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Abstract

Aim: To identify risk variants associated with gene expression in peripheral blood
and to identify genes whose expression change may contribute to the susceptibility
to periodontitis.

Material and Methods: We systematically integrated the genetic associations from
a recent large-scale periodontitis GWAS and blood expression quantitative trait loci
(eQTL) data using Sherlock, a Bayesian statistical framework. We then validated the
potential causal genes in independent gene expression data sets. Gene co-expres-
sion analysis was used to explore the functional relationship for the identified causal
genes.

Results: Sherlock analysis identified 10 genes (rs7403881 for MT1L, rs12459542 for
SIGLEC5, rs12459542 for SIGLEC14,rs6680386 for SI00A12, rs10489524 for TRIM33,
rs11962642 for HIST1IH3E, rs2814770 for AIM2,rs7593959 for FASTKD2, rs10416904
for PKN1, and rs10508204 for WDR37) whose expression may influence periodonti-
tis. Among these genes, AIM2 was consistent significantly upregulated in periodon-
tium of periodontitis patients across four data sets. The cis-eQTL (rs2814770, ~16 kb
upstream of AIM2) showed significant association with AIM2 (p = 6.63 x 1079 and
suggestive association with periodontitis (p = 7.52 x 107%). We also validated the
significant association between rs2814770 and AIM2 expression in independent
expression data set. Pathway analysis revealed that genes co-expressed with AIM2
were significantly enriched in immune- and inflammation-related pathways.
Conclusion: Our findings implicate that AIM2 is a susceptibility gene, expression of
which in gingiva may influence periodontitis risk. Further functional investigation of

AIM2 may provide new insight for periodontitis pathogenesis.
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1 | INTRODUCTION

Periodontitis is a common oral disease with complex aetiology.
The signs of periodontitis include periodontal pocket, attachment
loss, and alveolar bone resorption on radiographs, often accompa-
nied with gingival recession and associated tooth hypersensitivity,
tooth mobility and drifting, and periodontal abscesses, which can
eventually lead to tooth loss (Pihlstrom, Michalowicz, & Johnson,
2005). This disorder not only affects oral health, but also corre-
lates with systemic disorders such as cardiovascular diseases, dia-
betes, pre-term birth, and aspiration pneumonia (Pihlstrom et al.,
2005; Williams et al., 2008). Furthermore, a 16-year longitudinal
study indicated that periodontitis is linked to the increased risk
of premature death (Soder, Jin, Klinge, & Soder, 2007). The 2016
Global Burden of Diseases, Injuries and Risk Factors Study esti-
mated that periodontitis was the 11th most prevalent causes of
disease worldwide (GBD 2017 Disease and Injury Incidence and
Prevalence Collaborators, 2017). Moreover, severe periodontitis
was attributed with adding $38.85 billion (21%) to the estimated
global indirect cost in 2015 (Righolt, Jevdjevic, Marcenes, & Listl,
2018). Therefore, it is of a great importance to investigate the ae-
tiology of periodontitis.

Accumulating evidence indicates that periodontitis is caused
by a combination of genetic and environmental factors (Jin et al.,
2011; Meng et al.,, 2011). Several environmental factors, including
poor oral hygiene, tobacco smoking, socio-economic status, mal-
nutrition, psychological conditions, drug use, and local conditions,
were reported to contribute to the onset of periodontitis (Jin et al.,
2011). In addition to environmental factors, genetic factors also
have pivotal role in periodontitis. The heritability of periodon-
titis is reported as high as 50% (Michalowicz et al., 2000; Nibali
et al., 2019), indicating the essential role of genetic factors in this
disease.

To identify the genetic risk variants for periodontitis, several
genome-wide association studies (GWAS) have been conducted
worldwide (Hong, Shin, Ahn, Lee, & Kim, 2015; Masumoto et al.,
2019; Munz et al., 2017; Offenbacher et al., 2016; Sanders et al.,
2017; Teumer et al.,, 2013). For example, the GWAS by Munz
et al identified nucleotide variants at SIGLEC5 and DEFA1A3 as risk
loci for periodontitis (Munz et al., 2017). Another GWAS by Hong
et al confirmed a previously reported association between TENM2
gene and periodontitis and suggested a newly identified relation-
ship to LDLRAD4 (Hong et al., 2015). However, even though the
data from GWAS support a number of loci involved in periodon-
titis, it is difficult to discriminate many of the causal genes from
the background noise of the hundreds of thousands of SNPs in
the assay. Considering the fact that most of the variants identi-
fied by GWAS are located in non-coding regions, it is reasonable
to assume that these variants affect phenotypes through regulat-
ing gene expression. Previous studies (Luo et al., 2015; Wu et al,,
2019; Yang et al., 2018; Zhong et al., 2019) have successfully pri-
oritized plausible causal genes by using integrative approach of

expression quantitative trait loci (eQTL) and disease association

Clinical Relevance

Scientific rationale for study: Recent large-scale GWAS have
identified multiple risk variants associated with periodon-
titis. However, it is challenging to identify the causal genes
at the risk loci. Since most of the variants are located in
non-coding regions, it is reasonable to assume that these
variants affect phenotypes by regulating gene expression.
Principal findings: Our study identified AIM2 as a potential
causal gene whose expression level may play a role in peri-
odontitis. Genes co-expressed with AIM2 were enriched in
immune- and inflammation-related pathways.

Practical implications: AIM2 could be a potential diagnostic
marker as well as therapeutics target after further experi-

mental validations.

data. Nevertheless, to date, there is no relevant systematic study,
incorporating data from different omics layers to identify peri-
odontitis-associated genes. Therefore, we applied a Bayesian inte-
grative approach (Sherlock) that combined a large GWAS summary
statistics for periodontitis and blood eQTL data to investigate po-
tential causal genes, as well as to explore the role of these genes
involved in the pathogenesis.

2 | MATERIAL AND METHODS
2.1 | Ethics statement

Each contributing study obtained informed consent from all study
participants. The studies complied with all relevant ethical regula-
tions, including the Declaration of Helsinki, and ethical approval for
data collection and analysis was obtained for each study from the
local boards (Shungin et al., 2019).

