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ABSTRACT
KIMON DIVARIS: Exploring the genetic basis of chronic periodontitis: a gerance
approach
(Under the direction of Andrew F. Olshan)

Chronic periodontitis (CP) is a common-complex oral disease that affects the
majority of the adult population and is a major cause of tooth loss. The disease is
characterized by an oral biofilm pathological shift that contributes t@dasaf events
leading to periodontal destruction. Factors modulating the establishment diatidysral
microbiome or affecting the host immunity and inflammatory responsgrangsing
preventive and therapeutic targets. Although a substantial genetic compbGéhis

theorized and numerous candidate-gene studies have been completed, to-date no whole-

genome association (GWA) studies have been performed.

We performed a GWA analysis of CP in well-defined cohort of 4500 white subjects
who were participants of the Atherosclerosis Risk In Communities studys dfanterest
were the three-level disease CDC/AAP classification (healtld/mioderate, severe CP)
and a continuous extent of disease [proportion of sites exhibimgm attachment loss
(EAL)] measure. Additionally, we examined three traits of high bacteslahzation
defined as the highest quintile of the distribution of “red” and “orange” confyaleteria,

andAggregatibacter actinomycetemcomitdahat were quantified using DNA-DNA



checkerboard hybridization in a subset of 1020 white study subjects. Genotyping was
performed using the Affymetrix 6.0 platform. Imputation to 2.5million markeislveesed on

HapMap II-CEU and a multiple-test corrected significance threshatdapplied (P<5x1¥).

We detected no genome-wide significant signals. However, we found suggestive
evidence of association (P<5x3Gor CP with ten loci including\PY, NIN, WNT5Afor
severeNCR2, EMRXor moderate CP, antBX18, ETS1, DYNC2H1, TTCa6dZC3HAV1
for EAL. Additionally, thirteen loci includindKCNK1, FBX0O38, IL33, RUNX2, CAMTA1
andVAMP3provided suggestive signals of association (P<Bxth the examined “high”
bacterial colonization traits. TA¢PY (7p15) locus was replicated in an independent cohort
of whites of European descent. These genome-wide scan results from a |&dgfined
cohort provide information on multiple candidate regions for interrogation in gestetlies
of CP. Future investigations providing further replication of these findireyslead to an
improved understanding of the complex nature of host-biofilm and -bacteria iitiesatiat

characterizes states of health and disease.
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CHAPTER 1
BACKGROUND
A. Introduction
Periodontitis, along with dental caries, is one of the two most common diseases of the

oral cavity. It constitutes an inflammatory response to predominantly corahoeak
bacteria. This relatively common chronic inflammatory disease is found in 20@ubf the
adult US population, is characterized by gingival pocket formation and clitiaeahment
loss, results in gradual destruction of periodontal tissues and tooth-supportingraboed,
and is considered the main cause of tooth loss among adults (1,2).
B. Definition and Pathophysiology of chronic periodontitis

1. Dental ecology- the host

The composition and complexity of the oral ecology has recently re-emergefd@us
of research, with the investigation of the oral microbiome’s composition and canué
gaining increased attention (3). It is commonly assumed that an oral ecosyste
harmonious symbiosis with its host will likely be associated with health gpaures from
this equilibrium due to pathogenic ecological shifts, up-regulated host inflanyiratoune
responses, or both, are characteristics of disease (5). In periodontitis, higirlized oral

microbial biofilms (dental plaque) interact with a plethora of host-spdatfiors



(periodontal anatomy, oral hygiene, inflammatory response, and more) to resdue ti
damage. Because tissue destruction appears to be a result of host responsasato bact
challenges rather than of the lytic effects of periodontal pathogens (6) ttine aiad extent
of the microbiome-induced host response is considered an important determinant of the
periodontitis phenotype. In fact, recent evidence indicates that autoimmunerneacly

play role in the pathogenesis of the aggressive form of periodontitis (7)

2. Dental ecology- the oral microbiome

The “specific plague” theory was articulated more than three decades ago, and
emphasized the role of oral ecological shifts, essentially the baaaxittin periodontitis
(8, 9). In fact, Socransky summarized that in order for a pathogen to cause @ tiiseas
following conditions must be satisfied: 1) it must be a virulent type; 2) it must gabses
chromosomal and extra-chromosomal genetic factors to initiate diseéise;h®)st must be
susceptible to the pathogen; 4) the pathogen must be in numbers sufficient to exceed the
threshold for the host; 5) it must be located at the right place; 6) other basptecads must
foster, or at least not inhibit, the process; and 7) the local environment must be one which is

conducive to the expression of the species' virulence properties (10).

The current state of knowledge with regard to the microbiology in periodontitis has
not shifted from these core principles, as they were described in the 1970s and 1980s (11).
The importance of the proliferating oral Gram-negative bacteria obtlamge” and the “red
complex” is firmly established. Socransky in 1998 (12) defined these compteif@bws:

“orange complex”: Prevotellatermedia(Pi), Campylobacterectus(Cr), Fusobacterium



nucleatum(Fn) and Prevotellaigriscens(Pn). The “red complex” includes Porphyromonas

gingivalis (Pg), Tannerelldorsythia(Tf) and Treponemdenticola(Td) (Figure 1).

It is commonly agreed that periodontitis manifests as a response to predominantly
commensal microbes, but some authors have arguedglaaidRAggregatibacter
actinomycetemcomitar{ga) which are important periodontal pathogens (13) should be
considered exogenous (14, 15) although this is not well established in the litekithoegh
it is known that the aforementioned bacteria are organized in colonies or biofilms on the
tooth surfaces, the dental plaque, the question of whether innate factors titayefaci

prevent such an infection and colonization is intriguing.

Recent findings have added to our understanding of how periodontal pathogens harbor
the oral cavity from early age, symbiose and get organized, and interact amuosag|ties
and with the host (16, 17). For example, it has been showRrimissesses the capacity to
adhere to and invade oral epithelial cells (18f).aTred complex” pathogen, has been
shown to possess a glycosylated S-layer, which is responsible for evadingténaitres

recognition by the host immune system (19).

Several lines of research have used the presence and colonization level of périodonta
pathogens as a “refined” exposure of periodontitis (20, 21). Many investigations have used
serum antibody levels (IgG) to periodontal pathogens as a measure of exposure and/or
systemic response (17, 22-25). Fewer studies have used direct quantification eethods
assess the counts of specific pathogens in the subgingival biofilms (microfiat){a1,

26, 27). Interestingly, in a study of the association of periodontal conditionsamtdc

intima-media thickness (IMT), Desvarieux et al (21) reported that totaldmarial microbial



counts and specifically periodontal pathogens were associated with IMieashe

periodontitis (as classified by CDC) was not. Beck et al (28) suggestquathiatilarly “red
complex” bacteria may pose a potential risk for the development of systeondeiss For
example, a recent report suggested tigeai®l Aa may be associated with the risk for pro-
thrombotic state (29), whilegossesses properties known to be related to the pathogenesis
of atherosclerosis (30). These investigations support the consideration of thefse speci
microbial factors as a distinct exposure in investigations of periodontal, orajsteth

health, consistent with the paradigm of “periodontal medicine” (31, 32).

Interestingly, novel studies have provided insights on the induction by
periodontopathogenic bacteria of epigenetic changes such as DNA hypeatiath(33).
Epigenetics is one of the most rapidly expanding fields in biology, and the study of
epigenetic mechanisms as well as the characterization of the human methitknations in
health and disease, are priorities in biomedical research (34). Furthecmese¢he role of

epigenetics in periodontal disease is needed.

3. Modifying factors
Despite important advances in our understanding of periodontal diseases the detemwhina
the inflammatory host response are not completely understood. While periodontal pathogens
are necessary but not sufficient for disease activity to occur (10), semesbfiresearch
examine factors affecting or modulating the type and extent of inflammationcebyglkbe
periodontal pathogens (35).

The fact that Diabetes Mellitus (DM) and severe periodontitis co-ex3dhden

documented, and although a two-way relationship has been suggested (36, 37) cassality ha



not been demonstrated (38-40). While diabetic status modifies the host responseri@ bact
challenges and constitutes a risk factor for periodontitis, adequatengtycentrol may be
facilitated by controlling of an existing periodontal infection and inflanna@1). This has
been demonstrated by a recent randomized controlled trial (42). It has been shown that
although the periodontitis-DM relationship holds for both insulin-dependent and non-insulin
dependent DM, it is more pronounced among patients with poorly controlled DM (43).
Similar modifying effects have been shown for obesity (44).

Another example of host response-maodification is thought to be the case of oral viral
infections, which have been gaining attention with regard to CP (45-48). Noteworthy,
Contreras et al. (49) showed that herpesviruses infections in combination witingstddg
bacterial presence may exert periodontopathogenic potential by modHgihgcal host
response.

Vitamin D has been reported as an important biological parameter with regaedritkt
for periodontitis. Recently, Boggess et al. showed that the presence ohteautesevere
periodontitis among pregnant women was associated with vitamin D insufficierjcy (50
Other lines of research indicate that innate antimicrobial factors suattafrrin, a salivary
defense protein which is also secreted in gingival crevicular fluid durftegnmation (51,

52), are important in the modulation of periodontitis (53).

Further elucidation of these biological interactions and pathway dissection®ata c
new preventive and therapeutic opportunities for periodontitis. Moreover, mechanistic
insights into the model of periodontitis may be key in understanding pathogenetic gathway
relevant to other biologic conditions or chronic diseases, such as diabetes 187,

54), cardiovascular disease (CVD) (55, 56) and cancer (57-60).



C. Classification of periodontal diseases

The broad term of “periodontal disease” incorporates conditions other than periedontiti
such as gingivitis (61). The latter constitutes of an entirely revergibgival inflammation
(62) without periodontal destruction, and is typically diagnosed by bleeding upon periodontal
probing (BOP). Although gingivitis had long been considered the entry-level stage of
periodontitis and integral part of the disease continuum, this is not the case actmtideng
current state of knowledge.

With regard to periodontitis, classification to two main types of chronic éG&)
aggressive periodontitis (AgP) was proposed in 1999 (61). The diagnosis between
“aggressive” and “chronic” disease is only possible by knowledge of the rna&zioflontal
tissue destruction, or indirectly, by the assessment of tissue destructicidpveportional
to a patient’s age. This type of sub-type classification may be probldvo#ticn clinical
practice (63) and surveillance or population-based studies. Although these twpesib-t
share several features and may appear close in pathogenetic fé&tuhstinct
classification between AgP and CP is possible and feasible (65). For exdrmaple
consideration of an “aggressive” disease type, which likely corresponds to genetially
penetrant or phenotypically expressed characteristic, may be worthwheeetic studies.

On the other hand, it has been recognized that AgP cases may often represesiatiamsfe
of systemic conditions that interfere with resistance to bacteri&tions (61). More recent
evidence indicated the presence of auto-antibodies against come collagen typests pat
with AgP but not CP (7). This phenomenon could pose a threat to validity due to disease

misclassification in studies of periodontitis. At any rate, the clagific of periodontitis by



sub-type has been a difficult exercise for clinicians and scientists oVastltecades, and
has been subject to numerous changes (65). Nonetheless, to aid in the design and
interpretation of high-quality population-based studies of periodontitis, an acdisaase
classification based on precise case definitions is warranted.

Chronic periodontitis (CP), previously known as “adult periodontitis” (61) is asedciat
with irreversible periodontal tissue damage manifested by gradual peabdtiathment
loss (Figure B). In order to establish the presence and quantify the endeseneerity of
periodontitis a number of clinical signs or measurements have been used: increased
periodontal pocket depth (measured as probing depth - PD), loss of clinical attachme
(CAL), alveolar bone loss (ABL) evidenced in radiographic examination, and bleeding upon
probing (BOP) (65-68). Of those measurements, combined use of both CAL and PD has been
recommended as the preferred approach in ascertaining the prevalence osiprogfes
periodontitis in epidemiologic studies (66). Other attempts to quantify thateattd severity
of the disease using the maximum amount of clinical information possiblestesuthe
introduction of theextentandseverityscores, included in the Extent and Severity Index (ESI)
by Carlos et al. in 1986 (69). Essentially, the ESI is represents the proportices ahatt
exhibit disease expressed as a percent of pre-defined probing sitaseBexint and
severity scores quantify the periodontal destruction as evidenced by the irdrsipitalition
of clinical measurements they can be regarded as an improvement oveoacalte
nosological model. However, these quantitative measures are also paytiullaerable to
bias due to tooth loss, even more so compared to more “crude” categorical disedse mode
For this reason, analytical approaches that consider extent scores typaiathe

adjustments for tooth loss (70).



Because various researchers had not been using a universally acceptkdicition of
periodontitis, collaborative efforts in Europe and in the US were initiated to workdewa
agreement and convergence in the periodontitis case definition and diseaseiprogress
standards. A European consensus was reached iff ther6pean Workshop in
Periodontology. This consensus statement was published in 2005 and recommended the use
of a three-level (including health) disease case definition (71). Subsequethiy,US a
joint workgroup that was initially commissioned in 2003 by the Centers for DisesseC
and Prevention (CDC) and the American Academy of Periodontology (AAP) ediew
existing definitions and suggested another standard (66). Based on that work, an analogous
three-level classification of periodontitis was proposed for use in populatsaa-studies
(Table 1.2). At the same time, Offenbacher (72) used a combination of clinicadbral,
inflammatory and host-response parameters to propose a five-level dissageation
labeled BGI (Biofilm-Gingival Interface) that is defined by a comboradf PD and BOP
measurements. The BGI classification is considered a major improvementsédcreflects
recent advances in our knowledge of the disease characteristics on both biofabical a
clinical level taking into consideration the “biological systems model” (35).

For the purposes of the present investigation we will use the CDC definition and
classification of CP. Based on the age structure of the studied populatiorsiinseasthat
all periodontitis cases are representing chronic types and not AP. Continuousextesit
(e.g. percent of sites exhibitinggmm CAL) will be considered for exploratory analyses.

The “CDC definition” of periodontitis uses the following taxonomy (Table 1.2):

1. Severe periodontitis two or more interproximal sites not on the same tooth with

>6 mm CAL and one or more interproximal sites wishmm PD;



2. Initial (moderateperiodontitis: two or more sites with 4 or 5mm CAL not on the
same tooth;

3. Health/Gingivitis : individuals not meeting the above criteria.

D. Epidemiology of periodontal diseases

1. Prevalence and methodological issues

Most estimates of periodontitis indicate that advanced adult periodontitis doesead ex
a 10-15% prevalence in most populations (1, 73). Estimates from the US are typically
derived from the National Health and Nutrition Surveys. In the latest NHANES\siiiwas
reported that 12.8% of the adult population had periodontitis, when the disease was defined
as one or more sites with CALS mm. The prevalence was at a substantially higher 43.8% if
the disease was defined as one or more sites wittbGAlm, and this reflects the dramatic
impact that classification criteria can have on the disease pregastimates (66).
Moreover, the NHANES employed a partial-mouth examination protocol, esiential
selecting a subset of teeth, and then sites within teeth to examine. Thenpautilal-
examination protocol, while providing gains in efficiency (maximum examinaiies were
42 sites per individual in the 2001-2004 NHANES versus a maximum of 168 theoretically at
risk sites per person) was found to substantially underestimate the disaadenue by as
much as 60% relative to the true prevalence, as determined by a full mouth éxen{ir<).
The impact of tooth loss on periodontitis estimates is also an important methodological
consideration, and was outlined in a previous section. A more detailed investigation and
guantification of the impact of tooth loss in population-based studies of periodontitis is

warranted.



2. Disease burden

Although the initially reported estimate of approximately 20% prevalehC&an
the adult population in the US is considerable, this figure is likely higher for the
methodological reasons outlined above. Moreover, most countries in the world do not have
adequate surveillance systems in place to monitor CP (1, 2). Another consider&t@bn is t
while care-seeking individuals will be diagnosed and subsequently treated forethsedis
others with sporadic pattern of or no dental attendance will not receive treatmlamgy
progress to substantial tooth loss at early ages. This phenomenon will increagee s sif
edentulism. Moreover, the increasing potential for dentition retention in oldercageisined
with an ageing population is expected to contribute to a continuously increasingpceval
of CP in the next decades unless large scale awareness campaigns orimtsraest
effectively implemented in communities. This population approach is warrantaddeec
significant disparities in the prevalence of periodontitis exist betwesaragjracial groups,
with individuals of African American and Hispanic ethnicity being disproportiprdiected
(75).

A rapidly increasing number of reports associate CP with systemic coditi
(cardiovascular disease, pregnancy outcomes, diabetes control, oxidatseestiesvith the
microbial load and the resultant inflammation being the likely mediators of these
relationships (76-78). Although definitive evidence that links the treatment of GP wit
improved systemic health outcomes is limited, there are severalgdaligpotheses and

numerous research reports pointing towards this direction (79).
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3. Impact on the quality of life
The impact of periodontitis on quality of life has been well-documented (80-83).
Periodontitis is commonly associated with increased impacts on daititiastieven after
adjustment for socio-demographic and other clinical conditions, such as caries, toatdos
prostheses (81). Noteworthy, patients under treatment maintenance were foad tese
daily impacts on their oral health-related quality of life (OHRQodnpared to newly
diagnosed patients with CP (83). Of course tooth loss and edentulism, represerdgndy the
stage of CP are disabling conditions that are associated with severe aAdvalithpacts
(84, 85). Specifically in the US, reports based on NHANES data indicate that oasledise
disproportionally impacts disadvantaged groups (86). Another recent report based on
NHANES data concluded that periodontitis, and particularly the level of serupodies

againstPg, was associated with cognitive impairment among older US adults (22).

E. Risk factors for chronic periodontitis

Although a plethora of risk factors has been reported to be associated with perigdontitis
the importance of each factor remains unknown. In fact person-level factorsssagd and
race have been shown to be important determinants of periodontal inflammation (35, 87).
Oral hygiene has been the longest considered “traditional” risk factpefmdontitis (1,
88). In fact, while gingivitis parallels the level of oral hygiene on a populétiei; this is
not the case with CP (75).

Smoking has been found to be the major risk factor for both periodontitis and tooth loss
(89-91). This is consistent with the well-documented biological effects of smoking on

periodontal health (92-94). Noteworthy, a substantial proportion of over 40% of periodontitis
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cases in the US are attributable to smoking based on NHANES Il esti(B8)e a finding
with great public health relevance. Prospective studies have also confirnoedisagive role
of smoking in the progression of periodontitis, as evidenced by CAL (95). Evidence also
exists that smoking modifies the sub-gingival microbial colonization pa@éjnjth a
mechanism that is consistent with the observation that among smokers therbes “hig
infectious burden with periodontal pathogens but less inflammation” (97).

With regard to DM, numerous studies have shown that diabetics have a greater
prevalence and extent of periodontal pockets (37, 41, 98, 99). Interestingly, it has been
reported that inflammatory markers that are evident in periodontitis, wsoeiated with
incident type 2 DM (100). These findings emphasize the links between oral andisystem
conditions and the need for a comprehensive consideration of such co-morbidities in the
diagnosis and treatment of both conditions.

To date, there is no consensus in the literature regarding the role of alcohol consumption
as a risk factor for CP (101). A report from the Health Professionals Followidg GHPSF)
suggested a weak association (in the range of RR=1.2-1.3) but relied upon seifatport
periodontitis (102). Another investigation suggested that increased periodontitis rible may
conferred by alcohol consumption among individuals with certain polymorphisms of the
ALDH, gene (103). Despite the documented multi-level detrimental effects of al¢akol, i
well established that alcohol also exhibits antimicrobial effects tinat@afer protection
from the microbial-plaque diseases. Evidence of such a protective effecendsined in
both in vitro (104) and clinical (105) investigations.

Although some evidence suggests that dietary factors such as whole-gralveand fi

intake may be associated with decreased risk of periodontitis (106) and nutremés s
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calcium (107) with decreased prevalence of the disease, most evidence indatates t
impaired dental condition may be the cause of sub-optimal diet diversity ang ¢L@8f
109).

Stress and other psychosocial factors such as coping skills and personalisvy@éso
been reported as risk factors for development or progression of periodontitis (110, 111). For
example, in a study by Moss et al. (112), stress and depression traits werantmskt

factors for being a periodontitis case and manifesting disease progresspectively.

F. The genetic basis of chronic periodontitis

1. Early reports of familial segregation

The genetic component of periodontitis was supported by early reports in the dental
literature. These reports observed a familial aggregation of severedbthesdisease (113-
117). Other reports, such as the one by Chung et al. (118) who carried out a path analysis
using data from 241 nuclear families, did not detect any important evidence of hititabi
These authors instead suggested that common family environment may be a major
determinant of periodontal health. Michalowicz (119) later suggested thai, gttt other
periodontal diseases such as gingivitis have a substantial behavioral etologionent,
most of the observed heritability in periodontitis is attributable to gen&tesrealization of
the fact that “genes do not function in a vacuum” and that it is unlikely that a “rgaster
for periodontitis will be discovered (120) underlines the necessity to invegtigadelontitis

risk loci within the full spectrum of common genetic variation.
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2. Twin studies

An early report of a periodontitis study among twins was published by Ciancipiii121
1969; two more reports were published by Michalowicz in the early 1990s (122, 123). In
1993 Corey et al. (124), published their investigation of self-reported periodontitigyam
twins. For their study they used a mailed survey among the members giraavirased
twin registry, and they reported concordance rates of 0.38 and 0.16 between monozygotic
(MZ) and dizygotic (DZ) twins, respectively. The authors’ conclusion was that] base
their findings, genetic factors make an important contribution to the risk of adelt-ons
periodontitis. Subsequently, Michalowicz et al. in 2000 (119) improved the current state of
knowledge by employing clinical examinations to diagnose periodontitis among 11AdMZ a
DZ pairs of adult twins. In interpreting their findings the authors estithidtat periodontitis
has approximately 50% heritability and thus concluded “approximately half of laaca
in disease in the population is attributed to genetic variance”. A more recentdiut sm
investigation that was carried out among 10 pairs of MZ and 8 pairs of DZ a@8sfound
a substantial amount of discordance in disease severity among the twins, with tha
discordance being greater among DZ pairs. The authors suggested that pstitate® of

heritability may be exaggerated (125, 126).

3. Candidate-gene studies

A large number of publications have reported on the association of several gene
polymorphisms with periodontitis. In these approaches the studied risk variartsuaglatt
to be associated with altered immune response to the bacterial insult and incluag, am

other genes, the interleukin-1 (IL-1) (127), tumor necrosis factors (TNF), (128ix
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metalloproteinases (129), estrogen (130) and vitamin D receptor (50). A summntegef t
findings is illustrated in Table 1.2. There have been very few candidate-geneyaiv@ss
of CP among African Americans (131).

Previous candidate gene studies have found evidence for an association between
periodontitis risk and interleukin (IL) gene polymorphisms (particularly |LF&), TNF, and
matrix metalloproteinsases (128, 131, 132). A recent study reported an assoctatemmnbe
periodontitis and variants IRAM5C (133). Other candidate-gene studies did not detect any
strong associations between AgP or CP and selected polymorphisms, and dupgaste
of haplotype or genome-wide analyses as potentially more fruitful seatgf4).

Moreover, the largest and best-powered candidate-gene study that was cained out
Caucasian population (135) did not detect any important association betweeri tblester
and AgP risk. In spite of the high risk of bias from very small studies in the fiekt, m
reviews suggest that the balance of published evidence favors a causaifdLrgiene

cluster polymorphisms with periodontitis (127, 136). Two such meta-analyses sagunari
the evidence of increased risk for CP conferred by IL-1 (137) anceEeptor

polymorphisms (138). Nikolopoulos et al. summarized 53 published studies and concluded
that there was a statistically significant association of IL-1AlBfitB polymorphisms with

CP risk. Dimou et al. suggested that there is accumulating evidence and sgdmotftigical
plausibility linking the FgRIIIB NA1/NA2 polymorphism with increased risk for both AgP
and CP (138). Finally, one recent investigation reported an association of IL-6 polysnorphi

with colonization withAa but notPg, among Caucasian CP patients (139).
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4. Genome-wide association evidence

The opportunity to use whole-genome scans for the exploration of the association with
various phenotypes was early recognized, in the era of family-based studies (@d&)seB
current knowledge, technologies, and methods employed in GWAS allow a satysfact
coverage of the common genetic variation (at least among white populationappfoach
has gained great popularity (141, 142) for the study of common complex diseases.lAlthoug
the initial impact of GWAS has been less dramatic than initially postuladdd 143), they
have provided an unprecedented amount of new information regarding the suscegatibility f
and the pathogenesis of many diseases.

Schaefer et al. (144) were the first to report a genome-wide agsodigtwith

periodontal disease. Specifically, these investigators also reported tiemexisf a shared
risk susceptibility locus on 9p21.3 (rs1333048), for both AgP and coronary heart disease
(145). This region was mapped to the sequence of the large antisense noncoding RNA
ANRIL, which partly overlaps regulatory and coding sequences of CDKN2A/CDKN2B. This
association was recently replicated in an independent case-control sathd80 cases of
AgP and 339 controls (146), where the authors suggested that the most plausilde genet
model underlying the association between the identified SNPs and AgP is tipdicatiite
one. Further, the same group of investigators in another publication reported thadraa int
SNP rs1537415 located in the glycosyltransferase gene GLT6D1 was teskaath AgP.
In that study, the rare G allele showed 10% enrichment in cases (total ~280 Thee
authors suggested that the rare allele was associated with reduction of thg affidity of
the zinc-finder transcription factor GATA-3, which could be important in the pathageries

AgP.
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While these GWA investigations provide the first insights into the genome-vidienee
of risk loci for periodontitis, their small sample sizes limited theirstieal power.

Moreover, both studies examined cases of AgP which represents the most aggnessive fo
periodontitis, and is found in about 3% or less among various populations (147, 148).

A recent review of published articles up to April 2009 on genetic polymorphisms
associated with CP was published by Laine in 2010 (131). The authors noted that for their
search strategy they used the keywords: Periodontitis, Periodontal diseasdination
with the words: Genes, Mutation, or Polymorphism to identify articles writt¢he English
language, employing a case-control design to study CP or adult periodontitepartthg
genotype distribution. The authors however did not provide an exact search stroayttiat
be replicated, information about which databases were searched and withmitbatHe
exact number of abstract and full-text articles identified from theickes, additional

information for seeking additional articles, exclusions including removingahie$, etc.
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G. Tables

Table 1.1Clinical case definitions of Periodontitis proposed by the CDC working group
for use in population-based surveillance of Periodoh(i#is

Clinical Definition

Clinical Attachment
Level Probing Depth

Disease Category (CAL) (PD)

>2 interproximal site's >1 interproximal site

Severe periodontitis i calsemm 2" with PD>5mm
Moderate >2 interproximal site’s or 22 interproximal sites
periodontitis with CAL > 4mm with PD>5mm

No or mild Neither “moderate” nor

periodontitis “severe” periodontitis

1: third molars are excluded

2: not on the same tooth
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Table 1.2. Overview of published genetic effects from candidate-gene case control
studies of the risk of chronic periodontitis among Caucasians.

Number studies found:

Association No association

Gene Polymorphism Race with CP with CP
IL1A ( Jlrliéﬁé)%ciT Caucasian 1 11
IL1B (ll‘31§5;§’%5>4T Caucasian 4 12
ILARN I(szFé)Ts\)/'\g? Caucasian 1 3
TFENA TFNC';A;(A%?) Caucasian 1 5
IL6 ”‘60(;%72) Caucasian 1 2
|L6C(;'>1$63) Caucasian 1 1
o Moasc wedrem :
IL10 -592 (- Mixed & 4 4
597) C>A Caucasians
FcyRIl a Ilo 131H>R Caucasian srr%o(kaer?s?ggly) 4
FcyRIlIb IIIbNI\X§1> Japanese 1 4
VDR VDTR>an1 Caucasian 2 2
CD14 CDéiT'ZGO Caucasian 2 6
TLR4 TrTr légg”e Japanese 1 5
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Figures

Figure 1. Classification of microbial periodontal pathogens according to Socransky 1998
(12)

Aggregatibacter actinomycetemcomitans
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CHAPTER 2

SPECIFIC RESEARCH AIMS

A. Rationale - the case for a GWAS of chronic periodontitis

Exploring and unraveling the genetic basis of complex diseases has promise in aiding
therapy, prevention and care for such diseases, and can ultimately lead to imprtiied hea
outcomes (1, 2). The opportunity to use whole-genome scans for the exploration of the
association with various phenotypes was early recognized, in the era of iaselg-studies
(3). Because current knowledge, technologies, and methods employed in GWAS allow a
satisfactory coverage of the common genetic variation among whites (gppnesach has
gained great popularity for the study of common complex diseases (5, 6). Although the
impact of GWAS has been less dramatic than initially postulated (5, 7), thegémerted
an unprecedented amount of new information regarding the susceptibility for and the
pathogenesis of many common complex diseases. Notably, a large number ofdaicleoti
polymorphisms (SNPs) were found to be associated with a total of 165 traits and were
reported in 951 published GWA studies through June 2011 (8).

