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Abstract
While abnormal neurodevelopment contributes to schizophrenia (SCZ) risk, there is also evidence to support a role for immune dysfunction in SCZ. BCL11B, associated with SCZ in GWAS, is a transcription factor that regulates the differentiation and development of cells in the central nervous and immune systems. Here, we use functional genomics data from studies of BCL11B to investigate the contribution of neuronal and immune processes to SCZ pathophysiology. We identified the gene targets of BCL11B in brain striatal cells (n=223 genes), double negative 4 (DN4) developing T cells (n=114 genes) and double positive (DP) developing T cells (n=518 genes) using an integrated analysis of RNA-seq and ChIP-seq data. No gene-set was enriched for genes containing common variants associated with SCZ but the DP gene-set was enriched for genes containing missense de novo mutations (DNMs; P=0.001) using data from 3,447 SCZ trios. Post-hoc analysis revealed the enrichment to be stronger for DP genes negatively-regulated by BCL11B. Biological processes enriched for genes negatively-regulated by BCL11B in DP gene-set included immune system development and cytokine signaling. These analyses, leveraging a GWAS-identified SCZ risk gene and data on gene expression and transcription factor binding, indicate that DNMs in immune pathways contribute to SCZ risk.
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[bookmark: _heading=h.1fob9te]Introduction
Schizophrenia (SCZ) is a chronic, severe mental disorder affecting ~1% of the population worldwide. It is ranked within the top 10 disabling conditions for young adults worldwide (Świtaj et al., 2012), affecting general health, ability to work and formation of personal relationships. A core feature of SCZ is cognitive dysfunction in the form of impairments in memory, attention and IQ. This decline in cognitive performance occurs years prior to onset of illness as the brain is still developing (Kahn & Keefe, 2013) and its severity is a strong predictor of functional outcome (Leeson et al., 2009). 

SCZ has a complex aetiology influenced by both genetic and environmental factors. The heritability of SCZ is estimated from twin studies to be 80% (Hilker et al., 2018). The genetic architecture of SCZ is highly polygenic. GWAS has identified 179 independent SCZ associated single nucleotide polymorphisms (SNPs) across the genome (Pardiñas et al., 2018). Analysis of rare structural and sequence variants, including de novo events, indicates a role for rare mutations in SCZ (Kirov et al., 2012; Fromer, et al. 2014; Singh et al., 2016). The “neurodevelopmental hypothesis” is the most widely accepted explanation of SCZ pathology. Here, genetic and environmental insults are hypothesized to disturb prenatal neurodevelopment, making a person more vulnerable to developing SCZ upon secondary environmental insults in adolescence or young adulthood (Fatemi & Folsom, 2009).  

Immune defects have also been hypothesized to contribute to SCZ risk. Interest in an immune hypothesis of SCZ has stemmed in part from the imbalance of pro- and anti-inflammatory cytokines repeatedly observed in SCZ (Bergink et al., 2014). It is hypothesized that an interaction between genetic and environmental influences leads to pathological microglial activation, resulting in excessive synaptic pruning and loss of cortical grey matter, particularly in stress-sensitive regions such as the prefrontal cortex and hippocampus, which ultimately results in cognitive dysfunction and increased illness risk (Howes & McCutcheon, 2017). Imbalances in the monoamine pathway and autoimmune processes relevant to synaptic refinement have also been hypothesized to be part of SCZ pathophysiology. In SCZ, inflammatory markers (including C-reactive protein and various interleukins, e.g. IL-6) are also associated with cognitive deficits (Misiak et al., 2018). Strong genetic evidence now exists for the role of immune-related processes in increasing SCZ risk where the most significant genetic association maps to the major histocompatibility complex (MHC) region on chromosome 6 (Sekar et al., 2016). This has identified one potential mechanism by which the MHC region may increase risk, involving a locus containing the complement component 4 (C4) gene, an isotope of which (C4A) was demonstrated to have a role in cortical development of the visual system in animal models. Almost 40 non-MHC genes with known roles in immune function have been associated with SCZ risk (reviewed by Pouget, 2018). Associations with altered expression of immune gene networks (Birnbaum et al., 2018) have also been reported, as well as altered expression of immune proteins (Föcking et al., 2019) and observed dysregulation of immune complement proteins in SCZ (Benros and Mortensen, 2019). 

