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Abstract 

Background:  Alterations in the MYH7 gene can cause cardiac and skeletal myopathies. MYH7-related skeletal 
myopathies are extremely rare, and the vast majority of causal variants in the MYH7 gene are predicted to alter the 
rod domain of the of ß-cardiac myosin molecule, resulting in distal muscle weakness as the predominant manifesta‑
tion. Here we describe two unrelated patients harboring an in-frame deletion in the MYH7 gene that is predicted to 
result in deletion of a single amino acid (p.Glu500del) in the head domain of ß-cardiac myosin. Both patients display 
an unusual skeletal myopathy phenotype with congenital axial stiffness and muscular hypertonus, but no cardiac 
involvement.

Results:  Clinical data, MRI results and histopathological data were collected retrospectively in two unrelated boys (9 
and 3.5 years old). Exome sequencing uncovered the same 3-bp in-frame deletion in exon 15 (c.1498_1500delGAG) of 
the MYH7 gene of both patients, a mutation which deletes a highly conserved glutamate residue (p.Glu500del) in the 
relay loop of the head domain of the ß-cardiac myosin heavy chain. The mutation occurred de novo in one patient, 
whereas mosaicism was detected in blood of the father of the second patient. Both boys presented with an unu‑
sual phenotype of prenatal polyhydramnios, congenital axial stiffness and muscular hypertonus. In one patient the 
phenotype evolved into an axial/proximal skeletal myopathy without distal involvement or cardiomyopathy, whereas 
the other patient exhibited predominantly stiffness and respiratory involvement. We review and compare all patients 
described in the literature who possess a variant predicted to alter the p.Glu500 residue in the ß-cardiac myosin head 
domain, and we provide in-silico analyses of potential effects on polypeptide function.

Conclusion:  The data presented here expand the phenotypic spectrum of mutations in the MYH7 gene and have 
implications for future diagnostics and therapeutic approaches.
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Background
The MYH7 gene is located on the long arm of chromo-
some 14 and encodes the heavy chain of ß-cardiac myo-
sin, which is expressed in both cardiac and slow skeletal 
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muscle fibers. Mutations in the MYH7 gene cause a spec-
trum of clinically heterogeneous cardiac myopathies, 
including hypertrophic cardiomyopathy (HCM), dilated 
cardiomyopathy and left ventricular noncompaction, as 
well as an array of skeletal myopathies, including Laing 
distal myopathy, myosin storage myopathy and scapulop-
eroneal myopathy (Additional file 1: Table S1).

MYH7 missense mutations located in the head domain 
of ß-cardiac myosin are a frequent cause of HCM [1]. In 
contrast, skeletal myopathies caused by MYH7 mutations 
are rare, and the causal mutations are predominantly 
located in the rod domain [2–4].

Three studies of larger cohorts of patients with MYH7-
related skeletal myopathies suggest a continuum of clini-
cal manifestations [5–7].

The study by Lamont et al. examined 88 patients from 
21 families [7]. In all families there was at least one 
affected member who had onset of symptoms in child-
hood. Two children presented as floppy babies and two 
children had congenital cardiomyopathy. Cardiomyo-
pathy, in addition to skeletal myopathy, was present in 
members from 9 of the 21 families. Distal weakness (foot 
drop) was the most frequent manifestation, present in 
81% of all individuals. Spinal involvement (scoliosis or 
rigidity) was present in 57% of the cases. All mutations 
reported by Lamont et al. were located in the rod domain 
[7].

The study by Fiorillo et  al. investigated 21 cases from 
15 families [6]. In nine of the 15 patients, onset of symp-
toms (predominantly distal weakness) occurred in 
childhood. Cardiomyopathy, in addition to the skeletal 
myopathy, was present in members from 7 of the 15 fam-
ilies. Distal weakness (foot drop) was the most frequent 
manifestation, present in 18 of 21 individuals. Spinal 
involvement (scoliosis or rigidity) was present in 11 of 
21 individuals. All but two of the mutations were located 
in the rod domain; the two exceptions (p.Thr441Met and 
p.Leu594Met) were both located in the head domain, and 
the two affected individuals exhibited distal weakness [6].

The study by Dabaj et  al. focused on eight patients, 
12 to 43  years of age, all of whom showed severe axial 
involvement. Earliest age of onset was 18  months, evi-
denced by waddling gait and frequent falls. Distal weak-
ness was present in all eight patients and cardiomyopathy 
was absent in all eight. Scoliosis, rigidity and stiffness 
were reported in six patients. All mutations detected by 
Dabaj et al. were missense mutations located in the rod 
domain [5].

Here, we show MRI results and describe clinical and 
histopathological data of two unrelated boys, both of 
whom presented prenatally with polyhydramnios and 
both of whom were symptomatic postnatally, exhibit-
ing muscular hypertonia and congenital axial stiffness, 

but not muscular hypotonia or floppiness as previously 
described in other cases [8].

