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ABSTRACT

Objective. To perform a review of our long-term follow-up studies in a family with dominant inheritance of
Charcot-Marie-Tooth disease type 2 (CMT2).

Development. The initial pedigree (1977-1985) comprised 10 affected individuals over three generations and 17
unaffected at-risk members. The clinical picture consisted of a mild peroneal muscular atrophy syndrome with
incomplete penetrance in the first two decades of life. Histopathological study demonstrated that the underlying
disease is a lumbosacral sensorimotor neuronopathy with length-dependent axonopathy. A tentative mapping
of chromosome 12q12 (CMT2G) was performed in 2004. Subsequently, and continuing with serial clinical-
electrophysiological examinations and MRI studies of calf and foot muscles, the clinical picture was redrawn, so
that by 2016 there were 13 affected members. Starting from this modified pedigree, we redefined the disease-linked
region to chromosome 9q and subsequently identified a novel missense variant of the E3 ubiquitin-protein ligase
LRSAMI1 (p.Cys694Tyr). This mutation does not influence overall protein levels of LRSAM1, nor its ubiquitylation
target TSG101. The mutation is associated with several transcriptional changes, including significant upregulation
of another E3 ubiquitin-protein ligase, NEDDA4L, and of TNFRSF21, a key regulator of axonal degeneration.

Conclusions. The longitudinal study of this large CMT2 family with incomplete penetrance demonstrates its
enormous value for a reliable phenotypic definition. This has made possible the identification of the causal genetic
variant, which attests to the formidable and sustained coordination between Spanish clinicians and Belgian
geneticists. Our findings demonstrate that the isolated genetic entity CMT2G is caused by a missense mutation in
LRSAMI and should be reclassified as CMT2P.
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Introduction

Charcot-Marie-Tooth disease (CMT) is the most com-
mon inherited neuropathy with a prevalence rate in
Cantabria of 28.2 cases per 100 000 population,' which
is basically characterised by progressive wasting and
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weakness of distal muscles and pes cavus.”® CMT was
initially classified according to the mode of transmission
(autosomal dominant, autosomal recessive, X-linked,
or mitochondrial) and electrophysiological or nerve
biopsy features. Characteristically, motor conduction
velocities (MCV) in median nerve are < 38 m/s for the
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demyelinating forms (CMT1) and > 38 m/s for the axo-
nal form (CMT?2).>* There may be an intermediate form
with MCV between 25 and 45 m/s.*” CMT is a clinically
and genetically complex disorder, with causal mutations
in over 120 genes having been reported with the recent
implementation of next-generation sequencing (NGS)
into routine diagnostic practice.®*°

The main objective of this study is to provide an overview
of a large Spanish CMT2 pedigree with autosomal dom-
inant transmission followed up over four decades.'"'
The precise genetic diagnosis, CMT2P/LRSAM1I, would
not have been possible without long-term follow-up of
patients and at-risk subjects, given that the pedigree dis-
played very blatant incomplete penetrance. Narration
and illustrations conform to our original descriptions
and are presented in chronological study order.

Initial evaluation (1977-1986) of the AC pedigree:
clinical-pathological study

Clinical features

Ten affected and 17 unaffected persons belonging to a
single Cantabrian family, as shown in Figure 1, were
evaluated by one of the authors (JB) from 1977 to 1985."
The disease in the pedigree was consistent with autoso-
mal dominant inheritance. Seven of the 11 persons at
risk in the third generation, with ages ranging from 22
to 41 years, were affected. By contrast, only one of the
10 persons at risk in the fourth generation, with ages
ranging from one to 15 years, was affected; this propor-
tion differs significantly from the expected ratio of 1:1
(x* = 8.20; P < .01).

The clinical features of the 10 affected members that
had already been tabulated (see Table 1 in the paper by
Berciano et al.'') will be updated and re-tabulated lat-
er in this work (see below). The ages of the 10 affected
members of this family ranged between eight and 78
years, with a mean of 38 years. The majority developed
symptoms during the second decade of life, with only
two patients becoming symptomatic before or after that
age. Two were asymptomatic, but presented subtle clini-
cal signs. The main presenting symptoms were pes cavus
(Figure 2) and difficulty walking. The affected members
were at most only moderately disabled; in fact, no vari-
ation in neurological status was observed in successive
examinations performed from 1977 to 1985. There was
mild stocking hypoaesthesia, mainly involving vibrato-
ry sensitivity. Muscle weakness and amyotrophy were

restricted to the small muscles of the feet and sometimes
to leg muscles, especially the foot extensors; only one
person showed the classical “stork legs” sign (Figure 2).
There was lower-limb areflexia. Three patients (cases II-
4, I1I-5 and III-7; see Figure 1) have required orthopae-
dic surgery in their feet. Case III-5 sustained a commi-
nuted fracture of the medial and lateral condyles of the
right tibia in 1980, complicated by a painful plantar ulcer
and osteomyelitis of metatarsal and tarsal bones. After
a protracted clinical course, amputation of this leg was
performed in February 1985 (see below for the histolog-
ical study of leg nerves). Hand wasting, scoliosis, nerve
thickening, pupillary anomalies, deafness, optic atrophy,
tremor, and ataxia were not present. Results from rou-
tine laboratory tests and ECG were normal.

