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Abstract

Oral health and disease are known to be influenced by complex interactions between
environmental (e.g., social and behavioral) factors and innate susceptibility. Although the exact
contribution of genomics and other layers of ‘omics’ to oral health is an area of active research, it
is well established that the susceptibility to dental caries, periodontal disease and other oral and
craniofacial traits is substantially influenced by the human genome. A comprehensive
understanding of these genomic factors is necessary for the realization of precision medicine in the
oral health domain. To aid in this direction, the advent and increasing affordability of high-
throughput genotyping has enabled the simultaneous interrogation of millions of genetic
polymorphisms for association with oral and craniofacial traits. Specifically, genome-wide
association studies (GWAS) of dental caries and periodontal disease have provided initial insights
into novel loci and biological processes plausibly implicated in these two common, complex,
biofilm-mediated diseases. This paper presents a summary of protocols, methods, tools and
pipelines for the conduct of GWAS of dental caries, periodontal disease and related traits. The
protocol begins with the consideration of different traits for both diseases and outlines procedures
for genotyping, quality control, adjustment for population stratification, heritability and
association analyses, annotation, reporting and interpretation. Methods and tools available for
GWAS are being constantly updated and improved—with this in mind, the presented approaches
have been successfully applied in numerous GWAS and meta-analyses among tens of thousands of
individuals, including dental traits such as dental caries and periodontal disease. As such, they can
serve as a guide or template for future genomics investigations of these and other traits.

Keywords

genome-wide association studies; methods; bioinformatics; dental caries; periodontal disease;
periodontitis; protocol

1. Introduction

Oral health and disease endpoints are the result of complex interactions between innate,
behavioral, environmental and social factors. An exhaustive model of risk and protective
factors, as well as behavioral and biologic factors at play remains elusive and is, arguably,
unattainable. Nevertheless, advances in the oral and craniofacial health sciences and a
growing body of evidence have illuminated the major influences on dental caries [1] and
periodontal disease [2]—the two main, common-complex oral diseases. From a public
health standpoint, both conditions are marked by pronounced social gradients and disparities
[3]. From a pathogenetic standpoint, they are both to some degree biofilm- and host
immunity-mediated [4-6], and modulated by behavior and host genomics [7].

Meaningful improvements in the prevention and treatment of oral diseases are likely to be
achieved when aspects of precision medicine [8,9] are realized in the oral health domain,
with genomics being a key part of the puzzle. Although the exact contribution of genomics
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and other layers of ‘omics’ to oral health is an area of active investigation, it is well
established that the susceptibility to dental caries and periodontal disease is to some degree
determined by the human genome. Estimates of heritability for dental caries and
periodontitis reported in the literature vary substantially, but are generally in the range of
20-50% [10-12], with more severe or early-onset forms of disease being more heritable.

The recent advent and increasing affordability of high-throughput genotyping has enabled
comprehensive genomics investigations of oral and craniofacial traits; however, the current
knowledge base of oral health genomics pales in comparison to what is known for other
human traits [13]. While major advances have been made for several common diseases
including asthma, diabetes, cancer, cardio-metabolic and psychiatric conditions, genome-
wide association studies (GWAS) of dental caries [14-17] and periodontal diseases [18-28]
have provided only initial insights into plausible novel loci and biological processes
implicated in these two common, complex, biofilm-mediated diseases.

To aid in the conduct and harmonization of genomics investigations in the field and offer an
overview of current common ground procedures, this paper presents a summary of
protocols, methods, tools and pipelines for the conduct of GWAS of dental caries,
periodontal diseases and related traits. First, it describes various traits for both diseases that
can be carried forward to GWAS. Further, it outlines the major steps involved in genotyping,
imputation, quality control, adjustment for population stratification, heritability and
association analyses, annotation, reporting and interpretation. Methods and tools available
for GWAS are being constantly updated and improved—uwith this in mind, the approaches
presented in this paper been successfully applied in numerous GWAS and meta-analyses
among tens of thousands of individuals, including dental traits such as dental caries and
periodontal disease. As such, they can serve as a guide or template for future genomics
investigations of these and other traits.

