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Abstract

Peri-implantitis is a frequently occurring gum disease linked to multi-factorial traits with various environmental and genetic
causalities and no known concrete pathogenesis. The varying severity of peri-implantitis among patients with relatively
similar environments suggests a genetic aspect which needs to be investigated to understand and regulate the
pathogenesis of the disease. Six unrelated individuals with multiple clusterization implant failure due to severe peri-
implantitis were chosen for this study. These six individuals had relatively healthy lifestyles, with minimal environmental
causalities affecting peri-implantitis. Research was undertaken to investigate pathogenic genes in peri-implantitis albeit with
a small number of subjects and incomplete elimination of environmental causalities. Whole-exome sequencing was
performed on collected saliva samples via self DNA collection kit. Common variants with minor allele frequencies (MAF) >
=0.05 from all control datasets were eliminated and variants having high and moderate impact and loss of function were
used for comparison. Gene set enrichment analysis was performed to reveal functional groups associated with the genetic
variants. 2,022 genes were left after filtering against dbSNP, the 1000 Genomes East Asian population, and healthy Korean
randomized subsample data (GSK project). 175 (p-value <0.05) out of 927 gene sets were obtained via GSEA (DAVID). The
top 10 was chosen (p-value <0.05) from cluster enrichment showing significance of cytoskeleton, cell adhesion, and metal
ion binding. Network analysis was applied to find relationships between functional clusters. Among the functional groups,
ion metal binding was located in the center of all clusters, indicating dysfunction of regulation in metal ion concentration
might affect cell morphology or cell adhesion, resulting in implant failure. This result may demonstrate the feasibility of and
provide pilot data for a larger research project aimed at discovering biomarkers for early diagnosis of peri-implantitis.
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Introduction implantitis can develop without any obvious symptoms such as
pain [9,10] so that patients often fail to notice the development of
the disease. Due to difficulties in early detection of peri-implantitis,
implant failures are steadily increasing, with clinical studies
reporting near 4% implant loss [11-13]. Hence, we need a fresh
approach for diagnosing peri-implantitis.

Previous studies have found that peri-implantitis and implant
failures cluster in subsets of individuals and that a patient who has
lost one implant is at elevated risk of experiencing other implant
losses [14,15]. Such failure of more than one implant in a patient,
not necessarily in the same area or quadrant, is called implant
clusterization failure. In a previous literature review, findings
suggested that implant failures are not randomly distributed in the
treated populations, but rather cluster in specific high risk groups
and individuals [16]. Peri-implantits pathogenesis research has
faced the challenge of multiple casualties affecting the disease.
Both multiple genes and environmental factors may play a critical
role in peri-implantitis. Patients with clusterization failure were

The successful incorporation of titanium implants in the
rehabilitation of edentulous patients has been well-investigated
over the years [1]. According to statistics, over 2 million dental
implants are installed annually, a number that could rise over the
next few years. Despite the high success rates of osseointegrated
implants, increasingly frequent biological complications related to
implants often result in implant loss [2-4]. The failure rate of
dental implants as currently reported is approximately 3-5%
within the first 10 years [5,6]. Peri-implantitis is a biological
complication that occurs in dental implant patients and comprises
a range of destructive inflammatory processes affecting surround-
ing soft and hard tissues for which there is no current gold-
standard treatment [7]. Diagnosis is based on changes of color in
the gingival, bleeding and probing depth of peri-implant pockets,
suppuration, X-ray, and gradual loss of bone height around the
tooth [8]. Despite all these methods, we need to note that peri-
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carefully chosen for the current study based on having a distinctive
phenotype of the disease, a relatively healthy lifestyle, and similar
environmental traits. The cluster phenomenon supports evidence
that specific host characteristics, including genetic factors, play an
important role in bone resorption and in the development of peri-
implantitis leading to implant failure [17]. Therefore, early
diagnosis of peri-implantitis through the detection of pathogenic
genes in advance of visual symptoms and radiographic findings
may prevent implant failure due to severe peri-implantitis and
increase the implant success rate as well.

There have been several studies on the role of cytokines in peri-
implantitis [18]. A recent systematic review of the association
between genetic predisposition and biological complications of
dental implants suggested that there is no strong association
among specific genetic polymorphisms (IL-1A, IL-1B, IL-17RC)
and peri-implantitis, although there was a notable tendency
indicating a link between the IL-1 genotype and peri-implantitis
[19,20]. Another study presented MMP-8 and PGE-2, both
regulated by IL-1 as possible genetic markers for unsuccessful
implants based on their role in regulating the extra cellular matrix
(ECM) which may enhance bone healing within defects and
promote implant osseointegration [21]. Nonetheless, no prior
studies have established a genetic association with peri-implantitis,
supporting the need for a new genetic association study.

Whole Exome Sequencing (WES) in genetics has had the
greatest impact on Mendelian disorders, distinguishing more than
100 genes in rare Mendelian disorders between 2010 and 2012
[22]. Approaches in investigating novel genetic mechanisms,
phenotypic variability, modifier genes, allelic variants, and genetic
variations in Mendelian disorders may also help elucidate complex
disorders such as peri-implantitis. Unlike Mendelian disorders,
peri-implantitis is a multi-factorial disorder involving complex
disorders, multiple genes, as well as lifestyle or environmental
factors. To maximize the specificity of our results, we selected
patients with clusterization failure due to peri-implantitis. WES
alone may not provide pragmatic results on the association
between a specific disease and genetic variants due to the extensive
raw data, pointing out the need to incorporate bioinformatic data
management, computational analyses, and data mining. Incorpo-
ration of Gene Set Enrichment Analysis (GSEA) and a protein
functional network study of WES data may determine genetic
variants explicitly related to peri-implantitis.

