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for the neurodegenerative field at large.

In the past decade, mutations in LRSAMT were identified as the genetic cause of both dominant and recessive forms
of axonal CMT type 2P (CMT2P). Despite demonstrating different inheritance patterns, dominant CMT2P is usually
characterized by relatively mild, slowly progressive axonal neuropathy, mainly involving lower limbs, with age of
onset between the second and fifth decades of life. Asymptomatic individuals were identified in several pedigrees
exemplifying the strong phenotypic variability of these patients requiring serial clinical evaluation to establish correct
diagnosis; in this respect, magnetic resonance imaging of lower-limb musculature showing fatty atrophy might be
helpful in detecting subclinical gene mutation carriers. LRSAM1 is a universally expressed RING-type E3 ubiquitin
protein ligase catalysing the final step in the ubiquitination cascade. Strikingly, TSG101 remains the only known
ubiquitination target hampering our mechanistic understanding of the role of LRSAM1 in the cell. The recessive CMT
mutations lead to complete loss of LRSAM1, contrary to the heterozygous dominant variants. These tightly cluster in
the C-terminal RING domain highlighting its importance in governing the CMT disease. The domain is crucial for the
ubiquitination function of LRSAM1 and CMT mutations disrupt its function, however it remains unknown how this
leads to the peripheral neuropathy. Additionally, recent studies have linked LRSAMT with other neurodegenerative
diseases of peripheral and central nervous systems. In this review we share our experience with the challenging clini-
cal diagnosis of CMT2P and summarize the mechanistic insights about the LRSAM1 dysfunction that might be helpful

Keywords: LRSAMT, CMT, Ubiquitin ligase, Peripheral neuropathy, Charcot-Marie-Tooth disease, CMT

Background

Charcot—Marie—Tooth disease is a progressive and incur-
able inherited peripheral neuropathy well known for its
genetic and phenotypic heterogeneity. The prevalence of
CMT is estimated to be between 9.7 and 82.3/100,000
individuals depending on the population, making it the
most common disease of its kind [1]. Currently, muta-
tions in over 80 functionally diverse genes were found to
be disease-causing with all forms of inheritance observed
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[2]. Three main clinical types are recognized based on
histology and electrophysiology of the median motor
nerve. Demyelinating CMT (CMT1) is characterised by
nerve conduction velocities <38 m/s while axonal CMT
(CMT2) patients show NCVs>38 m/s [3, 4]. Finally, a
third type with NCVs between 25 and 45 m/s is classified
as intermediate CMT (I-CMT) [5].

In this review, we focus on a subtype of axonal CMT,
type 2P (CMT2P) that is caused by mutations in the
RING-type E3 ubiquitin ligase LRSAM1 (leucine rich
and sterile alpha motif containing) [6—11]. LRSAMI is
associated with both dominant and recessive forms of
CMT inheritance.
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Epidemiology

LRSAMI mutation carriers were identified in North-
America, Europe, and Asia showing a worldwide preva-
lence [6—8, 10-12]. Despite this, LRSAMI is a rare cause
of CMT?2; it is estimated to account for<1% of all CMT2
cases as tested in German, Dutch, and Sardinian popu-
lations [7, 13, 14]. The prevalence rate could still be an
underestimation as the mild phenotype and reduced pen-
etrance makes it difficult to identify the mutation car-
riers [10]. This is illustrated by the presence of known
dominant disease-causing mutations (p.Cys694Arg;
p.Glu674ArgfsTer83) in the genome aggregation data-
base (gnomAD) containing over 123,136 whole exome
sequences and 15,496 whole genome sequences collected
from individuals with no known severe paediatric illness
[7, 15-17].

