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    Abstract 1 

Myopathies due to recessive MYH7 mutations are exceedingly rare, reported in only two 2 

families to date. We describe three patients from two families (from Australia and the UK) with 3 

a myopathy caused by recessive mutations in MYH7. The Australian family was homozygous 4 

for a c.5134C>T, p.Arg1712Trp mutation, whilst the UK patient was compound heterozygous 5 

for a truncating (c.4699C>T; p.Gln1567*) and a missense variant (c.4664A>G; p.Glu1555Gly). 6 

All three patients shared key clinical features, including infancy/childhood onset, pronounced 7 

axial/proximal weakness, spinal rigidity, severe scoliosis, and normal cardiac function. There 8 

was progressive respiratory impairment necessitating non-invasive ventilation despite 9 

preserved ambulation, a combination of features often seen in SEPN1- or NEB-related 10 

myopathies. On biopsy, the Australian proband showed classical myosin storage myopathy 11 

features, while the UK patient showed multi-minicore like areas. To establish pathogenicity of 12 

the Arg1712Trp mutation, we expressed mutant MYH7 protein in COS-7 cells, observing 13 

abnormal mutant myosin aggregation compared to wild-type. We describe skinned myofiber 14 

studies of patient muscle and hypertrophy of type II myofibers, which may be a compensatory 15 

mechanism. In summary, we have expanded the phenotype of ultra-rare recessive MYH7 16 

disease, and provide novel insights into associated changes in muscle physiology.17 

 

Keywords: 

Myosinopathy; muscle physiology; myosin storage myopathy; MYH7; next generation 

sequencing



 

1. Introduction 1 

Mutations in MYH7 cause a wide range of cardiac and skeletal muscle diseases, including 2 

both dilated and hypertrophic cardiomyopathy (MIM 613426, MIM192600), left ventricular non-3 

compaction (MIM 613426), dominant and recessive myosin storage myopathy (MSM, MIM 4 

608358, MIM 255160), Laing distal myopathy (MIM 160500),  scapuloperoneal myopathy (MIM 5 

181430)[1,2], and subgroups of congenital myopathies with characteristic histopathological 6 

features such as multi-minicores[3] and myofiber type disproportion with small type I 7 

myofibers[4].  8 

 MYH7 (MIM 160760) encodes the β-cardiac/slow skeletal myosin heavy chain (MyHC-9 

slow), expressed predominantly in the cardiac ventricles and slow skeletal (type I) myofibers.  10 

Myosin acts as a “molecular motor” through its interaction with actin of the thin filament, which 11 

is vital for skeletal muscle force generation.  Myosin heavy chains such as MyHC-slow contain 12 

three main domains from the N- to the C-terminus: the globular head domain (sub-fragment 1 or 13 

S1), the neck domain (sub-fragment 2 or S2), and the rod domain (light meromyosin [LMM]) (Fig 14 

1A-B illustrates MyHC protein structure and assembly). Most cardiomyopathy-related MYH7 15 

mutations cluster in the head region, whilst skeletal muscle myopathy-associated mutations tend 16 

to occur in the rod domain, with some notable exceptions[5]. MSM mutations in particular 17 

generally cluster at the very distal end of the rod, encoded by exons 37-40[5].  18 

 MSM is a protein aggregate myopathy characterized by sub-sarcolemmal collections of 19 

slow myosin, previously known as hyaline bodies[6–8]. Disease onset ranges from the neonatal 20 

period to adulthood, with clinical features including hypotonia, scapuloperoneal or generalized 21 

muscle weakness, and slow progression[9]. Type I myofiber predominance is a frequent but non-22 

specific histopathological feature. Dominantly inherited MSM is rare, with fewer than 75 reported 23 

cases[9], and autosomal recessive MSM has only been reported in two families[8,10]. In the two 24 



 

previously reported recessive families, onset ranged from late adolescence to adulthood, with 25 

key clinical features of cardiomyopathy, proximal muscle weakness, wasting, and respiratory 26 

impairment, and with variable facial and spinal involvement, and creatine kinase elevation.  27 

 Here we describe 3 additional cases with recessive MYH7-related disease, expanding the 28 

clinico-pathological spectrum and aiding the diagnosis and management of this ultra-rare 29 

myopathy. We also report skinned-myofiber contractility studies, previously only performed on 30 

skeletal and cardiac muscle from patients with dominantly inherited MYH7 mutations [11], and 31 

investigate the impact on myosin filament formation in cellulo as previously described [12,13], 32 

utilizing COS-7 cells transfected with an MYH7 construct containing the Arg1712Trp mutation 33 

identified in Family AUS1.  34 

2. Patients and methods 35 

 36 

2.1. Patient details 37 

Family AUS1 was a consanguineous Australian family of Middle Eastern ancestry (Fig. 38 