The objective of this study is to find pathogenic genes associated
with peri-implantitis via WES, GSEA, and network analysis.

Materials and Methods

Ethics Statement

All research involving human subjects or human data was
approved by the Institutional Review Board of Yonsei University
College of Dentistry (Yonsei IRB No. n2-2012-0023). All clinical
investigation was performed in accordance with the Declaration of
Helsinki. Written informed consent was obtained from all
participants before enrolling in this study.

Patient Selection

Six individuals with clusterization failure due to severe peri-
implantits aged between 50 and 68 were analyzed by massively
parallel sequencing in this study (1 male, 5 female).

The six individuals had been treated with osseointegrated
titanium implants for partial or complete edentulism in the
Implant Clinic of Yonsei University Dental Hospital from
November 2002 to October 2013. These patients had no history
of parafunctional habits, smoking experience, periodontal disease,
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or systemic disease such as diabetes mellitus and osteoporosis. The
number of implants inserted to the patients was 55, 26 of which
were explanted. Presence of mobility, vertical resorption of less
than 50%, and pus discharge on patients yielded a poor prognosis
in all selected cases.

Comparing Data Set

126 Koreans from the GSK project aged between 23 and 46
(109 male, 17 female) were chosen as randomized subsample from
the reference population along with dbSNP137 and the 1000
Genomes East Asian population. Exome data of the Korean
randomized subsample, dbSNP137, and 1000 Genomes East
Asian population were used to eliminate common variants from
the six selected patients’” WES data. The 126 Korean randomized
subsamples, healthy Koreans regardless of gender and age, had
originally been recruited for a thyroid cancer study (GSK project).
This group had no history of diseases known to affect periodontal
disease, such as diabetes and osteoporosis.

Sample Collection

Each patient’s saliva was collected using self DNA collection kit.
Self DNA collection kit instructions were followed: first, all 6
individuals were asked to collect 2 mL of saliva in the tube of an
Oragene DNA Self-Collection kit containing 2 mL of DNA-
preserving solution. The lid was closed to release the storing liquid
to mix with the saliva. Genomic DNA collection, DNA extraction,
and further analysis were performed by DNA Link Inc., Seoul,
South Korea.

Whole Exome Sequencing on HISEQ 2000 using
SureSelect All Exon kit 50 Mb

With an OD260/280 ratio of 1.8-22, DNA should be as intact
as possible. Quality of DNA was checked by 1% agarose gel
electrophoresis and PicoGreen dsDNA Assay. SureSelect sequenc-
ing libraries were prepared following the manufacturer’s instruc-
tions using a Bravo automated liquid handler. One ug of genomic
DNA in 120 mL EB buffer was fragmented to a median size of
150 bp using a Covaris-S2 with the following settings: duty cycle
10%, intensity 5, cycles per burst 200, and mode frequency
sweeping for 360 s at 4°C.. Capillary electrophoresis on DNA 100
chips was used to evaluate the efficiency of the fragmentation.
Following the manufacturer’s protocol, sequencing adapters were
ligated on the DNA fragments. PCR was used to amplify the
adapter ligated DNA. Capillary electrophoresis was used to ensure
the quality of the PCR products. In preparing the hybridization
buffer, #1, #2, #3, and #4 reagents were mixed. The amplified
DNA fragments were concentrated to 500 ng in 3.4 ul. The
500 ng of DNA was mixed with SureSelect block #1, #2, and #3
reagents. The hybridization buffer and DNA blocker mix were
incubated for 5 min at 95°C followed by 10 min incubation at
65°C in a thermal cycler. Rnase block was added to the SureSelect
oligo capture library and the capture library was incubated for
2 min at 65°C. In a thermal cycler, the hybridization buffer
followed by the DNA blocker mix was added to the capture library
and the mixture was incubated for 24 hours at 65°C. Fifty ul of
streptavidin  coating the Dynal MyOne Streptavidin T1 were
washed three times with 200 ml SureSelect binding buffer and
resuspended in 200 ml of the binding buffer. After being added to
the bead suspension, the hybridization mixture was incubated for
30 min at room temperature with mixing. The beads were washed
with 500 mL SureSelelct wash buffer #1 for 15 min at room
temperature followed by three times wash with 500 mL SureSelect
buffer #2 for 10 min at 65°C and NDA was eluted with 50 mL
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SureSelect elution buffer for 10 min at room temperature. Fifty
mL of SureSelect neutralization buffer was added to the eluted
DNA. Purification of the reaction product was done with the
AMPure XP bead. Using Herculase II Fusing DNA Polymerase,
the captured library was amplified to add index tags, capillary
electrophoresis then being used to verify the quality of the
amplified libraries.

The 6 libraries, index tagged in equimolar amounts in the pool,
were combined after GPCR using SYBR Green PCR Master Mix.
Cluster generation appeared in the flow cell on the cBot
automated cluster generation system and the flow cell was loaded
on the HISEQ 2000 sequencing system for sequencing with
2x101 bp read length.

Whole Exome Sequencing and variant analysis

On average, 5.96 gigabases of raw sequence were generated per
sample to achieve an average of 53.18x coverage of the WES
target regions (51 megabases). The 6 individuals’ raw sequencing
data was screened for common artifacts prior to comparison with
control data sets. SNP variants were selected and filtered
according to the following criteria. Variants were considered to
be common if present in the 1000 Genomes Project East Asian
database. Variants present in 1000 Genomes Project, dbSNP137,
and 126 Korean Population data were filtered out from case
variants. Variants were eliminated if they had minor allele
frequencies (MAF) >=0.05 from all control datasets used for
comparison. Effect, impact (high or moderate), and loss of function
in WES were established with SnpEff v3.3 h (http://snpeft.
sourceforge.net/).

