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Single-nucleotide polymorphisms of the
SLC17A9 and P2RY12 genes are significantly
associated with phantom tooth pain
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Abstract
Phantom tooth pain (PTP) is a rare and specific neuropathic pain that occurs after pulpectomy and tooth extraction, but its
cause is not understood. We hypothesized that there is a genetic contribution to PTP. We focused on solute carrier family 17
member 9 (SLC17A9)/vesicular nucleotide transporter (VNUT) and purinergic receptor P2Y12 (P2RY12), both of which have
been associated with neuropathic pain and pain transduction signaling in the trigeminal ganglion in rodents. We sought to
corroborate these associations in humans. We investigated gene polymorphisms that contribute to PTP. We statistically
examined the association between genetic polymorphisms and PTP vulnerability in 150 patients with orofacial pain, including
PTP, and 500 healthy subjects. We found that the rs735055 polymorphism of the SLC17A9 gene and rs3732759 polymorphism
of the P2RY12 gene were associated with the development of PTP. Carriers of the minor allele of rs735055 and individuals who
were homozygous for the major allele of rs3732759 had a higher rate of PTP. Carriers of the minor allele of rs735055
reportedly had high SLC17A9 mRNA expression in the spinal cord, which may increase the storage and release of adenosine
triphosphate. Individuals who were homozygous for the major allele of rs3732759 may have higher P2RY12 expression that is
more active in microglia. Therefore, these carriers may be more susceptible to PTP. These results suggest that specific genetic
polymorphisms of the SLC17A9 and P2RY12 genes are involved in PTP. This is the first report on genes that are associated with
PTP in humans.
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Introduction

The dental pulp nerve is connected to the tooth at the pe-
ripheral end of the trigeminal nerve. This nerve is severed
during pulpectomy in routine dental practice. Approximately
one million pulpectomies are performed annually in Japan.
However, neuropathic pain is not usually remained after
pulpectomy despite nerve damage. Moreover, tooth extrac-
tion usually does not cause persistent pain. In most cases, the
procedure is performed on teeth with infected pulp, with the
objective of removing pain. The pain rarely remains for a long
period of time. However, there are cases of persistent pain
after pulpectomy, although such cases are extremely rare.
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Marbach et al. referred to this condition as phantom tooth
pain (PTP), similar to phantom limb pain after finger
amputation,1,2 with a reported incidence of 3–6%.1,3 The
actual incidence is likely far less because there are cases of
prolonged root cracking, periodontitis, and residual pulpitis
after pulpectomy. In the most recent classification by the
International Classification of Orofacial Pain, first edition
(ICOP),4 PTP is referred to as “6.3.3. Persistent idiopathic
dentoalveolar pain with somatosensory changes.” PTP is still
not widely recognized, and it is often mistakenly diagnosed as
temporomandibular joint disorder, trigeminal neuralgia, si-
nusitis, denture incompatibility, typical neuralgia, or my-
ofascial pain.5 The presentation of PTP is often clinically
troublesome because repeated endodontic treatment, api-
coectomy, or extractions do not eliminate the pain and may
instead worsen pain severity or increase pain distribution.5

Most patients with PTP meet the Diagnostic and Statistical
Manual ofMental Disorders,fifth edition, criteria for somatoform
pain disorder, often referred to as psychogenic pain, but there is
no evidence that it derives from a pre-morbid personality.5,6

Melzack’s neuromatrix theory may be relevant because of its

essentially similar characteristics to phantom limb pain after limb
amputation,5 but the cause of PTP remains unclear.

Recent studies have shown that solute carrier family 17
member 9 (SLC17A9)/vesicular nucleotide transporter
(VNUT)-mediated adenosine triphosphate (ATP) release
activates satellite glial cells and microglia/macrophage-like
cells (MLCs) to release brain-derived neurotrophic factor and
nerve growth factor as pain transduction signals in the tri-
geminal ganglion.7 Purinergic receptor P2Y12 (P2RY12) is
expressed on satellite glial cells, and the purinergic receptor
P2X4 is expressed on MLCs.7 In the spinal cord, SLC17A9-
dependent ATP release from dorsal horn neurons8,9 and high
P2RY12 expression in microglia10,11 have been reported to be
involved in neuropathic pain.

SLC17A9 is a member of the SLC17 family of phosphate
transporters. It is a VNUT of ATP8,12–14 and involved in the
uptake and release of ATP into vesicles.8,12–15 In the nervous
system, SLC17A9 is expressed in neurons of the dorsal root
ganglia, astrocytes, microglia, trigeminal ganglion neurons,
and satellite glial cells in the central nervous system.7–9,15,16

The SLC17A9 gene is located on chromosome 20, consists of
14 exons and 13 introns9,14 (Figure 1), and encodes
SLC17A9 protein.13,14,17 Previous studies reported that the
rs548728088 single-nucleotide polymorphism (SNP) of the
SLC17A9 gene is associated with disseminated superficial
actinic porokeratosis.18 However, no studies have reported
associations between SNPs of the SLC17A9 gene and pain.

P2RY12 has seven hydrophobic transmembrane regions
that are linked by extracellular/intracellular loops. It is ac-
tivated by adenine and uracil nucleotides (ADP, UTP, UDP,
and UDP-glucose), binds to the Giα subunit of G proteins,
and decreases intracellular cyclic adenosine monophosphate
production.19 P2RY12 is reported to preferentially bind to
ADP.20 In the nervous system, P2RY12 is expressed in dorsal
root ganglia, microglia, and satellite glial cells of the tri-
geminal ganglion.19–21 The P2RY12 gene is located on
chromosome three and consists of three exons and two in-
trons22 (Figure 2). Previous studies reported that minor alleles
of P2RY12 SNPs (rs3732765, rs9859538, rs17283010,
rs11713504, and rs10935840) are associated with the severity
of cancer pain.23

Speculating on the cause of the rare PTP condition is
difficult when based solely on phenotype, such as surgical
technique and environment. Some reports suggest that ge-
netic polymorphisms are involved in pain sensitivity and
resistance to the development of chronic pain.24,25 Therefore,
we hypothesized that there is a genetic contribution to the
vulnerability to PTP, a neuropathic pain condition in the
trigeminal nerve region. In the present study, we focused on
SLC17A9 and P2RY12 to investigate the cause of PTP and
analyzed gene polymorphisms, particularly SNPs. The
rs735055 SNP of the SLC17A9 gene and rs3732759 SNP of
the P2RY12 gene were shown to be associated with the
development of PTP.

