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Genome-wide association study of pain sensitivity
assessed by questionnaire and the cold pressor test
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Abstract \
We deployed an online pain sensitivity questionnaire (PSQ) and an at-home version of the cold pressor test (CPT) in a large

genotyped cohort. We performed genome-wide association studies on the PSQ score (25,321 participants) and CPT duration
(6853). We identified one new genome-wide significant locus associated with the PSQ score, which was located in the TSSCT (also
known as EIPR1) gene (rs58194899, OR = 0.950 [0.933-0.967], P-value = 1.9 X 10™8). Although high pain sensitivity measured by
both PSQ and CPT was associated with individual history of chronic and acute pains, genetic correlation analyses surprisingly
suggested an opposite direction: PSQ score was inversely genetically correlated with neck and shoulder pain (r; = —0.71),
rheumatoid arthritis (—0.68), and osteoarthritis (—0.38), and with known risk factors, such as the length of working week (—0.65),
smoking (—0.36), or extreme BMI (—0.28). Gene-based analysis followed by pathway analysis showed that genome-wide
association studies results were enriched for genes expressed in the brain and involved in neuronal development and glutamatergic
synapse signaling pathways. Finally, we confirmed that females with red hair were more sensitive to pain and found that genetic

variation in the MCT7R gene was associated with an increase in self-perceived pain sensitivity as assessed by the PSQ.
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1. Introduction

It has been established that pain sensitivity is predictive of acute
postoperative pain, and of risk for the development of chronic pain
conditions.®* The precise assessment of pain sensitivity requires
well-controlled experimental pain and emotional stimuli.® In
general, such assessments are time-consuming in clinical settings
because there is substantial interindividual variability in pain
sensitivity and perception,'®4° and they can only be deployed for
modest cohort sizes. As a result, there have been few studies with
large sample sizes, impeding progress in understanding the
genetic architecture of pain sensitivity. Although hundreds of
genes have been proposed to have associations with different
types of pain,® most pain genetics studies analyzed small sample
sizes, often using candidate gene or gene panel approaches. To
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date, the number of genome-wide association studies (GWAS) on
pain phenotypes is still very limited. The largest pain GWAS have
been performed in the UK Biobank and 23andMe, Inc cohorts for
chronic pain,*®%® knee pain,*® neck and shoulder pain,®? and
migraine.'® These studies have identified dozens of putative causal
genes, which are primarily expressed within brain tissues and have
been implicated in neurogenesis, neuronal development, neural
connectivity, and cell-cycle processes. Pain phenotypes have
been correlated with a range of psychiatric, personality, autoim-
mune, anthropometric, and circadian traits.®" Only a couple of
small GWAS studies have directly explored the genetic architecture
of pain sensitivity.>®%2 They have found a small number of
associations, but none of them have been replicated.

Several clinical and population-based studies have also
reported that individuals who naturally have red hair tend to be
more resistant to local anesthetics and more sensitive to thermal
and dental pain.?* Red hair, as well as fair skin and freckles, is
associated with genetic variations of the melanocortin-1 receptor
(MC1R), and it has been suggested that these mutations could
directly modulate pain sensitivity, particularly in women.®14:18:55

We recently validated an online version of the Pain Sensitivity
Questionnaire (PSQ) and an at-home version of the cold pressor test
(CPT), both of which are used in clinical assessments of pain.2° The
PSQ asks participants to imagine 14 painful situations and 3 nonpainful
control situations. Subjects are asked to rate their painfulness ona 0 to
10 numeric scale. The CPT measures how long subjects canimmerse
one hand in ice water. The validation study demonstrated that these 2
pain sensitivity measures can be consistently collected online and allow
pain sensitivity analyses in very large cohorts.

In this study, we performed GWAS on PSQ score and CPT
duration in a large European ancestry cohort (31K) of genotyped
individuals, followed by gene-based tests and enrichment
analyses. We also attempted to replicate the association between
hair color, MC1R genetic variants, and pain sensitivity.
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2. Materials and methods
2.1. Study sample

All participants included in the analyses were drawn from the
research participant base of 23andMe, Inc, a personal genetics
company. Participants provided informed consent and partic-
ipated in the research online, under a protocol approved by the
external AAHRPP-accredited IRB, Ethical & Independent Review
Services (E&I Review) (http://www.eandireview.com; OHRP/FDA
registration number IRBO0007807, study number 10044-11). We
restricted all analyses to a set of unrelated participants having
>97% European ancestry, as determined through an analysis of
local ancestry. Participants were labelled as related if they shared
more than 700 cM of identity-by-descent.5®

2.2. Pain sensitivity traits

For the assessment of the pain sensitivity, we used a PSQ and an
at-home version of CPT on 2 subsets of 23andMe consented
research customers who were invited to participate, without
restrictions for the PSQ cohort and with some safety restrictions
forthe CPT cohort. The PSQ is an English-language version of the
PSQ,***! supplemented with additional questions about the
participant’s own memory of self-perceived painful experiences.
The PSQ contains 14 questions in which participants should
imagine themselves in certain situations. Participants should then
grade how painful they would be, from O that stands for no pain to
10 that stands for the most severe pain that participants can
imagine or consider possible. The total PSQ score is the mean of
the 14 responses. We also computed 2 PSQ subscales: PSQ-
minor score based on the least painful questions (#14, 3, 6, 12,
11, 10, and 7, ordered from least to most painful) and PSQ-
moderate score (#8, 15, 2, 16, 17, 1, and 4). For the CPT,
participants were asked to prepare their own bath of ice water at
home and to keep their nondominant hand submerged to the
wrist for no more than 150 seconds. A separate consent for the
CPT was used: participants reporting neurological or
temperature-triggered conditions (eg, migraine, history of syn-
cope, or Raynaud phenomenon) or current injuries to their
nondominant hands at the time of recruitment were ineligible.
Two primary outcomes were assessed: cold pain threshold and
cold pain tolerance. Cold pain threshold was the time to the first
report of pain, and cold pain tolerance was the time to removal of
the hand from the water. The 2 cold pain outcomes were partially
correlated (Spearman rs = 0.64). On the day of the test, 6.6% of
the CPT participants reported using pain medication (“Did you
take a medication to treat pain today?”). These participants
logged a similar cold pain threshold (35.2 [32.1-38.3] vs 35.2
[34.3-36.0] seconds for participants who did not reported taking
pain medication) and a significant lower cold pain tolerance (73.0
[68.4-77.7] vs 80.6 [79.4-81.9] seconds; general linear model P-
value = 9.6 X 107° after rank-inverse normalizing and
controlling for age, sex, and ancestry principal components).
For the GWAS analysis, we used the cold pain tolerance as our
main CPT duration, without excluding participants who reported
taking pain medication on the day of test. For additional
information on the PSQ and CPT, in particular the validity of
these approaches for estimating pain sensitivity, see Ref. 29.
For all the participants in both cohorts, we also collected pain
diagnosis and pain medication usage with the following 2 online
questions: “Have you ever been diagnosed with, or treated for, any
of the following conditions related to pain?” (16 pain traits, including
chronic, acute, low-back, joint, complex regional pain syndrome,
dental pain, ...) and “In the past 5 years, have you taken any of
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these medications to relieve pain after injury or surgery that lasted
more than 3 months?” (33 drug classes including celecoxib,
codeine, oxycodone, fentanyl, duloxetine, ...) (Table 1).

