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Hereditary sensory and autonomic

neuropathy type IID caused by an SCN9A4

mutation

ABSTRACT

Objective: To identify the clinical features of Japanese patients with suspected hereditary sen-
sory and autonomic neuropathy (HSAN) on the basis of genetic diagnoses.

Methods: On the basis of clinical, in vivo electrophysiologic, and pathologic findings, 9 Japanese
patients with sensory and autonomic nervous dysfunctions were selected. Eleven known HSAN
disease-causing genes and 5 related genes were screened using a next-generation sequencer.

Results: A homozygous mutation, ¢.3993delGinsTT, was identified in exon 22 of SCN9A from
2 patients/families. The clinical phenotype was characterized by adolescent or congenital onset
with loss of pain and temperature sensation, autonomic nervous dysfunctions, hearing loss, and
hyposmia. Subsequently, this mutation was discovered in one of patient 1's sisters, who also
exhibited sensory and autonomic nervous system dysfunctions, with recurrent fractures being the
most predominant feature. Nerve conduction studies revealed definite asymmetric sensory nerve
involvement in patient 1. In addition, sural nerve pathologic findings showed loss of large myeli-
nated fibers in patient 1, whereas the younger patient showed normal sural nerve pathology.

Conclusions: We identified a novel homozygous mutation in SCNYA from 2 Japanese families
with autosomal recessive HSAN. This loss-of-function SCN9A mutation results in disturbances in
the sensory, olfactory, and autonomic nervous systems. We propose that SCNYA mutation
results in the new entity of HSAN type IID, with additional symptoms including hyposmia, hearing
loss, bone dysplasia, and hypogeusia. Neurology® 201.3;80:1641-1649

GLOSSARY

CIP = channelopathy-associated insensitivity to pain; CMAP = compound muscle action potentials; HSAN = hereditary
sensory and autonomic neuropathy; Nay1.7 = voltage-gated sodium channel; dbSNP = single nucleotide polymorphism
database; SCV = sensory nerve conduction velocity; SCN9A = sodium channel, voltage-gated, type 9, «; SNAP = sensory
nerve action potentials.

Hereditary sensory and autonomic neuropathy (HSAN) is a clinically and genetically heteroge-
neous group of disorders. Until now, HSAN has been classified into 6 main groups on the basis
of their mode of inheritance and clinical features, and 11 HSAN disease—causing genes have
been identified (table 1'-17).

SCN9A encodes the voltage-gated sodium channel (Nay1.7), and the gain-of-function muta-
tions result in several painful disorders, including inherited erythromelalgia,'® paroxysmal extreme
pain disorder,'” and small nerve fiber neuropathy.? Loss-of-function SCN94 mutations have been
linked to channelopathy-associated insensitivity to pain (CIP), which is characterized by congen-
ital insensitivity to pain perception and anosmia; however, the autonomic dysfunction has been
regarded as exclusionary criteria for the diagnosis of CIP.?! It is noteworthy that no definite
abnormalities have been recorded using either nerve conduction studies or sural nerve pathologic
examinations in all of the previous cases with homozygous loss-of-function SCN9A4 mutations and
part with compound heterozygous mutations.?>2¢ However, a slight reduction in sensory nerve
action potentials (SNAP) was recorded in two cases with compound heterozygous SCN9A

mutations.?>?’
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( Table 1 Overview of HSAN disease-causing genes, inheritance pattern, and cardinal phenotypic features ]

Gene HSAN

symbol type Inh Onset age Cardinal clinical features

SPTLC1 1A AD Adulthood Loss of pain and temperature sensation; occasional
autonomic involvement; variable sensorineural deafness and
distal motor involvement®?

SPTLC2 IC AD

ATL1 D AD Early adulthood Severe loss of pain, temperature, and vibration sensation;
ulcero-mutilation; spastic paraparesis; rare autonomic
involvement®

DNMT1 IE AD Childhood-adulthood Severe sensory loss; ulcero-mutilation; sensorineural hearing loss;
early-onset dementia; no autonomic symptoms*-¢

WNK1 A AR Congenital—early childhood Severe distal loss of touch, pain, and temperature sensation;
mutilations in hands and feet; mild or asymptomatic autonomic
dysfunction’8

FAM134B 1B AR Childhood Severe loss of pain and temperature sensation;
ulcero-mutilation; autonomic dysfunctions®

KIF1A 1c AR Childhood Severe loss of pain, temperature, vibration, and position
sensation; ulcero-mutilation; distal muscle weakness;
developmental delay and short stature®®

IKBKAP 1] AR Congenital Familial dysautonomia; gastrointestinal and respiratory
dysfunction; scoliosis; relative indifference to pain and
temperaturg??-12

NTRK1 v AR Congenital—early childhood Loss of pain and temperature sensation; anhidrosis; episodic
fever; mild mental retardation; joint deformities®*

NGF \% AR Congenital—adulthood Reduced sensation of pain and temperature; variable autonomic
dysfunctions; painless fractures; joint deformities;
mild mental retardation®>1®

