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Abstract
We aimed to investigate the genetic associations of neuropathic pain in a deeply phenotyped cohort. Participants with neuropathic
pain were cases and compared with those exposed to injury or disease but without neuropathic pain as control subjects. Diabetic
polyneuropathywas themost common aetiology of neuropathic pain. A standardised quantitative sensory testing protocol was used
to categorize participants based on sensory profile. We performed genome-wide association study, and in a subset of participants,
we undertook whole-exome sequencing targeting analyses of 45 known pain-related genes. In the genome-wide association study
of diabetic neuropathy (N 5 1541), a top significant association was found at the KCNT2 locus linked with pain intensity
(rs114159097, P 5 3.55 3 1028). Gene-based analysis revealed significant associations between LHX8 and TCF7L2 and
neuropathic pain. Polygenic risk score for depression was associated with neuropathic pain in all participants. Polygenic risk score
for C-reactive protein showed a positive association, while that for fasting insulin showed a negative association with neuropathic
pain, in individuals with diabetic polyneuropathy. Gene burden analysis of candidate pain genes supported significant associations
between rare variants in SCN9A and OPRM1 and neuropathic pain. Comparison of individuals with the “irritable” nociceptor profile
to those with a “nonirritable” nociceptor profile identified a significantly associated variant (rs72669682, P5 4.393 1028) within the
ANK2 gene. Our study on a deeply phenotyped cohort with neuropathic pain has confirmed genetic associations with the known
pain-related genes KCNT2, OPRM1, and SCN9A and identified novel associations with LHX8 and ANK2, genes not previously
linked to pain and sensory profiles, respectively.
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1. Introduction

Neuropathic pain arises as a consequence of a disease or lesion
of the somatosensory nervous system,29 affects 7% to 10%of the
general population and has a major negative impact on quality of
life.3,6,55 Better understanding of genetic determinants of
neuropathic pain could aid patient stratification, risk prediction,
treatment targeting and ultimately the development of novel
treatment approaches.11

There are rare Mendelian pain disorders with extreme pain
phenotypes such as inherited erythromelalgia (IEM) and parox-
ysmal extreme pain disorder (PEPD) because of monoallelic
variants in SCN9a causing gain of function of the voltage-gated
sodium channel NaV1.7.

8,14,21,35,73 At a population level,
neuropathic pain more commonly arises after disease or injury
to the nervous system such as diabetic neuropathy, Herpes
Zoster or trauma/surgery rather than a primary genetic cause.
The risk and severity of this type of neuropathic pain involves
a complex interplay between the severity of the disease/injury,
environmental context, and multiple genes.67 A recent twins

study provides evidence for a substantial heritable component
(37%) to pain with neuropathic features.45

A recent systematic review64 (recently updated)61 of genetic
risk factors for neuropathic pain found that most studies were
candidate gene association studies of genes involved in immune
responses, neurotransmission, ion channels, protein binding,
receptor signalling, and metabolism. These included genes such
as SCN9A implicated in idiopathic small fibre neuropathy19 and
painful diabetic neuropathy10 as well as Mendelian pain
disorders. There have been relatively few genome-wide associ-
ation studies (GWASs) conducted in neuropathic pain. Those
performed in diabetic populations have found suggestive variants
for neuropathic pain including one near GFRA2 (encoding GDNF
family receptor alpha 2).42,43 A meta-analysis of GWASs of
sciatica identified a genome-wide significant locus near NFIB
(nuclear factor I B).33 A recent meta-analysis of GWASs of
neuropathic pain revealed a genome-wide significant locus at
chromosome 12q23.1, which mapped to SLC25A3 encoding
a mitochondrial phosphate carrier.65
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The genetic epidemiology of neuropathic pain disorders
presents a number of challenges, and recent efforts have been
undertaken to enhance precision of the case definition, classifi-
cation and grading of neuropathic pain, and of relevant controls
for genetic studies. The integration of questionnaire-based
neuropathic pain case definitions with clinical examination and
tests of sensory function such as quantitative sensory testing
(QST) strives to enhance certainty of identifying a lesion of the
somatosensory nervous system.23,63

Quantitative sensory testing assessment across a range of
modalities (using a standardised protocol)50 can be used to
diagnose a lesion of the sensory nervous system and also
generate an individual sensory profile. Such sensory profiles can
then be used to stratify patients into groups that likely reflect
common underlying disease mechanisms and may be predictive
of treatment response.4 Candidate gene analysis has revealed
associations with sensory profiles9,51 but a GWAS for specific
sensory profiles has not previously been undertaken.

DOLORisk is a European consortium dedicated to investigating
risk factors and determinants of neuropathic pain.47 We collabo-
rated and harmonised phenotyping with other neuropathic pain
consortia (GeNeup, OPTION, and PROPANE) with the aim of
determining the genetic associations of neuropathic pain (including
rare and common variants) in a well-defined cohort.

2. Methods

2.1. Participant recruitment and criteria for inclusion in
genome-wide association study and whole exome
sequencing studies

Participants included in the GWAS and whole exome sequencing
(WES) studies were recruited from the DOLORisk study47 and
supplemented with additional cohorts (Supplementary Table 1,
available at http://links.lww.com/PAIN/C169 and Fig. 1). The
DOLORisk study was a multicentre observational study to

understand the risk factors and determinants of neuropathic pain.
A standardised protocol was used across all participating centres
to identify and characterise patients with or at risk of neuropathic
pain, for instance thosewith peripheral neuropathy.47 The protocol
was based on recent international consensus on phenotyping
neuropathic pain (NeuroPPIC),63 led by the Special Interest Group
on Neuropathic Pain of the International Association for the Study
of Pain (NeuPSIG). The instruments were chosen at a consensus
meeting of all the recruitment centres. These included: stand-
ardised questionnaires to assess pain intensity, location, and
quality; detailed neurological assessment, QST, and where
appropriate specialised clinical investigations such as skin biopsy
and nerve conduction studies (Tables 1 and 2 of Supplementary
Methods, available at http://links.lww.com/PAIN/C169).

