'." frontiers ‘ Frontiers in Dental Medicine

") Check for updates

OPEN ACCESS

EDITED BY
Carlos M. Ardila,
University of Antioquia, Colombia

REVIEWED BY

Priyam Jani,

National Institute of Dental and Craniofacial
Research (NIH), United States

Tonnie Mulli,

University of Nairobi, Kenya

*CORRESPONDENCE
Chiharu Fujihara
fujihara.chiharu.dent@osaka-u.ac.jp

"These authors have contributed equally to
this work and share first authorship

RECEIVED 15 June 2024
ACCEPTED 26 August 2024
PUBLISHED 20 September 2024

CITATION

Masumoto R, Fujihara C, Matsumoto M,
Kitagaki J and Murakami S (2024) Single
nucleotide polymorphism rs854560 in
paraoxonase-1 regulates the
cytodifferentiation of human periodontal
ligament cells.

Front. Dent. Med 5:1449482.

doi: 10.3389/fdmed.2024.1449482

COPYRIGHT

© 2024 Masumoto, Fujihara, Matsumoto,
Kitagaki and Murakami. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Dental Medicine

Brief Research Report
20 September 2024
10.3389/fdmed.2024.1449482

Single nucleotide polymorphism
rs854560 in paraoxonase-1
regulates the cytodifferentiation
of human periodontal

ligament cells

Risa Masumoto', Chiharu Fujihara®™, Masahiro Matsumoto,
Jirouta Kitagaki and Shinya Murakami

Department of Periodontology and Regenerative Dentistry, Osaka University Graduate School of
Dentistry, Suita, Osaka, Japan

Aggressive periodontitis (AgP), classified as Stages Il or IV and grade C
periodontitis, is characterized by the rapid destruction of periodontal tissue.
Genetic factors contribute to the pathogenesis of this disease, and familial
aggregation of periodontitis is often observed. However, the mechanisms
underlying the onset or progression of AgP have not been elucidated.
Previously, we performed exome sequencing and identified AgP risk factors in
Japanese AgP-patients. However, the small sample size limited our scope for
detecting some of the true AgP genetic risk factors. To overcome this
limitation, we searched for AgP-related genes more comprehensively from the
whole exome sequencing data of the Japanese AgP-patients by extending the
filtering criteria range. We identified seven AgP-associated suggestive genes,
including the single nucleotide polymorphism (SNP) rs854560 in
paraoxonase-1 (PON-1), which is correlated with AgP. However, the
mechanism(s) underlying the induction of AgP pathogenesis by the SNP
rs854560 PON-1 has not been elucidated. Thus, we further analyzed the
functions of the SNP rs854560 PON-1 in human periodontal ligament (HPDL)
cells through transfection of the wild-type PON-1 (WT) or SNP rs854560
PON-1 (mut) into HPDL cells. Real-time PCR indicated that mut had higher
MRNA expression of osteogenic related-genes and showed a higher tendency
of ALP activity and proliferation. The result suggested that WT PON-1
contributes to periodontal tissue homeostasis through appropriate proliferation
and cytodifferentiation of HPDL cells, while SNP rs854560 PON-1 may
mediate excessive calcification of periodontal tissue due to hyper proliferation
of HPDL cells, thereby increasing the risk of AgP.

KEYWORDS

exome sequencing, single nucleotide polymorphism, aggressive periodontitis,
paraoxonase-1, periodontal ligament cells

1 Introduction

The periodontal ligament (PDL) is located between the tooth and the alveolar bone. It
supports the teeth during mastication and provides oxygen and nutrition to the
surrounding tissues (1). The PDL is composed of heterogeneous cells, called PDL cells.
They contain multipotent mesenchymal stem cells that can differentiate into hard
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tissue-forming cells, such as cementoblasts and osteoblasts.
Moreover, PDL cells play key roles in the homeostasis and healing
of the periodontal tissue (2). Thus, to elucidate the pathogenesis of
periodontitis, it is important to understand the mechanisms of the
homeostasis and cytodifferentiation of PDL cells.