DST \ AR Congenital Dysautonomia; hypotonia; facial deformity; decreased pain

response; joint contractures; retardation; respiratory
failure; early death'”

Abbreviations: AD = autosomal dominant; AR = autosomal recessive; ATL1 = atlastin GTPase 1; DNMT1 = DNA (cytosine-
5)-methyltransferase 1; DST = dystonin; FAM134B = family with sequence similarity 134, member B; IKBKAP = inhibitor
of « light polypeptide gene enhancer in B cells, kinase complex-associated protein; Inh = inheritance; KIF1A = kinesin
family member 1A; NGF = nerve growth factor (8 polypeptide); NTRK1 = neurotrophic tyrosine kinase, receptor, type 1;
SPTLC1 = serine palmitoyltransferase, long chain base subunit 1; SPTLC2 = serine palmitoyltransferase, long chain base

subunit 2; WNK1 = WNK lysine deficient protein kinase 1.

In this study, using a next-generation
sequencer, in 9 Japanese patients who were
diagnosed with HSAN based on their clinical,
in vivo electrophysiologic, and pathologic fea-
tures, 11 known HSAN disease—causing genes
and 5 related genes including SCN94 were
screened. We identified a homozygous frame-
shift mutation in SCN9A of 2 patients/families.
Therefore, we demonstrate that loss-of-function
SCN9A mutation can produce a typical HSAN
phenotype, and we propose this new classifica-
tion as HSAN type IID. This study also broad-
ened the spectrum of clinical phenotypes in
patients with SCN9A-related disorders. Fur-
thermore, on the basis of clinical, in vivo elec-
trophysiologic, and pathologic findings, we
attempted to elucidate the pathogenesis of the
mutated Nay1.7.

METHODS All patients who were referred to our department
from 2000 to 2012 and who had sensory and autonomic nerve
dysfunctions were selected. After excluding patients who had

Neurology 80 April 30, 2013

associated multiple motor nerve involvement, 9 patients were
enrolled and genotyped in this study. Besides the 11 known
HSAN disease-causing genes described above, we also investi-
gated another 5 genes that might also cause sensory and auto-
nomic symptoms, including SCN94, CCT5, PRNP, FLVCRI,
and RNF170.

The protocol of the following study was reviewed and approved
by the Institutional Review Board of Kagoshima University. All
patients and family members provided written informed consent
to participate in this study.

Pathologic study. Sural nerve biopsies, performed at the age of 42
years in patient 1 and at the age of 25 years in patient 2, were ana-
lyzed according to standard morphologic procedures for light and
electron microscopy.”® A portion of the specimen was prepared for
teased fiber analysis and classified according to Dyck’s criteria.”? The
diameter and density of the myelinated fibers were analyzed with a
Luzex AP image analyzer (Nireco Corporation, Tokyo, Japan).

Mutation sequencing. Genomic DNA was extracted from the
peripheral blood leukocytes.

Using the Primer 3 program, we designed 375 oligonucleotide
primers that covered all 357 coding exons and exon-intron junc-
tions with amplicon lengths of 400-500 base pairs. Briefly, all
target fragments of 9 patients were amplified by multiplex PCR
(QIAGEN Multiplex PCR Kig QIAGEN GmbH, Hilden,
Germany) and ligated with specified indexes, respectively, then

screened on the MiSeq sequencing system simultaneously in




accordance with the manufacturer’s protocol. The results were
mapped to the genome reference sequence in the CLC Genomics
Workbench 4 (CLC Bio, Aarhus, Denmark) and then analyzed
with tablet software.®

The polymorphic and pathogenic natures of the confirmed var-
iants were checked against the single nucleotide polymorphism data-
base (dbSNP) (http://www.ncbi.nlm.nih.gov/snp/) and the 1000
Genomes database (http://browser.1000genomes.org/index.html).
To confirm the suspected pathogenic mutations or low coverage
domains (depth less than 10) in the MiSeq sequencing output,
Sanger sequencing was also performed using the same methodology
as the one employed in a previous study.?’ We screened 100
Japanese population control patients for the ¢.3993delGinsTT

mutation.

RESULTS Patients. Patient 1. This 50-year-old man
was the sixth child from a consanguineous family. No
abnormalities were noted at birth or in the early devel-
opmental stages except for slight hyposmia since child-
hood. Since primary school, pain perception started to
decrease in his hands and feet. At 30 years of age, he
underwent lumbar spinal fixation, but felt no pain.
After 40 years of age, the numbness progressed from
the distal to the proximal limbs. Furthermore, his toes
could not perceive temperature well when he entered
his bath, and while walking, his right slipper always slip-
ped off. There was no history of episodes of unex-
plained vomiting or dysphagia. A detailed physical
examination revealed multiple skin lesions, including
a burn mark on the right middle finger, which was
caused by a cigarette. No pupillary abnormalities were
observed. His muscle strength was normal, except

grade 4+/5 weakness in the right tibialis anterior mus-
cle. He also had a slight steppage gait. All reflexes were
diminished, and his pathologic reflexes were nega-
tive. Pain and temperature perception were reduced
in the distal limbs and absent in his feet. However,
sense of vibration, joint position, and pressure were
all preserved. Postural hypotension was excluded.
During the sweating test, no sweating was observed
in his face or any of his limbs, except in the palm of
his left hand. Asymptomatic sensorineural hearing
loss with an increase in the 4,000-Hz threshold in
the left ear was diagnosed by an otorhinolaryngolo-
gist. MRI of the brain was normal.

