant type Variant Clinic interpretation Pathway Accession 

DES Stop Gained Arg429Ter Pathogenic Dilated Cardiomyopathy VCV000177872 
DSP Stop Gained Arg1113Ter Pathogenic Dilated Cardiomyopathy RCV000521134.2 
DSP Stop Gained Arg1458Ter Likely pathogenic Dilated Cardiomyopathy RCV000852574.1 
DSP Stop Gained Arg425Ter Likely pathogenic Dilated Cardiomyopathy RCV000037989.2 
DSP Stop Gained Gln1511Ter Pathogenic Dilated Cardiomyopathy RCV000528916.5 
DSP Stop Gained Trp233Ter Pathogenic Dilated Cardiomyopathy RCV000546646.6 
DSP Stop Gained Cys289Ter Likely pathogenic Dilated Cardiomyopathy RCV000168636.2 
MYBPC3 Stop Gained Trp1214Ter Likely pathogenic Dilated Cardiomyopathy RCV000201437.1 
MYH7 Missense Ala797Thr Likely pathogenic Dilated Cardiomyopathy RCV000168872.5 
MYH7 Missense Ser532Pro Pathogenic Dilated Cardiomyopathy RCV000211832.1 
MYH7 Missense Phe764Leu Pathogenic Dilated Cardiomyopathy RCV000015165.26 
PLN Missense Arg9Cys Pathogenic Dilated Cardiomyopathy RCV000211844.1 
PLN Stop Gained Leu39Ter Pathogenic Dilated Cardiomyopathy RCV000022712.25 
RBM20 Missense Arg636Ser Pathogenic Dilated Cardiomyopathy RCV000183860.4 
RBM20 Missense Pro638Leu Pathogenic Dilated Cardiomyopathy RCV000183865.2 
RBM20 Missense Arg636His Likely pathogenic Dilated Cardiomyopathy RCV000622325.1 
RBM20 Missense Ser637Gly Pathogenic Dilated Cardiomyopathy RCV000000296.2 
RBM20 Missense Glu913Lys Pathogenic Dilated Cardiomyopathy RCV000036973.5 
TTN Stop Gained Arg31606Ter Likely pathogenic Dilated Cardiomyopathy RCV000475125.4 
DMD Stop Gained Arg3190Ter Pathogenic Dilated Cardiomyopathy RCV000012033.21 
DMD Missense Thr271Ala Pathogenic Dilated Cardiomyopathy VCV000011279.1 
DMD Stop Gained Arg2905Ter Pathogenic Dilated Cardiomyopathy RCV000012040.9 
DMD Stop Gained Gln365Ter Pathogenic Dilated Cardiomyopathy RCV000984162.3  

Table 3 
Arrhythmogenic right ventricular cardiomyopathy pathway.  

Gene Variant type Variant Clinic interpretation Pathway Accession 

DSP Missense Val30Met Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000619218.1 
DSP Stop Gained Arg425Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000037989.2 
DSP Stop Gained Gln1511Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000528916.5 
DSP Stop Gained Trp233Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000546646.6 
PKP2 Stop Gained Arg79Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000246785.2 
PKP2 Stop Gained Arg691Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000007147.5 
PKP2 Stop Gained Trp494Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000470376.9 
PKP2 Stop Gained Arg413Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000154178.3 
PKP2 Stop Gained Gln378Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000211737.5 
PKP2 Stop Gained Gln594Ter Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000531123.5 
PKP2 Missense Arg388Trp Pathogenic Arrhythmogenic right ventricular cardiomyopathy RCV000709751.2  
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Table 2). The biological functions of myosin-binding protein C are listed 
as cardiac muscle contraction, cell adhesion, regulation of muscle fila-
ment sliding, positive regulation of ATPase activity, ventricular cardiac 
muscle tissue morphogenesis, etc. The general description of myosin- 
binding protein C is a thick filament-associated protein that is 
composed of 8 immunoglobulin I-like domains and three fibronectin 3- 
like domains. Its particular function has been described by the depen-
dence of cAMP-protein kinase. Its C-terminus is interaction with thick 
filament structure with the light meromyosin section of the myosin rod 
and with titin. Upon the binding of the N-terminus of myosin-binding 
protein C to the subfragment-2 portion of myosin, actomyosin ATPase 
activity has been abolished via phosphorylation and it results in the 
release of the “break” on cross-bridge cycling. The presence of Trp1214* 
mutation corresponds to the C-terminus of myosin-binding protein C, 
which is also known as the binding region for the Ig-C2 set domain. This 
set of protein is generally found in mammalian T-cell surface antigens, 
vascular and intercellular cell adhesion molecules (Moolman-Smook 
et al., 2002). Also for the myosin-binding C-protein, it is reported that 
there is metal-binding region, e.g. Glu208, His210, Thr223, and Ser225, 
but none of the reported mutations both in dilated and hypertrophic 
cardiomyopathy pathways are not corresponded to the metal coordi-
nation regions, (see Table 2 & Tables 4 and 5). The upcoming gene in 
dilated cardiomyopathy pathway is MYH7 that encodes a hexameric 
protein composed of 2 heavy chain subunits (MHC), 2 alkali light chain 
subunits (MLC), and 2 regulatory light chain subunits (MLC-2) with total 

