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Abstract

IMPORTANCE Neuropathic pain (NP) has important clinical and socioeconomic consequences for

individuals and society. Increasing evidence indicates that genetic factors make a significant

contribution to NP, but genome-wide association studies (GWASs) are scant in this field and could

help to elucidate susceptibility to NP.

OBJECTIVE To identify genetic variants associated with NP susceptibility.

DESIGN, SETTING, AND PARTICIPANTS This genetic association study included ameta-analysis of

GWASs of NP using 3 independent cohorts: ie, Genetics of Diabetes Audit and Research in Tayside

Scotland (GoDARTS); Generation Scotland: Scottish Family Health Study (GS:SFHS); and the United

Kingdom Biobank (UKBB). Data analysis was conducted from April 2018 to December 2019.

EXPOSURES Individuals with NP (ie, case participants; those with pain of �3months’ duration and

a Douleur Neuropathique en 4 Questions score �3) and individuals with no pain (ie, control

participants) with or without diabetes from GoDARTS and GS:SFHS were identified using validated

self-completed questionnaires. In the UKBB, self-reported prescribed medication and hospital

records were used as a proxy to identify case participants (patients recorded as receiving specific

anti-NPmedicines) and control participants.

MAINOUTCOMES ANDMEASURES GWASwas performed using linear mixedmodeling. GWAS

summary statistics were combined using fixed-effect meta-analysis. A total of 51 variants previously

shown to be associated with NPwere tested for replication.

RESULTS This study included a total of 4512 case participants (2662 [58.9%] women; mean [SD]

age, 61.7 [10.8] years) and 428 489 control participants (227 817 [53.2%] women; mean [SD] age,

62.3 [11.5] years) in themeta-analysis of 3 cohorts with European descent. The study found a

genome-wide significant locus at chromosome 12q23.1, whichmapped to SLC25A3 (rs369920026;

odds ratio [OR] for having NP, 1.68; 95% CI, 1.40-2.02; P = 1.30 × 10−8), and a suggestive variant at

13q14.2 near CAB39L (rs7992766; OR, 1.09; 95% CI, 1.05-1.14; P = 1.22 × 10−7). These mitochondrial

phosphate carriers and calcium binding genes are expressed in brain and dorsal root ganglia.

Colocalization analyses using expression quantitative loci data found that the suggestive variant was

associated with expression of CAB39L in the brain cerebellum (P = 1.01 × 10−14). None of the

previously reported variants were replicated.

CONCLUSIONS ANDRELEVANCE To our knowledge, this was the largest meta-analyses of GWAS

to date. It found novel genetic variants associated with NP susceptibility. These findings provide new

insights into the genetic architecture of NP and important information for further studies.
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Introduction

Neuropathic pain (NP) arises as a consequence of a lesion or disease affecting the somatosensory

nervous system1 and affects 7% to 10%of the general population.2NP has heterogeneous etiologies,

such as diabetes, surgery or trauma, infections such as shingles and HIV, nerve compression, nerve

entrapment, and chemotherapy.3 It has considerable consequences for physical as well as mental

health–related quality of life.4Many patients do not achieve satisfactory pain relief with current drug

treatments for NP.5 Common risk factors for NP conditions include older age, female sex, smoking,

high bodymass index, poor general health, and low socioeconomic status.6-8However, these factors

alone cannot fully explain the risk of developing NP. Not every patient who has an underlying relevant

disease develops NP; for example, as many as 26% of individuals with diabetes were found to have

NP.9,10 It is likely that genetic factors play a role in the risk of developing NP.11

A recent twins study from the United Kingdom revealed a substantial genetic contribution to

