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Mutations in HINTI are one of the most frequent causes
of hereditary neuropathy among Czech patients and neuromyotonia
is rather an underdiagnosed symptom
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Abstract Mutations in the HINT gene were recently discov-
ered as being the major cause of autosomal recessive axonal
neuropathy with neuromyotonia. This combination was clin-
ically recognized and described previously in a few reports but
is generally unknown. We aimed to establish the importance
of HINTI mutations as the cause of hereditary neuropathy and
particularly hereditary motor neuropathy/axonal Charcot-
Marie-Tooth (HMN/CMT2) among Czech patients. Overall,
mutations in the HINTI gene seem to be a surprisingly fre-
quent cause of inherited neuropathy in our group of patients.
Biallelic pathogenic mutations were found in 21 patients from
19 families. The prevalent mutation in the Czech population is
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the p.R37P (95 % of pathogenic alleles). Clinically, all pa-
tients with biallelic mutations presented with early onset of
symptoms at the end of the first decade. Foot/toe extension
weakness to plegia was present in almost all patients.
Neuromyotonia was present in all but two patients. However,
it had been properly recognized in only three patients prior to
molecular genetic diagnosis. HINT1 mutations seem to be one
of the most frequent causes of inherited neuropathy and are
probably the most frequent cause of HMN in Czech patients.
We suggest all HMN/CMT?2 patients be tested for the presence
of the prevalent mutation, the p.R37P.

Keywords HINTI - Hereditary motor neuropathy - CMT?2 -
Neuromyotonia

Introduction

Charcot-Marie-Tooth (also called hereditary motor and senso-
ry neuropathy (HMSN)) disease encompasses a heteroge-
neous group of disorders where diffuse polyneuropathy lies
at the core of the problem. Clinically, it presents itself as
muscle weakness, wasting, and sensory loss, usually most
severe distally [1]. Genetically, mutations in more than 60
genes have been associated with Charcot-Marie-Tooth
(CMT) to date. In some cases, mutations in specific genes
might have specific clinical presentments.

Classification of hereditary neuropathies has undergone
long development. Basic distinction relating to nerve patho-
physiology is still very helpful however. Demyelinating
inherited peripheral motor and sensory neuropathies are called
CMT1; axonal motor and sensory inherited neuropathies are
known as CMT2. CMT patients are divided into these two
groups according to motor nerve conduction velocities (of the
median or ulnar nerve), with the cutoff value being 38 m/s.
Later, a group of intermediate inherited peripheral
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neuropathies was also identified. This group is a subgroup of
disorders with nerve conduction velocities in between the
demyelinating and the axonal groups.

Hereditary motor neuropathy (HMN) is a rarer form (about
10 %) of inherited peripheral neuropathies [2]. This group is
characterized by pure motor axonal involvement and no sen-
sory deficit and is also very heterogeneous, both clinically and
genetically.

The axonal CMT (CMT2) group and the distal hereditary
motor neuropathy (HMN) group clinically overlap, often de-
pendent on the stage of the disease and the age of the patient.
Based on current knowledge, it is possible to identify the
molecular genetic cause of HMN in approx. 20 % of patients
[3]. Therefore, a large portion of patients with HMN/CMT?2
remain without proper molecular genetic diagnosis. Efforts to
identify the cause of HMN/CMT2 disease are hence desirable.

Recently, mutations in the gene HINTI have been shown to
be associated with a specific CMT2/HMN disease entity:
Charcot-Marie-Tooth with neuromyotonia also known as au-
tosomal recessive peripheral neuropathy with neuromyotonia
(ARAN-NM) [2, 4, 5]. M. Zimon et al. clarified the molecular
cause of ARAN-NM [5]. In their report on a large cohort of
ARAN-NM patients from different countries, mutations in the
HINTI gene were detected in 68 % of the cohort. The prev-
alent mutation has been recognized as p.R37P.

Neuromyotonia has been previously associated with axonal
Charcot-Marie-Tooth or HMN [6-8]. It is defined as delayed
muscular relaxation after a voluntary contraction resulting
from a disorder of the peripheral nerve rather than the muscle
[6]. The spontaneous engagement of peripheral motor nerves
which gives rise to pseudomyotonia, muscular fasciculation,
and myokymia [7] is the crucial element of the neuromyotonia.

