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Abstract
Chronic pain is a prevalent disease with increasing clinical challenges. Genome-wide association studies in chronic pain patients
have identified hundreds of common pathogenic variants, yet they only explained a portion of individual variance of chronic pain.
With the advances in next-generation sequencing technologies, it is now feasible to conduct rarer variants studies in large-scale
databases. Here, we performed gene-based rare variant analyses in 200,000 human subjects in the UK biobank whole-exome
sequencing database for investigating 9 different chronic pain states and validated our findings in 3 other large-scale databases. Our
analyses identified the SLC13A1 gene coding for sodium/sulfate symporter associated with chronic back pain and multisite pain at
the genome-wide level and with chronic headache, knee, and neck and shoulder pain at the nominal level. Seven loss-of-function
rare variants were identified within the gene locus potentially contributing to the development of chronic pain, with 2 of them
individually associated with back pain and multisite pain. These 2 rare variants were then tested for replication in 3 other biobanks,
and the strongest evidence was found for rs28364172 as an individual contributor. Transcriptional analyses of Slc13a1 in rodents
showed substantial regulation of its expression in the dorsal root ganglia and the sciatic nerve in neuropathic pain assays. Our results
stress the importance of the SLC13A1 gene in sulfate homeostasis in the nervous system and its critical role in preventing pain
states, thus suggesting new therapeutic approaches for treating chronic pain in a personalized manner, especially in people with
mutations in the SLC13A1 gene.
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1. Introduction

Whole-exome sequencing (WES)7 technologies have proven to be
efficient andeconomic tools in detectingdisease-causing anddrug
targets.17,38 It captures and sequences the coding regions of

human genome, where functional proteins are produced. Whole-
exome sequencing presents unique advantages in contrast to

whole-genome sequencing technologies, including reduced

costs, greater flexibility, and easier data storage and analysis.26

Compared with genome-wide association study (GWAS) ap-

proaches that require genetic imputation inevitably yielding some

missing and/or unreliable rare variants from imputation, WES

produces sequenced nucleotides directly and credibly.
Chronic pain is a common medical condition that affects

around 1 in 5 individuals worldwide.48 It incurs appreciable health

care and socioeconomic costs and leads to suffering by those

affected. A comprehensive understanding of the molecular

mechanisms underlying the development of chronic pain would

benefit pain management and drug development. In the past

decades, genetic studies in pain have made significant advances

toward identifying crucial molecular factors contributing to the

onset and maintenance of chronic pain.35,37,42

Most genetic association studies of chronic pain have focused
on common genetic variations,2,6,8,13,15,34 whereas studies

based on WES point to a contribution from rare variants.14,25

Although rare variants may make a smaller contribution to the

overall risk for common disorders in comparison with common

variants, they can be of a very substantial effect size. The

identification of associated, rare, nonsynonymous variants offers

advantages for translating genetic findings into biological un-

derstanding by, for example, implicating susceptibility genes

more precisely than common variant analysis, or by providing

causal mutations that may be more readily modeled in cellular

and animal systems. Analysis of rare variants also helps to explain
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missing heritability that is not accountable by common variant
studies.16,32,45 Research of human pain genetics has pinpointed
many common variants contributing to pain2,6,8,13,15,34; however,
only 25% to 50% of the heritability for chronic pain conditions has
been explained, for example, 25% for irritable bowel syndrome,
35% for back and neck pain, and 50% for chronic widespread
pain and migraine.36 Because of the low frequency of rare
variants (minor allele frequency, MAF , 0.01) and the limited
sample size of available cohorts, previous studies were unable to
detect reliable rare variant associations. In the recent decade,
large-scale databases have become increasingly avail-
able,5,20,22,43 empowering the studies of rare variants of complex
traits. For example, the UK biobank (UKBB) recruited and
sequenced 500,000 participants with an abundant record of
various phenotypes.5,43 The Trøndelag Health Study (HUNT),
Norway’s largest collection of health data from a population,
started to collect clinical measurements and samples since 1984
and has recruited 230,000 participants.20,22 The Canadian
Longitudinal Study on Aging (CLSA) is a long-term study that
collected more than 50,000 participants.39

Here, we investigated the association of rare variants with
several chronic pain conditions in 4 distinct large-scale data sets:
UKBB 200k WES, UKBB 300k GWAS database, HUNT, and
CLSA. We used a gene-based rare variant analysis method to
identify candidate genes and rare variants that lead to chronic pain.

2. Methods

2.1. Cohorts

We conducted our studies in the large-scale UKBB cohorts,
under Application Number 20802. The genetic data consisted of
2 subcohorts: one was a whole-exome sequencing data set
cohort containing more than 200,000 participants (UKBB
200k),43 whereas the other one was a genome-wide genotyping
data set cohort, with more than 500,000 participants (UKBB
500k).5 We assigned individuals not in the UKBB 200k cohort to
the henceforth named UKBB 300k cohort. We set the UKBB
200k cohort as our discovery cohort and replicated our results in
the UKBB 300k cohort. Although the UKBB 200k cohort was
smaller than the UKBB 300k, access to high-accuracy rare
variant information was only available in the former, enabling true
rare variants analyses. The demographic description of the 2
cohorts was listed in Table S1 (available as supplemental digital
content at http://links.lww.com/PAIN/B790). This study was
done within individuals of white British ancestry, of both sexes,
regardless of their age. Individuals with failed genetic quality
controls (QC), sex mismatches or aneuploidy, and those who
opted out of the study were not considered.