Figure 1. State of LD among SNPs in the SLC17A9 gene region,
including 10 kbp upstream and downstream (LD Plot-r2).
Numbers in squares in which two SNPs face represent the
percentage of r2 values that were calculated from genotype data of
the SNPs. The white boxes represent D’ <1 and log of the
likelihood odds ratio (LOD) <2. The shades of pink or red boxes
represent D’ < 1 and LOD ≥2. The blue boxes represent D’ = 1 and
LOD <2. The bright red boxes represent D’ = 1 and LOD ≥2. The
solid horizontal line above the LD plot represents the SLC17A9
gene, including 10 kbp upstream and downstream of the gene. The
orange boxes represent exons, and solid lines represent
untranslated region or introns in the SLC17A9 gene structure. The
gray arrows represent the direction of transcription. The yellow
square represents the SNP on which we focused in this study. LD,
linkage disequilibrium; SNP, single-nucleotide polymorphism; LOD,
likelihood odds ratio.
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Materials and methods

Patients, healthy subjects, and diagnosis

The protocol for this study was approved by the Ethics
Committees of Tokyo Dental College and Tokyo Metro-
politan Institute of Medical Science (approval no. 810 and
17–37, respectively) and conformed with the provisions of
the Declaration of Helsinki. All of the subjects provided
informed, written consent for the genetics studies.

Enrolled in the studywere 33 patients with PTP (26–74 years
old)who visited Pain Clinic at TokyoDental College Suidobashi

Hospital between May 2007 and November 2019. We applied
the following diagnostic criteria for PTP: (1) presence of al-
lodynia in the surrounding gingiva after pulp extraction and pain
that does not respond to local infiltration anesthesia and (2) post-
extraction pain with residual pain despite good healing of the
mucous membrane that covers the tooth, the presence of allo-
dynia, and pain that does not respond to local infiltration an-
esthesia (Table 1, Supplementary Figure S1).

We also enrolled 117 patients with pain or sensory dis-
turbance in the orofacial area, excluding PTP (i.e., orofacial
pain [OFP]; 23–89 years old), who visited Tokyo Dental

Figure 2. State of LD among SNPs in the P2RY12 gene region, including 10 kbp upstream and downstream (LD Plot-r2). Numbers in squares in
which two SNPs face represent the percentage of r2 values that were calculated from genotype data of the SNPs. The white boxes represent D’
<1 and log of the likelihood odds ratio (LOD) <2. The shades of pink or red boxes represent D’<1 and LOD ≥2. The blue boxes representD’= 1
and LOD <2. The bright red boxes represent D’ = 1 and LOD ≥2. The solid horizontal line above the LD plot represents the P2RY12 gene,
including 10 kbp upstream and downstream of the gene. The orange boxes represent exons, and solid lines represent untranslated region or
introns in the P2RY12 gene structure. The gray arrows represent the direction of transcription. The yellow square represents the SNP onwhich
we focused in this study. LD, linkage disequilibrium; SNP, single-nucleotide polymorphism; LOD, likelihood odds ratio.

Table 1. Diagnostic criteria for phantom tooth pain that were used in the present study.

A. Intraoral dentoalveolar pain fulfilling criteria B and C
B. Recurring daily for >2 h/day for >3 months
C. Pain has both of the following characteristics
1. Localized to a dentoalveolar site (tooth or alveolar bone)
2. Deep, dull, pressure-like quality

D. Clinical and radiographic examinations are normal, and local causes have been excluded
E. Not better accounted for by another ICOP or ICHD-3 diagnosis
F. Pain does not respond to local infiltration anesthesia
G. Presence of allodynia or dysesthesia in the surrounding gingiva

A–E, reference from International Classification of Orofacial Pain, first edition (ICOP); F, additional criterion for differentiating odontogenic pain; G, additional
criterion for differentiating nociplastic pain; ICOP, International Classification of Orofacial Pain; ICHD-3, International Classification of Headache Disorders.
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College Suidobashi Hospital between May 2012 and De-
cember 2019. They were classified according to the ICOP and
International Classification of Diseases, 11th revision (ICD-11),
as traumatic trigeminal neuropathy, trigeminal neuralgia,
postherpetic neuralgia, neuralgia-inducing cavitational
osteonecrosis (NICO),26 and nociplastic pain.

Finally, we enrolled 500 healthy adult volunteers who
lived in the Kanto area of Japan and agreed to participate in
the study (American Society of Anesthesiologists Physical
Status Ⅰ, 20–72 years old, 253 males, 242 females, and five
gender-unknown subjects). They were recruited between
December 2004 and April 2005 as the control group.27,28

Genotyping and linkage disequilibrium analysis

We examined SNPs of the SLC17A9 and P2RY12 genes. We
analyzed 16 and 32 SNPs around the SLC17A9 and P2RY12
gene regions (including 10 kilobase pair [kbp] upstream and
downstream), respectively, using genotype data from whole-
genome genotyping in 150 patients who had PTP or OFP.
Genomic DNAwas extracted fromwhole-blood samples using
standard procedures. The extracted DNAwas dissolved in TE
buffer (10 mM Tris-HCl and 1 mM ethylenediaminetetraacetic
acid, pH 8.0). The DNA concentration was adjusted to
100 ng/μL for whole-genome genotyping using a NanoDrop
ND-1000 Spectrophotometer (Thermo Fisher Scientific,
Tokyo, Japan). Whole-genome genotyping was performed
using the Infinium Assay II and iScan system (Illumina, San
Diego, CA, USA) according to the manufacturer’s instruc-
tions. Two kinds of BeadChips were used to genotype patient
and control samples, respectively: Infinium Asian Screening
Array-24 v 1.0 (total markers: 659,184) and Human-
OmniExpressExome-8 v1.1 (total markers: 964,193). Both
BeadChips included a number of probes that were specific to
copy number variation markers, but most were for SNP
markers on the human autosome or sex chromosome. The
data for the whole-genome-genotyped samples were analyzed
using GenomeStudio with the Genotyping module v3.3.7 or
GenomeStudio v2.0.4 (Illumina) to evaluate the quality of the
results. In the data-cleaning process, the samples with a
genotype call rate <0.95 were excluded from further analyses.
As a result, no sample was excluded from further analyses.
Markers with a genotype call frequency <0.95 or “Cluster
sep” (i.e., an index of genotype cluster separation) <0.1 were
excluded from the subsequent association study. A total of
6,51,128 and 9,54,793 SNP markers survived this filtration
process in the patient and control samples, respectively.

Among the SNPs within SLC17A9 and P2RY12 gene regions,
including 10 kbp upstream and downstream, SNPs were selected
for the association studies. To identify relationships of the SNPs
that were used in the study, linkage disequilibrium (LD) analysis
was performed using Haploview v. 4.1.29 To estimate the LD
strength between SNPs, the commonly usedD’ and r2 valueswere
pairwise calculated using the genotype dataset of each SNP. LD
blocks were defined among the SNPs that showed “strong LD,”

based on the default algorithm of Gabriel et al., in which the upper
and lower 95% confidence limits on D’ for strong LD were set at
0.98 and 0.7, respectively. TagSNPs in the LD block were then
determined using the Tagger software package, which is incor-
porated in Haploview and was detailed in a previous report.30

