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studies revealed diffuse demyelinating
neuropathy of the motor nerves (supple-
mental table 1), and needle electromyography
showed fibrillation potentials and giant and/
or polyphasic motor unit potentials. Motor-
evoked potentials demonstrated prolongation
in central and peripheral motor conduction
times. Somatosensory-evoked potentials
showed delayed peripheral sensory conduc-
tion (supplemental table 1). Sural nerve
biopsy revealed mild loss of myelinated fibres
(density =4392.4/mm?, cf. normal density
=6714.2+1560.7/mm?),* and an increase in
thinly myelinated fibres (mean axon diameter
to fibre diameter ratio =0.76%0.05, cf.
normal ratio =0.48%0.06).* Lymphocytic
infiltration into the endoneurium was also
observed (figure 1K—M). Congo red staining
revealed no amyloid deposits.

DNA chip resequencing analysis (supple-
mental methods) of the patient’s genomic
DNA revealed a heterozygous missense
c.6406C>T (p.R2136C) mutation in the
SETX gene (figure 1P), but no mutation in
the remaining 26 Charcot—Marie—Tooth
disease-related genes. The patient’s parents
(figure 1N,0) and sister (figure 1Q) did not
carry the mutation. Nor was this mutation
detected in 100 chromosomes from healthy
individuals or in 850 chromosomes from 425
patients with inherited neuropathy.

The patient was treated with steroid pulse
therapy, followed by oral prednisolone
therapy (50 mg/day with gradual tapering).
He improved clinically, regaining hand (grip
strength 2.5kg/5kg to 6.5kg/5.5kg) and
foot function (heel-rise 8 cm/6.5cm to
9.5 cm/10 cm), as confirmed by quantitative
myometry. Dramatic reductions in his
shoulder pain and improvements in other
sensory and urinary symptoms were also
observed over an 8-week period. However,
there was no improvement in nerve
conduction or spinal MRI, and over
a longer period of time, symptoms gradually
deteriorated once again.

DISCUSSION

The p.R2136C mutation in SETX, which
segregated with the disease, was determined
to be a de novo mutation in the patient. The
p-R2136H mutation, which is located at the
same position but involves a different amino
acid change, results in typical ALS4.2
Together with the absence of a SETX muta-
tion in controls, these results suggest that
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p.R2136C is responsible for the ALS4
phenotype in the patient described herein.

The patient exhibited stepwise deteriora-
tion with subacute relapses and multifocal
asymmetric  involvement of peripheral
nerves. Although cerebrospinal fluid protein
amount was normal, delayed peripheral
conduction, enlarged and gadolinium-
enhanced nerve roots, thinning of myelin
sheaths with lymphocytic infiltrates (which
is rarely seen in neurodegenerative diseases),
and a response to immunotherapy (as
measured by quantitative myometry and
compound motor action potential ampli-
tudes) all support the presence of super-
imposed  inflammatory  demyelinating
neuropathy. Although inflammation may
have also occurred in the anterior horns of
the spinal cord, this was difficult to evaluate.

Previous reports regarding ALS4 did not
detect clinically overt sensory impairment,
although the p.1389S mutation results in
a slightly elevated vibratory threshold in
<10% of affected elderly patients™® °
Postmortem examinations of patients with
the p.L389S mutation revealed neuronal
loss in the dorsal root ganglia and degenera-
tion of the posterior columns.!™® These
results suggest chronic involvement of the
sensory nervous system in ALS4. However,
inflammatory components, as seen in the
present patient, have never been reported.
Neuronal degeneration and continuous
myelin destruction possibly progressed from
childhood. Continuous ongoing nervous
tissue destruction and/or disturbed SETX
functions in lymphocytes might have led
to autoimmune demyelination later in life.
Results from the present case report
suggest beneficial effects of immune therapy,
at least in the short term, when inflamma-
tory radiculoneuropathy coexists in ALS4
patients.
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Abstract

Inclusion body myositis is an inflammatory myopathy characterized pathologically by rimmed vacuoles and the accumulation of
amyloid-related proteins. Autopsy studies in these patients, including histochemical examinations of multiple skeletal muscles, have
not yet been published. In this paper, we describe the autopsy findings of a patient with inclusion body myositis and hypertrophic
cardiomyopathy. A 69-year-old man, who was a human T lymphotropic virus type 1 carrier, exhibited slowly progressive muscle
weakness and atrophy, predominantly affecting the scapular, quadriceps femoris, and forearm flexor muscles. His disease course was
more rapidly progressive than that typically observed; the patient died suddenly of arrhythmia 5 years after diagnosis. Autopsy findings
revealed that multiple muscles, including the respiratory muscles, were involved. Longitudinal studies revealed an increased frequency of
rimmed vacuoles and p62/sequestosome 1- and/or TAR DNA-binding protein 43-positive deposits in autopsied muscles, although the
amount of inflammatory infiltrate appeared to be decreased. We speculated that muscle degeneration may be more closely involved in
disease progression compared with autoimmunity. Genetic analysis revealed a myosin binding protein C3 mutation, which is reportedly
responsible for familial hypertrophic cardiomyopathy. This mutation and human T lymphotropic virus type 1 infection may have
affected the skeletal muscles of this patient.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Inclusion body myositis (IBM) is an inflammatory myop-
athy that clinically manifests as slowly progressive proximal
and distal muscle weakness and most prominently affects the
quadriceps, forearm flexors, and pharyngeal muscles. The
etiology of IBM is unknown, and no successful treatment
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has been reported till date. In addition to inflammatory
changes, IBM is pathologically characterized by the pres-
ence of rimmed vacuoles and the accumulation of amy-
loid-related proteins [1-4]. Phenotypic similarities between
the muscle fibers of patients with IBM and the brains of
patients with Alzheimer’s disease have been reported [5-7].
Although IBM is generally sporadic, a few familial cases
have been reported [8-13]. The involvement of genetic
susceptibility factors in IBM has also been reported [9,14].
To the best of our knowledge, autopsy studies, including
histochemical examinations of multiple skeletal muscles
and the brain of IBM patients, have not yet been published.
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Hypertrophic cardiomyopathy (HCM) is a myocardial
disease characterized by cardiac hypertrophy and diastolic
ventricular dysfunction. It often leads to severe heart fail-

ure and sudden death. More than 50% patients with

HCM have an apparent family history that mainly com-
prises an autosomal dominant genetic trait; therefore,
mutations in the genes for the sarcomere or Z-disc compo-
nents can be found in patients with familial HCM [15]. A
patient with IBM and HCM has been previously reported
[16]. This patient was part of a study comprising 40
patients with IBM, 22 of who had additional cardiovascu-
lar abnormalities; this patient was among those 22 patients.
However, a detailed description of the patient, including
histochemical examinations of skeletal and cardiac
muscles, was not reported [16].