Materials

2.1 Sources of phenotype information

. Clinical examinations conducted by trained, ideally calibrated examiners—an
examiner is typically consider calibrated upon achievement of pre-set levels of
inter-examiner and intra-examiner agreement, usually based on weighted or
unweighted kappas, percent agreement or other criteria

. Clinical records (e.qg., electronic patient record data)

. Intra-oral photographs, scored by trained and calibrated evaluators or algorithms/
software

. Administrative claims data (e.g., inferred by dental caries- or periodontitis-

related treatment procedures)

. Self-reported data (e.g., obtained via written or electronic questionnaires or via
telephone)
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2.2 Sources of DNA for genotyping

. Blood samples

. Saliva samples [e.g., DNA Genotek Oragene DNA(OG)-500 kit for adults or
OG-575 kit for young children or non-spitters, DNA Genotek, Ottawa, Ontario,
Canada]

. Buccal swabs (e.g., MAWI technologies iISWAB™ kit, Mawi DNA Technologies
LLC, Hayward, CA)

. Newborn blood spots [29]

2.3 DNA extraction, quantitation and quality assessment

. Automated DNA extraction from whole blood with either high-salt extraction
methods or automated magnetic-bead extraction methods (i.e., PerkinElmer®
Chemagic™ MSM | robotic system) or manual DNA extraction methods

. Automated DNA extraction from saliva, buccal brushes, or blood spots with
automated magnetic-bead extraction methods (i.e., PerkinEImer® Chemagic™
MSM 1 robotic system) or manual DNA extraction methods.

. DNA quantitation using Nanodrop™ spectrophotometry, Quant-iT™
PicoGreen® fluorometry, Qubit™ fluorometry, or human-specific RNaseP
assays

. Quality (i.e., sample purity) assessment using spectrophotometric methods (e.g.,

260:280 and 260:230 absorbance ratios)

2.4 Genotyping supplies, equipment and software

. High-density genotyping arrays (e.g., lllumina Infinium Omni5Exome-4
BeadChip array, offering ~4.3 million variants and exome content) or targeted
genotyping arrays (e.g., Illumina Metabochip or Immunochip)

. Array scanning (e.g., Illumina iScan)
. Variant calling software (e.g., llumina GenomeStudio)

2.5 Imputation software. As referenced below in 83.3.4, currently the University of
Michigan Imputation server is most frequently used for this step.

. Eagle2 [30]

. MiniMac [31]
. IMPUTE2 [32]
. Genelmp [33]

2.6 Genotype storage, transfer and management

. Cloud- or intranet-based storage with secure File Transfer Protocol (FTP)
capabilities
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. High-performance computing cluster allowing multi-threading and large memory
jobs
. Server or workstations with common data management and programming suites

(e.g., R, SAS, Stata)

2.7 Software commonly used for genome-wide association analyses

. PLINK [34] - most commonly used

. SUGEN [35] - implements weighted estimators to account for unequal sampling
probability in complex survey design settings

. SNPtest [36] — analysis of single SNP frequentist and Bayesian association tests

. GenABEL Project suite [37, 38] - GWAS analyses and statistical ‘omics’
applications, including mixed model-based GWAS

. GWASTools [39] - an R/Bioconductor package for quality control and
association analyses

. EMMAX [40], SOLAR [41, 42], GEMMA [43] - mixed models for association
analysis accounting for sample structure (e.g., family-based studies)

. GMMAT [44] implemented via GENESIS [45] — generalized linear mixed model
test for GWAS of binary traits accounting for population structure and
relatedness, available via the GENESIS R/Bioconductor package

2.8 Software used for supporting analysis routines and visualizations

. GCTA [46] - heritability estimation and generation of eigenvectors for ancestry
adjustment

. EIGENSTRAT [47] — principal component analysis-based correction for
population stratification

. ADMIXTURE [48] - model-based estimation of ancestry in unrelated
individuals

. MAGENTA [49] - gene-centric and pathway/gene-set enrichment analyses
. MAGMA [50] — gene-set analysis of GWAS data

. VEGAS/VEGAS? [51] - Versatile gene-based association analysis

. LocusZoom [52] - local or web-based creation of regional association plots

2.9 Software used for meta-analysis and subsequent quality control and post-processing
of GWAS results

. METAL [53] — meta-analysis of GWAS results
. GWAMA [54] — meta-analysis of GWAS summary statistics

. EasyStrata [55] - evaluation and visualization of stratified GWAS meta-analysis
data
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. SQC [56] - secure quality control for GWAS meta-analyses

2.10 Resources for genomic context and functional annotations

. ENCODE Project [57]

. Roadmap Epigenomics Project [58]

. UCSC Genome Browser [59]

. Integrative genomics viewer (IGV) [60]

. GTEX [61] - genotype-tissue expression project

. LDlink [62] — exploration of population-specific haplotype structures and links
the alleles of interest with possible functional variants

. PolyPhen-2 [63] — prediction of functional effects of human non-synonymous
coding single nucleotide polymorphisms (SNPs)

. ScanDB [64] - database including physical- and function-based annotation of
SNPs (e.g., association with gene expression)