A total of 12 CMT-causing mutations were discovered
in LRSAM]1 (Fig. 1a). The c.1913-1G > A splice site muta-
tion (p.Glu638AlafsX7) was the first one described and
remains the only known cause of recessive CMT2P [6].
It is positioned outside of known functional domains [6].
The rest of the known mutations are dominantly inher-
ited and are located in the catalytic C-terminal RING
domain of LRSAMI. Their tight clustering suggests that
the RING domain is a mutation hotspot for CMT2P
(Fig. 1a). The majority of the dominant CMT2P muta-
tions can be attributed to a single individual or pedigree.
An exception to this is a recently identified p.GIn698_
GIn701del found in seven French pedigrees. Subsequent
haplotyping using WES identified a 100-450 kb region
surrounding the mutation shared by five of those fami-
lies indicating a founder effect [18]. The heterozygous
p.Ala683ProfsX3 identified in two unrelated patients of
Sardinian descent could be a founder mutation too [9,
13]. Indeed, this island population was effectively isolated
from the mainland Europe~140-250 generations ago
[19] and screenings in other Mediterranean populations
failed to identify mutations in LRSAM]I [9, 13, 14].

Clinical features
In dominant CMT2P pedigrees, the disease onset is
between 2nd and 6th decades of life (Table 1). Several
mutation carriers were described with a very mild phe-
notype manifesting later in life, highlighting the impor-
tance of longitudinal clinical follow-ups in the diagnosis
of LRSAM1I pathology [9, 10]. The magnetic resonance
imaging of lower limb musculature was shown to be an
essential tool to detect these otherwise asymptomatic
individuals [10]. Yet, individuals that remain fully asymp-
tomatic have also been reported making the diagnosis of
LRSAMI-neuropathy even more problematic [9, 10].

In dominant pedigrees, the usual clinical hallmark
is a relatively mild, very slowly progressive axonal
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neuropathy, mainly involving the lower limbs, with age of
onset in the second or third decade of life [11]. Over four
decades, one of the authors (JB) has performed serial
clinical evaluations in a large CMT2P pedigree compris-
ing 11 LRSAMI mutation carriers in three generations,
and eight at-risk non-affected subjects [10]. Symptomatic
onset occurred between the second and the fifth decade
of life in 5 patients, the remaining 6 being asymptomatic.
The main presenting symptoms were foot deformity and
difficulty in walking; neither sensory nor dysautonomic
symptoms did occur. The affected members were at the
most only moderately disabled; using the CMT neuropa-
thy scale (CMTNS) [20], the scores ranged between 6 and
11 in all 5 patients aged from 58 to 84 years, and between
0 and 3 in all 6 patients between 35 and 47 years of age.
Serial clinical evaluation was crucial not only for detect-
ing disease progression (Fig. 2a—d), but also to establish
the affection statuses [10]. Established clinical picture
included pes cavus (Fig. 2e—i) in all but one patient, and
a variable combination of signs comprising lower-limb
areflexia, stocking hypoesthesia, and leg amyotrophy and
weakness that was markedly asymmetric in one patient
[21]. Upper-limb areflexia and mild glove hypoesthesia
were only observed in 3/5 patients older than 50 years.
Leaving foot deformities aside, four mutation carriers,
aged from 35 to 47 years, had normal examination; they
are examples of reduced penetrance, a phenomenon that
had been observed in other CMT2P pedigrees [9-11].

Forefoot pes cavus is a cardinal manifestation of any
CMT subtype, and as such was observed in 10 of our 11
CMT2P patients [10, 21]. The high prevalence of forefoot
pes cavus in CMT2P indicates that denervation of intrin-
sic foot musculature, which initiates cavus deformity, is
an early event [22]. In this regard and when confronted
with a sub-clinical patient, MRI of lower-limb muscula-
ture can be most helpful in detecting fatty atrophy of foot
muscles [10].

In the only AR-CMT2P pedigree, affected individuals
showed a clinical picture comparable to that reported
in dominant pedigrees, though some of them became
wheelchair dependent [6]. Heterozygous LRSAM1 muta-
tion carriers were asymptomatic.