NP, with a heritability estimate of 37%.7 Studies have shown that some rare inherited nerve pain

disorders are caused bymutations in voltage-gated sodium channels (eg, SCN9A ).12,13 Recently, both

common and rare variants in this sodium channel were found to be associated with painful diabetic

neuropathy, a common NP condition.14,15 Several candidate gene association studies have reported

associations of genetic variants with NP.16 However, these studies lack consistent replication. This

may be due to limited sample sizes and varying case-control definitions.16 Only 3 genome-wide

association studies (GWASs) have been published so far, and they identified no genome-wide

significant variants.17-19

The present study aimed to identify genetic variants associated with NP and to test all single

nucleotide variants (SNVs) previously reported being associated with NP for replication. It was

conducted as a part of the DOLORisk consortium, a multinational collaboration between research

groups aiming to understand the factors associated with NP.20

Methods

Study Cohorts

Participants in this study were included from 3 independent cohorts, ie, Genetics of Diabetes Audit

and Research in Tayside Scotland (GoDARTS),21 Generation Scotland: Scottish Family Health Study

(GS:SFHS),22 and the United Kingdom Biobank (UKBB).23 GoDARTS and GS:SFHS are part of the

DOLORisk consortium.20 GoDARTS comprises 10 149 participants with type 2 diabetes aged

between 16 and 98 years recruited from Tayside, Scotland (eMethods 1 in the Supplement). GS:SFHS

is a family-based population cohort of approximately 24084 participants across Scotland aged 18 to

98 years. UKBB is a prospective biomedical resource that comprises 488 377 individuals, aged 40

to 69 years, from across the UK (eMethods 1 in the Supplement). The respective regional ethics

committees approved all the study cohorts. Participants in all cohorts provided informed consent.

The study is reported according to the Strengthening the Reporting of Genetic Association Studies

(STREGA) reporting guideline.

NPPhenotyping

The DOLORisk consortium developed a self-completed questionnaire, based on a recent

international consensus statement on phenotyping NP (Neuropathic Pain Phenotyping by

International Consensus) led by the Neuropathic Pain Special Interest Group (NeuPSIG) of the

International Association for the Study of Pain,24which was agreed by all participating centers.20

Living participants in GoDARTS (5236with diabetes) and GS:SFHS (20 221) were recontacted bymail

with the questionnaire containing: (1) chronic pain identification questions, including the presence

of current pain, duration of pain, and medication intake for current pain according to the Brief Pain

Inventory questionnaire25; (2) NP identification questions from a validated screening tool, Douleur

Neuropathique en 4 Questions26 (DN4), that asks about the presence or absence of sensory
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symptoms; and (3) other relevant questions, as described in Hébert et al27 (eMethods 2 in the

Supplement). All questionnaires received back from the participants (GoDARTS, 1915 [36.6%];

GS:SFHS, 7240 [35.8%]) were processed and linked to demographic data using a secure system.

Individuals with of possible NP (ie, case participants) were identified based on current reported

pain and/or currently taking pain medications, pain duration of at least 3 months, and DN4 score26

greater than or equal to 3 of 7. Control participants were defined as those reporting no pain or not

taking any pain medications at the time of completing the questionnaire. Participants who reported

pain of less than 3 months’ duration or who scored less than 3 on the DN4were excluded (eMethods

3 in the Supplement).

At the time of this study, questionnaire-based phenotyping data were not available in the UKBB.

Therefore, self-reported prescribed medication linked to routine hospital admissions records were

used as a proxy phenotype for NP23 (eMethods 3 in the Supplement). Briefly, case participants were

defined as individuals with a record of the most commonly prescribed antineuropathic medicines,

based on the NeuPSIG guidelines5,28,29 (ie, gabapentin, pregabalin, duloxetine). Control participants

were thosewith no such reported prescriptions. Individuals reporting receipt of amitriptyline, other

tricyclic antidepressants, and/or tramadol were excluded from the control and case groups, despite

the potential role of these medicines in treating NP because of their frequent use to treat other

conditions and consequent nonspecificity for NP. Individuals who self-reported an epilepsy diagnosis

and/or any anti-epileptic medication concomitantly with a gabapentinoid alone were excluded. We

calculated sensitivity and specificity of this the prescription-based phenotype by comparing with the

questionnaire-based phenotype in GoDARTS (722 participants).

