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ABSTRACT
Mutations in the voltage-gated sodium channel Nav1.7 are linked to human pain. The Nav1.7/ 
N1245S variant was described before in several patients suffering from primary erythromelalgia 
and/or olfactory hypersensitivity. We have identified this variant in a pain patient and a patient 
suffering from severe and life-threatening orthostatic hypotension. In addition, we report a female 
patient suffering from muscle pain and carrying the Nav1.7/E1139K variant. We tested both 
Nav1.7 variants by whole-cell voltage-clamp recordings in HEK293 cells, revealing a slightly 
enhanced current density for the N1245S variant when co-expressed with the β1 subunit. This 
effect was counteracted by an enhanced slow inactivation. Both variants showed similar voltage 
dependence of activation and steady-state fast inactivation, as well as kinetics of fast inactivation, 
deactivation, and use-dependency compared to WT Nav1.7. Finally, homology modeling revealed 
that the N1245S substitution results in different intramolecular interaction partners. Taken 
together, these experiments do not point to a clear pathogenic effect of either the N1245S or 
E1139K variant and suggest they may not be solely responsible for the patients’ pain symptoms. 
As discussed previously for other variants, investigations in heterologous expression systems may 
not sufficiently mimic the pathophysiological situation in pain patients, and single nucleotide 
variants in other genes or modulatory proteins are necessary for these specific variants to show 
their effect. Our findings stress that biophysical investigations of ion channel mutations need to 
be evaluated with care and should preferably be supplemented with studies investigating the 
mutations in their context, ideally in human sensory neurons.
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Introduction

The voltage-gated sodium channel Nav1.7, encoded 
by the SCN9A gene, is preferentially expressed in 
sensory neurons of dorsal root ganglia (DRGs) and 
sympathetic ganglia [1]. Its key role in human pain 
signaling is impressively demonstrated by loss-of- 
function Nav1.7 mutations causing congenital insen-
sitivity to pain [2], while gain-of-function mutations 
lead to severe painful disorders, such as inherited 
erythromelalgia (IEM) [3], paroxysmal extreme pain 
disorder [4], or small fiber neuropathy (SFN) [5]. 
Fibromyalgia is characterized by multi-focal pain 
comprising allodynia and hyperalgesia. It may be 

accompanied by myalgia, lower back pain, or heada 
che [6]. SFN is a neuropathic pain disorder in which 
small diameter nerve fibers are affected while large 
diameter fibers are spared [5]. IEM is an autosomal 
dominant neuropathy characterized by severe burning 
pain and redness in the distal extremities, which leads 
to severe impairment of the patient’s everyday life.

Sodium channels are responsible for the fast upstro 
ke of the action potential and are thus in an ideal positi 
on to regulate excitability of the expressing cells. There 
are nine different Nav α subunits described to date, 
which can be associated with β subunits that modulate 
their cell membrane expression and their gating [7,8].
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Here, we characterize two Nav1.7 variants identi-
fied in pain patients to better understand their poten-
tial role in the pathophysiology of the patie 
nts’ phenotypes. We identified the heterozygous 
Nav1.7/N1245S variant in one patient diagnosed 
with SFN and in one patient with severe and treat 
ment-resistant orthostatic hypotension as well as sex-
ual and sudomotor dysfunction. Two further patients, 
carrying the same heterozygous variant have been 
described in the literature: a 50-year-old female 
patient with burning pain in both feet, a low threshold 
of pain detection, hyperalgesia and increased olfactory 
sensitivity [9] and a 67-year-old male patient with 
burning pain in the feet and connective tissue disease 
[10]. In a further study, six patients out of a cohort of 
393 patients were diagnosed with SFN and carried the 
N1245S variant [11]. The variant (chr2:167,094,638 
GRCh37) was classified as a variant “with unknown 
significance.” It has also been suggested to be a single 
nucleotide polymorphism [12].

We also describe a novel heterozygous variant, 
Nav1.7/E1139K (chr2:167,108,299 GRCh37), in 
a female patient of 39 years who suffers from 
severe myalgia exacerbated by exercise. She also 
had been diagnosed with fibromyalgia. The variant 
is rare and only reported in 7 out of 248,222 alleles 
(Genome Aggregation Database).

Reported Nav1.7-IEM mutations often shift the 
channels’ activation toward more hyperpolarized 
potentials, thus supporting enhanced excitability of 
the expressing dorsal root ganglia neurons [13]. This 
may lead to the pain symptoms reported by the 
patients. Our electrophysiological results suggest that 
both Nav1.7 variants do not interfere with gating 
properties nor with the structural conformation in 

a way that would directly support their role in the 
pain pathophysiology. These data point to the limita-
tions of the heterologous expression method and 
advocate a careful evaluation of effects observed in 
such studies.

Materials and methods

Patients

The patient carrying the p.E1139K variant was exam-
ined in the Division of Medical Genetics at Northwell 
Health System, USA (Table 1, patient 6), and two pati 
ents carrying the p.N1245S variant were examined at 
the Neuromuscular Outpatient Clinic and/or the Out 
patient Clinic of Disorders of the Autonomic Nervous 
System, Department of Neurology of the RWTH 
Aachen University Hospital, Aachen, Germany 
(Table 1, patients 1 and 2). The respective diagnosis 
was confirmed by a detailed patient history, neuro-
pathic pain questionnaires, a neurological examina-
tion, and sensory and motor nerve conduction studies 
of the lower limbs to exclude a large fiber polyneuro-
pathy. Extensive laboratory tests were performed to 
rule out any acquired cause of neuropathy. Patient 1 
underwent quantitative sensory testing and a skin 
biopsy obtained at the distal lower limb, whereas 
patient 2 was examined by autonomic testing with 
head-up tilt and cardiovagal tests.

Genetic studies

The study is in accordance with the Helsinki 
Declaration and was approved by the local ethics 
board of the RWTH University Hospital Aachen 

Table 1. Patients/subjects with the Nav1.7/N1245S or the Nav1.7/E1139K variant. Characteristics of the variant carriers, pain 
phenotype, olfactory sensitivity, and comorbidities are described.

Patient 
No

Nav1.7 
Variant Sex

Age of 
onset Pain/Diagnosis

Olfactory 
sensitivity Concomitant diseases References

1 N1245S Male 20 Small fiber neuropathy not 
assessed

Recurrent diarrhea Dr Maike 
Dohrn, 
Aachen

2 N1245S Male 62 No not 
assessed

Severe autonomic failure with orthostatic 
hypotension, dry skin, dry eyes, erectile 
dysfunction, coat hanger pain

Dr Andrea 
Maier, 
Aachen

3 N1245S Female 40 IEM Hyperosmia No [9]
4 N1245S Male 60 Burning pain not 

assessed
Connective tissue disease [10]

5 N1245S Unknown 6 
subjects from 
two families

Unknown No not 
assessed

No [11,12]

6 E1139K Female 39 Myalgia, pain in the 
extremities with 
reddening, jaw pain

not 
assessed

Hypotonia, visual problems, intestinal 
paralysis

Dr. Martin 
Bialer, USA
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(research ethics approval EK302–16). We obtained 
the patients’ written consent prior to study inclu-
sion. HaloPlex libraries for NGS were prepared 
using the HaloPlex Target Enrichment kit for cus-
tom design (1–500kb target region, Agilent Tech 
nologies) according to the manufacturer’s proto-
cols. Target sequences (exons) and adjacent intro-
nic (±50 bp) sequences were enriched. The gene 
panel included known disease-causative genes for 
hereditary pain disorders (genes implicated in 
HSAN1-HSAN8, and CIP) as well as functional 
candidate genes (genes encoding TRP-channels, 
ASICs, neurotrophins, and their receptors). Libra 
ries were run on a MiSeq Sequencer (Illumina) 
with a 300 cycle MiSeq reagent kit v2 (Illumina). 
Details are available upon request.

Homology modeling and structural analysis of 
variants

The cryo-EM structure of the hNav1.7-β1-β2 com-
plex (PDB ID 6J8G) was used as a template for 
homology modeling [14]. The template structure 
was prepared for homology modeling by removing 
all the heteroatoms and the β2 subunit. The 
N1245S variant sequence was generated and 
aligned to the hNav1.7 using Jalview [15]. One 
hundred models were generated using MODELL 
ER 9.22 [16]. The DOPE-HR scores obtained from 
MODELLER and visual inspection with the tem-
plate were used to choose the best model. Analysis 
of the intramolecular interaction partners for ami 
no acids of interest in hNav1.7 and N1245S variant 
were studied using PyMol with a distance cutoff of 
4 Å. The E1139K variant could not be modeled, 
since the intracellular linker between DII and DIII 
has not been resolved in the template structure.

Plasmid, DNA cloning, and mutagenesis

For expression in mammalian cells, hNav1.7/ 
N1245S and hNav1.7/E1139K variants were gener-
ated based on WT human Nav1.7 (SCN9A transcri 
pt variant 1 containing 1277 amino acids, NM_00 
2977.3) in a modified pCMV6-neo vector by site- 
directed mutagenesis using Q5 Polymerase (NEB). 
Constructs were verified by commercial DNA sequ 
encing (Eurofins, Germany). The GFP-tagged full- 

length human Navβ1 subunit was expressed in a p 
CLH vector.

Expression of hNav1.7 and hβ1 in mammalian 
cells

The human embryonal kidney HEK293T cell line 
was used as a heterologous expression system. It 
was cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM, Gibco Life Technologies, 
Germany), supplemented with 10% fetal bovine 
serum (Biochrom AG, Germ 
any) and 1% penicillin/streptomycin (Life Technol 
ogies, Germany). HEK293T cells were seeded 2 to 
24 hours before transfection. Transfection was 
performed with JetPei (PolyPlus-transfection SA, 
Peqlab, Germany) using 1.25 µg SCN9A plasmid 
DNA and 0.25 µg pMaxGFP plasmid. For some 
experiments with the Nav1.7/N1245S variant, a GF 
P-tagged construct of the β1 subunit was co-trans 
fected. In that case, 0.25 µg β1 DNA were added. 
Cells were recorded 24 hours after transfection. 
Only fluorescent cells were used for recordings.