Participants recruited to all the cohorts were included based on
their diagnosis of neuropathy and neuropathic pain. This included
common causes of peripheral neuropathic pain, such as diabetic
distal symmetrical polyneuropathy, as well as rare, extreme
neuropathic pain disorders like erythromelalgia. Including rare,
extreme cases of neuropathic pain offers the potential to uncover
newmechanisms relevant tomore common forms of neuropathic
pain.58 Some of these conditions, such as IEM, may have
a monogenic basis. However, most erythromelalgia cases are
acquired, often associated with neuropathy, and were thus
included in our analysis of painful and painless neuropathies.
Participants with congenital insensitivity to pain, because of their
distinct phenotype and significant loss of pain perception, were
excluded from the broader neuropathic pain cohort when
comparing painful and painless cases. Nevertheless, gene level
rare variant analysis undertaken in participants with congenital
insensitivity to pain did not identify any significant associations.

The clinical case definitions for each disorder are shown in
Supplementary Table 2 (available at http://links.lww.com/
PAIN/C169). Neuropathic pain was graded according to the
NeupSIG grading system.23 A detailed description of the
respective cohorts can be found in Supplementary Table 1 and
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Figure 1. Cohorts, recruitment pathways, inclusion, exclusion. (A) Flow diagram for participant recruitment for those included in genome-wide association study. IDNC and
GeNeupwere included as part of DOLORisk extended cohort as clinical phenotypingwas highly aligned from inceptionwith the DOLORisk cohort. Exclusions included those
with no blood samples available at the time of genotyping; no or possible neuropathy; incomplete phenotype information; unaffected relatives; failed quality control; and
duplicates. Neuropathic PainNOS is defined as painwith a distinct neuroanatomically plausible distribution; however, no evidence of nerve injury foundon clinical examination
or specialised investigations.{Other diagnosis: neuropathic itch, lumbar radiculopathy, sciatica. (B) Flowdiagram for participant recruitment for those included inwhole exome
sequencing. Participants with a potential Mendelian basis for rare and extreme cases of neuropathic pain were recruited, and unaffected family members were invited to
participate (in case theywere needed for future studies to understand segregation of variants in pedigrees) but were not included in this study’s analysis and unaffected family
memberswereexcluded.Exclusions included:n5338—nobloodsamplesavailable; n576—failedgenotypingquality control; n571—non-Europeans;n54—incomplete
phenotype information. *Clinical phenotyping was not performed for the 20 unaffected relatives. {Other diagnosis: neuropathic itch and lumbar radiculopathy.
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Supplementary Methods (available at http://links.lww.com/
PAIN/C169).

The inclusion in genetic analysis required the availability of DNA
(or a blood sample fromwhich DNA could be extracted), adequate
clinical information for assessment of neuropathy and neuropathic
pain grading according to the harmonised phenotyping protocol,
informed consent from study participants for the use of their data
andDNA, and ideally ameasure of pain intensity (although this was
not always available). The Brief Pain Inventory13 average pain score
was the preferredmeasure for pain intensity. Brief Pain Inventory is
a tool that offers several advantages: it is validated and reliable
across different causes of neuropathic and chronic pain; it offers
a comprehensive andmultidimensional approach to measure pain
because it includes items that assess pain at “worst, least, average
and right now,” thus capturing variability over time; it is straightfor-
ward to administer; it ensures consistency with previous cohorts
recruited, such as the PiNS cohort.59 If the Brief Pain Inventory
average pain intensity score (this measure was used in DOLORisk
but not all additional cohorts) was not available, for those
participants with neuropathic pain, a pain score was imputed
(see Supplementary Methods, available at http://links.lww.com/
PAIN/C169).

2.2. Quantitative sensory testing

Quantitative sensory testing is a standardised psychophysical
tool to assess somatosensory phenotypes. The anatomical area
of neuropathic pain or neuropathy was tested with a modified
DFNS (German research network of neuropathic pain) protocol.37

This protocol assesses 13 parameters, including thermal and
mechanical detection, and pain thresholds. Raw QST data were
normalised for age, sex and body site to generate z-scores. The
z-score was subsequently used for downstream analysis. Certain
modifications to QST protocol were made to improve efficiency.
Specifically, mechanical pain sensitivity assessment was short-
ened from 5 to 2 rounds of tests; wind up ratio was performed in
cases where it was helpful to include a measure of central
sensitisation, such as in conditioned pain modulation; and
thermal sensory limen was not performed in those with traumatic
nerve injury. Participants were categorised into different somato-
sensory phenotype groups based on their QST results. This was
done using 2 established algorithms, as each approach
generates distinct groups:
(1) Unbiased cluster analysis identifies 3 distinct phenotypes:

sensory loss, mechanical hyperalgesia, and thermal hyper-
algesia.5 The assignment of individuals into these phenotypic
groups is undertaken using the published deterministic
algorithm.66 In this study, we combine participants from the
thermal and mechanical hyperalgesia groups to increase
statistical power. In polyneuropathy, where sensory loss
predominates,66 merging the hyperalgesia groups facilitates
a comparison between enhanced pain perception and
sensory loss.

(2) Categorisation into irritable (characterised by conserved
sensation and heightened sensitivity to pinprick stimuli) and
nonirritable phenotype (the remainder).16

2.3. Genetic analyses

2.3.1. Genome-wide association study genotyping

A total of 2740 samples were genotyped using the ChipArray
InfiniumGlobal Screening Array-24 v.2.0/v3.0 assay InfiniumHTS
and run on Illumina Iscan system. Standard quality control steps

were applied.2 Genotype imputation was performed using the
Michigan Imputation Server, with the European population
serving as the reference (panel HRC r1.1 2016). Individuals of
European ancestry and unrelated to the second degree were
kept, and single-nucleotide polymorphisms (SNPs) with R2, 0.4
and minor allele frequency ,0.01 were filtered out (Supplemen-
tary Fig. 1, available at http://links.lww.com/PAIN/C169). A final
dataset consisting of 7,837,857 SNPs and 2467 individuals with
available phenotypic information was obtained for subsequent
analyses.