In this paper, we report the autopsy findings of a patient
with IBM associated with HCM. We performed a patholog-
ical analysis of multiple muscles and the brain to elucidate
the extent of the disease and its longitudinal course. In addi-
tion, we analyzed the genetic background of the patient.

2. Patient and methods
2.1. Patient

The patient was a 69-year-old man with a S-year history
of slowly progressive muscle weakness and unsteady walk-
ing. His sister had developed progressive muscle weakness
and atrophy accompanied by unsteady walking around the
age of 60; however, the detailed cause and her background
history were unclear. There was no family history of other
neuromuscular or cardiovascular diseases. He had a history
of mild hypertension and vasospastic angina pectoris; mild
left ventricular hypertrophy was detected by echocardiog-
raphy. Neurological examinations revealed proximal and
distal muscle weakness (Medical Research Council grade
2-4/5) as well as atrophy in all four limbs and the neck,
scapular, and paraspinal muscles. Regarding laboratory
data, the level of serum creatine kinase was 343 TU/] (nor-
mal range, 45-163 TU/1). The anti-human T lymphotropic
virus type 1 (HTLV-1) antibody was detected in the serum
(titer, x16,384). HTLV-1 proviral load in the peripheral
blood mononuclear cells (PBMCs) was 1368 copies per
10* PBMCs. Autoimmune analyzes, including tests
for anti-Jo-1, anti-nuclear, anti-ribonucleoprotein, anti-
Sjogren’s syndrome (SS)-A (Ro), and anti-SS-B (La)
antibodies, were negative. Thyroid function was normal.
Needle electromyography findings indicated mild myo-
pathic features. Short inversion-time inversion recovery
magnetic resonance imaging of the buttock muscles
revealed severe atrophy of the paraspinal, gluteus maxi-
mus, and iliopsoas muscles; in addition, a hyperintense
lesion was identified in the gluteus maximus muscle. Mus-
cle biopsy revealed inflammatory myopathy with rimmed
vacuoles. The patient was diagnosed with IBM and treated
with corticosteroid pulse therapy (methylprednisolone
1 g/day for 3 days), oral prednisolone (40 mg/day), and

mizoribine (100 mg/day). Oral prednisolone was tapered,
and low-dose prednisolone (5 mg/day) and mizoribine
(100 mg/day) were continued; however, his condition wors-
ened, and he became bedridden within a few years. Four
years later, the patient developed unstable angina pectoris
and underwent percutaneous coronary intervention. Left
ventricular hypertrophy without chamber dilation was
detected by echocardiography in the absence of any other
systemic or cardiac disease that was capable of producing
evident wall thickening. Left ventricular outflow tract
obstruction was not detected by echocardiography, and
he was clinically diagnosed with hypertrophic nonobstruc-
tive cardiomyopathy. Five years after being diagnosed with
IBM, he developed symptomatic ventricular arrhythmia
and died suddenly at his residence. Autopsy was performed
6 h after death, and the findings revealed the presence of
cardiomyopathy and the absence of any other cause of
death, suggesting that he died of lethal arrhythmia caused
by HCM. The patient had provided written informed con-
sent for autopsy studies to be performed after his death,
and the study was approved by the institutional review
board of Kagoshima University Hospital.

2.2. Histochemical and immunohistochemical studies of the
patient’s skeletal muscles

For biopsy, skeletal muscle specimens were obtained
from the left biceps brachii muscle, and for autopsy, skeletal
muscle specimens were obtained from the left biceps brachii,
quadriceps femoris, rectus abdominis, diaphragm, and
bilateral iliopsoas muscles. Biopsied and autopsied skeletal
muscle specimens were immediately frozen in isopentane
cooled with liquid nitrogen. Serial frozen sections (thick-
ness, 8 pm) were stained with hematoxylin and eosin (HE)
and other histochemical stains, including cytochrome c oxi-
dase (COX). For immunohistochemistry, mouse monoclo-
nal antibodies against CD4 (Dako, Glostrup, Denmark,
#MO0716; 1:20 dilution), CD8 (Dako, #M0707; 1:20), CD3
(Becton Dickinson, San Jose, CA, USA, #347341; 1:50),
CD20 (Dako, #M0755; 1:100), major histocompatibility
complex (MHC) class I (Dako, #M0736; 1:500), TAR
DNA-binding protein 43 (TDP43) (Protein Tech, Chicago,
IL, USA, #60019-2-Ig; 1:100), p62/sequestosome 1 (Santa
Cruz, Santa Cruz, CA, USA, #sc-28359; 1:50), myosin
binding protein C3 (MYBPC3) (Santa Cruz, #sc-137182;
1:200), titin (Novocastra, Newcastle upon Tyne, UK,
1:100), myosin heavy chain (slow) (Novocastra, 1:50), myo-
sin heavy chain (fast) (Novocastra, 1:20), myosin heavy
chain (developmental), (Novocastra, 1:20), and myosin
heavy chain (neonatal) (Novocastra, 1:10) were used. Bio-
tinylated anti-mouse immunoglobulin G antibodies were
used as secondary antibodies, and the avidin-biotin—perox-
idase complex method was used for signal detection (Vec-
stain Elite ABC kit, Vector Laboratories, Burlingame,
CA). All immunohistochemical tests were performed
according to previously described methods [17]. The fre-
quency of rimmed or nonrimmed vacuolated fibers and
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TDP43-positive deposits in muscle fibers and non-necrotic
COX-deficient fibers were determined by photographing a
random field and counting 300-500 fibers.