2.2 | Periodontitis GWAS data

We used summary statistics from a large-scale periodontitis
GWAS (Shungin et al., 2019). In this study, Shungin et al performed
a meta-analysis of a recent periodontitis GWAS from the Gene-
Lifestyle Interactions in Dental Endpoints (GLIDE) consortium.
Briefly, genome-wide genotypes from nine independent samples
of European ancestry (including ARIC, COHRA1, DRDR, MDC,
NFBC1996, SHIP, SHIP trend, TWINGENE, and WGHS) with a final
sample size up to 17,353 periodontitis cases and 28,210 controls
were combined and subjected to a systematic meta-analysis. More
detailed information about sample description, diagnosis, geno-
typing, and statistical analyses can be found in the original study
(Shungin et al., 2019).
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2.3 | Whole blood eQTL data

eQTLs are partially tissue-specific, and, hence, it is recommended
to use pathologically relevant tissue for the assessment of gene
expression. However, due to the unavailability of eQTL data of
gingiva tissue, we used readily available tissues, typically whole
blood, as a proxy for eQTL effect measurement. The released
v.7 summary statistics eQTL results from the Genotype-Tissue
Expression (GTEx) project database for the whole blood (n = 369)
were adopted (GTEx Consortium, 2013, 2015). Gene expression
was quantified using RNA-sequencing technology, and single-nu-
cleotide polymorphism (SNP) genotyping was performed using the
lllumina OMNI 5M SNP Array. In addition to whole blood eQTL
data from GTEx, we also used another available well-character-
ized expression data to validate eQTL results. Consortium for the
Architecture of Gene Expression (CAGE; Lloyd-Jones et al., 2017)
used individual-level whole blood expression and genotype data
on 2,765 individuals to explore the genetic architecture of gene
expression in peripheral blood. Measurements of gene expres-
sion were performed using Illumina Whole-Genome Expression
BeadChips, and genotype data were imputed using the 1,000
Genomes Phase 1 version 3 reference panel, resulting in 7,763,174
SNPs passing quality control. Whole-genome eQTL data (periph-
eral blood) of 2,765 samples from five cohorts were obtained and
meta-analysed.

2.4 | Sherlock integrative analysis

On the basis of the underlying assumption that the expression
change of a specific gene may contribute to periodontitis risk,
we used Sherlock integrative analysis method, developed by He
et al. (2013), to integrate SNP associations from CLIDE (Shungin
et al., 2019) and whole blood eQTL from GTEx (GTEx Consortium,
2015). Briefly, Sherlock utilizes a Bayesian statistical framework
to infer genes whose expression alterations would influence dis-
ease pathogenesis. The workflow of this algorithm is as follows:
(a) identification of expression-associated SNPs (eSNPs) in whole
blood tissue from GTEx v7 eQTL data based on Sherlock criteria
(p < 107° for trans- and p < 107 for cis-associations); (b) evalua-
tion of the association between eSNPs and periodontitis using the
GWAS data from GLIDE consortium; (c) assignment of each eSNP
with the score (Bayes factor, BF), according to the association sig-
nificance between the eSNP and periodontitis; and (d) calculation
of the logarithm of BF (LBFs) for each SNP and sums of LBFs for
all SNPs to acquire the final LBF score for each gene. There are
three different scenarios by assigning the score for each eSNP: (a)
in case the eSNP of a specific gene is also associated with perio-
dontitis in GWAS, it receives a positive score; (b) if the eSNP of the
gene is not associated with periodontitis, it gets a negative score;
and (c) if the SNP shows association only in GWAS, the score is
not altered. The value of LBF score for each gene represents the

strength evidence between the gene and disease. Sherlock utilizes
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both strong and moderate SNPs in the eQTL and GWAS data in-
stead of restricting focus on the few SNPs reaching genome-wide

significant level.

2.5 | Expression analysis of candidate genes in
gingiva of periodontitis patients

Sherlock identifies disease-associated genes with the assumption
that the expression level of a specific gene may have an influ-
ence on disease pathogenesis. To evaluate whether the risk genes
identified by Sherlock are differentially expressed in periodontitis
sites compared with unaffected site, we used publicly available
expression data sets, including GSE16134 (Kebschull et al., 2014),
GSE10334 (Demmer et al.,, 2008), GSE27993 (Schminke et al.,
2015), and GSE79705 (Taiete et al., 2018) from Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/) database.
GSE16134 contains 310 gingival tissue samples (241 samples from
affected site and 69 samples from unaffected site), obtained from
120 systemically healthy non-smokers with periodontitis. Gene
expression data were generated with Affymetrix HG-U133Plus
2.0 microarrays. GSE10334 includes 90 systemically healthy non-
smokers with moderate to advanced periodontitis (63 with chronic
and 27 with aggressive periodontitis). A total of 247 individual tis-
sue samples (183 from diseased and 64 from healthy sites) were
submitted to the analysis. RNA was extracted, amplified, reverse
transcribed, labelled, and hybridized with AffymetrixU133Plus
2.0 arrays. GSE27993 has periodontal ligament samples, obtained
from five patients with periodontitis and five healthy participants
with no pathologies in periodontal tissue. The transcriptome
data were acquired using Affymetrix Human Gene 1.0 ST Array.
GSE79705 contains 12 gingival tissue samples from patients with
a history of generalized aggressive periodontitis (AgP, n = 4) or
chronic periodontitis (CP, n = 4) and from individuals with no his-
tory of periodontitis (n = 4). Gene expression was measured using
NimbleGen Homo sapiens Expression Array. Expression data were
normalized and summarized using the Robust Multi-Array (RMA)
analysis, and differences between cases and controls were tested
using Wilcoxon rank-sum test. Further details about sample se-
lection, RNA isolation, quantification, quality control, and statisti-
cal analysis can be found in original papers (Demmer et al., 2008;
Kebschull et al., 2014; Schminke et al., 2015; Taiete et al., 2018).

2.6 | Co-expression and enrichment analyses

Genes prioritized by Sherlock may exert their effect on disease sus-
ceptibility through expression alteration. Considering an epistasis
process, the key genes should be considered as part of networks,
not individually. Therefore, we constructed a co-expression net-
works for the identified genes (confirmed by both Sherlock and
expression analysis) in order to explore the biological functions

of these expression-associated genes and gain an understanding
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of biological mechanisms, involved in disease pathogenesis.
Genome-wide expression correlation analysis was also performed
to identify co-expressed genes of disease-associated causal genes
in 241 periodontitis-affected gingiva samples from GSE16134.
After Bonferroni correction, Gene Ontology (GO; Ashburner et al.,
2000) and Kyoto Encyclopedia of Genes and Genomes (KEGG;
Kanehisa & Goto, 2000) enrichment analyses of the significantly
co-expressed genes (p < 2.3 x 107, 0.05/21,755 genes tested)
were conducted using “clusterProfiler” R package (Yu, Wang, Han,
& He, 2012).