B-cell chronic lymphocytic leukemia/lymphoma 11B (BCL11B), also named Coup-TF interacting protein 2 (CTIP2), is a zinc finger protein transcription factor. It was identified as a SCZ risk gene through genome-wide association studies (GWAS; Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014; Whitton et al., 2016). The association signal is located over the BCL11B gene and there are no other protein-coding genes in the region (Supplementary Figure 1). The most associated or index SNP and those SNPs in high linkage disequilibrium (LD) with it are located within the introns of the gene. Review of quantitative trait loci (QTL) datasets for gene expression, chromatin, isoform percentage, transcript expression, cell fraction or methylation does not identify how the SCZ risk SNP affects the function of the gene (Wu et al., 2018; Wang et al., 2018). BCL11B is required for neurogenesis both during postnatal development (Simon et al., 2012) and during adulthood (Simon et al., 2016). Conditional forebrain-specific Bcl11b knockout (KO) mice suffered impaired spatial learning and memory (Simon et al., 2012). Induction of the BCL11B KO selectively in adulthood also resulted in impaired memory, but to a lesser extent (Simon et al., 2016).

BCL11B is essential in the immune system, where it functions in T cell differentiation in the thymus (Fang et al., 2018). T cell differentiation is divided into discrete stages based on expression of certain markers. The first stage is defined by the absence of markers cluster of differentiation (CD) 4 and CD8, and therefore referred to as double negative (DN). This stage can be further subdivided into DN1 to DN4 (Famili et al., 2017). DN cells further differentiate into CD4+CD8+ double positive (DP) cells and finally into either CD4+ helper or CD8+ cytotoxic single positive (SP) cells. Upon activation, SP cells differentiate into T effector subsets characterized by different cytokine profiles. CD4+ subsets include T helper (Th) 1, Th2, Th9, Th17, Th22, regulatory T cells (Tregs), and follicular helper T cells (Tfh), while CD8+ cell subsets include stem cell memory T cells, T central memory cells, T effector memory cells and T effector cells (Golubovskaya and Wu, 2016). 

BCL11B is first expressed in DN2 cells, progressively increasing in expression during the successive progenitor stages and is maintained in all mature T cell subsets (Avram & Califano, 2014). BCL11B acts to lock cells into the T cell fate through induction of a dramatic reorganization of chromatin at the DN2 to DN3 checkpoint, and to a lesser extent at the DN4 to DP checkpoint (Hu et al., 2018). This is necessary to promote T cell lineage commitment and suppress alternative lineages (natural killer (NK), myeloid and B lymphocytes; Ha et al., 2017). Loss of BCL11B in murine thymocyte progenitors leads to developmental arrest and acquisition of natural killer (NK) cell features (Li et al., 2010). Loss of BCL11B in mature T cell subsets also leads to various defects including upregulation of type2 cytokines in Th2 cells (Fang et al., 2018), derepression of T helper 2 (Th2) genes in Th17 cells (Califano et al., 2014) and reduced functional immune suppression molecules in Treg cells (Drashansky et al., 2019).

A role for T cells in the immune-mediated etiology of SCZ was first proposed 40 years ago (Nyland et al., 1980) and many studies since have observed abnormal T-cell function or densities in SCZ. These include a Th2 shift, where over-production of Th2 cells in comparison to Th1 cells has been observed in SCZ (Avgustin et al., 2005; Chiang et al., 2013). Abnormal distribution of TCR variable genes have been reported in SCZ (Li et al., 2018). Higher levels of Tregs were found in the blood of stable medicated SCZ patients compared to controls and this was associated with decreased negative symptoms and increased cognitive performance (Kelly et al., 2018). Tregs act to maintain immune homeostasis and suppress aberrant immune responses. The higher levels Tregs had a positive effect, being associated with decreased negative symptoms and increased cognitive performance (Kelly et al., 2018)). The authors of the study suggest that the increased levels of Tregs might be a response to elevated inflammation in SCZ or may possibly be caused by medication (Kelly et al., 2018). Another study observed increased densities of Th17 cells in peripheral blood mononuclear cells derived from non-medicated SCZ patients compared to healthy controls (Varun et al., 2019).