2.3. Histochemical and immunohistochemical studies of the
brain

Buffered, formalin-fixed, paraffin-embedded brain sec-
tions were stained using HE and Bielschowsky silver stain-
ing methods.

2.4. Histochemical studies of the cardiac muscle

Buffered, formalin-fixed, paraffin-embedded cardiac
muscle sections were stained with HE.

2.5. Genetic analysis

We screened all coding sequences of the three most
prevalent pathogenic HCM genes: cardiac MYBPC3
(OMIN ~"600958), B-myosin heavy chain (MYH7, OMIN
4+160760), and cardiac troponin T (TNNT2, OMIN
*191045) [18,19]. Total DNA was extracted from peripheral
blood leukocytes using the DNeasy Blood & Tissue kit (Qia-
gen, Valencia, CA, USA). We designed primers to amplify
exons on the basis of previously reported data [20] and
screened the amplified polymerase chain reaction products
obtained from the patient’s genomic DNA for mutations
using an ABI 3010 sequencer (Applied Biosystems, Foster
City, CA, USA). We aligned the resulting sequences and
evaluated mutations with the Sequencher sequence align-
ment program (Gene Codes, Ann Arbor, MI, USA).

3. Results

3.1. Histochemical and immunohistochemical studies of
skeletal muscles

Biopsy specimens obtained from the left biceps brachii
muscle exhibited inflammatory myopathy with rimmed vac-
uoles. Mononuclear inflammatory cells had accumulated in
the endomysium, perimysium, and surrounding vessels.
CD8+ cells had invaded the non-necrotic fibers. Diffuse
immunoreactivity to MHC class I was observed on the mus-
cle fiber membranes. Connective tissue elements were
slightly increased, whereas COX activity was deficient in
some fibers. In ATPase-treated sections, hypertrophic type
1 fibers more than 100 pm in diameter were observed
(Fig. 1). Vacuolated muscle fibers contained p62- or
TDP43-immunoreactive deposits within the vacuoles or
the vacuole-free cytoplasm. In addition, there were occa-
sional muscle fibers that did not appear to be vacuolated
but contained p62- or TDP43-positive deposits (Fig. 3a—
d). These findings fulfilled the criteria of pathologically
defined IBM [1].

All autopsied skeletal muscle specimens, including the
diaphragm, exhibited inflammatory myopathy with

rimmed vacuoles. Each muscle exhibited a different degree
of inflammation, and a different frequency of rimmed or
nonrimmed vacuolated fibers and p62- and TDP43-positive
deposits were observed in each muscle fiber. In addition,
each fiber exhibited a different degree of hypertrophy or
atrophy. Laterality was obvious in the iliopsoas muscles
(Figs. 2a~f, and 3e and f). Compared with biopsied mus-
cles, autopsied muscles exhibited an increased frequency
of rimmed vacuoles in the muscle fibers, decreased numbers
of inflammatory cells, and no widespread upregulation of
MHC class I (Fig. 2g and h). No significant ectopic expres-
sion of MYBPC3 and no defect in titin and myosin heavy
chain associated with MYBPC were observed in the skele-
tal muscles. The histochemical and immunohistochemical
findings of multiple muscles are summarized in Table 1.

3.2. Histochemical and immunohistochemical analysis of the
brain

The brain weighed 1460 g. Atrophy of the brain, includ-
ing the hippocampus, was not macroscopically obvious.
Senile plaques were rare, and no extensive neuronal loss
was microscopically observable. Neurofibrillary tangles
were mildly present in the hippocampus and parahippo-
campal gyrus but rare in the neocortex on the lateral sur-
face of the temporal lobe. These neurofibrillary tangle
pathologies, which occur commonly with aging, corre-
sponded to Braak stage II. No obvious change associated
with Alzheimer’s disease was observed in the brain.

3.3. Pathological studies of the cardiac muscle

Left ventricular hypertrophy without chamber dilation
was macroscopically observed, whereas hypertrophy
(27.2 + 7.8 mm in diameter), disarray, and expanded fibro-
sis of the myocytes were microscopically observed. Inflam-
matory cells were not observed. Some myocytes had
degenerative vacuoles, but it could not be determined
whether they were rimmed because the cardiac muscles
were embedded in paraffin (Fig. 4).

3.4. Genetic analysis

By direct sequencing, we screened each coding exon of
MYBPC3, MYH7, and TNNT2 for mutations. Among
them, a heterozygous p.T1046M (c. C3137T) missense
mutation in MYBPC3 was identified. This mutation was
previously reported as one of the mutations responsible
for HCM [21].

4, Discussion

We described the autopsy findings of a patient who pre-
sented with HCM during the course of biopsy-proven
IBM. The patient met the clinical and pathological criteria
for HCM [15] and IBM [1]. As cardiomyopathy is very
rarely described in association with sporadic IBM, we

- 142 -



750 Y. Inamori et al. | Neuromuscular Disorders 22 (2012) 747-754

Fig. 1. Histochemical and immunohistochemical staining of biopsied skeletal muscles of the patient. Hematoxylin and eosin staining revealed
inflammatory myopathy with rimmed vacuoles (a, b). Inmunohistochemistry for CD8 reveals the infiltration of CD8+ T-lymphocytes (c). Upregulation of
sarcolemmal major histocompatibility complex class I expression (d). ATPase staining (pH 10.4) reveals some hypertrophic type 1 muscle fibers, which
were more than 100 um in diameter, and many atrophic fibers of various muscle types (e). Bar scale, 100 um.

searched for other causes of HCM and found a mutation in
MYBPC3.

The MYBPC3 mutation identified in this patient is
reportedly responsible for familial HCM [21]. The patient’s
elder sister had suffered a similar, unspecified disease char-
acterized by progressive muscle atrophy. Although the
patient exhibited prominent dysfunction of the quadriceps
femoris and forearm flexor muscles, which is characteristic
of IBM, he also displayed marked atrophy and weakness of
the scapular muscles at an earlier stage compared with
other sporadic IBM patients. Furthermore, he became bed-
ridden within a few years of IBM diagnosis and exhibited a
more rapidly progressive course than that typically
observed for IBM.

