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Late-onset sensory-motor axonal 
neuropathy, a novel SLC12A6-related 
phenotype

Sissel Løseth,1,2 Helle Høyer,3,† Kim-Mai Le,4,† Eric Delpire,5 Einar Kinge,6 

Asgeir Lande,7 Hilde Tveitan Hilmarsen,3 Toril Fagerheim,8 Øivind Nilssen2,8  

and Geir Julius Braathen3

†These authors contributed equally to this work.

We describe five families from different regions in Norway with a late-onset autosomal-dominant hereditary poly
neuropathy sharing a heterozygous variant in the SLC12A6 gene. Mutations in the same gene have previously been 
described in infants with autosomal-recessive hereditary motor and sensory neuropathy with corpus callosum agen
esis and mental retardation (Andermann syndrome), and in a few case reports describing dominantly acting de novo 
mutations, most of them with onset in childhood. The phenotypes in our families demonstrated heterogeneity. Some 
of our patients only had subtle to moderate symptoms and some individuals even no complaints. None had CNS man
ifestations. Clinical and neurophysiological evaluations revealed a predominant sensory axonal polyneuropathy 
with slight to moderate motor components.
In all 10 patients the identical SLC12A6 missense variant, NM_001365088.1 c.1655G>A p.(Gly552Asp), was identified. 
For functional characterization, the mutant potassium chloride cotransporter 3 was modelled in Xenopus oocytes. 
This revealed a significant reduction in potassium influx for the p.(Gly552Asp) substitution.
Our findings further expand the spectrum of SLC12A6 disease, from biallelic hereditary motor and sensory neur
opathy with corpus callosum agenesis and mental retardation and monoallelic early-onset hereditary motor and sen
sory neuropathy caused by de novo mutations, to late-onset autosomal-dominant axonal neuropathy with 
predominant sensory deficits.
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Introduction
Hereditary motor and sensory neuropathy (HMSN), also named 
Charcot Marie Tooth disease (CMT), is the most prevalent group 
of hereditary disorders of the peripheral nervous system (PNS).1,2

A wide variety of genetic variants in more than 80 different genes 
may cause demyelinating, axonal or intermediate forms of 
HMSN,3–5 with either autosomal-dominant, autosomal-recessive, 
X-linked or maternal (mitochondrial) inheritance.3,6 Genotype– 
phenotype correlations are often complex. Currently, the number 
of reported pathogenic variants is increasing steadily due to next- 
generation sequencing (NGS),4,7,8 and many patients previously di
agnosed with a cryptogenic neuropathy may turn out to have a 
form of CMT.9,10

Neurological findings such as polyneuropathy, hyporeflexia, foot 
deformities and ataxic signs can go undetected in many families due 
to reduced penetrance or mild symptoms, and physicians may in
terpret associated symptoms as unspecific neuropathy, musculo
skeletal problems or orthopaedic issues, e.g. hammer toes and 
painful high-arched foot.11 It is well known, also from other neuro
muscular diseases, that variable expressivity occurs even within the 
same family.12,13 CMT usually becomes apparent in early adulthood 
or adolescence, but onset may also occur from childhood through 
late adulthood.14

The SLC12A6 gene encodes potassium chloride cotransporter 3 
(KCC3), which is involved in the transport of potassium and chlor
ide, and plays an important role in regulating cell volume and neur
onal activity. KCC3 is expressed in neurons and glia cells in CNS and 
in sensory and motor neurons in PNS.15 SLC12A6 variants in homo
zygous or compound heterozygous forms are associated with 
Andermann syndrome (OMIM 218 000), a disorder with a high 
prevalence in a region of Quebec in the French-Canadian popula
tion due to a founder effect.16 Also, cases outside of Canada have 
been reported.17–19 The classic Andermann syndrome is an 
autosomal-recessive disorder with onset in infancy characterized 
by a severe progressive motor and sensory peripheral neuropathy, 
both demyelinating and axonal, and with a variable degree of cor
pus callosum agenesia and mental retardation.16,19 A pair of frater
nal twins with compound heterozygous mutations in SLC12A6, a 
splice variant and a gene deletion, had a much milder phenotype 
than usually described with recessive disease.20 The twins had 
length dependent weakness, a length-dependent sensori-motor 
axonal neuropathy, third-level education and intact corpus callo
sum on MRI.

A few cases with different SLC12A6 dominant de novo mutations 
have been reported.21,22 These patients had early onset, but milder 
forms of demyelinating and axonal motor and to a lesser extent 
sensory neuropathy, normal cognition and normal cerebral MRI. 
A recent paper reports a male with onset in his late twenties, 
with an autosomal-dominant heterozygous mutation.23 He pre
sented with slowly progressive distal muscle weakness and atro
phy, predominantly in the legs. Electrophysiological evaluations 
showed a mixed motor and sensory neuropathy, both demyelinat
ing and axonal.

This report expands the genetic and clinical spectrum of 
SLC12A6-related disorders. In five Norwegian families with 
late-onset peripheral sensorimotor polyneuropathy, the identical 
heterozygous SLC12A6 mutation c.1655G>A p.(Gly552Asp) was 

identified. To our knowledge this is the first monoallelic disease- 
causing mutation described in SLC12A6 that is observed in more 
than one generation.

Material and methods
Patients and clinical assessments

The patients lived in different regions in Norway and were seem
ingly not related. The families were referred to Neurological 
Departments on suspicion of polyneuropathy. After confirmation 
of the diagnosis, a genetic test for peripheral neuropathies was or
dered. Additional family members were invited for a neurologic 
consultation and DNA analysis.