of 1935 amino acids in 223 kDa. In general, this protein is expressed in 
the normal human ventricles and also in skeletal muscle tissue rich in 
slow-twitch type I muscle fibers (Jaenicke et al., 1990). There are several 
biological functions of MYH7 proteins, e.g. the regulations of heart rate, 
the force of heart contraction and the force of skeletal muscle contrac-
tion, adult heart development, ventricular cardiac muscle tissue 
morphogenesis, the controlling the transition between fast and slow 
fiber, and etc. Due to the low level of MYH7 protein expression, there is a 
change in contractile velocity of cardiac muscle, and also its function has 
been affected by the alterations in thyroid hormone depletion and he-
modynamic overloading. As listed in Table 2, there are 3 missense 
variants in MYH7 proteins such as Ser532Pro, Phe764Leu, and 
Ala797Thr. All these variants are also playing a role in hypertrophic 
cardiomyopathy pathways as being displayed in Tables 4 and 5. For 
MYH7 protein, there are found 3 domains; myosin N-terminal SH3 like 
in between Asp32 and Pro81, myosin motor in between Asp85 and 
Asp778, and IQ motifs in between Leu781 and Ser810. Ser532Pro and 
Phe764Leu replacements correspond to the myosin motor region, and 
specifically, Phe764Leu presents in actin-binding region; but Ala797Thr 
corresponds to IQ motifs that are responsible for coordinating the 
binding of myosin light chain to protein (Frazier et al., 2008). The next 
gene having a role in dilated cardiomyopathy pathway is a PLN that 
encodes a pentamer protein in 52 aa and 6 kDa. It is a major substance 
for the cAMP-dependent protein kinase in cardiac muscle. Specifically 
for the unphosphorylated state, it serves as an inhibitor of cardiac 

Table 4 
Hypertrophic cardiomyopathy pathway.  

Gene Variant type Variant Clinic interpretation Pathway Accession 

MYBPC3 Missense Arg820Gln Pathogenic Hypertrophic cardiomyopathy RCV000525220.5 
MYBPC3 Missense Arg495Gln Pathogenic Hypertrophic cardiomyopathy RCV000201509.4 
MYBPC3 Stop Gained Tyr333Ter Pathogenic Hypertrophic cardiomyopathy RCV000154309.4 
MYBPC3 Stop Gained Trp1214Ter Pathogenic Hypertrophic cardiomyopathy RCV000201437.1 
MYBPC3 Missense Arg502Trp Pathogenic Hypertrophic cardiomyopathy VCV000042540.17 
MYBPC3 Stop Gained Arg943Ter Pathogenic Hypertrophic cardiomyopathy RCV000030699.12 
MYBPC3 Missense Gly490Val Pathogenic Hypertrophic cardiomyopathy RCV000054804.3 
MYBPC3 Stop Gained Glu386Ter Pathogenic Hypertrophic cardiomyopathy RCV000035372.2 
MYBPC3 Missense Arg495Trp Pathogenic Hypertrophic cardiomyopathy RCV000543508.7 
MYBPC3 Stop Gained Tyr525Ter Pathogenic Hypertrophic cardiomyopathy RCV000161129.1 
MYBPC3 Stop Gained Lys565Ter Pathogenic Hypertrophic cardiomyopathy RCV000035427.2 
MYBPC3 Stop Gained Trp683Ter Pathogenic Hypertrophic cardiomyopathy RCV000035459.2 
MYH7 Missense Gly716Arg Pathogenic Hypertrophic cardiomyopathy RCV000233499.8 
MYH7 Missense Asp778Glu Pathogenic Hypertrophic cardiomyopathy RCV000168869.2 
MYH7 Missense Arg249Gln Pathogenic Hypertrophic cardiomyopathy RCV000158761.4 
MYH7 Missense Arg403Trp Pathogenic Hypertrophic cardiomyopathy RCV000015158.23 
MYH7 Missense Ala797Thr Pathogenic Hypertrophic cardiomyopathy RCV000168872.5  

Table 5 
Hypertrophic cardiomyopathy pathway (continued).  