Genotyping, Quality Control, and Imputation

The GoDARTS genetic data set contained genotypes for 7857 participants after quality control (QC)

assessment. These were genotyped using Affymetrix version 6.0, Illumina OmniExpress BeadChips,

and Illumina Infinium Broad BeadChips.21 Genetic data from 20032 participants in GS:SFHS were

available for analysis after QC30 and were genotyped on the Illumina Human OmniExpressExome-8

version 1.0 BeadChip and Illumina OmniExpressExome-8 version 1.2 BeadChip.31 The genome-wide

genotyping for 488 377 participants in the UKBB was performed using UK Biobank Axiom and UK

Biobank Lung Exome Variant Evaluation Axiom Affymetrix array.23 QC assessment was performed

independently in all cohorts prior to and after imputation against the haplotype reference

consortium release 1.1 panel (eMethods 4 in the Supplement).

Statistical Analysis

Genome-wide Association Analyses andMeta-analysis

Data analysis was conducted from April 2018 to December 2019. We conducted GWAS of NP in each

of these cohorts separately using a linear mixed noninfinitesimal model in BOLT-LMM version 2.3.1,

which accounts for relatedness and any population stratification.32 The additive model was adjusted

for age, as a linear variable, and sex. There was no evidence of population stratification in individual

GWAS (genomic inflation factor for GoDARTS, λ = 1.001; GS:SFHS, λ = 1.008; UKBB, λ = 1.001). The

meta-analysis of GWASwas conducted using a fixed-effectmeta-analysis in GWAMAversion 2.1 (BMC

Bioinformatics) (eMethods 5 in the Supplement).33We combined the summary statistics from

GoDARTS and GS:SFHS in stage 1 and UKBB in stage 2. We performed a sensitivity analysis by

combining GS:SFHS and UKBB GWAS as well as GoDARTS and UKBB GWAS separately. Stratified

analysis was performed based on diabetes status in UKBB and was not performed in GS:SFHS

because of a sample size (44 participants with diabetes).

In Silico Functional Annotation, Colocalization, and Lookups for Pain-Related Traits

Functional annotation was performed using the University of California Santa Cruz Genome Browser

resource,34RegulomeDB,35HaploReg36 version 1, and FUMA.37Weperformed finemappingmethod

implemented in FINEMAP38 version 1.1 using summary statistics data (z scores) that comprise a 500
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kilobase region centered on the lead SNV from stage 2. Expression quantitative trait loci (eQTL)

analysis was performed using the genotype-tissue expression (GTEx)39 version 7, eQTL database of

human dorsal root ganglia (DRG),40 and brain xQTL serve.41 Colocalization analysis was performed

using coloc package version 5.1.0 in R version 3.6.3 (R Project for Statistical Computing).42We

conducted lookups for the association of lead SNVs with pain-related traits in GeneATLAS43

(eMethods 6 in the Supplement).

SNV-BasedHeritability

We used summary statistics data from themeta-analysis to estimate the SNV-based heritability in a

liability scale. Linkage Disequilibrium Score Regression (LDSC) software44was used for this process

(eMethods 7 in the Supplement).

Replication of SNVs Previously AssociatedWithNP

A total of 51 SNVs previously found to be associated with the presence of NP from a published

systematic review16were tested in all 3 cohorts and themeta-analysis (stage 1 and stage 2). SNVs

associated with nominal significance with an unadjusted P < .05 from stage1 and stage 2 were

selected for combined analysis with the prior studies. SNVs were considered replicated if they were

significantly associated after Bonferroni correction adjustment for multiple comparisons (P < .0009;

α = .05/51 variants) and consistent with the direction of association reported in original publication.

SNVs with P > 5 × 10−8 and P < 5 × 10−5were considered suggestive SNVs, while those with

P < 5 × 10−8were considered genome-wide significant.