2A). The parents were first cousins. The mother had two miscarriages before the birth of their 39 

eldest child. The two affected siblings were aged 21 and 13 years. There was also a healthy 40 

younger brother aged 18 years. There was no additional family history of neurological or cardiac 41 

abnormalities in other first- or second-degree family members.  42 

Family UK1 was a non-consanguineous Caucasian family of Irish descent from the United 43 

Kingdom (Fig. 2B). The single affected individual from this family was aged 31 and was the only 44 

child to her parents, however she has a female maternal half sibling who is unaffected.  45 

 46 

 47 

 48 



 

2.2. Muscle biopsy and histology 49 

Vastus lateralis muscle biopsies had been undertaken in two affected individuals as part 50 

of their diagnostic work up. AUS1 IV:1 was biopsied at age 13 years and UK1 IV:1 was biopsied 51 

at age 9 years. Both samples had a portion of the biopsy oriented for cross-sectional histology 52 

and frozen at −80 °C according to standard procedures[14]. Haematoxylin and eosin (H&E), 53 

NADH-tetrazolium reductase and Gomori trichrome staining were performed. Myosin 54 

immunoperoxidase staining was performed on the AUS1 sample as previously described, the UK-55 

1 tissue was no longer available for further immunohistochemical studies[14]. Samples prepared 56 

for electron microscopy from family AUS1 were fixed in buffered 2.5% glutaraldehyde and 57 

postfixed in 1% OsO4, before being dehydrated and embedded in epon resin. A sample from 58 

patient UK1 was not available for further electron microscopy analysis. 59 

 60 

2.3. Genetic analysis 61 

 62 

2.3.1. Next generation sequencing 63 

Patients AUS1 II:1 and AUS1 II:3 underwent diagnostic genetic testing on a targeted sub-64 

exomic Illumina sequencing panel of 464 neurogenetic disease genes in the Diagnostic Genomics 65 

Laboratory at PathWest, Department of Health, Western Australia[15]. The data were analyzed 66 

using the Cartagenia software package (Agilent Technologies) as previously described[16]. 67 

Patient UK1 underwent diagnostic genetic testing through a targeted Illumina gene panel 68 

covering 32 genes previously implicated in congenital myopathies. The Alamut software package 69 

(Interactive Biosoftware) was used in used to evaluate the in silico predicted pathogenicity of 70 

identified variants. 71 



 

2.3.2. Sanger sequencing 72 

Bi-directional Sanger sequencing was used as previously described[16], to confirm 73 

recessive inheritance of both sets of variants.  74 

 75 

2.4. Functional characterization 76 

 77 

2.4.1. Cell transfection and imaging 78 

The commercially available MYH7 expression clone (Clone ID Hu28301C (Genscript)) 79 

produces full-length MyHC-slow protein tagged with enhanced green fluorescent protein (EGFP) 80 

at the C-terminus. This was used unaltered as the wild-type construct. Site-directed mutagenesis 81 

was used to generate the Arg1712Trp mutant. Simian kidney fibroblast cells (COS-7) cells[17] 82 

were seeded into wells of a 24-well plate (Nunc), each containing a Matrigel-coated glass 83 

coverslip (No. 1.5, Merck). Immediately after seeding, cells were transfected with wild-type or 84 

Arg1712Trp MYH7 plasmid (Lipofectamine 3000, ThermoFisher). One hour post-transfection, 85 

the media containing transfection reagents was removed, and cells were washed with PBS before 86 

receiving new media. At 21 hours, cells were fixed with 2% paraformaldehyde then mounted on 87 

glass slides. Cell media consisted of Dulbecco’s Modified Eagle’s Medium (ThermoFisher) 88 

supplemented with 10% fetal calf serum (Gibco) and 1% PenStrep (ThermoFisher). Images were 89 

obtained with a Nikon confocal C2/C2si microscope, using a 60x objective with oil.  90 

 91 

2.4.2. Skinned myofiber studies 92 

 2.4.2.1. Permeabilized myofiber contractility 93 

We adapted previously described methods to investigate myofiber contractile properties 94 

patient versus control muscle[18–20]. The temperature was kept at 20°C using a temperature 95 

controller (ASI 825A, Aurora Scientific). In brief, small sections (2×2 mm) were isolated from the 96 



 

biopsies and glycerinated for 24 hours at -20˚C. Single myofibers from control subjects (average 97 

age at biopsy: 47±8 years) and patient AUS1 IV:1 were dissected from the muscle strips and 98 

clipped between aluminium foil T-clips. Myofibers were permeabilized in 1% (v/v) TritonTM 99 

X100/relaxing solution, then mounted between a length motor (ASI 315C I; Aurora Scientific, 100 

Aurora, ON, Canada) and a force transducer element (ASI 403A, Aurora Scientific) in a 101 

permeabilized myofiber apparatus (ASI 802D, Aurora Scientific) mounted on top of an inverted 102 

microscope (Axio Observer A1; Zeiss, Oberkochen, Germany). Sarcomere length was set to 2.5 103 