Clinical investigations were performed by a neurologist. Cranial 
nerves, muscle weakness, reflexes and sensation were scored ac
cording to the Neuropathy Impairment Score (NIS).24 Strength is 
scored linearly from 0 to 4, normal strength is scored 0, paralysis 
is scored 4 and 25% muscle weakness, 50% muscle weakness and 
75% muscle weakness are scored 1, 2 and 3, respectively. 
Movement against gravity, movement with gravity eliminated 
and muscle flicker without movement are scored 3.25, 3.5 and 
3.75, respectively. Sensory deficits and reduces tendon reflexes 
are scored from 0 to 2 with normal findings graded 0, mildly/mod
erately affected modality graded 1 and severely affected modality 
graded 2. Ankle reflexes were scored according to the NIS guide
lines: For patients 50–69 years old, ankle reflexes which are de
creased are graded 0 and when absent graded 1. For patients 
aged ≥70 years, absent ankle reflexes are graded 0. Right and left 
limb are scored individually.

The study was approved by the local data protection officer and 
patients gave their written informed consent.

Nerve conduction studies and EMG

These tests were performed in different hospitals in Norway over a 
time period of several years, and the protocols differed to some ex
tent. Nerve conduction studies (NCS) were performed in at least one 
leg and one arm in most patients. Surface electrodes were used for 
stimulation and registration. Motor NCS included the median, ul
nar, peroneal and tibial nerves, and sensory NCS the median, ulnar, 
radial and sural nerves and in some patients also the superficial 
peroneal and medial plantar nerves. The results were compared 
with normal values if available by the manufacturer where the de
gree of abnormalities is expressed as Z-scores (number of standard 
deviations between obtained and expected value dependent on age 
and height). Z-scores of amplitudes and conduction velocities are 
abnormal if ≤−2.0. Concentric needle EMG were performed in at 
least one distal and often one proximal lower limb muscle on at 
least one side (often the tibial anterior muscle and lateral vastus 
muscle).

Small-diameter nerve fibre tests

Tests were performed on the affected siblings in Family I.
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Quantitative sensory testing

Warm detection thresholds and cold detection thresholds were cal
culated as the average of 5 (Patient II-1) or 10 (Patients II-2 and II-3) 
consecutive temperature recordings unilaterally at the dorsum of 
the foot and/or on distal/lateral aspect of the leg using method of 
limits. Heat pain detection threshold was also determined (except 
in Patient II-1) as the average of five stimuli. Thresholds were com
pared to normal material obtained in the laboratory.

Quantification of intraepidermal nerve fibre density in skin 
biopsy

Two skin biopsies were obtained from the distal part of the leg, 
5–10 cm above the lateral malleolus with a 3-mm disposable circu
lar needle under local anaesthesia. Fifty-micrometre freezing sec
tions were immunostained with the panaxonal marker PGP 9.5. 
The number of separate intraepidermal nerve fibres in three sec
tions from each biopsy was counted, and the total length of epider
mis was measured. Intraepidermal nerve fibre density (IENFD) in 
patients was compared with data from healthy individuals ana
lysed in the same laboratory.25

Molecular genetic analysis

NGS was performed as part of the routine clinical set-up. On pro
bands from Families 1 and 2, the Illumina TruSight One 
Sequencing Panel was applied and sequenced on the Illumina 
MiSeq or NextSeq 500 platform (Illumina Inc.). The Illumina 
BaseSpace BWA Enrichment Workflow was used for sequence 
alignment and variant calling. Identified variants were interpreted 
through the Cartagenia Bench Lab NGS (Agilent Technologies). On 
probands from Families 3–5, an in-house CMT gene-specific panel 
was applied and sequenced on the Illumina HiScan SQ or the 
Illumina NextSeq 500 platforms. The Genome Analysis Toolkit 
(GATK) software was used for sequence alignment and variant call
ing. Identified variants were interpreted through the Alamut inter
face (Interactive Biosoftware, Rouen, France).

Verification of NGS results and co-segregation analysis in add
itional family members were performed by Sanger sequencing. 
Sanger sequencing was carried out using standard procedures and 
sequenced on the ABI3130XL (Life Technologies Ltd).

SLC12A6 reference sequence is given according to NM_001365088.1.

Conservation and in silico modelling

The conservation of the Gly552 residue was determined through 
alignment of the KCC3 protein sequence across different animal spe
cies and towards the other members of the human potassium chlor
ide cotransporters (KCC) using HomoloGene (https://www.ncbi.nlm. 
nih.gov/homologene/) and protein BLAST (https://blast.ncbi.nlm. 
nih.gov/Blast.cgi). The modelling of the new p.Gly552Asp residue 
on the human KCC3 S45D/T940D/T997D in NaCl (PDB ID: 6Y5R) was 
performed using UCSF ChimeraX.26 The position of the new amino 
acid change within the structure was estimated using the 
Rotamers tool with standard parameters.

Functional analysis

A fragment of wild-type mouse KCC3 cDNA containing an 
NH2-terminal cmyc epitope was subcloned into a pBSK and mu
tated using complementary oligonucleotides and QuikChange mu
tagenesis kit (Agilent). The cDNA clone was fully sequenced to 
confirm the presence of the mutation and sequence integrity of 

the overall subcloned fragment. The mutant fragment was then re
introduced into the wild-type full-length KCC3 cDNA, followed by 
sequencing to ensure insertion of the mutant fragment. 
Wild-type and mutant cDNAs were linearized using MluI digest 
and transcribed into cRNA for injection into Xenopus laevis oocytes.

