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REVIEW ARTICLE

The expanding genetic landscape of hereditary motor

neuropathies

Danique Beijer!? and Jonathan Baets'?>

Abstract

Hereditary motor neuropathies are clinically and genetically diverse disorders characterized by length-
dependent axonal degeneration of lower motor neurons. Although currently as many as 26 causal genes
are known, there is considerable missing heritability compared to other inherited neuropathies such as
Charcot-Marie-Tooth disease. Intriguingly, this genetic landscape spans a discrete number of key
biological processes within the peripheral nerve. Also, in terms of underlying pathophysiology, hereditary
motor neuropathies show striking overlap with several other neuromuscular and neurological disorders.
In this review, we provide a current overview of the genetic spectrum of hereditary motor neuropathies
highlighting recent reports of novel genes and mutations or recent discoveries in the underlying disease
mechanisms. In addition, we link hereditary motor neuropathies with various related disorders by
addressing the main affected pathways of disease divided into five major processes: axonal transport,
tRNA aminoacylation, RNA metabolism and DNA integrity, ion channels and transporters and

endoplasmic reticulum.
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Introduction

Hereditary motor neuropathies (HMN) are a type of neuromuscular disorder characterized by length-
dependent lower motor neurons dysfunction. Classically, a patient with HMN presents with peroneal
muscular atrophy and weakness without involvement of sensory dysfunction, relatively slow progressive
wasting of the foot extensor muscles and intrinsic foots muscles occurs, with involvement of the muscles
in the proximal lower limbs and distal upper limbs later on. Often atypical or ‘complex’present with
predominance in the upper limbs or by involvement of upper motor neurons, and vocal cord and/or
diaphragm paralysis, among other features. Unlike Charcot-Marie-Tooth (CMT) disease, the most
common group of inherited neuropathies and a sensorimotor neuropathy, HMN feature predominantly
motor deficits and only mild, if any, sensory impairments. HMN are highly heterogeneous in terms of
clinical presentation, as well as their age of onset and speed of progression. This review provides an
overview of the current genetic landscape associated with distal HMN divided into five major processes:
axonal transport, tRNA aminoacylation, RNA metabolism and DNA integrity, ion channels and
transporters, and endoplasmic reticulum (Fig. 1). It should be noted, however, that such classification
—although practical and insightful—is always arbitrary to some extent and that certain genes could fit
into multiple clusters, such as the small heat shock proteins whose pathomechanism has been linked to
both axonal transport, RNA metabolism, as well as processes of protein quality control. We will highlight
recently reported genes and mutations, and the (presumed) underlying pathomechanisms that are
associated with the specific genetic defects.

Axonal transport

The highly complex process of axonal transport allows movement of proteins, RNA and organelles
though the axon. Impairment of this process can result in protein aggregation, reduced axonal outgrowth,
impaired repair and regeneration and reduced exocytosis and endocytosis of large and small molecules,
all of which affect the overall neuronal homeostasis (Beijer et al., 2019b). A significant number of genes
associated with HMN and related neuromuscular disorders have an underlying pathomechanism that

impacts axonal transport (Table 1).
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HSPBI

HSPBI (Hsp27) is a member of the class of small heat shock proteins and functions as a molecular
chaperone. Small heat shock proteins act as a first line of defence against misfolded proteins and keep
them in a folding-competent state until larger chaperones, like Hsp70, arrive at the scene to perform the
active refolding (Haslbeck et al., 2019). This holdase function allows small heat shock proteins to protect
and stabilize dynamic molecular structures such as neurofilaments, microtubules and actin filaments,
linking them to axonal transport (Beijer ef al., 2019b). Mutations in HSPBI seem to have a different
impact on these processes depending on the protein domain that is affected by the mutation. For instance,
mutations in the highly conserved a-crystallin domain decrease the oligomer size and give rise to aberrant
protein-protein interactions with, for instance, tubulin, whereas mutations in the C-terminal domain cause
an increase in oligomer size and affect different protein-protein interactions (Ackerley et al., 2006; Zhai
et al., 2007; Almeida-Souza et al., 2010, 2011; Chalova et al., 2014; Geuens et al., 2017; Kalmar et al.,
2017; Alderson et al., 2019a, b). The only pathway for which it has been demonstrated that all HSPB1
missense mutations have a dominant-negative impact, irrespective of their location, is autophagy (Haidar
et al., 2019). The first disease association for HSPBI was established in 2004 when heterozygous
missense mutations were detected in several axonal CMT (CMT?2) families (Evgrafov et al., 2004). Until
today, most reported mutations remain missense mutations, although several stop-gained and frameshift
mutations have been reported (Capponi et al., 2011; Echaniz-Laguna et al., 2017b; Vendredy et al.,
2020). Many specific HSPBI mutations cause both CMT2 and HMN, without a clear distinction in the
previously described molecular deficits, as such the distinction of these two phenotypes in relation to
HSPBI mutations remains unclear (Adriaenssens ef al., 2017; Vendredy et al., 2020). Further expansion
on the phenotype was reported in recent studies, where patients presented with hyperreflexia and
pyramidal tract involvement, suggesting upper motor neuron deficits (Capponi et al., 2011; Stancanelli et
al., 2015; Amornvit et al., 2017). One novel report has identified the new DI/29F mutation in a family
with motor neuropathy and a distal myopathy, linking HSPBI mutations with yet another clinical

phenotype (Lewis-Smith et al., 2016).

HSPB3
Mutations in small heat shock protein B3 (HSPB3/Hspl7) have been associated with HMN on two

occasions. The initial report was based on the identification of the R7S mutation in two siblings (Kolb et
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al., 2010). The second reported mutation was the W1/8H, identified in a multigenerational HMN family
(Nam et al., 2018). With its function as a molecular chaperone and family members HSPBI and HSPBS
already known for their association with the inherited peripheral neuropathies spectrum of disease,
HSPB3 poses an interesting candidate gene. However, functional evidence for these specific HSPB3
mutations is currently missing. In addition, the initial R7S mutation has since its report gained a (likely)
benign status in the ClinVar database, presumably based on its high frequency in public sequencing
databases, such as gnomAD (Lek et al., 2016; Landrum et al., 2018). As such the overall association

between HSPB3 mutations and the HMN phenotype remains unclear.

HSPBS

HSPBS (Hsp22) belongs to the same small heat shock protein family as HSPBI and HSPB3, with similar
chaperone activity. HSPBS is part of the complex required for chaperone-assisted selective autophagy
(CASA) and in this HSPB8 was shown to direct misfolded proteins to either Hsp70 for refolding or to
SQSTM1/p62 for autophagosomal degradation (Kwok et al., 2011). Mutations in HSPBS were first
associated with HMN, although a year later the association with CMT2L also became evident (Irobi et
al., 2004b; Tang et al., 2005). In addition, HSPBS mutations were identified in patients with a progressive
myopathy associated with myofibrillar network disruption and rimmed vacuolar pathology (Ghaoui et al.,
2016; Al-Tahan et al., 2019; Nicolau et al., 2020). Novel mutations in HSPBS8 were rarely identified,
highlighting their low prevalence, although a more recent report suggests that for distal HMN they could

make up a significant part of genetic diagnoses (Echaniz-Laguna et al., 2017a).

Functional assessment of missense mutations in HSPBS associated with HMN and myopathy reported an
increased affinity of mutant HSPBS to bind to BAG3 in one study (Echaniz-Laguna et al., 2017a), while
two other studies reported a decreased affinity of mutant HSPB8 for BAG3 (Carra et al., 2010; Shemetov
and Gusev, 2011). It was shown in vivo that mutant HSPBS8 forms aggregates, both in the sciatic nerve
and the muscle tissue, and reduces autophagy of these HSPBS aggregates (Bouhy et al., 2018). The
accumulation of toxic protein aggregates within the confined long peripheral axons could impair axonal

transport, which could be one of the underlying pathomechanisms for these mutations.

DNAJB?2

Similar to the heat shock proteins, DNAJB2 (HSJ1) is a co-chaperone protein involved in ubiquitin-
proteasome system-associated degradation and thus protection of neurons against cytotoxic protein
aggregation (Westhoft et al., 2005; Howarth et al., 2007). Recessive mutations in DNAJB2, causing
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abnormal splicing, were first associated with HMN in 2012 (Blumen et al., 2012). Since then, DNAJB2
missense, splice and frameshift mutations have been identified for CMT2T sometimes with associated
parkinsonism (Gess et al., 2014; Gonzaga-Jauregui et al., 2015) and a specific 3.8 kb deletion of the first
four exons of DNAJB2 has been linked with spinal muscular atrophy (SMA) and parkinsonism (Sanchez
et al., 2016). The pathogenesis of recessive DNAJB2 mutations neuropathies is likely the result from a
loss-of-function mechanism, as demonstrated by reduced protein expression (Blumen et al., 2012; Gess et
al., 2014). A cellular model demonstrated that while wildtype DNAJB2 is able to prevent protein
aggregation, the DNAJB2 splice mutations are not. Cells overexpressing the splice variant show increased
protein aggregation and body inclusion formation similar to the other chaperones, such as HSPBI1 and
HSPBS, likely as an effect of an inability of the cell to properly degrade proteins that fail to refold
properly (Blumen et al., 2012).

DCTNI

DCTNI encodes the dynactin protein, a prominent adaptor to the dynein molecular motor. Mutations in
DCTNI are linked to Perry syndrome and HMN and have been associated with amyotrophic lateral
sclerosis (ALS) (Puls et al., 2003; Munch et al., 2004; Farrer et al., 2009; Tian et al., 2020). The G598

mutant associated with HMN is located within the p1508™°¢ CAP-Gly domain, whereas the Perry
syndrome-associated variants are located directly adjacent to the p1508"°d CAP-Gly GKNDG motif. The

relevance of this difference in localization remains unknown as both Perry syndrome and HMN
associated variants result in reduced microtubule binding and lead to dramatic redistribution of dynactin
(Puls et al., 2003; Levy et al., 2006; Tian et al., 2020). Since the original association of the G595
mutation with HMN, several reports have identified novel HMN and ALS associated missense mutations
(Stockmann et al., 2013; Liu et al., 2017; Honda et al., 2018; Tian et al., 2020). Most recently, two novel
DCTNI mutations were identified in association with HMN and ALS, L210Afs*90 and RI1275C,
respectively (Tian ef al., 2020). The L210Afs*90 is the first truncating DCTNI mutation to be identified.
The L210Afs*90 variant, however, would still fit with a supposed dominant-negative or gain-of-function,

as the mutation results in the expression of a truncated DCTN1 protein (Tian et al., 2020).

SPTANI

SPTANI encodes all-spectin, a critical component of the cytoskeleton. Heterozygous SPTANI missense
and in-frame deletion mutations were initially associated with a spectrum of epilepsy phenotypes (Syrbe
et al., 2017). More recently, mutations in SPTANI have been described in patients with complex
neurodevelopmental phenotypes, HMN and hereditary spastic paraplegia (HSP), although HSP-
associated mutations are the only reported recessively inherited SPTANI mutations (Gartner et al., 2018;

Beijer et al., 2019a; Leveille et al., 2019). The heterotetramers formed with two all-spectrin and two [-
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spectrin subunits are essential for the axon submembrane network and the formation of membrane
periodic structures, which allow the maintenance of the longitudinal architecture of polarized neurons,
likely influencing actin stability and axonal transport (Hauser et al., 2018; Unsain et al., 2018; Lorenzo et
al., 2019). While the B-spectrin (BII-BIV) subunits may vary depending on the subcellular localization,
all-spectrin is the only a-spectrin subtype expressed in the nervous system (Liu and Rasband, 2019). all-
spectrin and the spectrin cytoskeleton have been credited with numerous different functions, including
subcellular spacing of ion channels and modulating AIS position (Hauser et al., 2018; Unsain et al., 2018;
Liu and Rasband, 2019). Currently, three nonsense mutations have been associated with HMN, and the
loss of all-spectrin protein in patient-derived lymphoblasts suggests a haploinsufficiency mechanism
(Beijer et al., 2019a). In contrast, the C-terminal in-frame variants associated with West syndrome are
associated with spectrin aggregate formation, suggesting a dominant-negative or gain-of-function
mechanism (Syrbe et al., 2017; Wang et al., 2018b). Despite this, the underlying pathomechanisms of
SPTANI mutations associated with the different phenotypes remain largely unknown (Beijer et al.,
2019a; Liu and Rasband, 2019).

SYT2

Transport of synaptic vesicles to the nerve terminals and the subsequent release of neurotransmitters is
essential for proper synapse function. In this way the v-SNARE (vesicle soluble N-ethylmaleimide-
sensitive factor protein receptors), are essential for the exocytosis process of the vesicles with the
presynaptic membrane (Littleton et al., 1993; Mackler et al., 2002). SYT2 encodes synaptotagmin-2, a
synaptic vesicle protein and the major isoform of synaptotagmin at mammalian neuromuscular junctions
(Littleton et al., 1993; Mackler et al., 2002). In 2014, next-generation sequencing (NGS) in one family
with childhood-onset Lambert Eaton-like myasthenia and a second family with motor neuropathy
revealed causal dominant missense mutations in SY72 (Herrmann et al., 2014). Functional investigation
of the myasthenia-associated mutation in Drosophila revealed that in SY72-null animals, the myasthenia
D307A failed to rescue the lack of synchronous neurotransmitter release and enhanced asynchronous
release and elevated spontaneous vesicle fusion rates (Herrmann et al, 2014). It is thought that the
synaptotagmin-II function as a fusion clamp preventing spontaneous exocytosis and possibly its role as
calcium sensors for evoked neurotransmitter release, is lost in the SY72 mutants and thereby causing

neuromuscular junction dysfunction (Littleton et al., 1993; Pang et al., 2006; Herrmann et al., 2014).

PLEKHGS

A single homozygous missense mutation, F'647S, in PLEKHGS was first identified in one Malian family
with HMN (Maystadt et al.,, 2007). Since then, compound heterozygous missense and homozygous
truncating mutations have been identified in intermediate CMT (Azzedine et al., 2013; Kim et al., 2013).
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The F647S and other missense mutants result in reduced protein expression and stability and reduced
capability to activate NFkB signalling (Maystadt et al., 2007; Kim et al., 2013). PLEKHG5-null mice
also display a lower motor neuron phenotype, similar to that of the patients (Azzedine et al., 2013;
Luningschror et al., 2017). PLEKHGS encodes a guanine exchange factor (GEF) of the RhoGEF family
of proteins, capable of activating the Rho family of small GTPases, which have a myriad of functions in
regulating neuron morphology and function (Hall and Lalli, 2010). PLEKHGS is predominantly
expressed in the nervous system and specifically activates Rab26, a small GTPase selectively controlling
the delivery of synaptic vesicles into pre-autophagosomes (Binotti et al., 2015). PLEKHGS depletion in
mice results in swollen presynaptic nerve terminals accumulating synaptophysin and neurofilament-H, as
well as disorganization of actin filaments (Luningschror et al., 2017). The accumulation of synaptic
vesicles at the presynaptic nerve terminal is a direct result of the reduced autophagosome formation in
PLEKHG5-depleted motor neurons (Luningschror et al., 2017). Rab26 activation is a crucial factor for
recruitment of the autophagy machinery to synaptic vesicles. PLEKHGS5-depleted cells demonstrated lack
of Rab26 activation as a cause for the reduced autophagosome formation, a potential underlying
pathomechanisms for PLEKHG 5-related neuropathy (Luningschror et al., 2017).

