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            Abstract
Genome-wide association studies have identified 108 schizophrenia risk loci, but biological mechanisms for individual loci are largely unknown. Using developmental, genetic and illness-based RNA sequencing expression analysis in human brain, we characterized the human brain transcriptome around these loci and found enrichment for developmentally regulated genes with novel examples of shifting isoform usage across pre- and postnatal life. We found widespread expression quantitative trait loci (eQTLs), including many with transcript specificity and previously unannotated sequence that were independently replicated. We leveraged this general eQTL database to show that 48.1% of risk variants for schizophrenia associate with nearby expression. We lastly found 237 genes significantly differentially expressed between patients and controls, which replicated in an independent dataset, implicated synaptic processes, and were strongly regulated in early development. These findings together offer genetics- and diagnosis-related targets for better modeling of schizophrenia risk. This resource is publicly available at http://eqtl.brainseq.org/phase1.
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                    Fig. 1: Developmental regulation of expression.[image: ]


Fig. 2: Expression correlates of schizophrenia genetic risk using representative eQTLs.[image: ]


Fig. 3: Differential expression comparing patients with schizophrenia to controls.[image: ]
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Supplementary Figure 1
Study overview and cartoon describing the five different expression summarizations.


Supplementary Figure 2 Cartoon describing the four different splice junction annotation classes, relative to annotated exons.
(A) Annotated splice junctions map between two exons (dark blue rectangles) in a known transcript. (B) Exon-skipping splice junctions map to two annotated exons in different transcripts. (C) Alternative start/exon junctions map to only one annotated exon on either the 5â€™ or 3â€™ end. (D) Completely novel junction do not map to any known exon.


Supplementary Figure 3 RNA-based cellular profiles across age for fetal replicating and quiescent neurons, and adult neurons, oligodendrocytes oligodendrocyte precursor cells, astrocytes, endothelial and microglia cells.
RNA-based cellular profiles across age for fetal (A) replicating and (B) quiescent neurons, and adult (C) neurons, (D) oligodendrocytes (E) oligodendrocyte precursor cells (OPCs), (F) astrocytes, (G) endothelial and (H) microglia cells.


Supplementary Figure 4 Associating global components of gene expression with estimates of fetal replicating, fetal quiescent and combined fetal neuronal cell types.
Associating global components of gene expression with estimates of (A) fetal replicating, (B) fetal quiescent and (C) combined fetal neuronal cell types. N=320 independent samples/subjects.


Supplementary Figure 5 Venn diagram of developmentally regulated features mapped back to Ensembl Gene IDs by the five feature summarization methods.
DER: differentially expressed region.


Supplementary Figure 6 Comparing F-statistics from the full models of the age spline versus the eight cell composition proportion estimates using the same null model for sex and ethnicity.
N=320 independent samples/subjects.


Supplementary Figure 7 Example of CRTC2 containing a developmental isoform shift.
Example of CRTC2 (A) containing a developmental isoform shift. (B) Gene-level analysis shows no developmental regulation but at the junction-level (C) one splice junction significantly decreases in expression and (D) another splice junction significantly increases in expression over the lifespan. Exons in panels (E), (F), and (H) show some marginal increases in expression across the lifespan, but only the exon in (G) is unique to a single isoform and shows significant decreases in expression. N=320 independent samples/subjects; P-values (two-sided) are based on an F-test for an age spline (see Methods).


Supplementary Figure 8 Venn diagram of Ensembl Gene IDs that contain significant isoform shifts by the four feature summarization methods that allow for multiple features per gene.
DER: differentially expressed region.


Supplementary Figure 9
Discovery (LIBD) and replication (CMC) t-statistics for eQTLs identified in the DLPFC for the best SNPâ€“feature pair for each feature across five feature summarization types.


Supplementary Figure 10 Assessing regional specificity of eQTLs in GTEx for the best SNPâ€“feature pair for each feature across five feature summarization types.
(A) Extensive concordance of many eQTLs within discovery (LIBD) and GTEx Frontal Cortex samples â€“ 59.9% of Bonferroni-significant eQTLs in the LIBD dataset were directionally consistent and marginally significant at p < 0.01 in the replication data. (B) These DLPFC-identified eQTLs showed significant meta-analysis T-statistics across the 13 brain regions in GTEx (N=62-115 subjects per brain region) â€“ 81.1% of Bonferroni-significant eQTLs from LIBD were significant at meta-analysis p-value < 1e-5 in GTEx. (C) These DLPFC-identified eQTLs showed lack of regional specificity even within GTEx.


