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[bookmark: _Toc140932570]Introduction
The purpose of this document to provide guidance to investigators who are interested in applying to NIMH for funding of studies that involve particular genes. This document is accompanied by a list of human genes having statistically significant association to mental health traits.
We emphasize the following:
This gene list includes examples of genes that have strong statistical support for association to mental illness. 
The emphasis of the list is on rare variation rather than common variation.
The list is not restrictive. NIMH may support applications proposing to study genes that are not on this list, either because of basic science interest or with the inclusion of appropriate genome-wide evidence cited in the application.
We encourage dialogue with the community about genes that investigators propose to study. We can be reached via NIMHgenes@nih.gov.

In 2018, the NIMH convened a Report of the National Advisory Mental Health Council Workgroup on Genomics. In previous years many researchers studied a favorite candidate gene, convinced of its importance in some mental health trait. The report emphasizes that NIMH should support research into genes that have appropriate, genome-wide evidence for association with a trait, whether the variation is rare or common. The report and a summary of recommendations are available at the NIMH website.
This gene list was created by NIMH Program staff for the purpose of facilitating adherence to Council Workgroup recommendations. It is a representative (but not comprehensive) list of genes that do have genome-wide statistical support. 
Examples of mental health illnesses for which NIMH provides funding support to investigators include anorexia nervosa (AN), attention deficit-hyperactivity disorder (ADHD), anxiety disorder, autism spectrum disorder (ASD), bipolar disorder (BPD), eating disorders, externalizing disorders (impulsive, disruptive conduct, substance use, and other addictive symptoms), intellectual disability (ID), internalizing disorders (anxiety, depression, and somatic symptoms), major depressive disorder (MDD), mood disorders, neurodevelopmental disorders (NDDs), obsessive-compulsive disorder (OCD), post-traumatic stress disorder (PTSD), schizophrenia (SCZ), suicidal thoughts and behaviors, and Tourette disorder (TD). NDDs are sometimes called neurodevelopmental psychiatric disorders (NPDs) involving a broad spectrum of psychiatric, behavioral, and cognitive symptoms (Jacquemont et al., 2022). NDDs (and NPDs) may encompass ASD and/or ID.
[bookmark: _Toc140932571]Purpose of the gene list
(1) This gene list is used by NIMH Program staff as part of the process of evaluating grant applications.
(2) This gene list may be used by the biomedical research community
to better understand NIMH priorities for genomics research 
to determine if particular genes have appropriate statistical support
to study the properties of those genes having statistical support
If an investigator is interested in studying genes that lack rigorous genome-wide significance, we consider them candidate genes. As such, we might be interested in supporting their study from a basic science perspective, but not as genes relevant specifically to the trait of interest. We acknowledge that our rare variant gene list is not comprehensive. 
There may be legitimate disagreement about what constitutes appropriate definitions of statistical significance. The gene list provides guidance but does not have a definitive role in decision-making about NIMH support for grant applications. NIMH Program welcomes feedback from investigators who are interested in studying genes that are not on the list. 
Some gene lists have been prepared (by academic investigators, companies, and/or foundations) that report high confidence genes for a mental health condition. NIMH prioritizes support for those genes on such lists that have genome-wide statistical support for association to a trait or disease. This NIMH gene list can be compared to other lists in order to identify which are well supported. 
Section 6 (below) provides more detailed guidance to investigators regarding the inclusion of genes in grant applications. 
[bookmark: _Toc140932572]Rare variation
Genetic variants may be classified as common or rare based on allele frequencies (with rare variants often defined as having a minor allele frequency [MAF] <1%). Two broad classes of experiment are rare variant association studies (RVAS), which seek association of a trait to rare variants, and genome-wide association studies (GWAS), which seek association of a trait to common variants. 
For RVAS, each disease-associated variant is typically present only rarely, so it is routine for researchers to perform burden tests that aggregate risk across individual genes. Study design and statistical tests are discussed by Lee et al. (2014), Nicolae (2016), Zuk et al. (2014) with further extension to noncoding variants (Li et al., 2022). One tab of this spreadsheet reports RVAS results. Multiple test correction is applied to establish genome-wide significance, as reported in publications.
[bookmark: _Toc140932573]Common variation
For GWAS, loci with significant association to a trait are reported and typically pass a threshold of p < 5x10-8 for genome-wide significance. A particular challenge for the understanding of GWAS results is that each locus may occur in a region of linkage disequilibrium (LD) that may contain dozens or hundreds of genes. One or more genes in an LD block may harbor a causal variant. A second challenge is sampling errors in test statistics used to identify causal genes.
There are resources that list genes possibly associated with mental health traits within genome-wide significant loci. For example, see the resource Open Targets Genetics (OTG; https://genetics.opentargets.org/ ) (Ghoussaini et al., 2021; Mountjoy et al., 2021). For each genomic locus having genome-wide statistical support OTG lists the closest gene to that locus. Additionally, in some cases, OTG lists the most likely gene based on a “locus to gene” (L2G) statistical model. (The most likely gene and the closest gene are sometimes the same; in some cases, they differ; and in some cases no L2G gene is nominated.) Other examples of causal gene prioritization methods include combined SNP-to-gene (cS2G; Gazal et al., 2022), and BIobank-scale Gene-based association test via Knockoffs (BIGKnock; Ma et al., 2023). Additional GWAS resources are available, and other statistical approaches have been developed, sometimes producing a set of genes nominated from significant loci of GWAS studies.
The NIMH gene list does not include genes implicated from common variation.
There is yet not a consensus in the field as to which specific genes from GWAS are relevant to the disease. 
Some researchers may choose to study genes implicated by GWAS.
In this section of the documentation we list methods (such as fine-mapping) that may help provide evidence supporting the roles of specific genes in mental illness.
We encourage investigators to discuss with NIMH program staff the study of genes implicated by common variants linked to mental illness.

