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Chapter 7 

Investigating the genetic basis of psychiatric 

traits using transcriptome data 
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Abstract 

The genetic architecture of psychiatric disorders is characterized by a large 

number of variants having small individual effects. These variants primarily lie in non-

coding regions, suggesting that associated loci may influence disease risk by modulating 

gene expression rather than by altering a gene’s protein product. Here we provide 

comprehensive analyses using transcriptome data from an unprecedented collection of 

brain samples as well as from additional tissues that may provide pathophysiological 

insights into the role of immune function, neuroendocrine factors and gastrointestinal 

systems in the development of psychiatric disorders. 

 

Introduction 

 

The genetic architecture of psychiatric disorders is characterized by a large 

number of variants having small individual effects[264]. A substantial proportion of the 

signals that have emerged from Genome-Wide Association Studies (GWAS) lie in non-

coding regions, suggesting that associated loci may influence disease risk by modulating 

gene expression rather than by altering a gene’s protein product[83] and demonstrating 

the importance of mapping expression Quantitative Trait Loci (eQTLs)[15, 22]. However, 

although eQTL studies are the most common approach for elucidating the mechanism(s) 

through which genetic variants influence disease predisposition, there has been a 

relative paucity of high-resolution studies in the tissue most relevant for psychiatric 
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traits, the brain. In addition, we are still in the early stages of such studies with the 

breadth and scale necessary to characterize the tissue-specific effects of disease-

associated variants on the entire transcriptome.   

Despite the identification of many reproducible genetic associations[83], a 

primary challenge in the field of psychiatric genetics is to gain key insights into the 

underlying neurobiological mechanisms[265] both to facilitate detection of additional 

disease-associated loci as well as to elucidate the precise molecular etiology of known 

loci. Addressing this challenge is critical for the development of novel therapeutic 

targets and for the prospects of personalized medicine in psychiatry[266] but immensely 

challenging for several reasons. The polygenicity of psychiatric traits (i.e., the large 

number of contributory variants, each of weak effect) impedes biological interpretation 

of the role of individual variants while the molecular networks and pathways targeted 

by known disease-associated variants as well as the degree to which these variants have 

convergent function are largely unknown. 

Integrative transcriptome studies promise to address the functional gap, but to 

date, analyses of gene expression[267] for psychiatric conditions have been hampered 

by the relative inaccessibility of the relevant tissue and the lack of clarity on the relevant 

brain region(s). Here we provide comprehensive genetic analyses of psychiatric 

disorders using transcriptome data from an unprecedented collection of brain samples 

as well as from additional tissues that may provide pathophysiological insights into the 

role of immune function, neuroendocrine factors and gastrointestinal systems in the 

development of psychiatric disorders. Specifically, this study has two primary aims. First, 
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we sought to assess the utility of a comprehensive transcriptome resource for 

identifying novel genetic variation associated with psychiatric traits. For this purpose, 

we performed a variety of aggregate-level analyses of the eQTLs identified in the various 

tissues to evaluate their (possibly tissue-dependent) contribution to disease risk as well 

as their ability to highlight novel genetic mechanisms for conferring disease risk. Second, 

we were interested in improved functional characterization of the known disease-

associated variants. For this purpose, we performed fine-mapping of the 108 

schizophrenia (SCZ) loci, conducted co-expression network and pathway analyses for the 

eQTL targets of the GWAS-identified SNPs for four phenotypes (i.e., schizophrenia [SCZ], 

bipolar disorder [BD], major depressive disorder [MDD] and Attention Deficit 

Hyperactivity Disorder [ADHD]) investigated by the Psychiatric Genomics Consortium 

(PGC. https://www.med.unc.edu/pgc) and evaluated the tissue-specificity of the 

regulatory function among these disease-associated variants.  

 

RESULTS 

 

Figure 1 is a schematic of the analytical strategy used in this study, showing the 

analyses performed for the two aims. The first aim involved a variety of global analyses 

to characterize the genetic architecture of a psychiatric trait using eQTLs as “probes.” 

The second aim, in contrast, involved several local analyses at known psychiatric disease 

associated loci (primarily, SCZ). 
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Figure 1. The analytical approach. Aggregate-level analyses (left panel) were conducted, 
utilizing the transcriptome data to characterize disease-associated variation. Known 
disease-associated SNPs (for, primarily, schizophrenia) were functionally analyzed (right 
panel) using the eQTL data. 

 

Tissues and eQTL data 

 In total, we analyzed 889 brain RNA-Seq samples from 10 brain regions and an 

additional 633 non-brain samples (Supplementary Table 1). We found (Figure 2) that 

sample size accounts for 78% of the variability in the number of eGenes (i.e., a so-called 

“target gene” of an eQTL or a gene with at least one [local] SNP significantly associated 
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with the gene’s expression at false discovery rate [FDR] < 0.05). Notably, nearly 20 

eGenes were identified for each additional sample (Figure 2). 

 

 

Figure 2. Tissues analyzed and number of eGenes detected. As the number of samples 
increases, so does the number of identified eGenes. Tissue type is color-coded (with all 
10 brain regions coded in green). 

 

 

Aim 1: Assessing the utility of transcriptome data for identifying novel genetic 

variation associated with psychiatric traits 
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Brain eQTLs are enriched for psychiatric disease susceptibility loci 

Among the eQTLs identified in brain, we found disease-dependent enrichment 

for trait associations. 

 

 

 

Figure 3. Enrichment for disease associations among the eQTLs in hypothalamus and 
(the more accessible tissue) whole blood. Each plot is a Q-Q plot of the distribution of 
p-values for association with the given disease for the eQTL SNPs identified in 
hypothalamus (left) and whole blood (right). We found disease-dependent enrichment 
for trait associations among the eQTLs identified in each tissue. For example, in 
hypothalamus, SCZ and ADHD demonstrated clear enrichment, but notably not MDD or 
BD. In contrast, BD showed clear enrichment in whole blood. 