Results

StudyDesign

We identified 482 NP cases of 1597 participants (30.5%; 222 [46.1%] women; mean age [SD] age,

69.5 [10.2] years) in GoDARTS (where all participants have diabetes) and 932 NP cases of 7240

participants (12.87%; 624 [67.0%] women; mean [SD] age, 59 [11.1] years) in the GS:SFHS based on

the agreed phenotype, broadly consistent with prevalence rates in published studies.2We identified

560 participants (29.2%; 173 [30.9%] women; mean [SD] age, 71 [9.1] years) and 2642 participants

(36.5%; 1532 [58.0%] women; mean [SD] age, 58 [13.4] years) for the control group in GoDARTS and

GS:SFHS, respectively. In the UKBB, we identified 3268 NP cases (1949 [59.6%] women; mean [SD]

age, 56.2 [11.1] years) and 425 657 controls (226 568 [53.2%] women; mean [SD] age, 57.5 [12.1]

years) of European descent using the prescribing-based phenotyping, which showed high specificity

(89.0%) and slightly lower sensitivity (80.3%) against the questionnaire-based phenotype (eTable 1

in the Supplement). We conducted the meta-analysis of GWAS in 2 stages because of differences in

the phenotypingmethods (Figure 1). In stage 1, a total of 1244 case participants (713 [57.3%]women;

mean [SD] age, 64.4 [10.6] years) and 2832 control participants (1249 [44.1%] women; mean [SD]

age, 64.8 [11.2] years) had genetic data available and were used for themeta-analysis of GWAS from

the GoDARTS andGS:SFHS cohorts, as these used consistent phenotyping. In stage 2, we combined

summary GWAS results from all 3 cohorts (GoDARTS, GS:SFHS, and UKBB) to maximize the study

power, with a total of 4512 NP case participants (2662 [58.9%] women; mean [SD] age, 61.7 [10.8]

years) and 428 489 control participants (227 817 [53.2%] women; mean age, 62.3 [11.5] years).

Meta-analyses

Themeta-analysis of all 3 cohorts yielded a novel genome-wide significant variant, rs369920026, at

12q23.1 associated with NP (odds ratio [OR], 1.68; 95% CI, 1.40-2.02; P = 1.30 × 10−8) with no

heterogeneity (Table, Figure 2, Figure 3, and Figure 4). The quantile-quantile plot showed no

evidence of genomic inflation (λ = 1.041) (eFigure 1 in the Supplement). Suggestive SNVs at this locus

(rs185663675, P = 5.46 × 10−8; rs17027891, P = 7.50 × 10−8; rs17027910, 1.90 × 10−7) were in linkage

disequilibrium (LD) with the lead SNV (r2 > 0.6; D′ = 1) (eTable 2 in the Supplement). All these
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variants have relatively low frequencies (minor allele frequency [MAF] �0.008) and were well

imputed with quality scores between 0.967 and 0.994. We found that directly typed variant

(rs12309615 at 12q23.1) was associated with NP, with an OR of 1.27 (95% CI, 1.13-1.41; P = 2.7 × 10−5;

MAF, 0.01; I2 = 0.04; r2 = 0.4; D′ = 1) and was genotypedwith a high-quality call rate (eFigure 2 in the

Supplement). In sensitivity analysis, the lead SNV remained significant at the genome-wide level

(rs369920026) in the combined GWAS from GS:SFHS and UKBB and achieved significance with and

OR of 1.28 (95% CI, 1.11-1.48; P = 1.63 × 10−4) in the combined analysis of GoDARTS and UKBB

(eTable 3 in the Supplement).

The lead SNV (rs369920026) falls in an intronic region of long noncoding RNA (lncRNA),

AC016152.1, and the nearest gene is within 400 kilobase of the transcription start site (TSS) of solute

carrier family 25member 3 (SLC25A3 [OMIM 600370]). Data from RegulomeDB indicated that

rs185663675 is located within a DNase I hypersensitivity site in brain tissues, lies in an open

chromatin state in brain tissues (chromHMM score, <8),37 and disrupts a signal transducer and

activator of transcription (STAT) motif; rs17027910 had a very high RegulomeDB probability score of

0.90 of 1, indicating that it is likely to be involved in regulatory effects. We used FINEMAP to identify

Figure 1. Study Design
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The study includedmeta-analysis of 3 independent

genome-wide association studies for neuropathic pain

(NP) using case and control participants fromGenetics

of Diabetes Audit and Research in Tayside, Scotland

(GoDARTS), Generation Scotland: Scottish Family

Health Study (GS:SFHS), and the United Kingdom

BioBank (UKBB). Self-reported questionnaires were

used to define NP in stage 1, followed bymeta-analysis

of genome-wide association studies of NP using all 3

cohorts in stage 2.