Gene Variant type Variant Clinic interpretation Pathway Accession 

MYH7 Missense Arg719Trp Pathogenic Hypertrophic cardiomyopathy RCV000015160.29 
MYH7 Missense Arg719Gln Pathogenic Hypertrophic cardiomyopathy RCV000015163.28 
MYH7 Missense Ser532Pro Pathogenic Hypertrophic cardiomyopathy RCV000211832.1 
MYH7 Missense Phe764Leu Pathogenic Hypertrophic cardiomyopathy RCV000015165.26 
MYH7 Missense Glu483Lys Pathogenic Hypertrophic cardiomyopathy RCV000539828.2 
MYH7 Missense Leu1793Pro Pathogenic Hypertrophic cardiomyopathy RCV000015181.27 
MYL2 Missense Glu22Lys Pathogenic Hypertrophic cardiomyopathy RCV000015109.34 
MYL2 Missense Arg58Gln Pathogenic Hypertrophic cardiomyopathy RCV000157369.2 
MYL2 Missense Pro95Ala Pathogenic Hypertrophic cardiomyopathy RCV000015110.26 
MYL2 Missense Thr80Asn Pathogenic Hypertrophic cardiomyopathy RCV000143928.2 
PRKAG2 Missense Thr400Asn Pathogenic Hypertrophic cardiomyopathy VCV000006849.2 
PRKAG2 Missense Asn488Ile Pathogenic Hypertrophic cardiomyopathy RCV000007253.5 
PRKAG2 Missense Arg531Gln Pathogenic Hypertrophic cardiomyopathy RCV000038920.2 
PRKAG2 Missense Tyr487His Pathogenic Hypertrophic cardiomyopathy RCV000007256.6 
PRKAG2 Missense His530Arg Pathogenic Hypertrophic cardiomyopathy RCV000007257.4 
RAF1 Missense Leu633Val Pathogenic Hypertrophic cardiomyopathy RCV000159089.4 
RAF1 Missense Pro261Ser Pathogenic Hypertrophic cardiomyopathy RCV000211849.4 
TTN Missense Arg740Leu Pathogenic Hypertrophic cardiomyopathy RCV000013484.24 
PLN Stop Gained Leu39Ter Pathogenic Hypertrophic cardiomyopathy RCV000014607.30  
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muscle sarcoplasmic reticulum Ca2 + -ATPases (Toyoshima et al., 
2003). The oligomeric state of PLN protein determines the degree of 
ATP2A2 inhibition. Moreover, it is known as a key regulator of cardiac 
diastolic function. The molecular functions of PLN protein are listed as 
cardiac muscle tissue development, the negative regulation of ATPase 
and calcium ion import, the regulation of cardiac muscle cell contrac-
tion, and etc. In PLN protein, there present two mutations; Arg9Cys and 
Leu39*. Even the presence of Arg9Cys is only specific for the dilated 
cardiomyopathy pathway, Leu39* is also present in the hypertrophic 
cardiomyopathy disease. In the literature, Arg9Cys replacement is 
explained as being caused to the inhibition of ATP2A1-mediated calcium 
uptake (Haghighi et al., 2006). 

The upcoming gene listed in Table 2 is RBM20 that encodes RNA 
binding motif protein 20 in 1227 amino acids and 134 kDa. This protein 
binds RNA and regulates the splicing process of set of proteins involved 
in the cardiac development, and therefore the present mutations in this 
protein have been associated with dilated cardiomyopathy disease. 
There are several biological processes that RBM20 involves such as the 
heart development, mRNA processing, the regulation of RNA splicing 
and translation, and etc. Herein, it is important to note that RBM20 gene 
is just present in the dilated cardiomyopathy pathway and all mutations 
are reported as missense one rather than causing to termination, see 
Table 2. It is also interesting to highlight that the presence of mutations 
are centred on the residues between Arg634 and Pro638, except the 
presence of Glu931Lys replacement. According to the results in the 
literature, the role of RBM20 gene in the dilated cardiomyopathy is 
different than others, see Table 2. Rather than affecting the cardiac 
muscle in a direct manner or causing to the impairments in cell adhesion 
or muscle contraction, the mutations in RBM20 gene are brought im-
pacts on the downstream genes playing roles in the dilated cardiomy-
opathy pathway. As previously stated, the role of RBM proteins is to 
remove intronic sequences from pre-messenger ribonucleic acid (Wahl 
et al., 2009). Here, the ninth exon of RBM20 gene encodes a domain in 
Ser and Arg rich where provides a control over to direct interaction with 
intronic sequences in pre-mRNA, to mediate the protein-protein in-
teractions within the spliceosome, and to participate in the alternative 
splicing (Long and Caceres, 2009). From the animal models, especially 
in mice, it has been known that alternative splicing factor 2 (ASF/SF2) 
has brought a direct impact in the transition between fetal and adult 
gene programs within the heart. Herein, the presented mutations in 
RBM20 gene might provide the similar impact but until now there is no 
reported result in the literature to explain the relation of mutations in 
RBM20 with dilated cardiomyopathy (see Table 2). 