Transfer RNA aminoacylation

tRNA aminoacylation is the first step in the critical process of protein translation, wherein each amino
acid is matched with its cognate tRNA in an ATP-dependent reaction by aminoacyl tRNA synthetases
(aaRS) (Storkebaum, 2016). Subsequent capturing of the aminoacylated tRNA and processing by the
ribosome constitutes the process of protein synthesis. Despite the tRNA aminoacylation process being
critical for all cells, there seems to be specific neuronal susceptibility to impairment in this pathway,
resulting in many genes involved in tRNA aminoacylation to be associated with neurological disorders
and specifically HMN (Table 2) (Meyer-Schuman and Antonellis, 2017).

AARSI
AARSI encodes alanyl-tRNA synthetase (AlaRS). As with all of its family members, it is directly

involved in the charging of tRNA with their cognate amino acid, in this case alanine. Dominant mutations
in AARSI were first associated with CMT2N, but subsequently dominant mutations were associated with
HMN and recessive mutations with multisystem syndromes (Latour et al., 2010; McLaughlin ef al., 2012;
Zhao et al., 2012; Simons et al., 2015; Weterman et al., 2018). AARSI is one of the 10 enzymes within
the aaRS family that, in addition to its catalytic domain, possesses an editing domain to compensate for

the mischarging of amino acids with high structural similarity to alanine (Storkebaum, 2016). Pathogenic
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mutations have been identified in both the catalytic domain and the editing domain. Several mutations
have been found in more than one family, but the R329H mutation seems to be the most recurrent (Lin et
al., 2011; McLaughlin ef al., 2012; Bansagi et al., 2015; Motley et al., 2015). Retained catalytic activity
for some mutants in combination with mutants located outside of the catalytic domain, suggests that loss
of the catalytic activity is not a universal mechanism. As such, further functional investigations showed
that both the R329H and N717Y are localized to punctate intracellular structures, but it remains unknown if
this is related to aberrant intracellular signalling and could be underlying the CMT phenotype for some
mutants (McLaughlin et al., 2012). Most recently, in vitro studies on the N71Y-44RS! mutant showed
that the altered intracellular localization could be reversed with valproic acid, although in vivo studies are

necessary to assess its effectiveness as a potential therapy (Tatsumi et al., 2019).

GARS1

Mutations in GARSI, glycyl-tRNA synthetase (GlyRS), were the first aaRS mutations to be associated
with CMT2D (Antonellis et al., 2003). Mutations in GARS! have since also been associated with HMN
and severe distal SMA (Del Bo et al., 2006; James et al., 2006; Eskuri et al., 2012). Generally, GARS]
mutations cause an upper limb-predominant neuropathy phenotype which may vary in terms of sensory
involvement and severity (Forrester ef al., 2020). GARS] is one of the two aaRS genes that encodes both
the cytoplasmic and the mitochondrial form of GlyRS, which are separately generated using either
alternative translational start sites or by alternative mRNA splicing (Turner et al., 2000). There are
currently over 20 different neuropathy-associated GARSI mutations, all of which are missense mutations
found throughout the protein (Antonellis et al., 2003; Motley et al., 2010; Lee ef al., 2019; Nan et al.,
2019; Yalcouye et al., 2019). Initially, loss of tRNA charging function was thought to be the sole
pathological mechanism, but several mutations including E71G, P234KY, D500N, and S581L have been
shown to still be active, although pathogenicity of the S58/L variant has since been questioned
(Antonellis et al., 2006; Nangle ef al., 2007; Xie et al., 2007; Griffin ef al., 2014). As such, loss of tRNA
charging capabilities does not seem a uniform mechanism for GARSI-associated neuropathy. Subsequent
studies have included GlyRS dimerization as a potential mechanism, demonstrating that many mutations
are localized to the dimer interface of the protein with varying effects on dimerization (Cader ef al., 2007,
Nangle et al., 2007; Xie et al., 2007). Similarly, no uniform effect of GlyRS mutants could be observed as
mutations both reduced, increased or left GlyRS dimerization unchanged (Nangle et al., 2007; Xie et al.,
2007; Malissovas et al., 2016). Interestingly a spontaneous GARS! mouse mutant, equivalent to a
dominant human P234KY GARSI mutation, causes a severe motor and sensory neuropathy in mice
(Seburn et al., 2006). Since then, several GARSI mouse models have been made, including heterozygous
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loss-of-function models without a neuropathy phenotype. This model indicates that simple loss of GlyRS
is not responsible for the disease (Achilli et al., 2009). Several different hypotheses exist around the
pathomechanisms of GARSI mutations, some of which may occur in combination. It is thought that loss
of tRNA charging function may in some cases contribute to the pathogenesis, despite it not being a
uniform occurrence (Storkebaum, 2016). In addition, both dimerization and non-canonical GlyRS
functions, such as formation of mRNA 3’-ends, are thought to contribute to some extent (Johanson et al.,
2003). A true conclusion to the discussion of whether GARS-associated neuropathy is caused by loss-of-
function or dominant-negative or toxic gain-of-function effects remains to be found. Encouragingly, a
recent study used AAV9 technology to successfully attain allele-specific mutant GlyRS knockdown
preventing onset of neuropathy in GARS/ mouse models (Morelli ef al., 2019).

HARS1

HARSI, histidyl-tRNA (HisRS) was the fifth aaRS gene to be associated with axonal peripheral
neuropathy (Vester et al., 2013). The initial report in 2013, demonstrated the pathogenicity of the
CMT2W-associated R137Q mutant by loss-of-function effects in yeast and Caenorhabditis elegans
(Vester et al., 2013). Since then the phenotypic spectrum has expanded to include HMN and intermediate
CMT (Vester et al., 2013; Safka Brozkova et al., 2015; Abbott et al., 2018; Royer-Bertrand et al., 2019).
A recent study reports a novel mutation, VI33F, present closely to other mutations in a patient with
demyelinating CMT with cerebellar atrophy, and cognitive deficits, expanding the spectrum further
(Royer-Bertrand et al., 2019). HARSI mutations generally cause a loss-of-function effect in yeast,
inhibiting yeast growth, and show reduced tRNA charging capabilities (Safka Brozkova et al., 2015;
Abbott et al., 2018; Royer-Bertrand et al., 2019). In contrast to pathogenic GARSI mutations, published
HARS mutations do not seem to interfere with HARS1 dimerization, although reduced histidine substrate
binding was noted for the Y330C and V155G mutations (Abbott et al., 2018). Recently, in vitro studies of
HisRS mutants demonstrated pathomechanisms depending on the protein conformation rather than loss of
tRNA charging activity (Blocquel ef al., 2019).

WARS1
Mutations in WARSI, tryptophanyl-tRNA synthetase (TrpRS), were first associated to the HMN

phenotype when the same heterozygous mutation H257R was identified in HMN patients in three

separate families (Tsai et al., 2017). Recently, two novel heterozygous WARSI mutations, F/38Y and
D314G, were reported in HMN families (Li et al., 2019; Wang et al., 2019a). The most in-depth

functional assessment was performed for the H257R mutation, which demonstrated reduced
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aminoacylation activity of TrpRS, resulting in reduced neurite outgrowth and increased neurite
degeneration. The H257R mutation also changes the translational machinery properties of TrpRS in yeast
and acquires an enhanced angiostatic activity (Tsai et al., 2017). Due to the location of the D3/4G
mutation in the catalytic domain and near the critical binding domain of Trp and ATP, a similar
disturbance of aminoacylation activity could be the mechanism (Wang et al., 2019a). In contrast, the
F138Y mutation seems to reduce overall TrpRS protein expression, which was not evident for the H257R
mutation (Li ef al., 2019). Although overall decreased TrpRS expression might similarly result in a

failing translational machinery unable to meet the demand for high protein synthesis in axons.

HINTI

Recessive mutations in HINT were first associated with axonal neuropathy with neuromyotonia (Zimon
et al., 2012). Further associations with CMT2 have arisen since then (Caetano et al., 2014; Zhao et al.,
2014; Boaretto et al., 2015; Lassuthova et al., 2015; Zimon et al., 2015; Rauchenzauner et al., 2016;
Meng et al., 2018; Scarpini et al., 2019; Wang et al., 2019¢). HINT1 is a ubiquitously expressed protein,
whose functions have remained largely unknown despite the account of several different presumed
functions. HINT1 is capable of hydrolyzing aminoacyl adenylates, which are the intermediary products of
the reaction in which tRNAs are charged with their cognate amino acids by the previously mentioned
ARS proteins (Chou and Wagner, 2007; Wang et al., 2012; Zhou et al., 2013). It is thought that HINT1
thus mediates aaRS activity and influences the overall level of tRNA aminoacylation (Wang ef al., 2012;
Peeters et al., 2017). Several other roles have been attributed to HINTI, such as a transcriptional
suppressor, an adaptor coupling protein kinase C gamma, enabling desulphurization of nucleoside 5'-O-
monophosphorothioates (NMPS) (Krakowiak ef al., 2014). Despite these presumed functions, it remains

unclear which failing mechanism is the cause for the neuropathy and neuromyotonia phenotype.

RNA metabolism and DNA integrity

Both RNA processing mechanisms and DNA damage and integrity are commonly occurring themes
within neurodegenerative diseases (Butti and Patten, 2018; Weskamp and Barmada, 2018; Nussbacher et
al., 2019). Aggregation-prone RNA binding proteins (RBPs) are possibly the most well-known
mechanism for neurodegenerative disorders, with genes such as TARDBP (TDP-43), HNRNPAI, FUS,
TIAI and ATXN?2 sharing a common mechanism of mislocalized and aggregated RBPs, with altered RNA
metabolism in the form of delayed mRNA transport, altered mRNA splicing, (local) translation and decay
as shared pathomechanisms (Butti and Patten, 2018; Weskamp and Barmada, 2018; Nussbacher et al.,
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2019). Similarlyy, DNA damage has been noted as a common pathological mechanism in
neurodegenerative diseases (Madabhushi et al., 2014; Thadathil et al., 2019). Genes such as ATM and
FUS, associated with ataxia telangiectasia and ALS (Wang et al., 2019b), respectively, have been shown
to be crucial in maintaining genomic stability and DNA integrity (Baechtold et al., 1999; Shiloh and Ziv,
2013). Similarly, PARP1 and the process of ADP ribosylation, important for the DNA damage response,
have been shown to be upregulated in neurodegenerative disorders including ALS and Alzheimer’s
disease (Love ef al., 1999; Kim et al., 2004; McGurk et al., 2019). In addition to the broader association
with neurodegenerative diseases, impairments in different parts of RNA metabolism and DNA integrity
have been associated with HMN specifically (Table 3).

FBX038
FBXO38 was first identified by yeast-two hybrid assay as modulator of KLF7 activity (MOKA), a

member of the Kriippel-like transcription factor family, an important transcription factor for the
developing nervous system (Smaldone et al, 2004). In addition to its expession in several
neurodevelopmental stages, FBXO38 is actively transcribed in both post-mitotic motor neurons and
neural progenitor cells of the spinal cord in mice (Smaldone er al., 2004; Sumner et al., 2013).
Confirmation of this expression in humans was obtained and expression was also detected in human
skeletal-muscle tissue (Sumner et al., 2013). The C206R heterozygous missense mutation in FBXO38
was identified in two families with dominant HMN and was shown to impair activation of KLF7 target
genes associated with a significant decrease in primary neurite length in primary motor neurons (Sumner
et al., 2013). Recently, a novel homozygous missense mutation R5260Q was reported in association with a
case of recessive HMN (Akcimen et al., 2019). Despite the predicted deleterious effect for this novel
mutation, functional validation of this variant was not performed. The identification of both dominant and
recessive cases of FBXO38 mutations fuels the discussion on the currently unknown underlying

mutational effect: dominant-negative or loss-of-function.

SETX

Mutations in SE7TX are known to cause several neurodegenerative diseases, dominantly inherited SETX
mutations are causative for ALS4 or HMN with upper motor neuron signs, while recessive loss-of-
function mutations cause ataxia with oculomotor apraxia type 2 (AOA2) (Chen et al., 2004; Moreia et al.,
2004; Tripolszki et al., 2017; Grunseich et al., 2020). SETX encodes senataxin, a RNA/DNA helicase that
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provides protection against oxidative DNA damage, and is involved in transcription regulation, RNA
maturation, R-loop resolution and localization at collision sites of the transcription and replication
machinery (Chen et al., 2004; Richard and Manley, 2014; Grunseich et al., 2018). The effect of disease-
causing SETX mutations seems to vary significantly for the dominant (ALS4) and recessive (AOA2)
mutations. As increased senataxin helicase activity was noted for the ALS4-L389S mutant, whereas
AOA2 SETX mutations prevent senataxin sumoylation (Richard and Manley, 2014; Grunseich et al.,
2018, 2020). Furthermore, high levels of R-loops were demonstrated in mitochondria of AOA2 neuronal
progenitor cells, whereas reduction in R-loop levels has been demonstrated for both L389S and E385K
ALS4-associated mutants (Grunseich et al., 2018, 2020). R-loops are dynamic structures that have been
associated with other neurological diseases, including disorders due to repeat expansions such as
Friedreich ataxia, c9orf72 ALS (Haeusler et al., 2014; Groh et al., 2017; Kong et al., 2017). Due to the
location of R-loops in CpG island regions, it was thought that R-loops could have a transcription
regulatory role. Using the ALS4-associated L389S mutant, it was shown that disruption of R-loop
formation causes changes in DNA methylation, which results in altered gene expression of BAMBI and
other genes in the TGF-B pathway (Grunseich et al., 2018). Despite existing associations between the
TGF-B pathway and neuronal degeneration, it remains to be elucidated whether the effect of ALS4 SETX
mutations on TGF-B signalling activation is the causal mechanism for SETX-associated neuropathy
(Mushtaq et al., 2016; Grunseich et al., 2018).

IGHMBP?2

Recessive mutations in /[GHMBP2 were first associated with SMA with respiratory distress (SMARD),
also known as HMN6 (Grohmann et al., 2001). Since then, mutations have also been identified in
association with CMT2 and DSMA1 (Guenther et al., 2009a; Cottenie et al., 2014). IGHMPBZ2 encodes
immunoglobulin p-binding protein 2, a DNA helicase protein with transcriptional activating and
repressing capabilities (de Planell-Saguer et al., 2009; Lim et al., 2012). IGHMBP2, like SETX, is part of
the UPF1-like subfamily of helicases, capable of unwinding both DNA and RNA duplexes in the 3'-5’
direction (de Planell-Saguer et al., 2009; Lim et al., 2012; Perego et al., 2020). IGHMBP2 is presumably
involved in a large variety of cellular processes, such as pre-mRNA processing, immunoglobulin class
switching, regulation of DNA replication and interactions with TATA binding proteins (Grohmann et al.,
2001; Lim et al., 2012). The exact mechanisms by which mutations in /[GHMBP2 cause motor neuron
degeneration remains unknown and there is not one single mechanism impaired in all disease-causing
mutations. The majority of the HMN-related mutations are located within the helicase domain, resulting
in changes in the ATPase and hydrolase activity or otherwise resulting in a reduced helicase motor
stability (Guenther et al., 2009a, b). In contrast, mutations outside the helicase domain, such as 74931, as
well as several truncating mutations have been shown to result in reduced protein expression, possibly

leading to an overall reduced activity (Eckart et al., 2012). Lastly, mutations have been shown to affect
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nucleic acid binding ability (N5831 and R603H) uncoupling of ATPase activity from RNA unwinding
(D565N) (Guenther ef al., 2009a, b). It seems that there might not be one single underlying mechanism
relating to IGHMBP2 motor neuron disorders (Perego et al., 2020).