Aggressive periodontitis (AgP), defined as Stage III or IV and
Grade C periodontitis in a new classification, is defined as
“periodontitis characterized by the rapid destruction of periodontal
tissue in those who are clinically healthy, except for periodontitis,
with familial aggregation” (3). The age of onset is typically between
10 and 39 years, with little bacterial plaque in the oral cavity. The
presence of familial aggregation suggests the involvement of genetic
factors in the onset of periodontitis (4). Since AgP phenotypically
manifests early in life, it is likely to have a higher number of risk
alleles or to be caused by variants with significant effects,
compared to chronic periodontitis (CP). Although single nucleotide
polymorphisms (SNPs) of inflammatory cytokines have been
reported as AgP-related factors, no definitive association of these
SNPs with AgP has been found (5-7).

Genetic factors strongly affect susceptibility to prevalent
diseases such as periodontitis and disease-related quantitative
traits  (8).
challenging, partially because the causal genes of this disease only

Identifying disease-associated genes has been
make a small contribution to the overall heritability (9).
Therefore, extensive information on AgP-associated genes is
necessary to understand its pathogenesis. To this end, genome-
wide association studies (GWAS) have been widely performed to
identify disease-associated genes in AgP. GWAS enables the
simultaneous analysis of several genes (10). Thus, this approach
could open new frontiers in our understanding and treatment of
AgP. This genomic analysis approach has been used to identify
glycosyltransferase 6 domain containing 1 (GLT6DI) as an AgP-
related gene in German and Dutch patients (11, 12). In addition,
GWAS using German, Dutch, and Turkish AgP and CP patients
identified SNPs in defensin ol and o3 (DEFAIA3: rs2978951
and rs2738058) and sialic acid-binding Ig-like lectin 5 (SIGLEC5:
rs4284742) as AgP-related genes (7). These GWAS identified
AgP-associated variants using large-scale genetic studies of
samples from patients of European descent. However, the limited
ethnic background limits understanding of AgP’s genetic
architecture in non-European populations. The differences in
allele frequencies across populations can be used to discover
genetic markers that were not identified in European populations
(13). To identify the AgP genetic risk factors in a Japanese
population, we previously performed exome sequencing using
DNA isolated from Japanese patients with AgP. The SNPs of ten
genes were identified as AgP-related candidate genes, including
rs536714306 G protein-coupled (GPR126).
Functional analyses of GPRI126 revealed that PDL cells expressing
SNP rs536714306 GPRI26 had decreased cAMP levels and
expressed lower levels of calcification-related genes. This suggests
that suppression of PDL cytodifferentiation by the SNP
rs536714306 GPRI126 disrupts periodontal tissue homeostasis,
thereby leading to the rapid destruction of the periodontal tissue (14).

receptor 126

In the previous study, we selected genes requiring “allele
frequency less than 1% in the 1,000 Genomes Database”.
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However, this strict selection was disadvantageous for a small
sample size because this criterion might reduce the statistical
power (15). To eliminate this issue, in this study, we changed the
filtering condition and re-analyzed the data from the whole
exome sequencing to search for AgP-related genes more
comprehensively.

PON-1 is a 43 kDa calcium-dependent glycoprotein with 355
amino acid residues (16, 17). It is synthesized in the liver,
released into the circulation (18), and transported to several
tissues (19). It binds to cell membranes and protects lipids
(18). PON-1
lipoprotein oxidation and impairs the inflammatory response
(20). It has been reported that the osteoblasts derived from PON-
had markedly
phosphatase (ALP) activity in the presence of parathyroid

against  peroxidation prevents low-density

1 transgenic mice increased the alkaline
hormone, suggesting that PON-1 is involved in hard tissue-
formation (21). Additionally, we have shown that the PON-I
gene enhances the cytodifferentiation of periodontal ligament
(PDL) cells into osteoblastic cells (22). However, it has not been
elucidated whether the functions of SNP rs854560 in the PON-1I
gene locus was involved in the pathogenesis of AgP. Thus, in this
study, we focused on the PON-1 SNP rs854560 (mutant) among
the identified AgP-related genes and further analyzed its

functions in human periodontal ligament (HPDL) cells.

