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AbstrAct
The genomic era of biomedical research has given 
rise to the genome-wide association study (GWAS) 
approach, which attempts to discover novel genes 
affecting an outcome by testing a large number 
(i.e., hundreds of thousands to millions) of genetic 
variants for association. This article discusses the 
issues surrounding the GWAS approach with 
emphasis on the prospects and challenges relevant 
to the oral health research community.
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morphism(s), GWAS, Human Genome Project. 

IntrODuctIOn

Oral health genetics has been an area of active research for over 80 years 
(Jackson, 1968), with evidence from twin and family studies overwhelm-

ingly demonstrating the heritability of dental caries (Mansbridge, 1959; Wang 
et al., 2010), periodontal disease (Michalowicz et al., 1991; Mucci et al., 
2005), tooth loss (Mucci et al., 2005), and non-syndromic orofacial clefts 
(Marazita, 2002) and other dental traits (Liu et al., 1998). More recently, 
candidate gene studies have investigated the associations between a limited 
number of genetic variants in and around candidate genes—chosen a priori 
based on known biological functions with plausible impact on disease—and 
many oral health outcomes. Examples include dental caries, for which genes 
involved in tooth development, salivary function, and diet/taste have been 
reported (Wright, 2010), and orofacial clefts, which are associated with genes 
involved in development (Dixon et al., 2011). The genomic era of biomedi-
cal research has given rise to the genome-wide association study (GWAS) 
approach, which attempts to discover novel genes affecting an outcome by 
testing a large number (i.e., hundreds of thousands to millions) of genetic vari-
ants for association. The GWAS design is now being applied to the study of 
many common human disorders, including oral health outcomes. This article 
discusses the issues surrounding the GWAS approach with emphasis on the 
prospects and challenges relevant to the oral health research community.

unDErstAnDIng gWAs

The GWAS approach was made possible by biotechnological and bioinfor-
matics advances over the past decade, thanks in large part to the Human 
Genome Project. These advances include: (1) databases such as dbSNP 
(http://www.ncbi.nlm.nih.gov/projects/SNP/), an archive of known Single 
Nucleotide Polymorphisms (SNPs, i.e., simple genetic variants), and the 
International HapMap Project (The International HapMap Consortium, 2003), 
a catalog of genetic variation in individuals across several ancestral popula-
tions, which provides a wealth of reference information on the human genetic 
variation; (2) “SNP chip” microarray technologies, which have made afford-
able the simultaneous assessment of up to millions of SNPs in an individual 
DNA sample; and (3) computer resources, including sophisticated software 
for genotype calling, data cleaning, and genetic association analysis, and 
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powerful hardware capable of handling the computational bur-
den and storage of very large datasets. Ongoing improvements 
in all three of these areas have made possible GWAS projects of 
ever-increasing size and scope.

GWAS is usually hypothesis-generating rather than hypothesis-
testing (Fig.). While GWAS discoveries can be directly useful 
for clinical risk prediction on rare occasions, the more typical 
scientific path is for GWAS to generate hypotheses about genes 
that may be associated with a disorder. Those genes are then 
studied further for better understanding of the biology of the 
disease, which in turn eventually leads to clinically useful 
knowledge that may or may not be directly related to the original 

genes. This exploratory perspective is reflected in the SNP chip 
design, which typically assays common variants (i.e., those 
occurring at frequencies ≥ 5%) across the entire genome chosen 
for near-uniform coverage. Because only common variants are 
assayed, GWAS projects are therefore designed according to the 
“common disease-common variant” hypothesis, which predicts 
that common, complex human diseases are due to the cumula-
tive effects of common risk alleles at many genetic loci, each 
with weakly detrimental effects. Accordingly, in a GWAS proj-
ect, each SNP (of potentially millions) is individually tested for 
association with the outcome. The results (i.e., effect estimates 
and p values) from these numerous tests are synthesized and 
explored by a variety of graphical and bioinformatics tools, to 
answer pertinent questions: What are the top-ranking associated 
SNPs? In or near what genes are these SNPs physically located? 
What other genetic variants are in linkage disequilibrium (i.e., 
genetically correlated) with these SNPs? What are the putative 
functional roles of these SNPs? What are the biological roles of 
the nearby genes?