AIFM1

Recessive mutations in mitochondrial apoptosis-inducing factor 1, encoded by AIFMI, were initially
associated with mitochondrial encephalomyopathy (Ghezzi et al., 2010). Since then the phenotypes that
are associated with X-linked recessive A/FM1 mutations have broadened extensively, into e.g. HMN,
CMT4, ataxia, Cowchock syndrome and spondylometaphyseal dysplasia (Rinaldi et al., 2012; Ardissone
et al., 2015; Hu et al., 2017; Sancho et al., 2017; Wang et al., 2018a). Mitochondria perform their
essential role in energy production through the oxidative phosphorylation system (OXPHOS), which is
comprised of protein complexes CI to CV (Susin etal., 1999; Hu et al., 2017). AIFM1 functions as a
FAD-containing and NADH-specific oxidoreductase with an important function for energy metabolism
(Sevrioukova, 2011; Ferreira et al., 2014). Deficiency of AIFMI or indeed some disease-related
mutations, such as R201del, F210L, G308E, results in misassembling of the OXPHOS complexes, or
inhibition in catalyzing redox reactions (Sevrioukova, 2016; Hu et al., 2017). AIFM1 performs another
function however, as an apoptotic stimulus via PAR-related cell death, as AIFM1 translocates to the
nucleus upon poly-ADPribose (PAR) accumulation where it promotes chromatin condensation and DNA
degradation (Sevrioukova, 2011). However, the mechanistic effects of the AIFMI mutations remain
diverse, some disease-associated mutations, such as £E493V, seem to specifically enhance apoptogenic
properties, possibly by increased DNA-binding affinity (Rinaldi et al., 2012; Sevrioukova, 2016). In-
depth assessment of the high-resolution X-ray structure of wild-type and mutant AIFM1 revealed that
changes in MIA40 binding, dimerization of AIFM1, and alterations of the FAD binding domain are also
capable of producing disease phenotypes (Sevrioukova, 2016). There seems to be a general trend that
suggests that mild changes in the AIFM1 structure and function/expression correlate more with the
axonal neuropathy phenotype, whereas the mutants that affect the energy metbolism and OXPHOS
complex formation are more associated with the severe mitochondrial encephalomyopathy phenotypes
(Sevrioukova, 2016; Hu et al., 2017). In addition to these chemical and structural changes, mitochondrial
morphology in F2/0S patient-derived fibroblasts was found to be severely fragmented, although
replication in other AIFM1 patient fibroblasts is needed to corroborate this finding (Sancho et al., 2017).

Ion channels and transporters

Ion channels and other transporters can have a variety of different functions within a cell. However, their
common purpose is to transport their clients from one cellular compartment to another, either activating

specific processes or achieving and maintaining homeostasis. Malfunctioning ion channels and
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transporters are associated with a multitude of different neurological diseases including epilepsy, ataxia
and peripheral neuropathy (Persson et al., 2016; Oyrer et al., 2018; Bushart and Shakkottai, 2019). This
section will discuss the diverse group of ion channels and transports that are directly associated with
HMN (Table 4).

TRPV4

In 2010, mutations in TRPV4 were first associated with CMT2C, HMN and scapuloperoneal neuropathy
(SPSMA) (Auer-Grumbach et al., 2010; Chen et al., 2010; Deng et al., 2010; Landoure ef al., 2010).
Interestingly, there are several relatively uncommon symptoms for other CMT types, that are more
common for TRPV4-related neuropathy, such as vocal cord paralysis and phrenic nerve paralysis,
scapular weakness and wasting, and hearing loss (Zimon ef al., 2010; Deng et al., 2020). These additional
features may be suggestive of TRPV4-related neuropathy and can be used in clinical practice as a clue for
genetic testing. TRPV4 encodes transient receptor potential subfamily vanilloid member 4, a ubiquitously

expressed cation channel with weak selectivity for Ca®". Assessment of the physiological properties of
the neuropathy-associated R3/6C and R269C mutations demonstrated an increased calcium-channel
activity for these TRPV4 mutants (Deng et al., 2010; Landoure et al., 2010; Klein et al., 2011). In
addition, TRPV4-mutant channels have a higher chance of being in the open conformation (Fecto et al.,
2011). Based on these observations, the hypothesized mechanism of 7RPV4 mutation is a gain-of-
function mechanism caused by increased intracellular calcium influx (Fecto et al., 2011; Klein et al.,
2011; Sullivan et al., 2015; Deng et al., 2020).

SLC5A47

The sodium-dependent high-affinity choline transporter (CHT), encoded by SLC5A47, is a critical
component in the neuromuscular junction, where it constitutes the re-uptake of choline into the nerve
terminals (Barwick et al, 2012). Initially, a single heterozygous truncating variant was described in a
family with HMN with vocal cord paralysis (Barwick ef al., 2012). Since then three additional HMN
mutations have been reported, with variable vocal cord involvement between patients (Ingram et al.,
2016; Hamanaka et al., 2018; Salter et al., 2018). All of these HMN-associated mutations are truncating
variants located in the last exon, presumably escaping NMD. Functional studies on the initial
K499Nfs*13 showed that this variant does indeed lead to a reduced choline uptake activity (Barwick et
al., 2012). However, this effect was aggravated in the presence of WT-CHT, suggesting a dominant-
negative effect (Barwick et al., 2012). In contrast, recessive variants in SLC547 are known to cause
congenital myasthenic syndrome (Ohno et al., 2001; Byring et al., 2002; Bauche et al., 2016; Wang et al.,
2017; Pardal-Fernandez et al., 2018). Recessive SLC547 mutations are associated with a loss of protein

expression and/or loss of transporter activity. The most aggressive mutations, S263F, resulted in complete
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loss of protein activity, which is thought to be the cause of the early lethality, as it is reminiscent of the
phenotype associated with SLC547-null mice (Ferguson et al., 2004; Bauche et al, 2016). The
K499Nfs*13 has a reported activity of ~25%, which is higher than the reported CMS mutants (Barwick et
al., 2012). This seems to suggest that a relationship between the amount of CHT activity and the
associated phenotype could exist, although this requires further investigation (Bauche et al., 2016;
Banerjee et al., 2019).

SLCI2A6

Recessive truncating mutations in SLC1246, encoding KCC3, were first identified in four families with
CMT and agenesis of the corpus callosum, also known as Andermann syndrome (ACCPN), by candidate
gene sequencing of the known locus on chromosome 15q14 (Howard et al., 2002a, b). These initial
variants include the 7813fs*81 French-Canadian founder mutation (Howard et al., 2002b). Subsequently,
several additional recessive truncating and missense variants were identified in patients with Andermann
syndrome (Uyanik et al., 2006; Ding et al., 2013; Park et al., 2019). Dominant mutations in SLCI1246
have since been identified with non-syndromic HMSN and a single variant 799/4 has been associated
with HMN (Kahle ef al., 2016). Based on functional assessment of several ACCPN mutations, it is
thought that the ACCPN mutations result in non-functional protein with no activity (Howard et al.,
2002b; Ding et al., 2013; Flores et al., 2019). KCC3 is a cation-chloride co-transporter, which regulates

efflux of K™ and CI™ across plasma membranes, maintaining intracellular C1~ concentration, and as such
regulating cell volume (MacAulay et al., 2004; Cruz-Rangel et al., 2011). Interestingly, studies have
revealed that the average brain mass of individuals with KCC3 truncating variants was significantly
greater when compared to matched controls, suggesting accumulation of fluid could be linked with the
function of KCC3 (Auer et al., 2016). Similarly, fluid accumulation together with specific nodal
disruption was shown for sciatic nerves of KCC3-null mice, supporting the patient’s findings (Byun and
Delpire, 2007). It is interesting that the only HMN-associated mutation, 79914, occurs on one of the two
critical phosphorylation-regulatory residues in KCC3 (7997 and T1048) (Rinehart et al., 2009; Kahle et
al., 2016). Under normal circumstances, KCC3 activity is silenced upon phosphorylation of 799/ and/or
T1048 (Rinehart et al., 2009). The 79914 mutation results in a lack of phosphorylation at the 7991 locus
and causes constitutive activation of KCC3, which suggests an opposing gain-of-function mechanism,
specifically for this variant (Kahle ef al., 2016). Indeed, an opposing effect on cell volume was also
observed in the 79974 mouse model, demonstrating a smaller axon diameter range and overall decrease
in myelin thickness (Flores ef al., 2019).

SLC25A421

The first disease association for SL25421 (OCDI), was a mother and son with synpolydactyly in both
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hands and feet, who both carried a heterozygous 14q13.3 deletion within the SLC25421 gene
(Meyertholen et al., 2012). Since then five cases of heterozygous de novo variants in patients with
developmental delay, alopecia, and dysmorphic features have been reported (Bupp et al., 2018; Rodan et
al., 2018). Specifically, for motor neuropathies, one recessive missense mutation, K232R, has been found
in a patient with childhood-onset distal HMN (Boczonadi ef al., 2018). A muscle biopsy in the HMN case
provided important clues linking with the mitochondrial function of SLC25421, as the oxidative enzyme
histochemistry revealed cytochrome c¢ oxidase (COX)-deficient fibres as well as respiratory chain
dysfunction by decreased complex I and IV activity and decreased mtDNA levels (Boczonadi et al.,
2018). Further characterization of the K232R mutation demonstrated impairment of mitochondrial
oxodicarboxylate transport by reduced formation of the salt bridge network (Boczonadi et al., 2018). The
reduced SLC25A421 activity leads to increased 2-oxoadipate, quinolinic acid, and pipecolic acid levels in
patient urine samples, which selectively impairs mitochondrial respiratory chain complexes in neuronal
cells (Boczonadi et al., 2018).

ATP7A

ATP74 encodes a copper-transporting P-type ATPase crucially important for regulation of intracellular
copper homeostasis (Tumer, 2013). X-linked mutations in ATP74 have been associated with three
different phenotypes: Menkes disease, the less severe occipital horn syndrome, and distal HMN
(Kennerson et al., 2010; Tumer, 2013; Gualandi et al., 2019). A great variety of ATP74 mutations,
including nonsense, missense, and exon duplications/deletions, are linked to Menkes disease and occipital
horn syndrome (Tumer, 2013). In contrast, the HMN mutations are limited to four missense mutations:
Y760C, A991D, T9941 and P1386S (Kennerson et al., 2010; Bansagi et al., 2017; Gualandi et al., 2019).
Mutations underlying Menkes disease and occipital horn syndrome are generally truncating variants,
resulting in protein loss or other variants resulting in reduced protein activity and copper trafficking
(Kaler et al., 2008; Tumer, 2013). Menkes disease and occipital horn syndrome versus HMN mutations
seem to have diverting underlying mechanisms as patients with Menkes disease and occipital horn
syndrome show poor copper absorption and low copper levels in blood and brain whereas HMN patients
show normal blood copper levels. (Kaler et al., 2008, Kennerson et al., 2010, Gualandi et al., 2019).
Both the T994I patient fibroblasts and T9941 knock-in mouse model do show subtle reduction of protein
expression. Interestingly, for the A991D mutation, while predominantly associated with HMN, the
patients show mild symptoms associated with Menkes disease and occipital horn syndrome, the clinical
phenotype might be a spectrum of disease (Gualandi et al., 2019). ATP7A typically resides in the trans-
Golgi network (TGN), but is trafficked to the plasma membrane with elevated copper concentrations
(Kaler, 2011). Rather than loss of activity, HMN-associated ATP7A mutations, T9941 and P1386S,
demonstrated alterations in the intracellular localization both in patient fibroblasts, and T9941 induced

pluripotent stem cell (iPSCs), as well as in a model using overexpression of tagged proteins (Kennerson
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et al, 2010; Yi et al., 2012; Perez-Siles et al., 2020). Implementation of trafficking assays on the
overexpressed HMN mutant ATP7A, revealed limited retrieval of mutant ATP7A from the plasma
membrane to the TGN, causing a more diffuse cellular distribution with only 20-30% of ATP7A located
in the TGN, compared to 80-90% for wild-type ATP7A4 (Yi et al., 2012). Interestingly, for the T9941
mutant, this aberrant localization is linked with altered protein-protein interaction with VCP, a gene with
known involvement in motor neuron disorders and multisystem proteinopathy (Yi et al., 2012; Tang and
Xia, 2016, Yi and Kaler, 2018). The altered ATP7A-VCP interaction is caused by conformational effects
induced by the T9941 mutation exposed to/span> a UBX domain and which allows interaction with
p97/VCP (Yi and Kaler, 2018). It would be of importance to see whether this is a mechanism shared with
the A991D mutation, due to their close proximity, or the other HMN-associated variants. Furthermore, it

would be of interest to explore the altered interaction VCP-T9941 in the existing knock-in mouse model,
as well as the iPSC model (Perez-Siles et al., 2016, 2020).

Endoplasmic reticulum

The endoplasmic reticulum (ER) is a cellular organelle with an important function in protein folding,
lipid synthesis and calcium storage. Altered ER homeostasis by perturbed ER network formation or
enhanced ER stress induction has been repeatedly associated with neurodegenerative disorders (Renvoise
and Blackstone, 2010; Xiang et al., 2017). The altered ER stress response due to increased protein
aggregation is a common mechanism, likely due to the increased activation of the unfolded protein
response (UPR) (Xiang et al., 2017). Several HMN-associated genes have a pathological mechanisms
related to altered ER function or heightened ER stress (Table 5).

REEPI

Heterozygous mutations in REEPI, receptor expression enhancing protein 1, were first associated with
HSP type 31 (SPG31) (Zuchner et al., 2006). Since then the phenotypic spectrum has broadened to
include HMN and congenital neuropathy with diaphragmatic palsy, although the latter was reported to be
recessively inherited (Beetz et al., 2012; Schottmann et al., 2015). With the exception of a few missense
mutations, including 420E, all HSP-associated mutations are truncating mutations causing a loss of
protein (Zuchner et al., 2006; Beetz et al., 2008; Guglielmi, 2020). Although the A20F likely still
conforms with the presumed loss-of-function mechanism for HSP-related REEPI mutations as the A20E
mutant fails to localize to the ER and unavailability of REEP1 at the site of physiological function could
effectively resemble absence of the protein (Beetz et al., 2012). In contrast, the HMN-associated mutant
102 139del, which is an in-frame deletion of exon 5, displays a different type of mislocalization problem
than the A20F mutant (Beetz et al., 2012). Wild-type REEP1 localizes to the tubular portion of the

peripheral ER, showing overlapping localization as the ER marker protein calreticulin (Hurt ef al., 2014).
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While some of the /02-139del protein localizes to the ER, there is a striking presence of REEP1-positive
large compact structures within the cytoplasm with a perinuclear localization (Beetz et al., 2012).
Furthermore, in addition to REEP1 mislocalization, the /02-139del mutant also results in similar
perinuclear mislocalization of ATL1, a known REEPI interactor (Park et al., 2010; Beetz et al., 2012).
Several HSP-associated genes are involved in ER membrane maintenance and membrane shaping,
including REEP] and the previously mentioned ATL1 (Park et al., 2010). The loss of REEP] associated
with HSP might be due to disruption of the ER network, ER stress and ER fragmentation, as was shown
for REEPI-null Drosophila (Yalcin et al., 2017). However, despite the indication that the HMN-

associated /02 139del mutant will influence ER function, the exact mechanism remains unknown.