A further series of approaches refine lists of significant GWAS hits by incorporating fine-mapping, transcriptomics (expression) data, and other functional data. Such methods routinely identify genes that are not the nearest annotated gene to the most statistically significant GWAS locus SNP. We describe the use of these methods with selected results from publications reporting GWAS for ADHD (Demontis et al., 2023), MDD (Levey et al., 2021), and SCZ (Trubetskoy et al., 2022). NIMH encourages such approaches, which include the following.
(1) Statistical fine-mapping is the process by which relevant genes (or other genomic elements) are identified within a locus. There is no broad consensus on which fine-mapped genes are causally associated with the trait or disease. In one approach, the gene closest to the locus having significant association is nominated as the causal gene. It is currently unknown how often the closest gene is a true positive.
As an example, Trubetskoy et al. (2022) performed a GWAS of ~76,755 individuals with schizophrenia and 243,649 control individuals, identifying common variant associations at 287 distinct genomic loci. Fine-mapping with a Bayesian approach implemented in FINEMAP (Benner et al., 2016) identified a broad set of 628 genes containing at least one credible SNP, and several smaller sets of genes based on additional criteria such as those including non-synonymous or untranslated region (UTR) variants.
(2) Functional mapping and annotation of GWAS loci has been performed using methods such as FUMA (Watanabe et al., 2017). FUMA first annotates SNPs and maps them to genes based on positional, expression quantitative trait locus (eQTL) associations, and 3D chromatin interactions. It then analyzes differentially expressed genes, overrepresentation in gene sets, and provides other functional annotation. 
As an example, Demontis et al. (2023) performed a GWAS of ADHD, identified 27 genome-wide significant risk loci, and used FUMA to nominate 76 plausible risk genes. 
(3) Transcriptome-wide association studies (TWAS) have been performed (Gusev et al., 2016; Wainberg et al., 2019). A predictive model of gene expression is trained using a reference panel such as GTEx. This model is used to predict gene expression for participants in a GWAS cohort, and association analysis is performed between the predicted expression and the trait. 
Demontis et al. (2023) used expression data from >900 samples from dorsolateral prefrontal cortex to perform TWAS and identified 15 genes. The investigators also identified  18 isoforms, yielding a total of 23 genes. 
Levey et al.  (2021) performed TWAS using GWAS association statistics and eQTL data (from brain and blood using GTEx). They performed fine-mapping of 178 risk loci, annotated SNPs with relatively high causal posterior probability to identify those likely to be pathogenic, and then further identified 17 genes overlapping with significantly associated genes from TWAS.
(4) Gene expression effects have been assessed using summary-based Mendelian randomization (SMR; Zhu et al., 2016). GWAS summary-level data (such as effect sizes or test statistics) are integrated with eQTL data to identify genes associated with a complex trait because of pleiotropy (the same genetic variant is associated with both gene expression and complex trait). As with TWAS, associations detected with an SMR test may be due to linkage among nearby SNPs, so a heterogeneity test can be applied to help distinguish linkage from pleiotropy.
Trubetskoy et al. (2022) used SMR to identify 101 genes (rejecting co-localizations due to linkage). They further prioritized these genes using three approaches: (1) n=32 of these genes were the only ones (or most likely ones) at the locus; (2) for n=16 genes the putatively causal eQTLs captures >50% of the FINEMAP posterior probability; (3) for n=29 genes there was supportive chromatin conformation (Hi-C) data. Combining all approaches (FINEMAP and SMR), n=120 genes (n=106 protein-coding) were prioritized.
(5) Multi-marker Analysis of GenoMic Annotation (MAGMA) has been used for gene and gene-set analyses (de Leeuw et al., 2015). MAGMA uses multiple regression to incorporate LD between markers and to identify multi-marker effects aggregated with nearby genes.
Levey et al. (2021) reported 426 significantly associated genes, passing Bonferroni correction for 16,038 protein-coding genes, by using MAGMA to perform a genome-wide gene-based association study (GWGAS).  
(6) Genomic structural equation modeling (genomic SEM; Grotzinger et al., 2019) is a multivariate method for analyzing the joint genetic architecture of complex traits. Genomic SEM has been used to model genetic associations among complex phenotypes and to identify variants that affect cross-trait liability. As an extension of this method, transcriptome-wide SEM (T-SEM; Grotzinger et al., 2022) is a multivariate method that estimates the effects of tissue-specific gene expression in applying multiple GWAS of traits or diseases. T-SEM also offers Qgene, a heterogeneity statistic that reports tissue-specific patterns of gene expression associated with a subset of traits or diseases. Measures such as these, which identify genes associated with traits and diseases and that pass Bonferroni corrections, are also considered well supported.
[bookmark: _Toc140932574]Intersection of rare and common variation