Case III-7 (propositus)

This 32-year-old man consulted in 1977 for progres-
sive deformity of the right foot. He was a heavy smoker
(more than 40 cigarettes per day). At the age of 17 years
he had an operation for pes cavus. On examination at
age 29, he showed bilateral pes cavus and distal wasting
in the lower limbs, especially on the right side (Figure
3).!t1 Tendon reflexes were absent in his legs and normal
in his arms. He displayed mild stocking hypoaesthesia.
The patient was re-examined in 1978 and 1979, and no
changes were noted. In April 1980, he was admitted for
subacute and progressive dyspnoea. Once again, neuro-
logical examination showed no changes. Chest radiogra-
phy revealed a mass in the left lung. He died three weeks
after admission. The general autopsy showed an oat cell
carcinoma with metastases in regional lymph nodes, liv-
er, spleen, adrenal glands and bone marrow.

Electrophysiological studies

The results of the electrophysiological studies will be pre-
sented in greater detail below, starting from follow-up
examinations carried out between 2011 and 2015. Up to
1985, initial nerve conduction studies (motor and senso-
ry) were performed on the median and peroneal nerves
in all but two of the affected individuals. The results, tabu-
lated in the paper by Berciano et al.,' can be summarised
as follows: i) sensory nerve action potential (SNAP) am-
plitudes of the median nerve showed moderate reduc-
tion (22-58% of normal) in six adult subjects and were
normal in two young patients; ii) two patients displayed
minimal slowing of sensory conduction velocity (SCV);
iii) SNAP of the peroneal nerve were examined in five
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cases, being unobtainable in one case and showing re-
duced amplitude (33-66% of normal) in the remainder;
iv) distal motor latencies (DML) were always normal in
the median nerve, whereas they were slightly prolonged
in the peroneal nerve; and v) MCVs were normal in the
median nerve and slightly reduced in the peroneal nerve.

Electromyography of the tibialis anterior was performed
in 10 affected individuals, revealing a chronic denerva-
tion pattern.

Between 1977 and 1985, the studies were repeated in
seven cases, and no significant changes were observed.

Pathological studies

Pathological material included the following: i) autopsy
of the proband patient (case III-7, Figure 1''); ii) dissec-
tion of the nerves of the amputated leg from case III-
5, from which samples were taken of the deep peroneal
(anterior tibial) and posterior tibial nerves in their up-
per, middle, and lower thirds, as well as from their dis-
tal branches (lateral terminal branch and medial plantar
branch); and iii) sural nerves from cases I1I-5 and III-7.

At autopsy, the spinal cord and nerve roots were mac-
roscopically normal. Figure 4A-F! illustrates the main
findings from the spinal cord, nerve roots, and spinal
ganglia. The grey matter of the anterior horn was normal
at cervical and thoracic segments. Motor neuron cell loss
(Figure 4A") and gliosis were observed at the lumbosa-
cral level; motor neurons frequently exhibited signs of
neuronal atrophy, but neither central chromatolysis nor
neuronophagia was observed. The four posterior root
ganglia examined (L3-S1) displayed marked depletion of
ganglion cell bodies, proliferation of satellite cells, and
residual nodules of Nageotte (Figure 4C'). The L5 ven-
tral and dorsal roots were studied, revealing loss of larger
myelinated fibres, particularly in the dorsal root (Figure
4B, D'"). Morphometric evaluation of spinal roots was
only carried out at the L5 level (Supplementary Material
figures Sla, b"). The proportion of large fibres (= 8 um)
in the ventral and dorsal roots was significantly lower
than in controls (P < .001). There were clusters of small
regenerating fibres (Figures 4B and 5A'"); for quantifi-
cation of cluster numbers, see Berciano et al."' Atrophic
axons were occasionally encountered (Figure 5B').

In the peripheral nerve trunks examined, the most
striking pathological finding was a decrease in the
number of myelinated fibres (Figure 6'!). The diameter

distribution histogram was unimodal in all nerves as a
result of the disappearance of the largest myelinated fi-
bres (Supplementary Material figures Slc, d*!). A proxi-
mal-to-distal gradient of fibre loss was evident in pero-
neal and posterior tibial nerves. Clusters of regeneration
were also observed (Figure 6'').

Definitive stage (1987-2015): phenotypic redefinition,
molecular era entry, and pathogenic gene variant
disclosure

In these three decades, a series of advances took place
that that made it easier for us to better delineate the phe-
notype and identify a pathogenic variant of LRSAMI. As
before, we will follow the chronological order of these
events.

The collaboration between Dr Anita Harding and Dr José
Berciano enters the scene

In 1983, Combarros et al."” had reported four CMT1
pedigrees comprising 47 examined individuals: 26 affect-
ed and 21 unaffected. Four years later, Dr Anita Harding
(Institute of Neurology, Queen Square, London) request-
ed our collaboration in her desire to perform linkage
analysis in informative CMT1 pedigrees, and eventually
in the AC family (CMT2) described here. The results of
these CMT1 linkage studies were, successively, as fol-
lows: i) absence of linkage to chromosome 1 markers's;
ii) confirmation of linkage to the pericentromeric region
of chromosome 17Y; and iii) confirmation of DNA du-
plication on 17p11.2 as a cause of CMT1A."® As might
have been expected, two CMT?2 pedigrees, including the
AC family, did not show the CMT1A duplication.