In the field of dentistry, thus far there have been limited applications of GWAS.

Three small GWA investigations have reported genome-wide associatiats \with
aggressive periodontitis (9-11) and two have reported on suggestive risk loci for deesal car
(12, 13). These investigations were hampered by small sample size and ottwetohogical

issues such as clinical examination procedures, disease definition, and more. We faropos



add on to the existing knowledge basis and improve on these previous investigations by
carrying out a GWA analysis of chronic periodontitis in the context of adeéiied cohort,
using a moderately-sized sample of approximately 4600 white individuals for whaitediet
socio-demographic, anthropometric, periodontal, medical, and behavior data have been
collected Epecific Aim 1). As a supplement to this aim, we will conduct exploratory
analyses of genome-wide [gene] x [environment] interactions, by considerfag SN
interactions with sex, smoking, and diabetes mellitus.

With regard to microbial factors, the pathogenetic role of specific bddams in
periodontitis is well-established and has been characterized in detail. iiéndad a great
diversity in the periodontal microbiome, few microorganisms have been directlgateoli
in the pathogenesis of periodontitis (14). It is well established that colamzaith high
amounts of “red complex” bacteriBi( Pg, T}, as well a®\a, is more common in severe or
aggressive forms of periodontitis. ¢auses periodontal tissue destruction by triggering the
host immune response, inducing Prostaglandin E2 and increasing the expressiorxof matri
metalloproteinases (15)gRand T have been shown to be more common among cases with
“refractory” periodontitis versus “treatment-responsive” or periodontagithy individuals
(16). Tf, in particular, was recently shown to possess an external S-layekehaisli
responsible for the attenuated host response to this pathogen (17). Moreover, periodontal
pathogens have been associated with systemic morbidities such as CHD, and thegrhave be
used as a “refined” exposure in studies of oral-systemic health links ovealclinic
classifications of periodontitis (18, 19). Thus, preventing or controlling oral ecalagts
towards pathogenic biofilms (proliferation of the “orange” or “red” compiexritical.

Moreover, it is intriguing to determine why some individuals harbor more or more
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pathogenic periodontal bacteria, and to this end detect whether innate host factors ar
important. In this domain, one report of a positive association between an IL-6
polymorphism and harboring éfa was based on a small sample of forty Caucasian patients
(20). We will address this question by exploring whether there are genomeswitteal are
associated with increased susceptibility for colonization with CP-resbcesged bacteria of

the “red” and the “orange” complex, as wellfss(Specific Aim 2). As an additional
exploratory aim, due to the major roleRy in the pathogenesis of CP (21), we will

investigate risk loci foPg colonization.

B. SPECIFIC AIMS

By performing the proposed genome-wide association analysis among thé&Ritte

study participants we aim:

Specific Aim 1: To identify susceptibility loci for chronic periodontitis among a moderate-
sized sample of community-dwelling white adults using the CDC diseassficiation and a

continuous measure of disease severity.

As an addition to Specific Aim 1, we will explore for effect measure madifin or gene x

environment interactions of SNPs with sex, smoking and diabetes mellitus.

Specific Aim 2: To identify susceptibility loci for colonization with periodontal
microorganisms of the “orange” and “red” complex, &gdjregatibacter

actinomycetemcominats
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As an additional exploratory step for Specific Aim 2 we will examine for askfbr another

individual pathogenPorphyromonas gingivaligshich is member of the “red” complex.
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CHAPTER 3

RESEARCH METHODS

A. The Atherosclerosis Risk in Communities (ARIC) study

1. The ARIC study

The ARIC is a National Heart, Lung, and Blood Institute (NHLB)-funded paisge
epidemiologic study conducted in four U.S. communities (Jackson, Mississippi; Washing
County, Maryland; suburban Minneapolis, Minneapolis; Forsyth County, North Carolina).
The study was IRB-approved for every participating site, and all partisipad given
informed consent. ARIC was designed to investigate the etiology and natural bfstory
atherosclerosis, the etiology of clinical atherosclerotic diseases, aatiorain
cardiovascular risk factors, medical care and disease by race, gendton, and date (1).
Within the context of ARIC, an NIDCR-funded ancillary dental study wasechout, the
Dental ARIC. The Dental ARIC aims were to determine the prevalencet.extel severity
of periodontal conditions in the dentate ARIC population, and to describe the associations
between those conditions and prevalent coronary heart disease, coronafj/@rtery

presence of carotid artery lesions, and atherosclerosis risk factors (2).



2. Study population

The ARIC Cohort Component began in 1987 and recruited a total of 15,792 community-
dwelling participants aged 45-64 sampled from a defined population in their comm(iities
3). These participants were reexamined every three years with treefeeh (baseline)
occurring in 1987-89, the second in 1990-92, the third in 1993-95, and the fourth and last
exam was in 1996-98. The Dental ARIC ancillary study took place during the foutth vis
between 1996 and 1998 among dentate ARIC subjects.

From the initial recruitment of 15,792 participants 11,656 were seen in visit 4. Of

those, 6797 underwent the periodontal examination. After exclusions for various reasons a
final sample of 6017 subjects formed the Dental ARIC sample (2). There pautisciyzel
mean age of 62 years (range 52-75), 21% had severe periodontitis when using the study

protocol criteria¥30% of sites with Al>3mm), 13% were diabetics and 44% were males.

3. Dental data

The Dental ARIC included a clinical oral examination, collection of gingiralicular
fluid, oral microbial plaque, and serum, as well as in-person interviews. Clinica
measurements of PD and CAL were made on six sites on all teeth, and the aumisemg
teeth was recorded. For these measurements, very good accuracy and ity tuo be
expected with trained and calibrated examiners (4-6), as was the caskCinSAiRlies have
estimates that agreement between examiners for PD and CAL are withim190% of the
measurements taken (4, 7). In the Dental ARIC weighted kappa statsigesirbetween

0.76-0.86 indicating excellent agreement with a standard examiner and istaclatation
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coefficients (ICC) ranged between 0.76-0.90 indicating excellent to outstampeenent
(2).

Using the PD and CAL measurements and based the CDC/AAP criteria {THple
subjects were classified as having no disease, moderate or severe CBnaltdia
continuous measure of disease severity or “extent” based on Carlos et al. §&fined as
the proportion of sites exhibiting CAt3mm. The distribution characteristics of these
variables in the analytical sample overall and across strata of degara presented in
Tables 3-7. Additional dental (time of and reason for last dental visit, tooth brushing
frequency, oral hygiene practices) and anthropometric data (body massvirede used for
exploratory descriptive and bivariate analyses, and are presented in the Appetalis
about the analytical strategy followed to analyze the CDC and the “exiaitd"dre

presented as part of the analytical approach for Specific Aim 1.

4. Microbiological data

Microbiological data are available for a subset of approximately 1200 wiiiteifpants
(9). Samples of subgingival microbial plaque were obtained during the cliramalmation.
Subsequently, the levels of eight periodontal pathogens were determined bRRAA
checkerboard hybridization analysis, a technique initially described bgr&uam et al.
(10) and Socransky et al. (11). The selection of these eight microbes was baséd on the
reported and plausible implication in the pathogenesis of periodontitis (10-12). Thwmet
has a lowest detection threshold of-10° microbial counts, and has been shown to have
good detection properties (10). Therefore, subgingival microbial counts were obtained for

organisms of the “red” complefg, Tf andTd, the “orange” complex:iPPn, Cr, Fn, as
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well asAa. Additional information about the analytical strategy with regard to the

microbiological data is presented as part of the approach for Specifi@ Al

5. Covariates

The ARIC study investigators have collected a comprehensive list of sonimgdaphic,
behavior, anthropometric and biological measurements (clinical, laboratory, and othe
specialized tests). An extensive list of variables collected can be found oRIBev&bsite
(http://www.cscc.unc.edu/aric/) and in previous publications (1). For the purpases of
GWA analyses we used the following ARIC study variables: examinatioardembdeled
with two indicator variables), age (measured in years and modeled as a conviamigihls)
and sex (male or female). For exploratory “sensitivity” analysesalao used smoking
(modeled as a three-level ordinal categorical variable were 0: nevennkrf@and 2: current
smoker), and diabetic status (modeled as a dichotomous variable where O: drgdlihy
fasting glucose levels 6f126 mg/dL, non-fasting ¢gf200 mg/dL, or pharmacological
treatment for diabetes). To correct for population stratification (adm)xtweencluded in all

analyses ten principal components derived by the EIGENSTRAT method ¢tea 8eB.2).

B. Genotyping, quality control and exclusions

1. Genotyping and imputation

In the study population, DNA was extracted from blood samples drawn from an
antecubital vein into tubes containing serum separator gel. Blood samples werecgath
central ARIC laboratory in Houston, TX. Genotyping was performed with thaisfrix

Genome-Wide Human SNP Array 6.0 chip. The platform offers 906,600 markers for SNPs.
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The rigorous quality control procedures included initial blind duplicate genotyping and
identification/flagging of SNPs with kappa<0.95 and reconciliation of unintentionalkcdtgpli
samples (17 duplicates and one triplicate). Imputation to 2.5million markers wasTpesf

using 669,450 SNPs and MACH v1.0.16 (http://www.sph.umich.edu/csg/abecasis/MaCH/
index.html), based on HapMap Phase Il CEU build 36. The SNPs used for imputation were
selected from 839,048 autosomal SNPs restricted to those with minor allele éyequen
(MAF)>0.01 (129,543 excluded), Hardy-Weinberg equilibrium (HWE) P>X1,432

excluded) and call rate >95% (1,693 excluded). We used the following SNP exclusion
criteria for further analyses: quality score <0.8 and missing d&& 1806 after imputation,

and MAF of <5%.
2. Population stratification

To obtain estimates of relatedness and population stratification a subset of 85,947
“high quality” linkage-disequilibrium (LD)-pruned SNPs was selected. TBé#es met the
following criteria among self-reported whites: MAB.1, call rate >99.5%, HWERO0?,
autosomal, with annotation in the platform annotation file, not labeled “AFFX” or
“chromosome 07, and not monomorphic. Using these SNPs identity-by-statea{|88)
sharing distance (DST values) were computed using PLINK, as such: DS disifance
(IBS; + 0.5*IBS;) / (n SNP pairs). First degree relative status was assigned to pairs of
individuals with DSPB0.8 and second degree relatives were considered those with 0.763
<DST< 0.8. Among the white ARIC participants there were 380 pairs of firstelagee207
pairs of second degree relatives identified. To minimize exclusions, relatedvpee broken

by iterative selection of individuals with most relatives using a custom program
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Population stratification was further evaluated with principal component (PC)
analysis using the EIGENSTRAT approach (13) and the EIGENSOFT prog#antfie
above chosen set of LD-pruned SNPs was used for the computation of ten principal
components. Genetic outliers were considered those that were further than &standar
deviations (SD) away from any of the ten PCs over ten runs of PC computatioth.oBase
DST and PC criteria there were 716 subjects flagged from removal from theisuf206 as
genetic outliers based on PCs and 16 based on average DST values (“todSigtaiBg”
with the rest of the sample), 351 first degree relatives and 143 second degnessreéiiit
but ten second degree relatives (whose relatives were excluded as genetg) ougle re-
entered in the dataset and were assigned PCs. After exclusion of 364 indiviétlatlsere
were 9349 whites who were included in the GWA analysis and of those, 4610 had

periodontal phenotype data available as Dental ARIC participants.

C. Analytical strategy

Goldstein (15), Manolio (16), McCarthy (17) and Hirschorn (18) have summarized
the key challenges in the analysis and interpretation of genome-wide dateknue/l@dge
the inherent limitations of GWAS, such as the low power to detect very smatisetiad the
consideration of common genetic variance for the detection of “single-pgimsor
effects”. The problem of the “little variance explained” by the discoverdesSdr most
diseases has led investigators to look for the “dark matter” of geneticsaffebe so-called
rare (<5% or <1%) variants (19); the study of the latter however, may be meiticdty
challenging unless whole-genome typing becomes more accessible, or whestagal{20)

or novel, more powerful statistical methods (21) are implemented. However, GYé/AS
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powerful discovery tool that has the potential to unveil previously unknown genetic fisk loc
and provide insights on novel mechanisms and pathways. Acknowledging the strengths and
limitations of the GWA approach which simultaneously interrogates millions Bs3dross

the genome, we embarked on this investigation with a “risk locus discovery” itainegin

“effect estimation” approach.

1. Analytical sample

Primary analyses were conducted among the Dental ARIC white suljdcimputed
data (‘freeze 3’ version of genomic dataset). After exclusions specified éA/gvhites)
and merging of the genetic and clinical datasets, our final analytical sencipiéed 4610
white individuals for whom clinical and genomic data were successfully ntatthe
analytical sample description for Specific Aim 1 is presented in Tablearsgd#pr Aim 2 in
Tables 4-11. The distribution of the phenotype classification (CP status: Ch@ialefind
extent of attachment loss: percent of sites with attachment loss of 3mnatarpby the
study covariates is also presented in Table 3. Participants’ mean agea$2range 52-
75), 13% are diabetics and 44% are males. When Beck et al. used the CDC ¢iarsifica
periodontitis in a subset of ~5000 Dental ARIC participants, 42% were periodontdihyhea
41% had initial periodontitis and 17% had ‘severe’ periodontitis (22). In our analytical

sample, these proportions are virtually identical, 43 and 17% respectively.

2. Analytical strategy for Specific aim 1

The primary phenotype of interest to address our Specific aim 1 was chronic petimdsnti

defined by CDCa three-level categorical classification. The secondary phenotypbevas t
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“extent” of attachment loss continuous measure that is expressed as the proportion of site

with attachment loss of 3mm or greater. The following traits weraetkfnd considered for
the GWA analyses:

1. Binary outcome: severe periodont{it®ded as 1) versus initial periodontitis or

health (coded as 0). Statistical analysis will be based on a logistissegrenodel assuming
multiplicative (log-additive) allelic effects.

2. Binary outcome: moderate periodont{teded as 1) versus initial periodontitis or

health (coded as 0). As above, statistical analysis will be based ostecloggression model
assuming multiplicative (log-additive) allelic effects.

3. Continuous outcome: “extent” or “severity” of periodontffisoportion of sites

with CAL>3mm). An appropriate transformation of this measure (z-score, normal curve
equivalent transformation of the “crude” proportion of sites) was performed grior t
conducting the GWAS. Statistical analysis was based on a linear regressiel assuming

multiplicative (log-additive) allelic effects.

“Minimally” adjusted models

As noted in the general methods section, all models were adjusted for age] sex a
population substructure/stratification. Adjustment for population substructure irRie2 A
study has been based on principal component analysis. Although authors have argued that
population stratification may not be a serious threat to the validity of GWASs€28),
adjustment for population ancestry has become standard practice (13). Therefore, the
“minimal” genetic models include 10 principal components obtained by theistdtist

package EIGENSOFT (13, 14), as well as for sex and age. Additional termagdjoist
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examination center (two indicator variables) were entered in all méaelanplementation
in the context of the GWAS we used the probABEL package, which is part of the geneABEL
suite (24).

Interpretation of analysis results relied on the evidence that the datagsdfest the
null hypothesis of no SNP (allelic) association with the traits of interesthanefore was
based on the associated P-values. When multiple SNPs emerged below thetR-esthaotd
for prioritization (see following section on hypothesis testing), we pregehé “top SNP”
per locus, which was the one with the lowest P-value. The additional prioritizediistiies
same locus were also presented, along with linkage disequilibrium mefriniti{Rhe “top
SNP” in the locus) obtained with the SNAP application (25). Moreover, effect éstima
(odds ratios for the disease classification and betas for the “extet)t"asawell as ‘model-
predicted’ phenotypic estimates by genotype were also obtained and ptdeettie “top

SNPs” in each locus.

Hypothesis testing

To determine genome-wide “significance” of the tested SNPs’ associgith the
examined phenotypes we considered a multiple-test correction. The Bonferrbeehas
most frequently used in published GWAS, it is commonly agreed however, thaiphiseh
is overly conservative. This issue is further discussed in the limitationsfiihg discussion
section. After applying the multiple-test correction, assuming appréiyrea million
independent tests, a genome-wide significance threshold of P&&idset. We set
another, less stringent threshold of P<5%1d prioritizing SNPs for further investigation

and locus exploration.
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The FDR, as described by Storey and Tibshirani (26), an alternativedetiosed
to evaluate results from GWAS. In the FDR approachyalue (instead of p) is calculated
as a measure of significance in terms of false discovery rate, versusdsilsee (in thep
value setting). The interpretation of a g value can be thought as the proportion cfagnifi
findings (genome-wide “hits”) that turn out to be false positives, after egjligverification
(26). Along these lines, Shi et al recently reported a simulation study bas¢dmistage
FDR approach and use of a least absolute shrinkage and selection operator (LASSO)

regression to reduce false positives (27).

Sensitivity analysis - exploratory “fully” adjusted models

Using the accepted definition of a confounder (28), no confounding of the association
SNP->phenotype is to be expected by “environmental” or “behavioral” variables.sThis i
supported by the fact that, under standard assumptions, these covariates do nbeaffect t
distribution of SNPs in the source population. However, because factors such agysanaki
diabetes are risk factors for CP, one may argue that GWAS-identifiedssign&lP could be
in fact, signals marking risk loci for these “intermediate” chargsttes. In that scenario,
adjusting for smoking and diabetes would “sanitize” the GWAS results from tesslts.
On the other hand, in cases of pleiotropy (implying a true common geneticarauisk
locus of two traits) this result would reflect a valid association. Invéstigaave proposed
methods of adjustment for correlated phenotypes (29), but “non-adjusted” amaiyses
the current standard of practice to-date. Another view in favor of “adjustedtig

modeling supports that the variance reduction that results from such adjustnfevasable
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in the GWA “discovery” attempt, because there remains “less varianbe explained” by
the genetic effects.

Motivated by the above, we undertook a “sensitivity” analysis as an explosator
that is presented in the Appendix of Chapter 4. In these supplemental analysasloyee
smoking and diabetes-adjusted genetic models for the three traits exammedlrist t
manuscript (severe and moderate CP, and “extent” of attachment loss). Weeazbfopate’
and ‘adjusted’ effect estimates for the prioritized SNPs, using anieatdi0% change-in-
estimate criterion for ‘notable’ effect estimate changes, airuol settings of confounding
evaluation (30). Moreover, we inspected whether additional SNPs emerged below the
threshold of genome-wide significance (P<5X)L6r prioritization (P<5x10), due to the

“available variance reduction” effect that was explained above.

Exploratory assessment of effect measure modification- “gene x environmt&
interactions

Genome-wide explorations of gene x environment interactions are not common. As
noted in the general methods section, our study of approximately 4000 subjects was
underpowered to detect interaction effects. However, we conducted explokeatiuations
of EMM by three variables: sex, smoking and diabetes. The rationale for theosetéc
these three factors is supported by the fact that they represent impodavell-
documented risk factors for CP: the disease is substantially more common aalesig m
smokers and diabetics. This is evident both in the literature, as well as our CrIGal A

study population. We used the “extent” of attachment loss trait for these ¢éaptora
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analyses, because it represents a cumulative and non-reversible measuoe afioé
destruction among the teeth present in the oral cavity.

EMM was evaluated on the multiplicative (log-additive) scale in the confext
statistical interaction between SNPs and sex (binary variable), smakiag-(evel variable)
and diabetes (binary variable). Each interaction term was entered in one dihtraee
regression models that apart from age, sex, examination center and 10 R@sdittod risk
factor main effect (i.e. smoking) and its interaction with the SNP (SNP*smjokiey
conducted these analyses with the probABEL package, and considered evidence of EMM
interaction term P-values of less thar®1This relatively high P-value threshold was chosen
because interaction evaluations have traditionally low power. An alternativeaappof
EMM evaluation could have been stratified analyses (by sex, smoking and slidbkaoeved
by a between-strata homogeneity evaluation, which would also be subject edreduer.
We chose the statistical interaction approach over stratified analysesiore efficient

strategy.

Annotation and visualization of GWA results
Genome-wide significant and ‘prioritized’ SNPs (based on the P-valeei@rihat
were set in the ‘hypothesis testing’ section) were annotated using the \E@&\j31) and

Snipper hittp://csg.sph.umich.edu/boehnke/snippprograms. We explored and reported SNPs

locations and their role (i.e. intronic or intergenic, representing a basehpage or a
synonymous change, and more), as well as their physical distance (in Klih&owo or
three closest known genes. Additionally, in the Appendix we present associations of the

prioritized SNPs with known expression quantitative loci (eQTL) (32), asaseheir
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interacting genes. This expression-association information was obteonethie Scan (33)

databaseh{tp://www.scandb.org/newinterface/about.htméa the Snipper annotator. We

report eQTL-gene associations found in lymphoblastoid cell lines (LCL) amonglcent
European (CEU) population samples ard .

Quantile-quantile (Q-Q) plots were generated to compare the dabtwersus
expected empirical distributions of the test statistics (-log10 P-vanesjletect any
substantial deviations that could indicate residual population stratificatiorhiE@urpose
we evaluated the Lambda) (nflation coefficients’ proximity to 1. Manhattan plots were
also used to display the summary of the genome-wide analysis results (Hogll@$) by
chromosomal location. The Matfaprogram was used to display Q-Q platspefficients
and Manhattan plots. To inspect genomic regions that appear associated witmnitmedx
phenotypes, we used LocusZdorersion 1.1 (34) and Haploview v.4.2 (35). With these
applications we were able to plot selected SNPs on their physical chromtzs@tions,
along with their corresponding —log10 P-values, nearby gene locationgdinka
disequilibrium (LD) and recombination rate statistics based on HapMapUl-E&
missense changes, prediction of the possible impact of amino acid substitutionsian prote
structure and function was assessed using the PolyPhen-2 application (36). We used t

USCF/Encode genome browsattp://genome-preview.ucsc.edu/cgi-bin/hgTracks?db=hg19

) to visualize these prioritized loci for genomic areas that may includedoalty relevant
features, such as open chromatin and DNase | hypersensitivity annotationo rrsdlgit
crude visualizations of functional pathways or interaction networks that igeingiéines may

be implicated were generated with the GeneMANIA application (37)cohwmlete set of
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software that we used for annotation, visualization and additional exploration dafiedent

SNPs and loci is presented in Table 3.1.

Power calculations

Several programs are available for power calculations in GWA studies (3@udgec
of its flexibility in enabling power calculations in the presence of G*E (dpgrexposure)
interactions, we used the QUANTO v. 1.2.4 program (http://hydra.usc.edu/GxE/)

Typical effect sizes of new SNPs detected by GWAS have been reporteddo rang
between 1.1 and 1.3 (15). Using our sample size of ~4,000 individuals and an outcome
prevalence of 17 or 60% (depending on the definition) for Specific Aim 1, we had 80%
power to detect effects of odds ratio siAe4 for minor allele frequencies (MAF) greater
than 10%. As expected, we were less powered to detect interaction iefthetexploratory
analyses, unless one assumes relative interaction effeetsBafnagnitude. lllustrations of
various iterations of effect sizes, outcome prevalence values, MAF and powessanetga

in the Appendix.

3. Analytical strategy for Specific aim 2

Counts of the eight periodontal pathogens were derived with a semi-quantitative method,
“checkerboard” DNA-DNA hybridization (10, 11). This method was applied on plaque
samples to measure the extent of sub-gingival colonization Ruigivotella intermedia
[American Type Culture Collection (ATCC) 2561 0ampylobacter rectuUATCC 33238)
Fusobacterium nucleatufATCC 10953) andPrevotella nigriscenfATCC 33563)

(belonging to the “orange” complex}prphyromonas gingivali(ATCC 33277) Tannerella
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forsythia(ATCC 43037) andreponema denticoltATCC 35404) (“red” complex); and
Aggregatibacter actinomycetemcomitdA3 CC 43718) In this method bacterial levels are
expressed as counts relative to established microbial standards.

Three dichotomous traits of “high” colonization with “red” and “orange” comAexi
Aggregatibacter actinomycetemcomitamsre considered for analytical purposes. The two
composite phenotypes were derived by the summation of bacterial count for eaeb speci
belonging to the “red” (n=3) and “orange” (n=4) group, as described above. Because
Porphyromonas gingivalis considered the major periodontal pathogen implicated in
periodontitis in adult populations, we explored for additional risk loci using its “high”
colonization phenotype defined as above, as a separate trait, in analysespitestenein the
Appendix.

Various approaches in defining the bacterial colonization profiles have been pisevious
used, including summations of the absolute microbial counts (9), tertile-catagori(39),
and five-level categorization of log10-transformed counts (40). To approacHiSpen 2,
we defined a “high” colonization trait as the top quintile (20%) of each tdhgitsbution.

The rationale for the selection of this phenotype is based on the fact that the ‘cbaaker
semi-quantitative method has a lower detection threshold df+&f@nd reduced precision
in the lower end of the distribution. For this reason, individuals with “high” bacterial
colonization profile may be those with reduced or impaired host and at high risk for
periodontal tissue destruction, thus the “high colonization cases” are a traérest.
Additionally, selection of a smaller subset of individuals (i.e. top 5 or 10%) would reduce

already low power for the GWA analysis among the ~1000 subjects.
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Genetic models, annotation and visualization of results, power caliations
Three logistic regression models assuming multiplicative (log-adiligenetic effects

were employed to address Specific aim 2, one for each trait of interggt.rédad” complex

“high orange” complexand _“high”Aa colonization We used identical model specifications

as in Aim 1, and included age, sex, examination center and 10 PCs as covariates. We
followed identical post-analysis annotation and visualization procedures. The polysesna
are presented in the Appendix. As noted in the Specific Aims section, we developed an
additional fourth model to examine for risk loci 8g as an exploratory step. Results of this

analysis are presented in the Supplemental material of Chapter 5.

C. Replication plan for GWA findings

Replication of identified SNPs from any GWA study to other samples isranted
validation step (17, 41). Some investigators have suggested that becauseore plifcats
may fail to confirm even true associations when power considerations exesistine reason
for investigators to place unreasonably high expectations on replication studids $p&e
of this, the field appears settled into routinely requesting replication of GhNdAds.

Candidate replication datasets for the present GWA analysis willyidiecliide
detailed ascertainment of chronic periodontitis based on the CDC taxonomy (Gatesiétyn
extent of attachment loss) using full-mouth six-sites per tooth periodontalreataoms of an
adequately sized sample of white subjects. The investigators’ teanvedyasteking
opportunities for collaboration and eventually replication of our findings. Replicatite of
microbiological findings (Specific Aim 2) appears less likely, but opporesiitiay arise in

the future, as more investigators explore the host-oral microbiome inbesacfiandidate
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studies where a replication of our main findings could be performed if genotigppbet@me
available include the National Health And Nutrition Examination Survey (NB3\the
Health ABC study, and the Health Professionals Follow-up Study (HPFS).avialgsis of

replicated results will be performed using the METAL program (43).
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D. TABLE

Table 3.1. Software applications used for the genome-wide association analysis, ianrentat
visualization of results.

Program Developer,
name year and
(version) Functions Website citation
GeneMANIA Gene network discovery and http://www.genemania.org/ Mostafavi,
visualization 2008

Haploview Linkage disequilibrium (LD)

http://www.broadinstitute.org/scientific  Barrett,
(ver.4.2) and haplotype visualization and

- 2005
analysis community/science/programs/medical-
and-population-
genetics/haploview/haploview
LocusZoom Regional association results  http://csg.sph.umich.edu/locuszoom/  Pruim, 2010
(ver.1.1) plotting

METAL Meta-analysis of GWAS results  http://genome.sph.umich.eduMiki Willer,

TAL_Program 2010
Polyphen Prediction of damaging http://genetics.bwh.harvard.edu/pph2/i Adzhubei,
(ver.2.1.0) missense mutations ndex.shtml 2010
PLINK Genome-wide association  http://pngu.mgh.harvard.edu/~purcell/p Purcel,
analysis package link/ 2007
ProbABEL Genome-wide association  http://www.genabel.org/packages/ProbAulchenko,
(ver.1.0.3) analysis package for imputed ABEL 2010
data
QUANTO Power and sample size http://hydra.usc.edu/GxE/ Gauderman,
(ver.1.2.4) calculation in the presence of 2006

gene x environment interactions

SNAP Identification of proxy SNPs  http://www.broadinstitute.org/mpg/sna Johnson,
(ver.2.2) and generation of LD plots p/index.php 2008
Snipper SNPs annotation including  http://csg.sph.umich.edu/boehnke/snip Welch,
(ver.1.2) nearby genes and expression per/ 2010

quantitative loci
WGAViewer GWAS result annotation http://people.chgv.Isrc.duke.edu/~dg48 Ge, 2008
(ver.1.26l) package /WGAViewer/std.php
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B. MANUSCRIPT #1 SUMMARY

Chronic periodontitis (CP) is a common-complex oral disease that affectsjidtyrof
the adult population and is a major cause of tooth loss. Although a substantial genetic
component of CP is theorized, to-date, no whole-genome association (GWA) analyses have
been performed. We conducted a GWA analysis among 4610 white participants of the
Atherosclerosis in Communities Study (mean age of 62 years). Traits ekintgare the
three-level CDC/AAP periodontitis classification (severe—17%, moderB86, healthy—
40%), and the continuous trait of “extent” of attachment loss (EAL; proportion of sites
exhibiting>3mm attachment loss). Genotyping was performed with the Affymetrix 6.0
platform and imputation to 2.5million markers was based on HapMap 1I-CEU. We used
logistic genetic models for the examination of the “severe” and “moderate’n@mR, lanear
model for the EAL trait using a genome-wide significance threshold of F¥5x0
genome-wide significant association signals were noted. However, we foundtstegge
evidence of association (P<5x3For seven loci includindNIN, NPY, WNT5/or severe,
NCR2, EMRXor moderate, andiBX18, ETS1, DYNC2H1, TTCa6dZC3HAVlfor EAL.
These genome-wide association results from a large well-defined pobwide information

on multiple candidate regions for interrogation in future genetic studies of CP.