In nerve conduction study, all motor nerve conduc-
ton velocity and compound muscle action potentials
(CMADP) values were normal, except for a slighdy
reduced CMAP in the right tibial nerve at 3.5 mV (nor-
mal range, >4.4 mV). Sensory nerve conduction veloc-
ity (SCV) was slightly slow in the right median and
ulnar nerve at 45.2 m/s (normal range, >47.2 m/s)
and 40 m/s (normal range, >46.9 m/s), respectively,
and moderately slow in the right sural nerve at 27.5 m/s
(normal range, >40.8 m/s). SNAP amplitudes were
markedly reduced in the right median nerve (0.9 pV;
normal range, >7.0 wV), bilateral ulnar nerves (1.3 and
2.2 wV; normal range, >6.9 WV), and the right sural
nerves (1.0 wV; normal range, >5.0 wV). However, the
SCV and SNAP in the left median nerve were normal.

Patient 2. This 33-year-old man was from a noncon-
sanguineous family having no history of neurologic

{ Figure 1 Clinical pictures of patient 2

(A) Reduced number of fungiform papilla on the tongue. (B) The back of patient 2, showing scattered rash, pigmentation, and
short humerus. (C) Short right hallux. (D) Multiple painless ulcers and deformed joints in the fingers.
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disorders. Decreased pain and temperature perception
was noted at birch. When he was a year old, his feet were
burnt after he walked on asphalt on a hot summer day,
and this eventually progressed to osteomyelitis. Subse-
quently, he underwent operations of the right tbia
and both feet, but he could not feel any pain. Before
enrolling in primary school, hearing loss in the left ear
and hyposmia were detected. He experienced occasional
utinary and fecal incontinence, and frequent urinaton
at night. His height was 157 cm, and he had a short
humerus (27.5 c¢m) and right hallux (figure 1, B and
C). Left acetabular dysplasia was noticed, which contrib-
uted to his left lower limb being 3 c¢m longer than his
right lower limb. Rash and pigmentation were scattered
over his chest and back (figure 1B), and several painless
ulcers and deformed joints were observed in his fingers
(figure 1D). Tendon hyperreflexia was noted in the lower
limbs, and pathologic reflexes were negative. Pain per-
ception was impaired in a glove—stocking pattern.
Sense of vibration, joint position, and pressure were
all normal. The sweating test revealed reduced sweating
tendency throughout the body and especially in the
trunk, except for his hands and feet. Postural hypoten-
sion was excluded, and brain MRI was normal. A
lacrimal secretion anomaly was also detected. Otorhi-
nolaryngologic examinations revealed the following:

deafness in the left ear and minimal hearing loss in
the right ear, glossopharyngeal and chorda tympani
nerve abnormalities in the gustatory sensation test,
reduced number of fungiform papilla on his tongue
(figure 1A), and a decline in olfactory acuity as tested
by a jet stream olfactometer. Examinations of the uri-
nary tract excluded any organic disease.

The nerve conduction study revealed all motor nerve
conduction velocity and CMAP values within normal
ranges. The SCV was slightly slow in the right median
and ulnar nerves (45.2 m/s and 46.2 m/s, respectively).
However, SNAP was moderately decreased in the bilat-
eral median (7 and 5.7 V) and ulnar (3.3 and 4.4 wV)
nerves. Nevertheless, no abnormalities were detected in
sural nerve SCV and SNAP values.

Patient 3. This 55-year-old woman was an elder sis-
ter of patient 1. Her pregnancy was uneventful and
delivery was normal. She had recurrent fractures
and underwent operations for the left thigh (at age
of 3 years and 8 years), right thigh (at age 11 years),
and left elbow (primary school). When she was
30 years old, she perceived no pain after her feet were
burnt on a heater. Anhidrosis was also noted, but after
the age of 45 years, occasional sweat was secreted on
her back. There was no evident hyposmia or hearing
loss. At present, she is able to stand up and walk using

{ Figure 2 Clinical courses of the 3 patients
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her hands for support. Cranial nerve examinations
were normal. Deformities of the left elbow, right foot,
and bilateral lower limbs were noted. Muscle strength
testing was normal in the upper limbs, whereas the
strength in the lower limb muscles decreased to grades
2/5-4/5. Pain and temperature perceptions were
reduced in the distal lower [imbs and the anterior part
of the right thigh, which may have been involved
because of damage from surgery. The sense of vibration
and joint position were preserved. Reflexes in her lower
limbs were absent, and her pathologic reflexes were
negative. Osteoporosis was excluded by an orthopedist.

The clinical courses of the 3 patients described
above, including the onset and imaged severities of
each symptom, are shown in figure 2.