The Nord-Trøndelag Health Study is an ongoing population-
based cohort study from the county of Nord-Trøndelag in
Norway.20,22 All inhabitants aged 20 years or older were invited
to participate in the HUNT1 survey (1984-1986), the HUNT2
survey (1995-1997), and the HUNT3 survey (2006-2008).
Participation rates in HUNT1, HUNT2, and HUNT3 were 89.4%
(n 5 77,212), 69.5% (n 5 65,237), and 54.1% (n 5 50,807),
respectively.22 Taken together, the study included more than
120,000 different individuals from Nord-Trøndelag County. For
this study, we included participants from HUNT2 and HUNT3. All
participants have provided questionnaires, interviews, and
measurement data, which can be found at the HUNT databank
[https://hunt-db.medisin.ntnu.no/hunt-db]. In addition, approxi-
mately 80,000 participants have provided biological samples for
storage at the HUNT biobank [https://www.ntnu.edu/hunt/hunt-

biobank]. Written informed consent was obtained from all
participants, and The Regional Committee for Medical and
Health Research Ethics approved the study (ref. 2015/573).

The CLSA is a longitudinal cohort study of 51,338 participants,
aged 45 to 85 years at enrollment, from 10 Canadian
provinces.39,40 Recruitment and baseline data collection took
place from 2010 to 2015, and follow-up visits were planned to
take place every 3 years with data collection for the first follow-up
visit completed in 2018 and available for analysis. Individuals from
the CLSA cohort who underwent full onsite evaluation were
considered for this analysis. From this set, individuals who were
genotyped and who were identified as the European descent
majority subset were included.39 In total, the total study
population of European-descent individuals with genotyping
and imputed data with back pain status at least at baseline or
at visit 1 was 25,239 subjects. This included 8271 cases (54%
females), and 16,968 controls (48% females).

2.2. Variant annotation

Variant annotation was performed with Ensembl Variant Effect
Predictor (VEP, release 99).33 Coding regions were defined by a
bed file (UKBB resource 3803). A variant was deemed rare if its
minor allele frequency (MAF) was below 1% (MAF , 0.01) in all
gnomAD populations and passed the MAF filter in white British
population of cohorts.21 A variant was deemed loss of function
(LoF) if it satisfied the following conditions: (1) not a benign in
PolyPhen1 or Sorting Intolerant From Tolerant (SIFT)24 (PolyPhen
benign is , 0.15 or SIFT benign is . 0.05) and (2) one of
stop_lost, start_lost, splice_donor_variant, frameshift_variant,
splice_acceptor_variant, or stop_gained type of variant. The
study analyzed rare LoF variants.

2.3. Sample selection

In the UKBB cohorts, we first selected participants who had
answered the question “In the last month have you experienced
any of the following that interfered with your usual activites? (You
can select more than one answer)” (Data field 6159). The options
contained the following: headache, facial pain, neck or shoulder

Table 1

Gene-based loss-of-function rare variants association tests

on SLC13A1 for chronic pain conditions in the UK biobank

200k whole-exome sequencing cohort.

Pain #LoF P Adj-P

Burden SKAT SKAT-O

Back 7 2.0E-07 2.3E-05 2.9E-07 —

Facial 4 5.6E-02 1.6E-01 8.2E-02 5.7E-01

General 4 8.3E-01 6.7E-01 7.9E-01 1

Headache 5 9.4E-04 9.2E-03 1.2E-03 8.5E-03

Hip 6 9.1E-01 2.9E-01 1.3E-01 9.3E-01

Knee 7 1.7E-05 4.8E-05 1.7E-05 1.2E-04

Neck or shoulder 7 1.5E-05 6.1E-05 1.7E-05 1.4E-04

Stomach or abdominal 4 4.2E-02 8.8E-02 6.2E-02 4.3E-01

Multisite 7 1.0E-07 4.6E-06 1.4E-07 -

P values were calculated with 3 different models: burden test (Burden), SKAT test (SKAT), and SKAT-O test

(SKAT-O). SKAT-O P values were adjusted (in column adj-P) with Bonferroni correction among all chronic pain
conditions except chronic back pain and multisite pain (N 5 7). Significant results from primary analysis

passed a genome-wide statistical threshold of 2.6E-06.

