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1 | INTRODUCTION

| Bahareh Rabbani!

Background: MYBPC3 mutations have been described in dilated cardiomyopathy
(DCM) and hypertrophic cardiomyopathy (HCM). A mutation, c.3373G>A, has been
reported to cause autosomal recessive form of HCM. Here, we report that this muta-
tion can cause autosomal dominant form of DCM.

Methods: Next-generation sequencing using targeted panel of a total of 23 candi-
date genes and following Sanger sequencing was applied to detect causal mutations
of DCM. Computational analyses were also performed using available software tools.
In silico structural and functional analyses including protein modeling and prediction
were done for the mutated MYBPC3 protein.

Results and Conclusion: Targeted sequencing showed one variant c.3373G>A
(p.Val1125Met) in the studied family following autosomal dominant inheritance.
Computational programs predicted a high score of pathogenicity. Secondary struc-
ture of the region surrounding p.Val1125 was changed to a shortened beta-strand
based on prediction of I-TASSER and Phyre2 servers with high confidence value for
the mutation. cMyBP-C protein was modeled to 3dmkA. Our findings suggest that
one single mutation of MYBPC3 may have different effects on the cellular mecha-
nisms based of its zygosity. Various factors might be considered for explaining this
phenomenon. This gene may have an important role in Iranian DCM and HCM

patients.

KEYWORDS
dilated cardiomyopathy, hypertrophic cardiomyopathy, Iranian population, MYBPC3,
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interacts with other proteins and C-terminal end domains are usually

essential for interaction with titin, F-actin and, myosin proteins.®’

MyBP-C (myosin-binding protein C) provides 2%-4% of the mass of
myofibrillar proteins.! The cMyBP-C contains three fibronectin type
1l and eight immunoglobulin-like domains.? It, however, might be in-
volved in filament assembly and has animportant role in regulation of
contractility of cardiac muscle.>* The MYBPC3 gene (11p11.2) struc-
ture and sequence have been determined in 1997.°> The cMyBP-C
is exclusively expressed during development of the human heart.

It encompasses more than 21 Kbp and is composed of 35 exons. It

This protein is phosphorylated by the protein kinase C and A and
Ca*?/calmodulin kinase.® Disrupted or reduced phosphorylation
of this protein could result in a diseased phenotype.” Two other
MyBP-C isoforms include slow skeletal (encoded by the MYBPC1
gene), and the fast skeletal (encoded by the MYBPC2 gene).
MYBPC3 mutation is the most common cause of hypertrophic
cardiomyopathy (HCM),® and it rarely can lead to other cardiac phe-
notypes such as dilated cardiomyopathy (DCM) (CMD1MM; 615396).
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FIGURE 1 Schematic representation of cMyBP-C protein structure. cMyBP-C is a multi-modular protein composed of 8 immunoglobulin-
like (CO, C1, C2, C3, C4, C5, C8, C10) and 3 fibronectin type Il (C6, C7, C9) domains. The cardiac isoform differs from the slow skeletal and
the fast skeletal isoforms by cardiac-specific regions (CO, M, 28-amino acid insertion in C5). Between CO and C1 exists a proline-alanine rich
domain (Pro-Ala; PA). The location of DCM associated mutation identified in our study is shown above the C9 domain. The C9 contributed

interactions have indicated as well

DCM as one of the leading causes of sudden cardiac death is a pre-
dominant form of inherited cardiac disease in humans, estimated
to be 1 in 2500 individuals in general population.’® It is character-
ized by the enlargement of cardiac ventricular chamber and systolic
dysfunction.’*The prevalence of DCM has not been reported yet in
Iran. The majority of DCM patients are sporadic; however, familial
DCM has been determined in 20%-35% of the patients.*! Familial

t,12-14

DCM is usually inherited as autosomal dominan although, au-

tosomal recessive, X-linked, or mitochondrial inheritance patterns

are observed in a small number of cases'>8

reflecting a wide locus
heterogeneity for its etiology. Currently, more than 50 genes, which
encode cytoskeletal, mitochondrial, nucleoskeletal, and calcium-
handling proteins, have been documented to cause DCM.!>?
Reduced penetrance and phenotypic variability phenomena have
also been reported in DCM.Y? Locus heterogeneity and allelic dis-
orders may also complicate this scenario; that is, the type of gene
and mutation often leads to difference in the clinical features, age of
onset, and prognosis of DCM.

