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Abstract

Peripheral neuropathy (PN) is a debilitating disorder that reduces the patient's quality of
life and increases healthcare costs (Cruccu & Truini, 2017). PN is caused by peripheral
nerve injury; if the damage is limited to A and unmyelinated C fibres, it is referred to as
Small Fiber Neuropathy (SFN) (Hovaguimian & Gibbons, 2011), and it is frequently
accompanied by neuropathic pain (NP) (Van Hecke et al., 2014). In the general
population, the prevalence of SFN is estimated to be around 53 per 100,000 people.
However, patients are frequently underdiagnosed because regular neurologic
examinations do not identify abnormalities in small fibres (Peters et al., 2013).

SFN is associated with several diseases, including diabetic neuropathy and sarcoidosis,
making diagnosis more difficult. If the cause of SFN is uncertain, it is referred to as
idiopathic SFN. Recent research suggests that mutations in voltage-gated sodium
channels (VGSCs) genes are responsible for SFN due to their function in nociceptive
transmission (Faber et al., 2012), which explains 3% of the disease pathogenesis
(Devigili et al., 2008). The discovery of mutations in VGSC genes also highlighted the
disease's genetic aetiology. Finding the genetic markers of PN patients based on their
phenotypes could aid in resolving the pathophysiology of PN and classifying high-risk
subjects.

The current study is being conducted within the international consortium PAIN-Net,
which emerged from a previously European Union-funded project called the PROPANE
study. Both initiatives, with slight changes, seek to better understand the genetic
architecture of PN to identify high-risk painful PN patients. Consequently, the principal
aim of this PhD thesis was to identify new genes and genetic variants associated with
pain-related symptoms in patients affected by PN. For this purpose, whole exome
sequencing (WES) was performed in twelve families with 34 affected and 19 unaffected
members, as well as in 43 sporadic cases diagnosed with PN or SFN, with an early onset
of clinical manifestations.

Our findings indicate that painful PN is genetically heterogeneous, with more than 40%
of cases caused by genes other than VGSC genes. We detected 48 mutated genes in the
familial cohort and 77 mutated genes in the sporadic cohort. Most of these genes are
associated with neurotransmission rather than ion channel function. In addition to VGSC
genes, the ATP7B gene, a copper ion transporter, had a high number of mutations in
both familial and sporadic cohorts. ATP7B gene variants suggest that PN symptoms may
be exacerbated by dysfunctional copper metabolism. Additionally, we discovered TRP
gene variants, specifically TRPM2, that were causative for NP and conclusively
segregated into two families. Pathway analysis of qualifying genes obtained from familial
and sporadic cohorts revealed the nicotinic acetylcholine receptor signalling pathway as a
process that appears to be altered in the disease, and that is shared between familial
and sporadic subjects. This result strengthened the notion that synaptic transmission
plays a role in the pathogenesis of PN. This genetic study revealed new pain-related
genetic markers that may be associated with disease onset and pain modulation. For
future research studies where family history or phenotypic information is suggestive of
painful PN, we recommend a list of 113 genes that could be utilised to select and analyse
data supplied by NGS applications. These mutated genes will be researched further to
establish the pathophysiological causes of painful PN, facilitate the stratification of high-
risk individuals, and assist in developing targeted therapies to alleviate pain.
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Acronyms and Abbreviations

PN: peripheral neuropathy

IPN: inherited peripheral neuropathy

CNS: central nervous system

DRG: Dorsal root ganglion

SFN: small fiber neuropathy

IENF: intraepidermal nerve fiber

VGSC: voltage gated sodium channel

NP: neuropathic pain

VUS: variant of uncertain significance

HMSN: hereditary motor and sensory neuropathy
CMT: Charcot-Marie-Tooth disease

HMN: hereditary motor neuropathy

HSN: hereditary sensory neuropathy

HSAN: hereditary sensory and autonomic neuropathy
NCV: nerve conduction velocity

EMG: electromyography

QST: quantitative sensory testing

QSART: Quantitative Sudomotor Axon Reflex Test
TRP: transient receptor potential family

IASP: International Association for the Study of Pain
PEPD: paroxysmal extreme pain disorder

CIP: congenital insensitivity to pain

WES: whole exome sequencing

GATK: Genome Analysis Toolkit

NGS: next generation sequencing

SNV: single nucleotide variations

Indels: insertion deletion variants

CNV: copy number variants

SV: structural variants

GnomAD: Genome Aggregation Database

WGS: whole genome sequencing

HPO: Human Phenotype Ontology database
OMIM: Online Mendelian Inheritance in Man

FDR: false discovery rate

nAChR: Nicotinic acetylcholine receptor
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Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

Table 8b: Table showing the causative/protective genetic segregation model for the PROP04 family
with respect to SFN. It includes the number of variants retrieved at three different MAF (less than
10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

Table 8c: Table showing the prioritized list of qualifying variants for the PROP04 family. The qualifying
variants belonging to the causative or protective model is reported in the last two columns. The
SCNO9A:p.Met932Leu + SCN9A:p.Val991Leu are in cis as they impact the gene together.

Table 9a: Table showing the causative genetic segregation model for the PROPO5 family with respect
to SFN and NP. After applying the filtration criteria mentioned in the Methods section, it includes the
number of variants retrieved at three different MAF (less than 10%, 5% and 1%) points. Individuals
highlighted in red are affected members and unaffected members in green. The Ref stands for
Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

Table 9b: Table showing the prioritised list of qualifying variants for the PROPO5 family. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.

Table 10a: Table showing the causative/protective genetic segregation model for PROP0O6 family with
respect to SFN and NP. It includes the number of variants retrieved at three different MAF (less than
10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant



Table 10b: Table showing the causative/protective genetic segregation model for PROP0O6 family with
respect to itch. It includes the number of variants retrieved at three different MAF (less than 10%, 5%
and 1%) points after applying the filtration criteria mentioned in the Methods section. Individuals
highlighted in red are affected members and unaffected members in green. The Ref stands for
Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

Table 10c: Table of the prioritised qualifying variants for the PROP06 family along with their
interpreted classification status. The affected members of the family are listed first and the unaffected
members at the end. The qualifying variants belonging to the causative or protective model are
reported in the last two columns.

Table 11a: Table showing the causative/protective genetic segregation model for the first group of six
individuals in the PNETO1 family with respect to NP. It includes the number of variants retrieved at
three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria mentioned
in the Methods section. Individuals highlighted in red are affected members and unaffected members
in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and Hom stands
for Homozygous variant

Table 11b: Table showing the causative/protective genetic segregation model for the second group of
four individuals in the PNETO1 family with respect to NP. It includes the number of variants retrieved
at three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria
mentioned in the Methods section. Individuals highlighted in red are affected members and unaffected
members in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and
Hom stands for Homozygous variant

Table 11c: Table showing the causative/protective genetic segregation model for the third group of
three individuals in the PNETO1 family with respect to NP. It includes the number of variants retrieved
at three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria
mentioned in the Methods section. Individuals highlighted in red are affected members and unaffected
members in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and
Hom stands for Homozygous variant

Table 12a: Tabulated representation of mutated genes shared amongst the affected members, which
were absent in the unaffected members. This list of genes was obtained after applying the variant
filtration criteria mentioned in the Methods section.

Table 12b: Table of prioritized qualifying variants for three individuals of the PNETO1 family along with
their interpreted classification status. The affected members of the family are listed first and the
unaffected members at the end. The qualifying variants belonging to the causative or protective
model are reported in the last two columns.

Table 13a: Table showing the causative/protective genetic segregation model for PNETO2 family with
respect to SFN, NP and itch at ‘'open exome’ level. It includes the number of variants retrieved at
three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria mentioned
in the Methods section. Individuals highlighted in red are affected members and unaffected members
in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and Hom stands
for Homozygous variant

Table 13b: Table showing the prioritised list of qualifying variants for the PNETO2 family. The affected
member of the family have been listed before and the unaffected member at the end. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.

Table 14a: Table showing the causative/protective genetic segregation model for the PNET03 family
with respect to SFN and itch at ‘open exome’ level. It includes the number of variants retrieved at
three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria mentioned
in the Methods section. Individuals highlighted in red are affected members and unaffected members
in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and Hom stands
for Homozygous variant

Table 14b: Table of the prioritised qualifying variants for the PNET03 family along with their
interpreted classification status. The affected members of the family are listed first and the unaffected
members at the end. The qualifying variants belonging to the causative or protective model are
reported in the last two columns.

10



Table 15a: Table showing the causative/protective genetic segregation model for the PNET04 family
with respect to SFN and NP. It includes the number of variants retrieved at three different MAF (less
than 10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

Table 15b: Table showing the prioritised list of qualifying variants for the PNET04 family. The affected
member of the family have been listed before and the unaffected member at the end. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.

Table 16a: Table showing the causative/protective genetic segregation model for the PNETO5 family
with respect to NP. It includes the number of variants retrieved at three different MAF (less than 10%,
5% and 1%) points after applying the filtration criteria mentioned in the Methods section. Individuals
highlighted in red are affected members and unaffected members in green. The Ref stands for
Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

Table 16b: Table of prioritized qualifying variants for PNETO5 family along with their interpreted
classification status. The affected members of the family are listed first and the unaffected members
at the end. The qualifying variants belonging to the causative or protective model are reported in the
last two columns.

Table 17a: Table showing the causative/protective genetic segregation model for the PNET06 family
with respect to PN and NP. It includes the number of variants retrieved at three different MAF (less
than 10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant
Table 17b: Table showing the prioritised list of qualifying variants for PNET06 family. The affected
member of the family have been listed before and the unaffected member at the end. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.

Table 18a: The count of each variant after each step of prioritization per family.
& denotes one out of the total number of variants was classified as 'Likely benign’

Table 18b: The count of each variant by its classification status for each family

Table 18c: The number of classified qualifying variants seen more than once in families is
summarized, the grouping of the variants according to the gene they map.

Table 18d: The 8 qualifying genes that overlapped amongst the families with at least one recurrence in
two families are summarized

Table 19: Clinical aspects of the sporadic cohort recruited under PROPANE and PAIN-Net study

Table 20: The list of 11 genetic variants seen in 12 different subjects as the variant marked § is seen
in two different individuals

Table 21: List of 17 mutated genes shared in more than one sample in the sporadic cohort. A sample
and variant count has been recorded for each mutated gene.

Table 22: List of mutated genes in the entire cohort, considering both familial and sporadic samples,
with their sample and variant counts

Table 23: List of 12 mutated genes in common between familial and sporadic cohorts along with their
gene names

Table 24: The count of input genes annotated by WebGestalt tool to run pathway analysis.
Table 25a: Tabulated pathway analysis result from mapped input qualifying genes from the familial
cohort. The table contains five columns: 1. Name of the pathway 2. The number of genes in that

pathway 3. The number of genes overlapped between the pathway and the given input 4. Enrichment
ratio 5. p-value of each hypergeometric test 6. FDR for each test.
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Table 25b: Tabulated pathway analysis result from mapped input qualifying genes from the sporadic
cohort. The table contains five columns: 1. Name of the database 2. Name of the pathway 3. The
number of genes in that pathway 4. The number of genes overlapped between the pathway and the
given input 5. p-value of each hypergeometric test 6. FDR for each test.

Table 26: The number of samples with variants in the five genes that were common between the
familial and sporadic cohorts

Table 27: Tabulated results of SV analysis for the familial cohort. The first column gives the total SVs
detected in the affected members of each family but absent in unaffected members of the family. The
second column gives the count of variants that passed filtering criteria. The third column gives the
count of variants after variant filtration. The fourth column shows the number of SVs classified as VUS
or in higher classes and the number of SV regions that involved at least one candidate gene.

Table 28: Tabulated list of potential SV regions observed in 80 samples. The gene count column

explains the count of genes involved in that SV region. DEL stands for Deletion SV, BND stands for
Break-end SV, and DUP stands for Duplication SV.

Table 29: List of qualifying variants observed in the proband of PNETO1 family and the segregation of
these variants in other family members. The unaffected members are in the last two columns shaded
in grey colour.

Table 30: Phenotypes and keywords selected as input to create the virtual gene panel

Tables in Appendices

Appendix A.1:

Table A.1: List of genes that have been reported to be involved in a type of IPN. This table has been
adapted from (Scherer et al, 2020)

Appendix A.2:

Figure A.2: A schematic representation of the attributes given to a particular variant and its ranking
along with its classification result

Appendix A.3:

Table A.3: List of candidate genes used in this project as 'candidate gene’ filter that was curated by
using multiple databases in a multi-step procedure.

Appendix A.4:

Table A.4: List of 113 prioritised genes observed in the entire cohort.
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Introduction

Peripheral sensory system and Peripheral Neuropathy

An organism’s ability to perceive its environment is fundamental for its survival. In
humans and other mammals, the somatosensory system enables them to perceive
temperature, touch sensations, pain, and its position in space. The somatosensory system is
a complex system composed of several structures, including receptors, such as
thermoreceptors, proprioceptors, nociceptors, mechanoreceptors, and nerve fibres (Hedayat
& Lapraz, 2019). It is involved in the identification of stimuli and conveys the information

through electrical signals to the central nervous system (CNS).

The peripheral sensory system includes three classes of peripheral nerve fibres: A, B, and C
fibres. These peripheral nerve fibres are categorised by diameter, degree of myelination, and
conduction speed. High conduction velocities are observed in nerve fibres with big diameter
axons and increased myelin insulation; the conduction velocity is fastest in A-fibres and

slowest in C-fibres.

The class A-fibres are responsible for passing on the signal from the periphery to the dorsal
horn of the spinal cord. The signals are then transmitted to different parts of the brain

designated for pain recognition through ascending pain pathways.

Furthermore, class A nerve fibres are divided into four sub-categories: Aa, AB, Ay, and Ad.
These sub-categories were defined based on the degree of myelination and axon thickness of
each nerve fibre, enabling the transmission of signals at different velocities. The Aa fibres are
involved in proprioception, whereas the AB and Ad fibres are responsible for providing sensory

innervation at the periphery.

The class B and C-fibres are part of the autonomic sympathetic nervous system involved in

understanding temperature and its position in space (Glatte et al/, 2019).

Different nerve fibres are responsible for sensitizing different sensory receptors. In particular,
proprioceptors are sensitized by type Aa and AB sensory fibres, mechanoreceptors by AB and
Ad sensory fibres, and nociceptors and thermoreceptors by type Ad and C sensory fibres
(Varga & Mravec, 2015).
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Peripheral neuropathy (PN) is a common nerve disorder that affects the peripheral nerves.
PN can be caused by damage to the axons or the myelin sheath, which covers the neurons.
A combination of axonal injury and demyelination can also causes PN (Hughes, 2002; Torpy
et al, 2010). Depending on the degree of damage to the axons and/or the myelin sheath and
the kind of neuron damaged, PN can impact sensation, mobility, pain transmission, gland or
organ function (Tesfaye & Selvarajah, 2012; Quasthoff & Hartung, 2002; Watson & Dyck,
2015b).

Epidemiology

The prevalence of PN ranges from 2.4 to 8 % in the general population; a higher frequency
is seen in patients over 55 years old. PN is a common complication for diabetes mellitus, as
50 % of patients develop PN, also known as diabetic peripheral neuropathy (Watson & Dyck,
2015a; Tesfaye & Selvarajah, 2012; Daousi et al, 2004). Diabetes is one of the most common
metabolic disorders in the global population, and its prevalence is increasing. This disorder
has been estimated to inflict about 592 million people by 2035, and almost half of these
people will have PN (Guariguata et al, 2014). Other than diabetes, PN is also a known
complication of human immunodeficiency virus infection, alcohol use, injury, and it is also
often observed in patients undergoing chemotherapy (Watson & Dyck, 2015a; Castelli et al,
2020).

Symptoms

The symptoms in PN can be highly variable and impact different disorders involving
sensory, motor, and autonomic nerve fibre dysfunctions. Symptoms can range from altered
sensations, muscle atrophy, autonomic problems, and Neuropathic Pain (NP). A patient
could present with only one symptom or a combination of symptoms. Sensory dysfunctions
include numbness, tingling, paraesthesia, hyperalgesia, and allodynia. Autonomic symptoms
include orthostatic dizziness, abnormal sweating, urinary retention, constipation, and sexual
dysfunction. NP is found in approximately 30% of people with PN. If the patient is
diagnosed with PN, a complete clinical history and examination are required to determine

the extent of the symptoms. (Watson & Dyck, 2015a).
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Pathophysiology

The classification of PN is defined according to the number of nerves affected and the type of
nerve fibre predominantly involved. PN can be mononeuropathy if a single nerve is damaged
or polyneuropathy if multiple nerves are affected (Hughes, 2002). According to the type of
damaged nerves, it can be a motor, a sensory, or an autonomic PN. The aetiology of PN
progresses from damage to small- or large-diameter nerve fibres to components within the
nerve fibres such as nerve cell bodies, myelin sheaths, or axons. The large-nerve fibres
modulate motor, sensory, vibration, and proprioception functions, whereas small-fibre nerves
affect temperature, pain, and autonomic functions. Because of this, patients are distinguished
according to their symptoms and the type of nerves involved (Watson & Dyck, 2015a; Castelli
et al, 2020). It is essential to get a proper clinical history and a physical examination to
classify the neuropathy either by pattern distribution like length-dependent, length-
independent, focal, or multifocal or by its symptoms’ modality such as sensory, motor,

autonomic, or mixed (Castelli et al, 2020).

Causes

PN can be caused by a number of factors, including cellular and molecular pathways.

PN can be inherited or acquired, but in many cases, no specific cause can be found; hence
the condition is classified as idiopathic. Charcot-Marie-Tooth (CMT) disease is a well-known
hereditary form of PN. Comorbidity, infections, immunological dysfunction, inflammation,
external toxins, autoimmunity, and cancer are all examples of acquired PN, which are

categorised according to their triggering factors (Dyck, 2010).

The inherited and acquired peripheral neuropathies are described below.

Inherited peripheral neuropathies

Inherited peripheral neuropathies (IPN) comprise a variety of disorders characterized by

various clinical manifestations. IPN is classified into four categories:
Hereditary motor neuropathy (HMN)

HMN is also known as distal hereditary motor neuropathy as it affects the distal motor
region of the peripheral nervous system (PNS) in a length-dependent manner. Because of
its clinical and genetic heterogeneity, this type of neuropathy is divided into seven sub-
categories. Also, this neuropathy has often been linked with amyotrophic lateral sclerosis

(Liu et al, 2020). However, hardly any subject is seen with sensory deficits.
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Hereditary sensory neuropathy (HSN):

In this type of neuropathy, sensory axonal damage results in limb ulcers, infections, and, at
times, amputations. This neuropathy progresses slowly, but subjects sometimes also
present with NP and autonomic dysfunctions. Owing to these symptoms, hereditary sensory
neuropathy originates from another type of neuropathy known as hereditary sensory and

autonomic neuropathy (Cintra et al, 2021).

Hereditary sensory and autonomic neuropathy (HSAN)

This type of neuropathy has evolved from hereditary sensory neuropathy as the symptoms
include both sensory and autonomic dysfunction. Therefore, the impairment of small and
unmyelinated nerve fibres is more suggestive than large myelinated fibres. This neuropathy
has eight main subtypes, which involve both modes of inheritance (autosomal dominant and
autosomal recessive) with variants known in 12 genes (Rotthier et a/, 2012; Schwartzlow &
Kazamel, 2019a).

Hereditary motor and sensory neuropathy (HMSN)

Hereditary motor and sensory neuropathy is another name for the CMT disease. There are
four main groups under this neuropathy where peripheral nerves are impaired due to
degeneration and demyelination. In this neuropathy, mostly large nerve fibres are affected,
but there have been cases with sensory impairment. The most common form of this
neuropathy is CMT-1A, which is caused by the duplication of the PMP22 gene, where large

fibres demyelination occurs at a slow pace (Scherer et al, 2020; Bienias, 2020).

One of the most common IPNs is CMT disease, which is axonal and demyelinating in nature
(Scherer et al, 2020). CMT reported incidence is of 14.5 per 100,000 in the global population.
IPN symptoms vary, but they are known to be subtle at first and gradually progress over
time. It includes sensory symptoms such as burning pain, tingling or humbness in hands or
feet, distal-motor symptoms like ataxia, gait disturbances, or autonomic difficulties like
hyperhidrosis and orthostatic intolerance. Some patients might present with leg deformities

such as thin calf muscles or hammertoes.
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Owing to its genetic heterogeneity and varied Mendelian inheritances, about 102 genes have
been associated with CMT (Theadom et al, 2019; Hereditary Motor Sensory Neuropathies:
Charcot-Marie-Tooth). Most of the genes (AARS, GARS, HARS, KARS, MARS, SBF1, and YARS)
involved in CMT disease encode cytosolic tRNA synthetases, which have a role in the
metabolism of proteins or lipids. In addition, there are also genes like PMP22 that are involved

in axon growth and guidance.

In HMN, the proteins involved also include cytosolic tRNA synthetases, which play a role in

membrane trafficking.

Other genes involved in HSN or HSAN include NGF, NTRK1, SCN9A, SCN10A, and SCN11A,
which modulate sensory perception and axon guidance. A detailed list of genes that involve
IPN is in Appendix A.1 (Scherer et al, 2020).

Thanks to recent advances in bio-computational technologies, genetic testing in suspected
cases of IPN is practically standardized and could aid in the classification and assessment of
IPN cases (Scherer et al, 2020).

Acquired peripheral neuropathies:

Neuropathies induced by metabolic disorders

These neuropathies progress slowly over time in a length-dependent manner, and their
physiology shows an axonal loss. Diabetes, or glucose intolerance, is one of the most
common causes of PN. The development of PN post-diabetes depends on the duration of
diabetes, glycaemic index control, and the presence of retinopathy or nephropathy (Chung
et al, 2014). The most common form of diabetic PN is distal symmetrical polyneuropathy.
The complex pathogenesis of diabetic PN involves vascular and metabolic factors at all
phases of diabetic PN (Tesfaye & Selvarajah, 2012).

Another example of neuropathy associated with metabolic disorders is caused by abnormal
thyroid hormone production. Hypothyroidism-related neuropathy can occur due to less
production of hormones, leading to swollen tissues affecting peripheral nerves (Yeasmin et
al, 2007).

Vitamin deficiencies are another cause of acquired neuropathy. The most common vitamin
deficiency is Bi2 which causes loss of proprioception and hyperreflexia. The other known

causes of PN are Bs and E deficiencies.
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Patients with chronic renal dysfunction with a lower glomerular filtration rate lead to blood
toxicity. This chronic renal dysfunction-related neuropathy leads to nerve tissue damage,
causing PN. Lastly, the development of PN is also seen in patients with chronic liver disease
(Chung et al, 2014).

Immune-mediated and inflammatory neuropathy

The immune-mediated neuropathies are a group of diseases in which immune dysregulation
leads to inflammation of peripheral nerve fibres and their demyelination. The most common
acute type of immune-mediated neuropathy is Guillain-Barré syndrome. The Guillain-Barré
syndrome is a group of heterogeneous conditions with diverse pathology (Chandra et al,
2018). The immune-mediated neuropathies also include progressive or relapsing-remitting
chronic inflammatory demyelinating polyneuropathy, or multifocal motor neuropathy
(Chung et al, 2014).

Another type of immune-mediated neuropathy is vasculitic neuropathy, in which the
pathologic process is initiated in the blood vessels, leading to nerve ischemia or infarction,
causing multifocal motor and painful sensory neuropathy. This neuropathy is frequently
seen in patients with systemic vasculitis or develops over time after receiving a diagnosis of

rheumatoid arthritis or viral infections (Gwathmey et al/, 2014).

Toxic neuropathy

In toxic neuropathies, specific neurotoxins affect the entire nerve, from the neuron cell
body to the terminal axon at the neuromuscular junction. This neuropathy causes axon
degeneration proximal to the injury, leading to disruption of the nerve cell body and cell
death. This phenomenon is also called “dying-back” neuropathy, which does not allow for
regeneration if the cell body dies (Chung et al, 2014). These neurotoxins can be prescribed
medications, environmental and industrial toxins, or alcohol abuse. The most common
neurotoxin that causes toxic neuropathies is chemotherapeutic drugs (Watson & Dyck,
2015a).
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Neuropathies related to autoimmune diseases

In autoimmune-related neuropathy, autonomic dysfunction leads to the triggering of
autoimmunity in the PNS. In some patients, the autoimmune dysfunction may occur as a
systemic autoimmune disease like Sjoégren syndrome or the antiphospholipid syndrome. The
other diseases that can induce PN are systemic sclerosis, systemic lupus erythematosus,
and sarcoidosis (El-Abassi et al, 2022).

Neuropathy related to cancer

In this neuropathy, the infiltration of tumour cells into cranial nerves and nerve roots can
lead to PNS dysfunction, as it is commonly observed in leukaemia and lymphoma patients
(Chung et al, 2014). Recently, a study demonstrated the involvement of C-type fibre in

neurofibromatosis, causing painful sensory neuropathy (Farschtschi et a/, 2020).

Neuropathies related to infection

In this type of neuropathy, infection by viruses or bacteria causes the pathogen agents to
enter nerve fibres, causing severe nerve damage. For example, Mycobacterium leprae
causes leprosy and leads to PN. The other example is the AIDS-causing human
immunodeficiency virus (HIV) that has been associated with several neurological symptoms,
including PN. Other examples of viral and bacterial infections causing PN are as follows:
Lyme disease, the diphtheria-causing bacteria Corynebacterium diphtheriae, Epstein-Barr

virus, Cytomegalovirus, and Varicella-zoster virus (Chung et al, 2014).

Diagnosis

Due to the phenotypes' complexity in PN, a detailed medical history and extensive
examination are needed to precisely evaluate a patient and make a diagnosis. The diagnostic
evaluations can include blood tests to detect glucose intolerance, vitamin deficiencies, liver
or kidney dysfunction, hypothyroidism, and abnormal immune system activation. Also, to
understand the involvement of immune-mediated neuropathies, cerebrospinal fluid can be

tested to examine specific markers of autoimmunity.
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To confirm IPN, clinicians thoroughly examine the subject's family medical history. If the
clinician suspects IPN, the patient can be asked to undergo genetic testing. The investigation
of the various types of nerves involved and their distribution pattern is critical in determining
a patient's clinical pattern. Muscle strength assessment and evidence of cramps or
fasciculation are investigated to confirm motor fibre deficits. The patient's ability to perceive
vibration, light touch, pain, temperature, and body position is evaluated to confirm sensory
nerve damage. This test also determines whether the nerve fibres are small or large
(Lehmann et al, 2020).

Electrodiagnostic studies such as nerve conduction studies (NCS) and needle
electromyography (EMG) are performed to: i) confirm the clinical manifestations of PN; ii)
exclude mimickers of PN; iii) assess subclinical involvement of clinically unaffected nerve and
fibre modalities; iv) evaluate the mechanism of nerve damage (axonal loss or demyelination);

and v) assess disease severity (Lehmann et al/, 2020).

In NCS, an electrical stimulation device with electrodes is kept along the skin surface
underlying the nerve to measure the speed of impulse propagation by transmembrane ions.
Demyelination is predicted if the transmission rates are slow and nerve conduction block is
observed. In comparison, the axonal loss is indicated by reducing nerve action potentials and
normal or marginally reduced nerve conduction velocity (Abrams, 2006; Lehmann et al,
2020).

The EMG uses an insertional electrode to record electrical muscle activity both at rest
(spontaneous) and when it is contracted (voluntary motor unit). If abnormal activity is
detected at rest, active denervation can be predicted, and the severity of the nerve injury

can be estimated at the contracted stage (Chung et al, 2014).

Autonomic dysfunction or sensory nerve damage is investigated using pathological
parameters such as nerve biopsy and skin biopsy. Autonomic testing examines a variety of
functions, including cardiovagal function, adrenergic function, and postganglionic sudomotor
function. Cardiovagal and adrenergic functions are assessed by measuring blood pressure
after the Valsalva manoeuvre and recording heart rate responses to deep breathing. The
quantitative sudomotor axon reflex test (QSART) is the most quantitative test, it measures
action potential transmission along the postganglionic sympathetic sudomotor axon
(Schwartzlow & Kazamel, 2019b; England et al/, 2009).
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The sural nerve biopsy is an invasive procedure that investigates the morphological changes
between axon degeneration and demyelination. It is performed when the clinical

manifestations are suggestive of inflammatory neuropathy.

Skin biopsy is a minimally invasive technique for assessing small, unmyelinated fibres. The
density of intra-epidermal nerve fibres (IENF) can be identified and counted using a skin
biopsy (Lauria & Devigili, 2007), as these fibres are invisible to routine neurophysiological
tests. Skin biopsy can aid researchers in their study of myelinated fibres and their receptors,
as well as provide pathophysiological insights through morphometry of skin myelinated fibres

in patients with symptoms consistent with small fibre neuropathy (Nolano et al/, 2020).

Treatment

The available treatment options for PN concentrate on addressing the underlying cause.
Because there are numerous causes of PN, the clinician will recommend a variety of treatment
options. Patients have the option of receiving either pharmacological or non-pharmacological

treatment.

Non-pharmacological treatments entail proper foot hygiene, weight reduction, gait

rehabilitation, and physical therapy to improve symptoms associated with lower limb PN.

NP is the most common phenomenon in PN patients (Cruccu & Truini, 2017). As a result,
patients are prescribed antidepressants (e.g., venlafaxine), anticonvulsants (e.g.,
gabapentinoids), and opiate analgesics (e.g., oxycodone) to treat their NP symptoms (Trivedi
et al, 2013; Castelli et al, 2020). The recommendation of topical medications is given mainly

for localised NP.

For diabetic PN, treatment options include the optimization of the glycaemic index and
medication such as tricyclic antidepressants (e.g. amitriptyline) or serotonin/norepinephrine
reuptake inhibitors (e.g. duloxetine) (Farhat & Yezback, 2016). The administration of
intravenous immunoglobulins or steroids can treat inflammatory and autoimmune-related

neuropathies (Chung et al, 2014).

Regarding IPN, the treatment options are scarce, but certain gene replacement therapies
approved by the Food and Drug Administration (FDA) are available. For example, adeno-
associated virus-9 (AAV9) and adeno-associated virus-2 (AAV2) vectors for spinal muscular
atrophy and RPE65-linked retinal dystrophy, respectively (Motley et al, 2022). Gene
replacement therapy is the process of identifying a faulty gene and delivering a fragment of
DNA in its proper form to the gene via a viral vector (known as the carrier molecule), thus
replacing the detected faulty gene with the correct copy. (Pandey & Balekar, 2018). Small
Fiber Neuropathy

21



Small Fiber Neuropathy

Small Fiber Neuropathy (SFN) is a form of PN characterised by damage to the thinly
myelinated Ad or unmyelinated C-fibres, also called intraepidermal nerve fibres (IENFs) that

act as nociceptors and thermoreceptors in the skin.

Peripheral axons are an essential component of the autonomic nervous system because Ad
fibres connect the CNS to the ganglionic nerves of the PNS through the preganglionic fibres,
whereas C-fibres connect the ganglion to the effector organs via the postganglionic fibres,

such as sweat glands, the heart, and blood vessels (Themistocleous et al, 2014).

These small peripheral nerve fibres facilitate pain transmission, temperature perception,
enteric and autonomic functions. Therefore, patients with SFN may experience autonomic

dysfunction (Hovaguimian & Gibbons, 2011)

SFN can manifests with or without the involvement of large nerve fibres, or it can progress
gradually to involve large fibres. Because of these phenotypic differences, SFN is difficult to

diagnose.

Epidemiology

In the general population, the prevalence of SFN is estimated to be around 53 per 100,000
people. However, patients are frequently underdiagnosed during routine neurologic
examinations because it is difficult to detect abnormalities at the small fibre level (Peters et
al, 2013). Another study reported a steady increase in incidence and observed that SFN was
more prevalent in obese people (Johnson et al, 2021). Furthermore, another study from
Switzerland attempted to determine the prevalence of SFN in their population. They also
observed a significant increase in SFN incidences, from 4.4 to 131.5 cases per 100,000
inhabitants over a 4.8-year period (Bitzi et al, 2021). After a thorough work-up of two-thirds
of the patients, Bitzi et al. discovered that an etiological relationship could be attributed. The
majority of patients in their study were unable to be etiologically identified, and they stressed

the significance of more research into this area.
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Symptoms

The clinical representation of SFN is heterogeneous. It is characterised by sensory
disturbances and, at times, autonomic dysfunction. Many patients report a slow progression
to distal symptoms that include unclear lower limb disturbances. For example, the patients

feel like there are small stones or mud in their shoes (Hovaguimian & Gibbons, 2011).

Most of the patients present with NP, with or without abnormal thermal perception. For
patients affected by SFN, the symptoms are distributed in the lower extremities in a length-
dependent manner. They can, however, differ in how the disease manifests itself, with
symptoms affecting either the upper or all four limbs and whether or not they have a length-
dependent distribution. Patients may have significant somatosensory symptoms as well as a
variety of unpleasant sensations (e.g., burning, electrical, or shooting pain). These painful
sensations can vary in intensity throughout the day and night. Some individuals may
experience dysesthesia (e.g. prickling sensations, tingling sensations, pruritus, numbness,

cold, or stabbing pain) (Hovaguimian & Gibbons, 2011).

Allodynia and hyperalgesia are strong clinical indicators of SFN. Some individuals have also
reported pain in the tongue, scalp, face, and torso (Sene, 2018). At times, the patients have

reported symptoms similar to restless leg syndrome.

Also, autonomic dysfunction might manifest along with other symptoms. The commonly
observed autonomic manifestations include abnormal sweating, episodic flushing,
constipation, gastroparesis, micturition disorders, orthostatic hypotension, and cardiac
arrhythmias (Séne, 2018).

23



Pathophysiology

The small sensory nerve fibres include thinly myelinated Ad fibres responsible for
mechanical allodynia to pinprick stimuli and unmyelinated C-fibres that transmit warmth
sensation and pain sensitivity to thermal stimuli (Politei et al, 2019). The degeneration of
peripheral nerve fibres involved in pain processing is indicated by the reduction in these
small sensory nerve fibres. As a result, one of the mechanisms underlying SFN could be

axonal degeneration in small dorsal root ganglion (DRG) neurons.

A study demonstrated that partially inactivating voltage-gated sodium channels leads to
intracellular calcium toxicity (Estacion et al, 2015). Thus, one of the possible explanations

for axonal degeneration could be calcium dyshomeostasis (Gross & Uceyler, 2020).

The authors, Gross & Ugeyler, stated that in addition to calcium dyshomeostasis, impaired
axonal transport, overexpression of nerve growth factor, and local inflammation could also
lead to axonal damage in small fibres. The nociceptors, which are the terminal sensory
organs in the skin, muscles, joints, and viscera, respond to potentially tissue-damaging
stimuli (Gold & Gebhart, 2010), and their sensitization, the increment of excitability, could
lead to increased pain sensitivity. In this way, nociceptor sensitization could be another

possible explanation for SFN pathogenesis. (Gross & Ugeyler, 2020).

Causes

There are many potential causes of SFN, which makes it complex and variable, making it
harder to diagnose. SFN may be defined as primary or secondary. In the case of primary
forms of SFN, the discrimination between genetic and idiopathic forms is fundamental.
Approximately 40% of the cases in a cohort of patients affected by SFN tend to be idiopathic
(Devigili et al, 2008; Bitzi et al, 2021). Also, many of these cases might initially present as
SFN but then develop into large fibres, making them cases of polyneuropathy. In the case of
secondary forms of SFN, the specific cause has to be investigated. SFN, like PN, can have
inherited, acquired, or idiopathic aetiology. The different aspects of inherited and acquired
SFN have been elaborated more below, whereas Figure 1 summarises the primary and

secondary causes of SFN.
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Hereditary SFN

Several genetic studies were conducted to determine if there are any genetic factors

associated with SFN and, as a result, to better understand the pathophysiology of SFN (C. et
al, 2012). The subgroup of inherited SFN consists of patients carrying mutations in voltage-
gated sodium channel (VGSC) genes, namely, SCN9A, SCN10A, SCN11A, and SCN2B (Faber
et al, 2012a, 2012c; Huang et al, 2014; Alsaloum et al, 2021). Patients with sodium channel
gene mutations can be inherited or sporadic in nature. The gain-of-function mutations in
VGSCs have been associated with paroxysmal extreme pain disorder (Fertleman et al, 2006),
erythromelalgia (Cummins et al, 2004), and familial episodic pain (Faber et al, 2012c).
Because of these genetic studies on VGSCs, patients who were first classified as idiopathic
SFN following genetic screening were reclassified as sodium channel-related SFN in about

25% of cases.

