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Abstract

Background—Charcot-Marie-Tooth disease (CMT) is a clinically and genetically heterogeneous
disorder of the peripheral nervous system. Biallelic variants in SLC12A6 have been associated
with autosomal-recessive hereditary motor and sensory neuropathy with agenesis of the corpus
callosum (HMSN/ACC). We identified heterozygous de novo variants in SLC12A6in three
unrelated patients with intermediate CMT.

Methods—We evaluated the clinical reports and electrophysiological data of three patients
carrying de novo variants in SLC12A6 identified by diagnostic trio exome sequencing. For
functional characterization of the identified variants, potassium influx of mutated KCC3
cotransporters was measured in Xenopus oocytes.
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Results—We identified two different de novo missense changes (p.Arg207His and p.Tyr679Cys)
in SLC12A6in three unrelated individuals with early-onset progressive CMT. All presented

with axonal/demyelinating sensorimotor neuropathy accompanied by spasticity in one patient.
Cognition and brain MRI were normal. Modelling of the mutant KCC3 cotransporter in Xenopus
oocytes showed a significant reduction in potassium influx for both changes.

Conclusion—Our findings expand the genotypic and phenotypic spectrum associated with
SLC12ZA6 variants from autosomal-recessive HMSN/ACC to dominant-acting de novo variants
causing a milder clinical presentation with early-onset neuropathy.

INTRODUCTION

Charcot-Marie-Tooth disease (CMT), also known as hereditary sensory and motor
neuropathy (HSMN), is the most common inherited disorder of the peripheral nervous
system with a variety of inheritance pattern that can be autosomal-dominant, autosomal-
recessive or X linked.! Demyelinating CMT with median motor nerve conduction velocity
(MNCYV) below 38 m/s is classified as CMT1 and axonal CMT with MNCV above 45

m/s as CMT2. For CMT with axonal and demyelinating features with MNCV between 25
and 45 m/s, the term intermediate CMT has been introduced.1~3 To our knowledge, six
genes (DNM2, YARS, MPZ, INF2, GNB4 and NEFL) have been associated with autosomal-
dominant intermediate CMT (DI-CMT) and assigned with phenotype Mendelian Inheritance
in Man numbers.2 Due to advances in sequencing technologies, the number of CMT-
associated genes almost doubled in the past 10 years.* The contribution of de novo sequence
variation in the pathogenesis of a number of sporadic early-onset neurological phenotypes

is increasingly recognised.>® In particular, the application of trio exome sequencing led

to the identification of numerous disease-causal de novo mutations, thereby expanding the
phenotypic spectrum associated with many disease loci and linking dominant phenotypes to
genes that have originally been reported in the context of recessive disorders.*7 Potassium
chloride cotransporters (KCC1, KCC2, KCC3 and KCC4) are encoded by the SLC12A gene
family (SLC12A4, SL.C12A5, SLC12A6and SLCI12A7) and are involved in regulation of
the intracellular ionic milieu by mediating electroneutral potassium and chloride efflux in
response to osmotic changes.8 By modulating intracellular chloride concentrations, KCC
plays an important role in the maintenance of cell volume, neural excitability and epithelial
transport.® KCC3, which is encoded by SLC12A6, is predominantly expressed in the brain
and spinal cord (neurons and glial cells) of the central nervous system and in the dorsal root
ganglion of the peripheral nervous system.10: 11 Dysregulation of chloride concentrations in
neurons may influence the neuronal activity and their response to GABA.8 However, the
specific pathophysiology of peripheral neuropathy caused by KCC3 defects is yet unclear.