A recent study identified 13 patients with de novo mutations (DNMs) in BCL11B, all of whom were affected by developmental delay, speech impairment and intellectual disability (Lessel et al., 2018). Immune phenotyping of these patients revealed alterations in the T cell compartment and lack of peripheral type 2 innate lymphoid cells (Ha et al., 2017; Lessel et al., 2018). Here, we use functional genomics data from studies of BCL11B to delineate sets of genes influenced by BCL11B during different neuronal and immune processes. We then test if these gene-sets are enriched for genes that make a contribution to SCZ risk in order to determine if these BCL11B-influenced neuronal and/or immune processes represent potential molecular mechanisms for SCZ. We also test if these gene-sets are enriched for genes associated with cognitive traits given the importance of cognitive dysfunction to SCZ, the role of BCL11B in learning and memory (Simon et al., 2012), and evidence that the immune system influences cognition in psychiatric disorders (Khandaker and Dantzer, 2016).
[bookmark: _heading=h.3znysh7]

Methods
[bookmark: _heading=h.2et92p0]Generation of gene-sets
A literature search was performed to identify studies that performed experiments enabling the genome-wide identification of direct targets of BCL11B in brain or immune cell types. We identified three studies that either provided the list of direct BCL11B target genes or provided access to the raw experimental data enabling us to perform an integrated differential expression and binding analysis.

The first gene-set, called Striatal, was obtained from a study that investigated the targets of BCL11B in mouse brain striatal cells (Tang et al., 2011). This study performed an integrated differential expression analysis of cells over-expressing BCL11B versus controls combined with a BCL11B binding analysis using ChIP-seq to identify 248 direct targets of BCL11B in striatal cells. This list of genes was supplied to us by the authors of that study.  MGI symbols were converted to Entrez human IDs (for use with MAGMA) and HGNC symbols (for use with denovolyzeR) using the Bioconductor package biomaRt (https://bioconductor.org/packages/release/bioc/html/biomaRt.html) (Smedley et al., 2015), giving us the final Striatal gene-set of 223 genes (Supplementary Table 1).

The second gene-set, called DN4, was generated using data from a study that performed loss of function studies and DNA binding studies to delineate the function of BCL11B during the initial stages of human T cell differentiation (Ha et al., 2017). Direct BCLL1B target genes were not supplied with the manuscript. Therefore, we used raw RNA-seq and ChIP-seq data (GEO Accession: GSE84678) from this study to perform an integrated RNA-seq and ChIP-seq analysis (described below) to generate this gene-set. Data used for the differential gene expression analysis was from a whole transcriptome RNA-seq analysis of BCL11B KO and wild-type (WT) in vitro human CD34+CD7+CD1a+ cells (markers of DN4 thymocytes). Data used for the BCL11B binding analysis was from a whole genome BCL11B ChIP-seq of human CD34+ cells (marker of DN2, DN3, and DN4 thymocytes). This DN4 gene-set contains 114 genes (Supplementary Table 1).
	 	 	 	
The third gene-set, called DP, was generated using data from a study that performed genome-wide RNA-seq expression profiling of BCL11B KO and WT mouse DP cells and genome-wide BCL11B ChIP-seq in mouse total thymocytes (>80% DP cells) (Hu et al., 2018). BCL11B target genes were not identified in this manuscript. Therefore, we used raw data from these studies (GEO Accession: GSE79875) to perform an integrated differential expression and BCL11B binding analysis to identify direct targets of BCL11B in mouse DP cells (described below). BioMart was again used for conversion of MGI symbols to Entrez human IDs and HGNC symbols. Major histocompatibility complex (MHC) genes do not have direct human orthologues and were therefore removed. The final DP gene-set contains 518 genes (Supplementary Table 1).