2.3. Genotyping and variant imputation

DNA extraction and genotyping were performed on saliva
samples by LabCorp, Inc. Participants were genotyped on 1 of
5 lllumina genotyping platforms, containing between 550,000
and 950,000 variants, for a total of 1.6 million of genotyped
variants. Samples that failed to reach 98.5% call rate were
reanalyzed. Genotyping quality controls included discarding
variants with a Hardy-Weinberg P-value < 10~2°, a call rate of
<90%, or batch effects. About 57.5 M of variants were then
imputed against a single unified imputation reference panel,
combining the May 2015 release of the 1000 Genomes Phase 3
haplotypes with the UK10K imputation reference panel. Principal
components were computed using ~65,000 high-quality geno-
typed variants present in all 5 genotyping platforms. For more
details on genotyping, imputation process, and variant quality
controls, see Ref. 47.

2.4. Genome-wide association study analysis

Imputed dosages and genotyped data were both tested for
association with PSQ score or CPT duration (between 0 and 150
seconds). The PSQ scores were inverse normalized and analyzed
using a Gaussian linear model. The association P-values were
computed using a likelihood ratio test. The CPT duration was
analyzed using a Cox proportional hazards model,®® a survival
model on the CPT time. We included covariates for age, sex,
genotyping platform, and the top 5 principal components to
account for residual population stratification. The PSQ associa-
tion model did not include platform covariables because PSQ
participants were all genotyped on platform v4. Results for the X
chromosome were computed similarly, with males coded as if
they were homozygous diploid for the observed allele. A total of
1.3 M genotyped and 25.5 M imputed variants passed the pre-
and post-GWAS quality controls. We furthermore filtered out
variants with MAF <0.1%, which are extremely sensitive to
quantitative trait overdispersion, reducing to 13.7 M variants
available for follow-up analyses. A detailed description of the
variant quality control and GWAS methods can be found in Ref.
47. The full GWAS summary statistics for the 23andMe discovery
data set will be made available through 23andMe to qualified
researchers under an agreement with 23andMe that protects the
privacy of the 23andMe participants. Please visit https://re-
search.23andme.com/dataset-access/ for more information and
to apply to access the data.

2.5. Melanocortin-1 receptor and hair color

We defined 3 categories of MC1R variant carriers by combining 3
variants, rs1805007, rs1805008, and rs1805009: Noncarrier (0
MC1R alleles), Carrier1 (1 allele), and Carrier2+ (>1 alleles).'® A
self-reported hair color phenotype was available for 63% of the
participants in the cohort. It contained 6 hair color categories:
red, light blond, dark blond, light brown, dark brown, and black.
We also built a binary red hair variable from this categorical hair
color phenotype. Association of MC1R carrier, hair color, and red
variables were tested against PSQ score or CPT duration, using
Gaussian linear and Cox proportional hazards models, respec-
tively. To facilitate the visualization of the results, we also
converted CPT duration to ranks, and tested associations using
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Description of pain sensitivity questionnaire and cold pressor test cohorts.
PSQ cohort CPT cohort
Females Males Females Males
No. of participants 18,060 7261 4343 2510
Age (y) 50.2 (0.4) 50.9 (0.4) 42.5(0.3) 42.1(0.2)
Reported pain
Chronic 28.7% 24.0% 19.0% 18.6%
Acute 56.3% 52.5% 42.8% 48.7%
Low back 39.6% 35.7% 28.5% 32.9%
Db neuropathy 1.0% 1.7% 0.9% 0.4%
CRPS 4.8% 2.8% 1.4% 3.6%
Migraine 35.6% 16.1% 8.8% 12.4%
Dental 59.0% 55.1% 54.0% 52.1%
Shingles 21.9% 15.7% 15.6% 16.6%
Medication usage
OTC NSAID 95.3% 92.0% 92.6% 94.2%
Opioids 53.9% 49.0% 47.3% 47.4%
Antiepileptics 17.9% 10.1% 8.7% 6.7%
Antidepressants 13.7% 5.9% 6.2% 7.0%
PSQ score and CPT duration
All 3.23 (0.01) 3.11 (0.01) 72.39 (0.75) 93.9 (1.01)
Per age classes (y)
<40 3.16 (0.018) 3.04 (0.028) 73.38 (1.00) 94.67 (1.36)
40-60 3.27 (0.017) 3.12 (0.026) 68.95 (1.42) 94.72 (1.81)
>60 3.25 (0.017) 3.16 (0.024) 74.83 (1.91) 89.46 (2.71)
MC1R carriers
Noncarrier 3.22 (0.012) 3.10 (0.018) 71.98 (0.91) 92.70 (1.19)
Carriert 3.26 (0.019) 3.14 (0.029) 73.51 (1.42) 96.98 (2.01)
Carrier2+ 3.33 (0.062) 3.18 (0.093) 72.36 (4.39) 100.35 (6.18)
Hair color sub-cohort
No. of participants with hair color information 10,928 4239 3375 1868
Proportion of redhead 51% 3.2% 5.0% 3.8%
Not redhead 3.22 (0.013) 3.13 (0.02) 72.12 (0.88) 92.22 (1.20)
Redhead 3.37 (0.060) 3.01 (0.10) 71.69 (3.77) 100.43 (5.77)

Pain phenotypes were collected with the following question: “Have you ever been diagnosed with, or treated for, any of the following conditions related to pain?” Medication usage was collected with “In the past 5 years, have
you taken any of these medications to relieve pain after injury or surgery that lasted more than 3 months.” Chronic and acute are defined as pain after injury or surgery that lasted >3 and <3 months, respectively. CPT duration

(mean and SE) is reported in seconds.