3 | RESULTS

3.1 | Sherlock integrative analysis prioritizes 10
periodontitis risk genes

The overview of study design is provided in Figure 1. To identify genes
that influence the risk of periodontitis (through changes in their ex-
pression levels), we integrated genetic associations from the largest
GWAS of periodontitis so far with whole blood eQTL from 369 pe-
ripheral blood samples through Sherlock approach. Sherlock integrative
analysis identified 10 top genes, which may contribute to periodontitis
susceptibility (Table 1). These genes include MT1L, SIGLEC5, SIGLEC14,
S100A12, TRIM33, HISTIH3E, AIM2, FASTKD2, PKN1, and WDR37. For
each gene, at least one SNP showed significant association with the

| Gene expression level may influence Periodontitis risk

!
|

GLIDE Consortium GTEx Project
Meta-GWAS data Blood eQTL data
17,353 periodontitis cases 369 individual
and 28,210 controls peripheral blood samples

< Shertocc >

Identified 10 periodontitis risk genes
MT1L, SIGLECS, SIGLEC14, S100A12, TRIM33,
HIST1H3E, AIM2, FASTKD2, PKN1, and WDR37

l

Expression analysis of candidate genes
GSE10334, GSE16134, GSE27993, and GSE79705

l

AIM2 is upregulated among all data sets

l

Co-expression analysis of AIM2
GO and KEGG enrichment analysis

FIGURE 1 Overview of study workflow for integrative analysis
of genome-wide association studies and expression quantitative
trait loci data

expression of the corresponding gene and periodontitis simultane-
ously, indicating that these SNPs may be the promising functional can-
didate SNPs and exert their influences on periodontitis risk through
regulating gene expression. Of note, recent GWAS gave evidences that
SIGLECS (sialic acid binding Ig-like lectin 5) was a risk locus of aggres-
sive and chronic periodontitis (Munz et al., 2017; Shungin et al., 2019).
Rs12461706, a common intronic variant of SIGLEC5, was demon-
strated to be the leading signal (EAF = 0.40 for T allele with OR = 1.05,
p=3.9x 1079 (Shungin et al., 2019). And rs4284742, also an intron var-
iant of SIGLEC5, was found to be the leading signal as well (EAF = 0.76
for Gallele withOR=1.34,p =1.09 x 1078 Munzetal., 2017). However,
although rs4284742 showed an eQTL effect of SIGLECS in Blood eQTL
browser (p = 7.72 x 1074 Westra et al., 2013), it did not demonstrate
the same eQTL effect in blood tissue of GTEx data. Additionally, we
did not find evidence that rs12461706 had an eQTL effect of SIGLEC5
in blood tissue in GTEx though it affected the expression of SIGLEC5
in other various tissues, such as adipose, lung, and stomach. Therefore,
Sherlock identified rs12459542, which was associated with both peri-
odontitis and gene expression, as the supporting SNP of SIGLECS. In
addition, a previous study (Offenbacher et al., 2016) refined the phe-
notype via principal component analysis and identified that rs1633266
(in LD with rs2814770, r? > .9), an intron variant located at IFI16, was
associated with one of the periodontal complex traits (p = 3.1 x 1078).
The variant rs1633266 was also significantly associated with AIM2 ex-
pression in GTEx blood samples with P-value at 3.87 x 107>, which is
slightly larger compared to the eQTL of rs2814770 (p = 6.6 x 107%). The
results put additional emphasis on association results that did not pass
the genome-wide significance threshold in previous GWAS, thus en-
forcing previously suggestive associations like that of AIM2. This high-
lights the importance of integrating different layers of information to
identify causal genes from the large number of associations with mod-
erate significance that are difficult to distinguish from type 2 errors.

3.2 | Significant upregulation of AIM2 in
periodontitis

Sherlock infers disease-associated genes under the assumption that the
expression levels of candidate genes are altered in patients. Therefore,
if the genes identified by Sherlock are true risk genes, the expression
of these genes should be dysregulated in periodontitis. To validate
this, we tested whether genes listed in Table 1 are dysregulated in
the affected site among periodontitis patients using GSE16134 and
GSE10334 data. We found that TRIM33, FASTKD2, and WDR37 were
significantly downregulated in the affected sites compared with un-
affected sites of gingival tissue in both data sets (Figure 2a,b), while
AIM2 and PKN1 showed consistent upregulation effect on affected
sites among periodontitis patients (Figure 2a,b). We further examined
the expression of the above-mentioned genes in periodontitis cases
and healthy controls. We found that AIM2 is significantly upregulated
in the periodontal ligament (p = .008) of periodontitis cases compared
with controls in GSE27993 data set (Figure 3c). Additionally, although

the results were insignificant due to the small sample size, we observed
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FIGURE 2 Dysregulation of top causal genes in periodontitis. Top causal genes identified by Sherlock were dysregulated in affected
sites and unaffected sites of gingival tissue among periodontitis patients, data from GSE16134 (a) and GSE10334 (b). AIM2 was significantly
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FIGURE 3 SNPrs2814770 is significantly associated with AIM2
expression in whole blood (p = 6.63 x 107%). Expression data were
extracted from GTEx v7, which contained 369 normal subjects.

Of note, the individuals with CC genotype have higher AIM2
expression level

that AIM2 expression was positively correlated with disease severity.
Patients with aggressive periodontitis had the highest AIM2 expression

level, while healthy controls showed the lowest AIM2 expression level

in GSE79705 data set (Figure 3d). Taken together, our Sherlock integra-
tive analysis suggested that periodontitis-associated genetic variants
might confer risk of periodontitis through affecting AIM2 expression.
Consistent with this hypothesis, we found that AIM2 showed a signifi-
cant upregulation in periodontitis cases, suggesting AIM2 upregulation
might play a pivotal role in periodontitis pathogenesis.

3.3 | SNPrs2814770 is associated with AIM2
expression in independent data sets

Sherlock and subsequent expression analysis suggested that AIM2
might be a causal periodontitis risk gene. We noticed that individu-
als with CC genotype at rs2814770 have higher AIM2 expression
compared with TT carriers (Figure 3). Intriguingly, C allele of SNP
rs2814770 is the risk allele in our GWAS sample (OR = 1.08, 95% Cl:
1.03-1.13,p=7.52 x 10’4). Moreover, higher expression of AIM2 was
also observed in periodontitis patients, aggressive periodontitis pa-
tients, and affected sites in the above-described expression analysis.
For the further validation of the association between rs2814770 and
AIM2, we examined an independent expression data set (Lloyd-Jones
et al., 2017). We found that rs2814770 is significantly associated
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with AIM2 expression (p = 1.9 x 1078) in CAGE data set (n = 2,765
individuals). SNP rs2814770 is located in ~16 kb upstream of AIM2,
and, according to the criteria described in previous paper (Bryois
et al,, 2014), rs2814770 is a cis-eQTL of AIM2. These consistent re-
sults suggested that rs2814770 is an authentic eQTL for AIM2 gene
and a promising functional candidate SNP involved in pathogenesis
with a regulatory effect.