The answers to these questions help prioritize SNPs and/or 
genetic loci for replication in independent samples and/or follow-
up functional studies. False-positives are prevented by the appli-
cation of an arbitrary threshold for “genome-wide significance”, 
often p value < 5 x 10-8, which corresponds to the Bonferroni 
adjustment for one million independent tests. However, given 
that the SNPs tested for genetic association are not independent, 
but rather highly correlated across regions of the genome, this 
adjustment is extraordinarily conservative, and runs counter to 
the hypothesis-generating nature of the GWAS approach. In 
many cases, GWAS projects contain insufficient sample sizes to 
detect realistic associations at such strict significance; thus, in 
practice, researchers may relax the statistical burden of evidence 
and place greater weight on the bioinformatics results of the top 
hits. This strategy is likely to be important for initial GWAS of 
oral health outcomes, because individual studies are unlikely to 
command the very large sample sizes on par with GWAS con-
sortia (samples sizes of 10,000 or more) currently investigating 
other common, complex diseases. As the field matures, GWAS 
consortia may play a similarly important role in identifying and 
characterizing the genes involved in oral health conditions.

The GWAS approach has been hugely successful in impli-
cating novel genetic variants in common disease. Thousands of 
genetic associations for complex disease from over 951 GWAS 
studies had been published by the second quarter of 2011 (see 
the Catalog of Published Genome-Wide Association Studies, 
www.genome.gov/gwastudies). This total includes a few recent 
GWAS papers on oral health outcomes such as oral clefting 
(Birnbaum et al., 2009; Grant et al., 2009; Mangold et al., 
2009; Beaty et al., 2010), childhood dental caries (Shaffer et 
al., 2011), and tooth eruption (Pillas et al., 2010; Geller et al., 
2011). Several more GWAS studies of these oral health out-
comes, plus periodontal disease, dental fear, and saliva flow 
rate, are currently under way. Notable associations for oral 
health outcomes include the PVT1/GSDMC locus on chromo-
some 8q24, which was independently identified in three GWAS 
studies of non-syndromic cleft lip with or without cleft palate 
(CL/P; Birnbaum et al., 2009; Grant et al., 2009; Beaty et al., 

Figure. Flow chart of a GWAS study: Arrows indicate forward and 
backward progression through steps. Dashed arrows indicate re-visiting 
previous steps to troubleshoot possible problems. (A) Participants may 
be collected according to a variety of study designs: family-based, 
population-based, case/control, etc. (b) Accurate and complete 
collection of phenotype/covariate data is critical. Standardized 
assessment tools (see PhenX toolkit, www.phenxtoolkit.org) may facilitate 
harmonization of data across studies, meta-analysis, and discovery of 
gene-by-environment interactions. (c) Whole-blood and saliva samples 
are preferred sources of DNA. (D,E) High-throughput genotyping is 
available via several Illumina and Affymetrix “SNP chip” platforms. 
Appropriate genotype calling depends on the particular platform used. 
Poor-quality DNA samples may need to be recollected and/or replaced. 
(F) Substantial data cleaning, quality checking, and pre-processing are 
necessary, including rigorous investigations of the following items: SNP 
call rates to identify/exclude poorly genotyped variants, genotype batch 
effects to detect genotyping artifacts, Hardy-Weinberg equilibrium to 
identify poorly performing SNPs, relationship testing to verify known 
kinships and detect cryptic kinships, gender tests to help identify sample 
swaps, and tests for “connectivity” to identify sample contamination. 
Additional important data processing includes assessment of population 
structure, assessment of large and small chromosomal aneuploidy in 
individual samples, and phenotype/covariate data cleaning. (g) 
Appropriate tests for association based on sample type (family, 
population, case/control) and phenotype (binary, categorical, 
continuous, non-normal, etc.) are available. (H) Results of statistical tests 
for up to millions of genetic markers must be synthesized by graphical 
and bioinformatics software to identify top signals and pull relevant 
information for associated loci such as linkage disequilibrium, physically 
proximal genes, variant putative functions, gene functions, biological 
pathways, etc.
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2010), though its mechanism of action remains unknown. 
Among the other loci significantly associated with CL/P is the 
IRF6 gene (Birnbaum et al., 2009; Beaty et al., 2010), muta-
tions in which also cause Van der Woude syndrome. No 
genome-wide significant associations have yet been reported 
for dental caries, although a recent GWAS scan reported sug-
gestive associations with several biologically plausible genes 
including ACTN2, which regulates ameloblasts during tooth 
enamel formation, and TFIP11, an enamel gene that localizes to 
the extracellular enamel matrix (Shaffer et al., 2011). 
Independent GWAS scans for both primary and permanent 
tooth eruption have implicated variants at chromosome 12q14 
(near HMGA2) and chromosome 2q35 (near TNP1), though the 
biological roles of these loci in tooth eruption are unknown 
(Pillas et al., 2010; Geller et al., 2011). The success of GWAS 
in identifying and in some cases replicating genetic associa-
tions with oral health conditions has opened doors to new ave-
nues of basic science that may ultimately lead to better 
understanding of disease. But much more work is needed 
before the fruits of GWAS may be fully realized. Additional 
studies exploring the cellular function of implicated genetic 
variants may lead to the discovery of biological pathways and 
mechanisms affecting oral health outcomes, which in turn may 
lead to biomarkers for predicting disease, early identification of 
at-risk patients, or novel therapeutic targets.

