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Abstract
Aim: Mental illness comprises a group of heterogeneous conditions attributable to a
complex interplay between hereditary and environmental components. Acting at the

interface between environmental stimuli and their genomic actions, nuclear receptors
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(NRs) appear uniquely suited to facilitate GXE interactions in the context of mental
health. Genetic disruptions to the NR transcriptomic complex (NTC) give rise to
neuropsychiatric pathologies, and epidemiological risks involving a steroid response
are among the most replicated in psychiatry. Importantly, pharmacological targeting of
NR-mediated signaling is clinically effective in the treatment of psychiatric disorders.
Here we systematically interrogate large-scale deposited data to provide a

comprehensive evaluation of the genomic NTC risk burden in mental illness.

Methods: Utilizing data from large, recent genome-, exome-, and methylome-wide
association studies on psychiatric disorders, we assess the representation of NTC genes
among top associated loci and test the gene set associations for NTC and NR target
genes using GWAS summary statistics. Through data mining and transcriptomic
profiling of NR-mediated signaling in the diseased and healthy human brain, we

categorize psychiatry-relevant NTC gene networks.

Results: We find that NTC genes are significantly overrepresented in genome-,
methylome-, and exome-wide associated loci and that the NTC, as well as NR target
gene sets, are overall associated with mental illness. Accordingly, we identify
transcriptomic NTC signatures in patient brain samples. In line with a key role for
orchestrated NR-mediated signaling in the developing brain, particularly NTC
co-expression networks with prenatal peak expression are enriched with differentially

methylated, sex-biased and psychiatry-associated risk variants.

Conclusion: Here we provide multilevel evidence that support genomic NR-mediated
signaling as a common and core molecular mechanism in mental illness, and we
highlight specific NR-signaling pathways with putative diagnostic and pharmacological

intervention potential in psychiatry.

Keywords: Nuclear receptor, mental disorders, GWA studies
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INTRODUCTION

Psychiatric disorders (PDs) comprise a heterogeneous group of conditions collectively
characterized by changes in patterns of thoughts, emotions and behaviors. Suggestive
of interconnected etiologies, clinical and therapeutic profiles are overlapping and
identified risks are typically non-specifically associated with a range of mental
disorders . Most PDs are highly heritable and thousands of genetic variants are likely
to contribute ®!!. The effect of genetic risk is further conditional on environmental
factors, resulting in complex gene-environment interactions (GxE) !2. Understanding
how hereditary risk and environmental exposures collectively shape the developing
brain and mind is thus key to comprehend the pathobiology of mental illness and to the

implementation of precision medicine in psychiatry.

Acting at the interface between environmental stimuli, endocrine signaling and their
genomic actions, a group of ligand-inducible transcription factors, nuclear receptors
(NRs), appear uniquely suited to facilitate GXE in the context of mental health 314,
NRs function as biological sensors that respond to a variety of xenobiotics, steroids and
endogenous lipid-, and cholesterol-derived compounds '>!6, Epidemiological risk
factors involving a steroid or steroid-like response are among the most replicated in
psychiatry 727 and several NR ligands have been associated with PDs (e.g. retinoic
acid 2839 vitamin D 719 stress- 3!, sex- 3273, thyroid hormones 3¢, endocannabinoids
3738 and polyunsaturated fatty acids (PUFAs) 3°4). Upon activation, NRs facilitate
fine-tuned transcriptional regulation of defined sets of promotor hormone response
element (HRE)-containing target genes in a cell-, tissue-, and developmental-specific
manner. In this way, NRs play essential roles in the developing and mature central
nervous system (CNS) 4142 and have crucial and diverse functions in many aspects of
human metabolism, reproduction, inflammation, and physiology *!. Consequently, NRs
are highly intolerant to loss of function (LoF) mutations **, and genetic defects in at

least 20 of the 48 NRs encoded by the human genome are associated with pathological

states— including neurological disorders and mental illness 443, The latter is highlighted
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by the severe intellectual disability displayed by autism spectrum disorder (ASD) and
epilepsy cases harboring LoF mutations in genes encoding retinoic acid receptor-related
orphan receptors (RORA *¢ and RORB #7). Genetic variation in and around a large
fraction of NRs has furthermore been associated with PDs and psychiatry-related traits
(see Supplementary Table 1 for a summary). The transcriptional activity and
specificity of NRs is ensured through a dynamic interplay with a comprehensive, but
loosely defined, co-regulator complexome, encompassing >500 NR coregulators 484 —
collectively the NR transcriptome complex (NTC). The specific interactions between
individual NRs and their coregulators are in part determined by the biophysical binding
to NR interaction domains (NRIDS) on the regulators >°. NR coregulators often contain
multiple NRIDs and display overlap in their specificity and affinity for NRs *°. In
addition, genes may contain several different HREs and NR coregulators may dictate

opposite transcriptional outcomes, depending on cellular context 3!

. The modes by
which NR coregulators affect NR action are diverse and include direct recruitment of
transcriptional machinery as well as chromatin remodeling, histone modifications and
chaperone activity >4, The complexity of NR coregulator interactions is reflected in
the palette of pathologies associated with genetic variation to this group of
transcriptional regulators >°. Like it has been reported for NRs, LoF mutations in
several NR coregulators lead to intellectual disability and mental health problems 3!,
Supporting an overall increased genetic risk load in NR transcriptional networks in
mental illness, genetic variation in loci harboring NR coregulators has been reported in
a range of PDs (see Supplementary Table 1 for a summary), and increased polygenic
burden in retinoid and glucocorticoid biogenesis and signaling pathways has recently
been associated with schizophrenia and depression, respectively %62, The importance
of NR coregulator-mediated modulation of NR action has further been demonstrated by
molecular genetic studies in preclinical models #°, where genetic disruption to NR
coregulators generally results in behavioral impairments and neurobiological alterations
with translational relevance to PDs 66370 Collectively, ample evidence implicates

dysregulated NR-mediated signaling in the pathoetiology of mental illness, and it is

thus conceivable, that genetic vulnerability to NR-mediated signaling, in combination
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with their ligand-associated risk factors, collectively shape the risk and clinical

manifestation of PDs.

