
ORIGINAL ARTICLE

Clinical diversity caused by novel IGHMBP2 variants

Jun-Hui Yuan1, Akihiro Hashiguchi1, Akiko Yoshimura1, Hiroshi Yaguchi2, Koji Tsuzaki3, Azusa Ikeda4,
Kenji Wada-Isoe5, Masahiro Ando1, Tomonori Nakamura1, Yujiro Higuchi1, Yu Hiramatsu1, Yuji Okamoto1

and Hiroshi Takashima1

Immunoglobulin helicase μ-binding protein 2 (IGHMBP2) gene is responsible for Charcot–Marie–Tooth disease (CMT) type

2S and spinal muscular atrophy with respiratory distress type 1 (SMARD1). From June 2014 to December 2015, we collected

408 cases, who referred to our genetic laboratory for genetic analysis, suspected with CMT disease or other inherited peripheral

neuropathies (IPNs) on the basis of clinical manifestations and electrophysiological studies. Mutation screening was performed

using Ion AmpliSeq Custom Panels, which comprise 72 disease-causing or candidate genes of IPNs. We identified novel

homozygous or compound heterozygous variants of IGHMBP2 in four patients. Three patients presented with childhood-onset

axonal predominant sensorimotor polyneuropathies, whereas the other case was diagnosed with SMARD1, manifesting as low

birth weight, weak cry, reduced spontaneous movement and developed respiratory distress 4 months after birth. We present the

original report of CMT type 2S in Japan, and illustrate that recessive IGHMBP2 variants account for ~ 1.6% of axonal CMT in

our cohort.
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INTRODUCTION

Charcot–Marie–Tooth (CMT) disease, the most common inherited
peripheral neuropathy (IPN), consists of two major subtypes, demye-
linating (CMT1) and axonal (CMT2), which can be distinguished by
electrophysiological and nerve biopsy studies. CMT is typically
characterized by progressive motor and sensory polyneuropathy,
but may also present with significant clinical heterogeneity. Certain
CMT disease-causing genes may also produce distinct IPN pheno-
types, where they are, therefore, referred as separate disease entities.
Distal hereditary motor neuropathy (dHMN), also known as distal
spinal muscular atrophy (dSMA) predominantly affecting lower motor
neurons, represents a typical IPN phenotype. To date, several genes
have been linked to both CMT and dHMN/dSMA, comprising GARS
(CMT 2D and dHMN 5A),1 AARS (dHMN and CMT 2N),2,3 HSPB1
(CMT 2F and dHMN 2B),4 HSPB8 (dHMN 2A and CMT 2L),5,6

BSCL2 (dHMN 5A and CMT2),7,8 DNAJB2 (dHMN and
CMT 2T),9,10 TRPV4 (dHMN 8 and CMT 2C),11 DYNC1H1
(CMT 2O and SMA with lower extremity predominance)12,13 and
PLEKHG5 (dSMA 4 and intermediate CMT C).14,15 Most recently,
immunoglobulin helicase μ-binding protein 2 (IGHMBP2), a gene that
has been classically linked to SMA with respiratory distress type 1
(SMARD1) as early as 2001,16 was demonstrated as a novel causative
gene of autosomal recessive axonal CMT (CMT2S).17

SMARD1 is a rare fatal disorder typically characterized by the
development of respiratory failure within the first 6 weeks to 6 months

of life, caused by diaphragmatic paralysis, and a severe infantile axonal
neuropathy.18 On the contrary, CMT2S patients harboring IGHMBP2
mutations invariably develop childhood-onset axonal motor and
sensory abnormalities with chronic progression.17 In two multina-
tional studies, IGHMBP2 gene mutations reportedly account for
12.9% (11/85) of likely recessive CMT2 cases and 5.3% (3/57) of
unresolved neuropathies.17,19 However, no patient with IGHMBP2
gene-related CMT has been reported in Japan. In the present
study, using a next-generation sequencing system, we performed
targeted resequencing in a large cohort of patients with CMT or
other IPNs, and identified novel recessive IGHMBP2 variants in four
patients with CMT2S or SMARD1.