Other inconstant clinical characteristics of CMT2P
are erectile dysfunction, urgency of urination, severe
evolution to wheelchair bound, episodic numbness, par-
esthesias, cramps, absence of foot deformities, trophic
disorders of the foot with mutilating arthropathy, pre-
dominantly sensory neuropathy with fasciculations and
hyper-CK-aemia, and parkinsonism [6, 8, 9, 12, 17, 23].
In the CMT2P pedigree reported by Peretti et al. [18] the
clinical picture was dominated by sensory ataxia, neu-
ropathic pain, and length-dependent sensory loss to all
modalities.
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Fig. 1 a The domains and location of CMT-causing mutations in LRSAM1. LRR, leucine rich repeat; CC, coiled-coil; SAM, sterile alpha motif; PTAP,
Pro-Thr-Ala-Pro motif; RING, really interesting new gene (expanded view). Frameshift mutations are indicated by square indentations, missense
mutations by arrows, in-frame changes—circle indentations. Critical residues required for the binding of zinc ions (blue) are indicated in yellow.
b LRSAM1 interaction network obtained from STRING using 10 interactors in the first shell and high confidence (0.7). The individual networks
were merged using Cytoscape. Squares—proteins, ovals—affected transcripts. Solid lines indicate direct protein—protein interactions. Dashed
lines correspond to data obtained from RNAseq experiments. Colours indicated genes with known disease-causing mutations: grey—no
known mutations; pale red—CMT; orange—spinocerebellar ataxia; blue—ALS; pink—Alzheimer’s disease; green—Parkinson’s disease; yellow—
Huntington's disease
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Fig. 2 Clinical phenotype. a—d Serial pictures of Case V-4, and pictures of Case IV-11 taken at age 32 years e—-i from the pedigree reported by
Peeters et al. [10]. a At age 25, there is normal appearance of lower limbs; particularly note the absence of peroneal muscular atrophy and toe
clawing. b Close-up picture of the sole of the feet showing midfoot hollowing and callosity over transverse arcus plantaris and external foot borders.
c At age 43, note the appearance of lower-leg amyotrophy mainly involving peroneal musculature; in spite of this there was evidence of neither
weakness of foot extensors/evertors nor difficulty in heel walking. d Close-up picture of the left foot showing wasting of extensor digitorum brevis
muscle (arrows). e-g There is no evidence of lower-leg amyotrophy; note that even under load pes cavus and clawing of toes are visible e, g and
h-i Close-up pictures of the feet showing marked pes cavus-varus deformity and toe clawing. Reproduced from Peeters et al. [10]

Electrophysiological features
Electrophysiological studies usually show the charac-
teristic findings of axonal CMT, namely nerve conduc-
tion velocity slowing >60% of the lower limit of normal
[24], though in initial stages of the disease they might
be normal. Absence of motor or sensory responses
in lower-limb nerves may occur in severe cases. In
nerves with severe attenuation of compound muscle
action potentials or sensory nerve action potentials,
the resulting nerve conduction velocities might be in
the intermediate range (30 to 40 m/s for median nerve)
[9, 17], a fact indicative of preferential involvement of
larger myelinated fibres [25].

Electromyography of distal lower-limb muscles,
particularly extensor digitorum brevis and tibialis
anterior [10, 18], often reveals a pattern of chronic

denervation. Denervation of paraspinal muscles, indic-
ative of involvement of very proximal nerve trunks, has
exceptionally been reported [6]. As might have been
expected in a chronic disorder, the presence of active
denervation potentials (fibrillations or positive waves)
is rarely reported [6].

Imaging features

Peeters et al. [10] have reported the only systematic MRI
investigation of lower-limb musculature in CMT2P, com-
prising 2 symptomatic patients, 5 asymptomatic carriers,
and 1 individual not carrying the disease-causing muta-
tion. Only in the subject not carrying the disease-causing
mutation was lower-leg and foot musculature preserved
[10]. In the other 7 (all mutation carriers), MRI consist-
ently revealed changes, which were more evident with
disease progression [10]. There was fatty infiltration
in foot and calf musculature with proximal-to-distal
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gradient of distribution that correlates well with length-
dependent axonal degenerations found in pathological
studies (see below).

