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Introduction

Abstract

Background: Distal hereditary motor neuropathy (dHMN) is a heterogeneous
group of diseases characterized by exclusive degeneration of peripheral motor
nerves, while only 20.0-47.8% of dHMN patients are genetically identified.
Recently, GGC expansion in the 5UTR of NOTCH2NLC has been associated
with dHMN. Accordingly, short tandem repeat (STR) should be further
explored in genetically unsolved patients with dHMN. Methods: A total of 128
patients from 90 unrelated families were clinically diagnosed as dHMN, and
underwent a comprehensively genetic screening. Skin biopsies were conducted
with routine protocols. Results: Most patients showed chronic distal weakness
of lower limbs (121/128), while 20 patients initially had asymmetrical involve-
ments, 14 had subclinical sensory abnormalities, 11 had pyramidal impairments,
five had cerebellar disturbance, and four had hyperCKmia. The rate of genetic
detection was achieved in 36.7% (33/90), and the rate increased to 46.7% (42/
90) if patients with variants uncertain significance were included. The most
common causative genes included chaperone-related genes (8/33, 24.2%), tRNA
synthetase genes (4/33, 12.1%), and cytoskeleton-related genes (4/33, 12.1%).
Additionally, two dominant inherited families were attributed to abnormal
expansion of GGC repeats in the 5UTR of NOTCH2NLC; and a patient with
dHMN and cerebellar symptoms had CAG repeat expansion in the ATXN2
gene. Skin biopsy from patients with GGC expansion in NOTCH2NLC revealed
typical intranuclear inclusions on histological and ultrastructural examinations.
Interpretations: This study further extends the genetic heterogeneity of dHMN.
Given some dHMN patients may be associated with nucleotides repeat expan-
sion, STR screening is necessary to perform in genetically unsolved patients.

symptoms.” In this sense, the phenotype of dHMNs can
exhibit some overlapping with the axonal forms of Charcot—

The distal hereditary motor neuropathy (dHMN) used to be
considered as a group of pure motor neuropathies that are
clinically characterized as a length-dependent muscle weak-
ness and atrophy.' The majority of the cases initially shows a
slowly progressive weakness of distal lower limbs; then,
gradually involves proximal leg muscles, even affects the
intrinsic muscles of hands.” However, some types of dHMN
can subsequently accompany with subclinical sensory
abnormalities, pyramidal signs, and other neurological

Marie-Tooth disease (CMT2), juvenile-onset amyotrophic
lateral sclerosis (ALS), hereditary spastic paraplegia (HSP),
spinocerebellar ataxia (SCA), and evenly distal myopathy.*
Given the great heterogeneities at the ages of onset, clinical
features, and accompanied neurological symptoms, it is not
easy only from clinical viewpoints and electrophysiological
findings to delineate the phenotype and subtypes of
dHMN.>* Therefore, genetic investigations are indispens-
able to obtain a successful diagnosis of dHMN.
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Genetic Spectrum in dHMN

With the progression of high-throughput next-
generation sequence (NGS), more than 30 genes have
been associated with dHMN representative of the great
genetic heterogeneity.” Nevertheless, it still remains diffi-
cult and elusive to genetic diagnosis of dHMN, because
the causative variants have been identified in only 20.0—
47.8% of affected index patients with different ethnic ori-
gins.® ' Recently, GGC repeat expansion in the 5
untranslated region (5’UTR) of the NOTCH2NLC gene
has been associated with distal motor neuropathy and
rimmed vacuolar myopathy.!' Additionally, some patients
with CAG repeat expansion in the Ataxin-2 (ATXN2)
gene also can affect motor neuropathy independently.'?
Therefore, it is necessary to further conduct the genetic
studies on short tandem repeat (STR) in some genetically
unsolved patients with dHMN.

To improve the clinical recognition and genetic diagno-
sis of dHMN, we collected a cohort of patients with
dHMN according to the clinical and electrophysiological
characteristics. Initially, targeted-panel NGS or whole
exome sequencing (WES) was conducted to explore
underlying genetic variants for dHMN, and then triple
primed polymerase chain reaction (TP-PCR) was per-
formed in genetic-negative patients to investigate the STR
variants in the NOTCH2NLC gene and a panel of genes
associated with SCAs.