Targeted next-generation sequencing may be the best option to
detect disease-causing variants of the reported genes involved in
heterogeneous disorders such as cardiomyopathies. Here, a hetero-
zygous missense mutation in MYBPC3 gene, which has been previ-

ously described to cause HCM in its autosomal recessive form, is

reported in a woman affected with DCM for the first time. In addi-
tion, computational analyses including protein modeling and predic-

tion of pathogenicity are also presented.

2 | MATERIALS AND METHODS

2.1 | Clinical evaluations

A woman with frequent palpitations and dyspnea was referred
to Echocardiography Laboratory of Rajaee Heart Hospital.
The clinical manifestation of the disease was started at the
age of 30 years; EKG monitoring revealed multiple PVCs and
nonsustain VTs; Echocardiographic examination revealed se-
vere spherical left ventricular enlargement with severe sys-
tolic dysfunction (LVEF = 10%); also, there was severe diastolic
dysfunction and mild pulmonary hypertension. DCM was diag-
nosed and full medical treatment was started in concomitant
with ICD implantation. At the time of her initial visit to our
clinic, the patient appeared in functional class II-1ll with deep
depression. After taking the signed informed consent, five mil-
liliters peripheral blood was prepared for DNA extraction using
the standard methods. The genetic analysis was performed for

this patient.

FIGURE 2 A, Multiple amino acid alignment of cMyBP-C protein adapted from UniProt protein family members. p.Val1125 as indicated in
the box shows high conservation among different species. B, Cartoon structural model of human cMyBP-C protein constructed by I-TASSER
based on 3dmkA (Down syndrome cell adhesion molecule (DSCAM) isoform 1.30.30, N-terminal eight Ig domains) with a Normalized Z-score
>1 equal to 2.56; alignment with a Normalized Z-score >1 mean a good alignment and vice versa. Structure prediction of cMyBP-C protein
was based on I-TASSER server. The position of residue 1125 is shown in larger resolution in 3D structure. The schematic structures of the
original (left) and the mutant (right) amino acid are also shown. C, Predicted secondary structure based on threading model by I-TASSER,
first line indicates the sequence, second line indicates the secondary structure, which is determined to be strand at position 1125 with the
confidence score of 9 (third line). The range of confidence is 0-9 wherein a higher score indicates a prediction with higher confidence. The
solvent accessibility of the sequence is predicted as buried amino acid (range 0-9 wherein a higher value means higher accessibility). D)
Prediction of the secondary structure based on template/homology modeling by Phyre 2 server. First line indicates the amino acid sequence
and the second line is the secondary structure prediction, which is determined as beta-strand structure with the confidence value of high
score (light red, depicted in line three) in mutated protein (Val1125), also this position is ordered which means it is not flexible and dynamic
with high value (light red)
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2.2 | Mutation screening and in silico analysis

The sequencing was performed using a custom-designed Nimblegen
chip capturing coding regions and exon-intron boundaries of 23 can-
didate genes associated with DCM (Table S1). The enrichment was
done using NimbleGen kit (NimbleGen, Roche, Basel, Switzerland).
Genomic DNA was sequenced by targeted next-generation se-
quencing (NGS) on an lllumina, Hiseq2000 (Illumina, San Diego,
California, USA). Reads were, then, aligned using Burrows-Wheeler
aligner (BWA) on reference genome (hg19). SAMTools was applied
for annotation. Filtering was performed based on the mentioned
gene panel (Table S1). Variants were selected based on their fre-
quency (minor allele frequency <0.1) in 1000 Genome and ExAC.
The coverage of target genes was more than 95%, with sensitivity
of more than 99%. Sanger sequencing was performed to confirm
mutations. Briefly, the PCR products were sequenced using the
BigDye termination method by sequencing analyzer of ABI 3130XL
model (PE Applied BioSystems, Massachusetts, USA).

Online software tools and servers were applied to analyze the
variants. Sorting intolerant from tolerant (SIFT),2° polymorphism
phenotyping (PolyPhen-2 v2.1),?! MutationTaster,?> Combined
Annotation Dependent Depletion (CADD),>® and PROVEAN
(Protein Variation Effect Analyzer)24 were used to predict the
effects of mutation. A multiple sequence alignment of cMyBP-C
protein was performed using UniProtKB/Swiss-Prot to check con-
served domain among different paralogs and orthologs. The pro-
tein sequence of cMyBP-C (UniProtKB/Swiss-Prot Q14896) was
compared using protein homology/analogy recognition engine
V2.0 (Phyre2) to investigate effects of the variants on the structure
and function of protein.?’ In addition, iterative threading assembly
refinement (I-TASSER) server was used to predict the structure
and function of mutated and normal protein.? Modeling was per-
formed using LOMETS threading program. In addition, interaction
of cMyBP-C protein was predicted by STRING database (version
10.5), a database for prediction of protein-protein interactions.