LImItAtIOns OF gWAs

Despite the overall success of the GWAS approach in identifying 
novel genetic variants affecting complex disease, there are impor-
tant limitations, complications, and failures of this study design 
(Table). Foremost is the issue of very weak effect sizes of indi-
vidual associated SNPs (i.e., odds ratios typically less than 1.5 
and often much less for the majority of associations), which has 
been observed for nearly all GWAS studies. Though weak indi-
vidual effects are expected under the “common disease-common 
variant” hypothesis and are predicted by population genetics the-
ory that high-risk alleles should be eliminated from a population 
through selection, the practical consequence is that huge sample 
sizes (thousands to tens of thousands) are necessary for adequate 
statistical power to detect genome-wide associations. Moreover, 
the weak effect sizes of associated loci mean that individual vari-
ants may not be clinically meaningful, even if statistically signifi-
cant. To further complicate the interpretation of results, genetic 
heterogeneity (i.e., different causal variants across populations), 
admixture (i.e., interbreeding of historically genetically isolated 
populations), and population substructure (i.e., genetically dis-
tinct sub-samples within a population or sample) can all have an 
adverse impact on the capacity of GWAS to identify true genetic 
associations and avoid false-positives. Therefore, great caution is 
necessary at each stage of the study (e.g., sample recruitment, 

table. Major Issues and Characteristics of the GWAS Study Design

Issue or Characteristic Effect on GWAS

Hypothesis-generating approach GWAS is a discovery-based approach with the potential to lead to new hypotheses; GWAS is usually 
not well-suited for rigorous testing of existing hypotheses or clinical prediction.

Weak effects Individual genetic variants require large sample sizes for detection and may individually have 
negligible clinical impact/predictive utility.

Genetic heterogeneity Different causal alleles from different ancestral populations may prevent detection and/or replication.
Admixture Recent interbreeding of historically genetically isolated populations affects patterns of linkage 

disequilibrium, requiring careful adjustment to prevent false-positive signals.
Population substructure The presence of genetically distinct sub-samples requires careful adjustment to prevent false-positive 

signals.
Genotyped SNPs are not causal Observed genetic variants are (usually) not themselves causal; instead, they are in linkage 

disequilibrium (i.e., correlated) with unobserved causal variants, which require experimental work to 
identify.

Linkage disequilibrium Genetic variants are correlated with other physically proximal variants, which makes appropriate 
adjustment for multiple comparisons difficult and hinders determination of causal alleles within an 
associated “linkage block” (i.e., group of correlated variants).