B37 was used to build the reference genome. For prediction of
variants (variant calling), only reads mapping to a unique position
in the reference genome were used. Variants were identified with
the Genome Analysis Toolkit (GATKv2.7-1) software, taking into
account the single nucleotide polymorphisms obtained from the
Single Nucleotide Polymorphism Database (dbSNP, National
Center for Biotechnology Information) and from the 1000
Genomes project. Annotated, non-synonymous variants found in
affected individuals were compared to variants present in the non-
affected relatives. Variants present in affected individuals but not
in healthy individuals were ranked based on this analysis to
generate a list of candidate genes. The filtering process, which
involved further bioinformatics analysis, is described in Figure 1.

Statistical Analysis

Sequence Kernel Association Test (SKAT) was implemented to
investigate candidate variants. SKAT combines squared single-
variant score statistics, making it robust in its inclusion of neutral
and protective variants and more powerful than pooling tests.
SKAT is a flexible, computationally efficient regression approach
that tests for association between variants in a region (both
common and rare) and a dichotomous (i.e. case-control study) or
continuous phenotype while adjusting for covariates, such as
principle components, to account for population stratification [23].
SKAT, which performs region-based testing, directly conducts
multiple regressions of a phenotype on genotypes for all variants in
the region, adjusting for covariates [24]. SKAT results including
magnitudes and directionality of the associations are based solely
on estimates made from actual data sets. SKAT results were
categorized by p-value.

Gene set enrichment analysis
GSEA (DAVID Bioinformatics Resource 6.7) was performed to

determine the statistical significance of gene sets recovered from
SKAT analysis. DAVID (Database for Annotation, Visualization,
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and Integrated discovery) is a web-accessible program that
integrates functional genomic annotations with intuitive graphical
summaries. With the GSEA results, cluster enrichment analysis
was performed to build a protein functional network. We used the
following categories in DAVID: in the “Gene Ontology” section:
“GOTERM BP ALL” and “GOTERM MB ALL;” in the
“Protein Domains” section, “INTERPRO and “SMART.” We
used the DAVID v6.7 service to compute functional enrichment
for genetic variants from implant clustering failure patients
(http://david.abce.nciferf.gov/) [25,26]. The genetic variants
from implant clustering failure patients contained 2,022 unique
proteins. DAVID recognized 2,013, which were used in subse-
quent DAVID functional analyses. We used terms with p-value
calculated after Benjamini-Hochberg correction less than 0.05.

Construction of protein functional network

The protein functional network in Figure 2 was built based on
the top 10 cluster with highest enrichment scores. We linked two
functional terms if they shared more than five proteins. Nodes
represent enriched clusters of gene functions in cell morphology
(green), cell adhesion (orange), and regulation of metal ion
concentration (purple). Size of nodes shows the number of genetic
variants in each functional group. Edge thickness is proportional to
number of shared genes. Functional modules were manually
grouped and labeled using Cytoscape 2.8 [27] (www.cytoscape.
org). The labels for each node (i.e., each functional category) in
Figure 2 are further explained in Table S6.

Results

The mean age of the 6 individuals tested for WES was
59.17%7.78. A total of 55 implants were placed and 26 implants
explanted from selected individuals (Table S1 in Tables SI).
Quality Control (QC) run on saliva samples obtained from the six
individuals confirmed samples were adequate for WES (Data S1).
An average of 59,053,587 reads and 5,694 megabases were
obtained from the six individual’s WES results. An average of
2,886,696,571 bases was aligned with mean coverage depth of
56.04. All information regarding number of reads, sample
coverage and sequencing depth, as well as the data quality, is
summarized in Table S2 in Tables S1. A total of 93,955 variants
were established; SnpEff, which annotates variants to eliminate
ones not altering protein sequence and predicts effects of each
variant on genes, narrowed variants down to 24,543. The 1000
Genomes LEast Asian population and Korean randomized
subsamples were also used to filter out common variants by
eliminating those with p-value greater than 0.05 from the two
control groups. 9,243 variants were left after filtering based on the
1000 Genomes East Asian population and 5,056 after Korean
randomized subsample filtering (Table 1).

Variants were translated into genes, with a total of 3,724 gene
transcripts remaining after filtering against the 1000 Genomes
East Asian population and Korean randomized subsamples (Table
S3 in Tables S2). SKAT analysis, which can increase statistical
power when only a small number of cases are available, was
applied to reveal the statistical significance of all genes (Table S4 in
Tables S2). Gene transcripts were categorized by p-value. 2,022
gene transcripts remained after ranking gene transcripts by p-value
(p-value <0.05). All whole exome sequencing raw data was
submitted to SRA database (SRA, http://trace.ncbinlm.nih.gov/
Traces/sra/, accession number SRP041370).

Gene set enrichment analysis (GSEA) was applied to investigate
genetic variants in groups of genes sharing common biological
function, domain, or pathway. We used DAVID (DAVID v6.7) to
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Variants and/or genotypes called from WES data

SnpEff annotation tool to predict each gene’s effect and exclude

variants not altering protein sequence

Exclude common variants in dbSNP, 1,000 Genomes Project,

and 126 Korean Population(GSK)

Sequence kernel association test (SKAT) to improve statistical power

Knowledge level process

Functional enrichment analysis of variants
through DAVID

A 4

Priovitized and annotated variants

Construction of protein functional network

Figure 1. The filtration and prioritization framework used for data analysis.

doi:10.1371/journal.pone.0099360.g001

discover enriched functional-related gene groups and corrected the
results using the Benjamini-Hochberg corrected p-value to correct
multiple comparison errors in gene sets that can arise in WES
analysis. DAVID provides a novel way to functionally analyze a
large number of variants in a high-throughput fashion by
classifying them into gene groups based on their annotation term
co-occurrence. 927 gene sets were annotated and 175 gene sets
remained after Benjamini-Hochberg corrected p-value less than
0.05. Multiple domains emerged and a few gene sets were looked
into based on their roles in biological processes (T'able S5 in Tables
S2). GSEA detected multiple gene sets related to cell adhesion,
metal ion binding, and cytoskeleton.