Supplementary Figure 11 Enrichment among chromatin states of 127 human cell types and tissues of unannotated sequences with expression levels associated with clinical risk variants in schizophrenia and the more general NHGRI GWAS catalog.
Enrichment among chromatin states of 127 human cell types and tissues of unannotated sequences with expression levels associated with clinical risk variants in A) schizophrenia and B) the more general NHGRI GWAS catalog. Points in red correspond to human brain tissues from different regions (N=13).


Supplementary Figure 12 Scatter plot of effect sizes (fold changes) in discovery and replication datasets for those features significant and replicated.
Colors have the same legend as Figure 3A.


Supplementary Figure 13 GWAS loci set-level analysis for all features together and then stratified by only genes, exons, junctions, transcripts and expressed regions.
GWAS loci set-level analysis for (A) all features together (N=1,011,825) and then stratified by only (B) genes (N=24,122), (C) exons (N=420,022), (D) junctions (N=229,846), (E) transcripts (N=61,950) and (F) expressed regions (N=275,885). P-values (two-sided) were based on linear regression Wald statistics, adjusting for mean expression levels.


Supplementary Figure 14
Replication assessment of isoform shift features in the BrainSpan project.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“14 and Supplementary Notes 1â€“5


Reporting Summary

Supplementary Table 1
Demographic information for subjects in the present study, stratified by age and diagnosis group. Dx: diagnosis, N: sample size, F: Female, Cauc: Caucasian, SD: standard deviation, PCW: post-conception weeks. Antipsychotic use was measured using toxicology at time of death. P-values for diagnosis differences in continuous variables are based on linear regression and P-values for categorical variables are based on chi-squared tests.


Supplementary Table 2
Splice junction annotation and characterization in GTEx and GEUVADIS for any junction or highly expressed junctions (mean reads per 80 M mapped reads, RP80M > 0, > 1 and > 5). Each column represents a 2 Ã— 2 table for presence of identified junctions in 495 DLPFC samples in two independent poly(A)+ datasets.


Supplementary Table 3
Summary statistics for those features significantly developmentally regulated in the control-only analyses across the lifespan.


Supplementary Table 4
Significant developmentally regulated features collapsed to Ensembl Gene ID, used to make Supplementary Figure 5.


Supplementary Table 5
Isoform shifts by Ensembl Gene ID and feature summarization type.


Supplementary Table 6
Gene set analyses for those genes with significant isoform shift, stratified by feature summarization type. Q-values, which control the false discovery rate, FDR, are shown. BP, biological processes; MF, molecular function.


Supplementary Table 7
Genes within the PGC schizophrenia GWAS risk regions that contain isoform shifts by feature summarization type. 21.8% of PGC2 genes had developmental isoform shifts using exon counts (N = 96/440) and 31.9% showed this isoform shift association based on junction counts (N = 137/430).


Supplementary Table 8
Significant eQTLs to schizophrenia GWAS index variants, including replication statistics and additional annotation metrics for variants and expressed features. â€œcondIndepâ€� column refers to those associations that were conditionally independent. Based on N = 412 independent samples/subjects and linear regression (two-sided P-values); see Methods.


Supplementary Table 9
Differential expression statistics for those features that were significant and replicated in case-control comparisons. Based on N = 351 independent samples/subjects and linear regression (two-sided P-values); see Methods.


Supplementary Table 10
Genes consistently differentially expressed by case-control analysis for the different feature summarizations.


Supplementary Table 11
Gene set analysis for genes with features differentially expressed by case-control status, stratified by directionality and feature summarization type. Based on N = 351 independent samples/subjects and linear regression (two-sided P-values) and 24,122 expressed genes; see Methods.


Supplementary Table 12
GWAS region set-level analyses for diagnosis-associated differentially expressed features, testing whether features in the PGC risk loci were more or less expressed as a set in cases compared to controls. Qual: qSVA adjusted analysis, Adj: observed covariate adjusted analysis. P-values (two-sided) were based on linear regression Wald statistics, adjusting for mean expression levels.


Supplementary Table 13
Associations between diagnosis, RPS and expression at gene and exon levels using linear regression. First two columns for each feature: P-values (two-sided) for gene set tests for the significant case-control features among statistics capturing the effect of RPS on expression. Second two columns for each feature: directionality between RPS on expression associations and diagnosis. N = 209 Caucasian samples; see Methods.


Supplementary Table 14
Reference-based deconvolution profiles from single-cell RNA-seq data.
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