Pathological studies

In the CMT2P pedigree reported by Berciano et al. [21]
and Peeters et al. [10], extensive pathological investiga-
tions were performed, comprising an autopsy study, 2
sural nerve biopsies, and nerve trunk dissection from
an amputation leg at the lower third of the thigh where
the following nerves were removed: sciatic, tibial, lat-
eral plantar, medial plantar, common peroneal, and
the deep peroneal and its lateral terminal branch. His-
tological study of sural nerves and sciatic nerve and
its branches revealed loss of myelinated fibres with a
proximal-to-distal gradient of fibre loss, and clusters
of small regenerating fibres (Fig. 3a,b) (for morpho-
metry, see Berciano et al. [21]). Similar findings have
been reported in biopsies of sural nerve or superficial
peroneal nerve of LRSAM]I carriers [12, 18]. Post mor-
tem study showed loss of anterior horn and dorsal root
ganglion neurons in the lumbar and sacral segments,
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and degeneration of the fasciculus gracilis [21] An addi-
tional figure shows more details (see Additional file 1:
Supplementry figure 1). In L5 ventral and dorsal roots
there was a normal number of myelinated fibres and
axonal atrophy (Fig. 3c,d), diameter histograms being
shifted to the left because of a significant loss of large
myelinated fibres and regeneration [21]. These ana-
tomical findings are consistent with a primary neu-
ronopathy affecting motor and sensory neurons with
length-dependent sensorimotor axonopathy [21].

LRSAM1 structure

LRSAM]I is located on chromosome 9q33.3 and con-
sists of 26 exons spanning a 51 kb genomic region. The
gene shows evolutionary conservation in chordates and
no ortholog has yet been found in other phyla [26]. Four
of the nine known isoforms of LRSAMI are protein-
coding; they do not show any tissue specificity and are
ubiquitously expressed. Intriguingly, LRSAM1I is highly
expressed in human foetal and adult nervous system, and
particularly in motoneurons of the spinal cord and sen-
sory ganglia [11].

Fig. 3 Tibial nerve pathology and necropsy findings. The tibial nerve was dissected down in an amputated leg of Case IlI-5 in Berciano et al. [21]
and Case lll-1in Peeters et al. [10], when the patient was aged 39 years. Semithin transverse sections of the upper third (a) and the lower third (b) of
the nerve showing loss of myelinated fibres, with an evident proximal-to-distal gradient in this fibre loss; note that the density of myelinated fibres
is far lower than that of lumbar roots (see below). Several fibres contain thin myelinated sheaths in relation to axon diameter, a feature suggestive of
remyelination. Note also clusters of regenerating fibres (arrows) (Toluidine blue, x 250 before reduction). The propositus died at age 32 years (Case
IlI-7 in Berciano et al,, [21], and Case lll-4 in Peeters et al., [10]). Semithin sections of L5 ventral (c) and dorsal (d) roots showing that larger fibres are
reduced (particularly in dorsal root), but smaller fibres are increased (for mophometry, see Berciano et al,, [21]). Note the clusters of regenerating
fibres (arrows) (Toluidine blue, x 240 before reduction). Adapted from Berciano et al. [21]
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LRSAM1 is a member of the ubiquitin proteasome sys-
tem (UPS) which consists of enzymes involved in ubiqui-
tin activation (E1), conjugation (E2) and ligation to target
(E3). As a RING-type E3 ligase, it contains a canonical
RING-motif (Cys-X2 -Cys-X(9-39) -Cys-X(1-3) -His-
X(2-3) -Cys-X2 -Cys-X(4-48) -Cys-X2 —Cys) in which
highly conserved cysteines and histidine are separated by
variable numbers of other (X) residues (Fig. 1a) [27, 28].
The Cys(;)-His lattice binds two zinc ions that are pivotal
in maintaining the three-dimensional structure of the
domain [27, 28] (Fig. 1a). The RING is essential for the
binding of the ubiquitin-conjugating enzymes (E2) and
facilitates the direct transfer of the activated ubiquitin to
the target proteins by bringing the E2 and the substrate
into close proximity [28].