Materials and Methods

Subjects

All the patients were recruited from January 2015 to
December 2021 at the neurological department of two
tertiary hospitals in China: the first affiliated hospital of
Nanchang University and Peking University people hospi-
tal. All the patients were clinically evaluated by at least
two experienced neurologists at the referral clinics. Inclu-
sion of patients was based on'® (1) clinical features of a
pure motor neuropathy characterized by length-
dependent motor weakness and atrophy without any sen-
sory disturbances; (2) reduced compound motor unit
action potentials or neurogenic chronic denervation with
no or only subclinical sensory changes on electrophysio-
logical studies; (3) some symptomatic family members of
patients with a confirmed genetic diagnosis, even if no
electrophysiological data were available. Any acquired
causes of peripheral neuropathy were excluded by thor-
ough laboratory examinations or no response on experi-
mental immunosuppressive treatments.

The research was approved by ethics committee of the
first affiliated hospital of Nanchang University. We
reviewed medical records and electrophysiological studies
of all patients included in this work. Based on
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neurological and electrophysiological findings, all patients
were classified into three subgroup56’7: (1) dHMN that
was defined as a pure motor neuropathy without sensory
abnormalities; (2) motor CMT2 that was presented with
clinical dHMN but accompanying with subclinical sensory
electrophysiological changes; (3) dHMN-plus that was
characterized as a motor neuropathy with other neurolog-
ical features like cognitive impairment, pyramidal signs,
cerebellar symptoms, and so on. Electrophysiological con-
duction study data of all patients are available on request.

Genetic analysis

DNA was obtained from peripheral blood. Twenty of 90
index patients were genetically screened by a targeted-
panel NGS that commercially supported by MyGenostics
Inc. (Beijing, China) before 2018. The gene panel covered
445 genes including 110 genes in CMT, 37 genes in ALS,
104 genes in HSP, 194 genes in SCA (Table S1), but other
than SORD, MME, WARS, SPTANI, TBCK, and GBFI.
The remaining 70 index patients were screened using the
WES commercially provided by Running Gene Inc. (Bei-
jing, China).

Gene sequencing was performed according to the pro-
tocols of manufacturers. A mean normalized coverage was
conducted to evaluate copy number variation (CNV).
After variant annotation and filtering, variant classifica-
tion was performed based on the American College of
Medical Genetics (ACMG) guidelines. VarSome (https://
varsome.com) and InterVar (https://wintervar.wglab.org)
were used to adjust the pathogenicity prediction of vari-
ants. Patients with pathological or likely pathological vari-
ants were considered as genetically confirmed. Patients
were considered as negative if no changes were found, or
variants were classified as likely benign or benign. In
order to confirm the variants, fragments containing the
variants were amplified for direct Sanger sequencing in
the patients and all family members available.

Subsequently, patients who were initially negative in
targeted-panel NGS were directly screened for variants in
the SORD, MME, WARS, SPTANI1, TBCK, and GBFI
gene, because these genes were not included in the tar-
geted panels. Sequence database from patients with nega-
tive in WES before 2021 were re-analyzed for the SORD,
MME and GBFI gene, because the three genes were
reported to be associated with dHMN before 2021.

In order to explore whether or not patients carry
pathogenic expansion in the NOTCH2NLC gene, we con-
ducted a TP-PCR as previously described.'* TP-PCR was
performed in all individuals who were genetically negative
in the above screening. To identify abnormal nucleotide
repeat of all known SCA genes, we used 22-FAM labeled
primer sets for PCR, followed by capillary electrophoresis.
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The primer sequences of all SCAs genes were designed
using reference sequences from GenBank. The protocol
and primers were described in supplemental data
(Table S2).

Pathological analysis

Skin biopsies from two patients with positive expansion
in NOTCH2NLC were performed following routine histo-
logical and histochemistry staining. Skin samples were
fixed in 2.5% glutaraldehyde and postfixed in 1% osmium
tetroxide. Semithin sections for orienting position were
stained with toluidine blue. Ultrathin sections were exam-
ined through electron microscope. Immunohistochemical
stain was conducted with anti-p62 antibody (Abcam,
Cambridge, UK, ab56416).