3.4 | Co-expression analysis of AIM2 and
enrichment analysis

Identification of genes whose expression levels are associated with
AIM2 could enhance our knowledge of periodontitis pathogenesis.
Using expression data in GSE16134, we identified 2,228 genes
that were significantly co-expressed with AIM2 after Bonferroni
correction. In the GO enrichment analysis, the expression of AIM2
was closely correlated with the neutrophil activation, leucocyte mi-
gration, T-cell activation, regulation of lymphocyte activation and
lymphocyte differentiation, and others (Figure 4a). In the KEGG
pathway, the expression of AIM2 was closely associated with protein
processing in endoplasmic reticulum, chemokine signalling pathway,

and osteoclast differentiation (Figure 4b).

4 | DISCUSSION

In this study, we used Sherlock to systematically integrate genetic
association signals from the largest to date GWAS of periodon-
titis and independent blood eQTL data. We identified 10 genes,
in which perturbations may have a role in periodontitis. Among
those genes, AIM2, SIGLECS5, and SIGLEC14 have been reported in
previous GWAS, which strengthen evidence for their role as risk
factors for periodontitis. In addition, we found consistent results
that AIM2 was significantly upregulated in gingiva tissue among
periodontitis cases, compared with healthy controls. Furthermore,
genes co-expressed with AIM2 were significantly enriched in im-
mune- and inflammation-related pathways. These convergent
lines of evidence supported the potential involvement of AIM2 in
periodontitis.

AIM2, also known as absent in melanoma 2, is a protein en-
coded by the AIM2 gene in humans (DeYoung et al., 1997). AIM2 is
a member of the Ifi202/IFI16 family. It is an intracellular recogni-
tion sensor that triggers the inflammasome to activate the proteo-
lytic maturation and release of inflammatory cytokines to initiate
immune and repair responses (Di Micco et al., 2016). The role of
AIM2 in periodontitis has been suggested in a previous genetic as-
sociation study (Marchesan et al., 2017), and its importance in as-
sembling the inflammasome has been reported (Lamkanfi & Dixit,
2009). Increased expression of AIM2 has been shown in a number
of inflammatory diseases, including psoriasis, atopic dermatitis,
venous ulcers, and inflammatory bowel disease, suggesting its in-

volvement in inflammation regulation (Dombrowski et al., 2011;
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de Koning et al., 2012; Sahingur, Xia, Voth, Yeudall, & Gunsolley,
2013; Vanhove et al., 2015). The present study revealed that AIM2
is significantly associated with periodontitis. Furthermore, we val-
idated the association between AIM2 at both the gene expression
level and at the level of the association with periodontitis. The
present findings were consistent with previous reports on the ex-
pression of AIM2 in gingival tissues (Bostanci, Meier, Guggenheim,
& Belibasakis, 2011; Marchesan et al., 2017; Sahingur et al., 2013;
Xue, Shu, & Xie, 2015). For example, Xue et al. (2015) observed
a significantly increased AIM2 expression in chronic periodontitis
lesions. The increased expression of AIM2 was also demonstrated
in gingival fibroblasts in response to oral biofilm ex vivo (Bostanci
et al., 2011). Additional support for the role of AIM2 and periodon-
titis is the upregulation of AIM2 and subsequent inflammasome
activation during the Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans-mediated infection, which are the major
pathogenic bacteria of periodontitis infection (Kim, Park, Song,
Na, & Chung, 2016; Okano et al., 2018). Taken together, our find-
ings are consistent with the previous in vitro and in vivo studies,
demonstrating that AIM2 is the potential risk gene of periodontitis
(Bostanci et al., 2011; Xue et al., 2015). However, further studies
on the exact role of AIM2 in the pathogenesis of periodontitis are
required.

Besides the identification of a potential risk gene for periodon-
titis, we also determined the AIM2 expression-associated alleles at
rs2814770 in whole blood (p = 6.63 x 107%). The supporting eSNP
of AIM2, rs2814770, has moderate p-value (p = 7.52 x 107 in
GLIDE GWAS data and, therefore, is generally ignored in the tra-
ditional GWAS analyses. In contrast, Sherlock utilizes both strong
and moderate SNPs in the eQTL and GWAS data to make compre-
hensive assessment. SNP rs2814770 is an intron variant of IFI16
(gamma interferon inducible protein 16), located ~16 kb upstream
of AIM2. Interestingly, the SNP rs1633266 (in LD with the support-
ing eSNP rs2814770 of AIM2, r? > .9) was reported to be strongly
associated with both Scoransky trait, part of the periodontal com-
plex traits, which is characterized by a uniformly high pathogen
load (Offenbacher et al., 2016), and blood expression of AIM2.
The replication of this finding along with eSNP from our analysis
provides independent evidence of AIM2. Previous study reported
that IFI16 is a risk gene of periodontitis (Marchesan et al., 2017),
and some experiments have suggested that the inhibition of IFI16
could increase the expression of AIM2. Hence, we speculate that
IFI16 rs2814770 might regulate the expression of AIM2, explaining
thereby its association with periodontitis. Therefore, the crosstalk
mechanisms between the AIM2 inflammasome and IFI16 signalling
need further investigations. In addition, genes co-expressed with
AIM2 correlate with a number of pathways, including neutrophil
activation, leucocyte migration, T-cell activation, regulation of
lymphocyte activation, and lymphocyte differentiation, according
to GO analysis, and protein processing in endoplasmic reticulum,
chemokine signalling pathway, and osteoclast differentiation in
KEGG analysis. Considering the close association between im-

mune inflammation and periodontitis (Bunte & Beikler, 2019), and
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represents adjusted p-value. Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes

the correlation between protein processing in the endoplasmic
reticulum and periodontitis (P. Xue et al., 2016), the results of GO
enrichment and KEGG analysis further support a potential role of
AIM2 in the pathogenesis of periodontitis.