Antiepileptics, antiepileptic or anticonvulsant drugs; CPT, cold pressor test; CRPS, complex regional pain syndrome; Db neuropathy, diabetic neuropathy; MC1R, melanocortin-1 receptor; OTC NSAID, over-the-counter
nonsteroidal anti-inflammatory drugs; PSQ, pain sensitivity questionnaire; Shingles, included pain related to shingles, cold sores, or herpes

analysis of variances. The same set of covariables used in GWAS
was included in these models.

2.6. Genetic correlation, Mendelian randomization, gene-
based and pathway analyses

Genetic correlations between PSQ and a broad list of 832
diseases and traits were estimated with LD Hub v1.9.1,%* using
the default analysis parameters. In addition, we computed
genetics correlations with 8 published pain®' and a derived
multisite chronic pain (MCP) GWAS?' from UK Biobank. The UK
Biobank participants were offered a pain-related questionnaire,
which included the question: “In the last month have you
experienced any of the following that interfered with your usual
activities?” The options were: (1) headache (74,761 cases); (2)
facial pain (2610); (3) neck or shoulder pain (53,994); (4) back pain
(43,991); (5) stomach or abdominal pain (8217); (6) hip pain
(10,116); (7) knee pain (22,204); and (8) pain all over the body
(6670). From the same question, MCP was defined as the sum of
body sites at which chronic pain (at least 3 months’ duration) was
reported. A 2-sample Mendelian randomization (MR) between
PSQ score and the 9 published pain traits were conducted in

accordance with published methods.® The gene-based analysis
was performed on MAGMA (v1.07)."" After correction with a
Benjamini-Hochberg procedure, genes with adjusted P-values <
10~ * were selected and used in pathway analyses performed on
FUMA (GENE2FUNC, v1.3.5; https://fuma.ctglab.nl/). Pathway
enrichment was tested for different gene sets, including canonical
pathways, Reactome, and GO biological processes. Tissue
specificity for the set of selected genes was tested using an
enrichment analysis of differentially expressed genes.

3. Results

A total of 25,321 and 6853 research participants of European
ancestry were included in the PSQ and CPT GWAS analyses,
respectively (Table 1). For the PSQ cohort, no specific selection
criteria were used; all participants from the 23andMe research
database were invited to contribute. However, for the CPT
cohort, research participants with a history of severe migraine and
a number of other chronic conditions that might be directly
exacerbated by the cold stress were not invited to participate to
ensure their safety. Consequently, the proportion of participants
reporting migraine but also any types of pain was lower in the CPT
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than the PSQ cohort. Overall, the 2 cohorts included between
18.8% 10 27.3% and 44.9% to 55.2% of participants having been
diagnosed or treated for chronic and acute pain, respectively. In
the PSQ cohort, a higher proportion of females than males
reported been diagnosed or treated for pain whereas, in the CPT
cohort, the proportion was more balanced or slightly higher in
males. The 2 cohorts were largely independent; only 1534
participants were included in both analyses. The sex ratio was
unbalanced in both cohorts, with 71% and 63% of females,
respectively. A more detailed description of the 2 cohorts has
been published elsewhere.?°

On average, females reported a higher pain sensitivity with a
mean PSQ score of 3.23 = 0.01 vs 3.11 = 0.01 in males, as well
as a lower tolerance to the CPT with 72.4 +/- 0.8 vs 94 = 1.0
seconds of hand immersion in ice water (Table 1; and
Supplementary Fig. 1, available at http://links.lww.com/PAIN/
B557). A higher PSQ score (higher pain sensitivity) was
systematically associated with pain diagnosis, reported multiple
pain conditions, and with medication usage (Table 1; Supple-
mentary Table 1, and Supplementary Figs. 2 and 3, available at
http://links.lww.com/PAIN/B557). A lower CPT duration (higher
pain sensitivity) also tended to be associated with pain diagnosis
and with medication usage. However, many of these associations
were not significant (Supplementary Fig. 4, available at http://
links.lww.com/PAIN/B557).

The GWAS on PSQ score produced one locus that reached
genome-wide significance. The lead SNP (rs58194899: OR =
0.950[95% C10.933-0.967], P-value = 1.9 X 10~ 8 MAF = 0.47;
Table 2) was located in the TSSC7 gene (Figs. 1A and 2). The
associated haplotype was relatively small (54 variants in the 99%
credible set) and entirely located within the TSSC7 gene
boundary (Fig. 2A). To date, no studies have reported a
phenotypic or eQTL association with this haplotype (https://
genetics.opentargets.org/). However, a cognitive decline GWAS
reported an independent association in the TSSC7 gene (lead
variant rs75365287).26 TSSC1 is a component of the endosomal
retrieval pathway. It plays a critical role as a regulator of both
Golgi-associated retrograde protein and endosome-associated
recycling protein functions, as well as the transport of internalized
proteins to the plasma membrane.®>'” TSSC1 and the Golgi-
associated retrograde protein/endosome-associated recycling
protein complexes are not known to be involved in pain traits.
However, TSSCT is overexpressed in the brain, particularly in the
hypothalamus, and in the frontal and interior cingulate cortices
(GTEX v8).
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Using the PSQ GWAS summary statistics, we performed a
gene-based association analysis in MAGMA (v1.07), followed by
a gene-set enrichment analysis in FUMA (GENE2FUNC, v1.3.5).
Atotal of 58 genes were identified with an adjusted P-value < 1.0
x 10~ % (Table 3). These genes were overexpressed in the brain,
especially in the frontal cortex, basal ganglia, amygdala, and
hypothalamus (Supplementary Fig. 5, available at http://links.
Iww.com/PAIN/B557). They were significantly enriched for
genes involved in brain development and synaptic signaling
pathways (Table 3). Like TSSC7, many of these genes are
involved in Golgi apparatus function (RBFOX1, PARK2, WWOX,
PRKG1, LARGE, GPC6, PCSK6, HS3ST4, WWOX, SLC39A11,
PRKCE, TENMZ2, and CNTNAPZ2; Supplementary Table 2 and
Supplementary Fig. 6, available at http://links.lww.com/PAIN/
B557). Several genes identified by MAGMA are active in
glutamatergic synapses, which are involved in pain sensation
and transmission (PTPRD, NRG1, NRG3, DLG2, GPC6, and
GRID2). Finally, among the genes that were most strongly
associated with PSQ score, CSMD1, LRP1B, and DMD were not
known to be directly involved in pain sensitivity but were linked to
neurological diseases like bipolar disorder. The traits with the
strongest genetic correlations with PSQ, as computed on LD
Hub (bivariate linkage disequilibrium score regression [LDSC] on
832 tested ftraits), are listed in Table 4. Pain sensitivity
questionnaire score was negatively genetically correlated with
chronic pain related phenotypes, such as neck-and-shoulder
pain (ry = —0.71), rheumatoid arthritis (0.68), or mononeuro-
pathies (0.53), but positively correlated with acute pain
phenotypes, such as pneumothorax (0.82) or fracture (0.71). It
was also negatively correlated with health risk factors
and behaviors, such as the length of working week (—0.65),
working in a noisy environment (—0.42), shift work (—0.41),
smoking (—0.36), and extreme BMI (—0.23). We also observed a
negative genetic correlation between the PSQ score and ADHD
(—0.67), but positive correlations with schizophrenia (0.21),
bipolar disorder (0.25), and neuroticism (0.22). Many of these
genetic correlations were marginally significant and none of them
passed the multiple testing discovery threshold (0.05/832 = 6 X
1079). The genetic correlations with the 8 additional published
pain susceptibility traits®' and the MCP?' also suggested a
negative genetic correlation with PSQ score but none of them
were significant. The causality between pain sensitivity, mea-
sured by PSQ score, and pain susceptibility traits was assessed
by MR analyses (Supplementary Fig. 7, available at http://links.
lww.com/PAIN/B557). Although we observed few significant MR