Table. Summary Statistics of theMost Significant SNVs From Stage 1 and Stage 2Meta-analysis

SNV Chromosome Base positiona EA/NEA EAF Cohort OR (95% CI) P value I
2 Gene

rs369920026 12 98585582 A/G 0.006 GoDARTS 1.19 (0.65-2.19) .57 NA SLC25A3

GS:SFHS 1.68 (1.32-2.15) 2.10 × 10−5 NA

Stage 1b 1.61 (1.28-2.02) 1.73 × 10−5 0.01

UKBB 1.85 (1.35-2.54) 1.29 × 10−4 NA

Stage 2c 1.68 (1.40-2.02) 1.30 × 10−8 0.00

rs7992766 13 49905672 A/C 0.750 GoDARTS 1.08 (0.93-1.27) .10 NA CAB39L

GS:SFHS 1.10 (1.05-1.15) 3.2 × 10−5 0.03

Stage 1b 1.10 (1.05-1.15) 2.41 × 10−5 0.23

UKBB 1.10 (1.04-1.16) 9.00 × 10−4 NA

Stage 2c 1.09 (1.05-1.14) 1.22 × 10−7 0.31

rs112990863 3 88714964 T/A 0.007 GoDARTS 1.10 (0.63-1.93) .68 NA EPHA3

GS:SFHS 1.85 (1.50-2.28) 8.80 × 10−9 NA

Stage 1b 1.74 (1.43-2.11) 3.73 × 10−8 0.35

UKBB 1.01 (0.76-1.34) .96 NA

Stage 2c 1.46 (1.24-1.72) 8.99 × 10−6 0.85

Abbreviations: EA, effect allele; EAF, effect allele frequency; GoDARTS, Genetics of

Diabetes Audit and Research in Tayside Scotland; GS:SFHS, Generation Scotland:

Scottish Family Health Study; NA, not applicable; NEA, noneffect allele; OR, odds ratio;

SNV, single nucleotide variant; UKBB, United Kingdom Biobank.

a Base position based on National Center for Biotechnology Information build 37.

b Stage 1 was a meta-analysis of GoDARTS and GS:SFHS.

c Stage 2 was an overall meta-analysis of GoDARTS, GS:SFHS, and UKBB.
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associated variants in the 12q23.1 region (500 kilobase) centered on rs369920026with 1808 SNVs

from stage 2, allowing for at most 2 associated variants. It indicated that rs369920026 had the

highest probability of being an associated variant, with a posterior inclusion probability (PIP) of 0.63.

SLC25A3 is highly expressed in brain and DRG tissues; however, the eQTL information for these SNVs

(MAF <1%) are not available in GTEx version 7. There are 3 other genes in the vicinity of the

association on chromosome 12q23.1, including solute carrier family 9members 7 pseudogene 1

(SLC9A7P1), thymopoietin (TMPO [OMIM 188380]), and inhibitor of nuclear factor kappa-B kinase-

interacting protein (IKBIP [OMIM 609861]). However, none of these are expressed in brain and DRG

tissues. Lookups in the GeneATLAS43 indicated that the lead SNVwas also associated with

intervertebral disc problems and fibromyalgia in the UKBB cohort (eTable 4 in the Supplement).

We also found a suggestive locus at 13q14.2 (rs7992766; OR, 1.09; 95% CI, 1.05-1.14;

P = 1.22 × 10−7; I2 = 0.2; MAF, 0.25), which lies within the intronic region of calcium-binding protein

39-like (CAB39L [OMIM 612175]) and overlaps with DNase hypersensitivity in brain tissues. It is

significantly associated with mRNA expression of CAB39L in musculoskeletal tissue

(P = 9.40 × 10−25), brain cerebellum (P = 1.01 × 10−14), and brain cortex (P = 7.6 × 10−7) (eFigure 3 in

the Supplement). CAB39L had a posterior probability (PP4 >0.1) for colocalization for NP and brain

cerebellum tissue eQTLs. Furthermore, rs7334929 (cis-eQTL) tag SNVwas significantly associated

