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General Discussion and Summary 
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General Discussion 

 Psychiatric disorders have long been known to cluster in families with moderate to high 

heritability, which suggests a major role for inherited genetic variation in disease etiology, but 

the specific genes that confer disease predisposition remain, for the most part, to be identified. 

The Psychiatric Genomics Consortium (PGC) has enabled substantial advances in the 

identification of genetic variation associated with disease risk through the accumulation of ever 

increasing sample sizes as well as through the development of analytic methodologies. The 

remarkable expansion of sample size has led to the discovery of an increasing number of 

genetic effects on disease, specifically schizophrenia[83], the most extensively studied 

psychiatric disorder. Indeed, using a multi-stage GWAS of schizophrenia involving 36,989 cases 

and 113,075 controls, the Schizophrenia Working Group of the PGC has identified 108 

“physically distinct” genetic loci that pass genome-wide significance[83]. Nevertheless, the set 

of (common) genetic variants that have been identified accounts for only a small proportion of 

variation in disease risk. Thus, the discovery of additional individual loci (which, for psychiatric 

traits, has lagged behind that for other traits such as autoimmune or metabolic 

phenotypes[627]) and the more global question of the sources of the “missing heritability”[7] – 

with its concerns for a comprehensive account of human genetic variation (e.g., structural 

variation or rare variation), a realistic model of the relationship between genotype and 

phenotype (e.g., additive versus epistatic)[290] and the development of novel analytic 

approaches for fully leveraging GWAS data  (e.g., GCTA[21]) – have stimulated a considerable 

amount of recent research in the field. 
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Identifying trait-associated genes using gene-based methods and molecular phenotypes 

 One of the limitations of GWAS as a methodology for deciphering the genetic basis of 

neuropsychiatric disorders is that it provides little conclusive information on the underlying 

disease mechanisms. In particular, the relevant gene in an associated locus is often not 

immediately obvious. As the PGC reported, of the 108 genetic loci, nearly three-quarters 

include protein-coding genes, but only 40% contain a single gene. These numbers depend of 

course on the definition of an “associated locus,” which in the PGC study was defined, rather 

arbitrarily, as the genomic region containing all SNPs in linkage disequilibrium (r2 > 0.60) with 

the 128 index SNPs. Thus, while plausible biological (gene) mechanisms can be attained and 

indeed associated loci have provided crucial insights into etiology (such as glutamatergic 

neurotransmission and synaptic plasticity), the underlying gene for an observed SNP association 

remains, in large part, frustratingly ambiguous. Furthermore, as has recently been 

demonstrated[5] using extensive functional studies, assigning a causal connection to the gene 

closest to the associated SNP is not always straightforward or necessarily justified, and indeed 

an associated locus may belong to the regulatory landscape of a quite distal target gene. 

Notably, the majority of GWAS findings lie in non-coding regions of the genome. 

 The disease loci mapping methods examined here, PrediXcan and fQTL-SCAN, address 

these limitations by focusing on biologically informed aggregates of functionally relevant 

elements of the genome (for example, genes with their regulatory variation, although other 

genomic “sets” of variants may also be functionally informative) as the primary unit of analysis. 
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PrediXcan infers the genetic component of (tissue-dependent) gene expression using prediction 

models trained on reference transcriptome data; estimation of the genetically regulated gene 

expression requires only GWAS genotype data (along with the reference transcriptome data). 

Multi-tissue imputation methods may offer opportunities for improved prediction[628]. The 

imputed genetic component is tested for association with phenotype, providing a likely causal 

direction (since the phenotype does not modify the germline genetic profile). Our PrediXcan 

analysis showed that high (whole blood) expression of Protein Tyrosine Phosphatase, Receptor 

Type, E (PTPRE) is associated with increased risk of bipolar disorder. Interestingly, Protein 

Tyrosine Phosphatases are known to play essential roles in synaptogenesis and central nervous 

diseases[629]. fQTL-SCAN jointly analyzes classes of SNPs with prior support for function (for 

example, non-synonymous polymorphisms and cis-regulatory variants, or cis- and trans- eQTLs, 

with user-defined weights) to improve the power to identify disease-associated genes. This 

facilitates integration of the results of studies of high-dimensional molecular traits and of 

regulatory elements into genome studies of disease. While PrediXcan is focused on the 

mechanism of gene expression (for which direction of causality can be inferred with great 

confidence because alteration of germline genetic profile by disease state is improbable), fQTL-

SCAN integrates multiple sources of genome functionality into a single test, which may be quite 

powerful in the presence of multiple independent causal variants. In both cases, there is a 

substantially reduced multiple testing burden in comparison to single-variant tests, and rare 