Keywords: periodontitis, genome-wide association studies; oral health; dengetrgtics;
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C. INTRODUCTION

Chronic periodontitis (CP) is a common-complex disease of the oral taaitis
characterized by an inflammatory response to commensal and pathogenicterié lfa).
This relatively common chronic inflammatory disease is found in about 20% of the &lult U
population, manifests with gingival pocket formation and clinical attachmen{@L), and
results in gradual destruction of periodontal tissues and tooth-supporting alveolar bae. CP
considered the main cause of tooth loss among most adult populations worldwide (2).
Moreover, a growing body of evidence has linked the disease with incredstx ris
systemic conditions including coronary heart disease (CHD) (3), pregoatcomes (4),

poor diabetes control (5), and other conditions.

There are more than 450 species identified in the human microbiome (6), and
although harboring of periodontal pathogens is virtually universal, only a small proportion of
individuals develop the severe form of the disease. Risk factors for CP have been well
studied and include smoking and diabetes mellitus (DM). In addition, age, race and obesity
have also been shown to be important risk indicators (7). A genetic component of CP risk
was supported by early reports of familial aggregation of severe forms of taeed(8¢, as
well as twin studies (9), but the magnitude of risk conferred by genetichkanale of

specific genes has been under debate.

Recent candidate-gene studies for CP have focused on genes related to hoglyimm
and inflammatory response, such as cytokines, cell-surface receptors, cresnekzymes
and antigen recognition. Most of these studies have examined polymorphisms in the

interleukin (IL)-1, IL-6, Fc gamma receptor (fR), tumor necrosis factor alpha (T
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human vitamin D receptor (VDR), cluster of differentiation (CD)-14, matrix
metalloproteinase (MMP)-1, toll-like receptor (TLR), cyclo-oxygenag€0OX-2), and C-

reactive protein (CRP) gene coding regions (10).

A recent genome-wide association (GWA) study of generalized aggressive
periodontitis (JAgP) among a sample of whites of European descent identstsibéions
with a susceptibility locus on 9p34.3 intronic to the glycosyltransferase 6 domaimouanta
1 (GLT6D)) gene, as well as a shared susceptibility locus on 9p21.3 for both gAgP and CHD
(11, 12). However, gAgP is a rare form of periodontitis, found in less than 1% of addlts, a
is a distinct entity from CP. To-date no GWA exploration has been performe® faroGadd
to the knowledge base of the genetic etiology of CP, this study aims to invegégate

risk loci for CP using a GWA approach in the context of a well-defined cohort.

D. MATERIALS AND METHODS

We conducted a GWA study among 4610 white participants of the Atherosclesisis Ri
In Communities (ARIC) longitudinal cohort investigation (13). The ARIC is aitodmal
investigation of atherosclerosis, CVD risk factors and outcomes, which iddudamplete
oral-dental examination between 1996 and 1998. As part of the Dental ARICrarstilidy,
participants underwent complete periodontal examinations that recorded the niimbe
missing teeth, probing depth, attachment loss and bleeding upon probing measurenxents at s
sites per tooth, including third molars. Clinical examiners were trainedadibdated against
a standard examiner, with correspondsagpasindicating excellent to outstanding level of

agreement (14).
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For the GWA analyses we used two traits, the Centers of Disease Cont)l 46®
American Academy of Periodontology (AAP) consensus three-level otassih and
second, a continuous “extent” score of disease severity. The CDC/AARIcidEs1 uses
CAL and PD criteria to define three CP categories as, healthy-mild, atedard severe (15)
(Supplemental Table 1). The “extent” of disease score was defined as theipnopiort
measured sites that exhibited CAL equal or greater than 3mm (16). The rdionale
examining the continuous trait is supported by the fact that attachment loss is a non-
reversible marker of periodontal destruction, whereas the CDC/AAP taxonomges@d PD
criterion, which is potentially reversible. Additional covariates that wd tsedescriptive
and exploratory ‘adjusted’ genetic models were smoking (measured as-eetelemrdinal
categorical variable: never, former and current), and diabetic statuis|fglsicose levels of

>126 mg/dL, non-fasting ¢f200 mg/dL, or pharmacological treatment for diabetes).

Genotyping was based on the Affymetrix Genome-Wide Human SNP Array 6.0 chip
which offers 906,600 SNP markers. The platform offers 906,600 markers for SNPs.
Following rigorous quality control procedures, imputation to 2.5million markess wa
performed using 669,450 SNPs and MACH v1.0.16
(http://www.sph.umich.edu/csg/abecasis/MaCH/index.html), based on HapMaplPhase
CEU build 36. Comprehensive descriptions of genotyping and imputation, quality control
and population stratification procedures, are presented in the Appendix.

Two analytical endpoints were considered for the main effects analybis pifasent
project: CDC/AAP CP disease classification and “extent” of diseaselfatent loss). Two
contrasts were considered for the first trait: moderate vs. mild/healthyesic vs.

mild/healthy. The rationale for considering these contrasts is that ssweereoderate CP are
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considered distinct forms rather than variable expressions or “natural gsiogrestages of

the disease. These analyses relied upon logistic regression models \eteedfatts were
considered multiplicative (log-additive). To investigate the continuous traitachanent

loss, the proportion of sites exhibitir@mm CAL was Z-score transformed into a normal
curve equivalent variable, and a linear genetic model was used. All models incledsdxag
examination center and ten principal components from the EIGENSTRAT arsysis
covariates. A correction for multiple comparisons was employed assumirkpoh mi
independent tests resulting in a threshold of genome-wide statistiuiicsigce of P<5x18.
Although variables such as smoking and DM are not likely confounders of the associati
between genetic polymorphisms and risk of CP, we developed a series of models adjusting
for these variables, as a sensitivity analysis. For this step, thesreswhich are presented

in the supplemental material, we used an arbitrary criterion of >10% chaegémate

which is often used in confounding evaluation in epidemiologic studies (17). We used this
criterion to inspect for “important” changes in estimate for the przedtiSNPs, and explored
whether additional ones emerged below the P<8xffeshold upon the resulting variance

reduction.

All genetic analyses were performed with the ProbABEL softwarg Plst-analysis
procedures included the generation of quantile-quantile (Q-Q) and Manhatgrplot
threshold of P<5xIBwas set for prioritizing SNPs for further investigation. SNPs were
annotated using WGAViewer ver.1.261 (19) and Snipper ver. 1.2

(http://csg.sph.umich.edu/boehnke/snippemd regions were viewed using LocusZoom

ver.1.1 (20) and Haploview ver.4.2 (21). We used additional online resources of the National

Center for Biotechnology Information (NCBittp://www.ncbi.nlm.nih.goy/ Reporting of
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genes was based on thdUGO Gene Nomenclature” naming convention

(www.genenames.oyg

E. RESULTS

The descriptive characteristics of the Dental ARIC cohort participaritevéra included
in this analysis are presented in Table4.1. Participants had a mean agears6@ijk a
balanced sex distribution. Twelve percent were current smokers, and eleatt pattDM.
In terms of CDC/AAP periodontal diagnoses, these were severe—17%, moderate-rd3%, a
healthy—40%. In the main analyses we found no genome-wide significant iegocia
signals. Of the total 2178777 examined SNPs, 26 had a P€axitDthus were prioritized
for further investigation (Figures 4.1-3). Lambda variance inflation facbothé three traits
were low, and ranged between 1.003 for attachment loss to 1.024 for severe CP (Figures
4.10-12). The prioritized SNPs marked three loci as associated with moderate (6p21.1,
19p13.3 and 10p15), three with severe CP (14.21, 7pl5, and 3p21), and four loci with the

continuous trait of attachment loss (6q15, 11924, 11922, and 7q34).

A comprehensive annotation of the prioritized SNPs, as well as correspondiag allel
frequencies by trait is presented in Table 4.2. Visualizations of the cand#sgdoci, along
with nearby genes and recombination rates are presented in Figure 4.4-9 anch&uigple
Figures 4.13-18. For severe CP, the strongest (with respect to P-valugtessotthe
14921 locus was produced by rs12883458, intronitibd The minor C allele showed a 4%
enrichment among severe CP patients, and was associated with an OR=1.89, P=k5x10
the 7p15 locus, the common allele of rs2521634 (47Kb fé&) produced an OR=1.47,

P=1.6x1C". Similarly, the common G allele of rs11925054 in the 3p21 locus, adjacent to
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WNT5AandERC2produced the strongest signal in the region, showing 4% enrichment
among severe CP patients. With regard to moderate CP, the SNP with the lvalest iA
6p21.1 was rs7762544 (OR=1.41; P=1.I%1This variant is 61Kb fronlNCR2,and its
minor (risk) allele showed 5% enrichment among moderate CP patientsrednpaealthy
participants. Rs3826782 which is intronicEMR1and 30Kb fromVAV1provided the

strongest signal in that locus with OR=2.00 and P=4.8x10

With regard to attachment loss, several SNPs in LD with the top SNP rs17792917
(177Kb fromTBX18 P=1.8x1() were found in the 6q15 locus. Individuals with 2 copies of
the rare (risk) T allele had more than 10% higher mean extent of attachm&@el@ss vs.
20.2%) compared to those with CC genotype. The 11924 locus where rs10790919
(P=1.9x1) provided the strongest signal was in an intergenic region (67 1KbETsi
and 787Kb fronKIRREL3. Rs7120142 provided the lowest P-value in the 11922 locus
(P=3.9x1), and was located 67Kb froBYNC2H1and 360Kb fronPDGFD. Carriers of 2
risk allele copies (rare allele T) had a substantially higher mean extattachment loss
(25.0) compared to those with no risk allele copy (20.4). The 7934 locus is a gene-rich area,
where rs10500130 emerged as the top SNP (P=4%xafth the common C allele being the
one associated with higher extent of attachment loss score. Rs10500130 was 3Kb from
TTC26and 21Kb fromZC3HAV1 Rs1537415 which was the “top hit” in a GWA of AgP

(11) did not show an important association (P=0.5) with the any of our examined traits.
F. DISCUSSION

This manuscript presents results of the first genome-wide exploratiaci@slsociated

with the risk of CP. The study is limited by the sample size for a GWA, of about 4,000
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subjects and the absence of a replication sample. The study strengths inehlideedined
cohort with a detailed phenotypical characterization of CP, using full mouth periodontal
examinations and the latest commonly accepted taxonomy of CP. The CDC/AAP
classification has been used in epidemiologic studies and surveillance. Offerdvather
colleagues (22) introduced a refined CP classification characterizinisteese’s biological
(versus clinical-only) phenotype that may be more useful when exploring gedfetis ef a
trait with underlying heterogeneity. Nonetheless, the results of the pregestigation
provide a wealth of new information on potential candidate genes and mechanist@aypathw
analyses that will require further exploration, replication and validation in fetudges. In
general, it can be anticipated that interrogations of the genetic etimi&fy will identify
markers associated with defense molecules and pathways, as is thetltasenerous

candidate-gene approaches (10).

Several promising loci and candidate genes were identified in the presesisanaly
NIN is a gene known to encode a protein that plays a role in centrosomal microtubule
organization and anchoring, which have recently been recognized as elements adglthe T
cytolytic response (23). Interestingly, a recent candidate-gene stu@igdy and colleagues
reported two of the “top hits” for severe CP in 14921 of the present study (rs12893300 and
rs1004832) as associated with breast cancer riskNBAjis a gene encoding a neuropeptide
that is widely expressed in the central nervous system and has been suggestéidncafinc
an anxiolytic peptide that helps explain inter-individual variation in traitety and
resiliency to stress (25); a common risk factor for many diseases, mgiG&. Moreover,
experimental evidence supports a role of WNT5A in the activation of MMP-2 and the

regulation of inflammatory cytokine genes of macrophages KBBIR2is the gene in the
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region with strongest signal for moderate CP. It appears to have an importamtate
normal and pathological innate immune responses, and is selectively expressed by
Interleukin 2-activated natural killer cells (2EMR1, VAVIandCELF2have also been
implicated in immune functions such as eosinophilic inflammation, T-cell and B-cel

development and activation (28).

With regard to the “extent” of disease trait, apart from two genes aeeadijto the
locus 6g15TBX18at 177kb andlAA1009at 300Kb), the top SNP is 1Kb upstream of the
novel processed transcript RP1-90L14.1-001. Other promising loci and potential candidate
genes includ®DGFDin 11g22,TTC26andZC3HAV1at 7g34. Wagsater and colleagues
(29) reported tha®DGFsplay important roles in atherosclerosis by stimulating matrix
metalloproteinase (MMP) activity and influencing monocyte migrad@B8HAVlencodes a
zinc finger protein that is thought to prevent infection by retroviruses, possiblydayiyli

interacting with viral RNA (30)

The lack of an overlap of identified loci for the three examined traits is not soigpris
and in fact verifies the rationale of examining these three phenotypes sgpaiatierate
and severe CP are considered largely distinct entities and include in tleelefiagions a
reversible clinical marker (probing depth), while “extent” attachmentisogascumulative and
non-reversible marker of periodontal destruction. From a statistical standpeifdack of
overlap is not surprising because small stochastic variations can haverpaog on the
tails of the test statistic distribution. However, because these traigssshammon
pathogenetic underpinning, and in our analyses we used the same controls for both contrasts,
some overlap in GWA signals should be anticipated. Explorations at lower P-value

thresholds may reveal more “good signals” and common risk loci. As an example, in our
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exploratory smoking and diabetes-adjusted analyses 4g21.3 emerged as a commcunsrisk |

for severe CP and attachment loss and may be a reflection of this overlap &-i§).

It must be acknowledged that although GWAS have provided invaluable new
information on the genetic basis for many disease and health outcomes, a large component of
the disease variation remains to-date unexplained (31). The inability of GWA®tb \ckry
small effect sizes and interrogate rare polymorphisms, gene x genetioterand
epigenetics are additional layers of unaddressed complexity. In our sthdyghl no SNP
reached the level of genome-wide statistical significance, sdeeralere nominally
associated with substantial effect sizes and, if replicated, may offersprgravenues for

further investigation and mechanistic studies.

Further investigations providing replication of these findings and additional
examination of specific associations may lead to an improved understanding of the

pathogenesis of the disease, as well as novel preventive and therapeutic approaches.
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G. TABLES

Table 4.1 Distribution in the total sample and bivariate associations of periodontal disgnosi
(CDC/AAP disease classification) and periodontal attachment loss (egtept percent of
sites with>3mm attachment loss) with sex, smoking and diabetic status among the white
participants of the Dental ARIC study (n=4610).

Attachment loss

CDC/AAP Periodontitis classification (=3mm)
Total Health-mild  Moderate Severe Extent score
mean(SD);
(n, column %) (n, row %)  (n, row %) (n, row %) mediarf
Sex*
Females 2415 (52) 1197 (50) 939 (39) 279 (12) 6 183.2); 10
Males 2195 (48) 667 (30) 1022 (47) 506 (23) 283.2); 19
Smoking status®
Never smoker 2104 (47) 1055 (50) 817 (39) 232 (11) 15.0 (15.3); 10
Former smoker 1876 (42) 633 (34) 870 (46) 373 (20) 24.1 (22.5); 17
Current smoker 526 (12) 147 (28) 221 (42) 158 (30) 33.7 (27.7); 25
Diabetic status™*
Healthy 4077 (89) 1704 (42) 1704 (42) 669 (16) .64@0.9); 14
Diabetes mellitus 527 (11) 158 (30) 254 (48) 12%) 25.4 (23.9); 18

1: Third molars were included in the calculatiorttté extent of attachment loss trait

2: Rounded to the closest integer

3: Chi-square test of equivalence between strataradghentitis P<0.05

4: Median test of stratum-specific attachment kestimates P<0.05

5: Kruskal-Wallis test of stratum-specific attachnhioss or covariate estimates P<0.05
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Table 4.2. Genome-wide association analysis results of the CDC/AAP chramaclpatitis (CP) classification
traits (severe CP vs. healthy and moderate CP vs. healthy) and exterdiohettbloss trait (EAL-proportion

of sites exhibiting attachment los8mm), among the white participants of the Dental ARIC study (n=4610).
Single nucleotide polymorphisms (SNPs) with minor allele frequency @MApMap Il CEU) o5% and
associated P<5xT0The SNP with the lowest P-value per locus is presented; additivoatized SNPs in
each locus are presented in the footnote, along with corresporfdfbgsRed on 1000 genomes pilot 1 release)
with the top SNPs.

Risk allele Risk allele
frequency frequency
Position (HapMap Closest gene(s) and P value disease/ Odds ratio
Chr. SNP Build36 cd nc& II-CEU) position or distance  (beta) healthy (95% CP)
Severe CP
7
14g2f 112883458 50349129 C T  [C]0.104  NIN (Intronic) 3('8214(; 0.13/0.09 1.89 (1.48, 2.41)
1.6x10°
7p18 rs2521634 24344565 A G  [G]0.754  NPY(47Kb) 0.39) 0.80/0.74 1.47 (1.25, 1.73)
s WNT5SA(109KbY  6.5x10
3p2f rs11925054 55365926 G T [G10865 “cpchiisikh) 0.53) 0.90/0.86 1.69 (1.37, 2.10)
Moderate CP
7
6p21.1  rs7762544 41487293 A G  [G]0.184  NCR2(61Kb) 1('3X314(; 0.21/0.16 1.41 (1.24, 1.60)
EMR1(Intronic); 4.0x10°
19p13.8  rs3826782 6838736 A G IAI0.070 {0 30kb) 0.69) 0.05/0.04 2.00 (1.48, 2.70)
7
10p15  rs12260727 10378335 A G  [CG]0.846 CELF2(709Kb) 6('8113(; 0.89/0.85 1.54 (1.30, 1.82)
Mean EAL® (95% CI°) by genotype
(number of risk allele copies)
Extent of attachment losg3mm) 0 copy 1 copy 2 copies
. TBX18(177Kb) 1.8x10° 20.2 22.4 22.7
6q18%  rs17792017 85323684  C T [T10242 || A1009(330Kb)  (1.92)  (19.4,21.0) (213 23.4) (200, 25.4)
) ETS1(671Kb) 1.9x10° 17.1 19.9 22.0
11g24°  r1s10790919 127162281 A G [AI0T788 | DREL3(787Kb)  (2.04) (145 195) (189,209) (21.2, 22.8)
s DYNC2H1(67Kb);,  3.9x10° 20.4 22.0 25.0
11g22°  r1s7120142 102922001 C T [MO0197 onGEp(360kb)  (1.98) (197,21.2) (209,23.1) (213, 28.7)
. 6
7934 rs10500130 138466453 A C  [c]o.sgsy _ ' 1C26(3Kb) 4.6x10 18.8 19.0 21.6

ZC3HAV1(21Kb) (2.56)  (12.6,25.0) (17.7,20.4) (20.9, 22.3)

1:coded allele

2: non-coded allele

: confidence limits

: Additional SNPs in locus with P<5xf0rs1004832 (B=1.00), rs8009874 (R0.84), rs12893300 (R0.49)
: Additional SNP in locus with P<5x0rs11771124 (&1.00)

: Additional SNP in locus with P<5xF0rs503022 (R=0.52)

: Additional SNPs in locus with P<5x$0rs9357360 (B=0.89), rs1853406 (0.89), rs1535582 (R0.33)

: Additional SNP in locus with P<5xP0rs12610529 (R=0.79)

: Assuming a log-additive linear genetic model

10: CL, confidence limits

11: Additional SNPs in locus with P<5x$0rs9791329 (B=0.58), rs11756650 (R0.96), rs7741380 (R0.60), rs4510639 (0.67)
12: Additional SNPs in locus with P<5x$0rs6590279 (R=0.87), rs10893747 (R0.87)

13: Additional SNP in locus with P<5xf0rs4440990 (B=1.00)

OCoO~NOO O hw
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H. FIGURES

Figure 4.1 Manhattan plot of the genome-wide association analysis results for severe chroni

periodontitis among the 4610 white dental ARIC participants.
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Figure 4.2Manhattan plot of the genome-wide association analysis results for moderate

chronic periodontitis among the 4610 white dental ARIC participants.
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Figure 4.3Manhattan plot of the genome-wide association analysis results for extent of

attachment loss (proportion of sites exhibitt!Bmm attachment loss) among the 4610 white

dental ARIC patrticipants.
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Figure 4.4 Visualization of the 14921 locus that was marked by rs12883458 (P=3)5x10
severe chronic periodontitis among the 4610 white participants of the Dental Atbersis

in Communities Study cohort. The vertical axis corresponds to each marlsextsasesd —
log10 P-value. The overlaid recombination rate plot and the color-coded pairwise linkage
disequilibrium values with index SNPs were calculated based on HapMap |l —HDElar{

genome 18, build 36).
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Figure 4.5Visualization of the 19p13.3 locus that was marked by rs3826782 (P=#)0x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort. The vertical axis correspondshtmaeker’s
associated —log10 P-value. The overlaid recombination rate plot and the color-codestpa

linkage disequilibrium values with index SNPs were calculated based on HapM&g&WU

(human genome 18, build 36).
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Figure 4.6 Visualization of the 6p21.1 locus that was marked by rs7762544 (P=T)1fat0
severe chronic periodontitis among the 4610 white participants of the Dental Atbersis

in Communities Study cohort. The vertical axis corresponds to each marlsexctsasesd —
log10 P-value. The overlaid recombination rate plot and the color-coded pairwise linkage

disequilibrium values with index SNPs were calculated based on HapMap Il —HDElar{

genome 18, build 36).
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Figure 4.7 Visualization of the 7p15 locus that was marked by rs2521634 (P=126ct0
severe chronic periodontitis among the 4610 white participants of the Dental Atbersis

in Communities Study cohort. The vertical axis corresponds to each marlsexcsasesd —
log10 P-value. The overlaid recombination rate plot and the color-coded pairwise linkage
disequilibrium values with index SNPs were calculated based on HapMap |l —-HDEladr{

genome 18, build 36).
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Figure 4.8Visualization of the 6q15 locus that was marked by rs17792917 (P=L)8iki0
extent of attachment loss (CAL,; sites exhibiting CAZ.mm) among the 4610 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatet
plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure 4.9Visualization of the 7934 locus that was marked by rs10500130 (P=Z)6ii0
extent of attachment loss (CAL,; sites exhibiting CA2.mm) among the 4610 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatet
plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).
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J. MANUSCRIPT #1 - SUPPLEMENTAL MATERIAL
SUPPLEMENTAL MATERIALS AND METHODS
Genotyping and imputation

In the study population, DNA was extracted from blood samples drawn from an
antecubital vein into tubes containing serum separator gel. Blood samples Wgredana
central ARIC laboratory in Houston, TX. Genotyping was performed with thaisrix
Genome-Wide Human SNP Array 6.0 chip. The platform offers 906,600 markers for SNPs.
The rigorous quality control procedures included initial blind duplicate genotyping and
identification/flagging of SNPs with kappa<0.95 and reconciliation of unintentionalkcdtgpli
samples (17 duplicates and one triplicate). Imputation to 2.5million markers wasTpesf
using 669,450 SNPs and MACH v1.0.16 (http://www.sph.umich.edu/csg/abecasis/MaCH/
index.html), based on HapMap Phase Il CEU build 36. The SNPs used for imputation were
selected from 839,048 autosomal SNPs restricted to those with minor allelenineque
(MAF)>0.01 (129,543 excluded), Hardy-Weinberg equilibrium (HWE) P>X12,432
excluded) and call rate >95% (1,693 excluded). We used the following SNP exclusion
criteria for further analyses: quality score <0.8 and missing d&& 18096 after imputation,

and MAF of <5%.
Population stratification

To obtain estimates of relatedness and population stratification a subset of 85,947
“high quality” SNPs was selected. These SNPs met the followingiaréerong self-
reported whites: MAB0.1, call rate >99.5%, HWE>R0?3, autosomal, with annotation in
the platform annotation file, not labeled “AFFX” or “chromosome 07, and not monomorphic.
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Using these SNPs identity-by-state (IBS) allele sharing distdd8T values) were
computed using PLINK, as such: DST = IBS distance {iB8.5*IBS;) / (n SNP pairs).
First degree relative status was assigned to pairs of individuals with@&and second
degree relatives were considered those with O<I83T< 0.8. Among the white ARIC
participants there were 380 pairs of first degree and 207 pairs of second degjressre
identified. To minimize exclusions, related pairs were broken by iteratieetiom of
individuals with most relatives using a custom program.

Population stratification was further evaluated with principal component (PC)
analysis using the EIGENSTRAT method (1). The above chosen set of SNPs aves use
the computation of ten principal components. Genetic outliers were considered those that
were further than 8 standard deviations (SD) away from any of ten PCsmovenseof PC
computation. Based on DST and PC criteria there were 716 subjects flagged foralrem
from the analysis (206 as genetic outliers based on PCs and 16 based on averageedST valu
(“too little IBS sharing” with the rest of the sample), 351 first degrkedives and 143
second degree relatives. All but ten second degree relatives (whose relateexcluded
as genetic outliers) were re-entered in the dataset and were asstmedter exclusion of
364 individuals (4%) there were 9349 whites who were included in the GWA analysis and of

those, 4610 had periodontal phenotype data available as Dental ARIC patrticipants.

SUPPLEMENTAL RESUTS

Adjusted genetic models
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Adjustment for smoking and diabetic status resulted in small (<10%) and preddyninant
upwards changes in odds ratios of the prioritized SNPs for the two diseasiEcalamn traits
(Supplemental Table S2). Noteworthy, the effect estimate of rs7762544 assodiated w
moderate CP increased by 6% for a genome-wide significant adjusted 42R2=3.8x16).
Larger and exclusively downwards changes in effect size estimvate noted for the
prioritized SNPs in the domain of attachment loss. These estimate atieauatiged from
11% for rs10500130 to 23% for rs7120142. Four additional loci emerged below the B<5x10
threshold in the adjusted analyses, one of those common for severe CP and extent of
attachment loss: moderate CP—[rs11615037, OR=1384Rx10° in a region between
CPM (98Kb) andCPSF6(178Kb)]; severe CP—(rs10493998, OR:1.6§1;:|2.2x106, 90Kb
from COL11A) extent of CP—(rs8006336,ac],%1.4x106 adjacent tacRPS2%ndPPIL5).
Rs17006135, was intronic 8CD5 approximately 3Kb from the exon boundary, marking
the 4921.3 locus, and was associated with both severe CP (OR;,@-}@P_ARlos) and

increased extent of attachment I05§,j€8.2x107).

87



K. SUPPLEMENTAL TABLES

Table 4.3Clinical case definitions of Periodontitis proposed by the CDC working group
for use in population-based surveillance of Periodoh(i#s

Clinical Definition

Clinical Attachment
Level Probing Depth

Disease Category (CAL) (PD)

>2 interproximal site's >1 interproximal site

[ iti ) n .
Severe periodontitis with CAL > 6mm and with PD>5mm
Moderate >2 interproximal site’s or >2 interproximal site's
periodontitis with CAL >4mm with PD>5mm
No or mild Neither “moderate” nor
periodontitis “severe” periodontitis

1: third molars are excluded

2: not on the same tooth
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Table 4.2 Changes in estimate of top SNPs for the three chronic periodogiitissaiter adjustment for smoking (never, former,
current) and diabetic status (binary) among the white participathe &fental ARIC study.