BSCL2

Recessive truncating BSCL2 mutations are causative of Berardinelli-Seip congenital lipodystrophy via a
loss-of-function mechanism (Magre et al, 2001). In contrast, dominant mutations in BSCL2 are
associated with a variety of different neuromuscular disorders, including HMN, Silver syndrome, CMT2
and HSP (Windpassinger et al., 2004; Auer-Grumbach et al., 2005; Guillen-Navarro et al., 2013;
Musacchio et al., 2017). Currently, two recurrent BSCL2 missense mutations are associated with HMN,
NS88S and S90L (Irobi et al., 2004a; Windpassinger et al., 2004). BSCL2 encodes an integral ER
membrane protein called seipin, which possesses important functions in regulation of lipid droplet
formation and metabolism (Fan et al., 2015). The N88S and S90L mutations are located in the N-
glycosylation motif of seipin and result in inclusion bodies within the ER, subsequently triggering ER
stress (Windpassinger et al., 2004; Ito and Suzuki, 2007, 2009). Seipin mutants N88S and S90L also result
in increased lipid droplet size and fusion, which points to the function of the N-glycosylation domain in
lipid droplet morphology (Fan et al., 2015). Interestingly, the autophagic pathway was activated to adapt
to the increased and supersized lipid droplets (Fan et al., 2015). Upon inhibition of the autophagic
pathway, the adaptive response to the enlarged lipid droplets was unable to be degraded, demonstrating
the interplay between autophagy and lipid droplet formation and size (Fan et al., 2015). It remains to be
seen whether autophagy plays a causal role in BSCL2-associated HMN, or whether it is a downstream

response due to ER stress and aberrant lipid droplet formation.

SIGMARI1

Recessive mutations in SIGMARI are associated with a number of neurological disorders, including ALS,
frontotemporal dementia, HMN and Silver-like syndrome (Luty ef al., 2010; Al-Saif et al., 2011; Belzil et
al., 2013; Li et al., 2015; Horga et al., 2016). SIGMARI mutations linked with HMN are generally loss-
of-function variants, either by truncating variants or large deletions as well as missense variants resulting
in reduced protein expression, N1671 (Li et al., 2015; Almendra et al., 2018; Nandhagopal et al., 2018;
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Ververis et al., 2020). Similar to REEP1 and seipin, SIGMARI1 is localized to the ER and is thought to
modulate a variety of signalling pathways including ion channels, GPCRs, lipid rafts, and ER stress
response (Kourrich ef al., 2012; Roca-Agujetas et al., 2019; Yang et al., 2019). Furthermore, depletion of
SIGMARI1, as would be the case for most of the disease-associated mutations, has been shown to
compromise autophagy, possibly by impairing autophagosome-lysosome fusion (Roca-Agujetas et al.,
2019; Yang et al., 2019). Regarding the mechanism for the specific HMN mutations, both the N/67 and
the 37-50del mutant have been shown to reduce the protein expression, likely by proteasome degradation.
The mutant proteins are also aberrantly located, showing a more diffuse ER localization. Lastly, similar to
BSCL2 mutations, the expression of these SIGMARI mutants induces ER stress and apoptosis (Li et al.,
2015; Ververis et al., 2020). Despite these insights, the function of SIGMARI and the exact

pathomechanism for SIGMAR 1 mutants remains largely unknown.

Identification of novel pathomechanisms

While candidate gene approaches are valuable tools to identify additional causal genes within known
pathomechanistic clusters, by for instance screening for pathogenic variants in known interaction
partners, the unbiased methodology of NGS also allows us to broaden our perspective by identifying
causal genes in pathways previously not associated with neuropathy. Such is the case for pathogenic

variants in SORD, the most recent addition to the HMN spectrum of genetics (Table 5).

SORD

SORD encodes the sorbitol dehydrogenase enzyme, involved in the two-step polyol pathway, converting
glucose into sorbitol and, subsequently into fructose. Recessive mutations in SORD (both homozygous
and compound heterozygous) are associated with both CMT2 and HMN (Cortese et al., 2020). While a
variety of mutations in SORD are reported in the initial study, including several frameshifts and missense
variants, the 42530Qfs*27 seems particularly common, with an estimated carrier frequency of 0.004 in the
general population (Cortese ef al., 2020). Functionally it was shown that the truncating SORD mutations
cause loss of protein expression in patient fibroblasts, and result in increased serum fastig sorbitol levels
(Cortese et al., 2020). However, similar effects for the missense mutations have not yet been
demonstrated. A SORD-deficient Drosophila model mirrors some of the key phenotypic aspects of
patients, with normal lifespans, progressive and age-dependent synaptic degeneration and locomotor
deficiency (Cortese et al., 2020). The development of this animal model already allowed testing of a
potential therapy inhibiting aldose reductase, the enzyme upstream of SORD, targeting the sorbitol
accumulation. This showed that pharmacological inhibition of aldose reductase indeed rescues the
sorbitol accumulation and subsequent neurological phenotype in SORD-deficient Drosophila, providing a

promising hypothesis for treatment of SORD-neuropathy patients.
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Discussion

The widespread introduction of NGS over the last decade has dramatically accelerated novel gene
identification in many fields of human genetics, including that of neuromuscular disorders. These
advances have led to the identification of at least 100 genes for the whole category of inherited peripheral
neuropathies and the 26 genes that are currently associated with HMN. Despite this broad spectrum of
HMN causal genes, the genetic detection rate is low compared to other neuropathy subtypes such as
CMT1 or CMT?2. General consensus is that only ~20-40% of HMN cases can be explained with our
current understanding of HMN genetics, demonstrating a substantial gap in our knowledge of the
heritability of these disorders despite increasing efforts (Dierick et al., 2008; Bansagi et al., 2017,
Bacquet et al., 2018; Hartley et al., 2018).

As is apparent from this overview, there is considerable genetic overlap with the other disease categories
(Fig. 2 and Table 1). Of the 26 currently known genes for HMN, there are only three that remain specific
to HMN (FBXO38, HSPB3 and WARS). All other genes show overlap with other neuromuscular diseases,
such as CMT, ALS, myopathy and SMA, and five genes have also been associated with neurological

diseases beyond neuromuscular disorders.

In addition to the genetic overlap, there is significant clinical overlap between HMN and several other
distinct neurological disorders with lower motor neuron involvement. Also, the similarity in clinical
presentation of distal myopathies can be striking. Distal muscle weakness, the key clinical symptom of
HMN, can have many different origins, both in terms of cause (genetic and environmental), and in terms
of affected tissue (neurogenic and myopathic). Although the purpose of this review is not to discuss the
details of clinical differential diagnosis of these disorders, it is clear that the phenotypic differentiation is
not always straightforward based on the clinical presentation alone. The typical HMN phenotype of a
relatively slowly progressive wasting of distal lower limb muscles as a result of axonal degeneration, is
thought to be most similar to CMT2. While the cause of CMT2 similarly lies in axonal degeneration of
peripheral nerves, in this case there is involvement of peripheral sensory nerves as well. For typical 5g-
SMA, due to SMNI deletion, weakness is most pronounced for the proximal muscles. However, atypical
SMA forms may present a distal wasting of muscles, although in contrast to HMN, the underlying
primary cause is a degeneration of the neuronal cell body (neuronopathy), rather than the axon. Where
ALS typically involves upper motor neuron degeneration in combination with lower motor neuron
involvement, certain ALS subtypes may initially present with only lower motor neuron degeneration,
sometimes in a predominant distal distribution. These atypical ALS forms can progress slower than
classic ALS but still the pace of progression is ultimately often faster than it is for HMN, and bulbar
involvement is more also pronounced as is the case for ensuing respiratory failure. Detailed knowledge of
the genetic spectrum of HMN and associated disorders can, when combined with state-of-the-art
molecular genetic analysis, be of great help in the often difficult (clinical) diagnostic process.
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Over time, the boundaries, both clinical and genetic, between HMN and other neuromuscular and
neurological disorders have become considerably less clear-cut. This seems to be driven mainly by the
accelerating rate of genetic discovery which is—by virtue of the adopted technologies—also increasingly
unbiased by prior knowledge and classification systems. As diagnostic sequencing increases, sufficient
data will be produced to more accurately assess prevalence, phenotype and functional consequences of
the rarer genetic HMN subtypes. It is clear that the increased use of NGS in future clinical and research

settings will further broaden and augment the relationships between phenotypes and specific gene defects.

In this review, we have divided the known genes into five arbitrary, but functionally meaningful groups
based on their known or postulated mechanisms, both in homeostatic and pathological conditions: axonal
transport, tRNA aminoacylation, RNA metabolism and DNA integrity, ion channels and transporters, and
endoplasmic reticulum. Most interesting is the observation that these pathways are often ubiquitous
processes in the nervous system or even throughout the human body as a whole, yet impairments in these
pathways can cause highly specific axonal degeneration of the peripheral motor neurons. It is likely that
the extraordinary length of the peripheral motor neurons is a contributing factor to this specific
vulnerability of lower motor neurons. If we consider axonal transport allowing movement of molecules
and organelles within neurons over this tremendous distance, when disturbed this is one of the key
pathomechanisms for HMN, and by extension, CMT (Beijer et al., 20190). Similarly, the extreme polarity
of the peripheral motor neurons might make them more dependent on local protein translation, which has
an obvious role in tRNA aminoacylation as the first step in protein synthesis, but also in terms of the
function of the ER, an organelle we now know to also project into the far distal portions of axons
(Renvoise and Blackstone, 2010). Disturbances of tightly regulated gene transcription and DNA integrity
could render post-mitotic neurons specifically vulnerable, which is supported by the extensive
involvement of these mechanisms in the broader group of neurodegenerative disorders. Lastly, both
neuronal homeostasis as well as precise neuronal connectivity are heavily reliant on specific challenges to

(ion) channel biology, as evidenced by the variety of neuronal disorders due to (ion)hannel disturbances.

The idea of tissue-specific vulnerability, in this case of lower motor neurons, is not an issue limited to
peripheral neuropathies alone, but there are currently no examples of tissue-specific regulation, such as
tissue-specific mutant expression or other mechanisms, in the pathology of HMN. However, as for other
neuromuscular disorders, part of the future of HMN genetics may lie in the discovery of modifiers,
transcript specificity, small RNA expression and other regulatory mechanisms (Hosseinibarkooie et al.,
2016; Tao et al., 2019; Hekselman and Yeger-Lotem, 2020).

As demonstrated, the genetic spectrum of HMN spans many different genes and overlaps with a great
diversity of neuromuscular and neurological disorders. Despite recent advances, there is still a
considerable way to go in terms of diagnostic yield for HMN. However, the discovery of pathways in
peripheral motor neurons might be a viable way to identify related genes in the same cascade of
processes. Furthermore, discovery of novel genes as well as novel mutations for HMN will allow us to

further establish and associate phenotypes, which will support genetic diagnosis and clinical care.
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Figure legends

Figure 1 HMN and the underlying mechanisms. A schematic overview of a peripheral motor neuron
with depiction of underlying processes of causal genes for HMN as divided into five subgroups: RNA
metabolism and DNA integrity, endoplasmic reticulum, axonal transport, tRNA aminoacylation, and ion

channels and transporters.

Figure 2 Striking genetic overlap between HMN and neurological and neuromuscular disorder. An
overview of the overlap in causal genes between HMN and CMT (red), other neuromuscular disorders,
including myopathy (NMD; yellow), ALS (pink), neurodevelopmental disorders (NDD; green) and HSP
(light blue).

References

Abbott JA, Meyer-Schuman R, Lupo V, Feely S, Mademan I, Oprescu SN, et al. Substrate interaction defects in
histidyl-tRNA synthetase linked to dominant axonal peripheral neuropathy. Hum Mutat 2018; 39(3): 415-32.
Achilli F, Bros-Facer V, Williams HP, Banks GT, AlQatari M, Chia R, et al. An ENU-induced mutation in mouse
glycyl-tRNA synthetase (GARS) causes peripheral sensory and motor phenotypes creating a model of Charcot-
Marie-Tooth type 2D peripheral neuropathy. Dis Model Mech 2009; 2(7-8): 359-73.

Ackerley S, James PA, Kalli A, French S, Davies KE, Talbot K. A mutation in the small heat-shock protein
HSPBI1 leading to distal hereditary motor neuronopathy disrupts neurofilament assembly and the axonal
transport of specific cellular cargoes. Hum Mol Genet 2006; 15(2): 347-54.

Adriaenssens E, Geuens T, Baets J, Echaniz-Laguna A, Timmerman V. Novel insights in the disease biology of
mutant small heat shock proteins in neuromuscular diseases. Brain 2017; 140(10): 2541-9.

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 22 van 33



5/02/202110:51

Akcimen F, Vural A, Durmus H, Cakar A, Houlden H, Parman YG, et al. A novel homozygous FBXO38 variant
causes an early-onset distal hereditary motor neuronopathy type IID. J Hum Genet 2019.

Al-Saif A, Al-Mohanna F, Bohlega S. A mutation in sigma-1 receptor causes juvenile amyotrophic lateral
sclerosis. Ann Neurol 2011; 70(6): 913-9.

Al-Tahan S, Weiss L, Yu H, Tang S, Saporta M, Vihola A, et al. New family with HSPB8-associated autosomal
dominant rimmed vacuolar myopathy. Neurol Genet 2019; 5(4): e349.

Alderson TR, Adriaenssens E, Asselbergh B, PritiSanac I, Gastall HY, Wilti M, et al. Dysregulation of HSP27
oligomerization and interactions by a neuropathy-causing mutation in the IPV motif. bioRxiv 2019a.

Alderson TR, Roche J, Gastall HY, Dias DM, Pritisanac I, Ying J, et al. Local unfolding of the HSP27 monomer
regulates chaperone activity. Nat Commun 2019b; 10(1): 1068.

Almeida-Souza L, Asselbergh B, d'Ydewalle C, Moonens K, Goethals S, de Winter V, ef al. Small heat-shock
protein HSPB1 mutants stabilize microtubules in Charcot-Marie-Tooth neuropathy. J Neurosci 2011; 31(43):
15320-8.

Almeida-Souza L, Goethals S, de Winter V, Dierick I, Gallardo R, Van Durme J, ef al. Increased
monomerization of mutant HSPB1 leads to protein hyperactivity in Charcot-Marie-Tooth neuropathy. J Biol
Chem 2010; 285(17): 12778-86.