[bookmark: _heading=h.tyjcwt]Integrated RNA-seq and ChIP-seq analysis for DN4 and DP gene-sets
RNA-seq analysis
Data for two replicate samples were available for the DN4 gene-set (Ha et al., 2017) and data for three replicate samples were available for the DP gene-set (Hu et al., 2018). FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) (Andrews 2010) was used to assess the quality of reads. Low quality reads (defined as FASTQC per base quality score < 28) and adaptors were trimmed using Trimmomatic (Bolger et al., 2014). HISAT2 (https://ccb.jhu.edu/software/hisat2/index.shtml) (Kim et al., 2015) was used to align reads to the human genome (hg19; for the DN4 gene-set) or mouse genome (mm10; for the DP gene-set). STRINGTIE (https://ccb.jhu.edu/software/stringtie/) (Pertea et al., 2015) was used to count reads that aligned back to each gene and the Bioconductor package EdgeR (https://bioconductor.org/packages/release/bioc/html/edgeR.html)  et al., 2010) was used for statistical analysis.

ChIP-seq analysis
FASTQC and Trimmomatic were used for quality control. Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) (Langmead and Salzberg, 2012) was used to align reads to the genome. Post-processing was performed using SAMTOOLS. Two biological replicates for treatment and control were available for each study (Ha et al., 2017; Hu et al., 2018). Model-based Analysis of ChIP-Seq data 2 (MACS2) (https://github.com/taoliu/MACS) (Zhang et al., 2008) was used to call peaks for each replicate. The more liberal P value cutoff of <0.001 was used so that peaks could then be assessed for reproducibility across replicates. The irreproducibility discovery rate (IDR) was calculated for each set of peaks using the IDR tool https://github.com/nboley/idr (Li et al. 2011). Peaks with IDR < 0.05 were retained.

Identification of target genes
Binding and Expression Target Analysis (BETA) (http://cistrome.org/BETA/) (Wang et al., 2013) was used to infer direct BCL11B target genes. Differential expression data (EdgeR statistical output) and binding data (narrowPeak output file from IDR) were used as input to BETA. A rank product (RP) was calculated for each gene based on 1) differential expression upon BCL11B KO (only genes with a false discovery rate (FDR) P < 0.1 were considered) and 2) binding potential based on the number of BCL11B binding sites within 100kb and the distance of each binding site from the transcription start site. Genes with a RP < 0.005 were considered to be direct targets of BCL11B.

[bookmark: _heading=h.3dy6vkm]Gene-set analysis
A gene-set analysis (GSA) is a statistical method for simultaneously analyzing multiple common genetic markers in order to determine their joint effect. We performed GSA using MAGMA (de Leeuw et al., 2015) (http://ctg.cncr.nl/software/magma) and summary statistics from published GWAS on SCZ ((Pardiñas et al., 2018), 40,675 cases and 64,643 controls), intelligence (IQ (Savage et al., 2018), 269,867 individuals) and educational attainment (EA (Lee et al., 2018), ~1.1 million individuals). An analysis involved three steps. First, in the annotation step we mapped SNPs with available GWAS results to genes (GRCh37/hg19 start-stop coordinates +/-20kb). Second, in the gene analysis step we computed gene P values for each GWAS dataset. This gene analysis is based on a multiple linear principal components regression model that accounts for LD between SNPs. The European panel of the 1000 Genomes data was used as a reference panel for LD. Third, a competitive GSA based on the gene P values, also using a regression structure, was used to test if the genes in a gene-set were more strongly associated with either phenotype than other genes in the genome. MAGMA was chosen because it corrects for LD, gene size and gene density (potential confounders) and has significantly more power than other GSA tools (de Leeuw et al., 2016).