From the systems biology perspective, Sherlock integrative anal-
ysis identified 10 risk genes (Table 1) whose expression level influ-
ences susceptibility to periodontitis. Further differential expression
analysis revealed that only AIM2 demonstrated a consistent upregu-

lated trend in the gingival tissue among periodontitis patients. It is of

particular importance that other Sherlock-prioritized genes might be
also essential for periodontitis, although some of the identified genes
are not expressed in gingival tissues, but are almost exclusively ex-
pressed in leucocytes, for example SIGLEC5, SIGLEC14, and S100A12.
Previous studies identified SIGLEC5 (Munz et al., 2017; Shungin
et al., 2019) as a genetic risk factor for both chronic periodontitis
and aggressive periodontitis (Masumoto et al., 2019). Generally, the
expression of SIGLECS is restricted to blood cells, spleen, and tonsils.
For instance, the median TPM value for SIGLEC5 in whole blood in
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GTEX data sets is 101.8, whereas the value of AIM2 is 7.7. However,
the containing of invaded leucocytes in gingival tissues, such as B
cells and dendritic cells, results in the finding of SIGLEC5 expression
in GSE16134 and GSE10334 data sets. This spurious expression
might lead to a fail to obtain the solid analysis for the differential
expression of SIGLEC5 between affected and unaffected gingiva
tissues. Therefore, more information about differential expression
of SIGLECS5 in other tissue between periodontitis cases and controls
is needed before we can draw reliable conclusions. In general, as a
member of the human CD33-related Siglecs, SIGLEC5 is widely ex-
pressed in myeloid cells of the innate immune system and B cells
(Crocker & Varki, 2001). It was reported that SIGLEC5 seemed to
modulate the activation of myeloid cells to prevent inappropriate re-
activity against self-tissues (Crocker, Paulson, & Varki, 2007). Since
periodontitis is an inflammatory disease, characterized by alveolar
bone resorption, we hypothesized that it may affect periodontitis by
activating the inflammatory response. Furthermore, a recent study
reported that the levels of S calcium-binding protein A12 (S100A12)
were higher in participants with high periodontal inflammatory bur-
den and were associated with percentage of bleeding on probing and
presence of any type of tumour (Holmstrom et al., 2019). The lev-
els of S100A12 in gingival crevicular fluid and serum increased with
the inflammation of periodontium (Pradeep et al., 2014). Therefore,
these lines of evidence additionally underline the validity of Sherlock
in identifying disease susceptibility genes. In the current study, we
found that GWAS leading SNP rs4284742 had an eQTL effect of
SIGLECS identified by Blood eQTL browser but missed by GTEx da-
tabase. What's more, our further differential expression validation
analysis focused on gingiva tissue and might miss other important
risk genes, such as SIGLEC5. Therefore, more comprehensive studies
are needed to identify genes that were missed by the current study.
For instance, future studies need to explore other eQTL databases in
addition to GTEx and validate the differential expression genes not
only in gingival tissues but also in other disease-related tissues, such
as blood samples.

This study has some limitations. First, the plausible causal genes
identified by Sherlock were dependent on gene expression profiles
of asingle eQTL data set of blood. However, the GTEXx project, which
planned to generate RNA-seq expression profiles from human tis-
sues in a large genotyped human cohort, did not include gingival tis-
sue. We thus cannot get eQTL data from gingival-related cells/tissue
from GTEx for our analyses. Second, Sherlock integrative approach is
a hypothesis-generating approach and the Sherlock-identified genes
require subsequent validation by functional studies. Although we
used a series of in silico gene expression data sets to support our
findings, the biological mechanisms are remained to be elucidated.
Third, differential gene expression analysis was only conducted in
gingival tissue among periodontitis patients and healthy controls
due to the limited data availability. However, we were unable to val-
idate the Sherlock-identified genes that were dysregulated in other
tissues, except for gingival. Future studies with large-scale transcrip-
tome profiling in blood from periodontitis patients may provide addi-

tional knowledge for periodontitis susceptible genes.
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In conclusion, the present study links periodontitis risk variants
to specific genes, as well as provides convergent lines of evidence
that AIM2 may be involved in pathophysiology of periodontitis.
Further experimental studies are needed to validate our results and

elucidate the potential biological mechanisms.

ACKNOWLEDGEMENTS

We thank the investigators of the original GWAS by GLIDE con-
sortium. We also thank the researchers for sharing their data on
the Gene Expression Omnibus to make this study possible. The
Genotype-Tissue Expression (GTEx) project was supported by
the Common Fund of the Office of the Director of the National
Institutes of Health and by NCI, NHGRI, NHLBI, NIDA, NIMH, and
NINDS.

CONFLICT OF INTEREST
The authors declare no potential conflicts of interest with respect to

the authorship and/or publication of this article.

ORCID
Wenijing Li https://orcid.org/0000-0002-9905-3836
Qiwen Zheng https://orcid.org/0000-0001-6921-6254

Huanxin Meng https://orcid.org/0000-0002-2954-818X

REFERENCES

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J.
M., ... Sherlock, G. (2000). Gene ontology: Tool for the unification
of biology. The Gene Ontology Consortium. Nature Genetics, 25(1),
25-29. https://doi.org/10.1038/75556

Bostanci, N., Meier, A., Guggenheim, B., & Belibasakis, G. N. (2011).
Regulation of NLRP3 and AIM2 inflammasome gene expression lev-
els in gingival fibroblasts by oral biofilms. Cellular Inmunology, 270(1),
88-93. https://doi.org/10.1016/j.cellimm.2011.04.002

Bryois, J., Buil, A., Evans, D. M., Kemp, J. P., Montgomery, S. B., Conrad,
D. F., ... Dermitzakis, E. T. (2014). Cis and trans effects of human ge-
nomic variants on gene expression. PLoS Genetics, 10(7), e1004461.
https://doi.org/10.1371/journal.pgen.1004461

Bunte, K., & Beikler, T. (2019). Th17 cells and the 1L-23/1L-17 axis in the
pathogenesis of periodontitis and immune-mediated inflammatory
diseases. International Journal of Molecular Sciences, 20(14), 3394.
https://doi.org/10.3390/ijms20143394

Crocker, P. R., Paulson, J. C., & Varki, A. (2007). Siglecs and their roles in
the immune system. Nature Reviews Immunology, 7(4), 255-266. https
://doi.org/10.1038/nri2056

Crocker, P. R., & Varki, A. (2001). Siglecs, sialic acids and innate immu-
nity. Trends in Immunology, 22(6), 337-342. https://doi.org/10.1016/
s1471-4906(01)01930-5

de Koning, H. D., Bergboer, J. G., van den Bogaard, E. H., van Vlijmen-
Willems, I. M., Rodijk-Olthuis, D., Simon, A., ... Schalkwijk, J. (2012).
Strong induction of AIM2 expression in human epidermis in acute
and chronic inflammatory skin conditions. Experimental Dermatology,
21(12), 961-964. https://doi.org/10.1111/exd.12037