μm using a using a 40x objective, high-speed VSL camera and ASI 900B software (Aurora 104 

Scientific). Myofiber length, width, and depth were measured at three points along the myofiber 105 

using a 10x objective, a prism, and a custom-made mirror mounted in the bath. Cross-sectional 106 

area was calculated with the average width and depth of the myofiber assuming an elliptical 107 

cross-section.  To determine the Ca2+-sensitivity of force generation and Hill slope, permeabilized 108 

single myofibers were exposed to solutions with incremental Ca2+-concentration increases (note 109 

that exposure to incremental Ca2+-concentrations renders similar force-pCa relations as 110 

exposure to randomly ordered Ca2+-concentrations[21]. Steady-state forces were measured at 111 

each Ca2+-concentration, then these steady-state values were normalized to the maximal force 112 

obtained at pCa 4.5. The force-pCa data were fitted to the Hill equation (Y = 1 / [1 + 10nH (pCa - 113 

pCa50)])[22,23]. Cross-bridge cycling kinetics were determined by imposing a rapid release–114 

restretch protocol on an activated myofiber as described previously[24,25]. The force/stiffness 115 

ratio was determined by dividing the maximal active specific force by active stiffness. The rate 116 

of tension redevelopment (kTR) was obtained by performing a bi-exponential fit through the 117 

force redevelopment curve. The resulting first-order rate constant k1 reflects the rate constants 118 

of cross bridge attachment and detachment (fapp and gapp, respectively)[26]. Active stiffness was 119 

measured by applying short-length perturbations of 0.3, 0.6, and 0.9% on the single myofibers 120 

while maximally activated, then fitting a linear curve through the data points[27] (see Fig. 3B for 121 



 

a typical trace). The 315C High-Speed Length Controller (Aurora Scientific) was used, which has 122 

a step change of length in 200µs and a length frequency response up to 2.4 kHz. This speed is 123 

sufficient for the stiffness measurements (similar length controller as previously used for similar 124 

experiments[28–30].  125 

The criteria of acceptance regarding the myofiber contractility studies included: (1) 126 

preserved striation pattern (also required to set sarcomere length); (2) the force at the final pCa 127 

4.5 had to be higher than 90% of the force during pre-activation. Each myofiber underwent two 128 

maximal activations (pCa 4.5) and five submaximal activations (pCa 7.0 – 6.0 – 5.8 – 5.6 – 5.4); 129 

(3) preserved sarcomere length in the myofibers after completion of the experimental protocol 130 

(to assure that the myofiber was well set in the clip). Applying these criteria, ~70% of the 131 

myofiber experiments were included in the results shown. Determination of myosin heavy chain 132 

composition of measured myofibers was performed as described previously[18,31]. 133 

 134 

2.5 Statistical analysis of skinned myofiber data 135 

 The data was tested for significance by performing a mixed model analysis with a random 136 

effect for biopsies and post-hoc tests with a Bonferroni correction, after checking if the residues 137 

were normally distributed. Testing was performed using the software package SPSS Inc. 138 

(Armonk, NY, USA) 139 

3. Results 140 

 141 

3.1. Clinical findings 142 

 143 



 

3.1.1. Family AUS1 144 

Patient AUS1 IV:1 was born at term, following an uncomplicated pregnancy. She had mild 145 

meconium aspiration and low Apgar scores but was discharged home on day 4 of life. She was 146 

hypotonic since birth but crawled at 10 months and walked independently at 18 months of age. 147 

She had a very thin body habitus, which prompted consideration of an eating disorder before her 148 

muscle weakness was recognized at age 12 (see Table 3). She had severe restrictive lung disease 149 

requiring institution of nocturnal non-invasive ventilation very soon after presentation, at age 150 

13, and a severe rapidly progressive scoliosis with spinal rigidity (consistent with a clinical 151 

diagnosis of “rigid spine syndrome”), requiring posterior spinal fusion at the level of the 3rd 152 

thoracic vertebra and 5th lumbar vertebra aged 15 years. She remained ambulant at the time of 153 

her spinal surgery, and was ambulant at age 21, although she used a wheelchair for longer 154 

distances. She had no ophthalmoplegia.  At age 21, she showed a proximal pattern of weakness, 155 

bilaterally winged scapulae, mild weakness of neck extension and flexion, and a myopathic face 156 

with marked dolichocephaly. Her cardiac function was normal, with the most recent cardiac 157 

assessment (including ECG and echocardiogram) having been performed at age 21 years. EMG 158 

findings were myopathic. She had normal cognition. Her creatine kinase measurements have 159 

always been within the normal range (last measurement at age 13 188 IU/l, normal range 40-160 

240 IU/L).  161 

Her affected younger brother, AUS1 IV:3, was 13 years of age. Pregnancy was normal. He 162 

had mild truncal weakness and difficulty running. He could walk on his toes but not his heels. He 163 

could not touch his toes due to spinal rigidity but had no scoliosis. At age 13 years, an MRI scan 164 