[bookmark: _heading=h.1t3h5sf]Analysis of de novo mutations
Enrichment of DNMs in our gene-sets was tested using the R package, denovolyzeR (http://denovolyzer.org/) (Ware et al., 2015). We tested for enrichment of synonymous, missense and loss of function (included nonsense, frameshift and splice) DNMs. The expected number of each mutational class of DNM for each gene is predicted using the denovolyzeR internal mutation probability table. Enrichment of DNMs in individual genes is investigated using a Poisson test that compares the observed number of DNMs to the expected. Enrichment of DNMs in gene-sets is tested using a two-sample Poisson rate ratio test, using the number of observed to expected DNMs in genes outside of the gene-set as a background model.

The major source of SCZ trio data was from (Howrigan et al., 2020), who combined DNMs from a new sample of Taiwanese SCZ trios with DNMs from previously published SCZ trio studies (Girard, et al. 2011; Xu, et al. 2011; Xu, et al. 2012; Gulsuner, et al. 2013; Fromer, et al. 2014; Guipponi, et al. 2014; McCarthy, et al. 2014) to give a total of 2,772 trios. We combined these data with SCZ DNMs from (Rees et al., 2020; number of trios (N) = 613), Wang et al., 2015; N = 45) and Ambalavanan et al., 2016; N = 17). In total, we had data on 3,447 SCZ trios. There are no reported DNMs within BCL11B in SCZ patients. Control data was also obtained from (Howrigan et al., 2020), they gathered previously published data on 2,216 unaffected sibling and control trios (Iossifovet al., 2012; Iossifov et al., 2014; DeRubeis et al., 2014). DNM annotations were re-coded to match the variant classes in the denovolyzeR built-in probability table (syn (synonymous), mis (missense), non (nonsense), frameshift and splice (canonical splice site)). DNM annotations that did not fit into any of these classes were removed (in-frame, start-loss, and stop-loss).

[bookmark: _heading=h.4d34og8]Overrepresentation analysis
ConsensusPathDB is a meta-database currently integrating data from 32 resources on protein-protein, genetic, metabolic, signaling, gene regulatory and drug-target interactions  et al., 2016). The ConsensusPathDB web interface (http://cpdb.molgen.mpg.de/) offers a tool for gene-set over-representation analysis, where user defined gene-sets are tested for overrepresentation of genes from sets divided into four categories 1) network neighborhood-based sets, 2) pathway-based sets, 3) Gene Ontology (GO)-based sets and 4) protein complex-based gene-sets. A hypergeometric test is used to calculate a P value for each set within these four categories based on the number of genes in that set and the number of genes in the user defined gene-sets. FDR adjusted P value of 0.05 was used as cut-off.
[bookmark: _heading=h.2s8eyo1]

Results
We had three BCL11B gene-sets: (i) The Striatal gene-set (n=223 genes) contained genes that are regulated by BCL11B in the brain striatum. (ii) The DN4 gene-set (n=114 genes) contained genes regulated by BCL11B during the DN4 stage of T cell development. (iii) The DP (n=518 genes) gene-set contained genes regulated by BCL11B during the later DP stage of T cell development. There were no genes common to all three gene-sets but there was overlap between DN4 and DP (8 genes), Striatal and DN4 (2 genes) and Striatal and DP (4 genes; Supplementary Figure 2). The little overlap between the DN4 and DP gene-sets may be due to many of BCL11B’s target genes being differentiation stage specific (Ha et al. 2017).

[bookmark: _heading=h.17dp8vu]Gene-set analysis was performed on these three gene-sets to test for enrichment of common genetic variation associated with SCZ, IQ or EA. The 9 independent tests performed were corrected for multiple testing by calculating FDR adjusted P values (Q values) (Benjamini & Hochberg, 1995). None of our gene-sets were significantly enriched for genes associated with SCZ, IQ or EA (Table 1).

Our gene-sets were next investigated for the enrichment of rare genetic variants reported in SCZ patients in the form of DNMs. We tested each gene-set for enrichment of synonymous, missense and loss of function SCZ DNMs. The DP gene-set was significantly enriched for SCZ missense DNMs (two-sample rate ratio = 1.43, P = 0.001, Q = 0.013; Table 2). In comparison, this gene-set was not significantly enriched for SCZ synonymous DNMs (two-sample rate ratio = 1.14, P = 0.47, Q = 1; Table 2) or for missense DNMs in control trios (two-sample rate ratio = 0.92, P = 0.69, Q = 1; Supplementary Table 2).

