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Chapter 1 

General introduction and outline 
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In the last decade, we have witnessed unprecedented advances in our 

understanding of the molecular basis underlying human phenotypic variation. Modern 

biology and molecular medicine are being transformed by technological developments 

and methodological gains, and the resulting flood of data presents new analytic, 

interpretive, and computational challenges. Much of the great strides in the new science 

of genomics has come about as a result of large-scale comprehensive surveys of human 

genetic variation[1, 2], and the research community has now successfully identified 

thousands of genetic variants reproducibly associated with a wide array of complex 

traits[3], including disease risk and pharmacological traits. Genome-wide association 

studies (GWAS) have substantially contributed to these notable findings[4], facilitating 

unbiased analyses of the relationship between common genetic variation and 

phenotype and surpassing traditional candidate-gene studies in potential translational 

applications.  

Having amassed an ever-growing catalog of reproducible genetic associations 

with complex traits[3], the community now faces the daunting challenge of 

characterizing the underlying mechanisms[5] behind the genetic findings. Furthermore, 

despite recent methodological insights that have unveiled the importance of a polygenic 

component to complex traits[6], the community continues to grapple with locating the 

sources of “missing heritability”[7] for a large proportion of these traits (with the 

genetic variants that have been identified by GWAS accounting for only a small 

proportion of the trait variance). Finally, genome researchers have raised alarm over the 
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computational challenges presented by this Age of Big Data in genomics, warning that 

the new science is wholly unprepared “to cope with the coming genomics flood.”[8]  

Aimed at addressing some of these critical challenges, the studies in this thesis 

were conducted using heterogeneous approaches spanning the full range[9] from small 

fundamental investigations to the big science of large consortia. In Part I (“Identifying 

trait-associated genes using gene-based methods and molecular phenotypes”; chapters 

2-6), we explore alternative analytic approaches to traditional (single-variant) genetic 

association analyses, using functionally relevant elements of the genome as units of 

analysis (e.g., protein-coding genes, conserved elements, epigenetic marks that define 

regulatory elements) and incorporating the high-resolution omics data being generated, 

at a furious pace, by functional genomics. Specifically, these studies aim to leverage 

current knowledge of regulatory mechanisms in the genome to further our 

understanding of the genetic etiology underlying disease risk and drug response. We 

present a novel mechanism-informed gene-based test[10] (chapter 2) that uses the 

estimated component of gene expression that is determined by an individual’s genetic 

profile in order to map disease-associated loci; the method builds on whole-genome, 

tissue-dependent prediction models trained with reference transcriptome data and 

requires only genotype data. We further explore (chapter 3) a variance component 

based method that tests the regulatory landscape of a gene (which may extend at 

megabase distances from the gene[5]) and whose strength comes from facilitating joint 

analyses of different categories of function in the genome (such as genetic variants that 

disrupt DNase I hypersensitivity sites or transcription factor binding sites), propose a 
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combined test and apply it to the study of autism spectrum disorder. Methodologically, 

these studies are a natural outgrowth of previous studies which were some of the first 

to show that certain high-dimensional molecular phenotypes, such as microRNA 

expression[11] (chapter 4) and methylation[12-14] (chapter 5), are under substantial 

genetic regulation and which leverage the heritability of these molecular traits to 

functionally annotate the genome and improve its “readability”[15, 16] for genomic 

studies of complex traits. Furthermore, the combination of molecular traits (e.g., gene 

expression) and a relatively understudied form of human genetic variation (copy 

number variants [CNVs]) as molecular trait loci may yield insights into novel gene 

mechanisms of disease[17] (chapter 6). 

In Part II (“Polygenic analysis and heritability of complex psychiatric traits”; 

chapters 7-10), we present studies that aim to interrogate the genetic architecture of 

complex traits, including schizophrenia, bipolar disorder, attention deficit/hyperactivity 

disorder, and major depressive disorder (chapter 7), and to characterize the functional 

nature and extent of the contribution of classes of genetic variants to phenotypic 

variation. The pathogenesis of psychiatric traits is a topic of considerable interest for our 

purposes because the study of the impact of genetic variation on disease risk may 

provide crucial insights into pathophysiology that are not easily obtained by other 

methods due to the enormous complexity of the brain[18]. Furthermore, pervasive 

pleiotropy between psychiatric phenotypes[19] and shared genetic etiology between 

them and immune disorders[20] hold the promise of opening new avenues to 

understanding disease mechanisms and indeed the human disease phenome.  The 
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approach to quantifying the contribution of genome-wide genetic variants to trait 

heritability is a variance component method (called G-REML) that was pioneered by 