Top genome-wide association study variants and melanocortin-1 receptor association results for pain sensitivity questionnaire

and cold pressor test traits.

CHR POS ID Alleles  MAF

Gene context

PSQ GWAS
Effect SE P

CPT GWAS
Effect SE P

Top PSQ GWAS variants

2 3280983 rs58194899 G/A 0.47 TSSC1 —0.051 0.009 1.90E-08 —0.01 0.018  5.80E-01

18 10008669  rs142738119  T/C 0.001  VAPA, APCDD1 0.696 0.138 4.70E-07 —0.035 0.275  9.00E-01

13 1.02E4+08  rs12583902 G/A 0.166  NALCN 0.059 0012 7.60E-07 —0.025 0.023  2.90E-01
Top CPT GWAS variants

17 65520139  rs141828201  G/A 0.027  PITPNC1 0.036 0.031  2.60E-01 0.356 0.066  2.40E-07
MC1R variants

16 89986144  rs1805008 C/T 0.071  MC1R 0.031 0.017 6.80E-02 —0.032 0.034  3.50E-01

16 89986117  rs1805007 C/T 0.075 MCIR 0.047 0017 510E-03 —0.039 0.033  2.40E-01

16 89986546  rs1805009 G/C 0.019  MC1R 0.041  0.032  2.00E-01 —0.089 0.063  1.50E-01

PSQ score was analyzed using a linear model. CPT duration (in seconds) was analyzed using a survival model. Bold-italic indicates genome-wide significant association.
CHR, chromosome; CPT, cold pressor test; GWAS, genome-wide association studies; MAF, minor allele frequency; MC1R, melanacortin-1 receptor; POS, genomic position; PSQ, pain sensitivity questionnaire.
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Figure 1. Manhattan plots for PSQ and CPT GWAS (panel A and B, respectively). CPT, cold pressor test; GWAS, genome-wide association studies; PSQ, pain

sensitivity questionnaire.

results, mainly from the inverse-variance weighted model, the
directions of effect were inconsistent. The comparison between
PSQ score and the strongest published pain susceptibility trait
(MCP) showed no evidence of directionality.

The GWAS on CPT duration was underpowered and did not
produce any significant genome-wide associations (Fig. 1B;
Supplementary Fig. 8 and Supplementary Table 1, available at
http://links.lww.com/PAIN/B557). The genetic correlation be-
tween PSQ score and CPT duration was rg = —0.73 = 0.38 (P-
value = 0.054), and the results from the CPT gene-based analysis
and pathway analysis were consistent with the PSQ results.
Among the 50 CPT genes identified by MAGMA, 21 were also
identified in the PSQ analysis (Table 3). Similarly, these 50 genes
were overexpressed in brain (Supplementary Fig. 9, available at
http://links.lww.com/PAIN/B557) and enriched for brain de-
velopment and synaptic signaling pathways (Supplementary
Table 3, available at http://links.lww.com/PAIN/B557). Despite
the shared genetic architecture between PSQ and CPT, the
genome-wide significant association in TSSC7 (lead variant

rs75365287) identified in the PSQ GWAS was not replicated in
the CPT GWAS (P-value = 5.8 X 10~ "; Table 2).

We also specifically focused on the association results for
genes reported to be associated with nociception. We obtained a
list of 21 nociception genes from the Human Pain Genes
Database (HPGDB, https://humanpaingenetics.org/hpgdby/).*°
None of the 21 nociception genes showed evidence of
association with PSQ and CPT (Supplementary Table 4, MAGMA
analysis, available at http://links.lww.com/PAIN/B557).

Finally, we assessed the relationship between both pain
sensitivity measures, PSQ and CPT, and hair color on a subset
of the PSQ and CPT cohorts with available hair color data
(Table 1). A total of 15,167 and 5243 participants were included
in the analyses for PSQ score and CPT duration, respectively.
Using a Gaussian linear model including age, sex, and the first 5
genetic principal components as covariables, we showed that
participants with red hair reported significantly higher PSQ scores
than participants with light blond, dark blond, light brown, dark
brown, or black hair (Fig. 3). Furthermore, females with red hair


http://links.lww.com/PAIN/B557
http://links.lww.com/PAIN/B557
http://links.lww.com/PAIN/B557
https://humanpaingenetics.org/hpgdb/
http://links.lww.com/PAIN/B557
www.painjournalonline.com

1768 P. Fontanillas et al. 163 (2022) 1763-1776

PAIN®

2
10| 1
0.8
0.6
0.4
8 — 0.2
o 67
=
©
i
o
=
(=2
o
1 4

rs58194899
+

., 4

e P
¥

credible set (54 sites, 68.042kb)

o280 —o amEner D
TRAPPC12->
«TSSC1
I T T 1
3.1 32 3.3 3.4
Position on chr2 (Mb)

107-8 — -

107-6 — -
0
2
c
g
3 10%-4 -
el
]
=
[
7]
Q
o

1072 -

1070 -

I
1070

T T T
1082 1074 1076
theoretical quantiles

100

80

60

40

Figure 2. Results of MC1R and hair color association with PSQ score. MC1R, melanocortin-1 receptor; PSQ, pain sensitivity questionnaire.
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Gene-based (MAGMA) and pathway analysis results for pain sensitivity questionnaire and cold pressor test.