To the best of our knowledge, a histochemical study of
multiple muscles affected by IBM has not yet been pub-
lished. In our study, all examined muscles exhibited patho-
logical changes associated with the disease; however, the
degree of inflammation, mitochondrial abnormalities, atro-
phy, or hypertrophy and the frequency of rimmed vacuoles
and TDP43- or p62-positive deposits in the muscle fibers
were muscle-specific. The laterality of pathological findings
was obvious, which reflected the clinical presentation of
asymmetric muscle atrophy. Despite the lack of clinical
respiratory impairment, the diaphragm muscles were
involved. The quadriceps femoris muscle, which was
affected at an early stage of the disease, contained rare
hypertrophic fibers, as did the right iliopsoas muscle, which
was clinically affected more severely than the left iliopsoas
muscle. On the contrary, the left biceps brachii and left

iliopsoas muscles, which comparatively maintained muscle
strength, contained many hypertrophic fibers. These find-
ings suggest that clinical muscle strength may correlate with
the number of hypertrophic fibers. COX-deficient muscle
fibers and large-scale mitochondrial DNA deletions are
more frequent in patients with sporadic IBM than in age-
matched controls, although COX-deficient muscle fibers
increase with age [22]. In patients with sporadic IBM and
a high number of COX-deficient fibers, impaired mitochon-
drial function probably contributes to muscle weakness and
wasting [23]. In this patient, the frequency of non-necrotic,
COX-deficient fibers in the left quadriceps femoris muscle,
which was affected at an early stage of the disease, was
higher than that in other muscles. Furthermore, the fre-
quency of non-necrotic, COX-deficient fibers in the right ili-
opsoas muscle was higher than that in the left iliopsoas
muscle, and the former was clinically affected more severely
than the latter. Mitochondrial abnormalities may also have
affected clinical muscle strength in this patient.
Longitudinal histochemical and immunohistochemical
analyzes suggested that muscle degeneration due to the
ubiquitin—proteasome system and autophagosomal-lyso-
somal pathway dysfunction may be more closely involved
in IBM progression compared with autoimmunity. The fre-
quency of rimmed vacuoles had increased in the autopsied
muscles, although the amount of inflammatory infiltrate
had decreased because of immunotherapy or the natural
course of the disease. In addition, we revealed that the fre-
quency of p62- or TDP43-positive deposits in the fibers of
the left biceps brachii increased over time. p62, also known
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Fig. 2. Histochemical and immunohistochemical staining of autopsied skeletal muscles of the patient (a) left biceps brachii, (b) left quadriceps femoris, (c)
left rectus abdominis, (d) right iliopsoas, (e) left iliopsoas, (f) diaphragm. Hematoxylin and eosin staining reveals the different degrees of inflammatory
infiltration, fiber atrophy, and fiber hypertrophy. The muscle fiber size is different in each muscle. Immunohistochemical staining for CD8 and major
histocompatibility complex (MHC) class I revealed that CD8+ cells are rare in autopsied muscles (g). The widespread upregulation of MHC class I was

not observed in autopsied muscles (h). Bar scale, 100 pm.

as sequestosome 1, is a shuttle protein that transports poly-
ubiquitinated proteins for both proteasomal and lysosomal
degradation [24]. The expression of p62 is increased at both
the protein and mRNA levels, and it is strongly accumu-
lated within and as a dense peripheral shell surrounding
p-tau-containing inclusions in IBM muscle fibers [25].
TDP43 was recently identified in normal muscle nuclei
and the sarcoplasm as well as around some rimmed vacu-
oles in patients with IBM. The significance of TDP43 accu-
mulation is currently unclear, but it may be related to
ubiquitin—proteasome system dysfunction [26]. The pro-
gression of mitochondrial abnormalities was not confirmed
in this study. We speculate that degenerative processes,
rather than inflammatory processes, mainly contribute to
muscle fiber destruction and progressive muscle wasting
in the advanced stages of IBM. However, an interrelation-
ship between inflammation and degeneration is considered
important in the early stages of IBM, and the early initia-
tion of anti-inflammatory therapy may be useful in treating
this disease.

Inflammatory changes have also been reported in
other degenerative diseases. A few individual patients with

Charcot-Marie-Tooth type 1 (CMT1) disease have report-
edly responded to anti-inflammatory treatment [27]. Unlike
most patients with CMT]1, these patients exhibited inflam-
matory infiltration in nerve biopsy specimens. In addition,
the administration of rituximab increased muscle strength
in two patients with dysferlin-deficient muscular dystrophy,
and these patients exhibited inflammatory infiltration in
muscle biopsy specimens [28]. These findings suggest a rela-
tionship between genetic defects and immune system
abnormalities. Therefore, the association between degener-
ation and inflammation is a complex and multifactorial
issue.

Aspects of IBM pathology share intriguing similarities
with those of Alzheimer’s disease, the most common form
of elderly dementia [5-7]. A patient with clinically diag-
nosed Alzheimer’s disease and biopsy-proven IBM has
been reported [29]. Histochemical investigations of the
brains of patients with IBM have not yet been published,
nor have any epidemiological links between IBM and Alz-
heimer’s disease. Nevertheless, the patient did not exhibit
any clinical features of dementia or pathological changes
associated with Alzheimer’s disease.
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Fig. 3. Immunohistochemical staining of biopsied and autopsied skeletal muscles of the patient. p62-positive deposits (a, b) and TDP43-positive deposits
(c, d) are observed within the vacuoles or the vacuole-free cytoplasm in the biopsied skeletal muscles. Compared with that in biopsied skeletal muscles, the
frequency of p62- (¢) or TDP43-positive (f) deposits is higher in autopsied skeletal muscles. Bar scale, 100 pm.

Table 1

Comparison of the histochemical and immunohistochemical findings between multiple muscles.