Demmer, R. T., Behle, J. H., Wolf, D. L., Handfield, M., Kebschull, M.,
Celenti, R., ... Papapanou, P. N. (2008). Transcriptomes in healthy
and diseased gingival tissues. Journal of Periodontology, 79(11), 2112~
2124. https://doi.org/10.1902/jop.2008.080139

DeYoung, K. L., Ray, M. E., Su, Y. A., Anzick, S. L., Johnstone, R. W,,
Trapani, J. A., ... Trent, J. M. (1997). Cloning a novel member of the
human interferon-inducible gene family associated with control of


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16134
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10334
https://orcid.org/0000-0002-9905-3836
https://orcid.org/0000-0002-9905-3836
https://orcid.org/0000-0001-6921-6254
https://orcid.org/0000-0001-6921-6254
https://orcid.org/0000-0002-2954-818X
https://orcid.org/0000-0002-2954-818X
https://doi.org/10.1038/75556
https://doi.org/10.1016/j.cellimm.2011.04.002
https://doi.org/10.1371/journal.pgen.1004461
https://doi.org/10.3390/ijms20143394
https://doi.org/10.1038/nri2056
https://doi.org/10.1038/nri2056
https://doi.org/10.1016/s1471-4906(01)01930-5
https://doi.org/10.1016/s1471-4906(01)01930-5
https://doi.org/10.1111/exd.12037
https://doi.org/10.1902/jop.2008.080139

LI ET AL

592
= Lwiey- (R

tumorigenicity in a model of human melanoma. Oncogene, 15(4),
453-457. https://doi.org/10.1038/sj.0nc.1201206

Di Micco, A., Frera, G., Lugrin, J., Jamilloux, Y., Hsu, E. T., Tardivel, A.,
... Martinon, F. (2016). AIM2 inflammasome is activated by pharma-
cological disruption of nuclear envelope integrity. Proceedings of the
National Academy of Sciences of the United States of America, 113(32),
E4671-E4680. https://doi.org/10.1073/pnas.1602419113

Dombrowski, Y., Peric, M., Koglin, S., Kammerbauer, C., Goss, C., Anz,
D., ... Schauber, J. (2011). Cytosolic DNA triggers inflammasome
activation in keratinocytes in psoriatic lesions. Science Translational
Medicine,  3(82), 82ra38. https://doi.org/10.1126/scitranslm
ed.3002001

GBD 2016 Disease and Injury Incidence and Prevalence Collaborators.
(2017). Global, regional, and national incidence, prevalence, and
years lived with disability for 328 diseases and injuries for 195 coun-
tries, 1990-2016: A systematic analysis for the Global Burden of
Disease Study 2016. Lancet, 390(10100), 1211-1259. https://doi.
org/10.1016/50140-6736(17)32154-2

GTEx Consortium. (2013). The Genotype-Tissue Expression (GTEx)
project. Nature Genetics, 45(6), 580-585. https://doi.org/10.1038/
ng.2653

GTEx Consortium. (2015). Human genomics. The Genotype-Tissue
Expression (GTEx) pilot analysis: Multitissue gene regulation in hu-
mans. Science, 348(6235), 648-660. https://doi.org/10.1126/scien
ce. 1262110

He, X., Fuller, C. K., Song, Y., Meng, Q., Zhang, B., Yang, X., & Li, H.
(2013). Sherlock: Detecting gene-disease associations by match-
ing patterns of expression QTL and GWAS. American Journal
of Human Genetics, 92(5), 667-680. https://doi.org/10.1016/j.
ajhg.2013.03.022

Holmstrom, S. B., Lira-Junior, R., Zwicker, S., Majster, M., Gustafsson, A.,
Akerman, S., ... Bostrom, E. A. (2019). MMP-12 and S100s in saliva
reflect different aspects of periodontal inflammation. Cytokine, 113,
155-161. https://doi.org/10.1016/j.cyto0.2018.06.036

Hong, K. W.,, Shin, M. S, Ahn, Y. B,, Lee, H. J., & Kim, H. D. (2015).
Genomewide association study on chronic periodontitis in Korean
population: Results from the Yangpyeong health cohort. Journal of
Clinical Periodontology, 42(8), 703-710. https://doi.org/10.1111/
jcpe.12437

Jin, L. J., Armitage, G. C., Klinge, B., Lang, N. P.,, Tonetti, M., & Williams,
R. C. (2011). Global oral health inequalities: Task group-periodon-
tal disease. Advances in Dental Research, 23(2), 221-226. https://doi.
org/10.1177/0022034511402080

Kanehisa, M., & Goto, S. (2000). KEGG: Kyoto encyclopedia of genes
and genomes. Nucleic Acids Research, 28(1), 27-30. https://doi.
org/10.1093/nar/28.1.27

Kebschull, M., Demmer, R. T., Grun, B., Guarnieri, P., Pavlidis, P., &
Papapanou, P. N. (2014). Gingival tissue transcriptomes identify
distinct periodontitis phenotypes. Journal of Dental Research, 93(5),
459-468. https://doi.org/10.1177/0022034514527288

Kim, S., Park, M. H., Song, Y. R, Na, H. S, & Chung, J. (2016).
Aggregatibacter actinomycetemcomitans-induced AIM2 inflam-
masome activation is suppressed by xylitol in differentiated THP-1
macrophages. Journal of Periodontology, 87(6), e116-e126. https://
doi.org/10.1902/jop.2016.150477

Lamkanfi, M., & Dixit, V. M. (2009). The inflammasomes. PLoS Pathogens,
5(12), e1000510. https://doi.org/10.1371/journal.ppat.1000510

Lloyd-Jones, L. R, Holloway, A., McRae, A., Yang, J., Small, K., Zhao, J.,
... Powell, J. E. (2017). The genetic architecture of gene expression in
peripheral blood. American Journal of Human Genetics, 100(2), 228-
237. https://doi.org/10.1016/j.ajhg.2016.12.008

Luo, X. J., Mattheisen, M., Li, M., Huang, L., Rietschel, M., Borglum, A. D.,
... Yao, Y. G. (2015). Systematic integration of brain eQTL and GWAS
identifies ZNF323 as a novel schizophrenia risk gene and suggests
recent positive selection based on compensatory advantage on

pulmonary function. Schizophrenia Bulletin, 41(6), 1294-1308. https
://doi.org/10.1093/schbul/sbv017