(Fig. 4) of the lower extremities showed marked fatty replacement of the glutei, with milder 165 

involvement of the obturators, all compartments of both thighs, and the extensor and peroneal 166 

compartments of the lower legs, and the calf muscles bilaterally. 167 



 

Lung function tests were normal at age 8. By age 12, he had developed very mild 168 

restrictive lung disease (forced vital capacity 76% predicted for age). Respiratory impairment 169 

progressed rapidly; by the age of 13 years, a nocturnal polysomnogram showed evidence of 170 

sleep-related hypoventilation, with significant desaturations and marked CO2. On 171 

videofluoroscopy, diaphragmatic movement appeared normal. Non-invasive ventilation was 172 

initiated at 13 years of age. Creatine kinase measurements have always been in the normal range 173 

(34 IU/L in 2019). 174 

 175 

3.1.2. Family UK1 176 

 The proband presented with toe-walking at around 15 months of age, following an 177 

uneventful pregnancy and neonatal period. She developed progressive scoliosis and required 178 

spinal fusion surgery in childhood. Marked difficulties gaining weight required gastrostomy until 179 

age 18; following gastrostomy removal, she could manage a wide range of differently textured 180 

foodstuff. She was commenced on nocturnal BiPAP ventilation in adolescence due to substantial 181 

respiratory impairment and evidence of progressive nocturnal hypoventilation. Her condition 182 

was very slowly progressive. On examination at 30 years, she was very thin with generally 183 

reduced muscle bulk. She had a rather high-pitched voice, but no other overtly myopathic facial 184 

features. She did not have ophthalmoplegia. There was proximal weakness affecting the shoulder 185 

girdle (MRC3- to MRC4) more than the hip girdle (MRC3+ to MRC4+). There was additional 186 

weakness in long finger extension (MRC3++) and ankle dorsiflexion (MRC4+). Deep tendon 187 

reflexes were generally reduced. On the most recent review, she complained about palpitations, 188 

mainly when walking but occasionally also at rest. However, cardiac examination was normal. 189 

She could walk independently up to five minutes but had to use an electric scooter for longer 190 

distances. She could manage stairs while holding on to the banister. Although she struggled with 191 



 

overhead tasks, she could lift fairly heavy objects. Creatine kinase levels were within a normal 192 

range. 193 

3.2. Muscle pathology 194 

 195 

3.2.1. Family AUS1 196 

3.2.1.1. Patient IV:1, age 13, vastus lateralis  197 

Muscle biopsy showed prominent variation in myofiber size (Fig. 5A-B), with no increase 198 

in internal nuclei or split myofibers. Scattered nuclear bags were seen. There was no evidence of 199 

inflammation, nor active degeneration or regeneration. There were scattered subsarcolemmal 200 

inclusions up to 4µm that did not stain with Periodic acid–Schiff (PAS). However, they reacted 201 

with increased intensity with myosin ATPase at pH 4.5, were pale blue on Gomori trichrome (Fig. 202 

5A) and showed a rim of NADH-TR and glycogen. NADH-TR also revealed a moth-eaten and 203 

lobulated appearance of myofibers associated with the inclusions (Fig. 5C) in the type I 204 

myofibers.  Phosphorylase was normal.  The smaller myofibers were predominantly type I but 205 

the normal checkerboard pattern of myofiber typing was preserved. Immunohistochemistry 206 

showed the inclusions were reactive with slow myosin (Fig. 5D) and thus resembled hyaline 207 

bodies.  Electron microscopy showed the inclusions to be composed of fine filamentous material, 208 

which appeared in part rimmed by mitochondria (Fig. 5I). 209 

 210 

3.2.2. Family UK1 211 

Patient IV:1, age 9, vastus lateralis 212 

The needle muscle biopsy yielded two samples with variable pathology, both compatible 213 

with the histopathological appearance of a congenital myopathy. The first sample showed 214 



 

increased variability in myofiber size (Fig. 5E), with uniformity of type I myofibers on ATPase. 215 

Staining for NADH-TR and cytochrome c oxidase (Fig. 5F), however, showed some apparent 216 

myofiber type differentiation with a population of small myofibers with a prominent dark rim 217 

and slightly lobulated appearance. These myofibers had a marked moth-eaten appearance and 218 

appeared to be exclusively small type I myofibers on staining for ATPase (not shown). The second 219 

sample showed less variability in myofiber size and a more normal myofiber type distribution 220 

(Fig. 5G), although some type I myofibers appeared to be clustered with staining for ATPase. 221 

Staining for cytochrome c oxidase (Fig. 5H), however, suggested type I predominance. There were 222 

occasional small myofibers of both types with staining for ATPase. Staining for oxidative enzyme 223 

showed uneven staining but no myofibers in this area showed a clear lobulated-like appearance. 224 