Exome analyses of DNA isolated from peripheral blood 
of both patients revealed a heterozygous 3-bp in-frame 
deletion in MYH7, predicted to result in a single amino 
acid deletion (p.Glu500del) in the myosin head domain. 
The deletion occurred de novo in one patient and was 
detected as mosaicism in blood of the father of the other 
patient.

Materials and methods
Patients
We retrospectively collected clinical, histopathologi-
cal and MRI data of two unrelated patients with mus-
cular disorders and an identical heterozygous in-frame 
3-bp deletion in exon 15 of MYH7 (NM_000257.4): 
c.[1498_1500delGAG];[ =]; (p.[Glu500del];[ =]) detected 
by exome sequencing. Both patients are of Austrian 
descent. Both were seen as newborns at the Children’ s 
University Hospital of the Medical University of Vienna 
and one patient was also seen at 9 years of age at the Uni-
versity Clinic of Orthopedic and Trauma Surgery in Salz-
burg. The parents provided written informed consent.

Exome sequencing, sequence analysis and segregation 
analysis
Exome analysis from blood of patient 1 was performed as 
reported previously [9]. Briefly, DNA was isolated from 
peripheral blood. The library was prepared by SureSe-
lect60Mbv6 (Agilent) and paired-end sequenced on a 
HiSeq 4000 platform (Illumina) with a read length of 100 
bases. The sequence reads were aligned to the human 
genome assembly hg19 by using the Burrows-Wheeler 
Aligner (BWA, v.0.5.87.5). Detection of genetic variation 
was performed using SAMtools (v 0.1.18), PINDEL (v 
0.2.4t), and ExomeDepth (v 1.0.0). The cut-off for biallelic 
inheritance was 1% minor allele frequency; for dominant 
inheritance, only variants with a minor allele frequency 
of 0.1% were further considered. For comparison, data of 
25,183 exomes were available in the in-house database of 
the Munich exome server, which includes patients with 
different medical conditions and also clinically unaf-
fected parents. Variants below the cut-off were further 
filtered for genes annotated in the OMIM database that 
matched the term “myopathy”. After this filter-step, 12 
genes remained (KAT6B, MYBPC1, MAN2B1, CLCN6, 
MYO18B, DYSF, DCTN1, TTN, OPA1, DYSF, AR and 
MYH7). Based on clinical information, inheritance pat-
tern and frequency in unaffected individuals, only MYH7 
remained as a candidate for follow-up.

Exome analysis in patient 2 was performed from blood. 
DNA libraries were prepared using SureSelectXT Human 
All Exon V6 (Agilent Technologies) and sequenced on 
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an Illumina HiSeq 2500 sequencing system with 125-bp 
paired-end reads. All library preparation and sequencing 
steps were performed at GATC Biotech AG (Constance, 
Germany). Sequences were analyzed at the Neuromus-
cular Research Department using an in-house developed 
bioinformatics pipeline, starting from FASTQ files. Reads 
were mapped to the human genome reference sequence 
(build hg19) using the BWA-MEM algorithm. Within the 
targeted coding exons, the average depth of coverage was 
60-fold, with 91.8% of target sequence covered at least 
tenfold. Variant calling was performed using the Genome 
Analysis Toolkit (GATK) Haplotype Caller. Variant anno-
tation and comparison to reference databases (1000 
genomes project, NHLBI GO exome Sequencing Project, 
ExAC 0.3, gnomAD Browser 2.0, and an in-house data-
base comprising > 500 individuals) were conducted using 
ANNOVAR and exported to Excel spreadsheets for final 
analysis and variant prioritization. Filtering for poten-
tially damaging variants in genes known to be causatively 
involved in neuromuscular disorders and fulfilling a 
minor allele frequency cut-off of < 0.1% in reference data-
sets resulted in 540 variants, of which 14 were regarded 
as potentially pathogenic and affected genes known to be 
causatively involved in neuromuscular diseases; of these, 
4 genes were known to be associated with myopathy 
(FLNC, POMK, KCNE1, and MYH7).

Based on clinical information and mode of inherit-
ance, the variant in MYH7 was the only candidate that 
remained for follow-up.

In peripheral blood of both unrelated patients, a 
heterozygous in-frame 3-bp deletion in exon 15 of 
MYH7 (NM_000257.4): c.[1498_1500delGAG];[ =]; 
(p.[Glu500del];[ =]) was detected. The variant is depos-
ited in the ClinVar-Database under the accession Clin-
Var; [VCV000525034.2]. Segregation analysis in blood of 
the parents was performed by targeted standard Sanger 
sequencing. Multiple Sequence Alignment (MSA) was 
performed using Clustal Omega, PSI-Blast and the Con-
served Domain Database (CDD) [10]. Structural in silico 
prediction of the effect of the variant was performed 
using the program AlphaFold[11].

