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Abstract

Background: Human twin studies and other studies have indicated that chronic pain has heritability that ranges from 30%
to 70%. We aimed to identify potential genetic variants that contribute to the susceptibility to chronic pain and efficacy of
administered drugs. We conducted genome-wide association studies (GVWASs) using whole-genome genotyping arrays with
more than 700,000 markers in |91 chronic pain patients and a subgroup of 89 patients with postherpetic neuralgia (PHN) in
addition to 282 healthy control subjects in several genetic models, followed by additional gene-based and gene-set analyses
of the same phenotypes. We also performed a GWAS for the efficacy of drugs for the treatment of pain.

Results: Although none of the single-nucleotide polymorphisms (SNPs) were found to be genome-wide significantly asso-
ciated with chronic pain (p > 1.858 x 10”7), the GWAS of PHN patients revealed that the rs4773840 SNP within the ABCC4
gene region was significantly associated with PHN in the trend model (nominal p=1.638 x 10~7). In the additional gene-
based analysis, one gene, PRKCQ, was significantly associated with chronic pain in the trend model (adjusted p =0.03722).
In the gene-set analysis, several gene sets were significantly associated with chronic pain and PHN. No SNPs were signif-
icantly associated with the efficacy of any of types of drugs in any of the genetic models.

Conclusions: These results suggest that the PRKCQ gene and rs4773840 SNP within the ABCC4 gene region may be related
to the susceptibility to chronic pain conditions and PHN, respectively.
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impairments in daily activities, healthcare resource utili-
zation, and economic burdens in Japan.® According to a
recent report, people with chronic pain, particularly
cancer-related pain, have a slightly higher risk of death.”

Chronic pain conditions are complex traits with mul-
tiple etiologies. With regard to non-genetic and nonher-
itable factors, regression analyses have shown that
chronic pain is associated with age, sex, unemployment,
living status, exercise,’ body mass index, fatigue, sleep,
and mobility problems.> Human twin studies and other
genetic studies have indicated that the heritability of
chronic pain ranges from 30% to 70%.% Approximately
37%, 52-68%, and 35-58% of cases of neuropathic pain,
low back pain, and neck pain, respectively, may be her-
itable.”'” Previous genetic studies of candidate genes that
are related to pain mechanisms found that human genetic
variations were associated with various pain-related phe-
notypes."!!? Pain-related genetic variations have also
been identified for chronic pain conditions, such as the
ADRB2,'>'  HTR24,”  SCN94,'°  KCNSL,"
CACNA2D3,'"®* CACNG2,” comT> 1L4,'"* and
IL10?' genes. Candidate genes for chronic postsurgical
pain (CPSP) were systematically reviewed by Hoofwijk
et al.,>? and candidate genes for neuropathic pain have
been described in several previous reports.”* 2 Chronic
pain-related single-nucleotide polymorphisms (SNPs)
have also been explored based on recent advances in
high-density SNP arrays that can screen hundreds of
thousands or millions of genetic markers throughout
the human genome. For example, Jones et al. (2016)
found that a SNP that was colocalized to the NGF
gene, which encodes nerve growth factor, was associated
with dysmenorrhea in a genome-wide association study
(GWAS) of a cohort of females.?’ Peters et al. identified a
common genetic variant on chromosome 5p15.2 that was
associated with joint-specific chronic widespread pain
(CWP) in a large-scale GWAS meta-analysis.?®
Genome-wide association studies have also been applied
to investigate neuropathic pain. Several candidate loci
were reported to be associated with pain conditions,
including diabetic neuropathic pain.>> 32

In the present study, we conducted GWASs of
patients with chronic pain to identify potential genetic
variants that contribute to the susceptibility to pain con-
ditions and efficacy of several types of drugs that are
used to treat pain. We also performed a GWAS to
explore genetic factors that are associated with neuro-
pathic pain, specifically postherpetic neuralgia (PHN).

