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Abstract

Aim: To investigate individual susceptibility to periodontitis by conducting an
epigenome-wide association study using peripheral blood.

Materials and Methods: We included 1077 African American and 457 European
American participants of the Atherosclerosis Risk in Communities (ARIC) study who
had completed a dental examination or reported being edentulous at Visit 4 and had
available data on DNA methylation from Visit 2 or 3. DNA methylation levels were
compared by periodontal disease severity and edentulism through discovery analyses
and subsequent testing of individual CpGs.

Results: Our discovery analysis replicated findings from a previous study reporting a
region in gene ZFP57 (6p22.1) that was significantly hypomethylated in severe peri-
odontal disease compared with no/mild periodontal disease in European American
participants. Higher methylation levels in a separate region in an unknown gene
(located in Chr10: 743,992-744,958) was associated with significantly higher odds of
edentulism compared with no/mild periodontal disease in African American partici-
pants. In subsequent CpG testing, four CpGs in a region previously associated with
periodontitis located within HOXA4 were significantly hypermethylated in severe

periodontal disease compared with no/mild periodontal disease in African American
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participants (odds ratio per 1 SD increase in methylation level: cg11015251: 1.28
(1.02, 1.61); cgl14359292: 1.24 (1.01, 1.54); cg07317062: 1.30 (1.05, 1.61);
cg08657492: 1.25 (1.01, 1.55)).

Conclusions: Our study highlights epigenetic variations in ZPF57 and HOXA4 that are
significantly and reproducibly associated with periodontitis. Future studies should

evaluate gene regulatory mechanisms in the candidate regions of these loci.

KEYWORDS
DNA methylation, epigenome-wide association study (EWAS), periodontal disease,
periodontitis, peripheral blood

Clinical Relevance

Scientific rationale for study: Without altering the DNA sequence, epigenetic effects (e.g., DNA
methylation changes) can alter gene activity and influence host response to periodontal infec-
tions. Our well-powered study investigates individual susceptibility to periodontitis by conduct-
ing a thorough assessment of periodontitis-related DNA methylation levels in blood.

Principal findings: We identified two gene regions, ZPF57 and HOXA4, that are differentially
methylated in individuals with periodontitis compared with those without periodontitis.
Practical implications: Studying differential leukocyte DNA methylation patterns may point to
candidate regions and the underlying gene regulatory mechanisms that play a key role in the

progression and/or susceptibility to periodontitis.

1 | INTRODUCTION

Over 47% of US adults have some form of periodontitis, whose inci-
dence rises steeply in adults aged 50 years and older (Eke et al., 2020,
2015; Eke, Dye, et al., 2012). Given the public health impact of peri-
odontal disease (Petersen & Ogawa, 2012; Slots, 2017), studying indi-
viduals' susceptibility to periodontitis could be crucial to building
effective disease prevention strategies. Although genome-wide asso-
ciation studies (GWAS) have discovered new genes that may contrib-
ute to the pathogenesis of periodontitis, only a few common variants
identified reached genome-wide significance, highlighting the complex
interplay between genetic and environmental factors in the develop-
ment and progression of the disease (Divaris et al., 2013; Laine
et al., 2014; Munz et al.,, 2017; Schaefer et al., 2010; Shungin
et al., 2019). In addition to genetic factors, epigenetic modifications of
DNA can affect the genetic blueprint of host responses, either directly
in lesion-associated target tissue, or associated with an altered
immune response. Studies have found that blood methylation levels
can correlate with tissue levels, making blood-based DNA methylation
an attractive target for biomarker discovery (Do et al., 2023). There-
fore, assessing epigenetic alterations in whole blood may provide
valuable insights into the development and progression of periodonti-
tis and help identify individuals who are at higher risk for the disease.
In the context of periodontal disease, host response plays a critical
role in an individual's susceptibility to infections (Hajishengallis, 2015),
as revealed by several studies investigating DNA methylation changes
in gingival tissues of patients with periodontitis. These studies have
identified differential methylation patterns in genes involved in inflam-

mation, immune response and extracellular matrix organization (de Faria

Amormino et al., 2013; Schulz et al., 2016). A recent study by Kim et al.
(2021) collected gingival tissue samples from 14 individuals with healthy
periodontium and 14 individuals with chronic periodontitis and reported
that hypermethylated CpGs in individuals with periodontitis were
enriched in genes related to inflammation and immune response, while
the hypomethylated CpGs were enriched in genes related to cellular
and tissue development. Despite the insights gained from gingival tissue
studies, the use of DNA methylation in whole blood offers subject-level
sampling instead of site-level specimens. This approach enables the
identification of systemic contributors to periodontitis and the reflec-
tion of immunologic susceptibility to periodontitis. Two epigenome-
wide studies (EWAS) of peripheral blood leukocytes in periodontitis
have been published. A cross-sectional study in adult female twins by
Kurushima et al. (2019) identified several CpGs, including one in
ZNF804A, associated with gingival bleeding and tooth mobility. A pilot
study by Herndndez et al. (2021), conducted in eight periodontitis
patients and eight matched controls, reported statistically significant dif-
ferences in peripheral blood DNA methylation in multiple regions,
including the ZNF718, HOXA4 and ZFP57 genes.

To expand on previous work of periodontitis-related DNA meth-
ylation changes, we conducted both discovery analyses and subse-
quent testing of CpGs in specific gene regions. The discovery analysis
involved an EWAS and differential methylated region (DMR) analysis
to discover aberrant patterns of blood-derived DNA methylation in
periodontal disease severity and edentulism among 1534 Black and
White older adults who underwent a clinical dental examination as a
component of the community-based Atherosclerosis Risk in Commu-
nities (ARIC) study. Additionally, we examined relationships with CpGs
based on a priori knowledge of specific gene regions that may be
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important for periodontitis, including the HOXA4 and ZFP57 genes.
Our study aimed to identify CpG sites associated with periodontal
disease severity and edentulism, controlling for relevant health condi-
tions, socio-economic status, self-reported smoking and methylation-

predicted pack-years.