Marchesan, J. T, Jiao, Y., Moss, K., Divaris, K., Seaman, W., Webster-
Cyriaque, J., ... Offenbacher, S. (2017). Common polymorphisms
in IFI16 and AIM2 genes are associated with periodontal disease.
Journal of Periodontology, 88(7), 663-672. https://doi.org/10.1902/
jop.2017.160553

Masumoto, R., Kitagaki, J., Fujihara, C., Matsumoto, M., Miyauchi, S.,
Asano, Y., ... Murakami, S. (2019). Identification of genetic risk factors
of aggressive periodontitis using genomewide association studies in
association with those of chronic periodontitis. Journal of Periodontal
Research, 54(3), 199-206. https://doi.org/10.1111/jre.12620

Meng, H., Ren, X., Tian, Y., Feng, X., Xu, L., Zhang, L., & Chen, Z.
(2011). Genetic study of families affected with aggressive peri-
odontitis.  Periodontology 2000, 56(1), 87-101. https://doi.
org/10.1111/j.1600-0757.2010.00367.x

Michalowicz, B. S., Diehl, S. R., Gunsolley, J. C., Sparks, B. S., Brooks, C.
N., Koertge, T.E., ... Schenkein, H. A. (2000). Evidence of a substantial
genetic basis for risk of adult periodontitis. Journal of Periodontology,
71(11), 1699-1707. https://doi.org/10.1902/jop.2000.71.11.1699

Munz, M., Willenborg, C., Richter, G. M., Jockel-Schneider, Y., Graetz, C.,
Staufenbiel, 1., ... Schaefer, A. S. (2017). A genome-wide association
study identifies nucleotide variants at SIGLEC5 and DEFA1A3 as risk
loci for periodontitis. Human Molecular Genetics, 26(13), 2577-2588.
https://doi.org/10.1093/hmg/ddx151

Nibali, L., Bayliss-Chapman, J., Almofareh, S. A., Zhou, Y., Divaris, K., &
Vieira, A. R. (2019). What is the heritability of periodontitis? A sys-
tematic review. Journal of Dental Research, 98(6), 632-641. https://
doi.org/10.1177/0022034519842510

Offenbacher, S., Divaris, K., Barros, S. P., Moss, K. L., Marchesan, J. T.,
Morelli, T., ... North, K. E. (2016). Genome-wide association study
of biologically informed periodontal complex traits offers novel in-
sights into the genetic basis of periodontal disease. Human Molecular
Genetics, 25(10), 2113-2129. https://doi.org/10.1093/hmg/ddw069

Okano, T., Ashida, H., Suzuki, S., Shoji, M., Nakayama, K., & Suzuki, T.
(2018). Porphyromonas gingivalis triggers NLRP3-mediated inflam-
masome activation in macrophages in a bacterial gingipains-indepen-
dent manner. European Journal of Immunology, 48(12), 1965-1974.
https://doi.org/10.1002/eji.201847658

Pihlstrom, B. L., Michalowicz, B. S., & Johnson, N. W. (2005). Periodontal
diseases. Lancet, 366(9499), 1809-1820. https://doi.org/10.1016/
S0140-6736(05)67728-8

Pradeep, A. R., Martande, S. S., Singh, S. P,, Suke, D. K., Raju, A. P., &
Naik, S. B. (2014). Correlation of human S100A12 (EN-RAGE) and
high-sensitivity C-reactive protein as gingival crevicular fluid and
serum markers of inflammation in chronic periodontitis and type
2 diabetes. Inflammation Research, 63(4), 317-323. https://doi.
org/10.1007/s00011-013-0703-3

Righolt, A. J., Jevdjevic, M., Marcenes, W., & Listl, S. (2018). Global-,
regional-, and country-level economic impacts of dental diseases
in 2015. Journal of Dental Research, 97(5), 501-507. https://doi.
org/10.1177/0022034517750572

Sahingur, S. E., Xia, X. J., Voth, S. C,, Yeudall, W. A., & Gunsolley, J. C.
(2013). Increased nucleic acid receptor expression in chronic peri-
odontitis. Journal of Periodontology, 84(10), e48-e57. https://doi.
org/10.1902/jop.2013.120739

Sanders, A. E., Sofer, T., Wong, Q., Kerr, K. F., Agler, C., Shaffer, J. R,

. Divaris, K. (2017). Chronic periodontitis genome-wide asso-

ciation study in the Hispanic community health study / study
of Latinos. Journal of Dental Research, 96(1), 64-72. https://doi.
org/10.1177/0022034516664509

Schminke, B., Vom Orde, F., Gruber, R., Schliephake, H., Burgers, R., &
Miosge, N. (2015). The pathology of bone tissue during peri-im-
plantitis. Journal of Dental Research, 94(2), 354-361. https://doi.
org/10.1177/0022034514559128


https://doi.org/10.1038/sj.onc.1201206
https://doi.org/10.1073/pnas.1602419113
https://doi.org/10.1126/scitranslmed.3002001
https://doi.org/10.1126/scitranslmed.3002001
https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1038/ng.2653
https://doi.org/10.1038/ng.2653
https://doi.org/10.1126/science.1262110
https://doi.org/10.1126/science.1262110
https://doi.org/10.1016/j.ajhg.2013.03.022
https://doi.org/10.1016/j.ajhg.2013.03.022
https://doi.org/10.1016/j.cyto.2018.06.036
https://doi.org/10.1111/jcpe.12437
https://doi.org/10.1111/jcpe.12437
https://doi.org/10.1177/0022034511402080
https://doi.org/10.1177/0022034511402080
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1177/0022034514527288
https://doi.org/10.1902/jop.2016.150477
https://doi.org/10.1902/jop.2016.150477
https://doi.org/10.1371/journal.ppat.1000510
https://doi.org/10.1016/j.ajhg.2016.12.008
https://doi.org/10.1093/schbul/sbv017
https://doi.org/10.1093/schbul/sbv017
https://doi.org/10.1902/jop.2017.160553
https://doi.org/10.1902/jop.2017.160553
https://doi.org/10.1111/jre.12620
https://doi.org/10.1111/j.1600-0757.2010.00367.x
https://doi.org/10.1111/j.1600-0757.2010.00367.x
https://doi.org/10.1902/jop.2000.71.11.1699
https://doi.org/10.1093/hmg/ddx151
https://doi.org/10.1177/0022034519842510
https://doi.org/10.1177/0022034519842510
https://doi.org/10.1093/hmg/ddw069
https://doi.org/10.1002/eji.201847658
https://doi.org/10.1016/S0140-6736(05)67728-8
https://doi.org/10.1016/S0140-6736(05)67728-8
https://doi.org/10.1007/s00011-013-0703-3
https://doi.org/10.1007/s00011-013-0703-3
https://doi.org/10.1177/0022034517750572
https://doi.org/10.1177/0022034517750572
https://doi.org/10.1902/jop.2013.120739
https://doi.org/10.1902/jop.2013.120739
https://doi.org/10.1177/0022034516664509
https://doi.org/10.1177/0022034516664509
https://doi.org/10.1177/0022034514559128
https://doi.org/10.1177/0022034514559128

