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            Abstract
Gene regulatory networks ensure that important genes are expressed at precise levels. When gene expression is sufficiently perturbed, it can lead to disease. To understand how gene expression disruptions percolate through a network, we must first map connections between regulatory genes and their downstream targets. However, we lack comprehensive knowledge of the upstream regulators of most genes. Here, we developed an approach for systematic discovery of upstream regulators of critical immune factorsâ€”IL2RA, IL-2 and CTLA4â€”in primary human T cells. Then, we mapped the network of the target genes of these regulators and putative cis-regulatory elements using CRISPR perturbations, RNA-seq and ATAC-seq. These regulators form densely interconnected networks with extensive feedback loops. Furthermore, this network is enriched for immune-associated disease variants and genes. These results provide insight into how immune-associated disease genes are regulated in T cells and broader principles about the structure of human gene regulatory networks.
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                    Fig. 1: Approach to map disease gene networks in human T cells.[image: ]


Fig. 2: Discovery of upstream regulators of IL2RA, IL-2 and CTLA4.[image: ]


Fig. 3: Arrayed knockouts validate and characterize screen results.[image: ]


Fig. 4: Individual regulators act at distinct IL2RA CREs.[image: ]


Fig. 5: IL2RA regulators form highly interconnected gene networks.[image: ]


Fig. 6: Coregulated gene sets are enriched for immune disease genes.[image: ]


Fig. 7: IL2RA regulators affect CREs and genes associated with multiple sclerosis.[image: ]
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Extended data

Extended Data Fig. 1 Quality control of the CRISPR screens.
a, Fluorescence activated cell sorting (FACS) gating for IL2RA, IL-2, and CTLA4 screens. Representative example from the IL2RA screen is shown. b, Abundance of sgRNAs targeting GFP in either the starting plasmid or in the GFPâ€‰+â€‰sorted population (nâ€‰=â€‰3 donors, 1 plasmid pool). c, Differential enrichment between the high- and low-expression bins for sgRNAs targeting genes that are either expressed or not expressed in CD4â€‰+â€‰T cells based on RNA-Seq. d, Abundance of sgRNAs targeting essential genes, fitness genes, non-essential genes, or non-targeting guides in the starting plasmid (nâ€‰=â€‰1) or in the GFPâ€‰+â€‰sorted samples (nâ€‰=â€‰3 donors). e, Enrichment of sgRNAs between the GFPâ€‰+â€‰sorted population and starting plasmid. Results from Donor 1 and Donor 2 are depicted. Significant hits were identified with MAGeCK and genes with an FDR-adjusted Pâ€‰<â€‰0.05 across all donors are highlighted. f, Comparison of the number of shared significant hits between the different screens and whether those hits have the same direction of effect on their targets. Two-sided sign test Pâ€‰=â€‰0.002, shared direction of effect = 82%, 95% confidence interval 61-95%. All boxplots show the median, first and third quartiles, and 1.5x the interquartile range.


Extended Data Fig. 2 Arrayed knockouts validate IL-2 and CTLA4 screen results.
a,b, Representative flow cytometry density plots for IL-2 (a) or CTLA4 (b) protein levels after knockout of top screen hits. Knockout of hits that decrease target levels are shown in blue, and knockout of hits that increase target levels are shown in red. c,d, Summary of changes in IL-2 (c) or CTLA4 (d) levels measured using flow cytometry. Screen hits selected for validation are displayed on the y-axis ordered by their effect size in the pooled CRISPR screen. For each knockout, bars show the average change in IL-2 or CTLA4 median fluorescence intensity relative to non-targeting controls. Dots show individual data points, and error bars show standard deviation across two guide RNAs and three donors per guide RNA. Concordant changes between the screen and validation that increase or decrease IL-2/CTLA4 levels are shown in red or blue, respectively. Discordant changes are shown in grey. The average insertion/deletion (indel) percentage at the genomic target site across multiple donors for guide RNA 1 (nâ€‰=â€‰3) and guide RNA 2 (nâ€‰=â€‰2) is shown to the right. e, Representative flow cytometry density plots for IL2RA protein levels after cells are grown with exogenous IL-2 or without IL-2 + blocking anti-IL-2 antibody. f, Knockout of top regulators of IL2RA in cells cultured with exogenous IL-2 or without IL-2 + blocking anti-IL-2 antibody. IL2RA median fluorescent values are normalized to AAVS1 control knockouts with exogenous IL-2 (black dashed line). Colored dashed lines show the normalized IL2RA median fluorescent intensity averaged across the AAVS1 control knockouts without IL-2 + blocking anti-IL-2 antibody in each donor.