In 500 healthy subjects, genotype data from whole-
genome genotyping were used for the rs735055 SNP. The
TaqMan® assay was performed on 500 samples of the
rs3732759 SNP because whole-genome genotyping data
were unavailable for the rs3732759 SNP in healthy subjects.
The DNA concentration was adjusted to 5–50 ng/μL for
genotyping the rs3732759 SNP. To perform the TaqMan®

assay with a LightCycler® 480 (Roche Diagnostics, Tokyo,
Japan), TaqMan® SNP Genotyping Assays (Thermo Fisher
Scientific) were used that included sequence-specific forward
and reverse primers to amplify the polymorphic sequence and
two probes that were labeled with VIC® and FAM� dye to
detect both alleles of the P2RY12 SNPs. The sequences of the
primers for rs3732759 were not disclosed. Real-time poly-
merase chain reaction was performed in a final volume of
10 μL that contained 2 × LightCycler® 480 Probes Master
(Roche Diagnostics), 40 × TaqMan® SNP Genotyping As-
says, 5–50 ng genomic DNA as the template, and up to 10 μL
H2O equipped with 2 × LightCycler® 480 Probes Master. The
thermal conditions were the following: 95°C for 10 min,
followed by 45 cycles of 95°C for 10 s and 60°C for 60 s, with
final cooling at 50°C for 30 s. Afterward, endpoint fluores-
cence was measured for each sample well, and the G/G, A/G,
and A/A genotypes of rs3732759 were determined based on
the presence or absence of each type of fluorescence.

Statistical analysis

The patients’ demographic and clinical data are expressed as
mean ± SD. Student’s t-test was performed for age and
gender. The χ2 test was performed for all genotype frequency
data to investigate deviations of the distributions from those
in theoretical Hardy–Weinberg equilibrium and for the as-
sociation analysis with the clinical data on PTP. We per-
formed a statistical analysis of 500 cases in the control group.
Seven cases of SLC17A9 and 21 cases of P2RY12 were
excluded because genotyping data were indeterminate. Stu-
dent’s t-test and the χ2 test were performed using SPSS 28
software (IBM Japan, Tokyo, Japan). The Cochran–Armitage
test was performed using PLINK v1.07 (http://zzz.bwh.
harvard.edu/plink/). In all of the statistical tests, the crite-
rion for significance was set at p <.05. A trend toward a
positive correlation was set at .05 ≤ p < .1.

Results

Demographic and genotype distributions

All of the 150 Japanese patients who enrolled in the study
completed the study. The patients’ demographic and diag-
nosis data are shown in Table 2. No significant differences in
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age or sex ratio were found between PTP and OFP (age: p =
.16, Student’s t-test; sex ratio: p = .41, χ2 test). Significant
differences in both age and sex ratio were found between PTP
patients and healthy subjects (age: p = 1.33 × 10�7, Student’s
t-test; sex ratio: p = 8.00 × 10�3, χ2 test).

rs735055 single-nucleotide polymorphism of the
SLC17A9 gene was associated with phantom
tooth pain

We focused on the SLC17A9 gene, which is also expressed in
the trigeminal ganglion and known to be involved in neu-
ropathic pain.7–9 LD analysis was performed on 16 SNPs of
the SLC17A9 gene in the SNP array.We excluded seven SNPs
that had zero minor allele frequency by LD analysis from the
16 SNPs; the remaining nine SNPs were adopted for the
further analysis. A schematic diagram of the SLC17A9 gene is
shown in Figure 1. The distribution of the nine SNPs did not
deviate from theoretical Hardy–Weinberg equilibrium
(Supplementary Table S1). After whole-genome genotyping
and the LD analysis of the extracted SNPs within and
around the SLC17A9 gene, a total of two LD blocks with
four TagSNPs (rs1052826, rs59076535, rs2427459, and
rs2427461 SNPs) were selected. We analyzed the association
between the nine SNPs and clinical data on PTP by com-
paring PTP patients with OFP patients as non-PTP subjects.
Genotypic data comprised three genotypes. In the genotypic
model, the χ2 test was performed on these three genotypes to
estimate the effect of allele substitution using the simplest
method. Bonferroni correction for multiple comparisons was
applied to nine SNPs for p values, and the rs735055 SNP was
significantly associated with PTP (p = 2.0 × 10�3;
Supplementary Table S2). Based on these results, we in-
vestigated the relationship between the rs735055 SNP of the
SLC17A9 gene and PTP in detail. The patients’ and control
subjects’ genotype distributions of the rs735055 SNP are
shown in Table 3. When PTP patients were compared with
OFP patients, minor A allele carriers of the rs735055 SNP
were significantly more frequent in PTP patients in males and
females combined and in females alone (males and females

combined: p = 2.9 × 10�4; females: p = 2.6 × 10�4; Table 4,
Supplementary Table S3).When PTP patients were compared
with healthy subjects instead of OFP patients, carriers of the
minor A allele of the rs735055 SNP were significantly more
frequent as well among PTP patients in males and females
combined and in females alone (males and females com-
bined: p = 7.7 × 10�6; females: p = 1.3 × 10�4; Table 4,
Supplementary Table S3). No significant difference was
found in males (Supplementary Table S3). No significant
difference was found between OFP patients and healthy
subjects (Table 4, Supplementary Table S3). These results
suggested that the rs735055 SNP of the SLC17A9 gene was
significantly associated with PTP in males and females
combined and in females. To clearly demonstrate linearity of
the PTP by copy number of the A allele of the SNP, we
applied a trend test, which revealed a positive correlation
between PTP and copy number of the A allele of the SNP (p =
3.2 × 10�5, Cochran–Armitage trend test). Thus, PTP linearly
increased as the copy number of the minor A allele of the SNP
increased.

rs3732759 single-nucleotide polymorphism of the
P2RY12 gene was associated with phantom
tooth pain

We also focused on the P2RY12 gene, which encodes a
purinergic receptor. It is expressed in satellite glial cells near
the trigeminal ganglion and known to be involved in neu-
ropathic pain.10,11,19 LD analysis was performed on 32 SNPs
of the P2RY12 gene in the SNP array. We excluded five SNPs
that had zero minor allele frequency by LD analysis from the
32 SNPs. The remaining 27 SNPs were adopted for the
further analysis. A schematic diagram of the P2RY12 gene is
shown in Figure 2. Among the 27 SNPs, three (rs5853517,
rs2046934, and rs10935838) showed deviations in the dis-
tribution from theoretical Hardy–Weinberg equilibrium
(Supplementary Table S1). After whole-genome genotyping
and the LD analysis of the extracted SNPs within and around
the P2RY12 gene, a total of two LD blocks with eight
TagSNPs (rs6785930, rs16863323, rs12497330, rs7634096,

Table 2. Patients’ demographic and diagnosis data.