Similar to other RING-type ligases, LRSAM1 forms
homodimers both in vitro and in vivo [7, 27-29]. This
self-association is critical to the auto-ubiquitination
activity that is one of the auto-regulatory mechanisms
of the E3 ligases [27]. While the RING domain is pivotal
in the ubiquitin transfer, the dimerization is regulated by
the CC; (coiled-coil-1) and LRR (leucine-rich repeats)
domains [30]. The sterile alpha motif (SAM), and PTAP
(Pro-Thr/Ser-Ala-Pro) and the second coiled-coil (CC,)
domains are responsible for substrate interaction and
were observed to impact the ubiquitylation function
in vitro [30, 31]. Finally, the six N-terminal LRRs also play
a role in pathogen/substrate recognition [32].

LRSAM1 function

Ubiquitination is a key cellular process that regulates pro-
tein activity or marks them for degradation [31, 33]. As
an E3 ubiquitin ligase, LRSAM1 is involved in multiple
cellular processes from RNA metabolism and transcrip-
tional regulation to endosomal sorting and xenophagy.
Even though the protein executes this canonical function
in the cytoplasm, it contains a nuclear localization signal
and has been found in the nucleus as well [8, 34].

To date, the only identified LRSAM1 ubiquitination
target is the tumour suppressor gene 101 (TSG101) [31].
TSG101 is a member of the ESCRT I (endosomal sorting
complex required for transport) and is involved in vesicle
recycling, retroviral Gag protein assembly and the bud-
ding of viral-like particles [31, 35]. The inactivation of
TSG101 through ubiquitination by LRSAM1 results in
degradation of epidermal growth factor receptor (EGFR)
and a reduction in viral budding [26, 31]. This interaction
is of particular interest as EGFRs (e.g. Erbb2, Erbb3) are
known to be involved in the CMT pathology [36]. Also,
TSG101 associates with LITAF (LPS-induced TNF-acti-
vating factor), a known CMT1-causing protein but as the
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CMT?2P patients do not show signs of demyelination, the
relevance of this interaction is unclear [37].

LRSAML1 is likely involved in the RNA metabolism.
An interactomics study performed on Lrsaml knockout
mouse motoneuron-like cells (NSC34) transfected with
human LRSAM1¥T or LRSAM1<*6?*A%¢ jdentified mul-
tiple RNA binding proteins [8]. Two of them known to be
involved in mRNA splicing (FUS) or poly-A tail preserva-
tion (G3BP1) were verified in patient-derived fibroblasts
[8, 38, 39].

Lastly, LRSAM1 was implicated in cell adhesion regu-
lation through mediating the levels of beta-catenin and
E-cadherin through a GSK-3 dependent mechanism in
rat PC12 cells [34]. However, these findings were never
pursued further, and their implications are unknown.

Modelling LRSAM1
To study the loss of LRSAM1I associated with the reces-
sive CMT mutation, a zebrafish LRSAM1 knockdown
and a mouse Lrsaml knock-out (LrsamI1*®) model were
created [11, 40]. Both organisms carry orthologs in
their genome that share 58% and 88% identity to human
LRSAMI1 respectively (Clustal Omega) [41]. The mor-
pholino knock-down of the zebrafish ortholog induced a
strong neurodevelopmental phenotype [11]. The embryos
exhibited reduced motor neuron organization, which did
not improve at four days post fertilization indicative of
the involvement of Lrsam1 in neuronal development [11].
Although a neurodevelopmental phenotype has not been
reported in CMT2P patients, the study highlights the
importance of LRSAM1 in the nervous system (Fig. 1b).
The Lrsam1¥© mouse model was developed using gene
trap mutagenesis resulting in a complete loss of protein
expression (40). Contrary to the findings in zebrafish,
Lrsam1®© mice resembled their wild-type littermates
even at 12 months of age [40]. The lack of neurodegen-
erative phenotypes in murine models has been reported
previously for a CMT-causing gene (HINT1) [42]. Inter-
estingly, the Lrsam1*° mice did exhibit stronger signs of
axonal degeneration when challenged with acrylamide as
a neurotoxic agent [40]. After two weeks of acrylamide
treatment, wild type, heterozygous and homozygous
mutant mice showed overt signs of neurological dysfunc-
tion, such as tremor and poor coordination. Quantitative
measures, including NCV studies and axon measure-
ments, demonstrated that the degeneration was more
severe in the mutant animals. Upon reduced Lrsaml
expression levels, axons of the motor, but not sensory,
branch of the femoral nerve showed greater sensitivity to
acrylamide-induced degeneration. In addition, the NCVs
measured between the sciatic notch and the lumbrical
muscle of the foot was significantly reduced after acryla-
mide treatment in mutant animals compared to their
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wild type littermates. Similarly, an exacerbation of the
phenotype has been observed in mildly affected patients
carrying mutations in PMP22, SH3TC2, and MPZ under-
going chemotherapy, supporting the relevance of the
model [43].