Result

Clinical summarization

A total of 128 patients from 90 families were clinically
identified as distal hereditary motor neuropathy, and were
recruited into this observational study. There were 80
males and 48 females. The median age of onset was
24 years old. The disease duration ranged from 6 months
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to 50 years. The initial symptoms included distal weak-
ness of lower limbs in 121 patients, hand weakness in six
patients, and hoarseness in one patient. In particular, 20
patients showed asymmetric involvements at the early
stage of disease. Beside the progressive weakness and
wasting of distal limbs, 14 patients had minor subclinical
sensory abnormalities on electrophysiological examina-
tions (Table S3); 11 patients showed impairments of
pyramidal tracts; five patients presented with signs of
cerebellar involvement; and four patients had a hyperCK-
mia over 10 times of upper limit.

Genetic outcomes

Initially, six of 20 index patients were identified to have
disease-causing variants through targeted-panel NGS,
while one patient with biallelic heterozygous variants in
the MME gene and another with pathogenic expansion in
the NOTCH2NLC gene were found in the following
genetic screening workflows. Similarly, 21 of 70 index
patients were found to have disease-associated variants
through WES, but two patients with homozygous variant
in the SORD gene, one patient with pathogenic expansion
in the NOTCH2NLC gene, and one patient with abnor-
mal expansion in the ATXN2 gene were identified in the
additional genetic workflows (Fig. 1).
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|
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Figure 1. The workflow of genetic screening in this cohort of dHMN patients. The pathogenic genes as well as the number of positive patients

were listed.
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Figure 2. Spectrum and distribution of causative genes identified in this cohort. The detection rates of confirmed, VUS, and unknown genetic
diagnosis, respectively (A); the clinical classification of dHMN (B); the distribution of genetic variants in patients with pure dHMN (C); the
distribution of genetic variants in patients with motor CMT2 (D); the distribution of genetic variants in patients with dHMN-plus (E).

The detection rate of confirmed genetic diagnosis was
36.7% (33/90 families). If patients with variant uncertain
significance (VUS) were included (Table S4), the rate
would increase to 46.7% (42/90) (Fig. 2A). According to
clinical features and electrophysiological changes, 61.1%
(55/90) of patients were grouped to pure dHMN; 15.6%
(14/90) were considered as dHMN with minor subclinical
sensory abnormalities; 23.3% (21/90) were classified as
dHMN-plus (Fig. 2B).

Chaperone-related genes (8/33, 24.2%) including
HSPB1, HSPB8, and DNAJB2 were the most common
cause of dHMN; followed by variants in tRNA synthetase
genes (4/33, 12.1%) including AARSI, GARSI1, HARSI,
and MARSI; and then cytoskeleton-related genes (4/33,
12.1%) covering DYNCIHI, DNM2, BICD2, and NEFH;
therefore, the gene clusters of the three pathogenic path-
ways were responsible for 48.5% of genetically confirmed
patients. Among this cohort of patients, the leading
disease-causing gene of HSPBI accounted for 18.2% (6/
33) of genetically confirmed cases; the second gene was
MME for 9.1% (3/33); and followed by SORD,
NOTCH2NLC, BICD2, and REEPI appearing in two
patients, respectively. The clinical and molecular features
of genetically confirmed patients were listed in Table 1
and Figure S1.

Variants of pure dHMN

Disease-causing variants were found in 20 index patients
of 55 families that were classified as pure dHMN accord-
ing to the clinical and electrophysiological findings
(Fig. 2C). Seven patients from five families showed motor
axonal neuropathy initiating from distal lower limbs, and
carried with a novel (¢.576_578delGGG, p.G193del) and
three reported variants in the HSPBI  gene
(NM_001540).">"' In addition, the recurrent ¢.379C>T
(p-R127W) in HSPBI confirmed it to be a hot-spot vari-
ant.'® A novel variant of c.137C>A (p.A46D) in the
HSPB8 gene (NM_002506) was identified in a young
woman presenting with typical distal weakness and wast-
ing of lower limb.

Three families were associated with variants of tRNA
synthetases including the AARSI (NM_001605), GARSI
(NM_002047), and MARSI (NM_004990) genes. A novel
variant (c.2177+1G>A) in AARSI occurred in a young
woman whose symptoms were triggered and aggravated
by recurrent pregnancies. A reported variant (c.794C>T,
p.S265F) in GARSI was found in a juvenile-onset girl
with initial symptom of the upper limb.'® A novel variant
(c.400C>T, p.P134S) in MARSI was identified in an
affected man and his symptomatic mother.

