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            Abstract
Mutations in gene regulatory elements have been associated with a wide range of complex neuropsychiatric disorders. However, due to their cell-type specificity and difficulties in characterizing their regulatory targets, the ability to identify causal genetic variants has remained limited. To address these constraints, we perform an integrative analysis of chromatin interactions, open chromatin regions and transcriptomes using promoter capture Hi-C, assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) and RNA sequencing, respectively, in four functionally distinct neural cell types: induced pluripotent stem cell (iPSC)-induced excitatory neurons and lower motor neurons, iPSC-derived hippocampal dentate gyrus-like neurons and primary astrocytes. We identify hundreds of thousands of long-range cis-interactions between promoters and distal promoter-interacting regions, enabling us to link regulatory elements to their target genes and reveal putative processes that are dysregulated in disease. Finally, we validate several promoter-interacting regions by using clustered regularly interspaced short palindromic repeats (CRISPR) techniques in human excitatory neurons, demonstrating that CDK5RAP3, STRAP and DRD2 are transcriptionally regulated by physically linked enhancers.
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                    Fig. 1: Genome-wide mapping of physical chromatin interactions in functionally distinct neural cell types.[image: ]


Fig. 2: Integrative analysis of chromatin interactions, epigenomic features and gene expression.[image: ]


Fig. 3: Cell-type-specific PIRs and TF motif enrichment analysis.[image: ]


Fig. 4: Validation of PIRs in human neural cells.[image: ]


Fig. 5: Genetic analysis of chromatin interactions with complex neuropsychiatric disorder-associated variants.[image: ]


Fig. 6: Genetics variants contribute to chromatin interaction bias and alterations in gene expression.[image: ]
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                Data availability

              
              All datasets used in this study (pcHi-C, ATAC-seq, RNA-seq, CUT&RUN, and chromosome-wide SNP phasing data) are available at the Gene Expression Omnibus under the accession number GSE113483. Open chromatin peaks and gene expression results for each cell type are also available on Zenodo through the following link: https://zenodo.org/record/3243977

              Data can be visualized on the WashU Epigenome Browser using the session bundle ID (session ID in parentheses): 6e375740-8e71-11e9-be37-cb77c4bbb5fc (brain_pchic_nature_genetics_00).

              Alternatively, the data can also be visualized on the legacy WashU Epigenome Browser (session ID in parentheses): http://epigenomegateway.wustl.edu/legacy/?genome=g19&session=8OCs2rkpEA (brain_pchic_nature_genetics_00).

              Tracks include ATAC-seq signal, chromatin interactions with score â‰¥5 and RNA-seq plus and minus strand signal for each cell type. HindIII fragments, in vivo-validated enhancer elements, GENCODE 19 genes and GWAS SNPs are also displayed.
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Integrated supplementary information

Supplementary Figure 1 Characterization of the cell types used in the study.
(a) Immunofluorescence staining of key markers in excitatory neurons, hippocampal DG-like neurons, lower motor neurons, and astrocytes. Excitatory neurons were positively stained for CUX1, an upper cortical layer marker, and MAP2, a neuronal marker specifically expressed in dendrites. The yield of mature excitatory neurons is the number of CUX1 and MAP2 double positive cells divided by the total number of live cells. Hippocampal DG-like neurons were positively stained for PROX1, a transcription factor specifying granule cell identity in the DG. The yield of mature hippocampal DG-like neurons is the number of PROX1 and MAP2 double positive cells divided by the total number of live cells. Lower motor neurons were positively stained for HB9, a motor neuron marker, and the pan-neuronal neurofilament marker SMI32. The yield of mature lower motor neurons is the number of HB9 and SMI32 double positive cells divided by the total number of live cells. Astrocytes were positively stained for GFAP. The yield of GFAP-positive astrocytes is the number of GFAP positive cells divided by the total number of live cells. The number of staining experiments and the total number of cells are indicated, and error bars represent the s.e.m. Scale bars indicate 25 Î¼m. (b) Heatmaps displaying gene expression results for key marker genes across the neural cell types. Astrocytes used in this study exhibit a gene expression profile consistent with APC identity. (c) Counts of protein coding (dark blue) and noncoding RNA (light blue) genes with interacting promoters in each cell type.


Supplementary Figure 2 Correlation between pcHi-C, ATAC-seq, and RNA-seq replicates.
(a) RNA-seq replicates were hierarchically clustered according to gene expression sample distances using DESeq2. (b) Heatmap with pairwise correlations and hierarchical clustering of read densities at the set of unified open chromatin peaks for the ATAC-seq replicates. (c) Heatmap with pairwise correlations based on the stratum-adjusted correlation coefficient (SCC) from HiCRep for the pcHi-C replicates. (d) Saturation of the SCC between pcHi-C replicates as a function of the total sequencing depth.