LoF, loss of function.
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pain, back pain, stomach or abdominal pain, hip pain, knee pain,
pain all over the body, none of the above, and prefer not to
answer. Among the participants who answered “yes,” we further
collected information on thosewho experienced the pain formore
than 3 months. This information was accessed for chronic back
pain (Data field: 3571), chronic facial pain (Data field: 4067),
chronic general pain/pain all over the body (Data field: 2956),
chronic headaches (Data field: 3799), chronic hip pain (Data field:
3414), chronic knee pain (Data field: 3773), chronic neck or
shoulder pain (Data field: 3404), and chronic stomach or
abdominal pain (Data field: 3741). We selected the participants
who reported any chronic pain (Data field 3571, 4067, 2956,
3799, 3414, 3773, 3404, 3741) as our study groups. Participants
who reported pain at more than one body site except the general
pain were also bound together in a new group, chronic multisite
pain, to explore the impact of the number of pain sites.
Participants who did not report any pain (Data field 6159,
answered “none of the above”) in this study were assigned to a
control group. See Table S1, available as supplemental digital
content at http://links.lww.com/PAIN/B790 for the demograph-
ics and sample size of each pain group. We also retrieved
intervertebral disc disorders (IDD) samples by their International
Classification of Diseases (ICD-10) codes, ie, M51, from UKBB
(Data field: 42,040, 3522 cases and 163,230 controls) to control
for structural alteration of muscular–skeletal tissues.

In HUNT2 and HUNT3, one question stated, “During the last
year, have you had pain and/or stiffness in your muscles and
limbs that has lasted for at least 3 consecutive months?” If a
respondent answered in the affirmative, the following question
was asked: “Where did you have pain and/or stiffness?” The
lower back was one site listed among several possibilities.
Respondents answering “yes” to the first question and indicating
the lower back as a site of pain were regarded as experiencing
chronic low back pain (n 5 19,760 with valid genotypes).
Respondents answering “no” to the first question comprised the
controls (n 5 28,674 with valid genotypes).19

In the CLSA cohort, we defined back pain cases as individuals
who had ever experienced chronic back pain on the basis of a
series of questions in the general questionnaire, Data Collection
Site Questionnaires (Comprehensive). In the analysis, we in-
cluded all individuals who answered the question, “Have you ever
had pain in your back on most days for at least one month?” with
either a yes or a no, at either baseline or at the first follow-up visit.
We excluded individuals who answered, “Don’t know,” who did
not answer or refused to answer. Chronic back pain cases were
defined as those individuals who answered the follow-up
question, “For how long?” with 3 or more months, again, at
either baseline or the follow-up visit. All other individuals were
classified as controls.

2.4. Statistical analysis

After collecting the sequencing data from UKBB 200k cohort, we
used SAIGE-GENE50 for the gene-based rare-variant association
test and single-variant association test. SAIGE-GENE contains 3
steps (step 0, step 1, and step 2) in analyzing rare variants and
reports results of burden test, Sequence Kernel Association Test
(SKAT), and Optimal SKAT (SKAT-O) test. We used variants in both
coding regions and high-confidence Genome in a Bottle (GIAB)
regions51 to construct a genetic relationship matrix and fit a null
model in step 0 and step 1. Sex, age, squared age, first 40 principal
components of the population’s genetics, and types of the Illumina
NovaSeq 6000 sequencing flow cells were used as covariates in the
SAIGE-GENE step 2 association test. Genome-wide significance for

primary analyses was defined as P, 2.6E-6 for results from gene-
based analyses and P , 5E-8 for single-variant test results, which
correspond to Bonferroni corrections for 19,000 genes and for 1
million haploblocks, respectively. Significance for secondary analy-
ses established from adjusted P value of ,0.05. We adjusted P

values with Bonferroni when tests were independent or with false
discovery rate (FDR)when independencecannot be guaranteed (eg,
same gene in multiple tissues, one single nucleotide polymorphism
(SNP) in multiple chronic pain conditions). We also performed a
secondary analysis in the UKBB 200k cohort where we tested an
association between SLC13A1 with each reported pain site at the
gene level and single-variant level. Linkage disequilibrium (LD)
between variants was measured by Lewontin’s D’.27

As a complementary analysis, we further investigated the
common genetic characteristics between self-reported chronic
pain conditions and clinically diagnosed IDD and dorsalgia. We
used common variants from whole-genome analysis from the
study of Bjornsdottir et al.,4 which presented association with IDD
and dorsalgia, and tested their association with multisite pain. We
retrieved the common variants in both UKBB 200k cohort and
UKBB 500k cohort; for those variants that were not presented in
the cohort, we used their proxy variants instead. The linkage
disequilibrium between these variants and their proxy was
measured in R2. We searched the proxy variants in a window of
500,000 base pairs of the target common variants in the Great
British Population of the 1000Genomes Project using themodule
LDproxy from LDlink.30 We selected the top proxy variant with R2

. 0.8 for each common variant. The common variants or their
proxy variants were tested in association with multisite pain in
UKBB 200k and UKBB 500k by SAIGE-GENE.

2.5. Study replications

To verify the reproducibility of our findings, we replicated our
analyses in the UKBB 300k cohort, CLSA cohorts, and HUNT
cohorts.

InHUNT,DNA from71,860 sampleswas genotyped using 1 of 3
different Illumina HumanCoreExome arrays (HumanCoreExome12
v1.0, HumanCoreExome12 v1.1 andUMHUNTBiobank v1.0). For
details on genotyping, quality control and imputation, refer
Hautakangas et al.18 The association analysis was conducted
using SAIGE,49 a generalized mixed-effects model approach, to
account for cryptic population structure and relatedness when
modelling the association between genotype probabilities (dos-
ages) and chronic low back pain. The model was adjusted for sex,
genotyping batch, and the first 5 principal components (PCs).