Diagnosis

na

Age (mean ± SD) VAS (mean ± SD)Patients (males/females)

PTP 33 (9/24) 48.1 ± 12.8 84.6 ± 13.2
Traumatic trigeminal neuropathy 60 (11/49) 49.7 ± 16.1 61.1 ± 22.7

Trigeminal neuralgia 11 (6/5) 60.5 ± 14.7 76.2 ± 19.7
Postherpetic neuralgia 16 (1/15) 60.8 ± 16.7 59.8 ± 22.6

NICO 12 (5/7) 46.3 ± 11.8 66.8 ± 21.7
Nociplastic pain 18 (1/17) 52.6 ± 15.5 76.4 ± 22.7

VAS, visual analog scale; PTP, phantom tooth pain; NICO, neuralgia-inducing cavitational osteonecrosis.
athe number of participants.
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rs9859538, rs6787801, rs1491974 and rs4603933) were
selected. We analyzed associations between the 24 SNPs and
clinical data on PTP by comparing PTP patients with OFP
patients as non-PTP subjects. In the genotypic model, the χ2

test was performed on these three genotypes to estimate the
effect of allele substitution using the simplest method.
Bonferroni correction for multiple comparisons was applied
to 24 SNPs for p values, and the rs3732759 SNP exhibited a
trend toward a positive correlation with PTP (p = .091;
Supplementary Table S2). We focused on the rs3732759 SNP
and further analyzed its association with PTP in detail. The

patients’ and control subjects’ genotype distributions of the
rs3732759 SNP are shown in Table 5. When PTP patients
were compared with OFP patients, carriers of the minor G
allele of the rs3732759 SNP were significantly less frequent
in PTP patients in males and females combined and in fe-
males alone (males and females combined: p = .026; females:
p = 9.4 × 10�3; Table 6, Supplementary Table S4). When PTP
patients were compared with healthy subjects instead of OFP
patients, carriers of the minor G allele of the rs3732759 SNP
were significantly less frequent as well in PTP patients in
males and females combined and in females alone (males and

Table 3. Genotype distributions of SLC17A9 rs735055 single-nucleotide polymorphism.

Patients and control subjects Demographya

Genotype

AA AG GG

PTP nb 0 (0/0) 10 (2/8) 23 (7/16)
Rate (%) 0 (0/0) 30.3 (22.2/33.3) 69.7 (77.8/66.7)

OFP nb 0 (0/0) 6 (2/4) 111 (22/89)
Rate (%) 0 (0/0) 5.1 (8.3/4.3) 94.9 (91.7/95.7)

Healthy subjects nb 1 (0/1) 30 (15/15) 462 (237/225)
Rate (%) 0.2 (0/0.4) 6.1 (6.0/6.2) 93.7 (94.0/93.4)

PTP, phantom tooth pain; OFP, orofacial pain.
asubjects (males/females).
bthe number of participants.

Table 4. Comparisons of genotype data between phantom tooth pain, orofacial pain and healthy subjects of SLC17A9 rs735055
single-nucleotide polymorphism.

P (original)
P (after Bonferroni correction for multiple comparisons of

9 SNPs)

Gender
Genotype
groups

PTP vs healthy
subjects

OFP vs healthy
subjects PTP vs OFP

PTP vs healthy
subjects

OFP vs healthy
subjects PTP vs OFP

Total AA/AG/GG 3.3 × 10�6 0.8 3.2 × 10�5 3.0 × 10–5 *** 7.1 2.9 × 10�4 ***
AA+AG/GG 8.6 ×10�7 0.6 3.2 × 10�5 7.7 × 10�6 *** 5.3 2.9 × 10�4 ***
AA/AG+GG 0.8 0.6 N/Aa 7.2 5.6 N/Aa

PTP, phantom tooth pain; OFP, orofacial pain; SNP, single-nucleotide polymorphism.
anot applicable.
***p < .001.

Table 5. Genotype distributions of P2RY12 rs3732759 single-nucleotide polymorphism.

Patients and control subjects Demographya

Genotype

AA AG GG

PTP nb 21 (4/17) 8 (2/6) 4 (3/1)
Rate (%) 63.6 (44.4/70.8) 24.2 (22.2/25.0) 12.1 (33.3/4.2)

OFP nb 38 (9/29) 61 (10/51) 18 (5/13)
Rate (%) 32.5 (37.5/31.2) 52.1 (41.7/54.8) 15.4 (20.8/14.0)

Healthy subjects nb 165 (84/81) 226 (117/109) 88 (46/42)
Rate (%) 34.4 (34.0/34.9) 47.2 (47.4/47.0) 18.4 (18.6/18.1)

PTP, phantom tooth pain; OFP, orofacial pain.
asubjects (males/females)
bthe number of participants.
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females combined: p = .017; females: p = .014; Table 6,
Supplementary Table S4). No significant difference was
found in males (Supplementary Table S4). No significant
difference was found between OFP patients and healthy
subjects (Table 6, Supplementary Table S4). These results
suggested that the rs3732759 SNP of the P2RY12 gene was
significantly associated with PTP in males and females
combined and in females alone. To demonstrate the linearity
of PTP by copy number of the minor G allele of the SNP, we
applied a trend test, which revealed a negative correlation
between PTP and copy number of the minor G allele of the
SNP (p = .011, Cochran–Armitage trend test). Thus, the rate
of PTP linearly decreased as the copy number of the minor G
allele of the SNP increased.

Discussion

The present findings suggest that the rs735055 SNP of the
SLC17A9 gene and rs3732759 SNP of the P2RY12 gene are
associated with the development of PTP. In males and fe-
males combined and in females alone, carriers of the minor
allele of the rs735055 SNP of the SLC17A9 gene and indi-
viduals who were homozygous for the major allele of the
rs3732759 SNP of the P2RY12 gene were significantly more
likely to be affected by PTP. The rs735055 SNP was posi-
tively correlated and the rs3732759 SNP was negatively
correlated with the copy number of the minor allele based on
the linearity analysis, which indicated that they were de-
pendent on the copy number of the minor allele. To our
knowledge, this is the first report on genes that are associated
with PTP in humans.

SLC17A9/VNUT-dependent ATP release from dorsal
horn neurons is an essential mechanism of tactile allodynia in
neuropathic pain after peripheral nerve injury,8,9 and pe-
ripheral nerve injury is reported to increase SLC17A9 ex-
pression in the spinal cord in rodents.15,17 In humans, carriers
of the minor allele of the rs735055 SNP have high mRNA
expression in the spinal cord,31 which may cause high
SLC17A9 expression and facilitate the efficient storage and
release of ATP. Therefore, they may be more susceptible to
PTP, which is a neuropathic pain condition. The rs735055

SNP of the SLC17A9 gene is located in an intron and isolated
outside the LD block (Figure 1), but it is located in the
promoter region,32 which may affect transcription. The
rs735055 SNP of the SLC17A9 gene has an A allele fre-
quency of 50% and G allele frequency of 50% in African
populations.32 The A allele frequency is higher than in other
populations (control group in this study: A allele 3%, G allele
97%; American populations: A allele 18%, G allele 84%;
European populations: A allele 17%, G allele 83%; East
Asian populations: A allele 5%, G allele 95%; South Asian
populations: A allele 15%, G allele 85%).32 The University of
Benin in Africa reported a higher prevalence of orofacial pain
in Benin City than in the rest of the world.33 Although de-
tailed information is lacking, it is highly likely that such
orofacial pain also includes PTP. In the present study, A allele
carriers had a higher rate of PTP, suggesting that the rs735055
SNP of the SLC17A9 gene is associated with PTP.

