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1.1 Neuropathic pain  
The first widely accepted definition of pain was established in 1979 after two years 
of debate by the International Association for the Study of Pain (IASP) and remained 
unchanged until 2020 [1]. The current definition of pain revised by IASP to better 
convey the pain complexity is “an unpleasant sensory and emotional experience 
associated with, or resembling that associated with, actual or potential tissue 
damage” [1]. Although pain is necessary for survival, acute, prolonged pain is a huge 
problem negatively influencing quality of life and mental health of affected 
individuals [2]. Neuropathic pain (NeP) is usually chronic and may arise as an effect 
of damage or disease of the somatosensory nervous system [3]. It is estimated that 
prevalence of NeP reached up globally to 10% of people presenting in primary 
care [4]. Multiple diseases are associated with neuropathic pain including peripheral 
neuropathies and polyneuropathies; metabolic and nutritional (e.g. diabetes), drug 
and toxin related, hereditary diseases (e.g. Amyloid neuropathy, Fabry's disease, 
Charcot-Marie-Tooth), malignant and other polyneuropathies such as Small Fibre 
Neuropathy (SFN) or erythromelalgia [5]. NeP is very difficult to treat, since many 
first line analgesics are ineffective or their use is limited by dosage or side effects [5]. 
The underlying mechanism of NeP is complex and despite of big progress in pain 
research in the last two decades, still remains poorly understood [3].  
 
1.2 Peripheral diabetic neuropathy 
Diabetes mellitus (DM) is the most common metabolic disorder, affecting 422 
million people worldwide [6]. DM is characterized by chronic hyperglycaemia that 
over time can lead to serious complications such as nerve damage and peripheral 
diabetic neuropathy (DN) [7]. According to the estimations up to 50% of patients 
with DN develop neuropathic pain, usually manifested as spontaneous, length-
dependent burning, predominately present in the feet [8]. Despite intensive research 
to identify the cause of the painful form of diabetic neuropathy, it is still not clear 
why some patients with DN develop NeP, whereas others do not [9]. Multiple 
epidemiological studies have addressed this question and identified potential risk 
factors such as obesity, smoking, female sex, long diabetes duration and increasing 
age [9-11]. Interestingly, the NeP was found to be heritable in 37% of 1357 
individuals in a twin study, highlighting the importance of genetic factor in NeP 
pathophysiology [12].  
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1.3 Small Fibre Neuropathy  
Small fibre neuropathy is a type of peripheral neuropathy that affects the small nerve 
fibres: thinly myelinated Aδ-fibers and unmyelinated C-fibers in the skin [13]. These 
afferent fibres respond to thermal, mechanical, and chemical stimuli and are involved 
in pain sensation [14]. SFN manifests by abnormal painful sensations, typically 
tingling, burning, prickling, shooting pain, or aching expressed mainly in the length-
dependent manner [15, 16]. Next to that, patients often report autonomic complaints 
including dry mouth and/or eyes, orthostatic dizziness, bowel disruption, micturition 
disturbances, hyper- or hypohidrosis, impotence, diminished ejaculation or 
lubrication, hot flushes and cardiac palpitations [13]. Although several underlying 
causes; diabetes mellitus, HIV, hyperlipidemia, amyloidosis, Fabry disease, coeliac 
disease, sarcoidosis and other systemic diseases, and voltage-gated sodium channel 
gene (VGSC or Nav) mutations are known, approximately half of SFN cases remain 
idiopathic [13, 17]. This impedes the treatment of the underlying condition, which 
in some cases is possible [14]. Moreover, lack of knowledge about molecular 
mechanism of SFN largely limits the therapy to symptomatic treatment of NeP [18].  

 
1.4 Ion channels 
Ion channels are polypeptides responsible for conduction of electrical signals 
through the body [19]. Ion channels expressed in afferent nerve fibres are critically 
involved in transmission and processing of pain signals (Figure 1), therefore they are 
considered as promising analgesic targets [20]. Despite the fact that the dysfunction 
of multiple ion channels have been linked to spectrum of pain disorders, we still do 
not fully understand pathological mechanism of pain [3, 19, 21-23]. The role of 
calcium channels, potassium channels, hyperpolarization-activated cyclic 
nucleotide-gated channels, anoctamins, transient receptor potential cation channels, 
and acid-sensing ion channels in painful neuropathies will be discussed in detail in 
chapter 2 of this thesis. 
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Figure 1. Ion channels and pain processing pathway. 1. Ion channels (e.g. TRPs) in 
nociceptive nerves are activated by noxious stimuli leading to membrane depolarization and 
initiation of action potentials. 2. Voltage-gated sodium channels and voltage-gated potassium 
channels propagate action potential along the axons to synaptic nerve terminals in the spinal 
dorsal horn. 3. Depolarization of the presynaptic terminal induces opening of voltage-gated 
calcium channels and release of neurotransmitters that activate central nervous system 
neurons that project to the brain. TRP, transient receptor potential–activated  channel; 
NaV, voltage-gated sodium channel; HCN, hyperpolarization-activated cyclic nucleotide–
gated channel; KV, voltage-gated potassium channel; K2P, two-pore potassium channel; 
KCa, calcium-activated potassium channel; KNa, sodium-activated potassium channel; 
CaV, voltage-gated calcium channel. Figure and description adapted and modified from 
references [20, 24]. 

 
1.5 Voltage-gated sodium ion channels 
Voltage-gated sodium ion channels are integral membrane proteins expressed in 
central and peripheral nervous system [25]. Their activity is crucial in initiation and 
propagation of action potentials in sensory neurons, therefore they play important 
role in pain pathways [26]. In mammals nine α subunits have been identified, 
encoded by SCN1A, SCN2A, SCN3A, SCN4A, SCN5A, SCN8A, SCN9A, SCN10A, 
and SCN11A [27]. In VGSCs, large α subunits with ion-selective pore are associated 
with one or two β subunits, that are involved in VGSCs modulation and protein 
targeting in plasma membrane (Figure 2) [28].  
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Figure 2. Structure of voltage-gated sodium channels. A) Schematic representation of the 
sodium channel α subunit together with the β1 and β2 subunits; I, II, III, IV, the domains of 
the α subunit; blue circles indicate the fast-inactivation motif Ile-Phe-Met (IFM) and its 
receptor (h, inactivation gate); P, phosphorylation sites. B) Overall 3D structure of Nav1.7 in 
complex with β1 and β2. The III-IV linker with IFM marked in orange. Figure adapted and 
modified from references [29, 30]. 
 

The most studied of VGSCs are Nav1.7, Nav1.8 and Nav1.9, which are expressed in 
nociceptive neurons [24]. Bi-allelic loss-of-function (LOF) mutation in SCN9A 
(Nav1.7) has been identified in extremely rare condition called congenital 
insensitivity to pain (CIP), in which person is unable to feel any physical pain [31]. 
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In contrast, SCN9A gain-of-function mutations have been found to increase 
spontaneous activity and excitability in sensory neurons in pain disorders [32-34]. 
Similarly, GOF mutations of SCN11A (Nav1.9) and SCN10A (Nav1.8) have been 
associated with pain symptoms in painful peripheral neuropathies and familial 
episodic pain [24]. Later studies, have shown the involvement of sodium channel 
β subunit mutations in idiopathic small fibre neuropathy and painful diabetic 
neuropathy [35, 36].  

Figure 3. SCN9A mutations in heritable SFN. Schematic linear representation of Nav1.7, 
showing the 24 tans-membrane regions, contained within four homologous domains (I-IV), 
joined by three intracellular loops (L1-L3). Most of the SFN associated mutation are clustered 
around L1. Figure adopted and modified from [37].  

 
1.6 Diagnosis of Neuropathy and Neuropathic Pain 
1.6.1 Clinical and physical examination 
Diagnosis of neuropathic pain is based on a detailed clinical history and physical and 
neurological examination, however often extra tests are needed [38]. Clinical 
examination should aim to identify or rule out treatable conditions, confirm the 
diagnosis of NeP and recognize individual clinical features, that may accompany 
NeP and/or contribute to NeP, such as insomnia, depression, anxiety, or autonomic 
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complains, that can help to personalize the treatment strategy [39]. There are several 
symptoms that are often associated with NeP including abnormal sensation or 
hypersensitivity; hyperalgesia, allodynia, hypoalgesia, paresthesia, dysesthesia, and 
hypoesthesia (Table 1) [40]. Therefore, it is important to investigate pain onset, 
location and distribution, as well to ask patient to describe the pain, since shooting, 
burning, aching, tingling, stabbing are common indicators of NeP [38]. There are 
screening tools for instance the Neuropathic Pain Questionnaire (NPQ), Neuropathic 
Pain Symptom Inventory (NPSI), the Neuropathic Pain Diagnostic Questionnaire 
(DN4) and the Neuropathic Pain Scale (NPS), that may help to classify pain based 
on verbal report provided by the patient [5].  

 
Negative 

symptoms 
Definition Bedside assessment Expected pathological response 

Hypoaesthesia Reduced sensation to 
non-painful stimuli 

Touch skin with painter's brush, 
cotton swab, or gauze 

Reduced perception, numbness 

Pall-hypoaesthesia Reduced sensation to 
vibration 

Apply tuning fork on bone or 
joint 

Reduced perception threshold 

Hypoalgesia Reduced sensation to 
painful stimuli 

Prick skin with single pin stimulus Reduced perception, numbness 

Thermal 
hypoaesthesia 

Reduced sensation to 
cold or warm stimuli 

Contact skin with objects of 10°C 
(metal roller, glass with water, 
coolants such as acetone); 
contact skin with objects of 45°C 
(metal roller, glass with water) 

Reduced perception 

Spontaneous sensations or pain 
Paraesthesia Non-painful ongoing 

sensation (skin crawling 
sensation) 

Grade intensity (0–10); 
area in cm2 

.. 

Paroxysmal pain Shooting electrical 
attacks for seconds 

Number per time; grade intensity 
(0–10); threshold for evocation 

.. 

Superficial pain Painful ongoing 
sensation, often a 
burning sensation 

Grade intensity (0–10); 
area in cm2 

.. 

Evoked pain 
Mechanical 
dynamic allodynia 

Pain from normally non-
painful light moving 
stimuli on skin 

Stroke skin with painter's brush, 
cotton swab, or gauze 

Sharp burning superficial pain; 
present in the primary affected 
zone but spreads beyond into 
unaffected skin areas 
(secondary zone) 

Mechanical static 
hyperalgesia 

Pain from normally non-
painful gentle static 
pressure stimuli on skin 

Apply manual gentle mechanical 
pressure to skin 

Dull pain; present in the area of 
affected (damaged or 
sensitised) primary afferent 
nerve endings (primary zone) 

Mechanical 
punctate, pin-prick 
hyperalgesia 

Pain from normally 
stinging but non-painful 
stimuli 

Prick skin with a safety pin, sharp 
stick, or stiff von Frey hair 

Sharp superficial pain; present 
in the primary affected zone but 
spreads beyond into unaffected 
skin areas (secondary zone) 

14

Chapter 1



15 
 

Negative 
symptoms 

Definition Bedside assessment Expected pathological response 

Temporal 
summation 

Increasing pain 
sensation (wind-up-like 
pain) from repetitive 
application of identical 
single noxious stimuli 

Prick skin with safety pin at 
intervals of <3 s for 30 s 

Sharp superficial pain of 
increasing intensity 

Cold hyperalgesia Pain from normally non-
painful cold stimuli 

Contact skin with objects of 20°C 
(metal roller, glass with water, 
coolants such as acetone); 
control: contact skin with objects 
of skin temperature 

Painful, often burning, 
temperature sensation; present 
in the area of affected 
(damaged or sensitised) primary 
afferent nerve endings (primary 
zone) 

Heat hyperalgesia Pain from normally non-
painful heat stimuli 

Contact skin with objects of 40°C 
(metal roller, glass with water); 
control: contact skin with objects 
of skin temperature 

Painful burning temperature 
sensation; present in the area of 
affected (damaged or 
sensitised) primary afferent 
nerve endings (primary zone) 

Mechanical deep 
somatic 
hyperalgesia 

Pain from normally non-
painful pressure on deep 
somatic tissues 

Apply manual light pressure at 
joints or muscles 

Deep pain at joints or muscles 

 
Table 1. Definition and assessment of negative and positive sensory symptoms in 
patients with neuropathic pain. Adopted from [5].  
 
1.6.2 Skin biopsy 
Punch skin biopsy is minimally invasive tool, used in diagnosis of SFN and generally 
well accepted by patients [5]. Skin biopsies are helpful for assessment of C-fibers, 
sympathetic fibers innervating the cutaneous sweat glands, and Aβ and Aδ fibers 
present in the dermis [5, 41]. The immunostaining with the cytoplasmic PGP9.5 
antibodies is specific for neurons and visualises the intra-epidermal nerve fibers [41]. 
The length-dependent decrease in fiber density is common in neuropathies, including 
diabetes mellitus, HIV-associated sensory neuropathy, Fabry's disease, restless legs 
syndrome and small fiber neuropathy [5, 14]. 

 
1.6.3 Quantitative sensory testing (QST) 
Quantitative sensory testing (QST) is a method to assess the sensory function using 
mechanical and thermal stimuli in quantitative way [42]. This tool is used in patients 
with symptoms of nerve damage, neuropathic pain or neurologic dysfunction in 
addition to a clinical neurological examination [43]. Standard testing includes series 
of innocuous or noxious stimuli such as touch, pressure, vibration and temperature 
(warm and cold) [44]. Although the sensory stimuli are objective, the patient 
response is subjective, therefore this method demands cooperation and alert from the 
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patient [44]. Therefore, QST differs from nerve conduction and evoked potential 
testing were the measurement is independent of subject cooperation [44]. It is 
important to realize that QST is a tool to detect abnormalities along the 
somatosensory system, but cannot be used to localize the injury. 
 
1.6.4 Genetics 
Undoubtedly, the development of Sanger sequencing technique in 1977 was a 
breakthrough in determining DNA sequences [45]. Although the method had limited 
throughput and high cost, it enabled sequencing the human genome. New sequencing 
technologies, known as next-generation sequencing (NGS), were developed, some 
of them based on Sanger sequencing [46] during last two decades. The rapid 
technological advancements and increasing throughput combined with decreasing 
price contributed to broad use of NGS in research and diagnostics [47]. Multiple 
studies have been using NGS in pain research to resolve the genetic architecture of 
NeP [48]. These efforts included both targeted sequencing of pre-defined gene 
panels (i.a. Molecular Inversion Probe- Next Generation Sequencing) [49] and 
(whole) exome sequencing [50, 51]. Several genes have been identified as potential 
pain candidates and specific pathogenic mutations have been discovered using this 
approach [33, 48, 52]. The clinical application of NGS is limited to some extent, 
because many of identified variants are variants of uncertain significance (VUS), for 
which it is unclear if they are the cause of the pain [53]. Nevertheless, VUS remain 
relevant findings, since the literature shows that a significant number of VUS have 
been proved to be pathogenic over the time [53]. This highlight, the importance of 
functional confirmation of the impact of the variants identified [53].  

 

 
Figure 4. Genes associated with neuropathic pain, grouped according to their function 
and biological pathways. Figure adapted from reference [22]. 
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1.6.5 Functional characterisation of genetic variants in pain research 
Functional validation of a VUS is challenging. The pathogenicity of the variant can 
be established by targeted functional assays in model systems, such as patient-
derived cells, organoids, cell culture and animal models [54]. In the case of ion 
channel variants the common assay is electrophysiology, which is highly laborious 
and therefore not possible to validate every VUS [33, 55]. It is performed using 
transgenic expression in model system or in Induced Pluripotent Stem Cells (IPSCs) 
derived from variant carrier [56, 57]. The first option includes genetic engineering 
techniques (e.g. Site Directed Mutagenesis) [58] to obtain construct containing gene 
of interest with specific variant which is later transfected to the cells or, alternatively, 
other techniques allowing genome editing in the cell (e.g. CRISPR-Cas9) [58-61]. 
Human cell cultures have been utilized for testing genetic variants, for example 
dorsal root ganglion (DRG) [31, 55] and GOF or LOF variants have been 
characterized this way [62, 63]. However, cell cultures might not fully reflect the 
in vivo conditions, complexity of pain pathways and genetic background of the 
patient (as IPSCs) [22]. Additional functional knowledge about pain genes is coming 
from animal studies involving mice or rats [22, 64]. These studies mostly provide 
information about gene function rather the single variant [22], however a models 
expressing specific variant such as mice with SCN10A p.G1662S point mutation 
have been characterized [59]. This type of testing cannot be performed on a large 
scale, therefore other model organism such as Drosophila melanogaster or Zebrafish 
are being explored [22, 65, 66]. 
 