Protein functional network was then performed to see how
genes from different domains react with each other in a biological
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system and how interactions between genes might affect patho-
genesis of peri-implantitis. To examine the function of genetic
variants from peri-implantitis patients, we searched for signifi-
cantly enriched gene function clusters. Cluster enrichment was
performed for the whole list of genes with mutations and the top
10 enriched clusters were picked for network visualization (Table
S6) (Table 2). Clusters, terms, and genes in the protein functional
network analysis were described using circular shape, nodes, and
lines (Figure 2). As nodes describe terms with p-value after
Benjamini-Hochberg corrected p-value of less than 0.05 and line
expressed number of genes shared by each term, size of nodes
shows the number of genetic variants and the thickness of the link
describes the number of shared genes. Nodes represent enriched
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Actin
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Cell adhesion

Cadherin

EGF

Figure 2. Analysis of gene function enrichment and construction of functional network. Gene functions significantly enriched in genetic
variants from implant clustering failure patients are visualized as a functional cluster network. Nodes represent enriched clusters of gene functions in
cell morphology (green), cell adhesion (orange), and regulation of metal ion concentration (purple). Size of nodes shows the number of genetic
variants in each functional group. Edge weight is proportional to the number of shared genes. Clusters of functionally related nodes were manually

circled and labeled.
doi:10.1371/journal.pone.0099360.9g002

clusters of gene functions in cell morphology, cell adhesion, and
regulation of metal ion concentration.

Network analysis showed metal ion binding in the middle of all
clusters and terms, indicating ion binding as a common factor in
genes of cell adhesion and cytoskeleton ontology. Cell adhesion
and cytoskeleton clusters, which affect cell morphology, showed
mutations. In addition, the cytoskeleton cluster is functional in cell
morphogenesis, involving dynein, myosin, actin, and ATPase
activity. Clusters shared multiples genes through the protein
functional network and all clusters showed interactions through
metal ion binding.

We also applied the IntPath pathway integration database [28]
and found that DAVID and IntPath provided equivalent results
(Table S7).

Genes known to be associated with peri-implantitis and
periodontitis were tested for their presence in our case group;
IL-1A, IL-1B, and TNF all appeared in our dataset (Table 3)
(Table S8).

Discussion

With the development of different types of genome sequencing
and associated analytical tools, biomarker discovery has emerged
as a major area of research throughout medicine. In 2009, four
individuals with Freeman-Sheldon syndrome (FSS), a rare
autosomal dominant disorder, were exome-sequenced to prove
that such sequencing could identify causal genetic variants [29]. As
WES is known to sequence thousands of functional genes at a
time, it has become the tool of choice for discovering causative
genetic variants, especially in Mendelian diseases [30]. Although
exome sequencing is often used to investigate Mendelian disorders,
it also expands our knowledge of novel mutations of established
genes linked to a particular disorder such as celiac disease and
helps to uncover the complex interplay between modifier variants
that contributes to a disease phenotype. For these reasons, WES
has been widely used to discover genetic factors related to a range
of diseases in various medical fields, particularly for diseases that
exhibit broad genetic or phenotypic heterogeneity [31-33].

The WES approach held promise for our current research given
the rarity and distinct phenotype of clustering failure in peri-

Table 1. Number of genes common to the 6 affected individuals in each filtering step.

Filtering Step

Number of Variants

Number of Genes

Total Gene Transcripts 93,955
Impact 24,543
1000 Genomes Project 9,243

Korean randomized subsample 5,056*

19,919
9,651
4,677
3,724

doi:10.1371/journal.pone.0099360.t001
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*Variants were filtered based on 126 Korean individuals’ alternate allele frequency >0.05
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Table 2. Top 10 clusters ranked by enrichment score from GSEA results.
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Cadherin

Term

IPRO13164:Cadherin, N-terminal
IPR002126:Cadherin
IPRO15492:Protocadherin gamma

Cell adhesion

Term

GO0:0007155~cell adhesion
G0:0022610~biological adhesion
G0:0016337~cell-cell adhesion
EGF

Term

IPRO13032:EGF-like region, conserved site
IPR006210:EGF-like

IPR0O00742:EGF-like, type 3

Actin

Term

IPR0O01715:Calponin-like actin-binding
IPR018159:Spectrin/alpha-actinin
SM00033:CH

Metal ion binding

Term

G0:0043167~ion binding
G0:0046872~metal ion binding
G0:0043169~cation binding

Laminin/lectin

Term

IPRO01791:Laminin G

SM00282:LamG

ATPase activity

Term

G0:0030554~adenyl nucleotide binding

GO0:0005524~ATP binding

Fibronectin

Term

IPR003961:Fibronectin, type IlI
IPR008957:Fibronectin, type lll-like fold
SMO00060:FN3

Dynein

Term

IPR004273:Dynein heavy chain

Myosin

PLOS ONE | www.plosone.org

IPRO13320:Concanavalin A-like lectin/glucanase

G0:0032559~adenyl ribonucleotide binding

IPR013602:Dynein heavy chain, N-terminal region 2

IPRO11704:ATPase associated with various cellular activities

Enrichment Score: 13.69

Count % Benjamini
32 1.66 4.40E-13
44 2.29 4.40E-13
18 0.94 1.17E-12
Enrichment Score: 12.64