The interaction includes physical and functional associations de-
rived from genomic context, high-throughput experiments, co-

expression, automated text mining and previous knowledge.27

3 | RESULTS

3.1 | Clinical evaluation and genetic testing

The patient clinically diagnosed as DCM. A heterozygous missense
variant, ¢.3373G>A, in exon 30 of the MYBPC3 (NM-000256), was
determined in the patient. The variant leads to a substitution of
amino acid valine to methionine in position 1125 (p.Val1125Met)
on the cMyBP-C protein sequence (Figure 1). Subsequent Sanger
sequencing confirmed the mutation. The variant was predicted to
be damaging using pathogenicity prediction SIFT software (with
Median conservation above 3.25). PolyPhen and MutationTaster
software tools also predicted the mutation to be probably damaging
and disease-causing (Table S2).

3.2 | Structural and functional analyses of MYBPC3

p.Vall125Met was subjected to sequence alignment among other
species for conserved residues and the degree of conservation.
Valine at position 1125 is highly conserved (Figure 2A). Secondary
structure was predicted for p.Vall125Met with available tools.
Protein model prediction using |-TASSER is based on thread-
ing model. Secondary structure was predicted to be beta-strand
by I-TASSER server with high confidence value for this variant
(Figure 2B,C); solvent accessibility of the Val and Met amino acids
was also determined as illustrated, Val1125 and Met amino acids at
this position are both buried in protein; the accessibility to solvent of
each of these amino acids is 3.

The top threading template predicted for p.Vall125Met was
based on PDB 3dmkA (Down syndrome cell adhesion molecule
(DSCAM) isoform 1.30.30, N-terminal eight Ig domains)— identity

FIGURE 3 Protein-protein interaction
network of myosin-binding protein C
(cMyBP-C) with STRING10. Predicted
functional partners are as follows:
TNNT2: Troponin T type 2 (cardiac);
TNNI3: Troponin | type 3 (cardiac); MYL2:
Myosin, light chain 2, regulatory, cardiac,
slow; TPM1: Tropomyosin 1 (alpha) (284
aa); MYH6: Myosin, heavy chain 6, cardiac
muscle, beta; MYH7: Myosin, heavy chain
7, cardiac muscle, beta; MYH14: Myosin,
heavy chain 14, nonmuscle; MYHé6:
Myosin, heavy chain 6, cardiac muscle,
alpha; TNNC1: Troponin C type 1 (slow);
TTN: Titin
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0.16; normalized Z score of the threading alignments = 2.55 and
coverage = 0.58.2¢ The top threading template predicted for normal
sequence was also based on 3dmkA —identity 0.16; normalized Z-
score = 2.56 and coverage = 0.58—showed higher Z-score in com-
parison with the mutated sequence substitutions. TM-score value
shows the similarity of the predicted structures to the native struc-
ture. Indeed, TM-align compares the first model with the PDB library
models. The proposed model for p.Val1125Met aligned to PDB c3d-
mkA with TM-score = 0.579. Structural similarity, therefore, could
be reflecting of similar function.

Using Phyre2 the p.Val1125Met was modeled based on c3dmkA
with confidence score 100; identity 21% and coverage of 57%. As
shown, a high secondary structure prediction confidence score (red)
is observed at p.Val1125 position (Figure 2D). Moreover, interactions
among cMyBP-C and other proteins using STRING database empha-
size the potential significant consequences of this mutation in devel-
opment of cardiomyopathies. At least ten functional partners were
predicted to interact with cMyBP-C as follows: TNNT2, TNNI3, MYL2,
TPM1, MYH6, MYH7, MYH14, MYH6, TNNC1, and TTN (Figure 3).

3DLigandSite was applied to predict the changes of binding sites
in normal and mutated positions. There was no apparently effective
change in binding sites when p.Val1125Met occurs (Figure 4), al-
though, if p.Val1125Met occurs, some slight changes were observed
in binding sites of the mutated protein as compared to normal protein.