Muscle biopsy
Both patients underwent a muscle biopsy within their 
first two years of life. Specimens were stained by routine 
histological and histochemical methods and by standard 
immunohistochemical techniques [12].

Results
Patients and clinical features
Patient 1 (Table  1) is a nine-year-old boy and the first 
child born to healthy, non-consanguineous parents of 
Austrian descent. Family history was unremarkable, 

gestation was complicated by excess amniotic fluid and 
gestational diabetes. Patient 1 was born at term by elec-
tive Caesarean section. Anthropometric parameters were 
normal. Hip dysplasia was present at birth and treated by 
surgery. Within the first month of life, muscular hyper-
tonia, stiffness and reduced movements in the shoulder-
girdle were evident. Electrophysiological investigations 
gave normal results. Startle-disease (stiff-baby syndrome) 
was considered as a differential diagnosis and a therapy 
trial with clonazepam was initiated. An MRI of the cervi-
cal spine and the shoulder joints at age 7 years revealed 
generalized atrophy of the neck muscles and the paraver-
tebral cervical muscles as well as atrophy of distinct mus-
cles of the shoulder girdle (Fig. 1B, D, E, F).

At 9 years of age, MRI of the hip showed symmetrical 
atrophy of the adductor muscles and of distinct hip mus-
cles (Fig. 1G, H, I, J), i.e. almost complete fatty replace-
ment of adductor longus, adductor brevis, obturator 
externus, quadratus femoris and only moderate atrophy 
of adductor magnus.

Creatine kinase (CK) was slightly elevated (230 U/L).
Cardiological investigations at 9  years gave normal 

results, i.e. normal sinus rhythm and normal repolariza-
tion, no signs of hypertrophy, normal contractility.

Neurologic examination at 9  years revealed a rigid 
spine and hunched shoulders. The patient exhibited 
hyperlordosis of the cervical spine and kyphosis of the 
thoracic spine. Active movements in the shoulder-girdle 
were reduced, abduction of the shoulder was severely 
limited (~ 20°), passive movements were painful. Pro-
nation and supination in the elbow joints were slightly 
restricted. Strength of biceps, triceps and the distal mus-
cles was normal. Adduction in the hip joint was severely 
limited against resistance as was anteflexion against 
resistance. He performs well at school.

Patient 2
Patient 2 (Table 1) was born at 37 weeks by elective Cae-
sarean section. The pregnancy was complicated by poly-
hydramnios. After birth, muscular stiffness and problems 
in respiratory adaptation were noted. At 3  months a 
tracheostoma was placed for further respiratory care. 
During his first months of life, no changes of axially pro-
nounced muscle stiffness were noted. Pharmacologic 
treatments included baclofen and benzodiazepines with-
out change of muscle tonus.

On examination, he showed visual and mimic reactions 
to external stimuli.

Inguinal hernia, luxation of both hips and gastro-
esophageal reflux were treated surgically.

MRI, EEG, nerve conduction and EMG were nor-
mal. Cardiac and metabolic assessment revealed no 
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abnormalities. CK was slightly elevated initially; other 
laboratory tests were within normal ranges for age.

At 3  years old, the patient continues to show distinct 
muscle stiffness with rigidity of the spine and contrac-
tures of the shoulders, elbows, hips, knees and ankles. 
He is able to sit, to move himself in a supine position and 
to ride in a wheelchair. The patient reacts with laughing, 
mimics, shows emotions and says “mama”. He is able to 
speak phonetically with a tracheostoma canula and is fed 

by a jejunal tube. During the night he has non-invasive 
respiratory support.

Exome sequencing, sequence analyses and segregation 
analyses
Exome analysis from blood revealed in both unre-
lated patients a heterozygous in-frame 3-bp 
deletion in exon 15 of MYH7 (NM_000257.4): 
c.[1498_1500delGAG];[ =]; (p.[Glu500del];[ =]). 

Table 1  Comparison of all four patients in the literature with a mutation at MYH7-residue p.Glu500