 



184 
For example, eQTLs mapped in hypothalamus showed substantial enrichment (p < 0.05, 

Kolmogorov-Smirnov [KS] test) for low p-values (in particular, meeting Benjamini-

Hochberg FDR < 0.05) for association with ADHD and SCZ, but relatively little support for 

enrichment for BD, and none for MDD (Figure 3A). We note that Bonferroni (BF) 

adjustment (represented as a horizontal line in Figure 3) is highly conservative given the 

potential correlations between SNPs, and indeed, as the figure indicates, several more 

eQTL SNPs were found to satisfy FDR < 0.05 compared to pBF < 0.05 for association with 

SCZ. Supplementary Table 2 summarizes the enrichment results for all disorders and 

brain regions.  

 

Testing whole blood transcriptome as a resource for identifying psychiatric disease 

susceptibility loci 

Whole blood is a considerably more accessible tissue (though quite 

heterogeneous in terms of cell type composition) than brain and thus can be immensely 

useful as a diagnostics tool; consequently, we sought to evaluate the extent to which 

whole blood eQTLs could enhance our ability to identify genetic risk factors for 

psychiatric disease. Strikingly, we found no support for associations with ADHD among 

the eQTLs identified in whole blood (Figure 3B), in stark contrast to the (corresponding) 

results from hypothalamus (Figure 3A), despite the larger sample size (Supplementary 

Table 1) for whole blood. Although enrichment was observed in both tissues for SCZ, the 

two tissues are often highlighting distinct genetic effects on disease predisposition. For 
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example, some of the hypothalamus eQTLs (e.g., the SNP rs13196606 at the MHC locus, 

an eQTL for ZSCAN31) driving the enrichment in that tissue were not detected as eQTLs 

in whole blood. Conversely, some of the whole blood eQTLs (e.g., the SNP rs3818802, an 

eQTL for SDCCAG8) contributing to the enrichment in that tissue were not detected as 

eQTLs in hypothalamus. The lack of evidence for any association with gene expression 

was confirmed even at a less stringent threshold (p < 0.05). 

 

eQTL annotation improves identification of genetic susceptibility loci, in a tissue-

dependent manner, relative to the full GWAS 

The substantial improvement that can be gained from the incorporation of eQTL 

annotation into disease loci mapping is perhaps best illustrated in the case of ADHD. In 

this case, the full GWAS showed no departure from the null distribution at all (Figure 4). 

This lack of signal in the full GWAS data is in stark contrast to the results derived from 

the eQTLs identified in hypothalamus or cerebellum, which showed considerable 

improvement in signal to noise ratio (KS test, p < 0.05 each). 
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Figure 4. Incorporating eQTL annotation improves detection of genetic associations in 
a tissue-dependent manner. The Q-Q plots for PGC ADHD GWAS and the genome-wide 
eQTL-based results in two brain regions are shown. In the full GWAS for ADHD (shown in 
black), there was no significant disease association observed. This is in stark contrast to 
the genome-wide results from the eQTLs identified in hypothalamus (red) or cerebellum 
(blue). The leftward shift in the Q-Q plot for the eQTLs suggests substantial 
improvement in the detection of genetic susceptibility loci for this trait can be gained 
through the use of eQTL annotation.  

 

 

eQTLs mapped in non-brain tissues may implicate novel gene mechanisms 
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 There have been reports exploring the co-morbidities of gastrointestinal and 

psychiatric disorders[268] under the hypothesis that the intestinal microbiome may 

influence behavioral and brain biochemistry. We therefore explored the extent to which 

colonic regulatory variation may be associated with susceptibility to psychiatric 

disorders. We found considerable support for the notion that colonic eQTLs may 

contribute substantially to BD and SCZ (Supplementary Figure 1). In colon (and not in 

whole blood despite the larger sample size), an association with MDD (the SNP 

rs9323497, which is an eQTL for ATP6V1D) reached significance (after Bonferroni 

adjustment for the total number of colon eQTLs tested). 

 Similarly, neuroendocrine biology may represent an important source of genetic 

etiology for psychiatric traits. For example, the adrenal gland is known to interact with 

the central nervous system (via neuroendocrine factors); in addition, the hypothalamic-

pituitary-adrenal axis, whose dysregulation may contribute to psychiatric disease risk, 

mediates stress response[269]. We therefore also explored whether regulatory variation 

mapped in adrenal gland may improve detection of genetic susceptibility loci for 

psychiatric traits. Significant associations with SCZ were observed among the eQTLs 

mapped in this tissue (Supplementary Figure 1). We note also that there is some 

evidence that adrenal gland eQTLs may improve detection for genetic susceptibility loci 

with ADHD (see also Figure 4 for comparison with the full ADHD GWAS). 

Collectively, these results raise the possibility that shared regulatory variation 

among the brain regions and the colon or adrenal gland may be driving the observed 

enrichment for psychiatric disease associations among the non-brain eQTLs. Indeed, 
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shared eQTL-target gene pairs for cerebellum and colon constitute 32% and 25% of all 

eQTL-target gene pairs identified in cerebellum and colon, respectively. Analogously, 

shared eQTL-target gene pairs for cerebellum and adrenal gland constitute substantial 

(but relatively smaller) proportions, 23% and 25%, of all pairs identified in cerebellum 

and adrenal gland, respectively. These results support the view of quite extensive 

shared regulatory architecture between tissues (a result that is consistent with one of 

the main findings of the published GTEx  study[30]). Indeed, we find that the enrichment 

observed for either of these non-brain tissues gets incrementally reduced as we remove 

the eQTLs identified in each brain region. In other words, to take an example, colonic 

eQTLs that may increase predisposition to BD may also be eQTLs in some brain region. 