Biallelic loss-of-function variants in SLC12A6 are associated with hereditary motor and
sensory neuropathy with agenesis of the corpus callosum (HMSN/ACC), also known as
Andermann syndrome (OMIM #218000), which is characterized by severe progressive
motor and sensory neuropathy, developmental delay, intellectual disability and variable
degrees of agenesis of the corpus callosum.12-14 A single heterozygous de novo missense
variant (p.Thr991Ala) has been postulated to act as a gain-of-function variant causing severe
motor neuropathy without agenesis of the corpus callosum in a 10-year-old patient.1> Using
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diagnostic trio exome sequencing, we identified two new de novo variants in SLC12A6,
affecting evolutionarily highly conserved amino acid residues, in three unrelated patients
with early-onset, severe and progressive CMT without intellectual disability. Our results
further support the hypothesis of dominant-acting heterozygous de novo SLC12A6 variants
as the underlying disease mechanism in a subset of CMT patients in addition to the well-
established recessive-type SLC12A6 variants causing a more severe clinical presentation.

MATERIALS AND METHODS

Patients

Patients were examined by neuropaediatricians and referred for diagnostic genetic testing

to different centres. The investigated patients or their guardians provided informed written
consent for diagnostic exome sequencing and data analysis in the context of the respective
disease phenotypes in a routine diagnostic setting. In a second step, clinical and genetic data
were retrospectively evaluated in more detail after receiving additional informed consents
from the patients’ families including also the permission for data publication.

Diagnostic exome sequencing

Diagnostic exome sequencing was performed on DNA isolated from patients’ and parental
EDTA-blood as described previously.18

Functional analysis

RESULTS

KCC3-mediated K* transport was measured using unidirectional 86Rb uptakes in groups
of 20-25 Xenopus laevis oocytes injected with 5 ng c-myc-tagged wild-type or mutant
KCC3 cRNA.17: 18 Oocytes were incubated with 1 mL isosmotic or hyposmotic flux
solution containing 5 pCi 86Rb for 1 hour then washed four times with ice-cold solution.
86Rb uptake in single oocyte was measured by B-scintillation counting, and K* influx
was expressed in pmoles K* per oocyte per hour. For Western blot analysis, groups

of 8 oocytes were homogenized in CHAPS-containing lysis buffer, subjected to 7.5%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
nitrocellulose membrane, incubated with mouse monoclonal anti-cmyc antibody (clone
9E10, Thermo Fisher Scientific) followed by horseradish peroxidase (HRP)-conjugated
anti-mouse secondary antibody.

Clinical presentation

Detailed clinical and electrophysiological data are summarized in table 1.

Patient 1 (Arg207His)—This 14-year-old boy is the second child of healthy German
parents (Figure 1A). He learnt to walk freely at 18 months and showed bilateral muscle
weakness in the lower limbs with frequent falls. He did not show any learning difficulties
and he now has normal speech and cognition. On examination, he presented with an
intermediate type sensorimotor predominantly demyelinating neuropathy and diminished
patellar and deep tendon reflexes. He had distal more than proximal muscle atrophy
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and weakness, but clinically intact proprioception and nociception. Mean MNCV was
determined between 23 and 33 m/s, distal motor latencies were prolonged and sensory
nerve conduction velocity was reduced. Nerve hypertrophy was not observed in the nerve
sonography of the roots, the large upper and lower limb nerves. He required a right ankle
foot orthosis due to contractures at the age of 9 years. Mild haemolytic anaemia was
observed since the age of 4 years, which could not be explained so far. MRI scans of the
brain were normal. Epileptic seizures were not reported.

Patient 2 (Arg207His)—This 11-year-old boy was born by vaginal delivery; he is the
fourth of five siblings (Figure 1A). His early motor milestones were normal. Walking was
delayed and his gait remained impaired. He never achieved running. MRI of the brain

and lumbar spine were normal. He developed spells of shaking which did not have an

EEG correlate at age 9 years and were diagnosed as anxiety. One EEG showed a 2 s

burst of generalized spike and wave activity in sleep. He never had a clinical seizure,

and his cognition was normal. EMG at age 5 years showed a severe motor and sensory
peripheral neuropathy. Repeat EMG at age 11 years showed progression of a severe mixed
axonal/demyelinating (predominantly demyelinating) chronic neuropathy. His gait and fine
motor skills progressively worsened. On examination, he has length-dependent sensory
loss, and distal more than proximal muscle weakness, unobtainable tendon reflexes and
muscle atrophy (Figure 1B). He ambulates with braces and falls frequently. He was recently
diagnosed with obstructive sleep apnea.