Here, we provide a comprehensive and systematic data-mining effort and functional
genomic analysis of the NTC in large-scale genetic and epigenetic data, and present
new evidence that supports dysregulated NR-mediated signaling as a common and core
molecular pathway in mental illness with significant diagnostic and therapeutic

potential in psychiatry.

METHODS

Gene set selection, filtering and overlap analyses

NTC gene set: NTC gene set includes genes encoding NRs and NR coregulators in the
human genome. A defined list of NR coregulators was obtained by compiling curated
entities from the now deprecated Nuclear Receptor Signaling Atlas (NURSA;
http://www.nursa.org), NRID containing NR coregulators with validated biophysical

0 and minimal

NR interactions from a recent large-scale peptide array-based study
endogenous modules (MEMOs) of NR coregulators identified in a recent
comprehensive [P/MS-based study of endogenous human coregulator protein complex
networks 4. The final list consisting of 48 NR encoding genes and 522 NR

coregulator-encoding genes can be viewed in Supplementary Table 2.

Genome-wide associated gene sets

For the analysis of overlap between NTC gene sets and genes in genome-wide
significant (GWS) loci in psychiatric disorders, the following PGC/iPSYCH PD
GWASs were assessed: Schizophrenia (SZ) 7!, bipolar disorder (BPD) '°, major
depressive disorder (MDD) 8, Autism spectrum disorder (ASD) !9, attention
deficit/hyperactivity disorder (ADHD) ! and cross-disorder (CD) # which includes SZ,
BPD, MDD, ASD, ADHD, anorexia nervosa, obsessive-compulsive disorder, and
Tourette syndrome. For the illustration of NTC genes among genes in GWS loci in SZ

(Figure 1), a smaller PGC GWAS 7 with 108 GWA loci was used with the readability
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of the illustration in mind. Additionally, the following non-PD GWAS was assessed:
Alzheimer’s disease (ALZ) 7%; type 2 diabetes (T2D) 7, heart failure (HF) 74, body mass
index (BMI) 7, height >, and COVID-19 (positive vs population) downloaded from
GRASP 7%, See Supplementary Table 3 for details. PGC genotype data has all been
processed using the PGC-developed Ricopili pipeline 77, so in order to obtain
comparable locus boundaries and thus GWS gene sets, summary statistics from
non-PGC studies were similarly processed using Ricopili with 1000 Genomes Project

(Phase 3 v5a) as reference.

Exome-wide associated gene sets

For the analysis of overlap between NTC genes and genes harboring rare coding
variants (RCVs), only large whole exome sequencing studies (WESs) with >3000
individuals (patients and healthy controls) identifying genes with RCVs were assessed.

This is limited to: SZ 7® and ASD 7. See Supplementary Table 4 for details.

Methylome-wide associated gene sets

In order to assess the epigenetic burden on NTC genes in patient blood and the
developing fetal brain, we utilized data from large epigenome-wide association studies
of common mental disorders. These were: SZ 8032, MDD #3; ADHD %35, ASD 8¢, as
well as a methylomic study of fetal brain development ¥. Although varying between
studies, p-value cut-offs were comparable. Looking at the top findings reported by the
authors in each study, we removed duplicated gene names and findings that did not map

to any gene (for an overview, see Supplementary Table 5).

All gene sets were filtered based on the following criteria: protein-coding and detected
(RPKM=#0) in human brain tissue at any developmental stage as assessed in the
BrainSpan database . MHC region was excluded from all data sets. For each
phenotype, we determined the fraction of protein-coding, brain-expressed genes that
overlapped with our list of NTC encoding genes and compared the fractions across

studies. Significance of overlap were determined using one-sided Chi?2 tests.
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Gene set association analyses

Gene set analysis was performed with MAGMA * using default settings, based on
summary statistics from selected publicly available GWASs (See Supplementary
Table 3 for details). SNPs outside protein-coding and brain detected (RPKM+#0) genes,
as well as SNPs within the MHC region and imputed SNPs with info score < 0.8 were

excluded from the analyses.

For the analysis of promotor HRE containing genes, available curated and
non-redundant set of transcription factor binding sites (TFBSs) for NR monomers,
HOCOMOCOvVI11 core HUMAN, were downloaded from the HOCOMOCO

collection ° (http://www.cbrc.kaust.edu.sa/hocomocoll) and genomic positions were

identified using the FIMO tool (http://meme-suite.org/tools/fimo) °!. Subsequently, lists
were generated for each NR with genes containing their HRE within their promotor
sequences (2000 bp upstream of TSS). Gene annotation files contained every human
protein encoding gene detected in brain tissue (www.brainspan.org, RPKM#0 in any
sample). For the assessment of similarities between HRE gene sets, pairwise Jaccard
similarity coefficients and significance of overlap were calculated using the
GeneOverlap R package (version 1.24.0) 2.

Cortical transcriptomic profiling of NTC and HRE gene sets in patients

We used available analyses of differentially expressed genes (DEGs) in the dorsolateral
prefrontal cortex of 258 SZ patients and 271 healthy controls from the CommonMind
Consortium (CMC — CommonMind.org Synapse ID: syn5607652) 3.

Enrichment analysis of transcription factor binding sites (TFBSs) was carried out
according to Gearing et al ** using CiiiDER. Briefly, promotor sequences (2000 bp
upstream of TSS) were extracted from the Homo sapiens GRCh38.94 genome file.
Identification of transcription factor binding sites in these sequences was performed

with HOCOMOCOvV11 core HUMAN transcription factor position frequency matrices
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(downloaded from the HOCOMOCO collection %

(http://www.cbrc.kaust.edu.sa/hocomocol1)) and a deficit cut-off of 0.15. CiiiDER

enrichment analysis of overrepresented NR TFBSs in DEG query sequences compared
to non-DEG query sequences (from 1,000 genes with p~1 and logFC~0) was
determined by comparing the number of sequences with predicted TFBSs to the

number of those without, using a Fisher’s exact test.