Tangier’s disorder is an autosomal recessive disease characterised by high-density lipoprotein
deficiency due to mutations in the ABCA1 gene. In Fabry’s disease, an X-linked lysosomal
disease involving the GLA gene, SFN is the main manifestation, together with autonomic
dysfunction. SFN has also been documented as a pre-symptomatic stage of familial amyloid

polyneuropathy caused by TTR gene mutations. (Cazzato & Lauria, 2017; Séne, 2018).

Finally, when the nerves affected by HSAN concentrate exclusively in small sensory fibres,
the condition is known as “Hereditary sensory and autonomic small fibre neuropathy.”
Appendix A.1 lists the genes that cause this hereditary SFN disorder. The clinical
manifestations of this condition might range from painful to painless, including familial

dysautonomia. (Terkelsen et al, 2017).

Acquired SFN

Metabolic causes

Diabetes mellitus appears to be the most common recognised metabolic cause of SFN,
comparable to PN, involving approximately one-fourth of SFN cases. Furthermore, SFN is
associated with impaired glucose intolerance and metabolic syndrome. Other known causes
of SFN include chronic liver illness, hypothyroidism, vitamin Bi2, and Bes deficits (Cazzato &
Lauria, 2017; Séne, 2018).
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Inflammatory and autoimmune causes

Two conditions are potentially involved in leading to SFN, namely, Sjogren's syndrome and
sarcoidosis. Sjogren's syndrome is an autoimmune disorder that generally affects the
exocrine glands. In patients with Sjogren's syndrome, about 25%-45% end up developing
SFN (Birnbaum et al, 2019).

Sarcoidosis is a multi-systemic granulomatous disease. A study demonstrated that 44% of

patients with sarcoidosis had NP and sensory dysfunction (Hoitsma et a/, 2002).

The other inflammatory and autoimmune diseases which have been reported with SFN are as
follows: coeliac disease (de Greef et al, 2018), sensorimotor polyneuropathy (Oaklander &
Nolano, 2019), systemic lupus erythematosus, vasculitis, inflammatory bowel syndrome,
paraneoplastic syndrome, monoclonal gammopathy and rheumatoid arthritis (Cazzato &
Lauria, 2017).

Toxic agents, including medication

SFN due to alcohol abuse is more commonly reported compared to other known toxic agents
of SFN (Terkelsen et al, 2017). SFN due to alcohol abuse generally manifests with NP. Other
toxic agents associated with SFN are as follows: statins, anti-retroviral drugs,
chemotherapeutic agents, antibiotics, flecainide, tumour necrosis factor (TNF) inhibitors, and

vitamin Be toxicity.

Infectious causes

A strong association has been observed between SFN and patients affected by HIV (Cazzato
& Lauria, 2017). SFN was reported in patients with hepatitis C, Lyme disease, influenza,
Chagas disease, leprosy (Cazzato & Lauria, 2017; Themistocleous et al, 2014; Al-Shekhlee
et al, 2002; Séne, 2018).

Syndromic causes

In syndromic causes, patients have been diagnosed with other diseases, but their clinical
examination either presents with loss in IENF density or dysfunctional small fibres. For
instance, around 40% of patients with fibromyalgia have impaired small fibres according to
different diagnostic methods used for SFN. The other conditions involved in syndromic causes
are Ehlers-Danlos syndrome, Parkinson’s disease, amyotrophic lateral sclerosis, and Pompe
disease (Cazzato & Lauria, 2017).
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Figure 1: Causes of SFN. This figure describes the causes of SFN into two main categories: Primary
and Secondary causes of SFN. This figure has been adapted from the tables mentioned in the
following articles: Themistocleous et al, 2014; Al-Shekhlee et al, 2002; Cazzato & Lauria, 2017; and
Alsaloum et al, 2021

Diagnosis

The involvement of the IENFs, which regular neurologic examination and electrophysiological
testing generally are not powerful enough to detect due to the small calibre of nerve fibres,
makes SFN diagnosis challenging. In this setting, the density of IENFs and their decline over

time must be assessed for diagnosis.

Skin biopsy

The skin biopsy is utilised as a diagnostic test and can consistently demonstrate the loss of
IENFs in SFN, allowing the diagnosis to be validated. In this diagnostic method, IENF density
is measured with a 3 mm to 5 mm punch skin biopsy taken from the distal leg after local
anaesthesia for evaluation. The biopsy undergoes microdissection, after which the three
randomly chosen 50 pm thick sections are then immunolabelled against pan-neuronal marker
protein gene product (PGP9.5), expressed in the cytoplasm of the neurons, allowing the

detection of small fibres in immunofluorescence microscopy, as shown in Figure 2.
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An individual is diagnosed with SFN if the IENF density is reduced compared to the normative

values of age-adjusted and sex-adjusted IENF density of the distal leg (Lauria et al, 2005).

Figure 2: Digital confocal images of skin biopsy sections showing epidermal innervation in healthy
control (A) and in a patient with diabetic SFN (B). In green: small fibre nerves marked with PGP9.5
antibody. In blue: endothelia and epidermis marked with ULEX europaeus. In red: basement
membrane and blood vessels marked with collagen 1V antibody. Scale bar: 100 um. This image was
retrieved from (Nolano et al, 2020).

According to the European guidelines, IENF density less than 7.6/mm at the distal leg has a
diagnostic value of 88% to 90% to 95% specificity and 70% to 83% sensitivity for SFN (Lauria
et al, 2005; Séene, 2018). Owing to its high diagnostic value, this minimally invasive tool is
considered a gold standard for diagnosing SFN (Zhou, 2021).

Other diagnostic tools

The other diagnostic tools recommended together with skin biopsy are as follows:

- The Quantitative Sudomotor Axon Reflex Test (QSART) investigates the
postganglionic sympathetic C-fiber sudomotor nerve function, and it is recommended
for patients with abnormal sweating and autonomic symptoms (Zhou, 2021).
Together, QSART and skin biopsy can raise the diagnostic value of SFN
(Thaisetthawatkul et al, 2013).

- The Quantitative sensory test (QST) is used to study the perception in response to

external stimuli of controlled intensity and to define the pain threshold (Cazzato &
Lauria, 2017).
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Corneal confocal microscopy detects abnormalities in the C-fiber innervations of the
cornea. It is a non-invasive and reproducible technique. This tool measures the corneal
nerve fibre density through automated analysis of corneal nerve images. The
decreased density of corneal nerve fibres was closely related to the results obtained
from a skin biopsy. Moreover, multinational normative values for this tool have also
been developed and can be added as a routine diagnostic tool for SFN (Cazzato &
Lauria, 2017; Seéne, 2018).

Laser evoked potentials to assess Ad fibres and heat-evoked potentials for small fibres
can also be used as diagnostic tools. But, these neurophysiological tests have not been

added to the clinical diagnostic routine (Oaklander & Nolano, 2019).

Questionnaires: several questionnaires have been developed to detect symptoms
related to SFN.

o The Small Fiber Neuropathy and Symptoms Inventory Questionnaire (SFN-SIQ)
gives information for 13 conditions: abnormal sweating pattern, diarrhoea,
constipation, micturition dysfunction, dry eyes, dry mouth, dizziness on
standing from sitting or supine positions, palpitations, hot flashes, sheet
intolerance, burning feet, heat intolerance, and restless legs (Bakkers et al,
2014). Another SFN-related questionnaire is for patients with sarcoidosis-
induced SFN, called the Small Fiber Neuropathy Screening List (SFN-SL). This
questionnaire comprises 21 questions that focus on NP and dysautonomia
(Terkelsen et al, 2017).

o Another specific questionnaire for autonomic symptoms is called the Autonomic
Symptom Profile and the Composite Autonomic Symptom Score-31
(COMPASS-31). This questionnaire comprises 31 questions that assess six
domains of autonomic function. This test has been validated and has good

reproducibility (Terkelsen et al, 2017).
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o Lastly, neuropathic pain is a common symptom of SFN, and pain can be

subjective. To that effect, pain questionnaires facilitate the measurement of
pain intensity by attributing a quantitative value to it. The pain intensities are
measured with different types of scales. One such scale is the Numerical
Rating Score (NRS), where the levels of pain intensity are as follows: mild (1-
4), moderate (5-6), and severe (7-10) (Caraceni & Shkodra, 2019).
The different types of available NP questionnaires are as follows: S-LANSS (The
Self-Administered Leeds Assessment of Neuropathic Signs and Symptoms)
(Birnbaum et al, 2019), DN4 (Douleur Neuropathique 4 questions), and
painDETECT (Caraceni & Shkodra, 2019).

Treatment
There are two main treatment options for SFN: (i) treatment of symptoms and (ii) treatment
of the cause. The treatment is determined by the clinical aspects of the patient, and one of

the two approaches is recommended.

In the treatment of symptoms, NP is a common feature of SFN, and medication such as
tricyclic antidepressants, serotonin-norepinephrine reuptake inhibitors, or gabapentinoids is
recommended for alleviating NP (Séne, 2018). For localized pain, topical application of

lidocaine or capsaicin is also suggested.

Regarding the treatment, which has an underlying cause, the drugs are recommended
according to the acquired condition. For example, the clinicians might suggest intravenous
immunoglobulin therapy for Sjégren's syndrome. Moreover, mexiletine, a class IB
antiarrhythmic drug, is prescribed to patients with erythromelalgia with appreciable success.

This drug is known to block sodium channel function (Cregg et al, 2014).
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Genetics
As previously stated, mutations in VGSC genes are partly responsible for the
pathophysiology of SFN. These genes are found in primary nociceptive neurons, which include

DRG neurons (Laedermann et al, 2013).

Because the VGSCs on these neurons are in charge of generating and transmitting the electric
pulse that transmits information from the periphery to the CNS, mutations in VGSCs can
modulate pain perception. Electrophysiological studies on VGSCs revealed that mutations in
specific functional regions of the VGSCs could affect the kinetics of channel opening, closure,
and inactivation, resulting in hyper/hypoactivation in these neurons (Han et a/, 2012b). These

findings point to a molecular genetic basis for painful SFN.

Furthermore, in a recent review, the authors suggested that there are genes other than
VGSCs that are potentially involved in pain modulation. In their systematic review, Veluchamy
et al. collected and classified 28 genes associated with NP, involved in signal transduction,
synaptic transmission, the immune system, iron metabolism, and drug catabolism. The
authors then concluded that these genetic factors might be instrumental in the

pathophysiology of pain and PN, encompassing SFN (Veluchamy et al/, 2018).

Neuropathic pain and its genetics

NP is caused by a lesion or disease in the somatosensory nervous system. It's a

common PN phenomenon, just like SFN (De Moraes Vieira et al, 2012; Attal et al/, 2008).

There are two kinds of NP: spontaneous pain and provoked pain. Burning, tingling,
numbness, sheet intolerance, pain caused by mild pressure, electric shock-like discomfort,
pain from cold or heat, itching, and numbness are all symptoms of spontaneous pain.
Provoked pain, on the other hand, is defined by external stimuli such as mechanical, thermal,

or chemical, which can cause hyperalgesia or allodynia (Cruccu & Truini, 2017).

The heterogeneity in pain perception, as well as the distribution of symptoms, adds to
the complexity of NP. NP is also subjective because it is heavily influenced by factors such as
cognition, emotions, and an individual's education. Thus, to evaluate the severity of NP,
several questionnaires have been employed to provide objectivity for measuring NP. There
are different types of questionnaires available that concentrate on different NP descriptors to
generate a score that determines if the pain is neuropathic or not, along with identifying
specific characteristics of NP. It is recommended that a combination of screening tools be

used to evaluate the degree of painful manifestations associated with PN and SFN.
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The risk of inheriting pain-related phenotypes has been calculated to be between 25
and 50%, where the heritability of chronic pain is estimated to be around 50% (Nielsen et al,
2012).

Parallel to the problems in describing and reporting NP traits, several studies aimed at
investigating the potential role of NP, focusing on its genetic aspects, and they could not
satisfactorily associate genes with NP. This is mainly because most of these studies have
drawbacks, such as small cohort size or uncertain phenotypic characterization of the samples
(Calvo et al, 2019).

Veluchamy et al, highlighted a set of genes related to NP divided into four basic
categories according to their biological pathways: ion channels, neurotransmission,
metabolism, and immune response, as shown in Figure 3 (Veluchamy et al, 2018; Calvo et
al, 2019). The authors divide the genes into various groups depending on their function or
associated mechanisms, such as receptor signalling or iron metabolism or genes connected

to pro-inflammatory cytokines.

Some examples are: the SCN9A gene that encodes for Navl.7, a VGSC, was sorted
into the ‘ion channel’ group; COMT, which encodes for the catechol-O-methyltransferase, was
classified into the ‘neurotransmission’ group. Similarly, the genes in the 'Metabolism' group
are related to iron metabolism and were observed in individuals with distal peripheral

neuropathic pain and low iron-binding.
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Figure 3: The genetic markers mentioned above have been extracted from the two reviews as they were
associated with NP. (Veluchamy et al, 2018; Calvo et al, 2019)
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The genetics of NP includes both rare and common variants, with the former occurring at a
frequency of less than 1% in a population and the latter occurring at a noticeable frequency
of more than 1% in a population. Recently, a database was released, listing different variants
related to pain phenotypes; this database linked 125 distinct variants to NP and nociception
(Meloto et al, 2018).

Despite all the research performed to date, projects such as genome-wide association studies
or next-generation sequencing studies are still needed to broaden the genetic knowledge of
NP and PN.

Nociception

Nociception is the process by which an animal's sensory system perceives and encodes
noxious stimuli. The nociceptors, a set of specialised sensory receptors, are located in the
PNS. These receptors identify and respond to heat, cold, chemical, and mechanical stimuli
that can be potentially damaging. The nociceptors are present as free nerve endings at the
periphery and as cell bodies in the DRG. (Cohen et al/, 2018).

Within seconds of the first contact with noxious stimuli, peripheral sensitization occurs with
free nerve endings (nociceptors) in the periphery. The conversion of the stimuli into electrical
energy induces the activation of the VGSCs that generate action potentials and transmit the

signal along the axon through the DRG.

Ion channels that convert stimuli to signals at the periphery include transient receptor
potential (TRP) channels, acid-sensing ion channels (ASIC), and ATP-gated purinergic
channels (P2X). This process is also known as signal transduction. The other important
feature of nociception is the hyperpolarization of potassium channels that can inhibit the
action potentials created by TRP channels at the periphery for regulating transmission.
Meanwhile, in the spinal dorsal horn, nociceptors terminate and contact nociceptive-specific
spinal projection neurons via N-methyl-Daspartate receptors (NDMAR), -amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPA), metabotropic glutamate receptors
(mGIuR), and kainate receptors on the postsynaptic terminal. Voltage-gated calcium channels
control neurotransmitter release with the help of the soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) complex that mediates synaptic vesicles in
neurons (Finnerup et al, 2021). The signal then ascends, carrying sensory information from
the body to the brain via the spinal cord, which is known as the ascending pathway. This

process has been illustrated in Figure 4.
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Figure 4: A pictorial representation of the transmission of a stimulus perceived at the periphery and
the electric pulse is transported to CNS while interacting with different ion channels and biomolecules.
It also shows the impact of nociceptive signals on different ion channels. This figure depicts three ion
channels as voltage-gated sodium channels (Na,s), voltage-gated calcium channels (Cays), and
hyperpolarization-activated cyclic nucleotide-gated channels (HCNs) are pro-excitatory while
potassium channels (K,s) and TRPM8 ion channels are not. At the same time, thrombospondins (TSP)
are involved in synaptic transmission by operating through Ca, a»0: subunits. N-methyl-D-aspartate
receptor (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor, and
mGluR are glutamate receptors that aid in synaptic transmission at the spinal cord. DRG, dorsal root
ganglion. This image is modified from Finnerup et al, 2021. (Raouf et al, 2010, Finnerup et al, 2021)

From the TRP channels, TRPV1-4, TRPM2-3, TRPM8, and TRPA1 are known to be expressed
in peripheral afferent neurons and associated with nociceptive pathways. Pharmacological
studies concerning TRPV1 and TRPA1 have demonstrated that inhibition of the channels can
ameliorate pain (Basso & Altier, 2017). The VGSCs participate in nociception by regulating
the sensory nerve excitation in DRG neurons (Finnerup et al, 2021). The hyperpolarization-
activated and cyclic nucleotide-gated (HCN) channels found in DRG are also associated with
NP. (Jiang et al, 2008). Dysfunction of HCN channels is also implicated in the amplification

of electrical signals, causing NP(Santello & Nevian, 2015).
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Voltage-gated calcium channels are involved in nerve cell excitability and synaptic
transmission in nociception. The Cav3.2 channel that encodes for the CACNA1H gene is
expressed in DRG neurons and in the spinal cord. Li et al demonstrated that after
administration of paclitaxel, the expression of the Cav3.2 channel increased, and it co-
expressed with toll-like receptor 4 in DRG neurons and the spinal cord, causing nociceptive

sensitization. Thus, the Cav3.2 channel blockers are anticipated as novel therapeutic agents.

The downregulation of potassium channels, Kvl.1 (encoded by KCNA1 gene) and Kvl.2
(encoded by KCNAZ2 gene) at the periphery has been linked with cold allodynia (Gonzalez et
al, 2017).

Based on all this evidence, ion channels at the periphery and the spinal cord dorsal horn play

a significant role in painful PN.

Ion channel and their features

In this section, we discuss the different ion channels that have been associated with pain-

related disorders and highlight their physiological features.

Sodium channels

VGSCs are large transmembrane proteins comprised of a-subunits that control the influx of
sodium ions through a voltage gating system and B-subunits that mediate membrane
transport, inactivation, activation of VGSCs, and ligand binding (Xu et al/, 2019). The a-
subunit consists of four transmembrane domains (D1-4) connected by long intracellular loops,
where each domain is comprised of six transmembrane segments (S1-6). The first four
transmembrane segments are voltage-sensing domains (S1-4), and the last two (S5-6) are
pore domains linked with P-loops (pore loops) and a selectivity filter. The B-subunit includes
a single transmembrane helix, an extracellular amino-terminal, and a small intracellular

carboxy-terminal, as depicted in Figure 5 (Xu et al, 2019).

There are ten isoforms of a-subunit (Navl.1 to Nav1.9 and Nax) and five isoforms of B-subunit
(B1, B1B, B2, B3, and B4). Navl.1-Navl.3 and Navl.6 are mainly expressed in the CNS,
whereas Nav1.6-Nav1.9 are expressed in DRG neurons. Meanwhile, Navl.4 and Navl1.5 are

expressed in skeletal muscles and cardiac muscles, respectively (De Lera Ruiz & Kraus, 2015).
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All the VGSCs partake in creating the sodium ion currents that initiate and transmit action
potentials in nerves and muscle fibres (De Lera Ruiz & Kraus, 2015). The VGSCs are
regulators of sensory nerve excitation, and so, understanding their physiological mechanisms

has provided many insights into pain processing.
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Figure 5: Schematic representation of VGSCs where on the left side, a subunit has four domains as
D1-4 where each domain has six transmembrane segments (S1-6). IFM stands for isoleucine,
phenylalanine, and methionine motif. The B-sub circle denotes the (B-subunit interaction section. VSD
is for the voltage-sensing domain. ID1-2, ID2-3, and ID3-4 are interdomain linkers. On the right side
is the topology of the B-subunit (Detta et al, 2015).

The mechanism of action of the VGSCs is governed by three stages: i) resting or closed, ii)
activated or open, and iii) inactivated or closed. When membrane depolarization occurs, the
voltage-sensing domains in VSGCs undergo conformational change and modulate the
opening of the gate to activate the channel. Upon activation, they initiate the influx of
sodium ions and then further depolarize the membrane, initiating the action potential's
rising stage. Within milliseconds, the inactivation of these channels is partly involved in the
falling stage of the action potential, resulting in the termination of ion conduction. In the
case of continued membrane depolarization or recurrent stimulations, the channel moves
into a slow inactivation stage wherein the action potentials are amplified (Xu et al, 2019),
as illustrated in Figure 6. The S4 transmembrane segments of a-subunits are responsible
for the opening and closing of VGSCs (De Lera Ruiz & Kraus, 2015). The VGSCs are
typically rapid transient channels that inactivate or activate within milliseconds (De Lera
Ruiz & Kraus, 2015).
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Figure 6: The stages of the mechanism of action of VGSCs adapted from (Xu et al, 2019)

inactivation

The Navl.1-Nav1.9 are encoded by SCN1A, SCN2A, SCN3A, SCN4A, SCN5A, SCN8A,
SCNO9A, SCN10A, and SCN11A genes, and Nax is encoded by the SCN7A gene. The variants
found in SCN1A, SCN2A, SCN3A, and SCN8A are responsible for the dysfunctional rapid
inactivation of VGSCs, leading to recurrent sodium currents causing ataxia and epilepsy
(Eijkelkamp et al, 2012). Several studies have associated mutations in SCN9A with pain-
related conditions that occur due to i) structural change, ii) shift of voltage by dysfunctional
voltage-sensing domains, iii) associating with proteins, and iv) generation of resurgent
currents (production of a large current by sodium influx) (Lampert et a/, 2014). The gain-
of-function mutation, which modifies the gene product to enhance its function, in SCN9A is
associated with painful disorders. In contrast, loss-of-function mutations, which modify the
gene product to inactivate the function either partially or completely, are associated with

pain insensitivity (Lampert et al, 2014).

The Nav1.8 channels are resistant to the neurotoxin tetrodotoxin and are important for NP.
Compared to the Navl.7 channel, Nav1.8 gets activated after large depolarized potentials to
modulate most of the sodium ion transport in neurons. Mutations in the Nav1.8 channel
gene cause hyperexcitability and abnormal firing of DRG neurons, associating them with
painful SFN (Faber et a/, 2012c).
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Another channel resistant to tetrodotoxin is Nav1.9 encoded by the SCN11A gene. This
channel produces only tetrodotoxin-resistant sodium ion current in neurons with extremely
slow activation and inactivation kinetics. They create a persistent sodium ion non-
inactivating current with a negative activation threshold close to the resting potential. As a
result, they aid in controlling the membrane potential and regulating nerve cell excitability
(Baker & Nassar, 2020). Due to the nature of the Nav1.9 channel, fast membrane
depolarization causes hyperexcitability, whereas prolonged membrane depolarization leads
to impaired signal transduction in neurons (Huang et al/, 2017). Thus, mutations in the
SCN11A gene have been observed both for pain sensitivity and insensitivity, and usually,
the gain-of-function mutations in SCN11A are associated with painful SFN (Huang et al,
2014). However, Leipold et al. demonstrated that a gain-of-function mutation in SCN11A

blocked further transduction of signals, causing pain insensitivity.

TRP channels

The transient receptor potential channel is a super-family of genes involved in nociception
and pain perception (Nilius & Flockerzi, 2014b). All the genes in this super-family are non-
selective cation-permeable channels known to conduct calcium ions (Gees et al, 2010).

Pain-related conditions are linked to human gene mutations in TRPA1 and TRPV1 channels.

The name of the Transient Receptor Potential cation channel Ankyrin 1 (TRPA1) was given
because of the ankyrin repeat domains found in its structure (Paulsen et al, 2015). The
amino-terminal of the TRPA1 structure consists of 14-18 ankyrin repeat domains with six
transmembrane helical domains (TM1-6), the pore loop located between TM5 and TM6, and
the C-terminal side of the protein has a TRP-like domain and a C-terminal coiled-coil
(Paulsen et al, 2015; Jaquemar et al, 1999). TRPA1 is a well-known chemosensor of
nociception as it is activated by several chemical and environmental irritants (Andersson et
al, 2008). All these irritants activate the channel by causing painful burning sensations in
individuals (Kremeyer et al, 2010). The TRPA1 gene is known to be co-expressed with the
TRPV1 gene, which modulates thermosensation, causing both pain and inflammation
(Bandell et al, 2004).
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TRPA1 is expressed in the brain, in skeletal muscles, and in epithelial cells. More
importantly, it is expressed in nociceptive neurons such as DRG and trigeminal neurons
(Kono et al, 2010; Takahashi et al, 2008). From functional studies, it is known that the
Asn855Ser variant in the TRPA1 gene is a gain-of-function mutation causing hyperalgesia
from cold in patients with familial episodic pain syndrome. (FEPS) (Meents et al/, 2019;

Kremeyer et al, 2010).

Szolcsanyi & Sandor defined the six transmembrane domains as well as the six ankyrin
repeat segments. TRPV1, similar to TRPA1, has a wide expression pattern as it is expressed
in somatic and visceral afferent neurons at both the spinal cord and peripheral junctions
(Messeguer et al, 2005). TRPV1 is a polymodal nociceptor that responds to vanilloids,
protons, heat (42°C), lipids, voltage, and a variety of other stimuli (Messeguer et al/, 2005;
Julius, 2013; Pingle et al, 2007). TRPV1 is a known potential molecular target as a
treatment for various pain-related phenotypes such as hyperalgesia, inflammatory pain,
hypersensitivity, and even acute burning pain (Kumar, 2020; Brandt et a/, 2012). TRPV1-
null animal models have significantly reduced thermal pain sensitivity in response to
inflammation. Moreover, a recent study showed that knockout mice for models of three TRP
genes (TRPV1, TRPA1, and TRPM3) experienced nearly no thermal sensation with normal
nociception, indicating a combination of TRP channel genes engages in thermal hyperalgesia
(Kaneko & Szallasi, 2014; Vandewauw et al, 2018). There have been many pharmacological
and genetic studies targeting the TRPV1 gene, but there have been no known rare

functional genetic variants reported with a direct association to NP.
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PROPANE and PAIN-NET studies

As already mentioned, neuropathic pain is a frequent feature of PN, adversely impacting
patients’ quality of life and increasing health care costs. Not all individuals with PN develop
pain, and it is impossible to identify who is more or less vulnerable among those with similar
risk exposure. In this field, a consortium of partners from different countries, including San
Raffaele Hospital, coordinated by the IRCCS Foundation ‘Carlo Besta’ Neurological Institute
(CBNI), was engaged in the project PROPANE STUDY ("Probing The Role Of Sodium Channels
In Painful Neuropathies") from 2014 to 2017 and more recently in the PAIN-Net project
("Molecule-to-man pain network") from 2018 to 2021, both founded by the European
Community. Both projects, with some differences, aim to assess the genetic architecture of

PN, achieving a stratification of subjects at high risk of developing painful PN.

The current thesis is being completed as part of the PAIN-Net, a Marie Sktodowska-Curie
funded project that evolved from the previous PROPANE STUDY. Many of the genes mentioned
above have been tested by PROPANE STUDY consortium members using targeted next-
generation sequencing focused on sodium channels and other candidate pain-related genes
coding for ion channels and receptors expressed in dorsal root ganglion, in order to define
the genetic components involved in the PN and NP. Here, within the PAIN-Net study, thanks
to the unbiased approach of Whole Exome Sequencing (WES), the investigation has been
enlarged to include all the contributing genes in order to identify new pain-related genes
involved in PN and NP.

Next Generation DNA Sequencing

Deoxyribose Nucleic Acid (DNA) is a biomolecule that encompasses an individual's genetic
code, which is inherited from parents to their offspring. During the lifetime of a human being,
the DNA sequence undergoes many changes in genetic code, known as genetic variation. The
genetic variant is referred to a precise location in the genome that differs from the reference
genome. An allele is one of two or more gene variants. For each gene, an individual receives
two alleles, one from each parent. As a reference, one of the two alleles is called a "reference
allele"” when it is equal to the one present in the reference genome, while the other is called

an "alternate allele" when it is different from the one present in the reference genome.
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A coding region of a gene contains all the information necessary to generate a protein, and a
variant in a coding region could have different types of effects. In the case of one-base
mutations (point mutations), three types of effects are observed as follows: synonymous,
nonsense, and missense variants. In a synonymous variant, the point mutation will not alter
the amino acid sequence. A nonsense mutation puts a premature stop signal and shortens
the protein. Lastly, a missense mutation changes the amino acid sequence, potentially
impacting the protein product. The change caused by a missense mutation could be neutral
if the replaced amino acid has the same chemical property as the original amino acid or if it
occurred in a protein region unimportant to the protein's function. On the other hand, a
missense mutation could render a protein non-functional, leading to a disorder (Minde et al,
2011).

Some variants are longer than point mutations and are called insertions or deletions. If these
variations fall into a coding region and the length of these variations is divisible by three
(three base codes for an amino acid), they will cause the deletion or insertion of a complete
amino acid in a protein. These types of variants are also called in-frame deletions or
insertions. But, if the length is not divisible by three, then a shift in the amino acid sequence
of the protein is seen to disrupt the structure of the protein. These types of variants are also

called "frameshift variants."

These genetic differences from one individual to another could affect an individual’s
physical characteristics (or phenotype). By studying these genetic differences, the phenotype

of an individual could be better explained and interpreted.

The research community needed a human genome blueprint as a reference to
understand and identify genetic variations in a subject, so the researchers established the
Human Genome Project. This project used a "Sanger sequencing" approach to sequence the
human DNA. In this method, small fragments of DNA are sequenced one by one, making it
time-consuming and expensive. As a result, the need to sequence DNA strands in parallel and
achieve a high throughput arose, which revolutionised the art of DNA sequencing.(Shendure

& Ji, 2008). This technique is known as Next Generation Sequencing (NGS).
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Though NGS is cheaper and faster than Sanger sequencing, it lacks quality. In NGS,
DNA fragmentation is necessary. These fragments are ligated with an index to match each
fragment to the subject and with an adapter that allows the fragment to attach to the surface
of the flow cell during sequencing. The output is a sequence that includes the DNA fragment,
the index sequence (sample identifier), and the adapter sequences, termed libraries. These
libraries are then immobilised by the adapter sequence onto a flow cell, creating clusters
where these clusters are amplified simultaneously. Finally, a sequence is identified by its
fluorescent labels, as depicted in Figure 7, as each fragment is sequenced multiple times to
give many copies of each base in that fragment, defining the quality confidence of the
sequencing. If a base in that fragment is sequenced 30 times, that means 30 reads cover a
nucleotide, so that 30 is the "coverage" of that nucleotide. As a general rule of thumb, higher

coverage of nucleotides results in identifying variants with greater accuracy.
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Figure 7: Pictorial representation of the basic protocol of an NGS experiment. (Adapted from
Shendure & Ji, 2008)
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NGS technologies have several uses, such as the identification of genetic markers involved in
a disease, the stratification of subjects by their traits, the investigation of a missing or an
over-response to a treatment in a subject, and other possible applications in personalised

medicine.

NGS applications are widely used and they are classified into three categories: "Targeted
sequencing," "Whole-exome sequencing" (WES), and "Whole-genome sequencing" (WGS).
These methods are useful for identifying various types of genomic variation, such as single-
nucleotide variations (SNVs) or point mutations, insertions and deletions (INDELs), structural

variants (SVs), and copy number variations (CNVs), as depicted in Figure 8.
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Figure 8: A pictorial representation of different genomic variations identified through NGS. Figure 6
(A) depicts short variations such as SNVs and INDELs. (B): It shows different types of structural
variants determined by NGS technology. (C): It represents the copy number variants which is a
typical structural variant and (D): It shows how many base pairs (bp) are constitute each type of
genomic variation. Adapted from: 'Review: How Long-Read Sequencing Is Revealing Unseen Genomic
Variation - PacBio’.
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The targeted sequencing is based on a pre-conceived list of genes derived from previous
research projects where a genotype was linked to a trait or phenotype for a specific disease.
As the sequencing libraries are made to cover this list of genes, targeted sequencing is not
recommended if the causative genes are unknown. For example, in PN, which is a multi-
factorial and genetically heterogeneous disorder, WES or WGS would be useful in
understanding its genetic mechanisms. Also, over the years, sequencing costs for WES and
WGS have gone down comparatively, and it is estimated to go down further with more

technological advances in this field.

In WGS, the whole three billion nucleotides of the DNA per sample are sequenced, the
complete genome. Thus, the major drawback is that it spills out humongous amounts of
information, making it hard to detect accurate genetic markers. The processing of large
amounts of data also takes time computationally, affecting the turn-around time of a project.
WGS is also recommended for diseases where the structural changes in the physical traits of
an individual could have a genetic cause. For instance, Charcot-Marie-Tooth neuropathy type
1A (CMT1A) is caused by a CNV of 1.5 megabases in the PMP22 gene. On the other hand,
WES emits comparatively less information, and it is computationally less extensive and
manageable. WES can identify such disruptive variations if the SV falls into a coding region.

Thus, WES is a good choice among targeted sequencing and WGS (Sun et al, 2015).
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Different aspects of the three applications have been illustrated in Table 1 (Seleman et al,
2017; Sun et al, 2015; Foo et al, 2012).

Number of
genes covered

Gene coverage

Number of
variants

Disease type

Identification
of novel genes
Incidental
Findings
Intronic
variant
detection
(>30bp from
splice-sites)

CNV variant
detection

Structural
variant
detection

Sequencing
cost per
sample

Targeted sequencing

50 - 500

100 % similar to
Sanger sequencing

Depends on the gene
panel size

Best suited for
Mendelian disease or
disease for which a
well-known genetic
cause has been
previously established

No

No

No

It depends on the gene
panel size and a control
cohort of at least 200
samples for the same
gene panel

Not recommended

It depends on gene
panel size, but for 300
genes, it is estimated to
be around $300-500

WES

About 2 % part
of the genome
(~ 30,000)
98% with 60X
depth of
coverage

~25,000

Disease with
genetic
heterogeneity
or with a
genetic cause is
unknown or
incomplete

Yes

Yes

No

Yes, CNVs > 3
exons are
detected, also
needs a control
cohort from the
same
sequencing kit

Chances are low

$950

Table 1: In-depth comparison of NGS DNA application technologies

WGS

Complete genome

90% with 60X
depth of coverage

~4,000,000

Suitable for
diseases that are
linked with
structural defects or
complex diseases

Yes

Yes

Yes

Yes

Yes

$1500-2000
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Whole exome sequencing

The WES approach focuses on the exonic region of a genome, which aids in screening
for rare variants having a strong effect on disease susceptibility (Frésard & Montgomery,
2018). WES is an extension of targeted gene panel sequencing, where all the coding regions
are covered rather than just a few regions. One of the main advantages of WES is that, while
performing variant analysis, we could initially focus on candidate genes and then proceed to
assess the entire coding exons, searching for genotype-phenotype relationships not found in
candidate genes. WES has some limitations, such as the sequencing coverage could vary
across regions or samples, GC-rich regions are not captured qualitatively, and CNVs are not
easy to detect because they are composed of intronic regions. Regardless, WES has been
used successfully in determining the genetic signatures corresponding to different types of

neurological disorders, especially inherited PN such as CMT disease (Foo et al, 2012).

The WES workflow consists of four stages, from sample selection to variant interpretation, as
shown in Figures 9a and 9b below. The first two stages of WES consist of the laboratory
procedure, also known as the "wet-part," whereas the latter two stages are performed using

high- computing workstations as the "dry-part."