Gene Position PSQ CPT Pathways
No. of variants P No. of variants P

ADARB2 10:1223253-1779670 296 8.86E-03 219 9.37E-05

AsIC2 17:31340105-32483825 486 5.61E-07 431 3.29E-09 GO synaptic signalling

C100rf11 10:77191217-78317133 187 1.04E-01 241 6.35E-07

CACNA2D3 3:54156620-55108584 250 1.39E-03 358 6.66E-06

CADPS 3:62384021-62861064 79 1.04E-01 85 1.53E-05 GO neurogenesis

CAMTA1 1:6845384-7829766 379 6.46E-05 349 1.49E-02

CDH13 16:82660399-83830215 321 2.39E-07 797 8.53E-12

CDH23 10:73156691-73575704 161 3.10E-03 205 6.32E-05 GO synaptic signalling

CDH4 20:59827482-60515673 330 1.20E-06 121 3.90E-07 GO neurogenesis

CNTN4 3:2140550-3099645 469 7.03E-07 482 1.20E-06 GO neurogenesis; GO synaptic signalling

CNTN5 11:98891706-100229616 679 9.18E-03 600 1.14E-06

CNTNAP2 7:145813453-148118090 706 537E-06 1294 2.47E-08 GO neurogenesis; GO Golgi apparatus

COL23A1 5:177664617-178017573 156 4.91E-05 133 6.87E-03

CSMD1 8:2792875-4852328 1918 1.54E-17 1968 3.45E-30

CTNNA3 10:67672276-69455949 712 3.08E-05 612 9.32E-02

DAB1 1:57460453-58716211 424 3.73E-05 226 1.07E-02 GO neurogenesis

DLG2 11:83166055-85338314 781 1.21E-06 368 1.35E-05 GO synaptic signalling; GO glutamatergic synapse

DLGAP1 18:3496030-4455310 363 6.23E-04 506 1.01E-10 GO neurogenesis

DLGAP2 8:877021-1656642 272 9.90E-02 618 1.83E-09 GO neurogenesis

DMD X:31137345-33357726 653 1.18E-11 532 1.64E-06

DSCAM 21:41384343-42219039 279 2.97E-05 282 2.04E-04 GO neurogenesis

EGFR 7:55086678-55279262 34 1.04E-01 59 1.21E-05 GO neurogenesis; GO synaptic signalling

FAM155A 13:107820879-108519460 311 1.98E-08 250 5.93E-03

FHIT 3:59735036-61237133 693 5.08E-07 757 9.88E-11

FRMD4A 10:13685706-14372866 194 1.36E-04 372 1.01E-07

FSTL4 5:132532152-132948223 122 3.04E-05 75 6.75E-03 GO neurogenesis

GALNT18 11:11292421-11643561 82 1.04E-01 163 2.78E-05

GLIS3 9:3824128-4300036 151 7.30E-06 128 2.81E-04

GPC6 13:93879078-95060274 323 1.91E-05 96 3.87E-02 GO Golgi apparatus; GO glutamatergic synapse

GRID2 4:93225453-94695707 736 7.90E-06 402 8.30E-03 GO neurogenesis; GO synaptic signalling; GO
glutamatergic synapse

GSE1 16:85203152-85709812 134 3.40E-06 131 6.68E-02

HHAT 1:210501596-210849638 123 5.90E-05 109 1.05E-01

HS3ST4 16:25703347-26149009 137 241E-05 127 4.77E-04 GO Golgi apparatus

KAZN 1:14219646-15444544 314 2.28E-08 512 7.58E-10

KCNIP4 4:20730234-21950424 950 7.40E-06 617 1.05E-01

KCNQ3 8:133133105-133493004 169 9.40E-06 162 4.99E-03 GO synaptic signalling

KIRREL3 11:126293388-126870766 ~ 169 491E-03 272 2.31E-06 GO synaptic signalling

LARGE 22:33668509-34316464 259 1.58E-05 258 3.86E-05 GO Golgi apparatus

LRP1B 2:140988996-142889270 1070 1.14E-12 1374 7.01E-08

MACROD2 20:13976146-16033842 621 2.93E-06 623 7.14E-12

MAGIT 3:65339200-66024511 445 2.72E-05 252 4.21E-03

MAGI2 7:77646374-79083121 423 1.10E-04 551 1.64E-05 GO synaptic signalling

MAML2 11:95711440-96076344 267 1.50E-08 66 1.05E-01

(continued on next page)
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Table 3 (continued)

Gene Position PSQ CPT Pathways
No. of variants P No. of variants P

MCTP1 5:94038280-94620279 265 6.98E-08 252 4.93E-03 GO synaptic signalling

NAV2 11:19372271-20143147 205 6.74E-04 122 4.61E-05 GO synaptic signalling

NCKAP5 2:133429361-134399118 125 1.79E-05 274 1.33E-03

NELLT 11:20691117-21597232 294 7.47E-03 380 7.64E-06

NKAIN2 6:124124991-125146786 409 8.77E-05 87 1.87E-02

NPAS3 14:33404115-34273382 260 7.74E-11 469 1.25E-07

NRG1 8:31496820-32622558 604 5.38E-05 340 1.05E-01 GO neurogenesis; GO synaptic signalling; GO
glutamatergic synapse; ERBB2/4 pathway

NRG3 10:83635070-84746935 309 2.33E-05 405 2.95E-05 GO neurogenesis; GO synaptic signalling; GO
glutamatergic synapse; ERBB2/4 pathway

NRXN3 14:78636716-80334633 381 3.99E-07 426 3.56E-04 GO neurogenesis

NTM 11:131240371-132206716 395 3.29E-08 302 1.47E-03 GO neurogenesis

OPCML 11:132284875-133402403 326 1.52E-06 322 2.30E-04 GO neurogenesis

PALM2-AKAP2  9:112542577-112934792 146 2.72E-05 334 1.35E-03

PARK2 6:161768590-163148834 1097 5.06E-10 648 7.70E-03 GO neurogenesis; GO synaptic signalling; GO Golgi
apparatus