RAF Change in
Disease/ estimaté
Trait Chr. SNP Healthy Crude estimates Adjustesstimates (percent)
OR/bet&(95% CL) P value OR/bét§95% CL) P value
Mggﬁr:?te vs. 6p21.1  rs7762544  0.21/0.16 1.41 (1.24, 1.60) 1.1x10 1.44 (1.26, 1.63) 3.8x10 +6%
19p13.3  rs3826782 0.05/0.04 2.00 (1.48, 2.70) 1bx 2.09 (1.54, 2.84) 1.4x10 +7%
10p15  rs12260727  0.15/0.11 1.54 (1.30, 1.82) &0x1 1.51 (1.27, 1.79) 3.0x10 -4%
ﬁg‘;‘ftfy"s' 14g21  rs12883458  0.13/0.09 1.89 (1.48, 2.41) 33x10 1.88 (1.46, 2.43) 1.1x10 -0.3%
7p15 12521634 0.80/0.74 1.47 (1.25, 1.73) 1.8x10 1.43 (1.21, 1.69) 2.6x10 7%
3p21 rs11925054  0.90/0.86 1.69 (1.37, 2.10) 6.3x10 1.78 (1.42, 2.23) 2.6x10 +10%
Extent of 6q15  rs17792917 1.92 (113, 2.71) 1.8%10 1.61 (0.84, 2.38) 4.1xT0 -16%
attachment loss
11g24 rs10790919 2.04 (1.20, 2.88) 1.9%10 1.78 (0.96, 2.59) 1.9x10 -13%
11022 rs7120142 1.98 (1.14, 2.83) 3.9%10 1.54 (0.71, 2.36) 2.5x10 -23%
7934 rs10500130 2.56 (1.47, 3.66) 4.6%10 2.28 (1.21, 3.34) 2.8x10 -11%

1: Risk allele frequency

2: Adjusted for smoking (three-level categoricalenn0: never, 1: former, 2: current smoker) andetia status (dichotomous variable where 0: headtity 1:

diabetic)

3: Calculated as follows: change-in-estimate= {@Qgsd - [Petauad) / [betaqd] *100

4: OR (odds ratios) are presented for the two pipariodontitis classification traits and beta dioc&nts for the continuous trait of attachmentslos

5: Confidence limits



96

Table 4.5Distribution of genotype (based on number of mialktele copies of SNPs with P<5xi)0by phenotypic classification (three diseasedrait
and mean “extent” of disease) among the Dental Apd€icipants.

Moderate chronic

Severe chronic

Mean extent of attachment loss

Healthy (%) periodontitis (%) periodontitis (%) (=3mm) and (95% confidence limits)
Minor allele copies (n) 0%) 1(%) 2(%)  0@%) (B) 2©) 0% 1(%) 2 (%) 0 (%) 1(%) 2 (%)
Chr. SNP
6p21.1  rs7762544 696 279 25 623 339 3 681 293 26 20'291%?1' 21'252%"4' 22'246%;3'6'
19p13.3  rs3826782 930 69 0.1 902 96 03 917 83 00 21'211%'4' 22'254f$$'3' 162';(19)'1'
10p15  rs12260737 724 255 2.1 783 206 11 763 220 17 21'252%?'8' 20'201%)8'7' 17'211%)2'6’
14g21  rs12883458 826 171 03 802 189 0.9 748 236 1|7 20'271%"0' 22;54%1'2' 25'362%)9'1'
7p15  rs2521634 541 392 6.8 554 388 5.8 638 324 38 21552%"8' 20'281%)9'8' 18'261%)6'2'
3p21  rs11925084 740 240 2.0 745 238 17 8.0 180 1[0 21'27291)1'0' 19530%)8'4' 16'280%)3'2’
6015  rs177920FF 619 330 5.1 569 37.6 55 536 391 7.3 20'221%;9'4' 22;3%1'3' 22'275&21)0'0’
1124  rs107909f9 602 354 4.4 630 330 3.9 687 288 25 22'202%)1'2' 19'290%)8'9' 17'119%;"8'
1122 rs712014% 667 305 2.8 616 343 4.1 629 333 38 20;'1%)9'7' 22'203%0'9' 2558%1'3'
7934 rs105001d0 790 197 1.3 816 175 0.9 829 159 1.2 18'285%)2'6' 19'200%7 7 21'262%)0'9’

1: Associated P<5x10for moderate CP

2: Associated P<5x10for severe CP
3: Associated P<5x10for extent of attachment loss

4: The minor allele is the ‘risk allele’ for thercesponding trait



Table 4.6 Reported genes’ symbols [HUGO Gene Nomenclature Committee (HGN@yadpr
symbols], names and chromosomic locations.

Gene symbol Gene name Location
NCR2 Natural cytotoxicity triggering receptor 2 6p21.1
EMR1 Egf-like module containing, mucin-like, hormone receptor-like 1 19p13.3
VAV1 Vav 1 guanine nucleotide exchange factor 19p13.2
CELF2 CUGBP, Elav-like family member 2 10p13

NIN Ninein (GSK3B interacting protein) 14921-q22
NPY Neuropeptide Y 7p15.3
WNT5A  Wingless-type MMTYV integration site family, member 5A 3p21-pl4
ERC2 ELKS/RAB6-interacting/CAST family member 2 3p14.3
TBX18 T-box 18 6914.1-915
KIAA1009 KIAA1009 14.3
ETS1 V-ets erythroblastosis virus E26 oncogene homolog 1 (avian) 11923.3
KIRREL3 Kin of IRRE like 3 (Drosophila) 11924
DYNC2H1 Dynein, cytoplasmic 2, heavy chain 1 11921-g22.1
PDGFD Platelet derived growth factor D 11922.3
TTC26 Tetratricopeptide repeat domain 26 7934
ZC3HAV1 Zinc finger CCCH-type, antiviral 1 70934
CPM* Carboxypeptidase M 12915
CPSF6*  Cleavage and polyadenylation specific factor 6, 68kDa 12915
COL11A1* Collagen, type XI, alpha 1 1p21
RNPC3*  RNA-binding region (RNP1, RRM) containing 3 1p21.1
SCD5* Stearoyl-CoA desaturase 5 4¢21.3
SEC31A* SEC31 homolog A (S. cerevisiae) 4921
RPS29*  Ribosomal protein S29 14921.3
LRR1* Leucine rich repeat protein 1 (PPIL5) 14921.3

*Genes adjacent to loci that emerged in adjusted analyses.
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Table 4.7 Reported SNPs address according to the 1000 genomes (1000G)
convention and proxy SNPs%#0.8 where available) based on 1000G pilot 1
release. All SNPs were imputed based on HapMap Il CEU with the exception of
rs2521634 with was directly genotyped on the Affymetrix 6.0 platform.

dbSNP 1000G Proxy SNPs%.8)
(s7762544 6:41379315 (51853406, rs9357360
(s3826782 19:6887736 (s12610529
(s12260727 10:10338329 (s12258450, 157919833
(s12883458 14:51279379 rs1004832
(s2521634 7:24378040 rSl”gigié%lo%“Bm%’
(511925054 3:55390886 rs503622
(s17792917 6:85266965 (s16874800
rs10790919 11:127657071 ($6590279
(s7120142 11:103417781 rs4440990
rs10500130 7:138815913 (s1267390512056143

1: R°=0.40; 2: B=0.46: 3: B=0.43
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Table 4.¢ Reported SNPs as expression quantitative loci (eQTLs) and their association
with gene expression (lymphoblastoid cell line-based expression) in populations of

European descent with P<1th the Scan database (http://www.scandb.org).

dbSNP Gene symbol Gene name Locus P-value
rs3826782 GPR113 G protein-coupled 2p23.3 2x16
receptor 113
rs11925054 TMEMS5 ”ansmemgra”e Protein 154142 3x10
solute carrier family 20
SLC20A2 (phosphate transporter), 8p12-p11 8x10
member 2
Rab9 effector protein
RABEPK with kelch motifs 9933.3 9x10
rs17792917 ULK4 unc-51-like kinase 4 3p22.1 1xi0
dual specificity i
DUSP4 phosphatase 4 8p12-pll 1x19
CLCF1 cardiotrophin-like 11q13.3 3x16
cytokine factor 1
CLYBL citrate lyase beta like 1332 2x10
TSC22D1 TSC22 domain family, 13q14 916
member 1
trafficking protein,
TRAK1 inesin binding 1 3p22.1 1x1d
DNMBP dynamin binding 10024.2 3x16
protein
tumor necrosis factor
TNFRSF19 receptor superfamily, 13912.11-q12.3 1x10
member 19
TBC1DS TBC1 domain family, 514 5 5x10
member 8
MNX1 motor neuron and 7436 316
pancreas homeobox 1
SLCA3A2 solute carrier family 43, 17p13.3 810
member 2
GOLGASA golgin A8 family, 15q11.2 7x10
member A
GOLGASB golgin A8 family, 1514 7x16
member B
PLCL2 phospholipase C-like 2 3p24.3 510
rs11615037 CENTAL/ADAPL  ATTGAP with dual PH 7p22.3 1x1d

domains 1
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L. SUPPLEMENTAL FIGURES

Figure 4.10Quantile-quantile plot of genome-wide association analysis results oésever

chronic periodontitis among the 4610 white Dental ARIC participants.
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Figure 4.11Quantile-quantile plot of genome-wide association analysis results of rtedera

chronic periodontitis among the 4610 white Dental ARIC participants.
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Figure 4.12Quantile-quantile plot of genome-wide association analysis results oftdreg ex
of attachment loss trait (proportion of sites exhibiti3gmm attachment loss) among the

4610 white Dental ARIC participants.
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Figure 4.13Visualization of the 3p21 locus that was marked by rs11925054 (P=6)5x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort. The vertical axis correspondshto ea
marker’s associated —log10 P-value. The overlaid recombination rate plot andthe col
coded pairwise linkage disequilibrium values with index SNPs were calculated ba

HapMap Il — CEU (human genome 18, build 36).
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Figure 4.14Visualization of the 4921.3 locus that was marked by rs17006135
(P=1.8x10° and P=4.4x18after adjustment for smoking and diabetic status) for severe
chronic periodontitis among the 4610 white participants of the Dental Atherosglerosi
Communities Study cohort. The vertical axis corresponds to each marlsertsadesd —

log10 P-value. The overlaid recombination rate plot and the color-coded pairwise linkage
disequilibrium values with index SNPs were calculated based on HapMap Il - CEU

(human genome 18, build 36).
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Figure 4.15Visualization of the 1p21.1 locus that was marked by rs10493998
(P=9.2x1¢ and P=2.2x18after adjustment for smoking and diabetic status) for severe
chronic periodontitis among the 4610 white participants of the Dental Atherosclarosis
Communities Study cohort. The vertical axis corresponds to each marlsertsadesd —

log10 P-value. The overlaid recombination rate plot and the color-coded pairwise linkage
disequilibrium values with index SNPs were calculated based on HapMap Il - CEU

(human genome 18, build 36).
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Figure 4.16Visualization of the 10p15 locus that was marked by rs12260727
(P=6.0x10) for moderate chronic periodontitis among the 4610 white participants of the
Dental Atherosclerosis in Communities Study cohort. The vertical axisspannds to

each marker’s associated —log10 P-value. The overlaid recombination rate pleg and t
color-coded pairwise linkage disequilibrium values with index SNPs wenelatzd

based on HapMap Il — CEU (human genome 18, build 36).
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Figure 4.17Visualization of the 12q15 locus that was marked by rs11615037
(P=2.6x10° and P=4.4x18after adjustment for smoking and diabetic status) for
moderate chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort. The vertical axis correspondshto ea
marker’s associated —log10 P-value. The overlaid recombination rate plot andbthe col
coded pairwise linkage disequilibrium values with index SNPs were calculated ba

HapMap Il — CEU (human genome 18, build 36).
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Figure 4.18Visualization of the 1122 locus that was marked by rs7120142 (P=3)9x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort. The vertical axis correspondshto ea
marker’s associated —log10 P-value. The overlaid recombination rate plot andthe col
coded pairwise linkage disequilibrium values with index SNPs were calculated ba

HapMap Il — CEU (human genome 18, build 36).
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Figure 4.19Venn diagram representing genes adjacent to identified SNPs for the three
chronic periodontitis traits. Genes with asterisk are associated withtBatRsnerged

below the P<5x18 threshold in genetic models adjusted for smoking and diabetic status.
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B. MANUSCRIPT #2 SUMMARY

Periodontitis is characterized by an oral biofilm pathological shift thatibatgs to
cascade of events leading to periodontal destruction. Host factors modulakhistenent
of a dysbiotic oral microbiome, but to-date limited evidence exists witdrdeg associated
genetic risk loci. We conducted a genome-wide association analysis (@Wokg 1020
white participants enrolled in the Atherosclerosis in Communities Study ¢édrorthom
guantification of eight periodontal pathogens was performed using a “checkerbdahd”
hybridization technique. We examined three traits: “high red” and “high cr@agéeerial
complex, and “high’Aggregatibacter actinomycetemcomitans (8alpnization, with “high”
being defined as the top quintile of each trait distribution. Genotyping was pedasing
the Affymetrix 6.0 platform. Imputation to 2.5million markers was based on HapMap I
CEU and a multiple-test correction was applied (threshold of P&5x¥e detected no
genome-wide significant signals. However, thirteen loci includiGiNK1, FBXO38,
UHRF2, IL33, RUNX2, TRPS1, CAMTAAdVAMP3provided suggestive evidence
(P<5x10°%) of association with the measured traits. Further investigations providing
replication of these findings and examination of specific associationseahyo an
improved understanding of the complex nature of host-biofilm and -bacteria iitiesatiat

characterizes states of health and disease.
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C. INTRODUCTION

Despite advances in the science and practice of dentistry, periodonta¢sliseasnue to

affect adult populations worldwide. The understanding of the pathogenesis of CP has evolved
through advances in biology, biochemistry, microbiology, immunology and geneticg. Stud

of the composition and complexity of the oral ecology has recently re-emergddas of
research, with investigations of the oral microbiome gaining increasedattéht To date,

over 450 species have been identified in the human microbiome, and its diversityes grea
than initially theorized (2, 3). In fact, while harboring of periodontal pathogengusy

universal, only a small only proportion of individuals develop severe forms of CP.

It is a common ground that an oral ecosystem in harmonious symbiosis with its host
will likely be associated with health, whereas departure from this leaiambaracteristic of
disease (4). Specific bacterial species that are implicated in CP havieletEfied, and in
general are commensal and include gram-negative anaerobes. Teeategpeerity of the
host response, which is a determinant of periodontal tissue destruction, has been found to be
modulated by several local, systemic, and genetic factors. In thiste$@erole of smoking
and diabetes, as well as several single nucleotide polymorphisms (8NRs)une
response-related genes such as interleukin (IL)-1, have been shown to alter tbgponmste

and impact the phenotype and clinical course of periodontitis (4,5).

There is a large body of literature in candidate-gene studies investitiegiggnetics
of host inflammatory response, inflammatory mediators and cytokines (5). (@mé saaly
found a positive association between an IL-6 polymorphism and harboring of

Aggregatibacter actinomycetemcomitans (Awai, that report was based on a small sample of
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forty patients (6). No study to our knowledge has carried out a whole-genomegatiesti
for genetic markers of host colonization with periodontal bacteria. To this end, atditto a
the knowledge base of the genetic component of periodontitis, the aim of this stutty wa
investigate susceptibility loci for colonization with sub-gingival pathogperiodontal

bacteria using a GWA analysis approach.

D. MATERIALS AND METHODS

Detailed descriptions of the study population, genotyping and imputation, quality
control and population stratification procedures are included in the online Appendix fln brie
we conducted a GWA study among 1020 white participants of the Atherosclerosis Risk
Communities (ARIC) longitudinal cohort investigation (7). While ARIC is a study of
atherosclerosis, CVD risk factors and outcomes, a complete oral-dentahatt@amtook
place between 1996 and 1998 during the fourth ARIC visit. As part of the Dental ARIC,
apart from a complete clinical examination, sub-gingival microbial glagmples were
collected for a subset of participants (8).

The “checkerboard” DNA-DNA hybridization method (9) was used on plaque
samples to measure the extent of sub-gingival colonization with eight perioglath@agens:
Prevotella intermedigAmerican Type Culture Collection (ATCC) 2561 Qampylobacter
rectus(ATCC 33238) Fusobacterium nucleatu(ATCC 10953) andPrevotella nigriscens
(ATCC 33563) (belonging to the “orange” compleRirphyromonas gingivali(GATCC
33277) Tannerella forsythigATCC 43037) and reponema denticolATCC 35404) (“red”
complex); andAggregatibacter actinomycetemcomitgAS CC 43718) In that method,
bacterial levels are expressed as counts relative to established nigtiariards. Three

dichotomous traits of “high” colonization with “red” complex, “orange” compbnd
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Aggregatibacter actinomycetemcomitamsre considered for analytical purposes. The two
composite phenotypes were derived by the summation of bacterial count for eaeh speci
belonging to the “red” (n=3) and “orange” (n=4) group, as described above. Because
Porphyromonas gingivalis considered the major periodontal pathogen implicated in
periodontitis in adult populations, we explored for additional risk loci using its “high”
colonization phenotype defined as above, as a separate trait, in exploralgsgsatiat we
present in the Appendix. Various approaches in defining the bacterial colonizatidespr
have been previously used, including summations of the absolute microbial counts (10),
tertile-categorization (11), and five-level categorization of log104oamed counts (12).

For the present investigation, we defined a “high” colonization trait as the tope)(@0%6)

of each trait’s distribution. The rationale for the selection of this phenaypesed on the
fact that the “checkerboard” semi-quantitative method has a lower detdotshdld of

~10* and reduced precision in the lower end of the distribution, whereas a individuals with
“high” bacterial colonization profile may be those with reduced or impairedanoisat high

risk for periodontal tissue destruction.

Participants’ DNA was extracted from blood samples drawn from an antecubital ve
and genotyping was performed with the Affymetrix Genome-Wide Human SNP Array 6.0
chip. The platform offers 906,600 markers for SNPs. Following rigorous quality control
procedures, imputation to 2.5million markers was performed using 669,450 SNPs and
MACH v1.0.16 (http://www.sph.umich.edu/csg/abecasis/MaCH/index.html), based on
HapMap Phase Il CEU build 36. For analytical purposes, the dichotomous traitghof “hi
colonization” phenotypes were entered in three logistic regression modetsass

multiplicative (log-additive) allelic effects. The models included age, eseamination center
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and ten principal components from the population stratification analysis as tesafia
correction for multiple comparisons assuming 1 million independent tests wasdagopudi a
threshold of genome-wide statistical significance was set at P€5at0additional arbitrary
threshold of P<5xIBwas set to prioritize and investigate loci with suggestive evidence of
association. All GWA analyses were performed with the ProbABEL softu8je $NP
annotations were performed with WGAViewer ver.1.261 (14), Snipper ver.1.2
(http://csg.sph.umich.edu/boehnke/snipper/), and loci visualizations with LocusZodmi ve
(15) and Haploview ver.4.2 (16). Reporting of genes was based bRBO Gene

Nomenclature” naming convention (www.genenames.org).
E. RESULTS

The sample’s descriptive information is presented in Table 1. The participdnts ha
mean age of 63 years and approximately even gender distribution. “Highti&lacte
colonization profiles were found in all groups of periodontal diagnosis according to the CDC
classification; however, the prevalence of “high red” colonization cases wagmaor
double among participants with severe periodontitis compared to those with mild or no
disease. Similar, but less pronounced associations were noted for “orangedxcangfa.

The bacterial counts of “high colonization cases” were [median (interguanige); range)]
“red” complex bacteria—[64725 (108516); 21943-3894605), “orange” complex bacteria—
[304155 (483373); 111926-1.5x)0andAggregatibacter actinomycetemcomitadd 7309

(20034); 7520-410713].

Of the 2178777 examined SNPs, none had P<&xdowever, 53 had a P<5x%0

and thus were prioritized for further investigation. Lambda inflation factorthifee traits

110



were: “red’—1.040, “orange’—1.045 ath—1.032. The corresponding Q-Q plots are
presented in Figure S1 in the Supplemental Material. Upon inspection of thez@tbriti

SNPs, there were five loci that emerged for “red”, three loci for “orasge five loci forAa
colonization (Figure 1). Of those, one locus on 1942 was shared for the “red” complex and
Aa. Graphical representations of the genomic areas adjacent to six of these poesanted

in Figure 2.

The strongest signal with regard to “red” complex colonization (Table 4) wa
produced by rs11800854 in the 1942 locus [P=2.8x0OR=12.3 (95% CL=3.7, 41.3); MAF
in HapMap-CEU (MAF-CEU): 0.067] in the promoter region (30Kb upstrearKCNK1
and adjacent t&klAA1804 The common [G] allele showed 3% enrichment among “high
colonization cases” for both “red” complex af\d Another locus in chromosome 1p22 was
marked by rs12032672 (P=9.6x)0~500Kb upstream dfKN2 Rs10043775, in LD with
multiple markers in the 5933 locus, represents a missense changé&BX@88gene
(resulting in [ProP> [Arg] substitution, predicted as ‘benign’ by PolyPhen-2) and provided
the strongest signal in that locus (P=2.4%1@lso adjacent tBTR4 A high LD area in
9p24 including th&JHRF2, GLDC, TPD52L3andIL33 genes is marked by rs16924631
[intronic to UHRF2 P=3.2x10" OR=2.29 (95% CL=1.61, 3.24); MAF-CEU: 0.275], of
which the [C] risk allele showed almost 10% enrichment among “cases”. An ctranéant
(rs10010758) of the BC1D1gene, adjacent (24Kb) BT TG2provided the strongest signal
in the 4p14 locus [P=3.7xPOOR=1.91 (95% CL=1.25, 2.21)]. In the Appendix we present
results of the exploratory analysis fég “high” colonization, which revealed three loci with

P<5x10° includingOTOF, C20rf7Q CIB4, DAB2IP, TTLL11andAKNRD3.
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The common allele of rs1932040 showed 9% enrichment and provided the strongest
association signal with “high orange” bacterial colonization [P=1.3x0]R=2.47 (95%
CL=1.67, 3.65)], marking an intergenic area betwReMNX2andCLIC5 on the 6p21.1
locus. A low recombination area on 8g23, adjaceit3BS1(1.3Mb) andCSMD3(672KDb)
is marked by multiple alleles, of which rs9942773 provided the strongest signal (P=%).9x10
and 10% enrichment among “cases”. A variant introni€AMTAL[rs1616122; P=4.9x19

OR=1.85 (95% CL=1.41, 2.42)] marks the 1p36.2 locus.

The 1942 locus that was identified for “red” bacteria also provided the third strongest
association signal foka [rs11800854; P=4.0x10 OR=8.12 (95% CL=2.73, 24.11)]. The
common [T] allele of rs11621969 was also nominally associated withAggblonization
(P=9.4x10) and was adjacent £0SandJPD2in 14g24. The rare [G] allele of rs1970525
was more than twice as prevalent among “cases” (0.118 versus 0.054 among “nYn-cases
provided the strongest signal in the 10923 locus [P=3:8x2&=2.89 (95% CL=1.85, 4.52);
MAF-CEU: 0.045)] , and represents a nonsense-mediated decay transcript mahant i
GRID1gene. Rs9287989 is adjacenkid®\A1715(30Kb) andEVX2(227Kb) and marks the
2031 locus (P=4.4x1Y). An intronic variant o©ODZ2 (rs6885116) provided the strongest
signal in the locus 5035 [P=1.4x100R=2.57 (95% CL=1.76, 3.74); MAF-CEU: 0.084],
showing 9% enrichment among “cases”. Rs1800795, that was found to be significantly
associated witia colonization in the recent study of Nibali and colleagues (6) did not show

any important association in this GWA scan [P=0.34, OR=1.12 (95% CL=0.88, 1.43)].
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F. DISCUSSION

This study is the first report of a genome-wide association analysisigatexj risk loci for
colonization with pathogenic periodontal bacteria. Although limited by the samaplethis
investigation explores a novel phenotype and benefits from a comprehensive guantitat
phenotypical characterization. Upon replication or validation, these findingstiav
potential to unveil pathways and mechanisms that direct the host’s symbibsisealihy
microflora that if altered may predispose for states of diseasect/rséveral of the risk loci
identified in this study may offer promising leads for further exploration azhanistic

studies.

The 1942 locus and rs11800854, which emerged as a common risk marker for both “red”
complex andAa colonization is in the promoter regionlOENKZ, a gene that encodes a
potassium channel protein and has been linked to cardiac outcomes (17). The prioritized
SNPs at the 9p24 locus marked an area with low recombination rate that includes the
UHRF2 TPD52L3andIL33 geneslL33, as other members of the interleukin family, has
important roles in immunity and inflammation and has been suggested to function as an
“alarmin”, alerting the immune system to endogenous trauma such as pky&salor

infection (18).

RUNX2 a gene in the 6p21.1 locus that emerged due to the association of rs1932040 with
“orange” complex colonization encodes a transcription factor that is es$entiateoblastic
differentiation and skeletal morphogenesis. Mutations in this gene have beentad soitea
the cleidocranial disorder syndrome, which has multiple and severe oral nagiuifess(19).

Experimental evidence shows tliRANX2is involved in the inhibition of MMP-13
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expression, which appears to be involved in periodontitis, as well as osteoblastic and
osteoclastic activity (20). Another locus that was identified as assbevite “orange”

colonization was 1p36.2 with the “top” SNP rs1616122 being intronic t€AMTAlgene.
CAMTALlhas been reported as a candidate gene for type Il diabetes riskARMB3is

adjacent (310Kb upstream) to the marked locus and may also be plausible genes;asdidat

it has been shown to regulate podosome organization in macrophages, and thus mediate their

adhesion, spreading and migration (22).

With regard to association results wih “high” colonization, the strongest signal was
produced by the 14924 locus, where B@SandJDP2genes are locateBOSwas recently
reported as part of a novel mechanism of RANKL expression in T cells (23), whjch ma
constitute an important link with immune response$;@Slevels have been shown to
increase by lippopolysaccharide infusiarvivo (24).JDP2 (85Kb downstream of the top
SNP of the 14924 locus) is a transcription factor that has been associated with the
maintenance of Epstein-Barr virus latency (25), which has been implicatesl in t
pathogenesis of chronic periodontitis via inhibition of oral bacteria-induced macrophage

activation and phagocytosis (26).

Socransky (27) and other investigators have described how organisms Bggch as
Tannerella forsythiaTreponema denticoJaa and other species found in dental plaque,
organize themselves in complex communities collectively called “biofimd, interact with
each other and with the host to result in different states of health and diseaseth@/hil
presence of a highly organized biofilm appears a unique feature of dental plaque-induced
diseases including caries and periodontitis, several other chronic conditions such a

tuberculosis, rheumatic fever, syphilis, gastrointestinal ulcers and Lynaseliskare a
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bacterial colonization etiologic component (28). Consequently, an increased amdiesDf
the genetic underpinning of interactions between the host and exogenous or symbiosing
bacterial communities has the potential to advance the state of knowledge in peigpdonti

but also other chronic inflammatory diseases (29).

The findings of the present investigation, if replicated, have the potential to add to the
knowledge base of oral microbiome, host-biofilm, host-bacteria interactions, and more. We
acknowledge that the study of periodontal pathogen colonization phenotypes is rare and thi
limits the replication options of our findings. However, the consideration of specific
microbial factors as a distinct exposure in investigations of periodontal, orafsiethe
health is consistent with the paradigm of “periodontal medicine” and may provide novel
insight in the oral-systemic diseases connection. Although the prevention ancktrieaf
periodontitis is an obvious goal, the links of CP with of other systemic conditions and the
“common theme” of pathogenic ecological shift in other diseases, provide oppestton

even greater impact.
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G. TABLES

Table 5.1 Distribution of subjects’ demographic characteristics and bacterial “high
colonization” (defined as the top quintile of the distribution) profile (with “Red”, Qi
complex, andAggregatibacter actinomycetemcomitposerall, and stratified by periodontal
diagnosis (CDC/AAP classification) among the Dental ARIC study maatits (n=1020)

Total Healthy/mild Moderate Severe
n (column
n (column %) (%) n (column %) n (column %)
n (row %) 1020 (100) 416 (41) 415 (41) 189 (19)
Sex
Females 478 (47) 246 (59) 178 (43) 54 (29)
Males 542 (53) 170 (41) 237 (57) 135 (71)
Age (years; mean, standard
deviation) 63.2 (5.7) 62.3 (5.5) 63.6 (5.7) 64.0 (5.9)
“High” bacterial
colonization (n, % of
column)
“Red” complex 203 (20) 58 (14) 84 (20) 61 (32)
“Orange” complex 201 (20) 73 (18) 72 (17) 56 (30)
A. actinomycetemcomitans 204 (20) 75 (18) 81 (20) 48 (25)
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Table 5.2Genome-wide association analysis results of thh bolonization traits (highest quintile of thetdlsution versus
the other four; quantified with DNA-DNA “checkerbmi hybridization) for “Red”, “Orange” complex amdggregatibacter
actinomycetemcomitans, among the white participahtie Dental ARIC study (n=1020). Single nucldeti
polymorphisms (SNPs) with minor allele frequencyXMHapMap Il CEU) 0£5% and associated P<5x10rhe SNP with
the lowest P-value per locus is presented; additiprioritized SNPs in each locus are presenteldrfootnote, along with
corresponding R(based on 1000 genomes pilot 1 release) withdSNPs.