We tested association of each SNP after imputation with
various outcomes using regenie v3.3, a software for 2-step
whole-genome regression modelling,39 under an additive model,
with adjustment for age, sex, the first 10 principal components
(PCs), batch/array version, and in some cases Toronto Clinical
Scoring System (TCSS) as a measure of neuropathy severity was
also used as covariant. We considered TCSS as a potential
covariate in our modelling because it may be associated with the
presence of common and rare variants and also have an impact
on both the presence and the severity of neuropathic pain.
Continuous phenotypic traits, including both primary outcomes
and covariates were transformed using the rank-based inverse
normal transformation (INT) to meet the assumption of normally
distributed residuals in model fitting. We performed analyses for
the following phenotypic outcomes: (1) neuropathic pain vs no
neuropathic pain as a binary outcome, (2) neuropathic pain
intensity as a quantitative variable (INT transformed), and (3) QST
profiles designated as binary outcomes: “irritable nociceptor vs
non-irritable nociceptor” and “sensory loss vs hyperalgesia.” In
the context of peripheral neuropathy, we only included partic-
ipants with probable and definite neuropathic pain according to
the NeuPSIG criteria, but in the context of paroxysmal disorders,
such as erythromelalgia, we included some individuals that fell
into the category of possible neuropathic pain (as there may not
be clinical sensory signs between attacksmeaning that would not
meet criteria for probable neuropathic pain).23 All analyses were
performed in the entire cohort and separately in the participants
with diabetic polyneuropathy.

2.3.2. Whole-exome sequencing

To investigate the association of rare genomic variants and
neuropathic pain, we performed WES on DNA from 1702
DOLORisk participants. Exome sequencing was performed in
theWellcome Centre for HumanGenetics using the Twist Human
Core Exome EF Multiplex Complete Kit as the basis, but with
additional spiked-in probes to maximise capture of the 45
DOLORisk target genes (Supplementary Table 3, available at
http://links.lww.com/PAIN/C169). These were selected (in 2017)
on the basis of including those genes that had been associated
with Mendelian human pain disorders, and additional gene
selection was informed by a systematic review andmeta-analysis
of genetic risk factors for neuropathic pain and data from
experimental studies in model organisms (Supplementary Ta-
ble 3, available at http://links.lww.com/PAIN/C169).64

After quality control and preprocessing, we tested for
associations with painful vs painless neuropathy. In each case,
we used sex, age, PC 1-4, and batch as covariates (model 1),
and when looking at diabetic participants only, we also
considered sex, age, PC 1-4, TCSS for diabetic neuropathy
and batch as covariates (model 2). Continuous phenotypic traits
were INT transformed as for the GWAS above. After removing
samples with missing covariates, we considered 1458 partic-
ipants (1026 cases and 432 control subjects), of which 1048
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were diabetic neuropathy cohort. Variants were annotated
using VEP ensemble,30 and allele frequencies in the general
population were obtained from GNOMAD v.2.2.1.40 Variant
masks considered ClinVar, VEP impact, SIFT, PolyPhen,
LOFTEE, and allele frequencies in the cohort and in the general
population.

Group-wise associations were tested for rare variants on
a subset of the 45 DOLORisk target genes that carried rare
variants. Ten of 45 genes had rare variants survived filtering:
SPTLC1, PIEZO2, NTRK1, MMP1, TRPM8, HCN3, OPRM1,
SCN3A, SCN9A, and SCN10A. We tested for gene-wise
associations using a variant component optimal test (SKAT-O)
and reverse regression with a Wilcoxon test.31 Variants were
named after the HGVS convention, and amino acids were
numbered using both the ENSEMBL (1-based) and the UCSC (0-
based) coordinate systems. A full description of genotyping,
GWAS, and WES analysis can be found in Supplementary
Methods (available at http://links.lww.com/PAIN/C169).

2.3.3. Gene-based test, pathway, and enrichment analyses

For the gene-based test, pathway exploration, and enrichment
analyses, we used the Functional Mapping and Annotation of
Genome-Wide Association Studies (FUMA) software.70 This tool
uses GWAS summary statistics as input to facilitate gene
prioritisation, gene expression assessment, and pathway pro-
cess enrichment. To mitigate the impact of multiple testing,
FUMA applied the Bonferroni correction (Pbon, 0.05). FUMAalso
implements MAGMA gene-based and gene-set analysis.

2.3.4. Phenome-wide association analysis

To examine potential associations between the top SNP
associations and their corresponding genes identified in our
present analyses and other related traits, we conducted
a phenome-wide association analysis (PheWAS). This analysis
involved a generation of PheWAS plots using an extensive
dataset of 4756 GWAS summary statistics available on the
GWAS ATLAS platform.69 Inclusion criteria encompassed all
GWASs and their corresponding genes. For the PheWAS SNP
plot, SNPs with P values,0.05 were considered. Adjustment for
multiple comparisons was done using the Bonferroni correction
method. In addition, we used Open Targets Genetics resources,
which combine data from human GWAS and functional
genomics, encompassing gene expression, protein levels,
chromatin interactions, and conformation data across various
cell types and tissues.26 This approach allows us to further
confirm the connections between GWAS-associated loci, var-
iants, and their probable causal genes.

2.3.5. Polygenic risk scores

To understand the causal relationships between related traits (such
as those relevant to glycaemia, lipid, inflammation, and mental
health), we generated polygenic risk score (PRS) (using PRS-CS) for
those traits and tested whether they were predictive of our various
neuropathic pain phenotypes. PRS-CS was developed to deduce
posterior SNP effect sizes using the principles of continuous
shrinkage (CS) priors and was used to leverage GWAS summary
statistics in conjunction with the 1000 Genomes Project phase 3
European samples as an external LD reference panel.25

We obtained summary statistics for a number of complex traits
that could relate to neuropathy and pain including: glycaemic and
metabolic traits, inflammation traits, major psychiatric disorders,

and sleep traits. These summary statistics were sourced from
publicly accessible repositories, namely the Psychiatric
Genomics Consortium and the GWAS ATLAS.

2.4. Ethical approvals

All participants provided written informed consent in accordance
with the Declaration of Helsinki. Details of the ethical approvals
are given in SupplementaryMethods (available at http://links.lww.
com/PAIN/C169).