Patient 3 (Tyr679Cys)—Patient 3 (figure 1A) is a 15-year-old girl who demonstrated
mild motor developmental delay. She learnt to walk independently at 24 months. At 13
years, she was small for her age with 38 kg (10th centile) and 141 cm (3rd centile). Head
circumference has always been within normal range (52.2 cm, 10th centile). She showed
marked distal lower limb weakness and hand weakness. Apart from ankle contractures

and pes planovalgus, other deformities such as scoliosis or dysmorphic features were not
noted. Neurological examination revealed spastic gait with brisk patellar and deep tendon
reflexes. Vibration sense and pinprick sensation was normal in the limbs but reduced in the
periumbilical region. Electrophysiological examinations over the course of 3 years revealed
a progressive axonal/demyelinating neuropathy with MNCV between 33 and 45 m/s. MRI of
the brain and spine were normal. She suffered from celiac disease and occasional migraine
attacks. There were neither organic malformations, complicated hospitalizations nor any
evidence of seizures.

Genetic evaluation

Prior to diagnostic trio exome, mutations in CMT-related genes, including copy number
variants in PMP22 gene were excluded in patients 1 and 2. Diagnostic trio whole exome
sequencing revealed de novo missense variants in SLC12A6 (NM_133647.1) in patients 1, 2
and 3. Patients 1 and 2 carry the same missense variant ¢.620G>A, p.Arg207His and patient
3 carries the missense variant c.2036A>G, p.Tyr679Cys (figure 1A, table 1). Both variants
are absent from public databases (1000 Genomes project, Genome Aggregation Database
(gnomAD r2.0.2), Exome Aggregation Consortium (ExXAC r0.3), 04/2019) as well as an
in-house database.
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Functional analyses

To assess the functional consequence of single amino acid substitutions in KCC3, we
performed standard K* influx measurements in Xenopus laevis oocytes injected with wild-
type or mutant mouse KCC3 RNA. The mouse sequence is highly conserved, and all
mutated and neighboring residues are identical between the two species. In fact, these
residues are also conserved with all members of the SLC12A family of transporters (Figure
1C) and within KCC3 are conserved from C. elegansto H. sapiens (Figure 1D). As seen in
Figure 1E, the level of K* influx under isosmotic conditions (grey boxes) in KCC3-injected
oocytes is not different from that of water-injected oocytes. This reflects the known absence
of KCC3 function under isotonic conditions. When oocytes are subjected to a hypotonic
shock (black boxes), K* influx is significantly higher in KCC3-injected oocytes than basal
flux in water injected oocytes. This KCC3-mediated activity is absent in oocytes injected
with either Arg270His or Arg270Cys mutant transporters (p < 0.001, one way analysis of
variance (ANOVA)). We also tested function of the Tyr679Cys mutant and although while
its function was not completely eliminated like in the Arg270 mutants, the level of flux was
significantly reduced compared with wild-type KCC3 (p < 0.05, one way ANOVA).

DISCUSSION

Clinical features observed in the three patients reported in this manuscript are milder than
the previously reported patients with Andermann syndrome with biallelic truncating or
missense variants in SLC12A6, but similar to the patient reported by Kahle et al (2016)1°
with a heterozygous de novo variant, p.Thr991Ala.2® All our patients presented with early
motor developmental delay, muscle weakness and progressive intermediate, mixed mostly
predominantly demyelinating neuropathy, particularly affecting the lower limbs. Nerve
enlargement has not been found in patient 1. All three patients had normal cognition and
brain MRI. No seizures, learning difficulties, hearing problems or dysmorphic features
were observed, although patient 2 (p.Arg207His) had pathological EEG findings without
any reported seizures. Patient 3 with p.Tyr679Cys exhibited spasticity of the lower limbs
in addition to sensorimotor neuropathy. Foot and spine deformities such as scoliosis, pes
cavus and planovalgus foot were also observed. In contrast, patients with Andermann
syndrome present with a more severe and complex neurodevelopmental disorder with
progressive sensorimotor neuropathy, dysmorphic features, developmental delay, intellectual
disability, seizures and agenesis of the corpus callosum.1213 Similarly, Slc12a6~/~ mice
exhibit a severe phenotype with impaired motor function and significant axonal swelling
accompanied by hypomyelination while Slc12a6~* mice are asymptomatic.19 Although
p.Thr991Ala was found in a heterozygous state in one patient, the heterozygous KCC3
Thr991Ala mice do not display any abnormalities while homozygous KCC3 Thr991Ala
mice demonstrate a severe phenotype comparable to the knockout mice.1> However,