Stage 1 Stage 2
Experimental design and Sample collection Next generation sequencing

Patient selection
L Sample preparation
— Sample collection

» DNA extraction

— Library preparation
ﬂquantiﬁcation sample sequencing
DNA Quality control

Figure 9a: Depicts first two stages of WES experiments. Adapted from (NGS Workflow Steps |
Illumina sequencing workflow)

Stage 1: Experimental design and sample collection

The primary step is to understand the hypothesis and requirements for WES experiments.
The clinician selects the patient for the study following specific inclusion/exclusion criteria
and collects blood or saliva samples from the recruited subject. After sample collection,

extraction of high-quality DNA is performed.
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Stage 2: Next-generation sequencing

The exome library is prepared using the extracted DNA. At first, the DNA is fragmented either
by a biological enzyme or by a mechanical process called sonication. These fragments are
then ligated with adapters and index sequences. These adapters aid these fragments to bind
to the flow cell, whereas the index sequences help identify the patient sample. These samples
are prepared for amplification on a pre-determined probe set that would hybridise DNA
fragments of the sample and amplify the exonic regions. After exon enrichment, the library
sequences are amplified to generate millions of short reads. If forward and reverse strands
of DNA are sequenced, the sequencing is called paired-end. Otherwise, if only one strand is
sequenced, the sequencing is called single-end. The first type of sequencing attains more

information and provides better alignment accuracy during data analysis (Seaby et a/, 2016).

Because NGS technologies aid in the discovery of putative variants and the linking of
genotypes to phenotypes, they have the potential to be used as a diagnostic tool in both
research and clinical settings. From Figure 9b, data management and data analysis are

completed with the help of bioinformatics, a crucial part of WES data analysis.

Stage 3 Stage 4
Data management Data analysis
Sample data quality control Sample variant annotation
E% Sample data alighment L—» Sample variant filtration
——— Sample variant calling ——— Sample variant prioritization

Figure 9b: Depicts last two stages of WES experiments. Adapted from (NGS Workflow Steps | Illumina
sequencing workflow)
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Stage 3: Data Management

Quality control

Quality control is the first phase of the WES data analysis workflow, where the reads
obtained per sample are evaluated qualitatively. The sequencing reads obtained from the
sequencer are stored in base call files. These base call files are converted to files where each
base in a read is given a score known as the PHRED score. The PHRED score, which assigns
a probability of error to each called base in a read, supplements the Sanger-sequencing
quality score (Ewing et al, 1998; Ewing & Green, 1998). The PHRED score is then used to
weed out low-quality reads from further processing. The quality check of the reads is also
performed after adapter removal to ensure the retention of the DNA insert and proper
removal. This step is performed by the FastQC tool developed by Simon Andrews of Babraham
Bioinformatics (Babraham Bioinformatics - FastQC A Quality Control tool for High Throughput

Sequence Data).

Read Alignment

The quality reads from the adapter trimming step are then aligned to the reference genome
to localise the reads chromosome-wise in the genome. In the case of WES analysis, an aligner
should be able to map at least 96% of the reads to the genome for the successful detection
of variants in the exonic region. Several aligners can be used for this step, but the preferred
one for the human reference genome is the Burrows-wheeler aligner (MEM algorithm) (Li,
2013). Usually, an aligner is chosen based on the output file that is emitted from the tool, as
this file should be compatible for downstream analysis. The preferred output file format is
either Sequence Alignment Map (SAM) format or Binary Alignment Map (BAM) format. Each
sample data set is aligned to the human reference genome. The expected alignment score
should be more than 99%. After the sample alignment step, the mean number of reads that
cover the target regions (i.e., coverage) is calculated for each sample. The expected coverage
per sample should be greater than 75x. The last step of data management is to perform
variant calling, where the aligned reads are investigated and the difference between reference

and sample reads is registered in a file.
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Variant discovery

The alignment outputs are then processed by the Genome Analysis Tool Kit (GATK),
which is an assemblage of several tools for recalibrating and calling variants for NGS
technologies. The GATK's best practises workflow has helped standardise variant discovery in
high-throughput sequencing analysis (Van der Auwera et al, 2013). Figure 10 describes the
complex collective workflow that is implemented in WES analysis for variant discovery (Poplin
et al, 2018).
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Figure 10: A schematic of GATK'’s best practices workflow where the joint genotyping aspect
(highlighted in blue) is only used when more than 40 samples are analysed together. (Poplin et al,
2018)

For GATK, the resultant file has only small variants, less than 50 bp, but for SV discovery,
another workflow must be adopted. Therefore, for SV discovery, it is recommended to use a
combination of multiple variant callers and report the intersection of the variants seen
amongst the chosen SV detection tools (Chapman, 2014; Pabinger et al, 2014). Also, these
intersected SVs should be compared against a similar number of healthy control samples,
and only the rare ones should be reported. Only CNVs from all structural variants can be
confidently reported in a WES analysis; if other SVs are seen in WES analysis, they have to

be further evaluated by functional studies.
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After the sample variant discovery step, a quality check is performed where the ratio of
transitions to transversions (Ti/Tv) is calculated. To elaborate, the structure of DNA is made
up of two-ring purine-based nucleotides, Adenine (A) and Guanine (G), and one-ring

pyrimidine-based nucleotides, Cytosine (C) and Thymine (T).

Transitions are mutations that occur between purine-derived nucleotides (A <-> G and C <-
> T) or between pyrimidine-based nucleotides (C <-> T). Transversions are mutations that
happen between purine-based nucleotides and pyrimidine-based nucleotides (A <-> C, A <-
>T,C<->G,G<->T). In theory, if these mutations occur at random, the Ti/Tv ratio should
be 0.5, meaning that in that position, any variant is present. The Ti/Tv ratio for an individual
WES sample should range between 2.2 and 3.3.(Wang et al, 2017; Carson et al, 2014).

Stage 4: Data Analysis

In this step, the variant call format file for each sample is annotated by annotation tools. The
variants are filtered according to different functional prediction tools. These filtered variants
are then prioritised according to the individual’s qualitative trait. While WES can be a robust
tool, it also emits between 25,000 and 45,000 variants per sample (Foo et al, 2012).
Therefore, proper bioinformatics support is needed for an apt variant interpretation for each

sample.

Variant Annotation

In this step, each called variant is given a functional meaning by adding details about
the location of the mutation in the gene, and the impact of that mutation on the gene’s
function is reported. Thanks to the sequence ontology database, it was possible to assign a
feature to the variant even if one uses different annotation tools, as depicted in Figure 11
(Eilbeck et al, 2005).
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Figure 11: A diagram representing the different sequence ontology terms for the transcript structure.
Extracted from EMBL-EBI. (Calculated consequences)

Also, other variant descriptors, such as providing the mutation’s frequency in the global
population and the conservation of that variant through different species are added to each
variant in the Variant Call Format (VCF) file.

The two most common annotators used in WES are Variant Effect Predictor (VEP) by Ensembl
and SnpEff annotator (McLaren et al, 2016; Cingolani et al, 2012). Following the annotator's
assignment of a variety of information from various sources to each variant, the most

important step is to select putative variants.

Variant prioritization

The variant discovery step outputs about 25,000 variants per sample. The variants are then
prioritized in a multi-step process. The variants are filtered for a specific allele frequency in
the global population and predicted variant impact. Henceforth, this subset of genetic variants
will be referred to as qualifying variants (Petrovski et al, 2017). Richards et al acknowledged
these conventional filtering criteria and included criteria for pathogenicity with biological
support rather than relying solely on computational predictors. They advocated using five
terms to classify qualifying variants, as shown in Table 2. Each variant must be manually
examined for a specific individual while providing biological reasoning for its selection is a
rate-limiting step. Therefore, certain strategies are applied with different modes of inheritance

when performing familial segregation analysis or analysing sporadic cases.
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In familial segregation analysis, the family members are tested to see if a variant segregates
with the disease and to establish the gene-disease relationship. For example, in trio families
(parents are unaffected and the offspring is affected), for a recessive disorder, both the
parents are assumed to be heterozygous carriers, and the affected offspring are homozygous
for the variant. Similarly, for a dominant disease model, the affected subject should be
heterozygous for the variant, while the unaffected members should not share the
heterozygous variant. These disease models inherently look for causal variants but not
protective variants. An additional strategy can be applied to get information on protective
variants. In the protective autosomal dominant model, the unaffected members of the family
should be heterozygous for the variant, and the affected members should be homozygous for

the variant.

For sporadic samples, due to a lack of information about the mode of inheritance, each sample
is examined on a case-by-case basis. If more than one sporadic sample is available, then a
"sharing" model is applied where the variant is prioritised if it is shared among more than one
sample but less than 25% frequent in the analysed cohort. The qualifying variants are
manually examined and ranked according to their traits, and then assigned the terminology

as shown in Table 2.

The synonymous variants or variants that do not impact a protein's amino acid sequence are
classified as "Benign." The missense variants with substitutions that have a neutral impact
on the amino acid sequence or the altered amino acid that is located in a region that does
not impact the protein's functionality are classified as "Likely benign." Suppose the variant
(an SNV or an INDEL) is found in a gene that has been functionally associated with the
phenotype and has been reported to segregate in a family conclusively with a phenotype
similar to the analysed subject. Then, in that case, that variant is classified as "Likely
pathogenic." When several studies report a variant and confirm its pathogenicity with a

phenotype similar to the analysed subject, that variant is classified as "Pathogenic."
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But, if the variant is associated with the phenotype without any functional study or familial

segregation study, the variant will be classified as a "Variant of Uncertain Significance" (VUS).

Moreover, the variants classified as "Pathogenic" or "Likely pathogenic" in the literature for a

specific disease can differ from the analysed subject’s trait.

Classification status

Definition

Benign/Likely benign

Variants that are not conserved or are too frequent in the
population or the control samples Also, the protein change
is tolerated in the gene.

Likely pathogenic

Variants with some clinical significance, at least one
functional study

Pathogenic

Variants with strong clinical significance Variants recorded
at multiple sources with functional studies

Variants of Uncertain
significance (VUS)

Variants in a gene linked to the disorder or discovered in a
related pathway, but no functional studies

Table 2: Variant classification terminology provided by ACMG guidelines and its definition

The prioritised variants are then further validated with Sanger sequencing. A functional study

can be considered if the discovered variants have a significant impact or are shared by

multiple individuals with the same phenotype.
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Aim of the work

The aim of this thesis is to identify new genes and genetic variants possibly involved in
peripheral neuropathy and neuropathic pain, in order to better elucidate the genetic factors
involved in the disease and to investigate the genetic architecture that could explain the

biological mechanisms associated with neuropathic pain.

This was accomplished by performing whole exome sequencing experiments in twelve
families, comprised of 34 affected and 19 unaffected members, affected by peripheral
neuropathy or small fiber neuropathy, and in 42 sporadic subjects affected by the same

diseases and selected because of the early onset of the clinical manifestations.

To achieve the specific aim, a genotype to phenotype association at the genetic variant level
was performed, evaluating the sharing of variants between familial and sporadic cases and
also grouping the variants according to the family of genes known to be involved in pain.
Moreover, a pathway analysis at the gene level was performed separately in familial and
sporadic cases, to evaluate which are the processes that appear to be dysregulated and that

could explain the onset of peripheral neuropathy and neuropathic pain
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Results

In this study, subjects were recruited through two different projects as mentioned in the
Introduction: PROPANE and PAIN-Net. The individuals were recruited in the PROPANE project
between 2014 and 2017, whereas the participants were recruited in the PAIN-Net study
between 2018 and 2020. All the families recruited under PROPANE project will have a prefix
'‘PROP’ followed by a code whereas all the families from PAIN-Net project will have a prefix
'‘PNET’ followed by a code. In case of sporadic cases, the samples will be denoted as ‘PROPEQ’
followed by a code for PROPANE project and ‘PNETEQ’ followed by a code for PAIN-Net.

Virtual gene panel creation

It is known that the number of raw exonic variants obtained using a WES approach
could be very high, being around 25,000 variants per sample. Even after applying a quality
check on variants and specific filter for coverage depth and frequency, about 2,000 to 5,000
variants remain for an individual sample. In WES data analysis for familial samples, where
segregation analysis can be used, the number of qualifying variants is fewer than in sporadic
cases. For example, in a familial segregation analysis, variant count ranges from 100 to 1000
variants while, for a sporadic case it is over 1000 variants per sample. The interpretation of
each qualifying variant is a long and detail-oriented process because several aspects have to
be considered, such as the association to the phenotype and the impact of the variant on the
protein function. In order to increase the efficiency of variant detection and to focus the
attention on genes with a greater likelihood of being associated with the phenotype, a
phenotype-driven gene panel was created based on several criteria in a multi-step procedure.
The creation of this gene panel would also enable us to choose variants in genes that are

predisposed towards the disease.

An initial list of 762 genes was manually curated by selecting them according to
specific keywords and phenotypes, as reported in Methods section, and according to the
information retrieved from the following sources: i) 94 genes were selected from International
Association for Study of Pain (Pain Gene Resource | Pain Research Forum); ii) 192 genes
were taken from Human Pain Genetics database where the phenotype description was related
to “Pain” and not to “Migraine”, “Cancer pain” and “Temporomandibular disorders” (Meloto et
al, 2018); iii) 476 genes associated with peripheral neuropathy, neuropathic pain and
associated symptoms were extracted from Human Phenotype Ontology (HPO) database and
Online Mendelian Inheritance in Man (OMIM). (Kohler et al, 2021; Amberger & Hamosh,
2017).
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At this point, the list was further processed to retain the genes recognized by OMIM database.
A final list of 592 genes was curated and used as the ‘candidate gene’ filter for variant
analysis, meaning that variants located in those genes were selected for further evaluation.

This panel of genes can be found in Appendix A.3.

In case the application of ‘candidate gene’ filter did not give new insights in the familial and
sporadic subjects selected in this thesis, an ‘open exome’ approach was adopted considering

the variants located in all the genes captured by the WES.

Assessment of WES workflow

In this project, the samples retrieved from the combination of the PROPANE and PAIN-Net
studied were evaluated. The individuals belonging to the families were grouped together for
assessment, whereas the individuals in sporadic cohort were grouped by the project in this
section.

For precise variant selection, specific quality control assessments were done in the WES
workflow. The workflow was evaluated by two main aspects: coverage of the target regions
per sample and transition-transversion (Ti/Tv) ratio to determine the variant quality.

Since two separate target capture kits, Sure Select V5 and Sure Select V7, were utilized in
our investigation, and while the two kits are equivalent in terms of covered exons, they have
a minor discordant percentage of covered regions. As a result, a coverage per sample in
relation to these kits was requested.

The average coverage of the families with Sure Select V5 as target region were as follows:
for PROPANE study was 66.2X + 17.5 (mean =+ standard deviation) with range of 20X to 104X
and for PAIN-Net study was 91.3 £ 19.4 ranging from 58.5X to 120X. Due to the commercial
non-availability of Sure Select V5 probes, for the last two families recruited in the PAIN-Net
study (PNETO5 and PNETO06) Sure Select V7 target capture kit was used. The coverage of
these families was 154X + 25.6 (mean % standard deviation) with a range of 86X to 180X as
shown in Figure 12a. These last two PAIN-Net families, sequenced with the newest target-
enrichment kit by Agilent Technologies, achieved higher coverage than the other samples.
Due to this difference, these samples were analysed separately to minimize the bias in the

variant calling.

56



Average coverage per family
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Figure 12a: Average coverage depth per family from PROPANE and PAIN-Net study. Box plots show
the minimum, 25% percentile, median, 75% percentile and maximum of average coverage depth
covered

Only one sample from a PROPANE study (family PROP01, subject I.2) had WES coverage less
than 75X coverage depth (acceptable coverage for WES samples). For this sample, it was
observed that not only coding but also hon-coding regions were covered. Several hypotheses
were discussed with the manufacturer of the target-enrichment kit but without any outcome.
The Ti/Tv ratio for this sample was greater than 2.0, determining the variant quality was
within acceptable range. The low coverage of this sample did not affect the downstream

analysis. Therefore, the sample was retained for further process.

In comparison to families, the average coverage of the sporadic cohort of PROPANE and PAIN-
Net studies were 58.1X = 10.4 (mean + standard deviation) ranging between 35X to 80.8X
as shown in Figure 12b. Since the subjects with coverage less than 75X had Ti/Tv ratio greater

than 2.0, they were retained for downstream analysis.
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Figure 12b: Average coverage for each sample in sporadic cohort from PROPANE and PAIN-Net study.
Box plots show the minimum, 25% percentile, median, 75% percentile and maximum of average
coverage depth covered. Black dots denote an individual sample

The consistency of target region coverage in our samples was assessed Because the depth
required for accurate variant selection should be larger than 25X (Lelieveld et al, 2015), the
percentage of target bases covered at the 30X threshold was chosen, giving the requisite
consistency of coverage across all samples in our investigation. The average percentage of
target bases covered for familial cohort was 82.9 % at 30X whereas for sporadic cohort was
74.8 % at 30X, as shown in Figure 13.
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Trend of coverage in familial cohort
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Figure 13: Box plots showing the trend of target bases covered across familial (A) and sporadic (B)
cohorts. Box plots show the minimum, 25% percentile, median, 75% percentile and maximum
percentage of target bases covered.

To complete the assessment step of WES data, the variant quality through Ti/Tv ratio was
determined. For familial and sporadic cohorts the average Ti/Tv ratio was 2.41, as reported

in Figure 14.
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Figure 14: A) Box plot showing Ti/Tv ratio per family with variant quality ranging from 2.35 to 2.55
and B) Box plot showing Ti/Tv ratio per sample in sporadic cohort by PROPANE and PAIN-Net studies
with variant quality ranging from 2.37 to 2.53 where the black dot denotes each individual sample.
Box plots show the minimum, 25% percentile, median, 75% percentile and maximum percentage of
Ti/Tv ratio.
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Cohort description and variant prioritization

In this section, we will discuss different aspects of our cohort and explain how the variant
was prioritized within a family and provide a biological reasoning for its selection in that
family. For sporadic cohort, the prioritized variants along with their classification have been

reported.

Familial Cohort

Six families from PROPANE project and six families recruited under PAIN-Net project were
selected for the present study. The families that did not exhibit a type of pain typically seen
in patients with PN/SFN were not included in the present study. The features of the familial
cohort, the number of subjects, the gender and the number of affected and unaffected

individuals in each family is reported in Table 3.

Family Al Affected Unaffected
identifier °N NP Itch & dividuals
Female Male Female Male

PROPO1 v vV 5 3 0 1 1
PROP02 v v oV 4 1 2 1 0
PROP03 % % 3 1 0 2 0
PROP04 ' v 2 1 0 1 0
PROPO5 % % 2 1 1 0 0
PROP06 v v oV 4 1 1 1 1
PNETO1 ' v 11 5 4 2 0
PNET02 v v oV 5 2 1 1 1
PNETO03 v oV 4 1 1 0 2
PNETO04 \' % 3 1 0 1 1
PNETO5 v 4 6 4 0 0 2
PNETO06 v v Vv 4 3 0 0 1

Total 53 24 10 10 9

Table 3: Clinical characteristics of the familial cohort recruited in the study along with the phenotypes
observed in each family. The presence of the phenotype in a family is represented with v/ mark.

61



PROPO1

This family was composed of two generations where three individuals were affected by
paroxysmal itch followed by NP. There were three affected members (1.2, II.1 and II.2) and
two unaffected members (I.1 and II.3) in this family, as shown in Figure 15. The affected
family members were diagnosed to have SFN as their nerve biopsy showed considerable

reduction in IENF density indicative of small fiber involvement.

Unaffected Male

Unaffected Female

Affected with NP

[ ]

O

ull

|:| Affected with itch
ol

D

\ 4

Affected with PN/SFN

Deceased individual

Proband/Index Individual
1.1 1.2 1.3

Figure 15: Family pedigree of PROP0O1 family. The proband (II.1) is denoted by a black arrow.
Individuals marked with an asterisk were selected for WES experiments.

The 38 year old proband (II.1) from the age of 15 has been suffering from daily itch attacks
at the trunk area and upper limbs. These itch attacks were stimulated by heat, spicy food
and hot drinks. These attacks would last anywhere from 2 to 4 hours with a frequency of 3
to 4 times in a day along with episodic flushing of the upper body. But, at the age of 34, she
started having burning pain after the itch attacks decreasing her quality of life severely. She
also had other autonomic complaints such as sweating, hot flushing, and orthostatic dizziness
(Devigili et al, 2014a). The 66 year old individual (I.2), mother of the proband, also
complained of itch attacks by same triggers at the same region as the proband but her attacks
started from the age of 54. These itch attacks went on for about 2 hours and their frequency
was 5 times in a month. The mother also underwent cardiac ablation at the age of 55 years
due to arrhythmia of unknown cause. Following similar pattern as the proband, after 5 years
of itch attacks she started feeling burning pain after episodic flushing of upper body (Devigili
et al, 2014a). The 43 year old proband’s sister (I1.2) followed similar pattern as their mother
but from the age of 39 years. Her itch attacks also lasted for 2 hours but their frequency was
3 per month. Burning pain and episodic flushing appeared after 3 years, a little earlier

compared to her mother.
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Histamine mediated itch was ruled out as the test came negative for all three affected
members. No other cause was identified for itch attacks and consecutive burning pain. All
three affected members were treated with Pregabalin 300 mg daily, with a good response.
This family has been studied intensively and has been previously published in the following
articles: Devigili et al, 2014 and Martinelli-Boneschi et a/, 2017.

The two genetic mutations that have been published for this family are: SCN9A:p.lle739Val
and COL6A5:p.Arg2162Ser. The mutation in the SCN9A gene was associated with painful SFN
and the mutation in COL6A5 to the neuropathic itch phenotype. A functional analysis was
carried out on the SCN9A variant and it was confirmed that it aids in the hyperexcitability of
DRG neurons, inducing NP (Han et al, 2012a). As regards to the COL6A5 variant, the
expression pattern and the RNA mediated-decay profile of the gene across patients and
controls have been performed to correlate the variant with neuropathic itch. Thanks to the
previous publications, the re-analysis of PROPO1 for the present thesis is a proof of concept
of the applied multi-step bioinformatics pipeline adopted for data analysis, which revealed to
be reliable and reproducible in the detection of the functionally validated variants. Taking into
account that the applied bioinformatics workflow has been updated according to the revised
population database and clinical variant database, we wanted to reanalyse this family also to

investigate if new findings were revealed.

In this family, we considered four different types of segregation models with respect to SFN,
NP and itch, evaluating both the causative and protective segregation. These models have
been further described in Table 4a, in which, along with the model used, the number of
variants retrieved at three different Minor Allele Frequency (MAF), less than 10%, 5% and
1% obtained from the GnomAD database of the non-Finnish European population, was

reported (Karczewski et al, 2019).

g':;el'“tgﬂfch 1.1 _ II.3 | 10% | 5% | 1%
Causative Ref Het Het Het Ref 4 4 4
Causative Het Hom [ Hom Hom Het 0 0 0
Protective Het Ref Ref Ref Het 2 2 2
Protective Hom | Het Het Het Hom 0 0 0

Table 4a: Table showing the causative/protective genetic segregation models adapted for PROPO1
family with respect to SFN, NP and itch. It includes the number of variants retrieved at three different
MAF (less than 10%, 5% and 1%) after applying the filtration criteria mentioned in Methods section.
Individuals highlighted in red are affected members, whereas unaffected members are in green. The
Ref stands for Reference variant, Het stands for Heterozygous variant and Hom stands for
Homozygous variant.
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All the qualifying filtered variants were evaluated one by one and classified into a class of
prediction status according to the criteria shown in the Method section in order to associate
a possible effect on the protein function. The prioritized qualifying variants from both
causative and protective models for this family have been listed in Table 5b. In conclusion,
the published genetic variants were recaptured; however, due to the new guidelines given by
ACMG, the SCN9A variant was not considered as a ‘Pathogenic’ variant but as a ‘Variant of
uncertain significance’ (VUS) owing to the increase in the number of homozygotes for this
allele in the global population. Also, a paper by Eijkenboom et a/l demonstrated that two
families with this variant segregated inconclusively with respect to SFN; they concluded that
SCN9A:p.Ile739Val variant is a VUS/risk factor for painful SFN.

Regarding the published variant in COL6A5 genes, we recaptured it and classified it as VUS.

We also found a variant in the BBS1 gene conclusively segregating in this family. This
particular variant has been previously associated with ‘Bardet-Biedl syndrome 1’ that present
in an autosomal recessive inheritance pattern (Mykytyn et al, 2002). This variant was selected
because BBS1-null and BBS4-null mice are known to affect peripheral sensory function, and
this variant, in its homozygous state, affects the ependymal cell cilia function

(ventriculomegaly) (Tan et al, 2007; Davis et al, 2007).

Table 4b summarizes the selected variants for PROP0O1. The variants in SCN9A, COL6A5,
BBS1, and AGL come from the causative model, while the variants in MYT1L and HCRTRZ2 are

from protective segregation.

Prim:iti_zed ) Classificati |I. | II. |II. |1 II1. Causative | Protective
qualifying variants on status 2 |1 2 1 |3

SCN9A:p.Tle739Val ]\chéfog{ISk viv |V Vv
COL6A5:p.Arg2162Ser | VUS ViV |V v

BBS1:p.Met390Arg VUS ViV |V v

AGL:p.Ala750Ser VUS ViV |V v

MYT1L:p.Pro496Ser VUS v |V vV
HCRTR2:p.Arg248Cys | VUS v |V vV

Table 4b: Table of prioritized qualifying variants for PROP0O1 family along with their interpreted
classification status. The affected members of the family are listed first and the unaffected members
at the end. The qualifying variants belonging to the causative or protective model are reported in the
last two columns.
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PROPO2

This family was comprised of three generations with three affected members (1.2, II.1 and
ITI.1) and one unaffected member (I.3), as shown in Figure 16.

Unaffected Male

Unaffected Female

Affected with NP

Affected with itch

Affected with PN/SFN

Deceased individual

Proband/Index Individual

«OMaMmon

.1

Figure 16: Pedigree of the PROP0O2 family. The proband (III.1) is denoted by a black arrow.
Individuals with an asterisk were selected for WES experiments.

The proband (III.1) at 33 years of age complained of prolonged chronic itch for approximately
5 years. The itch attacks manifested daily in the upper limbs, shoulder and back and lasted
for 30-60 minutes. These attacks were followed by episodic flushing for about an hour. The
proband did not have any other sensory or autonomic complaints, and neither could he
pinpoint the triggers for the itch attacks. Over the years, the proband had learned to exercise
self-control to scratch his body during mild itch attacks. Similarly, his 65 year old father (11.1)
had itch attacks in the same manner from the age of 30. Although, the itch attacks had
intensified over the last few years. Even the father could not identify any triggers for the itch
attacks. The paternal grandmother of the proband (I.2) also complained of itch attacks, and
her age at onset was 40 years with subsequent pain. All three of them were diagnosed for PN
and itch, with the addition of NP in proband’s grandmother. Shortly after the diagnosis was
made, the grandmother (I.2) passed away. The only unaffected member in this family is the

sister (1.3) of the paternal grandmother.

Other than what is previously mentioned, the medical history of all the members was
unremarkable. Nerve biopsies from the proband and father depicted loss in IENF density,
whereas a normal value was observed in the grandmother. All the three affected members
were treated with gabapentin 900 mg daily with relief. This family has also been previously
published with two heterozygous genetic mutations in COL6A5 corresponding to itch

phenotype(Martinelli-Boneschi et al, 2017).
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According to Martinelli-Boneschi et al., COL6A5:p.Glu2272Ter was observed segregating
conclusively with respect to itch in two families. In 2017, this variant was considered a rare
variant, but now it has been reclassified as a polymorphism due to the high number of
homozygotes seen in the global population. Therefore, this family was selected to see if the

reanalysis would reveal any new genetic mutations pertaining to the PN and itch phenotypes.

In this family, segregation models were performed in two ways: i) genetic segregation with
respect to PN and itch, and ii) genetic segregation with respect to NP. The application of the
‘candidate gene’ filter did not give new insights for this family. Therefore, the models were
reapplied with an ‘open exome’ approach. The results of these transmission models with ‘open

exome’ are reported in Table 5a and 5b.

:’L‘:ﬁ' wpe: :)N' itch | 13 _ 10% | 5% | 1%
Causative Ref Het Het Het 61 43 20
Causative Het Hom | Hom | Hom 0 0 0
Causative Ref Hom | Hom | Hom 0 0 0
Protective Het Ref Ref Ref 89 84 0
Protective Hom | Het Het Het 0 0 0

Table 5a: Table showing the causative/protective genetic segregation model in ‘candidate gene’ for
PROPO2 family with respect to PN and itch. It includes the number of variants retrieved at three
different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria mentioned in
the Methods section. Individuals highlighted in red are affected members and unaffected members in
green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and Hom stands for
Homozygous variant

Model type: PN | 7 3 - IL1 | IIL1 | 10% | 5% | 1%
(open exome)

Causative Ref Het Ref Ref 134 98 42
Causative Het Hom | Het Het 0 0 0
Causative Ref Hom | Ref Ref 0 0 0
Protective Het Ref Het Het 5 0 0
Protective Hom | Het Hom | Hom 0 0 0

Table 5b: Table showing the causative/protective genetic segregation model at "open exome” level for
PROPO2 family with respect to NP. It includes the number of variants retrieved at three different MAF
(less than 10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods
section. Individuals highlighted in red are affected members and unaffected members in green. The
Ref stands for Reference variant, Het stands for Heterozygous variant, and Hom stands for
Homozygous variant
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A list of qualifying variants was identified from causative/protective models for PROP02 and

have been listed in Table 5c. The variants in KRT16 and KCNJ12 genes were causative for
SFN and itch phenotypes. The variants in TRPM8 and CACNAI1E genes were protective for
pain, whereas variants in ATAD3A and PRDM16 were causative for pain.

Prim:iti_zed _ Classification |I. | II. | III. | 1. Causative | Protective
qualifying variants status 2 |1 1 3
Benign
COL6A5:p.Glu2272Ter | (COL6AS5 ViV |V NA NA
Polymorphism)
KRT16:p.Thr215Ala VUS ViV |V vV
KCNJ12:p.Glu380Lys VUS Vv |V v
TRPM8:p.Lys599Asn VUS vV |V \a
TRPM8:p.Pro949Ser VUS vV |V \a
CACNA1E:p.Val58Ile VUS \'4 \a
ATAD3A:p.Leu77Val VUS \a v
PRDM16:p.Arg823Cys | VUS \a v

Table 5c: Table showing the prioritised list of qualifying variants for the PROP0OZ2 family. The affected
member of the family have been listed before and the unaffected member at the end. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.

67



PROP0O3
The PROPO03 family is comprised of two generations with affected members (1.1, II.1 and II1.2)

for SFN, but only proband was diagnosed with NP, as shown in Figure 17.
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Figure 17: Pedigree of the family PROP03. The proband (I.1) is denoted by a black arrow. Individuals
with an asterisk were selected for WES experiments.

All of them were diagnosed with SFN, but their pain profiles were variable. The 70 year old
proband experienced NP, but his children (II.1 and I1.2, respectively 47 and 44 years old) did
not experience pain. During the examination of variants, we noticed peculiar inconclusive
segregation of SCN9A mutations. The SCN9A mutations were observed in the proband (I.1)
and his son (II.2) with painless SFN. These mutations have been functionally proven to be
responsible for painful SFN (Faber et al, 2012a; Zeberg et al, 2020), and their distribution in

this family is shown in Table 6.

SCN9A variants 1.1 I1.1 I1.2
SCN9A:p.Met932Leu/ y y

SCN9A:p.Val991iLeu )
SCN9A:p.Asp1908Gly | - % -

Table 6: Tabulated list of published SCN9A mutations seen in PROP0O3 known to be associated with SFN
and NP (Faber et al, 2012a; Zeberg et al, 2020).

The first two SCN9A variants are common and are in cis; that is, the presence of these
variants in combination impacts the gene, causing slow inactivation of the channel while
increasing the pain stimuli (Faber et al, 2012). While the presence of all three SCN9A
mutations increases the risk of NP, as demonstrated by Zeberg et al/ in their recent

publication.
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All three SCN9A variants are seen in the son (II.1), who does not feel NP but tested positive
for SFN. This family was added to the current project to find out if there were other genetic
variants along with SCN9A mutations that are causative for the proband but protective for
the children.

The causative/protective genetic segregation models were assessed with respect to NP and

SFN separately, as described in Table 7a and 7b.

Model type: NP - II.1 | II.2 | 10% | 5% | 1%
Causative Het Ref Ref 7 6 5
Causative Hom | Het Het 2 0 0
Protective Ref Het Het 13 8 4
Protective Het Hom | Hom | O 0 0

Table 7a: Table showing the causative/protective genetic segregation model for the PROP0O3 family
with respect to NP. It includes the number of variants retrieved at three different MAF (less than 10%,
5% and 1%) points after applying the filtration criteria mentioned in the Methods section. Individuals
highlighted in red are affected members and unaffected members in green. The Ref stands for
Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

model type: se |ERINRRIRRRN 1o | 5% | 1%

Causative Het Het Het 5 5 2

Causative Hom | Hom | Hom | O 0 0

Table 7b: Table showing the causative/protective genetic segregation model for the PROPO3 family
with respect to SFN. It includes the number of variants retrieved at three different MAF (less than
10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant
The list of qualifying variants from both causative and protective models that were prioritized
for PROPO3 is reported in Table 7c. Here, the variant in the WFS1 gene matched with the SFN
phenotype. We found two heterozygous variants in the TRPM4 gene (compound
heterozygous) that have been previously reported for ‘Progressive familial heart block, type
IB’ (Kruse et al, 2009). These variants were included because they were segregated as
protective for NP. Also, the SCN5A gene, which is known for ‘Progressive heart block, type
1A’ (Probst et al, 1999), had a novel variant also seen only in children. Another variant in
VGSC genes (SCN8A) was seen segregating inconclusively along with the other SCN9A

mutations.
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Prioritized Classificat | I. | II. | II. . B,
qualifying variants ionstatus |1 |1 2 Causative Protective
WFS1:p.Ala738Asp VUS ViV |V |V

TRPM4:p.Ala432Thr VUS v oV \
TRPM4:p.Gly582Ser VUS v oV \
SCN5A:p.GIn1873His | VUS v oV \
SCN8A:p.Ser476Arg VUS vV |V v

p. + .
SCN9A:p.Asp1908Gly | VUS v \2

Table 7c: Table showing the prioritised list of qualifying variants for the PROPO3 family. The qualifying
variants belonging to the causative or protective model are reported in the last two columns. The
SCNO9A:p.Met932Leu + SCN9A:p.Val991Leu are in cis as they impact the gene together.

PROP0O4

In the PROP04 family, only two samples were sequenced from two generations where the
father of the proband (I.1) had reduced in IENF density indicative of SFN but had no
complaints related to NP. While the proband (II.1) was diagnosed with NP and SFN, as shown
in Figure 18.

Unaffected Male

Unaffected Female

Affected with NP

Affected with itch

Affected with PN/SFN

Deceased individual

«QMAAMOoU
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1.1

Figure 18: Pedigree of the family PROP04 family. The proband (1I.1) is denoted by a black arrow.
Individuals with an asterisk were selected for WES experiments.

Similar to PROP03, both the individuals (I.1 and II.1) shared three SCN9A variants, as
depicted in Table 6. As mentioned in PROP03, the same SCN9A mutations were also observed

in this family, and they segregated conclusively with respect to SFN but not for NP.
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As a result, this family was included in the project to investigate if there are any other
similarities between PROP03 and PROP04. In addition, new variants must be found to explain
the peculiar genetic distribution that appears to be opposite across the two families. In fact,
in the PROP03, the symptoms are transmitted from the father to the siblings, reducing their
intensity, while in the PROP04, the father has mild symptoms compared to the daughter’s
more intense symptoms. For this family, causative/protective genetic model segregation was

applied separately with respect to NP and SFN, as shown in Table 8a and 8b.