2 | MATERIALS AND METHODS

2.1 | Study population

Study participants were enrolled in the ARIC study (RRID:
SCR_021769), a prospective cohort study of cardiovascular disease risk
that enrolled 15,792 participants between 1987 and 1989 from four
US communities (Jackson, MS; Washington County, MD; suburban
Minneapolis, MN; and Forsyth County, NC; Jackson et al., 1996; Wright
et al., 2021). Participants underwent a baseline clinical examination
(Visit 1) and subsequent follow-up clinical exams (Visits 2-9 completed
and Visit 10 planned). Participants provided written informed consent
at each visit. The ARIC study protocol was approved by institutional
review boards at the four field centres and the coordinating centre.

At Visit 4 (1996-1998), participants who had at least one tooth
or dental implant and were otherwise eligible and consented, under-
went a clinical dental examination by trained personnel (n = 6017).
Edentulous participants were not eligible for the dental examination.
Our analysis focused on a sample of ARIC participants with available
data on leukocyte DNA methylation levels collected at Visit 2 (1990-
1992) or Visit 3 (1993-1995). Among the participants with methyla-
tion data, those who attended a dental examination (Naorungroj
et al, 2017) (n=1174) or who self-reported being edentulous
(n = 360) during Visit 4 were eligible for our study.

2.2 | DNA methylation assessment and
preprocessing

The procedures for DNA methylation assessment have been previously
described (Bose et al., 2014; Navas-Acien et al., 2021). Briefly, the lllu-
mina HumanMethylation450 BeadChip array was used for genome-wide
profiling of DNA methylation in 2853 African American participants at
483,525 CpG sites and in 1104 European American participants in
482,815 CpG sites. Thus, we treated the methylation data of African
American and European American participants as two separate cohorts.

Details are summarized in Data S2.

2.3 | Periodontal measures

Periodontal severity was determined based on standardized dental mea-
surements, including clinical attachment loss (CAL) calculated on the
basis of the probing depth and gingival recession, which were measured
at six sites on all teeth present (Beck et al., 2005; Michaud et al., 2018).

To ensure comprehensive assessment, we used two different measures

of periodontitis severity. The first definition, ‘periodontitis (ARIC)’, cate-
gorizes individuals based on the percentage of sites with CAL 2 3 mm
into no/mild, moderate or severe periodontitis, as previously used in
the ARIC study (Beck et al., 2001). The second measure, ‘periodontitis
(CDC-AAP)’, was developed for population-based surveillance of peri-
odontitis by the US Centers for Disease Control and Prevention-
American Academy of Periodontology (CDC-AAP). This measure uses
CAL, pocket depth (PD) and the site location (interproximal) to classify
participants into no, mild, moderate or severe periodontitis (Eke, Page,
et al., 2012). Beyond using traditional definitions of periodontal disease
severity, we used edentulism as a surrogate for the most severe type of
periodontitis, since tooth loss is a common outcome of periodontitis
and is often used as a clinical marker of disease severity (Papapanou
et al, 2018). In addition, individuals who are edentulous have likely
experienced significant periodontal breakdown and tooth loss. ARIC
participants who self-reported as both not having any natural teeth and
not having any dental implants were classified as edentulous for this
analysis.

24 | Covariate assessment

Modifiable risk factors associated with periodontitis and edentulism
include tobacco smoking (Lazar et al., 2022), nutrition (Martinon
et al, 2021), psychological stress and depression (Spector
et al., 2020), obesity, diabetes (Genco & Borgnakke, 2020) and meta-
bolic syndrome (Madiba & Bhayat, 2018). At Visit 2 (1990-1992)
and Visit 3 (1993-1995), cigarette smoking status (current, former,
never) and cigarette smoking dose were measured. To account for
potential confounding by leukocyte cell composition, we used a
DNA methylation deconvolution procedure (see Data S2) to esti-
mate the proportions of different cell types in each sample (Salas
et al., 2022). We used the R function EstDimRMT to determine that
five principal components with non-zero eigenvalues were needed
to correct batch effects in each cohort (Leek et al., 2010; Plerou
et al., 2002). Additionally, we included age, sex, smoking category
(never, former, current), pack-years and body mass index (BMI) as
covariates in the EWAS and DMR analyses. In contrast, our subse-
quent testing of CpGs from specific gene regions included additional
covariates such as methylation-predicted pack-years smoked, ARIC
field center, socio-economic status (SES) and diabetes status. Diabe-
tes at baseline was defined as fasting plasma glucose 2126 mg/dL,
non-fasting plasma glucose 2200 mg/dL, receiving diabetes treat-
ment or self-report of a diabetes diagnosis by a physician. Partici-
pants with high life-course SES were identified using the lifetime
SES variable, calculated based on 12 factors associated with SES (Lu
etal., 2019).

2.5 | Statistical analysis

To investigate the association between DNA methylation and peri-

odontal disease, we conducted an EWAS using multivariable logistic
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regression models. This analysis aimed to identify CpG sites associ-
ated with severe versus no/mild periodontitis (ARIC definition), mod-
erate versus no/mild periodontitis (ARIC definition) and edentulous
versus no/mild periodontitis (ARIC definition), or severe versus no
periodontitis (CDC-AAP definition), mild/moderate versus no peri-
odontitis (CDC-AAP definition) and edentulous versus no periodon-
titis (CDC-AAP definition) per 1 SD increase in methylation level at
single CpG sites. All models were adjusted for age, sex, five surro-
gate variables for batch effects, smoking category (never, former,
current), pack-years, BMI and leukocyte cell composition. To control
for potential residual confounding by smoking, we included a
methylation-predicted pack-years developed based on a meta-
analysis of association results between DNA methylation and ciga-
rette smoking in individuals from 16 cohorts (Joehanes et al., 2016).
The Benjamini-Hochberg method was used to calculate the false
discovery rate (FDR) for multiple comparison adjustments (FDR g-
value <.05). Lastly, we conducted EWAS separately for African
American and European American participants.