In CLSA, 26,622 participants were genotyped using Affymetrix
Axiom array, tested 794,409 genetic variants, and imputed
approximately 308 million genetic variants through TOPmed.44

Individual-level and SNP-level QC was performed by a CLSA
team to result in this data set, as described previously [https://
www.clsa-elcv.ca/doc/2748]. The genome-wide case–control
scan on any back pain was conducted using SAIGE.49 Themodel
was adjusted for age, sex, and the first 50 principal components.

We applied inverse variance based method from METAL46 to
dometa-analysis for variants of interest across replication cohorts
UKBB300k, HUNT, and CLSA.

2.6. Differential gene expression analysis and
pathway analysis

Using data from the Gene Expression Omnibus (GEO) database,3

we performed analyses of differential gene expression in data sets
designed from animal pain assays. A total of 181 contrasts were
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surveyed in 4 different tissues that featured at least 10 pain
contrasts. The tissues were as follows: dorsal root ganglia, sciatic
nerve, spinal cord, andwhole blood. Detection of differential gene
expression was performed using either DESeq229 for high-
throughput sequencing data or GEOquery9 plus limma41 for
cDNA microarray data.

3. Results

3.1. Study overview

We designed this study to explore the contribution of rare genetic
variants to chronic pain conditions, by investigating the WES
genetic data from the UKBB with gene-based rare variants
associationmodels. We focused our analysis on LoF rare variants
because these are most likely to produce functional conse-
quences of substantial effect size. Figure 1 shows the schematic
flow chart of this study, which contained 7 main steps. In step I,
we annotated LoF rare variants, and we screened case and
control samples for analyses of 8 distinctive chronic pain reports
in step II. We then applied gene-based analytical models in step III
for discovering the association between LoF variants and chronic
pain. After the analysis of the primary findings at the gene level in
step IV, we tested for association of single variant in step V.
Replication analyses were performed in step VI. Finally, charac-
terization of the regulatory role of Slc13a1 on pain development
was done through the differential gene expression analyses in
mouse pain models, as well as the pathway analyses, and were
completed in step VII.

3.2. Gene-based rare-variant analysis in chronic
pain conditions

We first tested whether there were genes associated with chronic
pain conditions at a genome-wide significance level in the UKBB
200kWEScohort. Pain phenotypes included in the analyseswere
chronic back pain, chronic facial pain, chronic general pain,
chronic headache, chronic hip pain, chronic knee pain, chronic
neck or shoulder pain, chronic stomach or abdominal pain, and

chronic multisite pain. Table S1, available as supplemental digital
content at http://links.lww.com/PAIN/B790 listed the demo-
graphics and number of cases for each chronic pain phenotype.

We used SAIGE-GENE in the UKBB 200k WES database to
group LoF rare variants in each gene and investigated their
integrative association with each of the chronic pain conditions
(Table 1). The gene-based analysis reported one gene, Solute
Carrier Family 13 (sodium/sulfate symporters), member 1
(SLC13A1), to be associated at the genome-wide significant
level (P , 2.6E-6) with the report of chronic back pain and
multisite pain (Fig. S1, Fig. 2A, available as supplemental digital
content at http://links.lww.com/PAIN/B790). Both the Burden
and SKAT-O tests showed significant results suggesting most
rare LoF variants detected from SLC13A1 functioned in the same
direction in regulating chronic back pain and multisite pain.
Although analysis for the other pain phenotypes did not produce
genome-wide significant results, the same gene SLC13A1 was
associated with chronic headache, knee, and neck and shoulder
pain at an adjusted significance level (adjusted P, 0.05). Gene-
based tests with rare coding variants were also conducted for the
same chronic pain conditions; however, these tests did not reveal
any genes that had a genome-wide significant association with
the report of chronic pain body sites (Table S2, available as
supplemental digital content at http://links.lww.com/PAIN/
B790).

3.3. Single-variant analysis in chronic pain conditions

We further investigated all of the LoF rare variant(s) withinSLC13A1
available from exome-sequencing data in the UKBB 200K cohort
to explore their individual contribution to chronic pain. In total, we
found7LoF rare variants from theanalysis of chronic back pain and
multisite pain samples (Fig. S2, Fig. 2B, available as supplemental
digital content at http://links.lww.com/PAIN/B790; Table 2). Five
of them were stop_gained variants (5 of 7) and 2 were frameshift
variants. The variantswere found to be independently distributed in
the human population, not displaying any detectable pairwise LD
(all pairwised Lewontin’s D’ 5 0, Fig. 2C). All of them have a

