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A B S T R A C T

Neuromuscular scoliosis can be caused by muscular or nervous system dysfunction resulting from genetic var
iants. Variation in MYH7 may cause hypertrophic or dilated cardiomyopathy, skeletal myopathies, or a com
bination of both; however, scoliosis has rarely been reported. We analyzed a Chinese pedigree with two members 
suffering from scoliosis. Whole-exome sequencing identified a variant (NM_000257.4:c.2011C > T) of MYH7 that 
cosegregated with the scoliosis phenotype. The variant resulted in a change in the evolutionarily conserved 
amino acid residue 671 from arginine to cystine (p.R671C), which was predicted to disrupt the structure and 
function of the motor domain of the slow/β-cardiac myosin heavy chain encoded by MYH7. To date, 913 MYH7 
variants were associated with cardiomyopathy and/or skeletal myopathies according to the Human Gene Mu
tation Database. However, only 15 cases of scoliosis have been reported. In our case, the c.2011C > T variant 
caused scoliosis with 100 % penetrance and hypertrophic cardiomyopathy with partial penetrance.

1. Introduction

Neuromuscular scoliosis is a common spinal deformity caused by 
abnormal and asymmetric muscle forces owing to muscular or nervous 
system dysfunction, accounting for approximately 90 % of all scoliosis 
cases [1]. It typically presents at an early age, progresses continually, 
and has a massive impact on daily life. Skeletal myopathy caused by 
genetic variants is a major etiology [2]. To promote the diagnosis and 
classification of neuromuscular scoliosis and to undertake appropriate 
treatment, it is essential to identify more pathogenic gene variants and 
establish genotype–phenotype correlations.

Myosin, which consists of two myosin heavy chains and two pairs of 
light chain subunits, is the major motor protein that provides mechan
ical forces during muscle contraction [3]. The slow/β-cardiac myosin 
heavy chain, Myosin-7, is encoded by MYH7 gene and is primarily 
expressed in slow-twitch type I fibers and cardiac muscle. Myosin-7 
comprises an amino-terminal globular head domain and a 
carboxyl-terminal rod tail domain. The former can bind to actin and 

generate mechanical force to drive muscle contraction through 
ATP-hydrolysis. The latter is responsible for assembly into myosin fila
ments [4,5]. Variation in MYH7 may cause cardiac and/or skeletal 
myopathies; however, scoliosis has rarely been reported [6,7]. Accord
ing to the Human Gene Mutation Database, at least 913 variants in 
MYH7 have been identified to cause hypertrophic or dilated cardiomy
opathy, skeletal myopathies, or a combination of both, including hy
pertrophic and dilated cardiomyopathy (MIM 192600), non-compaction 
and restrictive cardiomyopathy (MIM 613426), Laing distal myopathy 
(MIM 160500), myosin storage myopathy (MIM 608358) and Ebstein 
anomaly (MIM 224700) [8]. However, only 15 MYH7 variants have 
been reported to cause scoliosis to date [7,9–13].

In the present study, we identified a de novo heterozygous c.2011C >
T variant in MYH7 in a Chinese family with scoliosis via whole-exome 
sequencing, which was predicted to disrupt the structure and function 
of Myosin-7. In contrast to previous reports that patients with variants in 
MYH7 primarily presented cardiomyopathy and/or skeletal myopathies, 
and rarely scoliosis, the c.2011C > T caused scoliosis with 100 % 
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penetrance, while hypertrophic cardiomyopathy with partial pene
trance in our case. Our findings expanded the mutational spectrum of 
MYH7-related neuromuscular scoliosis, which would be helpful for 
screening and genetic diagnosis of the disease.

2. Material and methods

2.1. Subjects

A Chinese family with hereditary scoliosis was recruited at 

Guangzhou Women and Children’s Medical Center, including 2 affected 
and 4 unaffected individuals. Clinical and radiographic examinations 
were performed. The diagnosis of scoliosis was based on at least a 10◦

curvature in the coronal plane of spine [14].