LI ET AL

Shungin, D., Haworth, S., Divaris, K., Agler, C. S., Kamatani, Y., Keun
Lee, M., ... Johansson, |. (2019). Genome-wide analysis of dental
caries and periodontitis combining clinical and self-reported data.
Nature Communications, 10(1), 2773. https://doi.org/10.1038/
s41467-019-10630-1

Soder, B., Jin, L. J., Klinge, B., & Soder, P. O. (2007). Periodontitis and
premature death: A 16-year longitudinal study in a Swedish urban
population. Journal of Periodontal Research, 42(4), 361-366. https://
doi.org/10.1111/j.1600-0765.2006.00957.x

Taiete, T., Casarin, R. C. V., Ruiz, K. G. S., Nociti, F. H. Jr., Sallum, E. A., &
Casati, M. Z. (2018). Transcriptome of healthy gingival tissue from
edentulous sites in patients with a history of generalized aggressive
periodontitis. Journal of Periodontology, 89(1), 93-104. https://doi.
org/10.1902/jop.2017.170221

Teumer, A., Holtfreter, B., Volker, U., Petersmann, A., Nauck, M., Biffar,
R., ... Kocher, T. (2013). Genome-wide association study of chronic
periodontitis in a general German population. Journal of Clinical
Periodontology, 40(11), 977-985. https://doi.org/10.1111/jcpe. 12154

Vanhove, W., Peeters, P. M., Staelens, D., Schraenen, A., Van der Goten,
J., Cleynen, |., ... Arijs, I. (2015). Strong upregulation of AIM2 and
IF116 inflammasomes in the mucosa of patients with active inflamma-
tory bowel disease. Inflammatory Bowel Diseases, 21(11), 2673-2682.
https://doi.org/10.1097/MIB.0000000000000535

Westra, H. J., Peters, M. J., Esko, T., Yaghootkar, H., Schurmann, C.,
Kettunen, J,, ... Franke, L. (2013). Systematic identification of trans
eQTLs as putative drivers of known disease associations. Nature
Genetics, 45(10), 1238-1243. https://doi.org/10.1038/ng.2756

Williams, R. C., Barnett, A. H., Claffey, N., Davis, M., Gadsby, R., Kellett,
M., ... Thackray, S. (2008). The potential impact of periodontal dis-
ease on general health: A consensus view. Current Medical Research
and Opinion, 24(6), 1635-1643. https://doi.org/10.1185/03007
990802131215

Wu, Y., Bi, R,, Zeng, C., Ma, C,, Sun, C,, Li, J.,, ... Yao, Y. G. (2019).
Identification of the primate-specific gene BTN3A2 as an additional

593
Foocomoosr AITEO G

schizophrenia risk gene in the MHC loci. EBioMedicine, 44, 530-541.
https://doi.org/10.1016/j.ebiom.2019.05.006

Xue, F., Shu, R., & Xie, Y. (2015). The expression of NLRP3, NLRP1 and
AIM2 in the gingival tissue of periodontitis patients: RT-PCR study
and immunohistochemistry. Archives of Oral Biology, 60(6), 948-958.
https://doi.org/10.1016/j.archoralbio.2015.03.005

Xue, P, Li, B., An, Y., Sun, J., He, X., Hou, R., ... Jin, Y. (2016). Decreased
MOREF leads to prolonged endoplasmic reticulum stress in periodon-
titis-associated chronic inflammation. Cell Death and Differentiation,
23(11), 1862-1872. https://doi.org/10.1038/cdd.2016.74

Yang, C. P, Li, X., Wu, Y., Shen, Q.,, Zeng, Y., Xiong, Q., ... Luo, X. J. (2018).
Comprehensive integrative analyses identify GLT8D1 and CSNK2B
as schizophrenia risk genes. Nature Communications, 9(1), 838. https
://doi.org/10.1038/s41467-018-03247-3

Yu, G., Wang, L. G., Han, Y., & He, Q. Y. (2012). clusterProfiler: An R
package for comparing biological themes among gene clusters.
OMICS: A Journal of Integrative Biology, 16(5), 284-287. https://doi.
org/10.1089/0mi.2011.0118

Zhong, J., Li, S., Zeng, W.,, Li, X., Gu, C., Liu, J., & Luo, X. J. (2019).
Integration of GWAS and brain eQTL identifies FLOT1 as a risk gene
for major depressive disorder. Neuropsychopharmacology, 44(9),
1542-1551. https://doi.org/10.1038/s41386-019-0345-4

How to cite this article: Li W, Zheng Q, Meng H, Chen D.
Integration of genome-wide association study and expression
quantitative trait loci identifies data AIM2 as a risk gene of
periodontitis. J Clin Periodontol. 2020;47:583-593. https://doi.
org/10.1111/jcpe.13268



https://doi.org/10.1038/s41467-019-10630-1
https://doi.org/10.1038/s41467-019-10630-1
https://doi.org/10.1111/j.1600-0765.2006.00957.x
https://doi.org/10.1111/j.1600-0765.2006.00957.x
https://doi.org/10.1902/jop.2017.170221
https://doi.org/10.1902/jop.2017.170221
https://doi.org/10.1111/jcpe.12154
https://doi.org/10.1097/MIB.0000000000000535
https://doi.org/10.1038/ng.2756
https://doi.org/10.1185/03007990802131215
https://doi.org/10.1185/03007990802131215
https://doi.org/10.1016/j.ebiom.2019.05.006
https://doi.org/10.1016/j.archoralbio.2015.03.005
https://doi.org/10.1038/cdd.2016.74
https://doi.org/10.1038/s41467-018-03247-3
https://doi.org/10.1038/s41467-018-03247-3
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/s41386-019-0345-4
https://doi.org/10.1111/jcpe.13268
https://doi.org/10.1111/jcpe.13268