PCSK5 9:78505560-78977255 182 3.45E-04 201 4.34E-07

PCSK6 15:101844133-102030187 36 2.07E-05 82 2.25E-02 GO Golgi apparatus

PDZD2 5:31639345-32111038 178 9.69E-05 253 1.58E-04

PLCB1 20:8112912-8865547 217 1.03E-04 296 4,06E-05 GO neurogenesis

PPP2R2C 4:6322305-6565327 82 1.04E-01 69 1.31E-05

PRKCE 2:45878454-46415129 278 2.19E-07 253 3.58E-04 GO synaptic signalling; GO Golgi apparatus; ERBB2/
4 pathway

PRKG1 10:52750911-54058110 493 2.27E-06 822 3.93E-07 GO neurogenesis; GO Golgi apparatus

PTPRD 9:8314246-10612723 943 1.24E-11 1232 6.80E-15 GO neurogenesis; GO synaptic signalling; GO
glutamatergic synapse

PTPRG 3:61547243-62280573 123 3.71E-02 137 4.35E-06 GO synaptic signalling

PTPRN2 7:157331750-158380482 611 1.08E-04 427 1.35E-05 GO neurogenesis

PTPRT 20:40701392-41818557 227 5.55E-05 268 2.39E-02

RBFOX1 16:5289469-7763342 1457 6.38E-24 1632 2.09E-25 GO Golgi apparatus

RBFOX3 17:77085427-77512230 233 4.28E-05 100 1.27E-02

ROBO2 3:75955845-77699115 846 3.05E-05 407 5.49E-05 GO neurogenesis

SDK1 7:3341080-4308632 170 3.34E-05 231 1.36E-03 GO neurogenesis

SGCZ 8:13947373-15095792 564 1.04E-01 348 1.08E-05

SLC39A11 17:70642085-71088853 172 5.62E-05 191 1.05E-01 GO Golgi apparatus

SNX29 16:12070602-12668146 316 1.04E-01 328 4.75E-05

SORCS2 4:7194374-7744564 452 2.36E-10 290 4.41E-05

S0X5 12:23682438-24715383 373 7.65E-08 207 6.39E-03 GO neurogenesis

TENM2 5:166406083-167691162 124 1.45E-06 487 7.62E-04 GO neurogenesis; GO Golgi apparatus

TENM3 4:183065112-183724177 331 1.24E-03 268 1.03E-07 GO synaptic signalling

TENM4 11:78364328-79152014 178 6.73E-02 283 3.06E-05 GO synaptic signalling

TMEM132D 12:129556271-130388212 190 2.52E-03 325 7.91E-06

TRA 14:22090057-23021075 409 1.04E-01 332 1.81E-05

TSHZ2 20:51588946-52111869 200 1.04E-01 222 3.38E-05

TSSC1 2:3192741-3381653 631 6.35E-05 120 1.05E-01 GO Golgi apparatus

USH2A 1:215796236-216596738 197 4.32E-05 341 1.86E-03 GO neurogenesis

(continued on next page)
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Table 3 (continued)

Gene Position PSQ CPT Pathways
No. of variants P No. of variants P
WWOX 16:78133310-79246567 687 1.19E-09 667 4.57E-07 GO Golgi apparatus; ERBB2/4 pathway
ZNF385B 2:180306709-180726232 197 1.04E-01 327 7.94E-05
ZNF385D 3:21459911-22414132 497 3.33E-04 369 2.87E-06

A total of 58 and 50 significantly associated genes (2value < 10~ highlighted in bold-italic) for PSQ and CPT, respectively, including 21 genes identified in both pain sensitivity measures.

CPT, cold pressor test; PSQ, pain sensitivity questionnaire.

reported on average higher PSQ scores than nonred hair females
and red hair or nonred hair males (sex-by-red hair interaction P-
value = 0.046; Supplementary Table 5, available at http://links.
ww.com/PAIN/B557). We did not observe significant PSQ
differences between red hair and nonred hair males. For CPT,
we did not observe any significant associations using a Cox
proportional hazards model (Supplementary Table 6 and
Supplementary Fig. 10, available at http://links.lww.com/PAIN/
B557) or an analysis of variance on CPT duration converted in
ranks (Supplementary Table 7 and Supplementary Fig. 11,
available at http://links.lww.com/PAIN/B557). Because red hair
color is partially determined by recessive genetic polymorphism in
the MCT1R gene, we explored the association of the 3 main
variants  rs1805009 (D294H), rs1805008 (R160W) and
rs1805007 (R151C) in the PSQ and CPT GWAS (Table 2; and
Supplementary Table 5, available at http://links.lww.com/PAIN/
B557). None of these individual variants passed the genome-
wide significant threshold in the GWAS analyses (P-values > 5.1
% 107%). We combined these 3 variants and defined 3 categories
of MC1R variant carriers, Noncarrier (0 MC1R recessive allele),
Carrier1 (1 allele), and Carrier2+ (>1 alleles), and tested their
association with PSQ score and CPT duration. MC1R carriers
reported significantly higher PSQ score that noncarriers (P-value
=6.8x 10 %and 1.5 X 102, respectively). However, we did not
observe any significant associations between MC1R carriers and
CPT duration (Supplementary Tables 6 and 7, and Supplemen-
tary Figs. 10 and 11, available at http://links.lww.com/PAIN/
B557).

4. Discussion

The purpose of this study was to identify genetic factors
contributing to the individual perception of pain.®’ We used 2
self-administered pain sensitivity measurements, the PSQ and
CPT, and performed, for the first time, a comprehensive genetic
association analysis on these pain sensitivity metrics. Pain
sensitivity questionnaire score and CPT duration have been
previously shown to be only moderately phenotypically correlated
(r=—0.22 [-0.27, —0.17)),*° and we showed that they are also
genetically correlated (ry = —0.73 [—1.49, —0.02]). The PSQis a
self-perceived pain intensity rating of imagined painful situations
occurring in daily life, whereas the CPT directly measures pain
tolerance. Although the PSQ was not designed to cover all
dimensions of pain experience, it explicitly incorporates some
emotional and cognitive components of the pain sensitivity.**
Most of the genes identified by the association analyses are
overexpressed in the brain. This is especially true for the
amygdala, the emotional pain processing center, but other
components of the pain matrix (eg, frontal cortex, basal ganglia,
and hypothalamus) also showed significant enrichment.*6-%° We
found that no brain area seemed to be selectively and exclusively
associated with pain sensitivity. These genetic results were in line
with recent brain imaging studies that suggested that the