RV (%) COX(-) (%) Inflammatorycells Atrophic fibers Hypertrophic

P62 (+) (%) TDP43 (+) (%)

fibers
Biopsied muscles 1t BB 0.73 1.5 +++ ++ + 4.7 0.3
Autopsied muscles 1t BB 1.36 1 + +++ +++ 12.5 2
It QF 0.25 2.6 + + + 2.0 1.7
It RA 1.2 1.6 + + + 0.8 42
It IP 3.9 0.31 + +++ +++ 14.9 1.3
rt IP 2.6 1.75 + + + 44 24
1t diaphragm 2.2 0.24 + + + 6.3 2.8

The frequency of rimmed or nonrimmed vacuolated fibers and TDP43-positive deposits in muscle fibers and non-necrotic COX-deficient fibers is shown.
The frequency of inflammatory cells, atrophic fibers, and hypertrophic fibers is shown from = (rare) to +++ (many).

BB, biceps brachii muscle; QF, quadriceps femoris muscle; RA, rectus abdominis muscles; IP, iliopsoas muscles; RV, rimmed or nonrimmed vacuolated
fibers; COX (—), non-necrotic COX-deficient fibers; p62 (+), fibers that contained p62-positive deposits; TDP43 (+), fibers that contained TDP43-positive

deposits.

MYBPC is essential for the structure of the sarcomere in
striated muscles. Two types of MYBPC are expressed in
skeletal muscle (MYBPC1 and MYBPC2), whereas one
type is expressed in cardiac muscle (cardiac MYBPC;
MYBPC3). Mutations in MYBPC3 account for approxi-
mately 15% cases of familial HCM. By binding to myosin
heavy chain and the cytoskeletal protein titin, cardiac

MYBPC contributes to the structural integrity of the sarco-
mere, and it may also regulate cardiac contractility in
response to adrenergic stimulation. The T1046M mutation
in MYBPC3 is located in the C8 region, which has a bind-
ing site for titin [30]. The onset of clinical symptoms follow-
ing MYBPC3 mutations is often delayed until middle or
old age. Delayed expression of cardiac hypertrophy and a
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Fig. 4. Autopsy cardiac muscles of the patient (a, b). Left ventricular hypertrophy without chamber dilation is macroscopically observed (a).
Hypertrophy, disarray, and expanded fibrosis of the myocytes are microscopically observed in the patient. Inflammatory cells are not observed, whereas
some myocytes with vacuoles are observed (b). Bar scale, (a) 10 mm and (b) 100 pm.

favorable clinical course were reported to be markedly dif-
ferent from the clinical course related to mutations caused
by other genetic causes in patients with HCM [31]. Cardiac
MYBPC is not expressed in normal skeletal muscle, not
even during development [32]. Interestingly, a female infant
with fatal cardiomyopathy due to a homozygous mutation,
p-R943X, in MYBPC3 and unexpected skeletal myopathy
has been reported [33]. The patient expressed the cardiac-

specific MYBPC isoform in skeletal muscle at the tran-

script and protein levels. Numerous muscle fibers express-
ing the mutant cardiac isoform displayed structural
abnormalities with sarcomere disorganization and myosin
thick filament depletion, although the reason for the ecto-
pic expression of cardiac MYBPC remains unknown [33].
Ectopic expression of MYBPC3 or obvious abnormal
immunoreactivity of titin was not detected in the skeletal
muscle of our patient. Because he exhibited some atypical
aspects of IBM, the M YBPC3 T1046M mutation may have
affected the clinical severities or pathological findings, sim-
ilar to type 1 muscle fiber hypertrophy.

Although IBM is generally sporadic, a few familial cases
have been reported [8—13]. The involvement of genetic sus-
ceptibility factors in IBM has also been reported [9,14]. The
patient’s sister had an unspecified progressive muscle
atrophic disease, suggesting that skeletal muscle disease
may occur on a familial basis. In addition, the patient
exhibited anti-HTLV-1 antibody positivity in the serum
and a high HTLV-1 viral load in the PBMCs. HTLV-1
infection is reported to be one of the possible causes of spo-
radic IBM. Eleven IBM patients with serum anti-HTLV-1
antibodies have been reported from an endemic area in
Japan, and the clinical or pathological findings of nine of
these patients were no different from those in other spo-
radic IBM patients. The remaining two patients exhibited
familial occurrence [34]. A 58-year-old woman with IBM
and HTLV-1 infection exhibited no difference in apparent
clinical or pathological findings compared with other spo-
radic IBM patients, excluding higher levels of muscle
enzymes [35] A 49-year-old woman with IBM and

HTLV-1 infection exhibited considerable wasting and
weakness of the shoulder girdle and quadriceps muscle in
addition to respiratory muscle weakness, which caused
hypercapnic respiratory failure requiring mechanical venti-
lator support [36]. Therefore, some unusual aspects have

_ been reported in rare cases of IBM associated with

HTLV-1 infection. HTLV-1 infection may have also
affected the development of IBM in this patient. Con-
versely, there has been no report of an association between
HTLV-1 infection and cardiac disorders. Infiltration of
atypical lymphocytes was not observed in the skeletal and
cardiac muscles of our patient. Although the development
of HCM in this patient may have been coincidental, the
MYBPC3 T1046M mutation may have been involved in
the pathogenesis of IBM along with HTLV-1 infection.

In summary, we described the autopsy findings of a
patient with IBM and HCM. A mutation in M YBPC3
was identified as the cause of HCM in this patient. Multiple
muscles, including the respiratory muscles, were involved,
although no brain involvement was observed. Longitudinal
studies revealed that muscle degeneration due to ubiquitin—
proteasome system and autophagosomal-lysosomal path-
way dysfunction may be more closely involved in the
progression of IBM compared with autoimmunity. Further-
more, it may be possible that the M YBPC3 mutation also
affected skeletal muscles along with HTLV-1 infection. We
suggest that the mutation may be one of the genetic modifi-
ers of IBM, although further clinical and pathological stud-
ies are necessary to verify this issue. IBM is believed to be
heterogeneous, and its exact etiology has not yet been iden-
tified. We believe that this study provides clues that identify
the potential underlying causes of IBM and could be valu-
able in elucidating the extent of the clinical spectrum of this
disease.
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Alanyl-tRNA synthetase mutation in a

family with dominant distal hereditary
motor neuropathy

ABSTRACT

Objective: To identify a new genetic cause of distal hereditary motor neuropathy (dHMN), which is
also known as a variant of Charcot-Marie-Tooth disease (CMT), in a Chinese family.