However, conducting stratified enrichment analyses in colon (Figure 5), we find that 

after accounting for the eQTL annotation mapped in the brain, there is still significant 

residual enrichment.  
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Figure 5. Stratified enrichment analysis of BD in a non-brain tissue. We found 
significant enrichment for associations with BD among the colon eQTLs (red). Colon-
specific eQTLs (i.e., colon eQTLs that were not detected as brain eQTLs) showed 
significant (residual) enrichment (green). In both cases, the level of enrichment was 
significantly more than that observed in a brain tissue (hypothalamus) (orange) or in the 
full GWAS (black), as shown by the overall leftward shift in the distribution of p-values.  

 

Characterizing disease-associated SNPs using the transcriptome 

We tested the hypothesis that disease-associated SNP that have come out of the 

large-scale GWAS meta-analyses of psychiatric traits are enriched for SNPs associated 

with gene expression. Whereas our earlier analyses evaluated the value of the eQTL 

annotation for identifying novel genetic risk factors for psychiatric traits, this hypothesis 
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is concerned with evaluating the regulatory nature of the variants that have emerged at 

the top of the meta-analysis results. Towards this end, we considered the entire 

distribution of SNP-gene expression association p-values for the disease-associated SNPs 

(p < 0.001 reported here but p < 10-5 was also tested and showed similar results) as well 

as for the non-disease-associated SNPs (defined as those at the other end of the 

[disease] p-value distribution, p > 0.999). We find considerable support for the 

hypothesis. For an underpowered GWAS such as ADHD (see Figure 4), the two sets of 

SNPs show different associations with gene expression (Figure 6). Although eQTLs are 

ubiquitous in the genome, the gene expression associations for the disease-associated 

variants nonetheless tend to show more significant p-values (as is evident from the Q-Q 

plot leftward shift seen for all tissues [Figure 6]). 
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Figure 6. Comparison of the regulatory potential of the disease-associated SNPs and 
non-disease-associated SNPs. For this analysis, we used the (relatively underpowered) 
ADHD dataset. The entire distribution of SNP-gene expression p-values for the disease-
associated SNPs (p < 0.001 for association with ADHD), shown in red, and that for the 
non-disease-associated SNPs (p > 0.999 for association with ADHD), shown in blue, 
clearly display a substantial difference. Each point in a Q-Q plot represents a SNP-gene 
pair. The y-axis is the –log (observed p-value) of the association between SNP and gene 
expression. Brain regions (left panel) and the non-brain tissues (right panel) were 
comprehensively analyzed. 

 

Determinants and confounders for enrichment for psychiatric disease associations 

The enrichment results show that for a given psychiatric disorder, there is tissue-

dependent enrichment for disease associations among the eQTLs, suggesting that 

differences in gene regulation among tissues are relevant for psychiatric disease 

susceptibility; furthermore, for a given tissue, there is disease-dependent enrichment 
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for trait associations among the eQTLs. While the enrichment for disease-associated 

SNPs among eQTLs in a tissue was not entirely explained by the tissue sample size, the 

enrichment of gene expression associations cannot be attributed solely to the 

differences in sample size for the source GWAS of the psychiatric disorders, as a lack of 

any enrichment in cerebellum with MDD was observed despite the much larger (GWAS) 

sample size for this disorder compared to BD. 

To investigate whether enrichment of eQTLs was due to characteristics of the 

genome that facilitates the detection of SNP-trait associations (e.g., strong linkage 

disequilibrium or increased gene density), we performed additional analyses[270] on 

disease-associated SNPs (p < 0.001) using 1000 simulated sets of SNPs that have been 

chosen to adjust for the local genomic property and we found that our enrichment 

results are robust to this potential source of confounding (Supplementary Figure 2).   

 

Heritability estimation using SNPs associated with gene expression 

 Having shown that eQTLs are enriched for psychiatric disease associations (as 

well as the converse), we then sought to quantify the phenotypic variance accounted for 

by the eQTLs identified in each tissue. While eQTL annotation is a dichotomous 

functional annotation, heritability (the proportion of phenotypic variance captured by 

the eQTL SNPs in aggregate) is, in contrast, a more quantitative measure of the 

contribution of the SNP functional class to disease risk. We used an approach LD Score 

regression that leverages summary statistics and assumes polygenicity of the traits[26] 
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applied to (non-family) PGC data[19, 83]. However, this approach requires a sufficiently 

large number of SNPs to generate a reliable estimate of heritability. We thus extended 

this analysis to a set of SNPs showing association with gene expression (eSNPs) at the 

nominal significance p < 0.01.  

 

 

 

Figure 7. Heritability estimation using eSNPs. We estimated the contribution of the 
eSNPs in each tissue to variance in disease predisposition for BD, MDD and SCZ. The 
estimated heritability and standard error are shown.  The tissues within each disease 
are ordered in the same way (from left to right): adrenal gland, the 10 brain regions, 
colon and whole blood. Note the estimated heritability may be negative in order to 
produce an unbiased estimate. 
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The eSNPs mapped in all tissues (including non-brain) consistently showed a significant 

non-zero contribution to heritability for SCZ (consistent with all enrichment results 

described above) (Figure 7). For MDD, the brain region putamen basal ganglia (h2 = 0.21, 

se = 0.08) – which is involved in mood regulation and in which neurodegeneration or 

abnormality has long been implicated in MDD pathophysiology[271, 272] – and whole 

blood (h2 = 0.14, se = 0.05) had a significant non-zero estimate of heritability; the 

standard errors for the remaining tissues, however, were too large for the estimate to 

be reliable. For BD, cerebellum, colon and whole blood showed significant non-zero 

estimates (consistent with the enrichment results for cerebellum and colon, but not for 

whole blood likely due to the fact that our definition of eSNPs here is much looser [p < 

0.01] than the much more stringent definition for an eQTL). Larger sample sizes will be 

required to yield smaller standard errors. 

The eQTL-based heritability is not entirely explained by the number of SNPs. 

Indeed, for a fixed tissue, one can look across diseases to see the varying level of 

contribution to disease risk by the (same) set of SNPs associated with gene expression in 

the tissue. 