Pathologic studies. In patient 1, the number of myeli-
nated fibers was markedly decreased in all fasciculi,
but the changes varied in their scale and extent. A his-
togram of the fiber diameter indicated a marked loss
of large myelinated fibers relative to small myelinated
fibers. Some remaining myelinated fibers had thinner
myelin sheaths and some exhibited axonal degenera-
tion. An electron microscopic study revealed clusters
of Schwann cell processes, which may have been
caused by the axonal degeneration of unmyelinated

fibers (figure 3A). Contrary to the findings in patient 1,
the number of myelinated fibers in patient 2 was
slightly decreased, even with marked clinical symp-
toms. The histogram of fiber diameter showed a nor-
mal pattern. Electron microscopy showed that
unmyelinated fibers were faitly preserved (figure 3B).
No demyelinated fibers or inflammatory cells could be
found in either patient.

Genetic studies. Using the MiSeq sequencing system, all
of the 9 patients were genotyped successfully. Besides
patients 1 and 2, no pathogenic mutation was detected.
The CLCbio software showed that 96.24% and 93.6%
of the data matched the reference sequences in patients
1 and 2, respectively. In the 357 targeted exons,
98.04% and 97.76% covered more than 10 reads.
From patients 1 and 2, a total of 41 high-confidence
variants were detected (table e-1 on the Neurology®
Web site at www.neurology.org). In these variants,
39 known SNPs were coincident with the dbSNP or
1000 Genome database. Of the remaining 2 variants,
the ¢.3248A>C in KIFIA was found in normal
controls and was therefore considered as an SNP. A
homozygous mutation in exon 22 of SCNI4, c.
3993delGinsTT, remained. This mutation was not
observed in 100 Japanese control patient samples,

{ Figure 3 Pathologic findings from the sural nerve biopsies
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In patient 1, the density of large and small myelinated fibers is markedly decreased. The remaining myelinated fibers have thinner myelin sheaths. Some
teased fibers exhibit axonal degeneration. The histogram of the fiber diameter indicates loss of large myelinated fibers (5,343 fibers/mm3). Electron
microscopic examination shows clusters of Schwann cell processes (A). In patient 2, the densities of large and small myelinated fibers are slightly decreased.
Teased fibers exhibit shortened internodal remyelination. The histogram of the fiber diameter shows a normal pattern (8,611 fibers/mmz2). Unmyelinated
fibers are fairly preserved, as shown under the electron microscope (B).
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{ Figure 4 Pedigree diagram and genetic studies
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(A) Pedigree of patient 1. Patients 1 and 3 (V3) harbor the homozygous mutation, c.3993delGinsTT, whereas their mother
(IV1) and 1 elder sister {V2) are heterozygous carriers. (B} Pedigree of patient 2. The same mutation, c.3993delGinsTT, can
be observed in patient 2. His mother (4) exhibits the carrier genotype, and his elder brother (5} is normal. The black arrows {v)
indicate the proband. All the family members with available DNA samples are labeled with an Arabic numeral. (C) The
¢.3993delGinsTT mutation (| ) shifts the reading frame and generates a premature stop codon.

nor did we find it on the 1000 Genomes Web site,
which catalogs human genetic variations using 2,500
patient samples, including 500 East Asian (100
Japanese) patient samples. DNA samples were then
collected from 3 other family members of pedigree 1,
and 2 members of pedigree 2. In patient 3, the same
genotype was identified. In addition, asymptomatic
carriers (mother and another elder sister of patient
1 and the mother of patient 2) and an unaffected
member (brother of patient 2) were found (figure
4, A and B). This mutation changes the reading
frame during the translation of the mRNA and
generates a premature stop codon (figure 4C).
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DISCUSSION Among the 16 disease-causing or
related genes of HSAN, we identified a homozygous
mutation in SCN9A from 2 Japanese families. We
described 3 patients who presented with new clinical,
in vivo electrophysiologic, and pathologic phenotypes.

SCN9A, which is located on chromosome 2q24.3,
contains 26 coding exons.* It encodes Na, 1.7, which is
the o-subunit of a tetrodotoxin-sensitive, voltage-gated
sodium channel. Na,1.7, composed of 4 domains, each
with 6 transmembrane domains and 2 highly conserved
pore-forming segments,®® is preferentially expressed
within the dorsal root ganglion and sympathetic gan-
glion neurons and their small-diameter peripheral

riicie is prohibite



()

3%

axons.> It is crucial for the depolarizing phase of neu-
ronal action potentals, and it seems to determine the
excitability and repetitive firing properties of neurons.
Gain-of-function SCN94 mutations result in hyperexcit-
able nociceptive neurons and states, such as inherited eryth-

19 and

romelalgia,'® paroxysmal extreme pain disorder,
small nerve fiber neuropathy,” whereas loss-of-function
SCN9A mutations produce no sodium current and
generate CIP.?