636 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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A teenage presented with progressive dHMN involving
in both upper and lower limbs, and had a c.12823A>C
(p-T4275P) variant in the DYNCIHI1 (NM_001376) gene.
A de novo deletion variant (c.2370_2372delGCC,
p-P792del) in the DMN2 (NM_001005360) gene was
identified in a 48-year-old man exhibiting gait distur-
bance and foot deformity. A 22-year-old man presented
with rapid-progressive distal weakness of lower limb, and
carried with ac.196delC (p.R66Vfs*15) variant in the
NEFH (NM_021076) gene.

A c847G>T (p.V283L) wvariant in the SLC5A7
(NM_001305005) gene was found in a juvenile-onset
patient initiating with right foot drop, then rapid develop-
ing to distal muscle weakness of lower limbs. Intriguingly, a
7-year-old boy who showed gait disturbance and distal
muscle weakness was associated with a homozygous variant
(c.163A>C, p.T55P) in the MFN2 (NM_001127660) gene,
which was inherited from the asymptomatic parents,
respectively. Two unrelated individuals presented with gait
disturbance and length-dependent motor neuropathy, and
had a loss-of-function biallelic variant (c.757delG,
p.A253Qfs*27) in the SORD (NM_003104) gene."” Four
dHMN patients from three families were associated with
loss-of-function variants in the MME (NM_000902) gene,
of which three patients have been described in our previous
report,”” and the last showed chronic progressive weakness
and wasting of distal limbs. A novel ¢.3854A>C (p.K1285T)
variant in the ATP7A (NM_000052) gene was associated
with early-onset dHMN patient with initial involvement of
upper limb.

Variants of dHMN with subclinical sensory
abnormalities

Pathogenic variants were identified in five index patients of
14 families considered as motor CMT2 based on the elec-
trophysiological changes (Fig. 2D). An 63-year-old man
who showed a phenotype of dHMN with subclinical sen-
sory involvement carried with a reported variant
(c.379C>T, p.R127W) in the HSPBI gene.'® A 28-year-old
man showed motor axonal neuropathy without clinical
sensory complaints, and was associated with a novel variant
(c.1708A>C, p.M570L) in the LRSAMI1 (NM_001005374)
gene. A dHMN family accompanied with minor subclinical
sensory abnormalities was associated with a variant in the
MPZ (NM_000530) gene (c.437T>C, p.V146A). The
patients with GGC expansion in the NOTCH2NLC
(NM_001364013) gene were described in detailed as below.

Variants of dHMN-plus

Disease-associated variants were revealed in eight index
patients of 21 families diagnosed as dHMN-plus

C. Wu et al.

according to the clinical features (Fig. 2E). A 29-year-old
man presenting with gait disturbance, bradykinesia, and
hyperCKmia carried with a homozygous variant
(c.184C>T, p.R62W) in the DNAJB2 (NM_001039550)
gene. A childhood-onset girl showing gait disturbance,
psychomotor delay, and retinitis pigmentosa was associ-
ated with a homozygous variant (c.1353G>C, p.Q451H)
in the HARSI (NM_002109) gene. A reported BSCL2
(NM_032667) variant (c.269C>T, p.S90L) was found in
teenage girl who initiating with axonal motor neuropathy
of the upper limb and pyramidal sign.”! Two families car-
ried with premature variants (c.337C>T, p.R113* and
c.417+1G>A, respectively) in the REEP (NM_022912)
gene, and exhibited distal motor neuropathy plus pyrami-
dal sign.»** Two families were considered as spinal mus-
cular atrophy with lower extremity predominance
accompanied with cognitive impairment or joint deformi-
ties, and carried with variants (c.361C>G, p.L121V and
c.1823C>T, p.S608L, respectively) in the BICD2
(NM_015250) gene.”"** The patient with CAG expansion
in the ATXN2 (NM_001372574) gene would be described
in detailed as below.