Methods

Subjects with chronic pain and healthy subjects

We enrolled 194 adult patients who suffered from
chronic pain who visited JR Tokyo General Hospital

(Tokyo, Japan), Juntendo University Hospital (Tokyo,
Japan), or Nihon University Itabashi Hospital
(Tokyo, Japan) for the treatment of chronic pain
and were apparently Japanese. Most of the patients
were treated with analgesics before recruitment or
were scheduled to be treated with analgesics at the
time of recruitment in the study. We excluded patients
with severe coexisting complications. The detailed
demographic and clinical data of the subjects are pro-
vided in Table 1.

We also enrolled 282 healthy adult volunteers as con-
trols who were disease-free, did not experience chronic
pain, and who lived in or near the Kanto area in Japan.
The detailed demographic data of the control subjects
and their statistics are detailed in previous reports.>*>*

The study protocol was approved by the Institutional
Review Board of JR Tokyo General Hospital (Tokyo,
Japan), Institutional Review Board of Juntendo
University Hospital (Tokyo, Japan), Institutional
Review Board of Nihon University Itabashi Hospital
(Tokyo, Japan), and Institutional Review Board of
Tokyo Metropolitan Institute of Medical Science
(Tokyo, Japan). Written informed consent was obtained
from all of the patients.

Patient characteristics and clinical data

In the patient subjects, we obtained data on surgical
history, treatment history, pain status (e.g., presence/
absence of nerve block and allodynia), drug treatments,
and disease status (e.g., postherpetic neuralgia [PHN],
spinal canal stenosis, lower back pain [LBP], etc.;
Table 1). Some of the patients were affected by multiple
diseases.

Various types of drugs were administered to the
patients for the treatment of pain. In the present
study, these drugs were divided into several groups
for the analysis, including opioids (e.g., morphine and
codeine), antidepressants (e.g., fluvoxamine and ami-
triptyline), anticonvulsants (e.g., gabapentin and prega-
balin), nonsteroidal antiinflammatory drugs (NSAIDs;
e.g., loxoprofen and diclofenac), y-aminobutyric acid
(GABA) receptor agonists that can be used as anticon-
vulsants or anxiolytics (e.g., clonazepam and diaze-
pam), ketamine, neurotropin, lidocaine, and other
drugs (e.g., Chinese herbal medicines and mexiletine).
The detailed data on drug administration are provided
in Table 1. Some patients received only one type of
drug, whereas others received several types of drugs.
Some of the drugs were effective for a number of
patients, but others were not. Such drug administration
and efficacy were comprehensively recorded for the sta-
tistical analyses.
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Demographic and clinical data of patient subjects.

Table I.

Mean SD Median

Maximum

Minimum

Demographic data

Gender of all patients

89
100

Male

Female
Age (years)
Weight (kg)

68.00
57.00

22 89 65.18 13.95
12.21

34

193

57.32

182

Neuro- Lidocaine Others

Ketamine

Presence Opioids Antidep- Anticon- NSAIDsT  GABAS

Absence

Status of patients

tropin

vulsant

ressant

25

132

Nerve block
Allodynia

30

75

18

66 99 25 58

50

Administration of drugs
Diagnosis (disease status)

Diagnosis (disease status)

20

Spinal canal stenosis
Postoperative pain

Neck pain

92

Postherpetic neuralgia (PHN)

Lower back pain (LBP)

12

13

Hernia of intervertebral disk

Others

46

TNon-steroidal anti-inflammatory drugs.

$Gamma-aminobutyric acid receptor modulators.