(e.g., regulatory) variants can be easily incorporated. Notably, both tests allow an investigation 

of the tissue dependence or tissue specificity of the gene-level associations.  
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We compared our results to those derived from a Mendelian randomization based 

approach as well as a Best Linear Unbiased Prediction (BLUP) method and found no significant 

associations from these alternative methods. Mendelian randomization[98], more precisely, a 

2-sample instrumental variable approach, is a mechanism-based approach, but the presence of 

pleiotropic associations (a common occurrence with neuropsychiatric phenotypes) presents a 

key limitation. The BLUP of SNP-based polygenic component is equivalent to ridge regression 

prediction under a specific penalty and it may well be that our approach to gene expression 

model building, which combines the features of LASSO and ridge regression[10], captures with 

greater fidelity the genetic architecture of gene expression (which may, in general, be regulated 

by a small number of variants) than the more infinitesimal framework of BLUP/ridge regression. 

The use of molecular traits, such as microRNA expression[11, 630] and methylation[14, 

297], as well as relatively understudied forms of genetic variation as molecular quantitative 

trait loci[17], to identify additional gene mechanisms is limited by the accessibility of brain 

tissue samples for high-throughput molecular phenotyping as well as the greater complexity in 

genotype calling for non-SNP data, respectively. We investigated the genetic architecture of 

microRNA expression, as quantified in LCLs, and mapped microRNA QTLs in two continental 

populations[11]. Most studies of genetic mechanisms involving microRNA-mRNA interactions 

had focused on the 3’UTRs of the target genes (with polymorphisms therein thus affecting 

microRNA regulation of the target). Our study conducted comprehensive mapping of microRNA 

expression variation in LCLs, thus extending (mRNA) eQTL studies[15, 195] in the same samples 

and demonstrating that microRNA expression is under substantial genetic control. MicroRNA 

QTLs identified in LCLs may well be a limited subset of the QTLs for the entire microRNAome, 
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and the relevance of these QTLs to psychiatric traits remains to be explored. However, we did 

find that these microRNA QTLs are enriched for previously identified mRNA QTLs in this cell 

type, and the latter, it should be noted, has been shown to be enriched among neuropsychiatric 

trait associated SNPs[15] although, as perhaps expected, the level of enrichment is not as 

pronounced as for autoimmune disorders. Thus, while LCLs may be thought to be a poor 

surrogate for the tissues most relevant for neuropsychiatric traits, there is some evidence[15] 

that they can be useful for functional annotation of disease-associated SNPs. Furthermore, 

because microRNAs are key (post-transcriptional) regulators of a third of human mRNAs 

(exerting their effect through mRNA degradation or translational repression), the genetic study 

of microRNAs provides an opportunity to investigate the role of trans regulatory mechanisms in 

the etiology of complex traits. Extending this study of (relatively unexplored) molecular trait 

loci, our study of the genetic control of CpG methylation, this time in cerebellum, and the 

finding of a significant excess of quantitative trait loci (mQTLs) among top SNPs associations 

with bipolar disorder[14] highlight the importance of epigenetic processes for psychiatric traits. 

It remains to be seen how tissue-specific the genetic architecture of CpG methylation is and 

what the resulting implications are for disease etiology.  Using the mQTLs in brain, we identified 

a significant association (rs12618769) with bipolar disorder, which regulates the methylation of 

inositol polyphosphate phosphatase 4A (INPP4A) in cis, a gene known to suppress excitotoxic 

neuronal cell death thus preserving the brain’s functional integrity[206]. Notably, the gene 

belongs to the phosphatidylinositol signaling pathway – a target for the effects of the widely 

used treatment for bipolar disorder, lithium[631].  
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Besides the molecular traits that can be comprehensively investigated as intermediate 

phenotypes to higher-order clinical traits, the form of genetic variation studied may enable the 

identification of causal gene mechanisms linking genetic variation with disease predisposition. 

Structural variation can have a regulatory impact on the transcriptome[17] that goes beyond 

regulating the expression of dosage-sensitive, co-localizing genes. Indeed, CNVs may end up, 

through insertion or deletion, disrupting regulatory regions, thereby regulating the expression 

of target genes in trans. Of note, the mere presence, rather than the copy number, of the CNV 

region can alter gene expression[259]. However, there are considerable analytic challenges in 

interpreting CNV associations, besides the greater complexity of genotype calling for them 

(than for SNPs). Common CNVs may be well-tagged by SNPs, and the fine-mapping of causal 

variants in an associated locus can be difficult. As we emphasized[17], these challenges 

reinforce the indispensability of comprehensive transcriptome studies spanning multiple tissues 

for identifying the causal gene mechanism(s) (and perhaps the application of CRISPR-Cas 

systems for genome editing to distinguish the causal effects of CNVs from the SNPs in strong 

linkage disequilibrium). The relative impact of different forms of genetic variation on the 

human transcriptome across cell types and on disease susceptibility remains to be fully 

characterized.  