Almendra L, Laranjeira F, Fernandez-Marmiesse A, Negrao L. SIGMARI1 gene mutation causing Distal
Hereditary Motor Neuropathy in a Portuguese family. Acta Myol 2018; 37(1): 2-4.

Amornvit J, Yalvac ME, Chen L, Sahenk Z. A novel p.T139M mutation in HSPB1 highlighting the phenotypic
spectrum in a family. Brain Behav 2017; 7(8): e00774.

Antonellis A, Ellsworth RE, Sambuughin N, Puls I, Abel A, Lee-Lin SQ, et al. Glycyl tRNA synthetase
mutations in Charcot-Marie-Tooth disease type 2D and distal spinal muscular atrophy type V. Am J Hum Genet
2003; 72(5): 1293-9.

Antonellis A, Lee-Lin SQ, Wasterlain A, Leo P, Quezado M, Goldfarb LG, et al. Functional analyses of glycyl-
tRNA synthetase mutations suggest a key role for tRNA-charging enzymes in peripheral axons. J Neurosci 2006;
26(41): 10397-406.

Ardissone A, Piscosquito G, Legati A, Langella T, Lamantea E, Garavaglia B, et al. A slowly progressive
mitochondrial encephalomyopathy widens the spectrum of AIFM1 disorders. Neurology 2015; 84(21): 2193-5.
Auer-Grumbach M, Olschewski A, Papic L, Kremer H, McEntagart ME, Uhrig S, et al. Alterations in the
ankyrin domain of TRPV4 cause congenital distal SMA, scapuloperoneal SMA and HMSN2C. Nat Genet 2010;
42(2): 160-4.

Auer-Grumbach M, Schlotter-Weigel B, Lochmuller H, Strobl-Wildemann G, Auer-Grumbach P, Fischer R, ef
al. Phenotypes of the N88S Berardinelli-Seip congenital lipodystrophy 2 mutation. Ann Neurol 2005; 57(3):
415-24.

Auer RN, Laganiere JL, Robitaille YO, Richardson J, Dion PA, Rouleau GA, et al. KCC3 axonopathy:
neuropathological features in the central and peripheral nervous system. Mod Pathol 2016; 29(9): 962-76.
Azzedine H, Zavadakova P, Plante-Bordeneuve V, Vaz Pato M, Pinto N, Bartesaghi L, et al. PLEKHGS
deficiency leads to an intermediate form of autosomal-recessive Charcot-Marie-Tooth disease. Hum Mol Genet
2013; 22(20): 4224-32.

Bacquet J, Stojkovic T, Boyer A, Martini N, Audic F, Chabrol B, et al. Molecular diagnosis of inherited
peripheral neuropathies by targeted next-generation sequencing: molecular spectrum delineation. BMJ Open
2018; 8(10): e021632.

Baechtold H, Kuroda M, Sok J, Ron D, Lopez BS, Akhmedov AT. Human 75-kDa DNA-pairing protein is
identical to the pro-oncoprotein TLS/FUS and is able to promote D-loop formation. J Biol Chem 1999; 274(48):
34337-42.

Banerjee M, Arutyunov D, Brandwein D, Janetzki-Flatt C, Kolski H, Hume S, et al. The novel p.Ser263Phe
mutation in the human high-affinity choline transporter 1 (CHT1/SLC5A7) causes a lethal form of fetal akinesia
syndrome. Hum Mutat 2019; 40(10): 1676-83.

Bansagi B, Antoniadi T, Burton-Jones S, Murphy SM, McHugh J, Alexander M, et al. Genotype/phenotype
correlations in AARS-related neuropathy in a cohort of patients from the United Kingdom and Ireland. J Neurol
2015; 262(8): 1899-908.

Bansagi B, Griffin H, Whittaker RG, Antoniadi T, Evangelista T, Miller J, et al. Genetic heterogeneity of motor
neuropathies. Neurology 2017; 88(13): 1226-34.

Barwick KE, Wright J, Al-Turki S, McEntagart MM, Nair A, Chioza B, et al. Defective presynaptic choline

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 23 van 33



5/02/202110:51

transport underlies hereditary motor neuropathy. Am J Hum Genet 2012; 91(6): 1103-7.

Bauche S, O'Regan S, Azuma Y, Laffargue F, McMacken G, Sternberg D, et al. Impaired Presynaptic High-
Affinity Choline Transporter Causes a Congenital Myasthenic Syndrome with Episodic Apnea. Am J Hum
Genet 2016; 99(3): 753-61.

Beetz C, Pieber TR, Hertel N, Schabhuttl M, Fischer C, Trajanoski S, et al. Exome sequencing identifies a
REEPI1 mutation involved in distal hereditary motor neuropathy type V. Am J Hum Genet 2012; 91(1): 139-45.
Beetz C, Schule R, Deconinck T, Tran-Viet KN, Zhu H, Kremer BP, ef al. REEP1 mutation spectrum and
genotype/phenotype correlation in hereditary spastic paraplegia type 31. Brain 2008; 131(Pt 4): 1078-86.
Beijer D, Deconinck T, De Bleecker JL, Dotti MT, Malandrini A, Urtizberea JA, et al. Nonsense mutations in
alpha-II spectrin in three families with juvenile onset hereditary motor neuropathy. Brain 2019a; 142(9): 2605-
16.

Beijer D, Sisto A, Van Lent J, Baets J, Timmerman V. Defects in Axonal Transport in Inherited Neuropathies. J
Neuromuscul Dis 2019b; 6(4): 401-19.

Belzil VV, Daoud H, Camu W, Strong MJ, Dion PA, Rouleau GA. Genetic analysis of SIGMARI as a cause of
familial ALS with dementia. Eur J Hum Genet 2013; 21(2): 237-9.

Binotti B, Pavlos NJ, Riedel D, Wenzel D, Vorbruggen G, Schalk AM, et al. The GTPase Rab26 links synaptic
vesicles to the autophagy pathway. Elife 2015; 4: e05597.

Blocquel D, Sun L, Matuszek Z, Li S, Weber T, Kuhle B, ef al. CMT disease severity correlates with mutation-
induced open conformation of histidyl-tRNA synthetase, not aminoacylation loss, in patient cells. Proc Natl
Acad Sci U S A 2019; 116(39): 19440-8.

Blumen SC, Astord S, Robin V, Vignaud L, Toumi N, Cieslik A, et al. A rare recessive distal hereditary motor
neuropathy with HSJ1 chaperone mutation. Ann Neurol 2012; 71(4): 509-19.

Boaretto F, Cacciavillani M, Mostacciuolo ML, Spalletta A, Piscosquito G, Pareyson D, et al. Novel loss-of-
function mutation of the HINT1 gene in a patient with distal motor axonal neuropathy without neuromyotonia.
Muscle Nerve 2015; 52(4): 688-9.

Boczonadi V, King MS, Smith AC, Olahova M, Bansagi B, Roos A, et al. Mitochondrial oxodicarboxylate
carrier deficiency is associated with mitochondrial DNA depletion and spinal muscular atrophy-like disease.
Genet Med 2018; 20(10): 1224-35.

Bouhy D, Juneja M, Katona I, Holmgren A, Asselbergh B, De Winter V, et al. A knock-in/knock-out mouse
model of HSPB8-associated distal hereditary motor neuropathy and myopathy reveals toxic gain-of-function of
mutant Hspb8. Acta Neuropathol 2018.

Bupp CP, Schultz CR, Uhl KL, Rajasekaran S, Bachmann AS. Novel de novo pathogenic variant in the ODC1
gene in a girl with developmental delay, alopecia, and dysmorphic features. Am J Med Genet A 2018; 176(12):
2548-53.

Bushart DD, Shakkottai VG. Ion channel dysfunction in cerebellar ataxia. Neurosci Lett 2019; 688: 41-

8 PubMed .

Butti Z, Patten SA. RNA Dysregulation in Amyotrophic Lateral Sclerosis. Front Genet 2018; 9: 712.

Byring RF, Pihko H, Tsujino A, Shen XM, Gustafsson B, Hackman P, et al. Congenital myasthenic syndrome
associated with episodic apnea and sudden infant death. Neuromuscul Disord 2002; 12(6): 548 PubMed -53.
Byun N, Delpire E. Axonal and periaxonal swelling precede peripheral neurodegeneration in KCC3 knockout
mice. Neurobiol Dis 2007; 28(1): 39-51.

Cader MZ, Ren J, James PA, Bird LE, Talbot K, Stammers DK. Crystal structure of human wildtype and S581L-
mutant glycyl-tRNA synthetase, an enzyme underlying distal spinal muscular atrophy. FEBS Lett 2007; 581(16):
2959-64.

Caetano JS, Costa C, Baets J, Zimon Phd M, Venancio Phd M, Saraiva Phd J, et al. Autosomal recessive axonal
neuropathy with neuromyotonia: a rare entity. Pediatr Neurol 2014; 50(1): 104-7.

Capponi S, Geroldi A, Fossa P, Grandis M, Ciotti P, Gulli R, ef al. HSPB1 and HSPBS in inherited neuropathies:
study of an Italian cohort of dHMN and CMT?2 patients. J Peripher Nerv Syst 2011; 16(4): 287-94.

Carra S, Boncoraglio A, Kanon B, Brunsting JF, Minoia M, Rana A, et al. Identification of the Drosophila
ortholog of HSPBS: implication of HSPBS loss of function in protein folding diseases. J Biol Chem 2010;
285(48): 37811-22.

Chalova AS, Sudnitsyna MV, Strelkov SV, Gusev NB. Characterization of human small heat shock protein
HspB1 that carries C-terminal domain mutations associated with hereditary motor neuron diseases. Biochim
Biophys Acta 2014; 1844(12): 2116-26.

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 24 van 33



5/02/202110:51

Chen DH, Sul Y, Weiss M, Hillel A, Lipe H, Wolff J, et al. CMT2C with vocal cord paresis associated with short
stature and mutations in the TRPV4 gene. Neurology 2010; 75(22): 1968-75.

Chen YZ, Bennett CL, Huynh HM, Blair IP, Puls I, Irobi J, et al. DNA/RNA helicase gene mutations in a form
of juvenile amyotrophic lateral sclerosis (ALS4). Am J Hum Genet 2004; 74(6): 1128-35.

Chou TF, Wagner CR. Lysyl-tRNA synthetase-generated lysyl-adenylate is a substrate for histidine triad
nucleotide binding proteins. J Biol Chem 2007; 282(7): 4719-27.

Cortese A, Zhu Y, Rebelo AP, Negri S, Courel S, Abreu L, et al. Biallelic mutations in SORD cause a common
and potentially treatable hereditary neuropathy with implications for diabetes. Nat Genet 2020; 52(5): 473-81.
Cottenie E, Kochanski A, Jordanova A, Bansagi B, Zimon M, Horga A, et al. Truncating and missense
mutations in IGHMBP2 cause Charcot-Marie Tooth disease type 2. Am J Hum Genet 2014; 95(5): 590-601.
Cruz-Rangel S, Melo Z, Vazquez N, Meade P, Bobadilla NA, Pasantes-Morales H, et al. Similar effects of all
WNK3 variants on SLC12 cotransporters. Am J Physiol Cell Physiol 2011; 301(3): C601-8.

de Planell-Saguer M, Schroeder DG, Rodicio MC, Cox GA, Mourelatos Z. Biochemical and genetic evidence
for a role of IGHMBP?2 in the translational machinery. Hum Mol Genet 2009; 18(12): 2115-26.

Del Bo R, Locatelli F, Corti S, Scarlato M, Ghezzi S, Prelle A, et al. Coexistence of CMT-2D and distal SMA-V
phenotypes in an Italian family with a GARS gene mutation. Neurology 2006; 66(5): 752-4.

Deng HX, Klein CJ, Yan J, Shi Y, Wu Y, Fecto F, et al. Scapuloperoneal spinal muscular atrophy and CMT2C
are allelic disorders caused by alterations in TRPV4. Nat Genet 2010; 42(2): 165-9.

Deng S, Feely SME, Shi Y, Zhai H, Zhan L, Siddique T, et al. Incidence and Clinical Features of TRPV4-Linked
Axonal Neuropathies in a USA Cohort of Charcot-Marie-Tooth Disease Type 2. Neuromolecular Med 2020;
22(1): 68-72.

Dierick I, Baets J, Irobi J, Jacobs A, De Vriendt E, Deconinck T, ef al. Relative contribution of mutations in
genes for autosomal dominant distal hereditary motor neuropathies: a genotype-phenotype correlation study.
Brain 2008; 131(Pt 5): 1217-27.

Ding J, Ponce-Coria J, Delpire E. A trafficking-deficient mutant of KCC3 reveals dominant-negative effects on
K-Cl cotransport function. PLoS One 2013; 8(4): e61112.

Echaniz-Laguna A, Geuens T, Petiot P, Pereon Y, Adriaenssens E, Haidar M, et al. Axonal Neuropathies due to
Mutations in Small Heat Shock Proteins: Clinical, Genetic, and Functional Insights into Novel Mutations. Hum
Mutat 2017a; 38(5): 556-68.

Echaniz-Laguna A, Lornage X, Lannes B, Schneider R, Bierry G, Dondaine N, ef al. HSPB8 haploinsufficiency
causes dominant adult-onset axial and distal myopathy. Acta Neuropathologica 2017b; 134(1): 163-5.

Eckart M, Guenther UP, Idkowiak J, Varon R, Grolle B, Boffi P, ef al. The natural course of infantile spinal
muscular atrophy with respiratory distress type 1 (SMARD1). Pediatrics 2012; 129(1): e148-56.

Eskuri JM, Stanley CM, Moore SA, Mathews KD. Infantile onset CMT2D/dSMA V in monozygotic twins due
to a mutation in the anticodon-binding domain of GARS. J Peripher Nerv Syst 2012; 17(1): 132-4.

Evgrafov OV, Mersiyanova I, Irobi J, Van Den Bosch L, Dierick I, Leung CL, et al. Mutant small heat-shock
protein 27 causes axonal Charcot-Marie-Tooth disease and distal hereditary motor neuropathy. Nature Genetics
2004; 36(6): 602-6.

Fan HD, Chen SP, Sun YX, Xu SH, Wu LJ. Seipin mutation at glycosylation sites activates autophagy in
transfected cells via abnormal large lipid droplets generation. Acta Pharmacol Sin 2015; 36(4): 497-506.

Farrer MJ, Hulihan MM, Kachergus JM, Dachsel JC, Stoessl AJ, Grantier LL, et al. DCTN1 mutations in Perry
syndrome. Nat Genet 2009; 41(2): 163-5.

Fecto F, Shi Y, Huda R, Martina M, Siddique T, Deng HX. Mutant TRPV4-mediated toxicity is linked to
increased constitutive function in axonal neuropathies. J Biol Chem 2011; 286(19): 17281-91.

Ferguson SM, Bazalakova M, Savchenko V, Tapia JC, Wright J, Blakely RD. Lethal impairment of cholinergic
neurotransmission in hemicholinium-3-sensitive choline transporter knockout mice. Proc Natl Acad Sci U S A
2004; 101(23): 8762-7.

Ferreira P, Villanueva R, Martinez-Julvez M, Herguedas B, Marcuello C, Fernandez-Silva P, et al. Structural
insights into the coenzyme mediated monomer-dimer transition of the pro-apoptotic apoptosis inducing factor.
Biochemistry 2014; 53(25): 4204-15.