 

GTEx eQTLs, genomic annotation and regulatory elements  

 We mapped the eQTLs in the brain regions/tissues to regulatory elements 

identified by ENCODE[80, 81] (e.g., histone marks for promoters and enhancers) and 

annotated them with genomic annotations (e.g., overlap with transcription factor 
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binding site [TFBS] and conservation scores, PhyloP and PhastCons). We tested for 

significant correlation (p < 0.05) between the eQTL annotation derived from a brain 

region/tissue and each genomic annotation or regulatory element annotation. 

 

 

 

Figure 8. Relationships among regulatory elements, eQTL information, and 
evolutionary conservation scores for SCZ-associated SNPs. For comparison with the 
eQTL enrichment results, eQTLs identified in hypothalamus, hippocampus and 
cerebellum as well as in whole blood are shown here. Additional annotations, including 
histone marks (indicating regulatory elements), transcription factor binding site (TFBS) 
and evolutionary conservation (PhyloP and PhastCons), were used. P-value refers to the 
disease association. For example, the brain eQTL annotation showed significant negative 
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correlation with disease association significance, i.e., the eQTLs were found to be 
significantly associated with lower p-value within the top SCZ SNP associations (p < 
0.001).  

 

For the SCZ-associated SNPs (p < 0.001), we observed a significant negative 

correlation between the distance to the nearest TSS and eQTL annotation in the brain 

regions (but, interestingly, not in whole blood), i.e., among the SCZ-associated SNPs, the 

eQTLs mapped in the brain tend to be closer to a gene than the non-eQTLs. For the SCZ-

associated SNPs, we also found a significant negative correlation between eQTL 

annotation in brain and the p-value from the disease association (Figure 8), i.e., among 

the top disease associations, the brain eQTLs tend to be more significantly associated 

with SCZ than the non-eQTLs. (This result further supports our enrichment findings [e.g., 

Figure 3]; however, the present result was restricted to the SNPs among the top disease 

associations.) This result is in contrast to whole blood (in which there was a significant (p 

< 0.05) positive correlation among the top SNPs, defined at the more stringent (disease 

association) p < 1x10-4).  

A significant positive correlation between eQTL annotation and conservation 

score among the SCZ-associated SNPs was observed in the brain regions (particularly in 

cerebellum) but not in whole blood (Figure 8), which may suggest the importance of 

studying brain regulatory mechanisms underlying SCZ from an evolutionary standpoint. 

Another striking observation was that there was little correlation between whole blood 

eQTL annotation and the brain eQTL annotation among the SCZ-associated SNPs (Figure 
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8), suggesting that these annotations may be providing orthogonal functional 

information. 

Among the SCZ-associated SNPs, we found a consistent significant positive 

correlation between eQTL annotation in the brain regions and H3 monomethylated at 

lysine 4 (H3K4me1), which marks histones that flank enhancers (Figure 8). In contrast, 

the eQTL annotation in the brain regions (consistently) showed significant negative 

correlation with H3K4me3 modifications, which mark nucleosomes flanking 

promoters[273] (Figure 8). Of note, there was a significant positive correlation, among 

the SCZ-associated SNPs, between DNAse I hypersensitivity site annotation in fetal brain 

and the cerebellum eQTL annotation (Supplementary Figure 3), raising the question of a 

possible link between fetal brain biology and schizophrenia risk[274]. 

In general, although there are significant relationships among the various 

annotations, we note that (a) the evolutionary conservation metrics, (b) the histone 

marks and transcription factor binding sites (TFBS), (c) the brain eQTL annotation and (d) 

the (more accessible) whole blood annotation clustered strongly together as units 

(Figure 8), defining “annotation classes” that may capture overlapping but distinct types 

of information for genetic susceptibility loci for psychiatric disorders.  

   

Genetic correlation of psychiatric traits using the transcriptome 
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Figure 9. Genetic correlations between traits as captured by eSNPs. The genetic 
correlation between a pair of disorders was estimated using the eSNPs from each tissue. 
In general, the SCZ-BIP pair consistently showed the largest genetic correlation and the 
smallest standard error for each tissue. The eSNP-based SCZ-BIP genetic correlation 
approaches the estimate obtained from the full GWAS.  

 

 Genetic correlations between psychiatric traits may highlight novel genetic 

mechanisms and prove useful as an approach to mapping disease-associated loci. For 

example, SCZ susceptibility loci may serve as candidate risk loci for a psychiatric trait 

with substantial genetic correlation with SCZ; genetic studies of the psychiatric trait can 

thus leverage the relatively large sample size that has been generated for SCZ. Genetic 

correlation derived from eQTLs would quantify the extent to which gene mechanisms 
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proposed for one trait through the eQTL annotation may contribute to genetic 

predisposition for the second trait. Using GWAS summary statistics (and assuming 

polygenicity of the traits), we quantified[275] the genetic correlation captured by the 

eSNPs mapped in each brain region/tissue for each pair of psychiatric traits. As eSNPs 

may capture a sizable fraction of the heritability (as shown above), the use of this 

functional class may be especially powerful for estimating genetic correlation. The 

genetic correlation between SCZ and BD was previously reported to be high[275, 276], 

at 0.68 (with standard error [SE] of 0.04). Notably, we observed that the eSNPs mapped 

in each tissue (Figure 9) significantly and consistently captured much of this genetic 

correlation. In contrast to the results from heritability estimation, all eQTL-based 

genetic correlations are significantly (p < 0.05) non-zero with the exception of MDD-SCZ 

in brain anterior cingulate. Larger sample sizes will be required to make more definitive 

comparisons across tissues and disease-pairs. 