Patch-clamp experiments

HEK293T cells were recorded at room tempera-
ture (22 ± 2°C) using an EPC 10 USB patch-clamp 
amplifier (HEKA Electronics, Germany). Sampling 
rates were set to 50 kHz (100 kHz for deactivation 
protocols) and a 10 kHz low-pass filter was used 
(30 kHz for deactivation protocols).

Recording patch pipettes were manufactured 
with a DMZ puller (Zeitz Instrument GmbH, Ger 
many) and had a tip resistance between 1.2 and 2.5 
MΩ. The external bath solution contained the 
following (in mM): 140 NaCl, 3 KCl, 1 MgCl2, 1 
CaCl2, 10 HEPES, 20 glucose. The pH was adjus 
ted to 7.3 using NaOH, and osmolarity was 300– 
310 mOsm. The patch pipette internal solution 
contained (in mM): 10 NaCl, 140 CsF, 1 EGTA, 
10 HEPES, 18 sucrose; pH was adjusted to 7.3 and 
osmolarity to 300–310 mOsm.

Series resistance was compensated by at least 
70%. Only recordings with a series resistance 
below 6 MΩ were analyzed. Leak current was 
subtracted online with the P/4 procedure. For all 
protocols, the holding potential (Vhold) was set at 
−120 mV unless otherwise stated. A liquid 
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junction potential of +8.3 mV was corrected in all 
experiments. After establishing the whole-cell con-
figuration, inward Na+ currents were allowed to 
stabilize for 5 min during repeated 0 mV depolar-
ization steps before starting the recordings. Curre 
nt density was obtained by dividing the maximum 
peak current (pA) by the cell capacitance (pF).

The voltage dependence of activation was 
assessed from holding potential using 40 ms pulses 
(test-pulse) to a range of test potentials from 
−100 mV to +50 mV in 5 mV or 10 mV incre-
mental steps with an interval of 5 s. For conduc 
tance–voltage curves, the reversal potential (Vrev) 
for each individual neuron was determined. 
Conductance (G) was calculated at each voltage 
(V) using the equation G= I/(V–Vrev) with Vrev 
being the reversal potential for sodium and 
I being the inward current at the respective voltage 
(V). Conductance–voltage curves were fitted using 
a Boltzmann equation: G = Gmax/(1 + exp [(Vm – 
V1/2)/k]), where Gmax is the maximum sodium 
conductance, Vm is the membrane voltage, V1/2 is 
the potential of half maximum channel activation 
and k is the slope factor. The voltage error during 
the current-voltage relationship was calculated for 
each recording. The mean voltage error was not 
significantly different between groups.

The voltage dependence of steady-state fast 
inactivation was measured using a two-step proto-
col. A 500 ms pre-pulse with various potentials 
ranging from Vhold to +10 mV in 5 or 10 mV 
incremental steps was used to inactivate the chan-
nels. This pre-pulse was immediately followed by 
a 40 ms test-pulse at 0 mV to determine the 
remaining fraction of available channels. Inward 
current measured during the test-pulse to 0 mV 
was normalized to the cell’s maximum test-pulse 
inward current. The normalized peak inward cur-
rent amplitude at each test-pulse is displayed as 
a function of pre-pulse potential and fitted using 
the above Boltzmann equation.

The time course of fast inactivation estimates how 
quickly channels undergo fast inactivation. The reg-
ular current-voltage (I–V) protocol described above 
was used to activate and inactivate channels. Current 
decay was fitted by a double-exponential equation: 
Y(t) = (Y0 – Ytx)*exp(-K*X) + Ytx, where Y0 is the 
current amplitude at time 0, Ytx is the Y value at 
infinite times, K represents the rate constant and X is 

the time. The time constants τfast and τslow are the 
reciprocals of the respective rate constant K. They 
are plotted against the test-pulse voltage.

Recovery from fast inactivation was investigated 
using a two-pulse voltage protocol with a recovery 
inter-pulse of varying duration in between. Cells 
were first depolarized to +10 mV for 500 ms from 
Vhold. This depolarizing pre-pulse (Ipre) was imme-
diately followed by the inter-pulse to −120 mV. 
The duration of this step increased with each 
sweep by a factor of 2, from 0.1 ms to 1.638 
s. The inter-pulse was followed by a depolarizing 
test-pulse (Itest) at +10 mV for 40 ms to assess the 
number of recovered channels. The current ampli-
tude at the test-pulse Itest was normalized to the 
current amplitude measured at the pre-pulse Ipre 
and plotted against inter-pulse duration and fit 
with a double exponential equation: Y = Y0 
+ Afast*(1_exp[Kfast*X])+Aslow*(1_exp[Kslow*X]), 
where Y0 is the current amplitude at time 0, Afast 
and Aslow represent the amplitude coefficient for 
the fast and the slow time constants, Kfast and 
Kslow represent the two rate constants and X is 
the time. The time constants τfast and τslow are 
the reciprocals of the respective rate constant K.

The voltage dependence of steady-state slow 
inactivation was investigated using a four-pulse 
voltage protocol. Cells were first depolarized by 
a reference pulse (Iref) to +10 mV for 10 ms from 
a holding potential of −120 mV (N1245S) or 
−140 mV (E1139K). This reference pulse allows 
a comparison of current amplitudes over long 
periods, taking time-dependent changes into 
account. The reference pulse was followed by 
a 500 ms recovery step and, subsequently, by 
a range of 30 s pre-pulses at varying voltages 
from −140 mV to +40 mV using a 20 mV incre-
ment. A −120 mV (N1245S variant) or −140 mV 
(E1139K variant) inter-pulse of 200 ms allowed the 
channels to recover from fast inactivation before 
the standard 40 ms test-pulse at +10 mV (Itest). For 
current analysis, peak test-pulse current ampli-
tudes were normalized to their respective refer-
ence-pulse current (Itest/Iref) and plotted against 
pre-pulse voltage, providing a sigmoidal curve 
that was fitted with the above Boltzmann equation.

Onset of slow inactivation was assessed using 
a three-step voltage protocol. From a holding 
potential of −140 mV, the cell membrane was 
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depolarized to +10 mV for 10 ms. This reference 
pulse (Iref) was followed by a 500 ms step at 
−140 mV before an inter-pulse depolarized the 
cell membrane again at +10 mV during 0.1 s to 
73 s in six sweeps. Finally, a 40 ms test-pulse (Itest) 
at +10 mV followed a 200 ms repolarization step at 
−140 mV and measured the current amplitude of 
the available channels. For the current analysis, 
peak test-pulse current amplitudes were normal-
ized to their respective reference-pulse current 
(Itest/Iref) and plotted against inter-pulse duration.

The time course of channel deactivation was 
investigated using a two-pulse voltage protocol. 
A pre-pulse of +20 mV for 0.4 ms allowed max-
imum current development while avoiding fast 
inactivation. This brief activation pre-pulse was 
followed by a 100 ms repolarization from Vhold 
up to +10 mV in 10 mV increments to induce 
tail currents. After each sweep, the channels were 
allowed to recover for 5 s. The time constant of 
deactivation was determined by a single exponen-
tial fit to the decay of tail currents.

Use-dependency was determined by the applica-
tion of 30 depolarizing pulses to 0 mV at a frequency 
of either 1, 10, 30, 50, or 100 Hz. Sodium peak 
inward current amplitude was measured at each 
pulse and normalized to the current amplitude of 
the first pulse to determine the use-dependent 
decline of inward current amplitude. For quantifica-
tion, the area under the curve (AUC) for each graph 
was calculated and compared.

Data analysis and statistics

Data were analyzed and graphed using Fitmaster 
software (HEKA Elektronik), Igor Pro software 
(Wavemetrics), GraphPad Prism 5 or 6 (GraphPad 
Software), SPSS (IBM SPSS Statistics Version 25), 
and Corel Draw X6 (Corel Corporation).

For statistical testing, two groups were com-
pared with a Student’s t test for parametric testing 
or a Mann–Whitney U test, depending on normal 
distribution. More than two groups were com-
pared by an ANOVA, followed by a Bonferroni’s 
multiple comparison post hoc analysis. The exact 
value of n (number of cells) is indicated in the 
figure legends. Data are presented as mean and 
error bars denote 95% confidence interval (CI). 
No outliers were defined or eliminated.

Results

Clinical description of patients

Two subjects were treated at the Department of 
Neurology of the University Hospital RWTH 
Aachen, Germany: patient 1 is a 41-year-old 
male, who displayed burning and stabbing pain 
as well as hyperesthesia in legs and feet at the age 
of 20 years (Table 1). Clinical examinations, quan-
titative sensory testing, and a distal skin biopsy 
confirmed the diagnosis of a small fiber neuropa-
thy. Nerve conduction studies of the lower limbs 
did not show any measurable large fiber involve-
ment. Extensive laboratory tests were negative for 
any known acquired cause. The family history was 
positive as the patient’s father and his 15-year-old 
daughter reported similar symptoms, suggesting 
an autosomal dominant mode of inheritance.