It is of interest to identify genes that are implicated in diseases or traits through studies of both common and rare variation. For example, Trubetskoy et al. (2022) noted that a set of 32 genes, previously identified as harboring ultra-rare, deleterious mutations by the Schizophrenia Exome Sequencing Meta-Analysis (SCHEMA) consortium, were enriched for common variant associations. Two of these genes were prioritized from fine-mapping studies (GRIN2A, SP4). Demontis et al. (2023) similarly assessed overlap between common and rare variant studies in ADHD. 
[bookmark: _Toc140932575]NIMH Program guidance for investigators
[bookmark: _Toc140932576]Genes on this list
NIMH encourages the study of genes that are present on this list (noting the caveats that the list is not comprehensive, and that it may contain false positive findings).
[bookmark: _Toc140932577]Genes on the list: Bonferroni versus 5% FDR
All of the genes on the list are significant at the relatively lenient threshold of passing a 5% false discovery rate (FDR, with values obtained from publications). Some of the genes are also significant at the stringent threshold of passing a Bonferroni correction. Please note that any gene on the gene list may represent a false positive. Replication studies are particularly helpful to provide further evidence that genes are relevant to mental illness. In general, studies could suffer from potential artifacts (such as cases and controls coming from separate populations, or cases and controls sequenced using different methods, or other nuisance variables). Independent replication studies can help increase confidence in such findings.
For investigators who propose to focus their efforts on a single gene (or a small number of genes), the Bonferroni threshold is appropriate when derived from a genome-wide genotyping and/or sequencing assay. For investigators who propose to study a large number of genes (such as assessing the function of a group of dozens or hundreds of genes relevant to NDDs), selecting genes that pass a 5% FDR threshold is reasonable. All genes on the list have passed genome-wide or exome-wide thresholds of significance.
[bookmark: _Toc140932578]Genes not on the list (candidate genes)
NIMH does not support the study of candidate genes that lack appropriate genome-wide statistical support for association to mental illness. The reason is that many such candidate genes are false positives. (See section 2 above.)
Example. An investigator proposes to study the role of the GRIN2C gene (encoding glutamate ionotropic receptor NMDA type subunit 2C) in ASD. That gene is not on the gene list. NIMH has a strong interest in promoting basic science research, and would potentially encourage applications that focus on the role of that glutamate receptor subunit. However, because genome-wide evidence for association of that gene with ASD is lacking, investigators should not propose to study that gene as a known risk factor for ASD. They may propose to study it based as a basic science project rather than asserting it is an ASD gene.
Example. The current gene list includes SCN1A, SCN2A, SCN3A, SCN4A, and SCN8A encoding a series of sodium voltage-gated channel subunits. Each of these has significant association to NDDs. An investigator proposes to study SCN5A that is not on the list. NIMH considers this a candidate gene of lower priority. An investigator would be encouraged to provide NIMH with substantive evidence supporting the importance of studying SCN5A in NDD (e.g., its known association to non-mental health phenotypes; or the known biochemical function of its encoded protein; or the importance of studying its function from a basic science perspective rather than as an established NDD gene).
Example. Investigators perform a GWAS and report that a locus close to the gene FKBP5 on chromosome 6 comes close to statistical significance but does not meet genome-wide criteria. NIMH program might encourage its study from a basic science perspective but not in association with mental illness. If transcriptomics studies reveal that FKBP5 mRNA is significantly regulated in a condition (such as ASD, PTSD, or schizophrenia) this does not imply significant association to the trait.
[bookmark: _Toc140932579]Genes not on this list (but should be added)
The list of genes involving rare variation is not comprehensive. If you identify a gene (or set of genes) that should be added please contact us at NIMHgenes@nih.gov. If you submit a grant application that focuses on the study of any genes, NIMH will review whether there is evidence of statistically significant association to the mental health trait(s) proposed to be studied. 
[bookmark: _Toc140932580]Genes identified by techniques other than RVAS and GWAS
Many techniques other than GWAS and RVAS have been developed to identify genes that have a significant association to mental health illnesses and traits. 
· TWAS (introduced in section 4 above) shows association between predicted expression and a trait. As for GWAS, TWAS may produce multiple associated genes at a single locus. 
· Epigenome-wide association studies (EWAS) have been used to identify associations using CpG dinucleotide methylation data. 
· Other methods use GWAS summary data, such as case-case GWAS (CC-GWAS; e.g., Peyrot and Price, 2021) and multi-trait analysis of GWAS (MTAG; Turley et al., 2018). CC-GWAS and MTAG sometimes identify genome-wide significant loci that are not significant in GWAS. 