1.7 Therapy for NeP 
The heterogeneity and amount of possible underlying mechanisms in neuropathic 
pain make it very difficult to specifically treat a patient [3]. First line treatment 
strategies recommended by the Neuropathic Pain Special Interest group of IASP 
include tricyclic antidepressants (e.g. (nor)triptyline), serotonin-noradrenaline 
reuptake inhibitors (e.g. duloxetine) and α2-δ subunit blockers of voltage-gated 
calcium channel (pregabalin and gabapentin) [19, 67]. Second-line medication 
include topical agents such as lidocaine, capsaicin, and tramadol (a weak opioid), 
while third-line constitute strong opioids (e.g. morphine and oxycodone) [68]. 
Although, several treatment options are available (Figure 5), in general their 
effectivity is poor with a majority of patient that do not achieve pain relief [5]. The 
efficacy of pregabalin, duloxetine, nortriptyline and mexiletine was investigated in 
a 12- weeks randomized clinical trial [69]. The efficacious result was defined as at 
least 50% reduction in NeP and the best outcome was achieved for nortriptyline with 
25% of patients reported such improvement [69]. In case of pregabalin it was only 
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15% of patients [69]. Another important point and disadvantage of NeP analgesics 
are common adverse effects, which limit the dosage and the duration of usage in the 
patients [67, 69]. Also, symptomatic treatment rarely brings complete pain 
alleviation and therapy may reduce pain by 30-50% at best [70]. As VGSC GOF 
mutations are known to contribute to neuropathic pain, the VGSC blockers seem to 
be good candidates as potential treatment strategy for this patient group. Non-
selective VGSC inhibitors, such as local anesthetics (e.g. mexiletine) and 
antiepileptic drugs have been used. However, they are not specific and inhibit also 
VGSC expressed in the other organs, for example heart, therefore side effects might 
occur [36]. It has been shown that also other factors can influence drug effectiveness, 
for instance responsiveness to lacosamide is altered by Nav1.7 mutations [71]. 
Accordingly, specific targeting voltage-gated channels and other ion channel 
candidates is of great interest, since it might open possibility to develop new, 
personalized options for NeP alleviation.   

 
 

 
 
Figure 5. Neuropathic pain treatment strategies. Adapted from [38] 
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1.8  Aims and outline of the thesis 
Neuropathic pain is a huge problem with serious economic, social and psychological 
impact and great burden for affected individuals and their families. High prevalence 
of NeP in neuropathy patients combined with poor therapy outcome demands better 
understanding of the underlying mechanisms to develop novel treatment strategies. 
Resolving the genetic causes of neuropathic pain may elucidate new molecular pain-
targets from which affected individuals could benefit and which can open 
possibilities for future personalized medicine, treating the patient instead of the 
disease. 

 
The aims of the thesis are: 
1. Identifying candidate genetic variants for pain in specific patient cohorts, using 

next-generation sequencing 
2. Elucidating novel pathophysiological mechanisms by functional 

characterization of novel variants/genes 
 

Chapter 2 provides an overview of the emerging role of ion channel genes in painful 
neuropathies. Voltage-gated sodium channel mutations have been demonstrated as 
genetic contributors to neuropathic pain, however, they are only present in part of 
the patients, 18% in the case of SFN. As also other ion channels might be involved, 
we summarize and discuss the current knowledge about calcium channels, potassium 
channels, hyperpolarization-activated cyclic nucleotide-gated channels, anoctamins, 
transient receptor potential cation channels, and acid-sensing ion channels and their 
involvement in pain pathophysiology. 

 
Chapter 3 describes the screening of 15 ion channel genes in 222 painful- and 304 
painless-DN patients using MIP-NGS. In this study, we sequenced 5 transient 
receptor potential cation channels, 8 potassium channels and 2 calcium-activated 
chloride channel genes, identifying potentially pathogenic variants in ICG in both 
phenotypes. Moreover, we linked detected variants with clinical features, if possible 
and compared them between patients’ group, with specific focus on painful-DN 
patients with ICG variants and painful-DN without ICG variant. 

 
In Chapter 4 we sequenced 414 patients with painful SFN using MIP-NGS with the 
same gene panel of 15 ICG (chapter 3). The cohort consisted of well-characterized 
patients, in which genetic variants in VGSC (SCN3A, SCN7A-SCN11A and SCN1B-
SCN4B) were excluded. In 20 patients a potentially pathogenic ICG variant was 
identified. Clinical features such as pain intensity, thermal sensitivity and autonomic 
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complaints were compared between patients with ICG variant and patients without 
ICG variant. 
 
In Chapter 5, a panel of 592 pain genes was sequenced in 50 patients with painful 
SFN. To select pain related gene candidates for this panel, literature and genetics 
pain databases were screened for genes, associated with pain. In addition, Online 
Mendelian Inheritance in Man (OMIM) was checked for genes, associated with 
peripheral neuropathy, neuropathic pain and associated symptoms. In this study, we 
identified (potentially) pathogenic variants that might contribute to neuropathic pain 
in genes other than VGSC and ICG. 
 
In Chapter 6 we focused on functional testing of potentially pathogenic variants in 
the Anoctamin 3 (ANO3) gene, which were present in painful-DN and SFN. We 
generated plasmids containing the ANO3 wild type gene, in which the variants of 
interest were introduced. ANO3 is novel gene, not linked with painful neuropathy 
before, with largely unknown function. Therefore, we investigated the ANO3 protein 
expression in several cell lines to choose a suitable model for further experiments. 
We tested three cell lines, performing transfection of HEK293, HT-29 and 
mesoangioblasts (MABs) using created plasmids. Moreover, a potential read out 
based on calcium imaging has been explored. 
 
In Chapter 7 the findings of the thesis are discussed and put in the context of future 
prospectives. Chapter 8 elaborates about significance of this work in the light of 
future implementation, potential benefits and improvements.  
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ABSTRACT 
Neuropathic pain is common in diabetic peripheral neuropathy (DN), probably 
caused by pathogenic ion channel gene variants. Therefore, we performed Molecular 
Inversion Probes-Next Generation Sequencing of 5 transient receptor potential 
cation channel, 8 potassium channel and 2 calcium-activated chloride channel genes 
in 222 painful- and 304 painless-DN patients. Twelve painful-DN (5.4%) patients 
showed potentially pathogenic variants (5 nonsense/frameshift, 7 missense, 1 out-
of-frame deletion) in ANO3 (n=3), HCN1 (n=1), KCNK18 (n=2), TRPA1 (n=3), 
TRPM8 (n=3) and TRPV4 (n=1) and 14 painless-DN patients (4.6% - 3 
nonsense/frameshift, 9 missense, 1 out-of-frame deletion) in ANO1 (n=1), 
KCNK18 (n=3), KCNQ3 (n=1), TRPA1 (n=2), TRPM8 (n=1), TRPV1 (n=3) and 
TRPV4 (n=3). Missense variants were present in both conditions, presumably with 
loss- or gain-of-function. KCNK18 nonsense/frameshift variants were found in 
painless/painful-DN, making a causal role in pain less likely. Surprisingly, 
premature stop-codons with likely nonsense-mediated RNA-decay were more 
frequent in painful-DN. Although limited in number, painful-DN patients with ion 
channel gene variants reported higher maximal pain during night and day. Moreover, 
painful-DN patients with TRP variants had abnormal thermal thresholds and more 
severe pain during night and day. Our results suggest a role of ion channel gene 
variants in neuropathic pain, but functional validation is required. 
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INTRODUCTION 
Neuropathic pain (NeP) is caused by damage or disease of the somatosensory 
nervous system [1]. Around 50% of patients with diabetes develop diabetic 
peripheral neuropathy (DN) [2]. NeP impacts quality of life negatively in affected 
individuals and is associated with anxiety and depression [1]. Unfortunately, 
available treatment for neuropathic pain is largely unsatisfying with less than 50% 
of patients achieving 50% pain relief [3]. 
Several small-scale studies have investigated why some patients with diabetic 
neuropathy develop painful DN, while others do not [4]. Female sex, longer diabetes 
duration, older age, higher body mass index and smoking have been reported as risk 
factors [5-7]. However, these results were not confirmed in large cross-sectional 
studies performed in patients with type 2 diabetes, except for the association with 
smoking [8]. The complexity of the condition, limited number of participants, 
different assessment methods and definition of DN make it difficult to conclude if 
painful-DN and painless-DN represent different disorders or are different 
manifestations of the same disease [3, 4]. 
In recent years, genetic causes of NeP have partially been resolved, and Next-
Generation Sequencing (NGS) has been increasingly performed to identify genes 
and genetic variants associated with NeP [6]. Pathogenic variants have been 
identified in voltage-gated sodium ion channels (VGSCs), especially the α-subunits. 
Voltage-gated potassium channels are a large group of channels, opening in response 
to membrane depolarization [9]. VGSCs are transmembrane proteins expressed in 
the central and peripheral nervous system that play important role in cells’ electrical 
signaling [9]. Loss-of-function mutation in SCN9A gene encoding Nav1.7, in 
contrast, led to congenital insensitivity to pain, while gain-of-function mutations 
have been linked to a spectrum of pain disorders, including painful-DN [9]. Patients 
with painful-DN and rare Nav1.7 variants report more severe burning pain and 
increased pressure stimuli sensitivity compared to painful- DN patients without the 
SCN9A variant [10, 11]. However, the majority of genetic factors contributing to 
painful-DN still remains to be identified. 
Apart from VGSCs, other ion channels are also essential for proper functioning of 
the nervous system [11]. It has been reported that transient receptor potential (TRP) 
cation channels, voltage-gated potassium (Kv) channels and hyperpolarization-
activated and cyclic nucleotide-gated channels (HCN) may play a role in pain 
modulation and processing and/or painful neuropathies [11-14]. TRP channels are 
responsible for thermal, chemical and mechanical sensation [15]. HCN channels 
contribute to electrical excitability and pace-making activity in neuronal cells and 
have been linked to neuropathic pain [11, 13]. In addition, anoctamins have been 
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reported in pain processing and modulation of neuropathic pain [16, 17]. ANO1 is 
the most studied Ca2+-activated Cl- channel from the ANO family, that interact with 
TRPV1 leading to pain enhancement in sensory neurons, while ANO3 regulate pain 
processing via increasing the Slack channels activity in DRG neurons [16-18].  
Our hypothesis is that in addition to VGSCs, variants in other ion channels are 
involved in painful DN. Therefore, we analyzed seven Kv, five TRP, two ANO and 
one HCN ion channel genes expressed in peripheral nerves, using single molecule 
Molecular Inversion Probes-Next Generation Sequencing (smMIPs-NGS) in 
patients with painful-DN and painless-DN. The painless-DN group was included to 
identify variants linked to absence of pain, which may play role in pain resilience 
and to exclude common variants present frequently in both patient groups. We also 
assessed if these variants were linked to specific clinical manifestations.   
 
METHODS 
Study population and clinical assessment 
Patients with painful-DN and painless-DN were enrolled in the Deutsche Diabetes 
Forschungsgesellschaft (DDFG), Heinrich Heine University, Düsseldorf, Germany 
or at the University of Manchester, Manchester, United Kingdom. They were 
examined between June 2014 and September 2016. Only patients aged above 18 
years old and diagnosed with diabetes mellitus type 1 or type 2 (World Health 
Organization criteria) were eligible for this study. Demographic data, medical 
history, age of onset of complaints, duration of symptoms, altered pain sensation and 
family history were recorded. Pain intensity was evaluated using the 11-point 
Numerical Rating Scale (PI-NRS) from 0-10, where 0 means “no pain” and 10 refers 
to “the worst pain imaginable.” For all patients, informed consent was obtained and 
a blood sample for genetic analysis was drawn.  
For patients with painful-DN quantitative sensory testing of the lower limb was 
performed on the dorsum of the foot using the Medoc® device. NeP was diagnosed 
as reported before [19]. The diagnosis of DN was established according to 
international criteria, based on typical clinical symptoms, nerve conduction studies 
(NCS) and IENFD determined by skin biopsy and/or abnormal TTT, after excluding 
all other known causes of neuropathy [20]. The DN patients were divided according 
to pain sensitivity into two groups: painful-DN subpopulation and painless-DN 
subpopulation. The patients having pain for at least 1 year, who reported score PI-
NRS ≥ 4 despite analgesic or before starting treatment were defined as painful-DN, 
those with pain score ≤3 were defined as painless-DN. 
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DNA isolation and storage 
Genomic DNA was extracted from whole blood using the NucleoSpin8 Blood 
Isolation kit (Macherey-Nagel, Düren, Germany) or QIAamp DNA Blood Maxi Kit, 
Puregene® Blood Core Kit (Qiagen, Hilden, Germany) according to manufacturer’s 
instructions at Maastricht UMC+, and IRCCS Neurological Institute Carlo Besta. 
DNA samples were coded and stored in the central DNA bank at Maastricht UMC+ 
and IRCCS Neurological Institute Carlo Besta in -20°C. 
 
Gene panel and smMIPs-NGS protocol  
Gene candidates for smMIPs-NGS were selected based on their role with pain in 
OMIM and literature, high expression in peripheral nerve DRG and/or trigeminus 
cells, and by comparative and integrative genomics with SCN9A co-expression 
described by Szklarczyk et al. [21]. Fifteen ion channel gene panel included: 
Anoctamin 1 and 2 (ANO1, ANO3), Hyperpolarization activated cyclic nucleotide-
gated potassium channel 1 (HCN1), Potassium voltage-gated channel, shaker-related 
subfamily, member 2 and member 4 (KCNA2, KCNA4), Potassium channel, 
subfamily K, member 18 (KCNK18), Potassium intermediate/small conductance 
calcium-activated channel, subfamily N, member 1 (KCNN1), Potassium voltage-
gated channel, KQT-like subfamily, member 3 and member 5 (KCNQ3, KCNQ5), 
Potassium voltage-gated channel, delayed-rectifier, subfamily S, member 1 
(KCNS1), Transient receptor potential cation channel, subfamily A, member 1 
(TRPA1), Transient receptor potential cation channel, subfamily M, member 8 
(TRPM8), Transient receptor potential cation channel, subfamily V, member 1, 
member 3 and member 4 (TRPV1, TRPV3, TRPV4) (Table 1S). 
In total 295 single-molecule molecular inversion probes (smMIPs) were designed to 
capture exon and exon-flanking intron sequences (+/- 20 bps) of 15 ion channel gene 
candidates (Table 1S), using a modified version of MIPgen tool 
(http://shendurelab.github.io/MIPGEN/). The number smMIPs per gene and size of 
targeted coding region per gene have been given in Table 3S. All probes, synthesized 
by Integrated DNA Technologies (IDT, Iowa, USA), were 77-80-mers long, 
containing extension and ligation arm, joined by common linker with two universal 
PCR primer sites as described before [22]. The smMIPs with high arm copy count 
(>5x) and/or common nucleotide polymorphisms (SNPs) (>1%) in the extension and 
ligation arms were excluded. The gap-fill length was 220-230 nt. Each probe 
contains a 5 nt unique molecular identifier (UMI), which enables removal of 
duplicates introduced during PCR amplification and sequencing.  
SmMIP-NGS was performed as described before [22]. In brief, 50-100 ng genomic 
DNA was used for hybridization. After gap filling and ligation, circularized DNA 
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molecules served as PCR template. In the PCR reaction universal primers 
complementary to the linker were used. Amplified samples were pooled, purified by 
Ampure XP beads (Beckman Coulter, Inc, Brea, California) and paired-end 
sequenced (2 x 250 bp) using NextSeq 500 (Illumina, Inc., San Diego, CA, USA).  
 
Data analysis 
Sequenced data was analyzed using a smMIPs-NGS pipeline developed by 
Maastricht UMC+ in collaboration with Radboud University [22]. The smMIP arms 
were trimmed by our pipeline and then the sequences were aligned to human 
reference sequence GRCh37. Duplicates were removed based on UMIs probe 
sequences. Variant calling was performed using GATK (haplotype caller and unified 
genotyper) following best practices [23]. Variants were annotated based on 
information and frequencies from ExAC, dbSNP, cadd and Gencode [24]. 
Furthermore, the pipeline calculates coverage per sample, number of bases, mean 
and median coverage per MIP target [22].  
 
Variant interpretation 
Exonic variants and exonic flanking regions (+/- 20 bps) with >20x coverage and an 
alternative variant call of >30% were analyzed in further detail. Common SNPs were 
excluded from the analysis; only variants with dbSNP <5%, ExAC <5% and in house 
database of 12244 exomes <1% were included. Alamut Visual (Interactive 
Biosoftware, Rouen, France) software was used for variant interpretation. Variants 
were classified according the practice guidelines of the Association for Clinical 
Genetic Science (ACGS) [25]. Potentially pathogenic variants were checked 
manually, using BAM visualization in the Alamut Visual software and confirmed by 
Sanger sequencing. Due to the structure of the cohort co-segregation of potentially 
pathogenic variants with the disease was not possible.  
 