The second male patient (patient 2, Table 1) was 
62 years old at the time of examination, presenting 
with severe and treatment-resistant orthostatic 
hypotension, erectile dysfunction, dry eyes and 
skin, coat hanger pain, cold feet and mostly red, 
warm hands, hypohidrosis, but no neuropathic 
pain phenotype. His symptoms began when he was 
about 58 years old. Autonomic testing revealed 
severe and combined cardiovagal and sympatho-
neural failure with only 5 min standing time. Both 
patients’ exomes were sequenced and identified as 
carrying a heterozygous 
c.3734A>G variant (NM_002977) in exon 20 of the 
SCN9A gene, leading to the Nav1.7/N1245S variant. 
This variant was associated with pain symptoms 
[9,10], but it also occurs in individuals without any 
pain phenotype [11].

For the N1245S variant in SCN9A, the prepon-
derance of available in-silico prediction programs 
(BayesDel noAF, DANN, DEOGEN2, EIGEN, 
EIGEN PC, FATHMM, FATHMM-XF, LIST-S2, 
LRT, MVP, MetaLR, MetaSVM, MutationTaster, 
PROVEAN, REVEL, and SIFT) provided a patho 
genic/deleterious verdict, while it was considered 
tolerated by four additional tools (BayesDel add 
AF, Mutation assessor, PrimateAI, and SIFT4G). 
As in-silico prediction tools are specifically prone 
to loss-of-function, these predictions might not 
fully cover the gain-of-function pathomechanism 
expected to be underlying in these gain-of pain 
phenotypes, however. With an allele frequency of 
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1.224/278.244 (0.44%) and 5 homozygous carriers 
(Genome Aggregation Database), a gene–disease 
relationship can only be argued when assuming 
a reduced penetrance and/or variable expressivity. 
In the ClinVar database, the variant is therefore 
classified by “conflicting interpretations of 
pathogenicity.”

A 39-year-old female patient (patient 6, Table 1) 
suffering from severe myalgia exacerbated by exer-
cise reported to the Division of Medical Genetics at 
Northwell Health System, New York, United States. 
She describes intense pain in the extremities along 
with reddening, as well as jaw pain. She has been 
diagnosed with fibromyalgia and displays also other 
symptoms, such as hypotonia from childhood, visual 
impairments, and intestinal paralysis requiring sub-
total colectomy and 3-methylglutaconic and 3-meth 
ylglutaric aciduria. She has been examined using 
whole-exome sequencing and she was found to 
carry the heterozygous c.3415 G > A variant (NM_ 
002977) in the SCN9A gene, leading to the Nav1.7/ 
E1139K variant.

The N1245S substitution leads to alternative 
intramolecular interaction partners

The two variants Nav1.7/N1245S and Nav1.7/ 
E1139K are localized in intracellular loops of the 
Nav1.7 channel (Figure 1a). To investigate if struc-
tural changes within the sodium channel protein 
are likely to be induced by the N1245S variant, we 
studied the molecular structural conformation of 
both Nav1.7 WT and variant protein, located in 
the intracellular loop of domain III between seg-
ments 2 and 3 Figure 1(b-d). The E1139K variant 
is located in the intracellular linker between 
domains II and III, which was not resolved in 
the CryoEM structure [14].

The interaction partners of the template structure 
(WT channel, Figure 1b-d left) and homology 
model (N1245S variant, Figure 1b-d right) were 
investigated using PyMol. The intramolecular inter-
action partners of the sidechains of asparagine 
N1245 (WT channel, Figure 1b-d left) and the serine 
S1245 (variant channel, Figure 1b-d right) were 
investigated. Both amino acids are polar uncharged 
hydrophilic amino acids, but the serine is smaller in 
size than the asparagine. We focused on interaction 
partners located at a distance of 0 to 4 Å to the 1245 

locus. Generally, it should be noted that distances of 
2.2–2.55 Å are thought to be “strong, mostly cova-
lent,” while distances of 2.5–3.22 Å are “moderate, 
mostly electrostatic” and distances of 3.2–4.0 Å are 
defined as “weak, electrostatic” [17,18]. We identi-
fied two interaction partners for each isoform of the 
channel (Figure 1d). Nav1.7 WT and its variant 
shared one interaction partner, a tryptophan 
(W1249), which resides at the beginning of DIII S3 
and is 3.55 Å from the 1245 locus. We also identified 
one interaction partner specific to the WT N1245: 
a tryptophan W1247, 3.22 Å from the variant 
(Figure 1d left) and one interaction partner specific 
to the variant S1245: a tyrosine Y1242, 3.55 Å from 
the variant (Figure 1d right). Both are located in the 
intracellular loop between DIII S2 and S3. All these 
interactions can be considered as weak electrostatic 
interactions; therefore, it is not clear how this 
change in molecular interactions would affect chan-
nel function. Nevertheless, the variant’s position at 
the intracellular linker between S2 and S3 may allow 
for interaction with intracellular proteins or other 
modifications. It should be noted, however, that the 
substitution of an asparagine by a serine in the 
Nav1.7/N1245S variant did not lead to the creation 
of a novel phosphorylation consensus site (supple-
mentary data).

The Nav1.7/N1245S variant co-expressed with β1 
increases current density

To decipher its potential pathological mechanisms, 
we investigated the gating properties of Nav1.7/ 
N1245S as compared to the WT channel when tran-
siently expressed in HEK cells. When expressed 
alone, no effect by the N1245S variant on current 
density, voltage dependence of activation, or steady- 
state fast inactivation was observed (Figure 2).

The β1 subunit is expressed in small-diameter pri-
mary sensory neurons [19]. The recent Cryo-EM 
structure of Nav1.7 together with the β1 subunit 
showed that the transmembrane domain of β1 resides 
close to the voltage-sensor of DIII, the area of the 
channel which contains the N1245 [14]. We therefore 
co-expressed the β1 subunit along with Nav1.7/ 
N1245S or WT and looked for a potential change in 
current density or voltage-dependent gating.

We found a statistically significant difference in 
the current density between groups (F(3, 101) = 9.35, 
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p < 0.0001) (Figure 2c). The mean peak sodium 
current density in Nav1.7 WT was increased when 
Nav1.7 was co-expressed with the β1 subunit (mean 
diff. = 426 pA/pF, 95% CI 187.2 to 665.5 pA/pF, 
p < 0.0001) as shown by Bonferroni’s multiple com-
parison test. An increased mean peak sodium cur-
rent density of Nav1.7 in the presence of the β1 
subunit was also observed for the N1245S variant 

(mean diff. = 195.5 pA/pF, 95% CI 1.141 to 389.8 pA/ 
pF, p = 0.0478) (Figure 2b, c and Table 2). We also 
found a significant difference in the voltage depen-
dence of activation by the N1245S variant compared 
to WT when co-expressed with the β1 subunit (F(3, 
100) = 5.91, p < 0.0001) Figure 2(d, e). When co- 
expressed with the β1 subunit, we detected 
a potentiating effect in both WT and variant 

Figure 1. Nav1.7/N1245S and Nav1.7/E1139K variants are both located in intracellular loops of the Nav1.7 protein. (a) The 
N1245S variant is found in the intracellular linker between DIII S2 and S3 and E1139K is located in the large intracellular linker 
between DII and DIII. (b) Visualization of the hNav1.7 WT (left, light blue) and the N1245S variant (right, orange) protein structure 
associated with the β1 subunit (magenta) using PyMol. DI, DII and DIV are depicted in gray and DIII-DIV linker in salmon. DIII S0 to S6 
segments are labeled in a range of blue colors. The S2-S3 linker (LS2-S3) of DIII is indicated in light salmon. (c) A magnified overlap 
view of (B) is shown with the variant N1245S in orange and the WT N1245 in light blue. DIII segments are labeled in black. (d) 
A detailed, slightly anti-clockwise turned view of the overlap in (C) reveals non-covalent bonds between N1245 (WT, left) or N1245S 
(variant, right) and two possible interaction partners. DIII segments are labeled in black.
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channels, shifting the potential of half-maximal acti-
vation (V1/2) to more hyperpolarized potentials 

(mean diff. = 4.88 mV, 95% CI 0.09 to 9.67 mV, 
p = 0.043 between WT and WT+β1, and mean 

Figure 2. Current density and gating properties of the hNav1.7/N1245S variant co-expressed with the β1 subunit. (a) Representative 
traces of sodium current of Nav1.7 WT, N1245S variant, WT + β1 subunit and N1245S + β1 subunit. The scale bar depicts 500 pA and 
1 ms. (b) Current density-voltage relationship for the four conditions (Nav1.7 WT in light blue, n = 18, N1245S variant in light orange, 
n = 17, Nav1.7 WT + β1 in dark blue, n = 33, N1245S + β1 in dark orange, n = 36). (c) Values of current density for the four 
conditions. (d) Conductance-voltage relationship. Voltage dependence of activation protocol is indicated in the inset. (e) V1/2 values 
of activation, obtained based on data in (d). (f) Voltage dependence of steady-state fast inactivation. The protocol is indicated in the 
inset. (g) The displayed V1/2 values were obtained based on the data in (f). See Table 2 for the exact values. All data are shown as 
mean ± 95% confidence interval.

Table 2. Current density as well as voltage dependence of activation and steady-state fast inactivation of Nav1.7 WT or N1245S 
variant with or without β1 co-expression. Values are given as mean and upper and lower 95% confidence intervals are presented in 
brackets.