There was no increase in internal nuclei, connective tissue, regenerating myofibers, no 225 

inflammatory changes or no hyaline bodies.  Based on the findings, particularly of the first sample, 226 

a congenital myopathy with features of Multi-minicore Disease (MmD) was considered the most 227 

likely histopathological diagnosis, although cores could unfortunately not be confirmed on 228 

electron microscopy due to unavailability of muscle tissue.   229 

 230 

3.3. Genetic findings 231 

 232 

3.3.1. Family AUS1 (Australia) 233 

The targeted neuromuscular panel revealed a homozygous missense change in MYH7 234 

(c.5134C>T, p.Arg1712Trp) in both affected siblings. Sanger sequencing showed the variant was 235 

heterozygous in each parent. DNA from the unaffected brother was not available for testing. This 236 

variant was absent in gnomAD[32] and the Greater Middle East Variome[33]. The amino acid 237 

residue is conserved to lamprey (L. Camtschaticum) (Fig. 1C). The variant was predicted to be 238 



 

deleterious by five in-silico prediction programs (Provean[34], SIFT[35], MutationTaster2[36], 239 

Mutation Assessor and PolyPhen2[37]). This residue lies in the f position in the rod domain 240 

coiled-coil heptad repeat (Fig. 1B). This variant was initially treated as a variant of unknown 241 

significance in a diagnostic setting (based on American College of Medical Genetics and Genomics 242 

Guidelines[38]), and was not confirmed as pathogenic until functional studies were completed. 243 

3.3.2. Family UK1 (UK) 244 

Genetic testing of UK1 IV:1 on a next generation sequencing congenital myopathy panel 245 

revealed compound heterozygosity for two variants in MYH7: c.4699C>T;p.Gln1567* 246 

(maternally inherited) and c.4664A>G; p.Glu1555Gly (paternally inherited). These are also both 247 

absent from gnomAD[32] and the Greater Middle East Variome[33]. The missense mutation 248 

affects a c position in the rod-domain heptad repeat (Fig. 1B). The residue is conserved to 249 

nematode (C. Elegans) (Fig. 1C). The combination of a truncating variant and rare, conserved 250 

missense variant allowed these two variants to be immediately classified as pathogenic[38].  251 

 252 

3.4. Functional characterization 253 

 254 

3.4.1. Transfection findings 255 

At 21 hours post-transfection, the EGFP-tagged MyHC-slow was distributed throughout 256 

the cytoplasm, aggregating into discrete structures. The wild-type aggregates formed long, 257 

filamentous structures (Fig. 6A, 6B). The Arg1712Trp mutant MyHC-slow instead formed many 258 

small, round inclusions (Fig. 6C).  259 

3.4.2. Skinned myofiber findings 260 

In patient AUS1 IV:1, both type I and type II myofibers displayed a well-preserved striated 261 

pattern (Fig. 3A). Type I myofibers had an absolute force, cross-sectional area (CSA) and force 262 



 

normalized to cross-sectional area (maximal active specific force) comparable to myofibers of 263 

control subjects (Fig. 3D-F, Table 1). Fig. 3C shows a typical curve from the active specific force 264 

protocol (see Fig. 3B) and fitted to a linear equation. Type II myofibers had higher absolute force 265 

(241%, p < .001) and CSA (209%, p < .001) compared to myofibers of control subjects, but 266 

maximal active specific force was comparable to controls (Fig. 3D-F, Table 2). We plotted the 267 

force–pCa relation, showing the force generated at incremental Ca2+ concentrations in AUS IV:1 268 

(Fig. 3G-H). The kTR of type I myofibers was similar to control values (Table 1). The kTR was higher 269 

in type II myofibers (21%, p < .05) compared to that of controls (Table 2). The active stiffness 270 

normalized to CSA was similar to control values in both myofiber (Tables 1 and 2). The specific 271 

force/stiffness ratio was similar to control values in type I myofibers (Table 1), but 48% higher 272 

in type II myofibers compared to controls (p<0.05, Table 2). For both the pCa50 and nHill no 273 

differences were found between patient and control myofibers (Tables 1 and 2). 274 

 275 

4. Discussion 276 

 277 

The spectrum of cardiac and skeletal muscle disorders due to dominant mutations in MYH7 has 278 

rapidly expanded in recent years, but there have only been two reported families with recessive 279 

MYH7-related neuromuscular disease to date. Here we report three patients from two unrelated 280 

families with recessive MYH7 mutations. We describe the consistent clinical features across both 281 

families, which contrast with the variable histopathological findings. We also describe the path 282 

to genetic diagnosis for these families, highlighting some of the challenges associated with 283 

reliable pathogenicity ascertainment of variants identified through next generation sequencing 284 

approaches. Finally, we examine the contractile properties of skinned myofibers from patient 285 

AUS IV:4.  286 



 