 

Polygenic analysis and heritability of complex psychiatric traits 

The genetic architecture (number, allele frequency and effect size of predisposing 

genetic variants) that emerges from recent whole-genome association studies of a wide range 
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of neuropsychiatric traits is one in which a polygenic component[632] contributes to disease 

risk, replacing the Mendelian paradigm that long dominated early genetic studies of disease. 

The studies we presented in Part II collectively show that polygenic analysis of SNPs may 

provide a useful tool for dissecting the aggregate contribution of a functional category of SNPs 

to variation in disease predisposition. This task becomes more critical as the emerging picture 

of polygenic variation in psychiatric disease risk necessitates functional or mechanistic 

interpretation. Our study of psychiatric disorders using an unprecedented collection[30] of 10 

brain regions and multiple additional tissues provides an important resource that can advance 

insights into neurobiological mechanisms underlying these disorders. Importantly, the 

integrative framework it proposes for the identification of novel psychiatric disease associated 

loci and for the functional characterization of known susceptibility loci is likely to be of broad 

utility for future studies in the field, as GWAS sample sizes increase (thus providing additional 

risk loci) and as more refined and higher resolution transcriptome studies (e.g., single cell 

transcriptomics) become available. We showed that eQTLs disproportionately account for the 

trait variance of a range of psychiatric traits, “concentrating” their heritability, and capture a 

substantial proportion of the genetic correlations between psychiatric traits, indicating that 

they contribute to the pleiotropy[19] in this class of diseases. We find that the eQTLs identified 

in the more accessible tissue whole blood can improve the false discovery rate for detecting 

trait-associated loci at least for some psychiatric traits (such as schizophrenia), raising the 

possibility of an immune component to disease (from the implicated biological processes for 

the eQTL target genes in this tissue) and perhaps also of improved prediction of risk through 

eQTL-based polygenic modeling in easily accessible cell types. Furthermore, we showed that 



463 
non-brain regulatory variation in relatively non-accessible tissues (such as adrenal gland and 

colon) can account for a substantial proportion of the heritability to psychiatric traits, raising 

interesting hypotheses on disease pathophysiology that warrant further studies.  

Our early polygenic study of a psychiatric trait[22] explored variance-component 

methods as well as polygenic risk score analysis using eQTLs identified in brain to gain insight 

into the functional nature (e.g., tissue-specific eQTLs, cis- versus trans- eQTLs) of polygenic 

variation underlying bipolar disorder, demonstrating that great resolution may be attained on 

the number of contributory common genetic loci and that the aggregate contribution of a SNP 

functional category may be estimated. This methodology was subsequently applied to 

quantifying the contribution to the (tissue-specific) heritability of Tourette syndrome and 

obsessive compulsive disorder[23] by genetic variants associated with gene expression in two 

brain regions (cerebellum and parietal cortex) as well as in muscle. Furthermore, partitioning 

the heritability using brain-specific eQTLs, muscle-specific eQTLs, the shared eQTLs across the 

tissues, and the complement set provides additional evidence that non-brain regulatory 

variation may contribute substantially to neuropsychiatric traits. Subsequent comprehensive 

studies[352] from other groups have shown the importance of regulatory elements (DNase I 

hypersensitivity sites from 217 cell types) across common diseases.  

To analyze copy number variation within a polygenic framework[25], we used variance-

component methods to aggregate distributed SNP effects across copy number variable and 

copy number stable (CNS) regions of the genome. CNS SNPs account for 1/3 of the variants 

tested, but the estimated heritability attributable to them is 46% (h2 = 0.26, SE = 0.06; p < 

0.001) for Tourette syndrome and 40% (h2 = 0.15, SE = 0.05, p < 0.001) for obsessive 
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compulsive disorder. Given the importance of copy number variants for psychiatric traits, this 

suggests that copy number variation and CNS annotations may be highly useful for multi-

phenotype genetic analyses and perhaps for locating the sources of shared genetic etiology; 

Tourette syndrome and obsessive compulsive disorder are estimated to have a genetic 

correlation of 0.41 (SE = 0.15, p = 0.002)[23].  Furthermore, in results that may extend polygenic 

analyses of complex traits, we found that throughout the genome, regulatory variation can be 