 

Aim 2: Characterizing known disease-associated loci 

 

eQTL target genes of known disease-associated loci 

 Currently, the functional interpretation of GWAS findings is, to a large extent, 

based on the functional characterization of the genes that are located near the SNPs 

that are significantly associated with the disorder. However, identification of the eQTL 

target genes whose expression is regulated by disease-associated SNPs may provide a 
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better way to determine the regulatory mechanisms underlying disease etiology. We 

focus here on characterizing the known 108 SCZ loci[83] with genomic annotation and 

transcriptomic data. We thus annotated the index SNPs and SNPs in linkage 

disequilibrium with these loci (r2 > 0.80) with their eQTL target genes in all ten brain 

regions and in the three non-brain tissues.  

 As shown in Figure 10A, the known 108 SCZ loci, in general, contain multiple 

genes, complicating the search for the causal (gene) mechanism and supporting the 

importance of incorporating eQTL and other functional information to identify the most 

relevant gene. Furthermore, the 108 SCZ loci have numerous proxy SNPs (Figure 10B), 

making identification of the causal variant within each locus difficult. Figure 10C is an 

example locus at the extended MHC region, showing the adjacent SNPs in linkage 

disequilibrium with the index SNP as well as the genes within the locus. The large 

number of proxy SNPs and the high gene density at this locus illustrate the challenges in 

the fine-mapping of the causal variant and in finding the causal gene mechanism, 

respectively. 
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Figure 10. Genomic properties of the 108 SCZ loci. At the known SCZ loci, identification 
of the relevant gene cannot be easily made unambiguously. Furthermore, fine-mapping 
of the causal variant is complicated by the presence of a large number of proxy SNPs. 
Shown here is the distribution of the number of genes (A) (maximum at 50 genes) and 
the number of proxy SNPs (B) (maximum at 200 SNPs) with each of the 108 loci. The 
LocusZoom of an example from the list of 108 SCZ loci (at the extended MHC locus) is 
shown in (C) including the proxy SNPs (shown as colored dots depending on the strength 
of linkage disequilibrium) and the nearby genes (shown as arrows at the bottom). 

 

We investigated the pattern of SNP-gene expression associations in each brain 

region for the 108 SCZ loci. Across all brain regions, these loci show substantial evidence 

for being regulatory (Supplementary Figure 4), consistent with the earlier enrichment 

result found for the SCZ-associated variants at the looser (trait-association) threshold p 

< 0.001. Notably, there are many examples where the eQTL target gene is different from 

the most proximal gene. Furthermore, the eQTL target genes may differ between tissues 
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(Supplementary Table 3). For example, the SCZ-associated SNP rs8042374, which lies in 

the intron of the gene “cholinergic Receptor nicotinic alpha 3” (CHRNA3), has been 

shown to be associated with risk for nicotine dependence[277], possibly contributing, as 

a shared mechanism, to the known association between schizophrenia and 

smoking[278]. This SNP is an eQTL for “cholinergic Receptor nicotinic alpha 5” (CHRNA5) 

in the brain region nucleus accumbens (known for its central role in drug addiction)[279] 

and for “proteasome subunit alpha 4” (PSMA4) in whole blood (Figure 11). Although 

whole blood has the largest sample size of the tissues analyzed here (and therefore 

should have maximal power), there was no association found between the SNP and 

CHRNA5 expression in this tissue. Nor was there an association observed between the 

SNP and the whole-blood target PSMA4 in nucleus accumbens. Notably, the eQTL target 

gene in either tissue is discordant with the host gene CHRNA3. Furthermore, the region 

is characterized by strong linkage disequilibrium and high gene density (Figure 11). Thus, 

from the GWAS findings alone, it is difficult to make definitive conclusions about the 

relevant gene. The eQTL analysis reveals that CHRNA5 is the most relevant functional 

gene within this region.  
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Figure 11. eQTL target and proximity-based gene assignment. The SCZ-associated SNP 
rs8042374 is intronic to the gene CHRNA3. The target gene for this SNP differs between 
brain nucleus accumbens (CHRNA5) and whole blood (PSMA4) and, indeed, is discordant 
with the host gene (CHRNA3). (Association figures were generated from the GTEx 
Portal.) The LocusZoom of the region illustrates the gene density in the locus. 

 

 

Co-expression networks 

We also considered the expression target genes for the SCZ-associated loci. We 

found some significant correlations (in expression) among these genes in all tissues (see 

Figure 12A for hypothalamus), raising the possibility that they belong to co-expression 

networks or that some are regulatory for others. Hierarchical clustering highlights 

several clusters among these genes that may have coordinated expression (Figure 12B 

for hypothalamus). These results require additional studies for confirmation and should 
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be interpreted in the realization that patterns of correlation do not provide any 

information on causal direction. We note, however, that these genes are located 

throughout the genome, and thus these correlations among them may highlight 

“convergent” function for the SCZ loci and, possibly, trans-regulatory mechanisms[280] 

in the brain underlying SCZ genetic predisposition.  Indeed, trans-eQTL associations may 

be mediated by the expression of genes cis-regulated by the SNPs showing the trans-

associations[281].  

 

  

Figure 12. Co-expression networks and pathways derived from the 108 SCZ-associated 
loci. The gene expression correlation matrix (panel A) for the eSNP target genes (in this 
case, in hypothalamus) may be used to identify novel trans-regulatory mechanisms 
driving SCZ genetic susceptibility. For example, a cis eQTL (SCZ-associated) SNP for a 
gene may serve as a trans eQTL for another gene (that is correlated with the first). 
Hierarchical clustering (panel B) shows several clusters among the target genes. These 
clusters may highlight SCZ-associated molecular networks with some level of 
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coordinated expression. Different (Gene Ontology) sets of biological processes are 
implicated by the often discordant target genes in hypothalamus and in whole blood, as 
the ClusterProfiler plot shows (panel C). 