The next gene in Table 2 is TTN (titin), which encodes the abundant 
protein of striated muscle involved in nucleic acid and identical protein 
binding issues. Titin is considered as the most abundant protein in 
muscle if myosin and actin are excluded, and its sizes variable between 
~27,000–35,000 amino acids depending on the splicing isoforms. Due 
to the presence of this splicing issue, there exists a difference in elasticity 
of different titin isoforms in the different muscle types. Its role has been 
defined as contributing to the balance of forces existing between two 
halves of the sarcoma. It also contributes more to the chromosome 
condensation and segregation during the mitosis in non-muscle cells. 
There are several biological processes where TTN protein is involved 
such as cardiac muscle contraction, fiber development, hypertrophy, 
filament sliding, protein kinase A signaling, and etc. The activation 
mechanism of TTN protein is described such that its protein kinase 
domain has to be activated via both the phosphorylation of Tyr32341 
and the binding of Ca/CALM to C-terminal regulatory region providing 
control over ATP binding to the kinase (Gautel, 2011). As displayed in 
Table 2, there is Arg31606* mutation that results in the loss of phos-
phorylation site (Tyr32341) together with the regulatory region in C- 
tail. Moreover, it is stated for A-band located in C-terminal that it con-
tains a mixture of immunoglobulin and fibronectin repeats. Due to the 
presence of Arg31606*, more than 10 Ig-like repeats have been lost. In 
addition to the dilated cardiomyopathy pathway displayed in Table 2, 

TTN gene also exists in the hypertrophic cardiomyopathy pathway with 
Arg740Leu replacement as displayed in Table 4. This variant corre-
sponds to the end of Z-repeat 7 in the protein structure, and these 
particular Z-repeats are differentially expressed in heart, slow and fast 
muscles (Luther and Squire, 2002). Then, the last gene reported in the 
dilated cardiomyopathy gene is reported as DMD (Dystrophin) gene. It is 
just reported in the dilated cardiomyopathy pathway, see Table 2. It 
encodes a large protein contains N-terminal actin-binding domain, and 
also spectrin repeats by composed of 3685 amino acids. Here, this 
encoded protein is involved in the dystrophin-glycoprotein complex 
serving as a connector between the inner cytoskeleton and the extra-
cellular matrix via F- actin (Lapidos et al., 2004). This particular 
dystrophin-glycoprotein complex accumulates at the neuromuscular 
junction, and various synapses in the peripheral and central nervous 
systems to be served as stabilization of sarcolemma. The biological 
functions where DMD protein involves are listed as cardiac muscle cell 
action potential, muscle contraction, muscle filament sliding, the regu-
lation of hearth rate, the regulation of neuron differentiation, and etc. In 
Table 2, Thr271Ala, Gln365* and Arg2905* replacements are reported 
as a cause of dilated cardiomyopathy. From the structural point of view, 
there is no report that emphasizes the structural importance of locations 
where Thr271Ala and Gln365* existing. For Arg2905*, it is located in 
spectrin 23 region of DMD protein. Spectrin is known as a three-helix 
bundle structure and is basically involved in the coordination of cyto-
skeleton interactions with high spatial precision. Even there is no direct 
report about Arg2905* mutation in the literature, it is suggested for 
other two mutations (E2910V & N2912D) that their presence disrupts 
the main forces involved in repeat stability by affecting the electrostatic 
inter-helix interactions(Legardinier et al., 2009). This has demonstrated 
the fact that Arg2905* mutation can cause the disruption of overall 
protein stability and also its function. 