Mutation effect

The only known recessive mutation in LRSAM]1 leads to a
complete loss of protein as detected in EBV-transformed
lymphocytes from a patient [6]. Conversely, LRSAM1
was detected in the dominant mutation carriers and the
expression levels were unchanged [9, 10]. The tight clus-
tering of dominant mutations highlights the importance
of the RING domain as a driver of the disease. Frameshift
mutations cause either premature truncation (p.Glu682_
Ala683ins21; p.Ala683ProfsX3; p.Glu674ValfsX11) or
elongation (p.Leu708Argfx28) of the RING domain [9,
11, 12]. The missense mutations target highly conserved
residues within the RING-motif possibly affecting the
binding of the two zinc ions leading to the destabiliza-
tion of the RING domain (Fig. 1a) [7, 8, 10]. The neuro-
toxicity of the mutant protein was demonstrated through
the expression of the human LRSAMI<*¢**A¢ in murine
Lrsam1X© neuronal cells (NSC34). The lack of Lrsaml
in these cells did not induce neurodegeneration, cor-
roborating the findings in the mouse model [40], how-
ever overexpression of human LRSAMI***478 induced
axonal degeneration [8].

Some of the most informative clues on how LRSAMI
mutations affect its function comes from the study of an
artificially created LRSAMI9*%7>4l¢ mutation [31]. The
LRSAMI9%67541a hroduces a stable protein product but
affects a critical residue in the RING domain rendering
the protein catalytically dead [7, 31]. Expression of it in
HeLa cells containing a LRSAM1WT altered the locali-
zation of the retroviral Gag protein and both proteins
co-localised to circular cytosolic structures in a domi-
nant negative manner [31]. This was hypothesized to be
a consequence of the loss of TSG101 regulation through
ubiquitination that disturbed the sorting of cargo vesi-
cles. Supporting this, CMT-mutants (LRSAM]I 64Ty,
LRSAM1P0707Let and LRSAM1Leu708A8628) ywhile retain-
ing their ability to interact with LRSAM1Y", lose the
capacity to associate with the E2-conjugating enzyme
Ubc13 in yeast-2-hybrid experiments [7]. This provides
a potential explanation to why they show a significant
reduction in their ubiquitination activity [7].

The LRSAMI1¥*6%*A8 mutation also showed significant
reduction in the interaction with FUS and G3BP1 [8],
two proteins implicated in other neurodegenerative dis-
eases, and to have an effect on their localization. FUS and
G3BP1 exhibited reduced expression in the nucleus of
patient-derived LRSAM1<*¢**A%8 fibroblasts and mouse
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neuronal Lrsam1© cells overexpressing the mutant pro-
tein [7]. Strikingly, this effect was extended to TDP-43,
which does not interact with LRSAM1 directly, but com-
plexes with FUS in the regulation of mRNA processing
[8, 44].

A parallel transcriptomics study performed on EBV-
transformed lymphocytes derived from patients carrying
the LRSAMI19°**D" mutation provided further insight
into the disease mechanism [10]. One of the validated
transcripts showing significant upregulation was death
receptor 6 (DR6, also known as TNFRSF21), a well-stud-
ied facilitator of Wallerian degeneration [10, 45]. The
data also detected an up-regulation of NEDD4L [10].
Unlike LRSAM1, NEDD4L is a HECT-type E3 ubiquitin
protein ligase and is known to also target TSG101. There-
fore, its upregulation could be partially compensating for
the defective LRSAM1 in the ESCRT-I regulating path-
way [10].

