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Abstract The mutations of MYH?7 (slow skeletal/-cardiac
myosin heavy chain) are commonly found in familial
hypertrophic/dilated cardiomyopathy, and also can cause
Laing early-onset distal myopathy (LDM), myosin storage
myopathy (MSM), and congenital myopathy with fiber-type
disproportion (CFTD). Here we report two cases whose diag-
nosis was hereditary myopathy according to clinical feature
and muscle pathology analysis. High-throughput genomic se-
quencing (next generation sequencing) was performed to val-
idate the diagnosis. Two MYH7 mutations, p.R1845W and
p.E1687del, were identified. p.R1845W was found in a male
patient showing weakness of both terminal lower legs without
foot drop. Muscle pathology stainings characteristically
showed the hyaline body in the intracytoplasmic location.
The novel mutation p.E1687del was found in a family with
seven patients. The proband showed foot drop, scoliosis, and
winged scapula, while his mother only showed mild foot drop
and winged scapula. Muscle pathology analysis showed con-
genital centronucleus myopathy. Both cases only showed
muscular disorder and had no cardiomyopathy. This study,
for the first time, reports the MYH7 mutations associated with
centronucleus myopathy.
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Introduction

Myosin 7 gene (MYH?), located in 14ql11.2, encodes slow/
beta-cardiac myosin heavy chain (MHC-f3), a class II myosin
expressed primarily in the heart, but also in skeletal muscles
(particularly in type I fibers) [1]. Myosin is a major component
of heart and skeletal muscle, and plays a key role in muscle
contractility. More than 200 mutations of MYH7 have been
identified; these are associated with a variety of clinical
myosinopathies, including cardiac and skeletal myopathy [2].

Many studies have confirmed the phenotypic variability
of MYH7 myopathy, which is believed to depend on the
gene mutation site. Mutations in the globular head of the
protein were shown to be linked with cardiomyopathies,
including familial hypertrophic cardiomyopathy, dilated
cardiomyopathy, and left ventricular non-compaction car-
diomyopathy 4; mutations in the distal rod were shown to
be linked to myosin storage myopathy (MSM), while those
in middle or proximal rod cause Laing early-onset distal
myopathy (LDM) or congenital myopathy with fiber-type
disproportion (CFTD) with/without specific cardiac im-
pairment [3—6]. Almost all mutations reported till date
have a dominant effect, although cases of recessive inher-
itance as well as sporadic cases have also been documented
[3, 7].

Patient and methods

Patients

We retrospectively reviewed clinical and pathological features
of two patients with the diagnosis of hereditary myopathy.

Clinical features and laboratory data of these patients were
collected, including the general background genealogical data,
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MRI images, and results of histopathological examination of
muscle biopsy. Written informed consent was obtained from
all subjects. The study was approved by the Ethical
Committee of the Third Hospital of Hebei Medical
University and was conducted in accordance with the
Declaration of Helsinki.

Methods
Muscle biopsy and histochemistry

Open muscle biopsy was performed in the biceps brachii mus-
cles after obtaining the written informed consent from pa-
tients. The specimens were frozen and 7-pum-thick serial sec-
tions prepared. Staining was performed with hematoxylin and
eosin (H&E) and modified Gomori trichrome (MGT). For
nicotinamide adenine dinucleotide tetrazolium reductase
(NADH-TR), succinic dehydrogenase (SDH), adenosine
monophosphate deaminase, cytochrome ¢ oxidase (CCO), ac-
id phosphatase, and adenosine triphosphatase (ATPase), after
incubation at pH 4.35, 4.6, and 10.0, the specimens were
placed in fluids with specific enzyme substrate, respectively.
Periodic acid—Schiff reaction was used to detect the inflam-
matory cells and phagocytic cells with increased enzymatic
activity. Oil Red O and Sudan Black B were used to detect
the degree of lipid deposition. Stained tissues were observed
under a light microscope.

Next generation sequencing
DNA extraction and NGS library preparation

Genomic DNA (gDNA) was extracted from peripheral blood
(derived from two patients and mother of patient 2) with a
Mag-Bind Blood DNA Kit (CoWin Biotech). A minimum
of 3 ng of DNA was used to generate the indexed Illumina
sequencing libraries according to the manufacturer’s protocol.
A library size of 300400 bp, including adapter sequences,
was finally selected.