· Protein studies have been used to identify genes and proteins associated with disease.
The use of alternative methods may introduce ambiguities regarding genome-wide statistical significance. For example, some EWAS studies have employed a threshold p value cutoff of 10-4. NIMH Program will evaluate arguments for statistical significance on a case-by-case basis.
[bookmark: _Toc140932581]Genes of medical relevance that lack genome-wide support
The medical genetics (or clinical genetics) field has convincingly implicated single genes in many diseases for which genome-wide significance has not necessarily been established. Examples of resources listing such genes and diseases include Online Mendelian Inheritance in Man (OMIM) and ClinGen.
Example. Likely gene-disrputing mutations in CSDE1 (encoding an RNA-binding protein) were identified in 17 probands having ASD and ID (Guo et al., 2019) and one proband with a milder phenotype (Krenn et al., 2022). CSDE1 is one of 94 high confidence neuropsychiatric disorder genes studied by Shimelis et al. (2023) in the DiscovEHR cohort, and it is a high confidence ASD gene on the Simons Foundation SFARI gene list. However, CSDE1 is absent from the NIMH gene list because there does not appear to be genome-wide evidence for its role in ASD, ID, or NDD. If an applicant proposes to study the function of CSDE1, NIMH Program will consider its role in a particular syndrome (because of convincing medical genetics evidence), or its role encoding an RNA-binding protein (from a basic science perspective). However, NIMH would likely not support the study of its role in the broader phenotype of ASD or ID (for which statistically significant association has not been established).
For CSDE1 or other syndromic forms of ID, ASD, or mental illnesses, investigators are encouraged to contact NIMH Program to discuss potential overlap of assignment between other NIH Institutes and Centers such as NINDS and NICHD. 
Example. An investigator proposes a high throughput functional assay of 100 ASD genes, and proposes to select them from the Simons Foundation SFARI list of high confidence ASD genes. NIMH Program would note that about half the >200 genes on that list have genome-wide evidence for significant association to ASD and/or NDD, and would encourage the investigator to select those well-supported genes for further study.
[bookmark: _Toc140932582]Genes in copy number variant (CNV) or structural variation (SV) regions 
CNV regions and other SV regions (inversions, translocations, amplifications, deletions) often occur at loci harboring multiple genes. One class of analyses tests whether a particular structural variant is associated with a trait (e.g., 16p11.2 deletions and ASD) with genome-wide significance. Another class of analyses tests whether individual genes within a structural variant have genome-wide significant association with the trait being studied. Both types of analysis should be performed. Evidence suggests that some CNVs have significant association with disease but none of the individual genes within them have significant genome-wide association. This does not preclude the study of such CNVs.
We note that the NRXN1 gene on chromosome 2p16.3 has genome-wide significance both as a single gene and and as a CNV.
[bookmark: _Toc140932583]Paralogs
For paralogs, each gene that is proposed to be studied should have genome-wide statistical evidence. For example, SCN1A, SCN2A, SCN3A, and SCN4A are paralogs encoding sodium voltage-gated channel subunits. All have significant evidence for association to NDD from RVAS. However, SCN5A does not. An investigator may still propose to study SCN5A but should justify why this is appropriate. 
[bookmark: _Toc140932584]Orthologs
For orthologs, please note the NIMH position on the use of animal models in “Notice of NIMH’s Considerations Regarding the Use of Animal Neurobehavioral Approaches in Basic and Pre-clinical Studies.” This document discusses the study of human risk genes in animal models.
[bookmark: _Toc140932585]How the RVAS gene list was made
7.1 We performed PubMed searches to publications reporting genes having genome-wide significant association to mental health illnesses (section 1 above). Data sources sometimes included archives (bioRxiv, medRxiv) as indicated on the gene list annotations and in the references in sections 13 and 14 below.
7.2 For each study we downloaded relevant supplementary tables. 
7.3 For RVAS we also searched online resources such as SCHEMA.
7.4 Data were wrangled (formatted consistently). We converted non-approved gene symbols and/or gene names to approved symbols and/or names following HUGO Gene Nomenclature Committee (HGNC) standards (https://www.genenames.org/).
As an example of symbol correction, in their list of 101 SMR genes, Trubetskoy et al. (2022) include three alias symbols (EMB, IK, SF3B1) for which approved symbols are added in the gene list (XPO1, KCNN4, and SF3B2, respectively). They also include 11 previous symbols for which the approved symbols are used here. 
As another example of symbol correction, for a list of 76 genes in Supplementary Table 7 of Demontis et al. (2023) the following changes were made based on HGNC data:
	Reported symbol
	Category
	Approved symbol
	Action