Flores B, Schornak CC, Delpire E. A role for KCC3 in maintaining cell volume of peripheral nerve fibers.
Neurochem Int 2019; 123: 114-24 PubMed .

Forrester N, Rattihalli R, Horvath R, Maggi L, Manzur A, Fuller G, et al. Clinical and Genetic Features in a
Series of Eight Unrelated Patients with Neuropathy Due to Glycyl-tRNA Synthetase (GARS) Variants. J

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdNGNMkm2 Pagina 25 van 33



5/02/202110:51

Neuromuscul Dis 2020; 7(2): 137 PubMed -43.

Gartner V, Markello TC, Macnamara E, De Biase A, Thurm A, Joseph L, et al. Novel variants in SPTAN1
without epilepsy: An expansion of the phenotype. Am J Med Genet A 2018; 176(12): 2768 PubMed -76.

Gess B, Auer-Grumbach M, Schirmacher A, Strom T, Zitzelsberger M, Rudnik-Schoneborn S, et al. HSJ1-
related hereditary neuropathies: novel mutations and extended clinical spectrum. Neurology 2014; 83(19):

1726 PubMed -32.

Geuens T, De Winter V, Rajan N, Achsel T, Mateiu L, Almeida-Souza L, et al. Mutant HSPB1 causes loss of
translational repression by binding to PCBP1, an RNA binding protein with a possible role in neurodegenerative
disease. Acta Neuropathol Commun 2017; 5(1): 5.

Ghaoui R, Palmio J, Brewer J, Lek M, Needham M, Evild A, et al. Mutations in HSPBS8 causing a new
phenotype of distal myopathy and motor neuropathy. Neurology 2016; 86(4): 391 PubMed .

Ghezzi D, Sevrioukova I, Invernizzi F, Lamperti C, Mora M, D'Adamo P, et al. Severe X-linked mitochondrial
encephalomyopathy associated with a mutation in apoptosis-inducing factor. Am J Hum Genet 2010; 86(4):

639 PubMed -49.

Gonzaga-Jauregui C, Harel T, Gambin T, Kousi M, Griffin LB, Francescatto L, et al. Exome Sequence Analysis
Suggests that Genetic Burden Contributes to Phenotypic Variability and Complex Neuropathy. Cell Rep 2015;
12(7): 1169 PubMed -83.

Griffin LB, Sakaguchi R, McGuigan D, Gonzalez MA, Searby C, Zuchner S, et al. Impaired function is a
common feature of neuropathy-associated glycyl-tRNA synthetase mutations. Hum Mutat 2014; 35(11):

1363 PubMed -71.

Groh M, Albulescu LO, Cristini A, Gromak N. Senataxin: Genome Guardian at the Interface of Transcription
and Neurodegeneration. J] Mol Biol 2017; 429(21): 3181 PubMed -95.

Grohmann K, Schuelke M, Diers A, Hoffmann K, Lucke B, Adams C, et al. Mutations in the gene encoding
immunoglobulin mu-binding protein 2 cause spinal muscular atrophy with respiratory distress type 1. Nat Genet
2001; 29(1): 75 PubMed -7.

Grunseich C, Patankar A, Amaya J, Watts JA, Li D, Ramirez P, ef al. Clinical and Molecular Aspects of
Senataxin Mutations in Amyotrophic Lateral Sclerosis 4. Ann Neurol 2020.

Grunseich C, Wang 1X, Watts JA, Burdick JT, Guber RD, Zhu Z, et al. Senataxin Mutation Reveals How R-
Loops Promote Transcription by Blocking DNA Methylation at Gene Promoters. Mol Cell 2018; 69(3):

426 PubMed -37 e7.

Gualandi F, Sette E, Fortunato F, Bigoni S, De Grandis D, Scotton C, et al. Report of a novel ATP7A mutation
causing distal motor neuropathy. Neuromuscul Disord 2019; 29(10): 776-85.

Guenther UP, Handoko L, Laggerbauer B, Jablonka S, Chari A, Alzheimer M, et al. IGHMBP2 is a ribosome-
associated helicase inactive in the neuromuscular disorder distal SMA type 1 (DSMAT). Hum Mol Genet 2009a;
18(7): 1288-300.

Guenther UP, Handoko L, Varon R, Stephani U, Tsao CY, Mendell JR, et al. Clinical variability in distal spinal
muscular atrophy type 1 (DSMAT1): determination of steady-state IGHMBP2 protein levels in five patients with
infantile and juvenile disease. J Mol Med (Berl) 2009b; 87(1): 31-41.

Guglielmi A. A complete overview of REEP1: old and new insights on its role in hereditary spastic paraplegia
and neurodegeneration. Rev Neurosci 2020.

Guillen-Navarro E, Sanchez-Iglesias S, Domingo-Jimenez R, Victoria B, Ruiz-Riquelme A, Rabano A, et al. A
new seipin-associated neurodegenerative syndrome. J] Med Genet 2013; 50(6): 401-9.

Haeusler AR, Donnelly CJ, Periz G, Simko EA, Shaw PG, Kim MS, et al. C9orf72 nucleotide repeat structures
initiate molecular cascades of disease. Nature 2014; 507(7491): 195-200.

Haidar M, Asselbergh B, Adriaenssens E, De Winter V, Timmermans JP, Auer-Grumbach M, et al. Neuropathy-
causing mutations in HSPB1 impair autophagy by disturbing the formation of SQSTM1/p62 bodies. Autophagy
2019; 15(6): 1051-68.

Hall A, Lalli G. Rho and Ras GTPases in axon growth, guidance, and branching. Cold Spring Harb Perspect
Biol 2010; 2(2): a001818.

Hamanaka K, Takahashi K, Miyatake S, Mitsuhashi S, Hamanoue H, Miyaji Y, ef al. Confirmation of SLC5A7-
related distal hereditary motor neuropathy 7 in a family outside Wales. Clin Genet 2018; 94(2): 274-5.

Hartley T, Wagner JD, Warman-Chardon J, Tetreault M, Brady L, Baker S, et al. Whole-exome sequencing is a
valuable diagnostic tool for inherited peripheral neuropathies: Outcomes from a cohort of 50 families. Clin
Genet 2018; 93(2): 301-9.

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 26 van 33



5/02/202110:51

Haslbeck M, Weinkauf S, Buchner J. Small heat shock proteins: Simplicity meets complexity. J Biol Chem
2019; 294(6): 2121-32.

Hauser M, Yan R, Li W, Repina NA, Schaffer DV, Xu K. The Spectrin-Actin-Based Periodic Cytoskeleton as a
Conserved Nanoscale Scaffold and Ruler of the Neural Stem Cell Lineage. Cell Rep 2018; 24(6): 1512-22.
Hekselman I, Yeger-Lotem E. Mechanisms of tissue and cell-type specificity in heritable traits and diseases. Nat
Rev Genet 2020; 21(3): 137-50.

Herrmann DN, Horvath R, Sowden JE, Gonzalez M, Sanchez-Mejias A, Guan Z, et al. Synaptotagmin 2
mutations cause an autosomal-dominant form of lambert-eaton myasthenic syndrome and nonprogressive motor
neuropathy. Am J Hum Genet 2014; 95(3): 332-9.

Honda H, Sasagasako N, Shen C, Shijo M, Hamasaki H, Suzuki SO, et al. DCTN1 F52L mutation case of Perry
syndrome with progressive supranuclear palsy-like tauopathy. Parkinsonism Relat Disord 2018; 51: 105-

10 PubMed .

Horga A, Tomaselli PJ, Gonzalez MA, Laura M, Muntoni F, Manzur AY, et al. SIGMAR1 mutation associated
with autosomal recessive Silver-like syndrome. Neurology 2016; 87(15): 1607 PubMed -12.

Hosseinibarkooie S, Peters M, Torres-Benito L, Rastetter RH, Hupperich K, Hoffmann A, et al. The Power of
Human Protective Modifiers: PLS3 and CORO1C Unravel Impaired Endocytosis in Spinal Muscular Atrophy
and Rescue SMA Phenotype. Am J Hum Genet 2016; 99(3): 647 PubMed -65.

Howard HC, Dube MP, Prevost C, Bouchard JP, Mathieu J, Rouleau GA. Fine mapping the candidate region for
peripheral neuropathy with or without agenesis of the corpus callosum in the French Canadian population. Eur J
Hum Genet 2002a; 10(7): 406-12.

Howard HC, Mount DB, Rochefort D, Byun N, Dupre N, Lu J, et al. The K-Cl cotransporter KCC3 is mutant in
a severe peripheral neuropathy associated with agenesis of the corpus callosum. Nat Genet 2002b; 32(3): 384-
92.

Howarth JL, Kelly S, Keasey MP, Glover CP, Lee YB, Mitrophanous K, et al. Hsp40 molecules that target to the
ubiquitin-proteasome system decrease inclusion formation in models of polyglutamine disease. Mol Ther 2007;
15(6): 1100 PubMed -5.

Hu B, Wang M, Castoro R, Simmons M, Dortch R, Yawn R, et al. A novel missense mutation in AIFM1 results
in axonal polyneuropathy and misassembly of OXPHOS complexes. Eur J Neurol 2017; 24(12):

1499 PubMed -506.

Hurt CM, Bjork S, Ho VK, Gilsbach R, Hein L, Angelotti T. REEP1 and REEP2 proteins are preferentially
expressed in neuronal and neuronal-like exocytotic tissues. Brain Res 2014; 1545: 12-22 PubMed .

Ingram G, Barwick KE, Hartley L, McEntagart M, Crosby AH, Llewelyn G, et al. Distal hereditary motor
neuropathy with vocal cord paresis: from difficulty in choral singing to a molecular genetic diagnosis. Pract
Neurol 2016; 16(3): 247 PubMed -51.

Irobi J, Van den Bergh P, Merlini L, Verellen C, Van Maldergem L, Dierick 1, ef al. The phenotype of motor
neuropathies associated with BSCL2 mutations is broader than Silver syndrome and distal HMN type V. Brain
2004a; 127(Pt 9): 2124-30.

Irobi J, Van Impe K, Seeman P, Jordanova A, Dierick I, Verpoorten N, et al. Hot-spot residue in small heat-
shock protein 22 causes distal motor neuropathy. Nat Genet 2004b; 36(6): 597-601.

Ito D, Suzuki N. Molecular pathogenesis of seipin/BSCL2-related motor neuron diseases. Ann Neurol 2007;
61(3): 237 PubMed -50.

Ito D, Suzuki N. Seipinopathy: a novel endoplasmic reticulum stress-associated disease. Brain 2009; 132(Pt 1):
8-15.

James PA, Cader MZ, Muntoni F, Childs AM, Crow YJ, Talbot K. Severe childhood SMA and axonal CMT due
to anticodon binding domain mutations in the GARS gene. Neurology 2006; 67(9): 1710-2.

Johanson K, Hoang T, Sheth M, Hyman LE. GRS1, a yeast tRNA synthetase with a role in mRNA 3' end
formation. J Biol Chem 2003; 278(38): 35923-30.

Kahle KT, Flores B, Bharucha-Goebel D, Zhang J, Donkervoort S, Hegde M, et al. Peripheral motor neuropathy
is associated with defective kinase regulation of the KCC3 cotransporter. Sci Signal 2016; 9(439): ra77.

Kaler SG. ATP7A-related copper transport diseases-emerging concepts and future trends. Nat Rev Neurol 2011;
7(1): 15-29.

Kaler SG, Holmes CS, Goldstein DS, Tang J, Godwin SC, Donsante A, et al. Neonatal diagnosis and treatment
of Menkes disease. N Engl J] Med 2008; 358(6): 605-14.

Kalmar B, Innes A, Wanisch K, Kolaszynska AK, Pandraud A, Kelly G, et al. Mitochondrial deficits and

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 27 van 33



5/02/202110:51

abnormal mitochondrial retrograde axonal transport play a role in the pathogenesis of mutant Hsp27-induced
Charcot Marie Tooth Disease. Hum Mol Genet 2017; 26(17): 3313-26.

Kennerson ML, Nicholson GA, Kaler SG, Kowalski B, Mercer JF, Tang J, et al. Missense mutations in the
copper transporter gene ATP7A cause X-linked distal hereditary motor neuropathy. Am J Hum Genet 2010;
86(3): 343-52.

Kim HJ, Hong YB, Park JM, Choi YR, Kim YJ, Yoon BR, et al. Mutations in the PLEKHGS gene is relevant
with autosomal recessive intermediate Charcot-Marie-Tooth disease. Orphanet J Rare Dis 2013; 8: 104.

Kim SH, Engelhardt JI, Henkel JS, Siklos L, Soos J, Goodman C, et al. Widespread increased expression of the
DNA repair enzyme PARP in brain in ALS. Neurology 2004; 62(2): 319-22.

Klein CJ, Shi Y, Fecto F, Donaghy M, Nicholson G, McEntagart ME, et al. TRPV4 mutations and cytotoxic
hypercalcemia in axonal Charcot-Marie-Tooth neuropathies. Neurology 2011; 76(10): 887-94.

Kolb SJ, Snyder PJ, Poi EJ, Renard EA, Bartlett A, Gu S, ef al. Mutant small heat shock protein B3 causes
motor neuropathy: utility of a candidate gene approach. Neurology 2010; 74(6): 502-6.

Kong HE, Zhao J, Xu S, Jin P, Jin Y. Fragile X-Associated Tremor/Ataxia Syndrome: From Molecular
Pathogenesis to Development of Therapeutics. Front Cell Neurosci 2017; 11: 128.

Kourrich S, Su TP, Fujimoto M, Bonci A. The sigma-1 receptor: roles in neuronal plasticity and disease. Trends
Neurosci 2012; 35(12): 762-71.

Krakowiak A, Pawlowska R, Kocon-Rebowska B, Dolot R, Stec WJ. Interactions of cellular histidine triad
nucleotide binding protein 1 with nucleosides 5'-O-monophosphorothioate and their derivatives - Implication for
desulfuration process in the cell. Biochim Biophys Acta 2014; 1840(12): 3357-66.

Kwok AS, Phadwal K, Turner BJ, Oliver PL, Raw A, Simon AK, ef al. HspB8 mutation causing hereditary
distal motor neuropathy impairs lysosomal delivery of autophagosomes. J Neurochem 2011; 119(6): 1155-61.
Landoure G, Zdebik AA, Martinez TL, Burnett BG, Stanescu HC, Inada H, et al. Mutations in TRPV4 cause
Charcot-Marie-Tooth disease type 2C. Nat Genet 2010; 42(2): 170-4.

Landrum MJ, Lee JM, Benson M, Brown GR, Chao C, Chitipiralla S, ez al. ClinVar: improving access to variant
interpretations and supporting evidence. Nucleic Acids Res 2018; 46(D1): D1062-D7.

Lassuthova P, Brozkova DS, Krutova M, Neupauerova J, Haberlova J, Mazanec R, et al. Mutations in HINT1
are one of the most frequent causes of hereditary neuropathy among Czech patients and neuromyotonia is rather
an underdiagnosed symptom. Neurogenetics 2015; 16(1): 43-54.