LRSAM1 in the broader context

of neurodegeneration

Several independent observations provide an attrac-
tive setting for studying LRSAM1I as a possible modifier
of different neurodegenerative diseases. For example,
four males from two pedigrees suffering from domi-
nant CMT2P were observed to develop Parkinson’s dis-
ease [11, 18, 23]. In three related patients carrying the
LRSAMI p.Leu708Argfx28 mutation genetic causes in
the 14 most common PD- causing genes were excluded
leaving this variant potentially causatively linked [23].
Moreover, previous transcriptomics analysis performed
on patients carrying LRSAM1<"***T" jdentified a strong
upregulation of the ubiquitin ligase NEDD4L. Down-
regulation of this gene was shown to alleviate motor dys-
function in mouse model of PD [46]. These observations
provide possible venue to explore the role of LRSAMI as
a causal or risk factor in PD.

In the context of ubiquitination-induced aggregate
clearing, LRSAM1 has also been implicated in Hun-
tington’s disease. It was observed that mice expressing
Htt?% exhibited upregulation of Lrsam1 that correlated
with increased clearing of htt171-82Q aggregates [47].
This is contrary to the findings published by another
group showing that LRSAM1 has no impact on protein
aggregate clearing [32].

The neurodevelopmental defect observed in the
zebrafish morpholino knock-down of LRSAMI is
reminiscent of the phenotype of individuals suffering
from Hirschsprung’s disease (HSCR) [11, 48]. HSCR
is a severe congenital disorder caused by an impaired
neural crest development, resulting in the absence of
intestinal ganglion cells and causing no bowel move-
ments in infants [48]. The miRNA-939 is significantly
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up-regulated in patients with HSCR when compared to
controls, down-regulating LRSAMI mRNA and poten-
tially contributing to the disease development in these
patients [48]. So far, no HSCR-like phenotype has been
described in the recessive CMT2P patients that com-
pletely lack LRSAM1.

The interaction of LRSAM1 with FUS and the observed
effect on the localisation of TDP-43 in mutation carri-
ers is very intriguing. Both proteins are associated with
FTD/ALS and exhibit similar nuclear exclusion (Fig. 1b)
[49, 50]. However, there is no formation of aggregates of
FUS or TDP-43 in the CMT2P patient-derived cells. It is
worth exploring whether LRSAM1 could have a modify-
ing effect on patients carrying a pathogenic mutation in
FUS or TDP-43 by accentuating the exclusion of those
proteins from the nucleus.

A plausible first instance of LRSAMI as a CMT
modifier gene was the report of a heterozygous mis-
sense ¢.643C>G (p.P215A) variant outside of the RING
domain in a Polish CMT family [51]. While the actual
disease-causing mutation was identified in RAB7A, the
authors hypothesize that the aggravated phenotype of
one of the affected siblings was caused by the LRSAMI
variant which was also found in the healthy father and
sister of the two patients. Variants targeting this position
are present in European and Asian populations with no
homozygous carriers identified in>141,456 individuals.
Regrettably, no functional studies were performed and
at the moment it is impossible to ascertain the impact of
this variant.

Although no large GWAS studies identified LRSAMI
as a potential modifier of neurodegenerative disease, all
of these individual observations provide an attractive set-
ting for studying LRSAML1 as a possible modifier of neu-
rodegenerative diseases.

Conclusions

CMT?2P, associated with dominant and exceptionally
recessive LRSAM I mutations, is usually characterized by
slowly progressive axonal neuropathy mainly involving
lower limbs, and adulthood onset. The pathological back-
ground is a primary neuronopathy affecting both motor
and sensory neurons with length-dependent sensorimo-
tor axonopathy. There is still a severe lack of understand-
ing of the function of LRSAM1YT and its perturbation
by the CMT causing mutations, due to the scarcity of
systematic functional studies performed. More research
is required to determine its role in CMT and other neu-
rodegenerative diseases with the aim to find therapeutic
strategies to treat these incurable disorders.
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