Whole-genome genotyping and quality control

A total of 194 DNA samples from the patients were used
for genotyping. Total genomic DNA was extracted from
whole-blood samples using standard procedures. Whole-
genome genotyping was performed using the Infinium
assay II with an iScan system (Illumina, San Diego,
CA, USA) according to the manufacturer’s instructions,
and two kinds of BeadChips were used for genotyping
153 and 41 patient samples, respectively: HumanOmnil-
Quad v1.0  (total markers: 11,34,514) and
HumanOmniExpress-12 v1.1 (total markers: 7,19,665).
For  genotyping 282  control samples, the
HumanOmniExpressExome-8 v1.2 BeadChip (total
markers: 9,64,193) was used. Other details for genotyp-
ing are described in the Supplementary Methods. The
data for the whole-genome-genotyped samples were ana-
lyzed using GenomeStudio with the Genotyping module
v3.3.7 (Illumina) to evaluate the quality of the results. In
the data-cleaning process as detailed in the
Supplementary Methods, three patient samples were
excluded from further analyses, whereas no control sam-
ples were excluded based on this criterion. For the study
of the effects of drugs in patients, 4,47,634 SNPs sur-
vived the entire filtration process and were used in the
study. For the case-control study to compare genotypes
between the patient and control subjects, more stringent
criteria were used for filtration to remove spurious
results, and 445,723 SNPs survived the entire filtration
process and were used in the study. Furthermore, the
TagMan allelic discrimination assay (Life
Technologies, Carlsbad, CA, USA) was performed to
confirm the genotype data of the top 20 candidate
SNPs if the data were suspected to be dubious.

Statistical analysis

A GWAS of patients with chronic pain was conducted
to investigate associations between genetic variations
and the susceptibility to chronic pain in all 191 patient
subjects who passed the quality control criteria. A
GWAS of a subgroup of 89 patients with PHN was
also conducted because PHN was the most prevalent
pain condition in our samples. A total of 282 control
subjects were used in both of these analyses.
Furthermore, another GWAS of only 191 patient sub-
jects was also conducted to investigate the effects of
drugs.

To explore associations between SNPs and disease
status, Fisher’s exact tests were conducted in both anal-
yses using both all patients and patients with PHN to
compare genotype data between the patient and control
subjects. To explore SNPs that were associated with the
effects of drugs in patients, patient subjects were divided
into two groups based on the effectiveness of five major
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kinds of drugs (i.c., opioids, antidepressants, anticonvul-
sants, NSAIDs, and GABA receptor agonists; Table 1),
and Fisher’s exact tests were conducted to compare
genotype data between the two groups. Trend, domi-
nant, and recessive genetic models were used for all of
the analyses because of insufficient knowledge of genetic
factors that are associated with chronic pain, PHN, and
the effectiveness of drugs that are used for the treatment
of chronic pain. The association study included both
female and male subjects for autosomal markers,
although male genotypes were excluded from the analy-
sis of X chromosome markers. All of the statistical anal-
yses were performed using gPLINK v. 2.050, PLINK v.
1.07 (http://zzz.bwh.harvard.edu/plink /index.shtml;
accessed July 15, 2018),*°> and Haploview v. 4.2.%¢

For the correction of multiple testing in the GWAS,
Bonferroni correction was used for the number of
inferred Meff, defined in simpleM software,>” 3% which
is a multiple-testing correction method for genetic asso-
ciation studies that uses correlated SNPs. In our prelim-
inary calculation, by substituting missing genotypes with
homozygotes of minor or major alleles and heterozy-
gotes, Meff was estimated to be 256,506-269,170.
Therefore, statistical significance for the GWAS was
defined as a corrected p<0.05/269,170 =1.858 x 10~/
in the present study.

To further understand the genetic backgrounds and
molecular mechanisms that underlie complex traits, such
as chronic pain and PHN, gene-based and gene-set
approaches were adopted with Multi-marker Analysis
of GenoMic Annotation (MAGMA) v1.06,* which is
also available on the Functional Mapping and
Annotation of Genome-Wide Association Studies
(FUMA GWAS) v1.3.3 platform,*' as detailed in the
Supplementary Methods. In the gene-set analysis, gene
sets were defined using the Molecular Signatures
Database (MSigDB) v6.1,% and a total of 10,654 gene
sets (curated gene sets: 4737, GO terms: 5917) from
MsigDB were tested.