3. Results

3.1. Genome-wide association study, gene-based, pathway
and enrichment analyses

TheGWASconductedon the entire cohort did not reveal association
signals that reached the genome-wide significant level, either for
neuropathic pain as a binary trait (n 5 2186) or for pain intensity as
a quantitative outcome (n 5 2103) (Supplementary Figs. 2 and 3,
available at http://links.lww.com/PAIN/C169). However, when
focusing specifically on participants with diabetic neuropathy, the
GWASonneuropathic pain intensity (n51541) identified a genome-
wide significant association with a locus located on chromosome
1q31.3 (Fig. 2, rs114159097, P 5 3.55 3 1028) within the
potassium sodium–activated channel subfamily T member 2
(KCNT2) gene. Neuropathic pain is associated with neuropathy
severity, and after additionally adjusting analyses for TCSS as
a measure of neuropathy severity, the GWAS for binary (Supple-
mentary Fig. 5A, available at http://links.lww.com/PAIN/C169)
neuropathic pain vs no pain within diabetic cohort (n 5 1028)
showed a genome-wide significantly associated SNP (rs10919166,
P5 1.073 1029, see Table 1 for listed top SNPs) localised on the
nitric oxide synthases 1 adaptor protein (NOS1AP) gene (Supple-
mentary Fig. 5B, available at http://links.lww.com/PAIN/C169, see
diabetic cohort binary measures GWAS in Supplementary Fig. 4,
available at http://links.lww.com/PAIN/C169 and quantitativemeas-
ures corrected for TCSS in Supplementary Fig. 6, available at http://
links.lww.com/PAIN/C169, and top GWAS SNPs in Supplementary
Table 4, available at http://links.lww.com/PAIN/C170).

The gene-based MAGMA analyses for binary measures of
neuropathic pain vs no pain within the participants with diabetes
revealed 2 significantly associated genes: Lim homeobox 8 (LHX8,
P 5 2.26 3 1027) and transcription factor 7 like 2 (TCF7L2, P 5
7.80 3 1027) with a genome-wide significance threshold of P 5
2.6553 1026 for 18,829 mapped protein coding genes (Fig. 3). In
addition, TCF7L2 also emerged as a significant gene in the
MAGMA gene-based tests for the binary GWAS adjusting for
TCSS in the diabetic cohort (P 5 1.52 3 1026) (Supplementary
Fig. 7, available at http://links.lww.com/PAIN/C169).

3.2. Fine mapping and expression quantitative trait loci

rs114159097 is located within KCNT2 gene (Fig. 2B). A subset of
available SNPs showed linkage disequilibrium with rs114159097
(R2 . 0.6) mapping to the KCNT2 region as depicted in Figure 2.
Furthermore, rs114159097 was identified as a cis-expression
quantitative trait locus (cis-eQTL) for complement factor H (CFH)
gene (z5 24.77, P 5 1.83 3 1026) in the eQTLGen database and
Open Targets Genetics (eQTL 5 0.1, Supplementary Table 5,
available at http://links.lww.com/PAIN/C170). BothKCNT2 andCFH
genes were mapped by chromatin interactions and eQTLs (Supple-
mentary Fig. 8, available at http://links.lww.com/PAIN/C169). Re-
gional plot shows that rs10919166 is located within the NOS1AP
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gene (Supplementary Fig. 5B, available at http://links.lww.com/PAIN/
C169 regional plot) and serves as eQTLs for several genes
(Supplementary Fig. 9, available at http://links.lww.com/PAIN/C169
for chromatin interaction), including C1orf226 (eQTLGen and Open
Targets Genetics, Supplementary Table 5, available at http://links.
lww.com/PAIN/C170), NOS1AP (BIOSQTL & eQTLGen), HSPA7

(GTEx, in tissue skin), and FCGR2C (GTEx, in tissue skin), according
to variouseQTLdatabases.BothC1orf226andNOS1APgeneswere
highlighted by chromatin interactions and eQTLs (mapped in red in
Supplementary Fig. 9, available at http://links.lww.com/PAIN/C169).

3.3. Phenome-wide association analysis

Phenome-wide association analysis was conducted using theGWAS
Atlas platform and Open Target Genetics to explore secondary
phenotypes associated with rs114159097, rs10919166, KCNT2,
LHX8, NOS1AP, and TCF7L2 genes. rs114159097 was significantly
associated with age-related macular degeneration trait (P 5 5.43 3
1026), and rs10919166 exhibited an association with neovascular

disease (P 5 5.65 3 1025). LHX8 was found to be associated with
educational attainment (P5 9.753 10211), educational qualifications
(P 5 5.88 3 1027), and osteoarthritis (P 5 9.06 3 1026), and the
KCNT2 and NOS1AP genes displayed associations with 34 diverse
traits after Bonferroni correction, encompassing ophthalmological,
cellular, psychiatric, immunological, cardiovascular, and metabolic
domains (refer to Supplementary Tables 6 and 7, available at http://
links.lww.com/PAIN/C169). TCF7L2 gene had a strong association
withdiabetes traits,withP values ranging from2.26310210 to1.493
102154, including diabetes and type 2 diabetes. Other traits including
metabolic traits, cardiovascular, haematological, and psychiatric
domains also showed significant associations (see Supplementary
Table 8, available at http://links.lww.com/PAIN/C170).

Moreover, Open Targets Genetics revealed that rs114159097
is negatively associated with various measurement traits in-
cluding overall health rating and sleep change, positively
associated with speech disorders (Supplementary Table 9,
available at http://links.lww.com/PAIN/C170). rs10919166 is
positively associated with traits in cell proliferation disorders and

Figure 2.GWASof neuropathic pain intensity in diabetic neuropathy cohort showed a significant SNP rs114159097. (A) Manhattan plot at the SNP-level, genome-
wide significant level was highlighted by a horizontal red line at a threshold of 5 3 1028. (B) Regional plot for the top lead SNP in the GWAS of neuropathic pain
intensity in diabetic neuropathy. Each SNP is colour-coded based on the highest r2 to the top independent significant SNP. GWAS, genome-wide association
study; SNP, single-nucleotide polymorphism.
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biological process (Supplementary Table 9, available at http://
links.lww.com/PAIN/C170).

3.4. Polygenic risk score analysis

We examined whether PRS developed for glycaemic traits,
inflammation traits, major psychiatric disorders, sleep, and lipid
traits would be predictive of neuropathic pain status (both the

binary outcome and quantitative measures) in individuals with
diabetes and the entire cohort (Table 2). These analyses were
performed using publicly available GWAS summary statistics
downloaded from the PGC and the GWAS ATLAS. The PRS for
depression showed a consistent positive association with
neuropathic pain (Pbinary and Pquantitative 5 0.01) in the entire
cohort. Polygenic risk score for C-reactive protein (CRP, as
a marker of inflammation) was positively associated (Pbinary and

Table 1

Top independent significant single-nucleotide polymorphisms from 4 genome-wide association studies.