In Table 3, the variants having a role in the arrhythmogenic right 
ventricular cardiomyopathy pathway are listed. Previously, we have 
mentioned the DSP gene and its particular variants existed in both 
dilated and arrhythmogenic right ventricular pathways. Here, one more 
variant, Val30Met, is reported in the DSP gene as a cause of arrhyth-
mogenic right ventricular. It has been already mentioned that the N- 
terminal plakin domain (Met1-Leu584) of DSP protein is playing a role 
in interacting with plakophilin 1 and junction with plakoglobin. Due to 
the presence of Val30Met replacement, the conformational stability 
would be disrupted to prevent the binding of the intermediate filaments 
(IFs) to the N-terminus of protein. The last gene reported in an 
arrhythmogenic right ventricular cardiomyopathy pathway is the PKP2 
gene (Plakophilin 2) that encodes a protein with 881 amino acids and 
97 kDa. This encoded Plakophilin protein contains numerous armadillo 
repeats, localize to cell desmosomes and nuclei. The most featured 
function is listed as kinase C binding, and also as interacting with JUP 
and desmoplakin/DSP. For plakophilins, it has been stated that they are 
acting as versatile scaffolds for multiple signaling and metabolic process 
to initiate the junction dynamics together with globally diverse cellular 
activities (Frankenberg, 2012). The several biological processes in 
which PKP2 is involved are reported as cell-cell adhesion, desmosome 
organization, heart development, ventricular cardiac muscle tissue 
morphogenesis, regulation of ventricular cardiac muscle cell action 
potential, and of heart rate by cardiac conduction, etc. Specifically, in 
the arrhythmogenic right ventricular cardiomyopathy pathway, the 
variants reported in the PKP2 gene are Arg79*, Arg691*, Trp494*, 
Arg413*, Gln378*, Gln594* and Arg388Trp. Among these repeated 
variants, Arg413*, Gln378*, and Arg388Trp are located in arm2, and 
Arg691* is located in arm5 of the protein structure of Plakophilin 2 
protein. Specifically, for Plakophilin 2 protein, there is a relatively 
longer N-tail as being almost 246 to 348 amino acid length, and N-tail is 
followed by armadillo repeats in which arm 5 and arm 6 almost in be-
tween 464th and 588th amino acids are predicted as a bent structure. 
Here, this bend formation provides control over several interactions, in 
terms of regulators, with different binding partners. Therefore, Arg691* 
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variant existed in arm 5 of Plakophilin 2 protein resulting in the 
termination of protein expression seems to be important to regulate the 
interacting mechanism with different binding partners. For Arg79*, it is 
more clear that it leads to total disruption of whole protein by being 
presented in N-tail of it. Arg413*, Gln378*, and Arg388Trp being pre-
sent in arm 2, also lead to termination of protein expression, where arm 
5 and arm 6 are not presented anymore to regulate the interactions with 
other binding partners. 

The last pathway we provide a discussion is a hypertrophic cardio-
myopathy pathway. Here, MYBPC3, MYH7, MYL2, PRKAG2, RAF1, 
TTN, and PLN genes are found to be associated with hypertrophic car-
diomyopathy pathway. Until now, we have already provided explana-
tions for TTN and PLN genes in the previous parts since they also present 
in the dilated cardiomyopathy pathway. The first gene identified in the 
hypertrophic cardiomyopathy pathway is the MYBPC3 gene that en-
codes myosin-binding protein C3 with 1274 amino acids in length and 
14 kDa in weight. Specifically, the selected isoform, also called cardiac 
isoform, is expressed in the heart muscle and it displays close association 
with the cross-bridge-bearing zone of A band in striated muscle. It has 
been regulated by cAMP-dependent protein kinase (PKA) that is trig-
gered by the presence of adrenergic stimulation. The several biological 
functions in which the MYBPC3 gene is included are listed as actin- 
binding source, myosin binding, titin binding and etc. Already, it has 
been demonstrated that the absence of MYBPC3 gene leads to increase in 
BMI value, to enlarge ventricles, to increase the sensitivity of myofila-
ment against Ca2+, etc. Among all these reported pathogenic variants, 5 
of them are reported a replacement as being located one variant in the 
region of fibronectin type-3-1 (Arg820Gln) and four variants in the re-
gion of Ig-like-C2 type 3 (Gly490Val, Arg495Trp, Arg495Gln, 
Arg502Trp). As stated in the literature, MYBPC3 protein is a member of 
immunoglobulin superfamily protein that is composed of eight Ig-like 
domains and three fibronectin (FNIII-like) domains (Karsai et al., 
2011). For the FNIII-like domain, it is stated that there is a stress- 
induced unfolding and refolding mechanism playing a crucial role to 
be involved in myosin binding events for regulatory purposes, and its 
particular structure has been stabilized by the presence of internal di-
sulfide bonds (Shah et al., 2017). If we focused on these listed variants, 
Arg820Gln, we could conclude that the replacement of Arg to Gln could 
disrupt the conformational stabilization of FNIII-like domain 1 
adversely, and hence it could affect its particular endurance towards the 
mechanical stress. For the Ig-like domain, there exists a series of phos-
phorylation events that provide control over the actin-binding issue. If 
we back to the listed variants reported as pathogenic for hypertrophic 
cardiomyopathy (Gly490Val, Arg495Trp, Arg495Gln, Arg502Trp), 
there are Arg to Trp & Val replacements that can alter the overall charge 
distribution and contribute to conformational stability negatively. For 
the mutations causing to the termination of protein expression 
(Tyr333*, Trp1214*, Arg943*, Glu386*, Tyr525*, Lys565* and 
Trp683*), we observe that Ig-like and FNIII-like domains are not 
expressed, and therefore they disrupt the essential function of MYBPC3 
protein. It is also important to highlight that the MYBPC3 gene only 
presents in the hypertrophic pathway as being pathogenic. 