Incomplete coverage Not all genetic variants are adequately observed either directly or through proxy; therefore, true 
associations may be missed.

“Missing heritability” The cumulative effects of all associated loci identified by GWAS can explain only a fraction of the 
estimated heritability from family studies.

Genome-wide significance Very strict (and arbitrary) significance thresholds are necessary to prevent false-positives due to the 
large number of tests performed; this statistical burden of evidence is sometimes unachievable for 
realistic effect sizes and sample sizes.

Synthesizing results Results of statistical tests are too vast for interpretation via inspection, and therefore must be processed 
by visualization and bioinformatics tools.

Poor clinical prediction Because of weak individual effects and the problem of “missing heritability”, associations identified 
through GWAS usually cannot be used for accurate prediction of disease.

“Deep phenotyping” Clinical outcomes caused by the convergence of multiple pathophysiologies may be poor phenotypes 
for GWAS; instead, sub-clinical measures and/or “endo-phenotypes”, which more closely represent 
individual pathophysiologies, may be better suited for gene discovery.
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genotyping, data cleaning, analysis, and interpretation of results) 
to control for these intricacies appropriately and guard against 
erroneous findings.

Another difficulty of GWAS is interpreting individual associ-
ated variants. Even though many variants are assayed, this repre-
sents only a small fraction of the total genetic variation. The 
assumption of GWAS is that assayed SNPs are not themselves 
causal variants, but instead are in linkage disequilibrium (LD)—
that is, physically proximal and correlated due to population 
history—with the causal variants. A given gene will contain 
hundreds or thousands of variants, but any given panel of GWAS 
markers typically includes ten or fewer SNPs within each gene. 
GWAS leverages the LD structure of the genome by seeking 
genetic associations with observed SNP proxys for the unob-
served causal variant(s). Leveraging LD makes GWAS realizable 
because genotyping all possible genomic variants in large study 
samples is currently cost-prohibitive. The downside of this strat-
egy is that identifying the nearby causal variant can be very dif-
ficult, and exacerbated by the uncertainty of where a causal 
variant may be physically located in relation to the gene it 
affects. Coding variants within a gene (i.e., variants that alter the 
protein product of a gene) represent only a fraction of genetic 
associations. Instead, non-coding causal genetic variants that 
somehow affect regulation of gene expression, alternative splic-
ing, DNA methylation, DNA folding, RNA stability, or other 
regulatory systems likely represent a large portion of associated 
loci, and may be located at various physical distances from the 
gene they influence. Understanding the mechanisms of action in 
these cases is quite difficult. Therefore, the progression from 
statistical association observed through GWAS to inferred cau-
sality and/or functional consequences for disease can be arduous.

Another important issue for the GWAS approach is the prob-
lem of “missing heritability”, that is, the gap between the amount 
of disease variance cumulatively accounted for by all associated 
variants and the estimated genetic variance calculated from twin 
and family studies. For nearly every outcome studied to date, 
associated variants explain only a fraction of the total trait herita-
bility (Manolio et al., 2009). Several reasons for the “missing 
heritability” have been proposed, such as sparse genomic cover-
age or the existence of numerous common variants with such 
weak effects that they have yet to be discovered. Other explana-
tions include the effects of rare alleles (occurring at frequencies  
< 1%) and copy number variations (i.e., differences between indi-
viduals in the number of copies of a genomic region or gene, but 
not necessarily differences in the genetic sequence itself) that are 
not adequately assayed or tested under the GWAS approach. It is 
also possible that the “missing heritability” is partly due to gene-
by-gene interactions and gene-by-environment interactions, the 
effects of which may not be observed or wholly appreciated under 
the typical GWAS approach of testing associations of individual 
genetic variants one at a time. Additionally, epigenetics—that is, 
inherited patterns of DNA methylation that can affect gene 
expression—may account for a portion of trait heritability not 
strictly due to genetic variation.