Color-code for bottom rows: red = feature was present; green = feature was absent; white = feature was not investigated; HCM = hypertrophic cardiomyopathy; 
ASH = atrial septal hypertrophy; SCD = sudden cardiac death; N.A. = not available
# Classification of the variant according to the recommendations of the ACMG (American College of Medical Genetics); #§ccording to ACMG criteria, the missense 
variant can be classified as likely pathogenic as it fulfils 2 moderate and ≥ 2 supporting criteria for pathogenicity, i.e. PM1 = well-established functional domain, 
PM2 = absent from controls, PP2 = missense variant in a gene that has a low rate of benign missense variation, PP3 = pathogenic computational verdict based on 
twelve pathogenic predictors and no benign predictions. §clinical classification as given in Walsh et al. 2017 on the basis of a single patient is: VUS favors pathogenic 
[13] (VUS = variant of uncertain significance). An entry in ClinVar (SCV002177799.1) classifies the variant as VUS according to Sherloc [14]
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Fig. 1  MRI findings of patient 1. Top row, T2 w MRI. (B + D) Sagittal (B) and frontal (D) view of the neck muscles of patient 1 at the age of 7 years. 
Neck muscles and paravertebral muscles are degenerated with compensatory hyperlordosis of the cervical spine compared to (A + C) age-matched 
healthy controls. Second row shows the difference between right and left T2 w MRI at the age of 7 years: (E + F) frontal view of right + left shoulder 
showing symmetrical fatty degeneration of the supraspinatus muscle (S.m.) and involvement of the infraspinatus muscles (I.m.) compared 
to normal signal for deltoid muscles (D.m. in red). Bottom row shows the difference between right and left T1 w MRI at the age of 9 years: (G) 
Frontal view of thigh with obturator internus (O.a.m.) and adductor brevis (A.b.m) muscles replaced by fat tissue, adductor longus (A.l.m.) and 
adductor magnus (A.m.m.) muscles fatty degenerated. (H) A proximal axial view of the hip muscles: with the left gluteus maximus muscle (G.m.m.) 
showing slight signs of fatty infiltration, the right side appears not to be affected. (I + J) A distal axial view of the thigh muscle showing very slight 
involvement of the left biceps femoris, sartorius and semimembranosus muscles (circled in yellow) and no obvious involvement of the right thigh
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Fig. 2  MYH7 mutation p.Glu500del. (A + B) Electropherograms from Sanger sequencing of DNA from blood of A patient 1 (top row) and his parents 
show the 3-bp in-frame deletion in exon 15: MYH7 (NM_000257.3) c.1498_1500delGAG p.(Glu500del) heterozygous, de novo. B Patient 2 (top row) 
and his parents: the 3-bp in-frame deletion in exon 15 is present in patient 2 (top row) and also in a fraction of approx. 38% in DNA from blood of 
the father, as estimated from the area under the curve of the three bases after the frameshift in the electropherogram (bottom row). C Graphic 
representation of the 1935-amino-acid human beta myosin heavy chain polypeptide and location of p.Glu500del. Domains adapted from Colgrave 
2014 and derived from the reference-sequence NM_000248.2: head domain (aa 1–847, blue) including the actin-binding domain (aa 655-677 and 
757–771), relay-loop (aa 490–513, green), neck-domain (aa 848–1216, orange), rod-domain (aa 1217–1935, red). D MSA of Myh7 orthologs: 
Homo sapiens (NP_000248.2), Mus musculus (NP_542766.1); chicken, Gallus gallus (NM_001001302); Xenopus laevis (NM_001091682); Danio 
rerio (NP_001070932.2); scallop, Argopecten irradians (X55714.1); Caenorhabditis elegans (NP_724006.1), Drosophila melanogaster (NP_724006.1), 
Arabidopsis thaliana (NP_188630.1), Saccharomyces cerevisiae (NP_014971.1), Dictyostelium discoideum (XP_645195.1), Saccharomyces cerevisiae 
(NP_014971.1). The deleted amino acid position p.Glu500del is indicated by a box. The conserved relay loop (aa 490–513) is indicated by a 
double-headed arrow
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Segregation analysis of the variant showed that the 
deletion was absent in blood of the parents of patient 
1 (Fig. 2A). In the case of patient 2, segregation analy-
sis confirmed mosaicism of the deletion in blood of 
the father. Based on calculations from sequence traces 
(electropherograms), we estimate the level of mosai-
cism in peripheral blood of the father to be ~ 38% 
(Fig.  2B). The father was not obviously clinically 
affected.

The deletion was present in dbSNP (rs1555338254) but 
absent from the gnomAD database (date November 16th 
2021)[15] and absent in > 25,000 exomes of the Munich 
Exome Data Base. Multiple Sequence Alignment (MSA) 
shows that the mutation deletes an evolutionarily highly 
conserved (including in invertebrates, fungi and plants) 
glutamic acid residue (phyloP100way = 7.63) in the relay 
loop of the globular head domain (Fig. 2C + D, Fig. 4).

Muscle pathology
Muscle biopsies were done in both patients and the 
observed pathological changes are summarized in Table 1 
and Fig. 3. The biopsy of adductor muscle performed in 
patient 1 at the 1.5  years showed an advanced state of 
muscular degeneration, resembling the disease known 
as reducing body myopathy (Table 1, Fig. 3A–D). Muscle 
biopsy in patient 2 showed increased variability of muscle 
fiber diameters, proliferation of endomysial connective 
tissue, and type-I fiber predominance (Fig. 3E + F).