. Genehopper [65] - multidimensional scoring of gene-gene interactions

3. Methods

Obtaining high-quality phenotypes is the first important step before the actual conduct of a
GWAS. Similar to any other type of study, traits carried forward to GWAS are subject to
systematic and random errors, which are threats to the validity and precision of the obtained
results. Arguably, reliance on very large sample sizes (tens or hundreds of thousands of
individuals) may allow for the detection of true genetic signals despite some trait
misclassification; however, in principle, higher quality phenotypes (e.g., clinical or
biological) provide “better” results compared to lesser quality traits (e.g., self-reported) for a
given sample size. Numerous traits are available for the study of dental caries and
periodontal disease in the context of a GWAS—Table 1 presents a non-exhaustive list of
such traits for dental caries (including early childhood caries or ECC [66]), developmental
defects of the enamel (DDE) [67], periodontal disease and edentulism phenotype definitions.

As a second step, it is imperative that investigators have a good understanding of the study
design under consideration and the characteristics of the sample—these factors may have an
influential impact on the obtained results. For example, case-control studies and small
sample sizes are known to produce spurious results due to systematic (e.g., Berksonian [68])
bias and random error. Third, application of strict criteria for determining what is a
significant signal or variant is a requirement from a scientific rigor standpoint [69]. Two-
stage designs and discovery-and-replication approaches are common strategies used to
reduce the unavoidable type | errors in the single-stage or discovery samples and reduce the
‘winner’s curse’ phenomenon [70]. Finally, an additional consideration prior to the conduct
of a GWAS is the availability of sufficient quantity and quality of DNA. This is usually not
an issue, unless a pediatric population is under study—young children are expected to be
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less cooperative than adolescents or adults with research procedures involving venipuncture,
as well as produce less saliva. With these in mind, carry out the procedures as follows:

Extract, quantify and quality-assess DNA from blood, saliva, or buccal swab
samples, according to the extraction kit manufacturer’s instructions

At least 400ng of DNA is required for genotyping with the Infinium
Omni5Exome-4 BeadChip referenced in §2.4

Plate extracted DNA and ship to genotyping core using a manifest according to
each facility’s instructions and best practices for safety and sample integrity

3.2 Genotype quality control, variant calling and exclusions.

3.3

1.

An excellent, comprehensive description of quality control procedures is
available in the Supplementary Material accompanying the 2007 Wellcome Trust
GWAS [36]

Use manufacturer’s instructions for processing and scanning of samples

Use HapMap-CEPH trios and duplicates and blind duplicate samples for quality
control

Use GenomeStudio (https://goo.gl/BmNinl) or any other software for genotype
calling [e.g., SNPs and copy number variants (CNV)]

Generate sample call and error rates

Identify sex mismatches and relationship errors (annotated versus genetic), gross
chromosomal anomalies, mosaicism, contamination and sample swaps

Discard individual samples and markers that fail quality control criteria—these
are highly dependent on the study design and sample (e.g., ranges of between 90
and 99% completion for markers and samples, duplicate sample discordances,
Mendelian errors)

Deposit/upload SNP genotype data for transfer to imputation and association
analyses—raw data or intensity files may be used for variant calling with third
party software or uploaded for long-term storage

Imputation of genotypes

1.

Use TOPMed, HapMap, 1000 Genomes Project, Consortium on Asthma among
African-ancestry Populations in the Americas (CAAPA) or the Haplotype
Reference Consortium (HRC) reference panels (including multiple other cohorts)
for imputation

Pre-phase (estimate haplotypes) using SHAPEIT [71, 72], as needed

Use any available imputation software pipeline Eagle2, MiniMac, IMPUTE2 or
Genelmp, referenced in §2.5, as needed
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Use these programs on premise or on the cloud; e.g., the University of Michigan
Imputation server [73] provides free genotype imputation services using
Minimac3

Apply quality filters to imputed SNPs and exclude based upon any of several
available criteria [74] [e.g., based upon thresholds of imputation quality score,
expected r2 or “info’ score, Pearson correlation between true and “best-guess”
genotypes (R2), high missing data rate after imputation, or other available
metrics]

Further exclude rare [minor allele frequency (MAF) <5%, <1%, or any other pre-
set threshold] and monomorphic SNPs

3.4 Adjustment for ancestry and population stratification

1.