We also performed a DMR analysis using the DMRcate
R/Bioconductor package to identify the DMRs associated with periodon-
tal disease status. The DMR analysis was conducted separately for Afri-
can American and European American participants. A linear model
adjusted for the same covariates as the EWAS was fitted using the
DMRcate function along with the following parameters: lambda = 1000
and kernel adjustment C = 2 (Peters et al., 2015). Statistically significant
DMRs were required to have a minimum of two statistically significant
single CpGs and to meet the multiple testing adjustment criteria of FDR
(g-value) <.05 (calculated using the Benjamini-Hochberg method;
Benjamini & Hochberg, 1995).

Figure S1 provides a summary of the discovery analyses described
above and subsequent CpG testing. CpGs belonging to the statistically
significant DMRs were further evaluated using a baseline category logit
model to test for the association with periodontitis status according to
both the CDC-AAP and the ARIC periodontitis definitions. Forty-two
CpGs were selected based on prior knowledge from both our own
DMRcate results and previously published pilot study by Hernandez
et al. (2021) The regions of HOXA4 and ZFP57 genes were of interest
because they were found to be significant with multiple consecutive
CpGs in the same direction after controlling for cell composition in the
Hernandez study model (Hernandez et al., 2021). We compiled CpGs
from the three DMRs identified by Hernandez et al. and by our own
DMRcate and tested them in the ARIC dataset. All models controlled
for age, sex, SES, BMI, diabetes status, smoking category (never, former,
current), pack-years, methylation-predicted pack-years smoked, leuko-
cyte cell composition, ARIC field centre and five surrogate variables for
batch effects. Subgroup analysis was also conducted for those 58 years
and older versus under, male versus female participants, and partici-
pants of higher versus lower SES. Analyses were conducted separately
for African American and European American participants. In this subse-
quent CpG testing, we did not correct for multiple comparisons since
the statistical tests for the individual CpGs were pre-specified and were
not exploratory in nature, reducing the risk of obtaining spurious results

due to chance.

Periodoniology  SM44 LEY-L 2%
3 | RESULTS

3.1 | Population characteristics

Table 1 summarizes the characteristics of ARIC participants included
in this study by periodontal disease status defined by the CDC-AAP
and by the ARIC periodontitis definitions. The average time between
drawing blood and Visit 4 was 6 years. Participants with severe peri-
odontitis were more likely to be male, Black, obese, less educated,
current smoker and have lower life-course SES (Table 1). Compared
with those of European ancestry, African American participants in this
study were more likely to be diabetic, had low SES, were less edu-
cated, had fewer teeth and were more likely to have severe periodon-
titis (Table S1). African American participants were younger, with a
median age of 55 years, compared with 58 years for European Ameri-
can participants. Of the participants, 28.6% of African Americans had
severe periodontal disease, with 45.7% having no/mild periodontal
disease, while 11.4% and 60.2% of European Americans had severe or
no/mild periodontal disease, respectively.

3.2 | EWAS and DMRcate analysis

Using the ARIC periodontitis definition, the single CpG EWAS
did not identify differentially methylated CpGs that were statisti-
cally significant after multiple comparison corrections (g < .05).
After adjusting for methylation-predicted pack-years, we identi-
fied one statistically significant DMR (ENSG00000231601 manual
annotation Chr10: 743,992-744,958) in edentulism when com-
pared with no/mild periodontal disease in African American par-
ticipants and one statistically significant DMR (ZFP57 6p22.1) in
severe periodontal disease compared with no/mild periodontal
disease in European American participants (Table S2). The
EWAS and DMRcate results did not differ from those presented
above when using the CDC-AAP periodontitis definition for
analysis.

3.2.1 | Zinc finger protein gene 57 (ZFP57)

The statistically significant DMR located on Chré (ZFP57 gene), con-
sisting of 17 CpGs, differed between European American participants
with severe periodontal disease and those with no/mild periodontal
disease. The 17 CpGs perfectly overlapped with a 21-CpG ZFP57
region, which was reported by Hernandez et al. as hypomethylated
when comparing periodontitis patients with age-matched and sex-
matched periodontally healthy controls living in the Republic of
Colombia (Hernandez et al., 2021). Overlapping CpGs located in the
ZFP57 DMR region were found to be associated with a lower risk of
severe periodontal disease compared with no/mild periodontal dis-
ease (ARIC definition) in European American participants (Table 2).
This association was stronger in European American participants

58 years or older (Table 3). It was also comparable for male and
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TABLE 2 Odds ratio (OR) for CpGs in the ZFP57° differentially methylated region and using two definitions of periodontal disease severity in

Atherosclerosis Risk in Communities (ARIC).®

OR per 1 SD increase in methylation level (95% Cl)

>f Clinicc
Periodontology

3 WILEY_| "

Periodontitis (CDC-AAP definition)©

Mild/moderate Severe Edentulism
CpG versus no versus no versus no
EA participants (Visit 02)
cg07134666 0.69 (0.54, 0.88) 1.09 (0.72, 1.64) 1.00 (0.66, 1.50)
cg11383134 0.65 (0.50, 0.84) 1.04 (0.66, 1.65) 1.06 (0.66, 1.72)
€g22494932 0.62(0.47,0.82) 1.08 (0.65, 1.79) 1.04 (0.60, 1.79)
cg15570656 0.70 (0.55, 0.89) 1.09 (0.72, 1.65) 1.01 (0.66, 1.54)
cg16885113 0.68 (0.52, 0.87) 1.09 (0.71, 1.69) 1.09 (0.70, 1.70)
cg20228636 0.70 (0.54, 0.90) 1.13(0.74, 1.74) 1.11(0.72,1.72)
cg25699073 0.65 (0.49, 0.86) 1.16 (0.69, 1.94) 1.05(0.62, 1.79)
cg25978138 0.70 (0.54, 0.91) 0.99 (0.62, 1.58) 1.19 (0.72, 1.96)
cg13835168 0.79 (0.63, 1.00) 1.24 (0.83, 1.85) 1.10(0.75, 1.63)