Model type: NP I.1 - 10% | 5% | 1%
Causative Ref Het 13 9 3
Causative Het Hom | O 0 0
Protective Het Ref 21 19 1
Protective Hom | Het 0 0 0

Table 8a: Table showing the causative/protective genetic segregation model for PROP04 family with
respect to NP. It includes the number of variants retrieved at three different MAF (less than 10%, 5%
and 1%) points after applying the filtration criteria mentioned in the Methods section. Individuals
highlighted in red are affected members and unaffected members in green. The Ref stands for
Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

Model type: SFN - 10% | 5% 1%

Causative Het Het 15 13 1

Causative Hom | Hom 1 0 0

Table 8b: Table showing the causative/protective genetic segregation model for the PROP04 family
with respect to SFN. It includes the number of variants retrieved at three different MAF (less than
10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant
The record of all the prioritized qualifying variants for both causative and protective models
have been illustrated in Table 8c. In this list, the mutations in VGSC genes, namely SCN9A,
SCN3A, and SCN11A, were causative for SFN. The other variants in genes such as NTRK1 and
CLTCL1 were also causative for SFN; these variants have been linked with insensitivity to
pain (Axelrod et al, 1993; Nahorski et al/, 2015). We also found two novel variants in genes
NTRK3 and CHRNAZ2 from the same causative model. Comparatively, variants in KCNK18 and
CACNAL1E genes were found to be protective for NP. We also observed a known polymorphism
in the TRPV1 gene in the homozygous state in the proband and in the heterozygous state in
the father (I.1). This polymorphism in its homozygous state has been linked with functional
dyspepsia but has also been implicated as a risk allele for dysfunctions in the somatosensory
system (Tahara et al/, 2010; Binder et a/, 2011a).
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Prioritized qualifying | Classification | 1 ; | 11.1 | causative | Protective
P. + .

SCN9A:p.Asp1908Gly | VUS v |V v
SCN11A:p.GIn520His VUS v |V v
SCN3A:p.Leul861Phe | VUS v |V v
NTRK1:p.Arg780Trp VUS vV |V vV
CLTCL1:p.Glu330Lys VUS v |V v
NTRK3:p.Arg645Cys VUS \2 vV
CHRNAZ2:p.Met498Ile VUS v v
KCNK18:p.Ser252Leu | VUS \ v
CACNA1E:p.Glu2148del | VUS \ v
TRPV1:p.Met315Ile Risk factor v |V vV

Table 8c: Table showing the prioritized list of qualifying variants for the PROP04 family. The qualifying
variants belonging to the causative or protective model is reported in the last two columns. The
SCNO9A:p.Met932Leu + SCN9A:p.Val991Leu are in cis as they impact the gene together.

PROPQOS5

In PROPOQ5, the 67 year old mother of the proband (I.2) was diagnosed with distal myopathy
and widespread pain. At the same time, the 44 year old proband (II.1) was diagnosed with
Crohn’s disease, neurosensorial hearing loss and distal pain. Both the individuals had low
IENF density, indicating SFN and NP, as depicted in Figure 19.

Unaffected Male

|
/ O Unaffected Female
S S

1.1 1.2 Affected with NP

N

Affected with PN/SFN

Affected with Myopathy

Affected with Crohn’s disease

Affected with Hearing loss

Deceased individual

.1

X

Proband/Index Individual

Figure 19: Pedigree of the PROPO5 family. The proband (II.1) is denoted by a black arrow. Individuals
with an asterisk were selected for WES experiments.
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This family was selected to study painful SFN in autosomal dominant mode. As both affected
members had the same phenotype, the genetic segregation models were performed with
respect to SFN and pain, as depicted in Table 9a. Due to the absence of unaffected members

in this family, we could assess only the causative model.

Model type: SFN, NP - 10% | 5% | 1%

Causative Het Het 11 7 4

Causative Hom | Hom 0 0 0

Table 9a: Table showing the causative genetic segregation model for the PROP0O5 family with respect
to SFN and NP. After applying the filtration criteria mentioned in the Methods section, it includes the
number of variants retrieved at three different MAF (less than 10%, 5% and 1%) points. Individuals
highlighted in red are affected members and unaffected members in green. The Ref stands for
Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

The qualifying variants selected for this family are shown in Table 9b.

The variant in COL6A2 was selected as the mother (I.2) complained of distal myopathy, and

variants in this gene have been previously associated with myopathy (Jobsis et al, 1996).

We found a variant in the ATP7B gene that has been associated with *‘Wilson’s disease’ but in
autosomal recessive mode (Bandmann et al, 2015). A functional study linked the ATP7B gene
with MEDNIK syndrome, which stands for Mental retardation, Enteropathy, Deafness,
peripheral Neuropathy, Ichthyosis, and Keratoderma (Jain et a/, 2015a). As three phenotypes
fromm MEDNIK syndrome matched with the proband’s medical history, the ATP7B gene variant

was selected and marked as ‘Likely pathogenic’.

Other than that, a variant in the TNFRSF1A gene was also prioritized as an animal model
study showed that it participated in skin inflammation (Kumari et al, 2013). This particular
variant has been classified as ‘Likely pathogenic’ in the ClinVar database with confidence. But,
as we could not find a specific related phenotype to either SFN or NP, we have classified it as
‘WUS'.

Similar to the PROP04 family, the presence of a known risk factor for functional dyspepsia in
TRPV1:p.Met315Ile in the homozygous state (Binder et al, 2011a; Tahara et al/, 2010) was
also observed in both the affected members of the PROPOQ5 family.
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Prlqutlzed qualifying | Classification I.2 | II.1 | Causative | Protective
variants status
. Likely

COL6A2:c.1572+1G>A pathogenic v |V v NA

. Likely
ATP7B:p.Met665Val pathogenic v oV 4 NA
TNFRSF1A:p.Asp41Glu | VUS vV |V v NA
TRPV1:p.Met315Ile Risk factor v |V v NA

Table 9b: Table showing the prioritised list of qualifying variants for the PROPO5 family. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.

PROPO6

This family was comprised of two generations, each of which had an affected and unaffected
member. The 37 year old proband (II.1) and his 64 year old mother (I.2) were both diagnosed

with NP and SFN, as their nerve biopsies showed a reduction in IENF density. The mother

(I.2) also complained of itch, as depicted in Figure 20. Based on this family, it appears that

painful SFN is inherited in an autosomal dominant manner. Even though the itch phenotype

is not inherited in this family, this aspect will shed light on genetic signatures that protect

against itch.
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Unaffected Male

Unaffected Female

Affected with NP

Affected with itch

Affected with PN/SFN

Deceased individual

Proband/Index Individual

Figure 20: Pedigree of the PROPO6 family. The proband (11.1) is denoted by a black arrow. Individuals
with an asterisk were selected for WES experiments.
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In this family, the genetic segregation models were performed with respect to two
phenotypes: i) SFN & NP and ii) itch separately, as elaborated in Table 10a and 10b.

Model type: SFN, NP | I.1 - II.2 | 10% | 5% | 1%
Causative Ref Het Het Ref 6 6 2
Causative Hom | Het Het Hom | O 0 0
Causative Het Hom [ Hom | Het 0 0 0
Protective Het Ref Ref Het 2 2 0
Protective Hom | Ref Ref Hom | O 0 0

Table 10a: Table showing the causative/protective genetic segregation model for PROPO6 family with
respect to SFN and NP. It includes the number of variants retrieved at three different MAF (less than
10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

Model type: itch | 1.1 - II.1 | II.2 | 10% | 5% | 1%
Causative Ref Het Ref Ref 4 4 3
Causative Hom | Het Hom | Hom | O 0 0
Causative Het Hom | Het Het 0 0 0
Protective Het Ref Het Het 15 12 2
Protective Hom | Ref Hom | Hom | O 0 0

Table 10b: Table showing the causative/protective genetic segregation model for PROPO6 family with
respect to itch. It includes the number of variants retrieved at three different MAF (less than 10%, 5%
and 1%) points after applying the filtration criteria mentioned in the Methods section. Individuals
highlighted in red are affected members and unaffected members in green. The Ref stands for
Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

The prioritised list of qualifying variants obtained from the causative genetic segregation
model has been illustrated in Table 10c. Only two variants were selected for this family, one
in SV2C and the other in the CAST gene from the causative model. SV2C variant was selected
as it is known to be crucial for neurotransmission (Ldscher et al, 2016). CAST gene, which
encodes for calpastatin protein, was selected as it takes part in synaptic plasticity (Nakajima

et al, 2008).
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A TRPA1 variant was also found in this model but, as it had a high number of homozygotes
in the global population, it was predicted to have a benign effect on the gene. So, it was ruled

out as ‘Likely benign’.

The genetic segregation models applied corresponding to itch did not yield any variant with

sufficient biological support.

Prioritized Classification

qualifying 1.2 | II.1 | 1.1 | I1.2 | Causative | Protective
- status

variants

SVv2C:p.Ala676Val | VUS v |V v NA

CAST:p.Ser113fs VUS v |V v NA

TRPA1:p.Asn109Lys | Likely benign |V |V v NA

Table 10c: Table of the prioritised qualifying variants for the PROP06 family along with their
interpreted classification status. The affected members of the family are listed first and the unaffected
members at the end. The qualifying variants belonging to the causative or protective model are
reported in the last two columns.

PNETO1

This was the biggest family recruited in our cohort, where 11 individuals across three
generations were available for WES experiments. This family had NP as its common
phenotype. Two subjects, the proband at the age of 69 years (II1.4) and her cousin at the
age of 59 (III.11), complained of burning pain and underwent a comprehensive neurological
examination, including tests through which they were diagnosed with painful SFN. The
proband’s younger brother (III.5) had diabetes, while the proband’s cousin (III.9) complained

of mild sensory disturbances, as depicted in Figure 21.
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Figure 21: Pedigree of the family PNETO1 family. The proband (II1.4) is denoted by a black arrow.
Individuals with an asterisk were selected for WES experiments.

This family was selected because of the large number of subjects involved, with NP phenotype
across three generations. To evaluate this family, we adopted the following strategy: A) a
genetic segregation model according to the phenotype, by dividing the family into three
sections; and B) a genetic sharing model applied to the previous three groups, where cases

were assessed against the unaffected members.
As regards to the three subdivisions of the family, we subsetted the following groups:

A.1) affected members: III.1, III1.3, III.4, III.5; unaffected members: II1.2 and IV.3. The

different transmission models applied to this group have been described in Table 11a.

A.2) affected members: 11.4, I1.5, II1.8 and II1.9; unaffected member: II1.2. The different

transmission models applied to this group have been described in Table 11b.

A.3) affected members: I1.5, II1.11; unaffected member: III.2. The different transmission

models applied to this group are shown in Table 11c.
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Model o o o
type: NP m IV.3 | 10% | 5% 1%

Causative Het Ref Het Het Het Ref 1 1 1

Causative Het Hom Het Het Het Hom | O

Causative Hom Het Hom Hom Hom Het 0

Protective Ref Het Ref Ref Ref Het 1

oO|lOoO|O | O
oO|lOo|O | O

Protective Ref Hom Ref Ref Ref Hom | O

Table 11a: Table showing the causative/protective genetic segregation model for the first group of six
individuals in the PNETO1 family with respect to NP. It includes the number of variants retrieved at
three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria mentioned
in the Methods section. Individuals highlighted in red are affected members and unaffected members
in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and Hom stands
for Homozygous variant

Model type: NP _ II1.2 | 10% | 5% | 1%
Causative Het Het Het Ref 8 7 6
Causative Het Het Het Hom 0 0 0
Protective Ref Ref Ref Het 18 13 5
Protective Ref Ref Ref Hom 0 0 0

Table 11b: Table showing the causative/protective genetic segregation model for the second group of
four individuals in the PNETO01 family with respect to NP. It includes the number of variants retrieved
at three different MAF (less than 10%, 5% and 1%)) points after applying the filtration criteria
mentioned in the Methods section. Individuals highlighted in red are affected members and unaffected
members in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and
Hom stands for Homozygous variant

Model type: NP _ III.2 | 10% | 5% | 1%
Causative Het Het Ref 5 2 0
Causative Het Het Hom 0 0 0
Protective Ref Ref Het 16 11 6
Protective Ref Ref Hom 2 0 0

Table 11c: Table showing the causative/protective genetic segregation model for the third group of
three individuals in the PNETO1 family with respect to NP. It includes the number of variants retrieved
at three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria
mentioned in the Methods section. Individuals highlighted in red are affected members and unaffected
members in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and
Hom stands for Homozygous variant
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We then evaluated the sharing of genetic traits across each affected individual, comparing

the presence of the variants in the affected members with their absence in the unaffected

members. The sharing among the individuals was performed both at the gene level and at

the variant level.

Regarding the results for sharing at the gene level, the data is reported in Table 12a.

Gene

symbol | 14 | IL5 | IIL1 | IIL3 | IIL4 | IIL5 | IIL.8 | IIL9 | IIL11 | Sum
GABRR3 | 1 1 1 1 1 <
TRPM2 1 1 1 1 )
CACNAIA | 1 1 1 3
LAMA2 1 1 1 3
KCNAB2 1 1 "
LZTR1 1 1 R
MFN2 1 ) R
NCOA7 1 1 R
OPRL1 1 1 "
SCN7A 1 1 R
SLC9A9 1 1 )
Sv2B ) ) R
COL11A2 1 )
KCNN3 1 )
SCN9A . )
TRPM7 1 )
ZFHX2 1 )

Table 12a: Tabulated representation of mutated genes shared amongst the affected members, which
were absent in the unaffected members. This list of genes was obtained after applying the variant
filtration criteria mentioned in the Methods section.
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The prioritized list of qualifying variants obtained from all the groups with different
transmission models is illustrated in Table 12b. For group A.1, the variants in gene TRPM2
and LZTR1 gene were prioritized as these genes have been associated with NP either by
animal model study or indirectly linked with the phenotype (Matsumoto et al/, 2016; Chung
et al, 2015; Farschtschi et al, 2020). MEN1 gene variant had inconclusive segregation but, as
this gene has been previously linked with NP (Shen et al, 2014), it was added to the list. We
noticed two variants in two potassium channel genes: i) the variants in the KCNE2 gene was
causative for NP; ii) the variant in the KCNQ4 gene segregated inconclusively in the protective
model. In the research by Strutz-Seebohm et al they demonstrated that KCNE beta-subunits
modulate the function of the KCNQ4 gene. As these two variants were found both in the

proband, we have prioritized these variants to study them further.

For group A.2, the prioritized CACNA1A gene variant was observed in the second group
comprised of the first maternal uncle of the proband (II.4) and his children (III.8 and III.9).
This CACNA1A gene variant was selected as mutations in this gene were linked to sensory

dysfunction along with episodic ataxia (Zafeiriou et al/, 2009).

For the last group, A.3, similarly to the first group (A.1), the KCNE2 gene is also mutated in
the III.11, the individual diagnosed with painful SFN. We found a variant in the OPRL1 gene
that segregated within two generations; this gene encodes for nociceptin receptor, which is
known to mediate nociception (Noda et al, 1998). Also, a SCN9A variant was observed in
ITI1.11 as causative for NP. This is a loss-of-function variant previously reported for

congenital insensitivity to pain (Cox et a/, 2010; Marchi et al, 2018).

Lastly, a GABRR3 genetic variant was observed in five out of nine affected members, but it

was not prioritized because there was not enough information for this variant or gene.
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Prioritized Classification | II. | II. | III. | IIIL. | III. | III. | IIIL. | ITI. | IIL. | IIL. | IV. . )
3:;22@;9 status a 5 1 3 a 5 8 9 11 | 2 3 Causative | Protective
pproiizser | VUS VoV VY v

T e . ‘ ‘

’F‘J”E’Y;{lmsp VUS v ooV v v v

N etathr vuUS voo|voV v v

p-Glus51fs vus v VoY v
i lws |y v ‘

po.Pcfllez:lsTer VUs vV 4 vV

oArggosain | YUS v v

Table 12b: Table of prioritized qualifying variants for three individuals of the PNETO1 family along with their interpreted classification status. The affected
members of the family are listed first and the unaffected members at the end. The qualifying variants belonging to the causative or protective model are
reported in the last two columns.
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PNETO2

This family is comprised of five individuals across two generations. The proband (II.4) and
his step-sisters (II.1, I1.2, and II.3) have the same father but different mothers, as shown in
Figure 22. Five individuals were selected from this family for the study where individuals II.1,
I1.2, I1.4 were the affected members of the family and II.3 and III.2 were selected as
unaffected members of the family.

Unaffected Male

Unaffected Female

Affected with NP

Affected with itch

Affected with PN/SFN

Deceased individual

«QMEEOMOL]

1.1 1.2 Proband/Index Individual

.1 1.2

Figure 22: Pedigree of the PNET0Z2 family. The proband (11.4) is denoted with a black arrow.
Individuals with an asterisk were selected for WES experiments.

The proband’s deceased father had symptoms similar to NP. The proband (II.4) had
symptoms compatible with NP at the age of 52; these symptoms started after the surgical
operation with meniscectomy. After a few months, he had itch attacks in his limbs and
genitals. He also complained of visceral itching in the abdominal region along with joint pain.
His skin biopsy evaluation showed a loss in IENF density, confirming SFN. The oldest step-
sister (II.1), at 60 years of age, underwent surgery for anal fissures with spinal anaesthesia,
and after a year, she complained of burning dysesthesia in her feet, which then extended to
her hands. Similar to the proband, she started having itch attacks in her shoulders at night.
The second oldest step-sister (I1.2), at the age of 54, underwent hystero-appendectomy, and

after that, she started to complain about itch attacks in her legs and genital region.
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She also complained of burning pain in the feet along with vasomotor dysfunction. The
youngest sister (II.3) and her son (III.2) did not have similar phenotypes and were
characterized as unaffected members of the family. This family was selected for WES
experiments given the peculiarity that the symptoms developed after surgical treatment. This
family could shed light on the genes that are potentially involved in the triggering of NP after

an external insult.

To evaluate the PNETO02 family, the candidate gene filter was not applied as the literature
search performed for creating the panel did not include genes involved in post-operative
surgical pain. Other than that, the same criteria were used to assess the family, as depicted
in Table 13a.

:‘:;f?:);‘geefsxg ')“P' m II1.2 | 10% | 5% | 1%
Causative Het Het Ref Het Ref 21 14 5
Causative Het Het Hom | Het Hom 3 2 0
Causative Hom [ Hom | Het Hom | Het 0 0 0
Protective Ref Ref Het Ref Het 64 52 21
Protective Ref Ref Hom | Ref Hom 1 1

Table 13a: Table showing the causative/protective genetic segregation model for PNETO2 family with
respect to SFN, NP and itch at 'open exome’ level. It includes the number of variants retrieved at
three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria mentioned
in the Methods section. Individuals highlighted in red are affected members and unaffected members
in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and Hom stands
for Homozygous variant

The resultant qualifying variants from causative and protective models have been listed in
Table 13b. The variants in genes GABRD and ATAD3A corresponded to SFN, NP and itch traits
retrieved from the causative model, whereas the MYLK2 genetic variant resulted from the
protective model. The gene GABRD was associated with nucleoside reverse transcriptase
inhibitors induced NP (Wu et al, 2021), and variants in the ATAD3A gene have been associated
with axonal neuropathy (Harel et al, 2016). MYLK2 gene has been associated with
cardiomyopathy and motor neuropathy (Davis et al/, 2001; Shtilbans et a/, 2011). Although,

its pathophysiology in motor neuropathy is still unknown.
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Classifi

Prioritized . II. |II. |II. |II. |IIN . .

qualifying variants cation 1 2 4 3 3 Causative Protective
status

GABRD:p.Arg157* VUS v |V |V v NA

ATAD3A:p.Ala239Thr | VUS v |V |V v NA

MYLK2:p.Arg553Cys | VUS v Vv Vv

Table 13b: Table showing the prioritised list of qualifying variants for the PNET0Z2 family. The affected
member of the family have been listed before and the unaffected member at the end. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.

PNETO3
The PNETO03 family is comprised of four individuals in two generations where 1.2 and II.1 were
the affected members and I1.2 and II.3 were selected as unaffected members of the family,

as shown in Figure 23.

Unaffected Male

Unaffected Female

Affected with NP

Affected with itch

Affected with PN/SFN

Deceased individual

OILIEL G/

Proband/Index Individual

1.1 1.2 1.3

Figure 23: Pedigree of the PNET03 family. The proband (II.1) is denoted with a black arrow.
Individuals with an asterisk were selected for WES experiments.

The proband (II.1) was 18 years old when he first experienced hyperhidrosis and intense
fatigue. But, from the age of 40, he started having recurring itch attacks in the legs and back.
He was not able to recognize any trigger for these attacks and did not have any other
symptoms following them. Although, the proband reported a general discomfort with
tachycardia in strong sunlight. His skin biopsy showed a marked decrease in IENF density
indicative of SFN. He was then diagnosed as familial SFN with recurring itch. His mother (I1.2)
also had an itch phenotype, and a skin biopsy exhibited a decrease in IENF density, confirming
SFN.

84



Proband’s siblings (II.2 and II.3) had none of the symptoms and were then characterized as
the unaffected members of the family. This family was selected to study the relationship
between SFN and itch attacks. Initially, the ‘candidate gene’ filter was applied to the
causative/protective genetic segregation analysis with respect to SFN and itch, but no valid
results were obtained. Therefore, the same analysis was repeated at the ‘open exome’ level,

and the assessment has been described in Table 14a.

:\:::?L;‘geef::; ) - II2 | I1.3 | 10% | 5% | 1%
Causative Het | Het Ref Ref 51 38 5
Causative Het | Het Hom | Hom | 1 0 0
Protective Ref | Ref Het Het 71 33 3
Protective Ref | Ref Hom | Hom | 1 1 0

Table 14a: Table showing the causative/protective genetic segregation model for the PNET03 family
with respect to SFN and itch at ‘open exome’ level. It includes the number of variants retrieved at
three different MAF (less than 10%, 5% and 1%) points after applying the filtration criteria mentioned
in the Methods section. Individuals highlighted in red are affected members and unaffected members
in green. The Ref stands for Reference variant, Het stands for Heterozygous variant, and Hom stands
for Homozygous variant

The final list of qualifying variants for PNETO3 from the causative model has been illustrated
in Table 14b. As mentioned before, for PROPO5, also here we report ATP7B that has been
linked with peripheral neuropathy by a functional study (Jain et a/, 2015b). Variants in the
NEFH gene have been associated with CMT (Rebelo et al/, 2016). No variants were yielded

from the protective model.

Prioritized Classification | ; 5 | 114 | 11.2 | 11.3 | Causative | Protective
qualifying variants | status

ATP7B:p.Leu1188Pro | VUS vV |V v NA
NEFH:p.Ser124Cys | VUS v |V 4 NA

Table 14b: Table of the prioritised qualifying variants for the PNETO3 family along with their
interpreted classification status. The affected members of the family are listed first and the unaffected
members at the end. The qualifying variants belonging to the causative or protective model are
reported in the last two columns.
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PNETO04
The PNETO04 is a trio family where the father (I.1) and mother (I.2) are unaffected, but their

daughter (I1.2), the proband, was diagnosed with SFN and NP at the age of 5 years old, as
depicted in Figure 24.
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Affected with NP

Affected with itch

Affected with PN/SFN

Deceased individual

«QMAAMOoU

.2 Proband/Index Individual

Figure 24: Pedigree of the PNET04 family. The proband (II.2) is denoted with a black arrow.
Individuals with an asterisk were selected for WES experiments.
The proband had the onset of symptoms one month after getting chickenpox. She had burning

pain of the feet and redness and heat during summer or after long walks.

We observed no variants after examination from the initially adopted transmission models. It
was presumed that maybe the daughter had inherited variants from her parents. Thus, we
applied an autosomal dominant inheritance model for further variant analysis. The revised

transmission models have been illustrated in Table 15a.

Model type: SFN, NP | 1.1 1.2 - 10% | 5% | 1%
Causative Het Het Het 67 52 21
Causative Hom [ Hom | Hom | O 0 0
Protective Het Het Ref 32 15 2
Protective Hom | Hom | Ref 0 0 0

Table 15a: Table showing the causative/protective genetic segregation model for the PNET04 family
with respect to SFN and NP. It includes the number of variants retrieved at three different MAF (less
than 10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant
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After variant evaluation, it was observed that three variants located in VGSCs genes and the
GBA gene were inherited in the proband from the father. The SCN9A, SCN11A, and GBA
genes have been previously linked with either NP or SFN (C. et al, 2012; Huang et al, 2014;
Devigili et al, 2017). While the proband inherited variants in TRPM8 and NAGLU genes from
her mother, these variants have also been associated with either PN or NP (Binder et al,
2011b; Tétreault et al, 2015). It was concluded that the mode of inheritance could be ‘Digenic
autosomal dominant” where one variant inherited from the father and another from the
mother could cause the phenotype in the child. Further examinations have to be done to
confirm these results. In addition to this, a variant in the CACNA1E gene was found only in
the father, which could be protective in nature. The final list of qualifying variants for PNET04
has been illustrated in Table 15b.

:L':I’i'f:,'iz::variants gt':::'sf'catw“ I1.2 | I.1 | 1.2 | Causative | Protective
SCN9A:p.Arg830Gin VUS v \ \
SCN11A:p.Arg1147Trp | VUS v \ \

GBA:p.Thr222Pro VUS v \ \

TRPM8:p.Pro363Ser VUS v v |V

NAGLU:c.384-1C>G VUS 2 v |V

CACNA1E:p.Arg36fs VUS v \

Table 15b: Table showing the prioritised list of qualifying variants for the PNET04 family. The affected
member of the family have been listed before and the unaffected member at the end. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.
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PNETO5
This family comprised of six individuals where the proband (II.1), her mother (II.2), and
proband’s maternal aunties (I.3 and 1.4) were selected as affected members. Proband’s father

and brother were selected as unaffected members, as shown in Figure 25.

~ - I:I Unaffected Male
V4 3 4
O Unaffected Female
[I Affected with NP
1k 12 % 13 %k 14 %
I:l Affected with itch
[I Affected with PN/SFN
EI Affected with Myasthenia gravis
” ‘ I @ Deceased individual
_ ¥  Proband/Index Individual
A * *
1.1 1.2

Figure 25: Pedigree of the PNETO5 family. The proband (II.1) is denoted with a black arrow.
Individuals with an asterisk were selected for WES experiments.

The proband had an onset of pain-related symptoms at the age of 17 and was diagnosed with
painful SFN. The mother (I.2) was also diagnosed with NP. The mother (1.2) has sisters who
were also diagnosed with NP. One of the mother’s sisters (I.4) has talipes equinovarus since
birth, along with itch in a non-length dependant manner. The other mother’s sister (I.3) was
diagnosed with NP as she experiences burning pain in her legs. The proband’s brother (II.2)
has Myasthenia Gravis with no other complaints. So, the brother (II.2) and father (I.1) with
unremarkable medical history was selected as the unaffected members of this family. This
family was selected to assess the transmission of NP from the maternal side of the family. To
evaluate this family, the causative/protective genetic segregation models with respect to NP

were adopted, as illustrated in Table 16a.
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Model type: NP | I.1 _ I1.2 | 10% | 5% | 1%
Causative Ref Het Het Het Het Ref 45 3 13
Causative Hom | Het Het Het Het Hom | O 0 0
Causative Het Hom | Hom | Hom | Hom | Het 0 0 0
Protective Het Ref Ref Ref Ref Het 1 4 4
Protective Hom | Ref Ref Ref Ref Hom | O 0 0

Table 16a: Table showing the causative/protective genetic segregation model for the PNETO5 family
with respect to NP. It includes the number of variants retrieved at three different MAF (less than 10%,
5% and 1%) points after applying the filtration criteria mentioned in the Methods section. Individuals
highlighted in red are affected members and unaffected members in green. The Ref stands for
Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant

The prioritized list of variants from causative models has been illustrated in Table 16b. Only
two genes segregated conclusively with complete penetrance in this family, whereas other
variants had an incomplete penetrance. The SPTBNZ2 variant was selected because it is known
that the mutations in the SPTBN2 gene affect neuronal morphology and have been associated
with ‘Spinocerebellar ataxia 5’ (Clarkson et al, 2014). The genetic variant in GLA has been
previously reported for SFN along with Fabry’s disease, and it was classified as a risk factor
as it is a common polymorphism (Lenders et al, 2013). Also, GLA genetic variant was
heterozygous in the affected members but in homozygous state in the proband’s brother
(I1.2), who has Myasthenia Gravis. A novel SCN9A mutation was found in this family. It was
weakly conserved across species, and therefore it was classified as ‘Likely benign’. The
mutations in COL1A2 have been associated with ‘Ehlers-Danlos syndrome’ (T et al, 1987),
and it was selected as one of the affected members with this mutation had the itch. Lastly,
the PNOC gene is involved in pain transmission (Okuda-Ashitaka et al, 1998), so the variant

in this gene was prioritised.
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. g - Classifi
Pru?rltlzed qualifying cation II. |I. |[I. |I. |I. |II. Causative | Protective
variants 1 2 |3 (4 |1 |2
status
SPTBN2:p.Arg1125GIn | VUS vV oV |V |V \
. Risk
GLA:p.Asp313Tyr factor v oV V|V VoV
. Likely
SCN9A:p.Glu1129Ala benign VARV v %
COL1A2:p.Pro89Ser VUS v |V \ v
PNOC:p.Leul59Pro VUS v |V \a

Table 16b: Table of prioritized qualifying variants for PNETO5 family along with their interpreted
classification status. The affected members of the family are listed first and the unaffected members

at the end. The qualifying variants belonging to the causative or protective model are reported in the
last two columns.

PNETO06

The PNETO06 is a family comprised of four individuals spread across two generations. In this
family, the proband (II.2), proband’s mother (I.2) and proband’s sister (II.1) were selected
as the affected members of the family. While the father (I.1) was selected as the unaffected
member of the family, as shown in Figure 26.

e |:| Unaffected Male
* * O Unaffected Female
1.1 1.2
[| Affected with NP
D Affected with itch
[] Affected with PN/SFN
I | O Deceased individual
;% v Proband/Index Individual
- * - *
.1 1.2

Figure 26: Pedigree of the PNETO6 family. The proband (11.2) is denoted with a black arrow.
Individuals with an asterisk were selected for WES experiments.

The mother (I.2) and her two daughters (II.1 and II.2) have been suffering from intense
pain. The proband (II.2) is the youngest daughter, and she had NP phenotype along with
itch. The proband started experiencing these symptoms from the age of 20. All three affected
members of the family were diagnosed with painful PN. This family was selected to investigate
the genetic components of PN inherited in an autosomal dominant way. The different types

of transmission models applied to this family have been illustrated in Table 17a.
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Model type: NP, PN | 1.1 _ 10% | 5% | 1%
Causative Ref Het | Het Het 55 29 7
Causative Hom | Het | Het Het 0 0 0
Protective Het Ref | Ref Ref 49 44 25
Protective Hom | Ref | Ref Ref 0 0 0

Table 17a: Table showing the causative/protective genetic segregation model for the PNET06 family
with respect to PN and NP. It includes the number of variants retrieved at three different MAF (less
than 10%, 5% and 1%) points after applying the filtration criteria mentioned in the Methods section.
Individuals highlighted in red are affected members and unaffected members in green. The Ref stands
for Reference variant, Het stands for Heterozygous variant, and Hom stands for Homozygous variant
The list of classified qualifying variants from causative models has been illustrated in Table
17b. A novel variant in WARS was found to segregate conclusively according to a causative
model. It was selected because the variants in the WARS gene have been previously linked
with distal hereditary motor neuropathy (Tsai et al, 2017, Wang et al, 2019). Another
mutation was in the TRPMZ2 gene that has been functionally linked with NP (Matsumoto et al,
2016; Chung et al, 2015), but no mutations have been reported yet. The TRPA1 variant had
an incomplete penetrance, but it was still selected as it has been previously linked with familial
episodic pain and itch (Moore et al, 2018; Kremeyer et al, 2010). In addition to that, a variant
in the sugar transporter SLC45A1 gene variant was added to the list because it was classified
as ‘Pathogenic’ by the OMIM database, but this gene is associated with intellectual disability
and epilepsy in an autosomal recessive inheritance model (Srour et al, 2017). Because of the
difference in phenotype and inheritance pattern, the SLC45A1 genetic variant was classified

as '‘VUS’ in this study.

:::E:’:lliz:;variants gt':f::'catm“ I1.2 | 1.2 | II.1 | 1.1 | Causative | Protective
WARS:p.Ile435Leu VUS v v |V 2
TRPM2:p.Arg411Trp | VUS v v |V 2
TRPA1:p.Thr311Asn | VUS v \ 2
SLC45A1:p.Ala210Val | VUS \ 2 v

Table 17b: Table showing the prioritised list of qualifying variants for PNETO6 family. The affected
member of the family have been listed before and the unaffected member at the end. The qualifying
variants belonging to the causative or protective model are reported in the last two columns.
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Prioritisation of variants in the familial cohort

The results obtained from applying causative/protective genetic segregation models for each

family were assessed in three steps as mentioned in the Methods section:

1. variant filtration

2. filtration by candidate genes
3. assignment of classes as defined in ACMG guidelines

For each step, the numbers of variants belonging to each family were counted and reported

in Table 18a.
Family Number of Number of qualifying
identifier var!ants _after_ variants sgl_ecte_d
variant filtration after classification
PROPO1 48 6
PROPOQ2 89 7
PROPO3 37 8
PROP0O4 45 12
PROPO5 67 4
PROP06 38 38
PNETO1 131 9
PNET02 8 3
PNETO03 117 2
PNETO4 45 6
PNETO5 37 58
PNETO06 76 4

Table 18a: The count of each variant after each step of prioritization per family.
§ denotes one out of the total number of variants was classified as 'Likely benign’
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In more detail, for each of the filtered qualifying variants in Table 18b, it is possible to

appreciate their distribution according to the ACGM classification status across the twelve

families. For instance, in PROPO1, the count of variants after filtration is 48, out of which 41

variants were classified as ‘Benign/Likely benign’. As regards to the remaining 7 qualifying

variants, 6 were classified as ‘VUS’ whereas 1 was classified as a ‘Risk factor’.

tdentifier | factor | benign' " |VUS | hathagenic | Pathogenic
PROPO1 1 41 6

PROP02 82 7

PROPO3 29 6 >
PROP0O4 1 33 9 >
PROPOQ5 1 63 1 2

PROPO6 36 2

PNETO1 1 122 8

PNET02 5 3

PNETO3 115 2

PNETO04 39 6

PNETO5 1 32 3

PNETO06 72 4

Table 18b: The count of each variant by its classification status for each family
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Furthermore, the prioritised qualifying variants seen more than once were tabulated
according to their classification. The variants are grouped according to the gene they map

to, as shown in Table 18c.

S:rl:liol ?aits:il:(or Eﬁ(r;.lls‘,’n/ Lk |L)i:;1kt‘le1lggenic PR Uizl
enign
SCN9A 1 1 3 2 7
CACNALE 3 3
TRPMS8 3 3
ATAD3A 2 2
ATP7B 1 1 2
COL6A5 1 1 1 2
SCN11A 2 2
TRPM2 2 2

Table 18c: The number of classified qualifying variants seen more than once in families is
summarized, the grouping of the variants according to the gene they map.

It would be pertinent to note that the SCN9A:p.Met932Leu and SCN9A:p.Val991Leu
variants classified as ‘Pathogenic’ were found in two different families (PROP03 and

PROP04), matching the SFN phenotype but not the NP phenotype in our cohort.

There were 48 distinct genes among the variations reported in Table 19b identified as ‘VUS,’
‘Likely Pathogenic,” and ‘Pathogenic.” 8 out of 48 genes overlapped in two or more families as
depicted in Table 18d.

Gene PROPANE Study PAIN-Net Study um
symbol o7 02 03 04 05 06 01 02 03 04 05 06

SCN9A 1 1 1 1 1 1 6
CACNA1E 1 1 1 3
COL6A5 |1 |1 2
ATAD3A 1 1 2
ATP7B 1 1 2
SCN11A 1 1 2
TRPM2 1 1 2
TRPMS8 1 1 2

Table 18d: The 8 qualifying genes that overlapped amongst the families with at least one recurrence
in two families are summarised
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To better describe the nature of the 48 genes, we clustered them using '‘BRITE functional
hierarchies’ through the KEGG database (Kanehisa et al, 2012). These genes were classified
by the tool into four categories as follows and as shown in Figure 27: ‘lon channel’,
‘Neurotransmission’, ‘Metabolism’ and ‘Immune response’. Most of the genes were found in
the 'Neurotransmission' category, with the 'Ion channel' category being the second most

common.