X. laevis oocyte collection was done according to an approved 
Institutional Animal Care and Use Committee (IACUC) protocol 
and as described in Delpire et al.27 and Xie et al.28 The day after col
lection, oocytes were injected with 50 nl water alone or containing 
15 ng transporter cRNA. The oocytes were then kept at 16°C in L15 
medium (200 mOsm). Four days post-injection, groups of 25 oocytes 
were washed in Na+-free saline (200 mOsm) and pre-incubated for 
10 min with 1 ml identical solution +200 μM ouabain. The solution 
was then aspirated and replaced with isosmotic (200 mOsm) or hy
poosmotic (125 mOsm) Na+-free solution containing ouabain and 
2.5 μCi/ml 83Rb (Brookhaven National laboratories). After a 1-h up
take, the oocytes were washed four times with ice-cold isosmotic 
or hypoosmotic solution and individual oocytes were placed in vials 
with 200 μl 0.5N NaOH for 1 h, then neutralized with the addition of 
100 μl acetic acid glacial. Liquid scintillation fluid (5 ml) was added 
to the vials and radioactive 83Rb was counted using a Perkin Elmer 
Tri-carb 2910TR liquid scintillation counter. Aliquots of 5 ml uptake 
solution were also counted to relate counts per minute (cpm) to the 
amount of K+ in the solution. K+ influx was expressed in pmoles K+/ 
oocyte/h.

Groups of 10 oocytes were also lysed (30 μl/oocyte) in a buffer 
containing 150 mM NaCl, 50 mM Tris (pH 8.5), 2 mM EDTA, 0.1% so
dium dodecyl sulphate (SDS), 0.5% Na-12 deoxycholate and 1% 
CHAPS and equal amounts of lysates (40 μl) were loaded and sub
jected to SDS–polyacrylamide gel electrophoresis and western 
blot analysis. Primary and secondary antibodies used were mouse 
anti-cmyc monoclonal (mouse monoclonal, clone 9E10 from 
Thermo Fisher Scientific) and horse radish peroxidase-conjugated 
anti-mouse antibody.

Data availability

Data supporting the findings of this study are available within the 
article and its Supplementary material. Supporting data in this 
study are available from the corresponding author upon request. 
To safeguard patient privacy, individual participant data beyond 
those reported in this article will not be shared. The SLC12A6 vari
ant has been submitted to the ClinVar database (https://www. 
ncbi.nlm.nih.gov/clinvar/), accession number SCV002037215.

Results
Patients and families

Pedigrees are presented in Fig. 1. Table 1 presents the clinical char
acteristics of affected individuals (detailed NIS scores are presented 
in Supplementary Table 1). Table 2 presents the neurophysiological 
data.

Family 1

The proband (Patient II-3), a 30-year-old male from a non- 
consanguineous family, had during the past 2 years experienced 
numbness in both legs, especially when lying down and stretching 
his feet. For a short period, he had also felt numbness at the ulnar as
pect of the left hand. As long as he could remember, his feet often 
tended to get cold and sweaty. He reported the motor functions to 
be normal. On clinical examination there was almost no motor 

https://www.ncbi.nlm.nih.gov/homologene/
https://www.ncbi.nlm.nih.gov/homologene/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac488#supplementary-data
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac488#supplementary-data
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impairment. Testing of sensory function revealed more selective in

volvement of large fibre function: vibration sense was severely re

duced, while pinprick sensation was intact. Deep tendon reflexes 

were absent. Romberg’s test was positive when closing his eyes. His 

two older brothers (Patients II-1 and II-2) were healthy and had no 

symptoms, either sensory or motor. They had full-time jobs which re

quired good motor skills. On clinical examination the findings were al

most identical as in the proband (Table 1). NCS showed the same 

pattern in the three brothers: a pronounced symmetrical sensory 

axonal polyneuropathy with absent or nearly absent sensory re

sponses and almost no motor involvement (Table 2). EMG revealed 

a mild chronic neurogenic pattern in the proband. In his siblings 

(Patients II-1 and II-2), the degree of neurogenic changes was even 

milder. Thermal perception thresholds were normal (Table 3), and 

they reported no allodynia. IENFDs were normal except slightly re

duced in one of the non-symptomatic siblings (Table 3).
The proband was re-evaluated after 9 years. The symptoms and 

findings on clinical examination were similar and neurophysio
logical examination did not reveal any significant progression 
(data not shown). The two older brothers were interviewed by tele
phone almost 10 years after the initial investigations. They still did 
not have any sensory or motor symptoms suggestive of a peripheral 
neuropathy.

Their mother did not carry the mutation. She was asymptomat
ic with normal clinical neurological examination and normal NCS 
(data not shown). Their father had died from cancer in his sixties. 
He had for many years lived abroad, and his health condition was 
unknown.

Family 2

Both father (Patient I-1) and daughter (Patient II-1) were only chil
dren. The daughter was diagnosed with axonal sensory and motor 
neuropathy at the age of 42. As long as she could remember, she 
had tended to stumble, but the problem had recently worsened. 
She also complained of numbness in her feet and legs in addition 
to slight unsteadiness. Aged 44, she stumbled and fractured her right 
ankle. On neurological examination at the age of 46 years she had a 
mild sensory ataxia, slightly reduced pain and touch sensation in her 
feet, mild to moderate reduction of vibration sense and propriocep
tion distal in the feet in addition to hyporeflexia. During Romberg’s 
test, she had to steady herself 5 s after closing her eyes. Brain CT 
scan was normal.

Her father was referred to a neurologist when he was almost 70 
years old. At that time, he had become increasingly unsteady for 
the past 4 years. He reported no sensory symptoms. Clinically he 
had more distal motor deficits than his daughter (Table 1). He pre
sented with mild muscle wasting in both feet and legs, moderate 
muscle weakness for toe and ankle plantar- and dorsiflexion, 
slightly reduced vibration sense in ankles and toes and slightly re
duced proprioception in toes. He had hyporeflexia in the upper 
limbs and areflexia in the lower limbs. Romberg’s test was positive. 
He was not able to walk in a straight line or walk on his toes or heels. 
Brain MRI revealed no abnormalities except moderate age-related 
changes.

