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            Key Points

                	
                  Tremendous activity in the development of methodology has now rendered the exhaustive search for pairwise genetic interactions computationally routine, but addressing the statistical problems of detecting epistasis remains a big challenge.

                
	
                  Most reports of epistasis influencing human complex traits that exist in the literature raise concerns regarding their validity and do not follow the same strict protocols that are in place for reporting additive effects.

                
	
                  There is mounting evidence against the existence of pairwise epistatic effects influencing human complex traits that are sufficiently large for detection in standard single-sample genome-wide association studies (GWASs). If epistatic effects do influence complex traits, then each interaction effect will probably be small, as is observed with additive effects.

                
	
                  The majority of robust additive effects are only found when GWASs are carried out using huge sample sizes and good single-nucleotide polymorphism coverage, often as a result of multistudy meta-analyses. Similar approaches are necessary if epistatic effects are also to be robustly detected, although methodology or attempts at implementation are yet to surface.

                
	
                  Methods have emerged for estimating the total contribution of additive effects across the whole genome; similar methods for estimating the total contribution of genetic interactions would be valuable but have not yet been developed.

                


              

Abstract
Genome-wide association studies (GWASs) have become the focus of the statistical analysis of complex traits in humans, successfully shedding light on several aspects of genetic architecture and biological aetiology. Single-nucleotide polymorphisms (SNPs) are usually modelled as having additive, cumulative and independent effects on the phenotype. Although evidently a useful approach, it is often argued that this is not a realistic biological model and that epistasis (that is, the statistical interaction between SNPs) should be included. The purpose of this Review is to summarize recent directions in methodology for detecting epistasis and to discuss evidence of the role of epistasis in human complex trait variation. We also discuss the relevance of epistasis in the context of GWASs and potential hazards in the interpretation of statistical interaction terms.
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                    Figure 1: Types of methods to detect epistasis in genome-wide association studies.[image: ]
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Glossary
	Complex traits
	
                  Traits for which variation between individuals is controlled by several or many genes and different environmental effects, potentially with interactions between these different effects.

                
	Mutational target size
	
                  The fraction of the genome in which new mutations can potentially cause variation for a trait. For most complex traits this is large, thus suggesting that many loci can influence trait variation.

                
	Causal variants
	
                  Genetic variants that directly modify a phenotype and/or cause a change of disease risk. Owing to the limited amount of variation interrogated by single-nucleotide polymorphism (SNP) genotyping microarrays, SNPs in genome-wide association studies typically merely tag the causal region rather than being the causal variants themselves.

                
	Genetic architecture
	
                  The complete description of the genetic factors influencing trait variation, such as the number of genetic loci, their effects, allele frequencies, actions and interactions.

                
	Epistasis
	
                  Statistical interactions between loci in their effect on a trait such that the impact of a particular single-locus genotype depends on the genotype at other loci.

                
	Narrow-sense heritability
	
                  (h2). The proportion of variation due to the additive effects of genes.

                
	Broad-sense heritability
	
                  (H2). The proportion of variation due to all genetic effects (that is, both additive and non-additive, including dominance and epistasis).

                
	Exhaustive search
	
                  A search of all possible pairwise combinations of loci for evidence of epistatic interactions.

                
	Bonferroni correction
	
                  The simplest and perhaps most conservative method to control family error rate (Î±) by correcting for the number of independent hypothesis tests (n) when n is large; that is, the corrected threshold Pcorrected = Î±/n.

                
	Hypothesis-free
	
                  An analysis in which no assumption is made about the loci involved in epistasis or their effects and so all possible pairs of single-nucleotide polymorphisms are tested (that is, an exhaustive search).

                
	Hypothesis-driven
	
                  An analysis that limits the combinations of loci tested for epistasis according to some prior hypothesis (for example, only loci with a marginal effect or loci involved in a particular biological pathway should be tested).

                
	Quantitative traits
	
                  Phenotypes that vary continuously (for example, height), in contrast to qualitative traits in which phenotypes are discrete (for example, diseased or healthy).

                
	Saturated and reduced models
	
                  There are nine joint genotypes for a pair of single-nucleotide polymorphisms (SNPs) each with three genotypes (for example, AA, Aa and aa). These can be modelled in full using nine parameters: one as the baseline (for example, aa/aa), two for each SNP (for example, AA/aa and Aa/aa) and four for interactions (for example, AA/Aa, AA/AA, Aa/Aa, Aa/AA). The saturated model fits all the nine parameters, whereas the reduced model fits the first five parameters and excludes the four interaction parameters.