Methods: We investigated a Chinese family with dHMN clinically, electrophysiologically, and ge-
netically. We screened for the mutations of 28 CMT or related pathogenic genes using an origi-
nally designed microarray resequencing DNA chip.

Results: Investigation of the family history revealed an autosomal dominant transmission pattern.
The clinical features of the family included mild weakness and wasting of the distal muscles of the
lower limb and foot deformity, without clinical sensory involvement. Electrophysiologic studies
revealed motor neuropathy. MRI of the lower limbs showed accentuated fatty infiltration of the
gastrocnemius and vastus lateralis muscles. All 4 affected family members had a heterozygous
missense mutation c.2677G>A (p.D833N) of alanyl-tRNA synthetase (AARS), which was not
found in the 4 unaffected members and control subjects.

Conclusion: An AARS mutation caused dHMN in a Chinese family. AARS mutations result in not
only a CMT phenotype but also a dHMN phenotype. Neurclogy®™ 2012;78:1644-1649

GLOSSARY

AARS = alanyl-tRNA synthetase; CMT = Charcot-Marie-Tooth; dHMN = distal hereditary motor neuropathy; MRC = Medical
Research Council; SCV = sensory nerve conduction velocity.

Distal hereditary motor neuropathy (dHMN) is also known as distal spinal muscular atrophy
or a variant of Charcot-Marie-Tooth disease (CMT). dHMN is genetically and clinically
heterogeneous. It has been classified into 7 subtypes according to age at onset, mode of inheri-
tance, and the presence of additional features.’ To date, at least 11 genes have been shown to be
involved in dHMN: heat shock 27 kDa protein 1 (HSPBI), heat shock 22 kDa protein 8
(HSPBS), heat shock 27 kDa protein 3 (HSPB3), dynactin 1 (DCTNI), glycyl-tRNA synthe-
tase (GARS), pleckstrin homology domain containing, family G (with RhoGef domain) mem-
ber 5 (PLEKHGS5), Berardinelli-Seip congenital lipodystrophy 2 (BCSL2), senataxin (SETX),
immunoglobulin mu binding protein 2 (/GHMBP2), ATPase and Cu®* transporting, alpha
polypeptide (ATP7A), and transient receptor potential cation channel, subfamily V, member 4
(TRPV4).2 Interestingly, 5 of these genes (HSPB8, HSPBI, GARS, TRPV4, and BCSL2) have
been described in CMT?%; in some patients, dHMN and CMT phenotypes have been found
to coexist.”

Four aminoacyl-tRNA synthetases (AARSs) have been implicated in CMT/dHMN:) glycyl
(GARS; MIM 601472) in CMT2D and dHMN5A; 2) tyrosyl (YARS; MIM 608323) in dom-
inant intermediate CMT type C; 3) alanyl (A44RS; MIM 613287) in CMT2N; and 4) lysyl
(KARS; MIM 601421) in CMT-recessive intermediate B and hereditary neuropathy with
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liability to pressure palsies.>®-1° Although
mutations in AARS cause axonal CMT, no
published reports linking AARS mutations to
the dHMN phenotype exist.

We report clinical and electrophysiologic
findings in 3 patients with dHMN from a
Chinese family carrying a novel missense mu-

tation (D893N) in AARS.

METHODS We studied 3 generations of a Chinese family
thar included 4 affected and 8 unaffected members ascertained
by neurologic examination (figure 1).

Patients. Patient 1. Patient 1 (III-1), now a 16-year-old boy,
was referred to our neuromuscular disease department at the age
of 11 years. He reported frequent falling and difficulty in rising
from the squatting position since the age of 2 years; however, his
condition had not deteriorated. Neurologic examination was ini-
tially performed at the first referral. His gait was almost normal,
with no ataxia, but standing on his heels was difficult, and his
heels could not touch the ground when squarting. Mild atrophy
and weakness in the distal muscles of the lower limbs were ob-
served, with a muscle strength score of 4 of 5 (Medical Research
Council [MRC] scale) for the extensor digitorum brevis muscles,
whereas the muscle strength scores of the iliopsoas, quadriceps
femoris, biceps femoris, anterior tibial, and gastrocnemius mus-
cles were 5 of 5 (MRC scale). However, the muscle strength of
the quadriceps femoris and gastrocnemius muscles was relatively
weaker than that of the iliopsoas or anterior tibial muscles. Pes
cavus and toe clawing were noted (figure 2A). Sensory examina-
tion, including pain sensation, light touch sensation, position
sensation, and vibration sensation of the 4 limbs was unremark-
able. Deep tendon reflexes were decreased in the knees and ab-
sent in the ankles. Examination of the upper limbs was normal.
There was no evidence of tremor or pyramidal tract signs.
Patient 2. Patient 2 (I-2), the 67-year-old grandmother of
the proband, first showed mild motor disability of the lower
limbs at 55 years of age. Physical examination revealed distal

{ Figure 1 Pedigree of the distal hereditary motor neuropathy family ]
1 2
| @
Patient 2
1 2 3 4 5 8
1l
Patient 3 Patient 4
1 2 3 l 4
il
Patient 1 11 yearsold 4 years old 16 years old
16 years old

The arrow indicates the proband. Affected individuals are represented by solid black sym-
bols; open symbols represent healthy individuals.

motor weakness, wasting in the lower limbs, and pes cavus (fig-
ure 2B). Results of sensory examination including pain sensa-
tion, light touch sensation, position sensation, and vibration
sensation of the 4 limbs were unremarkable. Deep tendon re-
flexes were absent in the lower limbs. Examination of the upper
limbs was normal. There was no evidence of ataxia, tremor, ot
pyramidal tract signs.