2 Materials and methods
2.1 Participants

We recruited 44 unrelated AgP patients who were diagnosed
with AgP between the ages of 18-39 years old at Osaka
University Dental Hospital (23). We examined the periodontal
pocket depth and bleeding on probing at 6 sites around the teeth
of the whole mouth. The periodontal inflamed surface area
(PISA) was
radiographic images was measured using the Schei ruler (24).

measured. Alveolar bone destruction from
The clinical attachment loss was defined if the alveolar bone loss
was 30% or more by radiography. The clinical characteristics of
the AgP patients were shown in Supplementary Table S1. All
participants provided informed consent. This study was approved
by the Osaka University Research Ethics Committee (approval
no. 629). The patients were diagnosed as AgP based on the

criteria from the American Academy of Periodontology’s criteria.

2.2 Analysis of the whole exome sequencing
for AgP-associated genes in a Japanese
population

The materials and methods of the whole exome sequencing of
the AgP patients were in Miyauchi et al. (23). Briefly, whole exome
sequencing was performed (BGI Tech, Shenzhen, China) using the
Mumina 2,000 or 4,000 platform (Illumina, San Diego, CA). To
identify the genetic risk factors for AgP in the Japanese
population, we obtained the data of the whole exome sequencing
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on the Japanese AgP patients from the DNA Data Bank of Japan at
the National Institute of Genetics (JGAS 00000000024 and JGAS
00000000040). To comprehensively analyze AgP-related genes,
we extended the threshold of the allele frequency from 1% to 5%
and determined the selection criteria as follows: (i) variants with
allele frequency <0.05 in the 1,000 Genome database, (ii)
variants with read depths >10, (iii) variants that were present in
four or more patients, and (iv) variants that caused protein
structural and functional changes according to the results of in
silico bioinformatic analysis using SIFT and Polyphen2. The
AgP-related candidate genes were selected. Then, the variant
allele frequency in AgP patients was compared with that in the
control data from the Human Genetic Variation Database
(HGVD), which includes 1,208 Japanese individuals (25). The
controls from the database are without a clinical record
associated with any major diseases. When the variant allele
frequency in AgP was higher than that in the controls, we
defined these variants as AgP-related suggestive genes.

2.3 Immunohistochemistry

The immunohistochemistry of PON-1 was performed in
periodontal tissue in 8-week-old male C57BL6/] mice (Japan
SLC, Hamamatsu, Japan). All experimental procedures confirmed
to the guidelines of the Regulations for Animal Experiments and
Related Activities at Osaka University and were reviewed by the
Institutional Laboratory Animal Care and Use Committee of
Osaka University (approval protocol No. R2-008). Briefly, mice
were euthanized, perfused and fixed. After decalicification of the
fixed maxillae, the tissues were embedded in SCEM (SECTION-
LAB, Yokohama, Japan) and sagittally sectioned at 8 pm
thickness with LEICA CM3050S (Leica Biosystems, IL) by the
Kawamoto’s Film Method (26). After fixing and blocking, the
frozen sections were stained with PONI1 Polyclonal antibody
(Proteintech, Rosemont, IL) or Rabbit Ab IgG isotype control
(Cell Signaling Technology, Danvers, MA), followed by Alexa
Fluor546 goat anti-rabbit IgG (Life Technologies, Carlsbad, CA).
The sections were stained with 4°, 6-diamidino-2-phenylindole
(DAPI) and images were taken using Keyence BZ-X810
Fluorescence Microscope (KEYENCE, Osaka, Japan).

2.4 Cell culture

Human periodontal ligament (HPDL) cells were purchased
from ScienCell Research Laboratories (Carlsbad, CA). The cells
were cultured and incubated in a-modified Eagle’s medium
(Wako, Osaka, Japan) supplemented with 10% fetal calf serum.
For the
o-modified Eagle’s medium supplemented with 10% fetal calf

induction of HPDL cell mineralization, we used

serum, 50 pg/ml of L-ascorbic acid (Wako), and 5 mmol/L of

B-glycerophosphate (Sigma-Aldrich, St Louis, MO) as the
calcification-inducing medium, as described previously (22).
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2.5 Transfection

To compare the PON-1 expression levels and its enzyme activity in
SNP rs854560 (mutant; mut) PON-1 and WT PON-1, a WT PON-1-
expressing vector and a control empty vector (pCMV3; Sino
Biological, Beijing, China) were transfected into HPDL cells using
Lipofectamine 3,000 (Thermo Fisher Scientific, Waltham, MA).
Then, SNP rs854560 was inserted using the PrimeSTAR Mutagenesis
Basal Kit (Takara Bio, Shiga, Japan) as the manufacturer’s instruction.
Finally, the cells were cultured in the calcification-inducing medium
for 4 days to induce cytodifferentiation. The HPDL cells transfected
with an empty vector were used as a control (Ev).