	CYHR1
	Previous symbol
	ZFTRAF1
	Used approved symbol in gene list

	FAM198A
	Previous symbol
	GASK1A
	Used approved symbol in gene list

	FAM203A
	Previous symbol
	HGH1
	Used approved symbol in gene list

	FAM212A
	Previous symbol
	INKA1
	Used approved symbol in gene list

	CTD-2330K9.3
	Unmatched
	 None
	Excluded from gene list

	RP11-6L6.2
	Unmatched
	 None
	Excluded from gene list


Trost et al. (2022) list the gene symbols SRPR for which the approved symbol is SRPRA and SUV420H1 for which the approved symbol is KMT5B.
7.5 Genes were annotated. Studies of ASD, ID, NPD, and NDD were combined into the single category NDD. 
[bookmark: _Toc140932586]Errors and omissions in the gene list
This list consists of a sampling of genes reported in the literature. Several types of error may occur.
False negatives due to literature omissions: a gene with genome-wide support is missing from the list. This may occur because we have not included relevant publications. Please contact us at NIMHgenes@nih.gov so that we may update the list. 
Challenges of complex statistical models may lead to differing interpretations of which genes have appropriate genome-wide evidence for support.
False positives: a gene without appropriate genome-wide evidence appears on the list. 
Wrangling errors: a gene symbol may be ambiguous (e.g., MST1 is both an approved symbol and an alias for a different gene, STK4) and the list may include the wrong gene.
[bookmark: _Toc140932587]Updates to the list
We anticipate updates to the list as new studies are published and as additional data sources are identified. Each gene list is assigned a version and date.
[bookmark: _Toc140932588]Contact information
For questions or comments, including suggestions for changes, please contact NIMHgenes@nih.gov. 
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