Visscher P and colleagues[21] based on Restricted Maximum Likelihood (REML), and we 

applied an extension to the study of regulatory annotation in the genome to determine 

whether classes of genetic variants with such prior functional support contribute 

disproportionately to phenotypic variance for psychiatric disease risk. Our study of 

expression quantitative trait loci (eQTL, i.e., genetic loci that contribute to variation in 

mRNA transcript levels) based heritability estimation[22] (applied to bipolar disorder) 

(chapter 8) via linear mixed models was one of the first to note that the functional 

nature of contributory genetic variants can be elucidated en masse, and the same 

method was then subsequently used in a study[23] of Tourette syndrome (TS) and 

obsessive compulsive disorder (OCD) to show a significant contribution to TS and OCD 

heritability by variants associated with gene expression in two brain regions (parietal 

cortex and cerebellum) with available eQTL data[14]. More recently, mixed models were 

employed to investigate the ways in which tissue-specific and cross-tissue eQTLs 

partition the heritability of a complex trait[24]. Similarly, these mixed models were 

useful in estimating the heritability captured by copy number variable and copy number 

stable regions of the genome for psychiatric traits (chapter 9). Since G-REML as 

implemented in GCTA requires individual-level genotype data, which may limit its utility, 

we developed a summary statistics-based method for heritability estimation (see 

Appendix of [25]; (chapter 9)), using, for example, publicly available GWAS summary 

association statistics, following the theory of quadratic forms; unlike the LD Score 
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Regression (LDSC)[26] method that performs jack-knife analysis to estimate the 

standard error of the estimated heritability, our approach provides a closed-form 

estimator for the variance in the estimate, thus providing a computationally efficient 

method. This approach has now been extended by a recent study[27] through 

regularization of the linkage disequilibrium (LD) matrix from a reference panel. The 

GCTA approach has recently come under criticism from Krishna-Kumar et al[28], who 

claim that the approach “applied to current SNP data cannot produce reliable or stable 

estimates of heritability.” Consequently, we recently conducted an investigation[29] 

(chapter 10) of the dynamics of the G-REML model to evaluate the stability of the 

likelihood function under phenotype perturbation and the dependence of the 

heritability estimate on the spectral properties of the genetic relatedness matrix (GRM) 

(such as in the special case of population stratification), demonstrating the robustness 

to measurement noise and perturbations in the GRM. 

In Part III (“Building genomic annotations: transcription, alternative splicing, and 

trans-population genetic analyses”; chapters 11-17), we present studies aimed at 

characterizing the functional consequences of genetic variation. We are currently 

involved in ongoing studies, as part of the GTEx Consortium, to characterize the impact 

of genetic variation[30, 31] on gene regulation in a comprehensive set of tissues 

(chapter 11) and to make the resulting annotations widely available to the scientific 

community. To address some of the computational challenges, we have previously 

developed a bioinformatic resource[12] (chapter 12) for genome annotation, using 

molecular quantitative trait loci[14, 15], of trait-associated variants identified by 
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genome-wide scans. In a recent study, we extended this to a whole-genome scan of 

genetic variants in splicing[32, 33] (chapter 13) regulatory elements (SREs) and 

evaluated the degree to which natural selection has shaped extant patterns of variation 

in SREs (chapter 14). In a study with potential translational relevance, we used high-

resolution transcriptome profiling to identify novel splice isoforms and to quantify 

differences in expression across tissues for genes involved in therapeutic and adverse 

drug response (the pharmacogenes)[16] (chapter 15). Using the degree of population 

differentiation among human populations (chapter 16) in allele frequencies in variants 

located in SREs as an index, we leveraged long-range haplotype and multi-locus allelic 

differentiation based methods to identify SNPs in regulatory elements with robust 

signatures of natural selection. The resulting SRE annotation was tested for its utility for 

detecting pathogenicity as well as for disease loci mapping. This is an application of our 

continuing interest in using trans-population genetic analyses (chapter 17)[34] not only 

to identify sources of ethnic disparities[35] in disease susceptibility or therapeutic 

response but also as an approach for genome annotation that fine-maps[36] causal 

genetic variants in loci previously identified by GWAS.  

In the next several chapters, we present both “methods” (that improve on 

existing approaches) and (molecular) “data” (that may serve as endophenotypes), which 

have the potential to contribute to our understanding of the genetic basis of human 

trait variation. Finally, we draw some general conclusions on the findings presented in 

this thesis and discuss future perspectives on the psychiatric genomics field to be 

followed by a Dutch summary of the results.  