Brain transcriptomic profile of the nuclear receptor transcriptome complex

Normalized gene expression values (RPKM) for 16 different brain tissues in the

developing and mature brain was downloaded from www.brainspan.org %,

Developmental stages were defined as: Prenatal (8pcw—24pcw); Early childhood
(4mos—4yrs); Puberty (8yrs—19yrs), and Adulthood (21yrs—40yrs) and average RPKM
within groups plotted with hierarchical clustering (average correlation with row

centering) using ClustVis .

Human brain cell type-specific gene expression
annotations were obtained from McKenzie et al. °°. List of genes displaying sex-biased
expression in 16 brain tissues across four developmental stages (prenatal, early

childhood, puberty and adulthood) were assessed in a publicly available human dataset

(www.brainspan.org) * and obtained from Shi et al. °’. The significance of overlap

between NTC gene sets and brain sex-biased genes was analyzed using permutation
analysis (n=10,000 permutations) based on a list of all protein-coding and
brain-expressed genes. In each permutation, a gene set was sampled with the same
number of genes as NTC or NTC subset (NR or NR coregulator) gene set. The p-value
of the significance of the overlap was estimated as the number of permuted gene sets
that contained equally many or more genes present in sex-biased gene set as the NTC

gene set, divided by the total number of permutations.

RESULTS
Common and rare psychiatry-associated genetic variation is enriched with genes
implicated in nuclear receptor-mediated signaling

Whereas genetic variation in NR and NR coregulators, individually, has been
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associated with PDs in association and linkage studies, the genetic risk profile of the
NR transcriptome complex (NTC) as a whole has not been systematically assessed at a
large-scale, whole-genome level. >300 curated NR coregulators have been reported by
the Nuclear Receptor Signaling Atlas consortium, but recent efforts have both added to
this list and significantly extended the known interactions between NRs and NR
coregulators (Supplementary Table 6) *°°. Hence, we composed a defined list of
NTC encoding genes based on curated databases and strictly validated protein-protein
interactions (NR gene set — 48 genes / NR coregulator gene set — 522 genes), and
mapped the overlay of these lists with genes annotated to genome-wide significantly
associated (GWS) loci in PDs 7-'7! Consistently, ~15% of loci across diagnostic
entities harbored NTC encoding genes, except for ASD, where only three GWS loci
have been identified (Figure 1 and supplementary Table 7). In addition, >13% of all
brain-expressed NTC genes reside in loci associated with either ADHD, BPD, MDD,
SZ or CD (Figure 1 and Supplementary Table 8). Individually, this represents a
significant overrepresentation in MDD (Chi2 test (one-tailed), p=0.012) and SZ (Chi2
test (one-tailed), p=0.002). Notably, >20% of NTC genes in GWS loci are associated
with two or more PDs (e.g. EP300 and ESR2). A similar overlap was seen for
non-psychiatric traits whose biology is closely interlinked with NR-mediated signaling

98-105 (Supplementary Table 7).
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Figure 1 | Genetic support for dysregulated NR-mediated signaling in mental illness.
Consistently, ~15% of risk loci in PDs harbor genes encoding NTCs. Manhattan plots
show the SNP based association landscape for each of the five psychiatric disorders
(attention deficit hyperactivity disorder (ADHD) '!; schizophrenia (SZ) 7 (for presented
analyses, data from a newer, larger GWAS 7! was used); bipolar disorder (BPD);
autism spectrum disorder (ASD); and major depressive disorder (MDD)) with red
dotted line marking the significance cut-off for genome-wide significant associated
signals. Brain-expressed protein-coding genes within each locus are shown as columns

of tiles, where NTC encoding genes are highlighted in red.

Genetic variants displaying GWS account for only the most significant, small fraction
of the total heritability of PDs. Hence, to further explore the genetic PD burden in the
NTC, we employed a gene set analysis approach based on the aggregated association of
individual genetic markers within the NTC gene set 8. Analyses using the most recent,
available GWAS summary statistics from each of the five PDs, SZ, BPD, ASD, ADHD
and MDD, '"7! as well as the to date, largest cross disorder (CD) GWAS *, revealed a
significant association of the NR gene subset of the NTC to both MDD (p=0.008) and
BPD (p=0.005), while the NR coregulator subset and complete NTC gene set showed
association to BPD (p=0.003) and SZ (p=0.033) (Figure 2 and Supplementary Table
9). While not taking into the account the significant genetic overlap between PDs °,
these associations remained significant for MDD and BPD even after adjusting for
multiple testing by applying a conservative Bonferroni correction (Figure 2). When we
applied the same approach to summary statistics from GWAS on non-psychiatric
disorders where NR-mediated signaling has been reported to play a role %1%, a very
significant association was seen for the NR coregulator subset in height and BMI, and a
moderate significant association of the NR coregulator subset to heart failure (HF)
(Supplementary Figure 1; p=0.002). For COVID-19 (positive vs population), in
which NR biology play no obvious role, no association was observed (Supplementary

Figure 1).
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Figure 2 | MAGMA gene set association analysis of the NTC gene set with separate
analyses for the NR-, NR coregulator subsets using summary statistics from large,
recent GWASs on the psychiatric disorders: attention deficit/hyperactivity disorder
(ADHD), autism spectrum disorder (ASD), major depressive disorder (MDD), bipolar
disorder (BPD), schizophrenia (SZ) and cross disorder (CD). Black/red dotted lines

mark nominal/Bonferroni-adjusted significance cut-off.