In both, NCS showed a pronounced sensory axonal symmetrical 
polyneuropathy with no evocable sensory responses in arms and 
legs with a distal nearly symmetric axonal motor component, 

Figure 1 Family pedigrees. The probands are indicated by arrows. Black-filled symbols indicate clinical and neurophysiological diagnosis of neur
opathy. Grey-filled symbols indicate anamnestic information that could indicate polyneuropathy. Individuals with the SLC12A6: c.1655G>A 
p.(Gly552Asp) sequence variant are marked with a plus symbol, and those with wild-type SLC12A6: c.1655G=p.(Gly552=) are marked with a minus 
sign symbol.



916 | BRAIN 2023: 146; 912–922                                                                                                                                   S. Løseth et al.

T
ab

le
 1

 D
em

og
ra

p
h

ic
 d

at
a 

an
d

 c
li

n
ic

al
 c

h
ar

ac
te

ri
st

ic
s

Fa
m

il
y

1
2

3
4

5

Pa
ti

en
t

II
-1

II
-2

II
-3

I-
1

II
-1

II
-1

II
-2

II
I-

1
II

-2
II

I-
2

G
en

d
er

M
al

e
M

al
e

M
al

e
M

al
e

Fe
m

al
e

M
al

e
Fe

m
al

e
Fe

m
al

e
Fe

m
al

e
M

al
e

A
ge

 a
t 

fi
rs

t 
sy

m
p

to
m

N
o 

sy
m

p
to

m
s

N
o 

sy
m

p
to

m
s

28
65

37
6

34
22

45
6

A
ge

 a
t 

in
ve

st
ig

at
io

n
39

38
30

69
46

59
53

23
82

50

M
u

sc
le

 w
as

ti
n

ga
0

0
0

1:
 h

an
d

 a
n

d
 fo

ot
0

1:
 h

an
d

 a
n

d
 f

oo
t

1:
 h

an
d

 a
n

d
 f

oo
t

1:
 h

an
d

 a
n

d
 f

ee
t

0
0

M
u

sc
le

 w
ea

kn
es

sa
0

0
1:

 fi
n

ge
r 

sp
re

ad
, t

oe
 

ex
te

n
si

on

1:
 a

n
kl

e 
p

la
n

ta
r-

 a
n

d
 

d
or

si
fl

ex
io

n
, 

to
e 

ex
te

n
si

on
 

an
d

 fl
ex

io
n

0
1:

 fi
n

ge
r 

sp
re

ad
, 

th
u

m
b 

ab
d

u
ct

io
n

, 
an

kl
e 

p
la

n
ta

r-
 

an
d

 d
or

si
fl

ex
io

n
, 

to
e 

ex
te

n
si

on
 a

n
d

 
fl

ex
io

n

1:
 s

h
ou

ld
er

 
ab

d
u

ct
io

n
, e

lb
ow

 
fl

ex
io

n
, w

ri
st

 
ex

te
n

si
on

, fi
n

ge
r 

sp
re

ad
 a

n
d

 
fl

ex
io

n
 

2:
 a

n
kl

e 
p

la
n

ta
r-

 
an

d
 d

or
si

fl
ex

io
n

, 
to

e 
ex

te
n

si
on

 
an

d
 fl

ex
io

n

1:
 fi

n
ge

r 
fl

ex
io

n
, 

fi
n

ge
r 

sp
re

ad
, 

th
u

m
b 

ab
d

u
ct

io
n

 (f
ee

t 
n

ot
 

in
ve

st
ig

at
ed

)

0
0

Se
n

so
ry

 lo
ss

, 
to

u
ch

a
1:

 le
g,

 f
oo

t 
2;

 fi
n

ge
r,

 t
oe

1:
 f

oo
t 

2:
 fi

n
ge

r,
 t

oe
0

0
1:

 f
oo

t,
 t

oe
1:

 le
g,

 f
oo

t,
 t

oe
0

1:
 fi

n
ge

r,
 t

oe
1:

 le
g 

2:
 f

oo
t 

an
d

 
to

e

1:
 f

or
ea

rm
, l

eg
 

2:
 h

an
d

, 
fi

n
ge

r,
 f

oo
t,

 
to

e
Se

n
so

ry
 lo

ss
, 

p
ai

n
a

0
0

0
0

1:
 f

oo
t,

 t
oe

1:
 f

or
ea

rm
, h

an
d

, 
fi

n
ge

r,
 le

g,
 f

oo
t,

 
to

e

1:
 fo

re
ar

m
, h

an
d

, 
fi

n
ge

r,
 t

h
ig

h
 

2:
 le

g,
 f

oo
t,

 t
oe

1:
 fi

n
ge

r,
 t

oe
1:

 le
g 

2:
 f

oo
t 

an
d

 
to

e

1:
 f

or
ea

rm
 

2:
 h

an
d

Se
n

so
ry

 lo
ss

, 
vi

br
at

io
n

a
1:

 fi
n

ge
r,

 a
n

kl
e 

2:
 m

et
at

ar
sa

l, 
to

e

1:
 fi

n
ge

r,
 

an
kl

e 
2:

 
m

et
at

ar
sa

l, 
to

e

1:
 fi

n
ge

r,
 

kn
ee

 
2:

 a
n

kl
e,

 
m

et
at

ar
sa

l, 
to

e

1:
 a

n
kl

e,
 

m
et

at
ar

sa
l, 

to
e

1:
 a

n
kl

e 
2:

 m
et

at
ar

sa
l, 

to
e

2:
 h

an
d

, fi
n

ge
r,

 
kn

ee
, a

n
kl

e,
 

m
et

at
ar

sa
l, 

to
e

2:
 h

an
d

, fi
n

ge
r,

 
kn

ee
, a

n
kl

e,
 

m
et

at
ar

sa
l, 

to
e

1:
 t

oe
2:

 a
n

kl
e,

 
m

et
at

ar
sa

l, 
to

e

–

Se
n

so
ry

 lo
ss

,  
p

ro
p

ri
oc

ep
ti

on
a

1:
 fi

n
ge

r 
2:

 t
oe

2:
 t

oe
2:

 t
oe

1:
 t

oe
1:

 t
oe

1:
 t

oe
1:

 fi
n

ge
r 

2:
 t

oe
0

–
–

R
efl

ex
es

A
re

fl
ex

ia
 

ex
ce

p
t 

h
yp

or
efl

ex
ia

 
p

at
el

la
r

A
re

fl
ex

ia
A

re
fl

ex
ia

H
yp

or
efl

ex
ia

 
ar

m
, a

re
fl

ex
ia

 
le

g

H
yp

or
efl

ex
ia

 
ex

ce
p

t 
ar

efl
ex

ia
 r

ig
h

t 
ac

h
il

le
s

H
yp

or
efl

ex
ia

 a
rm

 
ex

ce
p

t 
bi

ce
p

s,
 

ar
efl

ex
ia

 l
eg

 a
n

d
 

bi
ce

p
s

N
or

m
al

 a
rm

, 
ar

efl
ex

ia
 le

g
–

A
re

fl
ex

ia
H

yp
or

efl
ex

ia
 

ar
m

, a
re

fl
ex

ia
 

le
g

D
ef

or
m

it
ie

s
–

Pe
s 

p
la

n
u

s,
 

h
al

lu
x 

va
lg

u
s

Pe
s 

p
la

n
u

s,
 

h
al

lu
x 

va
lg

u
s

Pe
s 

ca
vu

s
Pe

s 
ca

vu
s

Pe
s 

ca
vu

s,
 

h
am

m
er

 t
oe

s
Sc

ol
io

si
s,

 p
es

 
ca

vu
s,

 
h

am
m

er
 t

oe
s

–
0

–

N
IS

b
38

38
32

24
21

42
72

.5
–

28
30

a
0

=
N

or
m

al
; 1

=
m

il
d

ly
/m

od
er

at
el

y 
af

fe
ct

ed
 m

od
al

it
y;

 2
=

se
ve

re
ly

 a
ff

ec
te

d
 m

od
al

it
y;

 (–
)=

n
ot

 in
fo

rm
at

iv
e.

 S
ym

m
et

ri
c 

u
n

le
ss

 s
p

ec
ifi

ed
. 

b
Fo

r 
d

et
ai

ls
 s

ee
 S

u
p

p
le

m
en

ta
ry

 T
ab

le
 1

.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac488#supplementary-data


Late-onset SLC12A6-related neuropathy                                                                                      BRAIN 2023: 146; 912–922 | 917

more severe in the father (Table 2). Needle EMG in the father showed 
a moderate chronic neurogenic pattern in the tibial anterior muscle 
and lateral vastus muscle with slight to moderate denervation, while 
in the daughter the neurogenic changes were milder.

Family 3

The proband, Patient II-1, stumbled and fell more than other per
sons of same age from age 5–6 years. The disorder progressed slow
ly with more frequent falls from age 35 years. At age 50 she 
experienced paresis in feet and legs and 5 years later also in hands. 
Her focus was her frequent falls and not her motor and sensory def
icits at time of investigation. Table 1 resumes her neuropathic signs 
at age 59 years. NCS at age 57 showed findings consistent with a 
pronounced symmetric sensory axonal polyneuropathy. Needle 
EMG showed slight to moderate neurogenic changes in the anterior 
tibial anterior muscles and vastus lateral muscles bilateral.

Her mother, deceased and never investigated, had similar age at 
onset, symptoms and disease course with prominent gait problems 
after age 80–85.

Family 4

The female proband (Patient II-2), previously a competitive cross- 
country skier, had symptom debut at 49 years old with distal par
aesthesia, and a diagnosis of sensorimotor polyneuropathy was 
verified on NCS the following year. There was a slow yet steady 
symptom progression over the next 15 years, with predominantly 
sensory symptoms, and subsequent weakness, areflexia, ataxia, 
gait problems and tremor. She was also followed by a rheumatolo
gist for Sjogren’s syndrome. The proband’s daughter (Patient III-1) 

had distal paraesthesia and numbness in hands and feet from 22 
years of age, and clinical examination the same year revealed de
creased peripheral sensibility and mildly reduced strength in both 
hands. NCS showed a mild, predominantly sensory axonal neur
opathy. The symptoms were stable during the next 10–12 years, 
and subsequently accelerated slowly both clinically and on neuro
physiological investigation. The proband’s father (Patient I-2) was 
probably affected with polyneuropathy according to anamnestic 
information, but thorough diagnostic workup and genetic testing 
were not performed. He died at 79 years old. The proband’s sister 
had no symptoms of polyneuropathy and genetic testing confirmed 
that she did not have the family’s variant in SLC12A6. The proband’s 
daughter (Patient III-2) has symptoms compatible with peripheral 
neuropathy, but has not been thoroughly investigated due to substan
tial comorbidity.