These issues may be very important for GWAS investiga-
tions of oral health outcomes, such as dental caries, which is 
clearly multifactorial. Numerous avenues may lead to genetic 

susceptibility to dental caries, such as host defense to cariogenic 
bacteria, tooth positional and morphological characteristics, 
enamel composition, dietary choices, oral hygiene behaviors, 
salivary composition and flow rate, and others. Potentially tens, 
hundreds, or thousands of individual genetic variants operating 
through numerous biological mechanisms may affect each of 
these converging risk factors. Unraveling this complexity will 
be difficult and may require clever or innovative analysis of 
genetic data. Similarly intricate scenarios are likely for other 
oral outcomes, including CL/P, periodontal disease, malocclu-
sion, fluorosis, tooth agenesis, and others.

cHALLEngEs AnD OPPOrtunItIEs

Moving forward, the oral health research community has an 
invaluable opportunity to take advantage of the wealth of les-
sons learned from years of GWAS studies in other fields. While 
research on the genetics of oral health lags behind that on many 
other diseases—which is surprising and unfortunate, given the 
extent and impact of oral health problems—we are poised to 
make rapid progress into genomics territory. Success will require 
applying best practices in the pursuit of genetic discoveries, 
while carefully defining what “success” actually entails.

Among the most critical issues are careful phenotype assess-
ment, including sub-clinical measures [such as subepithelial 
orbicularis oris muscle defects as an expanded cleft lip/cleft pal-
ate phenotype (Marazita, 2007)], and novel “endophenotypes” 
generated through statistical modeling [such as orospatial mod-
eling of surface-level dental caries assessments (Shaffer et al., 
2012)]. This so-called “deep phenotyping”, which may more 
closely reflect disease at the cellular level, holds potential for 
improving the ability of the GWAS approach to find novel 
genes. Psychiatric genetics has a long history of studying endo-
phenotypes, which have proved to be a rich source of discover-
ies. Many of the approaches used in that work can be adapted to 
oral health phenotypes.

Another opportunity is to carefully design GWAS studies to 
adequately negotiate the issues uncovered by work in other 
fields. Oral health researchers should expect to find associations 
with regulatory variation, which will require additional func-
tional work, and be prepared to thoughtfully model gene-by-
environment interactions, gene-by-gene interactions, and copy 
number variations. Gene-by-environment interactions may be 
especially critical for diseases with important environmental 
risk factors, such as fluoride exposure for dental caries. Care 
must also be taken to deal appropriately with population sub-
structure, admixture, and genetic heterogeneity, using methods 
and insight derived from previous work. Last, innovative meth-
ods that dispense with the purely hypothesis-free study design 
may be important for making the most of GWAS studies of oral 
health outcomes. Newer methods that model biological path-
ways, pulling together statistical results with bioinformatics 
from public databases, have the potential to identify not only 
genes of interest, but also entire functional pathways and bio-
logical mechanisms affecting disease. Judicious use of newer 
methodologies, to complement the classic GWAS approach, 
may yield important insights into the genetic nature of disease.
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Ultimately, overcoming the many hurdles of GWAS may 
require very large sample sizes, which may be obtainable only 
by combining the efforts of multiple smaller studies into a 
“mega-consortium”. To facilitate this, oral health researchers 
should adopt standard definitions and assessment methods for 
oral health conditions and important covariates (thus eliminat-
ing the problem of phenotype harmonization that has plagued 
mega-consortia of other diseases). The PhenX toolkit (www.
phenx.org) is a resource that provides consensus assessments 
aimed at facilitating cross-study comparisons and combined 
analyses. Similarly, applying standardized quality-assurance 
and genotype imputation procedures may assist in merging large 
genetic datasets for combined analysis. Development of new 
meta-analysis methods that combine association results for a 
genetic locus, while allowing the exact associated SNP to differ 
among studies, may be necessary to improve statistical power 
and identify weak or heterogeneous effects.

In summary, the field of oral health research has already 
made its first steps into the realm of genomics. As more GWAS 
studies of oral health traits are planned and executed, we have 
the luxury to learn from pioneering work in other fields, design 
our studies accordingly, and utilize the wealth of analytical and 
bioinformatics tools at our disposal, to make the most of our 
GWAS investments and bring meaningful discoveries to light.
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