Discussion
A causative role for p.Glu500del
Our data indicate that a phenotype of rigidity, stiffness 
and muscular hypertonia in newborns can be caused by 
mutations in MYH7, similar to the effect of rare, distinct 
mutations in TPM3 and ACTA1, whose alterations usu-
ally cause muscle weakness [16, 17] (Additional file  1: 
Table  S1). The uncommon phenotype and the unex-
pected mutation site in both of our patients may raise 
concerns as to the causative role of p.Glu500del in the 
observed muscular disorder. However, the following 
three criteria, each suggesting moderate pathogenicity 
(PM), are met and their combination argues strongly in 
favor of a pathogenic role of p.Glu500del, according to 
recommendations of the American College of Medical 
Genetics and Genomics (ACMG) [18], as follows: PM1—
variant is located in a well-established functional domain, 
PM2—variant is absent from controls, and PM6—vari-
ant arose de novo, paternity assumed but not confirmed. 
Thus, by meeting three criteria of moderate pathogenic-
ity, the variant p.Glu500del can be classified as likely 
pathogenic (class 4) [18].

Evolution of the phenotype: from muscular hypertonia 
to atrophy of axial/proximal muscle groups. And beyond?
The disease in patient 1 was first noted as axial rigid-
ity and stiffness with muscular hypertonia and evolved 
into a phenotype of rigid spine, atrophy of the spi-
nal paravertebral and neck muscles with involvement 
of proximal shoulder and hip muscles, resulting in 
reduced mobility in the shoulder-girdle and the hip. 
There was no sign of foot drop or other weakness of 
distal muscles, no signs of cardiomyopathy, and despite 
marked atrophy of the adductors and hip muscles 
(Fig. 1), the 9-year-old boy goes on mountain walks and 
plays soccer.

Fig. 3  A–D Patient 1: Stained muscle biopsy from adductor muscle 
at the age of 18 months. A Note increased variability of muscle 
fiber diameters, endomysial fibrosis (open arrows), endomysial 
fat cells (asterisks) and muscle fibers with internal myonuclei 
(arrows). H and E. B Staining for nicotinamide adenine dinucleotide 
tetrazolium reductase (NADH-TR): note a-reactive, irregularly 
shaped sarcoplasmatic structures (arrows) displaying a reducing 
body. C Immunohistochemistry using an antibody against type-I 
myosin displays type-I fiber predominance. D Electron microscopy: 
electrodense, granulofilamentous sarcoplasmic structures resembling 
a “reducing body” (arrows). (E + F) Patient 2: Stained muscle 
biopsy (E) H and E: Increased variability of muscle fiber diameters 
and proliferation of endomysial connective tissue (arrows). (F) 
Cytochrome-c-oxidase: uniformly stained muscle fibers compatible 
with type-I fiber predominance
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Weakness limited to axial/proximal muscle groups is 
exceptionally rare in MYH7-related skeletal myopathies. 
For example, Dabaj et al. recruited patients with MYH7-
related severe axial involvement and found that all eight 
patients also had significant weakness of the lower or 
upper limbs [5].

Cranial, axial and proximal myopathy alone, without 
any distal involvement, was reported in a 58-year-old 
woman carrying a missense-mutation in the globular 
head region (p.Arg249Gln); however, this woman also 
had HCM [8].

Considering the early presentation of muscular hyper-
tonia, rigidity and stiffness in patient 1, it cannot be 
excluded that p.Glu500del causes a gain of contractile 
force. Since hypercontractility and hyperdynamic con-
traction is a first step in the pathogenesis of HCM [1], 
it also cannot be excluded that the variant predisposes 
to HCM, potentially becoming symptomatic later in 
life. In this context, it is notable that the age of onset of 
MYH7-associated cardiomyopathy can be very early in 
life, including at birth [6, 7] or prenatally [19], whereas in 
adult cardiology, patients most commonly present with 
symptoms during their 3rd and 6th decades [20].

Possible dual molecular consequences of p.Glu500del
More than 1165 different MYH7-mutations are doc-
umented in the Human Gene Mutation Database 

(HGMD [21]) (date June 27th 2021), with missense 
mutations being the predominant pathogenic muta-
tional type, accounting for 92.4% (1036) of all MYH7 
mutations listed in HGMD. Only 40 small deletions 
in MYH7 are documented in HGMD, 11 of which are 
located in the head domain (8 in-frame deletions and 3 
frameshift mutations).

All deletions located in the head domain have been 
associated with cardiomyopathy, except for one recent 
case report by Ko et al. [22] that describes a 33-year-old 
female with early-onset muscular weakness and severe 
kyphoscoliosis and who possesses the same MYH7-
mutation (p.Glu500del) as we found in our patients. 
Thus, our work brings to three the number of unrelated 
individuals who have this particular deletion (Table 1).