“unmasked” by modeling copy number variation as locus-specific covariate. Indeed, joint 

analyses of co-localizing forms of genetic variation (e.g., SNP allelic content and copy number 

dosage) can improve our ability to detect significant trait associations and recover additional 

heritability. To investigate the utility of the CNV/CNS annotations for polygenic analyses of 

complex traits using exome sequencing studies, we analyzed loss of function (LOF) variants 

identified in healthy individuals as well as inherited and de novo LOF variants from an autism 

exome study[329, 331]. As we found, LOF variants in CNV regions are significantly more likely to 

influence all known transcripts of the affected gene than counterparts in CNS regions, but there 

is suggestive evidence that LOF variants in CNS regions are more likely to trigger nonsense 

mediated decay (NMD). These results suggest that for functional characterization of rare SNPs 

arising from sequencing studies, CNV and CNS annotations as co-localizing variation can further 

enhance our understanding of the phenotypic impact of the rare variants. 

The polygenicity of neuropsychiatric traits studied here has important implications for 

the modes of analyses that can further our understanding of their genetic architecture. The 

large number of contributory variants and their modest individual effect sizes suggest that 

traditional analytic approaches such as implemented in single-SNP GWAS or in candidate gene 
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association studies are far from adequate with current sample sizes. Linkage disequilibrium in 

the genome implies that naive adding of the variance explained by each SNP may inflate the 

overall variance explained by genome-wide SNPs. Thus, the joint analysis of a large number of 

SNPs in the genome (for example, G-REML, such as implemented in GCTA[21]) has been 

influential in studies of the genetic architecture of neuropsychiatric phenotypes, and indeed the 

studies of the role of regulatory variation in disease risk (in aggregate) that we presented rely 

on multi-SNP analyses. Our recent study[29] of the robustness of SNP-based heritability 

estimation to phenotype measurement noise and to perturbation in the genetic relatedness 

matrix (GRM), in response to a recent critique[28], addresses some key methodological issues. 

Through an investigation of the dynamics of the likelihood function of the G-REML model and 

the spectral properties of the GRM, we showed that the estimated variance is robust to such 

perturbations and noted that instability that may arise such as under population stratification 

follows from the model and is indeed well-known as a source of bias for the estimated 

heritability[302]. Furthermore, we applied results from random matrix theory to investigate the 

extent to which the eigenvalues of the GRM reflect non-random population stratification versus 

random expectation, exploring a test for significance; these methodological points are of 

relevance to GWAS of (neuropsychiatric) complex traits as well as studies in population 

genetics, with ever-increasing sample size and greater complexity in population structure that 

may characterize future studies.   

 

Building genomic annotations: transcription, alternative splicing and trans-population genetic 

analyses 
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Our work within the Genotype-Tissue Expression (GTEx) Consortium is ultimately aimed 

at characterizing the nature of the regulatory variation in a comprehensive collection of human 

tissues and developing approaches to integrating this knowledge into “a systematic 

understanding of the cellular and biological consequences of human genetic variation”[30]. The 

first-phase of the project represents a large-scale survey of the human transcriptome using 

1,641 samples and 54 body sites. Gene expression clustering showed that the non-solid tissues 

(whole blood and LCLs) were the primary outlier and that tissue type was the main determinant 

of gene expression differences. This can have important implications for the use of blood and 

LCLs, because of their relative accessibility, as a model system or as a surrogate tissue for 

functional studies of GWAS findings. In contrast, clustering of splicing events showed that the 

brain tissues were the main outlier, suggesting the importance of this molecular process for 

determining brain tissue specificity. Of note, a third of the eQTLs found to be in linkage 

disequilibrium with GWAS SNPs were identified only with the use of multiple tissues. Besides 

proposing causal gene mechanisms for GWAS loci, the GTEx annotation of regulatory variation 

can propose the relevant tissue(s) of pathology for disease-associated variants, determine the 

context (tissue) specificity of the phenotypic impact of genetic variation, and investigate 

pleiotropic effects (highly relevant to neuropsychiatric traits) through multiple target genes in 

and across tissues[30].  

Integrative annotation systems may advance biological understanding of complex traits, 

as we have previously noted for bipolar disorder[14] through studies of genetic effects on 

methylation and gene expression in brain. Thus a bioinformatics resource, such as we 

developed in SCAN[12, 194], of results from genetical genomic studies[15] and studies of the 
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genetic architecture of molecular traits such as cytosine modification[13] in multiple 

continental populations would be an enhanced functional annotation system. Gene regulation 

is a complex molecular process and the crucial roles of epigenetic systems in this complexity, 

with downstream consequences for the genetic basis of complex traits, require comprehensive 

elucidation. The complex relationships among genetic variants, epigenetic systems and gene 

expression as higher-level molecular clues can illuminate key aspects of disease processes and 

improve prioritization of GWAS findings for downstream functional validation by more fully 

taking into account the enormous complexity of gene regulation. In addition, utilizing these 

relationships identified in multiple populations (i.e., in the present case, consisting of samples 

of European and African descent) and made publicly available through our bioinformatic 

resource may assist in the interpretation of diseases with substantial population disparity in 

prevalence or clinical outcome.  