To investigate if the significant enrichment of SCZ missense DNMs in the DP gene-set was largely from genes negatively or positively regulated by BCL11B, we split this gene-set into genes up-regulated (DP_upreg; n=256 genes) or down-regulated (DP_downreg; n=262 genes) upon BCL11B KO. Testing of these two gene subsets for enrichment of missense DNMs revealed the signal to be stronger for genes negatively regulated by BCL11B. DP_upreg was significantly enriched for missense DNMs (two-sample rate ratio = 1.48, P = 0.009), whereas DP_downreg was not significantly enriched for missense DNMs (two-sample rate ratio = 1.37, P = 0.053; Table 2). The DP_upreg gene-set was not significantly enriched for missense DNMs in control trios (two-sample rate ratio = 1.12, P = 0.578; Supplementary Table 2).

The DP gene-set contained 78 genes with a missense or loss of function SCZ DNM and 15 of these contained more than one such DNM. Sixteen genes in the DP gene-set were individually nominally significant for an excess of SCZ DNMs (Supplementary Table 3). The most significant gene is the NLR family CARD domain containing 5 (NLRC5) gene, which contained four protein altering DNMs but this gene result did not survive correction for all 507 genes in the DP gene-set tested (P = 0.0009, Q = 0.45). 

GO and pathway analysis revealed the DP_upreg gene subset to be enriched for genes with immune function. The most significant GO term for DP_upreg gene subset was immune system development (Q = 1.68e-12) and a number of the other significant GO terms represented daughter terms of this, including leukocyte activation and lymphocyte activation. The top 15 GO terms were visualized as a GO ancestral tree, which enabled the identification of clusters of enriched GO terms involving immune cell signaling, activation and differentiation (Supplementary Figure 3). The most significantly enriched pathway was IL-6-mediated signaling events (Q = 1.79e-05) and other cytokine signaling pathways featured among the top pathways, including transforming growth factor beta (TGFβ), IL-2 and tumour necrosis factor (TNF; (Supplementary Tables 4 and 5)). 


Discussion
[bookmark: _heading=h.3rdcrjn]We have found that target genes of BCL11B, primarily those genes that are negatively regulated during the DP stage of T cell development, are enriched for genes harbouring missense DNMs that have been reported in SCZ patients. Negatively regulated means that these genes ordinarily have their expression lowered or blocked by BCL11B binding during the DP stage of T cell development but these genes show an increase in expression when BCL11B is knocked out as in the model that we have used, i.e. these genes are upregulated upon BCL11B KO. During the DP stage, thymocytes undergo T cell receptor-α (TCRα) gene locus rearrangement and expression, and a mature TCR expressing the protein chains β and α is presented at the cell surface. DP cells expressing a functional TCRαβ will receive a positive-selection signal and differentiate to the CD4+ or CD8+ SP stage (Wang and Bosselut, 2009). BCL11B-deficient DP thymocytes rearrange and express TCRα, however, TCR signaling is impaired and positive selection into SP thymocytes is blocked (Albu et al., 2007). BCL11B-deficient DP thymocytes also undergo increased spontaneous apoptosis, indicating that BCL11B is required for DP thymocyte survival (Albu et al., 2007). BCL11B acts as a master transcriptional regulator in DP thymocytes, promoting expression of genes required for DP thymocyte survival and progression of T cell development, while repressing genes belonging to progenitor lineages and mature T cells (Kastner et al., 2010).
[bookmark: _heading=h.26in1rg]
[bookmark: _heading=h.lnxbz9]Aligning with BCL11B’s repressive role, our functional enrichment analysis revealed that genes negatively regulated by BCL11B are mostly enriched in biological processes and pathways for immune system development and cytokine signaling. These cytokine signaling pathways include IL-6, TNF, TGFβ and IL-2, which have all been reported to be dysregulated in SCZ. Cytokines are a family of proteins that function as chemical messengers in cell-cell communication. There are two types of cytokines, pro-inflammatory cytokines, which signal inflammation upon recognition of infection and anti-inflammatory cytokines that downregulate the immune response. Pro-inflammatory cytokines, IL-6 and TNF, are increased in the blood of SCZ patients and higher levels are associated with worsening symptoms (Frydecka et al., 2015),  et al., 2017). Whereas IL-2, which is primarily an anti-inflammatory cytokine (Boerrigter et al., 2017), is reduced in blood plasma SCZ patients in comparison to controls (Asevedo et al., 2014). This is representative of the low grade inflammation observed in some SCZ patients (Upthegrove and Khandaker, 2019). The Avon Longitudinal Study of Parents and Children found that children with higher IL-6 levels were twice as likely to develop psychosis as young adults (Khandaker et al., 2014), indicating that inflammation is a risk factor for psychosis and not just a symptom of the disorder (Upthegrove and Khandaker, 2019). 