The single amino acid deletion is predicted to be 
located in the relay loop [23] of the actin-binding head 
domain, which specifies the converter and lever arm 
positions. The 3-bp in-frame deletion detected in our 
patients is situated in a short run of an incomplete 
purine-rich triplet-repeat (GAG-CAG-GAG-GAG 
encoding Glu-Gln-Glu-Glu). The mutation was de novo 
in two families (in our patient 1 and in the patient of Ko 
et al. [22]) and mosaic in the blood of the father of our 
patient 2. Considering the recurrence in three unre-
lated families and the repetitive nature of the respec-
tive DNA stretch, it is possible that the affected repeat 
constitutes a mutational hotspot, similar to other short 

Fig. 4  Intramolecular interactions involving p.Glu500, as predicted by AlphaFold. Close-up on the alpha-helix of the relay loop. p.Glu500 (colored 
in pink) is situated close to one end of the helix and is expected to engage in electrostatic interactions (dashed blue lines) with Lysine503 and 
Lysine762. Deletion of p.Glu500 may abolish these interactions and dislocate the positively charged amino group of Lysine503



Page 9 of 10Bader et al. Orphanet Journal of Rare Diseases          (2022) 17:279 	

repeats for which a loss or a gain of a repeat unit is a 
relatively frequent mutational event [24].

As glutamic acid residues are negatively charged, dele-
tion of one of the evolutionarily conserved consecutive 
glutamic acid residues (Fig.  2B) would likely alter the 
charge of the relay loop (Figs. 2D, 4).

The crystal structure of the myosin head (4DB1, Car-
diac human myosin S1dC, beta isoform complexed with 
Mn-AMPPNP, Klenchin et  al., 2012, unpublished data, 
retrieved from Protein Data Bank in Europe) reveals 
that p.Glu500 is located close to the tip of the alpha 
helix of the relay loop (data not shown). Based on a 
prediction by the program AlphaFold [11], p.Glu500 
engages in salt bridges with Lysine503 and Lysine762 
(Fig.  4). The finding of the heterozygous missense vari-
ant NM_000257.4(MYH7):c.1499A > C (p.Glu500Ala) in 
a single patient with HCM, but not skeletal myopathy 
(Table  1) [13, 25], may indicate that loss of a negative 
charge at that particular site disrupts these salt bridges, 
thereby inducing structural changes that ultimately lead 
to a net increase in myocyte contractility, a feature found 
in HCM.

Moreover, other missense mutations in the immediate 
vicinity of p.Glu500 also cause (presumably) isolated car-
diomyopathy [25, 26], suggesting that missense variants 
at this particular site of the protein generally do not cause 
skeletal myopathy and that additional factors determine 
whether or not variations of the relay loop ultimately lead 
to skeletal or cardiac myopathy or both.

In this context it is worth noting that, within an alpha-
helical structure, the loss of a single amino acid could dis-
locate charged amino acids at sites further downstream, 
such as Lysine503 in the case of Glu500del (Fig. 4). It is 
therefore tempting to speculate that, independently of 
the loss of negative charge, Glu500del causes additional 
structural alterations. These changes may also affect the 
position of the converter domain [27], thereby perturbing 
force transmission via the lever arm toward the myosin 
rod. Finally, variants that affect the coiled-coil rod of the 
myosin heavy chain dimer have frequently been found to 
cause skeletal myopathy, either in isolation or, less fre-
quently, accompanied by cardiomyopathy.

Conclusion
Our findings broaden the phenotypic spectrum of 
MYH7-related myopathies and have implications for 
early diagnosis in affected families. The hypothesis of 
a change in sarcomere contractility due to p.Glu500del 
warrants investigation, which would likely involve the use 
of patient-derived induced pluripotent stem cells. Over 
the longer term, the results of these experiments could 
inform prognosis and therapeutic decisions. At present, 
it remains elusive whether carriers of p.Glu500del might 

benefit from the therapeutic application of small mol-
ecules that can either activate or repress the slow/cardiac 
myosin heavy chain [27, 28].

WEB‑Resources
http://​genome.​ucsc.​edu/
http://​www.​ncbi.​nlm.​nih.​gov/​cdd
https://​www.​ebi.​ac.​uk/​Tools/​msa/​clust​alo/
https://​www.​ncbi.​nlm.​nih.​gov/​clinv​ar/​varia​tion/

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13023-​022-​02421-7.

Additional file 1: Table 1. OMIM entries for the three sarcolemmal genes 
MYH7, ACTA1, TPM3. First column: gene-symbol. Second column: OMIM 
gene number. Third column: phenotypic entities associated with muta‑
tion of the respective gene. Fourth column: OMIM number associated 
with the respective phenotype. Fifth column: trait mode of inheritance 
(AD=autosomal dominant; AR=autosomal recessive)

Acknowledgements
The authors would like to thank the parents of the patients for their support.