Extended Data Fig. 3 Downstream mapping of genes and chromatin sites controlled by each IL2RA regulator.
a, mRNA fold change for the CRISPR targeted gene in each knockout sample. Data are presented as the effect size from Limma, with error bars showing the 95% confidence interval. b, Comparison of average changes in IL2RA mRNA levels (RNA-Seq) and protein levels (flow cytometry) for each knockout sample collected for RNA-Seq and ATAC-Seq. c, Percent of significantly changed ATAC-Seq peaks in each knockout sample that contain a known motif for the knocked out transcription factor. d,e, The total number of significantly changed genes (d) or peaks (e) detected via RNA-Seq and ATAC-Seq in each knockout sample. For a-e, nâ€‰=â€‰3 donors for the RNA-Seq and ATAC-Seq data. f, Summary of changes in IL2RA levels measured using flow cytometry. For each knockout, the change in IL2RA median fluorescence intensity is normalized to AAVS1 knockout alone controls. g, The percent of reads containing insertions/deletions (indels) at the genomic target sites for the guide RNAs and samples in f. Solid line indicates the mean indel percentage across different perturbation combinations.


Extended Data Fig. 4 Direct binding of IL2RA regulators at the IL2RA locus.
Chromatin accessibility measured by ATAC-Seq in AAVS1 control knockouts is shown in black. ATAC-Seq data are shown as normalized read coverage; samples were normalized using the size factors from DESeq2. Results from previous CRISPR activation (CRISPRa) screen38 tiling the IL2RA locus in Jurkat cells is shown in pink. CRISPRa tracks show the log2 enrichment of guide RNAs in cells expressing high, mid, or low levels of IL2RA compared to background. Public ChIP-Seq data for IL2RA regulators in various subsets of human CD4â€‰+â€‰T cells (STAT5A, STAT5B, ETS1, GATA3, MYB) or engineered bulk T cells (IRF4) are shown in green. ChIP-Seq data are shown as background subtracted binding in reads per million. ATAC-Seq peaks that were significantly differentially accessible in each knockout are shown in blue. The location of a matching binding motif in a significantly differentially accessible peak for each transcription factor is shown in orange. Where available, public ChIP-Seq tracks are from either two independent studies or individual donors: ETS148,81, GATA347, IRF482, MYB83, STAT5A and STAT5B84. chr, chromosome.


Extended Data Fig. 5 Highly co-regulated gene sets are enriched for immune disease genes.
a, Enrichment of heritability for immune traits compared to non-immune traits in significantly differentially accessible ATAC-Seq peaks for each knockout. Only knockouts with at least 1,000 significantly differentially accessible ATAC-Seq peaks are shown. b, Enrichment of heritability for immune traits compared to non-immune traits in a 100-kb window around co-regulated genes. Enrichment for matched background sets for each knockout (a) or each co-regulation bin (b) are shown. Enrichment calculated using stratified LD score regression. Traits were meta-analyzed using inverse-variance weighting; average enrichment and standard error shown. P-values were calculated by first converting the difference in average enrichments to Z-scores, and then converting Z-scores to two-sided P-values (see Methods). For a, Bonferroni-corrected P-values range from 1.8 Ã— 10âˆ’2 to 7.5 Ã— 10âˆ’16. For b, Bonferroni corrected P-values range from 2.7 Ã— 10âˆ’2 to 6.6 Ã— 10âˆ’10. NS, not significant. nâ€‰=â€‰16 immune traits and nâ€‰=â€‰15 non-immune traits for a and b.


Extended Data Fig. 6 Multiple sclerosis SNPs within CD4â€‰+â€‰T cell ATAC-Seq peaks.
a, Enrichment of heritability in accessible ATAC-Seq peaks for different immune traits. Data are presented as estimated enrichment +/âˆ’ standard error estimated from stratified LD score regression. b, The number of all protein-coding genes and differentially expressed protein-coding genes with a TSS within 100â€‰kb of a multiple sclerosis SNP. Only high confidence multiple sclerosis SNPs (PICS probability greater than 50%) within differentially accessible ATAC-Seq peaks are shown. c, Editing outcomes in CD37 low- and high-expressing cells after using CRISPR/Cas9 and homology-directed repair templates to edit the SNP rs1465697. Editing was performed with guide RNAs targeting the CD37 CRE (CD37 guide RNA) or a control region (AAVS1 guide RNA). d, Length of deletions after CRISPR editing in CD37 low- and high-expressing cells.
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Supplementary Data 1.
RNA-seq results. Results from the RNA-seq experiment following knockout of top IL2RA regulators. Data were analyzed using Limma. The results table includes the Ensembl gene id (ens_id), gene name (gene_name), log2 fold change (logFC) for knockout/control, adjusted P value (adj.P.Val) and the knockout sample that the data corresponds to (sample).


Supplementary Data 2.
ATAC-seq results. Results from the ATAC-seq experiment following knockout of top IL2RA regulators. Data were analyzed using DESeq2. The results table includes the log2 fold change (log2FoldChange) for knockout/control, adjusted P value (padj), the knockout sample that the data corresponds to (sample), the peak name (peakName) and the peak chromosomal coordinates (peak_chr, peak_start, peak_end).
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