The next gene in Table 4 is the MYH7 gene whose features are pre-
viously reported above. In addition to the hypertrophic cardiomyopathy 
pathway, the MYH7 gene is also reported in the dilated cardiomyopathy 
pathway, see Table 2, with Ala797Thr, Ser532Pro, and Phe764Leu re-
placements as being common. Here, the new variants in the MYH7 gene 
are reported as Arg249Gln, Arg403Trp, Glu483Lys, Phe513Cys, 
Gly716Arg, Arg719Trp, Arg719Gln, Asp778Glu, Arg870His, and 
Leu1793Pro as being caused to hypertrophic cardiomyopathy pathway. 
As previously mentioned, the hexameric protein is encoded by the 
MYH7 gene, and this protein is composed of SH3-like domain (Asp31- 
Pro81), myosin motor domain (Asp85-Asp778), and IQ motifs (Leu781- 
Ser810). Arg403Trp, Glu483Lys, Phe513Cys, Gly716Arg, Arg719Trp, 
Arg719Gln and Asp778Glu replacements all exist in the myosin motor 
domain of this protein structure. Specifically for the C-terminal region, it 

is stated that C-terminal, also called myosin rod in Leu839-Glu1935 
residues, is composed of the coiled-coil region. There exist a 
subfragment-2 (S2) region and light meromyosin (LMM) region, which 
are linked by flexible coiled-coil acted as a hinge. Leu1793Pro replace-
ment presents in the LMM region of this protein, in which there is a salt- 
dependent aggregation. Specifically, in the C-terminal region of the 
protein, there exist several skip residues leading to the reorganization of 
coiled-coil to achieve several intermediate conformations in a stabilized 
manner via true molecular hinges (Taylor et al., 2015). These skip res-
idues are listed as Thr1198, Glu1365, Glu1582, and Gly1807, and their 
specialized roles are described as staggering adjacent rod molecules. 
Leu1793Pro variant is located relatively close one of these skipped 
residues, Gly1807, and this particular replacement can disrupt the 
conformational stability of particular coiled-coil. 