Table 2 Neurophysiology in affected probands carrying the SLC12A6 variant

Family 1 2 3 4 5

Patient II-1 II-2 II-3 I-1 II-1 II-1 II-2 III-1 II-2 III-2

Age at examination 39 38 30 69 46 57 59 36 82 51
Motor nervesa

Median CMAP 6.5 9.4 7.6 5.6 7.6 N 4.6 4.6 3.9 8.9
CV 50.0 (−2.3) 48.0 (−2.8) 48.0 (−2.8) 51.2 52.3 57.6 44.8 (−4.4) 51.8 50.8 (−2.1) 54.3
Ulnar CMAP 8.1 6.3 7.1 5.2 7.5 – 5.2 7.8 7.2 –
CV 46.6 (−2.8) 47.7 (−2.6) 46.7 (−2.8) 52.4 51.8 45.3 (−3.1) 51.0 (−2.0) 50.4 (−2.1)
Peroneal CMAP 4.7 4.4 8.7 0.2 (−2.3) 0.4 (−2.3) N 0.5 (−2.3) 5.3 1.8 3.8
CV 42.5 42.0 50.7 36.9 36.5 (−2.8) 40.2 37.5 (−2.4) 44.8 39.2 42.9
Tibial CMAP 15.3 5.6 15.7 0.3 (−2.1) 1.1 (−2.6) – 3.9 6.6 2.3 13.3
CV 42.3 41.5 45.2 34.9 (−2.0) 39.3 36.4 (−2.2) 45.0 39.7 42.9

Sensory nervesa

Median SNAP 3.6 (−6.8) 2.2 (−7.8) A A A A 2.1 (−7.3) 8.8 (−5.9) A 4.1 (−6.5)
CV 48.2 (−2.2) 46.8 (−2.5) 42.4 (−2.6) 51.0 40.0 (−3.2)
Ulnar SNAP A A 1.4 (−5.5) A A A A 3.7 (−4.3) A –
CV 33.3 (−4.5) 54.8
Radial SNAP A A A A A – 1.4 (−6.4) 5.4 (−4.3) A 2.8 (−4.0)
CV 43.1 (−3.9) 59.1 48.0
Sural SNAP A 1.3 (−3.8) A A A A – 1.12 (−5.0) A A
CV 43.8 53.6
Sup peroneal SNAP A A A A A – A 2.4 (−2.7) A A
CV 49.0
Med plantar SNAP – A A – – – – – A A

EMGb + + – ++ + + + n + –

Abnormal values in bold (Z-scores in parenthesis taking age and height into account). A = absent response; CMAP = compound muscle action potential amplitude (mV); CV = 
conduction velocity (m/s); N = normal amplitude not specified; SNAP = sensory nerve action potential amplitude (µV); (–) = not measured. 
aRight side. 
bElectromyographic findings in tibial anterior muscle: n = normal; (+) = mild neurogenic; (++) = moderate neurogenic.

Table 3 Quantitative sensory testing and skin biopsy in 
Family 1

Patient II-1 II-2 II-3 Normal values

QST
WPT foot (°C) 40.2 38.8 38.8 <44.0
CPT foot (°C) 28.1 28.3 28.5 >25.5
WPT leg (°C) – 32.9 33.7 <40.5
CPT leg (°C) – 28.3 28.4 >26.0
HPDT leg(°C) – 43.4 41.0 >40.5 < 47.5

Skin biopsy
IENFD (fibres/mm) 7.0 4.9 12.3 >5.6

CPT = cold perception threshold; HPDT = heat pain detection threshold; QST = 
quantitative sensory testing; WPT = warmth perception threshold. Abnormal value 

in bold.
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Family 5

Since early childhood the proband (Patient III-2) had complained of 

numbness in his legs and modest unsteadiness. The diagnosis of 

polyneuropathy was confirmed in his twenties. NCS showed mild 

abnormalities. In his thirties he also developed impaired finger sen

sitivity. Findings on clinical examination at the age of 50 are pre

sented in Table 1. Musculoskeletal examination revealed a 

generalized pain syndrome with tenderness over both trochanter re

gions, gluteal regions and thoracic part of his back. His gait was stiff 

and unsteady. NCS showed a pronounced symmetrical sensory 

axonal polyneuropathy (Table 2). The motor amplitudes were nor

mal, and EMG showed very mild neurogenic changes in the tibial an

terior muscle but normal findings in proximal muscle in lower limb.
The proband’s mother (Patient II-2) had complained of feeling 

cold in her legs since childhood; later she had ascending loss of sen
sitivity and numbness in her feet. In adulthood she also experi
enced slowly increasing weakness of the legs and an unsteady 
gait. She was diagnosed with polyneuropathy in her fifties at her lo
cal hospital and received B12 treatment. The symptoms had stabi
lized. On clinical examination at 82 years old there was no paresis 

and no muscular atrophy but reduced peripheral sensibility in 
legs, in particular distally, and an unsteady gait. Deep tendon re
flexes were absent in both upper and lower limbs. NCS showed a 
pronounced symmetrical sensory axonal polyneuropathy with ab
sent sensory responses, and in addition a very mild motor compo
nent (Table 2). The proband’s brother (Patient III-3) and the 
mother’s father (Patient I-1) had symptoms suspicious of polyneur
opathy, but they were never investigated.

Genetic testing

At the University Hospital of North Norway, extensive testing by 
Sanger sequencing for mutations in genes involved in axonal and 
demyelinating HMSN and hereditary neuropathy with pressure 
palsies performed for Families 1 and 2 gave negative results. 
Upon NGS-based DNA analysis of affected individuals in the two 
families, they were all found to be heterozygous for the sequence 
variant c.1655G>A, p.(Gly552Asp), situated in exon 14 of the 
SLC12A6 (NM_001365088.1) gene.