WT N1245S WT + β1 N1245S + β1

Cell number 18 17 34 36
Current amplitude (pA) −3574 (−4663 to −2485) −3853 (−5048 to −2658) −4589 (−5534 to −3644) −5928 (−7321 to −4535)
Current density (pA/pF) −209.4 (−264.7 to −154.1) −201 (−255.7 to −146.3) −431.9 (−513.7 to −350.1) −627.3 (−778.7 to −476.0)
Activation 

- V1/2 (mV) 
- Slope

−29.3 (−30.8 to −27.8) 
7.4 (6.8 to 7.9)

−28.7 (−30.8 to −26.7) 
7.3 (6.7 to 7.9)

−34.2 (−36.6 to −31.8) 
7.9 (7.4 to 8.3)

−35.9 (−38.4 to −33.5) 
7.5 (7.2 to 7.9)

Inactivation 
- V1/2 (mV) 
- Slope

−89.8 (−92.3 to −87.4) 
5.9 (5.5 to 6.4)

−88.6 (−90.3 to −86.8) 
5.4 (5.0 to 5.8)

−89.6 (−92.0 to −87.2) 
5.8 (5.4 to 6.1)

−88.9 (−91.4 to −86.3) 
5.4 (5.0 to 5.7)
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diff. = 7.22 mV, 95% CI 2.4 to 12.0 mV, p = 0.0006 
between N1245S and N1245S+β1). This potentiation 
by the β1 subunit affected both WT and N1245S in 
a similar way (Figure 2d, e and Table 2). We also 
investigated stea 
dy-state fast inactivation of Nav1.7, but found insuf-
ficient evidence to support an effect by the N1245S 
variant or by co-expression of the β1 subunit (F(3, 
95) = 2.679, p = 0.051) (figure 2f and g and Table 2).

Finally, no persistent current was recorded in 
the relevant voltage range in either Nav1.7 WT or 
its variant form and the time-to-peak of the 
sodium inward current was similar for both chan-
nel isoforms (Fig. S1).

Neither N1245S variant nor β1 affects use- 
dependent current decline

Rodent nociceptors can fire up to 70 Hz within 
a burst [20], so we decided to investigate whether 
the N1245S variant affects the use-dependent 
decline of current amplitude in Nav1.7 and could 
thereby have an effect on nociceptor firing fre-
quency and pain signaling. We decided to simulate 

different firing rates: 1 Hz, 10 Hz, 30 Hz, 50 Hz, 
and 100 Hz.

At a depolarization frequency of 1 Hz, no use- 
dependent current decline could be observed in 
any group (Figure 3a). At 10 Hz, we observed 
a 2% use-dependent current run-down at the 30th 

pulse as compared to the current amplitude at the 
first pulse (Fig. S2). The current decline was more 
pronounced at higher frequencies, with 40% to 
60% at 100 Hz Figure 3(b, c). However, no sig-
nificant difference was detected between WT and 
N1245S either with or without β1 (F(19, 
316) = 8.11, p > 0.99) (Figure 3d, Table 3).

The N1245S variant does not affect gating 
kinetics

Some Nav1.7-IEM mutations have been reported 
to alter fast inactivation and/or deactivation 
kinetics [21]. As both processes may alter neuronal 
excitability, we decided to investigate both of these 
processes in the Nav1.7/N1245S variant.

To measure the time course of channel inactiva-
tion, we used a double exponential fit to the inw 

Figure 3. The use dependency is similar for the WT and the variant channel N1254S.(a-c) HEK293T cells expressing either Nav1.7 WT, 
Nav1.7 N1245S, Nav1.7 WT + β1 or Nav1.7 N1245S + β1 were stimulated with 30 depolarizing pulses to 0 mV at a frequency of 1 Hz 
(a), 30 Hz (b), or 100 Hz (c). (d) The area under the curve (AUC) was calculated for each condition for statistical comparison between 
the different groups. WT in light blue, n = 18; N1245S in light orange, n = 17; WT + β1 in dark blue, n = 18; N1245S + β1 in dark 
orange, n = 16. Inward current measured at each pulse was normalized to the current amplitude from the first pulse. Error bars 
denote 95% confidence interval. SeeTable 3 for exact values.
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ard current decay during a depolarizing stimulus 
(Figure 4a). Both channel isoforms displayed vir-
tually identical time constants. Neither the fast 
time constant (τfast, e.g. at −20 mV: 0.72 ± 0.0002  
ms and 0.82 ± 0.0002 ms for the variant and the 

WT channels, respectively), nor the slow time 
constant (τslow, e.g. at −20 mV: 4.4 ms for the 
variant and 4.99 ms for the WT channels) were 
affected by the variant (Figure 4b). This indicates 
that both channel isoforms undergo fast inactiva-
tion with a similar time course.

The closing of the activation gate was inve 
stigated by determining the time constant of deactiva 
tion with a single exponential fit. Nav channel activa-
tion was induced by a very short depolarizing pre- 
pulse to activate as many channels as possible while 

minimizing the percentage of channels undergoing 
fast inactivation (Figure 4c, left). This brief activating 
pre-pulse was then followed by a hyperpolarizing 
pulse to induce tail currents at varying potentials 
(Figure 4c, right). The single exponential fit to the 
decay of tail currents again revealed similar kinetics of 
deactivation for both channel isoforms, e.g. 0.094 ±  
0.014 ms for the variant and 0.11 ± 0.017 ms of the 

WT channels at −60 mV (Figure 4d).

The N1245S variant enhances slow inactivation

Quicker recovery from fast inactivation and 
enhanced slow inactivation are gating properties 
common to many Nav1.7-IEM mutations [22–25]. 
We used a two-pulse protocol with increasing inter- 

Table 3. Area under the curve (AUC) of Nav1.7 in the presence or absence of β1 at 1, 10, 30, 50, or 100 Hz. Values are given 
as mean, upper and lower 95% confidence interval indicated in brackets.

Nav1.7 WT Nav1.7/N1245S WT + β1 N1245S + β1

1 Hz 29.0 (28.7 to 29.3) 29.0 (28.2 to 29.8) 29.1 (28.8 to 29.3) 29.1 (28.9 to 29.4)
10 Hz 28.5 (28.0 to 29.0) 28.1 (27.7 to 28.5) 28.5 (28.4 to 28.7) 28.2 (27.9 to 28.5)
30 Hz 26.7 (26.1 to 27.3) 26.2 (25.4 to 26.9) 27.1 (26.5 to 27.7) 27.0 (26.1 to 27.8)
50 Hz 23.8 (22.3 to 25.4) 22.7 (21.4 to 24.0) 24.9 (24.1 to 25.7) 24.0 (22.2 to 25.7)
100 Hz 13.3 (11.1 to 15.4) 12.1 (10.4 to 13.7) 15.0 (13.5 to 16.5) 14.6 (12.5 to 16.7)

Figure 4. The N1245S variant does not affect Nav1.7 kinetics of fast inactivation and deactivation. (a) Double exponential fit (red) to the 
current decay was used to investigate the time constants of channel inactivation. (b) τfast (left) and τslow (right) obtained by double 
exponential fit of fast inactivation as shown in (a). WT in blue, n = 18; N1245S in orange, n = 17. (c) Deactivation protocol (left). Example trace 
(right) of a tail current at −60 mV obtained during the repolarization step from the deactivation protocol. The red line represents the single 
exponential fit. (d) Time constant of deactivation was obtained by single exponential fit of the decay of the tail currents. Error bars denote 
95% confidence interval. These recordings were performed without co-transfection of the Nav β1 subunit.
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pulse duration to investigate recovery from fast 
inactivation (Figure 5a). However, we found no 
difference between channel isoforms, e.g. at 6.4 ms 
of inter-pulse at −120 mV, 45.8 ± 2% of recovery for 
the variant, and 41.5 ± 2% recovery for the WT 
channels (Figure 5b). This means that the N1245S 
variant does not affect the recovery process.

Next, we used 30 s depolarizing stimuli to drive 
channels into slow inactivation across various vol-
tages (Figure 5c) and measured the half-maximal 
slow inactivation potential (V1/2). Slow inactivation 
was enhanced in the variant Nav1.7/N1245S channel. 
We found a −9.95 ± 2.8 mV hyperpolarized shift in 
the V1/2 of slow inactivation of the N1245S variant 
compared to the WT channel (U = 16, p = 0.0024) 
(Figure 5d). This means that variant channels inacti-
vate at potentials closer to the resting membrane 
potential, which would constitute a loss-of-function.

The new Nav1.7/E1139K variant does not affect 
voltage-dependent gating or current density

We investigated another potential chronic pain var-
iant of Nav1.7:E1139K, identified in a patient suffer-
ing from severe myalgia exacerbated by exercise. 
Although the exact mechanisms of fibromyalgia 
remain unclear, it is known that the development 
of this chronic pain condition results from augmen-
ted sensory and pain processing [6]. To decipher 
whether the Nav1.7/E1139K variant may be respon-
sible for the chronic pain state of the female patient, 
we performed whole-cell voltage-clamp recordings 
in HEK cells expressing either Nav1.7 WT or its 
E1139K variant. The variant is located in the large 
intracellular linker between DII and III (Figure 1). 
This large amino acid loop has not been resolved in 
the cryo-EM structure of the channel [14], so it is 
difficult to predict its role in channel function. Since 

Figure 5. The N1245S variant enhances slow inactivation. (a) Voltage protocols of recovery from fast inactivation (top) and slow 
inactivation (bottom). (b) Time course of recovery from fast inactivation. Peak current at the test-pulse (I2) was normalized to the 
peak obtained during the pre-pulse (I1) and plotted against inter-pulse duration using a logarithmic scale. WT in blue, n = 32; 
N1245S in orange, n = 23. (c) Voltage dependence of steady-state slow inactivation. Peak current at the test-pulse was normalized to 
the peak obtained during the pre-pulse and plotted against the inter-pulse voltage and fit with a Boltzmann function. WT in blue, 
n = 11; N1245S in orange, n = 11. (d) V1/2 values of slow inactivation were obtained based on the data in (c). Error bars denote 95% 
confidence interval. These recordings were performed without co-transfection of the Nav β1 subunit.
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the intracellular linker is not known to interact with 
β subunits, we decided to investigate the channel 
without co-expression of these subunits.