In our study, both families lived in the Kagoshima
prefecture, which is located to the south of Kyushu
Island, Japan, and both were unrelated to each other.
Loss of pain and temperature perceptions began at differ-
ent ages, appearing as carly as birth in patient 2, in the
second decade in patient 1, and in the third decade in
patient 3. Their ages at the onset of symptoms were dif-
ferent from those reported for patients with CIP who
had a congenital onset. Moreover, in these 3 patients,
the area of their pain insensitivities was limited mainly
within the distal part of the limbs, not the entire body,
as is seen in patients with CIP. The sense of vibration
and joint position were preserved in our patients. How-
ever, the predominant reduction in sweat production in
our 3 patients, together with urination and defecation
disorder, lacrimal secretion anomaly, and decreased
number of fungiform papilla on the tongue in patient
2, suggested autonomic nervous system dysfunction. A
recent study indicated that Na,1.7 in sympathetic neu-
rons also contributes to the sensation of neuropathic
pain.> The severe rash and pigmentaton may be due
to a post-inflammatory hyperpigmentation, resulting
from the disruption of autonomic innervation. Mean-
while, hyposmia/anosmia, which is a common feature in
patients with CIP and loss-of-functional SCIN94 muta-
tion,>?7%7 was also identified in our patients. Further-
more, in patient 2, hypogeusia was detected using a
gustatory sensation test. Bone dysplasia, as an additional
symptom in patent 2 (acetabular dysplasia, short
humerus, and right hallux), had also been reported in a
Dutch kindred.*® The otorhinolaryngologist confirmed
hearing loss, although at different levels, in patients 1 and
2, which has mainly been recorded in patients with
HSAN type IE.“* These findings definitely broaden
the symptomatic heterogeneity of SCN94 mutations.

Although pain insensitivity was symmetrically de-
tected in the distal portion of the limbs of the 2 index
patients, nerve conduction studies only revealed asym-
metric involvement of the extremities. These findings,
except those of the peroneal nerve, were compatible
with sensory-predominant axonal multiple mononeu-
ropathy complicated by minimal demyelinating
changes, rather than a polyneuropathy.

Interestingly, the pathologic features of the sural
nerve in the 2 index cases also varied. Although
decreases in the small and large myelinated fibers were
observed among the fasciculi in patient 1, the extent

rized rep

was dramatically different, whereas the density of
small and large myelinated fibers was fairly preserved
in patient 2. These discoveries were consistent with
the nerve conduction study findings, which suggested
a mismatch between the distribution of affected fibers
and the severity of the loss-of-pain sensations. In
addition, especially in patient 1, both decreased large
myelinated fibers and decreased SNAP/SCV indi-
cated that the large myelinated fibers were affected,
whereas cases with gain-of-function SCN94 muta-
tions always present with small myelinated and
unmyelinated fiber abnormalities.® The selective
involvement of sensory nerves in these patients is
inconsistent with the clinical features and may indi-
cate that the dysfunction of the dorsal root ganglion is
more predominant than that of the peripheral nerve.
However, the mechanisms underlying the pathologic
aberrations in the fasciculi or nerves, caused by the
mutated Na,1.7 in the dorsal root ganglion, require
further research.

The homozygous mutation, ¢.3993delGinsTT,
which is located in exon 22 of SCN94, is expected to
shift the reading frame from amino acid 1331 (p.
leu1331phe) and generate a premature stop codon. This
will induce an essential alteration in the fifth transmem-
brane segment of domain 3 in Na,1.7 and eliminate the
whole fourth domain. The nonsense-mediated messen-
ger RNA decay mechanism will then be activated, which
will induce loss of function of Na,1.7 in nociceptive
neurons. Together with the pedigree study that con-
firmed the cosegregation of the genotype and phenotype,
this mutation was believed to be a pathogenic mutation.

In 3 patients from 2 Japanese families who experi-
enced symptoms that were characterized by congeni-
tal or adolescence-onset loss of pain and temperature
perception and autonomic nervous dysfunction
accompanied by hyposmia, hearing loss, hypogeusia,
bone dysplasia, and fractures, we identified a novel
loss-of-function frameshift SCN94 mutation. We
demonstrated that this was a new entity on the basis
of clinical, in vivo electrophysiologic, and pathologic
findings. We introduce this new entity as HSAN type
IID, an allelic disorder with CIP, both of which result
from loss-of-function mutations in SCN9A. Further-
more, on the basis of in vivo electrophysiologic and
pathologic findings, we furthered the understanding
of the mechanisms induced by the loss of function of
Na,1.7. We are able to summarize that a loss-of-func-
tion SCN9A mutation can produce heterogeneous
phenotype, even harboring the same mutation.
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Mitochondrial myopathy with autophagic vacuoles
in patients with the m.8344A>G mutation

Jun-Hui Yuan, Yusuke Sakiyama, Itsuro Higuchi, Yukie Inamori, Yujiro Higuchi,
Akihiro Hashiguchi, Keiko Higashi, Akiko Yoshimura, Hiroshi Takashima

ABSTRACT

Background and aims In mitochondrial myopathy,
autophagy is presumed to play an important role in
mitochondrial dysfunction. Rimmed vacuoles (RVs), a
sign of autophagy, can be seen as a secondary
phenomenon in muscle ragged-red fibres (RRFs),
whereas the uncommon presentation is that some fibres
contain RVs, but without any mitochondrial
abnormalities. To investigate the pathogenesis beneath
this pathological phenomenon.

