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            Abstract
Genetic determinants of cognition are poorly characterized, and their relationship to genes that confer risk for neurodevelopmental disease is unclear. Here we performed a systems-level analysis of genome-wide gene expression data to infer gene-regulatory networks conserved across species and brain regions. Two of these networks, M1 and M3, showed replicable enrichment for common genetic variants underlying healthy human cognitive abilities, including memory. Using exome sequence data from 6,871 trios, we found that M3 genes were also enriched for mutations ascertained from patients with neurodevelopmental disease generally, and intellectual disability and epileptic encephalopathy in particular. M3 consists of 150 genes whose expression is tightly developmentally regulated, but which are collectively poorly annotated for known functional pathways. These results illustrate how systems-level analyses can reveal previously unappreciated relationships between neurodevelopmental disease–associated genes in the developed human brain, and provide empirical support for a convergent gene-regulatory network influencing cognition and neurodevelopmental disease.
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                    Figure 1: Gene coexpression network analysis.[image: ]


Figure 2: Enrichment of nsDNM from patients with neurodevelopmental disease.[image: ]


Figure 3: Graphical representation of the M3 coexpression network and its relationship to neurodevelopmental disease.[image: ]
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We hypothesized that gene regulatory networks starting from the human hippocampus could be informative for genes and pathways relevant to diverse cognitive abilities and neurodevelopmental disease. Hippocampus gene-regulatory networks were inferred a priori, without reference to cognitive phenotypes using fresh-frozen hippocampus samples that had been surgically removed from 122 patients undergoing temporal lobectomy for epilepsy. Conservation of modules was then tested using distinct expression datasets from non-diseased post-mortem hippocampus samples (n=63) and healthy mouse hippocampus samples (n=100). From this, we identified 4 cross-species conserved hippocampal gene co- expression modules whose co-expression relationships are unrelated to epilepsy (M1, M3, M11 and M19). We then used independent gene expression datasets to show that these modules were conserved widely across the human cortex and expressed under tight developmental regulation during brain development. The modules were then integrated with GWAS data relating to four cognitive abilities (general fluid cognitive ability, processing speed, crystalized cognitive ability and verbal delayed recall) in two independent community cohorts (GS:SFHS and LBC1936), and de novo mutation data from parent-offspring trios across five neurodevelopmental disorders (ASD, SCZ, ID, EE, DDD) to reveal convergent gene co-expression modules for healthy human cognitive abilities and neurodevelopmental disease. Full details relating to datasets, experimental methods and references are provided in the manuscript. TLE=temporal lobe epilepsy; ASD=autism spectrum disorder; SCZ=schizophrenia; ID=intellectual disability; DDD=Deciphering Development Disorders Cohort (http://www.ddduk.org). UKBEC=UK Brain Expression Consortium (http://www.braineac.org). WES= whole-exome sequencing.





Supplementary information
Supplementary Text and Figures
Supplementary Figure 1 (PDF 838 kb)


Supplementary Methods Checklist (PDF 382 kb)

Supplementary Table 1: Details of temporal lobe epilepsy (TLE) patients.
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Supplementary Table 7: Enrichment of association of M1 and M3 with non-cognitive phenotype.
Waist-hip ratio (n=15,234 subjects), fasting glucose homeostasis (n=69,395 subjects), glucose challenge homeostasis (n=242,530 subjects), systolic blood pressure (n=46,186 subjects) and diastolic blood pressure (n=69,395 subjects). *, Number of genes in the module with ≥1 genotyped SNP within the transcription start and end positions of the gene (NCBI36, hg18). **, P-value for enrichment of association. (XLSX 51 kb)


Supplementary Table 8: Results of RVIS analysis for the 24 modules identified in the human hippocampus.
RVIS, Residual Variation Intolerance Score (Petrovski et al. PLoS Genet 2013) was assessed as described in Supplementary Methods. Grey, modules preserved in the mammalian hippocampus and unrelated to epilepsy (Fig. 1a). The Mann-Whitney U test (2-tailed) was used to compare the distribution of genic RVIS scores for each module to the distribution from the rest of the protein-coding genes outside the 24 modules and expressed in the human hippocampus (n=8,414 with CCDS) (see Methods for additional details). Sample estimate (difference in medians) represents the direction of enrichment, where negative values reflect enrichment for intolerant genes (and vice versa positive values reflect enrichment for tolerant genes). Bold, significant overrepresentation of genes intolerant to genetic variation (alpha adjusted for 24 modules, p<0.002). The four cross-species conserved hippocampal modules are highlighted in grey. (XLSX 11 kb)


Supplementary Table 9: Enrichment of neurodevelopmental de novo mutations.
Enrichment for each module is tested in two ways. Firstly, we adopt a binomial exact test, BET (two-tail) to assess whether there is excess single variant de novo mutations among cases as compared with what is expected based on the protein-coding real-estate that the collection of genes in a module takes up from the entire CCDS release 17 exome and on a length model in which DNMs occur randomly in all genes, proportional to length. The Ratio Obs/Exp is the ratio between the number of observed DNMs overlapping with the module and the expected number based on this model. Subsequently, we adopt a Fisher's exact test, FET (two-tail) to empirically compare the rates of overlap between case- and control-ascertained de novo mutations for the module. See Methods for additional details. Significant P-values are highlighted in bold. Empirical P-values of enrichment test for reported single nucleotide variant (SNV) DNMs reflecting loss-of-function DNM (only nonsense and splice-site mutations), predicted deleterious DNM (loss-of-function DNM and missense DNM with SIFT score < or = 0.05 and Polyphen2 score > or = 0.5), non synonymous DNM (all missense, nonsense and splice-site mutations), and synonymous DNM. *Subset of module genes that are CCDS release 17 genes, as filtered for DNM comparisons. Autism spectrum disorder (ASD), epileptic encephalopathy (EE), intellectual disability (ID), schizophrenia (SCZ), Combined = ASD+EE+ID+SCZ combined, Deciphering Developmental Disorders (DDD). The DNMs of the DDD study were not combined with the other neurospychiatric disorders as some of the patients of the DDD study present with congenital abnormalies without neuropsychiatric features. Background genes are all expressed genes in the surgical hippocampus (n=9,616), including those genes that contribute to the individual modules. (XLSX 60 kb)


Supplementary Table 10: Enrichment of association of M1 and M3 with phenotypes relating to the Psychiatric Genomics Consortium (PGC) traits.
Attention deficit-hyperactivity disorder (ADHD), bipolar disorder (BP), major depressive disorder (MDD) and schizophrenia (SCZ), as well as GWAS data relating to common forms of epilepsy (EPI) from the International League Against Epilepsy (ILAE) Consortium on Complex Epilepsies and Alzheimer's disease (AD) from the GenADA study (see manuscript for details and GWAS references). Bold, significant GWAS enrichment after Bonferroni correction for the number of modules and phenotypes tested. * Genes in the module with ≥1 genotyped SNP within the transcription start and end positions of the gene (NCBI36, hg18). ** Empirical P-value for enrichment of association determined by 100,000 bootstrap samples. (XLSX 56 kb)
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