 

Discordance of eQTL target genes between tissues translates into downstream 

differences in biological processes 

Despite the fact that disease-associated SNPs are often regulatory in brain as 

well as in non-brain tissues (and are thus shared eQTL SNPs), the target genes, 

nonetheless, are often discordant in these tissues (Supplementary Table 3), suggesting 

potential pleiotropic effects. Indeed, Gene Ontology (GO) enrichment analysis showed 

that very different sets of “biological processes” are implicated by the targets in the 

different tissues (see Figure 12C, for example, for the comparison between 

hypothalamus and whole blood), reflecting the discordance in the target genes among 

the tissues. This suggests that shared regulatory variants among the SCZ-associated 

SNPs may exert their tissue-specific function by modulating the expression of different 

target genes in the different tissues.  

 

Multi-tissue eQTL mapping 

So far, we have primarily focused on single-tissue analyses. Provided that the 10 

brain regions show relatively large overlap with respect to gene expression associations, 

we hypothesized that combining the different tissue within a single analysis would 

improve the ability to determine the regulatory mechanisms underlying SCZ. Therefore, 
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we performed multi-tissue eQTL mapping using the 10 brain regions for the 108 SCZ loci 

using an empirical bayes method (see Methods), which borrows information across the 

tissues to map the eQTLs and also provides an approach to investigate the tissue 

specificity of the regulatory effect of the SCZ loci. We found substantial sharing of SNP-

gene pairs across the brain regions (Figure 13) from this analysis with a substantial 

proportion of SNP-gene (regulatory) pairs active in all brain regions (shown as yellow in 

Figure 13). 

 

 

 

Figure 13. Multi-tissue eQTL mapping for the 108 SCZ-associated loci. This shows a 
random sampling of the identified SNP-gene pairs from the multi-tissue eQTL mapping. 
Each row is a SNP-gene pair and each column a brain region. Yellow indicates regulatory 
activity (i.e., the SNP is an eQTL for the gene in the brain region). Green indicates no 
evidence for the SNP being regulatory for the gene. A substantial fraction of the 



207 
identified SNP-gene pairs from the multi-tissue QTL mapping show regulatory activity 
across all regions of the brain. Some SNP-gene pairs, however, are active in only some of 
the regions, potentially contributing to region-specific effects.   

 

Co-localization analysis 

 To determine whether SCZ-associated variants co-localize with eQTLs more 

frequently than expected by chance, we assessed co-localization of the eQTL and the 

susceptibility variant within a larger region consisting of SNPs in linkage disequilibrium 

(r2 > 0.80 in 1000 Genomes European [EUR] samples) with the risk variant. The goal of 

this analysis is to identify those disease-associated SNPs which more often overlap with 

the eQTL annotation than expected by chance. If a SNP co-localizes with an eQTL more 

strongly than expected, this SNP should be considered a candidate causal variant in the 

associated locus and should be prioritized for additional functional studies. The SNP 

score reflects the probability that the SNP overlaps with the eQTL annotation under the 

null (with lower SNP score indicating that the SNP more likely overlaps the eQTL not by 

chance); in addition, the SNP score depends on the relative size of the region and the 

patterns of linkage disequilibrium. Notably, we found a significant correlation (Figure 

14) in SNP score between hypothalamus and whole blood (representative of all pairwise 

comparisons between tissues). This suggests that when a disease-associated SNP 

overlaps the eQTL annotation in the two tissues under comparison, both tissues are 

likely to yield a consistent picture in terms of prioritizing potential causal variation. 
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Figure 14. Co-localization analysis at the SCZ loci using transcriptome data. A 
significant correlation (spearman correlation = 0.68) was observed between the tissues 
(here, hypothalamus and whole blood) in the co-localization of the SCZ-associated SNP 
with an eQTL, suggesting that both tissues may consistently implicate the same causal 
variant when the candidate SNP overlaps with the eQTL annotation from each tissue. 

 

Discussion 

 Studies of the genetic architecture of psychiatric traits have witnessed some 

recent notable advances[83]. GWAS have been unmatched in enabling the identification 

of genetic susceptibility loci; the accumulation of ever increasing samples is underway 

and likely to lead to new genetic discoveries. Our results indicate that the statistical 

power to detect disease susceptibility loci may be improved not only by using larger 
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samples but also by reducing the “noise” in the genetic data with the use of variants 

with prior functional support. Of note, many of the discovered GWAS loci are in 

noncoding regions, and thus the question of their role in gene regulation is immediately 

raised. Large-scale surveys of gene expression[30, 280] promise to yield crucial 

functional insights. Here we undertook a systematic study of the human transcriptome 

in a diverse set of tissues in order to evaluate how eQTL data may be systematized into 

an etiological understanding of psychiatric disease predisposition. 

It is of critical interest to investigate the nature of the shared regulatory 

architecture in gene expression between a more accessible tissue and a comprehensive 

sampling of brain regions, and to explore how this shared architecture enhances or 

constrains disease-associated loci mapping. Our study of whole blood eQTL annotation 

suggests that despite the substantial overlap with brain eQTL annotation, gene 

regulation in whole blood and brain may highlight distinct genetic effects on psychiatric 

conditions. These findings have important implications for the use of whole blood as a 

model system in psychiatric genomics or as a diagnostic tool for psychiatric disorders. 

Interestingly, we did find that among the known SCZ loci, eQTLs identified in whole 

blood propose genetic effects on disease predisposition that implicate immune-

related[282] “biological processes”, including “immune system development” and 

“leukocyte activation”.  

Our study suggests that there is enormous value in non-brain eQTL annotations 

for comprehensively characterizing the phenotypic effects of genetic susceptibility loci 

for psychiatric disorders. The evaluation of the annotations derived from colon and 
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adrenal gland (in addition to whole blood) was originally motivated by previous reports 

implicating neuroendocrine-central nervous system interactions and gastrointestinal 

systems for psychiatric disease pathophysiology. Our findings suggest that some of 

those eQTLs that show significant associations with psychiatric disorders have highly 

tissue-specific effects (indeed, were not detected as brain eQTLs). Even when the eQTL 

is shared between tissues, the regulatory variation may be responsible for pleiotropic 

effects by regulating distinct target genes. Co-morbidity analyses of psychiatric traits as 

well the study of other classes of disease with shared etiology with psychiatric disorders 

may thus be enhanced by comprehensive transcriptome studies involving non-

conventional tissues. 