Figure 1.Schematic flow chart of the study design. Analyseswere done on cohorts UKBB 200k, UKBB 300k, HUNT, andCLSA. Step I. Variant annotation. Step II.
Sample selection. Step III. Rare variants association test. Step IV. Primary results investigation. Step V. Single-variant association tests. Step VI. Replication
analyses. Step VII. Differential gene expression (DGE) analysis in animal pain models. Blue arrows indicate primary analyses and white arrows indicate replication
analyses. CLSA, Canadian longitudinal study on aging; HUNT, The Trøndelag Health Study; MAF, minor allele frequency; UKBB, UK biobank;WES, whole-exome
sequencing.
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deleterious Combined Annotation Dependent Depletion (CADD)
score higher than 15, and 6 of them have a CADD score of at least
30 (Table 2). Of importance, such largeCADDscores (CADD.15)
indicate a high risk of pathogenicity. The 7 variants were all located
closer to the N-terminus, thus likely completely eliminating the
functional protein (Fig. 2D). Single-variant association analysis
showed that 2 variants were associated with back pain and 3 with
multisite pain with the adjusted P , 0.05: rs28364172,
rs752434859, and rs754331818 (Table 3). The variants
rs28364172 and rs754331818 were found associated with both
chronic back pain (odds ratios [OR] 5 1.5, adjusted P 5 9.5E-05
andOR5 5.8, adjustedP5 4.1E-05) andmultisite pain (OR5 1.1,
adjusted P 5 3.0E-05 and OR 5 1.8, adjusted P 5 1.8E-05). Of

importance, in all cases, these LoF variants were risk factors for the
development of chronic pain.

We then examinedwhether 7SLC13A1 LoF rare variants could
be found in the UKBB 300k cohort where we had access to
genotyping data (Table S3, available as supplemental digital
content at http://links.lww.com/PAIN/B790). We found that 2
variants rs28364172 and rs138275989, out of the 7 rare variants
were also genotyped in the UKBB 300k cohort. The variant
rs28364172 was found associated with chronic back pain
(adjusted P5 2.0E-02). These 2 variants were further reevaluated
in the entire UKBB 500k GWAS cohort (Table S4, available as
supplemental digital content at http://links.lww.com/PAIN/
B790). Indeed, the variant rs28364172 was significantly

Figure 2. Primary finding from chronic pain samples in the UKBB 200k WES data set. (A) Manhattan plot of the gene-based rare LoF variants test in chronic back
pain (up) and multisite pain (bottom) in the UKBB 200k WES cohort. The red line represents the genome-wide significance threshold. Gene SLC13A1, ie, Solute
Carrier Family 13 (sodium/sulfate symporters) member 1, was identified to be associated with the development of chronic back pain and multisite pain. (B)
Genomic coordinates of the rare LoF variants from the primary findings, red circles represent stop gained variants, whereas blue diamonds represent frameshift
variants. (C) A linkage disequilibrium plot of the primary LoF variants, the order of variants is the same as in panel (B). (D) Mutations corresponding to the identified
variants in protein SLC13A1. LoF, loss-of-function; UKBB, UK biobank; WES, whole-exome sequencing.

Table 2

Loss-of-function rare variants found in chronic back pain and multisite pain samples from UK biobank 200k whole-exome

sequencing cohort.

rsid Chr:Pos Mutation Ref Alt Consequence CADD

rs28364172 7:123199913 Arg12Ter G A stop_gained 34

rs138275989 7:123181057 Trp48Ter C T stop_gained 36

rs201036744 7:123171835 Glu100Ter C A stop_gained 38

rs769792098 7:123171827 Trp102Ter C T stop_gained 38

rs754331818 7:123169270 Ala144LeufsTer4 GC G frameshift 16

rs752434859 7:123128888 Arg364Ter G A stop_gained 34

rs1563320610 7:123128868 Pro370LeufsTer23 AG A frameshift 30

Columns show the rsid, chromosome number and position (Chr:Pos), mutation (Mutation), reference allele (Ref), alternative allele (Alt), functional consequence of alternative allele (Consequence), CADD score (CADD, rounded to

nearest integer).
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associated with chronic back pain and multisite pain (adjusted P

5 9.9E-06 and adjustedP5 4.4E-03, respectively). Furthermore,
in all but 2 associations, the variants presented odd ratios of$1,
hence, indicating that these LoF variants confer risk for the
development of different types of chronic pain conditions.

Next, we sought to further replicate our findings in independent
cohorts. We found that 2 rare variants that were genotyped in the
UKBB cohorts, rs28364172 and rs138275989, were also
genotyped in the HUNT and CLSA cohort (Table S5, available
as supplemental digital content at http://links.lww.com/PAIN/
B790). Only the chronic back pain but not multisite pain
phenotype was available in these cohorts for replication. The
LoF rare variant rs28364172 reported a significant P value in the
CLSA cohort (OR 5 1.6, adjusted P 5 5.6E-03). In the HUNT
cohort, association between SNP rs138275989 and chronic
back painwas approaching the nominal significance (OR5 1.5,P
5 0.07). Meta-analysis of rs28364172 and rs138275989 in
chronic back pain in 3 replication cohorts (UKBB300k, HUNT,
and CLSA) showed that rs28364172 was significantly associated
with chronic back (Fig. S3, available as supplemental digital
content at http://links.lww.com/PAIN/B790). We were unable to
dometa-analysis of the 2 variants in multisite pain because we do
not have the samemultisite pain phenotype in both theHUNT and
the CLSA cohorts. Together, our results indicated that both
variants, rs28364172 and rs138275989, show some evidence for
association with chronic pain, but the strongest evidence was
found for rs28364172 in relation to the development of chronic
back pain.