Whereas common variants of small effect contribute to all PDs %, particularly early
onset disorders, like ASD, are enriched with rare coding variants (RCVs) %7, In order to
assess the genetic burden of NTC RCVs in PDs, we focused on large (>3000 cases and
controls) WES studies, which have been conducted in SZ 7® and ASD 7. In these
studies, PD-associated RCVs were identified in SZ (a single gene) and ASD (102
genes). Strikingly, 19% of genes with ASD-associated RCVs are NTC-encoding genes
(Supplementary Table 8), representing a significant overrepresentation (Chi2 test
(one-tailed), p<0.0001). Furthermore, 32% of identified ASD-associated NTC
RCV-harboring genes reside in PD GWS loci (e.g. RORB and FOXP]I), thus supporting
the pathoetiological relevance of particularly these NTC genes within multi-gene GWS

loci.

Patient epigenetic signature and brain transcriptomic profile support the
implication of dysregulated nuclear receptor-mediated signaling in mental illness
Complementing genome-wide studies of DNA sequence variation, studies of variation

to the epigenome have the potential to reveal biosignatures associated with
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disease-causing factors in mental illness %

. Particularly, methylome-wide association
studies (MWASs) have revealed hundreds of DNA methylation changes associated with
PDs and psychiatry-related traits 8183107115 The epigenome is dynamic and changes in
response to environmental ''® as well as endogenous factors (e.g. hormonal transitions
H7.118 and aging ''°) plays a crucial role in the orchestration of gene transcription in the
developing human brain ¥’. Clinical MWASSs in brain tissues are rare and yet of small
sample sizes. Hence, we assess the burden of genes with changes in DNA methylation
associated with PDs among the NTC gene set in the to date largest patient blood
MWASSs. From neonatal samples, data was available for ADHD and ASD, where ~16%
of findings with differential methylation were annotated to NTC genes
(Supplementary Table 5 and 9; Chi2 test (one-tailed), ASD: p=0.001 and ADHD:
p=0.050). From adults, samples have been collected and analyzed in ADHD, MDD and
SZ cases. Whereas none of the two differentially methylated genes identified in ADHD
encode NTC genes, ~7% of differentially methylated genes in MDD belonged to the
NTC (Supplementary Table 5 and 8; Chi2 test (one-tailed), p=0.024). Similar overlap
(~5% and 10%) was seen in two independent studies in SZ cases (Supplementary
Table 5 and 8; Chi2 test (one-sided), p=0.037 ® and; p<0.0001 3"), whereas
meta-analyses of SZ MWASs using a more stringent significance cut-off did not find
NTC genes among 10 differentially methylated genes ®* (Supplementary Table 5 and
8). Notably, several differentially methylated NTC genes harbor ASD RCVs or reside
in PD GWS loci (e.g. GATAD2A4, RERE, CREBPB and FOXPI), and several NTC
genes were differentially methylated in more than one dataset/disorder (FOXPI, EP400,
TRERFI and SKI) ((Figure 3 and Supplementary Table 5 and 8). Interestingly, data
from a large MWAS of epigenetic plasticity during early fetal brain development
reveals that >40% of NTC genes undergo dynamic DNA methylation changes during
early fetal brain development (Supplementary Table 5), thus supporting an important
and meticulously orchestrated role for the NTC in transcriptional regulation in the
developing human brain. NR-mediated signaling, however, remains important
throughout life and altered cerebral expression of NR encoding genes have been

reported in adult SZ cases '?°. To explore the transcriptomic signature of NTC genes in
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brain tissue from PD cases, we examined data from a comprehensive brain
whole-transcriptome study conducted on postmortem dorsolateral prefrontal cortex
(DLPFC) samples from 258 SZ patients and 271 healthy controls °3. While only a
minor fraction of NTC genes (PRKDC, PSMDI, AKAPI13, IDE, SMAD3, HR,
GADD454, RBFOX2 and LCORL) were differentially expressed in SZ cases compared
to healthy controls (Figure 4A), a quantitative analysis of promotor HREs in
differentially expressed genes (DEGs) compared to genes displaying no regulation in
cases revealed a nominally significant enrichment of RXRP (p=0.003), RORy
(p=0.036), PR (p=0.038), and HNF4a (p=0.048) HRE sets in upregulated DEGs, and
RORy (p=0.026), RXRa (p=0.028) and RARy (p=0.049) HRE sets in downregulated
DEGs (Supplementary Table 10).

Psychiatric disorder risk enrichment among genes containing NR binding motifs

Both NTC members and NR ligands have been associated with PDs, but the
contribution of their respective genomic actions in relation to PD risk is poorly
understood. NRs bind to DNA as monomers, homodimers and as heterodimers, most
commonly in a bimolecular complex with the retinoid X receptor (RXR) '?!. However,
a recent study has demonstrated widespread binding of NRs to half-sites, and that

half-site binding can drive transcription !?2

. Hence, to assess the aggregated genetic
burden in target genes of individual NRs, we used an in silico approach to test the gene
set association of promotor HRE half-site containing target genes of PD associated
NTCs using GWAS summary statistics. First, we assessed the association of HRE
genes governed by NRs associated to PDs in GWASs or WESs. Whereas we did not see
a significant association of RARE containing genes governed by SZ-associated RARYy,
RORE gene set governed by CD associated RORa was significantly associated with
ASD (Figure 3, Table 1 and Supplementary Table 8; p=0.022). Next, we profiled the
risk landscape of HRE gene sets in general using summary statistics from both PDs and
non-PDs. This revealed nominally significant association of: ARE (p=0.046) and FXRE
(p=0.049) gene sets with ADHD; PPARE p= (p=0.045), FXRE (p=0.023), RORE (p=

0.022) and NR1D1 targets (p= 0.046) with ASD; DAX1 target genes with SZ (p=0.027);
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ERE (p=0.042), GRE (p=0.036), PGRE (p=0.011), RARE (p=0.047) and TRE
(p=0.031) with MDD; and ERE (p=0.045), FXRE (p=0.004), and RXRE (p=0.042)
with CD (Figure 3 and Supplementary Table 8). In addition, a number of HRE gene
sets showed association to non-PDs, including FXRE to BMI (p<0.0001) and height
(p<0.0001). While the association between FXRE and BMI/height remained significant
following a conservative Bonferroni correction for multiple testing, it is important to
realize that NRs regulate distinct yet highly overlapping gene programs !22. In order to
assess the overlap of HRE gene sets, we assessed and plotted their pairwise similarities
(Supplementary Figure 3 and Supplementary Table 11). Not surprisingly, > 95% of
HRE gene sets displayed a significant overlap of genes, with particularly closely related
superfamily members displaying the highest degree of overlap in their target gene sets
(e.g. GR and AR, ERa and ER3, HNF4y, HNF4a, and PXR and CAR), thus arguably

reducing the number of effective independent tests performed.