We first focused on current density, voltage 
dependence of activation, and steady-state fast inac-
tivation of the channels (Figure 6), since a change in 
these parameters could induce a pain phenotype. 
However, we did not find any change in current 
density (Figure 6(a, b) (U = 75, p = 0.89), voltage 
dependence of activation (Figure 6(c, d) (U = 46, 
p = 0.087), or fast inactivation (Figure 6e, D, see also 
Table 4) (U = 68, p = 0.61 F). In addition, like for the 
N1245S variant, no effect was found on either per-
sistent current or time-to-peak of the sodium current 
(Fig. S3).

Next, we tested whether the E1139K variant 
would affect use-dependent current decline in 
Nav1.7. We used the same protocol as described 
above, but we limited stimulation frequencies to 
10 Hz and 30 Hz. We found that both channel 
isoforms displayed a similar use-dependent decrea 
se of peak current amplitude, without any differ-
ence between the channels at the two frequencies 
(F(3, 28) = 1.62, p = 0.21) (Figure 6(g-i).

Nav1.7 kinetics and slow inactivation are 
unaffected by the E1139K variant

To investigate a possible effect of the E1139K variant 
on channel gating kinetics, we used similar 

Figure 6. E1139K and Nav1.7 WT channels display no differences in activation, fast inactivation and use-dependency. (a) 
Current-voltage relationship for E1139K variant (red, n = 13) and Nav1.7 WT (blue, n = 12) channels. (b) Values of current density for 
the two conditions. (c) Conductance-voltage relationship. Conductance of each cell was normalized to the same cell’s peak 
conductance to fit the data with a Boltzmann function. (d) V1/2 of activation based on data in (c). (e) Voltage dependence of steady- 
state fast inactivation. Inward current measured during a test-pulse to 0 mV was normalized to the cell’s maximum inward current 
and plotted against the pre-pulse voltage to fit the data with a Boltzmann function. (f) V1/2 of fast inactivation, based on data in (e). 
(g) Representative trace of the Nav1.7 WT channel peak current amplitude over time when depolarized at 0 mV at 30 Hz. (h-i) Use- 
dependent current decline at a frequency of 10 Hz (h) or 30 Hz (i). Error bars denote 95% confidence interval. See Table 4 for exact 
values. These voltage-clamp recordings were performed in the absence of β subunits.
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recording protocols as described above. Using 
a single exponential fit to the tail current decay 
(see also Figure 4c), we found that both WT and 
E1139K channels deactivated with the same time 
constant across all voltages, e.g. at −60 mV, 
E1139K needed 0.19 ± 0. 01 ms and Nav1.7 WT 
needed 0.20 ± 0. 01 ms to deactivate (Figure 7a). 
Using a double exponential fit to the current decay 
during a standa 
rd depolarizing pulse (see also Figure 4a), we mea-
sured both fast and slow time constants of fast 
inactivation. Again, both channels displayed the 
same time constants of fast inactivation (Figure 7b).

We have shown above that the N1245S variant enh 
ances slow inactivation. Although it does not directly 
support a pain phenotype, it is a frequent finding in 
Nav1.7-IEM mutations [3,23,25] and we were curious 
to know whether this enhanced slow inactivation may 
be shared by Nav1.7 variants leading to other persis-
tent pain disorders, such as fibromyalgia. We first mea 
sured the time course of the onset of slow inactivation 
of both the E1139K variant and WT channels (Figure 

8). Around 70% of all channels underwent slow inac-
tivation following a 20 s depolarization and the remai 
ning 30% remained available even after a 73 s depolar 
izing pulse (Figure 8a). Finally, using a 30 s depolar 
izing pulse to investigate voltage dependence of slow 
inactivation, we again found no difference between 
WT and E1139K channels (Figure 8b, c and Table 4).

Discussion

In this paper, we investigated the potential invol-
vement of two Nav1.7 variants in pain-related 
disorders: Nav1.7/N1245S and Nav1.7/E1139K. 
The N1245S variant was found in several patients 
suffering from IEM or SFN, while the E1139K 
variant was identified in one patient suffering 
from severe myalgia exacerbated by exercise. Our 
voltage-clamp experiments, as well as our 3D com-
putational modeling results for the N1245S variant 
do not directly support their pathogenicity.

IEM is classically associated with a shift of voltage- 
dependence of activation of Nav1.7 to more 

Table 4. Biophysical gating characteristics of hNav1.7/E1139K. Values are given as mean with upper and lower 95% confidence 
interval in brackets.

WT E1139K

Cell number 7–13 9–12
Current density (pA/pF) 461.2 (249.2 to 637.2) 406.2 (279.6 to 532.8)
Activation 

- V1/2 (mV) 
- Slope

−27.2 (−30.3 to −24.2) 
9.8 (9.2 to 10.4)

−30.0 (−32.6 to −27.5) 
9.1 (8.7 to 9.6)

Steady-state fast inactivation 
- V1/2 (mV) 
- Slope

−96.5 (−99.7 to −93.3) 
-5.6 (−5.9 to −5.3)

−96.5 (−100.0 to −93.0) 
-6.1 (−6.7 to −5.6)

Steady-state slow inactivation 
- V1/2 (mV) 
- Slope

−56.6 (−63.3 to −49.9) 
-11.0 (−12.9 to −9.1)

−59.4 (−68.0 to −50.8) 
-8.0 (−15.2 to −0.8)

AUC use-dependency at 10 Hz 26.3 (24.9 to 27.7) 26.7 (26.1 to 27.3)
AUC use-dependency at 30 Hz 24.7 (22.7 to 26.7) 24.7 (23.3 to 26.2)

Figure 7. The E1139K variant does not affect the kinetics of Nav1.7. (a) Time constant of deactivation of E1139K (red, n = 10) and 
Nav1.7 WT (blue, n = 7) channels. (b) Fast (left) and slow (right) component of the time constant of steady-state fast inactivation 
obtained by double exponential fit. WT in blue, n = 10, E1139K in red, n = 11. Error bars denote 95% confidence interval. These 
voltage-clamp recordings were performed without co-expression of any β subunit.
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hyperpolarized potentials [26]. In some cases, altera-
tions in other biophysical properties were reported, 
which is the reason for our in-depth analysis of the 
presented variants. Fibromyalgia, on the other hand, 
has so far not been associated with sodium channel 
mutations yet. The mechanisms underlying fibro-
myalgia remain poorly understood. A previous study 
suggested a link 
between the SCN9A single nucleotide polymorphism 
rs6754031 and the development of fibromyalgia in 
a group of Mexican women [27]. A study working 
with a mouse model of fibromyalgia revealed an incre 
ased expression level of Nav1.7 in DRGs and the cent 
ral spinal cord [28]. These two studies suggest a pote 
ntial involvement of Nav1.7 function in the develop-
ment of fibromyalgia in patients. However, in our 
study, we were not able to establish a direct link 
between the E1139K variant and the pain disorder.

The 3D computer modeling based on the hNav1.7 
cryo-EM structure [14] revealed for the N1245S var-
iant one common intramolecular interaction partner 
and one interaction partner specific to each variant 
at a distance of 3.2 to 3.5 Å. The hNav1.7 WT inter-
acts with two tryptophan residues, while the N1245S 
variant interacts with one tryptophan and one tyr-
osine residue. Thus, the molecular arrangement of 
the DIII voltage-sensor may be affected by the sub-
stitution with the smaller serine. Homology model-
ing has restraints on the protein backbone and may 
lead to a falsely underestimated impact on the pro-
tein structure by the variant. For a more thorough 
investigation, molecular dynamics simulations or 
a structure of the variant would be needed. Based 
on our 3D homology model, we assume that it is not 
likely that the variant induces a structural change in 
the protein conformation of the Nav1.7/N1245S 

Figure 8. E1139K and WT channels show similar onset and steady-state slow inactivation. (a) Voltage protocol of onset of slow 
inactivation (left) and time course of slow inactivation (right). The peak current at the test-pulse was normalized to the peak current 
at the ref-pulse and plotted against pre-pulse duration (s) for the E1139K variant (red, n = 11) and the Nav1.7 WT (blue, n = 9) 
channels. (b) Voltage dependence of steady-state slow inactivation. For protocol, see Figure 5a. Peak current at the test-pulse was 
normalized to the peak obtained during the pre-pulse and plotted against the pre-pulse voltage to fit the data with a Boltzmann 
function for E1139K variant (red, n = 10) and Nav1.7 WT (blue, n = 11). (c) V1/2 values of slow inactivation were obtained based on 
data in (b). No difference was observed. Error bars denote 95% confidence interval. These experiments were performed in the 
absence of β subunits.
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channel and attributes a pathogenic effect to the 
variant. These data corroborate the voltage-clamp 
data and tend to confirm the single nucleotide poly-
morphism identity of the N1245S variant [12].

Although 3D homology modeling is helpful to 
predict a variant’s potential effect on channel gating, 
functional assays are needed for a more substantial 
investigation. Thus, we overexpressed the variants in 
HEK cells and performed whole-cell patch-clamp 
experiments. We observed an enhanced slow inacti-
vation in the N1245S variant, which reduces the 
number of Nav1.7/N1245S variant channels avail-
able to open at physiological membrane potentials, 
thus potentially decreasing neuronal excitability. 
Many Nav1.7-IEM mutations were described with 
an enhanced slow inactivation, in addition to other 
changes in Nav1.7 gating properties [3,22,25,29,30]. 
Interestingly, IEM mutations with enhanced slow 
inactivation display impaired resurgent currents in 
every tested mutation, whereas resurgent currents 
are always present when probed for in PEPD muta-
tions [25,31]. Thus, the enhanced slow inactivation 
of the N1245S may indirectly support IEM symp-
toms, but as no other gating changes were identified 
in this variant, it alone may not be causative for the 
disease.