All three patients had a consistent clinical phenotype characterized by generalized 287 

weakness pronounced axially and proximally with some additional distal involvement, early-288 

onset spinal rigidity with scoliosis requiring spinal fusion, and progressive respiratory 289 

impairment necessitating non-invasive ventilation despite preserved ambulation. In contrast to 290 

previously reported recessive MSM patients, none of our patients had developed any cardiac 291 

involvement at the time of the most recent assessment. Our patients also presented earlier, in 292 

infancy or early childhood, as opposed to between adolescence and mid-adulthood in the 293 

previously described families. Our findings expand the clinical phenotype of recessive MYH7-294 

asociated myopathies, suggesting that those may be associated with more severe spinal 295 

involvement (encompassing both severe scoliosis and rigidity) than previously reported. 296 

Considering the severe and rapidly progressive respiratory involvement seen in both cases, we 297 

also highlight the importance of monitoring breathing disturbances particularly during sleep as 298 

an essential part of routine clinical management. Although our patients did not show any cardiac 299 

involvement to date, due to the previously recognized association of cardiomyopathy with 300 

recessive MYH7 disease, close cardiac monitoring is strongly advisable.  301 

The peculiar clinical phenotype in our patients, and notable absence of extraocular muscle 302 

involvement, is very similar to the features seen in Rigid Spine Muscular Dystrophy (RSMD) or 303 

Multi-minicore Disease (MmD) due to recessive mutations in SEPN1, encoding selenoprotein N. 304 

Indeed, SEPN1-related myopathy had been suspected in patients AUS1 IV:1 and UK1 IV:1 before 305 

the causative MYH7 mutations were identified. Our findings suggest that MYH7 mutations should 306 

be strongly considered in patients presenting with a picture of genetically unresolved RSMD or 307 

Rigid Spine Syndrome (RSS).  308 

Both MYH7 missense mutations in our patients have been associated with familial 309 

hypertrophic cardiomyopathy (HCM) in a heterozygous state[39,40], in keeping with the 310 



 

observation that autosomal dominant MYH7 mutations may show reduced penetrance and 311 

variable expressivity[40]. Although the cardiac evaluation of patient UK1 IV:1 was normal, two 312 

paternal relatives had pacemakers inserted later in life, however, their MYH7 mutation status 313 

could not be ascertained, and the relationship between their cardiac symptoms and the MYH7 314 

genotype of the index case thus remains uncertain. The Arg1712Trp variant has been previously 315 

reported to be associated with dominant HCM in one multiplex family and one isolated proband 316 

[40], and  whilst there is no demonstrable cardiac dysfunction in the AUS1 family, we cannot 317 

exclude that HCM may develop in the future. Arg1712Trp may exhibit reduced penetrance in 318 

causing HCM, as evidenced by the observation that only 3/6 individuals harboring the variant 319 

had HCM in the paper where this MYH7 variant was initially reported [40]. Co-expression of wild-320 

type myosin modulates the phenotype of MYH7 mutants in cellulo [12,13], which may partially 321 

explain the different features between dominant and recessive disease in patients; further 322 

studies are required to fully characterize this phenomenon. 323 

In contrast to the consistent clinical picture, the histopathological features were variable, 324 

both between the two subjects undergoing biopsies and, interestingly, in the two samples from 325 

the same muscle biopsy taken from a single patient (Family UK1). In particular, whilst the two 326 

recessive MYH7 families reported so far both showed features of myosin storage myopathy 327 

(MSM) on muscle biopsy, MSM was the histopathological diagnosis only in one of the two 328 

patients biopsied (Family AUS1, Patient IV:1), bearing in mind that no specific 329 

immunohistochemistry for slow myosin and ultrastructural studies could be performed in the 330 

patient from the UK. In this patient the main pathology was multi-minicore like areas in one of 331 

the biopsies, resulting in a histopathological diagnosis of MmD, a recognized association of MYH7 332 

mutations [4,5]. 333 

Family AUS1 exemplifies the difficulty of interpreting genetic variants, even within known 334 

disease genes. The Arg1712Trp mutation was initially considered a variant of unknown 335 



 

significance (VUS) in a diagnostic genomic setting, due to its association with dominant HCM but 336 

absence of cardiomyopathy in family AUS1. Therefore, functional validation was extremely 337 

helpful to support pathogenicity in the context of suggestive clinico-pathological features and a 338 

presumed recessive mode of inheritance. Ad hoc research follow-up of VUS identified in a 339 

diagnostic genetic setting has been informative in many cases[41]. However, as diagnostic 340 

genomics is integrated into mainstream healthcare, the scale of VUS in need of further 341 

experimental clarification is likely to exceed the capacity for testing and validation on a research 342 

basis, and functional characterization of VUS may thus need to be integrated into diagnostic 343 

genomics, to ensure patients receive the best diagnostic service in future. 344 

 All MSM mutations reported to date affect residues at b, c, or f positions within the myosin 345 

rod heptad repeat (Fig. 1B), and both missense variants identified in our families confirm to this 346 

pattern.  Mutations affecting these residues appear to disrupt the charge and steric properties 347 

required for thick filament formation, altering assembly and/or stability and causing abnormal 348 

myosin accumulation[9,10]. Wild-type myosins can self-assemble into ordered filaments in non-349 

muscle cells, such as COS-7[12], whilst previous studies have shown that myopathy-causing 350 