At Telemark Hospital Trust, NGS-based DNA analysis was per
formed for Families 3 and 4 in 2012 and Family 5 in 2016. The 

Figure 2 Conservation and in silico modelling. (A) Evolutionary conservations of the amino acid (aa) affected by the novel p.Gly552Asp mutation within 
KCC3 across different species. (B) Paralogue conservation of the human KCC3 p.Gly552 residue among the different members of the human potassium 
chloride cotransporters (KCC). (C) Cartoon modelling of the human KCC3 homodimer based on PDB:6Y5R. The Gly552 residue is shown in dark red and 
the interacting residues in orange. (D) Localization of the Gly552 residue (dark red) and its interacting amino acids (orange). Based on PDB:6Y5R. (E) 
Localization of the Gly552Asp substitution (dark red), interacting amino acids (orange) and the predicted formation of two new hydrogen bonds (dotted 
lines) with Tyr294 and Val560. Based on PDB:6Y5R.
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SCL12A6 variant c.1655G>A was detected but classified as likely be
nign based upon reports of autosomal recessive inheritance in 
KCC3-related disease. Upon a genetic re-evaluation of Family 3 in 
2017, the SLC12A6 variant was reclassified as a variant of unknown 
significance, based on newly published literature describing cases 
who were heterozygous for de novo mutations.21 Sanger sequencing 
showed that the variant was carried by the affected daughter in 
Family 3.

By combining DNA results from the two centres, it became clear 
that in total 10 affected individuals from five families carried the 
SLC12A6 c.1655G>A variant. The variant segregates with all af
fected individuals and was not present among two unaffected 
individuals.

The variant is absent from large population databases, i.e. more 
than 250 000 SLC12A6 alleles annotated in GnomAD and 13 000 al
leles annotated in esp6500. The variant is not present in the 
Norwegian Variant Frequency database (https://variant.norgene. 
no/) containing 5710 alleles. However, as for the latter database al
lele counts below five were filtered out to ensure anonymity of per
sonal data in compliance with the EU general data protection 
regulation. The variant has not previously been detected at two 
other Norwegian genetic reference centres in Oslo and Bergen (per
sonal communication, May 2021).

The five families presented in this study are seemingly unre
lated based on available genealogical information. However, the 
probands of Families 2, 3, 4 and 5 share a rare intronic single nucleo
tide variant in the SLC12A6 gene (hg19 Chr15:34528850A>G), situ
ated 9.2 kb upstream the reported c.1655G>A (p.(Gly552Asp)) 
variant. The shared intronic variant is not present in GnomAD 
and the Norwegian Variant Frequency database. This strongly indi
cates that the four probands share a rare haplotype of common an
cestral origin.

Conservation and in silico analysis

The Gly552Asp substitution targets a residue that is both conserved 
evolutionarily (Fig. 2A) and among the three other human KCC 

family members (Fig. 2B). In silico modelling on KCC3 in NaCl 
show that the p.Gly552Asp variant is situated in a loop at the inter
face between the transmembrane and extracellular domain 
(Fig. 2C). The substitution from glycine to aspartic acid causes a 
side chain alteration from a single hydrogen atom to a negatively 
charged side chain. The substitution is predicted to create two 
new hydrogen bonds with Tyr294 and Val560, leading to potential 
structural and/or functional effects (Fig. 2D and E).

Functional analysis

To assess the effect of the mutation on KCC3 activity, we expressed 
wild-type and mutant transporter in X. laevis oocytes and measured 
K+ influx (expressed in pmoles K+/oocyte/h). As seen in Fig. 3, K+ in
flux in wild-type KCC3-injected oocytes is similar to water-injected 
oocytes under isosmotic conditions. The KCC3-mediated K+ influx 
is stimulated by hypotonicity. Replacement of Gly552 into aspartic 
acid completely abrogated cotransporter function. Oocytes injected 
with wild-type or mutant SLC12A6 cRNA demonstrated equal KCC3 
expression levels. Supplementary Fig. 1 shows the unmodified full- 
length gel.

Variant classification

The American College of Medical Genetics and Genomics (ACMG) 
and The Association for Clinical Genomic Science (ACGS) criteria 
are intended for classification of sequence variants in genes firmly 
established as causes for Mendelian disorders.29,30 Although 
SLC12A6 has not previously been associated with autosomal- 
dominant late-onset neuropathy, we present a criteria-based clas
sification of the pathogenicity of c.1655G>A, constituting a brief 
summary of our data: PS3 moderate (functional studies indicate 
loss of cotransporter function), PP1 strong [co-segregation through 
seven informative meiosis in a total of four families, n = (1/2)7 = 
1/128], PP3 supportive (the variant is conserved in paralogue and 
orthologue domains), and PM2 moderate (the variant has no fre
quency in population databases) classify c.1655G>A as a likely 
pathogenic variant.

Discussion
In this study, we present five families with adult-onset predomin
ant sensory axonal polyneuropathy caused by a novel heterozy
gous variant in the SLC12A6 gene. The SLC12A6 variant was 
present in 10 affected family members while two unaffected family 
members did not have the variant.

Phenotypical, clinical and neurophysiological 
considerations

The clinical manifestations and debut of symptoms varied to some 
extent, even within the same family. A few patients reported some 
neuromuscular symptoms in childhood, but no one were referred to 
a neurologist until adult age (the earliest at 22 years of age, the latest 
at almost 70), indicating that the initial symptoms were mild and the 
disease progression was slow. Symptoms varied from very mild to 
prominent, more sensory than motor in most patients, with a distal 
to proximal gradient. Interestingly, the siblings of the proband in 
Family 1 were asymptomatic even into their forties, although clinic
al evaluation and neurography revealed abnormal findings. No one 
complained of neuropathic pain. CNS symptoms were not present in 
any patient.