Count % Benjamini
139 7.23 2.73E-11
139 7.23 1.55E-11
65 3.38 1.77E-07
Enrichment Score: 5.42

Count % Benjamini
67 3.49 1.87E-07
47 245 4.10E-05
43 2.24 4.95E-04
Enrichment Score: 3.59

Count % Benjamini
21 1.09 0.00

12 0.62 0.01

21 1.09 0.02
Enrichment Score: 3.58

Count % Benjamini
513 26.69 5.65E-04
500 26.01 7.09E-04
504 26.22 7.26E-04
Enrichment Score: 3.40

Count % Benjamini
15 0.78 0.01

19 0.99 0.04

15 0.78 0.02
Enrichment Score: 3.17

Count % Benjamini
210 10.93 2.81E-04
217 11.29 6.06E-04
205 10.67 5.67E-04
Enrichment Score: 2.96

Count % Benjamini
37 1.93 0.02

33 1.72 0.09

37 1.93 0.09
Enrichment Score: 2.69

Count % Benjamini
8 0.42 0.04

8 0.42 0.04

8 0.42 0.04

Enrichment Score: 2.36
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Table 2. Cont.
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Term Count
IPR000048:1Q calmodulin-binding region 23
IPR0O01609:Myosin head, motor region 14
SM00242:MYSc 14

% Benjamini
1.20 0.01
0.73 0.01
0.73 0.02

doi:10.1371/journal.pone.0099360.t002

implantitis. Limitations of the current study include a case
population too small for generalization about the whole Korean
population, linking pathogenesis of peri-implantitis solely to
genetic causalities while peri-implantitis is multi-factorial disease,
and use of saliva samples over blood. The saliva sample collection
method was chosen based on previous studies confirming its
suitability for genetic sequencing and the high percentage of case
recruitment [34,35]. After careful consideration, a WES approach
was chosen for the current study, whose results showed a large set
of variants, necessitating filtering to discover genetic variants
specifically related to peri-implantitis. WES annotations from the 6
individuals in this study revealed a number of variants for further
analysis. Standard methods used to test a disease such as peri-
implantitis for association with a single common genetic variant
are underpowered given the insufficient sample or effect sizes
[36,37]. Hence, the sequence kernel association test (SKAT) was
used to accommodate our sample size and to improve statistical
power.

SKAT results were further subjected to GSEA study via
DAVID and various domains were discovered. The GSEA result
was then compared to those of IntPath for confirmation using
another bioinformatics approach. Adhesion between cells and
implant in the long term involves regulation of aspects of cell
expression such as cell membrane proteins, ECM proteins,
integrins and cytoskeleton proteins, all which work together to
maintain the proper adhesion. The external faces of focal contacts
present specific receptor proteins. Cadherins, which showed
highest association in this study, are a class of type-1 transmem-
brane proteins which play an important role in cell adhesion,
forming adherence junctions to bind cells within tissues together
and also participating in implant-bone adhesion. ECM in
mtracellular fluid is another important component for cell
adhesion. Integrins are a major family of cell surface-adhesion
receptors that can mediate cell-cell, cell-matrix, and cell-pathogen

interactions. Most integrins are not intrinsically active and are
often expressed on the cell surface in an inactive state, neither
binding ligands nor signaling. Metal ion Ca”" plays an important
role in keeping integrins inactive, removal of Ca** or addition of
Mn?** remarkably increasing binding affinity and adhesiveness of
almost all intergrins. Integrin-mediated adhesion and signaling
events are important in normal physiological responses such as
immune response, tissue morphogenesis, wound healing, hemo-
stasis, cell survival, and cell differentiation [38]. Conversely,
dysregulation of integrins is involved in the pathogenesis of many
diseases, including cancer metastasis, auto-immune disease, and
thrombotic vascular diseases. It may be assumed that insufficient
metal ion concentration will cause decreased cell-to-titanium
adhesion during the healing stage of implant, resulting in
inflammatory disease. Also, some integrins are able to bind
several ligands such as laminin and fibronectin [39]. The FN
domain, a major glycoprotein in the extracellular matrix, binds
specifically to titanium implants, which can serve as a ligand for a
dozen members of the integrin receptor family [40]. It was
reported that FN III 7-10 and FN III 9-10 synthetic peptides are
effective in osteoblast adhesion, necessary for successful dental
implant outcome [41]. It was also reported that FN coatings on
titanium implants were advantageous for peri-implant bone
formation [42]. Another high-ranking gene cluster was the
Epidermal Growth Factor (EGF) domain, critical in stimulating
cellular proliferation, differentiation, and survival [43]. Consolaro
et al concluded that EGF in the saliva and in the epithelial cells
stimulates peri-implant epithelial proliferation, thereby triggering
the formation of the peri-implant junctional epithelium [44].
Remarkably, all high ranking domains in the study play a critical
role in adhesion of cells to titanium surface and in the development
of peri-implantitis. In the last ten years, implantology research has
focused on the analysis of peri-implant fluids with the basic aims of
identifying potentially valid biochemical and immunological
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Table 3. Known Implantitis Genes Found in All Variants.