MAF Risk allele
Position (HapMap  Closest gene(s) and  frequency low/ Odds ratio

Chr. SNP Build36 cd nca& 1I-CEU) position or distance high colonization P value (95% CL)

“Red” complex

1942 rs11800854 231786607 A G [A] 0.068 KCNK1 (30Kb) [G] 0.947/0.978 2.8x10 12.3(3.7,41.3)

1p22  rs12032672 88398224 A C [C]0.350 PKN2(524Kb) [C]0.332/0.446  9.6xT0  1.99 (1.50, 2.62)
FBXO38(missense

5033  rs10043775 147785313 C T [C] 0.274 change) [T]0.703/0.791  2.4x1®  2.06 (1.51, 2.83)
/HTR4(19Kb)
UHRF2 (non-coding

9p24 1516924631 6476308 C G [C]0.142  transcriptvariant)  [C] 0.122/0.219  3.2x1®  2.29 (1.61, 3.24)
/GLDC (46kb)
TBC1DXintron

4pla rs10010758 37614913 C T [C]0.275 variant)/PTTG2 [C]0.291/0.384  3.7x1®  1.91 (1.45, 2.51)

(24KbYy
“Orange” complex

CLIC5 (169Kb)/ "

6p21.1 rs1932040 45804766 A G [A] 0.142 RUNX2(178Kb) [G] 0.808/0.896 1.3x10 2.47 (1.67, 3.65)
CSMD3(672Kb)/

8q23 rs9942773 115190203 A C [C] 0.283 TRPS(1.3Mb) [A] 0.703/0.803 1.9x18 2.07 (1.51, 2.82)
CAMTA1L(intron

1p36.2 rs1616122 7444172 C T [C]0.482 variant)VAMP3 [T] 0.506/0.624 4.9x10 1.85 (1.41, 2.42)

(310Kb)
“Aggregatibacter actinomycetemcomitans
1424  rs11621969 74883781 C T [C]0.167 FOS(?gsKlfg;JDPZ [1]0.789/0.885  9.4x10  2.46 (1.68, 3.62)

GRID1(NMD*
transcript variant)
/MI346/ WAPAL

(560Kb)

KCNKZ1 (30Kb)/
KIAA1804(199Kb)

KIAAL1715(73Kb)/
2g31 rs9287989 176425987 C T [T]10.433 EVX2(227Kb)/ [C]10.484/0.605  4.4x1®  1.80 (1.39, 2.33)
EXTLPZ23(10Kb)
ODZ2 (intron
5035 rs6885116 167576123 A G [G] 0.084 variant)/WWC1 [G] 0.078/0.169  1.4x1b  2.57 (1.76,3.74)
(76Kb)

10g23  rs1970528 87624904 C G  [G]0.045 [G] 0.054/0.118  3.8x1®  2.89 (1.85, 4.52)

1042  rs11800854 231786607 A G  [A]0.067 [G] 0.947/0.978  4.0x1D  8.12 (2.73, 24.11)

1: coded allele

2: non-coded allele

3: Additional SNPs in locus with P<5xf0rs6682365 (R=1.00)

4: Additional SNP in locus with P<5xf0rs10068216 (R=1.00), rs10072051 fR1.00), rs17108251 fR1.00), rs10044061 (R1.00), rs4349707
(R?=1.00), rs10477376 @R1.00), rs9325095 (R1.00), rs10041283 R1.00), rs9325097 (R0.87), rs3734120 AR1.00), rs4574533 (R0.87),
rs4274967 (R=1.00), rs4274968 (R1.00), rs6884076 (R1.00), rs9325098 (R1.00)

5: Additional SNP in locus with P<5xf0rs11795355 (R=1.00), rs7876000 (1.00), rs10975603 {R0.93), rs16924626 (R0.93), rs16924624
(R?=1.00), rs10975605 @R0.93), rs10115883 (R0.93), rs10122116 (R0.93)

6: T>C — Ser>Pro, 35b from the exon boundary

7: R=0.29 with rs6811863 which is a missense chan@¥ihG2 G>C — [ArgP>[Pro]

8: Additional SNPs in locus with P<5x$0rs12525547(R=0.93), rs9349326(R0.93), rs16873698(R0.93)

9: Additional SNP in locus with P<5xf0rs10089040 (R=1.00), rs9942776 (R1.00), rs10086149 fR1.00), rs7845243 (R0.87), rs10105817
(R?=1.00), rs7006291 1.00), rs11779159 (R1.00), rs11783996 (R1.00), rs10098056 (R1.00), rs7018200 (R0.92)

10: Additional SNPs in locus with P<5x§0rs4325261 (R=1.00)

11: Additional SNP in locus with P<5xf0rs6682365 (R=1.00)

12: nonsense-mediated decay

13: EXTLP2is a pseudogene
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H. FIGURES
Figure 5.1 Manhattan plot of the GWAS results (-log10 P-values of the ~2.5 million
examined SNPs arranged by chromosome) for “high red” complex bactdoaization

among the 1020 white participants of the Dental ARIC Study cohort.
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Figure 5.2Manhattan plot of the GWAS results (-log10 P-values of the ~2.5 million
examined SNPs arranged by chromosome) for “high orange” complexi@laodérnization

among the 1020 white participants of the Dental ARIC Study cohort.
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Figure 5.3Manhattan plot of the GWAS results (-log10 P-values of the ~2.5 million
examined SNPs arranged by chromosome) for “higgigregatibacter

actinomycetemcomitarmcterial colonization among the 1020 white participants of the

Dental ARIC Study cohort.
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Figure 5.4 Visualization of the 1p22 locus that was marked by rs12032672 (P=9)6x10
for “high red” complex bacterial colonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatet
plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure 5.5 Visualization of the 5933 locus that was marked by rs10043775 (P=2)ix10
for “high red” complex bacterial colonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatet
plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure 5.6 Visualization of the 9p24 locus that was marked by rs16924631 (P=3x10
for “high red” complex bacterial colonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatet
plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure 5.7 Visualization of the 4p14 locus that was marked by rs10010758 (P=3)7x10
for “high red” complex bacterial colonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatet
plot and the color-coded pairwise linkage disequilibrium values with index SHiRs w

calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure 5.8Visualization of the 1p36.2 locus that was marked by rs1616122 (P=#)9x10
for “high orange” complex bacterial colonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatet
plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure 5.9Visualization of the 1942 locus that was marked by rs11800854 (P=£)0x10
for “high” Aggregatibacter actinomycetemcomitaidonization among the subset of
1020 white participants of the Dental Atherosclerosis in Communities Stinyt. The
vertical axis corresponds to each marker’s associated —log10 P-value. Tihglove
recombination rate plot and the color-coded pairwise linkage disequilibrium valies wi

index SNPs were calculated based on HapMap Il — CEU (human genome 18, build 36).
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J. MANUSCRIPT #2- SUPPLEMENTAL MATERIAL

SUPPLEMENTAL MATERIALS AND METHODS

Study population

The study sample consisted of participants of the Dental ARIC, an anstilaty of
the Atherosclerosis Risk In Communities (ARIC) longitudinal cohort investigét). ARIC
is a study of atherosclerosis, CVD risk factors and outcomes. The Denta) aiR&ncillary
study was undertaken between 1996 and 1998 during the ARIC visit 4. For the purposes of
Dental ARIC a complete oral-dental examination was performed among 69@6tsubj
whereas collection of gingival crevicular fluid and sub-gingival miaobiaque samples
was undertaken for a subset of participants (2). Specifically, of the 6979 B&xi@l
participants, 1450 had microbial plaque samples collected (2-4). For the purposes of the
present GWA study, we considered white subjects who had provided microbial plague
samples (n=1236) and were successfully matched with genotype data (n=10200naddi
information that was collected as part of ARIC visit 4 and was used for datatpteseand
analysis included the following variables: sex, age, CP diagnosis [Centelisdas®
Control (CDC) and American Academy of Periodontology (AAP) three-levedititzion:
health/mild, moderate, and severe disease] (5), smoking status (never, farneat),cand

DM (healthy or DM).

Genotyping and imputation

In the study population, DNA was extracted from blood samples drawn from an
antecubital vein into tubes containing serum separator gel. Blood samples vigredcana
central ARIC laboratory in Houston, TX. Genotyping was performed with thaisrix
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Genome-Wide Human SNP Array 6.0 chip. The platform offers 906600 markers for SNPs.
The rigorous quality control procedures included initial blind duplicate genotyping and
identification/flagging of SNPs with kappa<0.95 and reconciliation of unintentionalkcdtgpli
samples (17 duplicates and one triplicate). Imputation to 2.5 million markers waispeet f
using 669450 SNPs and MACH v1.0.16 (http://www.sph.umich.edu/csg/abecasis/MaCH/
index.html), based on HapMap Phase Il CEU build 36. The selected SNPs were selected
from 839048 autosomal SNPs restricted to those with minor allele frequency)¥PLAE
(129543 excluded), Hardy-Weinberg equilibrium (HWE) P2{02432 excluded) and call

rate >95% (1693 excluded). After imputation, SNPs with a quality score <0.8 and missing
data rate >10% were identified and flagged for removal, while only thoseM®E of >5%

were considered for analytical purposes.
Population stratification

To obtain estimates of relatedness and population stratification a subset of 85,947
“high quality” SNPs was selected. These SNPs met the followingiaréerong self-
reported whites: MAB0.1, call rate >99.5%, HWE>R0?3, autosomal, with annotation in
the platform annotation file, not labeled “AFFX” or “chromosome 07, and not monomorphic.
Using these SNPs identity-by-state (IBS) allele sharing distb8T values) were
computed using PLINK, as such: DST = IBS distance {iB8.5*IBS;) / (n SNP pairs).
First degree relative status was assigned to pairs of individuals with@&and second
degree relatives were considered those with O<I83T< 0.8. Among the Caucasian ARIC
participants there were 380 pairs of first degree and 207 pairs of second diajres re
identified. To minimize exclusions, related pairs were broken by iteratieetiom of

individuals with most relatives using a custom program.
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Population stratification was further evaluated with principal component (PC)
analysis using the EIGENSTRAT program (6). The above chosen set of SNPs was used f
the computation of ten principal components. Genetic outliers were considered those that
were further than 8 standard deviations (SD) away from any of ten PCs ovanseaf PC
computation. Based on DST and PC criteria there were 716 subjects flagged fooralrem
from the analysis (206 as genetic outliers based on PCs and 16 based on averageedST valu
(“too little IBS sharing” with the rest of the sample), 351 first degriztives and 143
second degree relatives. All but ten second degree relatives (whose relateexcluded
as genetic outliers) were re-entered in the dataset and were assig&dter exclusion of
364 individuals (4%) there were 9349 Caucasians who were included in the GWA analysis
and of those, 1020 had periodontal microbiological data available as Dental ARIC

participants.
SUPPLEMENTAL RESULTS REGARDING PORPHYROMONAS GINGIVALIS

We detected no genome-wide significant association signals with regagdhagh”
colonization. However, six SNPs marking three loci emerged below the P&&x#8hold
and were prioritized for further investigation. Of those, rs10760187 in 9933.2 provided the
lowest P-value [P=4.5x10 OR=2.07 (95% CL=1.55, 2.76)], with the ‘risk’ [C] allele
(HapMap Il CEU MAF [T]: 0.514) showing 12% enrichment among subjects with “high”
colonization. This SNP is in an intergenic area betviz&B2IP (18Kb) andTTLL11(18Kb)
and in LD with several variants intronic to both genes. Rs1011108 [P=2;02R:1.79
(95% CL=1.40, 2.27); MAF-CEU: [T] 0.374] is in a gene-dense locus at 2p23.3, 1Kb from
OTOF, 3Kb fromC20rf70and 18Kb fronTCIB4. In fact, the second prioritized SNP in this

locus (rs1275992) is intronic ©IB4 andin linkage disequilibrium (B=0.58, D'0.94) with
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rs13002673 which represents a missense char@20mf70resulting to a [GInP[His]
substitution, predicted as ‘benign’ by PolyPhen-2. The third locus that wasatesdaath

Pg “high” colonization was marked by rs1360573 at 10p11.21 [P=15xQR=2.75 (95%
CL=1.78, 4.26)]. The common “risk” allele [A] showed a 10% enrichment, and the closest

gene iSANKRD30A(529Kb).
SUPPLEMENTAL DISCUSSION REGARDING PORPHYROMONAS GINGIVALIS

The examination dPg colonization as a distinct trait is supported by the major role that this
pathogen has in chronic periodontitis (7, 8). These exploratory analysis results, above and
beyond those reported for “red” complex bacteria, can be considered as ablditiahdate
regions that may be implicated in increased colonizationRgtand thus, higher risk for

chronic periodontitis.

With regard to genes in the 2p23.3 lod0#B4 (KIP4) is known as calcium and
integrin binding family member 4. Mutations in t&d OF (otoferlin) gene have been
associated with non-syndromic types of deafness (9). No information is avaitetble role
of C20rf7Q Interestingly, the 9933.3 locus that was marked by rs107601@% GWAS
was also identified as associated with abdominal aortic aneurysm in a Ndfthrepean
GWAS (10). This genomic area has also been reported to harbor important susgeptibilit
variants associated with cleft lip/palate (11). One candidate gene in the 9983,3 loc
DAB2IP, is also known as DAB2-interacting proteinAdP1. This gene is member of a
family of regulators of extracellular stimuli that serve to maintagnhfomeostasis of cellular
functions (12) and has been shown to be inactivated by methylation in prostate and breast

cancer (13)TTLL11, another candidate gene in this locus, encodes a member of a large
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family of proteins involved in the catalytic ligation of amino acids to tubulins or othe
substrates (14). Finally, the closest gene to the top SNP in the 21922.3 locus was
ANKRD30A or ankyrin repeat domain-containing protein 30A. Reports have linked this gene
and its protein (NY-BR-1) as a differentiation marker of the mammary glandhasds a
potential diagnostic and immunotherapeutic aid for breast carcinomas (15, 16naén.c
Moreover, a recent study found an association of a 3’'UTR SMRKERD30Awith the

human serum metabolic profile (17).
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K. SUPPLEMENTAL TABLE

Table 5.3Porphyromonas gingivalithigh” colonization (quantified with DNA “checkedard” hybridization)

GWA results among the white participants of the 2EARIC study (n=1020). Single nucleotide polyntaigms
(SNPs) with minor allele frequency (MAF-HapMap IEQ) of >5% and P<5x16. The SNP with the lowest P-
value per locus is presented; additional prioritized SNPs in eachdoeysesented in the footnote, along
with corresponding R(based on 1000 genomes pilot 1 release) with the top SNPs.

Risk allele
Risk allele frequency
frequency Closest gene(s) low/
Position (HapMap  and position or high Odds ratio
Chr. SNP Build36 cd ncd 1I-CEU) distance colonization P value  (95% CL%)
OTOF (1Kb);
2p23.3 rs1011108 26636125 c T [T]10.374 C20rf70(3Kb);  0.341/0.485  2.0x1®  1.79 (1.40, 2.27)
CIB4 (21Kb)
DAB2IP (18Kb);
9033.2 rs10760187 123605641 C T [C]0.514 TTLL11(18Kb) 0.498/0.618 45x10  2.07 (1.55, 2.76)
ANKRD30A(529
10p11.21 rs1360573 36925927 A G [A] 0.759Kb); FZD8 (956  0.752/0.853 1.5x1D  2.75(1.78, 4.26)
Kb)

1: coded allele

2: non-coded allele

3: Confidence limits

4: Additional SNP in locus with P<5xf0rs1275992 (R=0.33), intronic taCIB4 and in linkage disequilibrium fR0.58, D'0.94) with
rs13002673 which represents a missense char@@0nf70resulting to a [GInP [His] substitution

5: Additional SNPs in locus with P<5xf0rs7849478 (R=0.63), rs10985387 (R0.67)
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Table 5.2 Reported SNPs as expression quantitative loci (eQTLs) and their association
with gene expression (lymphoblastoid cell line-based expression) in populations of

European descent with P<1th the Scan database (http://www.scandb.org).
Gene P-
dbSNP symbol Gene nhame Locus value
KIAA0515 L . .
rs10043775 (PRRC2B) proline-rich coiled-coil 2B 9g34.13 6x%0
CCDC57 coiled-coil domain containing 57 17g25.3 5x10
rs1932040 MRPL15 mitochondrial ribosomal protein L15 8%1113'2' 9x10°
EAF1 ELL associated factor 1 3p25.1 3%10
TAF5-like RNA polymerase Il, p300/CBP- 1042 11
TAF5L associated factor (PCAF)-associated factor, gac. 8x10°
-q42.3
65kDa
rs16924631 MED15 mediator complex subunit 15 22g11.2 * 10
proteasome (prosome, macropain) subunit9g34.11 5
PSMBY7 beta type, 7 -q34.12 2x10
MVD mevalonate (diphospho) decarboxylase 16qg24.3 * 10
MANZ2A2 mannosidase, alpha, class 2A, member 2 15025 “9x10
DNMBP dynamin binding protein 10q124.3 6x10°
PQLC1 PQ loop repeat containing 1 18g23 410
PRKCE protein kinase C, epsilon 2p21  3R%10
NIMA (never in mitosis gene a)-related 9933.3- 5
NEK® kinase 6 g34.11 2x10
phosphatidylinositol-3,4,5-trisphosphate- 20q13.1 4
PREX1 dependent Rac exchange factor 1 3 10
rs1011108 TMEM2 transmembrane protein 2 9g21.13 3x10
LRRK1 leucine-rich repeat kinase 1 15026.3 10
AAGALT alpha 1,4-galactosyltransferase 22g13.2 “ 10
MTTP microsomal triglyceride transfer protein 4924  5%10
MYO6 myosin VI 6q14.1 2x1®
ASPH aspartate beta-hydroxylase 8q12.1 6x10
CNKSR3 CNKSR family member 3 6g25.2 910
F13A1 coagulation factor XIII, Al polypeptide 6%22%2' 4x10°
RASSEG Ras association (RalGDS/AF-6) domain 4211 5x16
family member 6
L00016090129 hypothetical protein LOC100129069 11g24.2 10
HNF4G hepatocyte nuclear factor 4, gamma 832221 i 10*
MLSTD1 fatty acyl CoA reductase 2 2p11.23 ™0
cell adhesion molecule with homology to
CHL1 L1CAM (close homolog of L1) 3p26  6x10
PIP3-E interaction protein for cytohesin exchange 6g25.2 ° 10
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HNF1B
SERPINB1

ESAM
IL17RB
CCDC64

C140rf105
Clorfl61l

MMAA

C10o0rf137
ZNF503
ZNF44
CXorf21
PIR
MGC13057

SERPINB9

CCDC4
(BEND4)

SYNE2

BHLHB5
LRRK1

GTF3C6

PLA1A

WDR91
LIN7A
MAGEF1

factors 1

HNF1 homeobox B 1712  3x10
serpin peptida_se inhibitor, clade B 6p25  7x10
(ovalbumin), member 1
ribosomal protein L6 pseudogene 25 12q121.3 10*
interleukin 17 receptor B 3p21.1 40
coiled-coil domain containing 64 12q324.2 10*
chromosome 14 open reading frame 105 14q22.2 °2x10
mab-21-like 3 1p13.1  2x10
methylmalonic aciduria (cobalamin 49311  5x16

deficiency) cblA type
mosome 10 open reading frame 137
zinc finger protein 503

10g26.2 “6x10
10022.3 5x10

zinc finger protein 44 19p13.2 40
chromosome X open reading frame 21 Xp21.3 Bx10
pirin (iron-binding nuclear protein) Xp22.31 2x10
chromosome 2 open reading frame 88 2032.2 “4x10

serpin peptidase inhibitor, clade B
(ovalbumin), member 9 6p25  2x10
BEN domain containing 4 4p13  3x10

spectrin repeat containing, nuclear envelopelﬁlqzz'l 8x10°

-q22.3
basic helix-loop-helix family, member e22 8q12.1 ™10
leucine-rich repeat kinase 1 15026.3 4%10
general transcription factor l1IC, polypeptide
6, alpha 35kDa 6921 7x10
phospholipase A1 member A 32%223 2x10°
WD repeat domain 91 7033  6%10
lin-7 homolog A 12g21  9x16
melanoma antigen family F, 1 3gq13 10
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SUPPLEMENTAL FIGURES

Figure 5.10Quantile-quantile plot of genome-wide association analysis results of rékj

complex bacterial colonization, among the 1020 Dental ARIC participants.
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Figure 5.11Quantile-quantile plot of genome-wide association analysis results of “hig

orange” complex bacterial colonization, among the 1020 Dental ARIC participants.
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Figure 5.12Quantile-quantile plot of genome-wide association analysis results of “hig
Aggregatibacter actinomycetemcomitaidonization, among the 1020 Dental ARIC

participants.
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Figure 5.13Visualization of the 2p23.3 locus that was marked by rs1011108 (P=2)0x10
for “high” Porphyromonas gingivalisolonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatat
plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure 5.14Visualization of the 9933.2 locus that was marked by rs10760187 (P=4)5x10
for “high” Porphyromonas gingivalisolonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatat

plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).

Plotted SNPs Il 1 I0000E8 00000 (000 00 o e 0000 (00 QORI O 00O o | (|
NI |
10 rs10760187 100
0.8
0.6
04
8 0.2 — 80
A
(]
(o]
3
) L 2
S 6 i - 60 S
g o 2
é ® 0 =)
E e 2
o 4 - — 40 @
n & 5
=
% 5
2 -
FHQ_G'EI DAB2IP—> <TTLL11 ‘*NQL)‘MB
< MIR548D1 MOR'_IHVF:'
= [ HX6
[ I I [
123.4 1236 123.8 124

Position on chr9 (Mb)

143



Figure 5.15Visualization of the 10p11.21 locus that was marked by rs1360573 (P=£)5x10
for “high” Porphyromonas gingivalisolonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort. Thealaxis
corresponds to each marker’s associated —log10 P-value. The overlaid recombatat

plot and the color-coded pairwise linkage disequilibrium values with index SNs we

calculated based on HapMap Il — CEU (human genome 18, build 36).

Plotted SNP'S 1 /I8 )00 30N A0 T N 0 00 A0 0 A 000 O A OO
_ ? L
10 rs1360573 100

0.8

06

04

8 ] 0.2 N 80

o
1]
(]
(@]
. 3
3 6 — L ] — 60 g
g =
I (o]
& -1
> o
S 4 — 40 P
| [¢]
=
=
5

‘ ANKRD30A—>
D307
\ \ [ [ \ [ \ \

36.2 36.4 36.6 36.8 37 37.2 37.4 37.6
Position on chr10 (Mb)

144



SUPPLEMENTAL REFERENCES

. The ARIC investigators. The Atherosclerosis Risk in Communities (ABtGgy:
design and objectives. Am J Epidemiol 1989;129:687-702.

. Beck JD, Elter JR, Heiss G, Couper D, Mauriello SM, Offenbacher S. Relationship of
periodontal disease to carotid artery intima-media wall thickness: thestlezosis
risk in communities (ARIC) study. Arterioscler Thromb Vasc Biol 2001;21:1816-22.

. Elter JR, Offenbacher S, White RP, Beck JD. Third molars associated with
periodontal pathology in older Americans. J Oral Maxillofac Surg 2005;63:179-84.

. Offenbacher S, Barros SP, Singer RE, Moss K, Williams RC, Beck JD. Peribdonta
disease at the biofilm-gingival interface. J Periodontol 2007;78:1911-25.

. Page RC, Eke PI. Case definitions for use in population-based surveillance of
periodontitis. J Periodont@007;78:1387-99.

. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal
components analysis corrects for stratification in genome wide associatioesst
Nat Genet 2006;38:904-9.

. Mooney J, Adonogianaki E, Riggio MP, Takahashi K, Haerian A, Kinane DF. Initial
serum antibody titer to Porphyromonas gingivalis influences developmenitlaidynt
avidity and success of therapy for chronic periodontitis. Infect Immun 19388/88B:

6.

. van Winkelhoff AJ, Loos BG, van der Reijden WA, van der Velden U.
Porphyromonas gingivalis, Bacteroides forsythus and other putative periodontal
pathogens in subjects with and without periodontal destruction. J Clin Periodontol
2002;29:1023-8.

. Yasunaga S, Grati M, Cohen-Salmon M, et al. A mutation in OTOF, encoding
otoferlin, a FER-1-like protein, causes DFNB9, a nonsyndromic form of deafness.
Nat Genet 1999;21:363-9.

10. Gretarsdottir S, Baas AF, Thorleifsson G, et al. Genome-wide associaiiign st

identifies a sequence variant within the DAB2IP gene conferring suscigyptibil
abdominal aortic aneurysm. Nat Genet 2010;42:692-7.

11.Letra A, Menezes R, Govil M, et al. Follow-up association studies of chromosome

region 99 and nonsyndromic cleft lip/palate. Am J Med Genet A 2010;152A:1701-10.

12.lwashita S, Song SY. RasGAPs: a crucial regulator of extracellulaxlston

homeostasis of cellular functions. Mol Biosyst 2008;4:213-22.

145



13.Yano M, Toyooka S, Tsukuda K, et al. Aberrant promoter methylation of human
DAB?2 interactive protein (hDAB2IP) gene in lung cancers. Int J Cancer 2005;113:59-
66.

14.Janke C, Rogowski K, Wloga D, et al. Tubulin polyglutamylase enzymes are
members of the TTL domain protein family. Science 2005;308:1758-62.

15. Theurillat JP, Zurrer-Hardi U, Varga Z, et al. Distinct expression noattaf the
immunogenic differentiation antigen NY-BR-1 in normal breast, testis and their
malignant counterparts. Int J Cancer 2008;122:1585-91.

16.Jager D, Filonenko V, Gout I, et al. NY-BR-1 is a differentiation antigen of the
mammary gland. Appl Immunohistochem Mol Morphol 2007;15:77-83.

17. Gieger C, Geistlinger L, Altmaier E, et al. Genetics meets metabaoangenome-
wide association study of metabolite profiles in human serum. PLoS Genet
2008;4:e1000282.

146



CHAPTER 6
DISCUSSION AND CONCLUSIONS

A. Summary of findings

In our genome-wide analysis of chronic periodontitis (CP) in a weihelef
cohort of approximately 4600 white subjects we detected no genome-widecsaignifi
signals. However, we found suggestive evidence of association (PY5et TP
with markers at ten loci includingPY, NIN, andWNT5Afor severe CANCR2and
EMR1for moderate CP, aniBX18 ETS1 DYNC2H1 TTC26andZC3HAV1for the
“extent” of attachment loss (EAL) trait. Several of these loci inclaheliclate genes
that are related to immune function and regulation, as well as neurologicabfuncti
Noteworthy, four loci marked by rs3826782, rs11925054, rs17792917, rs11615037
have been identified as expression quantitative trait loci (eQTL) on lymptmblas
cell lines (LCL). Sensitivity analyses including smoking and diabetesstadj
genetic models did not show any material impact on these results. Hoimabhese
adjusted analyses five additional loci includBgD5, RPS2%PIL5, COL11A1
CPM andCPSF6emerged below the P<5x2@hreshold. The 4q21.5CD5 locus
was shared for severe CP and EAL, and the 6pRAICRQ locus reached genome-
wide significance for moderate CP (rs776234usted 3.8x10°). TheNPY (7p15)
locus was replicated for severe CP in an independent sample of whites of European

descent. We performed inverse-variance weighted meta-analysisgfeidbr that



revealed no evidence of effect heterogeneity between the two stedaed odds
ratios for these three loci were: 7pDR(Y, rs2521634)—0OR=1.49 (95% CI=1.28-
1.73), P=3.5x18; 19p13.3 EMR], rs3826782)—O0R=2.01 (95% CI=1.52-2.65),
P=8.2x10; 6p21.1 NCR2 rs7762544)—0R=1.40 (95% Cl=1.24-1.59), P=7.5%10
Our exploratory analyses of SNP interactions with sex, smoking and diabet#ediete
several interaction effects below an empirical Pxttieshold: 20 SNPs with sex, 17
with diabetic status, and 12 with the three-level smoking categorization (never,
former, current).

In the GWA scan in a subset of approximately 1000 subjects for which
periodontal microbiological data were available we detected associafithns
markers at thirteen loci includiftgCNK1, FBXO38 UHRF2, IL33, RUNX2 TRPS1
CAMTAlandVAMP3providing suggestive signals of association (P<5)1fth
“high” bacterial colonization with “red” complex, “orange” complex, and
Aggregatibacter actinomycetemcomitdAs). Exploratory analyses revealed three
additional loci includingd®TOF, C20rf7Q CIB4, DAB2IP, TTLL11andAKNRD3
associated witlfPorphyromonas gingivali@g) “high” colonization. Four of these
loci marked by rs10043775, rs1932040, rs16924631 and rs1011108 were identified to
be eQTLs on LCL. Two missense changes that were identified for “higié e
colonization traits (rs10043775, 5gFBX038gene [Prop[Arg] and rs13002673
(in LD with the prioritized rs1011108), 2p23@320rf70geneg[GlIn]>[His]) were
predicted to be ‘benign’.

These genome-wide scan results provide new information on multiple

candidate regions for interrogation in genetic studies of CP. Further inviesisyat
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providing replication of these findings and examination of specific associateyns m
lead to an improved understanding of the pathogenesis of CP as well as the complex
nature of host-biofilm and -bacteria interactions that characterizes sfehealth and

disease.