We then asked whether SLC13A1 contributed to chronic pain
through the alteration of muscular–skeletal tissues. We repeated
our analysis using intervertebral disc disorders (IDD) status as a
binary covariate in our analysis of chronic back pain and by
excluding IDD from chronic back pain samples. The gene-based
results demonstrated that P values of both analyses remained
genome-wide significant (Table S6, available as supplemental
digital content at http://links.lww.com/PAIN/B790).However, we
did not obtain a genome-wide significant signal from the 3 gene-
based tests for IDD status itself. The individual variant association

test was also repeated with IDD as a binary covariate (Table S7,
available as supplemental digital content at http://links.lww.com/
PAIN/B790). Together, our results suggest that SLC13A1
contributes to the experience of pain.

We further investigated the common variants additional to
SLC13A1 that were reported to be associated with IDD and
dorsalgia recently4 and tested their association with multisite pain
in UKBB 200k and UKBB 500k (Table S8, available as
supplemental digital content at http://links.lww.com/PAIN/
B790). In total, 13 of 44 common variants or their proxy variants
were sequenced in the UKBB 200k WES cohort, whereas 31 of
44 common variants or their proxies were tested in the UKBB
500k cohort. For common variants that detected significant
association with IDD ,4 we discovered that 4 of 9 variants and 7 of
21 variants were associated with multisite pain in the UKBB 200k
and the UKBB 500k, respectively. As to the common variants
reported contribution to dorsalgia in Ref. 4, we found absolute
majority of them associated with multisite pain—5 of 5 variants
and 10 of 12 variants in the UKBB 200k and the UKBB 500k,
respectively.

3.4. Differential gene expression in pain assays

Next, we asked whether the Slc13a1 gene is regulated or
differentially expressed in animal pain assays. To do so, we used
the GEO database, which contains full transcriptomics data on
hundreds of animal pain assays conducted mostly in mice and
rats. Considered tissues were those from the central nervous
system (spinal cord), peripheral nervous system (dorsal root
ganglia and sciatic nerve), and whole blood. After correcting all
tests across all available data sets using FDR, we found evidence
for significant differential transcription of the Slc13a1 gene in rat
pain assays: in dorsal root ganglia 14 days after transection of the
sciatic nerve (Fig. S4A-I; Fig. S4E, available as supplemental
digital content at http://links.lww.com/PAIN/B790) and spinal
nerve ligation (Fig. S4A-II; Fig. S4E, available as supplemental
digital content at http://links.lww.com/PAIN/B790), and in the
sciatic nerve 7 and 1 days after transection of the sciatic nerve

Table 3

Loss-of-function rare variants found in chronic pain samples from UK biobank 200k whole-exome sequencing cohort.

rsid Pain AF N BETA SE P FDR OR (95% CI)

rs28364172 Back 2.8E-03 96,058 0.41 0.10 2.7E-05 9.5E-05 1.5 (1.2-1.8)

rs138275989 Back 1.0E-03 96,058 0.18 0.16 2.6E-01 3.3E-01 1.2 (0.9-1.6)

rs201036744 Back 2.1E-05 96,058 0.98 1.10 3.8E-01 3.8E-01 2.7 (0.3-23.0)

rs769792098 Back 1.6E-05 96,058 21.41 1.31 2.8E-01 3.3E-01 0.2 (0.02-3.2)

rs754331818 Back 1.8E-04 96,058 1.75 0.39 5.8E-06 4.1E-05 5.8 (2.7-12.4)

rs752434859 Back 2.1E-05 96,058 2.06 1.09 5.9E-02 1.0E-01 7.9 (0.9-66.4)

rs1563320610 Back 3.1E-05 96,058 1.85 0.85 2.9E-02 6.8E-02 6.4 (1.2-33.6)

rs28364172 Multisite 2.9E-03 137,168 0.13 0.03 8.6E-06 3.0E-05 1.1 (1.1-1.2)

rs138275989 Multisite 1.0E-03 137,168 0.04 0.05 0.4E-00 4.7E-01 1.0 (0.9-1.1)

rs201036744 Multisite 1.8E-05 137,168 20.01 0.37 9.8E-01 9.8E-01 1.0 (0.5-2.0)

rs769792098 Multisite 1.1E-05 137,168 20.74 0.48 1.2E-01 1.7E-01 0.5 (0.2-1.2)

rs754331818 Multisite 1.6E-04 137,168 0.58 0.12 2.5E-06 1.8E-05 1.8 (1.4-2.3)

rs752434859 Multisite 1.8E-05 137,168 1.02 0.37 5.6E-03 1.3E-02 2.8 (1.3-5.7)

rs1563320610 Multisite 2.2E-05 137,168 0.63 0.33 6.0E-02 1.1E-01 1.9 (0.9-3.6)

Columns show the rsid, pain site (Pain), allele frequency (AF) of the alternative allele, sample size (N), beta value from single variant analysis, and the corresponding standard error (SE), P values (P), FDR adjusted P values (FDR),

and odds ratios (OR) with their 95% confidence intervals (95% CI).