not significant, a slightly decreased sciatic nerve amplitude could be observed in the
heterozygous mice compared with that of the wild-type mice.1®> While the heterozygote
mice do not display an overt phenotype, their nerve fibres showed intermediate shrinkage
when compared with wild-type or homozygote mice.29
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To date, mostly truncating variants (nonsense, splice and frameshift) have been reported

to cause the recessive disorder. One missense variant, p.Gly539Asp, has been identified

in a compound-heterozygous state with a truncating variant and a homozygous missense
variant p.Arg207Cys was reported in a patient affected by the Andermann syndrome.13:

14 The missense variant p.Arg207His, affecting the same codon, was found recurrent in

a heterozygous state in two of our patients. Functional studies demonstrated a complete
loss-of-function for the variants p.Arg207His and p.Arg207Cys, while p.Tyr679Cys only
partially reduced the influx of potassium ions in Xenopus oocytes. In contrast, the
previously published de novo variant p.Thr991Ala showed increased potassium influx
indicating a gain-of-function. This was demonstrated in mouse fibroblasts natively
expressing the mutant transporter,15 as well as in HEK293 cells overexpressing the mutated
threonine residue.® 21 It is striking that p.Arg207His and p.Arg207Cys show different
inheritance patterns, although they affect the same amino acid codon and show similar
biophysical properties. Although the heterozygous de novo variants cause a homogeneous
phenotype, our experimental data assessed in Xenopus oocytes displayed different functional
features in all identified variants. Thus, our current data do not reveal a distinct correlation
between the biophysical properties of mutant cotransporters and the difference in inheritance
pattern, which have to be caused by other, so far unknown factors.

CONCLUSION

Diagnostic trio exome sequencing has proven an efficient tool to establish new disease
genes and/or variants that are involved in early-onset neuropathies. We provide evidence
that heterozygous de novo variants in SLC12A6 cause early-onset progressive CMT with
or without spasticity, which is milder than the previously reported recessive phenotype.
Thus, autosomal-dominant inheritance of SLC12A6 variants also needs to be considered in
patients with early-onset neuropathies. Further functional studies are needed to determine
the exact mechanism by which different variants in SCL12A6that might even affect the
same amino acid residue, exert their detrimental effect either in an autosomal-recessive or
autosomal-dominant fashion.
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Figure 1.
(A) Pedigrees of the three unrelated affected patients (closed symbols) with de novo variants

in SLC12A6 and healthy family members (open symbols). Wildtype is depicted as wt. (B)
Images of patient 2 at 14 years show muscle atrophy predominantly in distal lower limbs,
contractures of fourth and fifth fingers and flat feet. (C) Conservation of KCC3 Arg207
and Tyr679 among the different members of the SLC12A (cation-chloride) cotransporters.
The arginine and tyrosine residues are boxed. (D) Conservations of same residues within
KCC3 transporters from different species. (E) K* influx measured in oocytes injected with
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water, KCC3-WT, Arg270His, Arg270Cys and Tyr679Cys. Oocytes were incubated under
isotonic (grey bars) or hypertonic (black bars) conditions. Statistical analysis was done using
one way analysis of variance, groups of 20-25 oocytes. Top inset: Western blot showing
expression of all transporters in oocytes and absence of expression in water-injected oocytes.
Antibody was mouse monoclonal anti-cmyc.
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