Latour P, Thauvin-Robinet C, Baudelet-Mery C, Soichot P, Cusin V, Faivre L, et al. A major determinant for
binding and aminoacylation of tRNA(Ala) in cytoplasmic Alanyl-tRNA synthetase is mutated in dominant
axonal Charcot-Marie-Tooth disease. Am J Hum Genet 2010; 86(1): 77-82.

Lee DC, Meyer-Schuman R, Bacon C, Shy ME, Antonellis A, Scherer SS. A recurrent GARS mutation causes
distal hereditary motor neuropathy. J Peripher Nerv Syst 2019; 24(4): 320-3.

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al. Analysis of protein-coding genetic
variation in 60,706 humans. Nature 2016; 536(7616): 285-91.

Leveille E, Estiar MA, Krohn L, Spiegelman D, Dionne-Laporte A, Dupre N, et al. SPTAN1 variants as a
potential cause for autosomal recessive hereditary spastic paraplegia. J Hum Genet 2019; 64(11): 1145-51.
Levy JR, Sumner CJ, Caviston JP, Tokito MK, Ranganathan S, Ligon LA, et al. A motor neuron disease-
associated mutation in p150Glued perturbs dynactin function and induces protein aggregation. J Cell Biol 2006;
172(5): 733-45.

Lewis-Smith DJ, Duff J, Pyle A, Griffin H, Polvikoski T, Birchall D, et al. Novel HSPB1 mutation causes both
motor neuronopathy and distal myopathy. Neurology Genetics 2016; 2(6): e110.

LiJQ, Dong HL, Chen CX, Wu ZY. A novel WARS mutation causes distal hereditary motor neuropathy in a
Chinese family. Brain 2019.

Li X,HuZ,Liu L, Xie Y,Zhan Y, Zi X, et al. A SIGMARI splice-site mutation causes distal hereditary motor
neuropathy. Neurology 2015; 84(24): 2430-7.

Lim SC, Bowler MW, Lai TF, Song H. The Ighmbp?2 helicase structure reveals the molecular basis for disease-
causing mutations in DMSA1. Nucleic Acids Res 2012; 40(21): 11009-22.

Lin KP, Soong BW, Yang CC, Huang LW, Chang MH, Lee IH, et al. The mutational spectrum in a cohort of
Charcot-Marie-Tooth disease type 2 among the Han Chinese in Taiwan. PLoS One 2011; 6(12): €29393.
Littleton JT, Stern M, Schulze K, Perin M, Bellen HJ. Mutational analysis of Drosophila synaptotagmin
demonstrates its essential role in Ca(2+)-activated neurotransmitter release. Cell 1993; 74(6): 1125-34.

Liu CH, Rasband MN. Axonal Spectrins: Nanoscale Organization, Functional Domains and Spectrinopathies.

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 28 van 33



5/02/202110:51

Front Cell Neurosci 2019; 13: 234.

Liu X, Yang L, Tang L, Chen L, Liu X, Fan D. DCTNI1 gene analysis in Chinese patients with sporadic
amyotrophic lateral sclerosis. PLoS One 2017; 12(8): e0182572.

Lorenzo DN, Badea A, Zhou R, Mohler PJ, Zhuang X, Bennett V. betall-spectrin promotes mouse brain
connectivity through stabilizing axonal plasma membranes and enabling axonal organelle transport. Proc Natl
Acad Sci U S A 2019; 116(31): 15686-95.

Love S, Barber R, Wilcock GK. Increased poly(ADP-ribosyl)ation of nuclear proteins in Alzheimer's disease.
Brain 1999; 122 ( Pt 2): 247-53.

Luningschror P, Binotti B, Dombert B, Heimann P, Perez-Lara A, Slotta C, et al. Plekhg5-regulated autophagy
of synaptic vesicles reveals a pathogenic mechanism in motoneuron disease. Nat Commun 2017; 8(1): 678.
Luty AA, Kwok JB, Dobson-Stone C, Loy CT, Coupland KG, Karlstrom H, et al. Sigma nonopioid intracellular
receptor 1 mutations cause frontotemporal lobar degeneration-motor neuron disease. Ann Neurol 2010; 68(5):
639-49.

MacAulay N, Hamann S, Zeuthen T. Water transport in the brain: role of cotransporters. Neuroscience 2004;
129(4): 1031-44.

Mackler JM, Drummond JA, Loewen CA, Robinson IM, Reist NE. The C(2)B Ca(2+)-binding motif of
synaptotagmin is required for synaptic transmission in vivo. Nature 2002; 418(6895): 340-4.

Madabhushi R, Pan L, Tsai LH. DNA damage and its links to neurodegeneration. Neuron 2014; 83(2): 266-82.
Magre J, Delepine M, Khallouf E, Gedde-Dahl T, Jr., Van Maldergem L, Sobel E, et al. Identification of the gene
altered in Berardinelli-Seip congenital lipodystrophy on chromosome 11q13. Nat Genet 2001; 28(4): 365-70.
Malissovas N, Griffin LB, Antonellis A, Beis D. Dimerization is required for GARS-mediated neurotoxicity in
dominant CMT disease. Hum Mol Genet 2016; 25(8): 1528-42.

Maystadt I, Rezsohazy R, Barkats M, Duque S, Vannuffel P, Remacle S, ef al. The nuclear factor kappaB-
activator gene PLEKHGS is mutated in a form of autosomal recessive lower motor neuron disease with
childhood onset. Am J Hum Genet 2007, 81(1): 67-76.

McGurk L, Rifai OM, Bonini NM. Poly(ADP-Ribosylation) in Age-Related Neurological Disease. Trends Genet
2019; 35(8): 601-13.

McLaughlin HM, Sakaguchi R, Giblin W, Program NCS, Wilson TE, Biesecker L, et al. A recurrent loss-of-
function alanyl-tRNA synthetase (AARS) mutation in patients with Charcot-Marie-Tooth disease type 2N
(CMT2N). Hum Mutat 2012; 33(1): 244-53.

Meng L, FuJ, Lv H, Zhang W, Wang Z, Yuan Y. Novel mutations in HINT1 gene cause autosomal recessive
axonal neuropathy with neuromyotonia in two cases of sensorimotor neuropathy and one case of motor
neuropathy. Neuromuscul Disord 2018; 28(8): 646-51.

Meyer-Schuman R, Antonellis A. Emerging mechanisms of aminoacyl-tRNA synthetase mutations in recessive
and dominant human disease. Hum Mol Genet 2017; 26(R2): R114-R27.

Meyertholen K, Ravnan JB, Matalon R. Identification of a Novel 14q13.3 Deletion Involving the SLC25A21
Gene Associated with Familial Synpolydactyly. Mol Syndromol 2012; 3(1): 25-9.

Moreira MC, Klur S, Watanabe M, Nemeth AH, Le Ber I, Moniz JC, et al. Senataxin, the ortholog of a yeast
RNA helicase, is mutant in ataxia-ocular apraxia 2. Nat Genet 2004; 36(3): 225-7.

Morelli KH, Griffin LB, Pyne NK, Wallace LM, Fowler AM, Oprescu SN, et al. Allele-specific RNA
interference prevents neuropathy in Charcot-Marie-Tooth disease type 2D mouse models. J Clin Invest 2019;
129(12): 5568-83.

Motley WW, Griffin LB, Mademan I, Baets J, De Vriendt E, De Jonghe P, et al. A novel AARS mutation in a
family with dominant myeloneuropathy. Neurology 2015; 84(20): 2040-7.

Motley WW, Talbot K, Fischbeck KH. GARS axonopathy: not every neuron's cup of tRNA. Trends Neurosci
2010; 33(2): 59-66.

Munch C, Sedlmeier R, Meyer T, Homberg V, Sperfeld AD, Kurt A, et al. Point mutations of the p150 subunit of
dynactin (DCTN1) gene in ALS. Neurology 2004; 63(4): 724-6.

Musacchio T, Zaum AK, Uceyler N, Sommer C, Pfeifroth N, Reiners K, ef al. ALS and MMN mimics in
patients with BSCL2 mutations: the expanding clinical spectrum of SPG17 hereditary spastic paraplegia. J
Neurol 2017; 264(1): 11-20.

Mushtaq Z, Choudhury SD, Gangwar SK, Orso G, Kumar V. Human Senataxin Modulates Structural Plasticity
of the Neuromuscular Junction in Drosophila through a Neuronally Conserved TGFbeta Signalling Pathway.
Neurodegener Dis 2016; 16(5-6): 324-36.

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 29 van 33



5/02/202110:51

Nam DE, Nam SH, Lee AJ, Hong YB, Choi BO, Chung KW. Small heat shock protein B3 (HSPB3) mutation in
an axonal Charcot-Marie-Tooth disease family. J Peripher Nerv Syst 2018; 23(1): 60-6.

Nan H, Takaki R, Hata T, Ichinose Y, Tsuchiya M, Koh K, et al. Novel GARS mutation presenting as autosomal
dominant intermediate Charcot-Marie-Tooth disease. J Peripher Nerv Syst 2019; 24(1): 156-60.

Nandhagopal R, Meftah D, Al-Kalbani S, Scott P. Recessive distal motor neuropathy with pyramidal signs in an
Omani kindred: underlying novel mutation in the SIGMARI1 gene. Eur J Neurol 2018; 25(2): 395-403.

Nangle LA, Zhang W, Xie W, Yang XL, Schimmel P. Charcot-Marie-Tooth disease-associated mutant tRNA
synthetases linked to altered dimer interface and neurite distribution defect. Proc Natl Acad Sci U S A 2007;
104(27): 11239-44.

Nicolau S, Liewluck T, Elliott JL., Engel AG, Milone M. A novel heterozygous mutation in the C-terminal region
of HSPB8 leads to limb-girdle rimmed vacuolar myopathy. Neuromuscul Disord 2020; 30(3): 236-40.
Nussbacher JK, Tabet R, Yeo GW, Lagier-Tourenne C. Disruption of RNA Metabolism in Neurological Diseases
and Emerging Therapeutic Interventions. Neuron 2019; 102(2): 294-320.

Ohno K, Tsujino A, Brengman JM, Harper CM, Bajzer Z, Udd B, et al. Choline acetyltransferase mutations
cause myasthenic syndrome associated with episodic apnea in humans. Proc Natl Acad Sci U S A 2001; 98(4):
2017-22.

Oyrer J, Maljevic S, Scheffer IE, Berkovic SF, Petrou S, Reid CA. Ion Channels in Genetic Epilepsy: From
Genes and Mechanisms to Disease-Targeted Therapies. Pharmacol Rev 2018; 70(1): 142-73.

Pang ZP, Melicoff E, Padgett D, Liu Y, Teich AF, Dickey BF, et al. Synaptotagmin-2 is essential for survival and
contributes to Ca2+ triggering of neurotransmitter release in central and neuromuscular synapses. J Neurosci
2006; 26(52): 13493-504.

Pardal-Fernandez JM, Carrascosa-Romero MC, Alvarez S, Medina-Monzon MC, Caamano MB, de Cabo C. A
new severe mutation in the SLC5A7 gene related to congenital myasthenic syndrome type 20. Neuromuscul
Disord 2018; 28(10): 881-4.

Park J, Flores BR, Scherer K, Kuepper H, Rossi M, Rupprich K, et al. De novo variants in SLC12A6 cause
sporadic early-onset progressive sensorimotor neuropathy. J Med Genet 2019.

Park SH, Zhu PP, Parker RL, Blackstone C. Hereditary spastic paraplegia proteins REEP1, spastin, and atlastin-1
coordinate microtubule interactions with the tubular ER network. J Clin Invest 2010; 120(4): 1097-110.

Peeters K, Chamova T, Tournev I, Jordanova A. Axonal neuropathy with neuromyotonia: there is a HINT. Brain
2017; 140(4): 868-77.

Perego MGL, Galli N, Nizzardo M, Govoni A, Taiana M, Bresolin N, et al. Current understanding of and
emerging treatment options for spinal muscular atrophy with respiratory distress type 1 (SMARD1). Cell Mol
Life Sci 2020.

Perez-Siles G, Cutrupi A, Ellis M, Kuriakose J, La Fontaine S, Mao D, et al. Modelling the pathogenesis of X-
linked distal hereditary motor neuropathy using patient-derived iPSCs. Dis Model Mech 2020; 13(2).
Perez-Siles G, Grant A, Ellis M, Ly C, Kidambi A, Khalil M, et al. Characterizing the molecular phenotype of
an Atp7a(T9851) conditional knock in mouse model for X-linked distal hereditary motor neuropathy ({HMNX).
Metallomics 2016; 8(9): 981-92.

Persson AK, Hoeijmakers JGJ, Estacion M, Black JA, Waxman SG. Sodium Channels, Mitochondria, and
Axonal Degeneration in Peripheral Neuropathy. Trends Mol Med 2016; 22(5): 377-90.

Puls I, Jonnakuty C, LaMonte BH, Holzbaur EL, Tokito M, Mann E, et al. Mutant dynactin in motor neuron
disease. Nat Genet 2003; 33(4): 455-6.

Rauchenzauner M, Fruhwirth M, Hecht M, Kofler M, Witsch-Baumgartner M, Fauth C. A Novel Variant in the
HINT1 Gene in a Girl with Autosomal Recessive Axonal Neuropathy with Neuromyotonia: Thorough
Neurological Examination Gives the Clue. Neuropediatrics 2016; 47(2): 119-22.

Renvoise B, Blackstone C. Emerging themes of ER organization in the development and maintenance of axons.
Curr Opin Neurobiol 2010; 20(5): 531-7.

Richard P, Manley JL. SETX sumoylation: A link between DNA damage and RNA surveillance disrupted in
AOA2. Rare Dis 2014; 2: €27744.

Rinaldi C, Grunseich C, Sevrioukova IF, Schindler A, Horkayne-Szakaly I, Lamperti C, et al. Cowchock
syndrome is associated with a mutation in apoptosis-inducing factor. Am J Hum Genet 2012; 91(6): 1095-102.
Rinehart J, Maksimova YD, Tanis JE, Stone KL, Hodson CA, Zhang J, et al. Sites of regulated phosphorylation
that control K-Cl cotransporter activity. Cell 2009; 138(3): 525-36.

Roca-Agujetas V, de Dios C, Leston L, Mari M, Morales A, Colell A. Recent Insights into the Mitochondrial

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEMFCANGNMkm2 Pagina 30 van 33



5/02/202110:51

Role in Autophagy and Its Regulation by Oxidative Stress. Oxid Med Cell Longev 2019; 2019: 3809308.
Rodan LH, Anyane-Yeboa K, Chong K, Klein Wassink-Ruiter JS, Wilson A, Smith L, et al. Gain-of-function
variants in the ODCI1 gene cause a syndromic neurodevelopmental disorder associated with macrocephaly,
alopecia, dysmorphic features, and neuroimaging abnormalities. Am J Med Genet A 2018; 176(12): 2554-60.
Royer-Bertrand B, Tsouni P, Mullen P, Campos Xavier B, Mittaz Crettol L, Lobrinus AJ, et al. Peripheral
neuropathy and cognitive impairment associated with a novel monoallelic HARS variant. Ann Clin Transl
Neurol 2019; 6(6): 1072-80.