Methods We reviewed 783 skeletal muscle specimens
and selected five obtained from patients with suspected
mitochondrial myopathy, characterised by clearly visible
autophagic vacuoles in non-RRFs, besides the
coexistence of RRFs and cytochrome oxidase-negative
fibres. Immunohistochemical staining with LC-3, and
electron microscopy studies were performed. Using
resequencing microarray and a next-generation
sequencing system, the mitochondrial DNA was screened
for mutations and the heteroplasmic level was measured
in skeletal muscle and blood.

Results Muscle fibres with RVs and RRFs, as well as
some morphologically normal fibres, stained strongly for
LC-3. Electron microscopy disclosed significant abnormal
mitochondrial proliferation and existence of autophagic
vacuoles. After mutation screening, m.8344A>G in the
tRNAY* gene was detected in two patients. The
heteroplasmy of mutated G was 45.1% in skeletal
muscle and 17.8% in blood in patient 1; patient 2
exhibited 80.3% mutated G in skeletal muscle and
25.2% in blood.

Conclusions These findings demonstrate a new
pathological phenotype for the m.8344A>G mutation-
related disease and also provide pathological evidence of
a correlation between mitochondrial abnormalities and
autophagy.

INTRODUCTION

Autophagy generally has a cytoprotective function,
often preceding cellular apoptosis or necrosis.
Cellular vacuoles that contain fragments of cell
components are called autophagic vacuoles.
Rimmed vacuoles (RVs) are characterised by small
vacuoles lined by many red granules (the ‘rim’), as
observed by modified Gomori trichrome (mGT)
staining and contain fragments of cellular compo-
nents, including membrane whorls, as observed
under electron microscopy. The RVs represent a
type of autophagic vacuole and are non-disease-
specific structures found in various myopathies,
particularly in hereditary inclusion body myopathy,
distal myopathy with RVs and inclusion body myo-
sitis (IBM).! Autophagy also contributes to the deg-
radation of mitochondria (mitophagy),®> and

dysfunctional mitochondria may trigger the activa-
tion of the autophagic pathway.”

Ragged-red fibres (RRF) are characterised by the
existence of subsarcolemmal zones of bright red or
reddish blue material in mGT stain (figure 1),
which result from the accumulation of abnormal
mitochondria beneath the sarcolemma of muscle
fibres. Histochemical demonstration of RRFs and
cytochrome ¢ oxidase-negative fibres on muscle
biopsy is considered to be the hallmark of a mito-
chondrial myopathy.* In our experience, RVs can
be seen in the RRFs, as a secondary change of
abnormal mitochondrial accumulation. On the
other hand, it has been shown that frequent RRFs
can be found in patients with IBM and may reflect
an age-related decline in muscle mitochondrial oxi-
dative metabolism.® Nevertheless, in five Japanese
patients with suspected mitochondrial myopathy,
we found that besides the prominent feature of
RRFs, noticeable RVs appeared in the non-RRFs—
an unexpected phenomenon.

m.8344A>G mutation in the tRNA™M gene can
result in a myoclonic epilepsy with RRF (MERRF
syndrome) and is present in over 80% of affected
subjects. Genetic analysis showed an m.8344A>G
mutation in two of our patients. Typical MERRF
syndrome is characterised by myoclonic epilepsy,
cerebellar ataxia and RRFs in skeletal muscle
tissue.® However, in this study, the phenotypes of
the two patients with the m.8344A>G mutation
were atypical; they had proximal muscle weakness
and external ophthalmoplegia or preferential
facioscapulohumeral muscle involvement.

We demonstrate a new pathological phenotype
for the m.8344A>G mutation. These findings
suggest a distinct pathogenesis between mitochon-
drial abnormalities and autophagy. The isolated
autophagic vacuoles may also be associated with
the atypical clinical phenotype of patients with an
m.8344A>G mutation.

MATERIALS AND METHODS

Subjects

We examined 783 skeletal muscle specimens
obtained from patients who were referred to our
department between 2001 and 2011. Twenty-seven
patients with definite coexistence of RRFs and RVs
were selected, and then those with IBM (10
patients), dermatomyositis (three patients), poly-
myositis (one patient), amyotrophic lateral sclerosis
(two patients), myotonic dystrophy (one patient)
and non-specific myopathy (five patients) were
excluded. Based on the clinical features, marked
RRFs and cytochrome ¢ oxidase-negative fibres in
pathology, five Japanese patients with suspected
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Figure 1 Modified Gomori trichrome staining of muscle ragged-red
fibres (RRFs). RRFs are indicated by (*). Bar=100 um.

mitochondrial myopathy were chosen for this study. Of these
patients, only two who had the m.8344A>G mutation are
described herein. No pathogenic mutation was detected in
mtDNA from the other three patients. In addition, between
2001 and 2011, we identified the m.8344A>G mutation in
blood from six of 169 patients with suspected mitochondrial
disorders. Three of these patients underwent a muscle biopsy:
two patients comprised the patients previously selected and the
other exhibited a typical MERRF syndrome. However, because
no definite RVs were seen in skeletal muscle, this last patient
was excluded from the study.