Target gene capture and NGS

The genes related to myopathy (Table 1) were enriched using
the GenCap capture probe (MyGenostics, Beijing, China).
The biotinylated 100-mer oligo baits were designed to tile
all the exon regions of the target genes. The capture exper-
iment was conducted according to the manufacturer’s pro-
tocol. The enrichment paired-end libraries were sequenced
on an Illumina HiSeq 2000 sequencer to obtain the reads of
100 bp.
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Bioinformatics analysis

Clean sequencing reads were aligned to each human reference
genome using the Burrows—Wheeler Alignment program
(http://bio-bwa.sourceforge.net/bwa.shtml), and quality
scores were recalibrated and realigned to the reference using
GATK software. Duplicated reads were removed using
Sequence Alignment/Map tools, and only uniquely mapped
reads were used for variation detection. Single-nucleotide var-
iants (SNVs) were detected and genotyped with the GATK
UnifiedGenotyper. Small insertions/deletions (Indels) were
detected with the GATK Indel Genotyper V2. Annotation of
the variants, such as locations (exonic, intronic, and intergenic
regions) and effects on protein coding (synonymous, mis-
sense, nonsense, and frameshift), was assessed with a bioin-
formatics tool developed in-house with RefSeq (hgl9, from
UCSC) and UCSC annotation (http://www.ncbi.nlm.nih.gov/
refseq/). The SNVs/Indels were filtered if they showed > 5%
frequency in several databases, including in the NCBI
dbSNP138 (https://www.ncbi.nlm.nih.gov/snp), 1000
Genomes (http://www.internationalgenome.org/), and the
300 in-house Asia database (i.e., generated by NGS of DNA
from 300 normal Chinese individuals, and provided by
MyGenostics, Inc.). The probable pathogenic mutations were
then predicted using SIFT (http://sift.jcvi.org/), PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/), and MutationTaster
(http://mutationtaster.org/).

Sanger sequencing

Sanger sequencing was performed to validate the variants
identified by NGS and to examine the available relatives of
the patients. Amplified fragments were directly sequenced
using BigDye Terminator Cycle Sequencing Kits on an auto-
mated genetic analyzer (ABI3130; Applied Biosystems,
Foster City, California). Sequences were analyzed by
Chromas software (http://technelysium.com.au/wp/chromas/)
and compared with the reference sequences of MYH?7.

Results
Clinical features

Patient 1 was a 46-year-old Chinese man who developed slow
but progressive lower-extremity weakness with late onset. The
weakness progressed over the past 6 years, affecting ambula-
tion and elevation of his arms. The family history was normal.
His son, aged 26, was clinically normal. Physical examination
revealed high arches, waddling gait, weakness, and atrophy of
pelvic and scapular muscles, especially both biceps femoris
muscles and pseudohypertrophy of calf (Fig. 1). There were
no signs of high-arched palate, tremors, sensory disturbances,
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Table 1. Genes associated with

hereditary myopathy. ABHD35 COL6A1 ETFDH KBTBDI13 MYH8 PTPLA TCAP
ACADL COL6A2 FHL1 VCP MYLK2 PYGM TIA1
ACADM COLG6A3 FKRP KCNH2 MYOT RBCK1 TK2
ACADS CPTI1A FKTN KIF21A NEB RRM2B TMEM43
ACADVL CPT2 FLNA KLHL9 OPA1 RYRI1 TMEMS5
ACTA1 CRYAB FLNC LAMA2 PABPN1 SCNS5A TNNI2
ACVRI1 DAGI1 G6PC LAMP2 PFKM SEPN1 TNNT1
AGL DES GAA LARGE PGAM2 SGCA TNNT3
ALGI3 DMD GBEI1 LDB3 PGK1 SGCB TNPO3
ANO5 DNAJB6 GMPPB LDHA PGM1 SGCD TORIA
B3GALNT2 DNM2 GNE LMNA PHKA1 SGCE TPM2
B3GNTI1 DPMI1 GTDC2 LPIN1 PHOX2A SGCG TPM3
BAG3 DPM2 GYGlI MEGF10 PLEC SGK196 TRAPPCI11
Cl10orf2 DPM3 GYS1 MSTN PNPLA2 SLC22A5 TRIM32
CAPN3 DYSF HADH MTMI1 POLG SLC25A4 TTN
CAV3 EMD IKBKAP MYBPC3 POMGNT1 SLC37A4 TTR
CFL2 ENO3 ISCU MYH2 POMT1 SUCLA2 TUBB3
CHKB ETFA ISPD MYH3 POMT2 SYNEI1
CNTNI1 ETFB ITGA7 MYH7 PRKAG2 SYNE2