individual variability in pain sensitivity is most probably produced
by the connectivity of multiple brain areas.?®° It is interesting to
notice the absence of association enrichments in nonbrain
tissues. According to the current multifaceted experience
concept, pain results from the integration of nociception and
the cognitive—emotional state of the individual. Nociception
occurs with the activation of nociceptors, found in skin and
mucosa, as well as in a variety of organs, such as the digestive
tract, the bladder, the gut, and muscles, followed by the
propagation and modulation of the nociceptive signal through
the peripheral nervous system. However, our analysis of 21 genes
previously reported involved in nociception showed no evidence
that genetic polymorphism near these genes were associated
with PSQ score or CPT duration. The CPT was designed to
quantify the evoked pain and signal sensory responses of cold
pain sensitivity. Although underpowered, analyses showed very
similar enrichment patterns than the PSQ. Among the combined
87 genes identified by the PSQ and CPT gene-based analyses,
10 of them were present in HPGDB (ADARB2, CACNA2D3,
CTNNA3, DMD, KCNQ3, PARK2, PCSK6, PRKG1, PTPRD, and
TRA). The vast majority were identified in various migraine
GWAS.'® Pathway enrichment analyses showed that many of
these 87 genes are involved in neuron and brain development,
and neuron signaling. In particular, they highlighted genes active
in glutamatergic synapses. Glutamate receptors have a leading
role in pain signal transmission and are often considered
promising targets for the treatment of chronic pain.®” Among
the 6 genes identified in this pathway by PSQ associations, NGR1
and NGR3 were already known to be linked to pain sensitivity.
Both are involved in the ErbB2 and ErbB4 signaling pathways,
which have repeatedly been demonstrated to directly contribute
to the development of neuropathic pain.” To our knowledge,
however, our study is the first where genetic polymorphism in
these 2 genes has been associated with pain sensitivity
measurements. However, the 4 other genes in the pathway,
PTPRD, DLG2, GPC6, and GRID2, have been all associated with
diverse neurological disorders.’ #2948 This observation supports
earlier findings that neurological disorders and pain sensitivity are
intimately linked.® The genome-wide significant locus, TSSCT,
has not previously been associated with pain traits. Some
suggestive associations (P-value = 1.1 X 1077) were recently
identified in small fiber neuropathy or joint disorders (http://r4.
finngen.fi/gene/TSSC1). It has been also associated with
psychiatric disorders,?® cognitive decline,?® and was recently
identified in a study that examined alterations in the postsynaptic
protein profile as a consequence of prolonged exposure to
morphine.** Finally, we confirmed that women with red hair are
more sensitive to pain, but we did not observe this relationship in
men. However, the increased sensitivity in red hair women was
only detected by the PSQ, and the lack of association with CPT
duration was surprising because it is generally accepted that red
hair women are more sensitive to cold and hot stimuli.'®?’
However, more recent publications did not confirm this
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Genetic correlations between pain sensitivity questionnaire and published genome-wide association study traits.

Trait Iy ry SE z P h2 h2 SE
CPT —0.7336 0.3808 —1.9264 0.0541 0.129 0.0686
Neck/shoulder pain for 3+ mo -0.7118 0.3416 —2.0835 0.0372 0.0214 0.0064
Rheumatoid arthritis —0.6804 0.3244 —2.0974 0.036 0.0044 0.0014
ADHD —0.6738 0.3204 —2.1031 0.0355 0.2428 0.0988
Length of working week for main job —0.6473 0.2681 —2.4141 0.0158 0.0191 0.0029
Complications of internal orthopaedic prosthetic —-0.614 0.3208 —1.9138 0.0557 0.0052 0.0017
devices
Cholelithiasis/gall stones —0.5583 0.2568 —2.1743 0.0297 0.0083 0.0015
Mononeuropathies of upper limb —0.5271 0.2086 —2.5264 0.0115 0.0131 0.0018
Internal derangement of knee —0.4772 0.231 —2.0662 0.0388 0.0081 0.002
Hip pain —0.4486 0.3536 —1.2687 0.2046 0.0071 0.0029
Duration of walks —0.4281 0.1406 —3.0447 0.0023 0.0463 0.0029
Heavy physical activity (eg, weeding, carpentry) —0.4168 0.1579 —2.6392 0.0083 0.0343 0.002
Noisy workplace —0.4153 0.1782 —2.3303 0.0198 0.062 0.006
Job involves shift work —0.4098 0.1847 —2.2185 0.0265 0.03 0.0029
Osteoarthritis —0.3844 0.1659 —2.3169 0.0205 0.0186 0.0018
Disability diagnosed by doctor —0.359% 0.1612 -2.23 0.0257 0.025 0.0019
Number of cigarettes previously smoked daily —0.3557 0.165 —2.1554 0.0311 0.0996 0.0143
Falls in the last year —0.3544 0.1513 —2.3416 0.0192 0.0321 0.002
Getting up in morning —-0.3128 0.1151 —2.7181 0.0066 0.0686 0.0031
Mouth/teeth dental problems —0.3069 0.1363 —2.2521 0.0243 0.048 0.0028
Pain all over body —0.2673 0.1397 —1.9136 0.0557 0.0309 0.0034
Pack years of smoking —0.2538 0.1376 —1.8445 0.0651 0.1086 0.0104
Risk taking —0.247 0.1176 —2.1013 0.0356 0.0561 0.0028
Extreme BMI —0.2348 0.1271 —1.8468 0.0648 0.6852 0.0576
Disability or infirmity —0.2339 0.1252 —1.8685 0.0617 0.0496 0.0025
Overweight —0.221 0.1114 —1.9843 0.0472 0.1093 0.0068
MCP —0.1479 0.092 —1.6075 0.1079 0.0783 0.0029
Neck or shoulder pain —0.0909 0.119 —0.7634 0.4452 0.0491 0.0032
Headache —0.0584 0.0959 —0.6088 0.5427 0.0867 0.0043
Back pain —0.0476 0.1474 —-0.3228 0.7468 0.0326 0.0032
Knee pain 0.0283 0.18 0.1575 0.8748 0.0187 0.0039
Stomach or abdominal pain 0.0496 0.286 0.1733 0.8624 0.0109 0.0029
Facial pain 0.0966 0.2035 0.475 0.6348 0.0165 0.0034
Morning/evening person 0.1871 0.1022 1.83 0.0672 0.1157 0.0046
Schizophrenia 0.2109 0.0886 2.3805 0.0173 0.462 0.0192
Neuroticism score 0.2165 0.1132 1.9126 0.0558 0.1191 0.0064
Guilty feelings 0.2183 0.122 1.7895 0.0735 0.052 0.0028
Coronary artery disease 0.2341 0.1325 1.7672 0.0772 0.0792 0.0058
Bipolar disorder 0.2473 0.1442 1.7147 0.0864 0.4282 0.0362
Suffer from nerves 0.2499 0.1295 1.9297 0.0536 0.046 0.0031
Narcolepsy 0.2509 0.1315 1.9081 0.0564 0.049 0.0027
Time spent watching television 0.2701 0.1257 2.148 0.0317 0.0991 0.004
Nervous feelings 0.2843 0.1283 2.2158 0.0267 0.0669 0.0042
Psoriasis 0.4522 0.2555 1.7702 0.0767 0.0075 0.0017