Figure 3 Functional analysis of KCC3. Absence of KCC3-Gly552Asp func
tion in X. laevis oocytes. K+ influx was determined in oocytes injected 
with water, wild-type KCC3 and KCC3-G552D mutant under isosmotic 
(white bars) or hypoosmotic (grey bars) conditions. Bars = mean ± SEM 
(n = 23–26 oocytes). Right inset: Picture of a defolliculated stage VI X. laevis 
oocyte under dissecting microscope. Left inset: Western blot analysis of 
cmyc-tagged transporter showing absence of signal in water-injected 
oocytes and equivalent signal in wild-type versus mutant KCC3-injected 
oocytes.

https://variant.norgene.no/
https://variant.norgene.no/
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac488#supplementary-data
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On clinical examination all 10 affected family members had sen
sory and reflex abnormalities, while five patients had muscle weak
ness, most pronounced distally. The partition of NIS into NIS motor, 
NIS sensory and NIS reflexes revealed that overall NIS mostly con
sisted of the sensory and reflex findings. Only one patient (II-2 in 
Family 4) had prominent muscle weakness consistent with a severe 
CMT phenotype and a high NIS value.

On NCS a common finding was absent or almost absent sensory 
responses, and often the motor nerves were involved to a much 
lesser extent, consistent with an axonal neuropathy with dominat
ing sensory involvement. The pronounced sensory abnormalities 
on NCS in some patients were in contrast to the very mild (or 
even no) symptoms. Supplemental tests in Family 1 (quantitative 
sensory testing and skin biopsy) showed almost sparing of the 
small diameter nerve fibres. Sural nerve biopsy was not performed.

The phenotype in our families differs compared to other cases with 
SLC12A6 biallelic or heterozygous de novo mutations reported else
where. First of all, in most patients described previously, the first man
ifestations are in infancy or early childhood with motor disabilities that 
could be severe, and also mental retardation in Anderman syn
drome.16,21,22 NCS in these children have shown a motor and sensory 
polyneuropathy (motor often dominate), mixed axonal and demyelin
ating. To our knowledge only one paper reports a patient with onset 
in his twenties.23 He had both motor and sensory impairment clinically, 
and NCS showed a predominant demyelinating polyneuropathy.

The phenotypic heterogeneity among patients with dominant 
SLC12A6 variants is highly variable based on previous litterature21–23

and this report (Table 4). Our families reveal a milder phenotype 
than previously described. It could be speculated that the different 
dominant variants have different disease mechanisms or that some 
variants might be milder (hypomorphic). As discussed below, spe
cific variants have different consequences for KCC3 channel func
tion.21–23 Further, it is well known that genetic disorders with both 
juvenile and adult onset often display variable disease severity 
probably due to the influence of other genetic and environmental 
factors impacting penetrance and clinical expression.31

Genetics, variant interpretation and functional analysis

The SLC12A6 c.1655G>A, p.(Gly552Asp) variant is extremely rare be
cause it is absent from >250 000 SLC12A6 alleles annotated in the 
Genome Aggregation Database (gnomAD) as well as among 13 000 
alleles annotated in esp6500, and 5710 alleles in the Norwegian 
Variant Frequency database (https://variant.norgene.no/). Hence, 
it is very unlikely that the SLC12A c.1655G>A allele seen in five 
Norwegian families has occurred through recurrent mutational 
events. Instead, it supports the idea that these families share a 
common ancestor.

Together with the other three KCC, KCC3 is involved in main
taining intracellular Cl− levels and in regulating cell volume 
through electroneutral efflux of potassium and chloride and diffu
sion of water molecules. The transporter is not active under isoton
ic conditions but becomes active when the cell is subjected to 
hypotonic conditions.30 In contrast to wild-type KCC3, in vitro ana
lysis demonstrated that the mutant KCC3-Gly552Asp transporter is 
non-functional when expressed in X. laevis oocytes. This is in line 
with two other dominantly acting substitutions shown to be dys
functional.21 The p.Gly552Asp substitution is localized in a loop at 
the interface between the extracellular and transmembrane do
main. Interestingly, the substitution is located two positions up
stream to a key lysine that forms a salt bridge with an aspartic 
acid keeping the extracellular gate closed in all KCC.28

Biallelic mutations in SLC12A6 are involved in Anderman syn
drome (HMSN/ACC) through loss of KCC3 function.19,32 With the ex
ception of two missense variants, all mutations known to cause 
biallelic HMSN/ACC are true loss-of-function or splice site muta
tions predicted to undergo nonsense-mediated decay (based upon 
HGMD Professional version 2021.3). Heterozygous carriers are 
healthy, indicating that haploinsufficiency at the gene level, lead
ing to protein expression from one allele only, does not cause dis
ease. Including the mutation c.1655G>A, reported here, three 
other heterozygous missense mutation have been shown to cause 
dominantly acting KCC3-related disease.21–23 The first published 
variant, p.(Thr991Ala), resulted in constitutive KCC3 activity and 
likely a gain of function effect.21 The two other published variants, 
p.(Arg207His) and p.(Tyr679Cys) as well as the variant presented 
here completely or partly caused loss of KCC3 function.22,23

As KCC3 functions as a homodimer, theoretically 75% of the 
transporters contain mutant proteins when the disease-causing 
variant is translated and expressed. Although haploinsufficiency 
causing about 50% reduction of functional KCC3 homodimers is 
likely not sufficient to cause disease, a 75% reduction could be 
disease-causing, but with reduced severity and later onset as com
pared to previously described HMSN/ACC where there is mostly 
100% reduction. It is also observed in some other neuromuscular 
genes that biallelic variants may cause a more severe early-onset 
phenotype whereas the monoallelic variant causes later onset 
and milder phenotype, such as those observed for STUB1,33,34

MME10 and the aminoacyl-tRNA synthetase genes AARS1, GARS1, 
HARS1, WARS1 and YARS1.35

To conclude, our families expand the spectrum of CMT and 
neuropathy phenotypes associated with heterozygous mutations 
in the SLC12A6 gene. Patients presented with a milder phenotype 
than previously reported, and a slowly progressive sensory or sen
sorimotor axonal neuropathy. CNS manifestations were not pre
sent. This work demonstrates for the first time a heterozygous 
SCL12A6 pathogenic variant that is inherited through generations.
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