Results

Identification of genetic polymorphisms associated
with chronic pain and postherpetic neuralgia by
GWAS

We comprehensively explored genetic variations that
were associated with chronic pain conditions in a total
of 191 patients who visited hospitals for treatment, and
282 adult healthy subjects were recruited as controls.**3
In the GWAS of all patients, 4,45,723 SNPs that passed
the quality control criteria were selected as candidate
genetic polymorphisms in the trend, dominant, and
recessive models. Among the highly ranked SNPs,

genotype data for one SNP, rs6481467, was suspected
to be dubious because of its cluster separation. After
screening using the TagMan allelic discrimination
assay, the data were found to be erroneous for this
SNP and thus were removed from the list of candidate
SNPs. Table 2 shows the top 20 candidate SNPs in each
genetic model after final quality control. However, none
of the SNPs were genome-wide significantly associated
with the phenotype (p >1.858 x 10~7; Table 2, Figure 1
(a)). We then conducted another GWAS of the same
SNPs by including only a subgroup of 89 patients with
PHN. A significant association was found between the
134773840 SNP that mapped to 13q32.1 and PHN in the
trend model (nominal p=1.638x10"7; Table 3,
Figure 1(b)). The calculated log;y values (observed p
value) for most of the analyzed SNPs were in accordance
with or below the expected values based on the null
hypothesis of a uniform distribution in the QQ plot
(Supplementary Figures S1 and S2). The values for the
rs4773840 SNP and other SNPs that ranked high in
Table 3 were obviously above the expected values
(Supplementary Figure S2). The gene that was located
in this region of the rs4773840 SNP was ABCC4, which
encodes adenosine triphosphate binding cassette sub-
family C member 4. Most of the other SNPs in this
gene region that ranked high in Table 3 were in relatively
strong linkage disequilibrium (LD) with one another,
and all of these SNPs were within the ABCC4 gene
region (Figure 2). As shown in Table 3, an increment
of the minor C allele carriage in the rs4773840 SNP
was associated with a greater risk of PHN.

Identification of genes and gene sets associated
with chronic pain and postherpetic neuralgia by
gene-based and gene-set analyses

Considering the fact that the effects of individual
markers tend to be too weak to be detected by compre-
hensive analyses, such as GWASs, that target only single
polymorphisms, we conducted gene-based and gene-set
analyses, which are statistical methods that are used to
analyze multiple genetic markers simultaneously to
determine their joint effect. In both analyses, we
explored genes and gene sets that were associated with
chronic pain conditions and PHN in a total of 191
patients, including 89 PHN patients and 282 control
subjects, similarly to our GWAS by running MAGMA
software,*® which was available in the FUMA GWAS
platform.*' Consequently, the analyses of all patients
included 4,45,723 SNPs of selected candidate genes
and gene sets in the trend, dominant, and recessive
models. Supplementary Tables S1 and S2 show the top
20 candidate genes that were identified in each genetic
model in the gene-set analysis. The best candidate gene
in the trend model that resulted from an analysis of all
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Figure |. Manhattan plot of the GWAS results. (a) Plot of the analysis of all 191 patients with chronic pain in the trend model. (b) Plot of
the analysis that including only patients with PHN. The red line indicates the threshold for a significant association.

patients, PRKCQ, was significantly associated with the
phenotype (adjusted p=0.03722; Supplementary Table
S1, Figure 3(a)). However, none of the genes were
significantly associated with the phenotype in any of
the genetic models that were used for the analysis of
only PHN patients (Supplementary Table S2, Figure 3
(b)). The association between PHN and the ABCC4
gene, for which the rs4773840 SNP was significantly
associated with the phenotype, was only marginally
significant in our gene-based analysis (adjusted
p=0.06364; Supplementary Table S2, Figure 3(b)).
Tables 4 and 5 show the top 20 candidate gene sets
that were identified in each genetic model in the gene-
set analysis. As a result, the “go_fructose metabol-
ic_process” gene set was significantly associated with
chronic pain in the recessive model (adjusted

p=0.003887; Table 4).
“go_regeneration,” “go_reactive_  oxygen_species_
metabolic_process,” “go_arachidonic_  acid_mono
oxygenase_activity,” and “go_translation_ regulator_
activity_nucleic_acid_binding” gene sets were signifi-
cantly associated with PHN in the trend, dominant,
and  recessive  models, respectively  (adjusted
p=0.03587, 0.04548, 0.004380, and 0.01472, respec-
tively; Table 5). The genes that were included in
these gene sets are listed in Supplementary Table S3.
The ABCC4 gene was not included in any of the gene
sets; thus, the PRKCQ gene was included in the
“go_regeneration” gene set (Supplementary Table
S3). Among these genes, only three (PFKFBI,
APOA4, and BCL2) were commonly included in two
kinds of gene sets (Supplementary Table S3).