It is unknown how frequent ARAN-NM is among the
inherited neuropathies and the percentage of patients affected
by inherited neuropathy caused by HINTI mutations among
patients with known cause of hereditary neuropathy.

We aimed to establish the importance of HINT/ mutations
as the cause of hereditary neuropathy, in particular CMT?2 and
HMN among Czech patients.

Patients and methods

All tested patients signed informed consent for the CMT DNA
diagnostics, and the study has been approved by the Central
Ethical Committee of the University Hospital Motol.
Patients

Firstly, one hundred and sixty-six (166) unrelated patients
with suspected hereditary neuropathy of axonal type/pure

motor neuropathy (30 patients) or motor and sensory neurop-
athy (136 patients) were tested for mutations in the HINTI
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gene by Sanger sequencing of all three coding exons and
adjacent intronic regions. Most of the patients were previously
tested for CMT1A/HNPP or other more frequent causes of
CMT depending on their phenotype or provided clinical and
electrophysiological information. No causal mutation was
detected in these patients.

Patients with autosomal dominant inheritance were exclud-
ed. Sixteen patients had one affected sibling and healthy
parents and were classified as autosomal recessive (AR).
One hundred and fifty patients were sporadic cases.

Secondly, after sequencing of 166 patients, it was shown
that the highly prevalent mutation is the p.R37P located in the
exon 1 of the HINT] gene. Thirty (30) unrelated patients were
therefore tested by Sanger sequencing for only the first coding
exon of the HINTI gene. These patients were selected based
on the same criteria as the patients above (CMT1A/HNPP and
autosomal dominant inheritance excluded).

Thirdly, in order to test a large group of patients for the
presence just of the prevalent mutation p.R37P, we selected
726 patients’ DNA from our database. These patients had
unknown cause of the disease, and most of the patients were
previously tested for CMT1A/HNPP or other more frequent
causes of CMT depending on their phenotype or provided
clinical and electrophysiological information. No causal mu-
tation was detected in these patients.

Patients with autosomal dominant pedigree were excluded.
These patients were tested with a TagMan-based real-time
PCR allelic assay.

Finally, patients with mutations in the HINT! gene were
contacted and invited to a neurogenetic consultation. The aim
of this session was to explain the molecular genetic cause of
the disease, to examine or re-examine the patients in detail,
and help them to understand the specific features of this
particular Charcot-Marie-Tooth disease subtype.

Methods
DNA sequencing by capillary electrophoresis

DNA was extracted from peripheral blood or saliva. All three
exons and exon/intron boundaries of the HINTI gene were
polymerase chain reaction (PCR) amplified in three frag-
ments. PCR primers are available upon request. PCR products
were purified (FastSAP/Exol, Thermo Scientific) and then
sequenced using dye terminator reaction (BigDye Terminator
v3.1, Applied Biosystems, Life Technologies). After dye ter-
minator removal with Agencourt CleanSeq system (Beckman
Coulter), the products were analyzed on an ABI 3130 auto-
mated genetic analyzer (Applied Biosystems, Life Technolo-
gies). Sequence traces were compared to a reference sequence
NM_005340.5 using Sequencing Analysis Software (Applied
Biosystems, Life Technologies) and Mutation Surveyor Soft-
ware (SoftGenetics).
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Frequency of pathogenic alleles
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Fig.1 Frequency of pathogenic alleles. / indicates mutation p.R37P, and
2 mutation p.Q106X

Allelic discrimination assay for mutation p.R37P

For this analysis, we used a Custom TagMan® SNP Genotyp-
ing Assay manufactured by Applied Biosystems (Applied
Biosystems, Life Technologies). A list of primers and probes
is provided in online resource 1 (supporting information).
Amplification and end-point analysis were performed on an
ABI 7000 Sequence Detection System (Applied Biosystems,
Life Technologies).

Further testing in families

For patients with HINT] mutations, available family members
were tested where possible, to prove the segregation of muta-
tions in the family.