Supplementary Figure 3 Integrative analysis of chromatin interactions in individual cell types.
(a). Histograms of interaction distances for each cell type. The mean interaction distances for each cell type are indicated with red lines. (b) Bar plots showing counts of H3K27ac and CTCF binding sites overlapping significant (solid bars) versus randomly shuffled (striped bars) PIRs for excitatory neurons, lower motor neurons, and astrocytes. Means and the s.e.m. for the number of overlaps across n=100 sets of randomly shuffled PIRs are shown. (c) Comparative gene expression analysis for each cell type for expressed genes (normalized RPKM > 0.5) whose promoters interact exclusively with either enhancer-PIRs or repressive-PIRs (P=1.7*10-12, t=7.11, df=1497.2 and n=2,103, 625 genes for excitatory neurons, P=4.1*10-43, t=14.0, df=2666 and n=3,098, 1,060 genes for hippocampal DG-like neurons, and P=3.5*10-28, t=11.1, df=2515.5 and n=1,635, 927 genes for astrocytes, two-tailed two sample t-test). Violin plots show the distributions of gene expression values within each group, and boxplots indicate the median, IQR, Q1-1.5*IQR, and Q3+1.5*IQR. Means are indicated with dotted horizontal lines. (d) Distributions of gene expression values across each cell type for expressed genes (normalized RPKM > 0.5) grouped according to the numbers of interactions their promoters form with enhancer-PIRs. Boxplots indicate the median, IQR, Q1-1.5*IQR, and Q3+1.5*IQR. Linear regression was performed on the mean gene expression values for bins containing at least 10 genes (P=6.4*10-2, F1,5=5.65 and n=7 for excitatory neurons, P=6.6*10-4, F1,7=33.7 and n=9 for hippocampal DG-like neurons, and P=3.1*10-3, F1,6=22.8 and n=8 for astrocytes, F-test for linear regression).


Supplementary Figure 4 Cell-type-specific aspects of chromatin interactions.
(a) Venn diagram displaying counts of unique significant promoter-PIR interactions for excitatory neurons, hippocampal DG-like neurons, lower motor neurons, and astrocytes for each specificity pattern (groups 1-15 in Fig. 3a). (b) Examples of interactions between cell-type-specific PIRs (yellow) and the promoters of OPHN1, CHAT, and TLR4 (orange). ATAC-seq and RNA-seq signal are also shown for each cell type. (c) Significant downregulation of CDK5RAP5 expression was observed across three independent clones containing biallelic deletions for the PIR in excitatory neurons (P=1.6*10-2, t=4.98, df=3, two-tailed two sample t-test). Error bars represent the s.e.m.


Supplementary Figure 5 Using chromatin interactions to elucidate the functions of GWAS variants.
(a) Counts of GWAS SNPs for each disease with at least one linked SNP interacting exclusively with their nearest genes (blue), more distal genes (pink), or both (orange), and the number of target genes for each scenario. (b) Significant promoter-PIR interactions in hippocampal DG-like neurons and astrocytes recapitulate a previously reported interaction between the FOXG1 promoter and a distal open chromatin peak containing rs1191551:G>T, a SCZ-associated variant6. (c) CRISPRi silencing of a PIR for STRAP results in significant downregulation of STRAP expression in excitatory neurons (P=7.4*10-3, t=3.34, df=10, two-tailed two sample t-test). No significant downregulation was detected for the neighboring genes MGST1 and WBP1, though the expression of PTPRO was affected (P=3.0*10-1, t=1.09, df=10, P=5.8x10-1, t=0.570, df=10, and P=2.2*10-3, t=4.07, df=10, respectively, two-tailed two sample t-test). Three independent replicates per condition and two sgRNAs per replicate were used for each experiment. Boxplots indicate the median, IQR, minimum, and maximum. (d) Schematic of detected genotypes in the DRD2 gene and its PIR in two wild type clones and three monoallelic deletion clones. Genotyping and qPCR sequencing for WTC11 variants in the DRD2 gene reveal allele-specific imbalances in DRD2 expression, consistent with the monoallelic deletion of the PIR.


Supplementary Figure 6 Top enriched GO terms for genes targeted by complex neuropsychiatric disorder-associated variants.
Top enriched GO terms from Enrichr for genes whose promoters are targeted by variants for each disease. EP and FTD are omitted due to their low numbers of reported variants and target genes identified by significant promoter-PIR interactions. Expanded lists of enriched GO terms are available in Supplementary Table 9.


Supplementary Figure 7 Examples of putative regulatory SNPs at cell-type-specific PIRs.
. In all examples, interacting PIRs are highlighted in yellow and the targeted promoters are highlighted in orange. (a) A PIR with AD SNPs interacts with the promoters of FAM131B and CASP2 in astrocytes, but it interacts instead with the ZYX promoter in hippocampal DG-like neurons and lower motor neurons. (b) PIRs with MP SNPs in an intron for PTPRO interact with the STRAP promoter across all four cell types. (c) A PIR with SCZ SNPs interacts with the TRIM33 promoter in astrocytes. Two additional PIRs with SCZ SNPs interact with the promoters of TRIM33 and BCAS2 in hippocampal DG-like neurons. (d) A PIR with BD SNPs interacts with the MSI2 promoter in hippocampal DG-like neurons, lower motor neurons, and astrocytes, while also interacting with the AKAP1 promoter in lower motor neurons and astrocytes. Another group of PIRs with SCZ SNPs interacts with the MSI2 promoter in astrocytes.
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