FDR, false discovery rate.
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(Fig.S4B-III, Fig.S4E; and Fig.S4B-IV, Fig. S4E, available as
supplemental digital content at http://links.lww.com/PAIN/
B790). We did not find evidence for differential transcription in
whole blood (Fig. S4C, available as supplemental digital content
at http://links.lww.com/PAIN/B790) or in the spinal cord
(Fig. S4D, available as supplemental digital content at http://
links.lww.com/PAIN/B790). Consequently, we performed pro-
spective differential gene expression analysis in the available rat
sciatic nerve and dorsal root ganglia data set to determine the
trajectory of Slc13a1 expression across time. We used a gene
expression data set from rat models of the study of Li et al.,28

which provided gene expression profiles in L4-6 dorsal root
ganglia tissues and proximal sciatic nerve tissues at day 0, day 1,
day 4, day 7, and day 14 following sciatic nerve resection. In the
sciatic nerve, we found a significant change in the expression of
Slc13a1 at day 1 (down-regulated) and day 7 (up-regulated),
compared with day 0 (Fig. 3). In the dorsal root ganglia, Slc13a1
was significantly up-regulated at day 4 and day 14 when
compared with day 0 (Fig. 3). Overall, directions of fold changes
suggest gradual elevation expression of Slc13a1 in pain assays
compared with sham after initial downregulation of the gene on
day 1 (Fig. 3; Fig. S4E, available as supplemental digital content
at http://links.lww.com/PAIN/B790).

4. Discussion

Chronic pain conditions are complex disorders that require a
systematic search for the underlying genetic risk factors to
understand their molecular pathophysiology. Although a fair
number of chronic pain GWASs have been conducted and have
identified many common SNPs associated with a genome-wide
significance, their contribution to the development of pain is
limited and the identified variants explain a limited portion of the
heritability.47 Meanwhile, large-scale databases enable the study
of rare variants in many scientific fields. A part of the missing
heritability of diseases such as chronic pain could hence be
addressed from rare variants association studies, although such
analyses have not been engaged yet in pain research.

In this study, we adopted the large-scale UKBB whole-exome
sequencing database and examined the contribution of rare
variants to chronic pain conditions. We concentrated on LoF

variants because these have the strongest effect size and easily
interpretable functional consequences. Our study revealed a
novel association between SLC13A1 and chronic pain. Although
at the genome-wide level only, back pain and multisite pain were
associated with a gene, at an adjusted significance level, we also
found an association with chronic headache, knee, and neck and
shoulder pain. Thus, it is likely that SLC13A1 systemically
contributes to pain states at large, and the genome-wide
significant association of SLC13A1 with back pain is mostly a
reflection of the largest sample size of back pain subjects
(Table S1, available as supplemental digital content at http://links.
lww.com/PAIN/B790) across body sites. In fact, the rank of
association evidence through P values matched the sample size
rank across body sites considering back, knee, and neck and
shoulder pain (Table S2, available as supplemental digital content
at http://links.lww.com/PAIN/B790).

When we tested all LoF rare variants within SLC13A1 in the
single-variant analysis, we found 4 variants associated with the
back pain or multisite pain. All of them substantially increase the
risk of chronic pain, up to 6.4 fold for rs1563320610 (Table 3).
Because all of them were LoF mutations, we can conclude that
SLC13A1 expression is protective against chronic pain. Impor-
tantly, we were able to replicate the findings in the other 3 large-
scale databases, ie, the UKBB 300k genotyping database, the
HUNT database, and the CLSA database.

GWASs on rare variants used to lack of power to detect
accurate associations subject to the low frequency of rare
variants and the limited sample size. A simulation study from
Rivas and Moutsianas showed that approximately 80,000
samples were desired to achieve 80% power in the association
detection between rare variants and dichotomous traits when
setting the maximum effect size to 4.23 Consistent with this
estimation, we observed the strongest contribution at the
individual variant level at OR of 5.8 (Table 3).

Finally, we studied the expression pattern of Slc13a1 in animal
pain assays in the wide range of publicly available
transcriptomics-wide data sets to further validate the potential
role of Slc13a1 in pain regulation. Our analyses identified a
biphasic regulation of Slc13a1 expression in the rat sciatic nerve
and dorsal root ganglia in the posttransection of the sciatic nerve
and spinal nerve ligation assays. We found that after the initial
downregulation in the sciatic nerve, Slc13a1 was overexpressed
in both the sciatic nerve and dorsal root ganglia with advance-
ment of the pain in the model. Because the pain is resolved over
time in these models, our results suggest the protective
regulatory role of Slc13a1 in pain resolution, consistent with our
genetic findings from genome-wide association studies.

SLC13A1, also known asNAS1 andNaSi-1, encodes sodium/
sulfate cotransporter that is responsible for the regulation of
inorganic sulfate levels in serum. Sulfate is one of the most
important macronutrients in the human body. It is a hydrophilic
anion that requires active transport across the lipid bilayer of cell
membranes. There are 2 classes of sulfate transporters: the
sodium-dependent sulfate symporters that mediate the intake of
sulfate with the concomitant uptake of sodium ions and the
sodium-independent transporters that mediate sulfate uptake
independent of sodium. SLC13A1 is a sodium-dependent sulfate
symporter that is primarily expressed in the kidney and intestine,
where it mediates reabsorption from the proximal renal tubule of
the kidney and mediates absorption of dietary sulfate in the
intestine, respectively. Mice that lack SLC13A1 exhibit hypo-
sulfatemia and hypersulfaturia leading to a multiple clinically
relevant phenotypes, including enhanced tumor growth,12 re-
duced body weights,10 impaired memory,11 clonic seizure,10 and