The next gene in Table 4 is MYL2 gene that encodes myosin light 
chain-2 protein composed of 166 amino acids in 18 kDa. This myosin 
light chain is associated with cardiac myosin beta heavy chain and plays 
a special role in calcium-binding events. Upon the binding of Ca2+, the 
phosphorylation of the regulatory light chain is triggered and it leads to 
a contraction in cardiac muscle. Its main role is to slow down myosin 
kinetics by extending the duty cycle that happens by the accumulation of 
myosin as being recruited to actin-binding sites to sustain thin filament 
activation. There are several biological functions in which the MYL2 
gene is involved such as cardiac muscle contraction, muscle fiber 
development, muscle cell fate specification, positive regulation of the 
force of heart contraction, and etc. Specifically, the residues located 
between Asp32 and Asp48 correspond to the Calcium binding (Ca2+) 
region of MYL2 protein. Here, there are also found three EF-hand motifs 
as Thr24-Val59 in EF-hand-1, Asp94 and Arg129 EF-hand-2, and Phe130 
and Lys165 in EF-hand-3. There is a typical helix-loop-helix topology in 
EF-hand motifs, and they contribute to the muscle relaxation via Ca2+- 
binding activity. In these EF-hand motifs, there are found Asp and Glu 
residues that are negatively charged residues contributed well to the 
coordination of positively charged Ca2+ ions. Specifically for the hy-
pertrophic cardiomyopathy pathway, there exist Glu22Lys, Arg58Gln, 
Pro95Ala, and Thr80Asn replacements. According to the structure of 
MYL2 protein, Arg58Gln and Pro95Ala are located in EF-hand-1 and EF- 
hand-2 motifs, respectively. Yet; Glu22Lys and Thr80Asn variants are 
not located in structurally informative regions according to the litera-
ture data. The upcoming gene in Table 4 is the PRKAG2 gene that en-
codes the alpha catalytic subunits, a beta and gamma non-catalytic 
subunits as a heterotrimer form as being composed of 569 amino acids 
and 63 kDa in weight. This protein belongs to the AMPK gamma subunit 
family, and it is known as the binding partners of FNIP1 and FNIP2 
proteins that are involved in the cellular response to amino acid avail-
ability upon the reduction in the intracellular ATP levels by activating 
the energy-producing pathways and inhibiting the energy-consuming 
processes. The biological functions, in which the PRKAG2 gene is 
involved, are listed as a cellular response to glucose starvation, fatty acid 
biosynthesis process, positive and negative regulation of kinase activity, 
protein phosphorylation, intracellular signal transduction, and etc. It 
also contributes to the remodeling process of the actin cytoskeleton by 
indirectly activating myosin. It is also important to state that phos-
phorylation and dephosphorylation events of catalytic subunits have 
been controlled by allosteric AMP-binding through the catalytic subunit 
of the protein. Specifically for hypertrophic cardiomyopathy pathway, 
Thr400Asn, Tyr487His, Asn488Ile, His530Arg, and Arg531Gln variants 
present as being a pathogenic cause. In the structure of PRKAG2 protein, 
there exist 4 CBS domains modulating the binding of nucleotides 
through the protein. These domains are reported as Pro275-Pro335 in 
CBS1, Thr357-Met415 in CBS2, Ile430-Ile492 in CBS3, and Tyr504- 
Lys562 in CBS4. Among all, CBS1, 3, and 4 are mainly preferred for 
the occupation in terms of providing the acidic residues to coordinate 2′- 
OH and 3’-OH of AMP ribose. Specifically for CBS3, it is indicated that 
this part is responsible for the protection of conserved Thr residue in the 
activation loop of α-subunits through the conformational changes 
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induced by binding of AMP or ADP. If we focused on these reported 
variants, His330Arg and Arg531Gln are present in CBS4, and Asn488Ile 
and Tyr487His are present in CBS3, and Thr400Asn is present in CBS2 
regions of PRKAG2 protein. For His330 residue, it is pointed that His330 
is directly involved in AMP binding, and hence His330Arg replacement 
disrupts the binding of AMP through PRKAG2 protein. Also for 
Arg531Gln replacement, there is a report about resulting in the reduc-
tion in binding affinity for AMP and ATP together with increasing the 
phosphorylation of α-subunit. For Tyr487His replacement, it could be 
important to discuss that the conservation of Tyr residues in CBS3 is 
important for the effective binding of AMP or ADP. 

The last gene that we provide a discussion is RAF1 gene (Raf-1 Proto- 
oncogene) that encodes Serine/Threonine-protein kinase as a part of 
Ras-MAPK downstream signaling, and it is composed of 648 amino acids 
and its molecular weight 73 kDa. The regulation of Raf-1 protein is 
controlled as binding of GTP through Ras, and then it is recruited to the 
cell membrane. Basically, it serves as a critical regulatory unit between 
membrane-associated Ras-GTPases and MAPK/ERK cascade. Through 
the interactions with BRAF, the event of heterodimerization takes place 
and this form possesses higher kinase activity. Due to the activation of 
MAPK1/ERK1 cascade, the negative regulation takes place and this 
heterodimer form immediately dissociates. The biological functions, in 
which Raf-1 gene is involved, are listed as hearth development, negative 
regulation of apoptosis and cell population proliferation, platelet acti-
vation, protein phosphorylation, etc. The featured structural motifs in 
Raf-1 protein are Zinc-finger (Thr138-Cys184) and nucleotide-binding 
region (Ile355-Val363). It is proposed for full activation of Raf-1 pro-
tein that Ser338, Tyr341, Thr491, and Ser494 are phosphorylated upon 
the presence of mitogenic stimulation. Specifically for hypertrophic 
cardiomyopathy pathway, there are Leu633Val and Pro261Ser variants 
as being a cause. Both of two variants exist neither in zinc finger nor 
nucleotide-binding region of Raf-1 protein. Also, these variants do not 
exist in the kinase domain (Val349-Leu609) and PEBP1/RKIP interac-
tion region (Arg331-Val349). Therefore, there is no speculation about 
the possible impacts of variants on protein function. 