(continued on next page)
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Table 4 (continued)

Trait Iy ry SE z P h2 h2 SE
Triglycerides in medium VLDL 0.5529 0.2981 1.8549 0.0636 0.0946 0.0301
Celiac disease 0.5604 0.2962 1.8918 0.0585 0.2959 0.0502
Acetate 0.5861 0.3195 1.8344 0.0666 0.0556 0.0192
Nasal polyps 0.6148 0.3046 2.0187 0.0435 0.0053 0.0016
Fracture resulting from simple fall 0.7123 0.3442 2.0692 0.0385 0.0518 0.0154
Pneumothorax 0.8217 0.4166 1.9722 0.0486 0.0031 0.0014

Genetic correlation (/) and heritability estimates (h2), as well as the standard errors (SEs) and test statistics were computed with the linkage disequilibrium score regression (LDSC) method. PSQ genetic correlations with 832
traits were computed on LD Hub. We also computed PSQ /; with CPT, and an additional 9 pain phenotypes (in italic) from Refs. 21, 31 The table includes 49 entries (top 40 traits from LD hub, based on Avalues and after
excluding related phenotypes, + CPT + 8 additional pain phenotypes). None of the /; Avalues passed the discovery threshold ~values (0.05/832 = 6 X 1079).

ADHD, attention deficit hyperactivity disorder; BMI, body mass index; CPT, cold pressor test; GWAS, genome-wide association studies; MCP, multisite chronic pain; PSQ, pain sensitivity questionnaire.

association,? and the CPT was never used as cold stimuli in these
published studies. None of the 3 main variants in MC1R that
control red hair color showed genome-wide significant associ-
ations with PSQ score or CPT duration. Nevertheless, in
combination, individuals carrying one or more copies of these 3
variants reported a significant higher self-perceived pain
sensitivity.

The opposite direction of the genetic and phenotypic
correlations between pain sensitivity and susceptibility traits
was unexpected. Although higher pain sensitivity, measured by
the PSQ and CPT, was consistently associated with higher pain
susceptibility and medication usage, the bivariate LDSC
analyses suggested that the genetic architectures of pain
sensitivity and pain susceptibility were inversely correlated. It
is an unusual result because empirical evidence across plant
and animal species, including human, had supported the
Cheverud Conjecture, which states that genetic correlations
usually mirror phenotypic correlations.*? The opposite direction

suggests a strong and positive environmental correlation
between pain sensitivity and susceptibility traits. It is generally
recognized that chronic exposure to pain increases pain
sensitivity through central sensitization, an excessive respon-
siveness to pain in the nociceptive pathway.?23* Our results
seemed to support this relationship with a higher measured
sensitivity pain in participants reporting pain and pain medica-
tion usage, but also in older participants and participants
reporting multiple pains. However, it has also been reported that
pain tolerance in patients with acute pain could increase via self-
induced positive expectancies or cognitive—behavioral ther-
apy.%8 It may explain the observed positive genetic correla-
tions between the PSQ score and acute pain traits, such as
pneumothorax and fracture resulting from a simple fall, and the
apparent decrease of pain sensitivity for participants reporting
only one pain condition (Supplementary Fig. 3, available at
http://links.lww.com/PAIN/B557). We explored the causal re-
lationship between pain sensitivity and susceptibility with an MR
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approach, but the results were inconclusive, probably because
of the lack of statistical power in the PSQ GWAS. It was
reassuring to also observe negative genetic correlations
between pain sensitivity and disability phenotypes, including
complications associated with prosthetic devices, and with
unhealthy behaviors such as smoking, extreme BMI, length of
working week, shift work, or working in a noisy environment.'©
Finally, we also observed significant genetic correlations
between pain sensitivity and neurological disorders or person-
ality traits. Notably, pain sensitivity showed a strong negative
genetic correlation with ADHD.'? However, we observed
positive genetic correlations between pain sensitivity and
schizophrenia, neuroticism, and bipolar disorder. It is also
interesting to note the absence of genetic correlation with
migraine and depression despite the fact that migraine, in
particular, is associated with intense pain.

Even with the largest PSQ score and CPT duration datasets
collected to date in a general population, the results of this study
should be interpreted with caution. Uncovering the genetic
architecture of complex traits requires generally large datasets,
and our results confirmed that pain sensitivity will not be an
exception. Because of the limited statistical power of the PSQ
and CPT GWAS, many of the highlighted genes, pathways, and
genetic correlations were marginally significant and will require
validation in larger datasets or with functional experiments. The
study focused on only 2 measures of pain sensitivity, but because
the interindividual and temporal variation of pain sensitivity
depends on the integration of the sensory pathways and the
emotional-cognitive states of individuals, it is unlikely that the
PSQ and CPT captured the total variability of pain sensitivity
within the 23andMe cohort. The PSQ hinges on the participant’s
own memory of painful experiences, whereas the CPT measures
sensitivity to cold temperatures. More advanced or combination
of measures covering the full pain sensitivity spectrum, such as
quantitative sensory tests but also self-perceived pain sensitivity
instruments, will be required to identify and disentangle the
genetic architecture of pain sensitivity.'®3° The lack of statistical
power also limited our ability to fully characterize the home-based
CPT used in this study. Larger datasets and CPT measured in
more traditional clinical setups will certainly be required.
Nevertheless, despite these limitations, we demonstrated that it
is now possible to study the genetics of pain sensitivity at a
population scale, by deploying and collecting relevant pain
sensitivity data for fairly sophisticated instruments such as the
CPT. We showed that the genetic architecture of pain sensitivity
is related to the genetic architecture of pain susceptibility, but the
relationship is probably more complex than it was initially
perceived. Our results also provided some support to previous
reports, suggesting that people with red hair are more sensitive to
certain types of pain and that the higher pain sensitivity could be
modulated by genetic polymorphismin MC1R. However, the bulk
of the genetic architecture identified in this study implicated the
brain, and not the peripheral nociception system, as the main
modulator of pain sensitivity.
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