B. Strengths

1. Genome-wide association analysis approach
The opportunity that GWAS provide for investigators to examine the association

of currently more than a million DNA markers with a given phenotype without being
limited by prior knowledge, known pathways or mechanistic hypotheses imtagier
selection, is unique. It has been argued that most associations detected by GWAS
represent new discoveries. This “unbiased” or “agnostic” (1) approach in ergrttiei
genetic component of various phenotypes facilitates identification of novehld¢has,
potential insights into new pathways or mechanisms of biological processeseSéetpr
study is the first report of a GWA analysis of CP to-date, and provides suggest
evidence of association for several genomic loci that may be promising leaaisHer f

genetic investigations.

2. Phenotype characterization
The value and quality of the Dental ARIC clinical examinations protocol is
truly unique. It is known that clinical-periodontal examination data are aecamdt
reproducible when they are performed by trained and calibrated dental examamer

was the case with Dental ARIC study. Recent reports (2) stressatiatal estimates
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of CP prevalence may severely underestimate the true prevalence due ® diseas
misclassification in the NHANES Il and IV. The next NHANES adahtal
examinations will be performed for the first time following the “full-mouthsite
per tooth” protocol used in the Dental ARIC study. As outlined in the introduction,
numerous definitions and quantitative measures exist to capture the extent and
severity of periodontitis (3), with each been subject to varying degrees of bias
(measurement error, bias due to loss of severely affected teeth, andTherae$e of
the most widely accepted and consensus CDC/AAP classification of CP, in
combination with a clinical examinations protocol of highest standard is a major
strength of the proposed investigation. We considered a continuous and non-
reversible measure of periodontal destruction as an additional strength.

The investigation of microbiological colonization phenotypes in addition to
CP is offering additional insights into the factors facilitating or asmang the
cascade of pathological oral ecological shifts that are chasdicterf the disease.
The oral microbial load of Gram-negative and anaerobic periodontal pathoggns m
be an independent risk factor for, or modifier of several systemic conditions (4-7),
and its exploration adds value to this study. While periodontitis is a clinical
manifestation of exaggerated immune response to predominantly commensal oral
bacteria, investigating genetic factors associated with cokmizand proliferation

of these causative bacterial agents is a fundamental question.
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3. Covariates and sensitivity analysis

Because population stratification (“systematic” differences in aryces
between trait categories) can result in spurious GWA results, apprautjasgment
for population substructure was undertaken in all analyses, using 10 EIGENSTRAT-
derived principal components. Inspection of the quantile-quantile plots did not reveal
any “early departure” of the observed versus expected P-values. Additionally,
genomic inflation (lambda) factors for most analyses were generallyoklaw
1.030. Our analyses also benefitted from the detailed measurement and comsiderat
in sensitivity analyses of the well-documented risk factors or diseaslifiers,
smoking and diabetic status. Although no confounding is expected in the association
between SNPs and the examined traits, the consideration of smoking history in the
sensitivity analysis provides the opportunity to rule out the identificationlofats
for this risk factor, which has been shown to confer epigenetic changes (8, 9).
Moreover, the inclusion of the diabetic status as a covariate in the sensitalitgisn
is based on the fact that diabetes is associated with altered host response (D, 11) a
increased susceptibility to bacterial infections (12). A sensitive definiti diabetes
was used in the ARIC study, including fasting and non-fasting serum glesess, |

and pharmacological treatment for the disease.

C. Limitations
1. Phenotype characterization
As noted previously, the use of the CDC/AAP definition of CP represents the

most widely accepted standard for classifying the disease. While ogathiaita and
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case-definition used for CP are of the highest standards possible, the dssdfse it
entails some unique methodological challenges. Although periodontitis imadias

a disease at the “person- or oral cavity-level”, it is actuallyadtarized by multiple-
attacks on the periodontal attachment of individual teeth (13). As it progresses,
periodontitis leads to gradual periodontal tissue destruction, alveolar bone loss, and
eventually tooth loss. For example, in a cross-sectional study of periodontalrstatus
relation to age and tooth type it was found that incisor teeth were the most frgquentl
affected by advanced disease, whereas molar teeth were most frequesitlg 1(14).

In “periodontal maintenance” studies, it has similarly been found that mollaratee

the most frequently extracted due to periodontal reasons (15). This constitutes a form
of “censoring” of the most affected “diseased units”, the teeth. In this te§pgecan

be a self-limiting disease on a tooth-level. This is also the case on a-fmatenas
(considering the extreme scenario) an edentulous individual is not at risk topdeve
periodontitis. A consequence of this phenomenon is the observation that the
prevalence, as well as extent and severity of CP in epidemiologic strelidsely

biased downwards from tooth loss attributable to the disease. It has been egtogniz
that variation in the criteria and case definitions used for the classificatiCP has

been a source of inconsistencies in the dental literature (16). Also, as outlined in the
introduction, more quantitative measures exist to capture the extent andysaverit
periodontitis compared to “crude” classifications, such as the “extent” ohatéat

loss, which was employed in this study. It will be worthwhile for future ssuidie

consider juxtaposing the present investigation’s findings to additional séwpsiti
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analyses using extent scores (e3mnm CAL) as continuous variables for the GWA
analyses, while adjusting for tooth loss.

Another consideration is that periodontitis, when measured by clinical
measures of PD and (mainly) CAL, essentially represents the cweuigtory of
periodontal tissue destruction and not necessarily active disease or infection.
Capturing this cumulative impact on periodontal tissues may be beneficial when
considering longitudinal effects or progression patterns of periodontitisménabe
biologically admixed. While more biologically-relevant disease classibns have
been developed, our independent consideration of the association of host genetic
variants with the microbial biofilm composition represents an improvement over the
study of CP diagnoses alone. Despite being limited by small sample sZ&WAS
(approximately 1000 individuals with microbial level counts), we consider this
approach as the first exploration of loci associated with the composition of the oral
microbiome. However, we acknowledge that this discovery step is limited bgrthe
low power to detect modest effects. Similarly, our GWAS was underpowered to

detect interaction effects in this additional exploratory step.

2. Genome-wide analysis approach

Whole-genome sequencing for population-based studies is financially and
resource-prohibitive with today’s state of technology. For this purpose, imputation
methods for non-typed markers have been developed, and imputation has become a
standard step in GWA studies (17). Imputing does introduce some uncertainty in the non-

typed allele frequencies, but publicly available programs for GWA aesbisch as
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probABEL (18) allow the use of “dosage files” including imputed SNPs. As denser
mapping of the human genome is realized, opportunities to use a 1000 genomes-based
(19) imputation of the ARIC genotyped data (up to 10 million markers) will be an
important improvement to the current approach.

A frequent criticism of the GWAS concerns the current state of very c@tser
criteria of (genome-wide) statistical significance that aressary to reduce the false-
positive rate (1). The traditional Bonferroni correction is believed to be utrsecvative
due to the fact that SNPs are to some degree correlated, as the ~2.5 milli@atiassoci
tests performed in imputed datasets are not truly independent from each other. This
stringency may allow only for relatively strong associations to bew#sed, while much
“good signal” obtained by SNPs with modest or small effects goes withentiatt. This
is compounded by the fact that many common complex traits are thought to be edluenc
by a large numbers of low-penetrance, small effect variants. Parketetly suggested
that if these large numbers of low-penetrance variants is identified froitiesuttfy
powered GWAS, together they could explain 20% or more of the known heritability of
such traits (20). On the other hand, another concern with GWAS findings is reldted to t
“winner’s curse” (21) which becomes evident when identified loci are not being
replicated in external samples or are not reproduced in subsequent studies. For these
reasons, the interpretation of GWAS findings is now proposed to become subject to
different criteria (compared to “traditional” epidemiologic evidgrioceassess their
inferential potential. Based on these proposed “interim guidelines” (22), genatee-wi

evidence should be weighed in terms of amount of evidence, extent of replication and
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protection from bias and thus classified in a three-level categorizatgiroag, moderate
or weak evidence.

Moreover, it is becoming increasingly evident that the variation detected by
GWAS is only one dimension of the genetic basis of health and disease (23). For
instance, the role of copy number polymorphisms (24), rare alleles (25),iemBtaits
(26) and that of the non-coding regions (27, 28) in the human genome are thought to be
parts of the missing piece of the “missing heritability” (25). For exampéksbn and
colleagues suggested that “synthetic genome-wide associations” caediedl&om
combinations of rare variants (29). In a recent review, Panagiotou and colleagues
summarized the published evidence of genome-wide association for rare (<&E¥isvar
and found that there are still few genome-wide significant rare variants, butteagges
that a possible confluence of rare and common variants in the same loci is likely to be
depended on the different ancestry references used (30). Bansal and colleagues, i
recent review provided recommendations with regard to analytical approhahesuld
potentially aid in the discovery of “rare variant” effects (31).

Moreover, it is common ground that biological processes are best represented by
“cycles” and the action of biological messengers is understood on “pathwagséfdie,
it may be overly simplistic to consider independent effects of SNPs whenedbignized
that usually multi-molecular pathways, feedback loops and regulating meubars
functioning in tandem. For this reason, any opportunity to jointly evaluate the effect of
multiple “functionally relevant” SNPs is appealing and is becoming morebfeagith

advances in GWA methods (32, 33).
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Further, the study of epigenetic phenomena has opened a whole new chapter in
research of the pathogenesis and therapeutics, by a joint considerationtgpgend
environmental influences (34) that is not routinely considered in GWAS. Feinberg
recently suggested that the consideration of epigenomics, the genomstsialef
epigenetics in the function of our genomic make-up will likely be equally irapbotd
our understanding of the relation between function and organ anatomy in humans (35).
To place this in perspective of studies of CP, it has been shown that bacteria involved in

periodontal infection are capable of inducing such epigenetic DNA alteraBéhs (

3. Potential biases

As explained in detail in the two previous sections, the phenotype characterization
and limitations inherent to GWAS are two major potential sources of biasdgor thi
investigation. With regard to the CP phenotype, it is possible that the CDC
classification is not sensitive or quantitative enough to capture the entiteuspet
disease expression. For example, using the CDC trait may be an inappropriate
phenotype if one considers CP equally likely to develop due to a hyper-inflammatory
host reaction or an immune-compromised state. Most likely, there are wliffere
genetic influences for these two types of host-response profile. To addsess t
limitation, the consideration of biologically-refined classifications of G¢hsas the
BGI may be indicated.

Another phenotype-related source of bias is the definition of the “high”
bacterial colonization traits for our Specific Aim 2. It is known that the semi

guantitative method of DNA-DNA “checkerboard” hybridization has a lower count
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detection threshold of $@o 1¢". On the other hand, experts agree that CP risk is
“frankly elevated” at high count levels, in the range oftb01(. In our study we
arbitrarily defined “high colonization cases” those who were in the highestleguiht
the distribution for each bacterial trait. Using this approach we werecat#éin an
“adequate” proportion of 20% of subjects as cases, representing a “pgmati
approach that allowed an analytically feasible contrast- definingheigreshold
would result in fewer “high colonization cases” and perhaps reduced power to detect
GWA signals. Future studies should, however, explore the feasibility of differe
definitions of the “high colonization” traits. Moreover, although our summation of
different bacteria into the “red” and “orange” complex groups is basetl sol
biological and microbiological ground, it could still represent an over-simgtiifia,
because different micro-organisms possess different pathogenic and hostamteract
profiles. Therefore, it will be worthwhile for investigators to examine individua
pathogen colonization profiles using a GWA approach.

With regard to the GWAS methodology, in brief, apart from our modest
sample size for this type of investigation, there are three inhereasbkasst, it is
very likely that many “true association” signals are below the stirtheeshold set
for genome-wide significance or suggestive evidence of association. Second, due the
low power of the study, it is also likely that the identified associations are
overestimates of the true effect sizes of these loci. Third, our analysig/of
common variants restricts our inference to common-only polymorphisms and ignores

possibly rare (<5%) but large effect size SNPs. To address thees huage studies
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need to be conducted replicating our findings, investigate for novel ones, and explore
the role of rare variants.

Tooth loss due to CP is also another important source of bias. An example would
be a patient with severe CP that lost all his teeth and in this investigation was
classified as edentulous and was excluded from the dental ARIC analytigaé sar
another patient who had his “most severely” affected teeth extragtatdeks
before the clinical examination, and was subsequently diagnosed with maxterate
CP instead of severe CP. An analytical approach quantifying this source of bia
would include sensitivity analyses that either adjust the genetic modéb®foross,
or impute ‘likely CP diagnoses’ based on certain patterns of tooth loss that are found

among CP patients.

D. Potential impact and public health significance

1. Genetic discovery and applications
The significance of any new discovery in health research is measurad by it

clinical relevance, potential for prevention and public health context (37). The
unraveling of the genetic component of human traits and diseases has beeneathalleng
in terms of its potential for immediate public health benefits (38). The contaaryec
argued, for instance, for pharmaceutical research, were new drugsineganay
have immediate and dramatic global public health benefits (39). In this respect, the
central role of epidemiology as the “quarterback” of steering translatesearch
into application and public health practice has been increasingly emphasized (40).

Other authors stress the fact that still not enough attention or efforterasted in
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translating novel findings in a manner that can have meaningful impacts in public
health (41). The findings of this study have the potential to offer insights into the
pathogenesis of CP, providing possible therapeutic and preventive avenues, but also
benefit the study of other pathological conditions that have a host-microbiome
interaction or immunological underpinning.

Despite the accelerated rates of gene discovery for common complasedise
valid applications of GWAS findings in personalized health care are not yet evident
(42, 43). Influences by the emerging “personalized medicine” marketsuiggct
individuals to unnecessary costs or even health risks (44); in this regard, the
clinicians’ and investigators’ role in providing accurate and evidence-based
counseling about the potential and the limitations of genetic testing, islcritica
However, regardless of immediate translational potential, discovery efvgeiants
associated with health or disease can lead to the discovery of previously unknown
biological mechanisms and pathways. Intervening on the genetic makeup is not
applicable to-date; however, development of drugs that could interact on these
pathways is an important opportunity treatment and even prevention (vaccine

development) of disease.

2. Therapeutic avenues for periodontitis

Despite the great strides in our understanding of the biology of periodontitis
during the last decades, the therapeutic means available for CP have been long
unchanged. Efforts in the prevention of CP and periodontal diseases in general have a

strong behavioral component (45, 46), because meticulous oral hygiene, oraleself-car
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and dental attendance are the cornerstones of oral disease prevention. Periodontal
therapy however, is needed for individuals who develop the disease, so that the supra-
and sub-gingival microbial load can be reduced, the inflammatory response
controlled, and the patient can maintain a periodontal health status via preventive
efforts and a maintenance-recall protocol. Specifically, the mainteodiace
microbial colonization profile that is host-compatible has been proposed as a
“microbial treatment goal” for periodontal therapy (47)

The use of mechanical means for the microbial load reduction (conventional
or surgical periodontal therapy based on root scaling and planning) remains
unchallenged for the treatment of periodontitis (48), while adjunctive antibiotic
therapy is becoming more frequent in severe or refractory cases of patisqéat
50). The patterns of colonization by and proliferation of periodontal pathogens has
been suggested to have a genetic (host) component (51), and this question was indeed
interrogated in our study. Beyond that, the current stage of knowledge allows
clinicians and investigators to expect that response to periodontal treatmest var
greatly between individuals who harbor the same pathogenic microflora (52pacthe f
that non-uniform and often unsustainable results are to be expected by CP patients
after treatment is a frequent observation (53), which has invited the exploration of
individual susceptibility or treatment resistance biological markers.

In medicine, the microbiological component and etiology of disease is well-
established and common sense. In dentistry, in spite of advances in oral microbiology
and the increasing popularity of antimicrobial applications, the unexploredipbtent

is immense (49). This is supported by a substantial variation in quantitative and
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gualitative aspects of periodontal ecology between patients (54), and recergsindi
that link subgingival bacterial colonization profiles with gingival tissueegen
expression (55). The incorporation of oral microbiology applications for the
prevention and therapy of periodontitis, consistent with the “periodontal medicine”
model, is likely to increase in the future (56-58).

The introduction of antimicrobials (59-61) or anti-inflammatory drugs (61, 62)
has showed varying but generally promising results. These reports iritetate
combinations of conventional and pharmaceutical treatment regimes arddikely
produce the most predictable treatment outcomes in selected cases. However, it
would be optimal if individual characteristics of host response could be incorporated
in diagnosis and therapy to optimize treatment responses. For example cialsotifi
from the present GWA of susceptibility loci and potential functional geneticniaria
can be used to determine whether adjunctive antimicrobial or anti-inflanmat
therapy would be indicated for biological subtypes of periodontitis (63).

Improvements in prevention of periodontitis would have significant and multi-
level implications in the oral health and related quality of life of a sulsktant
proportion of the adult population, and may be more important as demographic
effects increase the life expectancy and mean age worldwide (64)nfrovaevef CP
will contribute to the reduction of edentulousness rates (65), which constitutes a
frequent form of functional and psychosocial impairment. Such advances in
prevention could indeed stem from a better understanding of the disease pathogenesis
progression, and treatment or from the development of new preventive strategies,

such as the envisioned vaccine against periodontitis (66). Moreover, it will reduce the
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disease-related somatic and psychological distress and co-morbiditresl] as the
financial and time loss impact to systems and individuals, due to its treatment or
sequelae. Additionally, prevention of periodontitis has substantial public health
implications when its links with systemic health are considered (48). Orne amaj
direct benefit would be, for instance, improved glycaemic control among patients

with type 2 diabetes (67).

E. Replication of GWA results and relevance of identified loci

As noted above, replication of results of genome-wide association studies has
virtually become a standard requirement for reporting (22, 38). Although successful
replication of GWA finding provides some level of additional “confidence” tifrat
results do not represent spurious associations, non-replication does not always imply
a “false alarm”. The “winner’s curse” phenomenon, representing noveh@sdi
failure to replicate in subsequent studies, as well as other methodologioed$eatt
GWA studies such as stringent significance thresholds may be responsible for
overestimation of the true underlying genetic effects (68). For trseme&WAS are
considered essentially “discovery attempts” (69, 70) and their resaltsibject to

very conservative statistical criteria, as well as replication in indbpg samples.

1. Replication of prioritized SNPs of chronic periodontitis
The Health ABC dental cohort
Replication of the current study’s findings was sought via collaboration with

investigators of the Health Aging and Body Composition (ABC) study. TladthHe
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ABC is a prospective study of well-functioning adults of ages 70-79 at baseline.
White participants were recruited from a random sample of Medicare bhane&an

the Pittsburgh, Pennsylvania, and Memphis, Tennessee. Eligibility criteluaed

age between 70 and 79, self-reported no difficulty of walking one-quartiomil
climbing 10 steps without resting, no difficulty performing basic activitiedadi/

living, no reported need of an assistive walking device, and no active treatment f
cancer (71). As part of the study year 2 and 3 follow-up clinical visits (1998-2900)
total of 1,133 white and African American participants were eligible areivext
complete dental and periodontal examinations. About two-thirds of this ancillary
dental study’s participants were white. Among whites, 21% of men and 14% of
women were diabetic. With regard to smoking history, proportions of current/former
smokers among men and women were 5%/61%, and 5%/32%, respectively.
Replication was based on this subset of approximately 750 Health ABC paticipa
(~400 men and ~350 women) that were subsequently genotyped using the lllumina

Humanl1M Duo platform.

Replication of the dental ARIC GWA findings

Replication was sought for our prioritized SNPs based on the genome-wide
association P<5x10threshold in ‘crude’ or ‘adjusted’ analyses. Fourteen SNPs met
this threshold and therefore, effect estimates and P-values based dernvéker
Health ABC cohort GWAS were obtained. For these SNPs, the same coded and non-
coded alleles were genotyped in both GWAS (Table A15). These estineates ar

presented in Tables A16 and A17. A same direction effect and a conventional P<0.05

163



threshold were set as for evidence of replication. Moreover, we took advahtage
opportunity to perform a meta-analysis of the reported effect estinagtes

additional approach in summarizing the effect of the reported risk loci (723- Met
analytical pooled odds ratios and P-values were obtained using the METAL program
(73), using an inverse-variance weighting method (74). Summary estimatesl(poole
odds ratio) were obtained for SNPs that did not depart substantially from effect
homogeneity between the two cohorts (defined as homogerfeRy(X2).

The summary of the replication findings is presented in the Appendix, in Tables
A16-A18. Noteworthy, only one locus associated with severe CP (7p15, rs2521634)
met the P<0.05 and same effect direction replication criteria. Additionallyjpong
associated with moderate CP (19p13.3, rs3826782) neared replication (P=0.06) and
another (6p21.1, rs7762544) showed a same direction effect with no evidence of
heterogeneity. Therefore, summary estimates based on inversezeasieighted
meta-analysis are presented in Table A18. Pooled odds ratios and associatad/summ
P-values for these three loci were: 7p15 (rs2521634)—0R=1.49 (95% CI=1.28-1.73),
P=3.5x10"; 19p13.3 (rs3826782)—0R=2.01 (95% Cl=1.52-2.65), P=8.2x10
6p21.1 (rs7762544)—O0R=1.40 (95% Cl=1.24-1.59), P=7.38x10

Interestingly, one of these SNPs prioritized for severe CP (rs2521634) pravide
replication signal also for moderate CP in Health ABC, whereas one nedd#tat
associated SNP in ARIC (rs3826782) provided a replication signal for sevene CP i
Health ABC. It is possible that these risk loci indeed confer risk for both types of CP
However, this observation warrants more investigation to clarify whethensyst

differences between the two study samples may be responsible forfdrismdié (i.e.
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tooth loss and retention, or periodontal treatment levels that may result terdiffe
phenotypical expression). An alternative explanation may be that these
polymorphisms actually confer protection against periodontal pathology, and
therefore may be associated with “periodontal health” when studying th€Rw

traits.

Relevance of identified and replicated loci
Presentation and discussion of all prioritized loci for the CP, EAL and “high”
bacterial colonization traits are presented in the discussion sections of and
supplemental material of manuscripts 1 and 2 (Sections 4.F, 4.J, 5.F and 5.J). This
section offers a more detailed presentation of one replicated locus for 8¥eat

7p15.

The NPY (7p15) locus

This locus was marked by rs2521634, which was the top SNP in the region with
P=1.6x1C° and located 47Kb downstreamM®Y. The latter is a gene encoding a
neuropeptide that is widely expressed in the central nervous system and has been
suggested to function as an anxiolytic peptide that helps explain inter-individual
variation in trait anxiety and resiliency to stress (75). Several repavisassociated
a Leu>Pro substitution in thBIPY gene with significantly elevated serum
triglycerides and lipids among Northern European populations (76, 77). The SNP

responsible for this missense change (rs16139, predicted as ‘benign’ by Pe?yPhen
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was 10Kb upstream of rs2521634 and not in linkage disequilibrium with it (D’=1.00;
r’=0.01).

An early immunohistological Swedish study among by Barr-Agholme and
colleagues observed higher neuropeptide Y levels and sensory hyper-innervation in
the gingival tissue of Down syndrome (DS) patients, attributing this finding to the
gingival inflammatory reaction rather that DS itself (78). A 2004 critieaiew by
Lundy and Linden (79) emphasized the role of the nervous system in the
pathophysiology of peripheral inflammation, suggesting a neurogenic inflamymat
component for periodontitis. These authors suggested that neurogenic inflammation is
in fact a protective mechanism, with NPY having a pivotal role in the cascade of
relevant chemical activities.

A recent case-control study by Lundy and colleagues (80) provided experimental
evidence consistent with this hypothesis. Elevated NPY levels were found in the
gingival crevicular fluid of periodontitis compared to healthy sites. Additional
evidence supports a role of the sympathetic nervous system and NPY in the
modulation of periodontal inflammation and bone resorption (81, 82). Interestingly,
inhibition of nerve growth factor (NGF), which is known to up-regulate
neuropeptides in sensory neurons, via systemic anti-NGF was recently shown to be
associated with reduced Interleukin 1beta and bone resorption in a rat periodontitis
model (83). In sum, combined with our GWAS results, there is accumulating
evidence pointing towards the role of the nervous system and neuropeptide
messengers (with NPY being an obvious candidate one) across the axis of a

“neurological inflammatory reflex” in the cascade of events that leadrtodontitis.
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F. Future research directions

1. Improvement over candidate-gene approaches

Candidate-gene studies have been limited in their ability to identfyocs
or genes for common complex diseases. In general, candidate-gene apdraaehes
had better results when studying “highly penetrant” diseases, alidreease-gene”
may exist. Successful candidate-gene studies are typicallg bassrong prior
knowledge or mechanistic theory, as is the case of inflammatory mediator gene
markers and cytokines in the context of inflammatory diseases, such rasivice
colitis (84) and CP (85). In the case of CP in particular, such studies have focused on
inflammatory mediator molecules and receptors such as the interleukiolgstes.
Despite the obvious relevance and replication of this finding across many candidate
gene studies, it should be expected that multiple genes are implicated in the
pathogenesis of CP, each conferring likely small to modest excess risk. Althoug
previously reported candidate-gene study targets were not mark&dry signals in
our GWAS we explored several loci that contain such candidate genes, including
IL1A, ILIRN, IL6, TLR4 MMP2, GLT6D1 FCGR3A andVDR with visualizations
that are presented in Figures A30-A33. Moreover, we did identify fewHatinere
contained genes related to previous candidate-gene reports. For example, the 9p24
locus was identified for “high red” complex bacterial colonization and inclilo&gi
Additionally, one locus on chromosome 19 that was identified for severe CP
contained a tumor necrosis familfNFSF14 and a complemen€@) gene, which

are well-documented immune- and periodontitis-related genes (86-90). One of the
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prioritized loci on chromosome 6 (rs17792917) for the “extent” of attachment loss
trait has been reported as an eQTL for another TNF-family gene on chromb3ome
(TNFRSF19, which has been reported as a susceptibility locus for lung cancer (91)
and vascular dementia (92). Finally, the risk locus on 2p23.3 that emerdgl for
“high” colonization is an eQTL for multiple genes includihg 7RBon chromosome

3. We anticipate that future candidate-gene studies will embark in testing an

potentially replicating our GWA findings.

2. Beyond genome-wide association analyses

The analytical methods of GWAS data are constantly evolving, and may allow
a future extension of the present analysis via implementation of novel methoslologie
For example, despite the initial “agnostic” scan, there is an opportunityotdipe
candidate SNPs for analysis in the GWA context, when for instance epestatits
are hypothesized or suspected (32, 93). Other examples of novel but not well-
established approaches include attempts to link prior knowledge (of validated
polymorphisms) with analytical strategies (94), use of pathway-clustanalgsis of
genetic signals (95), efficient approaches to explore gene-gene anchgeanarent
interactions (96, 97), and the incorporation of expression quantitative trait loci
(eQTL) with GWAS results (98, 99).

It is becoming increasingly understood that major advances in our understanding

of the genetic underpinning of human health and disease can be realized by efficient
comprehensive, efficient and inexpensive interrogations of genomes, transcsiptome

and interactomes (100). Next-generation sequencing studies (101-103) hatlg rece
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emerged and are promising in this respect, with exome sequencing investigations
providing a high rate of novel findings (104, 105). A particular strength of whole-
exome sequencing studies is that they offer opportunities for both disease gene
discovery as well as clinical diagnosis, as protein coding genes harbor the vast
majority of large-effect disease-related mutations (106).

Finally, several additional explorations of the data presented in this diesertat
may offer novel insights in the study of CP. The consideration of gene erpressi
modulation by proximaldis) or distal {rans) eQTLs, as noted above (98, 99) can
provide information that may be functionally relevant. For example, one of the three
replicated loci, 19p13.3 (marked by rs3826782) has been reported as an eQTL for
GPR113(G-protein coupled receptor 113) on chromosome 2p23.3, which has
functions on the neuropeptide signaling pathway as well as signal transduwsr, act
pathways relevant to the other prioritized locus on 7p15, where neuropepddy) (
is located. MoreovelGPR113has been found to be particularly expressed intra-
orally, in the taste receptor cells (107).

Moreover, examining larger sets of prioritized loci in ‘pathway analyssvorks
may reveal patterns of association that are otherwise difficult to dgtésshgle-
locus’ explorations. Examples of such exploratory visualizations of functional and
physical interactions between genes that were identified from our esalyes
presented in the Appendix Figures A28 and A29. Although these networks arguably
contain a lot of “noise”, empirical inspection of represented functional pathavalys
physical interactions can be informative. In this network of interactions €fi§28),

some of these well-represented pathways were collagen, protein phosphatase 2A
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binding, extracellular matrix, positive regulation of transcription from RNA
polymerase Il promoter, epithelial to mesenchymal transition, plaeieation, Wnt
receptor signaling pathway, cellular response to growth factor stimrapdation of

fibroblast proliferation and positive regulation of kinase activity.

3. Future studies

As explained in the previous sections, the present study can be considered as a
‘fist look’ into the genetic component of chronic periodontitis using a genoiche-w
association approach. Within the limitations of the analyses presented hengrkhis
offers new information about candidate loci associated with CP. There ggea lar
number of follow-up research and different avenues that can and should be followed
after the conduct of a GWAS (108, 109). Future studies in this field are needed to
replicate and validate these associations, discover new ones, eluciddtanttiemnal
role and mechanistic pathways, determine their potential for diagnodtic an
therapeutic applications, and more.