From London to Antwerp

After the untimely death of Professor Anita Harding (in
1995, at the age of 43), DNA samples from the AC family
were transferred to the Laboratory of Neurogenetics at
the University of Antwerp, headed by Dr Christine van
Broeckhoven; her laboratory was recognised as a lead-
ing centre after discovering that the basis of CMT1A was
duplication in chromosome 17p11.2," and after launch-
ing the European CMT Consortium. The fact is that
over the course of the Seventh Meeting of the European
Neurological Society, held in Rhodes (Greece) on 14-18
June, 1997, Dr van Broeckhoven contacted one the au-
thors (JB) to confirm that DNA samples received from
London belonged to the Spanish AC family, as was the
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Figure 1. Pedigree of the AC family as reported by Berciano et al."!

Figure 2. Photographs of case III-5, obtained at age 34, showing peroneal muscle atrophy (“stork legs”) (A). In the close-up
images of the feet, note pes cavus with clawing of the toes and callosity on the anterior plantar arches (B, C). Note also the
cutaneous scar sequelae of the surgical corrections for foot deformities (B). Unpublished images.

226



From phenotype to genotype in a Spanish CMT2P/LRSAM]1 family

Figure 3. Propositus showing asymmetric peroneal muscular atrophy (A, B). There is a remarkable similarity with Case II by Tooth'
(C, redrawn from the original). Taken from Berciano et al."!

Figure 4. A) Transverse section of the spinal cord at the S1 segmental level, showing loss of motor cells in the anterior horn accompanied
by gliosis (KB, original magnification X250 before reduction. B) Semithin transverse section of the L5 ventral root showing two clusters
of regenerating fibres (arrows); at this high power view, the loss of myelin fibres is not appreciable (Toluidine blue, original magnification
%1000 before reduction). C) Lumbar posterior root ganglion showing degenerated neuronal cell bodies with proliferation of capsule cells
(arrowheads) and residual nodules of Nageotte (arrows) (HE, original magnification x400 before reduction). D) Semithin section of the
L5 dorsal root, showing reduction of larger myelinated fibres, the smaller one being increased (Toluidine blue, original magnification
%400 before reduction). For fibre histograms of myelinated fibres of L5 roots, see Supplementary Material figure Sla. E) Transverse
section of the spinal cord at the C5 level, showing bilateral demyelination of fasciculus gracilis (KB, original magnification x25 before
reduction). F) Transverse section of the spinal cord at the S1 level, showing marked gliosis of posterior columns (Holzer, x100 before
reduction). Adapted from Berciano et al."!
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Figure 5. Electron micrographs of the L5 ventral root. A) Cluster of regenerating fibres containing myelinated and non-myelinated
axons. B) Attenuated axon in a myelinated fibre. (Bars = 1 um). Taken from Berciano et al."

case because the family tree was the one hand-drawn by
JB when the first shipment was made from Santander to
London in 1987. On our return to Santander, ]B sent Dr
van Broeckhoven a copy of the clinical and pathologi-
cal material published on this family."! JB made a com-
mitment to conduct a clinical update of the patients and
subjects at risk in the following months.

By 2002, the AC pedigree was clinically updated with
the addition of one new affected member in the third
generation (case III-20) and four additional cases in the
fourth generation (cases IV-5, IV-9, IV-10, and IV-11)
(Supplementary Material figure S2'>'?). Based on the up-
dated pedigree, Nelis et al.'? carried out a genome-wide
linkage analysis. A conclusive linkage with the chromo-
some 12q13.13 marker was obtained. Fine mapping lo-
calised this novel locus to a 13.2-Mb (12.8 ¢cM) interval
between D12S1663 and D12S1644 at 12q12-q13.3. The
candidate genes AVIL, CENTGI, RAB5B, and DHH were
excluded. It was concluded that the CMT2 neuropathy in
this family represented a novel genetic entity, designated
CMT2G.

Consecutive clinical studies in Santander and molecular
genetic research in Antwerp continued in parallel

In the following years, a series of advances took place,
which can be summarised as follows:

— Introduction of the CMT neuropathy score (CMTNS),
which, using clinical and electrophysiological param-
eters, provides a single measure to quantify CMT dis-
ability.*® CMTNS can vary between 0 and 36, and CMT
is classified as mild (scores < 10), moderate (11-20) and
severe (= 21). It is worth noting that the CMTNS is a
validated measure of length-dependent axonal and de-
myelinating CMT disability and can be calculated as an
end point for longitudinal studies and clinical trials in
CMT‘ZO,ZI

— Pes cavus is a cardinal manifestation of CMT.>>**
On the basis of our longitudinal electrophysiological
studies in children with CMT1A, we postulated that
forefoot cavus is initiated by denervation of the intrin-
sic foot muscles, and particularly the lumbricals.?#
This pathophysiological proposal was subsequently con-

firmed by MRI examination of the leg and foot muscles
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in CMT1A patients. In patients with mild CMTNS, fatty
muscle atrophy predominantly or exclusively involved
the intrinsic foot muscles.”’

— With its commercial introduction in 2005, NGS great-
ly facilitated genetic diagnosis in CMT.**® NGS technol-
ogy allows high-throughput parallel sequencing either
of targeted genes (panels), all protein-coding sequences
(whole exome sequencing [WES]), or the entire genome
(whole genome sequencing [WGS]).