African American (AA) participants (Visit 02)

cg07134666 1.11(0.93,1.31) 1.00(0.81, 1.23)
cg11383134 1.06 (0.89, 1.25) 0.98 (0.79, 1.20)
€g22494932 1.06 (0.88, 1.26) 0.95(0.77,1.17)
cg15570656 1.09 (0.92, 1.29) 0.97 (0.79, 1.19)
cg16885113 1.10(0.92, 1.30) 0.98 (0.80, 1.21)
cg20228636 1.11(0.94, 1.32) 1.00 (0.82, 1.23)
€g25699073 1.09 (0.92, 1.30) 1.01(0.82, 1.24)
€g25978138 1.06 (0.88, 1.26) 1.01(0.81, 1.25)
cg13835168 1.07 (0.90, 1.27) 1.00 (0.81, 1.23)

0.96(0.81, 1.14)
0.96 (0.81, 1.14)
0.94(0.79, 1.12)
0.93(0.78, 1.10)
0.97 (0.82, 1.15)
0.95(0.81, 1.13)
0.99 (0.83, 1.17)
0.92(0.77, 1.09)
0.94(0.79, 1.12)

Note: Bold OR and confidence interval (Cl) values indicate statistical significance.
2A ZFP57 differential methylated region (DMR) identified by our DMRcate analysis and also reported in Hernandez et al.
bTwo definitions of pocket depth were used: Centers for Disease Control and Prevention-American Academy of Periodontology (CDC-AAP) and ARIC.

See Section 2.

Periodontitis (ARIC definition)®

Moderate
versus no/mild

0.84 (0.66, 1.07)
0.76 (0.60, 0.98)
0.74 (0.58, 0.94)
0.89 (0.70, 1.13)
0.82 (0.64, 1.05)
0.83(0.65, 1.06)
0.74 (0.58, 0.95)
0.74 (0.58, 0.96)
0.97(0.77, 1.23)

1.10(0.90, 1.33)
1.04 (0.85, 1.26)
1.07 (0.87, 1.30)
1.09 (0.90, 1.32)
1.08 (0.89,1.32)
1.09 (0.90, 1.32)
1.08 (0.89, 1.31)
1.09 (0.88,1.33)
1.07 (0.88, 1.30)

Severe
versus no/mild

0.66 (0.47, 0.92)
0.65 (0.46, 0.91)
0.69 (0.50, 0.96)
0.67 (0.48, 0.94)
0.66 (0.47, 0.92)
0.67 (0.48, 0.94)
0.69 (0.49, 0.96)
0.63 (0.46, 0.88)
0.70 (0.49, 0.98)

1.02 (0.84, 1.24)
0.96 (0.79, 1.17)
0.96(0.79, 1.18)
1.00 (0.82, 1.22)
1.00(0.82,1.21)
1.02 (0.84, 1.25)
1.01 (0.83, 1.23)
0.99 (0.81, 1.22)
1.02 (0.84, 1.24)

Edentulism
versus no/mild

1.05(0.71, 1.55)
1.12(0.71, 1.78)
1.14 (0.68, 1.90)
1.09 (0.72, 1.63)
1.15(0.75, 1.76)
1.14(0.75,1.73)
1.10(0.67, 1.81)
1.17 (0.73, 1.90)
1.12(0.77, 1.63)

0.96(0.79, 1.17)
0.93(0.76, 1.14)
0.93(0.76, 1.14)
0.93(0.76, 1.13)
0.96 (0.79, 1.17)
0.95(0.78, 1.15)
0.98(0.80, 1.19)
0.91(0.75, 1.12)
0.94(0.77, 1.15)

“Model adjusted for age, sex, diabetes, socio-economic status, pack-years, smoking status (never, former, current), pack-years based methylation score,

body mass index, surrogate variables for batch effects and cell proportions.

female participants and participants of higher or lower SES (Table S3).
In addition, there was a statistically significant decreased risk of
moderate versus no/mild periodontal disease among European
American participants 58 years or older (Table 3). The ZFP57
CpGs were not significantly associated with risk of moderate or
severe periodontal disease, as compared with no/mild periodon-
tal disease in African American participants. However, increasing
methylation of three ZFP57 CpGs (cg11383134, cgl15570656
and cg13835168) was associated with a significant decreased
risk of severe versus no/mild periodontal disease in African
American participants 58 years or older (Table 3). When we used
the CDC-AAP definition to categorize periodontal disease status,
increasing methylation of the ZFP57 CpGs was found to be asso-
ciated with a significant decreased risk of mild/moderate versus
no periodontal disease in European American ARIC participants.
The pattern of associations for those 58 years and older, male

and female participants, participants of higher or lower SES, and

for edentulism were all similar to what we found using the ARIC
definition (Tables 2 and S3).

3.22 | HOXA4

A HOXA4 DMR, consisting of 13 CpGs, was found to be hypermethy-
lated in periodontitis patients with age-matched and sex-matched
periodontally healthy controls (Hernandez et al., 2021). This finding is
consistent with Hernandez et al. Although the HOXA4 DMR was not
statistically significant in the DMRcate analyses using both of our
periodontitis definitions, when we tested the CpGs contained in the
HOXA4 DMR individually, increasing methylation of cg11015251,
cg14359292, cg07317062 and cg08657492 was statistically signifi-
cantly associated with a higher risk of severe periodontal disease com-
pared with no/mild periodontal disease in African American

participants (Table 4). This association was comparable for African
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TABLE 3 Odds ratio (OR) for CpGs in the ZFP57° differentially methylated region and periodontitis severity stratified by age at blood draw at

Visit 2, Atherosclerosis Risk in Communities (ARIC) participants.