H lon channel
M Neurotransmission
M Metabolism

M Immune response

Figure 27: A pie chart of categorized 48 unique genes from familial cohort into four groups, namely,
‘Ton channel’, ‘Neurotransmission’, ‘"Metabolism’ and 'Immune response’ according to 'BRITE functional
hierarchies’.
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Sporadic Cohort

The sporadic cohort consists of 43 individuals: i) 23 subjects were recruited within the
PROPANE study, and ii) 20 subjects were recruited under the PAIN-Net project.

The clinical aspects of the sporadic cohort have been illustrated in Table 19. The final analysed

cohort had 25 females with a mean age of 36.4 years + 6.54 (average * standard deviation)

and 18 males with a mean age of 35.7 years £7.71 (average % standard deviation).

Gender

Female
Male

Age range (years)

10 - 19
20 - 29
30 - 39
40 - 45

Clinical classification
Painful PN

Itch + painful PN

Number of samples
25

18

Number of samples
2

11

11

19

Number of samples
38

5

Table 19: Clinical aspects of the sporadic cohort recruited under PROPANE and PAIN-Net study
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Filtration and prioritisation of variants in the sporadic cohort

The sporadic cohort patients went through the same variant filtering criteria as the families,

with the exception of using the causative/protective segregation model, so only heterozygous

and homozygous variants were considered for sporadic samples. Each subject in the sporadic

cohort was individually assessed according to its phenotype, and each qualifying variant was

stratified according to the ACMG guidelines along with their classification status. An additional

filter was applied to each sample in order to avoid the selection of common variants in the
studied population: the mutation should be less than 25% frequent in the sporadic cohort (so
present in less than 11 sporadic subjects). Figure 28 depicts the number of variants produced
by each step and their classification according to ACMG guidelines.

Number of variants
after variant filtration

341

{

Number of variants selected

after classification

130

.

Benign/Likely Variant of Uncertain . . .
Other ol Significance (VUS) Likely pathogenic | Pathogenic
4 48 67 9 2

Figure 28: The count of qualifying variants at each step of variant prioritization and the count of

variants for each category of classification are reported.

The 11 variants that were classified as ‘Pathogenic’ or ‘Likely pathogenic’ were distributed

across 12 different sporadic subjects. The 11 mutations have been listed in Table 20.
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Prioritized qualifying variants Classification status Clinical indication

MEFV:p.Lys695Arg® Pathogenic Painful PN
WFS1:p.Vall42fs Pathogenic Painful PN
ATL1:p.Arg416His Likely pathogenic Painful PN
ATP7B:p.Asp765Asn Likely pathogenic Painful PN
ATP7B:p.Tyr713Cys Likely pathogenic Itch + Painful PN
COL7A1:p.Vall68fs Likely pathogenic Painful PN
FSHR:p.Arg283Trp Likely pathogenic Painful PN
LZTR1:p.Arg362Ter Likely pathogenic Painful PN
MYTI1L:p.Arg558Cys Likely pathogenic Painful PN
PMP22:p.Val30Met Likely pathogenic Painful PN
SCN10A:p.lle1225Thr Likely pathogenic Painful PN

Table 20: The list of 11 genetic variants seen in 12 different subjects as the variant marked § is seen
in two different individuals

The MEFV:p.Lys695Arg, a ‘Pathogenic’ variant, was discovered in two people. This variant
has been mentioned in several publications, and mutations in the MEFV gene have been
associated with SFN (Amarilyo et al, 2020). Another variant is SCN10A:p.Argl4Leu, classified
as 'VUS’, was found in two sporadic individuals. This particular variant has been observed in
4 patients in a published genetic study (Eijkenboom et al/, 2019). In addition, variants in the
SCN10A gene had the highest variant and sample count: 4 variants were shared among 5
patients. There were 17 genes that had qualifying variants in at least two samples in the
sporadic cohort. The list of these 17 mutated genes as well as related sample and variant

counts have been depicted in Table 21.
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Gene symbol | Sample count | Variant count
SCN10A 5 4
ATP7B 3 3
SCN9A 3 3
TRPA1 3 3
COL7A1 2 2
DNMT1 2 2
MEFV 2 1
MYT1L 2 2
NAGLU 2 2
NF1 2 2
NOTCH3 2 2
PIEZO2 2 2
RYR1 2 2
STOML3 2 2
TRPMS5 2 2
TRPV1 2 2
WFS1 2 2

Table 21: List of 17 mutated genes shared in more than one sample in the sporadic cohort. A sample
and variant count has been recorded for each mutated gene.

The qualifying variants that were classified as ‘VUS’, ‘Likely pathogenic’ and ‘Pathogenic’
amounted to 77 unique genes. To better classify these 77 genes, they were sorted into the
aforementioned four categories according to their functional biological system obtained from
'‘BRITE functional hierarchies’ through the KEGG database (Kanehisa et al, 2012), as shown
in Figure 29. Compared to the familial cohort, the prioritized qualifying genes in the
sporadic cohort were mostly seen in the ‘Ion channel’ category and then in the

‘Neurotransmission’ category.
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® lon channel
M Neurotransmission
M Metabolism

M Immune response

Figure 29: A pie chart of categorized 77 unique genes from sporadic cohort into four groups namely,
‘Ion channel’, ‘Neurotransmission’, ‘"Metabolism’ and 'Immune response’ according to 'BRITE functional
hierarchies’.

Comparison between familial and sporadic cohort

Only one genetic variant classified as ‘VUS’ overlapped between the familial and sporadic
cohort (SCN9A:p.lle739Val). But, there was a higher overlap between the mutated genes
both in familial and sporadic subjects. In particular, 12 genes overlapped between the 48
genes from the familial cohort and 77 genes from the sporadic cohort, as shown in Figure 30.

Familial cohort Sporadic cohort

Figure 30: A Venn diagram of the number of mutated genes shared amongst the familial and sporadic
cohorts
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Collectively, among familial and sporadic subjects, the gene mutated in most of the samples
was SCN9A followed by ATP7B, a copper transporter, as shown in Table 22. These results
indicate that genes other than VGSCs might be playing a pivotal role in painful PN.

Gene symbol | Sample count | Variant count
SCN9A 17
ATP7B
SCN10A
TRPA1
TRPMS8
CACNAIE
NAGLU
NEFH 3 2

A |u o |N
[OCIRN I N N NG Y B Y, T ")

Table 22: List of mutated genes in the entire cohort, considering both familial and sporadic samples,
with their sample and variant counts

In summary, 113 genes were prioritised in the entire cohort and this list can be found in
Appendix A.4. The 12 genes that were in common between the two cohorts are listed in
Table 23.

Gene symbol | Gene name

ATP7B ATPase, Cu?* transporting, beta polypeptide

CACNAIE Calcium channel, voltage-dependent, alpha 1E subunit
KCNK18 Potassium channel, subfamily K, member 18

LZTR1 Leucine-zipper-like regulator-1

MYTI1L Myelin transcription factor 1-like

NAGLU N-acetylglucosaminidase, alpha-

NEFH Neurofilament, heavy polypeptide

SCNYA Sodium voltage-gated channel, alpha subunit 9

Table 23: List of 12 mutated genes in common between familial and sporadic cohorts along with their
gene names
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Pathway analysis results

The pathway analysis was performed to assess if the qualifying genes selected chosen from
familial and sporadic cohorts using the variants filtering step were enriched in specific
biological processes and for a better interpretation of the functional role of genes involved in
these pathways in relation to the phenotype. This analysis was performed separately for
familial and sporadic cohorts following the process reported in the Methods section. We used
the manually curated PANTHER database for the pathway annotation through the WebGestalt

tool.

To conduct the pathway analysis, we chose genes from each family based on variants that
segregated for the PN/SFN & NP or PN/SFN & itch phenotype. Similarly, for the sporadic
cohort, genes for pathway analysis were chosen because mutated genes shared by subjects
with PN/SFN & NP or PN/SFN & itch phenotypes were observed in less than 25% of cases.
The resultant number of qualifying genes from the familial cohort was 185 and for the sporadic
cohort was 2897.

Taking into account the mapping performed by the WebGestalt tool to limit the study to
unambiguously annotated genes, the number of genes that survived for pathway analysis

using the PANTHER database has been described in Table 24 for the two analysed cohorts.

Mapped input

Pathway database | Familial cohort | Sporadic cohort

PANTHER database 31 348

Table 24: The count of input genes annotated by WebGestalt tool to run pathway analysis.

As a result, we obtained two tables per cohort from the WebGestalt tool comprised of 10
pathways. The pathways that matched the selection criteria as explained in the Methods
section for each cohort were then prioritized. The resultant top five pathways that emerged

from familial and sporadic cohorts have been described in Table 25a and 25b, respectively.
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Gene Mapped Enrichment

Pathway name p-value FDR

set input ratio
Nicotinic acetylcholine
receptor signalling 93 7 5.501908 1.84E-04 0.020738
pathway
Integrin signalling 166 6 2.642052  0.022336 1
pathway
Hypoxia response via HIF 5 5.622829  0.048022 1
activation
Inflammation mediated by
chemokine and cytokine 200 6 2.192903 0.049818 1
signalling pathway
FAS signalling pathway 31 2 4.715921 0.065883 1

Table 25a: Tabulated pathway analysis result from mapped input qualifying genes from the familial
cohort. The table contains five columns: 1. Name of the pathway 2. The number of genes in that
pathway 3. The number of genes overlapped between the pathway and the given input 4. Enrichment
ratio 5. p-value of each hypergeometric test 6. FDR for each test.

Gene Mapped Enrichment

Pathway name p-value FDR

set input ratio
Nicotinic acetylcholine 93 |33 2.3105 8.03E-07  9.08E-05
receptor signalling pathway
Integrin signalling pathway @ 166 39 1.5298 0.00275 0.1554
Insulin/IGF pathway-protein | ;o | 4, 2.2325 0.00417  0.15711
kinase B signalling cascade
Endothelin signalling 77 19 1.6067 0.02022  0.57115
pathway
Alzheimerdisease-amyloid | -7 15 1.5504 0.04927  0.92187

secretase pathway

Table 25b: Tabulated pathway analysis result from mapped input qualifying genes from the sporadic
cohort. The table contains five columns: 1. Name of the database 2. Name of the pathway 3. The
number of genes in that pathway 4. The number of genes overlapped between the pathway and the
given input 5. p-value of each hypergeometric test 6. FDR for each test.

Interestingly, the shared pathway between the familial and sporadic cohorts with FDR less
than 0.10 was the *Nicotinic acetylcholine receptor signalling pathway’ retrieved from the

PANTHER database. This pathway is comprised of 93 genes.

In the familial cohort, 7 of the 31 input genes mapped to the 93 genes of this pathway. The
seven genes are the following: STX16, CHRNA10, MYH7B, CHRNA2, MYO15A, PLEKHH3, and
MYH13. In the PROPO5 family, two genes, MYH7B and CHRNA10 were mutated. The other
genes, PROP02, PROP03, PROP04, and PNET06, mutated only once in four families.
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For the sporadic cohort, 33 out of 348 genes mapped to the 93 genes of the pathway.
These genes are the following: ACHE, BCHE, CACNA1D, CACNA1F, CACNB1, CACNB2,
CHAT, CHRNA10, CHRNA3, CHRNA7, CHRNE, MYH1, MYH10, MYH11, MYH13, MYH2, MYH4,
MYH6, MYH7, MYH7B, MYO15A, MYO18A, MYO18B, MYO19, MYO1A, MYO1D, MYO1E,
MYO3B, MYO5B, MYO5C, MYO7A, MYO7B, and PLEKHH3. The top 10 genes with a high
variant count in the sporadic cohort are MYH7B, MYO7A, MYH6, MYO15A, MYO5B,

CHRNA10, MYH7 MYO7B, MYH13, and MYO19.

Only five genes were shared in the two output gene lists: CHRNA10, MYH7B, MYO15A,
PLEKHH3, and MYH13. The MYH7B gene was the most mutated of the five common genes in

all samples, whereas the PLEKHH3 gene was the least. The sample count for common genes

between the two cohorts has been shown in Table 26.

Sample count

Gene name Familial cohort Sporadic cohort Total

MYH7B 2
MYO15A 1
CHRNA10 2
MYH13 3
PLEKHH3 1

15

w »~» O

17

A O O N

Table 26: The number of samples with variants in the five genes that were common between the

familial and sporadic cohorts
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Structural variant prioritization

WES concentrates mainly on the protein-coding region of the genome with the aim of
identifying genetic variants potentially related to a specific phenotype. Along with this, WES
is also useful to study variation in the genome at the structural level. Taking advantage of

this, we performed structural variant (SV) analysis on our samples.

After applying all the criteria regarding coverage and numbers of samples reported in the
Methods section, a total of 80 samples (42 from familial cohort and 38 from sporadic
cohort) were selected for this analysis. The families PNET0O5 and PNET06 were not
considered for this analysis as they originated from a different enrichment kit. In addition,
one PROPO1 (I.2) sample from the familial cohort and five samples from the sporadic cohort

were excluded because their coverage depth was less than 50X.

To increase the power in SV detection, we took advantage of 40 unrelated in-house healthy
controls processed by the Sure Select V5 kit. These samples were then used as reference
samples for the SV callers. This process is done to normalise the data and reduce false
positives in the output. The SV regions were then subsetted by filtering criteria mentioned
in the Methods section. Genetic segregation analysis was not performed for the familial

cohort because the selected SV callers did not provide genotype information.

We then adopted a case-control approach as described in the Methods section. For the
familial cohort, the resultant output of SV regions was observed in the affected members
but absent in the unaffected members and the control set. The resultant qualifying SVs for

ten families have been illustrated in Table 27.

For sporadic cohort, the resultant SV regions per individual samples were unique to that

individual but absent in control set, as elaborated in Figure 31.
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Family Number of SVs | Number of SVs after Num-be_r o
identifier | observed variant filtration g:tael:ft‘:llﬁsgsiii\gtion
PROPO1 324 51 30

PROP02 334 40 7

PROPO3 300 31 5

PROPO4 289 33 9

PROPO5 272 42 6

PROPO6 350 46 11

PNETO1 586 127 35

PNETO02 486 88 7

PNETO3 440 130 14

PNETO4 558 122 8

Table 27: Tabulated results of SV analysis for the familial cohort. The first column gives the total SVs
detected in the affected members of each family but absent in unaffected members of the family. The

second column gives the count of variants that passed filtering criteria. The third column gives the

count of variants after variant filtration. The fourth column shows the number of SVs classified as VUS

or in higher classes and the number of SV regions that involved at least one candidate gene.

Number of SVs after
variant filtration

4912

U

Number of SVs selected after

classification

295

U

Other

Benign/Likely
benign

Variant of Uncertain
Significance (VUS)

Likely pathogenic

Pathogenic

275

20

0

0

Figure 31: The count of qualifying SVs at each step of variant filtration and prioritisation from sporadic
cohort and the number of variants for each classification category.
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We could not find any probable SV from both cohorts that would relate to the phenotype.

However, SV regions were selected for further evaluation through SV visualization software

because they consisted of one or more genes that are also found in candidate genes. These

regions have been described in Table 28.

Chromosome Region

16
14
16
6
9
12
12
8
8
20
20
17
17
2
2
X
X
16

start
89596790

78285140
89596929
1.52E+08
1.17E+08
1993497

1993751

24771776
24772077
62045407
62045549
29683598
29684214
2.38E+08
2.38E+08
69502565
1.35E+08
16248286

Region
end
89621227

80981295
89621087
1.53E+08
1.22E+08
1993498

1993752

24771777
24772078
62045408
62045550
29683599
29684215
2.38E+08
2.38E+08
99597249
1.53E+08
16260017

SV

type
DEL

DEL
DEL
DEL
DEL
BND
BND
BND
BND
BND
BND
BND
BND
DEL
DEL
DUP
DUP
DEL

Gene
count

N e i S R S

=
w
[y

177
1

Table 28: Tabulated list of potential SV regions observed in 80 samples. The gene count column
explains the count of genes involved in that SV region. DEL stands for Deletion SV, BND stands for

Break-end SV, and DUP stands for Duplication SV.

These shortlisted qualifying SV regions were observed in the following genes: CACNA1B,
KIF1A, SPG7, HCN2, TRPM2, NEFM, P2RX1, NF1, KCNQ2, CACNA2D4, ABCC6, ABCB7, ATP7A

and NRXN3. These SV regions were found mostly in ion channel genes and needed to be

further investigated with biological inference.
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Discussion

Painful peripheral neuropathy is a clinically heterogeneous and complex disease involving
several characteristics. An in-depth understanding of its pathophysiology is needed to
improve the quality of life of individuals affected with painful PN. Thus, the main
contribution of this thesis is to identify new genes and genetic variants that can assist in the
stratification of affected individuals and shed light on the biological mechanisms involved in
painful PN. The application of WES in this study provided the ability to ascertain novel
genetic components, which expanded our understanding of painful PN and could also
contribute to the identification of potentially new targets for future therapeutics

applications.

To better follow the discussion of this thesis and for an exhaustive comprehension of the
genetic heterogeneity of PN and NP across familial and sporadic subjects, tables and figures
which summarize the main findings will be presented from here on. Moreover, the main
findings will be discussed by segmenting them according to the gene families involved in
pain and that have been selected in our cohorts due to the presence of several variants

within these genes.

SCN9A mutations in different phenotypes

SCNO9A gene codes for the voltage-gated sodium channel, alpha subunit 9 (Navl.7). SCN9A
is highly expressed in peripheral neurons and subcortical regions of the brain. The genetic
variants found in this gene have been associated with primary Erythromelalgia, Congenital
Insensitivity to Pain (CIP), Hereditary sensory and autonomic neuropathy, Paroxysmal
Extreme Pain Disorder (PEPD) and SFN (McDermott et al., 2019). The heterozygous gain-
of-function mutations in this gene tend to hyperexcite the DRG neurons due to recurring
and increasing currents, causing painful symptoms. The homozygous loss-of-function

mutations have been attributed to CIP.

In the present study, eight SCN9A mutations were seen in six families and two sporadic

patients. One SCN9A variant was shared among a family and a sporadic patient.

A summary of the eight SCN9A variants and their location in the channel is described in

Figure 32. The summarised variants are then further discussed one by one.
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PROPO3 & PROP04: PROPO3 & PROP04: PROPEO_p3:
SCNOA:p.Met932Leu SCN9A:p.Asp1908Gly SCNSA:p.Trp1538Arg

v

Extracellular

PNETO1:
SCN9A:p.Arg896GIn

YT orT v Y re »v

__
N C
l l ~ Intracellular
PROPO1 and PNET04: PROP0O3 & PROP04: PNETOS:
PNETEO_p1: SCN9A:p.Arg830GIn SCN9A:p.Val991Leu SCN9A:p.Glu1129Ala
SCN9YA:p.lle739Val
Prioritized qualifying variants | Classification status @ Sample identifier Clinical classification
SCNO9A:p.Ile739Val VuUs PROPO1, PNETEO_p1 | Itch + Painful SFN, painful SFN
SCN9A:p.Met932Leu/ Pathogenic PROP03, PROP04 Painful SFN
SCN9A:p.Val991lLeu
SCN9A:p.Asp1908Gly VUS PROP03, PROP04 Painful SFN
SCN9A:p.Arg896Gin Vus PNETO1 Painful SFN
SCN9A:p.Arg830GIn Vus PNET04 Painful SFN
SCN9A:p.Glu1129Ala Likely benign PNETO5 Painful SFN
SCN9A:p.Trp1538Arg Vus PROPEO_p3 Painful PN

Figure 32: SCN9A channel structure comprises four domains, each with six transmembrane segments.
The N represents the amino side of the protein, and the C represents the carboxyl side of the protein.
The fourth transmembrane segment is filled with a '+' sign in all domains to denote the positively-
charged voltage-sensor of the channel. The 'P' in the loop denotes the phosphorylation site of Protein
Kinase A. The location of genetic variants discovered in our study is displayed in yellow circles within
the protein structure. The SCN9A mutations discovered in familial and sporadic groups are listed
below the structure. Data such as ACMG classification status, family/sample identifier, and clinical
classification of that family/subject were compiled. The samples from the sporadic cohort are denoted
by the suffix 'PROPEQ, ' followed by the internal PROPANE study code and 'PNETEQ' followed by the
internal code for the PAIN-Net study. This picture has been modified from Swanwick et al., 2010.

According to our findings, not all SCN9A mutations were found to be pathogenic. One out of
eight mutations was classified as 'Likely benign' due to high allele frequency in the global

population or because the gene predictably tolerates the protein change.

Two of the resulting variants segregated inconclusively because they were observed in
unaffected family members of PROP03 and PROP04. In more detail, the variants
SCN9A:p.Met932Leu and SCN9A:p.Val991Leu are in cis, meaning that the presence of

these variants in combination affects the gene.
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When the two variants are combined, the impact is defined as 'Pathogenic,' whereas when
they are separated, the impact is classified as 'VUS'. The combination of these variants has
been shown to functionally hyperexcite DRG neurons, resulting in increased pain sensitivity
in patients (Li et al., 2015).

Along with Met932Leu + Val991Leu, a third heterozygous SCN9A mutation,
SCN9A:p.Asp1908Gly, was discovered in the PROP03 and PROP04 families. Two
publications, Li et al. and Zeberg et al., stated that these three mutations (Met932Leu +
Val991Leu + Asp1908Gly) resulted in individuals with a predisposition to NP. These studies
found that subjects with these mutations are more likely than controls to experience pain
(odds ratio >1.2). Two out of 4 individuals with these mutations in our cohort were
asymptomatic to pain. They were reanalysed without the candidate gene filter in order to
find potentially protective variants. Despite the presence of gain-of-function mutations in
these subjects, they had normal pain sensitivity. This disparity in genotype-phenotype in
subjects could be explained by differences in variant frequency between the population
studied in published studies and the population studied in the analysed population. (Li et al,
2015; Zeberg et al, 2020). At the same time, we cannot rule out the possibility that the
pain assessment was made at the time of sampling, but that the phenotype related to pain
could change over time. The published evidence that the presence of three variants
(Met932Leu + Val991Leu + Aspl1908Gly) leads to a predisposition to develop pain is

reflected in our findings in the pain-affected subjects in our cohort.

We observed a loss-of-function mutation in a subject (PNET01-III.11) who was
symptomatic for NP. This variant, SCN9A:p.Arg896GIn, was found in one out of nine
affected members in the PNETO01 family and it has been reported as a loss-of-function
mutation in two studies. These studies showed that in conjunction with another variant (in
compound heterozygous state) or a homozygous state, the variant causes CIP (Cox et al.,
2010; Marchi et al., 2018). In the studied cohort the variant, in the heterozygous state,
matches with painful phenotype, with no second mutation on the same gene. Marchi et al.
also reported that the individuals with Arg896GIn mutation in the heterozygous state had a
normal medical history. At the same time, Cox et al. conducted an electrophysiological
study that demonstrated that this variant completely truncates SCN9A gene function rather
than contributing to neuron hyperexcitability. Given the contradictions, we hypothesised

that this variant was most likely not contributing to the phenotype.
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The other gain-of-mutation observed in our cohort is in position 739, where the amino acid
changes from Isoleucine to Valine in SCN9A protein, SCN9A:p.lle739Val. For this particular
variant, functional studies have shown hyperexcitability of DRG neurons associating the
variant with painful SFN (Faber et al., 2012a; Han et al., 2012; Devigili et al., 2014). This
variant segregates conclusively in the PROP0O1 family with complete penetrance (all affected
members have the variant). However, another study with European ancestry subjects
affected with SFN reported it to be segregating inconclusively in two families (Eijkenboom
et al., 2019). This variant was found in subjects with a variety of phenotypes, including: i)
affected members in PROPO1 family with itch attacks and painful SFN, ii) PNETEO_p1, a
sporadic case without itch and affected by painful SFN; in addition, a study by Faber et al.
revealed that subjects with Ile739Val variants had several autonomic complaints. These
observations increase the possibility that other genetic components along with SCN9A
mutation might be contributing to the symptoms. These different outcomes could result

from sub-population differences or heterogeneity in recruitment practices.

A novel SCN9A:p.Arg830GIn variant was observed in the trio family PNET04, with the
affected daughter and the unaffected father both harbouring the same variant. The
characteristics of this variant are not available in the literature, given that no functional
studies were performed for it. However, at the same amino acid position in the protein a
stop gain variant has been previously reported for CIP (Ramirez et al., 2014). This mutation
is associated with a premature translational stop signal in the SCN9A gene, causing
insensitivity to pain. Thus, more investigation is needed about the nature of Arg830GIn
variant before formulating a conclusion of its impact on the phenotype. It would be prudent
to note that, though the father in the trio had no medical complaints, he did not undergo
skin biopsy to rule out the presence of SFN completely. We concluded that we would select

this variant for further functional studies.

The SCN9A:p.Glul129Ala variant was classified as 'Likely benign'. This variant lies in a
repeat region of the SCN9A channel, which is weakly conserved through species. Due to this
poor conservation, it is less likely to have a deleterious effect on the protein. Furthermore,
this variant had an incomplete penetrance because it was not present in all affected

members. However, a functional study is required to confirm it as a benign variant.
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Lastly, SCN9A:p.Trp1538Arg variant, found in a painful PN sporadic patient, has been
previously studied and was seen in subjects with Erythromelalgia (Cregg et al., 2013). An
electrophysiological study for this variant depicted a gain-of-function mutation. Still, its
hyperexcitability of DRG neurons was not as prominent due to lesser action potential firing
per milliseconds compared to other gain-of-function SCN9A mutations (Cregg et al., 2013).
The subject, PROPEO_p3, with this variant had autonomic dysfunctions and painful PN. We
theorise that this variant may be partially responsible for the symptoms observed in
PROPEO_p3.

In our cohort, loss-of-function mutations were found in painful PN subjects, while subjects
harbouring gain-of-function mutations did not have any neurological symptoms. Therefore,
we speculate the co-presence of other mutations that, in combination with SCN9A, can fully
explain the phenotypic variability in our cohort. In this regard, a recent publication
described the presence of the KCNQ3 gene variant and a SCN9A gain-of-function mutation
in a subject with no pain, whereas the subject's daughter only had the SCN9A mutation
suffered with severe pain (Yuan et al., 2021). The authors of this study demonstrated that
the presence of both the KCNQ3 and SCN9A mutations contributed to pain sensitivity.
Meanwhile, only the presence of the SCN9A mutation resulted in severe pain with SFN
(Yuan et al., 2021). This finding opened a new avenue to variant interpretation and could

explain the phenotypic variability observed within SCN9A mutations

Co-presence of mutations in SCN9A and CACNA1E and KCNK18 channels in

painless familial subjects

The CACNAIE gene encodes for Cav2.3 channel that is a voltage-dependent calcium
channel. These channels are involved in releasing neurotransmitters during synaptic
transmission in the CNS. The genetic variants in this gene are associated with
developmental and epileptic encephalopathies (Helbig et al., 2018). CACNA1E genetic
variants were observed in PROP04 and PNET04 families, as depicted in Figure 33a. Figure
33a illustrates that in both the families, the fathers are asymptomatic for NP and harbour

variants in VGSC genes along with variants in CACNA1E gene.
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PROPO4 PNETO04

l | |:| Unaffected Male
11 * 12 O Unaffected Female
[| Affected with pain
|:| Affected with itch
E Affected with PN/SFN
|| @ Deceased individual
” \ 4 Proband/Index Individual
‘\'/ *
1.1
sk Selected for WES
Prioritized qualifying variants | I.1  II.1 Prioritized qualifying variants | I.1 | II.1
SCN9A:p.Met932Leu/ v v SCN9A:p.Arg830GIn v v
SCN9A:p.Val991lLeu
CACNA1E:p.Arg360fs v
SCN9A:p.Asp1908Gly v v
KCNK18:p.Ser252Leu v
CACNA1E:p.Glu2191del v

Figure 33a: PROP04 and PNET04 family pedigrees, as well as a list of qualifying variants found in these
families. The variant segregation within the individuals is shown in the tables below the pedigree for
each family. The gene that may contribute to pain sensitivity is highlighted in bold letters. Individuals
with a grey individual identifier are painless.

CACNA1E was selected because it is known to correlate negatively with painful conditions,
and it is associated with variable pain profiles in published studies. For instance, Polli et al.
showed that the miRNAs related to the CACNA1E gene had a reduced expression in subjects
with Fibromyalgia, explaining a reduced function of the channel. A study by Amano et al.
demonstrated that the carriers of a single nucleotide polymorphism (rs3845446) in the
CACNAIE gene had contradictory post-operative pain profiles. The carriers of the rs3845446
variant in 351 patients who underwent orthognathic surgery required less opioid
medication, whereas the 112 individuals who underwent gastrointestinal surgery required
more opioids due to severe pain, depicting the aforementioned contradiction in pain
sensitivity. Moreover, a mouse model study on the CACNA1E gene displayed that complete
ablation of CACNA1E resulted in normal responses for pain stimulus and lessened reaction
to somatic inflammatory pain. This study also demonstrated that CACNA1E */~ heterozygous
mice showed decreased reaction to visceral inflammatory pain (Saegusa et al., 2002). This
mouse model study concluded that the loss-of-function mutations in this gene might be

contributing to pain insensitivity.

Both the fathers (PROP04-I.1 and PNETO04-1.1) harboured a variant in the CACNAIE gene
where CACNA1E:p.Arg360fs is located in the linker region between domain I and domain II
and CACNA1E:p.Glu2191del is located in the cytoplasmic area linked to domain IV at the

carboxyl side, as shown in Figure 33b.
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Figure 33b: A pictorial representation of the CACNA1E channel consisting of four domains (DI — DIV)
with six segments, each numbered as S1 to S6 in domain one (DI). The domains are then linked with
loops shown as I-II, II-III and III-1V. N stands for amino-terminus, and C stands for carboxy!-
terminus. The location of the genetic variants from PROP0O4 and PNETO04 is illustrated with yellow
rectangles. This picture has been modified from Weiss & Zamponi, 2021

The CACNAIE:p.Glu2191del, seen in PROP04-1.1, is a variant located outside the hotspot
region (the genic region where mutations tend to have a deleterious effect on the protein)
and might have an insignificant impact. In addition to CACNA1E, PROP04-1.1 presents
another variant in KCNK18:p.Ser252Leu in a potassium channel, which could contribute to

pain insensitivity.

The KCNK18 gene encodes for a two-pore domain potassium channel, and this gene is
mainly expressed in the brain. Mutations in this gene have been associated with migraine
with aura (Lafreniére et al., 2010). This particular genetic variant, Ser252Leu, is located at
this channel's phosphoryl regulatory site, which alters the channel activity (Pavinato et al.,
2021). As a result, we hypothesise that the presence of these two mutations in tandem may

be protective for NP.

The other CACNA1E:p.Arg360fs was observed in PNET04-1.1. This variant is a loss-of-
function mutation that induces a premature translational stop signal, which shortens the
protein. This variant has a disruptive impact on the protein. As Saegusa et al.
demonstrated, the effects of ablated CACNAIE gene led to a normal reaction to pain

stimulus, and this null variant also contributed to pain resilience.

According to these hypotheses, the presence of CACNA1E gene mutations, either alone or in
combination with other genes, has a negative impact on pain transmission. As a result, all
three genetic variants (two from the CACNA1E gene and one from the KCNK18 gene) will be

validated further with Sanger sequencing and considered for the electrophysiological study.
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Another, CACNA1E:p.Val58lle variant was also observed in PROP02-11.2, associated with
itching and PN phenotype, but not with pain. Whereas his mother, PROP02-1.2, exhibited
pain. However, the familial segregation of this variant was inconclusive, so it was not

chosen for further investigation.

KCNQ@4 and KCNE2 genes

The largest family of the cohort, PNET01, had mutations in two potassium channel genes.
One gene, KCNE2, corresponded to painful phenotype and the other KCNQ4 to painless
phenotype.

One of the mutations found was in the KCNE2 gene, which encodes for 'Minimum potassium
ion channel-related peptide 1'. This gene is expressed in heart muscle, thyroid and DRG
neurons (Liu et al., 2014). The variants in this gene have been associated with Long QT
syndrome, a cardiac condition that can cause fast, chaotic heartbeats (Liu et al., 2014). The
KCNEZ2 genetic variant in our study has been associated with Long QT syndrome according
to a digenic autosomal dominant inheritance and has been classified as a risk factor for
sporadic atrial fibrillation (Heida et al., 2019; Nielsen et al., 2014). But, in the case of the
PNETO1 family, it was seen segregating with incomplete penetrance, meaning that it is not

seen in all affected family members.

The other mutation was observed in the KCNQ4 gene in the proband (III.3) and two
unaffected members (II1.2 and IV.3) of the family. The KCNQ4 gene encodes for a voltage-
gated potassium channel, subfamily Q, member 4 mediating the electrical signalling. This
gene is expressed in ciliary and trigeminal ganglions and has been associated with

autosomal progressive deafness (Kharkovets et al., 2000).

These two variants were selected because they were observed in the proband (III.3). But,
the KCNEZ2 variant was causative for NP while the KCNQ4 variant was protective for NP, as
depicted in Table 29.

Prioritised II.5 III.1 III.3 III.4 IIL.5 IIL.11 IIL.2 1IV.3
qualifying variants

KCNE2:p.lle57Thr v v v v
KCNQ4:p.Glu551fs vV v v

Table 29: List of qualifying variants observed in the proband of PNETO1 family and the segregation of
these variants in other family members. The unaffected members are in the last two columns shaded
in grey colour.
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The genetic variants in the KCNE2 and KCNQ4 genes have yet to be associated with painful
PN. Moreover, Strutz-Seebohm et al. demonstrated that KCNE beta subunits are known to

modulate the properties of KCNQ4.

We hypothesise that the impact of KCNQ4 might be affected in the proband due to the
presence of the KCNE2 gene. Also, the KCNE2 genetic variant is seen in III.11 (the cousin
of the proband) diagnosed with painful SFN. This reinforces the notion that the KCNE2
genetic variant might be causative for NP. Simultaneously, the presence of only a KCNQ4
mutation in unaffected members may contribute to a painless phenotype. These variants

will be further validated by Sanger sequencing.

SCN10A mutations in a sporadic cohort

SCN10A encodes for voltage-gated sodium channel, subunit alpha 10 (Nav1.8). This channel
is resistant to tetrodotoxin (TTX) and is widely expressed in peripheral sensory neurons
(Swanwick et al., 2010). The genetic variants in this gene have been previously linked with
Familial Episodic Pain (Faber et al., 2012b). Eijkenboom et al. reported that in their cohort
of 1,139 patients affected by SFN, the prevalence of SCN9A variants was 5.1% and for
SCN10A was 3.7%. Comparatively, in our sporadic cohort of 43 subjects, SCN9A variants'
prevalence was 7.1 % and SCN10A variants' prevalence was 11%. The occurrence of
SCN10A variants was relatively higher in our cohort than in the previously published study.
This disparity could be attributed to sub-population differences (e.g., Dutch versus Italian)

or cohort recruitment selection criteria.

The location of a variant in the SCN10A channel determines the regulation of this channel.
These SCN10A qualifying variants, their location in the channel and the subjects mutated

are depicted in Figure 34.
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Prioritized qualifying variants Classification status | Sample identifier Clinical classification

SCN10A:p.ArgldlLeu vus PROPEO_p1, PN with sensory disturbances,
PNETEO_p2 Painful PN
SCN10A:p.Asp522Glu VUs PNETEO_p3 Painful PN
SCN10A:p.Leul186Met VUS PNETEO_p4 Painful PN
SCN10A:p.Ile1225Thr Likely pathogenic PROPEO p4 Painful PN

Figure 34: SCN10A channel structure comprises four domains each with six transmembrane segments.
The N represents the amino-side of the protein, and the C represents the carboxyl side of the protein.
The fourth transmembrane segment is filled with a '+' sign in all domains to denote the positively-
charged voltage-sensor of the channel. The 'P' in the loop denotes the phosphorylation site of Protein
Kinase A. The location of genetic variants discovered in our study is displayed with yellow circles within
the channel structure. The SCN10A mutations discovered in familial and sporadic groups are listed below
the channel structure. Data such as ACMG classification status, family/sample identifier, and clinical
classification of that family/subject were compiled. The sporadic cohort samples are denoted by the
suffix 'PROPEOQ' followed by the internal code for the PROPANE study and 'PNETEQ' followed by the
internal code for the PAIN-Net study. This picture has been modified from Swanwick et al., 2010.