Genetic counselling and neurological examination

All patients with mutations in the HINTI were offered
genetic counselling and were examined by P.S. in order
to avoid inter-examiner variability. Electromyography ex-

aminations were done by J.H. (paediatric patients) and
R.M. (adult patients).

v NM_005340.5: HINT1
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Results
Molecular genetic testing results

In the first group of patients, where all three exons of the
HINTI gene were tested, mutations were found in 11 unrelat-
ed patients (6.625 %). Among 30 patients originally classified
as HMN, mutations were found in three of them (10 %).
Among 136 patients originally classified as HMSN II, muta-
tions were found in eight (5.88 %).

In the second group of patients, where only the first coding
exon of the HINTI was tested, mutations were found in three
unrelated patients (10 %).

In the third group of patients, where only the presence of
the p.R37P mutation was tested, mutation was found in alto-
gether 10 patients (1.37 %). From these, five (5) patients were
homozygotes for p.R37P mutation and five (5) patients carry
the p.R37P mutation in a heterozygous state—on one allele
only. These patients were tested by sequencing of all three
coding exons. Mutation on the second allele was found only in
one patient, the p.Q106X mutation.

Overall, mutations in the HINTI gene are a surprisingly
frequent cause of CMT among Czech patients.

Biallelic pathogenic mutations were found in 21 patients from
19 families. Four unrelated patients were found with mutation on
one allele only, and therefore this result did not explain the cause
of the CMT disease in these patients. These patients, heterozy-
gotes, were re-evaluated. As for these patients, either the type of
neuropathy, age of onset, or phenotype was very different from
what has been observed in a group of patients with biallelic
mutations. We therefore assumed these patients are heterozygotes
for the p.R37P mutation only by chance and their neuropathy is
caused by other causes. Four heterozygotes among 726 tested
DNA allow us to estimate the p.R37P mutation heterozygote
carrier frequency in the Czech population as being about 1:182.

Spectrum of mutations
Highly prevalent mutation was shown to be the p.R37P mu-

tation (Figs. 1 and 2). Seventeen (17) unrelated patients carry
the p.R37P mutation in a homozygous state. Two unrelated

c.*265
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Fig. 2 Detected mutations and their position relative to exons of the
HINTI gene. Blue box indicates exon, yellow box intron, red arrow
mutations detected by Zimon et al., and green arrow mutations described
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in our study. (Part of this figure was inspired by the Alamut software,
Interactive Biosoftware company)
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Fig. 3 Patient 3 at the age of 44. The patient presented with calf muscle
atrophy, steppage gait, and foot/toe extension plegia

patients are compound heterozygotes for the p.R37P mutation
and p.Q106X mutation. All patients with biallelic pathogenic
mutations in the HINTI gene carry the mutation p.R37P at
least on one allele.

Our report is the only cohort study on patients with HINT]
mutations following the molecular basis discovery report by
Zimon et al. [5].

Clinical examination results

The clinical data of patients with HINT! mutations are sum-
marized in Tables 1 and 2. Patients are presented in Figs. 3, 4,
5,6,and 7.

Electrophysiological study results are summarized in
Table 2. The results of the electrophysiological studies of
peripheral nerves (ENMGQG) significantly confirmed a primary

Fig.4 Patient 6-I at the age of 13.
The patient presented with slight
atrophies of intrinsic hand
muscles (a, b). Atrophy of calf
muscles in distal one fourth,
proximally rather calf muscle
hypertrophy was observed (¢, d).
Profound weakness of foot/toe
extensors (e, f)

Fig. 5 Patient 9 at the age of 25. Prominent m.quadriceps, probably
hypertrophy, but calf muscle atrophy. Foot extension plegia (a, b).
Steppage gait (¢, d)

axonal lesion of motor and sensory fibers. The conduction
studies of motor and sensory fibers showed normal or nearly

@ Springer
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Fig. 6 Patient 10-II timeline: a at
the age of 11, b at the age of 16,
and c at the age of 19. The course
of the disease in this patient is
documented in this figure.
Prominent calf and hip (distal
one-fourth part) muscle atrophy
has graduated. Foot/toe extension
plegia has developed

Part A. 2005

normal conduction velocities and decreased amplitude of
CMAPs or SNAPs, respectively. No markers of demyelin-
ation (conduction slowing, temporal dispersion, or conduction
block) were found.