OR per 1 SD increase in methylation level (95% Cl) for periodontitis (ARIC definition)

CpG

Age <58°

Age >58°

Moderate
versus no/mild

Severe
versus no/mild

European American (EA) participants (Visit 02)

Edentulism
versus no/mild

Moderate
versus no/mild

Severe
versus no/mild

Edentulism
versus no/mild

cg07134666 1.01 (0.69, 1.46) 1.09 (0.60, 1.97) 0.84(0.33, 2.10) 0.59 (0.41, 0.85) 0.36 (0.22, 0.60) 0.79 (0.48, 1.30)
cg11383134 0.87(0.60, 1.26) 0.93(0.52, 1.67) 1.03(0.37,2.89) 0.58 (0.39, 0.86) 0.36(0.22, 0.61) 0.82(0.46, 1.46)
€g22494932 0.80(0.56, 1.16) 1.01(0.56, 1.82) 1.10(0.37,3.27) 0.59 (0.40, 0.87) 0.40 (0.24, 0.66) 0.85(0.46, 1.60)
cg15570656 1.00 (0.69, 1.45) 1.00 (0.56, 1.79) 0.84(0.33,2.12) 0.69 (0.48, 0.99) 0.39 (0.23, 0.65) 0.88(0.52, 1.48)
cg16885113 0.95 (0.65, 1.37) 1.04 (0.58, 1.87) 1.01 (0.38, 2.70) 0.60 (0.41, 0.88) 0.36 (0.21, 0.59) 0.83(0.48,1.43)
€g20228636 0.94 (0.64, 1.36) 0.89 (0.49, 1.60) 0.90(0.35, 2.34) 0.63 (0.44, 0.92) 0.42(0.25, 0.70) 0.90(0.53, 1.53)
€g25699073 0.75(0.51, 1.09) 0.96 (0.53, 1.74) 1.17 (0.37,3.70) 0.64 (0.44, 0.94) 0.42 (0.26, 0.70) 0.80(0.44, 1.45)
cg25978138 0.86 (0.57, 1.30) 0.84 (0.44, 1.61) 1.10(0.36, 3.40) 0.61 (0.42, 0.89) 0.46 (0.30, 0.72) 0.97 (0.54, 1.74)
cg13835168 1.27 (0.87, 1.85) 1.05(0.58, 1.91) 1.01 (0.40, 2.54) 0.66 (0.46, 0.94) 0.42 (0.25, 0.70) 0.91(0.56, 1.49)

AA participants (Visit 02)

cg07134666 1.22(0.97, 1.55) 1.18 (0.93, 1.50)
cg11383134 1.12(0.89, 1.41) 1.10(0.86, 1.40)
€g22494932 1.09 (0.86, 1.38) 1.06 (0.83, 1.35)
cg15570656 1.18 (0.94, 1.50) 1.16 (0.91, 1.48)
cg16885113 1.17 (0.93, 1.48) 1.13(0.89, 1.43)
€g20228636 1.13(0.90, 1.43) 1.15(0.91, 1.47)
€g25699073 1.12(0.89, 1.41) 1.13(0.89, 1.44)
cg25978138 1.14 (0.89, 1.45) 1.05(0.82, 1.35)
cg13835168 1.16 (0.92, 1.47) 1.19(0.93, 1.52)

1.02(0.80, 1.30)
0.96 (0.75, 1.23)
0.93(0.73, 1.19)
0.98(0.76, 1.26)
0.98(0.77, 1.26)
0.95(0.74, 1.22)
0.98(0.77, 1.24)
0.93(0.73, 1.20)
0.98(0.76, 1.26)

Note: Bold OR and confidence interval (Cl) values indicate statistical significance.
2A ZFP57 differential methylated region (DMR) identified by our DMRcate analysis and also reported in Hernandez et al.
®Model adjusted for age, sex, diabetes, socio-economic status, pack-years, smoking status (never, former, current), pack-years based methylation score,

0.81(0.55, 1.21)
0.83(0.55, 1.25)
1.00 (0.65, 1.53)
0.85(0.58, 1.26)
0.87(0.58, 1.29)
0.93 (0.64, 1.36)
0.94 (0.62, 1.42)
0.98 (0.65, 1.47)
0.85(0.58, 1.23)

0.68 (0.46, 1.01)
0.65 (0.44, 0.98)
0.74 (0.49, 1.11)
0.67 (0.45, 0.99)
0.70 (0.47, 1.04)
0.73(0.50, 1.06)
0.74 (0.49, 1.11)
0.82(0.55, 1.22)
0.67 (0.46, 0.99)

0.68 (0.46, 1.00)
0.70(0.47, 1.04)
0.77 (0.52, 1.15)
0.68 (0.46, 0.99)
0.73(0.50, 1.07)
0.75(0.52, 1.09)
0.79 (0.53, 1.18)
0.74 (0.50, 1.08)
0.72 (0.49, 1.03)

body mass index, surrogate variables for batch effects and cell proportions.

American participants 58 years or older and younger than 58-year-old
male and female participants, and participants of higher or lower life-
course SES (Table S4). In contrast, these HOXA4 CpGs were not sig-
nificantly associated with risk of moderate or severe periodontal dis-
ease, as compared with no/mild periodontal disease in European
American participants (Table 4). In addition, increasing methylation
of cg14359292 and cg24169822 was associated with decreased risk
of edentulism versus no periodontal disease among European Ameri-
can participants (Table 4; stronger association in females Table S4).
Using the CDC-AAP definition, we also found significant positive
associations between increasing methylation of selected HOXA4
CpGs and periodontitis, which was largely consistent with what we
found using the ARIC definition.