Gene hunting within the AC pedigree

In 2010, Guernsey et al.” studied a large autosomal reces-
sive CMT2 pedigree, in which they found homozygosi-
ty for a splice mutation in the leucine-rich repeat- and
sterile alpha motif-containing 1 (LRSAM1I) gene, located
at chromosome 9q33.3-q34.1 (OMIM # 614436); hetero-
zygous mutation carriers were unaffected. Soon after, at
the VIB Department of Molecular Genetics (Antwerp),
extensive molecular genetic and genomic studies were
carried out on the AC family; these have been described
in detail elsewhere by Peeters et al.’® In brief, the analy-
ses performed are as follows: array comparative genomic
hybridisation targeting the CMT2G locus, linkage analy-
sis, new whole-genome linkage analysis, and WGS/WES
of cases II-2 and III-1 (Figure 7A'""%); nevertheless, no
disease-causing mutation could be found within the
chromosome 12q12-q13-3 locus. This molecular finding
forced us to update, between 2011 and 2025, the clinical,
electrophysiological, and imaging data, and to reassess
molecular features in at-risk subjects, whether they were
symptomatic or only showed clinical signs of peroneal
muscular atrophy.

Clinical findings

Firstly, it should be noted that cases II-1, II-2 and their
descendants and descendants of case II-3 were exclud-
ed from the updated pedigree (compare Figures 1 and
7A).""" To avoid interpretative errors in the genealogy of
this family, when mentioning specific cases we will refer
to figures with genealogical representation (Figures 1 and
7,1 or Supplementary Material figure $2'>'?). Updated
clinical data from the latest examinations, performed be-
tween 2011 and 2015 in all 11 affected subjects, are sum-
marised in Table 1'%; this allowed the identification of new
cases in the fourth generation (cases IV-1,1V-10, and IV-
2), but also the exclusion of previous cases considered
affected (III-12, III-14, IV-8, and IV-9) (compare the

Figure 6. These images illustrate the pathological hallmark of the posterior
tibial nerve in Case III-5 (see text for further details). 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 seen in the lumbar roots (see Figure 4). Several fibres contain thin
myelinated sheaths in relation to axon diameter, a feature suggestive of
remyelination. Note also clusters of regeneration (arrows) (Toluidine blue,
%250 before reduction). Adapted from Berciano et al."!

pedigrees in Figure 7A'""* and Supplementary Material
figure S2'>'%). Four patients (II-1, II-2, III-1, and III-4 in
Figure 7A""") died from causes unrelated to CMT; none
of them had exhibited progression of lower-limb weak-
ness. Both re-examined patients from the third genera-
tion (III-8 and III-10) showed progressive walking diffi-
culties requiring neither ankle/foot orthosis nor support;
CMTNS was mild or moderate (Table 1'3). All affected
members of the fourth generation have remained asymp-
tomatic with mild CMTNS. Two patients (cases IV-4 and
IV-11 in Figure 7A"**) showed pes cavus, stocking hy-
poaesthesia, and lower-limb areflexia. Non-symptomatic
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progression of lower-limb amyotrophy was observed in
patient IV-4 (Figure 8A-D"). Figure 8E-I'* shows patient
IV-11 exhibiting minimal clinical involvement, consist-
ing of forefoot cavus, toe clawing, stocking hypoaesthe-
sia, and ankle areflexia. The remaining patients from the
fourth generation presented only isolated pes cavus or
no sign of disease.

Our longitudinal clinical evaluations revealed changes in
some disease statuses compared to previous reports.''
Case III-12 (Figure 7A'"") is a 57-year-old man dis-
playing pes cavus and minimal stocking hypoaesthesia.
At age 26 years, the only positive electrophysiological
finding had been reduced SNAP amplitude in peroneal
nerves (0.5 uV; normal range, > 1.5); he was considered
affected (case III-16 in Supplementary Material figure
2).1113 Serial examinations (the latest was performed in
2014) revealed no signs of disease except for minimal pes
cavus. Furthermore, the results of a follow-up electro-
physiological study, including peroneal nerve motor and
sensory parameters, were normal. Therefore, we reclas-
sified him as unaffected. Case III-14 (Figure 7A" ") is a
53-year-old man initially evaluated at the age of 13 years,
when he presented only mild pes cavus and doubtful
stocking hypoaesthesia with preserved tendon reflexes
and muscle strength of the foot dorsiflexors/evertors. In
our 2004 report,'> he was considered affected (case III-
20 in Supplementary material figure S2'>"*). Nerve con-
ductions were normal. Serial examinations over 20 years
revealed no changes; therefore, he has been reassigned
as unaffected.

Two other cases deserve special mention: sister and
brother, cases IV-8 (born in 1976) and IV-9 (born in
1979) are listed as unaffected in the original pedigree
(Figure 1) and as affected in the pedigree by Nelis et
al.”? (Supplementary Material figure S2; cases IV-9 and
IV-10'213), Case IV-8 was found to be normal at the first
examination at six years of age, whereas in subsequent
consecutive examinations, between 1986 and 2000, pes
cavus was observed, although nerve condition study
findings were normal. In 2011 (at 35 years of age) and
except for minimal pes cavus, clinical examination find-
ings were normal, as were the results of nerve conduc-
tion studies and MRI of the lower-leg and foot muscles
(see below). Therefore, she is now considered unaffected
(Figure 7' case IV-8). Case IV-9 (Figures 1 and 7A'"")
was aged 35 years in 2014. From the initial evaluation
he had presented only mild pes cavus and incipient toe
clawing; in 2002 he was considered presumably affected

(case IV-10 in Supplementary Material figure S2'>'3).
Repeated examination in 2014 revealed no difficulty in
heel walking, with normal ankle flexor-extensor mus-
cle strength. Ankle and patellar reflexes were preserved.
Nerve conduction study results were normal. It is worth
noting that he was a professional football player. Given
this minimal semiology and the absence of progression
over two decades of observation, we concluded that this
subject was not affected.