contractures of joints, or scoliosis. His creatine kinase (CK)
level was raised (529 U/L), and electromyography findings
were consistent with chronic myopathy. MRI examination of
thigh muscles showed fatty change of biceps femoris (BF),
adductor longus (AL), adductor magnus (AM), sartorius (S),
semimembranosus (SM), and semitendinosus (ST) muscles.
The gracilis (G) showed mild changes, while the vastus
intermedius (VI), vastus lateralis (VL), and vastus medialis
(VM) muscles were relatively spared. The leg muscles that
were predominantly affected included the medial gastrocne-
mius (GA), peroneal group (PG), and tibialis anterior (TA)
muscles. The soleus (SO) was relatively spared (Fig. 2).
Patient 2: The boy belonged to a family with three gener-
ations affected by an autosomal dominant myopathy, which
was characterized by onset at early childhood, foot drop, limb-
girdle weakness, scoliosis, and slow progression (Fig. 1).
Seven patients of the family had obvious muscular weakness
and atrophy. They showed no dysarthria, dysphagia, or facial
muscle involvement, and had no high-arched palate, tremors,
sensory disturbances, contractures of joints, respiratory fail-
ures, or obvious cardiac failure. Their intelligence level was
normal. As the patients’ residence was thousands of kilome-
ters away, only III-9 and II-4 came to our hospital; other pa-
tients of the family were not assessed in this study.
Examination of the boy (I1I-9) and his mother (I[-4) revealed
scoliosis. There was no weakness of both upper limbs, al-
though he had left scapular wing. There was weakness in
lower limb muscles, which was more marked in the tibialis
anterior and posterior muscle group of thigh. Bilateral foot
drop led to a special walking gait. There was no bilateral calf
hypertrophy and no evidence of cardiomyopathy. His CK

level was normal. Electromyography revealed obvious myop-
athy. MRI showed fatty change in both anterior tibial muscles.
VI, VM, and BF were slightly involved; the predominantly
affected leg muscle was TA, followed by medial gastrocnemi-
us (Fig. 2).

Muscle pathology

Patient 1: Muscle biopsy showed numerous pale
subsarcolemmal hyaline bodies, with positive myosin
ATPase and negative oxidative enzymes staining present
exclusively in type I muscle fibers (Fig. 3).

Patient 2: Muscle biopsy showed non-specific myopathic
changes with no signs of dystrophic or inflammatory changes;
numerous rounded atrophic muscle fibers, isolated or
grouped, were observed. Type I fiber predominance was noted
and most atrophic fibers were type I. A tendency of fiber-type
grouping was noted, without sarcoplasmic inclusions, cores,
or minicores. In the NADH section, there were abnormalities
in myofibril organization, such as eddy-like/Wipe pattern/
myofibrillar netting disorders (Fig. 3).

Molecular genetic analyses

Patient 1: The sequencing analysis revealed a novel heterozy-
gous point mutation at nucleotide 5533 with C to T transition
in exon 37 of MYH?7, resulting in an amino acid substitution
p-R1845W. This mutation is a known pathogenic mutation
that causes MSM [8]. This mutation lies at the tail of the
myosin protein.
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Fig. 1 Clinical image of two
patients and pedigree of the
patient 2 family showing an
autosomal dominant inheritance.
Al: patient 1, A2: gastrocnemius
hypertrophy, A3: posterior thigh
muscle atrophy. B1: patient 2,
standing position; B2: prone
position
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Patient 2: A novel 3-bp in-frame deletion, ¢.5059-5061del,
was found in MYH7 gene on 14q11.2, which results in a
p-E1687del amino acid deletion. This heterozygous mutation
was further investigated by Sanger sequencing in his parents,
and his mother was found to have the same mutation.
Unfortunately, whether the deletion segregated with the dis-
ease could not be determined due to lack of samples from the
other family members.

Discussion

Clinical phenotype

The MYH7 gene, encoding the slow/beta cardiac myosin
heavy chain, is known as the cause of hypertrophic or dilated
cardiomyopathy, LDM, and MSM. So far, more than 200

dominant mutations of MYH7 have been shown to be associ-
ated with cardiomyopathy; however, only a small number of
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these caused skeletal myopathy. Missense mutations in the
globular head and tail of MYH?7 are a frequent cause of familial
hypertrophic cardiomyopathy [2]. In Asian people, although
many MYH?7 mutations have been reported to cause cardio-
myopathy [9, 10], only a few familial cases of Korean and
Chinese with LDM, and a sporadic case with MSM, were
reported to carry a mutation in this gene. The Korean myop-
athy family with the p.A1439P MYH7 mutation was described
to have prominent paraspinal and proximal muscle involve-
ment [11]. The Chinese family with the p.K1617del MYH7
mutation presented as LDM with scoliosis and calf
hypotrophy [12]. It was reported that a patient with the same
mutation as that of patient 1 (p.R1845W) showed secondary
changes of hypertension in electrocardiogram [8], with no
associated evidence of cardiomyopathy, which is strikingly
similar to that observed in our patient 1. These data suggest
that the heart is slightly affected by this mutation. In our pa-
tient, the power of quadriceps femoris was normal, which is
different from the known characteristics of late-onset MSM,
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Fig. 2 MRI images of muscles of
two patients. Fatty change of
biceps femoris (BF), adductor
longus (AL), adductor magnus
(AM), sartorius (S),
semimembranosus (SM), and
semitendinosus (ST) in thigh of
patient 1, and medial gastrocne-
mius (GA), peroneal group (PG),
and tibialis anterior (TA) muscles
in calf of patient 1; and fatty
change of both anterior tibial
muscles in leg of patient 2