Patients with trinucleotide expansion
Patient one

The patient (F9-III3) (Fig. S1) was a 32-year-old male
who had fatigue in his distal lower limbs since 18 years of
age, and gradually had difficulty in walking on his tiptoes
and muscle fasciculation in distal lower limbs. He noticed
tremor in jaw and both hands at age 30. Physical exami-
nation on admission showed a steppage gait. His muscle
strength (Medical Research Council) grade was 5 in neck
flexors, 5 in the upper limbs, 5 in the proximal lower
limbs, and 3—4 in the extension and flexion of ankle and
toes. Interosseous muscle atrophy of feet was observed.
Achilles tendon reflex was diminished. No abnormalities
of sensations were found. Nerve conduction studies
(NCS) revealed a remarkable reduction of motor nerve
conduction velocity (NCV) predominantly affecting the
lower limbs, while the sensory NCV was only mildly
decreased (Table S3). Electromyogram (EMG) findings
showed neurogenic changes and myotonic discharge.
Serum creatine kinase (CK) was 175 IU/L (normal range:
22-269 TU/L). Cerebral MRI was normal. Abnormal
expansion of GGC repeats were found in the 5UTR of
the NOTCH2NLC gene (Fig. 3A). In his family, other
four individuals showed muscle weakness of lower limbs.
In brief, his aunt (F9-II2) showed muscle weakness and
wasting of distal lower limbs in her 20s, had hand tremor
and recurrent headache since 35 years of age, and was
bound to wheelchair at age 65. His sister (F9-II12) had
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Figure 3. The chromatogram of STR screen. The long saw-tooth curves indicate that the numbers of GGC in patient F9-IlI3 (A) and patient F72-
I3 (B) exceed a value of at least 100 repeat expansion in the NOTCH2NLC gene, but only single peak wave without saw-tooth pattern in a
healthy control (D). The TP-PCR shows an expansion with 39 CAG repeats in the ATXN2 gene in the patient F70 (C).

muscle weakness of distal lower limbs at age 22, and had
hand tremor at age 36. His father (F9-1I3) and grand-
mother (F9-I1) developed weakness in distal limbs in
their early 20s and died in their 50s with unavailable
causes.

Patient two

The patient (F72-1II3) (Fig. S1) was a 36-year-old male
who had dry cough with uncertain cause at age 23. At
age 25, he developed distal lower limb weakness and had
difficulty walking on his tiptoes. Recently, he presented
resting and postural tremors in both hands. Physical
examination on admission revealed steppage gait and
weakness with MRC grade 4 in bilateral ankle and toe
flexion. Tendon reflexes were reduced in the ankles. There
were no sensory deficits. NCS revealed an obvious reduc-
tion in motor NCV and prolonged distal latency in the
lower limbs, while the sensory NCV was slightly decreased
(Table S3). EMG findings indicated neurogenic changes.

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Serum creatine kinase (CK) was 302 IU/L. Cerebral MRI
was intact. Abnormal expansion of GGC repeats were
identified in the 5TUTR of the NOTCH2NLC gene
(Fig. 3B). His family’s pedigree was consistent with an
incomplete dominance inheritance pattern (Fig. S1). The
brother (F72-III1) had similar symptoms with dry cough
and weakness of the distal lower limbs. The uncle (F75-
114) developed dry cough in his early 20s, weakness in
distal lower limbs in his 30s, hand tremor at age 35, and
urinary incontinence at age 45. The father (F72-112) was
said to have dry cough and leg weakness, and died of
pneumonia at age 66.

Patient three

The patient was a 26-year-old male from a nonconsan-
guineous family. He initially had difficulty walking on his
tiptoes at age 15, and gradually developed slow walking
and falling down due to an uneven ground. Physical
examination on admission revealed that muscle strength
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grade was MRC 5/5 in the proximal limbs, 3 in the foot
dorsiflexion, and 4 in the foot plantarflexion. Deep ten-
don reflexes were diminished in both lower limbs. Pain,
light touch, vibration, and joint position sensations were
normal. Babinski sign was negative on both sides. Hori-
zontal nystagmus was noticed. Finger nose test indicated
a cerebellar involvement. NCS revealed a severe reduction
in motor NCV in the lower limbs, while the sensory NCV
was normal. EMG findings indicated neurogenic changes.
Cerebral MRI showed a mild cerebellar atrophy. Genetic
screening revealed 39 repeats of CAG expansion in the
ATXN?2 gene (Fig. 3C). The parents were said to have no
abnormalities, while the clinical and genetic investigations
were unavailable.

Pathological changes

In order to identify the pathogenicity of NOTCH2NLC
positive expansion, skin biopsies were performed in the
two index patients. The ductal epithelial cells of sweat
glands showed a lot of eosinophilic intranuclear inclu-
sions that were positive to P62 antibody (Fig. 4A). Elec-
tron microscopy revealed a pile of round-halo
filamentous materials in the center of the nucleus
(Fig. 4B).