Association (-Log(pval))

II
o o
zg
ER

HRE gene set
HEIGHT

COVID-19 (pos vs
pop)

Figure 3 | MAGMA analyses of HRE gene set association using summary statistics
from ADHD, ASD, MDD, BPD, SZ and cross disorder (CDG2) GWAS as well as from
a range of non-psychiatric disorders (Alzheimer’s disease (AD), type 2 diabetes (T2D),
body mass index (BMI), heart failure (HF), height and COVID-19. Red dotted line

marks Bonferroni-adjusted significance cut-off.

Brain-transcriptomic profile of the nuclear receptor transcriptome complex hints
at a neurodevelopmental impact of psychiatry-associated nuclear receptor
networks

The transcriptional activity of NRs critically depends on their interactions with NR
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coregulators. The biophysical interactions have been established in vitro between a
range of NRs and NR coregulators °° (see Supplementary Table 6 for a list of
well-documented interactions), but the biological relevance of these interactions in the
brain depends on their co-expression in the same structures and individual brain cells.
Hence, we assessed single cell expression characteristics of NTC genes and identified
gene sets that are specific to individual brain cell types *°. 23% of NRs and 13% of NR
coregulators are exclusively expressed in specific brain cell types (Supplementary
Figure 4 and Supplementary Table 8). For the NRs, this includes: PPARA and RORA
(astrocytes); NGFIB, PGR and PPARD (endothelia); NURRI and PPARG (microglia);
ESRI and THRB (neurons) and DAX1 (oligodendrocytes).

Next, we clustered NTC genes based on co-expression characteristics in the developing
human brain (Figure 4). This revealed eight distinct larger co-expression clusters each
characterized by peak expression in specific developmental stages or tissues. While the
majority of NR encoding genes peak postnatally (Figure 4 and Supplementary Table
8; Cluster 1-6), a subset (NURRI, NOR-1, NR5A2, TR4, COUP-TF1, COUP-TF2,
RORB, THRA, RARA and ESR?2) peak at the earliest stage of development (Figure 4
and Supplementary Table 8; Cluster 7). Within this group, COUP-TFI and 2 are
particularly abundantly expressed in the amygdala, while NOR-I expression peaks in
hippocampus (Figure 4). Interestingly, the cluster of NTC genes peaking prenatally
hosts the highest density of genes in PD GWS loci and ~80% of RCV harboring NTC
genes associated with the early onset PD, ASD. Further interesting, a cluster of 23 NTC
genes are predominantly expressed in striatal tissue, with a subset displaying very high
expression in prenatal striatal tissue. This striatal-dominant cluster includes the NR
encoding genes RARB, RXRG and SFI as well as FOXPI identified in both SZ MWAS
and ASD WES (Figure 4 and Supplementary Table 8; Cluster 4). A third cluster with
peak expression in the cerebellum houses nine NR encoding genes (ESRRA, NR2Fb6,
RARG, RORC, RXRB, SHP, ESRRG, RORA and ESRRB), of which the CD GWS RORA
along with ESRRA and ESRRG display particularly high expression in the prenatal

cerebellum (Figure 4 and Supplementary Table 8; Cluster 1). A summary of brain
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cell-specific, co-expressed NTC genes is presented in Supplementary Figure 5.
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Figure 4 | Expression of NR and NR coregulator encoding genes across 16 brain
structures and four developmental stages. Row annotations include: NTC subtype
(NR/NR coregulator); genes in GWAS/WES/MWAS loci. Genes fall in eight major
clusters defined by most abundant expression in: 1) cerebellum; 2) adults; 3) puberty
and adulthood; 4) striatum; 5) prenatally and in childhood; 6) childhood; 7) prenatally;
and 8) prenatally and puberty. A1C: Primary auditory cortex; AMY: Amygdala; CBC:
Cerebellar cortex; DFC: Dorsolateral prefrontal cortex; HIP: Hippocampus; ITC:
Inferolateral temporal cortex; M1C: Primary motor cortex; MD: Mediodorsal nucleus
of thalamus; MFC: Anterior cingulate cortex; OFC: Orbital frontal cortex; S1C:
Primary somatosensory cortex; STC: Posterior superior temporal cortex; STR: Striatum;

VI1C: Primary visual cortex; VFC: Ventrolateral prefrontal cortex).
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Sex-biased expression of the nuclear receptor transcriptome complex in the
developing and mature human brain

Sex differences are common in PDs where symptom profiles and severity differ
between men and women 2°2° and, e.g., women are more susceptible to affective
disorders than men ?#?°, Brain development follows sex differential trajectories '2* with
concordant regional sex-biased expression of comprehensive gene sets. Sex hormones
act throughout the brain of both men and women, but subtle differences exist in their
genomic and non-genomic actions '?*. Sex-biased expression of the ASD candidate and
CD GWS annotated gene, RORA, has been suggested as a contributor to the sex-bias in
ASD 25, We speculated that sex-biased expression of NTC genes in general contribute
to the sex-biases in mental illness. Hence, we assessed the overlap between the NTC
gene sets and reported sex-differentially expressed genes across brain regions at four
developmental stages (prenatal, early childhood, puberty and adulthood) *7.