Studies of alternative splicing (AS), a ubiquitous mechanism that gives rise to functional 

innovation in the genome, can further enhance genome annotation. Because of its broad 

impact on developmental processes and physiology[32] and on the development of trait 

complexity[33], dysfunctional splicing can have hitherto unrecognized influence on 

neuropsychiatric disease risk. Schizophrenia risk associated SNPs within the gene Disrupted-in-

schizophrenia-1 (DISC1) were reported to be associated with transcript isoforms levels of the 

gene[633] in the human brain with certain transcript isoforms more abundantly expressed in 

the hippocampus of schizophrenia patients but overall expression not significantly altered in 

patients. Thus, inter-individual variability in the expression of splice isoforms may be an 

important source (via regulatory variation) of genetic susceptibility to neuropsychiatric 



468 
disorders. However, although enormous progress has been achieved in characterizing the 

ubiquity of AS within the human species and its conservation across large evolutionary 

distances, we are far from a comprehensive understanding of its role in shaping phenotypic 

diversity and driving genome evolution. Of particular interest for us is that this cellular process 

– which underlies the development of molecular complexity and the diversification of protein 

structure – is pervasive in the nervous system[634] with AS events in the brain more highly 

conserved than those in other tissues, indicating conserved neural mechanisms and functions. 

Furthermore, AS may function to regulate gene expression[635] such as by creating isoforms 

degraded by nonsense mediated decay (NMD). This molecular coordination between AS and 

NMD as a mechanism for modulating protein abundance as well as for eliminating aberrant 

transcripts is likely to have widespread phenotypic consequences. It has been suggested that 

NMD underlies a regulatory connection between AS and epigenetics[636] in the mammalian 

brain. As we have previously noted[33], AS, as a complexity-generating molecular process, must 

be studied in its relation to other such molecular processes (e.g., RNA editing) – in particular, 

for our purposes here, for understanding the enormously complex circuitry[637] of the brain. 

Consistent with these findings, GTEx analysis of the human transcriptome[371] has shown that 

the brain has highly distinctive patterns of alternative splicing; for example, the brain has the 

greatest number of exons with differential inclusion (in a comparison of samples from a given 

tissue with the sample from the rest of the tissues). In an effort to develop a functional 

annotation system based on AS, we undertook a genome-wide scan of genetic variation in 

splicing regulatory elements (SREs) in the human genome, in search of signatures of natural 

selection and of outlier degree of population differentiation. Such SRE SNPs[32, 437] may exert 
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their regulatory effect by activating or disrupting the function of regulatory motifs. Our 

approach developed a test of selection on such regulatory variation and identified genetic loci 

with multiple (consensus-derived / robust) signatures of selection. In intronic regions, we 

observed a more pronounced enrichment of population-differentiated SNPs among the 

transcript ratio quantitative trait loci identified in LCLs than among the SRE SNPs in general 

(which themselves showed enrichment relative to non-SRE SNPs). Importantly, we found that 

the SRE annotation system is useful for detecting pathogenicity and for disease loci mapping, 

extending our early research on eQTL-based annotation[15]. In a study of potential 

translational and clinical relevance[16], we characterized the expression and alternative splicing 

of a class of genes important for drug absorption, distribution, metabolism and excretion (the 

so-called pharmacogenes) across pharmacologically relevant tissues and in LCLs, a widely used 

cell-based system for pharmacogenomic studies. We identified 183 novel (i.e., previously non-

annotated) splicing events in these genes and detected significant differential splicing between 

LCLs and the physiological tissues. For example, a novel 3’ splice site in SCN5A (which encodes a 

voltage-gated sodium channel crucial for cardiac conduction) in heart was found, leading to a 

premature stop codon that may trigger NMD. Sodium channels are molecular targets not only 

of antiarrhythmics but also of antidepressants and lithium[638]. Interestingly, antipsychotic and 

antidepressant drugs are known to increase the risk of arrhythmias and sudden cardiac 

death[639]. Studies of the mechanisms and predispositions underlying therapeutic efficacy and 

adverse response should be facilitated by the comprehensive functional annotation systems 

explored here. 



470 
Localization of function in the genome may also be fruitfully investigated through multi-

population genetic studies. For example, many of the genetic discoveries identified originally in 

samples of European descent can be further enhanced through trans-population fine-mapping 

studies aimed at pinpointing the causal variants responsible for the observed associations. 