Gene Transcript Variant Sample Position Samples Affected Samples Heterozygous
IL6 ENST00000404625 expl1_ldx_2:7:22771039 1 1
IL1B ENST00000416750 exp6_ldx_12:2:113590977 1 1
IL1B ENST00000418817 exp6_ldx_12:2:113590977 1 1
IL1B ENST00000432018 exp6_ldx_12:2:113590977 1 1
IL1B ENST00000263341 exp6_ldx_12:2:113590977 1 1
IL1A ENST00000263339 exp3_ldx_3:2:113537072 1 1
IL6 ENST00000258743 exp1_ldx_2:7:22771039 1 1
IL6 ENST00000407492 exp1_ldx_2:7:22771039 1 1
TNF ENST00000449264 exp5_ldx_11:6:31543574 1 1
IL6 ENST00000401630 exp1_ldx_2:7:22771039 1 1
doi:10.1371/journal.pone.0099360.t003
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markers of inflammatory processes and their levels and/or of
predicting risk for the onset of peri-implant disease. There have
been several genetic studies of the role of cytokines in peri-
implantitis [18]. Cytokines are hormonal regulators or signaling
molecules of host responses to infection, immune responses,
inflammation, and trauma, making them significant in peri-
implantitis, which broadly results from an unregulated host
inflammatory response to antigen bacterial determinants from
dental plaque. Clinical research indicates that monitoring the
dynamics of local cytokine levels during peri-implantitis, together
with research into gene polymorphism for these cytokines and
other genes involved in the inflammatory process, is a valid means
of achieving new methods of diagnosis, prognosis and treatment of
peri-implantis. A recent systematic review on the association
between genetic predisposition and dental implant biological
complications implied that there is no strong association between
specific genetic polymorphism (IL-1, IL-2, IL-6, TNF-o. or TGF-
B1) and dental implant failure in terms of biological complications
although there was a potential link between the IL-1 genotype and
peri-implantitis [45]. Genes known to be associated with peri-
implantitis were also tested for our case group but did not show
significant results, suggesting the existence of undiscovered
variants linked with peri-implantitis.

The current study chose six patients with cluster failure to
investigate genetic variants involved with peri-implantitis. Cluster
failure is a technical term used to describe the phenomenon in
which a few individuals have a concentrated risk for multiple
implant failure and subsequently experience multiple losses.
Among individuals sharing relatively similar environmental
factors, cluster failure has low occurrence among the total
population, suggesting its association with genetic factors rather
than behavioral ones such as smoking, stress, or maintenance of
dental implant after surgery [46]. The patients selected for the
current study had severe peri-implantitis leading to implant failure
with the number of occurrences varying among the individuals.
The current study is limited in having selected a case population
with the exclusion of environmental factors known to affect peri-
implantitis. Under similar environmental influence, the distinctive
phenotypes of the six patients with clustering failure were very rare
among implant patients, indicating that such clustering failure was
likely to be caused by individual genetic differences. With these
limitations in mind, a case population with clusterization was
chosen for genetic analysis. WES was thus applied in the current
study to detect pathogenic genes associated with peri-implantitis in
these patients experiencing clustering failure. Following WES and
statistical analysis, a bioinformatics study was conducted to reveal
possible pathogenic genes associated with peri-implantitis. Refer-
encing the work of Zhou and Wong [47], which provides a
thorough description of the well-known functional association
database STRING, which this study initially used for functional
network analysis. As the use of STRING yielded insufficient data,
we built an independent functional network to investigate the
relationships among functions.

Other risk factors linked with peri-implantitis include smoking,
stress, diabetes, osteoporosis, and genetics. Due to the multiple
causalities of peri-implantitis, patient recruitment for the current
study was relatively difficult. As environmental factors such as
smoking behavior can greatly affect the occurrence of peri-
implantitis [48-50], careful consideration was given eliminating
patients with environmental risk factors. Also, a randomized
subsample of 126 Koreans was chosen with exclusion of disease
that could affect peri-implantitis such as diabetes and osteoporosis
though monitoring of other risk factors in this randomized
subsample group was limited. Machalowicz et al indicated that
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genetics constituted the most important factor influencing
differences in periodontal disease, based on studies involving
twins. Moreover, that study characterized individuals varying from
one another because of differences in genetic makeup and
environment, as if variances in the population for a given measure
could simply be partitioned into genetic and environmental causes
[51]. This study focused on choosing individuals experiencing
severe peri-implantitis with relatively similar environmental factors
and showing a distinctive phenotype for the sake of genetic
association. The small study population recruitment limits
concrete conclusions. To fully elucidate the effect of environmental
and genetic variances in peri-implantitis, WES results for each case
population could be compared to family members without the
indication of peri-implantitis.

Conclusions

Previous analyses of peri-implant fluids aimed at identifying
potentially valid biochemical and immunological markers of
inflammatory processes have focused on cytokines. However, our
results suggest that various genes and gene sets related to factors
involved in cell adhesion such as cadherin, fibronectin, integrins,
EGF domains, and cytoskeletons play critical roles in the
osseointegration and pathogenesis of peri-implantitis. Interestingly,
these two gene sets are indirectly linked via the metal ion binding
protein. One may conclude that regulatory imbalance in metal ion
concentration elicits dysfunction in cell morphology and cell
adhesion, eventually causing peri-implantitis. The discovery of
metal ions in this protein functional network study implies
dysregulation of integrins, which could affect surface adhesion,
and, subsequently, the occurrence of peri-implantitis. Genetic
diagnosis before implant surgery would highlight those genes
related to peri-implantitis and help clinicians to determine
appropriate treatment. Also, the pathogenesis of peri-implantitis
can be investigated through genetic research similar to the current
study to generate tailored treatment options. Further research with
more cases and controls, along with functional animal studies, may
yield legitimate biomarkers for early diagnosis of peri-implantitis.
Data from this research will be used to develop analytic methods
for small case-only samples.

Supporting Information

Tables S1 This file contains Table S1 and S2. Table SI.
Patient Information. Table S2. Summary of number of reads and
coverage.

(DOCX)

Tables S2 This file contains Table S3, S4 and S5. Table
S3. Full list of genes. Table S4. Full SKAT results. Table S5. Full
GSEA (DAVID) results.