Whereas we did not find significant enrichment of NTC genes overall, we found that
sex-biased genes are significantly enriched with NR encoding genes at the prenatal
stage, with particular enrichment among sex-biased genes in medial frontal cortex
(p=0.006), orbitofrontal cortex (p=0.004) and in the striatum (p=0.010) (Figure 5 and
Supplementary Table 12). In frontal cortical tissues this includes RORB, NR4A2,
NR4A43, and NR3C2, the expression of which are all higher in women than in men. In
striatal tissue NURRI, NRI1D2, NR2F6 and THRB are all sex-differentially expressed
with expression being higher in men — except for NR2F6 that is female-biased. Several
NR coregulators are similarly sex-differentially expressed in these structures in the
prenatal stage. At later developmental stages expression of sex-biased NTC genes is
consistently higher in women compared to men (Figure 5). Interestingly, NTC genes in
SZ GWS loci are significantly overrepresented among NTC genes that display
male-biased expression in the prenatal striatum (Fisher’s exact test; p=0.0193), and
NTC genes with ASD-associated RCVs among female-biased genes in the prenatal
orbito-, and medial frontal cortex (Fisher’s exact test; p=0.003). The density of
PD-associated NTC genes were furthermore high in the cluster of genes with

female-biased cortical expression in puberty (Figure 5). Among genes reported to be



479  sex-differentially methylated in the earliest stages of fetal brain development, only a
480 minor fraction encodes NTC genes (Supplementary Table 5), but particularly SZ
481  MWAS risk genes clustered among genes with female-biased thalamic dominant

482  expression (Figure 5).
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Figure 5 | Sex-biased expression of NTC genes. Mapped are NTC genes that are
sex-differentially expressed in the developing human brain as reported in Shi et al *’.
Red indicates higher expression in females while blue indicates higher expression in
males. Common and rare variants in NTC genes associated with particularly SZ and
ASD are enriched in clusters with female-biased expression in the anterior cingulate
cortex (MFC) and orbital frontal cortex (OFC) and male-biased expression in striatum
(STR) during prenatal development. SZ MWAS risk genes cluster with genes

expressed with female-biased MD (mediodorsal nucleus of thalamus) in childhood.

DISCUSSION

Human brain development is a protracted process that begins in the early prenatal stage,
and extends through late adolescence and even adulthood !, The process is genetically
organized, but shaped and adapted in the context of environmental input. Neither genes
nor environmental clues are determinative in terms of outcome, but disruption to either
may affect the maturing brain and mind. The CNS and the endocrine systems work in
synergy to sense and act upon endogenous and environmental cues. Whereas the CNS
response is rapid and mostly transient, the endocrine response maintains homeostasis
and long-term control through various molecular mechanisms that include the genomic
actions of ligand-activated NRs. In line with the scientific consensus that the origin of
psychopathology is neurodevelopmental, the brain is most vulnerable to the effect of
steroid imbalances and disrupted NR-mediated signaling at the earliest stages of

development '27-13% Balanced NR-mediated signaling, however, remains important
throughout life, and steroid levels exhibit a maximum in young men and women (~ 20

years)!3!, but vary greatly in abundance during periods of hormonal transition
(childhood, puberty, post-partum, and menopause), thus overlapping with the
vulnerability periods and age of onset of many PDs. Altered steroidogenic activity and
imbalances in total circulating cholesterol and other lipid metabolites have furthermore
been reported in a range of PDs 32133 In addition to endogenous steroids and
derivatives of retinoids, fatty acids, cholesterol, lipophilic hormones and vitamins, NRs

further act as sensors for a range of xenobiotics, antibiotics and synthetic compounds '®
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— with implications for the therapeutic effect of CNS drugs and CNS side effects of

non-CNS targeting drugs '**

. NR-mediated signaling thus constitutes a delicate
molecular mechanism that is both vulnerable to biological dysregulation and interesting

as a pharmacological target in the context of mental health.

Genomic vulnerability to dysregulated nuclear receptor-mediated signaling in
mental illness

We find that the genetic NTC risk burden is high across psychiatric diagnostic entities.
Particularly, we find that on average ~15% of SZ, MDD and BPD GWS loci harbor
NTC genes, and that the NTC gene set display overall significant association to these
disorders. In addition, nearly 20% of ASD-associated RCV-harboring genes are
members of the NTC. Although genetic studies have highlighted the implication of
individual NR and NR coregulator-encoding genes in mental illness, this is the first
study to demonstrate a consistently elevated genetic burden in the NTC in PDs. The
biological relevance of this overrepresentation of NTC genes among PD risk genes is
further substantiated by the high number of NTC genes that reside in multi-PD and CD
GWS loci and the enrichment of NTC genes among differentially methylated genes in
PDs. We note that particularly the NR subset of the NTC is associated with affective
disorders, whereas the risk burden in NR coregulators is dominant in SZ and ASD.
Interestingly, NR-encoding genes generally peak in their expression postnatally,
whereas NR coregulators—particularly those associated with ASD and SZ—peak in
their expression at the earliest stages of brain development. This may be related to the
differences in onset between affective and non-affective PDs. In this regard, it is
interesting to note that ASD risk NTC genes cluster among genes that display
female-biased expression in the prenatal cortex and male-bias in the prenatal striatum,
while non-SZ GWS NTC genes, on the contrary, overlap with genes that are
male-biased in the prenatal cortex and female-biased in the postnatal thalamus and
cortex. It is thus conceivable that differences in baseline NTC gene expression in males
and females impact on their vulnerability to genetic alterations in these gene sets and,

consequently, on their sex-biased PD risk profiles.
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PD-associated NRs are not restricted to the endocrine receptor subclass of the NR
family, but include lipid sensors, and adopted and true orphan receptors, thus
potentially broadly bridging the gap between genetic and epidemiological risk. In line
with this notion, many PD-associated NR coregulators are ubiquitously expressed in
the brain and share a broad range of interactions with PD-associated NRs (Figure 6 and
Table 1). This includes the bromodomain-containing, epigenetic readers, p300, p400,
and BRD8. EP400 is differentially methylated in blood from both ASD and SZ cases,
and BRDS is positioned in a SZ GWS locus. Besides from its association to SZ, MDD
and CD, genetic variation in £P300 has furthermore been associated with amygdaloid
dysfunction in healthy subjects 3. Altered p300 activity, or the activity of similar
broad-action NR coregulators, may thus widely affect NR-mediated signaling and
confer vulnerability to a spectrum of epidemiological risk associated with a NR-ligand

associated molecular response.