After the discussion of gene and gene associated variants existed in 
different types of cardiomyopathy diseases, we also provide a list of 
protein structures deposited to Protein Data Bank, see Table S1 & S2 in 
supplementary document. Here, we present PDB IDs corresponding to 
the crystal structures of proteins. Up to now, the whole discussion has 
been centred on gene and gene-associated variants by referring the 
outcomes of point mutations leading to the disruption in conformational 
stability of protein structures. It is mostly happened that the interaction 
between small molecule/protein and protein has been adversely affected 
or the overall protein folding is altered by the post translational modi-
fications. All these facts ensure us that focusing on the alterations in 
protein structures is necessary for gaining a deep understanding about 
the disease mechanism, and hence the novel tools are introduced to the 
literature for this particular purpose. One of the most popular approach 
is about developing a predictor tool that aims to afford more precise and 
effective prediction by combining different mutation predictors with 
several machine-learning algorithms. The advantage of this approach is 
specifically demonstrated for cancer data through the generation of 
consistently relevant forecasts achieved by supervised machine-learning 
algorithm since the presence of the high number of data set plus the 
presence of mutation predictors and variant databases for the cancer 
field contributes more to the success of this approach. Yet; it seems to be 
not so applicable for other cases due to the existence of limited amount 
of data, e.g. complex disease, metabolic disease, rare disease, and so on. 
For such diseases, the combination of predictors with a machine learning 
approach has to be supported by structure-based information to make a 
specific conclusion for each variant. Therefore, the identification of 
subtypes of cardiomyopathy diseases together with the precise infor-
mation about the existed mutation seems to be helpful for investigating 
the disease mechanism for each variant. 

This particular study has been limited just by classifying the gene and 

gene-associated variants according to the subtypes of cardiomyopathy 
disease. To understand more about the disease mechanism caused by the 
presence of these listed variants, either the experimental studies based 
on the functional evidence, or the theoretical studies based on the cal-
culations of intramolecular interactions should be added. This paper 
would be used to provide an initial insight for future works to people 
working about cardiomyopathy from molecular perspective. 

4. Conclusion 

In this paper, we first present our text-mining tool developed to 
retrieve the literature-based information from PubMed and its applica-
tions in the field of health bioinformatics as comparative analysis with 
the ‘cardiomyopathy’ terms. The approach of combining text-mining 
tools with bioinformatics has expanded its applications fields, and 
mostly it has been utilized to help clinicians and researchers in specific 
fields in terms of easy access to the updated works of literature. Spe-
cifically for clinicians, this integration could be a good opportunity in 
terms of both catching up the recent progress in the literature and 
effectively diagnosing. 

For this purpose, we perform a text-mining approach with the terms 
of ‘cardiomyopathy’, and we have focused on the sub-pathways of car-
diomyopathy by revealing genes and gene-associated pathogenic vari-
ants according to these sub-pathways. Here, it is revealed that 14 genes 
are reported as being in close relationship to ‘cardiomyopathy’. The 
pathway analysis has resulted in that these genes are having a role in 
hypertrophic cardiomyopathy, dilated cardiomyopathy, and arrhyth-
mogenic right ventricular cardiomyopathy. All of these were examined 
in the ClinVar database for mutation analysis, and only pathogenic ones 
were selected for comparative analysis. For each sub-pathway, the 
mutation tables were prepared to explain more about the etiology of 
disease by emphasizing the functional roles of variants. Mostly, this 
explanation is related with the pathways where gene exists. If the 
structure-based functional information exists for a variant in any gene, 
we have retrieved this information. If not, we have speculated it based 
on the domain of protein structure where pathogenic variant exists. All 
these have suggested that the study of compiling all existing information 
in the literature and combining them with structure-based studies are so 
important to understand the etiology of disease together with grouping 
the variants according to sub-pathways of diseases. Therefore, we lastly 
provided a list of existing 3D structures of expressed proteins by 14 re-
ported genes, and this list could be used as a guide for those who want to 
work more on the structure-based functional studies of pathogenic 
variants. This comparative analysis could be further integrated with a 
computational tool that calculates the disease mechanism upon the 
presence of variants by detailing the alterations within intramolecular 
interactions. This could be designed as a future study of this work by 
contributing the fast and easy access of clinicians and researchers in this 
field to the detailed explanation about disease mechanisms that is more 
than just predictions. 
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