Certainly, confirmation of the original finding in another population provides robust evidence 

for the association signal. But resolution of the causal variant may also be possible in multi-

population studies. Genomic regions of extensive linkage disequilibrium in European genomes 

may confound the discovery of causal variants in an associated locus, but taking into account 

the patterns of linkage disequilibrium across distinct populations may lead to a substantial 

reduction in the size of the “credible set” at the locus. Multi-population studies, however, pose 

their own methodological challenges. We found that type-I and type-II error rate may not be 

adequately controlled, using existing methods[305], in GWAS of admixed individuals. This can 

have enormous implications for studies of regulatory variation in such populations and, more 

broadly, in efforts to extend medical genetic studies to understudied populations.    

 

Future Perspectives 

The field of psychiatric genomics has come a long way in the last several years and 

identified a number of genetic variants reproducibly associated with disease risk. Technological 

and conceptual innovations have facilitated unbiased studies of the genome in search of 

genetic susceptibility variants. Big science, in the form of large-scale consortia efforts[18], has 

provided the context for a large number of the recent genetic discoveries, but small science[9] 
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too has a role to play in enabling conceptual advances and in dissecting the complexity of the 

biological phenomena. Much of this development in psychiatric genomics has been tied to one 

of the central findings in the field: for complex psychiatric traits, the individual genetic effects 

from common variation are generally small and the number of such susceptibility loci is large. 

This has prompted the collection of ever larger datasets (to achieve better power) and the 

development of novel analytic strategies (e.g., to estimate total genetic variance without having 

to identify any single variant).  

Some of the research described in this thesis concerns itself with one of the goals of a 

post-GWAS era – the precise characterization of the genetic mechanisms and the molecular 

processes and pathways that may give rise to disease predisposition at a disease-associated 

locus. We are still a long way from capitalizing on the growing number of genetic discoveries in 

the field and turning these into genuine biological insights. The challenges in elucidating the 

mechanism(s) behind a genetic association remain daunting. Conversely, the development of 

methods that incorporate the growing knowledge of genome function into the detection of 

susceptibility loci is critical and likely to lead to further advances, but may require 

computational (due to the volume of functional data) and interpretive (due to the nature of the 

data) advances. A complete characterization of the underlying mechanism at a disease-

associated locus surely involves the fine-mapping of causal variants. A number of fine-mapping 

methods (which attaches probabilities of causality to candidate variants) have been described 

in the literature[108], but, as in the case of mapping genetic susceptibility loci, large sample 

sizes may be needed to boost the power to distinguish between SNPs in extensive linkage 

disequilibrium. Instead of testing single variants (and subsequently conducting fine-mapping of 
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the causal variant in an associated locus), one can directly evaluate the mechanism, as we 

sought to do within the PrediXcan framework[10]. The framework may be extended to 

incorporate genetically driven methylation, histone modification and other regulatory 

processes as well as their complex interplay[640]. A limitation of the approach is the 

requirement of a reference panel in the particular tissue or cell type for the building of 

imputation models. Despite the unprecedented breadth of the GTEx transcriptome resource, 

some tissues and cell types are not represented. In addition, future studies will have to 

investigate the cell type specificity of epigenetic systems and the downstream consequences 

for human disease. Single-cell transcriptomics[641] will shed light on how genetic variation 

regulates the transcriptome at the single-cell level and on the determinants of cell type 

heterogeneity. Furthermore, by extending simple end-point analyses[91], longitudinal studies 

of molecular traits (e.g., gene expression) and complex phenotypes will yield important insights 

into genetic etiology despite the logistic challenges of accumulating these data and their unique 

methodological features (including missing data, serial correlation and time-dependent 

covariates[642]).    

Recognition of the polygenicity of a range of neuropsychiatric traits necessitates the 

development of new approaches to the functional characterization of “polygenic variation.” 

Although ever increasing GWAS sample sizes will likely enable detection of ever smaller effects, 

the clinical significance of this variation is not immediately clear. Polygenic risk score analysis is 

potentially of great translational relevance for neuropsychiatric traits, and indeed its first 

application to GWAS was done in schizophrenia and bipolar disorder[632], demonstrating the 

polygenicity of the traits as well as a shared polygenic component to these conditions. 
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However, assessment of the accuracy of genetic risk prediction for a range of neuropsychiatric 

conditions is still in its early stages. Clinically relevant prediction may require very large 

“training” samples, from which the predictors are generated, to obtain accurate estimation of 

the score[643]. Polygenic pleiotropy across the spectrum of neuropsychiatric conditions[19, 

644, 645] may inform alternative schemes to disease classification, fueling a genomics-based 

critical reappraisal of psychiatric nosology[646], with profound implications for diagnostic 

practice. As we proposed, polygenic risk score analysis using eQTLs in disease-relevant tissues 

and additional functional information may yield fruitful and informed lines of inquiry. SNP-

based heritability estimation is sensitive to residual population stratification[302] and other 

genotype-based artifacts, and novel statistical approaches (besides stringent quality control) 

may be required to guard against the artificial “heritability” that arises from non-genetic 

systematic differences between cases and controls (such as if cases and controls were 

independently genotyped)[276]. SNP-based estimation of heritability and genetic correlation in 

admixed populations will require new methodologies.     