MYH7 mutations have impaired filament assembly in cellulo[12,13]. We tested the hypothesis 351 

that that the MYH7 Arg1712Trp mutant would also exhibit altered filament aggregation: Indeed, 352 

whilst wild-type myosin formed long filaments throughout the cytoplasm in COS-7 cells (Fig. 6A, 353 

6B)[13,42] suggestive of myosin filament bundles[42],  the Arg1712Trp mutant localized to 354 

discrete foci, forming circular aggregates that were scattered throughout the cytoplasm, 355 

suggesting impaired ability to self-assemble (Fig. 6C). The morphology was similar to MYH7 356 

Arg1500Pro and Leu1706Pro mutant transfected cells[13]. In the context of suggestive 357 

histopathological features, and the rarity and evolutionary conservation of the variant, we took 358 

this as sufficient evidence for Arg1712Trp being the cause of disease in Family AUS1. 359 



 

 We expected to observe changes chiefly in the type I skinned myofibers from AUS1 IV:1 360 

muscle, however, all significant results were seen in type II myofibers, including higher CSA, kTR 361 

and specific force/stiffness ratio’s (suggesting increased force per cross-bridge) to increase 362 

overall force generation. It seems likely that these alterations may reflect a compensatory effect, 363 

however, caution is required when interpreting these data, considering that in myofiber 364 

preparations measurements of cross bridge cycling might be confounded by myofilament and 365 

myofiber-to-clip attachment compliance. Furthermore, although the myofibers included in our 366 

analyses all had intact striation patterns (see Fig. 3A for typical examples), we cannot exclude 367 

that there was subtle sarcomeric disarray that impacted on myofiber contractility. Ruling out 368 

such sarcomeric disarray would have required electron microcopy analyses of all myofibers that 369 

were used for contractility assays. Such post-contractility electron microscopy analysis of muscle 370 

fibers is unprecedented and would have been extremely challenging to conduct. Lastly, a major 371 

handicap of our study is the fact that the data are based on observations from only a single 372 

biopsy, an unavoidable consequence of the rarity of the condition under investigation. 373 

 In conclusion, we have demonstrated that recessive MYH7 mutations cause a childhood-374 

onset myopathy with features of the Rigid Spine Syndrome (RSS) and early-onset, rapidly 375 

progressive respiratory impairment. Although cardiac involvement was still absent in our 376 

patients, this may develop in future and must be actively monitored for. In support of its 377 

pathogenicity, we have shown that the Arg1712Trp mutation has defective localization in cellulo, 378 

and have highlighted possible compensatory mechanisms in type II myofibers. Our findings will 379 

help clinicians and geneticists with diagnosis, management and counselling of patients with 380 

recessive MYH7 disease and their relatives. 381 
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Figure and Table Legends 

 

Figure 1  

(A) Schematic representation of the MyHC-slow dimer. MyHC-slow contain three main domains 

from N- to C-terminus: the globular head domain (sub-fragment 1 or S1), the neck domain (sub-

fragment 2 or S2), and the rod domain (light meromyosin [LMM]). The continuous α-helix neck 

and LMM domains homodimerize to form a coiled coil. Multiple coils assemble together in an 

ordered manner to form the thick filament, facilitated by the heptad repeat structure of the LMM 

domain. (B) Schematic representation of the MyHC-slow heptad repeat structure, denoted a-g. 

Positions a and d form a seam at the interface of the two rod/LMM helices through hydrophobic 

interactions, binding the rods together. The remaining residues are exposed to the cytoplasm, 

and therefore tend to be hydrophilic.  Residues b, c and f mediate packing of the myosin molecules 

together to form the thick filament, and are commonly mutated in MSM. Binding partners such as 

myomesin 1, titin and slow myosin binding protein C also mediate thick filament formation (C) 

Alignment of MyHC-slow orthologues from human, pig, rat, zebrafish, lamprey, nematode, and 

yeast for the UK1 missense variant p.Glu1555Gly (top) and AUS1 Arg1711Trp (bottom; both 

highlighted in red).  

 

Figure 2 

Pedigrees of the two families described in this study. (A) Pedigree of family AUS1, a 

consanguineous Australian family of Middle Eastern descent. (B) Pedigree of family UK1, a 

Caucasian British family. Asterisk indicates family members that required pacemaker insertion 

in late adulthood.  