Author contributions
REB performed immunohistochemical experiments, created figures and wrote 
the respective text. WMS analyzed data and performed experiments. CR and 
MF consulted patients and wrote the respective text. FL consulted patients 
and created figures. SW performed in silico sequence analysis, contributed to 
interpretation of genetic data and wrote the respective text. WMF contributed 
to the analysis and interpretation of clinical and genetic data. WS supervised 
the study and provided resources. IB consulted patients, analyzed data, 
conceptualized and wrote the manuscript. JAM analyzed data, conceptualized 
and supervised the study. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. We acknowl‑
edge support by Open Access Publishing Fund of University of Tübingen. Sup‑
ported by the European Joint Programme on Rare Diseases and the EJPRD19-
145 GENOMIT I4695-B project financed by the Austrian Science Funds, FWF 
(to JAM).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its supplementary information files.

Declarations

Ethics approval and consent to participate
Not applicable. Written informed consent was obtained from the parents of 
the patients.

Consent for publication
Written informed consent to publish personal and clinical details was 
obtained from the parents of both patients. A copy of the written consent is 
available for review by the Editor of this journal.

Competing interests
The authors declare they have no competing interests.

Author details
1 Clinical Genetics Unit, University Hospital, Salzburger Landeskliniken and Par‑
acelsus Medical University Salzburg, 5020 Salzburg, Austria. 2 University Chil‑
dren’s Hospital, Salzburger Landeskliniken and Paracelsus Medical University 

http://genome.ucsc.edu/
http://www.ncbi.nlm.nih.gov/cdd
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ncbi.nlm.nih.gov/clinvar/variation/
https://doi.org/10.1186/s13023-022-02421-7
https://doi.org/10.1186/s13023-022-02421-7


Page 10 of 10Bader et al. Orphanet Journal of Rare Diseases          (2022) 17:279 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Salzburg, 5020 Salzburg, Austria. 3 University Clinic of Orthopaedic and Trauma 
Surgery, SALK and Paracelsus Medical University Salzburg, 5020 Salzburg, 
Austria. 4 Neuromuscular Research Department, Center of Anatomy and Cell 
Biology, Medical University of Vienna, 1090 Vienna, Austria. 5 Universitätsklinik 
Für Kinder‑ Und Jugendheilkunde, Medical University of Vienna, 1090 Vienna, 
Austria. 6 Dr. V. Hauner Children’s Hospital, Ludwig-Maximilian University 
of Munich, Munich, Germany. 7 Institute of Medical Genetics and Applied 
Genomics, University of Tübingen, Calwerstr. 7, 72076 Tübingen, Germany. 

Received: 16 February 2022   Accepted: 30 June 2022

References
	1.	 Nag S, Trivedi DV, Sarkar SS, et al. The myosin mesa and the basis of 

hypercontractility caused by hypertrophic cardiomyopathy mutations. 
Nat Struct Mol Biol. 2017;24:525–33.

	2.	 Beecroft SJ, Van De Locht M, De Winter JM, et al. Recessive MYH7-related 
myopathy in two families. Neuromuscul Disord. 2019;29:456–67.

	3.	 Colegrave M, Peckham M. Structural implications of beta-cardiac 
myosin heavy chain mutations in human disease. Anat Rec (Hoboken). 
2014;297:1670–80.

	4.	 Mamelona J, Filice L, Oussedik Y, et al. A novel missense mutation in the 
MYH7 gene causes an uncharacteristic phenotype of myosin storage 
myopathy: a case report. BMC Med Genet. 2019;20:78.

	5.	 Dabaj I, Carlier RY, Gomez-Andres D, et al. Clinical and imaging hallmarks 
of the MYH7-related myopathy with severe axial involvement. Muscle 
Nerve. 2018;58:224–34.

	6.	 Fiorillo C, Astrea G, Savarese M, et al. MYH7-related myopathies: clinical, 
histopathological and imaging findings in a cohort of Italian patients. 
Orphanet J Rare Dis. 2016;11:91.

	7.	 Lamont PJ, Wallefeld W, Hilton-Jones D, et al. Novel mutations widen the 
phenotypic spectrum of slow skeletal/beta-cardiac myosin (MYH7) distal 
myopathy. Hum Mutat. 2014;35:868–79.

	8.	 Diaz-Manera J, Alejaldre A, Llauger J, et al. Cranial, axial and proximal 
myopathy and hypertrophic cardiomyopathy caused by a mutation in 
the globular head region of the MYH7 gene. Eur J Neurol. 2014;21:e51-52.

	9.	 Kremer LS, Bader DM, Mertes C, et al. Genetic diagnosis of Mendelian 
disorders via RNA sequencing. Nat Commun. 2017;8:15824.

	10.	 Marchler-Bauer A, Bo Y, Han L, et al. CDD/SPARCLE: functional classifica‑
tion of proteins via subfamily domain architectures. Nucleic Acids Res. 
2017;45:D200–3.