A major challenge in the development of useful functional annotation systems is the 

problem of integration. The scale of the available data is impressive – from whole-genome, 

transcriptome, epigenome, proteome and metabolome studies[83, 630, 647-649]. The 

heterogeneity of the data in terms of data quality, protocol, size and structure presents 

methodological challenges. Especially for neuropsychiatric traits, integration of multiple omics 

data may be necessary to reflect the immense complexity of the brain and to bridge the gap 

between genome variation and clinical phenotype. A comprehensive understanding of the role 

of trans-regulatory mechanisms[280] will require even larger samples for eQTL mapping and 
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perhaps novel statistical methodologies but may provide an important source of novel biology 

underlying psychiatric disease predisposition. A major opportunity in the implementation of a 

clinically relevant annotation system is the stunning technological advance in targeted genome 

editing[263]. Application to model organisms and in vitro systems promises to accelerate 

discovery of gene function, and the development of annotation pipelines, based on genome 

editing, for establishing the causal function of GWAS loci is well underway[650].      

 

Summary 

There has been a rapid expansion in the number of genetic discoveries implicated in 

conferring risk to disease[3]. GWAS of complex traits have been central to many of these 

successes, yielding key insights into allelic architecture. Yet, it must be noted that despite the 

recent flurry of large-scale GWAS (i.e., with sample sizes in the tens of thousands) that have 

been conducted, a comprehensive understanding of the biological basis for disease remains 

elusive[15]. This is particularly true for neuropsychiatric traits such as schizophrenia – 

characterized by substantial morbidity and significant health, financial and societal 

burdens[651] – despite recent genetic findings with clear biological plausibility[83] but for 

which the precise molecular events originating from genetic variation and giving rise to a highly 

complex phenotype remain largely unknown.  

Reorienting genome analysis of disease toward functional characterization is a critical 

task (Part I). We described a framework[10] (chapter 2) that evaluates the imputed genetic 

component of gene expression for association with phenotype, proposing a causal direction of 
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effect (with crucial therapeutic implications) and a potential mechanistic basis for an observed 

association. The method showed improved prediction performance on gene expression over 

existing (single-SNP and gene-based) approaches. We then explored an approach to joint 

testing of multiple categories of function (chapter 3) in the genome using a variance 

component method and applied it to a genetic study of autism spectrum disorder (which is 

generally underpowered for SNP-based studies at current sample sizes), successfully identifying 

and replicating novel genes. This study demonstrated how functional annotations (such as 

being made available by large-scale surveys such as ENCODE[81] and GTEx[30]) can be used to 

map disease-associated loci. We characterized the genetic architecture of microRNA 

expression[11] (chapter 4) in lymphoblastoid cell lines, investigated genetic effects on the 

transcriptome through the lens of an important class of non-coding RNAs and showed that 

genetic variation may underlie the regulation of microRNA-mRNA interactions (and thus 

downstream phenotypic variation). MicroRNAs are predicted to target a third of all human 

mRNAs, and SNP-mediated regulation of microRNA expression was shown to be important for 

insights into known genetic associations with a range of complex phenotypes. Our study[14] 

(chapter 5) of methylation quantitative trait loci (mQTLs) as well as eQTLs in human cerebellum 

samples demonstrated the importance of epigenetic mechanisms for the pathophysiology of a 

psychiatric trait (bipolar disorder) and highlighted the value of these regulatory mechanisms for 

identifying novel genetic susceptibility loci for psychiatric traits. As the study showed, GWAS of 

neuropsychiatric traits are likely to benefit from genome-wide maps of mQTLs and eQTLs as 

well as from integrative analyses of the genetic regulation of the corresponding molecular 

processes through improved detection of disease-associated variation. Studies of regulatory 
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variation have been primarily conducted using SNPs, and our assessment of CNVs as eQTLs[17] 

(chapter 6) underscored the need to integrate more complex forms of genetic variation as 

molecular quantitative trait loci that may underlie disease mechanisms especially for psychiatric 

phenotypes like schizophrenia (and, more recently, bipolar disorder[652]), for which CNVs have 

been shown to confer disease predisposition. 