Statistical analysis 
The independent Student’s t-test was used to analyze continuous variables and chi-
square test was applied for categorical variables. The significance level was defined 
as 0.05. 
 
RESULTS 
Patient characteristics 
In total 612 patients with DN were included, 393 from the Heinrich Heine University 
(Düsseldorf, Germany), and 219 from the University of Manchester (Manchester, 
UK). Of these, 86 patients were, due to low DNA quality, MIP failure, incomplete 
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clinical data or withdrawal of formal consent. Among the enrolled patients, 222 had 
painful-DN and 304 had painless-DN. The mean age at recruitment was 64.5 years 
old (SD +/-11.2 years). Sex distribution in the study group was 372 (70.7 %) males 
versus 154 (29.3 %) females. The higher male prevalence was present in both 
phenotypes. Clinical characteristics of the study population are presented in 
Table 2S.   
 

 
 
Figure 1. Patients with painful- and painless- Diabetic Neuropathy screened for 
potentially pathogenic variants in 15 ion channel gene panel. ICG, ion channel gene; DN, 
diabetic peripheral neuropathy; N, number 
 
Performance of smMIPs-NGS 
To assess the performance, capture efficiency and coverage of exons and exon-
flanking sequences (+/- 20 bps) of 15 ICG, data of 50 samples from 5 different NGS 
runs were used. An overall coverage of more than 30x/bp was obtained for 93% of 
the on-target regions. Exons and exon-flanking sequences of ten gene areas have an 
average coverage >90%. Four exons had a poor coverage (<20x/bp) or were 
completely missing (exon 1, exon 12 and exon 20 of ANO1, and exon 3 of TRPV1), 
and MIPs for 14 exons covered the targeted region >20x/bp only partially (Table 3S). 
For the remaining exons and exon-flanking sequences the average coverage <90%, 
but at least an average coverage of 84% was reached. 
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Genetic screening of 15 ion channels in painful diabetic neuropathy 
MIP-NGS data analysis of 222 patients with painful-DN resulted in identification of 
13 different potentially pathogenic variants in 6 ICG genes (ANO3, HCN1, KCNK18, 
TRPA1, TRPM8, TRPV4, Table 1). Eleven patients were positive for one 
heterozygous variant, and one patient harbored two heterozygous variants 
(n=12/222, 5.4%, Fig. 1). All 13 variants were classified as variant of uncertain 
clinical significance (VUS, Table 1). Nine out of 13 identified ICG variants were 
novel (not reported in the literature, the Human Gene Mutation Database (HGMD) 
and ClinVar). Two frameshift mutations localized in the KCNK18 gene 
c.414_415del and c.361dup have been functionally linked to migraine [26-28]. The 
ANO3 missense variant c.638C>T was reported in ClinVar as VUS without 
phenotype and TRPV4 c.2336+1G>A as VUS for Charcot-Marie-Tooth disease. 
Most of the variants were located in genes from the TRP family, responsible for 
mechanical, chemical and thermal sensation. The painful-DN patients with an ICG 
variant have been previously tested for variants in SCN3A, SCN7A-SCN11A and 
SCN1B-SCN4B. None of them was harboring a VUS, likely pathogenic or 
pathogenic variant in one of these genes (unpublished data). The clinical 
characteristics of painful- DN patients with ICG VUS are presented in Table 2 and 
the autonomic complaints are summarized in supplementary materials (Table 4Sb, 
supplementary data). Most of the patients (7 out of 9, for 3 patients TTT is missing) 
with potentially causative ICG variant had an abnormal TTT, especially patients 
carrying variants in one of TRP genes (4 out of 4, for 2 patients TTT is missing). 
The majority of patients with painful-DN with an ICG variant reported a negative 
family history for neuropathy and 6 out of 12 patients had identified a possible non-
genetic underlying cause (Table 2). Patients with painful-DN with identified ICG 
variants (n=9) reported higher mean maximal pain scores during 24 hours (PI-NRS 
7.2 +/- 2.4) compare to patients with painful-DN without an ICG variant (PI-NRS 
6.0 +/- 3.0, n=150). However due to the small sample size, statistical analysis was 
not possible (Table 4Sa). Interestingly, a patient with painful-DN and a potentially 
causative variant in the TRP gene had severe or very severe pain during night (PI-
NRS 8.5 +/-1.29) and day (PI-NRS 8.0 +/-0.82) (Table 2) and impaired thermal 
sensation. 
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Genetic screening of 15 ion channels in painless diabetic neuropathy 
In 304 patients with painless-DN, 13 different potentially pathogenic heterozygous 
variants were identified. Fourteen (4.6%) patients had a potentially pathogenic 
variant in one of the 15 ICG, but none had more than one ICG variant (Table 3). In 
two individuals with an ICG variant, previously a potentially pathogenic SCN 
variant was reported; SCN10A c.368C>T, VUS and ANO1 c.1892G>A, VUS, and 
SCN10A c.1141A>G, possibly pathogenic and TRPV4 c.958C>T, VUS. Potentially 
pathogenic ICG variants were located in 7 genes: ANO1, KCNK18, KCNQ3, TRPA1, 
TRPM8, TRPV1 and TRPV4 (Table 3). Seven out of 13 detected variants were novel. 
Six variants have been reported in ClinVar as pathogenic, VUS or variant with 
conflicting interpretations of pathogenicity. Both KCNK18 variants have been linked 
to migraine and reported respectively as pathogenic, but with conflicting 
interpretations of pathogenicity. KCNQ3 c.1226C>G was reported as VUS in benign 
familial neonatal seizures. TRPV4 c.711A>G and c.1039G>T were reported as VUS 
for Charcot-Marie-Tooth disease type 2C and TRPV4 c.958C>T as a variant with 
conflicting interpretations of pathogenicity for skeletal dysplasias, spinal muscular 
atrophies and Charcot-Marie-Tooth. Five painless-DN patients with an ICG variant 
filled out pain questionnaire and all of them reported no pain during 24 hours; max 
and mean pain during night and day (PI-NRS 0). It seems that patients with painless-
DN with an ICG VUS variant reported less often autonomic complains, especially 
diarrhea, dry mouth, orthostatic dizziness, sheet intolerance and restless leg, however 
the group size (n = 4) is too small to draw a definite conclusion. The clinical 
characteristic and autonomic complaints in patients with painless- DN and ICG 
variant are presented in Table 4 and Table 5S in supplementary materials.  
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DISSCUSSION 

Summary of detected variants 
In our cohort of patients with DN, twelve patients with painful- DN (5.4%) and 
fourteen patients with painless- DN (4.6%) harbored at least one potentially 
pathogenic variant in ICG gene, respectively linked to pain or no pain. Only one 
patient with painful-DN had two heterozygous variants TRPA1 c.2481del and 
TRPM8 c.1437G>T. In total, we identified 13 different potentially pathogenic 
variants in painful- DN located in ANO3, HCN1, KCNK18, TRPA1, TRPM8, TRPV4. 
Three patients (1.4%) had a potentially pathogenic variant in ANO3, one (0.5%) in 
HCN1, two (0.9%) in KCNK18, three (1.4%) in TRPA1, three (1.4%) in TRPM8, one 
(0.5%) in TRPV4. In patients with SFN and NeP, the frequency of (potentially) 
pathogenic variants in the sodium ion channels was slightly higher; 5.1% for SCN9A, 
3.7% for SCN10A and 2.9% for SCN11A [30]. A total of 13 different potentially 
pathogenic variants was detected in painless-DN in ANO1, KCNK18, KCNQ3, 
TRPA1, TRPM8, TRPV1 and TRPV4. Potentially causative variants were identified 
in one patient (0.3%) in ANO1, three (1%) in KCNK18, one (0.3%) in KCNQ3, two 
(0.7%) in TRPA1, one (0.3%) in TRPM8, three (1%) in TRPV1 and three (1%) in 
TRPV4. Four of these genes: ANO1, ANO3, HCN1 and KCNQ3 have not been linked 
to a painful phenotype or to pain insensitivity before in HGMD. We did not find any 
potentially pathogenic variant in 6 genes from our gene panel: KCNA2, KCNA4, 
KCNNA, KCNQ5, KCNS1, TRPV3.  
The same missense variants were not present in any of the ICG genes in painful- and 
painless-DN with the exception of migraine related KCNK18 variants c.414_415del 
and c.361dup and TRPA1 c.352C>G. Our patients did not report migraine during 
clinical investigation. However, questions about headache or migraine were not 
included in the standard questionnaires and we were not able to contact the patients 
to confirm the lack of migraine symptoms. The presence of these variants in both 
phenotypes might be explained by other mutations in genes not included in our gene 
panel or non-genetic risk factors contributing to a painful phenotype [6, 31]. In two 
individuals with an ICG variant, previously a potentially pathogenic SCN variant 
was reported; SCN10A c.368C>T, VUS and ANO1 c.1892G>A, VUS, and SCN10A 
c.1141A>G, possibly pathogenic and TRPV4 c.958C>T, VUS.  
 
Effect of VUS on protein function 
All variants meeting our criteria were variants of uncertain clinical significance, 
making it difficult to draw a definite conclusion on a causative role. However, this 
is not surprising, since most of the variants we identified were novel and we could 
only rely on in-silico predictions without segregation analysis in families or 
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functional studies. The development of NGS and more affordable cost of sequencing 
have resulted in recent years in identification of a significant number of VUS and 
part of them have been proved to be pathogenic over the time [32]. 
The VUS detected in our study either change the protein via substitutions of 
conserved amino acids (missense VUS) or are generally predicted to lead to the 
absence of the protein, because of nonsense mediated decay, triggered by a 
premature stop codon (nonsense/frameshift VUS). For the latter group, the KCNK18 
gene contained premature stop codons in both painful and painless DN, making a 
causal role of haploinsufficiency of these genes on the pain phenotype unlikely. For 
the other nonsense/frameshift variants this is not the case. Although NMD is most 
likely, also truncated non-functional protein or alternative processes, such as 
frameshift mutation-induced alternative translation initiation (fsATI) have been 
reported [26], requiring functional validation of frameshift/nonsense mutation to be 
sure of the mechanism.  
Overlap exists between genes with missense mutations in painful and painless-DN, 
but this does not disqualify the role they might have, as it has been reported that 
missense mutations can lead to gain or loss-of-function with possible opposite effects 
on pain sensitivity, highlighting the importance of functional effect rather the 
variation itself. Additional support for functional relevance is for the 3 VUS in 
TRPV1 and 1 VUS in ANO3, located in the transmembrane domain, which can 
directly affect channel properties e.g., channel gating [33]. Two missense  VUS were 
located in Ankyrin repeat II-containing domain, responsible for protein-protein 
interactions and protein folding [34]. Dysfunction in ANK repeat proteins have been 
reported in many human diseases [34]. Seven missense VUS were located  in the N- 
and the C- terminal part of the protein, which  play an important role in protein 
stability and turnover [35].  Two missense VUS were found in intracellular linkers 
between transmembrane domains in TRPM8 and ANO1. Interestingly most of the 
potentially pathogenic SCN9A variants were localized in the intracellular 
linkers [30]. Therefore, the VUS identified are expected to have a negative 
quantitative effect on protein function (nonsense/frameshift) or a GOF or LOF 
(missense), although the direction or magnitude can not be predicted by 
bioinformatic tools. 
 
Possible link between VUS and clinical manifestations 

• Ca2+ channels 

Three missense heterozygous variants in ANO3 gene were detected in painful-DN 
and one missense heterozygous variant in ANO1 gene in painless-DN. These genes 
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belong to Ca2+-activated Cl- channels and they are highly expressed in dorsal root 
ganglia (DRG) [17, 18]. ANO3 is known to regulate pain processing via interaction 
with Slack channels and it has been shown that ANO3 knockdown lead to reduced 
mechanical allodynia and pain attenuation [18]. Therefore, GOF ANO3 variants 
potentially increase protein activity causing enhanced pain sensitivity in painful-DN. 
ANO1 has been described as a heat sensor and a knockout of the ANO1 gene reduces 
thermal nociceptive responses [17, 36]. A LOF of the ANO1 VUS would confirm a 
role in the painless-DN phenotype.  
 

• K+ channels 

Voltage-dependent potassium channels are crucial for controlling the excitability of 
nociceptors and pain processing [37]. A heterozygous missense variant HCN1 
c.1214G>A was identified in a patient with painful-DN. It has been reported that 
both inflammatory and neuropathic pain are rapidly inhibited by blocking HCN-
dependent repetitive firing in peripheral nociceptive neurons [38-40]. Furthermore, 
the specific blockade of HCN1 attenuates hyperalgesia and allodynia in neuropathic 
pain animal model [41]. If the HCN1 VUS increases HCN-dependent firing, this 
would explain the opposite effect.  Recent studies have demonstrated that gain of 
function mutations of KCNQ2/3 channels contribute to pain resilience [42, 43], 
which might explain the KCNQ3 c.1226C>G VUS variant present in a patient with 
painless-DN.  

• TRP channels 

We identified several variants located in TRP channels both in painful- and painless- 
DN. TRPV1, TRPM8, and TRPA1 are thermal and chemical detectors that activate 
sensory neurons to produce pain, while TRPV4 mediates nociceptive behaviors by 
hyper- and hypotonic stimuli [44]. Three TRPA1 VUS variants were detected in 
painful-DN: one missense c.352C>G and two variants (c.2481del and c.1954C>T) 
leading to a premature stop codon and most likely nonsense mediated decay, 
predicted specifically in case of c.1954C>T variant. This shows that TRPA1 loss of 
function is linked to increased pain sensitivity. Moreover, the c.1954C>T was also 
detected in a patient with SFN and burning pain in the hands and lower legs 
(unpublished data). Interestingly, the TRPA1 c.2755C>T variant leading to a 
premature stop codon at position 919 has been found to co-segregate with pain in 
cram-fasciculation syndrome [45]. As mechanism, a toxic gain-of-function was 
proposed, which was consistent with a marked clinical improvement with 
carbamazepine, a cation (sodium) channel blocker. However, this would require 
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expression of the truncated protein, for which no evidence was provided. Increased 
TRPA1 expression in DRG has been observed after nerve injury and has been linked 
to cold hyperalgesia, that was reversed after TRPA1 blockade [46]. Consistent with 
that, GOF mutation Asn855Ser caused cold hyperalgesia in familial episodic pain 
syndrome [47]. Two out of three painful-DN patients with a TRPA1 VUS (one 
missense, one nonsense) had an abnormal TTT, for one patient data was incomplete. 
In painless-DN, one missense TRPA1 VUS out of 2 has an abnormal TTT. This 
suggests a role of TRPA1 variants in thermal sensation, however based on the limited 
number of samples it is not possible to draw a definite conclusion, especially as 
abnormal thermal sensation is common in patients with diabetic neuropathy.  
 
Similarly, to TRPA1, TRPM8 modulates cold sensation and its activation produces 
analgesia in chronic neuropathic pain states [48, 49]. In painful-DN, we detected one 
frameshift mutation leading to pre-mature stop codon and two missense TRMP8 
VUS and 2 patients had abnormal TTT values. One TRPM8 VUS c. 2956G>A was 
present a in patient with painless-DN and abnormal TTT, again stressing that for the 
missense mutations GOF or LOF has to be defined first before drawing conclusions. 
 
TRPV1 and TRPV4 belong to the transient receptor potential vanilloid family and 
most of the VUS in these genes were present in painless-DN. In total three missense 
VUS in TRPV1 were present in painless-DN, all located in the functional domain of 
the channel; c.1450G>C in transmembrane domain II, c.1781C>T and c.1790C>T 
both in transmembrane domain IV. Activation of TRPV1 results in generation of 
action potentials and in many cases pain [50]. Moreover the GOF TRPV1 mutation 
at position p.Q85R have been identified in 3 cases with persistent neuropathic 
corneal pain after refractive surgery [51], therefore variants reducing TRPV1 activity 
are expected in the painless-DN group. TRPV4 is involved in mechanical 
hyperalgesia and lead to pain behaviors in animal model in response to hypo-osmotic 
stimulation and inflammation [52]. As indicated above, a TRPV4 VUS variants 
leading to premature stop codons and most likely NMD was found in painless-DN. 
The splice-site variant c.2336+1G>A, r.spl? detected in painful-DN, is predicted to 
skip exon 14, leading to a frameshift and premature stop codon (Table 1), whereas 
splice-site variant c.711A>G, r.spl? detected in pain-less DN, most likely resulted in 
incorporation of intronic sequences, in all cases leading to a frame-shift and 
premature stop codon as well. Therefore, both variants can be considered LOF 
function mutations as well, which would preclude a role in the pain phenotype. 
Obviously, confirmation at mRNA or protein level is required before drawing a 
definite conclusion. 
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Painful-DN with ICG variant have more pain than painful-DN without ICG 
variant 
Patients with painful-DN with an ICG VUS (n=9) had higher mean pain scores 
compared to patients with painful-DN without potentially causative ICG variant 
(n=150). Determining clinically important difference of pain is challenging [53], but 
applying a pain classification proposed by Serlin et al., where PI-NRS 0-4 is 
considered as mild pain, 5-6 moderate and 7-10 severe [54] we found that patients 
harboring an ICG variant had severe maximal pain during the day and night, while 
patients without an ICG variant reported moderate pain.  Moreover, four patient with 
painful-DN with a TRP variant had severe max pain during night (PI-NRS 
8.5 +/- 1.29) and day (PI-NRS 8.0 +/-0.82) together with abnormal TTT. These 
observations have been made in our DN patient population, including more male 
than female patients, and therefore, they might be less relevant for female patients. 
Confirmation in cohort of female patients should definitely be considered. 
 