MATERIALS AND METHODS
Prescreening for duplication/deletion mutations of PMP22 using fluorescence
in situ hybridization, which is the only commercially available method in Japan,
was negative for all cases with suspected CMT1 enrolled in the present study.
From June 2014 to December 2015, we identified a cohort of 408 patients
collected from all regions of Japan, who were clinically diagnosed with
CMT (382 cases), dHMN (16 cases), hereditary sensory and autonomic
neuropathy (6 cases) or hereditary neuropathy with liability to pressure
palsies (HNPP; 4 cases), and referred to our genetic laboratory. Of these
patients, eight were foreign residues of Japan. On the basis of electrophysio-
logical analysis, the CMT patients were further classified into 257 axonal
cases (median motor conduction velocity ⩾ 38 m s− 1), 94 demyelinating cases
(median motor conduction velocity o38 m s− 1) and 31 unclassified cases
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(no data). In terms of inheritance pattern, the CMT patients could be grouped
to likely autosomal dominant (113 cases), likely AR (35 cases), sporadic
(221 cases) and X-link/unknown (13 cases).
The protocol of the present study was reviewed and approved by the

Institutional Review Board of Kagoshima University. All patients and six family
members provided written informed consents to participate in this study.

DNA extraction and targeted resequencing study
Genomic DNA of patients and family members was extracted from peripheral
blood using QIAGEN Puregene Core Kit C (Qiagen, Valencia, CA, USA)
according to the manufacturer’s protocol.
An Ion AmpliSeq Neuropathy-related gene Panel was designed online

using Ion AmpliSeq Designer 3.6 (http://www.ampliseq.com/) to analyze the
CDSs (±25 bp of intronic flanking regions) of 72 IPNs disease-causing or
candidate genes. The final custom panel was composed of 1800 amplicons
divided into two primer pools for a total of 338.29 kb of DNA. The panel
covered 98.99% of the regions of interest.
For genomic DNA application, 10 ng samples were amplified using Ion

AmpliSeq HiFi Master Mix (Applied Biosystems, Life Technologies, Carlsbad,
CA, USA) and Ion AmpliSeq Neuropathy-related gene Panel primer pools.
Using the Ion AmpliSeq Library Kit v.2.0 and Ion Xpress Barcode Adapters 1–96
Kit (Life Technologies), libraries were prepared according to the manufacturer's
instructions. Adaptor-ligated amplicon libraries were purified using the
Agencourt AMPure XP System (Beckman Coulter Genomics, Danvers, MA,
USA). A Qubit2.0 Fluorometer (Invitrogen, Life Technologies) was used to
quantify the libraries by means of Qubit dsDNA HS Assay Kits (Invitrogen, Life
Technologies, Eugene, OR, USA), and equimolar amounts of each library were
pooled together and run on Ion Chef (Life Technologies) for emulsion PCR and
loading onto a PI v2 chip (Thermo Fisher Scientifics, Life Technologies,
Waltham, MA, USA). This chip was run on the Ion Proton sequencing system
according to the manufacturer's procedures.

Data management and variant analysis
Using Torrent Suite Software 5.0 (Life Technologies), reads were aligned to the
human reference genome (build GRCh37/hg19) and to the BED file designed
using Ion AmpliSeq Designer (https://ampliseq.com/browse.action). DNA
variants were called with Torrent Variant Caller plug-in software (Life
Technologies). Read depth and the percentage of reads mapped to the target
region (reads on target) were calculated using Coverage Analysis plug-in

software (Life Technologies). The VCF file was annotated and filtered using
CLC Genomics Workbench (Qiagen, Aarhus, Denmark). All variants were
visually verified with the Integrative Genomics Viewer 2.3 and classified
according to ACMG-AMP standards and guidelines.20

Variants were checked against the public databases, including Exome
Sequencing Project, 1000 genomes project and Exome Aggregation Consortium
database, which was referred to as a moderate evidence of pathogenicity (PM2).
We also checked variants in non-disease population databases, comprising
Human Genetic Variation Database (whole-exome sequencing variants of
1208 Japanese individuals) and Integrative Japanese Genome Variation
Database (whole-genome sequencing variants of 2049 Japanese individuals).
This result was attributed to a moderate level of strong evidence of
pathogenicity (PS4-moderate). The pathogenicity prediction programs, Poly-
Phen2, SIFT, PROVEAN and MutationTaster, were used to evaluate variants
not previously described (supporting evidence of pathogenicity, PP3). Candi-
date variants were validated by Sanger sequencing. Segregation studies of
available family members were performed whenever possible (PM3).