The slow inactivation mechanism is less well 
understood than that of fast inactivation. Slow inac-
tivation may result from a collapse of the pore region 
[32]. Although the pore may be the site of conforma-
tional changes, the slow inactivation mechanism also 
requires other regions of the channel, including S5 
and S6 of DI and DII, as well as S4 of DIV [18,33,34]. 
The N1245S variant is located far from these regions 
(Figure 1), but it may exert allosteric mechanisms 
involved in the slow inactivation process. Participati 
on of both the voltage-sensing and the pore domains 
in slow inactivation highlights its intricate develop-
ment through complex voltage-dependent transi-
tions and suggests that N1245S may impact various 
regions of Nav1.7. Still, the exact amino acid com-
position and location of these interactions remain 
unknown.

Sodium channel β subunits interact with α iso-
forms at the cell membrane and modulate their 
membrane expression level and their gating [35]. 
The β1 subunit is expressed in small and large 
human DRG neurons [19]. It was shown to form 
a complex with hNav1.7 in the cryo-EM structure 

residing close to the DIII voltage sensor [14], sug-
gesting a modulatory function of the excitability of 
the sensory neurons [19]. According to the same 
cryo-EM structure, β1 is thought to be close enough 
to the variant site of hNav1.7/N1245S to potentially 
interact with it. For these reasons, we investigated 
the influence of the β1 subunit on Nav1.7/N1245S 
gating. We found a hyperpolarizing effect of β1 on 
the activation of WT and the N1245S variant, which 
may support action potential firing. This similar 
effect on both channel isoforms suggests that the 
β1 subunit is not interacting in a specific manner 
with the N1245S variant.

Several studies highlight an increase of sodium 
current density in the presence of β subunits 
[8,35,36]. We also detected a slightly enhanced 
current density of the N1245S variant compared 
to the WT channel in the presence of β1 subunit. 
It is possible that the β1 subunit favors trafficking 
and thus the expression of the N1245S channel at 
the membrane level. This may support excitability 
and pain symptoms. Nevertheless, this effect may 
be counteracted by the observed enhanced slow 
inactivation.

β2, β3, and β4 subunits are also found in DRG 
neurons and modulate the gating properties and 
kinetics of Nav1.7 [14,19]. The β3 subunit, like β1, 
is non-covalently associated with Nav1.7 and shares 
a high sequence homology with β1 [19]. We would 
expect an increased current density of Nav1.7 WT 
and N1245S variant channels in complex with β3, as 
it was previously shown in HEK293 cells [37]. β2 or 
β4 bind covalently to Nav α subunits via a disulfide 
bond [35]. A co-expression of either of these β sub-
units with Nav1.7 did not show any effect on its 
current density or its gating properties [37,38]. In 
addition, the binding site for these two β subunits is 
located too far away from the variant to predict 
a promising interaction; therefore, we do not expect 
any change in the gating properties of Nav1.7 in 
complex with β2 or β4 [39].

Similar to the voltage-clamp results of the N1245S 
variant, we did not find any change in the gating or 
the kinetics of E1139K. This variant is located in an 
intracellular linker, where several mutations leading 
to IEM, PEPD, or SFN have already been identified 
[40]. However, sequence alignment with the eight 
other Nav isoforms showed not only that the E1139 
amino acid is not conserved among them, but also 
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that the K1139 is present in the hNav1.3 sequence 
(Fig. S4). These data suggest that the negatively charg 
ed glutamate at position 1139 does not play a key role 
in the function of Nav1.7 and its replacement by the 
positively charged lysine does not significantly alter 
the structure of hNav1.7, neither its function, as 
shown in our patch-clamp data. The location of this 
variant within the intracellular DII-DIII linker has not 
been resolved in the cryo-EM structure, so it remains 
difficult to predict any possible effect of the variant on 
overall channel structure or on a possible interaction 
with β1 or β3 subunits [14]. However, since the 
E1139K locus is 26 residues distant from the start of 
DIII S0, where an interaction with β1 seems possible 
(Figure 1), we assumed that a co-expression of β1 or 
β3 subunits would not exert any specific effect on 
Nav1.7/E1139K. To our knowledge, no study has 
reported a Nav1.7 mutation that is differently regu-
lated by Nav β subunits than the WT channel.

It is possible that the two variants only reveal 
pathogenic effects when expressed in specific Nav 
1.7 splice variants. Alternative splicing leads to dis-
tinct protein isoforms in Nav1.7 [41]. This mechan-
ism may alter pharmacological sensitivities, kinetics, 
and channel distribution under pathological condi-
tions [31,42]. This process was shown to occur in 
Nav1.7 transcripts in human DRG neurons [43]. 
Human Nav1.7 exists in four different splice variants 
[44]. Interestingly, these variants showed different 
levels of expression in a rat model of neuropathic 
pain, suggesting that the splice variants may play 
a role in various pain states [41]. Jarecki et al. have 
shown that Nav1.7/I1461T, leading to paroxysmal 
extreme pain disorder, shifted activation and deacti-
vation when expressed in different splice variants 
[31], while another study reported that familial 
hemiplegic migraine-1 missense mutations attribute 
different effects on the gating properties of various 
splice variants of the voltage-gated calcium channel 
Cav2.1 [45]. Therefore, it may be possible that the 
two variants tested here could have a pathogenic 
effect if investigated in a different SCN9A transcript 
variant.

The sense of smell and nociception can influ-
ence each other [9,46,47] and seem to have com-
mon genes regulating their function, including the 
ZFHX2 gene, which encodes a putative transcrip-
tion factor [48]: a mutation in ZFHX2 leads to 
hyperosmia combined with the loss of pain [49]. 

An even clearer link is provided by the description 
of patients suffering from chronic insensitivity of 
pain (CIP). In their case, a complete loss of func-
tion of Nav1.7 leads also to anosmia [2]. Thus, the 
description of hyperosmia in an IEM patient by [9] 
seemed plausible. However, we did not detect 
a clear gain-of-function phenotype of the N1245S 
variant. Other reports could not confirm the link 
between IEM and hyperosmia [50].

The two rather nonpathogenic variants reported 
here are not isolated cases in the literature. Many 
others have been identified, usually classified as 
having “uncertain significance” or as “not directly 
pain-causing mutations” [10,51]. Kapetis et al. as 
well as Reimann et al., mentioned many SCN9A 
SNPs not related to any pain phenotype in cohorts 
of patients with painful disorders or osteoarthritis, 
respectively [12,52]. Cohorts of SFN patients 
revealed many SCN9A, SCN10A, and SCN11A var-
iants described as “of uncertain clinical signifi-
cance” [53]. All these studies, mostly from large 
cohorts of patients described with painful disor-
ders, attest the existence of many SNPs among 
Nav1.7, Nav1.8, and Nav1.9 genes not responsible 
for any pain phenotype, and machine learning- 
based statistical models point out the difficulty to 
confirm pathogenicity of channel variants [51].

The whole-cell voltage-clamp technique com-
bined with heterologous expression systems repre-
sents a suitable pathway to investigate Nav gating 
and their pathophysiological role in pain-related 
disorders. HEK293 cells endogenously express 
very few ion channels and their Nav TTXs cur-
rents are usually small [54]. Nav1.7 is readily expre 
ssed and its current amplitude is large enough to 
assure reliable analysis. However, these cells do 
also have their limitations and this study shows 
that such experiments have to be evaluated with 
care. Cells selected for patch-clamp recordings are 
usually isolated and do not contain long cellular 
process in order to avoid space clamp artifacts 
[54]. HEK293 cells or other heterologous expres-
sion systems also clearly do not mimic the native 
environment of peripheral sensory neurons with 
all proteins, co-factors, and complex mechanisms 
associated [55]. It is possible that the N1245S or 
the E1139K variant expressed in nociceptors 
undergo post-translational protein modifications, 
such as glycosylation or phosphorylation, as well 
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as potential Nav dimerization [42,56] that partici-
pate in influencing their gating properties in a phy 
siological context. It is thus possible that in a nati 
ve environment, both variants exert a pathophysio 
logical effect that remains undetected in the bio-
physical experiments carried out here.

We would therefore like to emphasize that while 
heterologous expression systems are extremely valu-
able for biophysical studies of ion channel gating, 
their results need to be considered carefully and 
should always be followed by studies in neurons. It 
is therefore also conceivable that gating changes 
detected in heterologous expression systems do not 
necessarily translate to pain pathophysiology in the 
patient. Accordingly, the opposite could also be true, 
arguing that the lack of effect seen in this study does 
not necessarily preclude a pain-causing effect of the 
two variants in the patients. We summarize com-
monly used measures to assess a variant's pathogeni-
city in Table 5.

A potentially more reliable model system would be 
rodent DRG neurons. Indeed, various studies of 
Nav1.7 mutants were performed in rodent DRG neu-
rons, where native Nav α subunits are expressed with 
their native β subunits in a more physiological envir-
onment more prone to emphasize their pathogenicity 
[5,57,58]. However, numerous studies on ion channel 
gating have shown striking species differences 
between rodent and human isoforms, leading to 
a large failure rate in pharmacological development 
of pain therapeutics [59–64]. Thus, rodent neurons 
also carry the risk of not representing the physiology 
of the patient sufficiently well.

To summarize, a more physiological human model 
may be desirable for the variants to reveal a potential 
pathogenic function. New possibilities arise from the 
use of human-induced-pluripotent stem cells (hiPS 
cells), that retain the genetic background of the 
donors and can generate any cell type, and their 
differentiation into sensory neurons [65–68]. This 
model system allows to study pain-linked variants in 
their natural environment, i.e. in cells which express 
all SNPs and variants of the patient’s genome.