Fig.3 Histochemical staining of skeletal muscle. a Case 2, I11-9, sections
stained for NADH. b Case 2, II1-9, sections stained for H&E. ¢ Case 2, II-
4, sections stained for H&E. d Case 1, sections stained for MGT. e Case 1,

Thigh

Calf

Thigh

Calf

sections stained for H&E. f Case 1, sections stained for SDH. The arrows

refer to pale subsarcolemmal hyaline bodies
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as the main manifestation in the latter condition is quadriceps
and iliopsoas involvement [8]. Our case may represent a new
phenotype of MSM.

In our case 2, genetic analysis indicated autosomal domi-
nant inheritance with childhood onset. Clinical manifestations
were similar to congenital myopathy. The phenotype included
weakness and atrophy of anterior compartment tibial muscles
and toe extensor (dorsiflexor) muscles. Another prominent
symptom was scoliosis, especially when the standing position
was significantly heavier than the supine position, which in-
dicated that the scoliosis was related to the erector spinae
weakness and is suggestive of axial muscle involvement.
The boy never complained of heart palpitations and chest
distress, and the physical examination and echocardiogram
of the heart were normal. In order to study the heart involve-
ment with this mutation, we examined his mother, using elec-
trocardiogram and echocardiogram, which confirmed the se-
lective involvement of skeletal muscle and absence of any
myocardial damage.

According to our cases and literature reports, the diversity
of the phenotypes of MYH7-related myopathy is significant,
indicating the high heterogeneity in clinical genetics [13, 14].

Pathology

Skeletal muscle biopsy in case 1 showed typical pathological
features of hyaline body myopathy, which is consistent with
previous reports [8]. In case 2, there were pathological chang-
es of centronuclear myopathy (CNM), excessive variation in
fiber size, with obvious group atrophy and type I fiber prepon-
derance, and absence of sarcoplasmic inclusions. Core pathol-
ogy was common in muscle biopsies of MYH7 mutation cases
[5, 15, 16], and myofibrillar myopathy (MFM)-like changes
were also present [17]. Many cases were diagnosed as CFTD
before gene analysis [5, 18]. To date, there is no report on
CMN caused by MYH7 mutation [19, 20]. It is postulated that
these pathologies likely implicate a complex interaction be-
tween slow myosin and other sarcomeric proteins, and an im-
paired or insufficient degradation of myofibrillar proteins [17].

Overall, no typical abnormality in muscle pathology has
emerged to help in a definitive diagnosis of LDM, in contrast
to the allelic MSM that is defined by the presence of the
subsarcolemmal hyaline bodies. Therefore, the pathological
findings cannot be used to detect the target genes.

Gene

We found a novel non-frameshift nonsense mutation of MYH?7
in the second case and a known mutation in the first case. The
¢.5059-5061delGAG variant occurs within a coiled coil re-
gion of the protein that is conserved across species.
Furthermore, this in-frame deletion was not observed in ap-
proximately 6500 individuals of European and African
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American ancestry in the NHLBI Exome Sequencing
Project, which indicates that it is not a common benign variant
in these populations. Therefore, we interpret c.5059-
5061delGAG as a pathogenic variant. According to the
American College of Medical Genetics and Genomics, both
mutations are pathogenetic [21]. The c.C5533T (p.R1845W)
mutation alters the interactions between filaments so that their
assembly is less constrained, causing the formation of abnor-
mally large, degradation-resistant structures [22]. Tajsharghi
etal. (2003) suggested that the mutation may interfere with the
interaction of MYH7 with myosin-binding proteins and inhib-
it myosin assembly into thick filaments [23]. It is postulated
that the phenotype depends on the location of the mutation in
the MYH7 gene; mutations in the globular head, distal rod, and
middle or proximal rod regions cause FHDCM, MSM, and
LDM, respectively [5, 22]. Tail domain mutations are sup-
posed to disrupt either myosin dimerization or interactions
with other sarcomeric proteins, or both; at the same time, heart
involvement is rare [24]. In contrast, myopathy with heart
involvement for mutations in the globular head has been de-
scribed [6].

Conclusion

The mutation of MYH7 may cause a spectrum of disease,
which is, clinically and genetically, highly heterogeneous.
The same phenotype can be attributed to several gene muta-
tions, and the same gene mutations can lead to different clin-
ical manifestations. We propose that the spectrum of diseases
may be named as MYH7-related myopathy. Muscle biopsy has
contributed to the understanding of pathological features: the
exclusively specific one is the hyaline body. In our case, the
patient presented as congenital core myopathy, indicating that
the spectrum of pathogenetic genes of CNM should include
MYH7.
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