GWAS rsID chr A1 A2 MAF P b Se Nearest gene

GWAS for neuropathic pain intensity

within diabetic neuropathy M1

rs114159097 1 C G 0.026 3.55 3 1028 0.51 0.09 KCNT2 (potassium sodium-activated

channel subfamily T member 2)

rs62132430 2 C G 0.077 2.49 3 1026 0.24 0.05 AC009414.1

rs112716392 6 A T 0.005 2.94 3 1026 0.63 0.14 RP11-33E24.3

rs115197918 2 A G 0.034 3.49 3 1026 0.46 0.1 AC009414.1

rs114485796 2 G A 0.016 4.81 3 1026 0.45 0.1 AC007364.1

GWAS for binary neuropathic pain vs

no pain within diabetic cohort M2

rs10919166 1 A G 0.268 1.07 3 1029 20.77 0.13 NOS1AP (nitric oxide synthase 1 adaptor

protein)

rs11196200 10 G C 0.483 1.90 3 1027 20.59 0.11 TCF7L2 (transcription factor 7 like 2)

rs75532353 8 C T 0.018 4.18 3 1027 22.15 0.46 ASAP1 (ArfGAP with SH3 domain, ankyrin

repeat and PH domain 1)

rs73184435 3 A G 0.081 4.33 3 1027 20.99 0.19 TPRG1 (tumor protein P63 regulated 1)

rs12185526 19 G C 0.017 7.46 3 1027 21.87 0.39 MYO9B (myosin IXB)

GWAS for irritable nociceptor vs

nonirritable nociceptor on the entire

cohort M1

rs72669682 4 A G 0.027 4.39 3 1028 1.88 0.32 ANK2 (ankyrin 2)
rs12571618 10 A G 0.076 7.30 3 1027 1.15 0.22 RP11-482E14.1

rs150499233 14 G C 0.017 8.98 3 1027 2.34 0.45 RP11-736N17.8

rs150964961 4 A T 0.009 1.57 3 1026 2.49 0.5 RP11-148B6.2

rs9820034 3 C T 0.175 1.94 3 1026 21.02 0.23 TNIK (TRAF2 and NCK interacting kinase)

GWAS for sensory loss vs

hyperalgesia on the entire cohort M2

rs141853415 17 A G 0.022 1.25 3 10210 24.25 0.99 AC015815.5
rs10894219 11 A G 0.201 1.64 3 1027 0.75 0.14 BAK1P2 (BCL2 antagonist/killer 1

pseudogene 2)

rs28924101 1 G A 0.104 1.25 3 1026 0.8 0.17 MAD2L2 (mitotic arrest deficient 2 like 2)

rs17852649 1 G T 0.388 1.57 3 1026 0.57 0.12 IL22RA1 (interleukin 22 receptor subunit

alpha 1)

rs2032567 6 T C 0.291 1.92 3 1026 20.56 0.12 LAMA4 (laminin subunit alpha 4)

M1: model 1 as co-variates include sex, age, batch, and principal components 1 to 10.

M2: model 2 as co-variates include sex, age, batch, and principal components 1 to 10 and TCSS (as a measure of neuropathy severity).

GWAS, genome-wide association study; MAF, minor allele frequency; TCSS, Toronto Clinical Scoring System.

The top lead GWAS results were highlighted in bold for clarity.

Figure 3.Manhattan plot (gene-based test) for binary measures of neuropathic pain vs no pain in diabetic neuropathy cohort revealed 2 significant genes. Input
SNPs were mapped to 18,829 protein coding genes. Genome-wide significance (red dashed line in the plot) was defined at P 5 0.05/18,8295 2.655 3 1026.
SNP, single-nucleotide polymorphism.
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Table 2

Glycaemic, inflammation, psychiatric, sleep, and lipids-related traits polygenic risk scores analysis.

Traits Diabetic quantitative Top 30% Diabetic binary Top 30% Whole binary Whole quantitative

Estimate R2 P Estimate R2 P Estimate R2 P Estimate R2 P Estimate R2 P Estimate R2 P

Fasting glucose 21.24E105 0.00% 0.19 24.70E104 0.14% 0.12 21.24E105 0.16% 0.17 24.42E104 0.27% 0.08 21.33E105 0.19% 0.08 21.35E105 0.09% 0.16

2-h glucose after an oral glucose

challenge

28.13E104 0.00% 0.78 25.47E104 0.05% 0.36 21.80E105 0.04% 0.50 24.53E104 0.07% 0.36 22.28E105 0.06% 0.31 21.36E105 0.01% 0.64

Fasting insulin 23.96E105 0.17% 0.10 24.32E104 0.04% 0.39 24.86E105 0.55% 0.01+ 28.36E104 0.36% 0.04+ 23.37E105 0.27% 0.04+ 23.05E105 0.10% 0.14

HbA1c 21.34E105 0.00% 0.19 21.79E104 0.02% 0.58 26.19E104 0.04% 0.52 21.93E104 0.05% 0.46 24.13E104 0.02% 0.61 21.41E105 0.08% 0.17

C-reactive protein 2.07E105 0.41% 0.01+ 8.06E104 0.77% 0.0004+ 8.88E104 0.16% 0.17 4.77E104 0.57% 0.01+ 3.26E104 0.02% 0.55 9.25E104 0.08% 0.19

Schizophrenia 4.99E104 0.03% 0.53 4.28E102 0.00% 0.98 1.48E104 0.00% 0.82 6.56E103 0.02% 0.66 3.87E104 0.03% 0.47 3.87E104 2.05% 0.47

Alcohol use disorder 2.46E105 0.05% 0.37 8.32E104 0.36% 0.016+ 21.62E105 0.05% 0.46 5.04E104 0.28% 0.07 21.24E105 0.03% 0.50 1.51E105 0.02% 0.53

Bipolar disorder 2.09E105 0.04% 0.43 1.30E104 0.01% 0.79 21.35E105 0.03% 0.52 1.37E104 0.01% 0.72 21.61E105 0.05% 0.37 1.04E105 0.01% 0.65

Panic disorder 24.29E104 0.01% 0.78 1.06E104 0.03% 0.52 5.50E104 0.02% 0.67 8.91E103 0.04% 0.50 1.24E105 0.08% 0.25 1.24E105 2.11% 0.25

Anxiety disorders 24.91E105 0.21% 0.06 25.89E104 0.20% 0.07 23.31E105 0.20% 0.12 23.31E105 0.20% 0.12 21.94E105 0.07% 0.28 22.93E105 0.07% 0.20