Complex prediction based on: https://funnc.shi 
nyapps.io/shinyappweb/

Allele frequency: https://gnomad.broadinsti 
tute.org/

GOF: gain-of-function; PEPD: Paroxysmal extre 
me pain disorder; IEM: inherited erythromelalgia; 
HSAN: Hereditary sensory and autonomic neuropa-
thy; PE: Primary erythromelalgia. ClinVar data base 
entries: https://www.ncbi.nlm.nih.gov/clinvar/.

Conclusion

Using voltage-clamp and homology modeling 
experiments, we were able to show that two dis-
tinct Nav1.7 variants, identified in chronic pain 
patients, did not alter the function of the channel 
to an extent that would directly support the clini-
cally observed pain phenotype. These results sug-
gest that N1245S and E1139K variants are not 
directly responsible for the pain symptoms of the 
subjects identified with IEM or fibromyalgia, 
respectively. Although the whole-cell patch-clamp 
tech 
nique in heterologous expression systems is an 
adequate method to study genetic variants on 
their own, it is nevertheless possible that the var-
iants need their native physiological environment 
to reveal their pathogenic potential. Other proteins 
may also mod 
ulate the variants to show their effect, or the patie 
nts may carry another mutation within genes expr 
essed in the DRG neurons or the CNS. These resul 
ts point to the complexity of Nav1.7, with some 
mutations leading to clear pain phenotypes, while 
others have no or only very mild effects on the 
function of the channel.

Acknowledgments

This work was funded by the Deutsche Forschungsgemeinschaft 
(German Research Foundation LA 2740/3–1, 363055819/ 
GRK2415 Mechanobiology of 3D epithelial tissues (ME3T); 
368482240/GRK2416, MultiSenses-MultiScales, MR RO4046/ 
2–1 and/2–2, Emmy Noether Program), by a grant from the 
Interdisciplinary Centre for Clinical Research within the faculty 
of Medicine at the RWTH Aachen University (IZKF TN1–1/IA 
532001, TN1–9, 532009, TN1–7, 532007), and by the BMBF 
consortium “Bio2Treat” (German Federal Ministry of Educati 
on and Research/Bundesministerium für Bildung und Forsch 
ung, BMBF, “Chronische Schmerzen – Innovative medizintech-
nische Lösungen zur Verbesserung von Prävention, Diagnostik 
und Therapie,” contract number 13GW0334B).

CHANNELS 225

https://funnc.shinyapps.io/shinyappweb/
https://funnc.shinyapps.io/shinyappweb/
https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
https://www.ncbi.nlm.nih.gov/clinvar/


Disclosure statement

In accordance with Taylor & Francis policy and our ethical 
obligation as a researcher, AL is reporting to have a research 
contract with Hoffmann-La Roche on a project unrelated to 
the one presented here.

Funding

This work was supported by the Deutsche Forschungsgemeinsch 
aft (DFG); German Federal Ministry of Education and Research 
(BMBF); Interdisciplinary Centre for Clinical Research RWTH 
Aachen University (IZKF).

References

[1] Yu FH, Catterall WA. Overview of the voltage-gated 
sodium channel family. Genome Biol. 2003;4(3):1–7.

[2] Cox JJ, Olmsted SS, Keeler E, et al. An SCN9A chan-
nelopathy causes congenital inability to experience 
pain. Nature. 2006;444(December):3–7.

[3] Cummins TR, Dib-Hajj SD, Waxman SG. 
Electrophysiological properties of mutant Nav1.7 
sodium channels in a painful inherited neuropathy. 
J Neurosci. 2004;24(38):8232–8236.

[4] Fertleman CR, Baker MD, Parker KA, et al. SCN9A 
mutations in paroxysmal extreme pain disorder: allelic 
variants underlie distinct channel defects and 
phenotypes. Neuron. 2006;52(5):767–774.

[5] Faber CG, Hoeijmakers JG, Ahn HS, et al. Gain of 
function NaV1.7 mutations in idiopathic small fiber 
neuropathy. Annals of Neurology. 2012;71(1):26–39.

[6] Chinn S, Caldwell W, Gritsenko K. Fibromyalgia 
pathogenesis and treatment options update. Curr Pain 
Headache Rep. 2016;20(4):1–10.

[7] Farmer C, Cox JJ, Fletcher EV, et al. Splice variants of 
Nav1.7 sodium channels have distinct β subunit- 
dependent biophysical properties. PLoS ONE. 2012;7 
(7):e41750.

[8] Lopez-Santiago LF, Brackenbury WJ, Chen C, et al. Na 
+ channel Scn1b gene regulates dorsal root ganglion 
nociceptor excitability in vivo. J Biol Chem. 2011;286 
(26):22913–22923.

[9] Haehner A, Hummel T, Heinritz W, et al. Mutation in 
Nav1.7 causes high olfactory sensitivity. Eur J Pain. 
2018;22:1767–1773.

[10] Zhang Z, Schmelz M, Segerdahl M, et al. Exonic mutations 
in SCN9A (NaV1.7) are found in a minority of patients 
with erythromelalgia. Scand J Pain. 2014;5(4):217–225.

[11] Brouwer BA, Merkies ISJ, Gerrits MM, et al. Painful neu-
ropathies: the emerging role of sodium channelopathies. 
J Peripher Nerv Syst. 2014;19(2):53–65.

[12] Kapetis D, Sassone J, Yang Y, et al. Network topology 
of NaV1.7 mutations in sodium channel-related pain-
ful disorders. BMC Syst Biol. 2017;11(1):1–16.

[13] Tang Z, Chen Z, Tang B, et al. Primary erythromelal-
gia: A review. Orphanet J Rare Dis. 2015;10(1):1–11.

[14] Shen H, Liu D, Wu K, et al. Structures of human 
Nav1.7 channel in complex with auxiliary subunits 
and animal toxins. Science. 2019;363(6433):1303–1308.

[15] Waterhouse AM, Procter JB, Martin DM, et al. Jalview 
Version 2-A multiple sequence alignment editor and ana-
lysis workbench. Bioinformatics. 2009;25(9):1189–1191.

[16] Webb B, Sali A. Comparative protein structure model-
ing using MODELLER. Curr Protoc Bioinforma. 
2016;54. ii, 5.6.1–5.6.37, 2016. DOI:10.1002/cpbi.3.

[17] Grasso D, Subramaniam K, Butkus M, et al. A review 
of non-DLVO interactions in environmental colloi-
dal systems. Rev Environ Sci Biotechnol. 2002;1 
(1):17–38.

[18] Beard JM, Shockett PE, O’Reilly JP. Substituted 
cysteine scanning in D1-S6 of the sodium channel 
hNav1.4 alters kinetics and structural interactions of 
slow inactivation. Biochim Biophys Acta - Biomembr. 
2020;1862(2):183129.

[19] Chahine M, O’Leary ME. Regulatory role of voltage-gated 
Na+ channel β subunits in sensory neurons. Front. 
Pharmacol. 2011;2(70):1–8.

[20] Vandewauw I, De Clercq K, Mulier M, et al. A TRP 
channel trio mediates acute noxious heat sensing. 
Nature. 2018;555(7698):662–666.

[21] Lampert A, O’Reilly AO, Reeh P, et al. Sodium chan-
nelopathies and pain. Pflugers Arch Eur J Physiol. 
2010;460(2):249–263.

[22] Cheng X, Dib-Hajj SD, Tyrrell L, et al. Deletion muta-
tion of sodium channel NaV1.7 in inherited erythro-
melalgia: enhanced slow inactivation modulates dorsal 
root ganglion neuron hyperexcitability. Brain. 2011;134 
(7):1972–1986.

[23] Dib-Hajj SD, Rush AM, Cummins TR, et al. Gain-of- 
function mutation in Nav1.7 in familial erythromelal-
gia induces bursting of sensory neurons. Brain. 
2005;128(8):1847–1854.

[24] Choi JS, Dib-Hajj SD, Waxman SG. Inherited eryther-
malgia: limb pain from an S4 charge-neutral Na 
channelopathy. Neurology. 2006;67(9):1563–1567.

[25] Hampl M, Eberhardt E, O’Reilly AO, et al. Sodium 
channel slow inactivation interferes with open channel 
block. Sci Rep. 2016;6:1–11.

[26] Lampert A, Stühmer W, Waxman SG. Sodium 
Channels. eLS. 2015;1–7.

[27] Vargas-Alarcon G, Alvarez-Leon E, Fragoso JM, et al. 
A SCN9A gene-encoded dorsal root ganglia sodium chan-
nel polymorphism associated with severe fibromyalgia. 
BMC Musculoskelet Disord. 2012;13(1):p. 23.

[28] Yen LT, Hsu YC, Lin JG, et al. Role of ASIC3, Nav1.7 
and Nav1.8 in electroacupuncture-induced analgesia in 
a mouse model of fibromyalgia pain. Acupunct Med. 
2018;36(2):110–116.

[29] Lampert A, Dib-Hajj SD, Tyrrell L, et al. Size matters: 
erythromelalgia mutation S241T in Nav1.7 alters chan-
nel gating. J Biol Chem. 2006;281(47):36029–36035.

226 K. LE CANN ET AL.

https://doi.org/10.1002/cpbi.3


[30] Lampert A, O’Reilly AO, Dib-Hajj SD, et al. A 
pore-blocking hydrophobic motif at the cytoplasmic 
aperture of the closed-state Nav1.7 channel is disrupted 
by the erythromelalgia- associated F1449V mutation. 
J Biol Chem. 2008;283(35):24118–24127.