The needle electromyography showed increased amplitude
of motor unit action potentials (MUAPs) and reduction of
recruitment pattern with temporal summation. We considered
MUAP changes and recruitment pattern reduction as markers
of chronic neurogenic lesion with reinnervation activity.

In some patients, neuromyotonic discharges in distal and
proximal muscles were registered. The neuromyotonic dis-
charges were provoked with a concentric needle electrode,
and the frequency of discharges fluctuated only slightly from
50 to 80 Hz.

Fig.7 Patient 15 at the age of 13. She is able to squat with assistance and
walk on toes but not on heels. There is prominent hyperlordosis, probably
due to the shortening of calf muscles, and scoliosis of thoracic and lumbar
spine is also evident

@ Springer
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Our patients presented with early onset of symptoms (the
end of the first life decade). Age at clinical diagnosis was
between 13 and 55 years. Some of them were initially reported
as HMN (or SMA 111, patients younger at the time of clinical
diagnosis). Some were initially reported as HMSN 1I or
CMT2 (mostly patients of higher age at the time of diagnosis).
Foot/toe extension plegia/weakness was present in almost all
patients. On the other hand, foot deformity is not a constant
feature. Some patients presented with muscle hypertrophy,
esp. m.quadriceps. Regarding neuromyotonia, it was properly
recognized only in three patients prior to molecular genetic
diagnosis. However, when we actively searched for
neuromyotonia signs, these were present in nine out of 11
patients re-examined after molecular clarification. One of
them reported to have had noticed it in the past. Patients
experienced difficulty in releasing grip and fingers after a
strong voluntary hand contraction. For more detailed informa-
tion and illustration of neuromyotonia, please see the elec-
tronic supplementary material no. 5 and no. 6.

Discussion

In the supplementary files of the paper by Zimon et al. [5], 50
patients are described with ARAN-NM. These patients pre-
sented with very similar symptoms. These patients are from
Turkey, Serbia, Bulgaria, Croatia, Austria, Belgium, and Italy
and also Roman ethnicity. In their cohort, action myotonia
was present in 36/50 (72 %), which is in accordance with our
results. A typical presenting sign was gait impairment at the
end of the first life decade, similar to our observations.
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Fig. 8 Overall results for all patients with inherited peripheral neuropa-
thy with HMN/CMT?2 from our database where samples from all Czech
hereditary neuropathy patients are collected. / indicates all IPN patients
from our database with known mutation/molecular genetic diagnosis, 2
HMN/CMT?2 patients with mutations in the BSCL2 gene (5 families), 3

Furthermore, there is a case report by Caetano et al. [9], in
which a patient with a very similar phenotype is described.
This patient was also initially tested by M. Zimon [5] and
described in the report.

In addition, two patients with ARAN-NM, but with differ-
ent mutations (p.C84R and p.H114R), are described in a paper
by Zhao et al. [2]. However, there are no details about the
phenotype. Their phenotype however seems somewhat
different from our cohort. Those two patients presented
with later onset of symptoms (17 and 28 years, respec-
tively). No upper limb involvement is reported for these
two patients. Both have had pes cavus, which is not a
constant feature in our cohort. One of the patients de-
scribed in that paper has hyporeflexia, one hyperreflexia.
In contrast, our patients presented with absent/severely
reduced L2-S2 reflexes.

Our report further expands and confirms the spectrum of
phenotype of ARAN-NM. We present the largest cohort of
patients with ARAN-NM, except for the supplementary files
in the initial report by Zimon et al. [5].

As for the spectrum of mutations in the HINTI gene, we
have confirmed that the prevalent mutation is the p.R37P
mutation (95.5 % of pathogenic alleles). We have also detect-
ed the p.Q106X mutation (in two unrelated patients) which
has not been described before. The pathogenic character of
this mutation is supported by its character (stop mutation) and
occurrence (two unrelated families, three patients, always in
combination with the prevalent p.R37P mutation on the other
allele of the HINTI gene). Targeted testing just for the p.R37P
mutation and sequencing of the entire coding region of the
HINTI gene only in patients with the p.R37P on at least one
allele is able to identify 100 % of all ARAN-NM patients in
our population according to our observation. Therefore, test-
ing will be targeted at first to p.R37P. This is a very cost-/
labor-effective approach, simplifying DNA testing.