Eating disorder (anorexia nervosa) 9.94E104 0.02% 0.62 1.20E104 0.01% 0.63 1.28E105 0.05% 0.43 1.92E103 0.00% 0.92 1.37E105 0.06% 0.32 21.70E104 0.00% 0.92

Depression 1.09E106 0.46% 0.01+ 9.25E104 0.16% 0.10 9.17E105 0.69% 0.005+ 9.57E104 0.37% 0.04+ 7.10E105 0.41% 0.01+ 8.86E105 0.28% 0.01+

Self-reported daytime sleepiness 21.76E104 0.00% 0.97 21.81E104 0.01% 0.78 1.40E105 0.01% 0.69 22.05E104 0.01% 0.69 3.95E104 0.00% 0.89 27.54E104 0.00% 0.84

Insomnia symptoms 4.81E105 0.11% 0.17 7.40E104 0.12% 0.16 4.95E105 0.26% 0.08 5.12E104 0.12% 0.23 5.81E105 0.36% 0.02+ 5.50E105 0.14% 0.08

Overall sleep duration 23.13E104 0.00% 0.91 21.29E104 0.01% 0.80 21.42E105 0.04% 0.51 25.43E103 0.00% 0.89 22.78E105 0.14% 0.13 24.45E104 0.00% 0.85

Long sleep duration 2.16E105 0.09% 0.24 3.09E104 0.11% 0.17 21.55E103 0.00% 0.99 1.82E104 0.08% 0.33 3.83E104 0.01% 0.76 2.37E105 0.09% 0.15

Short sleep duration 1.31E105 0.03% 0.52 3.56E104 0.09% 0.22 1.39E105 0.06% 0.40 4.56E103 0.00% 0.85 2.05E105 0.13% 0.14 2.39E105 0.08% 0.17

High-density lipoprotein

cholesterol

21.10E105 0.13% 0.14 26.09E104 0.24% 0.06 29.15E104 0.19% 0.14 24.28E104 0.26% 0.08 4.90E103 0.00% 0.92 3.34E104 0.01% 0.61

Non–high-density lipoprotein

cholesterol

5.33E104 0.02% 0.56 2.64E104 0.04% 0.40 8.66E104 0.12% 0.24 2.57E104 0.09% 0.32 5.54E-06 0.10% 0.20 1.02E105 0.08% 0.19

Low-density lipoprotein cholesterol 1.87E104 0.00% 0.83 1.57E104 0.02% 0.63 5.06E104 0.04% 0.47 1.67E104 0.04% 0.50 7.59E104 0.10% 0.19 9.28E104 0.07% 0.22

Total cholesterol 6.05E103 1.70% 0.94 2.70E103 0.00% 0.93 1.02E104 0.00% 0.87 1.24E103 0.00% 0.96 5.00E104 0.06% 0.33 9.62E104 0.10% 0.14

Triglycerides 2.93E104 0.01% 0.72 2.74E104 0.05% 0.39 4.83E103 0.00% 0.94 2.56E103 0.00% 0.92 22.94E104 0.02% 0.59 28.64E103 0.00% 0.90

Diabetic quantitative: quantitative measures of neuropathic pain in the diabetic polyneuropathy cohort.

Diabetic binary: binary measures of neuropathic pain in the diabetic polyneuropathy cohort.

Whole quantitative: quantitative measures of neuropathic pain in the whole cohort.

Whole binary: binary measures of neuropathic pain in the whole cohort.

Top 30%: genetic variants that had P values ranged from the top 30% of GWAS summary statistics.

GWAS, genome-wide association study.

PRS results with p , 0.05 were highlighted in bold with an asterisk (*) to indicate statistical significance.
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Pquantitative 5 0.01) with neuropathic pain in diabetic polyneurop-
athy. The fasting insulin PRS displayed a negative association
with neuropathic pain in the whole cohort and in diabetic
polyneuropathy subgroup (Pbinary 5 0.04, and Pbinary 5 0.01).

3.5. Whole exome sequencing and candidate gene analysis

We tested the hypothesis that groups of rare variants on the 45
DOLORisk target genes might have a collective effect associated
with the presence or absence of neuropathic pain. When looking
at the whole gene set, we found no exome-wide significant
association. After filtering for nonsynonymous variants that were
not common in our cohort, minor allele frequency,0.05, and rare
in the general population, GNOMAD Non-Finnish Europeans
AF,0.01, and also filtering according to the predicted impact of
the variant on the encoded protein, we were able to test for
associations in groups of variants found in 10 of our DOLORisk
target genes. We tested for association between these 10 genes
and the presence of neuropathic pain in the whole cohort and in
diabetic participants only, adjusting for the following covariates:
sex, age, batch, and PCs 1 to 4 (model 1) or additionally including
TCSS (as a measure of neuropathy severity, model 2). We found
Bonferroni-corrected significant associations for the number of
genes tested, with groups of variants in OPRM1 (4 variants,
reverse regression P 5 0.0037, diabetics only, model 2) and
SCN9A (minAC5 1: 12, minAC5 3: 6 variants, EMMAX burden
test P 5 0.0037, b 5 0.33, burden count 5 73, whole cohort,
model 1 and reverse regression P 5 0.0033, diabetics only,
model 1) genes, Supplementary Table 10 (available at http://links.
lww.com/PAIN/C169).

These associations were driven by novel and known variants
that weremore frequent in the painful vs the painless participants.
This is consistent with a gain of function of SCN9A, which
encodes the voltage-gated sodium channel NaV1.7. Indeed 5 of
these 12 variants have previously been linked to neuropathic pain
and have been shown to cause gain of function on electrophys-
iological analysis (detailed in Supplementary Table 11, available at
http://links.lww.com/PAIN/C169, Fig. 4A). OPRM1 encodes the
mu opioid receptor (MOR) all variants were more frequent in
painful vs painless participants, none had previously been
associated with neuropathic pain but interestingly these variants
have previously been shown to alter MOR signalling (detailed in
Supplementary Table 12, available at http://links.lww.com/PAIN/
C169, Fig. 4B).