Patient 3 and patient 4, Neither patient 3 (II-1), the 44-
year-old father, nor patient 4 (II-3), the 38-year-old aunt, of the
proband experienced symptoms; however, neurologic examina-
tion revealed foot deformity, mild atrophy, and weakness of the
lower limbs. The results of the sensory examination of patients 3
and 4 were similar to those of patients 1 and 2. Deep tendon
reflexes were decreased in the knees and absent in the ankles.

Standard protocol approvals, registrations, and patient
consent. The patients and family members included in this
study gave written informed consent, and the study was ap-
proved by the Third Hospital of Hebei Medical University and
the Institutional Review Board of Kagoshima University.

Electrophysiologic study. Needle EMG and nerve conduc-
tion velocity studies were performed in patients 1, 2, and 3.

MRI study. Skeletal muscle MRI of the lower limbs was per-
formed in patient 1.

Mutation screening. Genomic DNA of 8 family members
(I-1, 1-2, 1I-1, 1I-2, 1I-3, 1I-5, III-1, and III-2) was extracted
from the peripheral blood obtained using standard methods.
The purpose-built GeneChip CustomSeq Resequencing Array
(Affymetrix, Inc., Santa Clara, CA) was designed to screen for
CMT and related diseases such as ataxia with oculomotor
apraxia types 1 and 2, spinocerebellar ataxia with axonal neu-
ropathy, and dHMN. We designed 363 primer sets to cover
the entire coding regions and flanking sequences of the fol-
lowing 28 pathogenic genes: early growth response 2 (EGR2),
peripheral myelin protein 22 (PMP22), myelin protein zero
(MPZ), gap junction protein beta 1 (G/BI), periaxin (PRX),
lipopolysaccharide-induced TNFa factor (ZITAF), neurofila-
ment light chain polypeptide (VEFL), ganglioside-induced
differentiation-associated protein 1 (GDAPI), myotubularin-
related protein 2 (MTMR2), SH3 domain and tetratricopeptide
repeats 2 (SH3TC2), SET-binding factor 2 (SBF2), N-myc
downstream regulated 1 (NDRGI), mitofusin 2 (MFN2), Ras-
related GTPase 7 (RAB7), GARS, HSPB1, HSPB8, lamin A/C
(LMNA), dynamin 2 (DNM2), YARS, AARS, KARS, aprataxin
(APTX), senataxin (SETX), tyrosyl-DNA phosphodiesterase 1
(TDP1I), desert hedgehog (DHH), gigaxonin 1 (GANI), and
K-Cl cotransporter 3 (XCC3) and 9 other candidate genes. The
363 PCR amplicons were amplified in 32 multiplex PCR reac-
tions using the Qiagen Multiplex PCR system (Qiagen, Venlo,
The Netherlands). Each reaction required 120 ng of genomic
DNA, 10 pmol of primer sets, dNTP, and Qijagen Multiplex
PCR Master Mix (Qiagen). The following conditions were used
for multiplex PCR: 15 minutes at 95°C; 42 cycles of amplifica-
tion (94°C for 30 5, 60°C for 3 minutes, and 72°C for 90 s); and
15 minutes at 68°C. Pooling, DNA fragmentation, labeling, and
chip hybridization were performed according to the CustomSeq
Resequencing protocol (Affymetrix, Inc.). Chips were washed
using a Fluidics Station 450 (Affymetrix, Inc.) using CustomSeq
Resequencing wash protocols. Analysis of microarray data was
performed using GeneChip Sequence Analysis Software, version
4.0 (Affymetrix, Inc.)."

To confirm the mutation revealed by our DNA chip, the
proband and 7 members of the family underwent genetic analy-
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{ Figure 2 Clinical, radiologic, and genetic findings of the distal hereditary motor neuropathy family ]
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{A) A picture of patient 1 shows moderate pes cavus and toe clawing. (B) A picture of patient 2 shows pes cavus. (C and D)
Axial T1-weighted images of the lower limbs in patient 1. (C) Axial image of the thighs, illustrating marked fatty replacement
of the vastus lateralis muscle {arrows). (D) Axial image of the legs demonstrating complete fatty replacement of the gas-
trocnemius muscle (arrowheads). (E and F) Axial T1-weighted images of the lower limbs of a healthy control subject. (G)
Chromatogram of the heterozygous c.2677G>A (p.D893N) mutation in exon 19 of AARS: left, 4 affected members; right,
4 unaffected relatives. (H) Comparison of AARS from different species. Arrowhead (¥) on top of the alignment indicates
893 amino acids.
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( Table Nerve conduction studies in patients 1,2, and 3 1
Patient 1 Patient 2 Patient 3

Nerve MCV,m/s DLms CMAP,mV MCV,m/s DLms CMAP,mV MCV,m/s DLms CMAP,mV
Median

E-W 67 112 57 116 64 218

W-APB 26 112 4.6° 12.7 2.6 22.0
Ulnar

E-W 61 41 60 55 65 10.4

W-FI 25 43 22 49 21 106
Peroneal

K-A 51 47 48 38 51 101

A-EDB 53 49 31 4.0 35 116

SCV, m/s SNAP, uV SCV, m/s SNAP, uV SCV,m/s SNAP, uV

Median

IF-W 54 30 38® 13 NE NE
Ulnar

VF-W © 54 12 54 9 NE NE
Sural

A-sural 48 26 43 28 56 34

Abbreviations: A = ankle; APB = abductor pollicis brevis; CMAP = compound muscle action potential; DL = distal latency;
E = elbow; EDB = extensor digitorum brevis; Fl = first interossei; G = gastrocnemius; {liF = third finger; K = knee; MCV =
motor conduction velocity; PF = popliteal fossa; SCV = sensory conduction velocity; SNAP = sensory nerve action poten-

tial; VF = fifth finger; W = wrist.
2 Abnormal value.

sis by direct sequencing. In brief, 50 ng of genomic DNA from
the patients was amplified using the hot-start PCR method. Us-
ing a presequencing kit (USB Corp., Cleveland, OH), PCR
products were purified and sequenced by dye terminator chemis-
try using an ABI Prism 377 DNA Sequencer (Applied Biosys-
tems, Foster City, CA). The resulting sequences were then
aligned, and mutations were evaluated using Sequencher version
4.8 sequence alignment software (Gene Codes, Ann Arbor, MI).