Figure 2. Manhattan Plot Showing Single Nucleotide Variant Associations in Stage 2Meta-analysis of Genome-wide Association Studies
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Figure 4. Forest Plot for theMost Significant Single Nucleotide Variants in the Stage 2Meta-analysis
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Figure 3. Regional Association Plots of theMost Significant Single Nucleotide Variants (SNVs)

in the Stage 2Meta-Analysis
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with the expression of CAB39L in the DRG40 (P = 8.09 × 10−7) (eTable 5 in the Supplement). It was

also associated with lower limb ulcers and neck/shoulder pain in the UKBB (P = .001) (eTable 4 in the

Supplement).

Themost significant variant, rs112990863, at 3p11.1 near ephrin receptor tyrosine kinase A3

(EPHA3 [OMIM 179611]) from stage 1 (OR, 1.29; 95% CI, 1.16-1.14; P = 3.73 × 10−8; MAF, 0.007;

λ = 1.023) (eFigure 4, eFigure 5, and eTable 6 in the Supplement) dropped to suggestive significance

only (OR, 1.46; 95% CI, 1.24-1.72; P = 8.99 × 10−6) with high heterogeneity (I2 = 0.85) in stage 2

(Table). In the stratified analysis, this SNV did not achieve significant association with NP that

included UKBB participants with diabetes (425 case participants; 17 435 control participants) and

without diabetes (2843 case participants; 408 132 control participants).

SNV-based heritability was estimated using the LDSC44 and full GWAS summary results from

stage 1 (33% [SE, 0.14%]) and stage 2 (20% [SE, 0.11%]) meta-analysis. Association results of

previously reported variants16 in stage 1 meta-analysis, UKBB, and stage 2meta-analysis are

presented in eTable 7 in the Supplement. Only one variant (rs1901531) in Beta-2-Microglobulin45

(B2M [OMIM 109700]) was found to be significantly associated in stage 1 (unadjusted P = .02), stage

2 (unadjusted P = .04), and combined analysis (P = .03) with prior results (eTable 8 in the

Supplement). However, this variant was not significant when we appliedmultiple corrections either

in independent cohorts or meta-analysis.

Discussion

To our knowledge, this is the largest meta-analysis of GWAS of NP published to date, and it has

identified a novel genome-wide significant locus at 12q23.1 and a suggestive locus at 13q14.2. The

minor allele (MA) of themost significant variant (rs369920026) in stage 2 at 12q23.1 conferred risk

of having NP, and the frequency was 0.006 in European populations. The suggestive SNVs

(rs185663675, rs1702789, and rs17027910) at this locus are in LDwith the lead variant and were

imputed with high quality score of 0.99. The directly typed variant (rs12309615; MAF, 0.01) at this

locus was genotyped with good quality and significantly associated with NP, which could drive these

imputed SNVs. Our fine mapping of the region (12q23.1) indicated that the lead SNV could be a

candidate causal variant. In stage 1, rs112990863 at 3p11.1 was found to be genome-wide significant,

but the association became weak in stage 2 with high heterogeneity. Due to the so-called winner’s

curse,46 the effect size of this SNV is likely to be overestimated in the GS:SFHS GWAS. The

SNV-heritability analyses found that NP has a moderate heritability (20%) which is slightly higher

than the estimated heritability (10%-12%) for multisite chronic pain from a recent large GWAS.47,48 It

is lower than the heritability estimated by a previous twins study using the outcome of chronic

widespread pain with neuropathic characteristics (37%).7Notably, the previously reported genetic

variants failed to replicate in this study after multiple corrections. The reason for this may be that the

original studies found relatively weak associations and were investigating the associations in small

sample sizes, resulting in false-positive findings; the present study had a larger sample size than any

of the previous studies that we are aware of.16Differences in the phenotypes could be an explanation

for some of the variations. Future research is required to examine this.