Additionally, the
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Figure 2. Regional plot of a potent locus that was associated with PHN. The genomic region 400 kbp upstream and downstream of the
rs4773840 SNP on chromosome 1|3 is illustrated. The results of the association analyses in each genetic model were plotted, with the
information on annotated genes, estimated recombination rates, and the pairwise-calculated strength of linkage disequilibrium (LD; r*
values) with the rs4773840 SNP in this region.

(a) All patients:

&9 . PRKCQ

5
) * .
2 4 .
© . . .
g .
a - . .

. & .

= ad H : : .76 ¥
g . 'R i+
- - .! 3 s

2 .5

o I

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19202122 23
Chromosome

(b) ewn patients:

6.0
5.0+

“asccs T

4.5-
Y 40 .

o
559, . .

1 2 3 a4 5 6 7 8 9 10 11 12 13 14 15 16 17 1819202122 23
Chromosome

Figure 3. Manhattan plot of the results of the gene-based analyses. (a) Plot of the analysis with all 191 patients with chronic pain in the
trend model. (b) Plot of the analysis that included only patients with PHN. The dotted red line indicates the threshold for a significant
association.
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Identification of genetic polymorphisms associated
with the effects of drugs for the treatment of pain in
patients

Various types of drugs were administered to the patients
for the treatment of pain. Although some of these drugs
were effective for some patients, others were not. We
performed another GWAS of 191 patient subjects to
explore SNPs that were associated with the efficacy of
these drugs, which were divided into major five groups
(opioids, antidepressants, anticonvulsants, NSAIDs, and
GABA receptor agonists; Table 1). Supplementary
Tables S4 to S8 show the top 20 candidates for these
drugs in each genetic model. However, none of the
SNPs were genome-wide significantly associated with
the phenotypes (p>1.858x10"7; Supplementary
Tables S4-S8). The best candidate SNPs with the
lowest p values were rs7811258 SNP in the dominant
model for opioids (nominal p=1.655x10"%;
Supplementary Table S4), rs10793705 SNP in the trend
model for antidepressants (nominal p=1.714 x 107
Supplementary Table S5), rs2300525 SNP in the domi-
nant model for anticonvulsants (nominal p=1.403 x
107% Supplementary Table S6), 152195962 and
rs12461406 SNPs in the dominant model for NSAIDs
(nominal p=3.573 x 10°° Supplementary Table S7),
and rs7094057 SNP in the trend model for GABA recep-
tor agonists (nominal p=3.311 x 10~°; Supplementary
Table S8).

Discussion

To identify potential genetic variants that contribute to
the susceptibility to chronic pain conditions and the
effects of several types of drugs that are used to treat
pain, we conducted an overall GWAS of patients with
chronic pain and control subjects. We also explored
genetic factors that are associated with PHN by per-
forming another GWAS. The results suggested that car-
riers of the C-allele of the rs4773840 SNP within the
ABCC4 gene region were more susceptible to PHN
(Table 3), and several SNPs within or around the
PRKCQ gene region jointly influenced the risk of devel-
oping chronic pain conditions. Furthermore, we found
several gene sets that were possibly associated with these
phenotypes. Meanwhile, we found no SNPs that were
significantly associated with the efficacy of drugs for
the treatment of pain. One of the reasons for this lack
of an association might be related to the small sample
size for each association analysis for each drug, which
resulted in a lack of statistical power to detect positive
associations. Indeed, the largest number of samples was
only 99 in the analysis of anticonvulsant drugs among
five major types of drugs (Table 1), whereas the total
number of patients with chronic pain who were recruited

in the study was 194, indicating that less than half of the
patients were included in these analyses. Future studies
with larger sample sizes will clarify which SNPs affect
the efficacy of drugs to treat chronic pain.