 



 

Figure 3  

Permeabilized myofiber data from control subject biopsies (N=6, n=39 for type I myofibers, n=31 

for type II myofibers) and MYH7 patient (AUS1 IV:1: n=9 for type I and n=15 for type II 

myofibers). All data are depicted as mean ± SD except for panel G and H, where data is depicted 

as mean ± SEM. (A) Typical examples of permeabilized myofiber preparations isolated from a 

control subject (1st = type I and 3rd = type II) and the MYH7 patient (AUS1 IV:1, 2nd = type I and 

4th =type II) mounted in the contractility setup. (B) Typical tracing showing the force response 

to the incremental Ca2+-concentrations, followed by the protocol in which a rapid release and 

restretch (kTR) and short-length perturbations (active stiffness) were imposed on the myofibers. 

Data shown is from a typical control myofiber (type II, CSA = 0.0054mm2). (C) Here a typical 

curve is shown which is obtained after analyzing the short-length perturbations shown in panel 

B. This curve is fitted to a linear equation to obtain the slope, which indicate the active stiffness. 

(D-F) Absolute force, cross-sectional area (CSA) and maximal active specific force (maximal force 

normalized to CSA). (G-H) The force–pCa relation, showing the average of all type I and type II 

control myofibers versus the type I and type II myofibers from AUS1 IV:1. Data is depicted as 

mean ± SEM (I). The specific force/stiffness ratio is measured to estimate the force production 

per cross-bridge.  

 

Figure 4 

MRI of Patient AUS1 IV:3 at age 13. Muscle MR T1-weighted Dixon images showing intramuscular 

fatty replacement in the gluteal muscles and obturators in the pelvis (A); muscles of the posterior 

compartment of the thigh, particularly adductor magnus, semimembranosus and the long head 

of biceps femoris with lesser involvement of sartorius, semitendinosus and vastus intermedius 

and relative sparing of vastus lateralis, vastus medialis, rectus femoris and gracilis (B); anterior 



 

compartment muscles of the lower leg, particularly tibialis anterior and extensor digitorum 

longus with sparing of the posterior compartment. (C) 

 

Figure 5 

AUS1 IV:1 age 13 years (A-D, I). Muscle biopsy (vastus lateralis) showing prominent variation in 

myofiber size with fiber hypertrophy (2-117 um), with no increase in internal nuclei or split 

fibers. Subsarcolemmal inclusions up to 4µm, pale blue on trichrome (A), pale pink on 

haematoxylin and eosin (B), rimmed by NADH (C) and immunoreactive with myosin light chain 

(D) (magnification x400). (I) Electron microscopy (12,000 magnification) microscopy showed 

the inclusions to be composed of sub-sarcolemmal fine filamentous aggregates, which appeared 

in part rimmed by mitochondria. UK1 IV:1 shows a population of small rounded myofibers with 

H&E staining (E) that have a dark peripheral rim, lobulated-like appearance and pronounced 

moth-eaten appearance with staining for cytochrome c oxidase (F); in another portion of the 

sample H&E staining shows only mild variation in myofiber diameter (G), type 1 fiber 

predominance and mild unevenness of stain for cytochrome c oxidase (H).  

 

Figure 6 

Confocal microscopy images of wild-type (A, B) and Arg1712Trp mutant (C) GFP-tagged MYH7 

(COS-7 cells) at 21 hours post-transfection. Representative images, taken using 60x objective. The 

wild-type forms long filamentous assemblies. The mutant shows defective self-assembly, forming 

discrete foci of myosin. 

 

Table 1 



 

Data of patient (AUS1 IV:1) and control (CTRL) type I myofibers. All data are depicted as mean ± 

standard deviation. The number of measured biopsies (N) and single myofibers (n) is shown, as 

well as the percentage change (%) of patient compared to control and the associated p-value. F = 

absolute force; CSA = cross-sectional area; F/CSA = specific force (maximum force normalized to 

CSA); pCa50 = calcium sensitivity; nHill = Hill coefficient; ktr = rate constant of tension 

redevelopment; Active stiffness indicates the number of strongly bound cross-bridges during 

maximal activation; Force per cross-bridge is estimated from the specific force/stiffness 

([F/CSA]/[Active Stiffness]) ratio. 

 

Table 2  

Data of patient (AUS1 IV:1) and control (CTRL) type II myofibers. All data are depicted as mean 

± standard deviation. The number of measured biopsies (N) and single myofibers (n) is shown, 

as well as the percentage change (%) of patient compared to control and the associated p-value. 

F = absolute force; CSA = cross-sectional area; F/CSA = specific force (maximum force normalized 

to CSA); pCa50 = calcium sensitivity; nHill = Hill coefficient; ktr = rate constant of tension 

redevelopment; Active stiffness indicates the number of strongly bound cross-bridges during 

maximal activation; Force per cross-bridge is estimated by the  specific force/stiffness 

([F/CSA]/[Active Stiffness]) ratio. 

 

Table 3 

Age, weight, height and body mass index (BMI) of controls and patients with muscle biopsy.  
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