The lead variants are within introns of the lncRNA AC016152.1 and the closest coding gene

(within 400 kilobase of the TSS) is SLC25A3. SLC25A3 encodes a mitochondrial phosphate carrier

protein in humans that plays a role in oxidative phosphorylation,49 cytochrome c oxidase

biogenesis,50 and calcium ion homeostasis.51 It is highly expressed in the brain, DRG, heart, and

skeletal muscle. A variant in SLC25A3 has been reported to indirectly regulate themitochondrial

permeability transition pore in response to calcium.52 Studies using animal models have suggested

that mitochondrial dysfunction plays a role in the pathogenesis of NP in the context of traumatic,

chemotherapy-related, and diabetic peripheral neuropathy.53-55Moreover, a recent gene expression

study in a diabetic peripheral neuropathy animal model (streptozotocin-induced diabetic DBA/2J

mice) reported an association of downregulation of SLC25A3 in sciatic nerve with type 1 diabetes.56
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To date, there are no data available to showwhether the lead variant is associated with the

expression of SLC25A3 gene in the brain or relevant tissues, to our knowledge. However, data from

pain networks database indicate a potential indirect interaction between 6 pain-related genes

(NOS2, CDK5, TNFRSF1A, TNFRSF1B, ADRBK1, and ADRB2) and SLC25A3.57 This database also shows

that SLC25A3mRNA expression is reduced in DRG following traumatic nerve injury models in the

mouse and rat. Adult mouse proteome data indicate that SLC25A3 is significantly downregulated in

DRG after NP induction.58 The differential expression of SLC25A3 in experimental models of NP is

suggestive of a role in NP pathogenesis; however, mechanistic studies to determine the impact of

this gene on NP-related behavior and excitability will ultimately be needed. Moreover, the most

significant SNV could affect the expression of other nearby genes andmay have indirect regulatory

effects, as they overlap with STAT/STAT3 binding sites and DNase I hypersensitivity site in brain

tissues. A recent animal model study reported the role of STAT3 in NP development.59

The suggestive locus at 13q14.2 falls in the intronic region of CAB39L. CAB39L encodes a

calcium-binding protein 39-like, which is known to be involved in apoptosis,60 andmammalian

target of rapamycin signaling pathway, which acts as an important regulator of pain processing.61 It is

significantly expressed in the tissues relevant to NP generation, which include DRG40 and the brain

cortex.41 Furthermore, colocalization analysis indicated that this suggestive variant was associated

with the expression of CAB39L significantly in the brain cerebellum.

We also found aweak association of the genome-wide significant variant with pain-related traits

including disc problems and fibromyalgia and the suggestive variant with lower limb ulcer (a

consequence of diabetic neuropathy) and neck/shoulder pain in the UKBB.43 These associations are

interesting but need to be confirmed in independent data sets. Future studies with enough power

and similar phenotypes are needed to validate our findings. More investigations on the functional

effects of these genes are required to ascertain their role in NP.

Limitations

This study has some limitations. The cohorts (GoDARTS and GS:SFHS/UKBB) were dissimilar in that

the former comprises only people with diabetes, while the latter are general population samples.

However, our sensitivity analysis, including only GS:SFHS and UKBB or GoDARTS and UKBB, showed

that the lead SNVs remained significant, with consistent effect sizes. While there may have been a

phenotypic bias in response rates to specific questionnaires such as DN4,27 there is no reason to

suppose that genetic factors contributed to nonresponse. This potential bias is therefore unlikely to

affect the overall results. NP case and control definitions were not identical between stage 1

(GoDARTS and GS:SFHS) and the UKBB. Moreover, the UKBB control groupmay include participants

with other chronic pain (non-NP) and those with no pain. These differences may introduce

phenotypic heterogeneity to the analyses and are likely to reduce the identification of genetic signals

associated with the traits. However, the prescribing-based phenotyping had a high specificity and

reasonable sensitivity.

Conclusions

To our knowledge, this is the largest meta-analysis of GWAS of NP to date. It found novel risk loci near

SLC25A3 and CAB39L that are expressed in tissues associated with the generation of NP, including

the brain and DRG. Thesemerit further investigation. Our findings provide a basis for better

understanding of the genetic predisposition to NP.
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