The variants located in the transmembrane segments tend to sensitise the channel and, in
turn, invoke pain. There are two variants in our cohort, SCN10A:p.Leul186Met in
PNETEO_p4 and SCN10A:p.lle1225Thr in PROPEO_p4, with painful PN phenotype, which are
located in the transmembrane segments of domain III of this channel. Out of these two
variants, the amino acid change Ile1225Thr was reported to be 'Likely pathogenic' because
this variant segregated conclusively in a family affected by SFN (Eijkenboom et al., 2019).
The other two variants are SCN10A:p.Argl4Leu in PROPEO_p1 and PNETEO_p2, and
SCN10A:p.Asp522Glu in PNETEO_p4 associated with painful neuropathy. These two variants
were also found in the putative region of the channel and may be involved in channel
sensitisation. However, the physiological mechanisms of these four putative variants have
yet to be functionally investigated. As a result, these variants will be further validated
through Sanger sequencing and an electrophysiological study. Furthermore, it would be
interesting to learn about the differences in the prevalence of VGSC genes in the studied

population against other European populations.
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Transient Receptor Potential (TRP) channel mutations

TRP channel is a superfamily of genes involved in nociception and pain signalling (Nilius &
Flockerzi, 2014b). In this study, we found that patients with painful PN have mutations in
TRP channel genes, specifically TRPM8, TRPA1, and TRPM2. So, in combination with other

genetic variants, they could play a role in the modulation of pain.

TRPMS8 channel mutations

TRPMS8 stands for Transient Receptor Potential Melastatin, member 8; it is known as cold-
menthol receptor as it is activated by cold temperature and menthol (Faroogqi et al., 2011).
TRPMS8 gene is expressed in small DRG neurons, and the genetic variants have been
associated with cold-like pain (Soeda et al., 2021). We observed two variants in TRPM8 in
two members of the PROP02 family affected with itch and PN but not NP. The prioritised

variants are seen only in the painful members, as depicted in Figure 35.

Unaffected Male

Unaffected Female

Affected with pain

Affected with itch

Affected with PN/SFN

Deceased individual

«o@AMmon]

Proband/Index Individual

1.1

sk Selected for WES

Prioritized qualifying variants | Classification status | I.1 | II.1 III.1
TRPM8:p.Lys599Asn VUS v v
TRPM8:p.Pro949Ser VvUsS v v

Figure 35: Pedigree of the PROP02 family. Table with qualifying variants and their ACMG classification
status displayed below the pedigree. Grey column headers denote individuals with TRPM8 mutations
who have not been diagnosed with NP.
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The two amino acid changes in the TRPM8 gene, Lys599Asn and Pro949Ser, are in a region
that may alter protein function. Lys599Asn is localised in a conserved region near the N-
terminus of the channel. Pro949Ser is situated in the TRP domain near the C-terminus.
Specifically, Pro949Ser falls inside the TRP domain, a site for phospholipid phosphoinositol
4,5-bisphosphate (PIP2) binding. The PIP2 molecule modulates the TRPM8 channel activity
upon cold stimulus or by TRPM8 agonists while inducing pain (Latorre et al., 2011; Daniels
et al., 2009). The presence of a variant Pro949Ser in this region could affect the activation
of this channel (Moore et al., 2018). At the same time, the presence of another variant
Lys599Asn in the conserved region of the channel could compromise its function completely
(Morgan et al., 2015). As the individuals carrying these variants do not experience pain, we
postulated that these TRPM8 variants might downregulate pain perception together. De
Caro et al demonstrated that TRPM8 inhibition causes significant reduction in pain

perception and has an analgesic effect.

Moreover, there has been evidence of menthol, a TRPM8 agonist, effective against pruritus.
We hypothesise that TRPMS8 participates in itch attacks (Kardon et al., 2014). However, a
clear mechanistic role of these variants in the TRPM8 gene is yet to be examined

functionally.

Finally, the coexistence of these two TRPM8 mutations may have analgesic effects on the
affected members of this family. Thus, it would be useful to evaluate the involvement of
these variations in the TRPM8 channel and, by extension, pain perception. These variants
will be further validated with Sanger sequencing and considered for electrophysiological

tests.

TRPA1 channel mutations

TRPA1 (Transient Receptor Potential cation channel, subfamily A, member 1) is expressed
in primary afferent neurons. This channel has a long ankyrin repeat domain at the N-
terminus. Mutations in the TRPA1 gene localised in the repeat domain of the channel
structure are known to sensitise the channel invoking pain (Meents et al., 2017). The
published genetic variants in TRPA1 have been associated with familial episodic pain
(Kremeyer et al., 2010). We observed two different TRPA1 variants located in the ankyrin-
repeat domain of the TRPA1 channel in members affected with painful SFN in PROP06 and
PNETO06 families. The family pedigrees and the respective variant segregation is shown in

Figure 36a, whereas location of the variants in TRPA1 channel is shown in 36b.
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TRPA1:p.Asn109Lys Likely benign v v

Prioritized qualifying Classification I.1 1.2 1II.1 II.2
variants status

TRPA1:p.Thr311Asn vus v v

Figure 36a: Pedigrees of the PROP0O6 and PNET06 families. Tables with qualifying variants and their

ACMG classification status are shown below each pedigree. Grey column headers denote individuals
with TRPM8 mutations who have not been diagnosed with NP.

PNETO6: N .

TRPA1:p.Thr311Asn

PROP06:
TRPA1:p.Asn109Lys

o Ankyrin repeat domain
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Figure 36b: The pictorial representation of the TRPA1l channel consisting of six transmembrane
segments (51-56) where N stands for amino terminus, C stands for carboxyl terminus. This channel
consists of ankyrin repeat domain and cysteine residues at the N-terminus. The location of the genetic
variants observed in PROP06 and PNET06 families is displayed with yellow circles within the protein
structure. This picture has been modified from Lapointe & Altier, 2011
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The TRPA1:p.Asn109Lys variant seen in the PROP06 family was classified as 'Likely benign'
because the in silico tools predicted that the gene tolerates the amino acid change in that
position. We can speculate that the variant is partially responsible for the symptoms
because it is located in a hotspot region, which is a region that may be involved in altering
protein function. Furthermore, no functional studies have been conducted to support the
classification of this variant as 'Benign'. We theorise that the variant may be a risk factor or

an enhancer contributing to the painful stimuli in these patients.

The other TRPA1:p.Thr311Asn variant observed in the PNET06 family had an incomplete
penetrance as two out of three affected members shared this variant. This TRPA1 variant
was predicted as deleterious by the in silico prediction algorithms. This variant was also

seen in the ankyrin-repeat domain, a hotspot region of this channel. As explained before,

we also hypothesise that this variant may contribute to a painful phenotype.

Investigating the two TRPA1 variants discovered in our cohort could shed light on TRPA1
channel sensitisation and aid in genetic screening for pain. Consequently, Sanger

sequencing will be used to validate these variants further.

TRPM2 channel mutations

TRPM?2 stands for Transient Receptor Potential Melastatin, member 2, and it is highly
expressed in brain and peripheral blood cells such as neutrophils (Farooqi et al., 2011;
Nilius & Flockerzi, 2014b). No known genetic variants in the TRPM2 gene have been
associated with any human disease. This gene has been widely associated with NP through
several animal models (Matsumoto et al., 2016; Chung et al., 2015). For example,
Haraguchi et al. demonstrated that allodynia and hyperalgesia were diminished in TRPM2

knock-out mice models.

In our cohort, the TRPM2 genetic variants were observed in two families in PNET01 and
PNETO06 segregating according to pain phenotype. The TRPM2:p.Pro1102Ser had incomplete
penetrance in PNETO1 but the TRPM2:p.Arg411Trp variant in PNET06 segregated with
complete penetrance. The variants were prioritised because of their location in the channel.
One of the two genetic variants, Arg411Trp, is localised in the conserved region on the N-
terminus side, and the other Pro1102Ser is near the pore region between segments five and

six, as depicted in Figure 37.
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Figure 37: A pictorial representation of the TRPM2 channel consisting of six transmembrane regions
(51-S6) where N-terminal stands for the amino end of the protein and C-terminal is the carboxyl-side
of the protein. The squares on the N-terminal represent the conserved region. Circle with TRP stands
for transient receptor potential motif at the C-terminal along with coiled-coil domain and Nudix
hydrolase (NUDT9) substrate attached with Adenosine diphosphate ribose (ADPR) (Perraud et al.,
2001). The location of the genetic variants observed in PNETO1 and PNETO06 families is displayed with
yellow circles within the protein structure. This picture has been adapted from Nilius & Flockerzi, 2014b

Inside the conserved region, a calmodulin-binding domain from 406-416 amino acid aids in
the TRPM2 channel activation (Tong et al, 2006). As the Arg411Trp variant falls into this
region, we hypothesise that it possibly modulates the channel into inducing pain. The other
Pro1102Ser variant lies near a pore region involved in calcium ion homoeostasis. TRPM2
channel sensitisation depends on the calcium ion influx. It was then postulated that the

Pro1102Ser variant might be involved in the activation of this channel.

In conclusion, the TRPM2 gene has been frequently linked to NP, but no mutations in this
gene have been associated with painful PN. TRPM2 genetic variants were effectively
segregated in two families, increasing the likelihood of TRPM2 being one of the genetic
causes of painful PN. Thus, a clear mechanistic role for these mutations must be

investigated further with functional studies.
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ATPase copper transporting beta (ATP7B) genetic variants

We observed an enrichment of heterozygous mutations in the ATPase copper transporting
beta gene in familial and sporadic cohorts. This gene is expressed in the skin, skeletal

muscle, liver, and brain.

This gene is associated with an autosomal recessive disease called Wilson's disease,
characterised by high levels of copper accumulated in the liver, brain (CNS, hippocampus
and cerebellum), and cornea of an affected individual. The symptoms manifest as liver
dysfunction and neurological defects (Bandmann et al., 2015). Additionally, cases with
symptoms related to demyelinating polyneuropathy have been published in the presence of
mild symptoms of Wilson's disease (Jung et al., 2005). Moreover, a cross-sectional
comparative study demonstrated a significant reduction in corneal fibres in patients affected
by Wilson's disease using corneal confocal microscopy. They concluded that these
alterations in corneal fibres indicate the development of small fibre peripheral neuropathy
(Sturniolo et al., 2015).

The ATP7B gene is also associated with MEDNIK syndrome. MEDNIK stands for Mental
retardation, Enteropathy, Deafness, peripheral Neuropathy, Ichthyosis and Keratodermia
(Vernon, 2020). This disease manifests itself due to abnormal copper metabolism and
mutations in the Adaptor-Related Protein Complex 1, Sigma-1 subunit (AP1S1) gene
(Montpetit et al., 2008). This gene encodes for small subunit of the Adaptor-related Protein
complex 1 (AP-1) (Incecik et al, 2018). In more detail, neurons are highly polarized cells
with unique axonal and somatodendritic protein compositions. AP-1 inactivation prevents
somatodendritic sorting of the relevant proteins, resulting in non-polarized distribution in
rat hippocampus neurons (Jain et al, 2015a). Jain et al, demonstrated that the AP-1 protein
is involved in the polarized sorting of the copper ion transporter ATP/B to rat hippocampus
neurons' somatodendritic region. They also discovered that changes in copper ion levels in
neurons can alter the polarity of ATP7B, resulting in aberrant copper metabolism. As a

result, a link between the ATP7B gene and the MEDNIK syndrome was established.

Based on these studies, the variants in the ATP7B gene were prioritised in the PROPO5 family
and three sporadic subjects, all affected by painful SFN and in the PNET03 family affected by
SNF and itch, as shown in Figure 38.
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PROPEO_p3:
ATP7B:p.Asp765Asn
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ATP7B:p.Tyr713Cys
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PNETO3:
NH2 ATP7B:p.Leu1188Pro

Prioritized qualifying Classification status | Family/Sample @ Clinical Indications
variants identifier
ATP7B:p.Met665Val Likely pathogenic PROPOS5 1.2: Painful SFN + Myopathy

II.1: Painful SFN +Crohn’s disease
+ Neurosensorial hearing loss

ATP7B:p.Leu1188Pro VUs PNETO3 SFN + Itch
ATP7B:p.Thr991Met VUS PNETEO_p5 Painful SFN
ATP7B:p.Asp765Asn Likely pathogenic PROPEO_p3 Painful SFN
ATP7B:p.Tyr713Cys Likely pathogenic PROPEO_p5 Painful SFN + Itch

Figure 38: A pictorial representation of ATP7B protein structure consisting of eight transmembrane
segments (TM1-TM8) with NH2 denoting the amino-side of the protein and COOH the carboxyl side.
Circle with MBD represents metal-binding domains (MBD1-MBD6) at the N-terminus. The squares
represent other domains: the A-actuator domain, P-phosphorylation domain and N-nucleotide binding
domain. The location of genetic variants observed in our cohort is displayed with yellow circles within
the protein structure. The ATP7B mutations discovered in familial and sporadic groups are listed below
the channel structure. Data such as ACMG classification status, family/sample identifier, and clinical
classification of that family/subject were compiled. The sporadic cohort samples are denoted by the
suffix 'PROPEQ’ followed by the internal code for the PROPANE study and 'PNETEQ' followed by the
internal code for the PAIN-Net study. The protein structure image has been modified from (Hasan et
al., 2012)

The ATP7B:p.Met665Val variant found in the PROPO5 family, segregating with pain and
SFN, is localised between the sixth metal-binding domain and the first transmembrane
segment. This sixth metal-binding domain is the receiver of copper ions. The metal-binding
domain region of ATP7B regulates the resilience towards cisplatin; it has been
demonstrated that a variant near these domains could result in failed protein function due
to aberrant conformation of the protein (Safaei et al., 2012). We theorised that this variant
might be critical for copper metabolism. As Met665Val change has not been reported, we

hypothesise it as possibly causative for the phenotype.
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The ATP7B:p.Leul188Pro was observed in the PNETO03 family with the phenotype of SFN
and itching. The variant ATP7B:p.Leul188Pro is located at the ATP binding site, an

important site for the correct protein function.

The genetic variants found in this site affect the protein's function (Kenney & Cox, 2007).
According to Machado et al., an ATP7B:p.His1069GIn variant located at the ATP loop, in
heterozygous form, was observed in a patient with sensory disturbances. They also
speculated that subjects with this variant had a late-onset of the disease and neurological
defects. Moreover, this variant is observed in a family with itch and no pain. Studying this
variant could provide insights into neuropathic itch. Due to its location in the gene and its
conclusive segregation in the PNET03 family with respect to SFN and itch, this variant is

likely to be pathogenic. It should be considered for further functional studies.

The ATP7B:p.Asp765Asn and ATP7B:p.Thr991Met variants were observed in sporadic cases
with painful SFN. The location of Asp765Asn is inside the transmembrane domain number
four, which is critical for copper transportation, while Thro91Met is near the transmembrane
domain number six. According to the literature, Asp765Asn would lead to protein misfolding
and cellular mislocalisation, whereas Thr991Met would compromise copper transport (Zhu
et al., 2013; Kenney & Cox, 2007). We theorise that the altered copper metabolism may

partially contribute to PN, but a proper functional study is necessary to confirm it.

Lastly, the ATP7B:p.Tyr713Cys variant is observed in a sporadic case with widespread pain,
itch, and SFN. This variant is localised in the linker loop between transmembrane domains
numbers two and three. UniProt database reported this variant as 'Likely pathogenic'
(Bateman et al., 2021). Huster et al. stated that the loop between transmembrane two to
three is a region that predominately affects copper transportation. This variant will also be

included as a potential candidate for further study.

In summary, we have observed five mutations in the ATP7B gene that localise at crucial
junctions of the gene. According to the literature, the localisation of these mutations can
result in dysregulated copper metabolism. Thus, it would be pertinent to study the role of

abnormal copper metabolism in PN.
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Nicotinic acetylcholine receptor signalling pathway

The pathway analysis done for familial and sporadic cohorts revealed an intriguing shared
pathway enriched between the cohorts based on PN & NP or PN & itch phenotype: the
'Nicotinic acetylcholine receptor signalling pathway' (Panther code: P00044). The pathway
consists of 93 genes and 13 components. As shown in figure 39, this pathway is involved in

four different compartments and 13 components.
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Figure 39: Visual representation of the 'Nicotinic acetylcholine receptor signalling pathway'. It shows
four compartments in which the pathway plays a role: 1. Nerve terminal, 2. Striated muscle, 3. Synaptic
vesicle and 4. Sarcoplasmic reticulum. ACh stands for Acetylcholine, Acetyl-CoA stands for acetyl
coenzyme A, nAChR stands for Nicotinic acetylcholine receptors, CAT stands for Choline
acetyltransferase, VAChT stands for Vesicular acetylcholine transporters, AChE stands
Acetylcholinesterase, CHT1 stands for The high-affinity choline transporter, and a, B, y, 0 represent
different types of Acetylcholine receptor proteins. The reactive components are shaded orange or pink,
and the channels are shaded in blue (Mi et al., 2021).

This pathway describes the chemical synapse between motor neurons and skeletal muscle
fibres at the neuromuscular junction, and it has been extensively studied in order to obtain
insight into to aetiology of muscular disorders, by understanding synaptic plasticity and

neuronal transmission at synapses.
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In brief, the names of the components in this pathway are as follows: 1. Nicotinic
acetylcholine receptors, 2. Choline O-acetyltransferase, 3. Vesicular acetylcholine
transporter, 4. High-affinity choline transporter, 5. Actin, 6. Myosin, 7. Calcium ion channel,
8. N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE Complex), 9.
Acetylcholinesterase, 10. Nicotinic acetylcholine receptor alpha, and 11-13. Acetylcholine

receptor protein (beta, gamma and delta).

Figure 39 depicts the interplay of the 13 components at the neuromuscular junction as
follows. Acetylcholine (ACh) is a neurotransmitter synthesized from choline by choline O-
acetyltransferase (CAT) in cholinergic neurons (Picciotto et al., 2012). The neurotransmitter
ACh is laden onto a synaptic vesicle with the aid of a vesicular acetylcholine transporter
(VAChT) encoded by the SLC18A3 gene. ACh then activates the ionotropic nicotinic
acetylcholine receptors (nAChR). The hydrolysis of ACh terminates the fast signal from the
receptors into acetyl and choline by acetylcholinesterase (AChE). The released choline is
taken up by a high-affinity choline transporter (CHT1) encoded by the SLC5A7 gene. The
activated nAChRs are depolarised at the neuromuscular junction, leading to a cation influx,

which generates an action potential to trigger muscle contraction (Vautrin & Barker, 2003).

Nicotinic acetylcholine receptors in neuropathic pain

The nAChRs are a part of ligand-gated ion channels spread across the nervous system.
These receptors arbitrate fast signal transmission at synapses (Orr-Urtreger et al., 1995).
Functional nAChRs constitute of pentameric protein structure subunits. These subunits are
categorized as alpha (al- 7, a9-10) or non-alpha subunits (B1-4, d, y or €) types. These
subunits are encoded by the following genes: CHRNA1-7, 9-10, CHRNB1-4 and CHRND,
CHRNG and CHRNE, respectively (Stokes et al, 2015). The different subunits of nAChRs
form a subtype of receptors involved at the neuromuscular junction. For example, the most
common nAChRs in the CNS are receptors that contain a4 and B2 subunits, which create
a4p2* (the asterisk means that there are other subunits probably present in the native
nAChRs). In the PNS, nAChRs consists of a3 and B2 subunits that form the a3B2* and
a3B4* subtypes; they are highly expressed, in particular in ganglionic nerve cells (Hone &
MclIntosh, 2018).
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Dorsal root ganglia (DRG) are nociceptive neurons whose axons provide somatosensory
signals to the central nervous system (CNS). The lowering of amplitude of somatosensory
signals via DRG during pain is targeted in pharmacological therapy to reduce pain. DRG
neurons are classified according to their sensory modes, size, and the expression of
particular receptors and ion channels, including nicotinic acetylcholine receptors. DRG
neurons express many nAChR subtypes, according to functional investigations, however the
makeup of these receptors is only partially recognized. The existence of receptors with a7-,
a3B4*-, and a4B2* subtypes is supported by pharmacological data (Genzen et al/, 2001).
Because of their expression in DRG neurons, nAChRs are being studied as therapeutic
targets for NP. Most of the early research work was centred on creating a potent agonist for
a4pB2 subtype but most of these agonists have not been accepted as they cause several
side-effects (Jain, 2004). As a result, other subtypes, including a6pf4*, a7-, a9/10-

consisting subtypes, have been recognised as possible novel therapeutic targets.

The a6B4* subtypes are expressed in DRG neurons, specifically in small and medium fibres.
Also, they co-expressed with other nAChR subtypes such as the one containing the a7 and
B2 subunits (Hone et al., 2012). Wieskopf et al. demonstrated that the loss-of-function
variants in CHRNAG6 increase allodynia, whereas gain-of-function mutations decrease pain.
They also reported that the expression of the a6B4 subtype desensitises the P2X2/3

receptors, which inhibits them and diminishes pain.

Another nAChR is a7-subtype, observed in supraspinal and spinal pain-transmission
pathways; a7 nAChR ligands are effective against visceral pain. This indicates that
modulation of these receptors might ameliorate pain and provide more effective treatment
options (Bagdas et al., 2018).

The CHRNA10 gene is a part of this pathway and was shared among familial and sporadic
cohorts as mutated genes. The al0 nAChRs are also expressed in DRG neurons, skin
keratinocytes, leukocytes, and the pituitary. A study reported that a9/10 nAChR antagonists
showed instant pain relief and that daily administration of analgesia had a sustained effect
without any tolerance (Vincler & MclIntosh, 2007). Provided this information, studying the
mutations in the CHRNA10 gene found in our cohort could elucidate the mechanistic role of

this gene in NP.
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On the other hand, the nAChRs assist in nociceptive neuron excitability. Some of these
nAChRs are expressed in unmyelinated C-fibers, and these receptors contribute to C-fiber
neuronal excitability (Lang et al., 2003). A recent study analysed the mechanistic role of

nAChRs in nociceptive neurons.

They found that a3B4, a3B2, a6, and possibly a7 nAChRs participated in the modulation of
nociceptive neurons (Shreckengost et al, 2021). This study strengthens the role of these

receptors in nociceptive sensitisation and pain transmission.

The nAChR genes observed in our cohort are: CHRNA2, CHRNA3, CHRNA7, CHRNA10, and
CHRNE. The CHRNA7 and CHRNA10 genes, which encode for a7-and a10- consisting
subtypes, have been explored as therapeutic targets for pain, but other genes encoding for
a2-, a3- and e-containing subtypes might potentially be considered as therapeutic targets
as well. Moreover, the activity of these receptors can be studied with the incorporation of
the studied variants through a functional study. This functional study could help understand
the effect of these variants on pain transmission. Consequently, the notion that these

receptors play a role in pain-related pathways may be supported.

For more than 30 years, researchers have known that nAChR ligands would be a better
alternative to opioid drugs. But, to date, they have not been able to develop an approved
nAChR-related analgesic (Hone & McIntosh, 2018). We expect that the mutations
discovered in nAChRs in this study may provide insight on and contribute to the

development of targeted therapies for alleviating pain.
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Structural variants

In parallel to detecting mutations in the coding region of the genome, the WES approach
also offers the possibility to investigate variants that could have a structural impact at the
genomic level. Due to this fact, we reviewed different SV calling tools to incorporate them

into our workflow.

There are several SV tools available to help in the identification of SVs from WES analysis
results. We explored a variety of tools, either alone or in combination. We discovered that
each SV calling tool used a unique set of SV identifying methods. We observed that each SV
calling tool was only capable of detecting one type of SV. The conifer tool, for example,
could only detect long duplications, but the manta tool detected deletions and break-ends
better than any other type. Because a study of the literature on SV analysis confirmed this
concept, our findings show that the output of multiple SV calling techniques should be

merged rather than evaluated separately.

According to the Pfundt et al, providing healthy controls to these SV callers might aid in the
identification of SVs in cases . In further detail, the SV callers use the reference dataset to
train their algorithms for exact SV recognition, owing to the differences found in the healthy
control group against the case group. Furthermore, it is recognized that the identification of
SVs is more robust when more samples are supplied in the control and case groups. In our
study, 80 cases were compared to 40 unrelated healthy controls. Unfortunately, our dataset
was not well-balanced enough to identify likely SV associated with the phenotype. In the
future, a larger cohort of participants will be required to deepen the field of SV in PN.
Another option for investigating the SV in PN is to use accessible WES samples from the
extended database, such as GnomAD (Karczewski et al., 2020). This GhomAD database
contains a large number of reference datasets that may be compared to sequenced
patients. Furthermore, because whole genome sequencing (WGS) offers a richer view of
SVs at the genomic level, the more informative samples could be re-sequenced with the
WGS approach, in order to compare these data with the whole genome samples already

available from the GnomAD database as a reference cohort.

Due to the lack of studies and databases needed for SV prioritisation, we could not confidently
stratify a SV region. Also, the SV regions found in chromosome X were observed in male
samples and not in females, probably since reference samples supplied to these callers
consisted mostly of females (>50%) than males. Due to this gender bias, these callers
detected SV regions as potential SVs, but further steps need to be performed to confirm these
results. Therefore, a high number of reference samples for precise variant calling is necessary

and should be balanced according to gender type. Alternatively, some studies also suggest
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processing samples with different gender separately, to reduce gender bias in a cohort
(Collins et al., 2019). Furthermore, technical concerns such as insufficient variation coverage
depth for a confident SV region selection (the variant region’s sequencing coverage was less
than 25%), suboptimal SV databases to enable prioritisation of SVs, and low power of control

set were ascribed to non-detection of SVs in our cohort.

Conclusions and future prospects

This study attempts to decode the genetic heterogeneity and complexity of painful PN by
using the WES approach. WES experiments appear to be effective in detecting mutations
and deciphering novel genotype-phenotype relationships. The data generated from the WES
were comparable to other exome sequencing studies in terms of sequencing coverage and
variant quality. Thanks to the approach used in this study, we prioritised mutations in 113
genes in the analysed cohort, and we propose that this list of genes could be used to
prioritize and interpret data provided by NGS technologies such as WES or targeted-
sequencing in future research investigations where family history or phenotypic information

is indicative of painful PN.

Additionally, our data suggests genetic heterogeneity of the painful PN in which the VGSCs
genes and other genes are involved, mediating the phenotype and altering pain signalling
that could contribute to disease onset and pain modulation. For example, we found variants
in TRP genes, specifically in TRPM2, functionally linked with NP. The WES results also
intimate the involvement of abnormal copper metabolism that could contribute to the
symptoms. In particular, if the ATP7B gene mutations will be further validated and
replicated in other cohorts, it could be interesting to assess the levels of copper in the

plasma.

The pathway analysis revealed the nicotinic acetylcholine receptor signalling pathway, which
was found to be enriched in individuals from familial and sporadic cohorts, pointing to a
critical mechanism of synaptic transmission shared by the two studied cohorts. The present
project suggests that most of the genes mutated in patients participate in
neurotransmission. Future studies need to be performed to further replicate the result in
another cohort. Proper functional studies need to be considered to elucidate the role of
nicotinic acetylcholine receptor signalling in the context of the studied disease and pain

transmission.

All the qualifying variants detected in this study and classified as 'VUS', 'Likely pathogenic'

and 'Pathogenic' will be further validated by Sanger sequencing. Mutations found in
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CACNAL1E, Potassium Channels, VGSCs and TRP genes will be further evaluated for the

electrophysiological study.

The results from the SV variant analysis were not up to the mark, and we need further
evaluations. This could be achieved by increasing the power of reference samples provided
to the tools (Pfundt et al., 2016) or performing this analysis in a larger cohort of at least
500 samples that could be recruited thanks to the effort performed by different national and

international members involved in a similar project.

A strong heterogeneity across families and also within sporadic samples has been observed
in the present project. In order to try to address this critical point, we plan to perform in the
next future a gene-based burden testing of rare variants, to assess the global and weighted
contribution of the studied genes. Specifically, the burden test will be carried out in 592
candidate genes against the control dataset (n=123,136) publically available from the
GnomAD database. This test might resolve the genetic heterogeneity observed in this study

and validate some candidate genes.

With the advent of technology, the clinical applicability of WES has become more apparent
over the years. The databases and the tools applied in WES data analysis will undoubtedly
evolve to provide more information and validate the new genetic variants and genes found
in this study. One of the advantages of the WES application is that the samples can be re-
evaluated with the evolution of new databases or tools. Also, the candidate genes can be

expanded or reduced with the development of new biological insights.

In the near future, diagnosis through genetic screening will become a standard and provide

new genetic markers that could translate into therapeutic targets for PN.

The results achieved from this study could be a precursor to other future genetic screening
projects. As the quantity of data dictates quality, if the same study is replicated in a larger
cohort, it could improve the clinical diagnostic process and precise stratification of high-risk
individuals, which are for example the ones belonging to families with PN. In clinical
practice, for example, a gene panel of 113 genes may be assessed for genetic screening of
painful PN. The pathogenicity of novel mutations in these genes may be assessed in specific
contexts based on the clinical phenotypic description provided and the relevant biological
inference. This approach could help in the identification of subjects at higher risk, allowing a
proper longitudinal assessment of these subjects in specialized centre. Moreover, the
discoveries from the present project could help in the identification of variants that could be
considered also as potential novel targets, for the development of new drugs that could be

beneficial for a large population of patients.
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Materials and Methods

Recruitment of subjects

In this genetic study, Italian samples were recruited in the Neuroalgology Unit at IRCCS
Foundation ‘Carlo Besta’ Neurological Institute (CBNI). San Raffaele Hospital (OSR), and in
particular the Laboratory of Human Genetics of Neurological Disorders, was involved in
performing WES experiments of sporadic and familial subjects affected by painful PN and
healthy subjects belonging to families with affected relatives, with the final aim of exploring
the genetic component underlying the disease.

Whole blood or saliva samples were collected from these subjects. The whole blood was the
preferred biological material used for DNA extraction. At the same time, saliva was collected
only from subjects, mainly belonging to the familial cohort, who could not go to the hospital
for geographical distance or health problems. The Ethics Committee approved the project of

CBNI and OSR, and each individual signed the informed consent.

All subjects were recruited according to the same inclusion/exclusion criteria, and WES
experimental procedure was carried out for all the samples. The total number of people who
were recruited was 96, and they included both familial and sporadic patients, as summarised

in Figure 40.
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Figure 40: A schematic representation of the selected cohort of subjects for WES experiments from
two different projects (PROPANE Study and PAIN-Net).
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Familial Cohort
In this study, 12 families were included: 6 from the PROPANE project and 6 from the PAIN-
Net project, 53 samples. Among them, 37 were the affected and 16 were the unaffected

members. The inclusion criteria for familial samples are as follows:

e presence of at least three members belonging to the family with at least one (the
proband) or more subjects affected with PN and NP
e the pain intensity was measured by Numerical Rating Score (NRS) scale, NRS >
4 for at least one subject in the family;
e a positive skin biopsy indicative of sensory nerve involvement for the proband;
e evidence of positive neurological history for the proband.
The 16 unaffected members had normal results of the neurological tests and had a negative

neurological medical history.

Sporadic Cohort
43 samples were recruited for the sporadic cohort; 23 belong to the PROPANE project,

whereas 20 were enrolled within the PAIN-Net project. These are the inclusion criteria:

e the pain intensity score: NRS = 4;
e positive skin biopsy indicative of sensory nerve involvement;
¢ evidence of positive neurological history;

e age at onset of symptoms < 45 years.

Whole exome sequencing

DNA extraction and DNA quality control

Whole blood collected by CBNI was stored in anticoagulant tubes, and a proper
identification number was allotted to each tube. According to the manufacturer's instruction
manual, genomic DNA was extracted from whole blood at CBNI using QIAamp DNA Blood
Maxi Kit by QIAGEN. The manufacturer's instruction manual was referred to collect the
saliva samples in the Oragene DNA OG-500 kit by DNA Genoteck, and genomic DNA was
extracted using the Oragene DNA OG-500 kit. Genomic DNA from both sources was
additionally purified using Agencourt AMPure XP magnetic beads by Beckman Coulter to
eliminate every kind of contaminants in the extraction buffer and increase the DNA quality
for further steps. The extracted DNA was eluted in deionised water, and a quality and
quantity control check was performed. An agarose gel at 1% checked the DNA quality was

run to evaluate the presence of degraded DNA.
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DNA quantity check was done by checking DNA concentration by two instruments:
NanoDrop 8000 UV-Vis Spectrophotometer by Thermo Scientific and Qubit® 2.0
Fluorometer by Thermo Scientific, using Qubit dsDNA and HS assay kit by Life Technologies,

ensuing manufacturer’s instruction manual. All the isolated DNA were then stored at -20°C.

WES experiments

The DNA extracted from the blood of subjects from the PAIN-Net cohort, after the quality
control step, was shipped to the Centre for Advanced Studies, Research and Development
in Sardinia (CRS4). CRS4 processed the samples for DNA fragmentation, adapter and index
tagging and hybridisation using the Sure Select QXT Human All Exon V5 kit (Agilent
genomics). Sure Select QXT Human All Exon V5 kit has RNA probes designed to enrich the
exome component of the genome. Because the two families were recruited later and the
probes of the Sure-Select QXT Human All Exon V5 kit were discontinued by the
manufacturer, they were hybridised using the Sure Select Human All Exon V7 target
enrichment kit (Agilent Technologies). After the hybridisation, captured exomes were
amplified to obtain the libraries to proceed with the sequencing. Sample libraries were
sequenced on the HiSeq 3000 platform by Illumina running a paired-end (2x150 bp) in
rapid sequencing modality. The steps mentioned above were only carried out for samples
recruited under the PAIN-Net project. In contrast, the samples recruited under the
PROPANE project were hybridised using the same Sure-Select QXT Human All Exon V5 kit
but sequenced on the HiSeq 2500 platform by Illumina with paired-end sequencing (2x101

bp) modality (Illumina Technologies).

The library preparation and sample sequencing for the PROPANE project were carried out in
part by researchers of the Laboratory of Human Genetics of Neurological Disorders and in

part from the genomic facility both at OSR.

WES data analysis pipeline

Raw reads of the samples from the PROPANE project were already available in the
Laboratory of Human Genetics of Neurological Disorders (OSR). At the same time, CRS4
provided the raw reads of samples enrolled in the PAIN-Net project. The raw reads from

both studies were then analysed, applying the same pipeline for consistency.

The raw reads, also known as fastq files, were used as input in the WES analysis workflow.

In this workflow, the initial step was to check the quality of raw reads.

Specifically, the raw reads were checked by the FastQC (version 0.11.8) tool, which
evaluated different aspects of sequences of each sample as the per-base sequence quality,
sequence duplication levels, over-represented sequences, per sequence GC content and per
sequence quality scores. (Babraham Bioinformatics - FastQC A Quality Control tool for High

Throughput Sequence Data).
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The index, a nucleotide sequence that serves to uniquely designate a sample in a complex
of samples sequenced at the same time, had already been extracted by the Illumina

sequencing machine software, and the fastq data file was matched to the subject.

The next important step was to remove the adapters from each read. The adapter removal
step was done with two different tools: Trimmomatic (version: 0.39), to remove the low-
quality bases and adapters, and Cutadapt (version: 2.7), to remove the partially remaining
adapter while maintaining the read quality (Bolger et al., 2014; Martin, 2011). Adapter-
trimmed fastq files were aligned to the human reference genome (version GRch37/hg19)

using Burrows-wheeler aligner-MEM (version 0.7.17) tool (Li, 2013).

These aligned reads were converted to Binary Alignment Map (BAM) files using Samtools
(version 1.9). These BAM files were also processed with Samtools and Picard (version
2.22.5) to obtain alignment and coverage reports of the samples. The BAM files were then
processed via Genome Analysis Toolkit (GATK) workflow (version 4.1.7) for the
identification of variants (Li et al., 2009; Poplin et al., 2018). The identified variants were
then annotated using the SnpEff suite (version 4.3t) into an annotated Variant Call Format

(VCF). The following step was the “variant interpretation”, as reported below.