Electrophysiological findings

Electrophysiological studies were updated for eight af-
fected individuals (Table 2; cases identified as numbered
in Figure 7A)."""* Besides isolated SNAP amplitude re-
duction of the median nerve, potentially associated with
an incidental carpal tunnel syndrome, two patients (IV-1
and IV-12) had normal nerve conduction studies, fur-
thermore, needle electromyography (tibialis anterior and
extensor digitorum brevis [EDB] in IV-1; EDB in IV-12)
revealed no changes. In the remaining six patients, the
most common finding was variable SNAP amplitude re-
duction in the median, ulnar, or sural nerve. Compound
muscle action potentials (CMAP) in the ulnar and me-
dian nerves were systematically preserved, whereas in
the tibial and/or peroneal nerves they were attenuated
in four cases. MCV's and SCV's were normal or slowed in
the axonal range; likewise DMLs were normal or slightly
prolonged. Electromyography of the EDB systematically
revealed a pattern of chronic denervation.

MRI findings

MRI of the lower-limb muscles was performed in eight
individuals: two symptomatic patients (III-8 and III-10)
and six at risk (IV-1,1V-4,1V-8,IV-10,1IV-11,and IV-12)
(numbering according to Figure 7A).!*** Only in case
IV-8, not carrying the disease-causing mutation (see be-
low), lower-leg and foot muscles were preserved (Figure
9A-C"P). However, in the other seven (all mutation car-
riers), MRI revealed changes that became more evident
with disease progression (see Figure 9D-I"). Calf mus-
cles showed fatty atrophy, which was bilateral, at most
moderate, predominantly distal, and mainly involved
superficial posterior compartments. Calf muscle oede-
ma was exceptional. Contrast enhancement, studied in
cases III-8 and III-10, was not observed. Compared to
the lower-leg muscles, the intrinsic muscles of the foot
systematically exhibited more advanced fatty atrophy
(Figures 9F and I*?).
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Figure 7. A) Updated pedigree and haplotype analysis of the Spanish AC pedigree in 2015. Note that in order to facilitate the reading of the at-risk
subjects undergoing molecular study, the structure of the family tree has been modified with respect to the pedigrees given in the initial clinical-
pathological study"! (see Figure 1) and in the description of CMT2G" (see Supplementary Material figure S2'>'*). Square symbols represent males and
circles represent females. Black symbols indicate affected individuals. Underlined labels specify the individuals whose disease status was changed after
clinical re-evaluation. Individuals who were subjected to whole genome, whole exome, or RNA sequencing are indicated with G, E, and R, respectively.
Haplotype analysis indicates a disease-linked haplotype on chromosome 9. B) Graph representing the results of the genome-wide two-point parametric
linkage analysis. Note that the initial linkage peak corresponding to CMT2G on chromosome 12 disappeared, whereas a new conclusive linkage region
appeared on chromosome 9q31.3-q34.2 (Z_ = 3.186 at 0 = 0). C) Electropherograms around the LRSAMI c.2081 genomic position demonstrating a
heterozygous G>A transition in a patient compared to a control. Taken from Peeters et al.”®

Genetic findings: linkage studies

We recruited additional family members (cases IV-1, IV-
5, IV-10, IV-12, and IV-13; Figure 7A'""*) and consid-
ered the updated disease status of seven individuals (see
above).” Owing to the minimal clinical phenotype in
the fourth generation, the disease status of four asymp-
tomatic individuals (IV-5, IV-8, IV-9, and 1V-12) was
deemed “unknown.” The renewed genome-wide linkage
analysis demonstrated that the CMT2G region on chro-
mosome 12q12-q13.3 was no longer linked to the disease
phenotype's; however, a new conclusive linkage region
appeared on chromosome 13q31.3-q34.2 (Z__ = 3.186
at © = 0; Figure 7B""%). Genotype analysis confirmed a
common haplotype shared by all affected individuals (see

Figure 7B'"??). Key recombination events (in II-1, IV-4,
IV-10, IV-11, and IV-12) delineated the disease haplo-
type to a 23.6-Mb region between markers D9S2026 and
D9S164.