In rodents, nerve injury increases the expression of
P2RY12 in microglia in the spinal cord and trigeminal spinal
subnucleus caudalis.11,34 Nerve injury activates the guano-
sine triphosphate—Ras homolog gene family, member A
(RhoA)—Rho-associated protein kinase 2 (ROCK2) sig-
naling pathway and increases excitatory synaptic transmis-
sion in the dorsal horn, leading to mechanical and thermal
hyperalgesia.10,35 P2RY12 microglial receptors in the tri-
geminal nucleus caudalis play an important role in the
pathogenesis of chronic migraine by regulating microglial
activation in the trigeminal nucleus caudalis via the RhoA/
ROCK pathway.36 In humans, PTP has been reported to be
involved in migraine.37 The rs3732759 SNP of the P2RY12
gene has been reported to be associated with clopidogrel
sensitivity in patients with coronary artery disease.38 The
rs6809699 SNP and rs16863323 SNP in the LD block that
also contains the rs3732759 SNP of the P2RY12 gene have
been reported to be associated with intravenous immuno-
globulin resistance in Kawasaki disease patients39 and early
neurological deterioration in acute ischemic stroke.40 How-
ever, no previous studies have shown that the rs3732759 SNP
of the P2RY12 gene and SNPs in the same LD block are
associated with pain. Individuals who are homozygous for the
major allele of the rs3732759 SNP may have higher P2RY12

Table 6. Comparisons of genotype data between phantom tooth pain, orofacial pain and healthy subjects of P2RY12 rs3732759
single-nucleotide polymorphism.

P (original)
P (after Bonferroni correction for multiple comparisons

of 9 SNPs)

Gender
Genotype
groups

PTP vs healthy
subjects

OFP vs healthy
subjects PTP vs OFP

PTP vs healthy
subjects

OFP vs healthy
subjects PTP vs OFP

Total AA/AG/GG 3.1 × 10�3 0.5 3.8 × 10�3 7.5 × 10�2 † 13.0 9.1 × 10�2 †

AA+AG/GG 0.4 0.4 0.7 8.6 10.1 15.6
AA/AG+GG 7.1 × 10�4 0.7 1.1 × 10�3 1.7 × 10�2 * 15.8 2.6 × 10�2*

PTP, phantom tooth pain; OFP, orofacial pain; SNP, single-nucleotide polymorphism.
*p < .05; †.05 ≤ p < .1.
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expression, which may be more active in microglia and
predispose these individuals to neuropathic pain, including
PTP. However, the effect of the rs3732759 SNP on P2RY12
expression levels is only speculative because no data on such
an effect have been reported. SNPs of the P2RY12 gene may
affect the expression of genes in the vicinity of the P2RY12
gene. We cannot exclude the possibility that proteins that are
encoded by these genes are also associated with the devel-
opment of PTP. The rs3732759 SNP of the P2RY12 gene is
located in the intron region (Figure 2) where the promoter
flanking region exists.32 When an allele of one SNP in the LD
block changes, the alleles of other polymorphisms that are in
strong LD with the SNP also change. This may have a rel-
atively large impact on gene expression and other factors.

SLC17A9 and P2RY12 are reported to be involved in
nucleotide release in platelets in humans41 and may act to-
gether in the spinal cord. After lingual nerve injury, ATP is
released from somatic cells of trigeminal ganglion neurons
and activates P2RY12 in satellite glial cells, which plays a
role in enhancing trigeminal ganglion neural activity and
nociceptive reflex behavior, causing neuropathic pain in the
tongue in rodents.7,42,43 SLC17A9-dependent ATP release in
the trigeminal ganglion (but not in the spinal cord) and tri-
geminal ganglia-specific signaling via P2RY12 on satellite
glial cells may also be involved in PTP (Supplementary
Figure S2). This possibility is based on studies in rodents.
Further studies are needed to reveal the detailed mechanisms
of PTP signal transduction in humans.

In the present study, to better exclude differential diag-
noses, PTP was diagnosed according to ICOP criteria and
additional information about local anesthesia and allodynia
(Table 1, Supplementary Figure S1). The presence or absence
of the disappearance of pain with local anesthesia or presence
of allodynia would have been useful for differentiating
odontogenic pain or nociplastic pain. The OFP group com-
prised a heterogeneous group of patients with pain or sensory
disturbance in the orofacial area and included various
pathological conditions, excluding PTP. Because OFP was
heterogeneous, it was further classified into three groups
(neuropathic pain, trigeminal neuralgia, and nociplastic pain)
and compared with the PTP group and healthy subjects,
although the number of trigeminal neuralgia and nociplastic
pain patients was too small for accurate statistical analysis
(Supplementary Tables S5 and S6). Traumatic trigeminal
neuropathy, postherpetic neuralgia, and NICO were analyzed
together as the neuropathic pain subgroup for correctness
because of the small number of patients in each group. The
neuropathic pain subgroup was significantly different from
the PTP group (SLC17A9 rs735055, p = 2.2 × 10�3, geno-
typic model and dominant model, total of males and females;
P2RY12 rs3732759, p = .02, dominant model, total of males
and females) and not significantly different from healthy
subjects. Trigeminal neuralgia and nociplastic pain were not
significantly different from PTP as well as healthy subjects,
likely because of the insufficient number of cases that resulted

in an insufficiently powered analysis. We analyzed trends of
genotype ratios among each genotype. The genotype ratio for
trigeminal neuralgia and nociplastic pain had similar trends as
the genotype ratios for neuropathic pain and healthy subjects
(in trigeminal neuralgia, nociplastic pain, neuropathic pain
and healthy subjects: over 90% of carriers of the SLC17A9
rs735055 SNP were homozygous for the major allele; about
30% of carriers of the P2RY12 rs3732759 SNP were ho-
mozygous for the major allele). On the other hand, the ge-
notype ratios for trigeminal neuralgia and nociplastic pain had
different trends as the genotype ratio for PTP (in PTP: 70% of
carriers of the SLC17A9 rs735055 SNP were homozygous for
the major allele; 64% of carriers of the P2RY12 rs3732759
SNP were homozygous for the major allele). These results
suggest that the genotype ratio for trigeminal neuralgia and
nociplastic pain had similar trends as the genotype ratios for
neuropathic pain and healthy subjects. We infer that signif-
icant results could be obtained if the number of cases for
trigeminal neuralgia and nociplastic pain increased. These
results suggest that the OFP group was an appropriate control
group for the statistical analysis in the present study.

No significant results were found for OFP, despite the
inclusion of neuropathic pain other than PTP. Pulpectomy and
tooth extraction that can lead to PTP are frequent treatment
procedures in clinical dentistry. Despite being procedures that
damage nerves, these treatments usually leave no residual
symptoms and are less susceptible to such environmental
factors as the surgical technique. On the other hand, neu-
ropathic pain, such as traumatic trigeminal neuropathy, was
included in the OFP group in the present study. Neuropathic
pain often occurs after the extraction of a buried wisdom tooth
or after implant placement. This is often influenced by en-
vironmental factors, such as the level of nerve damage and
pattern of damage. We may have observed significant results
only for PTP because PTP is less influenced by environ-
mental factors and thus more likely to reflect the influence of
genetic factors. Additionally, the comparisons between the
OFP group and healthy subjects showed no significant re-
sults, whereas the comparisons between the PTP group and
healthy subjects and between the PTP group and OFP group
showed significant results. These findings suggest that PTP is
different from other pain and sensory disorders in the or-
ofacial area, including neuropathic pain.