2.6 PON-1 activity assay

PON-1 enzyme activity was measured as previously described with
slight modifications (27) to assess whether PON-1 activity was altered
in mut compared to WT. Briefly, the HPDL cells were serum-starved
for 4 h and washed twice with PBS. The cells were then incubated with
an assay mixture comprising 1 mmol/L 4-nitrophenyl acetate (Nacalai
Tesque, Kyoto, Japan) and 1 mmol/L CaCl, in 50 mmol/L Tris-HCl
(pH 8.0) for 45 min at 25°C. The supernatants were collected, and
absorbance was measured at 405 nm using a microplate reader
(BioRad Laboratories, Hercules, CA).

2.7 Real-time polymerase chain reaction
(PCR)

Two days after transfection, total RNA was extracted using
RNA bee (Tel-Test Inc., Friendswood, TX) and treated with
DNase I (Takara Bio). Next, the total RNA was reverse-
transcribed to synthesize complementary DNA (cDNA) using a
High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific).
Real-time PCR was performed using the Power PCR SYBR
Master Mix (Applied Biosystems, Carlsbad, CA) with gene-
specific PCR primers. The primer sequences are shown in Table 1.

2.8 Alkaline phosphatase (ALP) activity assay

ALP activity was assessed as previously described (22). Briefly,
HPDL cells were washed twice with PBS, sonicated in 0.01
M Tris-HCI (pH 7.4), and centrifuged at 12,000 rpm for 5 min at
4°C. Next, 1 M Tris-HCI (pH 9.0), 5mm MgCl, (Wako), and
50 mm p-nitrophenyl phosphate (Wako) were added to the
supernatant. Absorbance was measured at 405nm using a
microplate reader (Bio-Rad Laboratories) and normalized through
the total amount of DNA.

2.9 Bromodeoxyuridine (BrdU) assay

BrdU assay was performed using a BrdU assay kit (Merck,
Darmstadt, Germany) as per the manufacture’s instruction.
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TABLE 1 The primer sequences used in real-time PCR analysis.

10.3389/fdmed.2024.1449482

Gene names Sequences

Paraoxonase-1 (PON-1)

5'-TGAACCATCCAGATGCCAAGTC-3’

5’-GCTCAGGTCCCACAGCAACA-3’

Alkaline phosphatase (ALP)

5’-GGACCATTCCCACGTCTTCAC-3’

5’-CCTTGTAGCCAGGCCCATTG-3’

Collagen type I alpha 1 chain (COL-1)

5’-CCCGGGTTTCAGAGACAACTTC-3’

5'-TCCACATGCTTTATTCCAGCAATC-3’

Runt-related transcription factor 2 (RUNX2)

5"-CACTGGCGCTGCAACAAGA -3’

5’-CATTCCGGAGCTCAGCAGAATAA -3’

Osteocalcin (OC)

5’-CCCAGGCGCTACCTGTATCAA -3’

5’-GGTCAGCCAACTCGTCACAGTC -3’

Hypoxanthine-guanine phosphoribosyltransferase (HPRT)

5'-GGCAGTATAATCCAAAGATGGTCAA-3’

wim e m e o |

5"-GTCAAGGGCATATCCTACAACAAAC-3"

TABLE 2 AgP-related suggestive genes in a Japanese population.

Gene name dbSNP ID p-value (AgP vs. HGVD) AF of AgP (%) AF of HGVD (%) Chr Position (bp)
ENPP5 1516874326 1.6x107° 102 3.6 6 46133282
CCPG1 1534958422 50107 102 4.1 15 55652719
BCL2L14 1561739220 50107 102 42 12 12247793
SMPD3 15145616324 14x107 102 46 16 68405673
PON-1 15854560 1.9x 1072 136 7.3 7 94946084
CDK3 1534670267 21x1072 5.7 20 17 73999328
KAZALDI 1511547671 3.7x 1072 125 6.7 10 102822575

HGVD, human genetic variation database (the controls); AF, variant allele frequency (the percentage of SNP carriers in AgP or HGVD); Chr, chromosome.