3.23 | ENSG00000231601

Using the ARIC periodontitis definition, our DMRcate analysis
identified one statistically significant DMR located on Chrl10

(ENSG0000023160 gene), consisting of three CpGs (cg22954052,
cg25580864 and cg05495790), which differed between African
American participants with edentulism and those with no/mild
periodontal disease (Table 5). Among African American partici-
pants, increasing methylation of cg22954052 and cg05495790
was significantly associated with increased risks of moderate
periodontal disease, severe periodontal disease and edentulism,
when compared with no/mild periodontal disease. These associa-
tions were stronger among African American participants under
age 58 (Table S5). CpGs cg22954052 and cg05495790 were
associated with an increased risk of edentulism versus no peri-
odontal disease in African American participants. These CpGs
were not associated with PD or edentulism in European Ameri-
can participants. When we used the CDC-AAP definition,
increasing methylation of ¢g22954052 and cg05495790 was also
significantly associated with increased risks of mild/moderate
versus no periodontal disease and edentulism versus no peri-
odontal disease, but not severe PD versus no PD, in African

American participants.
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TABLE 4 Odds ratio (OR) for CpGs in the HOXA4? differentially methylated region and periodontitis severity.

OR per 1 SD increase in methylation level (95% Cl)

Periodontitis (CDC-AAP definition)®

Mild/moderate

CpG versus no

EA participants (Visit 02)
cg06942814 0.92(0.70, 1.20)
cgl11015251 0.83(0.61,1.12)
cg14359292 0.85(0.65, 1.11)
cg07317062 0.91(0.71, 1.15)
cg08657492 0.86 (0.66, 1.11)
cg11410718 0.94 (0.74, 1.20)
€g22997113 0.97 (0.75, 1.25)
cg24169822 0.77 (0.59, 1.00)

AA participants (Visit 02)
cg06942814 1.20 (1.00, 1.44)
cg11015251 1.18 (0.97, 1.43)
cg14359292 1.18 (0.98,1.41)
cg07317062 1.17 (0.98, 1.40)
cg08657492 1.25 (1.04, 1.49)
cg11410718 1.15(0.96, 1.38)
€g22997113 1.14 (0.95, 1.36)
cg24169822 1.20(1.00, 1.44)

Severe
versus no

1.03 (0.66, 1.61)
0.70(0.43, 1.13)
0.91(0.60, 1.39)
1.10(0.74, 1.64)
0.94 (0.62, 1.42)
1.00 (0.73, 1.66)
1.11(0.72,1.71)
0.83(0.55, 1.25)

1.02 (0.81, 1.27)
0.98(0.78, 1.24)
1.08 (0.87, 1.34)
1.10(0.88, 1.37)
1.07 (0.85, 1.33)
1.10(0.88, 1.38)
1.04 (0.83, 1.29)
( )

1.08 (0.86, 1.34,

Edentulism
Versus no

0.89 (0.60, 1.34)
0.88 (0.55, 1.39)
0.64 (0.42, 0.99)
0.93(0.64, 1.36)
0.70(0.47, 1.05)
0.86(0.58, 1.28)
0.91(0.61, 1.37)
0.59 (0.39, 0.90)

0.94 (0.78, 1.13)
0.93(0.76, 1.13)
0.98(0.81, 1.17)
0.98(0.81, 1.17)
0.99 (0.82, 1.19)
0.95(0.79, 1.15)
0.93(0.78, 1.11)
0.99 (0.82, 1.19)

Note: Bold OR and confidence interval (Cl) values indicate statistical significance.

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CDC-AAP, Centers for Disease Control and Prevention-American Academy of Periodontology.

Periodontitis (ARIC definition)®

Moderate
versus no/mild

1.03(0.78, 1.35)
0.97(0.71, 1.31)
1.00(0.77, 1.30)
1.05(0.82, 1.33)
1.03(0.79,1.33)
1.05(0.82, 1.35)
1.10(0.85, 1.43)
1.03(0.79,1.33)

1.15(0.93, 1.42)
1.29 (1.03, 1.61)
1.17 (0.95, 1.44;
1.23(1.00, 1.51
1.22(0.99, 1.50
1.19 (0.96, 1.46
1.10(0.90, 1.35
(

)
)
)
)
)
1.19 (0.96, 1.47)

2A HOXA4 differential methylated region reported as periodontitis-related in Hernandez et al.
PModel adjusted for age, sex, diabetes, socio-economic status, pack-years, smoking status (never, former, current), pack-years based methylation score,
body mass index, surrogate variables for batch effects and cell proportions.

TABLE 5

CpG

OR per 1 SD increase in methylation level (95% Cl)

Severe
versus no/mild

0.99 (0.66, 1.49)
0.83(0.55, 1.26)
1.01 (0.68, 1.50)
1.15(0.81, 1.65)
0.96 (0.66, 1.42)
1.06 (0.74,1.51)
1.01 (0.68, 1.49)
0.87(0.59, 1.28)

1.18 (0.95, 1.46)
1.28(1.02, 1.61)
1.24 (1.01, 1.54)
1.30 (1.05, 1.61)
1.25(1.01, 1.55)
1.20(0.97, 1.49)
1.13(0.92, 1.39)
1.23(0.99,1.52)

QOdds ratio (OR) for CpGs in the ENSG00000231601? differentially methylated region and periodontitis severity.