	11.	 Jumper J, Evans R, Pritzel A, et al. Highly accurate protein structure predic‑
tion with AlphaFold. Nature. 2021;596:583–9.

	12.	 Dubowitz V, Sewry C, Oldfors A. Muscle biopsy. Elsevier; 2020.
	13.	 Walsh R, Thomson KL, Ware JS, et al. Reassessment of Mendelian gene 

pathogenicity using 7,855 cardiomyopathy cases and 60,706 reference 
samples. Genet Med. 2017;19:192–203.

	14.	 Nykamp K, Anderson M, Powers M, et al. Sherloc: a comprehensive 
refinement of the ACMG-AMP variant classification criteria. Genet Med. 
2017;19:1105–17.

	15.	 Karczewski KJ, Francioli LC, Tiao G, et al. The mutational constraint 
spectrum quantified from variation in 141,456 humans. Nature. 
2020;581:434–43.

	16.	 Donkervoort S, Papadaki M, De Winter JM, et al. TPM3 deletions cause 
a hypercontractile congenital muscle stiffness phenotype. Ann Neurol. 
2015;78:982–94.

	17.	 Jain RK, Jayawant S, Squier W, et al. Nemaline myopathy with stiff‑
ness and hypertonia associated with an ACTA1 mutation. Neurology. 
2012;78:1100–3.

	18.	 Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpre‑
tation of sequence variants: a joint consensus recommendation of the 
american college of medical genetics and genomics and the association 
for molecular pathology. Genet Med. 2015;17:405–24.

	19.	 Hoedemaekers YM, Cohen-Overbeek TE, Frohn-Mulder IM, et al. Prenatal 
ultrasound diagnosis of MYH7 non-compaction cardiomyopathy. Ultra‑
sound Obstet Gynecol. 2013;41:336–9.

	20.	 Maron BJ, Rowin EJ, Casey SA, et al. Hypertrophic cardiomyopathy in 
adulthood associated with low cardiovascular mortality with contempo‑
rary management strategies. J Am Coll Cardiol. 2015;65:1915–28.

	21.	 Stenson PD, Mort M, Ball EV, et al. The Human Gene Mutation Database 
(HGMD((R))): optimizing its use in a clinical diagnostic or research setting. 
Hum Genet. 2020;139:1197–207.

	22.	 Ko JY, Lee M, Jang JH, et al. A novel de novo mutation in MYH7 gene in a 
patient with early onset muscular weakness and severe kyphoscoliosis: a 
case report. Medicine (Baltimore). 2019;98: e16389.

	23.	 Houdusse A, Kalabokis VN, Himmel D, et al. Atomic structure of scallop 
myosin subfragment S1 complexed with MgADP: a novel conformation 
of the myosin head. Cell. 1999;97:459–70.

	24.	 Weber JL. Informativeness of human (dC-dA)n. (dG-dT)n polymorphisms. 
Genomics. 1990;7:524–30.

	25.	 Mohiddin SA, Begley DA, Mclam E, et al. Utility of genetic screening in 
hypertrophic cardiomyopathy: prevalence and significance of novel and 
double (homozygous and heterozygous) beta-myosin mutations. Genet 
Test. 2003;7:21–7.

	26.	 Kelly MA, Caleshu C, Morales A, et al. Adaptation and validation of 
the ACMG/AMP variant classification framework for MYH7-associated 
inherited cardiomyopathies: recommendations by ClinGen’s inherited 
cardiomyopathy expert panel. Genet Med. 2018. https://​doi.​org/​10.​1038/​
gim.​2017.​218.

	27.	 Houdusse A, Sweeney HL. How myosin generates force on actin fila‑
ments. Trends Biochem Sci. 2016;41:989–97.

	28.	 Alsulami K, Marston S. Small molecules acting on myofilaments as treat‑
ments for heart and skeletal muscle diseases. Int J Mol Sci. 2020. https://​
doi.​org/​10.​3390/​ijms2​12495​99.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1038/gim.2017.218
https://doi.org/10.1038/gim.2017.218
https://doi.org/10.3390/ijms21249599
https://doi.org/10.3390/ijms21249599

	A recurrent single-amino acid deletion (p.Glu500del) in the head domain of ß-cardiac myosin in two unrelated boys presenting with polyhydramnios, congenital axial stiffness and skeletal myopathy
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Patients
	Exome sequencing, sequence analysis and segregation analysis
	Muscle biopsy

	Results
	Patients and clinical features
	Patient 2
	Exome sequencing, sequence analyses and segregation analyses
	Muscle pathology

	Discussion
	A causative role for p.Glu500del
	Evolution of the phenotype: from muscular hypertonia to atrophy of axialproximal muscle groups. And beyond?
	Possible dual molecular consequences of p.Glu500del

	Conclusion
	WEB-Resources
	Acknowledgements
	References