Chronic pain is a common and heterogenous clinical
condition. Previous studies have mostly explored genetic
factors that are associated with chronic pain in a partic-
ular subset of patients, such as patients with CWP,'*1%-28
CPSP,** chronic back pain,* and neuropathic pain,
including diabetic neuropathic pain.?*>>2°3? The dis-
ease status of the patients in our samples was diverse,
and the sample size for each disease status was fairly
small (Table 1), thus hampering genetic association anal-
yses of each patient subgroup, with the exception of
patients with PHN. Therefore, the present study con-
ducted analyses of overall patients with chronic pain
and a subgroup of patients with PHN. Although the
analysis of overall patients might present a risk that
the genetic effects on each phenotype are obscured or
not precisely detected, one could assume that some
genetic factors that commonly affect chronic pain can
be detected among all of the genetic factors.
Postherpetic neuralgia is a neuropathic pain disorder
that occurs most often in the elderly and is a major com-
plication of herpes zoster, with spontaneous pain and
stimulus-evoked pain, such as allodynia and hyperpa-
thia.***” The genetic factors that contribute to PHN
are poorly understood. Only a few studies have reported
genetic variations that are associated with the suscepti-
bility to PHN, including the human histocompatibility
leukocyte antigen (HLA) locus, in which the HLA-
A*3303, -B*4403, and -DRB1*1302 alleles have been
shown to be associated with the risk of PHN.*"*°
Although the present study did not investigate the
HLA locus in detail because of an inability to precisely
genotype HLA alleles using commercially available SNP
arrays, we comprehensively explored genetic risk factors
for PHN at the genome-wide level for the first time,
which resulted in the identification of possibly associated
SNPs, such as rs4773840 (Table 3).

The best candidate SNP with the lowest p value
among the candidate SNPs for PHN was rs4773840,
which is located in the intronic region of the ABCC4
gene on chromosome 13. The ABCC4 gene encodes the
ABCC4 protein, which is a member of the MRP sub-
family (MRP4) that is involved in multi-drug resistance
and acts as an independent regulator of intracellular
cyclic nucleotide levels and mediator of cyclic adenosine
monophosphate (cAMP)-dependent signal transduction
to the nucleus.”’ The mRNA of this gene was reported to
be widely expressed in humans, with particularly high
levels in the prostate, but it is barely detectable in the
liver.>> ABCC4 has been implicated in the transport of
antiviral agents, anticancer drugs,”> > and endogenous
molecules, such as prostaglandins, steroids, bile acids,
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cyclic nucleotides, and folate.’* ® Indeed, ABCC4 is
involved in the efflux of prostaglandin F2«, and the
ABCC4 gene is reportedly upregulated in ovarian endo-
metriosis tissue compared with normal endometrium
tissue,®! which would be a mechanism that underlies
endometriosis, a chronic inflammatory disease that
often involves severe pain or infertility.** The disrup-
tion of cCAMP and prostaglandin E2 transport by mrp4
deficiency in mice altered cAMP-mediated signaling and
the nociceptive response.®* These studies suggest that
ABCC4 may be involved in some pain-related conditions
in humans and mice. To date, many genetic variations
within or around the ABCC4 gene have been identified
and characterized in Japanese and other ethnically
diverse populations.®>®® The functional impact of these
variations, especially nonsynonymous polymorphisms,
have been investigated in previous studies.®” ’! In genet-
ic association studies of disease status and symptoms,
SNPs or copy number variations within or around the
ABCC4 gene have been shown to be associated with
airway inflammation in asthmatic individuals,®® unfa-
vorable clinical outcomes in children with acute lympho-
blastic leukemia,® patients with esophageal squamous
cell carcinoma,”” patients with chemotherapy-induced
peripheral neuropathy,” and measures of pain symp-
toms in patients with lung cancer and acute post-
radiotherapy pain.”*”> However, none of these studies
included the rs4773840 SNP or other SNPs that were in
relatively strong LD with this SNP in our samples
(r*>0.8; Supplementary Figure S3). According to the
Genotype-Tissue Expression (GTEx) portal (accessed
July 10, 2019; Supplementary Methods), one of the
SNPs that is in relatively strong LD with the
rs4773840 SNP, rs2950957 (Supplementary Figure S3),
significantly affects mRINA expression of the 4ABCC4
gene in the muscularis in the human esophagus. Single-
nucleotide polymorphisms that are in relatively strong
LD with the rs4773840 SNP include two synonymous
SNPs in the coding region, rs1189466 and rs1678339
(Supplementary Figure S3), based on the Exome
Aggregation Consortium (ExAC) Browser (accessed
July 10, 2019; Supplementary Methods). When these
SNPs were referred to SNPinfo Web Server and
SNPnexus (accessed July 10, 2019; Supplementary
Methods), they were predicted to affect splicing as
exonic splicing enhancers or exonic splicing silencers,
and the rs1678339 SNP was found to be within a puta-
tive transcription factor binding site in mice and
humans. These results suggest that expression or splicing
of the ABCC4 gene could be affected by the rs4773840
SNP and other SNPs that are in relatively strong LD
with this SNP, which might be related to a mechanism
that contributes to PHN.