Figure 3. Differential expression of Slc13a1 in a rat model of nerve injury. Plots
track fold change (FC) intensities and direction (up-regulation or down-
regulation), in sciatic nerve (SN; left) and dorsal root ganglia (DRG; right)
tissues, at multiple time points compared with baseline (day 0). Significant fold
changes after Bonferroni correction (n 5 4) are highlighted using a white star
on top of a black circle. Circle size proportional to –log10(P) of the P of the fold
change. Vertical grey bars indicate the null fold change. Data from GEO
accession GSE30165. GEO, gene expression omnibus.
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the like. Biochemical measurement of neurotransmitter levels in
Slc13a1-knockout (KO)mice displayed a reduced brain serotonin
level, suggesting that circulating sulfate concentrations, which
are regulated by Slc13a1, modulate serotonin neurotransmitter
and receptor levels and hence impaired mice’s cognitive abilities.
Overall, KO mice experiments indicate that SLC13A1 is essential
for maintaining sulfate homeostasis and its disruption leads to
detrimental effects on many functions including the nervous
system. Because our analyses either with IDD as covariates or
excluding IDD samples did not change much of the results of the
association tests (Table S6, available as supplemental digital
content at http://links.lww.com/PAIN/B790), we concluded that
an effect on the nervous system is driving its association with the
report of pain, including back pain. Furthermore, other pain sites,
including headaches, were also nominally significant in our
analysis (Table S2, available as supplemental digital content at
http://links.lww.com/PAIN/B790), reinforcing the effect of the
gene on overall pain states. Finally, regulation of SLC13A1

expression in animal neuropathic pain models also suggests at
least a partial neurogenic origin of SLC13A1-depended pain.

Recently, rare variants of SLC13A1 have been associated with
intervertebral disc disorder, and its role in disc pathology has
been proposed.4 These results were obtained from the meta-
analysis of 4 large-scale cohorts, including UKBB. Our results
add to the body of our knowledge of the phenotypes associated
with SLC13A1. This study by Bjornsdottir et al.4 focused on 2
back pain pathologies diagnosed by the International Statistical
Classification of Diseases (ICD-10): IDD and dorsalgia, with a
focus on IDD. The authors reported that SLC13A1 associated
with IDD in a LoF burden test, with risk effects from the rare LoF
variants rs28364172 (OR5 1.4, P5 2.5E-08) and rs138275989
(OR5 1.4, P5 1.2E-4). We found an even stronger contribution
by variants rs754331818 (OR 5 6.3, P 5 2.7E-06) and
rs1563320610 (OR 5 4.6, P 5 9.7E-02) for the report of back
pain. Interestingly, both of these variants are frameshift rather
than stop_gainedmutations but were not identified in the study of
Bjornsdottir et al.4 More importantly, the evidence from our study
supports the notion that SLC13A1 contributes to the larger body
of pain phenotypes, including headache and overlapping pain
conditions. Furthermore, the strength of association with a report
of back pain was much stronger than that with IDD if directly
compared in UKBB (Table S6, available as supplemental digital
content at http://links.lww.com/PAIN/B790), and when IDD was
used as a covariate or IDD samples were removed from analysis,
the associations with back pain report remain significant; in fact, it
became stronger (Table S6, available as supplemental digital
content at http://links.lww.com/PAIN/B790). A further investiga-
tion between IDD common variants reported by Bjornsdottir
et al.4 and their association with multisite pain showed that
majority of IDD common variants did not contribute to multisite
pain, indicating distinct development processes contributing to
IDD and other chronic pain conditions (Table S8, available as
supplemental digital content at http://links.lww.com/PAIN/
B790). As a contrast, association between dorsalgia common
variants and multisite pain in the study by Bjornsdottir et al.
revealed that most of the variants associated with multisite pain,
suggesting dorsalgia and other chronic pain conditions, share
some common characteristics (Table S8, available as supple-
mental digital content at http://links.lww.com/PAIN/B790). Fi-
nally, when we tested the differential expression of SLC13A1 in
rat assays of neuropathic pain, we found that it was differentially
expressed in sciatic nerve and DRGs following disease pro-
gression, consistent with the peripheral nervous system route of
SLC13A1 contribution to back pain. However, because the

pleiotropic effect ofSLC13A1 gene onmultiple systems is evident
from the KO mice phenotypes,10,11,31 it is likely that SLC13A1
contributes to back pain through more than one route, both
neurological and musculoskeletal pathways, yielding the stron-
gest contribution of the gene to back pain vs other pain
phenotypes.

In summary, our study identified SLC13A1 as a candidate gene
contributing to chronic pain. Further studies will be needed to detect
the entire multiplicity of the biological pathways, thereby SLC13A1
contributes to the pain experience, as well as the multiplicity and
impact of the metabolic, musculoskeletal, and neurological pheno-
types that could be affected by functional variants inSLC13A1 gene.
Nevertheless, our results together with the results of others4 stress
the critical role of the SLC13A1 gene in sulfate homeostasis and the
importance of the optimal sulfate levels in preventing pain states.
These findings open the door for further exploration of the impact of
the SLC13A1 gene on chronic pain.
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