Edentulism
versus no/mild

0.91(0.61, 1.35)
0.94 (0.6, 1.45)

0.70(0.46, 1.05)
0.99 (0.69, 1.44)
0.75(0.50, 1.12)
0.89 (0.60, 1.30)
0.92(0.62,1.37)
0.66 (0.44, 1.01)

0.98(0.79, 1.22)
1.07 (0.85, 1.34)
1.05 (0.85, 1.30)
1.09 (0.88, 1.34)
1.06 (0.86, 1.31)
1.02 (0.82, 1.26)
0.96(0.78, 1.18)
1.05(0.85, 1.31)

Periodontitis (CDC-AAP definition)®

Mild/moderate
versus no

EA participants (Visit 02)

€g22954052 1.11(0.86, 1.43)
cg25580864 1.10(0.84, 1.43)
cg05495790 1.12(0.86, 1.44)
AA Participants (Visit 02)
€g22954052 1.23(1.02, 1.48)
cg25580864 1.17 (0.96, 1.44)
cg05495790 1.34 (1.10, 1.63)

Severe
versus no

1.33(0.87,2.04)
0.98 (0.64, 1.49)
1.76 (1.16, 2.67)

1.18 (0.94, 1.49)
1.11 (0.87, 1.43)
1.22 (0.95, 1.56)

Edentulism
versus no

0.88(0.60, 1.29)
1.01 (0.66, 1.53)
0.85(0.56, 1.31)

1.29 (1.07, 1.56)
1.22 (0.99, 1.50)
1.38 (1.13, 1.69)

Note: Bold OR and confidence interval (Cl) values indicate statistical significance.

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CDC-AAP, Centers for Disease Control and Prevention-American Academy of Periodontology.

Periodontitis (ARIC definition)®

Moderate
versus no/mild

1.08 (0.84, 1.40)
1.03(0.78, 1.34)
1.22(0.94, 1.58)

1.54 (1.24, 1.91)
1.16 (0.91, 1.4¢6)
1.43(1.13, 1.80)

2A de novo ENSG00000231601 differential methylated region (DMR) identified by our DMRcate analysis.
bModel adjusted for age, sex, diabetes, socio-economic status, pack-years, smoking status (never, former, current), pack-years based methylation score,
body mass index, surrogate variables for batch effects and cell proportions.

Severe
versus no/mild

1.06 (0.74,1.51)
1.17(0.77,1.76)
1.21(0.85,1.72)

1.44(1.16, 1.79)
1.28(1.01, 1.63)
1.36 (1.08, 1.73)

Edentulism
versus no/mild

0.84(0.58, 1.23)
1.01 (0.67, 1.52)
0.84 (0.56, 1.27)

1.56 (1.25, 1.94)
1.30 (1.03, 1.65)
1.53 (1.21, 1.94)
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10 | Wi LE Y- [
4 | DISCUSSION

To our knowledge, this is the first large-scale epigenome-wide DNA
methylation study of clinically assessed periodontitis. Using
epigenome-wide analyses in 1534 ARIC participants, we identified dif-
ferential methylation patterns comparing various clinically assessed
periodontal disease classifications, suggesting that epigenetic changes
may contribute to variation in susceptibility to periodontitis. Our
DMR analysis replicated findings from a previous study reporting an
association between DNA methylation levels measured in whole
blood at CpG sites in the gene ZFP57 and periodontitis using two clin-
ically assessed periodontal disease definitions. We also found DNA
methylation differences near ENSG00000231601 (Chr10) between
African American participants with edentulism and those with no or
mild periodontal disease.

To account for the complexity of measuring periodontitis, our
analysis used two periodontitis classifications: the ARIC definition and
the CDC-AAP definition. As a chronic disease, periodontitis can pre-
sent with a wide range of symptom severity and progression. We
observed stronger associations using the ARIC definition for each of
the identified regions. The ARIC definition for ‘severe’ is based on
having extensive periodontal disease (30% of teeth with attachment
loss 23 mm), while the CDC-AAP definition for ‘severe’ requires a
greater degree of attachment loss (>6 mm) but fewer teeth. Our
results suggest that the genetic regions identified may be more
strongly linked to extensive periodontal disease.

Overall, we found comparable results across gender and SES, but
greater associations among participants 58 years or older, likely due
to a higher prevalence of extensive periodontal disease among older
ARIC participants. Our analysis also revealed significant associations
between DNA methylation patterns in the HOXA4 gene and an
increased risk of severe periodontal disease in African American par-
ticipants. These associations were consistent across various African
American subgroups, including those stratified by age, sex and SES. As
a transcription factor, HOXA4 plays a crucial role in cell differentiation
and embryonic development by regulating the expression of various
target genes (Akam, 1998; Krumlauf, 1994). The observed associa-
tions are in line with previous studies that have linked DNA methyla-
tion in HOXA4 to other diseases, such as cancer and heart disease
(Elias et al., 2018; Lillvis et al., 2011). Although the specific role of
HOXA4 in inflammatory diseases such as periodontitis and heart dis-
ease has not been fully elucidated, it is plausible that the gene could
play a role in these conditions given its involvement in developmental
processes and its ability to regulate the expression of various target
genes (Aonuma et al., 2022; Lillvis et al, 2011). However, further
studies are warranted to replicate our findings and investigate this
periodontal connection. The differences we observed between Afri-
can Americans and European Americans may be attributed to
population-specific factors. Most African American participants are
from the Jackson Field Center. Participants from this region have
experienced very different exposures during their lifetimes and
have limited access to health and dental care (compared with other

ARIC participants). These factors, which can influence periodontal

disease development and progression, may have impacted the find-
ings in a manner similar to the differences we observed with different
disease classifications. Consequently, it is not possible to determine
whether our results are due to genetic effects or to correlates of
socio-economic factors.