RESULTS Electrophysiologic study. Needle EMG re-
vealed a neurogenic pattern, with a high frequency of
large motor unit potentials recorded from the lower
limbs of all 3 patients tested. Patient 1 showed normal
sensory nerve conduction velocities (SCVs) and sensory
nerve action potential of the median, ulnar, and sural
nerves. Furthermore, he showed normal motor nerve
conduction velocities and amplitudes of the compound
muscle action potentials of the median, ulnar, and per-
oneal nerves. Patient 2 showed normal SCV, with a
slight increase in distal latency in the median nerve and
a mild decrease in SCV, suggestive of bilateral carpal
tunnel syndrome. Patient 3 showed results similar to
those of patient 1 (table). These findings indicate a
chronic neurogenic pattern, suggesting that this family
had inherited motor neuropathy.

MRI study. An axial T1-weighted MRI showed ac-
centuated fatty infiltration of the gastrocnemius and
vastus lateralis muscles (figure 2, C and D).

Resequencing analysis and control study. We identi-
fied one missense mutation, ¢.2677G>A (designated
p-D893N), in exon 19 of AARS. All 4 family mem-
bers considered to be clinically affected proved to
have the heterozygous AARS p.-D893N mutation,
whereas none of the 4 unaffected relatives har-
bored this mutation (figure 2G). In addition, the
mutation was not found in 220 East Asian (120
Chinese and 100 Japanese) control chromosomes
or the chromosomes of patients with 850 inherited
neuropathy nor did we find the D893N mutation
in the 1000 Genomes Web site, which catalogs
human genetic variations using 1,197 samples in-
cluding 300 East Asian (200 Chinese) samples
(http://browser.1000genomes.org).

DISCUSSION We report that an A4ARS mutation
caused dHMN. A derailed investigation of the his-
tory of a family revealed 9 members over 3 gen-
erations, 4 of whom were affected individuals,
consistent with a pattern of autosomal dominant
transmission (figure 1). Clinical examination re-
vealed benign wasting and weakness of the lower
limbs. The diagnosis of dHMN was based on the
history of autosomal dominant inheritance and elec-
trophysiologic studies.

Neurology 78 May 22,2212 1647
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AARSs are a ubiquitously expressed, essential
family of enzymes responsible for attaching amino
acids to their cognate tRNAs in all cells and tissues.
Mutations in 4 genes, GARS, YARS, AARS, and
KARS, that encode AARSs have been implicated in
CMT/dHMN.>#-1* Mutations in GARS, YARS, and
AARS cause autosomal dominant CMT/dHMN.
Two KARS mutations were detected in the com-
pound heterozygous state in a patient with autosomal
recessive CMT, developmental delay, self-abusive be-
havior, dysmorphic features, and vestibular schwan-
noma.'® To elucidate the reason that mutations in
ubiquitously expressed AARSs result in peripheral
neuropathy, the effects of GARS, YARS, AARS, and
KARS mutations in CMT/dHMN were investi-
gated. A common pathologic mechanism for genetic
disorders is a loss of gene function through altered
mRNA or protein levels, although this is unusual
for neurodegenerative diseases inherited in an au-
tosomal dominant manner. Studies on G240R
GARS heterozygous mutated lymphoblastoid cells
did not reveal severely altered transcription, transla-
tion, or protein stability.!? Pathogenic mechanisms
such as defective aminoacylation, abnormal distribu-
tion in axons, or a combination of both are postu-
lated to underlie CMT/dHMN, based on functional
and protein localization studies of heterozygous
GARS and AARS mutants.”'? Functional analyses of
compound heterozygous mutations in KARS re-
vealed severely affected enzyme activity.!

AARS caralyzes the attachment of alanine to its
cognate tRNAs during protein synthesis. Investiga-
tion of the structure of AARS by X-ray crystallogra-
phy revealed that it contains, from the N to the C
terminus, an aminoacylation domain, a middle heli-
cal domain, an editing domain, and a so-called C-Ala
domain.'® The reported variant (R329H) is located
in the middle helical domain, which together with
the aminoacylation domain, is responsible for the
complete and specific aminoacylation of AARS. The
D893N variation is located in the C-Ala domain,
which facilitates efficient editing by bringing to-
gether the aminoacylation and editing domains. A
sequence homology search was performed to align
protein sequences from multiple species, using a
constraint-based multiple alignment tool (COBALT)
(http://www.ncbi.nlm.nih.gov/tools/cobalt/). Aspar-
tic acid 893 was conserved among all species analyzed
(figure 2H). Thus, the D893N mutation identified
in the Chinese dominant dHMN family is located in
a remarkably well-conserved sequence of amino ac-
ids, suggesting that it may have a potential functional
impact on AARS. Furthermore, we were able to
computationally predict the effect of the D893N
mutation on protein function using the MuPro
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(hetp:/fwww.ics.uci.eduw/~baldig/mutation.html) and
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/)
algorithms, which gave scores of —0.334 and 0.802,
respectively. MUPro scores of less than 0 indicate a
decrease in protein stability, and PolyPhen-2 scores
of approximately 1 indicate a prediction of pathoge-
nicity. The D893N mutation is probably a patho-
genic mutation, based on the degree of conservation
of the affected residues.

Five genes (HSPBS, HSPBI, GARS, TRPV4, and
BCSL2) have been described in both dHMN and
CMT.>7 We add AARS on the basis of the present
report. GARS and AARS are involved in common
processes during protein synthesis, and the muta-
tions reported to date were all missense mutations.
Pathogenic missense mutations for autosomal domi-
nant disease usually have a gain-of-function or
dominant-negative effect. These pathogenic muta-
tions of tRNA synthetases may directly disrupt pro-
tein synthesis.

Our data confirm that a mutation in the AARS
gene (designated p.D893N) is associated with domi-
nant dHMN in a Chinese family. This observation
adds to a growing body of evidence that implicates
specific genes/proteins in peripheral nerve function
and delineates the pathologic consequences of their
dysfunction.
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