For comparison, eight different mutations in the HINTI
gene were detected in the study by Zimon et al. Fifty patients

31
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HMN/CMT?2 patients with mutations in the HSP22 gene (1 family), 4
HMN/CMT2 patients with mutations in the GARS gene (1 family), 5
HMN/CMT?2 patients with mutations in the 7RPV4 gene (1 family), and 6
HMN/CMT?2 patients with mutations in the HINT! gene (19 families)

from 33 families were included, but the patients were recruited
from several different populations though most of them from
Serbia. Thirty-seven patients were homozygous for p.R37P.
Six patients carry p.R37P in combination with other mutations
on the second allele of the HINT! gene. And seven patients
carry two different mutations (different from p.R37P) on both
alleles of the HINTI gene.

Regarding the overall frequency of ARAN-NM in our
population, mutations in the HINTI gene are a surprisingly
frequent cause of CMT2/HMN and patients with sporadic or
recessive HMN or HMSN 11 should be tested for the presence
of mutations in the HINT! gene.

Our lab is the only facility in the Czech Republic offering
and performing DNA testing for hereditary neuropathies. In
summary, in our cohort of patients with inherited peripheral
neuropathies (IPN), the molecular genetic cause has been
identified in 1664 patients (884 unrelated families). From
these, 726 patients (393 unrelated families) presented with
CMTI1A and 445 patients (229 unrelated families) have been
diagnosed with HNPP. Four hundred and ninety-three (493)
patients from 229 unrelated families carry point mutations in
different genes associated with inherited peripheral neuropa-
thy (IPN) of all types and inheritance patterns. Mutations in
the GJBI (Cx32) gene have been found in 172 patients (66
unrelated families). This accounts for 7.5 % of the whole IPN
patient group with causal mutations.

There are 39 unrelated families (62 patients) in our data-
base with causal mutations in the MPZ gene. This accounts for
4.4 % of the whole IPN patient group with causal mutations.

Overall, mutations have been identified in 27 unrelated
families in the CMT2/HMN subgroup. Mutations in the BSCL2
gene (5 families, 0.6 % of the whole IPN group, 19 % of the
HMN/CMT2 group), HSP22 (1 family, 4 % of the HMN/
CMT2 group), GARS (1 family, 4 % of the HMN/CMT2
group), TRPV4 (1 family, 4 % of the HMN/CMT2 group),
and HINTI gene (19 families, 2.1 % of the whole group,
69 % of the HMN/CMT?2 group) have been detected (Fig. 8).

@ Springer
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For comparison, in our database, mutations have been
identified in seventeen (17) unrelated families in the SH37C2
gene (1.9 % of the whole IPN group), sixteen (16) unrelated
families in the MFN2 gene (1.8 % of the whole IPN group),
and seven (7) unrelated families in the GDAP1 gene (0.79 %
of the whole IPN group). These data clearly present that
HINTI mutations are one of the most frequent causes of
hereditary neuropathy—mainly CMT2/HMN in our popula-
tion, more frequent than mutations in all the abovementioned
genes. Moreover, mutations in the HINT] gene are the fifth
most frequent known cause of hereditary neuropathy in the
Czech population with only CMT1A/HNPP and mutations in
the GJB1 gene and the MPZ gene being more frequent.

Therefore, patients with CMT/HMN in other countries
should be tested for ARAN-NM in order to establish the
importance of HINTI mutations as the cause of hereditary
neuropathy outside the Czech Republic.

Summary

All patients experienced symptoms before the age of 9 years.
Neuromyotonic discharges were noticed in original electro-
physiological reports only in three patients with both patho-
genic mutations despite a highly experienced neurologist and
electrophysiologist. In general, the lower limbs were much
more affected by distal weakness than the upper limbs. HINT'/
mutations seem to be a surprisingly frequent cause of hered-
itary neuropathy (comparable to MFN2) even in patients
without manifest neuromyotonia. All patients with CMT2 or
HMN without a clear dominant transmission in the family
should be tested for the prevalent mutation p.R37P in the first
exon of the HINTI gene.
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