(XLSX)

Table S6 Full cluster enrichment list.
(XLSX)

Table S7 IntPath results.

(XLSX)

Table S8 Full Known Implantitis Genes Found in All
Variants.

(DOCX)

Data S1 QC results, sequence, alignment, variants,
effects counts, and genes summary.

(XLSX)

June 2014 | Volume 9 | Issue 6 | €99360



Author Contributions

Conceived and designed the experiments: JHL DHH. Analyzed the data:
JH SK. Wrote the paper: SL JYK.

References

1.

Karoussis IK, Salvi GE, Heitz-Mayfield L], Bragger U, Hammerle CH, et al.
(2003) Long-term implant prognosis in patients with and without a history of
chronic periodontitis: a 10-year prospective cohort study of the ITI Dental
Implant System. Clin Oral Implants Res 14: 329-339.

. Adell R, Eriksson B, Lekholm U, Branemark PI, Jemt T (1990) Long-term

follow-up study of osseointegrated implants in the treatment of totally edentulous
jaws. Int J Oral Maxillofac Implants 5: 347-359.

. Buser D, Mericske-Stern R, Bernard JP, Behneke A, Behneke N, et al. (1997)

Long-term evaluation of non-submerged I'TI implants. Part 1: 8-year life table
analysis of a prospective multi-center study with 2359 implants. Clin Oral
Implants Res 8: 161-172.

. Pjetursson BE, Tan K, Lang NP, Bragger U, Egger M, et al. (2004) A systematic

review of the survival and complication rates of fixed partial dentures (FPDs)
after an observation period of at least 5 years. Clin Oral Implants Res 15: 625
642.

. Buser D, Janner SF, Wittneben JG, Bragger U, Ramseier CA, et al. (2012) 10-

year survival and success rates of 511 titanium implants with a sandblasted and
acid-etched surface: a retrospective study in 303 partially edentulous patients.
Clin Implant Dent Relat Res 14: 839-851.

. Polizzi G, Gualini F, Friberg B (2013) A two-center retrospective analysis of

long-term clinical and radiologic data of TiUnite and turned implants placed in
the same mouth. Int J Prosthodont 26: 350-358.

. Mombelli A (2002) Microbiology and antimicrobial therapy of peri-implantitis.

Periodontol 2000 28: 177-189.

. Prathapachandran J, Suresh N (2012) Management of peri-implantitis. Dent

Res J (Isfahan) 9: 516-521.

. Lang NP, Berglundh T, on Behalf of Working Group 4 of the Seventh European

Workshop on P (2011) Periimplant diseases: where are we now? — Consensus of
the Seventh European Workshop on Periodontology. Journal of Clinical
Periodontology 38: 178-181.

. Lindhe J, Meyle J, on behalf of Group DotEWoP (2008) Peri-implant diseases:

Consensus Report of the Sixth European Workshop on Periodontology. Journal
of Clinical Periodontology 35: 282-285.

Becker W, Becker BE, Newman MG, Nyman S (1990) Clinical and
microbiologic findings that may contribute to dental implant failure. Int J Oral
Maxillofac Implants 5: 31-38.

. Esposito M, Hirsch J, Lekholm U, Thomsen P (1999) Differential diagnosis and

treatment strategies for biologic complications and failing oral implants: a review
of the literature. Int J Oral Maxillofac Implants 14: 473-490.

. Teles RP HA, Socransky SS (2008) Peri-implant infections. Clinical periodon-

tology and implant dentistry. Blackwell Munksgaard: Wiley-Blackwell.

. Hutton JE, Heath MR, Chai JY, Harnett J, Jemt T, et al. (1995) Factors related

to success and failure rates at 3-year follow-up in a multicenter study of
overdentures supported by Branemark implants. Int J Oral Maxillofac Implants
10: 33-42.

. Weyant RJ, Burt BA (1993) An assessment of survival rates and within-patient

clustering of failures for endosseous oral implants. ] Dent Res 72: 2-8.

. Chuang SK, Cai T, Douglass CW, Wei L], Dodson TB (2005) Frailty approach

for the analysis of clustered failure time observations in dental research. J Dent
Res 84: 54-58.

Santos MCLG, Campos MIG., Line SRP (2002) Early dental implant failure: A
review of the literature. Brazilian Journal of Oral Sciences: 103-111.

. Petkovic-Curcin A, Matic S, Vojvodic D, Stamatovic N, Todorovic T (2011)

Cytokines in pathogenesis of peri-implantitis. Vojnosanit Pregl 68: 435-440.

. Dereka X, Mardas N, Chin S, Petrie A, Donos N (2012) A systematic review on

the association between genetic predisposition and dental implant biological
complications. Clinical Oral Implants Research 23: 775-788.

. Kadkhodazadeh M, Jafari AR, Khalighi HR, Ebadian AR, Vaziri S, et al. (2013)

BRAF gene polymorphism (rs10487888) assessment in chronic periodontitis and
peri-implantitis in an Iranian population. J Basic Clin Physiol Pharmacol 24:
131-135.

Shekaran A, Garcia AJ (2011) Extracellular matrix-mimetic adhesive biomate-
rials for bone repair. J Biomed Mater Res A 96: 261-272.

. Rabbani B, Mahdich N, Hosomichi K, Nakaoka H, Inoue I (2012) Next-

generation sequencing: impact of exome sequencing in characterizing
Mendelian disorders. ] Hum Genet 57: 621-632.

. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, et al. (2006)

Principal components analysis corrects for stratification in genome-wide
association studies. Nat Genet 38: 904-909.

. WuMC, Lee S, Cai T, Li Y, Boechnke M, et al. (2011) Rare-variant association

testing for sequencing data with the sequence kernel association test. Am J] Hum

Genet 89: 82-93.