4 | DISCUSSION

MYBPC3 is one of the most common genes involved in HCM; its
mutations are observed in about forty percent of the patients.®

Nevertheless, it has been shown that MYBPC3 mutations can
cause various forms of cardiomyopathies such as DCM. Here,
an individual affected by DCM is presented due to MYBPC3
mutation. Several studies have reported different mutations of
MYBPC3 in DCM and other cardiomyopathies.?8%° Missense mu-
tations located in MYBPC3 gene comprise the majority of DCM
associated mutations.®%? To our knowledge, it has not been re-
ported that one mutation expresses two different patterns of
inheritance.

As known, DCM accounting for about half of all heart trans-
plantations is a major cause of sudden death in young adults. Up to
35% of DCM cases show a familial pattern of inheritance, reflect-
ing a strong genetic influence.®® In view of this fact, delineation
of the genetic basis of DCM contributes to deeper understanding
its pathogenesis and it may improve the diagnosis, prevention,
and treatment of this disease. In this current study, we surpris-
ingly detected a heterozygous MYBPC3 mutation (p.Val1125Met,
rs121909378), in a patient with DCM. This mutation was first re-
ported in a patient with autosomal recessive HCM.3* Frank-Hansen
et alin 2008 described a compound heterozygous genotype, c.906-
1G>C and p.Vall1125Met mutations, in an individual with familial
hypertrophic cardiomyopathy 4.3% The proband and her affected
sister carried both the c.906 -1G>C and the p.Val1125Met muta-
tions. Her nephew presenting a borderline diagnosis of hypertrophy
carried only the p.Val1125Met. Considering that the p.Val1125Met
was found in our DCM patient, we can conclude that this mutation
may act as a cause of DCM and not HCM. that is ¢.906-1G>C has
been dominantly lead to HCM in Frank-Hansen study. Alternatively,
the p.Vall1125Met recessively could cause HCM and dominantly
leads to DCM. Combinational effects of this mutation, therefore,
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with other mutated alleles are important to consider. Albeit, it
should not be ignored, interactions with different isoforms of other
proteins can affect the consequences of the mutations. Different
dose of the mutated protein, unknown modifier factors and sexual
and age-related factors might be also considered for explaining this
phenomenon.

Bioinformatics analyses using available prediction software
tools showed the potential damaging role of the mutation. MYBPC3
encodes cMyBP-C, a multi-modular structural protein component
of the sarcomere. The additional immunoglobulin-like domain of
cMyBP-C at its N-terminus (CO domain), its multiple phosphoryla-
tion sites between the immunoglobulin-like domains C1 and C2 and
a 28-proline-rich amino acid insertion within the C5 domain, makes
it as an ideal platform for signaling®>%¢ (Figure 1). The predicted
protein-protein interaction network of MyBP-C using STRING10
(Figure 3) showed it may interact with at least ten proteins includ-
ing MYH7, MYH14, TTN, etc. In vitro studies showed cMyBP-C
binds sarcomere associated proteins such as F-actin and thin fil-
aments. It also could affect the activity of actin-activated myosin
ATPase. cMyBP-C is a key constituent of the thick filaments lo-
calized to doublets in the C-zone of the A-band of the sarcomere,
forming doublet appearing transverse stripes approximately 43 nm
apart of each other in the cross-bridge bearing region.®” The site of
reported mutation is conserved and is located in fibronectin type
Il domain of cMyBP-C (Figure 1, C9). This location may act as a
site of interaction with other partners of cMyBP-C. The mutation
introduces an amino acid with different properties, which can dis-
turb this domain and abolish its function. On the other hand, when
p.Vall1125Met occurs, each of them has its own specific proper-
ties; for example, the Met residue is bigger than the Val residue.
The function of protein, thus, could be influenced because of this
substitution.

Other studies have shown that genetic composition of our pop-
ulation has unique properties; that is the frequency and type of
some mutations in subpopulations of Iran are different from each
other and from other parts of the world. For example, the common
mutation of GJB6, GJB6-D1351830, among European countries is
not observed in our population.®®% The p.Val1125Met might be a
common mutation among Iranian patients affected by cardiomy-
opathies. Further studies are required to elucidate the role of this
mutation.

Our findings suggest that some mutations potentially could have
different consequences when they are only mutation rather than in
combination with other mutations. Deep understanding of the vari-
ants could help identifying allelic disorders. In addition, the role of
other genetic variants should be considered if phenotypic variability
observed.
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