Discussion

In this dHMN patient cohort, the rate of genetic diagno-
sis was achieved in 36.7% (33/90) of families through a
comprehensive genetic investigation including the recently
reported SORD and NOTCH2NLC genes. These rates are
similar to the other published series screened by NGS
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techniques from worldwide,>* ' which proved once again

the genetic heterogeneity of dHMN, and a large part of
dHMN patients still remain wuncertain in genetic
diagnosis.

The reasons for the relatively low rate of molecular
diagnosis might origin from many ways™: (1) some exonic
variants in this study were classified as VUS due to lack
of co-segregation analysis or function investigation; (2)
some deep intronic mutations, copy number variations,
and gene structural abnormalities might be omitted owing
to the limitations of NGS techniques; (3) numerous STRs
expansion were undetectable in classic genetic screening,
though the NOTCH2NLC and SCA-related genes were
screened in this study; (4) there were still many unknown
genes responsible for the phenotype of genetically unre-
solved dHMN cases, though 22 genes with pathogenic or
likely pathogenic significance have been found in our
patients; (5) even if thorough examinations were clinically
conducted in these patients, it was impossible to com-
pletely exclude other secondary causes for some patients
with distal motor neuropathy.

Chaperones participate in multiple important processes
in the proteostasis system, so the genetic defects of chap-
erones have been referred to as chaperonopathies.”> ATP-
independent chaperones including HSPBI, HSPB3,
HSPBS, and DNAJB2 have become the leading causative
genes of dHMN.* In our patient cohort, HSPBI, HSPBS,
and DNAJB2 accounted for 24.2% of patients with genetic
confirmation, which were consistent with other cohort’s
studies. HSPBI and HSPB8 mutations were inherited

dominantly and most involved in missense variants, while
they might be also associated with a frameshift or dele-
Although DNAJB2-related dHMN

tion mutations.
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Figure 4. The pathological changes of skin in dHMN patient with NOTCH2NLC positive expansion. Skin biopsy of patient F9-lI3 with
NOTCH2NLC positive expansion showed lots of eosinophilic intranuclear inclusions that were positive to P62 antibody (A) and a pile of round-halo
filamentous materials in the center of the nucleus on electron microscopy (B).
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patients were relatively common in a Spanish cohort,”
only one patient caused by DNAJB2 variants in autosomal
recessive inheritance was found in our cohort. Given
DNAJB2 mainly expressing in brain, nerve, and muscle, it
was reasonable that the patient showed a dHMN-plus
phenotype including distal motor neuropathy, bradykine-
sia, and hyperCKmia. The chaperones have greatly
involved in the growing list of dHMN subtypes; thus,
more attentions should be paid to chaperone-related
genes in genetically unsolved cases.

Since axonal neuropathy is closely associated with dys-
functions of cytoskeleton in axonal transport, it is unsur-
prised that lots of cytoskeleton-related genes have
involved in the pathogenesis of dHMN.?® In this study,
four dHMN patients were identified with disease-
causative variants in the DYNCIHI1, DNM2, BICD2, and
NEFH genes, and accounted for 12.1% of patients with
genetic diagnosis. Although the cytoskeleton-related genes
were hot-spot candidates for dHMN in different ethnic
populations, the specific genes and mutational types had
great genetic heterogeneities, as in our patient cohort. In
addition, most of patients showed an early-onset motor
neuropathy, while great clinical heterogeneities were
observed in these patients associated with cytoskeleton-
related genes. Since the cytoskeleton participates in axonal
transport, as well as in the dynamics of various organelles
and plasma membrane receptors, there is clear signifi-
cance to explore the underlying cytoskeleton genes for
genetically unsolved cases.”!

Amino acyl-tRNA synthetases are an essential family of
enzymes responsible for attaching amino acids to their cog-
nate tRNAs in all cells and tissues.”” The pathogenic vari-
ants of tRNA synthetases may directly disrupt protein
synthesis, and cause the dysfunction of axonal transport.
Traditionally, variants in the AARSI, GARSI, HARSI,
KARSI, and YARSI genes have been implicated in several
subtypes of CMT, meanwhile variants in the AARSI,
GARS1, and WARSI genes have also been associated with
dHMN.*® We identified that variants in AARSI, GARSI,
HARSI, and MARSI were co-segregated with dHMN
patients, and as the common cause of dHMN in our patient
cohort. Nevertheless, MARS] and HARSI were the first
time to be reported to cause dHMN. It is well known that
CMT2 and dHMN have significant overlapping in clinical
and genetic aspects, and the coexistence of both phenotypes
can be observed in the same patient with different disease
stages or the same family whose members carrying the same
pathogenic mutation but showing different phenotypes.*
Accordingly, it was reasonable that variants in MARSI and
HARSI might be associated with the phenotype of dHMN,
though pathogenic function analysis was still needed.