The luminous intensity was measured using GLOMAX® (Promega,
Madison, WI).

2.10 Statistical analysis

A chi-square test was used for the data presented in Table 2
and Supplementary Table S2. One-way analysis of variance
(ANOVA) was used for the data presented in Figures 1, 2.
Statistical significance was set at p < 0.05.

3 Results

3.1 Analysis of the whole exome sequencing
for AgP-associated suggestive genes in a
Japanese population

Whole exome sequencing of 44 AgP patients found
approximately 78,000 variants per individual. After we narrowed
AgP-related 40 AgP-related
candidate genes were identified. We further calculated the

down the candidate genes,
p-value of the variant allele frequency of each AgP-related
candidate genes via comparison with the control data from the
Human Genetic Variation Database (HGVD). The database
includes 1,208 Japanese individuals without a clinical record
associated with any major diseases (25). Our comprehensive

filtering criteria enabled the identification of seven AgP-related
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suggestive genes whose p-value <0.05 between the AgP group
and the control groups (Table 2). In addition to these AgP-
suggestive genes, we listed the rest of 33 AgP-related candidate
genes (p>0.05) and the p-values of their variant allele
between AgP and HGVD
Table S2. Among the AgP-related suggestive genes, we selected

frequencies in Supplementary
the genes which have been reported to be associated with
periodontitis and are expressed in the periodontal tissue, and
found two genes, sphingomyelin phosphodiesterase 3 (SMPD3)
and paraoxonase-1 (PON-1) (22, 23). Previously, we showed
that the SMPD3 SNP rs145616324 was involved in AgP by
disturbing the homeostasis of periodontal tissue (23). Regarding
PON-1 SNP rs854560, a change in the nucleotide sequence at
position 163th from thymine (T) to adenine (A) resulted in a
change in its amino acid sequence at position 55th from leucine
to methionine (28). The results of a previous study showed that
carriers of the SNP rs854560 PON-I have a high rate of
moderate periodontitis (22). PON-1 expression and its activity
in periodontal ligament.

We analyzed PON-1 protein expression in periodontal tissue
in mice by immunohistochemistry. Immunohistochemistry
showed that PON-1 protein expression was detected in
periodontal tissue as well as dental pulp and gingival epithelium
(Figure 1A). Next, we accessed the PON-1 mRNA expression
and PON-1 activity in HPDL cells and compared them between
wild-type (WT) PON-1 and SNP rs854560 PON-1. We
transfected WT or SNP rs854560 PON-I1(mut) plasmids into
HPDL cells. The empty vector (Ev)-transfected HPDL cells were
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FIGURE 1

- )

PON-1 expression and its activity in periodontal ligament. (A) PON-1 protein expression was analyzed in periodontal tissue around the 2nd molars in
the wild-type mice by immunohistochemistry. Upper panels: PON-1; lower panels: isotype control. Red: PON-1 or isotype, blue: DAPI. The middle and
right panels are the magnified images of the yellow area in the left panels. Scale bars: 100 pm in lower magnification (left); 50 pm in higher
magnification (middle and right). r: root of a tooth; p: periodontal ligament; b: alveolar bone. Data are representative of three independent
experiments. (B) Real-time PCR and (C) PON-1 activity assay in the Ev-, WT-, or mut-vector transfected into human periodontal ligament (HPDL)
cells. Ev: empty vector, WT: wild-type PON-1, and mut: SNP rs854560 PON-1. PON-1 activity was normalized to that of Ev. Data represent the
average and standard deviation (SD) of three independent experiments. *: p<0.05, **: p <0.01, ***: p<0.001, ****: p<0.0001
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used as a control. The real-time PCR analysis revealed that both
WT and mut had higher PON-1 mRNA expression compared to
that in Ev (Figure 1B). We thus confirmed the success of
transfection. Furthermore, mut showed lower PON-I mRNA

Frontiers in Dental Medicine

expression than WT (Figure 1B). In the PON-1 activity assay,
WT and mut showed considerably higher PON-1 activity than
Ev, whereas no significant difference was observed between the
WT and mut transfected HPDL cells (Figure 1C).

frontiersin.org


https://doi.org/10.3389/fdmed.2024.1449482
https://www.frontiersin.org/journals/dental-medicine
https://www.frontiersin.org/