Genetic findings: mutation analysis

We re-analysed the WGS data to find novel coding vari-
ants in the chromosome 9 locus, shared between the af-
fected individuals (IV-2 and IV-11; Figure 7A'"?) and
absent from the unaffected individual (IV-9)."* Data
filtering revealed no such variant; therefore, to exclude
false-negative calls, we additionally analysed WES data
from three affected individuals (II-2, III-1, and IV-11).
WES analysis revealed a shared novel missense vari-
ant (c.2081G>A, p.Cys694Tyr; Figure 7C'"") in the
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From phenotype to genotype in a Spanish CMT2P/LRSAM]1 family

Figure 8. Updated clinical findings. Serial pictures of Case IV-4 (A-D), and pictures of Case IV-11 (E-I) taken at age 32 years (for number identification,
see Figure 7). A) At age 25, the lower limbs appear normal; in particular, note the absence of peroneal muscular atrophy and toe clawing. B) Close-up
picture of the soles 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 muscles; 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 the 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). H-I) Close-up pictures of the feet, showing
marked pes cavus-varus deformity and toe clawing. Taken from Peeters et al.”®
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LRSAMI gene. This gene has already been associated
with CMT2P.*** This particular genomic position was
not covered in the WGS data of the two affected individ-
uals. The LRSAM1 variant was present in all disease hap-
lotype carriers and absent from 164 Spanish control in-
dividuals. It targets a conservative nucleotide (Genomic
Evolutionary Rate Profiling score = 5.26) and amino acid
residue (PolyPhen2 score = 0.998) within the catalytic
RING-type zinc finger domain of the LRSAM1 protein.

Protein studies

Reported LRSAMI pathogenic variants affect the
length**** or abundance® of the protein. Therefore, we
compared LRSAMI protein levels in lymphoblasts from
five mutation carriers and four non-mutation carriers,
yet observed no difference in expression between both
groups (Figure 10A)." Additionally, a reported LRSAM1
mutation affecting the RING domain disturbs its ubiqui-
tin ligase activity, resulting in increased abundance of its
ubiquitylation target TSG101.*>** We tested a potential
effect of the mutant protein on TSG101, but comparable
expression was detected in patients and controls (Figure
10A").

Transcriptional analysis

Differential expression analysis of the lymphoblast tran-
scriptome of three LRSAMI mutation carriers (III-10,
IV-10, and IV-11; Figure 7'***) compared three non-car-
riers (III-9, IV-5, and IV-8) revealed several misregu-
lated transcripts (Figure 10B"; Supplementary Material
table S1)."* With reverse transcription quantitative PCR,
we validated 35 protein-coding genes that showed a
significant expression change (log-transformed fold-
change > 0.5 with both DESeq2 and edgeR algorithms,
and > 100 raw read counts in all samples of at least one
group [Supplementary Material table S1]"). To expand
the relevance of our findings, we added samples of two
more mutation carriers (III-8, IV-12) and one non-carri-
er (IV-9). We identified six significantly upregulated and
two downregulated transcripts in patients’ lymphoblasts
(see Figure 10C"), including NEDD4L, another ubiqui-
tin E3 ligase, and TNFRSF21, a key regulator of axonal
degeneration.

Discussion

We describe here a longitudinal study conducted over
four decades in a large CMT2 family. At the initial

evaluations, carried out between 1977 and 1985, there
were 10 examined patients of both sexes in three gener-
ations with male-to-male transmission, which is indica-
tive of an autosomal dominant inheritance pattern.'* The
disease manifests with a mild-to-moderate neuropathy
phenotype consisting of pes cavus, slight stocking hy-
poaesthesia and peroneal amyotrophy with little clini-
cal progression. Asymmetric peroneal amyotrophy, as
described by Tooth,"* was exclusively observed in our
proband patient (Figure 311,14); strikingly, up to 9.4%
of CMT1A patients show asymmetrical lower-limb
strength.** Seven of the 11 persons at risk in the third
generation, with ages ranging from 22 to 41 years, were
affected; conversely, only one of the 10 persons at risk in
the fourth generation, with ages ranging from one to 15
years, was affected. This suggests incomplete penetrance
in the first two decades of life, a genetic feature that has
rarely been described in CMT. **3"%

Our pathological study demonstrated a lumbosacral
sensorimotor neuronopathy with length-dependent ax-
onal degeneration (dying-back phenomenon)." This is
a unique pathological study, since it combines exam-
ination of the spinal cord with a morphological and
morphometric analysis of the L5 anterior and posterior
roots, and lower-leg nerves (peroneal and posterior tibial
nerves), comparing the findings from proximal and dis-
tal nerve segments. Pathological study also included the
sural nerve in two cases, with similar findings to those
observed in other lower-leg nerves.

In 1983 the research group of one the authors (JB) re-
ported four extensive CMT1 families,”” and shortly
thereafter the current CMT2 pedigree." This attracted
the attention of Dr Anita Harding (National Hospital,
Queen Square, London), who was at that time inter-
ested in mapping possible pathogenic genes, by linkage
analysis, from families with three or more patients and
as many at-risk unaffected subjects as possible. And so
began an active collaboration that involved sending clin-
ical data and blood samples to her for DNA extraction,
which resulted in confirmation of CMT1A linkage to the
pericentromeric region of chromosome 17," and confir-
mation that DNA duplication on 17p11.2 was a cause of
CMT1A (see above)." It is worth noting that two out of
the eight CMT1A duplication families had been origi-
nally reported as showing linkage to the Duffy blood
group on chromosome 1.** However, the AC family re-
mained without a molecular diagnosis; it is worth noting
that none of the patients in this pedigree exhibited signs
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Figure 9. MRI study of the lower-limb muscles. T1-weighted MR images of the lower legs in the coronal plane thorough posterior aspect (top row) and
the axial plane at the mid-calves (middle row), and of the feet through the metatarsal bones (bottom row). A-C) In Case IV-8 (see Figure 7), aged 38
years showing normal physical examination findings and no LRSAM1I mutation, note preservation of the calf and foot muscles. D-F) In Patient III-10
(see also Figure 7), note predominantly distal fatty infiltration of all four muscle compartments, mainly involving the soleus (So) and gastrocnemius
medialis (GM) muscles; there is massive fatty atrophy of the intrinsic foot muscles, with the right interossei (asterisks) and flexus hallucis brevis (FHB)
being indicated. G-I) In patient IV-1, note mild and predominantly distal fatty infiltration of the soleus (So) and gastrocnemius medialis (GM) muscles;
atrophy of the intrinsic foot muscles is more advanced, with the FHB being indicated. Taken from Peeters et al."®
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characteristic of CMT1A, such as nerve enlargement or
nerve conduction slowing in the demyelinating range.