Conclusions and future perspectives 
Painful neuropathy is a heterogeneous, multifactorial disease with many potential 
genetic contributors and risk factors [31]. According to Eijkenboom et al. screening 
of SCN9A, SCN10A and SCN11A may reveal an underlying genetic cause in 11,6% 
of pure SFN patients, comparable with previous studies [30]. The same set of genes 
was used for screening painful- and painless- idiopathic peripheral neuropathy and 
diabetic polyneuropathy, identifying of low-frequency nonsynonymous missense 
variants in at least one of the 3 genes in 47.7% of patients [55]. Interestingly, there 
were no significant differences in missense variant allele frequencies of SCN9A, 
SCN10A and SCN11A between patients with painful- or painless- peripheral 
neuropathy [55]. This overlap corroborates our findings in 15 other ICG in this group 
of patients. In a well characterized cohort of patients with diabetic neuropathy, we 
have identified potentially pathogenic variants in 5.4% of patients with painful- DN 
and 4.6% of patients with painless- DN. Co-segregation analysis or functional 
analysis was not possible, limiting pathogenicity scores to predominantly VUS. 
However, our results suggest that other ion channels, including TRPs can be genetic 
contributors to neuropathic pain, making them interesting candidates for further 
investigation and potential targets for pain therapy. 
 
Ethics approval and patients consent All of the participating centres obtained approval from their Local Medical Ethical 
Committee for this study. Informed consent was obtained from all subjects involved 
in the study. Patient information was anonymized and de-identified prior to analysis.  
Supplementary materials 

Table 1S. Peripheral ion channels panel 
Gene OMIM 

number 
Full gene name 
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All of the participating centres obtained approval from their Local Medical Ethical 
Committee for this study. Informed consent was obtained from all subjects involved 
in the study. Patient information was anonymized and de-identified prior to analysis.  
Supplementary materials 

Table 1S. Peripheral ion channels panel 
Gene OMIM 

number 
Full gene name 

ANO1  610108 Anoctamin 1, calcium activated chloride channel 
ANO3 610110 Anoctamin 3 
HCN1 602780 Hyperpolarization activated cyclic nucleotide-gated 

potassium channel 1 
KCNA2 176262 Potassium voltage-gated channel, shaker-related subfamily, 

member 2 
KCNA4 176266 Potassium voltage-gated channel, shaker-related subfamily, 

member 4 
KCNK18 613655 Potassium channel, subfamily K, member 18 
KCNN1 602982 Potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 1 
KCNQ3  602232 Potassium voltage-gated channel, KQT-like subfamily, 

member 3 
KCNQ5 607357 Potassium voltage-gated channel, KQT-like subfamily, 

member 5 
KCNS1 602905 Potassium voltage-gated channel, delayed-rectifier, subfamily 

S, member 1 
TRPA1 604775 Transient receptor potential cation channel, subfamily A, 

member 1 
TRPM8 606678 Transient receptor potential cation channel, subfamily M, 

member 8 
TRPV1 602076 Transient receptor potential cation channel, subfamily V, 

member 1 
TRPV3 607066 Transient receptor potential cation channel, subfamily V, 

member 3 
TRPV4 605427 Transient receptor potential cation channel, subfamily V, 

member 4 
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ABSTRACT 
Neuropathic pain is a characteristic feature of Small Fiber Neuropathy (SFN), which 
in 18% of the cases is caused by genetic variants in voltage-gated sodium ion 
channels. In this study, we assessed the role of fifteen other ion channels in 
neuropathic pain. Patients with SFN (n=414) were analysed for ANO1, ANO3, 
HCN1, KCNA2, KCNA4, KCNK18, KCNN1, KCNQ3, KCNQ5, KCNS1, TRPA1, 
TRPM8, TRPV1, TRPV3, TRPV4 variants by single molecule Molecular inversion 
probes-Next Generation Sequencing. These patients did not have genetic variants in 
SCN3A, SCN7A-SCN11A and SCN1B-SCN4B. In twenty patients (20/414, 4.8%) a 
potentially pathogenic heterozygous variant was identified in an ion-channel gene. 
Variants were present in seven genes, for two patients (0.5%) in ANO3, one (0.2%) 
in KCNK18, two (0.5%) in KCNQ3, seven (1.7%) in TRPA1, three (0.7%) in TRPM8, 
three (0.7%) in TRPV1 and two (0.5%) in TRPV3. Variants in the TRP gene were 
most frequent (n=15, 3.6%), partly in patients with high mean maximal pain scores 
VAS=9.65 +/- 0.7 (n=4). Patients with ion-channel gene variants reported more 
severe pain compared to patients without such variants (VAS=9.36+/-0.72 vs. 
VAS=7.47+/-2.37). This work supported previous findings that ICG may contribute 
to neuropathic pain and provided novel SFN phenotype specific list of variants for 
further investigation. 
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INTRODUCTION  
Neuropathic pain (NeP) is defined as a pain condition usually caused by progressive 
nerve disease [1]. NeP symptoms are often described as a shooting or burning pain, 
accompanied by allodynia, hyperalgesia, sensory dysfunction and autonomic 
complaints [2]. Chronic pain is common in peripheral neuropathy, including diabetic 
neuropathy and small fiber neuropathy (SFN), where Aδ-fibres and C-fibres are 
affected [3, 4]. Patients suffering from neuropathic pain report major negative impact 
on quality of life [5]. Unfortunately, the currently available treatment has moderate 
effect and often does not bring expected pain relief [2, 6]. Several conditions such as 
diabetes mellitus, autoimmune disorders, viral infections, inflammatory disorders 
and chemotherapy have been linked to NeP, but the pathophysiology is largely 
unresolved [2]. An increasing number of reports highlight a role for genetic factors 
involved in pain development [1, 7, 8], still, in more than 80% of cases a possible 
genetic factor is unknown [9]. 

The last two decades, alterations of the voltage-gated sodium ion channels (VGSCs) 
have been reported caused by genetic mutations in the underlying genes [10-13]. 
VGSCs are transmembrane polypeptides responsible for the generation and 
conduction of action potentials in excitable cells [14]. Gain-of-function (GOF) 
variants of SCN9A, SCN10A and SCN11A have been reported in several pain related 
diseases including SFN [10-12, 14, 15], adding up to 12% in patients with pure 
SFN [3]. Screening of all VGSCs genes including SCN3A, SCN7A-SCN11A, 
SCN1B-SCN4B increased the number of patients with NeP with identified (potential) 
underlying cause to 18.1% [9].  

In literature, also other ion channels genes (ICG) have been reported  in pain 
modulation, mainly transient receptor potential (TRP) cation channels [16], 
potassium voltage-gated (Kv) channels [17], hyperpolarization-activated and cyclic 
nucleotide-gated channels (HCN) [18] and Ca2+-activated Cl- channels, also known 
as Anoctamins (ANO) [19]. TRP channels function as thermo-, chemical- and 
mechanical sensors [16]. Kv are group of potassium channels, involved in 
modulation of sensory neuron excitability and pain processing [17]. HCN channels 
exhibit wide expression in peripheral nerves and their impaired functioning have 
been linked with neuropathic pain [18]. The most studied member of ANO family, 
ANO1 has been found to interact with TRPV1 leading to increased pain in sensory 
neurons [20]. Moreover, ANO3 modulates nociception in dorsal root ganglion 
(DRG) via enhancement of the sodium-activated potassium channel Slack 
activity  [21]. 
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Our previous work investigated the genetic variation in ICG in painful- and pain-
less-DN revealing different GOF or LOF variants present in both groups, providing 
more insight into genetic differences of both phenotypes but also suggesting that 
certain variants of ICG may contribute to NeP [22]. Therefore, in this study we aimed 
to compare these finding and if possible to extend relevance of previous work to 
another, well characterized phenotype. However, here we focused specifically on 
patients with SFN without defined underling genetic cause as SCN3A, SCN7A-
SCN11A, SCN1B-SCN4B mutations. To elucidate, possible genetic variants in the 
remaining SFN patients we decided to sequence 15 ion channel genes, which were 
expressed in peripheral nerves [Kv (7), TRP (5), ANO (2) and HCN (1)]. We 
performed single molecule Molecular Inversion Probes- Next Generation 
Sequencing (smMIPs-NGS) to analyze exons and exon-intron junctions and 
classified the variants identified. 

 

MATERIAL AND METHODS 

Study population  
From June 2014 and September 2016, 553 patients diagnosed with SFN were 
recruited at Maastricht University Medical Center+ (MUMC+), Maastricht, The 
Netherlands and at Fondazione I.R.C.C.S. Istituto Neurologico Carlo Besta 
(FINCB), Milan, Italy for this study. MUMC+ is a tertiary referral center for SFN in 
the Netherlands and FINCB is a national referral centre for several neurological 
conditions including SFN. Medical history and clinical data were collected and 
recorded as described previously [12]. The diagnosis of SFN was confirmed based 
on clinical symptoms of SFN combined with a reduced intraepidermal neve fiber 
density (IEND) in skin biopsy without signs of large fiber involvement and/or 
abnormal temperature threshold testing (TTT) and/or neve conduction study 
(NCS) [23]. The assessment of neuropathic pain was performed using the visual 
analog scale (VAS), where the scores are recorded by marking a value on 10-cm 
line, in which 0 represents “no pain” and 10 is “the worst pain that you can imagine” 
and the 11-point Numerical Rating Scale (PI-NRS) ranging from 0-10, where 0 
means “no pain” and 10 referring to “the worst pain imaginable” [24, 25]. Only 
patients with diagnosed SFN and neuropathic pain with VAS>3 were included. In 
this study, we focused on patients negative for SCN3A, SCN7A-SCN11A and SCN1B-
SCN4B variant screening. Most of the included patients (n=348, 69%) were Dutch, 
while 156 (31%) patients were from Italy. The mean age of recruited SFN patients 
was 54.1 years (SD 14.2 years) with age of onset of complaints 42.2 years (SD 13.6 
years). More females than males were present in study population. Females consisted 

102

Chapter 4



103 
 

59.5% (n=300) and males 40.5% (n=204). In both populations females were 
overrepresented, respectively 59.8% (n=208) females were in Dutch cohort and 59% 
(n=92) females in Italian cohort. Twenty-three percent of patients (n=65) reported 
positive cases of neuropathy in the family, while negative family history was 
registered for 77% (n=217). The data for familial cases of neuropathy was 
incomplete for two-hundred-twenty-two patients. More than one-third of recruited 
patients had abnormal skin biopsy (n=120, 36.5%). 

 

DNA extraction and storage 
Genomic DNA was isolated for genetic analysis from blood samples using Nucleo-
Spin8 Blood Isolation kit (Macherey-Nagel, Düren, Germany) or QIAamp DNA 
Blood Maxi Kit, Puregene® Blood Core Kit (Qiagen, Hilden, Germany). DNA 
extraction was performed according to manufacturer’s instructions and stored at 
Maastricht UMC+, and IRCCS Neurological Institute Carlo Besta and placed in the 
central DNA storage at Maas-tricht UMC+ and IRCCS Neurological Institute Carlo 
Besta in -20°C. 

 

smMIPs-NGS of peripheral ion channels and data analysis 
Table 1. Gene panel 

Ion channel 
family 

Gene OMIM 
number 

Full gene name 

Anoctamins 
ANO1  610108 Anoctamin 1, calcium activated chloride channel 

ANO3 610110 Anoctamin 3 

Non-selective 
cation channels 

HCN1 602780 Hyperpolarization activated cyclic nucleotide-gated 
potassium channel 1 

Potassium 
channels 

KCNA2 176262 Potassium voltage-gated channel, shaker-related subfamily, 
member 2 

KCNA4 176266 Potassium voltage-gated channel, shaker-related subfamily, 
member 4 

KCNK18 613655 Potassium channel, subfamily K, member 18 

KCNN1 602982 Potassium intermediate/small conductance calcium-
activated channel, subfamily N, member 1 

KCNQ3  602232 Potassium voltage-gated channel, KQT-like subfamily, 
member 3 

KCNQ5 607357 Potassium voltage-gated channel, KQT-like subfamily, 
member 5 

KCNS1 602905 Potassium voltage-gated channel, delayed-rectifier, 
subfamily S, member 1 

 
Transient 
receptors 

TRPA1 604775 Transient receptor potential cation channel, subfamily A, 
member 1 

TRPM8 606678 Transient receptor potential cation channel, subfamily M, 
member 8 
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TRPV1 602076 Transient receptor potential cation channel, subfamily V, 
member 1 

TRPV3 607066 Transient receptor potential cation channel, subfamily V, 
member 3 

TRPV4 605427 Transient receptor potential cation channel, subfamily V, 
member 4 

 

The smMIPs-NGS of exonic regions with +/- 20 bps exon-flanking sequences of the 
15 ion channel genes (Table 1) was performed according previously established 
protocol [26]. The detailed description of the technique, smMIPs characteristic, 
number of probes per targeted coding region per gene and smMIPs-NGS pipeline 
used for data analysis have been described before [22]. 

 

Variant classification 
Exonic and +/-20 bp exon-flanking intron variants with >20x coverage and an 
alternative variant call of >30% were included for the analysis. The SNPs with high 
frequency defined as dbSNP >5%, ExAC >5% and >1% in our Dutch in-house 
database of 12244 exomes were excluded from the analysis. All variants were 
examined individually, including BAM file visualization and variant interpretation 
performed in Alamut Visual software (Interactive Biosoftware, Rouen, France). 
Variants were classified according the practice guidelines of the Association for 
Clinical Genetic Science (ACGS) [27].  

 

Statistical analysis 
The analysis of continuous variables was performed using the independent Student’s 
t-test. Categorical variables were analyzed using chi-square test or Fisher exact test 
in the case of small counts <5. The statistical significance of <0.05 was applied. 

  

RESULTS  

smMIPs-NGS of patients with SFN 
The performance of smMIPs-NGS, capture efficiency and coverage of targeted 
exons and exon-flanking sequences (+/- 20 bps) for 15 ICG panel was assessed as 
described previously [22]. The average coverage of these regions (>30x/bp) was 
93%. The targeted sequences of ANO3 (2946 bp), KCNA2 (1500 bp), KCNA4 
(1962 bp), KCNK18 (1155 bp), KCNQ3 (2619 bp), KCNQ5 (2856 bp), TRPA1 
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(3360 bp), TRPM8 (3315 bp), TRPV1 (2520 bp) and TRPV4 (2616 bp) have an 
average coverage >90%, for five targeted gene areas [ANO1 (2961 bp), HCN1 
(2673 bp), KCNN1 (1632 bp), KCNS1 (1581 bp), TRPV3 (2376 bp)] the average 
coverage was at least 84%. Four exons (exon 1, exon 12 and exon 20 of ANO1, and 
exon 3 of TRPV1) have poor coverage (<20x/bp) or were completely missing. The 
calculated capture efficiency of each probe and coverage of on-target regions was 
reproducible per region, per run and between samples. A total of 49 out of 553 
samples were excluded due to low quality of DNA, not sufficient number of reads 
or incomplete clinical information (Figure 1).  

 

  

Figure 1. SFN patients analyzed using smMIP-NGS for (potentially) pathogenic ICG 
and VGSC variants. ICG, ion channel gene; VGSC, voltage-gated sodium ion channel; 
VUS, variant with uncertain clinical significance 

 

Genetic variants identified in ion channel genes 
Among 414 patients negative for SCN3A, SCN7A-SCN11A and SCN1B-SCN4B 
screening, 19 different potentially pathogenic variants have been identified in ICGs. 
All detected variants have been classified as VUS and they have been localized in 
seven ICG genes: ANO3, KCNK18, KCNQ3, TRPA1, TRPM8, TRPV1, TRPV3. In 
total, two missense variants have been detected in ANO3, one frameshift variant 
leading to shorten protein in KCNK18, two missense in KCNQ3, four missense and 
two nonsense variants in TRPA1, three missense in TRPM8, three missense in 
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TRPV1, one splice variant in donor site of intron 9 and one missense in TRPV3 
(Table 2). All of them were heterozygous. The detected nonsense/ frameshift 
variants are predicted either to causing shortening of the protein length due to 
premature stop codon, or, most likely, cause nonsense-mediated decay (NMD) of the 
mRNA, while splice site variant in donor site of intron 9 (TRPV3 c.1242+1G>A) is 
predicated to alter protein sequence via alternative splicing.  