3.5 GWAS analysis
1.

Create eigenvectors or adjust for admixture proportion for population
stratification control using programs referenced in §2.8

Alternatively used mixed models-based approaches using tools referenced in
§2.8 to model putative genetic clustering

Exclude genetic outliers or related individuals (e.g., first and/or second-degree
individuals) if the study design assumes a sample of unrelated individuals

Prepare the phenotype data using appropriate transformations, as necessary and
dependent on the trait distribution characteristics

Account for population stratification using eigenvectors or admixture proportions
developed as described in §3.4, as well as other study and participants’
characteristics—typically sex, age (with or without an age-squared term),
examination center, as well as complex survey design or familial relatedness
(using software [40-45] detailed in §2.7), as necessary.

Use appropriate statistical models to test variant-phenotype associations—
commonly used methods include linear regression modeling for continuous traits
after appropriate transformation if needed (e.g., DMFS index) and logistic
regression for binary outcomes (e.g., ECC case status and chronic periodontitis).

Consider a P value of less than 5x1078 as the conventional genome-wide
statistical significance threshold for GWAS, assuming 1 million independent
association tests and a Bonferroni multiple testing correction.

One can carry out stratified GWAS analyses, on any variable of interest,
depending on the research question (e.g., strata of sex, ancestry, or any strong
risk factor such as fluoride for dental caries and smoking or diabetes for
periodontal disease) and the study design.

Combine results, if applicable, using software and methods detailed in §2.8,
using weights proportional to the square root of each study’s sample size (i.e.,
Stouffer’s method [75]) or by each study estimates’ standard errors.
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For trans-ethnic meta-analyses, one can use one of several additional approaches
for meta-analyses based on random- or fixed-effects (e.g., trans-ethnic meta-
analyses), as well as two-stage designs [76-80].

Generate QQ plots of association and compute the genomic inflation factor
(lambda) to examine for possible systematic departures from expectation due to
residual population stratification or other sources.

Generate Manhattan plots to visualize genome-wide results and genetic signals.

3.6 Reporting and annotation

1.

For each SNP, it is customary to report key information (e.g., chromosome
position, reference genome build, strand, reference allele, minor allele frequency,
n, beta, standard error, 95% confidence interval, p-value, genotyped or imputed
indicator, imputation quality score, as well as meta-analysis statistics (e.g., effect
size with corresponding uncertainly estimate and p-values) if applicable.

Provide annotation for genomic context, linkage disequilibrium with functional
variants, relative position or distance from exons or exon boundaries and gene
promoter regions

Investigate the predicted effect of non-synonymous coding variants on the
protein structure and function using PolyPhen-2 [63] as referenced in §2.10

Create regional association plots using LocusZoom [52] as referenced in §2.8

Visualize, compare and contrast results with other GWAS findings of the same,
similar or potentially related traits using IGV [60] as referenced in §2.10

3.7 Post-GWAS analyses and procedures

1.

4. Notes

Conduct gene-centric and pathway or gene-set enrichment analyses using
MAGENTA [49], MAGMA [50] or other tools referenced in §2.8.

Examine individual marker associations with functional genome elements and
gene expression using software or resources detailed in §2.10

Typically share or upload GWAS results onto a study-specific or ‘community’
server, to enable harmonization and meta-analyses or dissemination of results

Although here we include DNA extraction, genotyping and associated quality
control procedures, most groups collaborate with core facilities to carry out these
steps to produce genotype data.

Several steps of this protocol can be slow or time-consuming—for instance,
genotyping of a large cohort can take months.

SNPs identified as genome-wide significant are unlikely to be causal variants but
rather highlight genome areas (loci) of interest, where causative variants may lie.
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Most GWAS signals are located in non-coding areas, where regulatory functional
[57] elements of the genome are enriched—variants in regulatory DNA sites may
have distant gene targets, and have been shown to systematically affect
transcription factor recognition sequences, alter chromatin states and form
regulatory networks [81].

The interrogation of disease-associated variants’ correlation with relevant tissue-
specific gene expression is a promising follow-up strategy of GWAS signals.

GWAS offer improvements over candidate-gene studies but if sample sizes are
small, they are still prone to type | and type 1l errors—most signals identified in
well-powered studies subsequently replicate.

Replicate novel signals based on directional consistency, nominal or (ideally)
genome-wide significant association in external, independent samples.

The combination of multiple cohorts with phenotype and genotype data to
interrogate oral and craniofacial health traits (e.g., caries and periodontitis) is
warranted—dental consortia have begun forming (e.g., the GLIDE [82]). Despite
some unavoidable challenges with achieving phenotype harmonization and
addressing differences between populations (e.g., variations in disease prevalence
between North American and European studies), single cohort reports are less
informative and may be inefficient if realistic opportunities for joint,
collaborative analyses exist.

Whenever feasible, follow-up promising, replicated loci with experimental (e.g.,
animal) models and other systems biology approaches.