2.2. Whole-exome sequencing and genetic variant analysis

Genomic DNA (gDNA) was extracted from peripheral blood cells 
with the Blood DNA Kit (Omega, USA) according to the manufacturer’s 
instructions. The concentration of gDNA was determined by a Qubit 

Fig. 1. A Chinese family with hereditary scoliosis. (A) The pedigree. (B, C) X-radiographs and Coronal CT scanning of the proband (III:1) demonstrated the thoracic 
segment of his spine is obviously convex to the right side with a Cobb angel 47◦. (D) The X-ray of the proband’s mother showed mild scoliosis.

Fig. 2. Identification of a variant in the MYH7 gene cosegregated with the scoliosis symptom. (A) Schematic representation of the filtering process of WES data. A 
variant of c.2011C > T in MYH7 gene was identified. (B) Sanger sequencing results from blood genomic DNA. All affected individuals (II:2 and III:1) carry the 
heterozygous variant. The unaffected (I:1, I:2, and II:1) are as control. The asterisks indicate the variant. (C) The location of the variant (c.2011C > T:p.R671C) was 
schematically demonstrated in Myosin-7 protein. The website https://www.cbioportal.org/mutation_mapper was used.
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Fluorometer. The integrity and purity were detected with agarose gel 
electrophoresis. Then, whole-exome sequencing was outsourced to 
Novogene (Beijing, China). Data analysis was performed as previously 
described [15]. The detected variants were further filtered following a 
pipeline: 1) exclusion of variants with a frequency greater than 1 % in 
any of the four databases (1000g_all, esp6500si_all, gnomAD_ALL and 
gnomAD_EAS), 2) exclusion of variants that were not in the coding 
(exonic) region or splicing region (splicing site ± 10 bp), 3) exclusion of 
synonymous SNPs that were predicted not to affect splicing, 4) retention 
of variants that were predicted by at least two of four prediction tools 
(SIFT, PolyPhen, MutationTaster, and CADD) to be deleterious and 
variants that were predicted to affect splicing. The variant’s nomen
clature was validated with https://variantvalidator.org/.

2.3. Sanger sequencing

gDNA extracted from peripheral blood was used as template. The 
following primers were used: 5′-TCTCTTCCCGTCATCTCCTGG-3’ (for
ward) and 5′- CACACTGCAAGTGCAAGGTAGC-3’ (reverse). PCR reac
tion was performed with High fidelity PrimeSTAR Max DNA Polymerase 
(Takara, Beijing, China). The qualified products were sent to Shanghai 
Sangon Biotech (Shanghai, China) for sequencing.

2.4. Evolutionary conservation analysis

Protein coding sequences of Myosin-7 from seven different animal 
species including human (ENSP00000347507), horse (ENSE
CAP00000019439), pig (ENSSSCP00000002219), dog 
(ENSCAFP00845005623), mouse (ENSMUSP00000099867), chicken 
(ENSGALP00000048124), and zebrafish (ENSDARP00000146011) were 
aligned using MultAlin (https://mutalin.toulouse.inra.fr/multalin) to 
evaluate the evolutionary conservation of the mutated site.

2.5. Structural bioinformatics analysis

The AlphaFold structure prediction PDB file of Myosin-7 was 
downloaded from http://alphafold.ebi.ac.uk/entry/P12883. To eval
uate the structural changes introduced by the amino acid substitution (p. 
R671C), the PDB file was uploaded to Missense3D website (http://miss 
ense3d.bc.ic.ac.uk/~missense3d/).

Fig. 3. Evolutionary conservation analysis and structural bioinformatics analysis. A. Alignment of the amino acid sequences of Myosin-7 indicated that the arginine 
residue replaced owing to mutation is evolutionarily conserved across species. The green square marks the arginine residue. B, C. Structural bioinformatics analysis 
with Missense3D. The spatial position of the mutation site in the motor/head domain of Myosin-7 protein was circled by yellow dashed line in (B). The analysis 
results indicated that the substitution leads to the loss of cation-Pi interaction with Phe 489 and hydrogen bonds with neighboring residues (WT: Arg671-NH2 … 
OG1-Thr177, Arg671-NH1 … OE1-Gln486, Arg671-NH2 … OE1-Gln486, Arg671-NH2 … OD1-Asn486 vs. Mutant: Asn696-ND2 … SG-Cys671). D. The wild type 3D 
structure from AlphaFold Protein Structure Database to show the interaction of Arg671 with neighboring amino acids. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.)
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3. Results