                
	Hardyâ€“Weinberg equilibrium
	
                  (HWE). A principle stating that allele and genotype frequencies of variants in a population will remain constant from one generation to the next in the absence of evolutionary disturbing factors such as mutation and genetic drift.

                
	Marginal effects
	
                  (Also known as main effects). The average effect of a locus across all other loci and environmental effects.

                
	Linkage disequilibrium
	
                  (LD). The nonrandom association of alleles of two or more loci in a population owing to limited recombination. LD is often used to measure the relationship of genetic markers of the loci: a high LD means the markers are closely related (that is, co-occurring) so the genotype at one marker is predictive of the genotype at another.

                
	Haplotype
	
                  A combination of alleles (DNA sequences) inherited from a single parent. A haplotype can be within one locus or across multiple loci, with or without physical coupling on the DNA strand.

                
	Linkage phase
	
                  (Also known as gametic phase). The information of combinations of DNA alleles in a diploid individual inherited from the mother or father.

                
	Polygenic architecture
	
                  A trait genetic architecture under which many genes of small effect contribute to trait variation.

                
	Covariates
	
                  Variables that may confound the outcome variable of a statistical model, for example, age is a covariate of human height.

                
	Bayes' theorem
	
                  A probability theory by Thomas Bayes to calculate conditional probabilities based on prior distributions of parameters in a model and the observed experimental data.

                
	Variance heterogeneity
	
                  Differnce in variance of a quantitative trait between the three possible genotypes of a biallelic single-nucleotide polymorphism in the presence of genetic interactions; it can therefore be used to screen for potential interacting SNPs.

                
	Publication bias
	
                  A bias that arises owing to only certain types of results (for example, those that successfully reject the null hypothesis) being much more likely to be published than others, leading to a disproportionate representation in the literature.

                
	Large P small N problem
	
                  A statistical challenge to estimate a large number of parameters based on a small number of samples.

                
	Multifactor dimensionality reduction
	
                  A data-mining algorithm that can reduce a high-dimensional multilocus model of multifactorial classes (that is, single-nucleotide polymorphism genotype combinations) into a one-dimensional model of one variable of either high-risk (potential interacting) or low-risk classes based on the ratio of cases and controls in each class. The algorithm uses cross-validation iteratively to define the best classification.

                
	Tree-based methods
	
                  Model-free or non-parametric machine-learning approaches for regression and classification analyses by recursive partitioning of variables into tree structures. Popular applications in epistasis studies include random forest, random jungle, classification and regression trees.

                
	Entropy-based methods
	
                  Entropy is a key measure of uncertainty associated with a random variable in information theory. Entropy-based methods examine the information entropy difference between different models with and without interactions to detect epistasis.

                
	Imputation
	
                  Statistical inference of unobserved single-nucleotide polymorphism (SNP) genotypes based on a reference panel of known haplotypes in a population (for example, the 1000 Genomes Project). Imputation can greatly narrow down the distance between SNPs and causal variants, and thus increase the power of detection of associations.

                
	Pleiotropic epistasis
	
                  Statistical interaction signals shared in multiple traits.

                
	Expression quantitative trait locus
	
                  (eQTL). A locus that controls variation in expression of a particular gene. An eQTL may lie adjacent to the gene being controlled (cis-acting control) or some distance away (trans-acting control).

                
	Wellcome Trust Caseâ€“Control Consortium
	
                  (WTCCC). One of the first large collaborative genome-wide association studies that included eight disease traits. This study has become a role model for subsequent studies, and the data set has been subjected to additional analyses, including for epistasis.

                
	Endophenotypes
	
                  Heritable traits that are genetically correlated with disease traits. They are often traits (such as the level of a metabolite or transcript) that can be measured in all individuals (both diseased and healthy) and that can potentially provide a predictor of disease status.

                
	Observed scale
	
                  Measurement of a binary phenotype in terms of whether the participant exhibits the phenotype or not.

                
	Liability scale
	
                  An unobserved underlying risk of a binary phenotype or disease that is measured on a continuous scale and that is likely to be influenced by many genetic and environmental factors.

                
	Binary phenotypes
	
                  Disease traits that have two major states on the observed scale: diseased or healthy. They may nonetheless be complex traits in which transition to the disease state is influenced by continuous variation on an underlying liability scale for disease that is controlled by many genetic loci and environmental effects.
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