RESULTS

Clinical features
Of the 408 unrelated patients, the Ion AmpliSeq Neuropathy-related
gene Panel screening identified homozygous or compound hetero-
zygous IGHMBP2 variants in four patients. Major clinical features and
genetic findings are summarized in Table 1. Results of nerve
conduction studies (NCS) are listed in Table 2.

Case 1. A 22-year-old female, the second child of a non-consang-
uineous family, was born with an unremarkable perinatal history. No
neurological symptoms were observed in other family members. She
was able to walk independently from 1 year of age, whereas bilateral
talipes equinovarus became apparent at 4 years of age. Ankle foot
orthosis developed at 12 years of age. Cranial nerve examination and
proximal muscle strength were normal, whereas distal muscle weak-
ness was identified on manual muscle testing (MMT; normal, 5; upper
extremities, 3; lower extremities, 1~2). Superficial pain and vibration
sensation were decreased in the distal limbs. Deep tendon reflexes
were markedly decreased in the upper limbs and absent in the lower
limbs. No autonomic dysfunction was noted. NCS revealed

Table 1 Clinical and genetic features of four patients

Case 1 Case 2 Case 3 Case 4

Mutation c.1034C4A;

c.1783C4T

c.344C4T; c.1195G4A;

c.1060+5G4C

c.826C4T; c.1702C4T c.2759A4G

Protein p.Ala345Glu; p.

Arg595Trp

p.Thr115Met; p.Gly399Ser;

splicing

p.Gln276*; p.Gln568* p.Tyr920Cys

Parental consanguinity − − − +

Sex Female Male Male Male

Current age (years) 22 22 0.5 66

Age at onset (years) 4 13 0 Childhood

Primary symptom Equinovarus foot Difficulty of running Low birth weight Running slow

Muscle weakness (MMT) Upper distal: 3; lower

distal: 1~2

Proximal lower extremity: 4~5; distal

lower extremity: 3~4+

Weak crying; poor head stability; rare sponta-

neous movement of legs

Lower distal: 0; steppage gait;

flat foot

Muscle atrophy � Legs (left predominant) / Intrinsic hand muscle and legs

Pain sensation Markedly decreased Decreased / Decreased

Vibration sensation Decreased Decreased / Normal

Deep tendon reflexes Decreased~absent Decreased Absent Decreased~absent

Respiratory dysfunction − − + −

Autonomic neuropathy − − / Urine remaining

Abbreviations: MMT, manual muscle testing; − , negative; /, no record; +, positive.
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sensorimotor axonal polyneuropathy, particularly in the lower limbs.
Sensory NCS revealed no response in the upper and lower limbs.

Case 2. This case was a 22-year-old, male, Chinese student. No
consanguinity was reported between his parents; however, a similar
foot deformity was observed in his mother. No concerns were
recorded regarding his perinatal period and early development. He
experienced difficulty running at 13 years old, and developed slowly
progressive atrophy and weakness of the left leg at 17 years of age.
Physical examination revealed bilateral hollow foot and brown
pigmentation on the inner aspect of both hallexes. Muscle strength
of the lower distal limbs was generally decreased to MMT 3~4+, with
some involvement of the proximal muscles (gluteus maximus, 4+;
quadratus femoris, 4; hamstring muscle, 4) and a positive Gower’s
sign. Lower extremity atrophy was also observed, particularly affecting
the lower left leg. Pain and vibration sensation were decreased in both
legs. Despite the absence of significant abnormalities during the heel-
knee test, he was unable to heel-to-toe walk. No remarkable
autonomic nervous dysfunction was observed. Deep tendon reflexes
were preserved except the Achilles tendon reflex. Sural nerve biopsy
revealed loss of large myelinated nerve fibers. Electrocardiography
demonstrated normal sinus rhythm (65 beats per min) with early
repolarization. Plain chest radiography was normal. NCS demon-
strated severe axonal sensorimotor neuropathy of all extremities.