. Dennis G, Jr., Sherman BT, Hosack DA, Yang J, Gao W, et al. (2003) DAVID:

Database for Annotation, Visualization, and Integrated Discovery. Genome Biol

4: P3.

PLOS ONE | www.plosone.org

26.

27.

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

51.

Investigation of Peri-Implantitis Pathogenic Genes

Huang DW, Sherman BT, Lempicki RA (2009) Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nature
protocols 4: 44-57.

Smoot ME, Ono K, Ruscheinski J, Wang PL, Ideker T (2011) Cytoscape 2.8:
new features for data integration and network visualization. Bioinformatics 27:
431-432.

Zhou H, Jin J, Zhang H, Yi B, Wozniak M, et al. (2012) IntPath—an integrated
pathway gene relationship database for model organisms and important
pathogens. BMC Syst Biol 6 Suppl 2: S2.

Ng SB, Turner EH, Robertson PD, Flygare SD, Bigham AW, et al. (2009)
Targeted capture and massively parallel sequencing of 12 human exomes.
Nature 461: 272-276.

Raszek MM (2001) Application of Exome Sequencing to Mendelian Disorders
and the Emergence of Personalised Medicine. eLS: John Wiley & Sons, Ltd.
Hall J, Britse AO, Jemt T, Friberg B (2011) A controlled clinical exploratory
study on genetic markers for peri-implantitis. Eur J Oral Implantol 4: 371-382.
Huang K, Nair AK, Muller YL, Piaggi P, Bian L, et al. (2013) Whole exome
sequencing identifies variation in CYB5A and RNF10 associated with adiposity
and type 2 diabetes. Obesity (Silver Spring).

. Leduc CA, Crouch EE, Wilson A, Lefkowitch J, Wamelink MM, et al. (2014)

Novel association of early onset hepatocellular carcinoma with transaldolase
deficiency. JIMD Rep 12: 121-127.

Abraham JE, Maranian M], Spiteri I, Russell R, Ingle S, et al. (2012) Saliva
samples are a viable alternative to blood samples as a source of DNA for high
throughput genotyping. BMC Med Genomics 5: 19.

. Hansen TV, Simonsen MK, Nielsen FC, Hundrup YA (2007) Collection of

blood, saliva, and buccal cell samples in a pilot study on the Danish nurse cohort:
comparison of the response rate and quality of genomic DNA. Cancer
Epidemiol Biomarkers Prev 16: 2072-2076.

Li B, Leal SM (2008) Methods for detecting associations with rare variants for
common diseases: application to analysis of sequence data. Am J Hum Genet 83:
311-321.

Madsen BE, Browning SR (2009) A groupwise association test for rare mutations
using a weighted sum statistic. PLoS Genet 5: ¢1000384.

Zhang K, Chen J (2012) The regulation of integrin function by divalent cations.
Cell Adh Migr 6: 20-29.

Verrier S, Pallu S, Bareille R, Jonczyk A, Meyer J, et al. (2002) Function of linear
and cyclic RGD-containing peptides in osteoprogenitor cells adhesion process.
Biomaterials 23: 585-596.

Lee CS JJ, Kim TI, Lee YM, Ryuh IC, et al (2004) Biological Effects of
Fibronectin Type III 10 domain on Human Osteoblast-like cells. Journal of
Periodontal & Implant Science 2: 2093-2278.

Nishizaka T, Shi Q, Sheetz MP (2000) Position-dependent linkages of
fibronectin- integrin-cytoskeleton. Proc Natl Acad Sci U S A 97: 692-697.
Stadlinger B, Pilling E, Huhle M, Mai R, Bierbaum S, et al. (2007) Influence of
extracellular matrix coatings on implant stability and osseointegration: an animal
study. J Biomed Mater Res B Appl Biomater 83: 222-231.

Herbst RS (2004) Review of epidermal growth factor receptor biology.
Int J Radiat Oncol Biol Phys 59: 21-26.

Consolaro A, Carvalho RSd, Francischone Jr CE, Consolaro MFMO,
Francischone CE (2010) Saucerizagio de implantes osseointegrados e o
planejamento de casos clinicos ortodénticos simultaneos. Dental Press Journal
of Orthodontics 15: 19-30.

. Dereka X, Mardas N, Chin S, Petrie A, Donos N (2012) A systematic review on

the association between genetic predisposition and dental implant biological
complications. Clin Oral Implants Res 23: 775-788.

Alissa R, Oliver RJ (2012) Influence of prognostic risk indicators on
osseointegrated dental implant failure: a matched case-control analysis. J Oral
Implantol 38: 51-61.

Zhou H, Wong L (2011) Comparative analysis and assessment of M. tuberculosis
H37Rv protein-protein interaction datasets. BMC Genomics 12 Suppl 3: S20.
De Smet E, van Steenberghe D, Quirynen M, Naert I (2001) The influence of
plaque and/or excessive loading on marginal soft and hard tissue reactions
around Branemark implants: a review of literature and experience.
Int J Periodontics Restorative Dent 21: 381-393.

Quirynen M, De Socte M, van Steenberghe D (2002) Infectious risks for oral
implants: a review of the literature. Clin Oral Implants Res 13: 1-19.
Sanchez-Garces MA, Gay-Escoda C (2004) Periimplantitis. Med Oral Patol
Oral Cir Bucal 9 Suppl: 69-74; 63-69.

Michalowicz BS, Diehl SR, Gunsolley JC, Sparks BS, Brooks CN, et al. (2000)
Evidence of a substantial genetic basis for risk of adult periodontitis. J Periodontol
71: 1699-1707.

June 2014 | Volume 9 | Issue 6 | €99360