The functional output of signaling through NRs is a change in transcription of gene sets
containing promotor HRE sequences. Whereas we do not find a strong transcriptomic
NTC signature in postmortem brain samples from adult SZ cases, the enrichment of
particular HRE sequences in the promotors of DEGs is in agreement with altered
cerebral NR-mediated signaling in SZ. However, it is important to note that many
commonly administered drugs in psychiatry and comorbid disorders will affect CNS
NR-mediated signaling. Hence, it is not possible to ascribe observed enrichment to

disorder biology or treatment.
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At the genomic level, we find that some HRE-containing gene sets are associated with
individual PDs, whereas others display association to PDs in general. This includes the
HRE target genes of gonadosteroid receptors (PGR and ERa), and the retinoic acid
receptor (RARP), which are exclusively associated with MDD, and RORa HRE targets
which have no association to PDs besides ASD. On the other hand, the retinoic acid
receptor X o (RXRa) target genes appear to be more generally associated with mental

illness in line with the role of RXRs heterodimeric complexes '2!.

Supporting the biological relevance of the observed associations, subsets of HRE gene
sets displayed association to diseases in which NRs are reportedly involved. This
includes association of target genes of the NR1I subfamily of NRs (PXR and CAR that
are generally implicated with regulation of energy metabolism and insulin sensitivity
136.137) ‘and the phenotypically interlinked diseases/traits: type 2 diabetes (T2D), heart
failure, and body mass index (BMI). PPARs have been associated with T2D '*® and AD
101 Interestingly, the VDRE gene set was significantly associated with AD and T2D in
line with the reported associations between low serum 25-hydroxyvitamin D levels and
AD and T2D '*, but not with e.g. ASD and SZ that has been associated with early life
vitamin D deficiency '"!°. RXRE was nominally significantly associated with
Alzheimer’s disease (AD), where RXR agonist administration leads to significant
decrease in brain amyloid burden '%°. On the contrary, no association was observed
between HRE gene sets and COVID-19 (positive vs population), where NR biology

plays no obvious biological role.

Genetic, epidemiological, empirical and pharmacological evidence highlight
distinct psychiatry-relevant nuclear receptor-mediated signaling pathways

Cell type- and tissue-specific co-expression is required for biophysical assemblage and
psychiatry-relevant genomic signaling by distinct NTCs. We clustered NTC genes
based on their co-expression characteristics in the developing human brain and
identified networks of putative cell-specific NTCs with meticulously documented

interactions. This revealed NTCs of known biological relevance, as well as novel NTCs
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with putative pharmacological potential in psychiatry. Here we highlight selected NTCs
whose implication in PDs are supported by multilevel genomic, and known

epidemiological, empirical and pharmacological evidence.

Estrogen, androgen and progesterone receptors

Among NRs whose implication in PDs is supported by strong and multilevel evidence
are gonadosteroid-binding receptors. Women who are in their peak estrogen-producing
years or transitioning to menopause are at an elevated risk of developing affective
disorders, as are women who are experiencing hormonal fluctuations, e.g. during

141 Sex-biases characterize PDs in general, and

menstrual periods and post partum
altered levels of progesterone and androgens have been reported in SZ and estrogens in
numerous PDs 42, In addition, hormone replacement therapy has successfully been
used in the treatment of PDs, including MDD, BPD, ASD, ADHD and SZ 3 with

143

positive outcomes of testosterone replacement therapy in MDD Estrogen

replacement therapy has been successful in postpartum depression '¥3, and has
demonstrated antimanic effects in women with BPD (Tamoxifen and Raloxifene) !4
and improvement of positive and negative symptoms in SZ patients 33145, At the genetic
level, the estrogen receptor-encoding gene (ESR2) resides in a GWS locus associated
with both CD and MDD, and older association studies have repeatedly implicated ESRs
with a range of PDs and psychiatry-related traits. Convincingly, the ESRE target gene
set of ERP is similarly associated with CD, thus strongly supporting a pathobiological
relevance of imbalanced genomic ERP signaling in mental illness at a broader level.
Interestingly, ESR?2 locates to a different co-expression cluster than the genes encoding
the other gonadosteroid-sensing receptors (ERa, AR, PGR). Particularly, the ESR2 gene
cluster peaks prenatally, while the others peak during puberty and adulthood. However,
ERa and PGR both display a link to MDD, as their target ESRE and PGRE gene sets
are both associated with MDD (Figure 6). DEGs identified in SZ postmortem brains
are further enriched with PGRE in their promotor sequences. All gonadosteroid

receptors share a range of NR coregulators, but both £SR/ and PGR show cell-specific

expression (neurons and endothelia, respectively) and have potential receptor-specific
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NR coregulators from within their co-expression clusters. For ERa, this includes SZ
GWS PRMTS, although their biophysical interaction remains to be systematically

examined.