3.1. Clinical features

The family pedigree was shown in Fig. 1A. The proband (III:1), an 

approximately 6-month-old boy, was diagnosed with early onset scoli
osis through a series of examinations. Adam’s test result was positive. 
Both X-ray and computed tomography analyses (CT) revealed that the 
thoracic segment of the spine was convex to the right side with a Cobb 
angle of 47◦ (Fig. 1B and C). The shape and bone masses of the thoracic 
and lumbar vertebrae were normal. The proband also presented clinical 
features of skeletal myopathy, particularly muscular hypertonia of the 
extremities and abdomen. In addition, echocardiography revealed pat
ent foramen ovale, mitral regurgitation, and decreased ventricular dia
stolic function (Fig. 1S). His mother (II:2), 33 years old, presented with 
mild scoliosis and had no any other corresponding symptoms (Fig. 1D). 
His father and other family members were healthy.

3.2. The MYH7 c.2011C > T variant co-segregated with scoliosis 
phenotype

As both the proband and his mother have scoliosis, the cause was 
likely genetic variation. To identify the causative genetic variant, we 
performed whole-exome sequencing with gDNAs from patients and their 
relatives. A total of 424,222 genetic variants, including 363,205 SNPs 
(single nucleotide polymorphisms) and 61,017 Indels (small insertions 
or deletions, <50 bp), were initially detected. After variant filtering, 960 
SNPs and 237 Indels were retained (Fig. 2A). Then, we screened for 
variants that conformed to dominant inheritance mode. Finally, a het
erozygous variant in exon 18 of MYH7, c.2011C > T, was detected in the 
proband and his mother but not in unaffected family members, sug
gesting that the variant co-segregated with the scoliosis phenotype and 
inherited in an autosomal dominant manner. This finding was further 
verified by Sanger sequencing (Fig. 2B and C). To evaluate the patho
genicity of the missense variant, we employed three common prediction 
tools: SIFT (Sorting Intolerant From Tolerant, http://pvovean.jcvi.org), 
Polyphen2 (http://genetics.bwh.harvard.edu/pph2), and Muta
tionTaster (http://www.mutationtaster.org). The variant was predicted 
to be deleterious by all three tools.

3.3. The structural changes introduced by the amino acid substitution (p. 
R671C)

The variant resulted in a change in the evolutionarily conserved 
amino acid residue 671 from arginine to cystine (p.R671C) in one strand 
of the central β-sheet of the Myosin-7 motor domain (Fig. 3A and B). 
Further structural bioinformatics analysis with Missense3D indicated 
that the substitution replaced a buried charged residue with an un
charged residue, which led to the loss of cation-Pi interaction with Phe 
489 and 3 hydrogen bonds with neighboring residues (Fig. 3C and D). 
Consequently, the cavity volume was expanded by 150.768 Å^3. Thus, 

Fig. 4. Variant distribution in Myosin-7. A. Most MYH7 variants associated 
with cardiomyopathy/skeletal myopathy (M-myo) were distributed in the first 
half part of Myosin-7. The number of unique variants in every 250 amino acids 
was shown on the top of each column. B. 13 of total 15 variants associated with 
scoliosis (M-sco) were located in the C-terminal region composed of last 435 
amino acids. C. The ratio of the number of two types of variation (M-myo: M- 
sco) in each functional domain of Myosin-7 were shown on the top of the 
schematic. S-1 (subfragment 1), corresponding to head domain, is mainly 
responsible for ATP-hydrolysis and binding to actin. S-2 (subfragment 2) and 
LMM (light meromyosin) make up the filament-forming tail domain. Note: 897 
of total 913 MYH7 variants were counted here, including 862 missense/ 
nonsense mutation, 29 small deletions, and 4 small indels.

Table 1 
MYH7 variants associated with scoliosis based on a literature review.