Arguably, biologically-informed traits [20], data-driven clusters [83, 84] or
endophenotypes have the potential to be informative targets for interrogation in
the GWAS context, especially in cases where clinical endpoints are marked by
heterogeneity and are substantially modified by dental treatment.

Third molars are frequently excluded from dental caries and periodontitis indices
and definitions—this should be made explicit and justified in each cohort/study.

Tooth loss influences epidemiologic measures of periodontal disease (e.g., most
periodontally affected teeth may be lost). For this reason, explicit consideration
of tooth loss patterns [85] can offer advantages when interrogating cross-
sectional datasets of periodontitis endpoints, by capturing individuals that may
otherwise be misclassified. Similarly interrogation of edentulism [86] and dental
caries experience patterns can be a promising strategy for dental caries GWAS,
both in the primary [84, 87] and the permanent [83, 88, 89] dentition.

Two-step approaches including both genotyping a WGS in a subset of a cohort
are considered efficient and cost-effective under certain circumstances to boost
power to detect rare variants. For example, selection of a subset (e.g., 10%) of
the “most diseased’ participants in the sample for WGS and their subsequent use
to enrich the imputation reference panels in integrative analyses, assuming that
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they are more likely to harbor rare, causal variants), has been recently proposed
as an efficient strategy [90].
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Example traits for dental caries, developmental defects of the enamel, periodontal disease and edentulism that

can be interrogated in the context of GWAS

Condition

Trait

Type

Description

dental caries

DMFS/dmfs

continuous

The sum of decayed, missing due to
caries, filled/restored tooth surfaces; 5
surfaces are enumerated for molars
(and premolars, in the permanent
dentition), 4 for all other teeth [14].

DMFS/dmfs>0

binary

Case definition for caries experience
vs. caries-free; this definition
corresponds to ‘early childhood caries’
or ECC among children <72 months of
age [17, 66]. defs and dfs indices may
also be considered in the primary
dentition

DFS/S

continuous/ proportion

The proportion of diseased tooth
surfaces among the surfaces present
[14].

DM<FS

continuous

The sum of decayed, missing due to all
reasons (presumably mainly caries and
periodontal disease) and filled/restored
surfaces. A tooth morbidity index [91]

developmental
defects of the
enamel

DDE>0

binary

The presence of any developmental
defect of the enamel, as defined by the
Clarkson and O’Mullane modified
epidemiologic index [67], of diameter
1mm of greater, as assessed on the
facial or labial surface of the entire
dentition.

periodontal disease

Chronic periodontitis,
CDC/AAP definition (2012)

categorical

Based upon probing depth (PD) and
clinical attachment loss (AL),
categories of health/no disease, mild,
moderate and severe disease are
defined [91]. Severe disease is defined
as =2 interproximal sites with AL =6
mm (not on same tooth) and =1
interproximal site with PD

>5 mm [27, 92].

Periodontal extent scores

continuous/ proportion

Proportion of all examined sites with
probing depth, attachment loss equal or
greater to a pre-defined threshold (e.g.,
3mm, 4mm, etc.), or bleeding upon
probing; e.g., extent of severe gingival
bleeding [21].

Summary scores or means of
periodontal indices; e.g., mean

Full-mouth summary scores Continuous interproximal clinical attachment level
[19].
Latent class analysis-based categories
UNC Periodontal Profile categorical of periodontal disease experience

Class (PPC) system

incorporating patterns of tooth loss
[85].

Periodontal Complex Traits
(PCTs)

principal component-derived eigenvectors

Complex periodontal traits derived by
principal component analysis of
clinical, inflammatory (e.g., gingival
crevicular fluid I1L-1b) and microbial
(e.g., periodontal pathogen levels) data
[20].

Aggressive periodontitis
(AgP), localized

binary

radiographically-confirmed =50% bone
loss at 2—6 teeth, diagnosed at age of
35 or younger [93].
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Condition Trait Type Description
. . . Radiographically-confirmed =50%
'(?gégjss'gr? e‘?:{ iIZOE?(? ntitis binary bone loss at 27 teeth, diagnosed at age
gr). 9 35 or younger [93].
- The sum of remaining natural teeth (0—
edentulism ?e%%ber of remaining natural continuous 28 or 0-32, depending on the inclusion
of third molars).
The World Health Organization
definition of reduced dental arches that
preserve basic functions—i.e., the
“functional dentition” binary retention of a natural, esthetic,
functional dentition of no less than 20
teeth throughout life with no need for
tooth replacement [86].
no remaining natural teeth binary Complete loss of the natural dentition.
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