Masumoto et al. 10.3389/fdmed.2024.1449482

A -~ *kkk
S 03- S 0.25-
@ o
o @ 020 wwwx
s g -
5 ’ g 0.15- 7N
p
z S 010
£ 014 nE:
N 0.05-
S %
a 0.0 - . << 0.00- L
Ev WT mut Ev WT mut
*kkk
c o
2 200 kK g 0.04 -
3 — 4
g_ 1504 4 g 0.03-
x Q.
() x
< 1004 ®  0.02 T
[ g ofs
E 5o £ 0.01-
K o
.1
(o]
8 o- —L 0.00- L
Ev WT mut Ev WT mut
B C
L 5, 1500000 - il
o . - Yok dkk
‘S 4- o *kk T o
g g 1000000 -
£ 34
=} e g .
> a-
s 2 g 500000 -
8 1 B
. i3
g 0- T T 0- T T
Ev WT mut Ev WT mut

FIGURE 2

The effects of WT and SNP rs854560 PON-1 on the cytodifferentiation and proliferation of HPDL cells. (A) The gene expression of RUNX2, ALP, COL-1
and OC on day 4 of the cytodifferentiation of HPDL cells was assessed using real-time PCR. (B) ALP activity was measured on day 4 of the
cytodifferentiation of HPDL cells. (C) The proliferation of HPDL cells was examined by BrdU assay. Ev: empty vector, WT: wild-type PON-1 and
mut: SNP rs854560 PON-1. Data represent the average and SD of three or four independent experiments. *: p < 0.05, ***: p <0.001, ****: p <0.0001.
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3.2 The effects of WT and SNP rs854560
PON-1 on the cytodifferentiation and
proliferation of HPDL cells

Previously, we demonstrated that PON-1 was important for
PDL cytodifferentiation (22). Therefore, we hypothesized that the
SNP rs854560 PON-1 regulated the cytodifferentiation of PDL
cells to affect the pathogenesis of AgP. To verify our hypothesis,
we examined the effects of SNP 1s854560 PON-1 on the
cytodifferentiation of HPDL cells. We induced the cytodifferentiation
of the transfected HPDL cells in the calcification-inducing media.
Four days later, total RNA was collected and real-time PCR was
performed to analyze mRNA expression of runt-related transcription
factor 2 (RUNX2) (an early marker gene of cytodifferentiation),
alkaline phosphatase (ALP), collagen type I alpha 1 chain (COL-I)
(the marker genes of the middle stage of the cytodifferentiation) and
osteocalcin (OC) (a late marker gene of the cytodifferentiation). We
confirmed that the mRNA expression of ALP and COL-1 was
significantly upregulated in WT than Ev. Moreover, mut showed
significantly higher mRNA expression of COL-1 and a higher
tendency of ALP mRNA expression compared to WT (Figure 2A). In
contrast, mRNA expression of RUNX2 and OC was equivalent
between the WT and mut groups (Figure 2A). These results indicate
that PON-I affected the middle stage of the cytodifferentiation of
HPDL cells. Furthermore, we measured ALP activity in WT, mut,
and Ev during cytodifferentiation of HPDL cells. WT and mut
showed significantly higher ALP activity than Ev. Similar to the real-
time PCR result, mut showed a higher tendency of ALP activity than
WT (Figure 2B).

We further examined an effect of WT and SNP rs854560 PON-1
on the proliferation of HPDL cells by BrdU assay. The result
indicated that BrdU incorporation was significantly higher in WT
and mut PON-1 than Ev. In addition, mut showed significantly
higher BrdU incorporation, compared to WT (Figure 2C).

4 Discussion

In this study, we identified seven AgP-related suggestive genes
in a Japanese population using whole exome sequencing.
Furthermore, we investigated the effects of SNP rs854560 PON-1,
one of the AgP-related suggestive genes, on the functions of
HPDL cells in comparison with WT PON-1. Through in vitro-
experiments, we found that both HPDL cells expressing WT
PON-1 and mutant PON-I enhanced the cytodifferentiation and
proliferation of HPDL cells. Additionally, HPDL cells expressing
mutant PON-1 showed higher mRNA expression levels of ALP
and COL-1, ALP activity, and BrdU incorporation than those
expressing WT PON-1. These results suggest that WT PON-1
contributes to periodontal tissue homeostasis by promoting the
appropriate proliferation and cytodifferentiation of HPDL cells.
In contrast, SNP rs854560 PON-1 may disrupt periodontal tissue
homeostasis by inducing excessive calcification of PDL tissue due
to hyper proliferation of HPDL cells, probably leading to the
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formation of fragile alveolar bone and increasing the risk of
onset and progression of AgP.