As fate would have it (see above), AC family clinical data
and DNA samples were transferred from the Mothercare
Department of Paediatric Genetics (London, UK) to the
Molecular Genetics Department (Antwerp, Belgium) in
1996. Following scientific contact between Dr Christine
Van Broeckhoven and Dr José Berciano at the Seventh
Meeting of the European Neurological Society (Rhodes,
1997), they decided to carry out linkage analysis on this
large family; this required re-evaluation of the 10 sub-
jects at risk in the fourth generation, since only one
of them had been found to be affected in the initial
examination."

Updated clinical and genetic data finally enabled us to
discover the genetic cause underlying CMT2G. The sin-
gle family within this category carries the first causal
missense mutation in LRSAM1I, and should thus be re-
classified as CMT2P.

Mutations in LRSAMI cause autosomal domi-
nant!®3032374 or recessive?**> CMT2P (for a review, see
Palaima et al.**). The dominant mutations described so
far are associated with a relatively mild, very slowly pro-
gressive sensorimotor axonal neuropathy, predominant-
ly or exclusively affecting lower limbs; exceptionally, the
clinical picture is dominated by sensory ataxia.** Disease
onset usually ranges between the second and fourth de-
cade of life, but, as described here and in a family with
dominant LRSAMI splice site mutation, some patients
are asymptomatic.”® Additionally, three elderly patients
carrying an LRSAMI frameshift mutation developed
Parkinson disease, suggesting a potential role of mutated
LRSAMI in the degeneration of substantia nigra.*

Our study broadened the existing knowledge regarding
the phenotypic and genetic spectrum associated with
LRSAM1." In general, reduced penetrance is rarely ob-
served in CMT subtypes,® yet it appears to be a common
phenomenon in the context of LRSAMI-related neurop-
athies, as demonstrated by the current and previous re-
search.” The finding that some mutation carriers display
only pes cavus and minimal electrophysiological features
should be carefully considered. As Michael Shy*’ fitting-
ly remarked in the accompanying editorial, “making a
genetic diagnosis still depends on careful clinical neu-
rology, even with modern DNA analysis.” Furthermore,
although pes cavus was a constant manifestation in our
patients, we must recognise that there were cases with

isolated pes cavus in at-risk subjects who ultimately
turned out to be unaffected; thus, they should retrospec-
tively be categorised as idiopathic pes cavus.” In other
words, “findings such as pes cavus, which were presumed

»47

to be diagnostic of CMT, proved not to be so’

Moreover, our findings highlighted the importance of
MRI to detect and characterise pathological conditions
of the skeletal muscle.”® In line with previous observa-
tions for CMTIA and CMT2A,”** the current MRI
showed moderate to marked fatty atrophy of foot mus-
cles in all seven subclinical LRSAMI mutation carriers.
Fatty infiltration of leg muscles was present to a lesser
degree, increasing distally throughout the long axis of
the muscle belly. As in other dominant axonal CMT phe-
notypes, fatty atrophy was greater in superficial posteri-
or compartment muscles.” The observed predominant
fatty infiltration in foot muscles and proximal-to-distal
gradient in calf muscles correlated with the dying-back
phenomenon found in our previous histological study of
the sciatic nerve and its branches (see above). Notably,
MRI of a non-mutation carrier showed normal appear-
ance of the calf and foot muscles. Our findings estab-
lished that patients with minimal clinical symptoms dis-
play abnormalities of lower-limb muscles perceptible by
MRI, suggesting that muscle MRI could be a useful tool
for diagnosing LRSAM1-related neuropathies.

Our report illustrated several potential pitfalls of genetic
studies.” First, thorough examination of an established
disease locus (CMT2G on chromosome 12) with state-
of-the-art “omics” technologies did not identify the
disease-causing mutation. The ultimate gene identifica-
tion was facilitated by longitudinal clinical follow-up,
reassessment of disease statuses, and renewed linkage
analysis. Second, the ¢.2081G LRSAM1 variant was not
covered in the WGS data of the 2 patients studied, so
the mutation could only be retrieved after applying an
orthogonal sequencing technology (WES). The relative-
ly high raw base-calling error rate and variable perfor-
mance of NGS platforms is well recognised.™® Our study
highlighted the added value of a dual-platform approach
employing complementary NGS protocols® to improve
variant yield and reduce false-negative calls.