Prior to the present study, there were only two published studies
of genome-wide DNA methylation of peripheral blood leukocytes in
periodontitis. Kurushima et al. (2019) conducted an epigenome-wide
study using lllumina DNA methylation450K data and a retrospective
dental phenotype collection of self-reported dental mobility and gingi-
val bleeding information obtained from 528 older female twins in the
Twins UK cohort (mean age: 58 years, age range: 19-82 years; com-
pared with African American ARIC participants mean age: 55 years,
age range: 47-70 years; European American ARIC participants mean
age: 58 years, age range: 47-68 years; Kurushima et al., 2019). This
study detected a hypomethylated region in ZNF804A in individuals
who experienced gingival bleeding, in conjunction with an increased
level of ornithine, a metabolite related to gingival inflammation, in
their blood metabolomics profile. There were no concordances
between our results and the results of Kurushima et al., possibly due
to clear differences in study design, including the use of clinically
examined versus self-reported periodontitis data. Hernandez et al.
(2021) performed an analysis to identify differentially methylated
positions and regions with a small number of clinically diagnosed peri-
odontitis patients and gingivally healthy controls (Hernandez
et al., 2021). Results of Hernandez et al. identified the genes ZNF718,
HOXA4 and ZFP57 related to systemic immune-related epigenetic pat-
terns in periodontitis (Herndndez et al., 2021), including a ZFP57
region of 21 CpGs that was found to be hypomethylated when com-
paring periodontitis patients with age-matched and sex-matched peri-
odontally healthy controls. Although Hernandez et al. also carried out
clinical examination, their study participants were much younger than
ours (age range: 25-55 years), suggesting a more extreme comparison
of phenotype in Hernandez et al. Consistent with Hernandez et al.,
our study identified a ZFP57 DMR to be periodontitis-related. In addi-
tion, the 17-CpGs ZFP57 DMR we identified perfectly overlapped
with the 21-CpG ZFP57 DMR identified by Hernandez and
colleagues.

Existing evidence supports the relevance of some of the identi-
fied ZFP57 CpGs for periodontitis. ZFP57 is an imprint regulator, and
DNA methylation in this exact ZFP57 region has been shown to be
environmentally modulated in human blood and related to transient
neonatal diabetes, Parkinson's disease, and post-traumatic stress dis-
order (Bak et al., 2016; Henderson et al., 2021; Vinkers et al., 2021).
The zinc finger proteins (ZNFs) are also important transcription fac-
tors. They are involved in tissue development, and their alterations
may promote chronic conditions, including oral cancer and periodonti-
tis (Agnihotri & Gaur, 2022). Recent studies have shown ZNFs playing
a role in the progression of periodontitis (Hong et al., 2016). For
instance, ZNFA20 can inhibit NF-kp pathway activation via inflamma-
tory cytokines (Hong et al., 2016; Wertz et al., 2004) and thus support
the disruption of local inflammatory responses by Porphyromonas

gingivalis, the key pathogen of periodontitis (Matsui et al., 2018;

85U8017 SUOWILIOD BAIIER.D 8|qed![dde auy Aq peusenob aJe e YO ‘88N JO Sa|ni 1oy Ariq1]8UlIUO 43I UO (SUORIPUOD-PUR-SWIBI W00 A8 |IM AeJq Ul |UO//:SANY) SUORIPUOD PUe SWe | 3U} 88S *[£202/0T/#0] Uo AriqiTauliuo A1 BiUeAlAsuued JO AisRAIUN Ad ZG8ET ado(TTTT 0T/I0p/Wo0 A3 IM ARe.d 1 |puluo//:Sany WOy pepeojumod ‘6 ‘€202 ‘XTS0009T



ZHAO ET AL

Ohshima et al., 2019). The replication of the ZNF57 DMR in our study
suggests a potential sequence of events in periodontitis development,
where hypomethylation of the ZNF57 DMR may upregulate the
expression of ZNF57, which is related to antigen presentation and
immune response regulation.

Observed DNA methylation levels could precede periodontal dis-
ease development or be the consequence of periodontal disease. We
cannot establish whether the associations observed between differen-
tial methylation in whole blood and periodontitis are the cause or the
consequence of the disease. Although the ARIC study is prospective
and the methylation data were obtained up to 6 years before the den-
tal examination, a dental examination was not performed concurrently
with the blood draw, such that we likely studied the combination of
prevalent and incident periodontal disease. Moreover, we could not
detect single CpG associations at the stringent epigenome-wide sig-
nificance level, and the use of the 450K array, which covers only ~2%
of human CpG sites, may limit the discovery. In subsequent CpG test-
ing, the limited number of severe periodontitis cases in certain sub-
groups could have reduced the statistical power to detect significant
associations, even though we included all available subjects with DNA
methylation data. Additionally, the new findings were not replicated
in independent samples. Finally, the use of edentulism as a surrogate
for the most severe type of periodontitis may not be entirely accu-
rate. Edentulism can result from a variety of causes, including peri-
odontal disease, dental caries and poor access to dental care.
Therefore, unless patients have specifically reported losing their
teeth due to periodontal disease, the assumption that edentulism is
a direct result of severe periodontitis may not be entirely valid. Con-
sequently, our analysis cannot distinguish between DNA methyla-
tion patterns of those who are edentulous due to periodontitis and
other causes.

Despite the limitations, several strengths of this study warrant
attention, including the use of clinically examined periodontal pheno-
types, large sample size, ethnic diversity and rigorous analytical
methods. We also adjusted for SES, diabetes status, imputed cell com-
position, self-reporting smoking history and a methylation-predicted
pack-years smoked to further reduce concern about confounding.
Additionally, we used two definitions of periodontal disease to
address the complexity of disease classification. Analyses in individ-
uals of different ancestries support the need for future large-scale
EWAS of periodontitis to investigate ethnicity-specific and age-
specific periodontitis-related CpGs.

Along with previously published EWAS, our results suggest that
gene regulation mechanisms may influence the susceptibility to and
severity of periodontitis. Our well-powered EWAS and DMRcate anal-
ysis in participants drawn from the general population identified sev-
eral genomic regions for which differential DNA methylation sites
were associated with periodontitis. This study supports leukocyte
DNA methylation for the evaluation of epigenetic patterns in peri-
odontitis. Our study, in conjunction with a prior pilot study, implicates
ZFP57 as a promising candidate for future studies to illuminate the
underlying gene regulatory mechanisms linking differential DNA

methylation to periodontal disease.
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