Regarding the structural variants (SV), a specific pipeline was adopted. The SV calling tools
are sensitive towards three features of a cohort: i) the target-enrichment kit used for the
WES experiments; ii) the average coverage reached per sample; and iii) the number of
reference samples provided for the analysis. To minimise these biases in our cohort,
samples produced only by the Sure Select V5 kit were utilised, and samples with a coverage
depth greater than 50X were selected. BAM files from the GATK tool were processed with
four different tools for performing structural variant analysis. The tools used for structural
variant analysis are as follows: GATK-Germline CNV caller (version: 4.1.7), Cnvkit (version:
0.9.8), conifer (version: 0.2.1), and manta (version: 1.6) (Poplin et al., 2018; Talevich et
al., 2016; Krumm et al., 2012; Chen et al., 2016).

The overlapping segments of the four SV calling tools were calculated with a minimum cut-
off of 70% overlap and merged before variant identification. Unique regions from each
caller were also retained in the final file. These files were then annotated using ‘AnnotSV’
(version: 3.1) (Geoffroy et al., 2021). The genotype information is not provided by the
selected SV calling tools. As a result, no genetic segregation analysis was done on the
familial cohort. Due to the availability of in-house 40 unrelated healthy controls processed
with the Sure Select V5 kit, a case-control strategy was used for SV detection in both
cohorts. These samples were used as reference samples for the SV calling tools. The control

samples were used in two ways: i) as a training set for SV callers to learn how to make
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precise SV detection specific for a particular target enrichment kit, and ii) as a control set

for variant filtering.

The SV regions observed in the affected members per family for the familial cohort were
compared against unaffected members and the control samples. For the sporadic cohort,
SVs regions in the sporadic cases were compared with the 40 control samples. The SV
regions unique to the individual sporadic case was then processed for downstream filtering.
The variants were then filtered for quality, the allele frequency of the SV region and known
benign variants seen in the global population. The following step was the “variant

interpretation”, as reported below.

The steps performed in the WES data workflow have been summarised in Figure 41.
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Figure 41: A schema for WES data workflow from raw reads to annotated file
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Variant interpretation

Variant filtering

For ensuring proper selection of SNVs and short INDELs, the following steps were applied on
each variant and performed for familial and sporadic cohorts. The Variant Call Format file
was converted to a tabulated text file to facilitate the filtering for potentially putative

variants causing a deleterious effect on the resultant protein.
The filtering criteria was based on:

e high or moderate impact on protein translation and at RNA splicing level;

e sequencing depth quality = 10 and alternate allele depth percentage = 20 %;

e the quality score given by GATK tool = 100;

e alternate allele frequency of < 5 % or absent in GhomAD population database for
non-Finnish European population;

e alternate allele frequency of < 2 % or absent in the in-house internal Italian
population;

e Phylopway gives evolutionary conservation score of 100 vertebrates > 1 or
undefined score;

e variants segregating with the disease under a transmission model according to
the pedigree in familial cases or less than 25% frequent among sporadic

patients.

These filtering criteria could not be applied for SVs as the data obtained from the SV callers
or annotation tool does not have the same information as observed for SNVs and short

INDELs. The SV regions were filtered as follows:

e the quality score given by GATK-Germline CNV caller 2100 or absent;
e allele frequency < 5 % or absent in GhomAD SV database;
e SV region not marked as known benign variant by the annotation tool.
These qualifying SV regions were then selected if the region consisted of one or more genes

that were also found in the candidate genes.
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Segregation model in families

After variant filtering, a genetic variant segregation model was applied in familial samples,
according to the features of each family and following the ‘Law of segregation’ by Mendel
(Rosenberg & Rosenberg, 2012). In addition, a causative or protective segregation model
was then applied to each family. A causative model suggests that the ensuing qualifying
variant is likely to have a pathogenic effect on the phenotype; on the other hand, a protective
model says that the consequent qualifying variant has a resilient effect on the phenotype. For
example, in a causative transmission model, if a variant is present in the affected member
but not in the unaffected member, this suggests a causative influence. In the protective
transmission model, on the contrary, if the variant is lacking in the affected member but

present in the unaffected member, it suggests that a protective effect on the phenotype.

Sharing model in sporadic patients
After the variant filtering step of each sporadic sample, a summary table of qualifying variants

in the heterozygous or homozygous state was tabulated.

At that level, the sharing model for variants was applied to identify variants shared among
more than one sporadic subject but in less than 25% of the sporadic cohort (so present in
less than 11 sporadic subjects) to avoid the selection of common variants in the studied
population. The sharing model was also applied at the gene level to identify genes commonly

mutated in the sporadic group if variants were not shared among individuals.

Comparison among families and sporadic

The list of qualifying variants and genes was tabulated separately for the two cohorts. The
list of qualifying genes accumulated from the two cohorts was clustered according to ‘BRITE
functional hierarchies’ through the KEGG database (Kanehisa et al., 2012). The tool classified
these genes into four categories: ‘Ion channel’, ‘Neurotransmission’, ‘Metabolism’ and
‘Immune response’. The qualifying genes were categorized in order to summarize them

according to their functional biological mechanism.

The qualifying genes were then gathered and compared to see if any gene or variant was
shared across families or within families, as well as among at least one or more cases from

the sporadic cohort. The schema of variant interpretation workflow is described in Figure 42.
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Figure 42: A schematic representation of the variant interpretation workflow applied to the familial and
sporadic cohorts
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Variant prioritisation

All filtered variants were then prioritised in two different steps: i) application of ‘candidate
gene’ filter, and ii) classifying each variant according to the classification criteria of the
American College of Medical Genetics (ACMG) guidelines 2015 (Richards et al., 2015).

For prioritising the qualifying variants located in ‘candidate genes’, which are the genes

related to the phenotype. A phenotype-driven virtual gene panel was created.
This gene panel was curated using multiple databases as follows:

e International Association for Study of Pain (Pain Gene Resource | Pain Research Forum);

¢ Human Pain Genetics database where the phenotype description was related to ‘Pain’ and
not to ‘Migraine’, ‘Cancer pain’ and ‘Temporomandibular disorders’ (Meloto et al., 2018);

e« Genes associated with keywords as mentioned in Table 30 were extracted from Human
Phenotype Ontology (HPO) database and Online Mendelian Inheritance in Man (OMIM).
(Kdhler et al., 2021; Amberger & Hamosh, 2017).

Phenotypes and keywords used for the
candidate gene selection

Egllllning, shooting, prickling or itching) Hot flushes
Paraesthesia Orthostatic dizziness
Allodynia Cardiac palpitations
Thermal sensory loss Pruritus, Itching
Pinprick loss Neuropathic itch
Restless leg syndrome Pain perception
Sicca syndrome Pain hypersensitivity
Hyperhidrosis or hyperhidrosis Neuropathic pain
Impotence Hyperalgesia
Bowel disturbances Peripheral neuropathy

Table 30: Phenotypes and keywords selected as input to create the virtual gene panel
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If no variants remained after the applied filters, the last prioritisation according to the
location of the variant in the candidate genes panel was skipped, and the analysis was

performed on the entire WES data (applying the so-called ‘open exome’ strategy).

The remaining variant were then processed through various variant descriptors by following
the ACMG guidelines, as mentioned in Table 2 of the Introduction and Appendix A.2. Only

the variants classified as ‘VUS’, ‘Likely Pathogenic’ and ‘Pathogenic’ were retained.

In the case of structural variants, the annotation tool applied to the SV regions provided
ACMG ranking for each SV region based on the type of SV is observed. Similar to SNVs and
short INDELs, we categorised the SV regions into the classifications mentioned in Table 2 of

the Introduction.

Pathway analysis on resultant genes

The pathway analysis was carried out to better understand the functional characteristics of
qualifying genes and the underlying biological pathways. The analysis was performed using
the WebGestalt tool (Liao et al., 2019), in which an over-representation method was
applied (Khatri et al., 2012). Using the Benjamin-Hochberg method, this method uses a
hypergeometric test to calculate p-values and false discovery rates (FDR). The input data
were the filtered genes separated for the familial and sporadic cohorts. The Protein ANalysis
THrough Evolutionary Relationships (PANTHER) database was used to assign to the
submitted list of genes their enrichment in a specific pathway (Kanehisa et al., 2012; Mi et
al., 2021; Jassal et al., 2020). This database was selected as the data in their database is
manually curated from published experimental studies and other associated literature
resources (Chowdhury & Sarkar, 2015).

The reference genome selected was ‘genome protein-coding’ and *human’ as the organism of

interest. The other parameters were used as default conditions as given by the tool.

In the tool’s section called ‘Gene List’, input genes filtered according to the criteria above

described were provided as gene symbols.

After the 'Variant filtering' stage, one gene list was acquired and updated by certain criteria
for each cohort before being used as an input for pathway analysis.
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The following steps were performed to attain a list of genes from the two cohorts:

- For the familial cohort, genes presented with qualifying variants from causative
segregation models were accrued into one list. Duplicated genes were removed.

- For the sporadic cohort, genes presented with qualifying variants from the
sharing model approach were accrued into one list. Duplicated genes were
removed.
To exclude genes anticipated to tolerate a functional alteration, the LoFtool tool
score filter was applied to each gene list. This tool ranks each gene based on its
tolerance to loss of function and tissue expression specificity (Fadista et al.,
2017). To replace the 'Variant prioritisation' phase, the LoFtool score filter was

included.

The gene list obtained from the two cohorts was then supplied to the WebGestalt tool’s
‘Gene list’ section. This WebGestalt tool has a functionally annotated gene list for the
PANTHER database. The tool initially maps the input dataset unambiguously to protein-
coding genes found in the human genome. The input genes that survive the initial mapping
step intersect with each database's annotated gene list. The output gene list is retained for

further association to biological pathways.

One pathway analysis per cohort was performed, and the related output was examined. The
obtained output report is a table with different pathways matching the set of input genes

along with the following parameters:

e pathway name;

e gene set: number of reference genes in the pathway;

e mapped input: number of genes in the gene set and also in the pathway;
e the ratio of the enrichment;

e p-value: raw p-value by the hypergeometric test;

e FDR: p-value adjusted by the multiple test adjustment.

A pathway was selected using the following criteria:

- p-value < 0.05
- false discovery rate (FDR) < 0.1

number of genes belonging to ‘Gene List’ overlapping with the pathway = 2
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Appendix A.1

Gene Type of | Gene Type of Gene Type of | Gene Type of
name IPN name IPN hame IPN hame IPN

PMP22 HMSN SPTLC1 HSN/HSAN HSPBS8 HMN GJB1 HMSN/HMN
MPZ HMSN SPTLC2 HSN/HSAN HSPB1 HMN PRPS1 HMSN/HMN
LITAF HMSN ATL1 HSN/HSAN HSPB3 HMN PDK3 HMSN/HMN
EGR2 HMSN DNMT1 HSN/HSAN FBX0O38 HMN ATP7A HMSN/HMN
NEFL HMSN ATL3 HSN/HSAN HARS HMN DRP2 HMSN/HMN
PMP2 HMSN WNK1 HSN/HSAN AARS HMN

ARHGEF10 | HMSN FAM134B | HSN/HSAN FBLN5 HMN

GDAP1 HMSN KIF1A HSN/HSAN SLC12A6 | HMN

MTMR2 HMSN SCN9A HSN/HSAN GARS HMN

SBF1 HMSN IKBKAP HSN/HSAN BSCL2 HMN

SBF2 HMSN NTRK1 HSN/HSAN REEP1 HMN

SH3TC2 HMSN NGF HSN/HSAN SETX HMN

NDRG1 HMSN DST HSN/HSAN IGHMBP2 | HMN

PRX HMSN SCN11A | HSN/HSAN SIGMAR1 | HMN

HK1 HMSN PRDM12 | HSN/HSAN PLEKHG5 | HMN

FGD4 HMSN ZFHX2 HSN/HSAN DNAJB2 HMN

FIG4 HMSN TRPA1 HSN/HSAN HSPB1 HMN

SURF1 HMSN SCN10A | HSN/HSAN SLC5A7 HMN

DNM2 HMSN COL6A5 | HSN/HSAN DCTN1 HMN

YARS HMSN PIEZO2 HSN/HSAN WARS HMN

INF2 HMSN CRLF1 HSN/HSAN TRPV4 HMN

GNB4 HMSN CLCF1 HSN/HSAN DYNCI1H1 | HMN

MFN2 HMSN BICDZ2 HMN

RAB7A HMSN

TRPV4 HMSN

GARS HMSN

HSPB1 HMSN

HSPB8 HMSN

AARS HMSN

DYNC1H1 HMSN

LRSAM1 HMSN

DHTKD1 HMSN

MME HMSN

MARS HMSN

NAGLU HMSN

HARS HMSN

VvCP HMSN

MORC2 HMSN

NEFH HMSN

ATP1A1 HMSN

TFG HMSN

DGAT2 HMSN
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Gene Type of

name IPN
DCAF8 HMSN
HSPB3 HMSN

SEPTINS HMSN
CHCHD10 | HMSN

FBLN5 HMSN
LMNA HMSN
PNKP HMSN
TRIM2 HMSN
IGHMBP2 | HMSN
SPG11 HMSN
HINT1 HMSN
DNAJB2 HMSN
REEP1 HMSN
MCM3AP HMSN
SGPL1 HMSN
KARS HMSN

PLEKHG5 | HMSN
COX6A1 HMSN

Table A.1: List of genes that have been reported to be involved in a type of IPN. This table has been
adapted from Scherer et al, 2020
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Appendix A.2

For variant:
RAF1:¢c.770C>T p.Ser257Leu

PM1 (Pathogenic moderate-1): Non-truncating non-synonymous variant is located in a mutational hot spot and/or critical and well-established
functional domain

. ] I . i §
[ || f | |
Pathogenic Likely pathogenic Variant of uncertain significance Likely benign Benign

|

PM2 (Pathogenic moderate-2): Alternate allele frequency is 0.0003977 % globally

A ) J

|

| ) T i f
Pathogenic Likely pathogenic Variant of uncertain significance Likely benign Benign
PMS5 (Pathogenic moderate-5): Different amino acid change as a known pathogenic variant
— . ) 4 . A .
I f f | |
Pathogenic Likely pathogenic Variant of uncertain significance Likely benign Benign

PP2 (Pathogenic supporting-2): Missense variant in a gene with low rate of benign missense mutations and for which missense mutation is a
common mechanism of a disease

I
| [ | |

Pathogenic Likely pathogenic Variant of uncertain significance Likely benign Benign

|

PP3 (Pathogenic supporting-3): For a missense or a splicing region variant, computational prediction tools unanimously support a deleterious
effect on the gene

) I |
[ [ ! |
Pathogenic Likely pathogenic Variant of uncertain significance Likely benign Benign

|

PP5 (Pathogenic supporting-5):Reputable source recently reports variant as pathogenic, but the evidence is not available to the laboratory to
perform an independent evaluation

) A I ]
I 1 f Y : 1§

Pathogenic Likely pathogenic Variant of uncertain significance Likely benign Benign

Figure 1a: A schematic representation of the attributes given to a particular variant and its ranking

along with its classification result
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Appendix A.3

Gene Entrez Gene name

symbol gene ID

ABCB1 5243 ATP-blndln_g cassettg, subfamlly_B, member 1 (P-
glycoprotein-1/multiple drug resistance-1)

ABCB11 8647 AT_P-blndlng cassette, subfamily B, member 11
(bile salt export pump)

ABCB4 5244 ATP-blndln_g cassettg, subfamlly_B, member 4 (P-
glycoprotein-3/multiple drug resistance-3)

ABCC2 1244 ATP-bl_ndlng cass_ette,_s_ubfamlly C, r_nember 2
(canalicular multispecific organic anion transporter)

ABCC4 10257 ATP-binding cassette, subfamily C, member 4

ABHD12 26090 Abhydrolase f:lomam-contalnlng protein 12,
lysophospholipase
Aggrecan (chondroitin sulfate proteoglycan-1,

ACAN 176 large aggregating proteoglycan, antigen identifies
by monoclonal antibody A0122)

ACAP2 23527 Centaurin, beta-2

ACCN1 40 Amllorlde_—sen5|t|ve cation channel 1, neuronal
(degenerin)

ACCNZ2 41 Cation channel, amiloride-sensitive, neuronal, 2

ACE 1636 Angiotensin I converting enzyme (dipeptidyl
carboxypeptidase-1)

ACE2 59272 Angiotensin I converting enzyme 2

ACO1 48 A_cor!ltase, so!uble (iron-responsive element-
binding protein-1)

ACTA1 58 Actin, alpha-1, skeletal muscle

ACTG1 71 Actin, gamma-1

ACTG2 72 Actin, gamma-2, smooth muscle, enteric

ACTN4 81 Actinin, alpha-4

ADAMZ28 10863 ADAM metallopeptidase domain 28

ADAMTS4 9507 ADAM_metaIIopeptldase with thrombospondin type
1 motif 4 (aggrecanase 1)
ADAM metallopeptidase domain with

ADAMTSS 11096 thrombospondin type 1 motif, 5 (aggrecanase 2)

ADAMTSL1 | 92949 ADAMTS-like protein 1

ADAMTSL4 | 54507 ADAMTS-like 4
Adenosine deaminase, RNA-specific, B2 (homolog

ADARB2 105 of rat BLUE)

ADCYAP1R1 | 117 ADCYAP receptor, type I

ADGRB3 577 Adhesion G protein-coupled receptor B3

ADH1B 125 Alcohol d_ehydrogenase IB (class I), beta
polypeptide

ADORAZA 135 Adenosine A2a receptor

ADRAI1A 148 Adrenergic, alpha-1C-, receptor

ADRA1D 146 Adrenergic, alpha-1D-, receptor

ADRAZA 150 Adrenergic, alpha-2A-, receptor

ADRA2C 152 Adrenergic, alpha-2C-, receptor
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Gene Entrez

symbol | gene ID Gene name

ADRB1 | 153 Adrenergic, beta-1-, receptor

ADRB2 | 154 Adrenergic, beta-2-, receptor, surface

AGA 175 Aspartylglucosaminidase

AGBL1 123624 ATP/GTP-binding protein-like 1

AGER 177 Advanced glycosylation end product-specific receptor

AIP 9049 Aryl hydrocarbon receptor-interacting protein

AIRE 326 Autoimmune regulator

AJAP1 55966 Adherens junction-associated protein 1

AKAP6 | 9472 A-kinase anchor protein 6

ALMS1 7840 ALMS1 centrosome and basal body associated protein

ALOXE3 | 59344 Arachidonate lipoxygenase 3
Alpha-1-microglobulin/bikunin precursor (inter-alpha-

AMBP 259 try[?psin inhibitogr, light /chain; pr%tein HC)( i

ANG 283 Angiogenin

ANK3 288 Ankyrin-3, node of Ranvier

ANKK1 | 255239 Ankyrin repeat and kinase domain containing 1

ANO1 55107 Anoctamin 1, calcium activated chloride channel

ANO3 63982 Anoctamin 3

ANXA2 | 302 Annexin A2 (lipocortin I)

AOC1 26 Amiloride-binding protein-1

APC 324 APC regulator of WNT signaling pathway

APOE 348 Apolipoprotein E

APP 351 Amyloid beta (A4) precursor protein

AQP5 362 Aquaporin-5

AR 367 Androgen receptor (dihydrotestosterone receptor)

ARMS2 | 387715 LOC387715 gene

ARRB2 | 409 Arrestin, beta 2

ARSA 410 Arylsulfatase A

ARTN 9048 Artemin

ARVCF | 421 ARVCEF delta catenin family member

ASIC3 9311 Cation channel, amiloride-sensitive, neuronal 3

ASTN1 460 Astrotactin 1

ASTN2 | 23245 Astrotactin 2

ATL1 51062 Atlastin GTPase 1

ATL3 25923 Atlastin GTPase 3

ATOH1 | 474 Atonal, Drosophila, homolog of, 1

ATP1A1 | 476 ATPase, Na+K+ transporting, alpha-1 polypeptide

ATP1A2 | 477 ATPase, Na+K+ transporting, alpha-2 polypeptide

ATP1A3 | 478 ATPase, Na+K+ transporting, alpha-3 polypeptide

ATP1B1 | 481 ATPase, Na+K+ transporting, beta-1 polypeptide

ATP2A2 | 488 ATPase, Ca++ transporting, slow-twitch, cardiac
muscle-2

ATP2C2 | 9914 ATPase, Ca(2+)-transporting, type 2C, member 2

ATR 545 ATR serine/threonine kinase
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Gene Entrez Gene name

symbol gene ID

ATXN1 6310 Ataxin-1

ATXN3 4287 Ataxin-3 (josephin)

ATXN8OS | 6315 Ataxin 8 opposite strand

AVIL 10677 Advillin

AVPR1A 552 Arginine vasopressin receptor-1A

B2M 567 Beta-2-microglobulin

BAHCCI 57597 BAH glomaln- and coiled-coil domain-containing
protein 1

BAP1 8314 BRCAl associated protein-1 (ubiquitin carboxy-
terminal hydrolase)

BCKDHA 593 Branchec_l chain keto acid dehydrogenase E1, alpha
polypeptide

BCORL1 63035 BCL6 corepressor-like 1

BDKRB1 623 Bradykinin receptor B1

BDKRBZ2 624 Bradykinin receptor B2

BDNF 627 Brain-derived neurotrophic factor

BHLHE22 27319 Basic helix-loop-helix family, member E22

BMP2 650 Bone morphogenetic protein-2

BMP6 654 Bone morphogenetic protein-6

BORCS5 118426 BLOC1-related complex, subunit 5

BRCA1 672 Breast cancer-1 gene

BTBD9 114781 BTB/POZ domain-containing protein 9

CACNAIA 273 Calcium c_hannel, voltage-dependent, P/Q type, alpha
1A subunit

CACNAIB | 774 CaIC|u_m channel, voltage-dependent, L type, alpha 1B
subunit

CACNAIE | 777 Calcium channel, voltage-dependent, alpha 1E subunit

CACNAIG | 8913 gjtl)ﬂﬁ:? channel, voltage-dependent, T type, alpha-1G

CACNAIH | 8912 Sjtlﬂﬂ?tq channel, voltage-dependent, T type, alpha-1H

CACNALS | 779 CaIC|u_m channel, voltage-dependent, L type, alpha 1S
subunit

CACNA2D1 | 781 Calcium chann_el, voltage-dependent, L type, alpha
2/delta subunit

CACNA2D2 | 9254 CaIC|u_m channel, voltage-dependent, alpha-2/delta
subunit 2

CACNA2D3 | 55799 CaIcmm channel, voltage-dependent, alpha-2/delta
subunit 3

CACNA2D4 | 93589 CaIcmm channel, voltage-dependent, alpha-2/delta
subunit 4

CACNB2 783 Calcium channel, voltage-dependent, beta 2 subunit

CACNB3 784 Calcium channel, voltage-dependent, beta 3 subunit

CACNG2 10369 CaIcmm channel_, voltage-dependent, gamma-2
subunit (stargazin)

CALCA 796 Calcitonin/calcitonin-related polypeptide, alpha
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Gene Entrez Gene name

symbol gene ID

CALCRL 10203 Calcitonin receptor-like

CALM1 801 Calmodulin-1 (phosphorylase kinase, delta)

CAMK4 814 E?a(iznﬂ-caImodulin-dependent protein kinase type IV of
Amyotrophic lateral sclerosis 2 chrom me region

CARF 72800 canﬁ?dtaig 8C(caz:1ﬁ?:i3mscre(es§§nsse fcact(t))r)Oso = o

CASP9 842 Caspase 9, apoptosis-related cysteine protease

CAT 847 Catalase

CBS 875 Cystathionine beta-synthase

I e o e N A

CCR2 729230 Chemokine (C-C) receptor 2

CCT5 22948 chaperonin containing TCP1, subunit 5 (epsilon)

CcD247 919 CD247 antigen

CDH1 999 Cadherin-1 (E-cadherin; uvomorulin)

CDH12 1010 Cadherin-12 (N-cadherin 2)

CDH18 1016 Cadherin 18

CDHZ23 64072 Cadherin-23 (otocadherin)

CDK4 1019 Cyclin-dependent kinase 4

CDK5 1020 Cyclin-dependent kinase 5

CDKN2A | 1029 géclli:)—dependent kinase inhibitor 2A (p16, inhibits

CDSN 1041 Corneodesmosin

CFLAR 8837 CASP8- and FADD-like apoptosis regulator

CHCHD2 | 51142 gr(?ci)[cz?r-]c;il-helix-coiled-coil-helix domain-containing

CHD7 55636 Chromodomain helicase DNA binding protein 7

CHRM2 1129 Cholinergic receptor, muscarinic, 2

CHRM3 1131 Cholinergic receptor, muscarinic, 3

CHRNA1 1134 Cholinergic receptor, nicotinic, alpha polypeptide-1,
muscle

CHRNA10 | 57053 gslc;ll[l)réelsgrtgijcllzrfgeptor, neuronal nicotinic, alpha

CHRNA9 | 55584 gslc;l[l)rglegrt?cllzrgceptor, neuronal nicotinic, alpha

CLDN10 9071 Claudin 10

CLICS 53405 Chloride intracellular channel 5

CLOCK 9575 Circadian locomotor output cycles kaput

CNR1 1268 Cannabinoid receptor-1, brain

CNR2 1269 Cannabinoid receptor 2

CNTN1 1272 Contactin 1

CNTNZ2 6900 Contactin 2 (transiently-expressed axonal glycoprotein)

CNTNAPZ2 | 26047 Contactin-associated protein-like 2

COCH 1690 Cochlin

COG6 57511 Component of oligomeric golgi complex 6
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Gene Entrez Gene name

symbol | gene ID

COL11A2 | 1302 Collagen XI, alpha-2 polypeptide

COL17A1 | 1308 Collagen XVII, alpha-1 polypeptide

COL1A1 1277 Collagen I, alpha-1 polypeptide

COL1A2 | 1278 Collagen I, alpha-2 polypeptide

COL3A1 1281 Collagen III, alpha-1 polypeptide

COL5A1 1289 Collagen V, alpha-1 polypeptide

COL6A5 | 256076 Collagen, type VI, alpha-5

COL7A1 1294 Collagen VII, alpha-1 polypeptide

coMT 1312 Catechol-O-methyltransferase

COX6A1 | 1337 Cytochrome c oxidase, subunit VIa, polypeptide-1
cpP 1356 Ceruloplasmin

CPT2 1376 Carnitine palmitoyltransferase II

CREB1 1385 cAMP-response element-binding protein-1

CRHBP 1393 Corticotropin releasing hormone-binding protein
CRHR2 1395 Corticotropin releasing hormone receptor-2

CRLF1 9244 Cytokine-like factor 1

CRLF2 64109 Cytokine receptor-like factor 2

CRYAB 1410 Crystallin, alpha B

CSF3R 1441 Colony-stimulating factor-3 receptor (granulocyte)
CSNK1D | 1453 Casein kinase-1, delta

CTsC 1075 Cathepsin C

CTSG 1511 Cathepsin G

CX3CR1 1524 rCehctan;]tc;I?_nle?’)(C—X}C) receptor 1 (G protein-coupled
CXCL8 3576 Chemokine, CXC motif, ligand 8

CYB561 1534 Cytochrome b-561

Crpioar |1san | Yodrome P80, Tami 19, yPremIY A polypeptie
CYPIA2 1544 ﬁq;:jtuogilgllfg,rn;o&ii%tizéb;am|Iy I, aromatic compound-
CYP2D6 1565 Cytochrome P450, subfamily IID, polypeptide 6
CYP3A4 1576 gzlt»?sgggi?::450, subfamily IIIA (nifedipine oxidase)
DBH 1621 Dopamine-beta-hydroxylase

DCC 1630 Deleted in colorectal carcinoma

DES 1674 Desmin

DICER1 23405 dicer 1, ribonuclease III

DMD 1756 Dystrophin

DMPK 1760 Dystrophia myotonica-protein kinase

DNMT1 1786 DNA methyltransferase 1

DOCK4 9732 Dedicator of cytokinesis 4

DPYSL2 1808 Dihydropyrimidinase-like 2

DRD2 1813 Dopamine receptor D2
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Gene Entrez Gene name

symbol gene ID

DRD3 1814 Dopamine receptor D3

DRP2 1821 Dystrophin-related protein 2

DST 667 Dystonin (bullous pemphigoid antigen 1)

DURS1 10674 Duane retraction syndrome 1

DUSP6 1848 Dual-specificity phosphatase-6

DYNC1H1 | 1778 Dynein, cytoplasmic-1, heavy chain-1

ECM1 1893 Extracellular matrix protein-1

EDN1 1906 Endothelin-1

EDNRA 1909 Endothelin receptor type A

EDNRB 1910 Endothelin receptor type B

EEC1 1913 Ectrodactyly, ectodermal dysplasia, cleft lip/palate, 1
ELAC2 60528 elaC ribonuclease Z 2

ELAVL3 1995 ELAV-like RNA binding protein 3

ELAVL4 1996 ELAV-like RNA binding protein 4 (Hu antigen D)
EMD 2010 Emerin

I R ey e
EPOR 2057 Erythropoietin receptor

EREG 2069 Epiregulin

ERGIC1 57222 Epgltc(;?rllaimic reticulum-golgi intermediate compartment
ESR1 2099 Estrogen receptor 1

ESR2 2100 Estrogen receptor-2 (ER beta)

ESRRB 2103 Estrogen-related receptor beta

F2 2147 Coagulation factor II (thrombin)

F5 2153 Coagulation factor V (proaccelerin, labile factor)
FAAH 2166 Fatty acid amide hydrolase

FAH 2184 Fumarylacetoacetase

FAM134B | 54463 Family with sequence similarity 134, member B
FAM173B | 134145 ATP synthase C subunit lysine N-methyltransferase
FANCM 57697 FANCM gene

FGF10 2255 Fibroblast growth factor-10

FGF12 2257 Fibroblast growth factor-12

FGF13 2258 Fibroblast growth factor-13

FGF14 2259 Fibroblast growth factor-14

FGF6 2251 Fibroblast growth factor-6

FGFR3 2261 Fibroblast growth factor receptor-3

FHL5 9457 Four-and-a-half LIM domains 5

FIGLA 344018 Folliculogenesis specific bHLH transcription factor
FKBP5 2289 FK506-binding protein 5

FLNA 2316 Filamin A, alpha (actin-binding protein-280)
FMR1 2332 FMRP translational regulator 1

FOXL1 2300 Forkhead box L1

FSHR 2492 Follicle stimulating hormone receptor
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Gene Entrez

symbol | gene ID Gene name

FTL 2512 Ferritin, light chain

FTO 79068 FTO alpha-ketoglutarate dependent dioxygenase

FXN 2395 Frataxin

G6PD 2539 Glucose-6-phosphate dehydrogenase

GABBR2 | 9568 Gamma-aminobutyric acid B receptor 2

GABR 2550 Gamma-aminobutyric acid B receptor 1

GABRAZ2 | 2555 Gamma-aminobutyric acid (GABA) A receptor, alpha-2

GABRA3 | 2556 Gamma-aminobutyric acid (GABA) A receptor, alpha-3

GABRB1 | 2560 Gamma-aminobutyric acid (GABA) A receptor, beta-1

GABRB3 | 2562 Gamma-aminobutyric acid (GABA) A receptor, beta-3

GABRGZ2 | 2566 Gamma-aminobutyric acid (GABA) A receptor, gamma-2

GABRQ | 55879 Gamma-aminobutyric acid receptor, theta

GABRR1 | 2569 Gamma-aminobutyric acid (GABA) A receptor, rho-1

GAL 51083 Galanin

GBA 2629 Glucosidase, acid beta

GBE1 2632 Glycogen branching enzyme

GBP1 2633 Guanylate binding protein 1, interferon-inducible, 67kD

GCH1 2643 GTP cyclohydrolase 1

GDAP1 54332 Ganglioside-induced differentiation-associated protein 1

rowth/differentiation f r- ilage-derived

GDF> 8200 (ng'\(;)rptuo/gden:tiec ;?()ttgin-?gto > (cartiag

GDNF 2668 Glial cell line derived neurotrophic factor

GFAP 2670 Glial fibrillary acidic protein

GFRA2 2675 GDNF family receptor alpha-2

GJA1 2697 Gap junction protein, alpha-1, 43kD (connexin 43)

GJB2 2706 Gap junction protein, beta-2, 26kD (connexin 26)

GLA 2717 Galactosidase, alpha

GLO1 2739 Glyoxalase I

GNAO1 2775 S;?:;?ii;uaiL?sittiSe-binding protein (G protein), alpha-
GNAS complex locus (guanine nucleotide binding protein

GNAS 2778 (G protein)p, alpha stilg'?ulating activity polypeptigepl)

GPD2 2820 Glycerol-3-phosphate dehydrogenase 2 (mitochondrial)

GRIA1 2890 Glutamate receptor, ionotropic, AMPA 1

GRIA2 2891 Glutamate receptor, ionotropic, AMPA 2

GRIA3 2892 Glutamate receptor, ionotropic, AMPA 3

GRIA4 2893 Glutamate receptor, ionotropic, AMPA 4

GRIC1 2897 Glutamate receptor, ionotropic, kainate 1

GRIC2 2898 Glutamate receptor, ionotropic, kainate 2

GRIC3 2899 Glutamate receptor, ionotropic, kainate 3

GRICH4 2900 Glutamate receptor, ionotropic, kainate 4

GRIC5 2901 Glutamate receptor, ionotropic, kainate 5

GRIN2A | 2903 Glutamate receptor, ionotropic, N-methyl D-aspartate 2A

GRK5 2869 G protein-coupled receptor kinase 5
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GRM7 2917 Glutamate receptor, metabotropic, 7

GRP 2922 Gastrin-releasing peptide

GRPR 2925 Gastrin-releasing peptide receptor

GUCAI1A | 2978 Guanylate cyclase activator 1A, retina

H19 283120 Imprinted maternally expressed non-coding transcript
HBB 3043 Hemoglobin beta

HCK 3055 Hemopoietic cell kinase

HCN1 348980 Eg&e‘s’rgsﬁrlczha;;\onnélalctlvated cyclic nucleotide-gated
HCN2 610 Eg/&esrgﬁlnirézha;:\onnelazctlvated cyclic nucleotide-gated
HCRTR1 | 3061 Hypocretin receptor 1

HCRTR2 | 3062 Hypocretin receptor 2

HEXB 3074 Hexosaminidase B, beta polypeptide

HEY?2 23493 :E)?i—frglated family bHLH transcription factor with YRPW
HFE 3077 Homeostatic iron regulator

HFM1 164045 Helicase for meiosis 1

HJURP 55355 Holliday junction recognition protein

HIV 148738 Hemojuvelin

HK1 3098 Hexokinase-1

HLA-B 3106 Major histocompatibility complex, class I, B

HLA-DQ | 3119 Major histocompatibility complex, class II, DQ beta-1
I[-)ILQI?A\} 3117 Major histocompatibility complex, class II, DQ alpha-1
gfé\_ 3122 Major histocompatibility complex, class II, DR alpha
HOMER1 | 9456 Homer scaffold protein 1

HOXB8 3218 Homeo box-B8

HPGD 3248 Hydroxyprostaglandin dehydrogenase 15-(NAD)
HPRT1 3251 Hypoxanthine phosphoribosyltransferase 1

HPSE2 60495 Heparanase 2

HSPB1 3315 Heat-shock 27kD protein-1

HTR1A 3350 5-hydroxytryptamine (serotonin) receptor-1A

HTR1B 3351 5-hydroxytryptamine (serotonin) receptor-1B

HTR2A 3356 5-hydroxytryptamine (serotonin) receptor-2A
HTR2C 3358 5-hydroxytryptamine (serotonin) receptor-2C

HTR3A 3359 5-hydroxytryptamine (serotonin) receptor-3

HTR3B 9177 5-hydroxytryptamine receptor 3B

HTR7 3363 E;:Lc;reca_zyolzrglp;?mine (serotonin) receptor-7, adenylate
HTRA1 5654 HTRA serine peptidase 1

IARS2 55699 Isoleucyl-tRNA synthetase 2

ICAM1 3383 Intercellular adhesion molecule-1

IFNG 3458 Interferon, gamma
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IFRD1 3475 Interferon-related developmental regulator 1

IGF1 3479 Insulin-like growth factor-1, or somatomedin C

IGF2 3481 Insulin-like growth factor-2, or somatomedin A

IGLLI 3543 iwqréw;;%gelgt?;g; lambda-like polypeptide 1 (immunoglobulin

IGSF9B | 22997 Immunoglobulin superfamily, member 9B

IKBKAP | 8518 Elongator complex protein 1

IKBKG | 8517 iﬂfgillj:]tict);gi;nnnﬁglear factor kappa B kinase, regulatory

IL10 3586 Interleukin-10

IL10RB | 3588 Cytokine receptor, family II, member 4

7112 3593 Interleu_kin—lZB (natural kiIIer_ceII stimulatory factor-2,
cytotoxic lymphocyte maturation factor-2, p40)

IL13 3596 Interleukin-13

IL16 3603 Interleukin 16

IL18 3606 Interleukin-18

IL18R1 | 8809 Interleukin 18 receptor 1

IL1A 3552 Interleukin-1, alpha

IL1B 3553 Interleukin-1, beta

IL1R1 3554 Interleukin-1 receptor, type I

IL1R2 7850 Interleukin-1 receptor, type II

ILIRN 3557 Interleukin-1 receptor antagonist

IL31 386653 Interleukin 31

IL31RA | 133396 Interleukin 31 receptor A

IL33 90865 Interleukin 33

IL37 27178 Interleukin 37

L4 3565 Interleukin-4

IL6 3569 Interleukin-6 (interferon, beta-2)

IL7R 3575 Interleukin-7 receptor

IL9 3578 Interleukin-9

mMmp2L | 83943 (I:r;?s\l;ig?;t;cic:(())::lrlfglj r:fembrane peptidase, subunit 2, S.