All the diagnoses were made by experienced neurologists and
pathologists based on clinical and laboratory examinations, elec-
trobiological studies and skeletal muscle pathology.

Patient 1

A S51-year-old man with no family history of myopathy com-
plained of general fatigue which he had had for 15 years. He
began to experience muscle weakness from 36 years of age. This
weakness gradually worsened, and by the age of 40 years he had
difficulty in walking. Over the following 3 years, the symptoms
progressed until he was incapable of lifting any substantial
weight. Physical examination showed moderate muscle weakness
in the facial, cervical and proximal muscles. His eye movements
were also restricted in the superoinferior direction and he had
difficulty hearing high-pitched voices. His serum creatine kinase
level was raised at 1378 U/l (normal range 45-163 U/l).

Patient 2

A S54-year-old man reported a 24-year history of muscle weak-
ness; there was no family history of any such difficulty. At
30 years of age, he experienced difficulty in lifting his arms and
his cervical muscles gradually became affected. He occasionally
tumbled down staircases; one fall required admission to hospital
for a subarachnoid haemorrhage. Physical examination at the
time of study enrolment showed marked weakness and wasting
of the shoulder girdle muscles, without scapular winging. The
facial muscles, intrinsic muscles of the hand and thigh muscles
were also found to be atrophied. The extraocular muscles and
the cranial nerves were normal and no other abnormalities were
detected. His serum creatine kinase level was 46 U/l. CT indi-
cated myoatrophy in his arms.

Figure 2 Histochemical staining of muscle ragged-red fibres (RRFs) and isolated rimmed vacuoles in patient 1 (A and C) and patient 2 (B and D).
Haematoxylin and eosin (A and B) and succinate dehydrogenase (C and D} staining shows numerous RRFs (*), coexisting with non-RRFs containing

rimmed vacuoles (arrow). Bar=100 pm.
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We carried out a neurological examination and neuroradiolo-
gical study in both patients and no comorbidities, including vas-
cular disease, were seen, except for traumatic subarachnoid
haemorrhage in patient 2.

Pathological studies

Skeletal muscle samples were obtained from the biceps brachii.
Serial frozen sections (8 um) were prepared and stained
with multiple histochemical methods (see online supplementary
table 1).

Other sections prepared on aminosilane-coated slides were
immunohistochemically stained with 1:50 diluted microtubule-
associated protein 1 light chain 3B (LC-3) clone 5F10 (Nano
Tools, France). Biotinylated anti-mouse IgG was used as the sec-
ondary antibody and the avidin-biotin—peroxidase complex (ABC)
method was used for signal detection (ABC kit; Vector
Laboratories, Burlingame, California, USA). All the immunohisto-
chemical procedures were performed as reported previously.”

A small amount of the muscle specimens was fixed in glutaral-
dehyde in cacodylate buffer, post-fixed in 1% buffered osmium
tetroxide and then embedded in Epon. Semi-thin sections were
prepared for light microscopy to localise the target region, while
ultra-thin sections were cut and stained with uranyl acetate and
lead citrate for electron microscopy. The electron microscopy
procedures were performed as described previously.®

Mitochondrial DNA analysis

Genome DNA was extracted from both peripheral blood leuco-
cytes (Qiagen, Maryland, USA) and frozen muscle specimens using
a DNeasy blood and tissue kit (Qiagen). The entire mitochondrial
DNA extracted from the skeletal muscles was sequenced using
MitoChip V2.0 (GeneChip Human Mitochondrial Resequencing
Array 2.0) and analysed on GeneChip Sequence Analysis Software
V4.0.7 1° Previously described primers were used,'! and the varia-
tions detected by MitoChip V2.0 were then confirmed by direct
Sanger sequencing, as described.’?

The polymorphic and pathogenic natures of the confirmed
mutations were checked against two databases: MITOMAP
(http:/www.mitomap.org/) and GiiB-JST mtSNP (http:/mtsnp.
tmig.or.jp/mtsnp/index.shtml).

Heteroplasmic study

The GS Junior platform can sequence 1 00 000 single PCR frag-
ments in parallel, which enables the detection of low levels of
mtDNA heteroplasmy.’® '* Using the Primer 3 program, we
designed oligonucleotide primers flanking the m.8344A>G
mutation (forward: 5’-CACTTTCACCGCTACACGAC-3' and
reverse: 5'-GCAATGAATGAAGCGAACAG-3'), which will gen-
erate a 428 bp PCR product. Using 50 ng genomic DNA from
both blood and skeletal muscle of the two patients, after hot-
start PCR, the products were sequenced on the GS Junior
platform (Roche-454 Life Sciences, Basel, Switzerland) in
accordance with the manufacturer’s protocol. The results were
assembled using the reference sequence (NC_012920) and ana-
lysed using GS Reference Mapper (454 Life Science) software.™’

RESULTS

Pathological studies

In patients, histopathology showed moderate variation in
muscle fibre size; numerous degenerating fibres with occasional
regenerating or necrotic fibres were seen. RRFs were detected
in 12.4% of muscle fibres (497/4001) in patient 1 and 20.7%
of muscle fibres (253/1220) in patient 2. RVs were seen in
occasional non-RRFs (figure 2). Cytochrome ¢ oxidase activity

was significantly decreased or absent in many fibres, particu-
larly the RRFs, in which high succinate dehydrogenase expres-
sion was observed. The cytochrome ¢ oxidase activity was
increased in the non-RRF fibres containing isolated RVs. No
blood vessels were seen that showed strong succinate dehydro-
genase reactivity. Muscle fibres with RVs and RRFs, as well as
some morphologically normal fibres, stained strongly for LC-3
(figure 3).