To be more specific, future GWAS examining the three-level CP
classification are warranted to replicate the associations with la@dhatudy
reported. Although GWAS of bacterial colonization profiles are harder taegali
replication of the high periodontal pathogen colonization findings will add to our
understanding of the contribution of genetic factors to host-microbiome interactions
Because GWAS are generally under-powered to detect most small tetrgedetic
effects, future studies of equal size may discover new loci that did nothreeet t

suggestive association threshold in our investigation. However, larger GWAS or
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pooling of existing cohorts may be necessary to enable the detection of $ecsdl ef
and GxE or GxG interactions. Factors such as sex, smoking and diabetes should be
strong candidates as ‘environmental exposures’ for these interactioresalje
emphasize the need and importance of conducting GWAS in populations other than
whites of European descent, as evidence of the genetic component of CP among
populations of African, Asian and American descent are lacking. Such studies in
diverse populations can provide insights about loci that were in fact identified in our
study population of whites, or discover novel ones.

Identifying the causal variant(s) in the loci that we report is alsmportant
step that future studies should address (110). From our GWAS results it cannot be
inferred that the SNPs that were identified tagging the prioritizectedhe causal
variants. It is possible that non-genotyped and non-imputed, perhaps rare (<5%)
variants are the risk-conferring ones. Fine-mapping represents oeg\strat can
be implemented in future studies seeking to identify the risk variants and causal
alleles in these or other candidate loci for CP. However, some opportunities to
interrogate the contribution of rare variants will emerge with the imputatioarof
existing genotype data using the ‘1000 genomes’ haplotypes, a strategil tbtier
approximately 10 million markers for GWAS, including a substantial proportion of
rare ones. It is not unrealistic to anticipate that these stratedieventually be
superseded by whole genome sequencing, which will become progresssely le
costly and time-consuming in the next decade.

Subsequent experimental or association studies linking GWAS data with gene

expression information can also provide information about the functional relevance
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and candidate mechanistic pathways that the prioritized genes operate on.
Experimental studies “knocking-out” the new candidate genes in animal maliels w
be needed to clarify the role of GWAS discoveries. The use of microarrays to
interrogate gene expression can also provide tissue-specific insightsA4 higre

data become available with regard to gene expression regulation by dwantisét

loci on multiple tissues, future studies may be able to annotate our findings to such
cis- ortrans-acting eQTLs (112).

Future studies examining traits other than the three-level CDC disease
taxonomy that we employed may offer additional insights into the genetic contpone
of CP. Disease indicators or “proxies” are less valid in the ascertainmesdes, but
they may be cost-effective and more feasible than gold-standaraklinic
examinations. It may be possible for indicators such as number of remagtimg te
radiographically measured alveolar bone loss, and self-reported diagnosis of CP to be
obtained for population-based samples or existing cohorts with genotype data, thus
enabling more GWAS of CP.

Furthermore, genome-wide interrogations of endophenotypes, which represent
physiologic indicators, biochemical assays, or other “intermediaiés tedevant to
the disease under study (113, 114) may offer additional opportunities to examine the
genetic influences for CP. These traits have the benefit of being ‘biallygic
proximal’ to the hypothesized genetic effects, whereas the phenoty@ssrprof
complex and polygenic diseases is likely to be the result of many gendtiwon-
genetic, measured, un-measured and unobservable factors. The bacterizhtotoni

profile that we examined as part of our Specific Aim 2 can be considered as an
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endophenotype of CP. Others may includeivo quantified inflammatory markers
such as gingival crevicular fluid Interleukin levels, serum levels of angbsddi
periodontal pathogens, markers of oxidative stress, and more.

Extending the concept of the study of intermediate CP phenotypes, it can be
argued that the identified or the still undiscovered risk loci for CP confes&xic&
for conditions other than CP. Certain molecular functions and pathways may be
common in the pathogenesis of a number of diseases. This is indicative of pleiotropy,
which is the phenomenon of a single gene influencing multiple traits (115). Future
studies can investigate common risk loci for CP and other, frequently asdociate
conditions, such as diabetes and cardiovascular disease. Moreover, simultaneous
examinations of a wide array of phenotypes for a given genotype, in the context of
phenome-wide (116, 117) association studies (PheGWAS) are efficiengissatet
are gaining popularity and may include CP in the future.

Finally, incorporating the current GWAS findings into epidemiologic and
clinical investigations will be an important “research translation” €& can
envisage how novel candidate genes can be considered in investigations of CP risk or
treatment response. Genes or promoter regions in the candidate loci thabrye re
such af\NPY, could be evaluated as CP risk indicators or prognostic markers CP
treatment response, alone or in combination with genetic markers that arg alread
being tested as such (i.e. the interleukin family gene cluster). The icktiaih of a
group of genetic markers that have a good combined positive predictive value could
in the future be used in the design of genetic tests that would inform clinicidns a

patients of their CP risk or their likelihood to respond favorably to various therapeutic
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options. Such investigations could evaluate for example whether CP patients who are
carriers of certain genotype NiN, EMR1 NPY, FBXO38, TBC1D1, CAMT At
GRID1 have better therapeutic results when treated with conventional-surgical,

antimicrobial, or anti-inflammatory periodontal treatment, or combinatiorisestt
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APPENDIX

Table Al. Distribution in the total sample and bivariate associations of periddbagmosis (CDC
classification) and periodontal attachment loss (extent scorenpefcgtes with>3mm attachment loss) with
brushing and flossing frequency, dental attendance reason and frequency, atidrethvel among the
Caucasian participants of the Dental ARIC study, for whom clinical aretigetata were matched after
exclusions (n=4,610)

Attachment loss

CDC Periodontitis classification (>3mm)
Total Health-mild Moderate  Severe Extent score
mean(SD);
(n, column %) (n, row %) (n, row %) (n, row %) mediari
Total sample 4610 (100) 1864 (40) 1961 (43) 785 (17) 21.1 (21.2); 14
Brushing
frequency*?
(yesterday)
One time or none 1350 (29) 482 (36) 592 (44) 276 (20) 24.0(23.6); 17
Two or more 3239 (71) 1374 (42) 1361 (42) 504 (16) 19.9(20.1); 13
Flossed last week’
Did not floss 1464 (32) 506 (35) 641 (44) 317 (22) 26.1(24.4); 18
Flossed one c:irmrgc;re 3124 (68) 1349 (43) 1312 (42) 463 (15) 18.8(19.2): 13
Dental visit reasort?
Regular visits 3809 (83) 1609 (42) 1612 (42) 588 (15) 19.1(19.2): 13
Only when problem 780 (17) 247 (32)  341(44) 192 (25) 31.3(27.3); 23
Last dental visit"®
<6 months ago 3174 (69) 1312 (41) 1333 (42) 529 (17) 19.8(19.8); 14
6-24 months 1031 (22) 427 (41) 454 (44) 150 (14) 20.8(21.4); 14
More than 2 years ago 381 (8) 117 (31) 163 (43) 101 (27) 32.9(28.0); 25
Education level®
Basic (0-11 years) 433 (9) 136 (31) 195 (45) 102 (24) 30.5(27.4); 21
Intermediate (12-15
years) 2102 (56) 838 (40) 904 (43) 360 (17) 21.4(21.3): 14
Advanced (16+ years) 2069 (45) 886 (43) 860 (42) 323 (16) 18.9(19.1); 13

*third molars were included; trounded to the closest intéghi:square test of equivalence between strata of
periodontitis P<0.05*Median test of stratum-specific attachment loss estimates P2RrdSkal-Wallis test
of stratum-specific attachment loss or covariate estimates $<0.0
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Table A2. Distribution in the total sample and bivariate associations of periddtaggmosis (CDC
classification) and periodontal attachment loss (extent scorenpefcgtes with>-3mm attachment
loss) with quintiles of age and BMI among the Caucasian participarite 8feintal ARIC study, for
whom clinical and genetic data were matched after exclusions (n=4,610)

Attachment
CDC Periodontitis classification loss £3mm)
Total Health-mild Moderate Severe Extent score
mean(SD);
(n; median) (n,row%)  (n,row%)  (n, row %) mediar
Total sample 4610 1864 (40) 1961 (43) 785 (17) 21.1 (21.2); 14
Age'# (years,
quintiles; mean)
Q1 (55.5) 1054; 56 504 (48) 403 (38) 147 (14) 20.0 (18.7); 11
Q2 (59.5) 1026; 60 445 (43) 425 (41) 156 (15) 18.8 (19.2); 13
Q3(63.0) 724;63 301 (42) 288 (40) 135 (19) 21.6 (21.9); 15
Q4 (66.5)  890; 66 311 (35) 421 (47) 158 (18) 23.6 (23.0); 16
Q5(70.9) 916;71 303 (33) 424 (46) 189 (21) 25.6 (22.8); 19
BMI > (kg/cnf,
quintiles; mean)
Q1 (22.1) 922;225 445 (48) 346 (38) 131 (14) 18.9 (20.6); 11
Q2 (25.3) 922;25.3 389 (42) 386 (42) 147 (16) 20.3 (20.7); 14
Q3 (27.5) 919;27.5 368 (40) 391 (43) 160 (17) 21.5 (21.6); 14
Q4 (30.1) 923;30.0 324 (35) 421 (46) 178 (19) 22.9 (22.0); 17
Q5 (35.6) 918; 34.7 337 (37) 413 (45) 168 (18) 21.9 (21.1); 15

*third molars were included; trounded to the closest inté@éi-square test of equivalence
between strata of periodontitis P<0.8&ruskal-Wallis test of stratum-specific attachment loss or
covariate estimates P<0.05
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Table A3. Distribution and bivariate associations of attachment loss (quaatieegorical and three-
level classification of extent score) with periodontal diagnod¥J Classification) among the
Caucasian participants of the Dental ARIC study, for whom clinical andigela¢a were matched

after exclusions (n=4,610)

CDC Periodontitis classification

Attachment

loss £3mm)

Extent score

Total Health-mild  Moderate Severe
Attachment mean(SD);
loss (n, column %) (n, row %) (n, row %) (n, row %) mediar
Total sample 4610 1864 (40) 1961 (43) 785 (17) 21.1(21.2); 14
Quintile-
categorical
Q1 922 892 (97) 29 (3) 1(0) 2.3(1.5);2
Q2 929 634 (68) 291 (31) 4 (0) 7.6 (1.6); 8
Q3 918 262 (29) 611 (67) 45 (5) 14.3 (2.3); 14
Q4 944 61 (6) 622 (70) 221 (23) 25.1 (4.4); 25
Q5 897 15 (2) 368 (41) 514 (57) 57.3 (19.2); 52
3-level
classification
None-mild .
(<10%) 1760 (38) 1480 (84) 276 (16) 4 (0) 4.7 (2.9); 5
Moderate .
(10-<30%) 1769 (38) 365 (21) 1197 (68) 207 (12) 18.0 (5.5); 17
Severe )
(>30%) 1081 (23) 19 (2) 488 (45) 574 (53) 52.9 (20.0); 46

*third molars were included; trounded to the closest integer
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Table A4. Median (interquartile range, IQR) of sub-gingival microbial counts of @ghodontal pathogens obtained via
DNA checkerboard immunoblotting among a subset of the Dental ARIC participai2Q)

Total sample(n)

Sex

Females
Males

Smoking status
Never
Past- light
Past- heavy
Current- light
Current— heavy

Diabetic status

P gingivalis

1020
945 (3061)

806 (2716)
1162 (3341)

987 (2881)
1351 (3927)
725 (2470)
2358 (2935)
1003 (3082)

T forsythia

1020
1314 (4368)

1248 (4695)
1435 (4188)

1184 (4777)
1558 (4268)
1116 (3732)
2671 (5696)
1318 (6286)

T denticola

1017
2665 (9273)

2788 (9922)
2537 (8968)

2647 (9895)
3252 (8968)
1869 (8043)
1718 (13022)
3503 (11592)

Pintermedia P nigriscens

1018 1020
4270 (15432) 5312758)
3579 (15930) 9312834)
5074 (15009) 91312683)
4164 (18039) 6314186)
5204 (15480) 14333292)
3200 (11721)  729838)

5417 (13724) 216313207)
6858 (15881) 726213957)

Crectus

1018
2524 (19676)

2260 (10252)
2736 (11230)

2389 (10985)
3230 (13005)
1827 (06974)
3375 (8652)
3649 (10491)

F nucleatum

1012
5605 (32326)

5994 (30347)
5355 (32393)

5502 (39732)
7088 (33977)
3811 (23385)
6696 (35865)
6950 (29101)

A actinom.

1020
2044 (5592)

1891 (5298)
2257 (5762)

2129 (6476)
2138 (5906)
1651 (4309)
2491 (5933)
2250 (4306)

Healthy 897 (2996) 1242 (4079) 2574 (9149) 4118 (14895) 4292601) 2499 (10467) 5433 (28535) 2035 (5539)
Diabetes mellitus 1305 (3229) 1849 (6770) 2980 (10907) 6031 (17418) 595415681) 2707 (16178) 6853 (42203) 2398 (6474)
Tooth loss
0-9 lost teeth 862 (2658) 955 (3280) 2154 (8016) 3466 (13724) 210288) 1978 (8310) 4621 (26557) 1810 (4818)
10-18 lost teeth 783 (3195) 1445 (5519) 2249 (10392) 3320 (16363) 07344219) 2679 (12632) 5518 (32747) 1997 (5031)
19-32 lost teeth 2247 (5848) 3556 (9088) 6192 (19980) 10486 (32331021 (25088) 4947 (25396) 14486 (48825) 4185 (8360)
No. teeth -0.20 -0.14 -0.11 -0.10 -0.08 -0.12 -0.10 -0.13
rho (95% CL) (-0.16,-0.4) (-0.20,-0.08) (-0.18,-0.6) (-0.16, -0.4) (-0.14,-0.02) (-0.19, -0.06) (-0.16, -0.04) (-0.19, -0.07)
Age 0.01 0.07 0.02 0.01 0.04 0.04 0.03 0.03
rho (95% CL) (-0.05, 0.07) (0.01, 0.13) (-0.03, 0.08) (-0.06, 0.07) (-0.02, 0.10) (-0.02,0.10) (-0.03,0.10) (-0.03, 0.09)
BMI 0.01 0.01 0.02 0.00 0.03 0.01 0.00 0.03
rho (95% CL) (-0.05, 0.07) (-0.06, 0.07) (-0.04, 0.08) (-0.07, 0.06) (-0.03, 0.10) (-0.05, 0.07) (-0.06, 0.07) (-0.03,0.09)
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Table A5. Median (interquartile range, IQR) of sub-gingival microbial counts of @ighbdontal pathogens obtained via
DNA checkerboard immunoblotting among a subset of the Dental ARIC participai2Q)

Pgingivalis T forsythia T denticola Pintermedia P nigriscens Crectus F nucleatum A actinom.
Total sample(n) 1020 1020 1017 1018 1020 1018 1012 1020
945 (3061) 1314 (4368) 2665 (9273) 4270 (15432) 5312758) 2524 (19676) 5605 (32326) 2044 (5592)

Brushing frequency
(yesterday)

One time or none 996 (3798) 1506 (5244) 3129 (1P3934948 (17741) 3075 (18176) 2736 (12907) 7447 (8D28 2584 (6912)
Two or more 904 (2838) 1277 (4109) 2330 (9112) 3@74675) 3216 (10557) 2324 (8879) 5048 (26681) 18824)
Flossed last week
Did not floss 1386 (3905) 1734 (6439) 3294 (11529)6185 (21216) 4208 (18039) 3030 (14578) 7252 (42203) 2779 (6603)
Flossed 1+times 780 (2657) 1094 (3588) 2302 (8314)3582 (13698) 2711 (10246) 2218 (8797) 4830 (26433) 1750 (5004)
Dental visit reason
Regular visits 876 (2817) 1143 (3581) 2203 (8226) 733B(13696) 2827 (10342) 2246 (8377) 4811 (24388) 87614852)
Only when problem 1409 (5391) 2900 (10448) 4624 (19327) 8204 (327156128 (24793) 4328 (26746) 10653 (73484) 3012 (8944)
Last dental visit
<6 months ago 908 (2880) 1164 (3573) 2183 (7841) 24363697) 2637 (10246) 2231 (8310) 5048 (25670) 221@816)

6-24 months 666 (3086) 1295 (4939) 3355 (11840) 3416502) 4662 (14860) 2618 (13005) 6080 (36723) 042B916)

10245

2+yearsago 1633 (5947) 3497 (12599) 4875 (21366)0334 (37253) 6654 (26833) 4112 (28367) (10e7ny

4208 (10449)
Education level

Basic (0-11 years) 1719 (5961) 2680 (8607)  36163Bp 9248 (34555) 4911 (21757) 5424 (27103)  150989¢3) 3945 (10016)
Intermediate (12-15  g5q 5g57) 1535 (4914) 3255 (9823) 3980 (14096) 533@601) 2630 (10467) 6272 (38108) 2267 (5525)

yrs)
Advanced (16+yrs) 910 (2990) 959 (3383) 1973 (8226 3948 (13950) 2711 (9889) 2048 (8032) 3966 (21940) 1536 (4710)




Table A6. Median (interquartile range, IQR) values of sub-gingival microbial counts

of the “red” and “orange” complex pathogens, and total microbial load obtained via
DNA checkerboard immunoblotting, in the total sample, stratified by sex, smoking and
diabetic status and their association with age and BMI among the Caucasian
participants of the Dental ARIC study, for whom clinical and genetic data were
matched after exclusions (n=1020)

“Red” complex

“Orange” complex

Total microbial load

Total sample
n

Sex
Females
Males
Smoking status
Never
Ever- light
Ever- heavy

Current- light
Current— heavy
Diabetic status
Healthy
Diabetes mellitus
Tooth losg
0-9 lost teeth
10-18 lost teeth
19-32 lost teeth
Age (rho, 95% CL)
BMI (rho, 95% CL)

Number of natural teeth
(rho, 95% CL)

5676 (13629)
1017

5684 (13150)
5676 (14061)

5604 (13100)
6848 (12977)
4591 (10733)
5540 (16016)
6500 (19215)

5539 (13169)
7246 (20397)

4867 (12089)
5770 (16539)
11044 (25744)
0.05 (-0.01, 0.11)

0.01 (-0.05, 0.08)
-0.14 (-0.20, -0.08)

22668 (60169)
1009

22579 (60294)
22731 (60252)

23437 (73000)
25544 (69412)
17750 (41055)
23990 (46456)
22071 (54349)

21728 (56399)
26616 (84427)

18727 (48253)
23813 (71346)

34946 (143873)
0.02 (-0.04, 0.08)
0.01 (-0.05, 0.06)

-0.13(-0.20, -0.07)

31640 (76343)
1006

31594 (73568)
32084 (82237)

31186 (96592)
35654 (83731)
26584 (58326)
42370 (48097)
32580 (61111)

30766 (73756)
34893 (107047)

27334 (63495)
32668 (83626)
49798 (222836)
0.03 (-0.04, 0.09)
0.01 (-0.06, 0.07)

-0.15 (-0.21, -0.09)

Kruskal-Wallis test of stratum-specific bacterial countreates P<0.05
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Table A7. Median (interquartile range, IQR) values of sub-gingival microbial counts
of the “red” and “orange” complex pathogens, and total microbial load obtained via
DNA checkerboard immunoblotting, in the total sample, stratified by brushing and
flossing frequency, dental attendance frequency and reason, and educationdexggel am
the Caucasian participants of the Dental ARIC study, for whom clinical emetig

data were matched after exclusions (n=1020)

“Red” complex “Orange” complex  Total microbial load
Total sample 5676 (13629) 22668 (60169) 31640 (76343)
n 1017 1009 1006
Brushing frequency
(yesterday)
One time or none 6352 (17930) 25038 (80044) 33245 (101539)
Two or more 5518 (12998) 20464 (49853) 28904 (69526)
Flossed last week™? o)
Did not floss 7244 (19794) 25883 (89482) 33900 (127185)
Flossed one or more times 5444 (12521) 20006 (48350) 28182 (64442)
Dental visit reasort
Regular visits 5397 (12535) 20283 (45756) 29129 (61763)
Only when problem 9289 (30032) 33660 (150830) 49084 (233372)
Last dental visit’
<6 months ago 5338 (12387) 20822 (45828) 28888 (62424)
6-24 months 6251 (18396) 21441 (69189) 31233 (131809)
More than 2 years ago 9525 (39649) 40110 (176897) 54380 (367130)
Education levef
Basic (0-11 years) 8709 (29505) 33695 (158940) 49798 (220499)
Intermediate (12-15 years) 6356 (13756) 23504 (65055) 32477 (82767)
Advanced (16+ years) 4935 (12199) 19120 (43498) 27929 (58540)

IMedian test of stratum-specific bacterial count estimates B<&fuskal-Wallis test of
stratum-specific bacterial count estimates P<0.05
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Table A8. Sample power calculation for SNP main effect among the ARIC cohort study
whites. Assumptions are: MAF 0.1-0.5, estimated SNP effects of 1.1-1.6, and outcome
prevalence 0.2 (severe periodontitis).

Qutcome: Disease
Design: Unmatched case-control (1:4)
Hypothesis: Gene onky
Sample size: 800 cases, 4 contral{s) per case are required
Significance: 0.050000, 2-sided
Gene
MWode of inheritance: Log-additive
Allele frequency: 01000 to 05000 by 01000
Disease model Summary parameters
P, 0196890 ke 0200000
R 1.1000 {("indicates calculated valug)
Parameter Mull Full Reduced
Gene Be=0 Bo —
P awer
Frequency Fa Gene Fay
0100000 1.1000 01797 0196890
1.2000 05206 0193943
1.3000 058332 0191161
14000 09664 0188514
1.5000 09959 0185993
1.6000 09997 0183600
0.200000 1.1000 02810 0193833
1.2000 07587 0188093
1.3000 09713 0182747
14000 09987 0177741
1.5000 09999 0173045
1.6000 09999 0168630
0.300000 1.1000 03499 0190830
1.2000 08570 0182444
1.3000 09921 0174743
14000 09999 0167645
1.5000 09999 0161082
1.6000 09999 0154995
0400000 1.1000 03833 0187879
1.2000 08948 0176981
1.3000 09962 0167134
14000 09999 0158195
1.5000 099399 0150049
1.6000 09999 0142599
0.500000 1.1000 0.3991 0.184980
1.2000 09023 0171704
1.3000 09967 0159902
14000 09999 0149355
1.5000 09999 0139884
1.6000 09999 0131343
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Table A9 Sample power calculation for SNP main effect among the ARIC cohort study
whites. Assumptions are: MAF 0.1-0.5, estimated SNP effects of 1.2-1.6, and outcome
prevalence 0.2 (highest quintile of bacterial colonization phenotypes).

mie:; Ui:nb‘c]::u'd

WILULCD
[ Py Y Wy g | -'4 A\
LS alLn L_JIIIIIE]LL.IIUU case- L.UIILlU |. .|
[ T
T RIULTIZ o1 2. Sefie o ||1,r
Samesla ol M macac A sanbralicl nar sacs ars raAnirad
SEITIRIE 314%. L LEsEs = \.,UIILIUIIl:lJI M LESE diT IS TU
Zimmificancs M OECNMN ’:' ﬁlf‘th
Sl giiLe, [SREISISI0 S0 N
Zano
Maoda of inheritance: Log-additive

Alizia fracuansy 0 |||| 10 10 05000 by 0.1000
i SUm mary parameters

Hn lJ AU

{(*indicatace calevlatad yalus?
uuuuuuuuuuuuuuuuuuuuuuuuu

FParameter MUl Full Feduced
ana A_=M R e
vvvv Mo MG
Fower
Frequency Ra Gene Fa
0100000 1.2000 01715 0.1934848
1.2000 03101 0191161
14000 04741 0.188514
1.5000 06340 0185993
1.6000 076649 0183800
0.200000 1.2000 0.2852 0.188088
1.3000 04880 0182747
1.4000 07022 077741
1.5000 08547 0173045
1.6000 09397 0168620
0.300000 1.2000 03279 0.182444
1.3000 05899 0174743
1.4000 0.6034 0167645
1.5000 09248 0161082
1.6000 049765 0154995
0400000 1.2000 036149 0176951
1.3000 06382 0167134
1.4000 0.8431 0158195
1.5000 09463 0150049
1.6000 09853 0142599
0500000 1.2000 0.3699 0171704
1.3000 08488 0159902
1.4000 0.8482 0149355
1.5000 09485 0.139884
1.6000 09856 0131343
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Table A10. Sample power calculation for SNP*environment interaction among Caucasians.
Assumptions are: MAF 0.1-0.5, estimated SNP effect of 1.4, environmental faatatgurce

0.1 (current heavy smoking), interaction effect 1.2-2.0 and outcome prevalence 0.2 (severe
periodontitis).

Qutcome: Disease
Design: Unmatched case-contral (1:4)
Hypothesis Gene-enyironmeant interaction
Sample size: 800 cases, 4 contral(s) per case are reguired
Significance: 0.050000, 2-sided
Gene
Maode of inheritance: Log-additive
Allsle frequency: 0.1000 to 0.5000 by 0.1000
Binary environmental factar
Prevalence: 0.1000
Disease model Summary parameters
Py 0187826 ks 0200000
Fa 1.4000 "Ry 14269
Re: 1.0000 "Re 1.0453
Rae: 1.2000 {"indicates calculated value)
Parameter Mull Full Reduced
Interaction Pee=0 PogPobe  Pobe
Gene Be=0 [ —
Environment Be=0 Be —
Fawer
Frequency Fee Interaction Gene Ervironment Fa Fa Re
0100000 1.2000 00989 09800 00633 0187826 14269 1.0453
1.4000 02277 098580 00988 0187202 14516 1.0874
1.6000 04020 09926 01513 0186634 14742 1.1265
1.8000 05782 0.9954 02159 0186117 14949 1.1627
2.0000 07247 0.9971 02877 0185645 15138 1.1964
0200000 1.2000 0.1343 0.9995 01019 0176444 14271 1.0902
1.4000 0.3520 09998 02431 0175265 14521 1.1760
1.6000 06059 09999 04358 0174195 14751 1.2571
1.8000 0.8002 0.9999 06261 0173222 14959 1.3337
2.0000 09119 0.9999 07759 0172336 15149 14057
0300000 1.2000 01572 0.9999 01647 0165816 14273 1.1347
1.4000 04273 0.9999 04585 0164145 14528 1.2660
1.6000 07073 0.9999 07523 0162628 14762 1.3929
1.8000 0.8826 0.9999 09173 0161251 14975 1.58147
20000 09605 09999 049783 0160002 15167 16310
0400000 1.2000 01686 0.9999 02491 0155900 14275 11788
1.4000 04640 0.9999 06810 0153795 14536 1.3579
1.6000 07517 0.9999 09331 0151881 14777 1.5348
1.8000 09129 0.9999 09922 0150145 14996 17077
2.0000 049749 0.9999 09984 0148573 15193 1.8756
0500000 1.2000 0.1696 0.9999 03500 0146657 14278 1.2228
14000 04691 09999 08483 0144170 14545 14519
1.6000 0.7592 0.9999 09891 0141902 14794 1.6836
1.8000 09184 0.9999 09997 0139345 1.5021 1.9148
2.0000 09776 0.9999 09999 0137984 15226 21434
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Table A11 Sample power calculation for SNP*environment interaction among Caucasians.
Assumptions are: MAF 0.1-0.5, estimated SNP effect of 1.4, environmental faatatgurce

0.5 (ever smoker), interaction effect 1.2-2.0 and outcome prevalence 0.2 (severe
periodontitis).

Qutcome: Disease
Diesign: IUnmatched case-control (1:4)
Hypothesis: Geng-environment interaction
Sample size: 300 cases, 4 contral{s) per case are required
Significance: 0.050000, 2-sided
Gene
Mode of inheritance: Log-additive
Allsle frequency: 01000 to 05000 by 01000
Einary environmental factor
Frevalence 0.5000
Disease model Summary parameters
Pq 0185102 Ko 0.200000
R 14000 "Ra! 1.5369
Re: 1.0000 "Re: 1.0455
Ree: 1.2000 ["indicates calculated walue)
Parameter full Full Reduced
Interaction Pee=0 Poebole PBobe
Gene pe=0 B —_—
Ervironment pe=0 Pe —
Power
Frequency Rae Interaction Gene Ervironment Fa Ra Re
0100000 1.2000 01859 08953 00869 0185102 15369 1.0455
14000 0.5065 0.9999 01869 0182049 1.6674 1.0879
1.6000 07921 08949 03300 0173301 17915 11277
1.8000 0.9355 0.9999 04831 0176815 1.9095 1.1650
20000 09841 08949 06346 0174552 20216 12000
0.200000 1.2000 0.2801 0.9999 0.1951 0171372 1.5374 1.0906
1.4000 0.7203 0.6949 0.5431 0165745 1.6692 11778
1.6000 0.9438 0.9999 08350 0160741 1.7948 1.2616
1.8000 0.9931 0.6949 0.9601 0156263 1.9141 1.3421
2.0000 0.9994 0.9999 09929 0152230 20274 14195
0.300000 1.2000 0.3355 0.9949 03617 0158740 15381 1.1354
14000 0.5048 0.99499 08540 0130970 16715 1.2696
1.6000 0.9743 0.9949 09892 0144143 1.7994 14020
1.8000 0.99530 0.99499 09997 0138102 1.9215 1.5322
2.0000 0.9999 0.9999 09999 0132718 20376 1.6600
0400000 1.2000 0.35589 0.99499 05522 0147135 1.5359 1.1799
14000 0.8313 0.9999 09744 0137606 16743 1.3634
1.6000 09806 08949 08998 0129332 18054 15491
1.8000 0.9937 0.9999 09999 0122090 1.9313 1.7360
20000 099399 08949 08999 0115704 20520 19235
0500000 1.2000 0.3559 0.9999 07242 0136486 1.5397 1.2242
1.4000 0.8235 0.6949 049974 0125537 16775 145392
1.6000 0.9774 0.9999 09999 0116141 1.8123 1.7030
1.8000 0.9981 0.6949 049999 0108007 1.9433 1.9542
2.0000 0.9999 0.9999 09999 0100909 20701 22115
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Table A12 Sample power calculation for SNP main effect among African Anregica
Assumptions are: MAF 0.1-0.5, estimated SNP effects of 1.3-1.7 and outcomerpre\ai
(severe periodontitis).