Case 3. This was a 6-month-old male who was the second child to
healthy and unrelated parents. Intrauterine growth restriction was
noted from 36 weeks gestation, and he was born at 39 weeks of
gestation with a birth weight of 2156 g and an Apgar score of 6.
Mediastinal emphysema was detected, and he was hospitalized for
16 days after birth. Newborn screening tests using tandem mass
spectrometry and ALGO hearing screening were negative. After
discharge, holotonia and weak cry were noted by his parents. At the
age of 4 months, the patient was admitted to hospital owing to
respiratory distress resulting from hand foot and mouth disease.
Physical examination revealed weak crying, high-arched palate, head-
lag, poor head stability and universal areflexia. Spontaneous

movements of the upper limbs were observed; however, the legs were
observed in a ‘frog-leg’ position. His emotional reactions and
nonverbal communication were normal. He was subsequently intu-
bated and mechanical ventilation was initiated. Thereafter, although
extubation was completed, noninvasive positive pressure ventilation
and pulmonary physiotherapy were performed because of his weak
breathing. NCS was performed at the age of 6 months indicating
severe axonal sensorimotor polyneuropathy, with no response
observed in any tested sensory nerve.

Case 4. The patient was a 66-year-old male who was the second child
of three siblings from a consanguineous family. He initially developed
normally, before being noted to be running slower than other children
in primary school. Later, gait disturbance was observed as a high
school student. He reported no history of respiratory problems.
Neurologic examination revealed no cervical nerve abnormalities
and marked wasting of his intrinsic hand and lower extremities with
an ‘inverted champagne bottle’ appearance. Steppage gait and bilateral
flat feet were noted, whereas knee and Achilles tendon reflexes were
negative. Distal hypotonus and mild stocking-type hypesthesia were
identified, whereas vibration and position sensation were preserved. In
addition, he also suffered incomplete urinary voiding. CT muscle
scans demonstrated atrophy of the upper distal flexor muscle
(right predominant) and generalized lower limb muscle atrophy with
fatty degeneration. NCS demonstrated axonal predominant changes,
particularly in the lower limbs. Muscle atrophy was also observed in
lower limbs of his younger brother and developmental abnormalities
in his elder sister. One of his father’s sisters had been diagnosed with
amyotrophic lateral sclerosis (ALS) and died at the age of 82 years in
her own home.

Targeted resequencing
Among these cases, an average of 1,310,484 reads were obtained and
mapped to the human genome reference 19 with 98.6% within the
target region. Average coverage depth in the target region was 639.2
and 97.9% of regions had over 20-fold reads.

Table 2 Nerve conduction study of four patients

Case 1 Case 2 Case 3 Case 4

Lat

(ms)

Amp

(mv μv−1)

Vel

(m s−1)

Lat

(ms)

Amp

(mv μv−1)

Vel

(m s−1)

Lat

(ms)

Amp

(mv μv−1)

Vel

(m s−1)

Lat

(ms)

Amp

(mv μv−1)

Vel

(m s−1)