Electron microscopy in the biopsied muscle of the two
patients disclosed significant abnormal mitochondrial prolifer-
ation with paracrystalline inclusions and circular arrangements
of cristae. Autophagic vacuoles with membranous whorls and
myelin-like structures were also seen (figure 4).

Mitochondrial DNA analysis

Using MitoChip V2.0, 57 mitochondrial DNA variations were
detected in skeletal muscle samples from the two patients and
54 were confirmed to be single nucleotide polymorphisms
(SNPs) by referring to the MITOMAP and GiiB-JST mtSNP
databases. An m.8344A>G mutation in the tRNA™® gene was
detected in both patients and subsequently confirmed by direct
sequencing of DNA from both muscle and blood lymphocytes
(figure 5). In addition, a new SNBE m.306C>A in the non-
coding area and a missense mutation m.3433T>A (Tyr43Asp)
in the ND1 gene of patient 2 were also found. However, consid-
ering the vital role of the tRNAY® gene, we considered
m.8344A>G to be the causative mutation.

Heteroplasmic study

Using the GS Junior platform, we clonally amplified and read
more than 100 copies of each original amplicon from blood and
muscle, in both patients. The percentage of 8344G in patient 1
was 17.8% (23/129) in blood and 45.1% (142/315) in muscle.
In patient 2, the percentage was 25.2% (81/321) in blood and
80.3% (598/745) in muscle (figure 5).

DISCUSSION

We selected five patients with suspected mitochondrial myop-
athy and characterised by the coexistence of RRFs and isolated
RVs in muscle fibres. Using a resequencing microarray and a
next-generation sequencing system, we identified both the
m.8344A>G mutation and its heteroplasmic nature in two of
these patients.

m.8344A>G, with a prevalence rate of no more than 0.25/
100 000 in Europe, is the most common mutation of MERRF
syndrome.’®*® The clinical variations of MERRF syndrome are
extensively expanded to encephalitis, infantile putaminal necro-
sis, depression, Parkinson’s disease, cardiomyopathy, neuropathy,
ophthalmoplegia, chronic pancreatitis and the MELAS pheno-
type that comprises mitochondrial encephalomyopathy, lactic
acidosis and stroke-like episodes.”®2¢ In our study, patient 1
had progressive proximal muscle weakness, restriction of super-
oinferior eye movement and hearing loss. Patient 2 experienced
isolated skeletal muscle effects, with involvement of the facial
and proximal upper limb muscles. Although they harboured the
MERRF mutation, both patients presented with nearly isolated
myopathy rather than the typical MERRF syndrome with myo-
clonus epilepsy or cerebellar ataxia.

RRFs formed the predominant pathological feature in 12.4%
and 20.7% of fibres in patients 1 and 2, respectively. The com-
bination of cytochrome c oxidase-negative fibres and abnormally
proliferated mitochondria found in electron microscopy, con-
firmed the pathological diagnosis of mitochondrial myopathy. In
both patients haematoxylin and eosin and mGT staining
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Figure 3 Serial sections of histochemical and immunohistochemical stained skeletal muscle samples in patient 1 (A, C, E and G) and patient 2
(B, D, F and H). Moderate myopathic change with coexistence of numerous in muscle ragged-red fibres (RRFs) (*) and some rimmed vacuoles (a) is
seen with the modified Gomori trichrome stain (A and B). Cytochrome c oxidase activity is significantly decreased or absent in many fibres,
particularly RRFs (C and D), with high succinate dehydrogenase expression (E and F). Immunohistochemical staining of LC-3 was strong in fibres
with rimmed vacuoles and RRFs and also in some morphologically normal fibres (G and H). Bar=100 pm.

demonstrated RVs in fibres without mitochondrial accumulation
or loss of cytochrome ¢ oxidase activity. LC-3 aggregation was
seen in fibres with isolated RVs, RRFs with secondary vacuol-
ation and even in some fibres without any morphological
changes. These abnormalities suggest the overexpression of
autophagy or disorders of autophagic pathways in these fibres.”’
Electron microscopy also confirmed the existence of autophagic

vacuoles. Although mild autophagic changes can be seen in
RRFs of patients with common mitochondrial myopathies,
conspicuous RVs and LC3-positive fibres in non-RRFs were
the characteristic findings in both of our study patients.
Additionally, degeneration, regeneration or necrosis of muscle
fibres indicated active cellular damage, probably resulting from
mitochondrial dysfunction.
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