In the present study, the results were significant in females
but not in males. Previous studies have shown no significant
difference in the incidence of PTP between genders.2,5 Most
mouse studies of neuropathic pain have used only male mice.
Microglia were reported to be involved in hyperalgesia in
chronic pain in males,44 and high P2RY12 expression in
microglia in male mice was shown to result in neuropathic
pain.35 These previous findings do not contradict the present
results. The same results could be found for males alone as for
males and females combined. One reason why we found no
significant difference in males may be that the sample size
was relatively small, in which only nine patients with PTP
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were included in the study. The total sample size was not
sufficiently large, and further analysis with a larger sample
size is needed.

Acknowledgments

We thank Mr Michael Arends for his assistance with editing the
manuscript. We are grateful to the volunteers for their participation
in the study and anesthesiologists and surgeons for collecting the
clinical data.

Author contributions

MS, SO, DN, KF, and KI conceived the study and designed the
experiments. MS, SO, KN, YE, and DN performed the statistical
analyses. MS wrote the manuscript. MS and KF collected clinical
samples and data. MS and JH performed the genotyping procedures.
SO, DN, KF, and KI supervised the experiments and finalized the
manuscript. All of the authors contributed to writing the manuscript,
and all authors read and approved the final manuscript.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was supported by grants from the Japan Society for the Promotion of
Science (JSPS) KAKENHI (no. 21H03028, JP16H06276
[AdAMS], 20K07774, 17K09052, 20K09259, 17K08970, and
17H04324) and Japan Agency for Medical Research and Devel-
opment (AMED; no. JP19ek0610011).

ORCID iDs

Seii Ohka  https://orcid.org/0000-0003-2394-6440
Kazutaka Ikeda  https://orcid.org/0000-0001-8342-0278

Supplemental Material

Supplemental material for this article is available online.

References

1. Marbach JJ. Is phantom tooth pain a deafferentation (neuro-
pathic) syndrome? Part I: evidence derived from pathophysi-
ology and treatment. Oral Surg Oral Med Oral Pathol 1993;
75: 95–105. DOI: 10.1016/0030-4220(93)90413-x

2. Marbach JJ, Hulbrock J, Hohn C, Segal AG. Incidence of
phantom tooth pain: an atypical facial neuralgia. Oral Surg
Oral Med Oral Pathol 1982; 53: 190–193. DOI: 10.1016/0030-
4220(82)90285-7

3. Campbell RL, Parks KW, Dodds RN. Chronic facial pain as-
sociated with endodontic therapy. Oral Surg Oral Med Oral
Pathol 1990; 69: 287–290. DOI: 10.1016/0030-4220(90)
90288-4

4. International classification of orofacial pain, 1st edition
(ICOP). Cephalalgia 2020; 40: 129–221. DOI: 10.1177/
0333102419893823

5. Marbach JJ, Raphael KG. Phantom tooth pain: a new look at an
old dilemma. Pain Med 2000; 1: 68–77. DOI: 10.1046/j.1526-
4637.2000.00012.x

6. Marbach JJ. Is phantom tooth pain a deafferentation (neuro-
pathic) syndrome? Part II: psychosocial considerations. Oral
Surg Oral Med Oral Pathol 1993; 75: 225–232. DOI: 10.1016/
0030-4220(93)90098-o

7. Goto T, Iwai H, Kuramoto E, Yamanaka A. Neuropeptides and
ATP signaling in the trigeminal ganglion. Jpn Dent Sci Rev
2017; 53: 117–124. DOI: 10.1016/j.jdsr.2017.01.003

8. Yamagata R, Nemoto W, Nakagawasai O, Hung WY, Shima K,
Endo Y, Tan-No K. Etidronate attenuates tactile allodynia by
spinal ATP release inhibition in mice with partial sciatic nerve
ligation. Naunyn Schmiedebergs Arch Pharmacol 2019; 392:
349–357. DOI: 10.1007/s00210-018-1593-2

9. Moriyama Y, Hiasa M, Sakamoto S, Omote H, Nomura M.
Vesicular nucleotide transporter (VNUT): appearance of an
actress on the stage of purinergic signaling. Purinergic Signal
2017; 13: 387–404. DOI: 10.1007/s11302-017-9568-1

10. Yu T, Zhang X, Shi H, Tian J, Sun L, Hu X, Cui W, Du D.
P2Y12 regulates microglia activation and excitatory synaptic
transmission in spinal lamina II neurons during neuropathic
pain in rodents. Cell Death Dis 2019; 10: 165. DOI: 10.1038/
s41419-019-1425-4

11. Tozaki-Saitoh H, Tsuda M, Miyata H, Ueda K, Kohsaka S,
Inoue K. P2Y12 receptors in spinal microglia are required for
neuropathic pain after peripheral nerve injury. J Neurosci 2008;
28: 4949–4956. DOI: 10.1523/JNEUROSCI.0323-08.2008

12. Hasuzawa N, Moriyama S, Moriyama Y, Nomura M. Phys-
iopathological roles of vesicular nucleotide transporter
(VNUT), an essential component for vesicular ATP release.
Biochim Biophys Acta Biomembr 2020; 1862: 183408. DOI:
10.1016/j.bbamem.2020.183408

13. Tokunaga A, Tsukimoto M, Harada H, Moriyama Y, Kojima S.
Involvement of SLC17A9-dependent vesicular exocytosis in
the mechanism of ATP release during T cell activation. J Biol
Chem 2010; 285: 17406–17416. DOI: 10.1074/jbc.M110.
112417

14. Sawada K, Echigo N, Juge N, Miyaji T, Otsuka M, Omote H,
Yamamoto A, Moriyama Y. Identification of a vesicular nu-
cleotide transporter. Proc Natl Acad Sci USA 2008; 105:
5683–5686. DOI: 10.1073/pnas.0800141105

15. Masuda T, Ozono Y, Mikuriya S, Kohro Y, Tozaki-Saitoh H,
Iwatsuki K, Uneyama H, Ichikawa R, Salter MW, Tsuda M,
Inoue K. Dorsal horn neurons release extracellular ATP in a
VNUT-dependent manner that underlies neuropathic pain. Nat
Commun 2016; 7: 12529. DOI: 10.1038/ncomms12529

16. Nishida K, Nomura Y, Kawamori K, Moriyama Y, Nagasawa
K. Expression profile of vesicular nucleotide transporter
(VNUT, SLC17A9) in subpopulations of rat dorsal root gan-
glion neurons.Neurosci Lett 2014; 579: 75–79. DOI: 10.1016/j.
neulet.2014.07.017