[31] Theile JW, Jarecki BW, Piekarz AD, et al. Nav1.7 
mutations associated with paroxysmal extreme pain 
disorder, but not erythromelalgia, enhance Navβ4 pep-
tide-mediated resurgent sodium currents. J Physiol. 
2011;589(3):597–608.

[32] Ciotu CI, Tsantoulas C, Meents J, et al. Noncanonical 
ion channel behaviour in pain. Int J Mol Sci. 2019;20 
(18):1–18.

[33] Goldin AL. Mechanisms of sodium channel inactivation. 
Curr Opin Neurobiol. 2003;13(3):284–290.

[34] Vilin Y, Ruben P. Slow inactivation in voltage-gated 
sodium channels: molecular substrates and contribu-
tions to channelopathies. Cell Biochem Biophys. 
2001;35:171–190.

[35] Brackenbury WJ, Isom LL. Na+ channel β subunits: 
overachievers of the ion channel family. Front 
Pharmacol. 2011 Sept;2:1–11. SEP.

[36] Molinarolo S, Granata D, Carnevale V, et al. Mining 
protein evolution for insights into mechanisms of 
voltage-dependent sodium channel auxiliary subunits. 
Handb Exp Pharmacol. 2018;246:33–49.

[37] Laedermann CJ, Syam N, Pertin M, et al. β1- and β3- 
voltage-gated sodium channel subunits modulate cell 
surface expression and glycosylation of Nav1.7 in 
HEK293 cells. Front Cell Neurosci. 2013;7(AUG):1–12.

[38] Catterall WA. Voltage-gated sodium channels at 60: 
structure, function and pathophysiology. J Physiol. 
2012;590(11):2577–2589.

[39] Hull JM, Isom LL. Voltage-gated sodium channel β sub-
units: the power outside the pore in brain development and 
disease. Neuropharmacology. 2018;132:43–57.

[40] Dib-Hajj SD, Yang Y, Black JA, et al. The Nav1.7 
sodium channel: from molecule to man. Nat Rev 
Neurosci. 2013;14(1):49–62.

[41] Raymond CK, Castle J, Garrett-Engele P, et al. Expression 
of alternatively spliced sodium channel α-subunit genes. 
Unique splicing patterns are observed in dorsal root gang-
lia. J Biol Chem. 2004;279(44):46234–46241.

[42] Rühlmann AH, Körner J, Hausmann R, et al. 
Uncoupling sodium channel dimers restores the phe-
notype of a pain-linked Na v 1.7 channel mutation. Br 
J Pharmacol. 2020;177(19):4481–4496.

[43] Chatelier A, Dahllund L, Eriksson A, et al. Biophysical 
properties of human Nav1.7 splice variants and their 
regulation by protein kinase A. J Neurophysiol. 2008;99 
(5):2241–2250.

[44] Yang Y, Huang J, Mis MA, et al. Nav1.7-A1632G mutation 
from a family with inherited erythromelalgia: enhanced 
firing of dorsal root ganglia neurons evoked by thermal 
stimuli. J Neurosci. 2016;36(28):7511–7522.

[45] Adams PJ, Garcia E, David LS, et al. CaV2.1 P/Q-type 
calcium channel alternative splicing affects the functional 

impact of familial hemiplegic migraine mutations: implica-
tions for calcium channelopathies. Channels. 2009;3 
(2):110–121.

[46] Jo HG, Wudarczyk O, Leclerc M, et al. Effect of odor 
pleasantness on heat-induced pain: an fMRI study. 
Brain Imaging Behav. 2020. DOI:10.1007/s11682-020- 
00328-0.

[47] Weiss J, Pyrski M, Jacobi E, et al. Loss-of-function 
mutations in sodium channel Nav 1.7 cause anosmia. 
Nature. 2011;472(7342):186–190.

[48] Komine Y, Takao K, Miyakawa T, et al. Behavioral 
Abnormalities Observed in Zfhx2-Deficient Mice. 
PLoS One. 2012;7(no):12.

[49] Habib AM, Matsuyama A, Okorokov AL, et al. A novel 
human pain insensitivity disorder caused by a point 
mutation in ZFHX2. Brain. 2018;141(2):365–376.

[50] McDonnell A, Schulman B, Ali Z, et al. Inherited 
erythromelalgia due to mutations in SCN9A: natural 
history, clinical phenotype and somatosensory profile. 
Brain. 2016;139(4):1052–1065.

[51] Heyne HO, Baez-Nieto D, Iqbal S, et al. Predicting 
functional effects of missense variants in 
voltage-gated sodium and calcium channels. Sci 
Transl Med. 2020;12(556):8–11.

[52] Reimann F, Cox JJ, Belfer I, et al. Pain perception is 
altered by a nucleotide polymorphism in SCN9A. Proc 
Natl Acad Sci U S A. 2010;107(11):5148–5153.

[53] Eijkenboom I, Sopacua M, Hoeijmakers JGJ, et al. 
Yield of peripheral sodium channels gene screening 
in pure small fibre neuropathy. J Neurol Neurosurg 
Psychiatry. 2019;90(3):342–352.

[54] Meents J, Lampert A. Studying sodium channel gating in 
heterologous expression systems. In Advanced Patch- 
Clamp Analysis for Neuroscientists (Neuromethods), ed. 
Korngreen A. 2016;113(3):37–65.

[55] Waxman SG, Merkies IS, Gerrits MM, et al. Sodium chan-
nel genes in pain-related disorders: phenotype-genotype 
associations and recommendations for clinical use. Lancet 
Neurol. 2014;13(11):1152–1160.

[56] Clatot J, Hoshi M, Wan X, et al. Voltage-gated sodium 
channels assemble and gate as dimers. Nat Commun. 
2017;8(1):1–14.

[57] Shiers S, Klein RM, Price TJ. Quantitative differences in 
neuronal subpopulations between mouse and human dor-
sal root ganglia demonstrated with RNAscope in situ 
hybridization. Pain. 2020;161(10):2410–2424.

[58] Rostock C, Schrenk-Siemens K, Pohle J, et al. Human 
vs. Mouse Nociceptors – similarities and Differences. 
Neuroscience. 2018;387(December):13–27.

[59] Meents JE, Fischer MJM, McNaughton PA. Agonist- 
induced sensitisation of the irritant receptor ion chan-
nel TRPA1. J Physiol. 2016;594(22):6643–6660.

[60] Meents JE, Ciotu CI, Fischer MJM. Trpa1: a molecular 
view. J Neurophysiol. 2019;121(2):427–443.

[61] Han C, Hoeijmakers JGJ, Ahn H-S, et al. Impaired 
slow-inactivation and DRG neuron hyperexcitability. 
Neurology. 2012;78:1635–1643.

CHANNELS 227

https://doi.org/10.1007/s11682-020-00328-0
https://doi.org/10.1007/s11682-020-00328-0


[62] Han C, Hoeijmakers JGJ, Liu S, et al. Functional pro-
files of SCN9A variants in dorsal root ganglion neu-
rons and superior cervical ganglion neurons correlate 
with autonomic symptoms in small fibre neuropathy. 
Brain. 2012;135(9):2613–2628.

[63] Kist AM, Sagafos D, Rush AM, et al. SCN10A mutation in 
a patient with erythromelalgia enhances C-fiber activity 
dependent slowing. PLoS One. 2016;11(9):1–19.

[64] Eberhardt M, Nakajima J, Klinger AB, et al. Inherited 
pain sodium channel Nav1.7 A1632T mutation causes 
erythromelalgia due to a shift of fast inactivation. J Biol 
Chem. 2014;289(4):1971–1980.

[65] Meents J, Bressan E, Sontag S, et al. The role of Nav1.7 
in human nociceptors : insights from human induced 
pluripotent stem cell – derived sensory neurons of 
erythromelalgia patients. Pain. 2019;160(6):1327–1341.

[66] Chambers SM, Fasano CA, Papapetrou EP, et al. Highly 
efficient neural conversion of human ES and iPS cells by 

dual inhibition of SMAD signaling. Nat Biotechnol. 
2009;27(3):275–280.

[67] Takahashi K, Yamanaka S. Induction of pluripotent 
stem cells from mouse embryonic and adult fibro-
blast cultures by defined factors. Cell. 2006;126 
(4):663–676.

[68] Eberhardt E, Havlicek S, Schmidt D, et al. Pattern of 
functional TTX-resistant sodium channels reveals 
a developmental stage of human iPSC- and ESC- 
derived nociceptors. Stem Cell Reports. 2015;5(3): 
305–313.

[69] Kerth CM, Hautvast P, Körner J, et al. Phosphorylation 
of a chronic pain mutation in the voltage-gated sodium 
channel Nav1.7 increases voltage sensitivity. J Biol 
Chem. 2020;296:100227. accepted.

[70] Han C, Dib-Hajj SD, Lin Z, et al. Early- and late-onset 
inherited erythromelalgia: genotype-phenotype corre 
lation. Brain. 2009;132(7):1711–1722.

228 K. LE CANN ET AL.


	Abstract
	Introduction
	Materials and methods
	Patients
	Genetic studies
	Homology modeling and structural analysis of variants
	Plasmid, DNA cloning, and mutagenesis
	Expression of hNav1.7 and hβ1 in mammalian cells
	Patch-clamp experiments
	Data analysis and statistics

	Results
	Clinical description of patients
	The N1245S substitution leads to alternative intramolecular interaction partners
	The Nav1.7/N1245S variant co-expressed with β1 increases current density
	Neither N1245S variant nor β1 affects use-dependent current decline
	The N1245S variant does not affect gating kinetics
	The N1245S variant enhances slow inactivation
	The new Nav1.7/E1139K variant does not affect voltage-dependent gating or current density
	Nav1.7 kinetics and slow inactivation are unaffected by the E1139K variant

	Discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	References