Although the best predictable functional effect will be lack of the protein due to 
NMD or truncated, non-functional polypeptides (KCNK18 c.1107del, TRPA1 
c.1177C>T and c.1954C>T), the substitution in conserved functional areas of the 
protein may affect proper functioning. Three variants (TRPV1 c.1348A>G and 
c.1735C>T and TRPV3 c.2006T>C) have been found in transmembrane domains. 
One variant (ANO3 c.2656A>T) was detected in linker between transmembrane 
domains, three variants were located in ankyrin repeats (ANK) (TRPA1 c.932C>A 
and c.980A>G and TRPV1 c.914T>G), three in N- terminus (TRPM8 c.665A>G and 
c.1102C>T), four in C- terminus (ANO3 c.3100G>C, KCNQ3 c.1885G>A and 
c.1706A>G, TRPA1 c.3136 A>G and TRPM8 c.2945C>T) and one in inositol-
phosphate binding site of TRPA1 (c.3136A>G). 

Each ICG variant was detected in one patient, with exception of TRPA1 c.3136A>G, 
which was present in two siblings affected with SFN (Table 2). Most of the reported 
ICG variants were novel (n=16/19, 84%). TRPA1 c.1954C>T variant has been seen 
before in German painful- diabetic peripheral neuropathy patient [22]. The majority 
of identified (n=14/19, 73.7%) variants were located in TRP genes. No potential 
causing variant has been identified in eight genes from our gene panel: ANO1, 
HCN1, KCNA2, KCNA4, KCNQ5, KCNN1, KCNS1, TRPV4. None of patient with 
identified VGSC variant had an additional variant in one of the other ICG (Figure 1). 
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Patients with SFN with an ICG variant compared to patients without 
ICG/VGSC variant 
We did not observed statistically significant differences between patients with a 
potentially pathogenic ICG variant compared to patients without such a variant (no 
ICG/VGSC variant) in relation to mean age of onset of neuropathy (52.2 +/- 13.3 vs. 
54.3 +/-13.9 years old, p=0.786), neuropathy duration (n= 12, 4.4  +/- 5.0 years vs. 
n=277, 8.1 +/-9.3, p=0.183), positive family history (n=5, 38.5% vs. n=50, 22.2%, 
p= 0.088), abnormal TTT (n=9, 100% vs. n=280, 91.8%, p= 1) and abnormal skin 
biopsy (n=14, 77.8% vs. n=129, 42%, p=0.0056) (Table 3). Detailed clinical 
characteristics of patients with SFN and an ICG variant is available in supplementary 
materials. 

During the clinical assessment multiple questionnaires, including the SFN Symptom 
Inventory Questionnaire (SFN-SIQ) [28] and the Visual Analogue Scale have been 
given to the patients (Table 4). All analyzed patients that completed the questionnaire 
reported severe pain, however individuals carrying a potentially pathogenic ICG 
variant (n=7) have higher maximal pain scores VAS=9.36 +/-0.72 comparing to the 
group without such ICG/VGSC variant [n=204, VAS=7.47 +/- 2.37 (Table 4)]. Each 
individual with ICG reported maximal pain above the mean maximal pain calculated 
for patients without ICG/VGSC variant. The patient with an ANO3 variant reported 
maximal pain (VAS=9.7), the patient with the KCNQ3 c.1885G>A variant reported 
VAS=8.7 and the patient with the KCNQ3 c.1706A>G VAS=8.5. Interestingly three 
out of four TRPA1 positive patients evaluated maximal pain as VAS=10, which is 
the highest possible value in the scale. Only one patient carrying TRPA1 variant, 
specifically c.2065A>G reported VAS= 8.6. So, the maximal pain scores in group 
of patients having variants in the same gene were higher than in subgroup without 
ICG/VGSC variant (Table 4).  

Several features including SFN specific symptoms, like changed sweating pattern, 
diarrhea, constipation, micturition problems dry eyes, dry mouth, orthostatic 
dizziness, palpitations, hot flashes, sensitive legs’ skin, burning feet, sheet 
intolerance legs, restless legs were evaluated for the SFN patients (Table 5 and 
Table 7). All patients with an ICG variant for which this data was available (n=6) 
reported often or always burning feet and restless legs symptom. Next to that, the 
most commonly mentioned complained among patients with ICG variants was sheet 
intolerance on legs, which presents often or always (n=5/6, 83.3%) and sometimes 
(n=1/6, 16,7%) (Table 6). However, burning feet, sheet intolerance and restless legs 
were also the most commonly mentioned features in patients without an ICG/VGSC 
variant. Burning feet present always and often (n=213, 79.1%), restless legs present 
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always and often (n=156, 57,4%) and sheet intolerance present always and often 
[n=126, 46.3% (Table 8)]. Statistical significance was not reached for any of features 
investigated.
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DISCUSSION 

Summary of ICG screening in patients with Small Fiber Neuropathy 
In 414 patients with no (potentially) pathogenic variants in the SCN3A, SCN7A-
SCN11A and SCN1B-SCN4B genes, twenty patients (4.8%) had one potentially 
pathogenic heterozygous variant in ICG. Detected variants were located in 7 genes 
and were present in two patients (0.5%) in ANO3, one (0.2%) in KCNK18, two 
(0.5%) in KCNQ3, 7 (1.7%) in TRPA1, 3 (0.7%) in TRPM8, 3 (0.7%) in TRPV1 and 
two (0.5%) in TRPV3. Most of the detected variants were novel, however 3 variants 
have been reported before. The ANO3 c.3100G>C variant is present in the Human 
Gene Mutation Database (HGMD) and described as likely disease-causing with 
questionable pathogenicity in primary torsion dystonia [29]. Two KCNQ3 variants 
have been reported in ClinVar; the c.1885G>A was reported two times, once as VUS 
in benign familial neonatal seizures and as once as likely benign without linking to 
specific phenotype, while the c.1706A>G variant was reported as VUS, the 
phenotype was not provided. Our patients do not have complaints typical for 
dystonia and familial neonatal seizures.  

In our study population each ICG variant was detected only once, with exception of 
the TRPA1 c.3136A>G variant present in brother and sister with SFN, which was 
considered as one independent finding. None of the identified ICG variants have 
been reported before in neuropathic pain, except for the TRPA1 c.1954C>T variant, 
present in a 73 years old male diagnosed with painful-DN [22]. Although, painful-
DN and SFN patients suffered from NeP, only one VUS was present in both cohorts. 
Obtained data, may suggest that different variants underlay SFN and painful-DN. 
However, we cannot definitely conclude it based on these limited in numbers 
cohorts. Nevertheless, this study provides list of novel painful-SFN phenotype 
specific variants for further investigation together with detailed clinical description 
of the patients. This might be helpful for phenotype-genotype follow up study and 
for clinicians providing additional SFN/ICG case related information. 
 
There was no overlap between variants detected in SFN and previously screened 
painless-DN, which may preclude their role in pain pathophysiology [22]. No 
potentially pathogenic variants were detected in eight genes; ANO1, HCN1, KCNA2, 
KCNA4, KCNQ5, KCNN1, KCNS1, TRPV4. Five of them; KCNA2, KCNA4, 
KCNQ5, KCNN1, KCNS1 were also negative for screening of diabetic neuropathy 
population [22]. Interestingly in SFN cohort, variants have been detected in 3 genes; 
KCNQ3, TRPV1, TPRV3 which did not appear in painful-DN [22], extending 
previous list of first choice gene candidates for NGS in NeP. 
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The frequency of potentially pathogenic ICG variants in our population (4.8%) was 
slightly lower than the frequency in patients with painful-DN (5.4%) [22]. The most 
frequent variants in the SFN cohort were located in TRP genes, in total in fifteen 
patients (3.6%), which is consistent with data obtained for painful-DN, where seven 
individuals (3.3%) had identified VUS TRP variants, respectively three (1.4%) in 
TRPA1, three (1.4%) in TRPM8, one (0.5%) in TRPV4. Different heterozygous 
missense VUS were also present in three (1.4%) painful-DN patients in ANO3 and 
two different KCNK18 variants leading to premature stop codon in two (0.9%) 
individuals with painful-DN [22].  

 

VUS meaning in context of protein function 
All detected variants were classified as VUS, which reflects the limitations of 
bioinformatics analysis of novel variants in absence of functional data or segregation 
in the family [30, 31]. In this study, we only relied on in-silico prediction of 
pathogenicity, therefore it is difficult to draw a definite conclusion about variant 
causality, which demands further validation. However, it is likely that a number of 
these VUS will change to (possibly) pathogenic, as they clearly have a strong impact 
on the protein. The nonsense/ frameshift/splice site variants cause an altered protein 
length or protein absence due to nonsense-mediated decay (NMD). Moreover, 
substitutions are present in conserved, functionally relevant regions of the protein, 
most likely affecting protein function, like channel opening and heat sensitivity 
(variants in transmembrane domain) [32], channel gating and desensitization 
(variants in linker between transmembrane domains) [33], protein-protein 
interactions (variation in ANK) [34, 35], protein stability and folding (variants in N- 
and C- terminus) [36], binding sites, such as inositholphospathe binding site in the 
case of TRPA1 c.3136 A>G, leading to channel inactivation [37]. 

 

ICG variants in relation to patients’ clinical manifestations 

• Anoctamin 3 

Anoctamin 3 is member of the Ca2+-activated chloride channel family involved in 
pain processing and thermoregulation [38]. ANO3 indirectly inhibits pain signaling 
via enhancing sodium-activated potassium (SLACK) channels in DRG [21]. Since 
ANO3 knockout resulted in decreased pain threshold in tested rats, GOF variants will 
be expected in the pain related phenotypes [21]. Consistent with that, two 
heterozygous missense variants with predicted GOF were detected in individuals 
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affected with painful-DN [22]. In our study cohort of SFN patients, two 
heterozygous missense variants (ANO3 c.2656A>T and c.3100G>C) have been 
identified in two unrelated subjects. Both of them reported burning pain, allodynia 
and sheet intolerance. TTT was abnormal in both cases, moreover female patient 
identified cold temperature as pain provoking factor. Altogether, it may link patients’ 
clinical manifestation with disrupted thermoregulation. 

 

• Potassium channels 

Potassium channels are important in regulation of nociceptor excitability in sensory 
neurons [39]. A heterozygous deletion of one nt in KCNK18 c.1107del leading to 
frameshift and a shortened C-terminus has been identified in an SFN patient. 
Although, missense and frameshift mutations with premature stop codon in KCNK18 
are linked mainly to migraine, some studies indicate that downregulation of KCNK18 
contributes to neuropathic pain [40, 41]. Two patients from our cohort harbored two 
different heterozygous missense variants in KCNQ3 c.1885G>A and c.1706A>G. 
Interestingly, both of them had similar phenotype with numb sensation and burning 
pain in the feet. In both cases, pain complaints were getting worse at rest. 
Additionally to that, both patients had disturbed warm and cold sensation at feet. 
However, one patient reported cold increasing pain and warmth reducing symptoms, 
while the other patient did not indicated temperature influence on pain. GOF 
mutations in KCNQ3 are recognized as contributors to pain resilience [42], therefore 
a loss-of-function (LOF) effect of detected variants would be expected in our patients 
with SFN and neuropathic pain. 

 

• TRP channels 

Variants located in the TRP genes constitute the largest group of variants identified 
in our study cohort. TRP channels constitute a large, divergent gene family with a 
well-documented role in mediating nociceptive behaviors in response to thermal, 
chemical and osmotic stimuli [43]. In total 6 variants have been detected in TRPA1 
(two nonsense and 4 missense), three missense variants in TRPM8, three missense 
in TRPV1 and two variants in TRPV3 (one missense and one splice variant). TRPA1 
channel activity has been functionally linked to pain hypersensitivity, cold 
hyperalgesia and mechanical nociception in inflammatory and neuropathic pain 
models [44-46]. The GOF mutation N855S in TRPA1 has been associated with 
familial episodic pain syndrome. The TRPA1 R919* variant was segregating in a 
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family with the cram-fasciculation syndrome [47, 48]. Interestingly, for R919* GOF 
effect was suggested based on clinical improvement with carbamazepine, however 
it was not demonstrated whether the truncated TRPA1 protein was expressed at 
all [48]. In our study, one patient heterozygous for the missense VUS c.980A>G has 
complaints of numb sensation and painful cramps in fingers, lower legs and feet, 
worsening after exercise. As several VUS leading to premature stop-codons or 
nonsense-mediated RNA-decay variants have been reported in painful-DN [22] and 
the presence of two nonsense variants in our patient cohort (c.1177C>T and 
c.1954C>T in painful-DN), a LOF mechanism would in our opinion be more likely. 
The clinical manifestation in the patients with TRPA1 VUS is diverse in our cohort, 
however the most common complaints are numb sensation, tingling and burning 
pain. Four out of seven patients reported pain increase after exercise and all the 
patients with performed TTT, had abnormal TTT values.  

Three different heterozygous VUS have been detected in patients with disturbed 
thermal sensation (abnormal TTT or QST) in TRPM8. Additionally, the patient with 
the c.665A>G VUS reported increased pain due to warm temperature. As TRPM8 is 
modulator of cold sensation and potential target for neuropathic pain treatment [43], 
those variants remain interesting candidates for functional validation and determine 
a GOF and LOF effect. 

TRPV1 and TRPV3 are heat-activated proteins, involved in thermosensation and pain 
perception [43]. In addition to that, the TRPV3 activation play a role in enhanced itch 
sensation [49]. In our study two patents had TRPV3 variant (c.20006T>C combined 
with itch episodes and splice-site variant c.1242+1G>A r.spl?) and three patients 
were heterozygous for a missense variant in TRPV1 (c.914T>G or c.1348A>G or 
c.1735C>T). Two of them reported increased pain complaints during rest, which 
might interfere with night rest. Interestingly no pain change was reported in response 
of warm/cold temperature. The literature indicate that upregulation of TRPV1 
increases amplification of pain signals [43]. Consistent with that GOF Q85R 
mutation of TRPV1 have been link with neuropathic pain [50]. On the other hand, 
TRPV1 missense variants localized in transmembrane domains have been reported 
in diabetic neuropathy patients without pain [22], which highlight the need of 
functional variant validation before drawing a definite conclusion.  
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Patients with ICG variant have more severe clinical manifestations and higher 
pain scores 
Due to small number of patients with ICG variant, it is difficult to draw a definite 
conclusion whether these patients have more severe clinical manifestations in 
relation to basic clinical features or SFN-SIQ comparing to patients without 
ICG/VGSC variant. It seems that patients with ICG variant tend to have more often 
abnormal skin biopsy and shorter duration of neuropathy, however the statistical 
significance was not reached for any of these features. There is evidence implicating 
enhanced Na+ influx produced by gain-of-function Nav1.7 mutations as a trigger for 
calcium-importing reverse Na+/Ca2+ exchange that can contribute to axonal 
degeneration [51]; further work will be needed to determine whether ionic 
imbalances due to any of the variants found in this study are injurious to axons. 
Nevertheless, patients with ICG variant reported higher maximal pain VAS=9.36+/-
0.72 than patients without ICG/VGSC variant VAS=7.47+/-2.37. All of the patients 
with ICG variant had severe mean maximal pain VAS≥8.5, always higher than the 
mean calculated for patients without ICG/VGSC variant. Interestingly, patients with 
TRPA1 report very severe pain (mean max pain VAS=9.65+/-0.7) and three of them 
gave VAS=10, which is the highest possible score. This data is consistent with 
previous study showing that mean max pain was higher for painful-DN patients with 
ICG variant vs. painful-DN without ICG variant [22]. 

 

Conclusions 
In a well-characterized cohort of patients with SFN we identified twenty patients 
(4.8%) carrying potentially pathogenic variant in ICG. Patients with ICG variant 
might have more severe pain than patients without (potentially) pathogenic 
ICG/VGSC variant, which is in agreement with data previously obtained for diabetic 
peripheral neuropathy, but the numbers are small. These findings expands the 
relevance of ICG screening for SFN patients, providing novel phenotype specific list 
of variants for further investigation. Moroever, it extends the list of potential pain 
related genes, reporting variants in KCNQ3, TRPV1 and TPRV3 that were not 
present in painful-DN. Although, all of the variants were classified as VUS and the 
consequences of the variation cannot be certainly predicted in-silico, they remain 
valid finding indicating future direction for research, with potential benefit for 
patients with SFN who cannot be diagnosed based on VGSC screening. 
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Supplementary materials 

Clinical characteristics of patients with Ion Channel variant 

Patient with ANO3 c.2656A>T variant 
The patient is in their 50s presented with burning and aching pain with severe tactile 
allodynia at lower limbs, lateral and medial thigh at distal leg, since 3 years. The 
complaints are increasing during rest. Wearing clothes, tactile stimuli and cold 
temperature were reported as pain triggers. The mean pain at recruitment was VAS>3. 
The mean pain intensity was PI-NRS=5. 