Safka Brozkova D, Deconinck T, Griffin LB, Ferbert A, Haberlova J, Mazanec R, et al. Loss of function
mutations in HARS cause a spectrum of inherited peripheral neuropathies. Brain 2015; 138(Pt 8): 2161-72.
Salter CG, Beijer D, Hardy H, Barwick KES, Bower M, Mademan I, et al. Truncating SLC5A7 mutations
underlie a spectrum of dominant hereditary motor neuropathies. Neurol Genet 2018; 4(2): €222.

Sanchez E, Darvish H, Mesias R, Taghavi S, Firouzabadi SG, Walker RH, et al. Identification of a Large
DNAIJB2 Deletion in a Family with Spinal Muscular Atrophy and Parkinsonism. Hum Mutat 2016; 37(11):
1180-9.

Sancho P, Sanchez-Monteagudo A, Collado A, Marco-Marin C, Dominguez-Gonzalez C, Camacho A, et al. A
newly distal hereditary motor neuropathy caused by a rare AIFM1 mutation. Neurogenetics 2017; 18(4): 245-50.
Scarpini G, Spagnoli C, Salerno GG, Rizzi S, Frattini D, Fusco C. Autosomal recessive axonal neuropathy
caused by HINT1 mutation: New association of a psychiatric disorder to the neurologic phenotype.
Neuromuscul Disord 2019; 29(12): 979.

Schottmann G, Seelow D, Seifert F, Morales-Gonzalez S, Gill E, von Au K, ef al. Recessive REEP1 mutation is
associated with congenital axonal neuropathy and diaphragmatic palsy. Neurol Genet 2015; 1(4): 32.

Seburn KL, Nangle LA, Cox GA, Schimmel P, Burgess RW. An active dominant mutation of glycyl-tRNA
synthetase causes neuropathy in a Charcot-Marie-Tooth 2D mouse model. Neuron 2006; 51(6): 715-26.
Sevrioukova IF. Apoptosis-inducing factor: structure, function, and redox regulation. Antioxid Redox Signal
2011; 14(12): 2545-79.

Sevrioukova IF. Structure/Function Relations in AIFM1 Variants Associated with Neurodegenerative Disorders.
J Mol Biol 2016; 428(18): 3650-65.

Shemetov AA, Gusev NB. Biochemical characterization of small heat shock protein HspB8 (Hsp22)-Bag3
interaction. Arch Biochem Biophys 2011; 513(1): 1-9.

Shiloh Y, Ziv Y. The ATM protein kinase: regulating the cellular response to genotoxic stress, and more. Nat
Rev Mol Cell Biol 2013; 14(4): 197-210.

Simons C, Griffin LB, Helman G, Golas G, Pizzino A, Bloom M, et al. Loss-of-function alanyl-tRNA synthetase
mutations cause an autosomal-recessive early-onset epileptic encephalopathy with persistent myelination defect.
Am J Hum Genet 2015; 96(4): 675-81.

Smaldone S, Laub F, Else C, Dragomir C, Ramirez F. Identification of MoK A, a novel F-box protein that
modulates Kruppel-like transcription factor 7 activity. Mol Cell Biol 2004; 24(3): 1058-69.

Stancanelli C, Fabrizi GM, Ferrarini M, Cavallaro T, Taioli F, Di Leo R, et al. Charcot-Marie-Tooth 2F:
phenotypic presentation of the Argl36Leu HSP27 mutation in a multigenerational family. Neurol Sci 2015;
36(6): 1003-6.

Stockmann M, Meyer-Ohlendorf M, Achberger K, Putz S, Demestre M, Yin H, et al. The dynactin p150 subunit:
cell biology studies of sequence changes found in ALS/MND and Parkinsonian syndromes. J Neural Transm
(Vienna) 2013; 120(5): 785-98.

Storkebaum E. Peripheral neuropathy via mutant tRNA synthetases: Inhibition of protein translation provides a
possible explanation. Bioessays 2016; 38(9): 818-29.

Sullivan JM, Zimanyi CM, Aisenberg W, Bears B, Chen DH, Day JW, et al. Novel mutations highlight the key
role of the ankyrin repeat domain in TRPV4-mediated neuropathy. Neurol Genet 2015; 1(4): €29.

Sumner CJ, d'Ydewalle C, Wooley J, Fawcett KA, Hernandez D, Gardiner AR, et al. A dominant mutation in
FBXO38 causes distal spinal muscular atrophy with calf predominance. Am J Hum Genet 2013; 93(5): 976-83.
Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE, Brothers GM, et al. Molecular characterization of
mitochondrial apoptosis-inducing factor. Nature 1999; 397(6718): 441-6.

Syrbe S, Harms FL, Parrini E, Montomoli M, Mutze U, Helbig KL, et al. Delineating SPTAN1 associated
phenotypes: from isolated epilepsy to encephalopathy with progressive brain atrophy. Brain 2017; 140(9): 2322-
36.

Tang BS, Zhao GH, Luo W, Xia K, Cai F, Pan Q, ef al. Small heat-shock protein 22 mutated in autosomal

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 31 van 33



5/02/202110:51

dominant Charcot-Marie-Tooth disease type 2L. Hum Genet 2005; 116(3): 222-4.

Tang WK, Xia D. Mutations in the Human AAA(+) Chaperone p97 and Related Diseases. Front Mol Biosci
2016; 3: 79.

Tao F, Beecham GW, Rebelo AP, Svaren J, Blanton SH, Moran JJ, ef al. Variation in SIPA1L2 is correlated with
phenotype modification in Charcot- Marie- Tooth disease type 1A. Ann Neurol 2019; 85(3): 316-30.

Tatsumi Y, Matsumoto N, [ibe N, Watanabe N, Torii T, Sango K, et al. CMT type 2N disease-associated AARS
mutant inhibits neurite growth that can be reversed by valproic acid. Neurosci Res 2019; 139: 69-78 PubMed .
Thadathil N, Hori R, Xiao J, Khan MM. DNA double-strand breaks: a potential therapeutic target for
neurodegenerative diseases. Chromosome Res 2019.

Tian WT, Liu LH, Zhou HY, Zhang C, Zhan FX, Zhu ZY, et al. New phenotype of DCTN1-related spectrum:
early-onset dHMN plus congenital foot deformity. Ann Clin Transl Neurol 2020; 7(2): 200-9.

Tripolszki K, Torok D, Goudenege D, Farkas K, Sulak A, Torok N, et al. High-throughput sequencing revealed a
novel SETX mutation in a Hungarian patient with amyotrophic lateral sclerosis. Brain Behav 2017; 7(4):
PubMed e00669.

Tsai PC, Soong BW, Mademan I, Huang YH, Liu CR, Hsiao CT, et al. A recurrent WARS mutation is a novel
cause of autosomal dominant distal hereditary motor neuropathy. Brain 2017; 140(5): 1252 PubMed -66.
Tumer Z. An overview and update of ATP7A mutations leading to Menkes disease and occipital horn syndrome.
Hum Mutat 2013; 34(3): 417 PubMed -29.

Turner RJ, Lovato M, Schimmel P. One of two genes encoding glycyl-tRNA synthetase in Saccharomyces
cerevisiae provides mitochondrial and cytoplasmic functions. J Biol Chem 2000; 275(36): 27681 PubMed -8.
Unsain N, Bordenave MD, Martinez GF, Jalil S, von Bilderling C, Barabas FM, et al. Remodeling of the
Actin/Spectrin Membrane-associated Periodic Skeleton, Growth Cone Collapse and F-Actin Decrease during
Axonal Degeneration. Sci Rep 2018; 8(1): 3007 PubMed .

Uyanik G, Elcioglu N, Penzien J, Gross C, Yilmaz Y, Olmez A, et al. Novel truncating and missense mutations
of the KCC3 gene associated with Andermann syndrome. Neurology 2006; 66(7): 1044 PubMed -8.

Vendredy L, Adriaenssens E, Timmerman V. Small heat shock proteins in neurodegenerative diseases. Cell
Stress Chaperones 2020.

Ververis A, Dajani R, Koutsou P, Aloqaily A, Nelson-Williams C, Loring E, et al. Distal hereditary motor
neuronopathy of the Jerash type is caused by a novel SIGMAR1 ¢.500A>T missense mutation. J Med Genet
2020; 57(3): 178 PubMed -86.

Vester A, Velez-Ruiz G, McLaughlin HM, Program NCS, Lupski JR, Talbot K, et al. A loss-of-function variant
in the human histidyl-tRNA synthetase (HARS) gene is neurotoxic in vivo. Hum Mutat 2013; 34(1):

191 PubMed -9.

Wang B, Li X, Huang S, Zhao H, Liu J, Hu Z, et al. A novel WARS mutation (p.Asp314Gly) identified in a
Chinese distal hereditary motor neuropathy family. Clin Genet 2019a; 96(2): 176-82.

Wang B, Li X, Wang J, Liu L, Xie Y, Huang S, et al. A novel AIFM1 mutation in a Chinese family with X-
linked Charcot-Marie-Tooth disease type 4. Neuromuscul Disord 2018a; 28(8): 652-9.

Wang H, Rangaswamy S, Kodavati M, Mitra J, Guo W, Guerrero EN, et al. RT(2) PCR array screening reveals
distinct perturbations in DNA damage response signaling in FUS-associated motor neuron disease. Mol Brain
2019b; 12(1): 103.

Wang H, Salter CG, Refai O, Hardy H, Barwick KES, Akpulat U, et al. Choline transporter mutations in severe
congenital myasthenic syndrome disrupt transporter localization. Brain 2017; 140(11): 2838-50.

Wang J, Fang P, Schimmel P, Guo M. Side chain independent recognition of aminoacyl adenylates by the Hint1
transcription suppressor. J Phys Chem B 2012; 116(23): 6798-805.

Wang Y, Ji T, Nelson AD, Glanowska K, Murphy GG, Jenkins PM, et al. Critical roles of alphall spectrin in
brain development and epileptic encephalopathy. J Clin Invest 2018b; 128(2): 760-73.

Wang Z, Lin J, Qiao K, Cai S, Zhang VW, Zhao C, et al. Novel mutations in HINT1 gene cause the autosomal
recessive axonal neuropathy with neuromyotonia. Eur J Med Genet 2019c; 62(3): 190-4.

Weskamp K, Barmada SJ. RNA Degradation in Neurodegenerative Disease. Adv Neurobiol 2018; 20: 103-

42 PubMed .

Westhoff B, Chapple JP, van der Spuy J, Hohfeld J, Cheetham ME. HSJ1 is a neuronal shuttling factor for the
sorting of chaperone clients to the proteasome. Curr Biol 2005; 15(11): 1058 PubMed -64.

Weterman MAJ, Kuo M, Kenter SB, Gordillo S, Karjosukarso DW, Takase R, ef al. Hypermorphic and
hypomorphic AARS alleles in patients with CMT2N expand clinical and molecular heterogeneities. Hum Mol

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...x2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEmMFCdANGNMkm2 Pagina 32 van 33



5/02/202110:51

Genet 2018; 27(23): 4036 PubMed -50.

Windpassinger C, Auer-Grumbach M, Irobi J, Patel H, Petek E, Horl G, et al. Heterozygous missense mutations
in BSCL2 are associated with distal hereditary motor neuropathy and Silver syndrome. Nat Genet 2004; 36(3):
271 PubMed -6.

Xiang C, Wang Y, Zhang H, Han F. The role of endoplasmic reticulum stress in neurodegenerative disease.
Apoptosis 2017; 22(1): 1 PubMed -26.

Xie W, Nangle LA, Zhang W, Schimmel P, Yang XL. Long-range structural effects of a Charcot-Marie-Tooth
disease-causing mutation in human glycyl-tRNA synthetase. Proc Natl Acad Sci U S A 2007; 104(24): 9976-81.
Yalcin B, Zhao L, Stofanko M, O'Sullivan NC, Kang ZH, Roost A, et al. Modeling of axonal endoplasmic
reticulum network by spastic paraplegia proteins. Elife 2017; 6.

Yalcouye A, Diallo SH, Coulibaly T, Cisse L, Diallo S, Samassekou O, et al. A novel mutation in the GARS
gene in a Malian family with Charcot-Marie-Tooth disease. Mol Genet Genomic Med 2019; 7(7): e00782.

Yang H, Shen H, Li J, Guo LW. SIGMAR1/Sigma-1 receptor ablation impairs autophagosome clearance.
Autophagy 2019; 15(9): 1539-57.

Yi L, Donsante A, Kennerson ML, Mercer JF, Garbern JY, Kaler SG. Altered intracellular localization and
valosin-containing protein (p97 VCP) interaction underlie ATP7A-related distal motor neuropathy. Hum Mol
Genet 2012; 21(8): 1794-807.

Yi L, Kaler SG. Interaction between the AAA ATPase p97/VCP and a concealed UBX domain in the copper
transporter ATP7A is associated with motor neuron degeneration. J Biol Chem 2018; 293(20): 7606-17.

Zhai J, Lin H, Julien JP, Schlaepfer WW. Disruption of neurofilament network with aggregation of light
neurofilament protein: a common pathway leading to motor neuron degeneration due to Charcot-Marie-Tooth
disease-linked mutations in NFL and HSPB1. Hum Mol Genet 2007; 16(24): 3103-16.

Zhao H, Race V, Matthijs G, De Jonghe P, Robberecht W, Lambrechts D, et al. Exome sequencing reveals
HINT1 mutations as a cause of distal hereditary motor neuropathy. Eur ] Hum Genet 2014; 22(6): 847-50.

Zhao Z, Hashiguchi A, Hu J, Sakiyama Y, Okamoto Y, Tokunaga S, et al. Alanyl-tRNA synthetase mutation in a
family with dominant distal hereditary motor neuropathy. Neurology 2012; 78(21): 1644-9.

Zhou X, Chou TF, Aubol BE, Park CJ, Wolfenden R, Adams J, et al. Kinetic mechanism of human histidine
triad nucleotide binding protein 1. Biochemistry 2013; 52(20): 3588-600.

Zimon M, Baets J, Almeida-Souza L, De Vriendt E, Nikodinovic J, Parman Y, ef al. Loss-of-function mutations
in HINT1 cause axonal neuropathy with neuromyotonia. Nat Genet 2012; 44(10): 1080-3.

Zimon M, Baets J, Auer-Grumbach M, Berciano J, Garcia A, Lopez-Laso E, ef al. Dominant mutations in the
cation channel gene transient receptor potential vanilloid 4 cause an unusual spectrum of neuropathies. Brain
2010; 133(Pt 6): 1798-809.

Zimon M, Battaloglu E, Parman Y, Erdem S, Baets J, De Vriendt E, ef al. Unraveling the genetic landscape of
autosomal recessive Charcot-Marie-Tooth neuropathies using a homozygosity mapping approach. Neurogenetics
2015; 16(1): 33-42.

Zuchner S, Wang G, Tran-Viet KN, Nance MA, Gaskell PC, Vance JM, et al. Mutations in the novel
mitochondrial protein REEP1 cause hereditary spastic paraplegia type 31. Am J Hum Genet 2006; 79(2): 365-9.

[JB1]Please provide a running title of no more than 40 characters

https://mc.manuscriptcentral.com/brain?DOWNLOAD=TRUE&PA...2Sd7yw4jgLnG3qSSGTi4X8BJ1dj9x9sdDJyeK1kVZPEMFCANGNMkm2 Pagina 33 van 33