We sought to investigate the genetic architecture of psychiatric traits in a polygenic 

framework (Part II). In chapter 7, we undertook a comprehensive and systematic study of 

psychiatric traits using an unprecedented collection of samples from 10 brain regions as well as 

select non-brain tissues (thus facilitating the exploration of hypothesized connections with 

immune-related disorders, neuroendocrine function and certain co-morbidities). We showed 

that eQTLs account for a substantial proportion of the heritability to these traits, facilitate 

improved detection of novel risk loci and capture a large fraction of the genetic correlations 

between psychiatric disorders. Our study represents the most comprehensive transcriptome 

study of psychiatric traits to date, showing the utility of transcriptome data in brain and non-

brain tissues for improved detection of novel genetic effects on psychiatric traits and for 

functional characterization of known disease-associated loci. We presented a variance-

component method (chapter 8) to quantify the heritability of bipolar disorder attributable to a 

class of SNPs enriched for prior evidence for function, namely eQTLs identified in two brain 

regions, showing that this class of SNPs disproportionately account for phenotypic variance 

(given their count); we have applied the same method to investigate the genetic architecture of 

other psychiatric traits (Tourette syndrome and obsessive compulsive disorder[23]) from the 

point of view of function.  We then analyzed CNVs [25] (chapter 9) in a polygenic framework by 
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partitioning the heritability of psychiatric traits according to known CNV and copy number 

stable regions and showed that such a framework may be useful for dissecting the genetic basis 

of psychiatric traits and may shed light on shared etiology for traits with substantial genetic 

correlation[19, 23]. We conducted a theoretical study[29] (chapter 10) of the G-REML 

framework in the presence of phenotype noise as well as under certain assumptions on the 

spectrum (the set of eigenvalues) of the genetic relatedness matrix (GRM), underscoring its 

robustness to phenotype measurement noise and to perturbations in the GRM; in addition, we 

investigated a test (of special relevance to large-scale GWAS and studies in population genetics) 

that utilizes the eigenvalues of the GRM to distinguish between non-random population 

structure and random expectation.  

 We presented several studies (Part III) aimed at functional characterization of genetic 

variation. We described[30] (chapter 11) results from the pilot phase of the GTEx project using 

1641 samples across 43 tissues to characterize tissue-specific and shared regulatory variation. 

One of the notable findings was that candidate causal genes implicated by eQTL annotation and 

those proposed by physical proximity for trait-associated SNPs are very often discordant. This 

work greatly extends earlier studies[12] (chapter 12), which implemented an integrative 

annotation pipeline on transcriptional and epigenetic regulation (in this case, investigated using 

multiple continental populations) for the functional interpretation of genetic variation. We 

developed a bioinformatics resource to facilitate the use of the annotation system. Alternative 

splicing, as a cellular mechanism that drives molecular complexity and functional innovation, 

can have profound implications for genome evolution and may interact with other molecular 

processes such as gene duplication to generate phenotypic diversity, suggesting that 
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evolutionary analyses of splicing may be particularly useful for annotating the genome with 

function (chapter 13). Splicing regulation is a relatively understudied mechanism, and we 

sought to fill this lacuna by investigating the properties of genetic variation that disrupts 

splicing regulatory elements (SREs) and found evidence for robust signatures of natural 

selection and enrichment for population differentiation among these regulatory elements 

(chapter 14). We investigated the contribution of the resulting genetic variation in SREs to 

disease predisposition, demonstrating the utility of the annotation for mapping disease-

associated loci for a range of disorders. In efforts to decipher genome function that has obvious 

translational and clinical relevance, we characterized gene expression variation and identified 

novel splicing events in the so-called pharmacogenes involved in drug absorption, distribution 

metabolism and excretion (chapter 15), revealing substantial variation in expression and 

splicing across tissues and individuals. In addition to the clear importance of molecular traits 

and processes (such as transcription and splicing) for deciphering the causal function of genetic 

variation, studies in global populations will be crucial for a more complete understanding of the 

functional consequences of genetic variation and our study (chapter 16) of the relationship 

between type-I and type-II error rate and population divergence in multi-ethnic GWAS showed 

that widely-used existing methods may not adequately control error rate in genetic studies 

involving admixed populations. Previously, we showed that common genetic variation 

contributes to ethnic disparities in (neuroblastoma) phenotype and employed local ancestry (as 

opposed to global ancestry as, for example, provided by principal components analysis) in a 

genetic association study in admixed African American patients to localize genetic signals 

previously identified in samples of European descent (chapter 17). But much more remains to 
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be done methodologically for samples with highly complex admixture, and subtle confounding 

arising from population stratification remains a continuing concern for efforts to localize 

function through trans-ethnic analyses as large-scale meta-analyses become more common.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