Patient suffered from dysautonomia: skin discoloration, distal vasoparalisis and 
orthostatic dizziness. 

No family members reported similar complaints.  

The patient has normal NCS and reduced IEND both at distal leg and proximal thigh 
(IEND value=2.2, IEND 5e percentile value =3.4). TTT was abnormal. Quantitative 
Sensory Testing (QST) at foot and at proximal thigh indicated increased warm detection 
thresholds, and reduced heat pain thresholds (allodynia). 

Patient took pain medications: Duloxetine 60 mg (45% pain relief) and Gabapentin 
2400 mg. 

Patient with ANO3 c.3100G>C variant 
The patient is in their 60s with onset of complaints at age 18. Patient has allodynia, 
hypersensitivity of leg’s skin, burning feet, sheet intolerance and restless leg syndrome. 
Patient does not report any trigger influencing pain, however rest has been reported to 
reduce complaints. Temperature sensation was normal, pain sensation was increased. 
Maximal pain was VAS=9.7.  

Patient suffered from dysautonomia: dry mouth, dry eyes, sweating change, micturition 
problems and sometimes orthostatic dizziness. 

The positive family history has been reported. Mother had painful arms and legs without 
underlying reason. Cousin, son of mothers’ sister, also have painful arms and legs. No 
underlying reason was found. 

The patient has normal NCS and normal IEND, IEND value=7.6, IEND 5e percentile 
value =2.8. Thermal Threshold Testing (TTT) was abnormal.  

The patient took pain medication: amitriptylin and pregabalin, which were effective 
against the pain. However, with the medication, the patient is less alert (probably due to 
amitriptylin). 
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Patient with KCNK18 c.1107del variant 
The patient is in their 60s presented with progressive complaints since three years. It 
started with a tight feeling in both feet (at the right side more than on the left side), 
subsequently, developed a burning sensation and tingling in the feet, which extended to 
both legs, hands and arms. The complaints increased at night, during exercise and 
stressful events. During the day, warmth alleviated the complaints. At night, it was the 
opposite. Therefore, sometimes patient used icepacks at body. Some days feet discolored 
red.  

The patient suffered from dysautonomia: hot flashes, dry eyes and mouth, constipation 
and increased transpiration. 

No family members reported similar complaints.  

Neurological examination showed absent Achilles tendon reflexes. NCS showed no 
large nerve fiber involvement. The diagnosis of SFN was confirmed in different center. 
TTT and IENFD have not been performed at our centre.  

Patient took pain medication: amitriptylin, gabapentin, pregabalin, tegretol and 
oxycontin without any effect. Amitriptylin caused weight increase. Cannabis on medical 
receipt improved sleep quality. 

Patient with KCNQ3 c.1706A>G variant 
The patient is in their 40s presented with a stabbing pain in the right foot since two years, 
which has extended to both feet, legs, hands, lower back, groins, buttocks, shoulders and 
cheeks. Both feet felt numb. Touching the skin was sometimes annoying. Patient 
experienced itch at different parts of the body. Patient reported burning feet and restless 
legs. The complaints were worse at rest, leading to the sleeping problems. Temperature 
did not influence the pain. Pain intensity was evaluated in VAS score, the maximal pain 
was 8.5.  

Besides increased transpiration and micturition problems, patient did not report other 
autonomic complaints. 

No family members reported similar complaints. 

Neurological examination was without any abnormalities. NCS showed no signs of large 
nerve fiber damage. TTT showed abnormal cold and warmth sensation in both feet. The 
IENFD in skin biopsy was normal (5.0/mm, 5th percentile 4.4/mm). 

Patient took amitriptylin 75 mg twice a day, which had a positive effect on sleep, but did 
not relief the pain. 

 

120

Chapter 4



121 
 

Patient with KCNQ3 c.1885G>A variant 
The patient is in their 60s presented with an annoying feeling in both feet since 15 years. 
Gradually this feeling had changed to a numb sensation. The right foot felt continuously 
tight, with alternating burning, cold and painful tingling sensations. Sometimes the 
complaints extended to the knees. In addition, the patient experienced tingling in both 
hands, but those were well tolerated. Exercise and cold temperatures increased the 
complaints, while warmth decreases the pain. Also during the day, the complaints 
worsened at rest. Pain intensity was evaluated in VAS score, the maximal pain was 8.7.  

The patient suffered from dysautonomia: sometimes orthostatic dizziness and impotence. 

NCS showed abnormalities compatible with a severe axonal sensorimotor peripheral 
neuropathy. The temperature levels for warmth and cold were disturbed at both feet. Skin 
biopsy showed a decreased IENFD of 0.7/mm (5th percentile 2.8/mm). Neurological 
examination showed an abnormal sensation (vibration sense, pain sensation and 
propriocepsis) at the toes and an areflexia of all tendon reflexes. 

Additional blood tests revealed a positive antinuclear antibodies (ANA), elevated 
gamma-GT and triglycerides, and a monoclonal gammopathy IgG type Lambda. 

Patient took pregabalin, which was effective for pain treatment.  

Patient with TRPA1 c.932C>A variant 
The patient is in their 60s. Patient was diagnosed with SFN, and suffered from Ehlers-
Danlos syndrome and neuropathic pain. The IENFD 10 cm above the ankle was 
decreased.  

Patient with TRPA1 c.980A>G variant 
The patient is in their 50s presented with a numb sensation in both legs since four years. 
Three years after this presentation patient developed painful cramps in fingers, lower 
legs and feet. Exercise worsened the cramps. Pain intensity was evaluated in VAS score, 
the maximal pain was 10.  

The patient suffered from dysautonomia: dry mouth and dizziness (probably side effect 
of medication). 

Family history showed no persons with similar complaints. 

Neurological examination showed a hypoesthesia at both feet and ankles. Repetitive 
NCS showed no signs of large nerve fiber involvement. The IENFD 10 cm above the 
ankle was decreased: 2.1/mm (5th percentile 4.0/mm). TTT was not performed. 
 
Patient took pain medication: gabapentin gave too much side effects (300 mg in the 
morning and 100 mg in the evening), duloxetine 30 mg twice a day did not have effect, 
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amitripylin 100 mg a day did not relief the complaints, pregabalin 150 mg twice day 
caused dizziness, tramadol and methadone gave too much side effects. 

Patient with TRPA1 c.1177C>T variant 
The patient is in their 50s presented with a disturbed sensation, tingling and pain in the 
right foot that has extended to the knee and left leg. The complaints has started eight 
years ago after a nerve root block. The pain was continuously present, but differed in 
intensity. Exercise increased the pain. During the weekend the pain decreased. The 
sleeping pattern was disturbed by the pain. The patient could stand the blankets on feet, 
but touching the mattress was painful. The maximal pain score was VAS=10.  

Patient suffered from dysautonomia: dry eyes, hyperhidrosis, alternating diarrhea and 
constipation, micturition problems, orthostatic dizziness. 

No family members with similar complaints.  

Neurological examination was normal. NCS showed signs of a mild axonal sensorimotor 
peripheral neuropathy (decreased CMAP amplitude peroneal and tibial nerve, decreased 
conduction velocity sural nerve, prolonged F-response peroneal nerve). TTT showed 
abnormal levels for warmth and cold sensation in both feet. The IENFD 10 cm above the 
ankle was decreased: 3.2/mm (5th percentile 3.5/mm). 

Patient took pain medication: pregabalin (caused side effects), amitripylin (no effect on 
the pain), duloxetin (stopped because of hypertension, no effect on the pain, also side 
effects of impotence and obstipation). 

Patient with TRPA1 c.1954C>T variant 
The patient is in their 20s presented with tingling, numbness and sometimes a burning 
sensation in both hands (right hand most affected) and lower legs (left leg most affected) 
since three years. Exercise and temperature changes increased the complaints. Rest 
alleviated the sensations. Blankets and shoes were painful at the skin. The night rest was 
disturbed by an annoying feeling in the legs. Pain intensity was evaluated in VAS score, 
the maximal pain was 10.  

Patient reported several autonomic complaints: dry mouth, hyperhidrosis, facial flushing, 
constipation, orthostatic dizziness, gastroparesis and diminished lubrication. 

Daughter of father has same complaints and was diagnosed with Multiple Sclerosis.  

Neurological examination was normal. NCS showed no signs of large nerve fiber 
involvement. TTT showed only a disturbed level for warmth sensation at the right foot. 
Skin biopsy showed a normal IENFD of 12.0/mm (5th percentile 8.4/mm). Additional 
blood tests showed an elevated Sol-Il 2 receptor value. 
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Patient took diclofenac that did not have effect. 

Patient with TRPA1 c.2065A>G variant 
The patient is in their 30s presented with a burning sensation, tingling and a numbness 
feeling in both hands and feet since two years. Besides, the patient experienced itch in 
arms, lower legs and neck. The symptoms were continuously present, but most intense 
during rest. Exercise and a warm shower increased the pain. A cold shower alleviated 
the complaints. During coldness, hands become white. Shoes and blankets were painful 
to the skin. The night rest was disturbed by the pain. The maximal pain was VAS=8.6.  

Patient suffered from dysautonomia: dry eyes and mouth, hyperhidrosis, hot flashes, 
cardiac palpitations, orthostatic dizziness, swallowing difficulties, micturation problems 
and alternation diarrhea and constipation. 

The mother reported palpitations and burning sensations in hands and feet.  

Neurological examination and NCS were normal. TTT showed abnormal levels for cold 
sensation at both feet. The IENFD 10cm above the ankle was decreased: 6.5/mm 
(5th percentile 7.1/mm). 

Additional blood tests showed ANA and decreased vitamin B12. 

Patient took pregabalin and tramadol, but the effect is unclear.  

Patient with TRPA1 c.3136A>G variant 
The patient is in their 40s. In 2003 patient started to complain of pain in the left knee that 
could not be connected with an orthopedic diagnosis. The pain was described as burning 
and eventually spread to left calf and later to the foot. The pain increased with movement. 
The mean pain at recruitment was VAS>3. 

Autonomic complaints not reported.  

The patient is one of two siblings with TRPA1 c.932C>A variant and burning pain 
worsening with movement and responding to neuropathic pain medications. 

The patient has normal NCS and reduced IEND (IEND value=3.6, IEND 5e percentile 
value =4.4). 

The patient took pain medication: Tolep 300, Lioresal 25 mg, Neurontin 100 mg, 
Lyrica 150, all poorly tolerated. Good response with Laroxyll, but urinary retention 
appears, later developed intolerance to Lyrica (tachycardia and general malaise), Xeristar 
suspended for ineffectiveness. 
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Second patient with TRPA1 c.3136A>G variant 
The patient is in their 40s presented with burning in the thighs with progressive 
worsening (acute onset in May 2012). The mean pain at recruitment was VAS>3. Severe 
pain causing awakening was reported during night and increased activity was recognized 
as pain provoking factor. 

No autonomic complaints were reported. 

One of the sibling of the patient has similar complaints (included in this study, also 
carrying TRPA1 c.3136A>G).  

The patient carried out in Motor Evoked Potential (MEP), Somatosensory Evoked 
Potentials (SEPs), Electroneuronography (ENoG), Electromyography (EMG) which 
resulted in the norm (2012), venous doppler in the norm. The IENFD was decreased. 

The patients is ongoing hypothyroidism therapy. Lumbar discopathies (from L2 to L5 
bulging discs without impingement, in L5-S1 small not severe hernia).  

The patient was undergoing steroid therapy with Muscoril with good response, but quick 
reoccurrence of symptoms appeared after suspension. Patient took pain medication: 
Lyrica 25 mg, lexotan 10 drops x 3, zoloft 25 drops were recommended under psychiatric 
counseling, with a moderate benefit. The patient suspended zoloft on their own. 

Patient with TRPM8 c.665A>G variant 
The patient is in their 50s presented with complaints of sharp and stabbing pain, 
numbness at feet and distal legs, since 8 years. Pain was increased at night and due to 
movement and hot temperature.  

Patient suffered from dysautonomia: distal anhidrosis, orthostatic hypotension, signs of 
peripheral vasoparalysis, constipation. 

No family members with similar complaints. 

The patient has normal NCS and reduced IEND at distal leg (IEND value=1.1/mm), not 
at proximal thigh. Quantitative Sensory Testing (QST) displayed high warm and cold 
detection thresholds, and reduced heat pain thresholds (hyperalgesia). 

The patient took pain medication: gabapentin 2400 mg + amytriptiline 25 mg with mild 
pain improvement (30%). 

Patient with TRPM8 c.1102C>T variant 
The patient is in their 50s presented with a burning sensation at the dorsal side of the left 
upper leg since one year. Besides, the patient experienced burning pain alternating in 
both legs, knees, calves and feet, every evening both feet were burning. The patient could 
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not stand the blankets at the feet. The patient suffered from diabetes type II and had a 
history of alcohol abuse. 

The patient reported various autonomic complaints including dry mouth, hyperhidrosis 
and constipation.  

Neurological examination showed allodynia at the dorsal side of the left leg. NCS were 
normal. TTT showed disturbed warmth sensation at both hands and an abnormal cold 
sensation at the left hand. Skin biopsy showed a decreased IENFD of 2.6/mm 
(5th percentile 3.5/mm). 

Patient took medication: pregabalin 75 mg twice a day, but after one week stopped 
because of dizziness. It is unclear whether it influenced the pain intensity. 

Patient with TRPM8 c.2945C>T variant 
The patient is in their 30s presented with pelvic pain (stabbing and electric shock-like 
pain and itch) and feet dorsum. The symptoms started at 19 years old and worsened in 
the last 4 years. Patient was diagnosed with SFN, without known underlying case. 

Patient with TRPV1 c.914T>G variant 
The patient is in their 40s and was diagnosed with SFN, without known underlying case. 
Patient complained for burning mouth, since 2 years. The mean pain at recruitment was 
VAS>3. The mean pain intensity was PI-NRS=6. 

The patient suffered from dysautonomia: dry mouth and restless leg syndrome.  

The IENFD 10 cm above the ankle was decreased 

The patient took Gabapentin, which was suspended due to intolerance (gastrointestinal 
disturbances and vertigo). 

Patient with TRPV1 c.1348A>G variant 
The patient is in their 40s presented with pain in the hands from the beginning of 2014 
in the right hand and after three months, also in the left hand. Pain was prevalent at rest 
and affected predominantly the intrinsic musculature of the hand (palm), not the joints. 
No difficulty in opening the fingers after clench fists. Since 2015 the pain has spread to 
all fingers, it gets worse in position firm, slight improvement if moving fingers. Pain is 
worsening at rest. No pain changes in warm or cold temperature was observed. The mean 
pain at recruitment was VAS>3. Usually, the pain oscillates between VAS=3-4, when 
worsened it reached VAS=7-8. 

Performed ENoG indicated damage at C6C7 bilateral. SEP laser, Nuclear Magnetic 
Resonance (NMR), Laser-evoked potentials (LEPs) were normal. Patient has reduced 
IENFD, IEND value=3.0, IEND 5e percentile value =4.4.  
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Patient took pain medications: Lyrica 25 mg, withdrawn due to excess sleep. 

Patient with TRPV1 c.1735C>T variant 
The patient is in their 50s presented with restless legs and tingling in both lower legs 
since six years. After a tibia fracture operation in 2009 the patient experienced an 
increase of symptoms. The lower legs felt like they were tangled with stretch bandage. 
During rest, tingling started in both legs. The patient experienced continuously a pins 
and needles sensation in the hands, arms and neck. The complaints increased at night 
interfering with night rest. Temperature did not influence the tingling or pain. After a 
warm shower the patient experienced severe itch at lower legs. The temperature 
sensation was decreased. Blankets, shoes and socks were painful to the skin. Pain 
intensity was evaluated in VAS score, the maximal pain was 6.  
Patient reported the following autonomic symptoms: hyperhidrosis and urine 
incontinence. 

Family history revealed no persons with similar complaints. 

Neurological examination and NCS were normal. TTT showed abnormal levels for 
warmth and cold sensation in both feet. The IENFD in skin biopsy was normal: 7.6/mm 
(5th percentile 4.4/mm). 

Patient took oxycontin 5 mg, which reliefs the pain at night. 