As a result of the exome sequencing, we found several AgP-
associated suggestive genes. Besides PON-1 and SMPD3, there
have been no reports directly showing the association between
the identified genes and periodontitis. However, some of them
are presumably related to AgP pathogenesis. For instance, cyclin-
dependent kinase 3 (CDK3) belongs to the CDK family which
regulates the phosphorylation of cyclins, resulting in cell cycle
regulation (29).CDK2/4/6 belonging to the same family as CDK3
have been reported as disease-related variants for rheumatoid
arthritis (30), which has similarities to periodontitis in terms of its
manifestation of bone destruction via inflammation. Another AgP-
candidate gene, ectonucleotide pyrophosphatase/phosphodiesterase
family member 5 (ENPP5) belongs to the ENPP family and its
expression and function(s) are mostly unknown. However, ENPPI,
which is in the same subfamily as ENPP5, is known to be a causal
gene in ttw (tip-tow walking) mice, which are used as animal models
of ectopic calcification (31). Considering the functions of ENPPI,
ENPP5 might be involved in periodontal hard tissue-formation and
in AgP onset and progression.

In this study, we used the database, HGVD, for the healthy
controls and the results from the database showed the differences
in the variant allele frequency between AgP and the controls.
However, the control database contains no information on age,
sex, and periodontal status because of ethical reasons. Moreover,
the sample size of the controls is larger than that of the AgP
group. These are the limitations of our study. To overcome the
limitation, we performed the in vitro experiments and validated
that the identified SNP was a causal variant and was involved in
the pathogenesis of AgP. In the future, we need to statistically re-
analyze the exome sequencing data using the equivalent sample
size of the healthy controls who are not subjected to AgP.

In this study, we used the transfection method to examine the
functions of SNP rs854560 PON-1 because the endogenous
expression of PON-1 was detectable but not very high in the
physiological condition, whereas it was gradually up-regulated
during the cytodifferentiation (22). To mimic the status in the
cytodifferentiation of PDL, the overexpressing the gene by
transfection was a useful method. We used WT PON-1 as a
control for SNP rs854560 PON-1. By comparing the results in
HPDL cells transfected with SNP rs854560 PON-I1 to those
transfected with WT PON-1, we could understand the specific
functions of SNP rs854560 PON-1.

PON-1 is
organophosphate compounds such as paraoxon (a potent

a calcium-dependent esterase that degrades

cholinesterase inhibitor) and binds to high-density lipoproteins
(HDLs) in the blood, inhibiting the oxidation of HDLs and low-
density lipoproteins (32). Thus, PON-1 primarily possesses
antioxidant properties. Hydrogen peroxide-induced oxidative
stress reduces the expression of the ALP gene in osteoblasts (33).
In contrast, the antioxidant docosahexaenoic acid increases the
expression of ALP (34). An early study, in which PON-I
overexpression was induced in hyperlipidemic mice in vivo,
found an increase in the mRNA expression levels of ALP and
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osteoprotegerin and a decrease in the number of osteoclasts (21).
These that PON-1
differentiation and inhibits osteoclast formation.In a similar
mechanism, we presume that SNP rs854560 PON-1 in which
elevated PON-1 activity in the PDL promotes the expression of

results  suggest promotes  osteoblast

ALP and enhances calcification in PDL. However, a mechanistic
link between increased PDL calcification and alveolar bone loss
observed in patients with AgP remains unclear. We speculate
that the excessive calcification weaken the structural integrity of
the PDL and surrounding alveolar bone, making it more
susceptible to damage and loss in AgP. Further investigation is
needed to validate this hypothesis by in vivo studies. Generating
a transgenic mouse introducing SNP rs854560 PON-1 will be
instrumental in elucidating the exact role of PON-1 in PDL
calcification and its subsequent impact on alveolar bone
structural integrity.