Our findings that genes negatively regulated by BCL11B during the DP stage of T cell development are enriched for genes harbouring missense DNMs in SCZ patients suggests that reduced expression of BCL11B could result in increased expression of genes where alterations to the coding sequence are increasing SCZ risk via the immune system development and cytokine signaling pathways highlighted above. An important issue that remains is the effect of the SCZ risk SNP at BCL11B on gene function. The lead risk SNP at BCL11B in the SCZ GWAS, rs35604463, sits in intron 2 of the gene within a gene regulatory element mapped by H3K27ac ChIP-seq in human stem cell derived glutamatergic neurons, 35 day differentiation (Matthew Hill, personal communication). However, despite multiple expression QTL databases now being available, including data on both adult (Wang et al., 2018; GTEx Consortium, 2013) and fetal brain (O’Brien et al., 2018) gene expression, none yet provide evidence that the SCZ risk SNP affects BCL11B function via altered gene expression. The PsychENCODE study does report that the expression of BCL11B is reduced in the post mortem brains of SCZ cases compared to controls, although this result did not survive experiment-wide correction (Gandal et al., 2018). This requires further investigation in different cell and tissue types and at different stages of development to understand how BCL11B gene function is affected by the risk SNP and if the downstream effect is to express genes carrying SCZ risk mutations that further disrupt normal immune function.

BCL11B could also offer a possible explanation for the aberrant T cell mediated immunity in SCZ. BCL11B has been shown to suppress Th2 differentiation (Fang et al., 2018), therefore lower levels of BCL11B could result in the observed SCZ Th2 shift. The increase of Treg cells in stable medicated SCZ could also possibly be explained by aberrant BCL11B expression as BCL11B is essential for promoting the expression of Treg genes and inhibiting innate lineages in Treg cells (Drashansky et al., 2019). BCL11B is a negative regulator of Th17 cytokines (Chen, Han, Chen, Wu, & Zhang, 2018), therefore reduced expression of BCL11B could be an explanation for the increased densities of Th17 cells in SCZ.

The strengths of the study include use of the largest available datasets from GWAS for analysis of common variants associated with SCZ and cognition, the study of both brain and immune cell types to investigate BCL11B’s different functions, and the strategy of an integrated analysis of RNA-seq and ChIP-seq data to infer direct target genes of BCL11B. There were limitations also. For the DN4 gene-set, differential expression analysis was performed on CD34+CD7+CD1a+ cells (markers of DN4 thymocytes in vitro) and BCL11B binding analysis on BCL11B ChIP-seq of human CD34+ cells (marker of DN2-4 thymocytes). It would have been preferential to perform the integrative analysis on the same cell types identified using the same markers. Although the SCZ trios dataset was the largest available, our analysis of NLRC5 did not survive multiple test correction here, possibly due to the SCZ trios dataset being underpowered to identify single gene associations. In addition, for the DNMs in this gene (one LoF and three missense), the putative functionality of these mutations is based on in silico analysis and the true effect of DNMs on protein function is yet to be determined. NLRC5 has multiple proposed roles in the immune system. It is a transcriptional activator of MHC class I genes. MHC molecules present peptide antigens to T cells, the class I type being responsible for presenting antigens to CD8+ cytotoxic T lymphocytes. NLRC5 was found to increase immune response to tumours by enhancing processing and presentation of tumor antigens to CD8+ cytotoxic T lymphocytes (Rodriguez et al., 2016). NLRC5 has also been found to negatively regulate innate immunity through suppression of NF-kappaB and type I interferon signaling pathways (Cui et al., 2010). Larger datasets on rare variants will be required to determine if NLRC5 represents a risk gene for SCZ.