Soeda et al. 9

https://orcid.org/0000-0003-2394-6440
https://orcid.org/0000-0003-2394-6440
https://orcid.org/0000-0001-8342-0278
https://orcid.org/0000-0001-8342-0278
https://doi.org/10.1016/0030-4220(93)90413-x
https://doi.org/10.1016/0030-4220(82)90285-7
https://doi.org/10.1016/0030-4220(82)90285-7
https://doi.org/10.1016/0030-4220(90)90288-4
https://doi.org/10.1016/0030-4220(90)90288-4
https://doi.org/10.1177/0333102419893823
https://doi.org/10.1177/0333102419893823
https://doi.org/10.1046/j.1526-4637.2000.00012.x
https://doi.org/10.1046/j.1526-4637.2000.00012.x
https://doi.org/10.1016/0030-4220(93)90098-o
https://doi.org/10.1016/0030-4220(93)90098-o
https://doi.org/10.1016/j.jdsr.2017.01.003
https://doi.org/10.1007/s00210-018-1593-2
https://doi.org/10.1007/s11302-017-9568-1
https://doi.org/10.1038/s41419-019-1425-4
https://doi.org/10.1038/s41419-019-1425-4
https://doi.org/10.1523/JNEUROSCI.0323-08.2008
https://doi.org/10.1016/j.bbamem.2020.183408
https://doi.org/10.1074/jbc.M110.112417
https://doi.org/10.1074/jbc.M110.112417
https://doi.org/10.1073/pnas.0800141105
https://doi.org/10.1038/ncomms12529
https://doi.org/10.1016/j.neulet.2014.07.017
https://doi.org/10.1016/j.neulet.2014.07.017


17. Miras-Portugal MT, Menendez-Mendez A, Gomez-Villafuertes
R, Ortega F, Delicado EG, Perez-Sen R, Gualix J. Physio-
pathological role of the vesicular nucleotide transporter
(VNUT) in the central nervous system: relvance of the vesicular
nucleotide release as a potential therapeutic target. Front Cell
Neurosci 2019; 13: 224. DOI: 10.3389/fncel.2019.00224

18. Cui H, Li L, WangW, Shen J, Yue Z, Zheng X, Zuo X, Liang B,
Gao M, Fan X, Yin X, Shen C, Yang C, Zhang C, Zhang X,
Sheng Y, Gao J, Zhu Z, Lin D, Zhang A, Wang Z, Liu S, Sun L,
Yang S, Cui Y, Zhang X. Exome sequencing identifies
SLC17A9 pathogenic gene in two Chinese pedigrees with
disseminated superficial actinic porokeratosis. J Med Genet
2014; 51: 699–704. DOI: 10.1136/jmedgenet-2014-102486

19. Kawaguchi A, Sato M, Kimura M, Ichinohe T, Tazaki M,
Shibukawa Y. Expression and function of purinergic P2Y12
receptors in rat trigeminal ganglion neurons. Neurosci Res
2015; 98: 17–27. DOI: 10.1016/j.neures.2015.04.008

20. Malin SA, Molliver DC. Gi- and Gq-coupled ADP (P2Y)
receptors act in opposition to modulate nociceptive signaling
and inflammatory pain behavior. Mol Pain 2010; 6: 21. DOI:
10.1186/1744-8069-6-21

21. Pina-Cabral LB, Carvalhais V, Mesquita B, Escorcio C, Silva
PF, Pinto P, Napoleao P, Pinheiro T, Monteiro MC, Almeida-
Dias A, Criado B. Myocardial infarction before and after the
age of 45: possible role of platelet receptor polymorphisms. Rev
Port Cardiol (Engl Ed) 2018; 37: 727–735. DOI: 10.1016/j.
repc.2018.03.015

22. CattaneoM. P2Y12 receptors: structure and function. J Thromb
Haemost 2015; 13(Suppl 1): S10–S16. DOI: 10.1111/jth.12952

23. Sumitani M, Nishizawa D, Nagashima M, Ikeda K, Abe H,
Kato R, Ueda H, Yamada Y, Japanese TR-Cancer Pain research
group. Association between polymorphisms in the purinergic
P2Y12 receptor gene and severity of both cancer pain and
postoperative pain. Pain Med 2018; 19: 348–354. DOI: 10.
1093/pm/pnx102

24. Nishizawa D, Iseki M, Arita H, Hanaoka K, Yajima C, Kato J,
Ogawa S, Hiranuma A, Kasai S, Hasegawa J, Hayashida M,
Ikeda K. Genome-wide association study identifies candidate
loci associated with chronic pain and postherpetic neuralgia.
Mol Pain 2021; 17: 1744806921999924. DOI: 10.1177/
1744806921999924

25. Soeda M, Ohka S, Nishizawa D, Hasegawa J, Nakayama K,
Ebata Y, Ichinohe T, Fukuda KI, Ikeda K. Cold pain sensitivity
is associated with single-nucleotide polymorphisms of PAR2/
F2RL1 and TRPM8.Mol Pain 2021; 17: 17448069211002009.
DOI: 10.1177/17448069211002009

26. Bouquot JE, Roberts AM, Person P, Christian J. Neuralgia-
inducing cavitational osteonecrosis (NICO). Osteomyelitis in
224 jawbone samples from patients with facial neuralgia. Oral
Surg Oral Med Oral Pathol 1992; 73: 307–319, discussion
319–320. DOI: 10.1016/0030-4220(92)90127-c

27. Nishizawa D, Fukuda K, Kasai S, Hasegawa J, Aoki Y, Nishi A,
Saita N, Koukita Y, Nagashima M, Katoh R, Satoh Y, Tagami M,
Higuchi S, Ujike H, Ozaki N, Inada T, Iwata N, Sora I, Iyo M,
Kondo N, Won MJ, Naruse N, Uehara-Aoyama K, Itokawa M,

Koga M, Arinami T, Kaneko Y, Hayashida M, Ikeda K.
Genome-wide association study identifies a potent locus as-
sociated with human opioid sensitivity. Mol Psychiatry 2014;
19: 55–62. DOI: 10.1038/mp.2012.164

28. Nishizawa D, Fukuda K, Kasai S, Ogai Y, Hasegawa J, Sato N,
Yamada H, Tanioka F, Sugimura H, Hayashida M, Ikeda K.
Association between KCNJ6 (GIRK2) gene polymorphism
rs2835859 and post-operative analgesia, pain sensitivity, and
nicotine dependence. J Pharmacol Sci 2014; 126: 253–263.
DOI: 10.1254/jphs.14189fp

29. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics 2005;
21: 263–265. DOI: 10.1093/bioinformatics/bth457

30. de Bakker PIW, Yelensky R, Pe’er I, Gabriel SB, Daly MJ,
Altshuler D. Efficiency and power in genetic association
studies. Nat Genet 2005; 37: 1217–1223. DOI: 10.1038/
ng1669

31. GTEx portal. Referred to gene page of SLC17A9 and P2RY12,
https://www.gtexportal.org/

32. e!Ensembl. Referred to genomic context or population genetics
of rs735055 SNP and rs3732759 SNP, https://asia.ensembl.org/