Outcome: Disease
Design: Unmatched case-control (1:4)
Hypothesis: Zene only
Sample size: 200 cases, 4 control{s) per case are required
Significance: 0.050000, 2-sided
zens
Mode of inheritance: Log-additive
Allele frequency: 01000 to 0.5000 by 01000
Disease model Summary parameters
Py 0191161 Ko 0.200000
Ra: 1.3000 (*indicates calculated value)
Farameter Mull Full Reduced
Gene Pe=0 Pa —
Fowier
Frequency Ra Gene Fa
0.100000 1.2000 0.3101 0.191161
1.4000 04741 0.188514
1.5000 0.6340 0.185998
1.6000 0.7669 0183600
1.7000 0.8632 0.181314
0.200000 1.3000 04880 0182747
1.4000 07022 0177741
1.5000 0.8547 0173045
1.6000 0.9397 0168630
1.7000 09783 0.164471
0.300000 1.3000 0.5899 0174743
1.4000 0.8034 0167645
1.5000 0.9243 0161082
1.6000 0.9765 0154995
1.7000 0.9938 0.149335
0400000 1.2000 06382 0167134
1.4000 0.8431 0.158195
1.5000 0.9468 0150049
1.6000 0.93853 0.142599
1.7000 0.9966 0.135762
0.500000 1.2000 0.6463 0.159902
1.4000 0.8482 0.149355
1.5000 0.9485 0.13958864
1.6000 0.9856 0.131343
1.7000 0.9966 0123611
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Table A13. Results of SNP interactions (interaction term PY1dith sex, diabetes (binary) and smoking status (never, ever, curréing) i
GWA analysis of chronic periodontitis (“extent” of disease tgaitportion of sites exhibiting attachment le8smm) among the white Dental
ARIC participants (n=4610).

SNP interaction with Sex

SNP interaction with Gatds Mellitus

SNP interaction with Smoking

C Position Nearby gene P Ch Position Nearby gene Chr Position Nearby gene
hr SNP Build36 (location) value r SNP Build36 (location) P value SNP Build36 (location) P value
7 1s616939 152391164  ACTR3B (208Kb) -*X10 11 rs7107482  rs7107482  NAV2 (intronic)  1.1%10 19 rs8111486 16732705  NWDI (intronic) 2.0x107
1 rs1551110 105334285 '-O%fglig)gms 1.5x10 3 rs1405507  rs1405597 é%gﬁg 2.4x107 2 151533528 199322315  SATB2 (520Kb) 4.2x107
a4 (100198 iugiee0sa  TTC10 (78KD) 2RO 10 rs594612  rs594612  NRG3 (intronic)  3.3%10 12 1517676308 51310051 'Y ((llf}fé’)); 1.4x10°
TPK1 (607Kb);
g 'S1215581  o9q10089  TNKS (intronic)  23Xt0 5  rs2160058  rs2160058  ~CIBL2 3.8x107 7 rs850380 144771261 CNTNAP2 2.2x10°
9 (287Kb) (573KDy
4 rs1372486 46864735 ﬁﬁfﬁ% 25410 5 rs9327150  rs9327150  PRRI6 (intronic)  1.4%10 2 1s1505839 139512322  NXPH2 (258Kb) 2.2x10°
2.6x10 HLA-C (3Kb); . ARHGDIB 6
12 rs4761973 50166536 SLC4A8 p 6 rsoae1680 rsede1es0 AT GO 140 12 rsizs12201 15003845 “RUCDE 2.9x10
3010 MMP2 (56Kb); . CHNL (3Kb); 6
1 rs4659467 234987803  ACTN2 (intronic) % 16 rs0302669  rs9302669 2 SO0 3.4x10 2 rsirase2l7  a7sseiist mlERDS 45x10
rs1085126 C130rf16 (3Kb);  3.3x10 TGFBR2 (5Kby); . CCDC102B s
13 ® 110767630 ot oy > 3 rs7o5346 15795346 (oo Ol 3.4x10 18 rs10871635 G47i6612 o lCT 4.7x10
STON1-
3.6x10 GTF2ALL . FAMS4A s
8 rs2063794 78581773  PEX2 (506Kb) o 2 rsT6033LL  rs7603311 SN L 36410 2 rsl6e6lsss 14354512 guii 5.8x10
(58Kb)
12 r51°g°596 25165034  CASC1 (intronic) 810 15 r51127353 r51127353 "(04(;“(9)&%;18 4.7x10° 3 rs9817711 102371842  IMPG2 (56Kb) 6.5x10°
6 rs2326476 4234898 ECi2 (154kb) 810 18 rs948649  rs948649  BODIP (56Kb)  5.0%10 15  rs2413906 46557872  FBNI (intronic) 7.5x10°
16 M43 78900950 Dé’;‘iﬁgz 5.8x10 3 1s1370045 rs1370045  VGLL3 (25Kb)  5.1%10 1 rs9326028 54523213  SSBP3 (intronic) 8.3x10°
6  rsl204245 13983271  RNF182 (49Kb) °-1X10 9 rs413553  rs413553 (Erszi'g) 5.4x10°
ATP50 (69Kb);  6.4x10 151245076 11245076 LOC100499467 .
21 rs2804319 34278805 L0 0 (IR 6 17 ) ) (nronio 5.6x10
6.6x10 MCART3P
5 rs7380768 62952075  HTRI1A (339Kb) O 6 r1s2814124  rs2814124  (1Kb); EYS  6.2x10°
(83Kb)
14 SO0 91130677 OR10G3 (31kb) M0 9 rs2300932  rs2309932 Il’\g'émf) 6.5x10°
, (51264167 .o oo GALNTLG 8.4x10 g 151734857 rs1734857 CSMD1 7 2%10°
8 (intronic) 5 5 (intronic)
5 rs323565 40884560  CARDSG (intronic) ° O%10
9 rs7864512 37939638  SHB (intronic) OO
3 rs6767604 176063265 VAALADL2 9.7x10

(intronic)




Table A14.Genome-wide association analysis results of the CDC/AAP chronadpatitis (CP)
classification traits (severe CP vs. healthy and moderate CP uhyheaild extent of attachment loss
trait (EAL-proportion of sites exhibiting attachment le§nm), among the white participants of the
Dental ARIC study (n=4610). Supplemental list of single nucleotide polymsmsh(SNPs) with
minor allele frequency (MAF-HapMap Il CEU) 86% and that emerged below the P<5%itDthe
“sensitivity” analysis that included logistic regression modelisisted for diabetes (binary variable)
and smoking (never, former, current).

Risk allele Risk allele
frequency  Closest gene(s) frequency Odds ratio/beta
Position (HapMap and position or “cases”/ P value (95% Cf;
Chr. SNP Build36 cd ncg& Il-CEU) distance healthy  (adjusted} adjusteq®
Severe CP
COL11A1
1p21.1 rs10493998 103500842 C T 0.120 (154Kb);RNPC3 0.148/0.109 2.2xtH  1.68 (1.36, 2.08)
(340Kb)
SCD5(36Kb);
4921.3 rs17006135 83836002 C T 0.071 SEC31A(123Kb) 0.096/0.059 4.4x1® 1.82(1.41,2.35)
Moderate CP
CPM (98Kb);
12q15 rs11615037 67741708 C G 0.276 CPSF6(178Kb) 0.281/0.244  4.4x1® 1.33(1.18, 1.51)
EAL
SCD5(36Kb); 7
4921.3 rs17006135 83836002 C T 0.071 SEC31A(123Kb) 8.2x10 3.15(1.90, 4.41)
14921.3 rs8006336 48388426 A G 0.651 RPS29(726Kb); 1.4x10°  1.68 (1.00, 2.36)

PPIL5 (747Kb)

1: coded allele

2: non-coded allele

3: based on logistic regression models that wejtestat! for diabetes (binary) and smoking (nevemé, current)
4: Confidence interval
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Table A15. Coded and non-coded alleles of prioritized SNPs for severe and moderate
CP on the Affymetrix 6.0 (ARIC GWAS) and the Illumina Human 1M Duo (ver.3)
(Health ABC GWAS) platforms. Pending verification by the Health ABC

collaborating group.

llumina Humani1M

Affymetrix 6.0 Duo Beadchip

SNP Coded Non-coded Coded Non-coded Different
allele allele allele allele strand
(yes/no)
rs12883458 C T C T No
rs2521634 A G A G No
rs11925054 G T G T No
rs10493998 C T C T No
rs17006135 C T C T No
rs7762544 A G A G No
rs3826782 A G A G No
rs12260727 A G A G No
rs11615037 C G C G No

198



Table A16. Genome-wide association replication results [SNPs prioritized based on a
P<5x10° threshold in the dental ARIC (n=4610)] of severe and moderate CP in the Health
ABC cohort. Reported estimates correspond to the ARIC cohort ‘risk’ alfelet eh severe
and moderate CP and EAL in the Health ABC cohort.

Severe CP Moderate CP EAL
dbSNP P-value OR (95% CI) P-value OR (95% CI) Riwal beta (95% CI)
Severe CP
rs12883458 0.25 0.65(0.31,1.34) 0.71 0.90 (0.51,1.58) 0.56  -0.05(-0.21,0.11)
rs2521634 0.05 1.65 (1.01,2.69) 0.03 1.63(1.06,2.51) 0.53  0.04 (-0.08, 0.16)
rs11925054 0.06 0.51(0.25,1.04) 0.05 0.53(0.29,0.98) 0.27  -0.08 (-0.22, 0.06)
rs10493998 0.89 1.06 (0.52,2.15) 0.34 1.31(0.76,1.31) 0.24  0.09 (-0.05, 0.23)
rs17006135%3 0.03 0.43(0.20,0.90) 0.32 0.73(0.40,1.35) 0.39  -0.08 (-0.26, 0.26)
Moderate CP
rs7762544 0.34 1.30 (0.76, 2.20) 0.28 1.32(0.81,2.16) 0.77  0.02(-0.10, 0.14)
rs3826782 0.01  4.18(1.66, 10.50) 0.06 2.08 (0.99,4.37) 0.10  0.14(-0.04,0.32)
rs12260727 0.29 1.39 (0.74,2.60) 0.80 0.93(0.55,1.58) 0.11  -0.11 (-0.25, 0.03)
rs1161503%2 0.37 0.78 (0.46,1.32)  0.77 0.93(0.61,1.44) 0.81  0.02(-0.10, 0.14)

1 opposite direction effect; verification of cod8NP in Health ABC GWAS is pending
2 SNPs that were prioritized based on the P<Bxitilerion in exploratory smoking- and diabetesuatéd

analysis

3 rs17006135 marked a shared risk locus for se¥Brand EAL in the Dental ARIC GWAS adjusted
exploratory analysis
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Table Al7. Replication of GWAS results (P-values and effect estimates) of @&aliSNPs
of the ARIC genome-wide association analysis (crude and exploratory smoking laeteslia
adjusted analyses) in the Health ABC cohort. Reported effect estiooatespond to the
‘risk’ allele in the ARIC cohort.

ARIC GWAS ARIC GWAS adjusted Health ABC
dbSNP P-value OR (95% CI) P-value OR(95% Cl) Rwal OR (95% CI)
Severe CP
rs12883458 3.5x10" 1.89(1.48,2.41) 1.1x10 1.88(1.46,2.43) 0.25 0.65 (0.31, 1.34)
rs2521634 1.6x1® 1.47(1.25,1.73) 2.6x10 1.43(1.21,1.69) 0.05 1.65 (1.01, 2.69)
rs11925054 6.5x10° 1.69 (1.37,2.10) 2.6x10 1.78(1.42,2.23) 0.06  0.51(0.25, 1.04)
rs10493998 9.2x10° 1.59(1.30,1.95) 2.2x10 1.68(1.36,2.08)  0.89 1.06 (0.52, 2.15)
rs17006135%°  1.8x10° 1.70 (1.34,2.16) 4.4x10 1.82(1.41,2.35) 0.03 0.43 (0.20, 0.90)
Moderate CP
rs7762544 1.1x10 1.41(1.24,1.60) 3.8x10 1.44(1.26,1.63) 0.28 1.32 (0.81, 2.16)
rs3826782 4.0x1® 2.00(1.48,2.70) 1.4x10 2.09 (1.54,2.84) 0.06 2.08 (0.99, 4.37)
rs1226072% 6.0x10" 1.54(1.30,1.82) 3.0x10 1.51(1.27,1.79) 0.80 0.93 (0.55, 1.58)
rs1161503%2 2.6x10° 1.29 (1.15,1.46) 4.4x10 1.33(1.18,1.51) 0.77 0.93 (0.61, 1.44)

1 opposite direction effect; verification of cod8NP in Health ABC GWAS is pending
2 SNPs that were prioritized based on the P<Bxitilerion in exploratory smoking- and diabetesuatéd

analysis

3 rs17006135 marked a shared risk locus for se¥Brand EAL in the Dental ARIC GWAS adjusted
exploratory analysis
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Table A18. Meta-analysis of GWAS results (meta-analysis Rrasmand effect estimates based on inverse variance
weighting) of prioritized SNPs for severe and madeICP in the ARIC and the Health ABC studies. Rigploeffect
estimates correspond to the ‘risk’ allele in thel@Rohort. Pooled estimates based on inverse-\agiareta-analysis are
presented for results that did not demonstratetantial heterogeneity (homogeneity <0.2 criterion).

ARIC GWAS Health ABC Meta-analysis
Pooled estimates Heterogeneity assesément

Diff.

directi
dbSNP P-value OR(95%CIl) P-value OR(95%CIl) Rwal OR(95%CI) on > X* P<02
Severe CP
rs12883458 3.5x10  1.89 (1.48, 2.41) 0.25 0.65 (0.31, 1.34) * 86.67.5 *
rs2521634 1.6x10  1.47 (1.25,1.73) 0.05 1.65(1.01,2.69)  3.5%10 1.49 (1.28, 1.73) 0 0.2
rs11925054 6.5x10  1.69 (1.37, 2.10) 0.06 0.51 (0.25, 1.04) * 90.110.1 *
rs10493998 9.2x10° 1.59 (1.30, 1.95) 0.89 1.06 (0.52, 2.15) 487 .0 2 *
rs17006135 1.8x10° 1.70 (1.34, 2.16) 0.03 0.43 (0.20, 0.90) * 91.611.9 *
Moderate CP
rs7762544 1.1x10  1.41(1.24,1.60) 0.28 1.32(0.81,2.16)  7.5%10 1.40 (1.24, 1.59) 0 0.6
rs3826782 4.0x10  2.00 (1.48, 2.70) 0.06 2.08 (0.99,4.37)  8.2%X10 2.01 (1.52, 2.65) 0 0.9
rs12260727 6.0x10 1.54 (1.30, 1.82) 0.80 0.43 (0.20, 0.90) * 67.73.1 *
rs1161503¥ 2.6x10°  1.29 (1.15, 1.46) 0.77 0.93 (0.61, 1.44) * 51.42.6 *

1 SNPs that were prioritized based on the P<Bxtflerion in exploratory smoking- and diabetesuatid analysis in
the ARIC cohort

2 Asterisks (*) correspond to effects of differeliection in the ARIC and Health ABC cohorts, amdrtogeneity X P-
values of less than 0.2
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FIGURES

Figure Al. Power calculation for severe CP among whites for MAF: 0.1-0.5.

GWA power calculation
Severe Periodontitis-Whites (n=4,610); main effects
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Figure A2. Power calculation for the “high” bacterial colonization trait among whites
for MAF: 0.1-0.5.

power

GWA power calculation

Periodontal pathogens-Whites (n=1,000); main effects
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Figure A3. Power calculation for GXE interaction effects for severe CP, assuming
‘exposure’ prevalence 0.5 and MAF: 0.1-0.5 among the dental ARIC whites.

GWA power calculation
Severe Periodontitis-Whites (n=4,610); GxE interactions (exposure prevalence: 0.5)

power

T
1.2 1.4 1.6 1.8 2

Interaction effect size

204



Figure A4. Power calculation for GXE interaction effects for severe CP, assuming
‘exposure’ prevalence 0.1 and MAF: 0.1-0.5 among the dental ARIC whites.

GWA power calculation
Severe Periodontitis-Whites (n=4,610); GXE interactions (exposure prevalence: 0.1)

power
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Figure A5. Density plot of average DST among the ARIC cohort study whites zoomed in the
regions of DST cut-offs for related individuals (first degree B8B, second degree 0.745
DST < 0.8). Red dots represent those 380 pairs of first degree and 207 pairs of second degree

relatives.
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Figure A6. Density plot of average DST among the ARIC cohort study whites. Red dots

represent 16 genetic outliers based on average DST values.
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Figure A.7 Scatter plomatrix of theten principal components generated with the

EIGENSTRAT program for the white ARIC cohort study genotyped partigpant
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Figure A.8 Catalogue of published GWA studies (n=951) through June 2011.

Published Genome-Wide Associations through 06/2011
1,449 published GWA at p<5x10°8 for 237 traits

' 2011 2nd quarter

NHGRI GWA Catalog
www.genome.gov/GWAStudies
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Figure A.9 Visualization of the 14921 locus that was marked by rs12883458 (P=3)5x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort combined with a linkage disequiliplaim
generated with Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.10 Visualization of the 7p15 locus that was marked by rs2521634 (P=1°65ct0
severe chronic periodontitis among the 4610 white participants of the Dental Atbersis
in Communities Study cohort combined with a linkage disequilibrium plot generated wi

Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.11 Visualization of the 3p21 locus that was marked by rs11925054 (P=6)5x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort combined with a linkage disequilibraim pl

generated with Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.12 Visualization of the 6p21.1 locus that was marked by rs7762544 (P=1)1x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort combined with a linkage disequilibraam pl

generated with Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.13 Visualization of the 19p13.3 locus that was marked by rs3826782 (P=4)0x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort combined with a linkage disequilibraam pl
generated with Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.14 Visualization of the 10p15 locus that was marked by rs12260727 (P=8)0x10
for moderate chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort combined with a linkage disequilibradm pl

generated with Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.15 Visualization of the 6q15 locus that was marked by rs17792917 (P=F)8x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort combined with a linkage disequilibradm pl

generated with Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.16 Visualization of the 4921.3 locus that was marked by rs17006135 (P=24.4x10
after adjustment for smoking and diabetic status) for severe chronic periiscdamiong the
4610 white participants of the Dental Atherosclerosis in Communities Soidytc

combined with a linkage disequilibrium plot generated with Haploview (based on 1000

genomes pilot 1 release haplotype data).
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Figure A.17 Visualization of the 11922 locus that was marked by rs7120142 (P:C?.)9x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort combined with a linkage disequilibradm pl

generated with Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.18 Visualization of the 734 locus that was marked by rs10500130 (P=£)6x10
for severe chronic periodontitis among the 4610 white participants of the Dental
Atherosclerosis in Communities Study cohort combined with a linkage disequilibraam pl

generated with Haploview (based on 1000 genomes pilot 1 release haplotype data).
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Figure A.19 Visualization of the 1g42 locus that was marked by rs11800854 (P=£)0x10

for “high” Aggregatibacter actinomycetemcomitaimdonization among the subset of 1020

white participants of the Dental Atherosclerosis in Communities Studytoodrabined with

a linkage disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1

release haplotype data).
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Figure A.20 Visualization of the 1p22 locus that was marked by rs12032672 (P=9)6x10
for “high red” complex bacterial colonization among the subset of 1020 whiteipants of
the Dental Atherosclerosis in Communities Study cohort combined with a linkage
disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1 release

haplotype data).

Plotted SNP:s 111!/ 08001 A A 00 40 0 000 0 O O 000 RO 1 1 OO

10 4" rs12032672

0.8

0.6

0.4
8 — 0.2 -
6 . .

—log4o(p—Vvalue)

II|
I .'|.'f'| !

h
AT T
5 R T
- £ 5 -, e e
Bt \,\ RS
T 4 O 5
L o a
- A - -3 W A
: 5 =
TN
N

221



Figure A.21 Visualization of the 5933 locus that was marked by rs10043775 (P=2)x10
for “high red” complex bacterial colonization among the subset of 1020 whiteijpants of
the Dental Atherosclerosis in Communities Study cohort combined with a linkage
disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1 release

haplotype data).
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Figure A.22 Visualization of the 9p24 locus that was marked by rs16924631 (P=3)2x10
for “high red” complex bacterial colonization among the subset of 1020 whiteijpants of
the Dental Atherosclerosis in Communities Study cohort combined with a linkage

disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1 release

haplotype data).
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Figure A.23 Visualization of the 4p14 locus that was marked by rs10010758 (P=3)7x10
for “high red” complex bacterial colonization among the subset of 1020 whiteijpants of
the Dental Atherosclerosis in Communities Study cohort combined with a linkage

disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1 release

haplotype data).
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Figure A.24 Visualization of the 1p36.2 locus that was marked by rs1616122 (P=#)9x10
for “high orange” complex bacterial colonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort canbitiea

linkage disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1

release haplotype data).
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Figure A.25 Visualization of the 1g42 locus that was marked by rs11800854 (P=£)0x10
for “high” Aggregatibacter actinomycetemcomitaimdonization among the subset of 1020
white participants of the Dental Atherosclerosis in Communities Studytoodrabined with

a linkage disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1

release haplotype data).
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Figure A.26 Visualization of the 9933.2 locus that was marked by rs10760187 (P=4)5x10
for “high” Porphyromonas gingivalisolonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort cainbitirea

linkage disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1

release haplotype data).
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Figure A.27 Visualization of the 10p11.21 locus that was marked by rs1360573 (P=f)5x10
for “high” Porphyromonas gingivalisolonization among the subset of 1020 white
participants of the Dental Atherosclerosis in Communities Study cohort canbitiea

linkage disequilibrium plot generated with Haploview (based on 1000 genomes pilot 1

release haplotype data).
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Figure A.28 Predicted network of associations [physical interactions (grey line), co
expression (dark blue line), pathway (light blue line), shared protein domain (greén line
among genes of prioritized loci for the CP and the “high” bacterial traiteibental ARIC

cohort. Grey lines represent co-expression and blue lines represent pinysreations.
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Figure A.29 Predicted network of associations [physical interactions (grey line), co
expression (dark blue line), pathway (light blue line), shared protein domain (gregn line
generated with the GeneMANIA module) among genes of prioritized lothéo€P and the
“high” bacterial traits in the Dental ARIC cohort, along with genes that baen previously

reported to be associated with periodontitis.

RoRz whTEs
worz
s o
rass
can
PLA
S I e ISR N 8 e S e e e o
st
) coes
mesen =
e 1C28AT
vames
ne s
new
nae =
o150 0 e .
v 1 s
J vz
o
2102
erosz
17N A £
o1
18
o 1)
A
16ea
28 /
w1088
L
2
wevin = TREW ZBAAVA COLIAY GRICSA CAMTAY CHFSRA BOLZAY Czoms PLABOT TLLII KOWME Ras
2 P eva e 2 D
v { He0as 5
L) TYROE®
Pev.
- egaz s
e

.

DAZZP CAR1 KONA1 GPRE4 CPIFS TIC2E OFW UBAFZ FPARZ OTDF TBX1S EDX11 ADAH AGPS FPRZ FPRI DM

230



Figure A.30 Visualization of GWA results for severe CP in the ARIC cohort for loci that
have been previously associated with periodontitis4, ILLRN, TLR4 MMP2, GLT6D],
GCGR3A. The vertical axis corresponds to each marker’s associated —log10 PRedue
overlaid recombination rate plot and the color-coded pairwise linkage disequilibriues va

with index SNPs were calculated based on HapMap Il - CEU (human genome 18, build 36).
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Figure A.31 Visualization of GWA results for moderate CP in the ARIC cohort for loci that
have been previously associated with periodontitis4, ILLRN, TLR4 MMP2, GLT6D],
GCGR3A. The vertical axis corresponds to each marker’s associated —log10 PRedue
overlaid recombination rate plot and the color-coded pairwise linkage disequilibriues va

with index SNPs were calculated based on HapMap Il - CEU (human genome 18, build 36).
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Figure A.32 Visualization of GWA results for the extent of attachment loss trait (pioport
of sites exhibiting=3mm attachment loss) CP in the ARIC cohort for loci that have been
previously associated with periodontitis YA, ILARN, TLR4 MMP2, GLT6D1, GCGR3A.
The vertical axis corresponds to each marker’s associated —log10 PHhredumerlaid
recombination rate plot and the color-coded pairwise linkage disequilibrium valires wi

index SNPs were calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure A.33 Visualization of GWAS results in tHe6 (Interleukin 6) and/DR (vitamin D
receptor) loci in the ARIC cohort for severe (left column) and moderatei@® ¢polumn).
The vertical axis corresponds to each marker’'s associated —log10 PTfsusverlaid
recombination rate plot and the color-coded pairwise linkage disequilibrium valinres wi

index SNPs were calculated based on HapMap Il — CEU (human genome 18, build 36).
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Figure A.34 Visualization of the 6p21.1 locus (chr6:41,279,315-41,479,315; flanking 100Kb
of rs7762544, which was prioritized for moderate CP) using the ENCODE/USCFebrows

and displaying enhancer/promoter associated regions and DNasel hypersedisisiters.
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Figure A.35 Visualization of the 19p13.3 locus (chr19:6,787,736-6,987,736; flanking 100Kb
of rs3826782, which was prioritized for moderate CP) using the ENCODE/USCFebrows
and displaying enhancer/promoter associated regions and DNasel hypersedsisters.
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Figure A.36 Visualization of the 10p15locus (chr10:10,238,329-10,438,329; flanking 100Kb
of rs12260727, which was prioritized for moderate CP) using the ENCODE/USCF browser

and displaying enhancer/promoter associated regions and DNasel hypersedsisiters.
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Figure A.37 Visualization of the 14921 locus (chr14:51,179,379-51,379,379; flanking
100Kb of rs12883458, which was prioritized for severe CP) using the ENCODE/USCF
browser and displaying enhancer/promoter associated regions and DijsgsEhsitivity
clusters.
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Figure A.38 Visualization of the 7p15 locus (chr7:24,278,040-24,478,040; flanking 100Kb
of rs2521634, which was prioritized for severe CP) using the ENCODE/USCF brandser

displaying enhancer/promoter associated regions and DNasel hypentgictiisters.
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Figure A.39 Visualization of the 3p21 locus (chr3:55,290,886-55,490,886; flanking 100Kb
of rs11925054, which was prioritized for severe CP) using the ENCODE/USCF browser a
displaying enhancer/promoter associated regions and DNasel hypemntgictiisters.
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Figure A.40 Visualization of the 6q15 locus (chr6:85,166,965-85,366,965; flanking 100Kb
of rs17792917, which was prioritized for the “extent” of attachment loss trai) tise
ENCODE/USCF browser and displaying enhancer/promoter associated ragidbhlasel

hypersensitivity clusters.
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Figure A.41 Visualization of the 11924 locus (chr11:127,557,071-127,757,071; flanking
100Kb of rs10790919, which was prioritized for the “extent” of attachment lossusat)
the ENCODE/USCF browser and displaying enhancer/promoter assoeigi@uasrand

DNasel hypersensitivity clusters.
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Figure A.42 Visualization of the 11922 locus (chr11:103,317,781-103,517,781,; flanking
100Kb of rs7120142, which was prioritized for the “extent” of attachment lagsusang
the ENCODE/USCF browser and displaying enhancer/promoter assoeigi@uasrand

DNasel hypersensitivity clusters.
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Figure A.43 Visualization of the 7934 locus (chr7:138,715,913-138,915,913; flanking
100Kb of rs10500130, which was prioritized for the “extent” of attachment lossusat)
the ENCODE/USCF browser and displaying enhancer/promoter assoeigi@uasrand

DNasel hypersensitivity clusters.
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