Median nerve
Motor (L) / / / 4.5↑ 5.5 42.0↓ 3.8 1.2↓ 26.2↓ / 5.1 39.8↓

Motor (R) 4.3 2.9↓ 45.6↓ 4.5↑ 7.0 42.0↓ / / / / 7.2 45.4↓

Sensory (L) / / / 2.7 6.2↓ 44.0↓ NR NR NR / / 57.4

Sensory (R) NR NR NR 2.8 5.0↓ 50.0 / / / / / 56.4

Ulnar nerve
Motor (L) / / / 3.1 7.5 55.0 3.0 1.1↓ 25.1↓ / / /

Motor (R) 3.5 12.0 44.7↓ 2.9 6.0↓ 47.0↓ / / / / / /

Sensory (L) / / / 2.4 3.8↓ 44.0↓ / / / / / /

Sensory (R) NR NR NR 2.5 0.9↓ 37.0↓ / / / / / /

Tibial nerve
Motor (L) / / / NR NR NR NR NR NR NR NR NR

Motor (R) NR NR NR NR NR NR / / / NR NR NR

Sural nerve (L/R) NR NR NR NR NR NR NR NR NR NR NR NR

Abbreviations: Amp, amplitude; L, left; Lat, latency; /, not tested; NR, no response; R, right; Vel, velocity.

Novel IGHMBP2 variants in Japan
J-H Yuan et al

601

Journal of Human Genetics



Within the IGHMBP2 gene, we detected compound heterozygous
variants in case 1, p.Ala345Glu and p.Arg595Trp (allele frequency
1.648e− 05 in Exome Aggregation Consortium) (PM2), both of which
are absent in population database (PS4-moderate) and inherited from
her father and mother, respectively (PM3). These variants were
predicted to be disease causing using multiple programs (PP3), and
were interpreted as likely pathogenic (3 moderate AND 1 supporting).
In case 2, we identified three variants, comprising p.Thr115Met
(8.653e− 4 in Exome Aggregation Consortium and 0.005 in Human
Genetic Variation Database), p.Gly399Ser and c.1060+5G4C. The
p.Thr115Met (pathogenic) has previously been reported twice in
Chinese patients with the CMT2 phenotype,21,22 whereas the other
two novel variants were found to be disease causing or potentially
responsible for splicing abnormalities with the use of prediction tools
(PP3). Unfortunately, we were unable to obtain RNA samples or
perform segregation analysis in this patient; thus, both variants were
grouped of unknown significance (VUS; 2 moderate AND 1 support-
ing). We found two novel heterozygous nonsense variants in case 3,
p.Gln276* and p.Gln568*, which were inherited from his father and
mother, respectively, and were classified as pathogenic (1 very strong
evidence AND 3 moderate). In case 4 from a consanguineous family,
we identified a novel homozygous p.Tyr920Cys variant, which was

found fulfilled the criteria of likely pathogenic (2 moderate AND
2 supporting) (Figure 1).

DISCUSSION

Using a targeted resequencing system, we screened 72 disease-causing
and candidate genes in a cohort of 408 IPN patients, containing
257 cases suspected with axonal CMT, and identified recessive
IGHMBP2 variants in four patients with significant clinical diversity.
Subsequently, we attempted to interpret these sequence variants
according to ACMG-AMP guidelines.
IGHMBP2 encodes a ubiquitously expressed DNA/RNA helicase

within the SF1 superfamily, encompassing a putative DNA helicase
domain (amino acids 19–641) containing a DEAD/H box helicase and
an AAA ATPase DEXDc region, a single-stranded nucleic acid-binding
R3H motif (amino acids 726–784), and an AN1-like zinc-finger region
(amino acid 897–940).23,24 In previous studies of patients with
SMARD1 or CMT2S, mutations of IGHMBP2 have been found to
be distributed through the whole protein except the R3H motif, and
predominantly located in the helicase domain. Although case 3 with
SMARD1 is the only case found to harbor nonsense mutations in the
present study, there is no evidence that patients with SMARD1 or
CMT2S are distinguishable at the genetic level, whereas a negative

Figure 1 Segregation analysis and sequencing chromatogram of four pedigrees. Variants of case 1 (A345E and R595W) and case 3 (Q276* and Q568*)
are inherited from their parents, respectively. Arrow: index case. A full color version of this figure is available at the Journal of Human Genetics journal
online.
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correlation between mutations at the protein level and clinical severity
remains controversial.17,19