Patient with TRPV3 c.1242+1G>A variant 
The patient is in their 80s presented with complaints of swollen legs sensation followed 
by intense burning, heat and sensation of constriction. At the same time, the patient had 
hypertensive episodes with facial flushing, associated with a sensation of intense heat 
with fecal sphincter urgency. The patient has tactile allodynia.  

The patient has normal NCS and reduced IENFD, IENFD value=1.2, IENFD 5e 
percentile value=1.7. 

The patent took pain medications: Lyrica, which was suspended and substituted with 
duloxetine (no data on drug response). 

Patient with TRPV3 c.2006T>C variant 
The patient is in their 50s presented with intra-auricular itch and pain and burning in the 
feet soles, diffusing till the legs. The complaints stared in 2010 and subsequently pain 
symptoms were spreading in the arms and trunk. Patient reported episodes of itching in 
the cervical region, in the auricles, in the head and in the genital area.  

No family members with similar phenotype. 

The patient has normal NCS and reduced IENFD, IENFD value=2.4. 
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The patient has hypothyroidism since 2009, vitamin D deficiency and osteopenia in 
therapy with cholecalciferol.  

The patent took pain medication: duloxetine with partial benefit in the beginning, later it 
was discontinued due to ineffectiveness. Lyrica was ineffective. The patients is taking 
Palexia 150 mg x 2 with partial benefit, Diazepam 5-6 drops in the evening, with benefit 
on sleep and Atarax in the evening. 
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General discussion 
7.1 Personalized pain management is a challenge for modern medicine 
Personalized pain management is one of the major challenges for health care 
providers, still being largely ineffective despite of joined effort of clinicians and 
scientists [1]. Together with psychological comorbidities it remains a significant 
public health problem and a major concern for affected individuals, their families 
and society as a whole [2]. It is difficult to treat a condition we do not fully 
understand, therefore more knowledge about the underlying pathophysiological 
mechanisms is required. Increasing numbers of reports, highlight the importance of 
genetic factors in neuropathic pain and targeting the specific defect caused by a gene 
mutation might provide a highly accurate and effective treatment [3-7]. Progress in 
the genetics of neuropathic pain enabled the development of ICG-targeted pain 
therapy [8-10]. For instance, it has been demonstrated that certain mutations in 
Nav1.7 affect the analgesic effect of lacosamide [11], revealing a group of patients 
that can benefit from personalized treatment. But the picture still remains complex 
and variants in the same gene might have different effects, requiring more studies in 
well-characterized cohorts of fully characterized patients to resolve the genetic 
landscape of pain. Technological developments, such as NGS, have made these 
studies technically and financially possible. Screening of patients with painful 
Diabetic-Neuropathy and Small Fiber Neuropathy for variants in ion channel genes 
(Chapter 3-4) and NGS of 592 pain-relates genes (Chapter 5) revealed several 
(likely) pathogenic variants and VUS being potential pain treatment targets, however 
the second demands further validation.  

 

7.2 Functional testing of genetic variants 
Rapid developments in clinical application of NGS allow for extensive sequencing 
both in a diagnostic and research setting providing valuable data on genetic variants 
in patients and patient cohorts [12]. However, the numbers of variants with a possible 
pathogenic role, including massive number of VUSes, exceed the functional testing 
capacity of diagnostic and research centers [13]. A VUS is not reported to patients, 
because it is an ambiguous result, not suitable for health-care [13]. But a functional 
role cannot be excluded and part of them will have a functional role, so validation is 
highly desirable. A VUS that can be classified as pathogenic based on additional 
evidence, will increase the number of potential treatment targets. Designing assays 
for functional read outs is often challenging, especially in the field of neurological 
disease and particularly when the function of the gene in question is not established 
yet, for instance Anoctamin 3 (Chapter 6). Another difficulty is that these are often 
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low-throughput models, which are suitable for studying pathophysiological 
pathways, but cannot keep up with the speed of variant identification. Although high-
throughput approaches are possible [14, 15], they also have limitations. Both model 
types will be discussed below. 

 
7.3 Models for functional testing of pain related genetic variants 
7.3.1 In vitro models 
7.3.1.1 Cell culture 
Two-dimensional (2D) cell culture is an in vitro model that can be used for multiple 
assays in pain research, focusing among others on basic cell biology, biochemistry, 
protein expression, toxicity testing, genetic defects and disease modeling [16]. This 
model allows for growing cells under controlled conditions and for performing 
genetic manipulation, therefore, it may be used to understand the pathophysiology 
and linking the genetic defect to the patient’s phenotype, if at least the cellular 
phenotype is a biomarker for the clinical phenotype [16]. The limitations of 2D cell 
cultures might be cell flattening affecting nuclear shape, which in consequence 
results in differences in gene/protein expression and limited ability to study complex 
cell-to-cell interactions [17]. Still, cellular models have been used to characterize 
VUS in ion channels, based on a defined cellular phenotype. There are three main 
methods for evaluation of ion channel function: ligand binding, membrane potential 
measurements and flux measurements [18]. Binding assays detect changes 
influencing specific ligand-binding site [18, 19], therefore they will be suitable for 
validation of VUS located in binding site or affecting this protein area. Membrane 
potential assays illustrate changes in ion channel conductance caused by mutation or 
drugs [18, 20]. Finally, ion flux assays, including ion-selective fluorescent probes 
and voltage-clamp measurement are designed to trace the cellular influx or efflux of 
specific ions through ion channels [18, 19]. Multiple 2D cell lines are available 
commercially, for instance human embryonic kidney 293 (HEK293) cells that are 
easy to transfect and widely applied in assays testing VUS functional effect, 
including mutations in ion channel genes [21-23]. Additionally, Chinese hamster 
ovary (CHO) cells and Xenopus oocytes have been used for studying ion channels 
as well [18]. These models have the possibility of high-throughput drug screening or 
VUS testing, for instance by using an automated patch clamp [18-20]. Although 
using these cell lines is easy and cost effective, testing specific variant in a cell type 
that is close to the native tissue (e.g. DRG for mutations in peripheral sodium ion 
channels) is highly desirable and recommended [24, 25]. DRG cultures reflect the 
characteristics of nociceptors very well, moreover their size allows for 
electrophysiology recordings and therefore they are suitable to study ICG and ICG 
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VUS involved in pain pathways [26]. Obviously, there are extra costs and efforts to 
be made, since DRG are more difficult to transfect. Moreover, in the case of ICG, 
transfected and endogenous channels need to be distinguished in DRG [24, 25, 27]. 
This makes it more difficult to perform VUS testing in DRG on large scale. Patient-
derived DRG cells would enable to study VUS in the full genetic background of the 
patient, however obtaining material for DRG isolation is problematic, since it 
requires a surgical procedure [28, 29]. The other option to obtain human DRG is 
differentiation of other cell types such as fibroblasts or blood cells into DRGs (see 
below). 

 

7.3.1.2 Induced pluripotent stem cells  
Human induced pluripotent stem cells (iPSCs) have the ability to differentiate into 
all somatic cell types of the body [30]. This feature opens opportunities for many 
research disciplines including neurosciences research, since isolation of primary 
human tissue is very invasive [30]. Moreover, converting adult patient-derived 
somatic cells into iPSCs provided option for individual-specific variant testing and 
personalized therapy [31]. Patient derived stem cells maintain their full genetic 
landscape during the differentiation [32], which not only provides a native 
environment for testing but also overcomes the difficulties and challenges of genome 
editing. Electrophysiology recordings demonstrate that iPSCs-derived sensory 
neurons (iPSCs-SN) exhibit the pathological features associated with neuropathic 
pain in patients with inherited erythromelalgia (IEM) and SFN [33, 34]. iPSCs-SN 
have been successfully generated from patients with pain episodes, affected with 
IEM, and used for NaV1.7 I848T variant characterization by patch-clamp 
technology, showing abnormal ectopic activity explaining the pain phenotype [33]. 
A similar strategy was applied to study LOF variants in NaV1.7 found to cause 
congenital insensitivity to pain [35]. Moreover the iPSCs model has been shown to 
be suitable for studying other ion channels and more complex genetic interactions, 
for example revealing that KCNQ2 and KCNQ3 GOF variants modulate neurons 
excitability and therefore contribute to pain resilience in patients with pathogenic 
Nav1.7 variant [36, 37]. Cao et al. utilized iPSC-derived sensory neurons from 
patients with IEM to demonstrate that the PF-05153462 Nav1.7 sodium channel 
blocker is effective in decreasing heat-induced pain [38], while other studies indicate 
lactosamide to decrease spontaneous nociceptor activity in iPSC- derived neurons 
from SFN patients [34]. These examples demonstrate that iPSCs have huge potential 
for personalized medicine and drug screening, especially in the context of complex 
genotype-phenotype interactions. 
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Although, iPSCs-SN are a powerful model for both VUS characterization and 
individual-specific drug screening, there are some limitations. The main challenge is 
the cost of iPSCs generation, maintenance and differentiation into the appropriate 
neuronal cell type [39]. This work includes intensive cell culturing and time-
consuming steps, making the whole procedure lasting from weeks to months to 
obtain material for further investigation [31]. iPSCs have weak proliferation capacity 
and decline in function with aging [31, 40]. Moreover, genetic and environmental 
factors might negatively affect sample-to-sample reproducibility [31, 39]. Therefore, 
iPSCs-SN are not currently used on large scale either for VUS characterization or 
drug screening, mainly due to time and cost constraints.  

 
7.3.1.3 Organoids 
Organoids are self-organized three-dimensional (3D) tissue structures generated 
from stem cells [41]. In contrast to adherent monolayer cultures, they exhibit another 
level of complexity, that better reflects in vivo conditions [41, 42]. Dorsal root 
ganglia organoid (DRG organoids) derived from iPSCs from patients’ fibroblasts 
contain the sensory neural cells and glial cells present in somatic DRGs [43]. 
Obtained sensory neurons were characterized by functional excitability and ability 
to organize into complex structures closely resembling mature peripheral sensory 
neurons [42, 43]. Moreover, resulting cutaneous nociceptive and thermoceptive 
neurons expressed TRPA1, TRPM8, TRPV1/2/3, SCN11A, KCNQ2, CACNA1A and 
CANCA2D1, and neurotransmitter receptor genes GRIA1 and NK1R [42]. Organoids 
are highly suitable for disease modeling, small-scale drug screening and toxicity 
assays and they may limit the use of animal models [41, 44]. Due to the 3D structure, 
organoids allow for more precise studies of drug penetration [45], therefore they are 
superior over 2D cell culture for toxicity and efficacy evaluation of drugs. However, 
organoids are also powerful tools for personalized medicine in context of VUS effect 
assessment and possible treatment, since patients’ derived organoids contain the 
original genetic environment of the donor. On the other hand, this model is laborious, 
adding extra cost for organoid generation and readouts, also restricting the 
throughput capacity [45]. Moreover, limited control over organoids formation may 
lead to reduced reproducibility, as organoids derived from the same patient may 
display phenotypic differences [44, 45]. 
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7.3.2 In vivo models 
7.3.2.1 Drosophila melanogaster 
Drosophila melanogaster also known as a fruit fly is a model organism widely used 
in genetic and developmental studies [46]. It is an easy and inexpensive model in 
maintenance, with short life span and big number of offspring [47]. Almost 75% of 
the human disease-related genes are present in the Drosophila genome [46]. The fruit 
fly shows complex behaviors and represents whole-body physiological 
process [47, 48], therefore it is commonly used to study central and peripheral 
nervous system disorders, as well nociception and pain processing [48]. The 
nociceptors of Drosophila are preserved throughout metamorphosis and are present 
in adult individuals, exhibiting morphological and functional similarities to 
nociceptors of vertebrates [46]. Additional advantages compared to mammal models 
are relatively easy genome editing, the possibility to perform experiments on large 
scale and no major consideration according to animal protection law [46, 49]. 
However, certainly there are some limitations such as different physiology and being 
no vertebrates, that might limit application of this model in specific research areas 
and translation of the results into human [50] 

Nevertheless, the Drosophila model significantly contributed to our understanding 
of molecular mechanism of electrical activity in nervous system [51]. Interestingly, 
the nociceptor family TRP channels were first identified in D. melanogaster for 
phototransduction and this discovery allowed the first Drosophila’s TRP channel to 
be cloned in the 1980s [52, 53]. The initial experimental assays of thermal and 
mechanical nociception used heat and von Frey fibers stimulations to induce rolling 
responses in the fly larvae [54]. Other fruit fly models were developed for 
investigating sensitization induced by inflammation produced by UV 
exposure [55, 56]. Finally, the Drosophila nerve injury model for neuropathic 
sensitization [57] and fly larvae model resembling painful diabetic neuropathy were 
successfully applied in pain research [58].  

Multiple variants affecting ion channels have been characterized in Drosophila [51]. 
Those include causative variants in voltage-gated sodium channels and several types 
of potassium channels that have been identified based on reversible temperature-
sensitive paralysis or leg shaking phenotype [51]. A big part of ion channel variants 
studied in fruit fly were generated by chemical mutagenesis, however nowadays 
other genome editing techniques including advanced and specific CRISPR/Cas9 
technology can be applied [51, 59]. Another advantage of the model is the possibility 
to use electrophysiology recordings for ion channels characterization, also using 
automated patch clamp technology [60]. Easy genetic manipulation combined with 
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multiple assays for pain testing makes this model suitable for VUS characterization, 
also including variants in ion channels, since electrophysiology recording have been 
successfully utilized for Drosophila before.  

 

7.3.2.2 Zebrafish 
The zebrafish (Danio rerio) is a powerful tool in multiple fields of science, including 
genetics, neuroscience and pharmacology [61]. Zebrafish are vertebrates and 
zebrafish have a large genetic and physiological homology with human genes and 
functional domains, estimated as  ̴70% of similarity at protein level [50]. However, 
the Zebrafish genome is for a large part duplicated, meaning that for many genes two 
copies are present [62]. This is the case for multiple ion channels such as calcium 
channel CaV2.1 encoded by cacna1aa and cacna1ab and VGSC [62-64]. Therefore, 
the human ortholog needs to be identified, which for multiple genes is difficult, for 
example it is not clear which of the Zebrafish VGSC have the function of the human 
VGSC [65]. Zebrafish are powerful due to rapid embryonic development and large 
numbers of offspring [50]. They are easy to manipulate due to external fertilization, 
transparent and cost- and space-effective [66].  Although, there are some anatomical 
differences comparing with humans’ central nervous system, the model displays 
electrical activity and responds to various nociceptive stimuli similarly to mice and 
humans [61].  

Several nociceptive assays and zebrafish models have been developed including: 
complete Freund's adjuvant (CFA), formalin injection and acetic acid administration, 
where pain behaviors can be inhibited by analgesics [66-68]. Therefore, zebrafish 
provide a promising strategy to perform high-throughput screening of novel pain 
medications in zebrafish [61]. Moreover, a glucose-treated zebrafish model was used 
to study glucose-induced axon degeneration observed in diabetic neuropathy [69] 
and overexpression of gain-of function mutations in human SCN9A resulted in 
decreased small fiber density and hypersensitivity to temperature changes in tested 
fish [65].  Although, improvements in methodical approaches are still required, for 
instance there  is no assay for allodynia assessment [61], these results highlight the 
utility of zebrafish for studying SFN pathophysiology and functional testing of VUS, 
although for high-throughput screening the model needs to be further 
automated [70].  
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7.3.2.3 Mice 
The mouse (Mus musculus) genome and physiology are closely related to human 
counterparts and therefore they are widely used in basic research and pre-clinical 
pain studies [71]. This is not surprising taking into consideration the availability of 
multiple models of inflammatory and neuropathic pain [72]. Neuropathic pain can 
be initiated in rodents centrally via contusive spinal cord injury or peripherally via 
sciatic nerve total transection, chronic constriction injury, (partial) sciatic nerve 
injury or spinal nerve ligation [72]. There are also metabolic mice models for DM1 
and DM2, among which the common diabetic neuropathy mouse with neurotoxicity 
induced by streptozotocin [72]. Noxious stimuli trigger pain behavior in tested 
animals that can be objectively scored [73]. Several assays help to determine both 
mechanical (von Frey and paw pressure test) and thermal hypersensitivity (cold: 
acetone evaporation test and cold plate; warm: hot plate, Hargreaves or plantar test 
and tail flick test) [72]. As pain is not only a physical response of the body, a further 
advantage is the possibility to assess the psychological and emotional comorbidities 
based on mice anxiety- and depression-like behaviors [72].  