INADL 10207 PALS1-associated tight junction protein

INSR 3643 Insulin receptor

ISCU 23479 Iron-sulfur cluster scaffold, E. coli, homolog of

ITCH 83737 Itchy, mouse, homolog of

ITPK1 3705 Inositol 1,3,4-trisphosphate 5/6-kinase

JAG1 182 Jagged 1

JPH2 57158 Junctophilin 2

JUN 3725 Jun proto-oncogene, AP-1 transcription factor subunit

JUNB 3726 Jun B proto-oncogene, AP-1 transcription factor subunit

KARS1 3735 Lysyl-tRNA synthetase 1

KCNA1 | 3736 Potassium voltage-gated channel, shaker-related subfamily,

member 1
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KCNA2 3737 Potassu_Jm channel, voltage-gated, Shaker-related
subfamily, member 2

KCNA4 3739 Potassu_,lm voltage-gated channel, shaker-related
subfamily, member 4

KCNAS 3741 Potassu_,lm voltage-gated channel, shaker-related
subfamily, member 5

KCNB2 9312 Potassu_Jm channel, voltage-gated, shab-related
subfamily, member 2

KCND2 3751 Potassium voltage-gated channel, Shal-related subfamily,
member 2

KCNE2 9992 Potassium voltage-gated channel, Isk-related family,
member 2

KCNIP3 30818 Potassium channel-interacting protein 3

KCNJ10 3766 Potassium inwardly-rectifying channel, subfamily J,
member 10

KCNJ3 3760 Potassium inwardly-rectifying channel, subfamily J,
member 3

KCNJ6 3763 Potassium inwardly-rectifying channel, subfamily J,
member 6

KCNK1 3775 Potassium channel, subfamily K, member 1

KCNK12 56660 Potassium channel, subfamily K, member 12

KCNK18 338567 Potassium channel, subfamily K, member 18

KCNK2 3776 Potassium channel, subfamily K, member 2

KCNK5 8645 Potassium channel, subfamily K, member 5

KCNK9 51305 Potassium channel, subfamily K, member 9

KCNN3 3782 Potassium channel, cglcmm—actlvated, intermediate/small
conductance, subfamily N, member 3

KCNQ1 3784 Potassium voltage-gated channel, KQT-like subfamily,
member 1

KCNQ10T1 | 10984 KCNQ1-overlapping transcript 1

KCNQ2 3785 Potassium voltage-gated channel, KQT-like subfamily,
member 2

KCNQ3 3786 Potassium voltage-gated channel, KQT-like subfamily,
member 3

KCNQ4 9132 Potassium voltage-gated channel, KQT-like subfamily,
member 4

KCNQ5 56479 Potassium channel, voltage-gated, KQT-like subfamily,
member 5

KCNS1 3787 Potassu_.lm channel, voltage-gated, delayed-rectifier,
subfamily S, member 1

KCNS3 3790 Potassu_Jm voltate-gated channel, delayed-rectifier,
subfamily S, member 3

KCNT2 343450 Potassium channel, subfamily T, member 2

KDMA4C 23081 Lysine demethylase 4C

KIAA1456 | 57604 tRNA Methyl Tranferase 9-like

KIF1A 547 Kinesin family member 1A

KIF20B 9585 M-phase phosphoprotein 1

KIF5A 3798 Kinesin family member 5A

KLHL24 54800 Kelch-like 24

KLK5 25818 Kallikrein-related peptidase 5
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KRIT1 889 KREV interaction trapped 1
KRT16 3868 Keratin 16
KRT6A 3853 Keratin 6A
LAMB3 3914 Ii;?llrlljl)n’ beta-3 (nicein, 125kD; kalinin, 140kD; BM600,
IDLRAD3 | 143458 I;;T’)\OA’,cediﬁn:SSIty lipoprotein receptor class A domain-containing
LEP 3952 Leptin (murine obesity homolog)
LIF 3976 If_ae;I;erz)mia inhibitory factor (cholinergic differentiation
LIPG 9388 Lipase G, endothelial
LMNA 4000 Lamin A/C
LRATD1 151354 Family with sequence similarity 84, member A
| RP1 4035 E;);A(l:lizrlmslljtzlilrl]pl?epcreo;teél:;related protein-1 (alpha-2-
LTA 4049 Lymphotoxin alpha (formerly tumor necrosis factor beta)
LYz 4069 Lysozyme
LZTR1 8216 Leucine-zipper-like regulator-1
MACC1 346389 MET transcriptional regulator MACC1
MAOA 4128 Monoamine oxidase A
MAOB 4129 Monoamine oxidase B
MAP1B 4131 Microtubule-associated protein-1B
MAP2K1 5604 Mitogen-activated protein kinase kinase 1
MAPK1 5594 Mitogen-activated protein kinase 1
e E e e e e
MAPK3 5595 Mitogen-activated protein kinase 3
MAPK9 5601 Mitogen-activated protein kinase 9
MAPT 4137 Microtubule-associated protein tau
MARCH4 57574 Membrane-associated RING-CH finger protein 4
MARS1 4141 Methioninyl-tRNA synthetase 1
MATR3 9782 Matrin 3
Melan in-1 r r (alpha melan -stimulatin
MCIR 4157 hfriooncgfeceptoergepto (alpha melanocyte-stimulating
MECP2 4204 Methyl-CpG-binding protein-2
MEF2D 4209 E/In,:\)I/DOSqI?toexetrl;ﬁgi((::zftfl:;:rn;g?cer factor 2, polypeptide D
MEFV 4210 MEFV innate immunity regulator, pyrin
MEIS1 4211 Meis homeobox 1
MEN1 4221 Menin
METTL21A | 151194 | Methyltransferase-like 21A
MFN2 9927 Mitofusin 2
MIR183 406959 | Micro RNA 183
MITF 4286 Microphthalmia-associated transcription factor
MLH1 4292 DNA mismatch repair protein MLH1
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MMP16 4325 Matrix metalloproteinase 16 (membrane-inserted)
MMP17 4326 Matrix metalloproteinase 17

MMP2 4313 z/loall;c;ge?ait:)lIoprotelnase 2 (gelatinase A, 72kD type IV
MMP9 4318 z/loe?;carge:]naest:)lIoprotelnase 9 (gelatinase B, 92kD type IV
MPDZ 8777 Multiple PDZ domain protein

MPPED?2 744 Metallophosphoesterase domain-containing protein 2
MPZ 4359 Myelin protein zero

MRGPRX1 | 259249 Mas-related G protein-coupled receptor family, member X1
MRVI1 10335 Murine retrovirus integration site 1, homolog of
MSN 4478 Moesin

MT-CYB 4519 Cytochrome b of Complex III

MTDH 92140 Metadherin

MTHFD1 4522 Methylenetetrahydrofolate dehydrogenase 1

MTHFR 4524 Methylenetetrahydrofolate reductase

MTOR 2475 Mechanistic target of rapamycin

MTR 4548 5-methyltetrahydrofolate-homocysteine methyltransferase 1
MT-RNR1 4549 Mitochondrial 12S ribosomal RNA

MTRR 4552 Methionine synthase reductase

MT-TL1 4567 Mitochondrial tRNA for leucine

MT-TS1 4574 Mitochondrial tRNA for serine

MYCL 4610 MYCL protooncogene, bHLH transcription factor
MYD88 4615 MYD88 innate immune signal transduction adaptor
MYH14 79784 Myosin, heavy chain 14, nonmuscle

MYH9 4627 Myosin, heavy polypeptide-9, nonmuscle

MYO7A 4647 Myosin VIIA

MYORG 57462 Myogenesis-regulating glycosidase

MYTIL 23040 Myelin transcription factor 1-like

NAGLU 4669 N-acetylglucosaminidase, alpha-

NALCN 259232 Sodium leak channel, nonselective

NCOA7 135112 Nuclear receptor coactivator 7

NECAB2 54550 N-terminal EF-hand calcium-binding protein 2
NECTIN4 81607 Nectin 4

NEDD4 4734 gs\t,lvrna:ezzﬁgger(sj?g cell expressed, developmentally
NEDDA4L 23327 Ubiquitin protein ligase NEDD4-like

NEFM 4741 Neurofilament protein, medium polypeptide

NF1 4763 Neurofibromin (neurofibromatosis, type I)

NF2 4771 Merlin

NFASC 23114 Neurofascin

NFKB1A 4790 Nuclear factor kappa-B, subunit 1 (p105, p50)
NFKBIA 4792 Nuclear factor kappa-B inhibitor, alpha

NFKBIL1 4795 Nuclear factor-kappa-B inhibitor-like protein 1
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NGF 4803 Nerve growth factor, beta

NGFR 4804 Nerve growth factor receptor

NLRP1 22861 NLR family, pyrin domain containing 1

NNMT 4837 Nicotinamide N-methyltransferase

NOS1 4842 Nitric oxide synthase 1, neuronal

NOS2 4843 Nitric oxide synthase 2A

NOS3 4846 Nitric oxide synthase 3, endothelial cell

NOTCH1 4851 Notch receptor 1

NOTCH3 4854 Notch, Drosophila, homolog of, 3

NPPB 4879 Natriuretic peptide precursor B

NPSR1 387129 Neuropeptide S receptor 1

llngRl- 404744 NPSR1 antisenase RNA 1

NPY1R 4886 Neuropeptide Y receptor

NROB1 190 Nuclear receptor subfamily 0, group B, member 1

NR1 2902 Glutamate receptor, ionotropic, N-methyl D-aspartate 1

NR2 2904 Glutamate receptor, ionotropic, N-methyl D-aspartate 2B

veaci |asos | feeer recepior sbfomiy 3, oroup C, member

NRCAM 4897 Neuronal cell adhesion molecule

NRG1 3084 gftlil\::t?ol'lrl;n 1 (heregulin, alpha, 45kD; ERBB2 p185-
Nuclear r r interacting protein 1 (r r interactin

NRIP1 8204 p:loieeii 1?1((:)(§pt0 teracting prote (receptor interacting

NRXN3 9369 Neurexin 3

NSRP1 84081 Nuclear speckle splicing regulatory protein 1

NTRK1 4914 Neurotrophic tyrosine kinase, receptor, type 1

NYS4 317685 Nystagmus 4, congenital, autosomal dominant

OPA1 4976 OPA1 mitochondrial dynamin-like GTPase

OPRD1 4985 Opioid receptor, delta-1

OPRK1 4986 Opiate receptor, kappa-1

OPRL1 4987 Opioid receptor-like 1

OPRM1 4988 Opioid receptor, mu-1

OTOF 9381 Otoferlin

oT0G 340990 Otogelin

P2RX2 22953 Purinergic receptor P2X, ligand-gated ion channel, 2

P2RX3 5024 Purinergic receptor P2X, ligand-gated ion channel, 3

P2RX4 5025 Purinergic receptor P2X, ligand-gated ion channel, 4

P2RX6 9127 Purinergic receptor P2X-like 1

P2RX7 5027 Purinergic receptor P2X, ligand-gated ion channel, 7

P2RY2 5029 Purinergic receptor P2Y, G-protein coupled, 2

P2RY4 5030 Pyrimidinergic receptor P2Y, G-protein coupled, 4

PACERR 103752588 PTGS2 antisense NFKB1 complex-mediated expression

regulator RNA, noncoding
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PAFAH1B1 | 5048 PIateIgt-activating factor acetylhydrolase, isoform 1B, alpha
subunit

PAH 5053 Phenylalanine hydroxylase

PARK2 5071 Parkin

PATL2 197135 PAT1 homolog 2

PAX3 5077 Paired box homeotic gene-3

PBX1 5087 Pre-B cell leukemia transcription factor-1

PCDHA3 56145 Protocadherin-alpha 3

PCSK6 5046 Proprotein convertase subtilisin/kexin type 6

PDE5A 8654 Phosphodiesterase 5A

PDGFC 56034 Platelet-derived growth factor C

PDYN 5173 Prodynorphin

PDZD2 23037 PDZ domain containing 2

PENK 5179 Proenkephalin

PGR 5241 Progesterone receptor

PHACTR1 | 221692 Phosphatase and actin regulator 1

PIEZOZ2 63895 PIEZO-type mechanosensitive ion channel component 2

PIK3C2G 5288 Phosphatidylinositol 3-kinase, class 2, gamma

PINK1 65018 PTEN-induced putative kinase 1

PIRT 644139 ggggﬁtr;gllr::%salggsl—;nteractlng regulator of transient receptor

PKD2 5311 Polycystin-2

PLA2 8398 Phospholipase A2, group VI

PLAUR 5329 Plasminogen activator, urokinase, receptor

PLCE1 51196 Phospholipase C, epsilon-1

PLCG1 5335 Phospholipase C, gamma 1 (formerly subtype 148)

PLEKHA4 | 57664 Pleckstrin homology domain-containing protein, family A,
member 4

PMP2 5375 Peripheral myelin protein-2

PMP22 5376 Peripheral myelin protein-22

PNOC 5368 Prepronociceptin

PNPLA6 10908 Patatin-like phospholipase domain-containing protein 6

POLE 5426 Polymerase, DNA, epsilon

POLG 5428 Polymerase (DNA directed), gamma

POMC 5443 Proopiomelanocortin (adrenocorticotropin/beta-lipotropin)

PON1 5444 Paraoxonase-1

POT1 25913 Protection of telomeres 1

PPARG 5468 Peroxisome proliferator activated receptor, gamma

PPOX 5498 Protoporphyrinogen oxidase

PPP1R1C 151242 Protein phosphatase 1, regulatory subunit 1C

PRDM12 59335 PR domain-containing protein 12

PRDM16 63976 PR domain-containing protein 16

PRKACA 5566 Protein kinase, cAMP-dependent, catalytic, alpha

PRKCA 5578 Protein kinase C, alpha polypeptide
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PRKCB 5579 Protein kinase C, beta 1 polypeptide

PRKCE | 5581 Protein kinase C, epsilon

PRKCZ 5590 Protein kinase C, zeta form

PRLHR 2834 G protein-coupled receptor-10

PRND 23627 Prion-like protein doppel

PRNP 5621 Prion protein

PROK2 | 60675 Prokineticin 2

PRPS1 5631 Phosphoribosyl pyrophosphate synthetase-1

PRRT2 112476 Proline-rich transmembrane protein 2

PRX 57716 Periaxin

PSEN1 5663 Presenilin 1

PTEN 5728 z;\:sgpsatlz;se and tensin homolog (mutated in multiple advanced
PTGER1 | 5731 Prostaglandin E receptor 1, EP1 subtype, 42kD

PTGER2 | 5732 Prostaglandin E receptor 2, EP2 subtype, 53kD

PTGIR 5739 Prostaglandin 12 (prostacyclin) receptor (IP)

PTGS1 5742 z;?]i:]z;gslsr;ilg C(i/rlcllggf;gzlndaeszglnthase 1 (prostaglandin G/H
PTGS2 5743 :;zithzgslsr;ilg C(i/récllggf;gzlndaeszglnthase 2 (prostaglandin G/H
PTPRD 5789 Protein tyrosine phosphatase, receptor type, delta polypeptide
PTPRZ1 | 5803 Protein-tyrosine phosphatase, receptor-type, zeta-1, polypeptide
PTX3 5806 Pentraxin-3

RAB7A 7879 Ras-associated protein RAB7

RAMP1 10267 Receptor activity-modifying protein 1

RB1 5925 Retinoblastoma-1

RBFOX1 | 54715 RNA-binding protein FOX1, C. elegans, homolog of, 1
REST 5978 RE1-silencing transcription factor

RGS12 | 6002 Regulator of G protein signaling 12

RHBDF2 | 79651 Rhomboid 5, Drosophila, homolog of, 2

RHO 6010 Rhodopsin (opsin 2)

RIC3 79608 RIC3 acetylcholine receptor chaperone

RNF11 26994 Ring finger protein 11

RNF170 | 81790 RING finger protein 170

RNF213 | 57674 Ring finger protein 213

RPE65 6121 RPE65 retinoid isomerohydrolase

RUNX2 | 860 Runt-related transcription factor 2

RXFP2 122042 Leucine-rich repeat-containing G protein-coupled receptor 8
SCLT1 132320 Sodium channel and clathrin linker 1

SCN10A | 6336 Sodium voltage-gated channel, alpha subunit 10

SCN11A | 11280 Sodium voltage-gated channel, alpha subunit 11

SCNi1A | 6323 Sodium voltage-gated channel, alpha subunit 1

SCN1B | 6324 Sodium voltage-gated channel, beta subunit 1
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SCN2A 6326 Sodium voltage-gated channel, alpha subunit 2

SCN2B 6327 Sodium voltage-gated channel, beta subunit 1

SCN3A 6328 Sodium voltage-gated channel, alpha subunit 3

SCN3B 55800 Sodium voltage-gated channel, beta subunit 3

SCN4A 6329 Sodium voltage-gated channel, alpha subunit 4

SCN4B 6330 Sodium voltage-gated channel, beta subunit 4

SCN5A 6331 Sodium channel, voltage-gated, type V, alpha polypeptide

SCN7A 6332 Sodium voltage-gated channel, alpha subnit 7

SCN8SA 6334 Sodium voltage-gated channel, alpha subunit 8

SCN9A 6335 Sodium voltage-gated channel, alpha subunit 9

SCNN1A 6337 Sodium channel, epithelial 1, subunit alpha

SDHD 6392 il.écncqigra;sedsrgtiﬁgenase complex, subunit D, integral

SELENON | 57190 Selenoprotein N

SEMA3A 10371 Semaphorin 3A

SEPT7 989 Septin 7

SEPT9 10801 Septin 9

SERPINAG6 | 866 Corticosteroid-binding globulin

SERPINB6 | 5269 Protease inhibitor 6 (placental thrombin inhibitor)

SERPINB7 | 8710 Serpin peptidase inhibitor, clade B (ovalbumin), member 7

SGCA 6442 gjrr](;?ignl)ycan, alpha (50kD dystrophin-associated glycoprotein;

SHH 6469 Sonic hedgehog signaling molecule

SHMT1 6470 Serine hydroxymethyltransferase (soluble)

SIN3B 23309 Sin3, yeast, homolog of, B

SLC11A2 | 4891 ?rglr?stsocratgri)ermf::nﬁggrlzl (proton-coupled divalent metal ion

SLcizas | S70Be | o o e epencent noroanic
Solute carrier family 17 (sodium-dependent inorganic

SLC17A8 | 246213 phosphate cotransporter), member 8 (vesicular glutamate
transporter 3)

SLC2245 | 6584 golute carrier, family 22 (organic cation transporter), member

SLC24A3 57419 gsluh;en;ael;glle;‘]f::‘?ggrzs (sodium/potassium/calcium

SLC25A46 | 91137 Solute carrier family 25, member 46

SLC26A4 | 5172 Solute carrier family 26 (sulfate transporter), member 4

SLC2A1 6513 ioelﬁfsecra{rier family 2 (facilitated glucose transporter),
Solute carrier family 6 (neurotransmitter transporter,

SLC6A2 6530 noradrenalin), member 2, cocaine- and antidepressant-
sensitive

SLC6A3 6531 ig:)l.;tr?ﬂcnaer)r,lenrqgiqnsg g (neurotransmitter transporter,

SLC6A4 6532 seorlgtfgncii;tle;;;nglelzf (neurotransmitter transporter,

SLC8A1L 6546 Solute carrier family 8, member 1 (sodium-calcium

exchanger-1)
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SLC8A2 6543 Solute carrier family 8, member 2 (sodium-calcium exchanger

2)

SLC9A9 285195 Solute carrier family 9 (sodium/hydrogen exchanger),
member A9

SMAD3 4088 SMAD family member 3

SMAD4 4089 SMAD family member 4

SWI/SNF-related, matrix-associated, actin-dependent

SMARCA4 | 6597 regulator of chromatin, subfamily A, member 4

SWI/SNF-related, matrix-associated actin-dependent
SMARCAD1 | 56916 regulator of chromatin, subfamily A, DEAD/H box-containing,
1

SWI/SNF related, matrix associated, actin dependent

SMARCBI 6598 regulator of chromatin, subfamily b, member 1

SMN1 6606 Survival of motor neuron 1, telomeric

SMN2 6607 Survival of motor neuron 2, centromeric

SNAP25 6616 Synaptosomal-associated protein, 25kD

SNCA 6622 Synuclein, alpha (non A4 component of amyloid precursor)

SOD1 6647 Superoxide dismutase-1, soluble

SOD2 6648 Superoxide dismutase-2, mitochondrial

SP4 6671 Sp4 transcription factor

SPG16 57760 Spastic paraplegia 16, X-linked, complicated

SPINKZ2 6691 Serine protease inhibitor, Kazal-type, 2

SPON1 10418 F-spondin, Rat, homolog of

SPTBN4 57731 ﬁg;cglr(i)r;, :fe):ta, nonerythrocytic, 4 (quivering, mouse,

SPTLC1 10558 Serine palmitoyltransferase, long-chain base subunit 1

SPTLC2 9517 Serine palmitoyltransferase, long-chain base subunit 2

STAT6 6778 Signal transducer and activator of transcription-6, interleukin-
4 induced

STK11 6794 Serine/threonine protein kinase-11

STOML3 161003 Stomatin-like protein 3

STUB1 10273 STIP1 homologous and U box-containing protein 1

STX1A 6804 Syntaxin 1A, brain

SUGCT 79783 Chromosome 7 open reading frame 10

svac 22987 Synaptic vesicle glycoprotein 2C

SVEP1 79987 jlojrsnhaign\iggnv:aillilsil?qr;rld factor type A, EGF, and pentraxin

SYNZ2 6854 Synapsin II

SYN3 8224 Synapsin III

SYNE1 23345 ?rf):sc;:z rle)peat-containing nuclear envelope protein 1

SYT16 83851 Synaptotagmin 16

TAAR1 134864 Trace amine-associated receptor 1

TAAR2 9287 Trace amine-associated receptor 2

TAC1 6863 Tachykinin 1 (substance K; neurokinin A; neurokinin 2;

neuromedin L; neuropeptide gamma; tachykinin 2)
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TACRI 6869 I:Cc:gtlgp)m receptor 1 (substance P receptor; neurokinin-1

TAOK3 51347 TAO kinase 3

TCL1A 8115 T-cell lymphoma/leukemia 1A

TCN1 6947 Transcobalamin I

TECTA 7007 Tectorin, alpha

TERT 7015 Telomerase reverse transcriptase

TF 7018 Transferrin

TFRC 7037 Transferrin receptor

G 7038 Thyroglobulin

TGFB1 7040 Transforming growth factor, beta-1

TGFBR2 7048 Transforming growth factor, beta receptor II, 70-80kD
Transglutaminase-1 (K pol i idermal I

I R e e S e e Ll

TH 7054 Tyrosine hydroxylase

THBS2 7058 Thrombospondin 2

TIPIN 54962 Timeless-interacting protein

TLR2 7097 Toll-like receptor-2

TLR4 7099 Toll-like receptor-4

TMODZ2 29767 Tropomodulin 2, neuronal

TNC 3371 Tenascin C (hexabrachion)

TNF 7124 Tumor necrosis factor (cachectin)

TNFRSF11A | 8792 Tumor necrosis factor receptor superfamily, member 11A

TNFRSF11B | 4982 '(F:Sngé)()rpl:sggzi;:?ctor receptor superfamily, member 11B

TNFRSF1B | 7133 Tumor necrosis factor receptor superfamily, member 1B

TNR 7143 Tenascin R (restrictin, janusin)

TP53 7157 Tumor protein p53

TPH1 7166 Tryptophan hydroxylase 1 (tryptophan-5-monooxygenase)

TPH2 121278 Tryptophan hydroxylase 2

TPK1 27010 Thiamine pyrophosphokinase

TPM3 7170 Tropomyosin 3

TPP1 1200 Tripeptidyl peptidase 1

TRIM21 6737 Tripartite motif-containing protein 21

TRPA1 8989 Transient receptor potential cation channel, subfamily A,
member 1

TRPC1 7220 Transient receptor potential channel 1

TRPC3 2292 Transient receptor potential cation channel, subfamily C,
member 3

TRPC4 2223 Transient receptor potential cation channel, subfamily C,
member 4

TRPC6 7225 Transient receptor potential channel-6

TRPM1 4308 Transient receptor potential cation channel, subfamily M,

member 1 (melastatin)
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Gene Entrez Gene name

symbol | gene ID

TRPM2 2226 Transient receptor potential cation channel, subfamily M,
member 2

TRPM3 80036 Transient receptor potential cation channel, subfamily M,
member 3

TRPM4 54795 Transient receptor potential cation channel, subfamily M,
member 4
Transient receptor potential cation channel, subfamily M,

TRPMS5 | 29850 member 5 (MLSN1- and TRP-related gene 1)

TRPM6 140803 Transient receptor potential cation channel, subfamily M,
member 6

TRPM7 54822 Transient receptor potential cation channel, subfamily M,
member 7

TRPMS 79054 Transient receptor potential cation channel, subfamily M,
member 8

TRPP 5310 Polycystin-1

TRPV1 2442 Transient recep_tor_potentlal cation cha_n_nel, subfamily V,
member 1 (vanilloid receptor 1; capsaicin receptor)

TRPV2 51393 Transient receptor potential cation channel, subfamily V,
member 2

TRPV3 162514 Transient receptor potential cation channel, subfamily V,
member 3
Transient receptor potential cation channel, subfamily V,

TRPV4 59341 member 4 (vanilloid receptor-related osmotically activated
channel)

TRPVS 56302 Transient receptor potential cation channel, subfamily V,
member 5

TRPV6 55503 Transient receptor potential cation channel, subfamily V,
member 6

TSC1 7248 Hamartin (tuberous sclerosis 1 gene)

TSC2 7249 Tuberin (tuberous sclerosis 2 gene)

TSLP 85480 Thymic stromal lymphopoietin

TSPANZ | 10100 Tetraspanin 2

TSPEAR | 54084 Thrombospondin-type laminin G domain and EAR repeats

7SPO 206 Tra_nslocator protein, 18kD (benzodiazepine receptor,
peripheral type)

TTR 7276 Transthyretin (prealbumin)

TUSC5 286753 Tumor suppressor candidate 5

TXNRDZ2 | 10587 Thioredoxin reductase 2

UGT2B7 | 7364 UDP-glucuronyltransferase, family 2, beta-7

USP12 219333 Ubiquitin-specific protease 12

uTs2 10911 Urotensin II

VDR 7421 Vitamin D (1,25-dihydroxyvitamin D3) receptor

VEGFA 7422 Vascular endothelial growth factor

VHL 7428 von Hippel-Lindau tumor suppressor

VWA5A | 4013 von Willebrand factor A domain-containing protein 5A

WFS1 7466 Wolframin

WNK1 65125 WNK lysine deficient protein kinase 1
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Gene Entrez

symbol gene ID Gene name

WNK2 65268 WNK lysine deficient protein kinase 2

WNT10A 80326 \{\GRgless-type MMTV integration site family, member
XRCC3 7517 X-ray repair corss complementing 3

YAP1 10413 YES1-associated transcriptional regulator

ZNF235 9310 Zinc finger protein 93, mouse, homolog of

ZSCAN20 | 7579 Zinc finger- and SCAN domain-containing protein 20

Table A.3: List of candidate genes used in this project as ‘candidate gene’ filter that was curated by
using multiple databases in a multi-step procedure.
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Appendix A.4

Gene symbol

Gene nhame

ABCB4

ATP-binding cassette, subfamily B, member 4

AGL Amylo-1,6-glucosidase, 4-alpha-glucanotransferase (glycogen
debranching enzyme)

ANO1 Anoctamin 1, calcium activated chloride channel

AOC1 Amiloride-binding protein-1

ATAD3A ATPase family, AAA domain-containing, member 3A

ATL1 Atlastin GTPase 1

ATP2A2 ATPase, Ca++ transporting, slow-twitch, cardiac muscle-2

ATP7B ATPase, Cu++ transporting, beta polypeptide

BBS1 Bardet-Biedl syndrome 1 gene

BDKRB1 Bradykinin receptor B1

CACNAIA Calcium channel, voltage-dependent, P/Q type, alpha 1A subunit

CACNAIE Calcium channel, voltage-dependent, alpha 1E subunit

CACNA1G Calcium channel, voltage-dependent, T type, alpha-1G subunit

CACNA1S Calcium channel, voltage-dependent, L type, alpha 1S subunit

CACNB1 Calcium channel, voltage-dependent, beta 1 subunit

CACNB2 Calcium channel, voltage-dependent, beta 2 subunit

CARF Calcium response factor

CAST Calpastatin

CHRNA10 Cholinergic receptor, neuronal nicotinic, alpha polypeptide 10

CHRNAZ2 Cholinergic receptor, nicotinic, alpha polypeptide-2

CHRNAG6 Cholinergic receptor, neuronal nicotinic, alpha polypeptide 6

CHRNA9 Cholinergic receptor, neuronal nicotinic, alpha polypeptide 9

CLCN1 Chloride channel-1, skeletal muscle

CLTCL1 Clathrin, heavy polypeptide-like 1

COL1A2 Collagen I, alpha-2 polypeptide

COL3A1 Collagen III, alpha-1 polypeptide

COL5A1 Collagen V, alpha-1 polypeptide

COL6A2 Collagen VI, alpha-2 polypeptide

COL6A5 Collagen, type VI, alpha-5

COL7A1 Collagen VII, alpha-1 polypeptide

CRHR2 Corticotropin releasing hormone receptor-2

DNMT1 DNA methyltransferase 1

ESR2 Estrogen receptor-2

FSHR Follicle stimulating hormone receptor

GABRD Gamma-aminobutyric acid (GABA) A receptor, delta

GBA Glucosidase, acid beta

GLA Galactosidase, alpha

GRIAZ2 Glutamate receptor, ionotropic, AMPA 2

HCRTRZ2 Hypocretin receptor 2

KCNA2 Potassium channel, voltage-gated, Shaker-related subfamily, member 2

KCNA5 Potassium voltage-gated channel, shaker-related subfamily, member 5

KCND3 Potassium voltage-gated channel, Shal-related subfamily, member 3

167




Gene symbol

Gene name

KCNEZ2

Potassium voltage-gated channel, Isk-related family, member 2

KCNH1 Potassium voltage-gated channel, subfamily H, member 1
KCNH8 Potassium voltage-gated channel, subfamily H, member 8
KCNJ12 Potassium inwardly-rectifying channel, subfamily J, member 12
KCNK18 Potassium channel, subfamily K, member 18

KCNK5 Potassium channel, subfamily K, member 5

KCNQ2 Potassium voltage-gated channel, KQT-like subfamily, member 2
KCNQ3 Potassium voltage-gated channel, KQT-like subfamily, member 3
KCNQ4 Potassium voltage-gated channel, KQT-like subfamily, member 4
KIF1A Kinesin family member 1A

KIF21A Kinesin family member 21A

KRT16 Keratin 16

LAMB3 Laminin, beta-3 (nicein, 125kD; kalinin, 140kD; BM600, 125kD)
LMNA Lamin A/C

LZTR1 Leucine-zipper-like regulator-1

MARS Methionyl-tRNA Synthetase 1

MEFV MEFV innate immunity regulator, pyrin

MEN1 Menin 1

MITF Microphthalmia-associated transcription factor

MMP9 Matrix metalloproteinase 9

MYLK2 Myosin light chain kinase 2

MYTIL Myelin transcription factor 1-like

NAGLU N-acetylglucosaminidase, alpha-

NECABZ2 N-terminal EF-hand calcium-binding protein 2

NEFH Neurofilament, heavy polypeptide

NF1 Neurofibromin 1

NF2 Neurofibromin 2

NOTCH3 Notch, Drosophila, homolog of, 3

NRXN3 Neurexin 3

NTRK1 Neurotrophic tyrosine kinase, receptor, type 1

NTRK3 Neurotrophic tyrosine kinase, receptor, type 3

OPRL1 Opioid receptor-like 1

OPRM1 Opioid receptor, mu-1

P2RX3 Purinergic receptor P2X, ligand-gated ion channel, 3

PIEZOZ2 PIEZO-type mechanosensitive ion channel component 2

PMP22 Peripheral myelin protein-22

PNOC Prepronociceptin

PRDM16 PR domain-containing protein 16

RPE65S Retinoid Isomerohydrolase RPE65

RYR1 Ryanodine receptor-1, skeletal

SCN10A Sodium voltage-gated channel, alpha subunit 10

SCN11A Sodium voltage-gated channel, alpha subunit 11

SCN3A Sodium voltage-gated channel, alpha subunit 3

SCN3B Sodium voltage-gated channel, beta subunit 3

SCN5A Sodium channel, voltage-gated, type V, alpha polypeptide
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Gene symbol | Gene name

SCN8SA Sodium voltage-gated channel, alpha subunit 8

SCN9A Sodium voltage-gated channel, alpha subunit 9

SLC45A1 Solute carrier family 45, member 1

SMARCB1 SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily b, member 1

SPTBNZ2 Spectrin, beta, nonerythrocytic, 2

STOML3 Stomatin-like protein 3

STUB1 STIP1 homologous and U box-containing protein 1

svac Synaptic vesicle glycoprotein 2C

TERT Telomerase reverse transcriptase

TLR4 Toll-like receptor-4

TNFRSF1A Tumor necrosis factor receptor superfamily, member 1A

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

TRPC6 Transient receptor potential channel-6

TRPM1 Transient receptor potential cation channel, subfamily M, member 1
(melastatin)

TRPM2 Transient receptor potential cation channel, subfamily M, member 2

TRPM3 Transient receptor potential cation channel, subfamily M, member 3

TRPM4 Transient receptor potential cation channel, subfamily M, member 4

TRPM5 Transient receptor potential cation channel, subfamily M, member 5

TRPM7 Transient receptor potential cation channel, subfamily M, member 7

TRPM8 Transient receptor potential cation channel, subfamily M, member 8

TRPV1 Transient receptor potential cation channel, subfamily V, member 1
(vanilloid receptor 1; capsaicin receptor)

TRPV2 Transient receptor potential cation channel, subfamily V, member 2

WARS Tryptophanyl-tRNA synthetase

WFS1 Wolframin ER Transmembrane Glycoprotein

WNK1 WNK lysine deficient protein kinase 1

ZSCAN20 Zinc finger- and SCAN domain-containing protein 20

Table A.4: List of 113 prioritised genes observed in the entire cohort
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