33. Odai ED, Ehizele AO, Enabulele JE. Assessment of pain
among a group of Nigerian dental patients. BMC Res Notes
2015; 8: 251. DOI: 10.1186/s13104-015-1226-5

34. Tamagawa T, Shinoda M, Honda K, Furukawa A, Kaji K,
Nagashima H, Akasaka R, Chen J, Sessle BJ, Yonehara Y,
Iwata K. Involvement of Microglial P2Y12 signaling in tongue
cancer pain. J Dent Res 2016; 95: 1176–1182. DOI: 10.1177/
0022034516647713

35. Kobayashi K, Yamanaka H, Fukuoka T, Dai Y, Obata K,
Noguchi K. P2Y12 receptor upregulation in activated microglia
is a gateway of p38 signaling and neuropathic pain. J Neurosci
2008; 28: 2892–2902. DOI: 10.1523/JNEUROSCI.5589-07.
2008

36. Jing F, Zhang Y, Long T, HeW, Qin G, Zhang D, Chen L, Zhou
J. P2Y12 receptor mediates microglial activation via RhoA/
ROCK pathway in the trigeminal nucleus caudalis in a mouse
model of chronic migraine. J Neuroinflammation 2019; 16:
217. DOI: 10.1186/s12974-019-1603-4

37. Sicuteri F, Nicolodi M, Fusco BM, Orlando S. Idiopathic
headache as a possible risk factor for phantom tooth pain.
Headache 1991; 31: 577–581. DOI: 10.1111/j.1526-4610.
1991.hed3109577.x

38. Yang H-H, Chen Y, Gao C-Y. Associations of P2Y12R gene
polymorphisms with susceptibility to coronary heart disease
and clinical efficacy of antiplatelet treatment with clopidogrel.
Cardiovasc Ther 2016; 34: 460–467. DOI: 10.1111/1755-5922.
12223

39. Wang Z, Xu Y, Zhou H, Wang Y, Li W, Lu Z, Jiang Z, Gu X,
Zheng H, Zeng L, Huang P, Zhang L, Gu X. Association
between P2RY12 gene polymorphisms and IVIG resistance in
kawasaki patients. Cardiovasc Ther 2020; 2020: 1–6. DOI: 10.
1155/2020/3568608

40. Yi X, Zhou Q, Zhang Y, Zhou J, Lin J. Variants in clopidogrel-
relevant genes and early neurological deterioration in ischemic

10 Molecular Pain

https://doi.org/10.3389/fncel.2019.00224
https://doi.org/10.1136/jmedgenet-2014-102486
https://doi.org/10.1016/j.neures.2015.04.008
https://doi.org/10.1186/1744-8069-6-21
https://doi.org/10.1016/j.repc.2018.03.015
https://doi.org/10.1016/j.repc.2018.03.015
https://doi.org/10.1111/jth.12952
https://doi.org/10.1093/pm/pnx102
https://doi.org/10.1093/pm/pnx102
https://doi.org/10.1177/1744806921999924
https://doi.org/10.1177/1744806921999924
https://doi.org/10.1177/17448069211002009
https://doi.org/10.1016/0030-4220(92)90127-c
https://doi.org/10.1038/mp.2012.164
https://doi.org/10.1254/jphs.14189fp
https://doi.org/10.1093/bioinformatics/bth457
https://doi.org/10.1038/ng1669
https://doi.org/10.1038/ng1669
https://www.gtexportal.org/
https://asia.ensembl.org/
https://doi.org/10.1186/s13104-015-1226-5
https://doi.org/10.1177/0022034516647713
https://doi.org/10.1177/0022034516647713
https://doi.org/10.1523/JNEUROSCI.5589-07.2008
https://doi.org/10.1523/JNEUROSCI.5589-07.2008
https://doi.org/10.1186/s12974-019-1603-4
https://doi.org/10.1111/j.1526-4610.1991.hed3109577.x
https://doi.org/10.1111/j.1526-4610.1991.hed3109577.x
https://doi.org/10.1111/1755-5922.12223
https://doi.org/10.1111/1755-5922.12223
https://doi.org/10.1155/2020/3568608
https://doi.org/10.1155/2020/3568608


stroke patients receiving clopidogrel. BMC Neurol 2020; 20:
159. DOI: 10.1186/s12883-020-01703-6

41. Hiasa M, Togawa N, Miyaji T, Omote H, Yamamoto A,
Moriyama Y. Essential role of vesicular nucleotide transporter
in vesicular storage and release of nucleotides in platelets.
Physiol Rep 2014; 2: e12034. DOI: 10.14814/phy2.12034

42. Sugawara S, Okada S, Katagiri A, Saito H, Suzuki T, Komiya H,
Kanno K, Ohara K, Iinuma T, Toyofuku A, Iwata K. Interaction
between calcitonin gene-related peptide-immunoreactive neu-
rons and satellite cells via P2Y12 R in the trigeminal ganglion is
involved in neuropathic tongue pain in rats. Eur J Oral Sci 2017;
125: 444–452. DOI: 10.1111/eos.12382

43. Katagiri A, Shinoda M, Honda K, Toyofuku A, Sessle BJ,
Iwata K. Satellite glial cell P2Y12 receptor in the tri-
geminal ganglion is involved in lingual neuropathic pain
mechanisms in rats. Mol Pain 2012; 8: 23. DOI: 10.1186/
1744-8069-8-23

44. Sorge RE, Mapplebeck JC, Rosen S, Beggs S, Taves S,
Alexander JK, Martin LJ, Austin JS, Sotocinal SG, Chen D,
YangM, Shi XQ, Huang H, Pillon NJ, Bilan PJ, Tu Y, Klip A, Ji
RR, Zhang J, Salter MW, Mogil JS. Different immune cells
mediate mechanical pain hypersensitivity in male and female
mice. Nat Neurosci 2015; 18: 1081–1083. DOI: 10.1038/nn.
4053

Soeda et al. 11

https://doi.org/10.1186/s12883-020-01703-6
https://doi.org/10.14814/phy2.12034
https://doi.org/10.1111/eos.12382
https://doi.org/10.1186/1744-8069-8-23
https://doi.org/10.1186/1744-8069-8-23
https://doi.org/10.1038/nn.4053
https://doi.org/10.1038/nn.4053

	Single-nucleotide polymorphisms of the SLC17A9 and P2RY12 genes are significantly associated with phantom tooth pain
	Introduction
	Materials and methods
	Patients, healthy subjects, and diagnosis
	Genotyping and linkage disequilibrium analysis
	Statistical analysis

	Results
	Demographic and genotype distributions
	rs735055 single-nucleotide polymorphism of the SLC17A9 gene was associated with phantom tooth pain
	rs3732759 single-nucleotide polymorphism of the P2RY12 gene was associated with phantom tooth pain

	Discussion
	Acknowledgments
	Author contributions
	Declaration of conflicting interests
	Funding
	ORCID iDs
	Supplemental Material
	References