A wide range of validated pain-related assays make the mouse model attractive to 
study the functional effect of genetic variants, including sex differences and highly 
specific subphenotypes. For example, specific variants may lead to heat and 
mechanical hypersensitivity, but no hypersensitivity to noxious cold 
temperatures [74].  Recently, mice with VUS of Nav1.7 and Nav1.8 have been 
successfully created and characterized, demonstrating that these VUS indeed caused 
an SFN phenotype [74, 75]. Mice with the G1662S point mutation in the SCN10A 
gene, generated by homologous recombination in embryonic stem cells, exhibited 
increased sensitivity to touch [74]. Interestingly, female homozygous mutants tended 
to be more sensitive to cooling stimuli, while male homozygous mutants were more 
sensitive to radiant heat in the Hargreaves, showing the possible differences between 
sexes [74]. Altered nociception in the mice corresponded to pain symptoms present 
in SFN individuals carrying G1662S variant [74]. The mouse model created by 
CRISPR/Cas9 technology was successful to understand the impact of the SCN9A 
R185H variant, since the transgenic animals displayed pain behaviors and 
spontaneous pain, resembling the phenotype of patients with SFN [75].  

These studies confirm that transgenic mouse models are of great value for pain 
research, however generation of VUS, knockin/knockout transgenic lines using 
traditional methods require multiple costly and time consuming steps [74, 76]. 
Application of CRISPR/Cas9 technology enabled the creation of genetic mouse 
models faster and less expensive, however off-target effects are one major concern 

205

General discussion

7



205 
 

of this technology [77]. Although, the mouse model enables to study complex pain 
behaviors, it is time-consuming and demands high financial outlays, therefore large 
scale VUS testing in this model is not yet feasible.  

 

Table 1. Summary of in vitro and in vivo models for functional variant testing with 
their main advantages and limitations. 

In vitro models 

model advantages limitations 

2D cell culture 

• Controlled conditions of cell 
culture 

• Cost effective and easy in 
maintenance 

• Multiple cell lines from 
different tissues can be used 

• Easy genetic manipulation 
• Multiple functional assays can 

be applied 
 

• Limited cell-to-cell interactions  
• Do not reflect fully biological 

conditions of the body 
• Cell flattening affects nuclear 

shape and gene/protein 
expression 

 

Induced pluripotent 
stem cells 

• Donor cell can be easily and 
non-invasively obtained 

• Do not rise ethical issues unlike 
embryotic stem cells 

• Can be differentiated in any 
type of somatic cell 

• Patient-specific cells with 
original genetic background 

• Ability to personalize the 
treatment 

 

• Higher cost, longer and more 
difficult generation procedure 
comparing to 2D cell culture 

• Donor-based variability 
• Declining function with aging 
• Weak proliferation capacity 

 

Organoids 

• Composed of different cell 
types better reflecting 
endogenous conditions 

• Patient specific model 
• Limitation of animal model 

usage 

• More expensive and advanced 
culture system 

• Limited high-throughput 
capacity 

• Diversity due to limited control 
of organoid conditions 
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In vivo models 

model advantages limitations 

Drosophila 
melanogaster 

• Short developmental time and 
big number of offspring 

• Inexpensive in maintenance 
• Compact genome and 

conserved genes 
• Relatively easy genome editing 
• Developed pain assays 
 

• Different physiology than human 
• Difficult to measure complex 

behaviours 

Zebrafish 

• Easy and cheap maintenance 
• High number of offspring  
• External fertilization 
• Fast development and 

transparent embryos 
• Several nociceptive assays 

present 
 

• Different physiology comparing 
to human and anatomical 
differences in central nervous 
system 

• Many genes present in two 
copies 

• Methodology in pain assessment 
needs improvement (no assays 
for allodynia) 
 

Mice 

• Mammalian model genetically 
and physiologically close to 
humans 

• Multiple models and pain 
assays developed 

• Possibility to study complex 
behaviours 

• Availability of transgenic 
mouse models 

• CRISPR/Cas gene editing 
technology can be applied 
 

• High cost 
• Small scale model 
• Slow development and long 

mutant line generation 
• Ethical considerations 
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7.4 Conclusions 
Next Generation Sequencing is a highly powerful technology to identify novel genes 
and mutations involved in the development or maintaining of neuropathic pain. 
Genetic screening of affected individuals may be applied for diagnostics, 
identification of disease predisposing genetic factors and to indicate patient-targeted 
specific therapy, such as ion channel blockers. Performing NGS of patients with 
painful neuropathies, we identified several variant being potential targets for pain 
treatment, including number of VUS, that need to be further investigated in 
laboratory setting to provide evidence for their causality, which in many cases is 
challenging and time consuming.  

It is difficult to select the best model for testing the effect of VUS in different genes. 
Due to high demand of variant validation, high-throughput models would be 
favorable. For instance, in case of ion channels; 2D cell culture combined with 
automated patch-clamp, might be the strategy of first choice, as it is relatively simple 
and inexpensive. On the other hand, this model may lack sensitivity and may not or 
only partly reflect pain behaviors present in in vivo models, so Drosophila or 
zebrafish would be better in this aspect. It is important to perform the functional 
assays in these models, being aware of their limitations and purpose of the study. It 
is clear that a good model should properly reflect the specific research question in 
humans. Mice seem to most appropriate from that point of view, but mice models 
are laborious, expensive and can be performed only on small scale. Therefore high-
throughput approaches for variant testing and drug screening might require further 
optimization of more simple models that can keep up with the speed of genetic 
discovery. This work contributed to better understanding of the genetic landscape of 
neuropathic pain and provides direction for further research aiming to develop 
personalized pain therapy and disease prognosis. 
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Impact paragraph 
Pain is a complex sensory and emotional experience, in some cases lasting over a 
life-time with no improvement despite medication used [1]. Chronic pain affects 
approximately one fourth of adults and it is often associated with numerous 
complications, including anxiety and depression dramatically influencing patients’ 
quality of life [1]. Moreover, it has huge economic and societal impact [2]. In 2020, 
the the health care costs of patients with painful neuropathic disorders in US were 
estimated at $17,355, which is 3-fold higher comparing to age-matched controls 
without this condition [2]. Neuropathic pain management includes non-
pharmacological, pharmacological (mainly anticonvulsants and antidepressants), 
and interventional therapies focusing largely on symptomatic treatment [3]. This 
might be the reason of poor therapy outcome, resulting in a significant number of 
patients struggling with pain during their lifespan [4]. This creates an urgent need 
for novel treatments, targeting mechanistically the specific causes of pain in an 
individual patient. For example, different specific blockers have been used to treat 
dysfunctional VGSC channels as a pain source, but they can be applied only in 
patients carrying VGSC mutation, and they also have variable efficacy for instance 
between Nav1.7- mutations-carrying SFN individuals [5]. Therefore, it is of medical 
and societal importance to fully characterize the molecular and genetic mechanisms 
underlying NeP and understand the individual-to-individual differences.  
 
Therefore, in Chapter 3, we investigated 15 ion channel genes for variants that could 
influence channel function and explain pain features. Screening of two patients 
group, painful- and painless-Diabetic Neuropathy (DN), resolved a number of 
candidate variants in novel genes. Moreover, our findings revealed that painful-DN 
patients with ICG variants had more pain than painful-DN without ICG variant, 
indicating these patients might benefit from ion channel targeted treatment. These 
results were confirmed in Chapter 4, where we have shown that patients with SFN 
and ion-channel gene variants reported more severe pain compared to patients with 
SFN and without ICG variants, expanding the relevance of this work for SFN 
patients. Most of the potentially causative variants have been localized in the TRP 
genes, remaining promising group of therapeutic targets especially in the light of 
developing TRP channel pharmacology [6].  
Although VSCG are known to be associated with NeP and screening of ICG 
extended the list of potential gene candidates, there is still a large number of 
individuals with unresolved pain pathogenicity. Therefore, we screened 592 pain-
related genes in SFN patients, not only including ion channels, but involved in a 
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broad variety of pain-associated processes. In Chapter 5 we identified pathogenic 
and likely pathogenic variants and VUS in multiple genes; n=17, 42.5% variants in 
genes involved in neurotransmission, n=16, 40% in ion channel genes, n=6, 15% in 
metabolism related genes and n=1, 2.5% variant in gene involved in immune 
response. This work provided new insight into pain-related genetic markers and 
pathways associated with NeP and revealed novel gene candidates for further 
investigation. 
 
Undoubtedly, NGS is a valuable tool in pain diagnostics and research, providing 
large numbers of potentially relevant variant, however the NGS outcome cannot be 
validated by bioinformatics only, and should be confirmed in system mimicking 
physiological conditions, especially in the case of VUS and novel genes. 
Unfortunately, models for functional read out are limited, costly and highly 
laborious, requiring novel systems with a higher throughput at lower cost. In 
Chapter 6 we explored a novel cell model to functionally test ANO3 variants. 
ANO3 protein expression was analysed in several cell lines, as creating a model 
overexpressing wild-type and mutant ANO3 gene would bring new information 
about gene function and its role in pain pathophysiology.  
 
In conclusion, this work provides more knowledge about genetic landscape of 
neuropathic pain, highlighting important role of ion channels and novel pain related 
genes identified in this study. Findings presented in this thesis may contribute in a 
future perspective to improve diagnostics of NeP, disease prognosis and 
development of new therapeutic interventions and more effective pain-targeting 
personalized treatment.  
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Summary 
Neuropathic pain (NeP) is a complex condition usually resulting from damage or 
disease of the central and/or peripheral nervous system. It is a common manifestation 
in several disorders altering the somatosensory nervous system, including Small 
Fiber Neuropathy (SFN) and peripheral diabetic neuropathy (DN), affecting up to 
10% of general population. NeP is associated with multiple comorbidities and 
especially its psychiatric and emotional component negatively influences patients’ 
quality of life and well-being, often leading to anxiety and depression. Current pain 
management is based on symptomatic treatment and many of the patients cannot 
achieve pain relief with available analgesics. This creates a huge need for novel, 
targeted therapies for better clinical outcome, however lack of knowledge about 
underlying mechanism and pathophysiology impedes effective drug development. It 
is also clear that genetic predisposition is playing a role and multiple genes have 
been shown to be associated or causally involved with pain. Voltage gated sodium 
ion channels (VGSC) are the best studied genes with a clearly documented role in 
pain pathophysiology, however only part of the patients have dysfunctional VGSC 
due to a pathogenic genetic variant. For the majority of NeP patients the underlying 
genetic cause is not known. Therefore, the work presented in this thesis aimed to 
identify novel genetic variants and potential NeP related genes via NGS of patient 
cohorts and to establish the functional role of possible pathogenic variants in novel 
genes. 
 
Chapter 1 provides a general introduction of neuropathic pain. This chapter reviews 
different aspects of NeP, including clinical manifestations, pathophysiology, causes, 
diagnostics and treatment strategies. Moreover, two phenotypes associated with 
neuropathic pain; SFN and DN are being discussed in more detail. The second part 
of the chapter focusses on the genetic background of NeP and elaborates on the 
involvement of VGSCs in pain etiology. It also covers the detection of novel disease 
genes using NGS technology and the challenges of functionally testing Variants of 
Unknown Significance (VUS) role. The chapter ends with the aims and an outline of 
the thesis. 
 
In the past years, a role for ion channel genes in painful neuropathy has become 
evident, making them important novel therapeutic targets. Chapter 2 elaborates 
about current state of knowledge on the involvement of ICG. Ion channels expressed 
in dorsal root ganglion neurons are potentially analgesic pharmacological targets in 
sensory signalling (e.g., TRPV1), regulation of neuronal excitation (potassium 
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channels), action potential transmission (sodium channels), generation of 
involuntary action potentials (HCN channels), mediating thermal pain (Anoctamin), 
pH modulation (ASIC channels), and neurotransmitter release (calcium channels). 
Therefore, understanding the role of variants in ion channel genes in neuropathic 
pain is important to personalize this broad range of potential molecular pain-control 
targets. The most investigated channels in relation to pain are voltage-gated sodium 
ion channels, however, they are involved in less than 20% of the patients with 
neuropathic pain. In this chapter, we focus on other ion channel genes and their 
involvement in painful neuropathies. The calcium auxiliary subunits and TRP 
channel genes, particularly TRPV1, have been thoroughly investigated as cause of 
and therapeutic target for pain. However, pain alleviation has not been achieved, 
probably due the heterogeneous genetic background in these patients. Studies on the 
genetic factors involving these ion channels may improve our knowledge of the 
common molecular mediators of pain and neuropathy, leading to personalized 
therapeutic approaches for painful neuropathies and paving the way toward new 
targets to be investigated. 
 
The possible implication of 15 ion channel genes (ICG) and related genetic variants 
potentially affecting channel function have been investigated in Chapter 3. We 
performed molecular inversion probes-next generation (MIP-NGS) sequencing of 5 
transient receptor potential cation channels, 8 potassium channels and 2 calcium-
activated chloride channel genes in 222 painful- and 304 painless-DN patients, 
showing 12 painful-DN (5.4%) patients showed potentially pathogenic variants (five 
nonsense/frameshift, seven missense, one out-of-frame deletion) in ANO3 (n = 3), 
HCN1 (n = 1), KCNK18 (n = 2), TRPA1 (n = 3), TRPM8 (n = 3) and TRPV4 (n = 1) 
and 14 painless-DN patients (4.6%-three nonsense/frameshift, nine missense, one 
out-of-frame deletion) in ANO1 (n = 1), KCNK18 (n = 3), KCNQ3 (n = 1), TRPA1 
(n = 2), TRPM8 (n = 1), TRPV1 (n = 3) and TRPV4 (n = 3). We observed that painful-
DN patients with ion channel gene variants reported higher maximal pain and 
painful-DN patients with TRP variants had severe pain combined with abnormal 
thermal thresholds. In Chapter 4, we used the same gene panel to perform MIP-
NGS of 414 SFN patients that did not have VSCG variant. The sequencing resulted 
in identification of potentially pathogenic heterozygous variants in twenty patients 
(4.8%) in ANO3 (n = 2), KCNK18 (n=2), KCNQ3 (n=2), TRPA1 (n=7), TRPM8 
(n=3), TRPV1 (n=3) and TRPV3 (n=2). Again, patients with ion-channel gene 
variants, including individuals with TRP variants, reported more severe pain 
compared to patients without such variants. Our results described in Chapter 3 and 
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Chapter 4 strongly suggest extensive ICG variants implication in neuropathic pain, 
however these findings require functional validation. 
 
To identify novel pain genes and specific genetic variants (Chapter 5), we created 
panel of 592 gene candidates, selected from the literature because of their association 
with pain, genes from genetic pain databases and Human Phenotype Ontology 
database and Online Mendelian Inheritance in Man (OMIM) based on association 
with (painful) peripheral neuropathy symptoms. We identified 4 different 
heterozygous pathogenic variants (c.684C>G, c.2159T>A, c.2567G>A and a 
combination of c.2794A>C, c.2971G>T and c.5756A>G) in SCN9A, and 3 different 
heterozygous likely pathogenic variants in 3 genes; AR (c.1792A>G), MFN2 
(c.1384T>C) and SCN11A (c.1744G>A). In total, 40 different variants of uncertain 
clinical significance (VUS) in 37 genes; n=17, 42.5% variants in genes involved in 
neurotransmission, n=16, 40% in ion channel genes, n=6, 15% in metabolism related 
genes and n=1, 2.5% variant in gene involved in immune response. As variant 
classification is largely based on pathogenicity prediction tools and literature data, 
the experimental studies of these variants is of great interest.  
 
Using next-generation sequencing, we identified possible pathogenic variants [VUS; 
c.638C>T, p.(S213F) and c.1357A>G, p.(I453V)] in the Anoctamin 3 (ANO3) gene 
in NeP patients. To get further insight in the possible role of these VUS in pain 
pathophysiology, we worked on an experimental model and functional read outs for 
these ANO3 VUS (Chapter 6). First, using Site Directed Mutagenesis we generated 
mutated ANO3 in an expression vector.  In order to functionally test these variants, 
we selected HEK293 and HT-29 cell lines, in which according to literature and 
databases ANO3 was not expressed. Surprisingly, Western blot did not show 
significant protein overexpression, but unexpectedly also the untransfected cells 
displayed ANO3 protein. Therefore, we tested a number of cell lines for ANO3 
expression and muscle stem cells, called mesoangioblasts (MABs) were the only cell 
line not expressing ANO3 protein at all. The MABs were transfected, but we did not 
obtain sufficient material for WB to confirm protein expression, probably due to a 
poor transfection efficiency. As ANO3 belongs to Ca2+-activated Cl- channels, we 
have been developing a functional assay based on calcium measurement. In 
conclusion, awaiting the results of the functional studies, we cannot draw a definite 
conclusion on the role of these ANO3 variants in NeP, but everything is now in place 
to be able to perform the required experiments.  
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Chapter 7 discusses the key findings of this thesis and elaborates on the challenges 
of functional validation of VUS detected during NGS. Several in vitro and in vivo 
models are being described including their advantages and limitations in terms of 
VUS testing. Chapter 8 provides overview of the research chapters together with 
scientific and social impact of this work.  
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