BCL11B is an example of a SCZ risk gene with dual function in both the central nervous system and the immune system. Investigations of other such risk genes with dual functions, for example C4 (Sekar et al., 2016), have provided new insights into SCZ biology. In summary, our study suggests that genes negatively regulated by BCL11B during the DP stage of T cell development are contributing to the aetiology of SCZ. These analyses, leveraging data on gene expression and transcription factor binding in immune cell models, indicate that DNMs in genes that encode immune system development and cytokine signalling contribute to SCZ risk.
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Table 1: Results from MAGMA gene-set analysis of BCL11B gene-sets using GWAS data for EA, IQ and SCZ.                
	Gene-set
	Phenotype
	# Genes
	Beta
	P value
	FDR Q value

	Striatal
	EA
	215
	-0.072
	0.799
	0.799

	
	IQ
	219
	0.059
	0.213
	0.639

	
	SCZ
	218
	0.116
	0.059
	0.516

	

	DN4
	EA
	106
	0.027
	0.405
	0.643

	
	IQ
	106
	0.047
	0.313
	0.643

	
	SCZ
	104
	0.013
	0.446
	0.643

	

	DP
	EA
	502
	0.067
	0.115
	0.516

	
	IQ
	506
	-0.025
	0.709
	0.799

	
	SCZ
	495
	1.43e-05
	0.500
	0.643


                                               


     


Table 2: Results from de novo mutation analysis of BCL11B gene-sets using data from 3,447 SCZ trios. 
	Gene set
	# Genes inside set
	# Genes outside set
	DNM type
	# DNMs inside set
	# DNMs outside set
	Two sample rate ratio (lower 95% bound; upper 95% bound)
	P-Value
	Q-Value

	
	
	
	
	Observed
	Expected
	Observed
	Expected
	
	
	

	Striatal
	220
	19,398
	syn
	14
	13
	797
	953.5
	1.288
(0.701; 2.175)
	0.356
	1

	
	
	
	mis
	31
	29.7
	2140
	2141.4
	1.044
(0.708; 1.487)
	0.781
	1

	
	
	
	lof
	4
	4.7
	360
	296.7
	0.701
(0.19; 1.812)
	0.67
	1

	DN4
	112
	19,506
	syn
	8
	7.9
	803
	958.6
	1.209
(0.52; 2.394)
	0.554
	1

	
	
	
	mis
	17
	17.6
	2154
	2153.6
	0.966
(0.562; 1.55)
	1
	1

	
	
	
	lof
	2
	2.3
	362
	299.1
	0.718
(0.087; 2.614)
	1
	1

	DP
	507
	19,111
	syn
	27
	28.4
	784
	938.1
	1.138
(0.745; 1.668)
	0.467
	1

	
	
	
	mis
	90
	63.6
	2081
	2107.5
	1.433
(1.147; 1.77)
	0.001
	0.013

	
	
	
	lof
	8
	8.1
	356
	293.3
	0.814
(0.349; 1.621)
	0.744
	1

	
	
	
	
	
	
	
	
	
	
	

	DP_upreg
	251
	19,367
	mis
	49
	33.6
	2122
	2137.6
	1.469
(1.093; 1.967)
	0.009
	post-hoc test

	DP_down reg
	256
	19,362
	mis
	41
	30.1
	2130
	2141
	1.369
(0.98; 1.864)
	0.053
	post-hoc test
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