3.6. Quantitative sensory testing analysis

We also performed a GWAS on sensory profiles defined using
QST. We conducted a GWAS on the entire cohort, where we
classified participants into 2 groups: those with irritable nociceptor
(n 5 170) phenotype and those with nonirritable nociceptor (n 5
916) QST phenotypes. We identified 1 SNP with genome-wide
significance, rs72669682 (4.39 3 1028), located on chromosome
4q25-q26 within the gene ANK2 (Fig. 5A). In full cohort sensory
loss (n5 526) vs hyperalgesia (n5 380) adjusting for TCSSGWAS,
we also identified a significant SNP rs141853415 (1.25 3 10210,
Fig. 5B). Furthermore, because we had found the SNP
rs114159097 (within theKCNT2gene)was significantly associated
with neuropathic pain intensity in the diabetic neuropathy
individuals, we next checked if diabetic individuals carrying SNP
rs114159097 exhibited distinct QST sensory profiles compared
with diabetic participantswithout this SNP.The results indicate that
there were differences in the mechanical pain sensitivity (P 5
0.0001) with enhanced mechanical pain sensitivity in those

individuals with the minor allele (Supplementary Fig. 12, available
at http://links.lww.com/PAIN/C169).

Analysing gene-level associations of groups of rare variants
identified through targeted WES in individuals with irritable
nociceptors vs nonirritable nociceptors, we identified 1 variant
with significance exceeding P , 5 3 1025. The most noteworthy
variants were situated near the NBPF13P gene (rs113126882,
odds ratio 5 0.27, P 5 5.79 3 1026, Supplementary Fig. 10,
available at http://links.lww.com/PAIN/C169). Similarly, examining
gene-level associations of rare variants in individuals with sensory
loss vs hyperalgesia revealed 1 variant with significance exceeding
P, 53 1025, with the top variant located near the ZNF679 gene
(Supplementary Fig. 11, available at http://links.lww.com/PAIN/
C169, rs10949885, odds ratio5 0.57, P 5 1.313 1026).

4. Discussion

DOLORisk implemented a protocol,63 designed to accurately
define neuropathic pain.23 In our GWAS analyses, we found
significant association of neuropathic pain mapping to the
KCNT2 locus in diabetic neuropathy. Individuals carrying KCNT2

SNP rs114159097 exhibited a distinct QST sensory profile with
enhanced mechanical pain sensitivity. Polygenic risk score
analysis for traits relevant to diabetes found that C-reactive
protein showed a positive association, whereas PRS for fasting
insulin showed a negative association with neuropathic pain, in
individuals with diabetic polyneuropathy. A candidate gene
analysis identified a number of rare variants in DOLORisk priority
genes OPRM1 and SCN9a enriched in the neuropathic pain
group. Finally, a more exploratory GWAS of QST-defined sensory
phenotypes identified SNPs within the ANK2 gene and an
intergenic variant (rs141853415) on chromosome 17.

The locus that showed the strongest association with severity
of diabetic polyneuropathy-related pain mapped to the gene
KCNT2. KCNT1 and KCNT2 encode 2 homologous potassium
channels activated by cytosolic Na1 (KNa),27,38 which are broadly
expressed in the CNS and by sensory neurons. This gene has not
previously been linked to human pain41; however, preclinical
studies have implicated KCNT2 in neuropathic pain.60 When
using neuropathy severity as a covariate, we found a significant
association between the locus nitric oxide synthase-1 adaptor
protein (NOS1AP, lead SNP rs10919166) and painful diabetic
neuropathy. NOS1AP interacts with neuronal NOS in a manner
that canmodulate glutamatergic signalling and has been linked to
neuropathic pain in mouse models.32

We also saw a signal at gene level with LHX8 and TCF7L2 and
neuropathic pain in diabetic neuropathy. LHX8 belongs to the LIM-
Homeobox family and is essential for the development of
cholinergic neurons in the forebrain32,46; these neurons have
recently been shown to suppress pathological pain.46 The specific
role of LHX8 in preclinical pain models has yet to be investigated.
TCF7L2 has been identified as the strongest risk locus for type 2
diabetes inmultiple populations.15 TCF7L2 has also been reported
to alter brain function but has not previously been linked to pain.17

TheconstructionofPRSsusingGWASdata canhelp inelucidation
of the genetic interconnections among diverse traits. The associa-
tions observed with CRP, alcohol use disorder, depression, and
insomnia symptoms support potential common genetic factors
underpinning these traits and neuropathic pain. Epidemiological
studies have shownan associationbetween chronicmusculoskeletal
pain and insomnia and a complex interplay with CRP.53 C-reactive
protein is an acute inflammatory protein that can increase significantly
in response to infection or inflammation57 and has been implicated in
both depression and neuropathic pain.36,62
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The gene-burden analysis of rare variants in our 45 target pain
genes revealed significant associations with neuropathic pain in
diabetic neuropathy for 2 genes: OPRM1 and SCN9A. OPRM1

encodes the MOR, which has a key role in endogenous pain
modulation.56 A recent meta-analysis examining the common
variant in OPRM1 (c.A118G; p.Asn40Asp) did not find significant
association with neuropathic pain.64 However, we found 4 rare
OPRM1 variants overrepresented in the painful diabetic neurop-
athy group; these have previously undergone investigation for
their impact on MOR signaling. The p.Arg260His missense
variant, impaired basal G-protein coupling of MOR,68 and the
p.Arg181Cys variant have severe functional impact resulting in
“signaling dead” MOR.49 Heterozygous carriers of p.Arg181Cys
require higher doses of morphine to elicit pain relief and
homozygotes have markedly impaired response to morphine.54

The p.Ser147Cys and p.Cys192Phe variants were not found to
alter signalling coupling or internalisation of MOR but could shift
morphine potency (a large rightward shift in the case of

p.Cys192Phe and more subtle leftward shift in the case of
p.Ser147Cys). The fact that variants that impact on MOR are
overrepresented in individuals who develop neuropathic pain
after diabetic neuropathy aligns with the hypothesis that altered
endogenous pain modulation may have a role in the development
of neuropathic pain.52

Variants in SCN9A that encode the voltage-gated sodium
channel Nav1.7 have previously been linked to multiple pain
disorders, including the Mendelian extreme pain disorders IEM73

and PEPD21 as well as a risk factor for the more prevalent small
fibre neuropathy.19 A number of these SCN9A variants that were
driving the association with painful diabetic neuropathy have
previously had functional analysis supporting gain of function.
The p.Ile731Lys, p.Ile750Val, and p.Ile228Met variants have all
previously been associated with small fibre neuropathy and
shown to impair slow inactivation of Nav1.7 leading to dorsal root
ganglion (DRG) neuron hyperexcitability.19,28 The p.Ile228Met
variant led to impaired axon outgrowth when expressed in rodent