Although the above-mentioned three genetic pathways
accounted for nearly half of genetically confirmed cases,
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there were still many other disease-causative genes associ-
ated with dHMN. Among them, the genetic list not only
included classic genes such as MFN2, MPZ, BSCL2,
SLC5A7, and ATP7A but also covered the newly discov-
ered MME and SORD genes. SORD variant had been
reported that it might account for a majority of autoso-
mal recessive-dHMN cases,'>'? while we found the MME
variants were the most common for recessive inherited
cases in our patient cohort. Intriguingly, MFN2 variant
for CMT/dHMN used to be single heterozygous muta-
tion, while a homozygous mutation of MFN2 was found
in a childhood-onset dHMN patient. In addition, a
homozygous HARSI variant was also detected in a patient
with dHMN, psychomotor delay, and retinitis pigmen-
tosa. The phenotype of biallelic variants in HARSI usually
presented with Usher syndrome type 3B or multisystem
ataxic syndrome.”® Our patient with homozygous
p-Q451H variant in HARSI showed a dHMN-plus syn-
drome which partly overlapped with Usher syndrome
type 3B or multisystem ataxic syndrome.

In this study, we screened the STR variants in dHMN
patients, and identified GGC expansion in NOTCH2NLC
in two autosomal dominant families and CAG expansion
in ATNX2 in a patient with dHMN-plus cerebellar ataxia.
As we discussed in a previous study,'' the GGC repeat
expansion in the NOTCH2NLC has been associated with
a new type of hereditary distal neuromyopathy based on
a common pathological basis of widespread eosinophilic
intranuclear inclusions in both nerves and muscles.
Herein, we found that the GGC expansion in
NOTCH2NLC can be responsible to a part of patients
with dHMN with minor subclinical sensory abnormalities,
of which the electrophysiological changes indicated both
axonal and demyelinating involvements, and the clinical
features showed some extra-motor neuropathy symptoms
such as tremor, dry cough, urinary incontinence, or head-
ache. The clinical and electrophysiological characteristics
might be useful diagnostic indicators for distal neuropa-
thy associated with NOTCH2NLC repeat expansions.

Previous studies have indicated that symptoms or signs
of peripheral nerve involvement in SCA2 are not uncom-

I’l’lOIl.12

Electrophysiological evidence of the isolated
involvement of motor neurons and/or axons has been
detected in some presymptomatic carriers before the
onset of cerebellar signs.”" In this study, we also identified
that CAG expansion in the ATXN2 gene was associated
with distal motor neuropathy of lower limb. Although the
pathophysiological mechanisms responsible for the motor
nerve involvement in SCA2 are not well understood, the
STR screening for CAG expansion in ATXN2 should be
routinely included in the genetic diagnosis of dHMN.
Although the majority of dHMN patients showed an

autosomal dominant inherited mode, autosomal recessive
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dHMNSs have been associated with variants in the SORD,
IGHMBP2, PLEKHGS5, DNAJB2, SIGMARI, SYT2, ATM,
TBCE, and VRKI genes.”>”* Our study indicated that
variants in the MME gene were associated with
autosomal-recessive dHMN, and as the second disease-
causing gene for genetically confirmed cases in our
patient cohort. Compared with patients with autosomal-
recessive MME-related CMT2 displaying as adult-onset
progressive motor-sensory neuropathy,” some affected
patients with MME-related dHMN showed a juvenile-
onset and slow progressive length-dependent motor neu-
ropathy.

In summary, this study extends the genetic heterogene-
ity of dHMN, which clinically exhibits an overlap syn-
drome ranging from motor neuropathy to SCA, HSP,
ALS, SMA, CMT?2, distal myopathy, and other neurologic
abnormalities. Although the NGS method makes it possi-
ble to convenient genetic diagnosis, there are more than
half of dHMN patients still with unknown genetic causes.
Given some dHMN patients have been associated with
STR variants in NOTCH2NLC and ATXN2, it is necessary
to conduct STR screen in genetically unsolved patients
with dHMN.
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