As seen in Figure 2A, PON-1 affected mRNA expression of
ALP and COL-1, which are both marker genes of the middle
stage of HPDL cytodifferentiation. the lipid
metabolism-related genes have a function to regulate the amount

In general,

of the intracellular lipids (35). The intracellular lipids regulate
adenosine triphosphate (ATP) production through oxidative
phosphorylation in the mitochondria and fuel energy which is
necessary for cytodifferentiation of osteoblasts (36, 37). At the
mid-stage of cytodifferentiation of hard tissue-forming cells,
many types of extracellular matrix genes are transcribed and
translated (38). Furthermore, these proteins are packed in
extracellular vesicles and intra/extracellularly transported (39).
These processes require a considerable amount of energy. Thus,
in addition to the antioxidant effects, PON-1, a lipid metabolism-
related gene, may enhance the synthesis and production of the
extracellular matrix proteins such as COL-1 at the mid-stage of
HPDL cytodifferentiation by fueling the cells with increased
ATP. Further studies are warranted to elucidate the detailed
of how PON-I
expressed at the mid-stage of HPDL cytodifferentiation.
Previously, the presence of SNP rs854560 PON-I reduced the
stability of the PON-1 protein (28). However, its mechanism was

mechanisms affects the genes particularly

unclear. The amino acid glutamate at position 53th in the PON-1
locus, and asparagine at the 54th position bind these calcium
ions (40). In the SNP rs854560 PON-1, leucine is replaced by
methionine at position 55th, near glutamate and asparagine (41).
Thus, it was inferred that this SNP is also involved in the
stability of PON-1 proteins.

The SNP rs145616324 in SMPD3 among the AgP-related
suggestive genes was previously reported to be associated with
AgP (23). HDL cholesterol is lower in patients with congenital
disorders of lipid metabolism, such as Niemann-Pick disease,
which is caused by the deletion of sphingomyelin
phosphodiesterase 1 (SMPDI), another member of the SMPD
family (42). Moreover, SNPs rs120074118 and rs120074127 in
SMPDI are closely associated with lower HDL cholesterol levels
(43). As PON-1 binds to HDL cholesterol, presumably PON-I
and the SMPD family could be mutually involved in the onset
and progression of AgP. However, polymorphism analysis using
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data from 44 Japanese patients with AgP identified no patient
with both SNP rs854560 PON-1 and SNP rs145616324 SMPD3,
although 12 AgP patients possessed the SNP rs854560 PON-1I
(163 subjects in HGVD possessed the SNP rs854560 PON-1I) and
7 AgP patients possessed the SNP rs145616324 SMPD3 (100
subjects in HGVD possessed the SNP rs145616324 SMPD3) (22,
23). This could be because only a small number of samples
contained either SNP. Nonetheless, further studies on disease-
associated genes are required to provide a better understanding
of AgP because AgP traits are supposedly developed by a group
of these AgP-associated genes.

The main challenge of this study is to recruit sufficient
Japanese AgP patients because the prevalence of AgP in the
Japanese population is only 0.03% (44). Generally, to identify
disease-related genes by GWAS requires approximately 10,000
subjects (45).In this study, we could not identify the variants
(p<5.0x107%)
because the simple size of the AgP patients was too small (n=
44) compared to the standard sample size of GWAS. To
overcome this issue, we are increasing the sample size by

meeting genome-wide  significance mainly

collaborating with dental clinics and institutes in Japan to clarify
the precise proportion of patients who possess a combination of
AgP-causal variants.

In conclusion, we identified seven AgP-related suggestive
including SNP rs854560 PON-1
sequencing data with extended filtration conditions. WT PON-1

genes, from the exome
maintained the homeostasis in the periodontal tissue by inducing
the cytodifferentiation of PDL cells. In contrast, SNP rs854560
PON-1 induced excess proliferation of HPDL cells and ALP
activity and mRNA expression of calcification-related genes
during the cytodifferentiation of HPDL cells, probably resulting
in the induction of hypercalcification of the PDL. These results
suggest that the SNP rs854560 PON-1 disturbs the homeostasis
of periodontal tissue and accelerates AgP progression. In the
future, we expect that SNP rs854560 PON-1 will be used as a
risk marker to predict AgP onset and progression and provide
preventive interventions for patients with pre-AgP.
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