Figure 4. Protein structure pattern of the SCN9A and OPRM1 genes showing localisation of the rare variants within each channel. (A) The schematic
representation of the human voltage-gated sodium channel Nav1.7 alpha-subunit (encoded by the SCN9A gene) shows novel SCN9A variants (not previously
reported in the literature) in red, and gain of function mutations previously characterised in black (*). The channel consists of 4 domains, each comprising 6
transmembrane segments (1-6). Within each domain, the loops between the transmembrane segments 5 and 6 constitute the ion selectivity filter, whereas the
voltage sensor domain is located in transmembrane segment 4. (B) Human OPRM1 (mu opioid receptor) channel, with variants depicted in black. Variants
pathogenicity is reported according toClinVar and functional studies, as shown in Supplementary Tables 11 and 12 (available at http://links.lww.com/PAIN/C169).
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DRG neurons.19,48 Young Ile228Met mutant mice demonstrated
DRG neuron hyperexcitability12 followed by a paradoxical hypo-
excitability phenotype in aged mice.71 In the zebrafish animal
model, knock-in of this variant produces loss of small fibres and
increase in temperature-dependent activity.18

p.Val1002Leu is a variant derived from Neanderthal introgres-
sion74 and is associated with gain of function in the form of
resurgent currents and hyperexcitability when expressed in rodent
DRG neurons.19 It was originally described in the context of small
fibre neuropathy but is present at population level in healthy
individuals and is linked to mechanical pain hypersensitivity.20

The p.Arg185His variant has previously been reported in small
fibre neuropathy,28 painful diabetic neuropathy,10 and nonfreezing
cold injury.58 Arg185His has been found to impair inactivation of
NaV1.7 at cool temperatures58 and increase resurgent currents
when transfected into rodent DRG neurons.28 Mice carrying the
Arg185His variant showed enhanced evoked and spontaneous
pain-relatedbehaviour.72 The gain of function effects of the variants
associated with the painful diabetic neuropathy in our cohort were
more subtle than the striking changes in channel function caused

by variants causing IEM and PEPD7; they probably act as a risk
factor that only manifests as clinical neuropathic pain after
interaction with other factors such as the metabolic derangement
of diabetes or psychosocial factors.

Previous studies on SCN9A and painful diabetic neuropathy
have reported some conflicting findings. Some studies found
a higher frequency of rare SCN9a variants in painful compared
with painless diabetic neuropathy (including variants with gain
of function characteristics).10,34 A recent study by the PRO-
PANE group reported potentially pathogenic variants in
SCN9A in a similar proportion in painful and painless diabetic
neuropathy (3.0% and 2.9% of participants, respectively),
although no formal gene burden analysis was conducted.1

These discrepancies may be related to differences in both
case definition and selection, variant filtering, and analytic
tools deployed.

A substantial proportion of our participants underwent sensory
profiling using QST. Distinct patterns of sensory profile can be
found across large samples of patients with different aetiologies
of neuropathic pain; these likely reflect underlying

Figure 5. QST irritable nociceptor vs nonirritable nociceptor phenotype GWAS and sensory loss vs hyperalgesia phenotype in the whole cohort. (A) Irritable
nociceptor vs nonirritable nociceptor QST phenotype GWAS in the whole cohort Manhattan plot at the SNP-level, genome-wide significant level was highlighted
by a horizontal red line at a threshold of 53 1028. (B) Sensory loss vs hyperalgesia QST phenotype GWAS corrected for TCSS in the whole cohort Manhattan plot.
GWAS, genome-wide association study; QST, quantitative sensory testing; SNP, single-nucleotide polymorphism; TCSS, Toronto Clinical Scoring System.
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pathophysiological mechanisms.1,5 One method of dichotomis-
ing these profiles is the “irritable nociceptor” profile, in which
small-fibre function is relatively preserved and associated with
hyperalgesia and a “deafferentation profile” dominated by
sensory loss.22 The “irritable nociceptor” profile was hypoth-
esised to be associatedwith increased activity of nociceptors and
indeed was predictive of a better response to oxcarbazepine,
a drug which blocks sodium channels.16 In our GWAS comparing
the “irritable” nociceptor with the “nonirritable nociceptor” group,
the most significant SNP, rs72669682, was found within the
ANK2 gene. The ANK2 gene is responsible for encoding a protein
within the ankyrin family crucial for positioning and stabilising ion
transporters and channels in the membranes of neurons.44

5. Strengths and limitations

The present study has several strengths: it includes the largest
multicentre cohort to date of participants with deeply-phenotyped
and harmonised information on neuropathic pain; it integrates
a combination of discovery GWAS and candidate gene WES
approaches; the deep phenotyping approach enabled us to focus
on participants with probable and definite neuropathic pain and
optimise a control group with painless neuropathy. A limitation is
selection bias related to neuropathic pain assessments in
secondary care; this was mitigated by inclusion of multiple centres
including primary care networks in participant identification. The
cohort sample size is still limited and our findings will require
replication. National level biobanks such as UK-Biobank6 or the
Million Veterans Program24 provide clinical and genetic data on
large numbers of participants. Such cohorts can assess pain
intensity in hundreds of thousands of individuals; however, the
Million Veterans Program did not assess pain subtypes, and even
when using dedicated screening questionnaires for neuropathic
pain, these only allow the grading of “possible” neuropathic
pain.23,63 With the technology and resources available to us at the
time, the selection of target genes for analysis of rare variants was
not comprehensive, and wewere not powered to directly compare
distinct aetiologies. Finally,weused the conventional thresholdP,
5 3 1028 to determine genome-wide significance. We tested 3
hypotheses that we considered independent. We did test 2
different models of association within each hypothesis, and we
acknowledge that this might have an effect in the inflation of type I
errors but only in a subset of the diabetic cohort.

In conclusion, DOLORisk has shown the advantages of
a harmonised deep phenotyping approach in relation to
consistency and the ability to illuminate insights into genetic
associations of multiple neuropathic pain outcomes including
pain report and sensory profile.
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D, Fabig SC, Vollert J, Rolke R, Stemmler S, Sommer C, Westermann A,
Cascorbi I, Baron R. The serotonin receptor 2A (HTR2A) rs6313 variant is
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