In the gene-based analysis of all patients, the PRKCQ
gene was significantly associated with the phenotype

(Supplementary Table S1; Figure 3(a)). The PRKCQ
gene encodes protein kinase CO (PKC6), which is a
family of serine- and threonine-specific protein kinases.
The PRKCQ protein is a calcium-independent and
phospholipid-dependent kinase that is important for T-
cell activation and highly expressed in the thyroid and
lymph nodes.”®”” Lidocaine, which is used as a local
anesthetic, was shown to modulate inflammation in
septic patients by decreasing chemokine-induced neutro-
phil arrest and transendothelial migration by inhibiting
PKC6 activation.”® The PKC inhibitor tamoxifen sup-
pressed paclitaxel-, vincristine-, and bortezomib-induced
cold and mechanical allodynia in mice,”® although the
specific role of PKC6O was not clearly revealed in this
study. In genetic association studies of disease status
and symptoms, SNPs within or around the PRKCQ
gene were shown to be associated with type 1 diabetes™
and Crohn’s disease,®’®* both of which may involve
symptoms of neuropathy or pain as complications.
Significant associations were found between Crohn’s dis-
ease and the nonsynonymous rs2236379 SNP.*'%% This
SNP was found to be in relatively strong LD with the
rs2026432 SNP in our samples according to the SNPinfo
Web Server (+* > 0.8), which was among the top 20 can-
didate SNPs in the present study (Table 2). One of these
SNPs may influence the susceptibility to both Crohn’s
disease and chronic pain partly through the same mech-
anism, but future studies are required to confirm such a
possibility. In the gene-set analysis, several significant
associations were also found (Tables 4 and 5). Among
the three genes that were commonly included in the two
candidate gene sets (Supplementary Table S3), the BCL2
gene was reported to be upregulated in human cultured
cells by capsaicin treatment,® which is known to affect
inflammatory and pain pathways. However, the precise
roles of the gene sets in chronic pain and PHN that were
identified in the present study remain unknown and
require further investigation.

A major limitation of this study would be the limited
sample size. However, some of the previous GWAS have
successfully identified SNPs significantly associated with
the phenotypes examined in considerably small number
of samples (i.e., approximately 200 or less samples).5*%
Moreover, stronger associations can be found in suitably
stratified samples with homogenous property (i.g., diag-
nosis of PHN) than those in entire number of samples,
even if such strong associations may be masked before
stratification, as demonstrated in previous studies.®*™’
Nevertheless, further studies will be warranted for repli-
cation of the results shown in the present study.

In conclusion, our GWASs identified several SNPs
and genes associated with chronic pain and PHN,
including the ABCC4 1s4773840 SNP and PRKCQ
gene. The present findings require corroboration in
future studies with larger sample sizes.
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