Our analysis of other types of annotations (including those from epigenetic 

marks and evolutionary conservation) suggests that an integrative approach may further 

provide functional insights. The pairwise correlations among disease association 

significance, epigenetic marks as well as the eQTL annotation in brain imply that a more 

refined characterization of the nature of the regulatory activity underlying psychiatric 

disease susceptibility can be obtained through data integration. The contrast in the 

relationship between evolutionary conservation and brain-derived eQTL annotation 

(with that using whole blood) suggests that an evolutionary analysis of implicated gene 

mechanisms in the brain may be particularly relevant as a methodology for a better 

comprehension of this class of diseases. 

Our study highlights the need for sustained methodological efforts towards more 

precise quantification of the contribution of functional classes of SNPs to disease risk. 
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Existing methods such as LD score regression, which assumes only GWAS-based 

summary statistics that are increasingly becoming publicly available, reveal that there is 

a significant contribution from regulatory variation to phenotypic variance and, more 

robustly, that the regulatory variation accounts for a substantial fraction of the genetic 

correlation that has been reported between traits. Nevertheless, a broad spectrum of 

neuropsychiatric traits remain to be explored and collecting the prerequisite sample size 

will be immensely challenging. In addition, our results suggest the potential value of 

exploiting the substantial genetic correlations among the psychiatric traits for 

identifying novel disease mechanisms. If two psychiatric conditions show substantial 

genetic overlap, gene mechanisms obtained from a systematic eQTL study of the first 

disorder are prime candidates for conferring risk of the second disorder. If the GWAS of 

the first disorder has substantially larger sample size than that of the second disorder, 

the genetic correlation may be leveraged to improve detection of disease mechanisms 

for the second disorder. 

Our analyses of the known SCZ loci yielded some notable findings. Certainly, 

there is substantial sharing, between tissues, of regulatory variation among the 

susceptibility loci. Nonetheless, there is also discordance in some of the target genes 

between tissues. This is reflected in the tissue discordance in the set of “biological 

processes” implicated by the target genes; such discordance may substantially 

contribute to downstream pleiotropic effects. Despite the extensive shared regulatory 

architecture between tissues, our findings lend support to the utility of non-brain tissues 

for characterizing the distinctive functional effects of susceptibility loci. Stratified 
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enrichment analysis of bipolar disorder using colon demonstrated that after accounting 

for the brain eQTL annotation, significant residual enrichment for disease associations 

remained. This suggests that transcriptome analysis of the non-brain tissues examined 

here may help to uncover novel mechanisms contributing to psychiatric disease 

susceptibility. Interestingly, when a genetic predisposition is an eQTL in brain and, say, 

in a more accessible tissue such as whole blood, our study suggests that fine-mapping 

and co-localization analysis in both tissues are likely to yield a consistent prioritization 

for the causal variant. Additionally, we found extensive gene expression correlation 

between the target genes in brain for the disease-associated variants, suggesting that 

these genes may be organized according to co-expression networks. Notably, these 

networks may prove particularly useful for identifying trans-regulatory mechanisms 

contributing to psychopathology. There is very little known about the role of trans-

eQTLs in driving genetic predisposition to psychiatric traits primarily because of the 

large-scale mapping required to detect them, but they may provide an important source 

of novel and surprising biology underlying disease risk.  

 

Materials and Methods 

  

Tissues and eQTL data 

 We used GTEx v6 dataset in the analyses presented here. We calculated the (cis) 

eQTLs in each of the brain regions (N = 10) and in select non-brain tissues (whole blood, 
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adrenal gland and colon). (Henceforth, “eQTLs” will refer to cis-acting ones unless 

otherwise stated.) See Supplementary Table 1 which lists the sample size for each 

tissue. We followed the eQTL-mapping method previously described in the first-phase 

GTEx manuscript[30]. Briefly, all SNPs within 1 Mb of the transcriptional start site (TSS) 

of each gene were tested. We used a linear model, as implemented in Matrix eQTL[71], 

between genotype and quantile-normalized gene expression level after correction for 

gender, the first 3 genotype-derived principal components and PEER factors[66]. 

 

Aim 1: Transcriptome analysis and identification of novel genetic variation associated 

with psychiatric traits 

Integrating transcriptome data derived from 10 brain regions and additional 

tissues, we conducted global analyses of the genetic basis of psychiatric traits. Towards 

this end, we performed enrichment analyses using the eQTLs identified in each tissue, 

estimated the proportion of heritability for the PGC phenotypes, i.e., schizophrenia 

(SCZ), bipolar disorder (BD), Attention-Deficit Hyperactivity Disorder (ADHD) and Major 

Depressive Disorder (MDD), attributable to these eQTLs – both in aggregate and as 

annotated to the different categories of functional elements (e.g., DNAse I 

hypersensitivity sites, chromatin defined enhancers, etc.) – and estimated the genetic 

correlations for the traits based on the eQTLs. 

 

Enrichment analyses  
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We quantified the level of enrichment for association with each psychiatric trait 

among the eQTLs identified separately in each tissue. For each disease phenotype, we 

extracted the disease association p-values of the eQTLs from the PGC meta-analysis data 

and generated a quantile-quantile (Q-Q) plot from their distribution. The leftward shift 

for the p-value distribution indicates evidence for enrichment for low disease 

association p-values. We identified those eQTLs that meet FDR < 0.05 as well as the 

more stringent Bonferroni-adjusted threshold of 0.05.  

We also tested the converse, i.e., whether the disease-associated variants (from 

each psychiatric trait meta-analysis) are enriched for the eQTL annotation (in each 

tissue) by generating a Q-Q plot showing the distribution of SNP-gene expression 

associations. (For disease-associated variants, we used the threshold p < 0.001 but also 

evaluated p < 10-5.)  