LRSAML1 is a multidomain RING type E3 ubiquitin li-
gase that covalently ubiquitylates target proteins through
its catalytic C-terminal finger domain.">* Figure 11 illus-
trates the LRSAMI domains and location of pathogenic
mutations.” LRSAMI has several cellular functions as it
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Figure 10. Protein and transcriptional analyses. A) Immunoblot analysis
of LRSAM1 and its interactor TSG101 in lysates of lymphoblasts from five
patients and four controls. Glyceraldehyde-3-phosphate dehydrogenase
(GADPH) was used to demonstrate equal loading. B) Heat map generated
from the transcriptome sequencing data reflecting the expression level of
the significantly misregulated genes retrieved by DESeq2 (measured in
regulated log-transformed read counts) across patient and control samples.
C) Real-time quantitative chain reaction analysis showing relative expression
levels (normalised to GAPDH, TATA-binding protein, and succinate
dehydrogenase complex subunit A) of eight significantly misregulated
transcripts in lymphoblasts obtained from five patients compared to four
controls. *P < .05; **P < .01. Taken from Peeters et al.”®

modulates protein aggregation, endosomal sorting ma-
chinery, and virus egress from the cell, making LRSAM1
interesting not only in protein conformational disorders
such as neurodegeneration, but also in immunological
and cancer disorders.” The only known ubiquitylation
target of LRSAMI1 is the tumour susceptibility 101 pro-
tein (TSG101), which is involved in lysosomal sorting
of ubiquitylated cargo.”® Knockdown of the LRSAM]I
homolog in zebrafish results in abnormal motor neuron
development,®* and knockout of Lrsam1 in mice sensi-
tised peripheral neurons and axons to other mutations
or environmental toxicities.”® Interestingly, these exper-
imental data correlate well with our histological find-
ings, demonstrating that the pathological framework of
CMT?2P is a sensorimotor neuronopathy with length-de-
pendent axonal degeneration.

The LRSAMI mutations reported at the time of muta-
tion discovery in the AC family (Figure 11*) truncate,
disrupt, or abolish the protein’s catalytic RING zinc fin-
ger domain.**?>* We reported the first causal mutation
in LRSAM]1, which also targets the RING zinc finger."
Synthetic missense mutations in this domain abolish the
ubiquitylation function.” Likewise, a CMT2P-causing
insertion in LRSAMI results in increased TSG101 lev-
els in a cellular overexpression model, suggesting that it
is not ubiquitylated and degraded.”® We tested whether
the p.Cys694Tyr LRSAMI mutation had a similar effect
in patients’ lymphoblasts. This implies that either the
mutation does not abolish the LRSAM1 ubiquitylation
function, or the loss of function is compensated by al-
ternative cellular mechanisms. It has been suggested that
other ubiquitin ligases can also target excessive amounts
of TSG101 for proteasomal degradation to prevent det-
rimental consequences associated with TSG101 overex-
pression, such as disrupted endosomal sorting of cellu-
lar growth.>** Interestingly, our transcriptomic analysis
appears to support this hypothesis. The results in pa-
tients’ cells showed increased transcription of NEDD4L,
a gene encoding another E3 ubiquitin ligase targeting
TSGI101.” Therefore, NEDD4L might compensate for
loss of LRSAMI1 function, which may explain the mild
phenotype in LRSAM1 patients."?

Additionally, p.Cys694Tyr mutation carriers have in-
creased transcription of TNFRSF21, a key regulator of
axonal degeneration.’® Likewise, TNFRSF21 levels are
elevated in the spinal cord of patients with amyotrophic
lateral sclerosis (ALS)* and in the brains of patients with
Alzheimer disease,*® promoting neuronal death through
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Figure 11. The domains and location of CMT-causing mutations in LRSAMI. LRR: leucine-rich repeat; CC: coiled-coil; SAM: sterile alpha
motif; PTAP: Pro-Thr-Ala-Pro motif; RING: really interesting gene (expanded view). Frameshift mutations are indicated by square indentations,
missense mutations by arrows, and in-frame changes by circle indentations. Critical residues required for the binding of zinc ions (blue) are

indicated in yellow. Taken from Palaima et al.*®

activation of apoptotic caspase signalling pathways.
Blocking TNFRSF21 function with an antagonist an-
tibody results in increased motor neuron survival and
motor function improvement in ALS mice” and pro-
tection against AP42-induced neurotoxicity in cultured
neocortical neurons.”® It would be interesting to investi-
gate whether this promising therapeutic approach could
have a similar neuroprotective effect on CMT2P models
and, ultimately, patients. In summary, our transcriptome
analysis of CMT2P patients offers new insights into cel-
lular pathways associated with LRSAM1 dysfunction
and provides novel targets for further studies.

Conclusions

The identification of the pathogenic mutation in a large
CMT?2 family with autosomal dominant transmission
and incomplete penetrance was preceded by four de-
cades of uninterrupted clinical, electrophysiological, his-
topathological, and MRI study of the leg and foot mus-
cles to reliably define the clinical phenotype. In 2004, a
first linkage analysis led to a misplacement of the respon-
sible gene on chromosome 12q (CMT2G). Better iden-
tification of patients among subjects at risk allowed us

to redefine the disease-linked region to chromosome 9q
and subsequently to identify a novel missense mutation
in the LRSAM1 gene (p.Cys694Tyr). These results are the
consequence of the formidable and sustained coordina-
tion between Spanish clinicians and Belgian geneticists.
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