IGHMBP2 protein is involved in the regulation of pre-mRNA
processing and transcription.25 Interestingly, these functions are
comparable to those of GARS, AARS, HSPB1 and HSPB8, all of
which were linked to both axonal CMT and dHMN phenotype.1–6 In
addition, senataxin, which contains a DNA/RNA helicase domain with
strong homology to IGHMBP2, have been shown to be responsible for
ataxia-oculomotor apraxia type 2 and ALS type 4.26,27 Taken together,
dysfunction of RNA processing pathways may selectively affect the
peripheral nerve (axonal predominant), lower motor neuron or
central nervous systems, and accordingly contribute to phenotypic
variability. Future studies aimed at identifying factors that contribute
to this selective susceptibility may further our understanding of the
interaction between genotype and phenotype.
To date, 21 recessive IGHMBP2 mutations have been reported in

17 pedigrees of CMT2S out of Japan.17,19,21,28,29 Among these, eight
mutations were also linked to the SMARD1 phenotype (Figure 2). In
the present study, we identified novel compound heterozygous or
homozygous IGHMBP2 variants in the other three patients. These
patients presented with childhood-onset sensorimotor polyneuropa-
thy, manifesting as distal predominant muscle weakness and general
hyporeflexia, without any respiratory dysfunction. Generally, respira-
tory involvement is unusual in adult-onset CMT but typically observed
in patients with motor neuron disease, particularly ALS. It is
noteworthy that an aunt of case 4 was clinically diagnosed with
ALS; however, further clinical information or genetic studies were
not performed because of her death. All three patients presented
with axonal predominant sensorimotor polyneuropathy, which was
comparable to the previously described patients with CMT2S. Among
the variants in IGHMBP2, p.Thr115Met, as a rare variant with highest
frequency in East Asia, has previously been linked to CMT2S, and our
patient (case 2) is the third Chinese case associated with this
IGHMBP2 mutation. Meanwhile, we also detected two other VUS,
a substitution from glycine to serine at highly conserved position of
399 and a possible splice donor site variant (c.1060+5G4C), which
may result in aberrant splicing. Although pathogenicity prediction
in silico tools indicated that both of the variants were deleterious, it is
likely that only one of the identified VUS is disease causing.
SMARD1, also known as dSMA1 or dHMN6/HMN6, is a fatal form

of infantile motor neuron disease. Affected patients usually die within
13 months of life, and only a small number of studies have reported
patients presenting with milder phenotypes and surviving
longer.16,30,31 Case 3, harboring two compound heterozygous
nonsense mutations, presented with a typical SMARD1 phenotype,
including low birth weight, weak cry, predominant distal lower limb
muscle weakness, areflexia and marked reduction of motor and

sensory potential amplitudes. He developed respiratory distress at
months of age and underwent intubation. Although extubation was
completed thereafter, persistent respiratory support treatment
remained necessary. While no significant autonomic dysfunction was
recorded, caution should also be paid to cardiac function as cardiac
arrhythmias have been reported in SMARD1 patients may be
a potential lethal factor.32–34 Recently, another gene, LAS1L, has been
linked to the SMARD phenotype, and should be considered in
IGHMBP2 mutation-negative patients.35

It is noteworthy that genomic rearrangement mutations in
IGHMBP2 have been reported in either SMARD1 or CMT2S
patients.17,36,37 In the present study, we also detected multiple single
heterozygous variants in other CMT patients (data not shown).
Mutations in the other allele, such as large deletions, may have been
overlooked because of limitations in sequencing techniques, regardless
of target resequencing or Sanger sequencing. In this situation, multi-
plex ligation dependent probe amplification may be beneficial and has
already been applied in previous studies of IGHMBP2.34,37

In conclusion, we present an original report of CMT2S patients
caused by IGHMBP2 variants in Japan. In our cohort, recessive
IGHMBP2 variants account for ~ 1.6% (4/257) of axonal
CMT patients, the frequency of which appears lower than those of
previous reports. In view of the significant clinical diversity observed,
identification of potential genetic factors becomes essential in deter-
mining patient phenotypes. Moreover, further research is required to
transform knowledge of contributory factors into therapeutic methods
to ameliorate SMARD1 phenotypes and thus improve patient quality
of life.
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