 

Heritability estimation 

 We sought to quantify the proportion of heritability[283] attributable to the 

genetic variants that were found to be associated with gene expression in the each of 

the tissues. For each psychiatric disorder, we estimated the eQTL-derived heritability 

from the summary statistics using LD Score regression[26]. Briefly, the heritability  

attributable to the eQTLs identified in tissue  can be estimated as the “effect size” in 

the following linear regression from the  statistics for an eQTL (as the dependent 

variable) and  (as the independent variable): 
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Here  is the number of eQTLs,  is the sample size and  is the LD score for the eQTL 

SNP. (The term  is the y-intercept of the best fit line and quantities the degree of 

inflation in the statistics.)  

 

GTEx, SNP annotation, and regulatory elements 

 We mapped the cis eQTLs identified in the GTEx tissues to the genomic segments 

defined by the regulatory elements (in particular, DNAse-I hypersensitivity sites and 

histone marks that define enhancers and promoters) in a broad array of primary cell 

types and cell lines[81]. This enabled us to correlate the eQTL annotation with the 

chromatin-defined regulatory element annotation for the most highly associated SNPs 

(p < 0.001) for each disease phenotype. The chromatin-based annotation provided a 

means to assess whether the activating regulatory elements are more likely to harbor 

psychiatric trait associated regulatory SNPs than repressive sites or whether disease loci 

with regulatory function in the tissues are enriched in enhancer versus promoter 

regions. We also tested for correlation between eQTL annotation for each brain 

region/tissue and genomic annotations, including distance to nearest transcription start 

site (TSS), coding SNP functional class, conservation scores (PhyloP[284] and 

PhastCons[285]). 
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Genetic correlation of psychiatric traits using the eQTLs 

Improved understanding of shared genetic etiology[286] between the traits may 

facilitate identification of novel disease-associated variants. (For example, if two traits 

show substantial genetic correlation, SNPs associated with the first trait may be 

prioritized for association testing with the other trait (thereby reducing the multiple 

testing burden).) We therefore examined the extent to which the tissue-specific eQTLs 

capture the genetic correlation between the psychiatric traits. Using bivariate LD Score 

regression, we estimated[275] the genetic correlation between the traits and the 

corresponding standard error using the eQTLs in each tissue. 

 

Aim 2: Functional characterization of known disease-associated loci  

 Next, we utilized the transcriptome data and the regulatory variation mapped in 

the various brain regions and the non-brain tissues to functionally characterize the 

known psychiatric trait associated variants. For known disease-associated loci, we 

focused primarily on schizophrenia given the relatively large number (N = 108) of 

discovered and replicated susceptibility loci for this disorder, but we note that the 

methods we present here can be applied broadly to other psychiatric traits.  

 

eQTL target genes of disease-associated loci 
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 We compiled a comprehensive list of the eQTL target genes in each tissue for the 

disease-associated loci at the stringent threshold FDR < 0.05 as well as at the looser 

nominal threshold (p < 0.05) for (cis) association with gene expression traits. From the 

eQTL data, we identified those SNP-target gene expression pairs among the disease-

associated SNPs that are shared across all tissues as well as those with tissue-specific 

effects from the separate-tissue eQTL mapping analyses. We also identified those 

disease-associated SNPs with multiple eQTL target genes in the various tissues as well as 

those with “convergent function” (defined as having shared target genes in a tissue). 

The latter may provide a picture of pleiotropy, facilitating a look at the various effects of 

the disease-associated SNPs in multiple tissues whereas the former would determine 

whether multiple disease-associated SNPs may implicate the same gene mechanism by 

regulating the same target. 

  

Co-expression analysis and hierarchical clustering 

 We investigated the expression variability of the eQTL target genes for the SCZ 

loci in the various tissues. This facilitated comparison (Mann Whitney U test) of the 

inter-individual variability of the implicated genes within each tissue relative to genomic 

background and of their correlation between tissues. We also performed hierarchical 

clustering of the eQTL target genes (using one minus the Pearson correlation coefficient 

as the distance metric) to determine whether the target genes belonged to tissue-

dependent co-expression networks. Finally, we determined the correlations of the gene 
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expression phenotypes for these eQTL targets within each tissue, allowing us to 

evaluate whether the genes were more highly correlated than expected and to explore 

whether some genes were regulatory for other genes. 

 

Multi-tissue eQTL mapping 

 In addition to single-tissue eQTL mapping, the joint analysis of the brain regions 

and the additional tissues could facilitate identification of additional eQTLs and 

quantification of their tissue specificity. We thus performed MT-eQTL mapping[287], an 

empirical bayes approach for multiple-tissue eQTL analysis, across the 10 brain regions, 

whole blood, adrenal gland and colon. Multi-tissue eQTL mapping extends single-tissue 

eQTL mapping results by borrowing information across tissues. The hierarchical 

multivariate bayesian model captures the presence or absence of eQTLs in each tissue 

and heterogeneity of effect sizes across tissues while taking into account the differences 

in the number of samples for the tissues, the extent of overlap among the tissues and 

expression variation between tissues. 

 

Co-localization  

 We used GoShifter[270], which provides a ranking of the co-localization of 

disease-associated variation and the eQTL annotation. This approach provides a SNP 

score, which quantifies the probability that the SNP overlaps the annotation by chance. 
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Applying this approach to the eQTL annotation in the individual tissues, we investigated 

whether the tissues generate a consistent eQTL-annotated-based prioritization 

(Spearman correlation) for potential causal variation at the known SCZ loci.  

 

Statistical analysis and visualization 

 The software package R (https://www.r-project.org/) was used for the statistical 

analysis. We used the libraries “ggplot2” and “corrplot” for visualization. 

 

The Supplementary Material can be downloaded from 
http://www.scandb.org/newinterface/SuppMaterialVol.zip 