Country of Origin Genotype Phenotypes Reference

Nucleotide change Amino acid change Scoliosis Cardiomyopathy Skeletal myopathy

N/A c.1489_1500del p.Glu500del Kyphoscoliosis N/A Y 12
China c.2011C > T p.Arg671Cys Scoliosis Y Y Present study
USA c.4522_4524del p.Glu1508del Scoliosis Y Y 7
UK c.4664A > G p.Glu1555Gly Scoliosis N Y 13
UK c.4699C > T p.Gln1567* Scoliosis N Y 13
UK c.4823G > C p.Arg1608Pro Thoracic scoliosis Y Y 7
UK c.4835T > C p.Leu1612Pro Spinal rigidity and scoliosis N Y 7
China c.4849_4851 p.Lys1617del Scoliosis Y Y 10
Spain c.4906G > C p.Ala1636Pro Thoracic scoliosis Y Y 7
USA c.4937T > C p.Leu1646Pro Thoracic scoliosis, lumbar scoliosis N Y 7
China c.5059_5061del p.Glu1687del Scoliosis N Y 11
AUS c.5134C > T p.Arg1712Trp Scoliosis N Y 13
N/A c.5352_5354del p.Lys1784del Scoliosis Y Y 9
UK c.5378_5380del p.Leu1793del Kyphoscoliosis Y Y 7
Israel c.5401G > A p.Glu1801Lys Lumbar lordosis Y Y 7

Note: MYH7 transcript used = NM_000257.4. Y, yes; N, no.
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this variant may disrupt the normal structure and function of the 
Myosin-7 amino-terminal motor domain/head domain.

3.4. Analysis of variant distribution in Myosin-7

We further analyzed the distribution of the variants of MYH7. Most 
MYH7 variants associated with cardiomyopathy/skeletal myopathy are 
found in the N-terminal region of Myosin-7, corresponding to the motor 
domain/head domain (Fig. 4A–C). In contrast, 13 of the total 15 variants 
associated with scoliosis are found in the distal region of the C-terminal 
rod tail domain, which can form a coiled-coil structure to integrate into 
thick filaments in muscle sarcomeres (Fig. 4B and C). Nonetheless, the 
variant p.R671C associated with scoliosis in our case was located in the 
motor domain of Myosin-7.

4. Discussion

In this study, we reported the case of a Chinese pedigree with he
reditary scoliosis. As the proband also manifested skeletal myopathies 
and cardiomyopathy, we attributed this to neuromuscular scoliosis. 
Whole-exome sequencing identified a de novo MYH7 c.2011C > T (p. 
R671C) heterozygous variant co-segregated with the scoliosis pheno
type, which was predicted to disrupt the normal structure and function 
of the Myosin-7 amino-terminal motor domain/head domain.

According to the Human Gene Mutation Database, at least 913 MYH7 
variants are associated with cardiomyopathy and/or skeletal myopa
thies. The MYH7 c.2011C > T mutation identified in our case has been 
previously reported to cause hypertrophic cardiomyopathy [6]. How
ever, scoliosis caused by variants in MYH7 was rarely reported. Through 
a literature review, we found that only 15 MYH7 variants have been 
related to scoliosis to date (Table 1) [7,9–13]. In our case, the c.2011C >
T variant caused scoliosis with 100 % penetrance, with partial pene
trance of hypertrophic cardiomyopathy.

Myosin-7 comprises an amino-terminal globular head domain and 
carboxyl-terminal rod tail domain. The former can bind to actin and 
generate mechanical force to drive muscle contraction through ATP- 
hydrolysis. The latter can form a coiled-coil structure to integrate into 
thick filaments in muscle sarcomeres. We found that most MYH7 vari
ants associated with cardiomyopathy/skeletal myopathy were located in 
the N-terminal region of Myosin-7, corresponding to the motor domain/ 
head domain. In contrast, 13 of the total 15 variants associated with 
scoliosis were found in the distal region of the C-terminal rod tail 
domain. These findings suggested a genotype–phenotype correlation in 
diseases caused by MYH7 variation.

Variants in MYH7 typically cause cardiomyopathy and/or skeletal 
myopathy. However, it has been rarely reported to be associated with 
scoliosis. In our case, the MYH7 c.2011C > T variant co-segregated with 
the scoliosis phenotype. Our findings expand the mutational spectrum of 
MYH7-related neuromuscular scoliosis, which may be helpful for 
screening and genetic diagnosis of the disease.
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