Corticosteroid receptors

Exposure to traumatic, maternal and early life stress is a major risk factor in many
psychiatric disorders, including SZ, BPD, MDD, and anxiety disorders 26146147 Among
the NTC genes that harbor ASD-associated RCVs is NR3C2 encoding the
mineralocorticoid receptor (MR). MR is a high-affinity corticosteroid receptor that acts
in synergy with the glucocorticoid receptor (GR) to mediate the molecular stress
response. Both GR and MR belong to a gene co-expression cluster with peak
expression in puberty and adulthood, but whereas GR is widely expressed in the brain
and peak in cerebellar tissue, MR expression peaks in limbic tissues, in accordance

with previously published reports 43

. MR plays a well-documented and sex-biased role
in stress resilience and depression %, where a functional MR haplotype protects
against depression following early life trauma '*°. Unlike MRE target genes, the GRE
gene set showed a significant association to MDD (Figure 6). This is in line with a

recent study that demonstrated that genetic differences in the immediate transcriptome

response to stress predict the risk of several PDs '3,

Retinoid binding nuclear receptors
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Retinoids play a crucial role in developmental pathways, but are also essential to a
number of postnatal processes, including synaptic plasticity?®. Retinoid signaling is
mediated through binding to RARs and PPARs in heterodimeric partnership with RXR.
Low maternal retinol is a risk factor in SZ in adult offspring 2, and membrane levels of
several polyunsaturated fatty acids, which signal through the same receptors !S1:152
have been associated with psychotic, depressive, and manic symptoms in individuals at
ultrahigh risk for psychosis 3°. Accumulating evidence has implicated retinoid signaling
in the pathoetiology of particularly SZ (recently reviewed in Reay et al 2%), and
PPAR/RXR and RAR/RXR complexes have been proposed as therapeutic strategies in
CNS disorders '33. Among the RXRs, none have been found in PD GWS loci, however,
here we report that the RXRE target gene set of RXRa is significantly associated with
CD. Whereas RXR-encoding genes are not restricted to specific cell types, their
heterodimeric partners, PPARs, are. PPARy is specific to microglia, PPARa to
astrocytes and PPARS to endothelia among brain cells — and both PPARA and PPARG
are co-expressed with PD-associated coregulators in these specific cells. While none of
the three receptors have been associated with PDs in GWASs, PPARA and PPARD are
differentially methylated in blood from, respectively, SZ and MDD patients. In addition,
we find that the PPARE target gene set of PPARY is significantly associated with ASD.
It is further noteworthy that both PPARa and y can bind and respond to cannabinoids '3
— thus providing a potential genetic link to the risks and phenotypes associated with

cannabis use in PDs 153,

Among the RAR encoding genes, only RARG resides in a PD GWS locus (SZ),
whereas we find that the RARE target gene set of RARP is associated with MDD.
RARB and RARG have different expression profiles, and where RARG cluster with
genes with peak expression in cerebellum, RARB expression peaks in striatal tissue.
RARP and RARYy share a number of NR coregulator interaction partners genetically

associated with PDs (Figure 6).

RORs
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Patients with pathogenic variations in retinoic acid receptor-related orphan receptors
(RORs) present with ASD as well as seizures. Both of the RORs (RORa and RORp)
are located in PD GWS loci. The RORB gene is associated with SZ and further harbors
ASD associated RCVs. RORB is specifically expressed in astrocytes and resides in a
gene co-expression cluster that peaks during prenatal brain development. Besides
RORB, none of the NTC genes with prenatal peaks are astrocyte specific, but single cell
genomics in ASD cortical tissue have associated altered glial RORB expression with
ASD '35, Further supporting the involvement of ROR-mediated signaling in ASD,
RORa resides in a CD GWS locus and its RORE-containing target genes are
significantly associated with ASD (Figure 6). This is in agreement with reported ASD
risk genes under RORa transcriptional regulation '37. Similarly, an association has been
found between ASD and the significantly overlapping HRE-containing target genes of
NRID1 (Rev-ErbA-Alpha) that reportedly acts as a repressor of RORE gene sets '35
Reduced RORA transcript and/or protein levels has been reported in both blood and
postmortem brain tissue from ASD cases '°. RORs are involved in a number of
psychiatry-relevant pathways including neurogenesis, stress response, and modulation
of circadian rhythms ', RORa binds with high affinity to the brain-specific
cholesterol-metabolite, 24S-hydroxysterol (cerebrosterol), which has been found

differentially abundant in plasma and suggested as a biomarker in ASD ¢!,

Orphan receptors

Located in an MDD GWA locus, NURRI is specifically expressed in microglia and
co-expressed with the SZ GWS NR coregulators, CNOTI and GMEBI. However, the
biophysical interaction of these coregulators with NURR1 has not been systematically
examined. Although classified as an orphan receptor, NURRI activity can be
modulated by several small molecules (incl. docosahexaenoic acid (DHA) and other
unsaturated fatty acids) !©2, as well as non-steroidal anti-inflammatory drugs '3
NURR1 has been characterized as a neuroprotective and anti-inflammatory

transcription factor '** and suggested as a therapeutic target in Parkinson’s disease '°.

The monomer NBRE targets of NURRI are not significantly associated with any PD,
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but as NURRI can bind DNA as a heterodimer with RXRs, it has the potential to

modulate CD-associated RXRE target genes.

Little is reported about a role for the DAX1 receptor in mental illness. It is an orphan
receptor and it has been reported to act as a repressor of other NRs through
heterodimeric interactions with e.g. MR and GR %17 However, in the brain, DAX1 is
specifically expressed in oligodendrocytes. We find that the HRE half-site targets of
DAX1 display significant association with SZ and interact with several PD-associated

NR coregulators (Figure 6).

Putative vulnerability periods and ti
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Figure 6 | NR-signaling pathways with high genetic risk burden. Illustrated are
individual NRs and their experimentally validated associated NTC, their HRE target
genes, resulting transcripts, selected ligands and linked epidemiological risks as well as
selected psychiatry-relevant drugs. The illustration is divided into experimental levels
(epidemiological, molecular, genetic and pharmacological) as well as the
developmental stage/brain structure in which the individual NR-encoding genes peak in
expression. Entities associated with SZ are highlighted in blue, MDD in green, ASD in
grey, CD in orange and multiple PDs in black.

Therapeutic potential of targeting nuclear receptor biology in psychiatry
The activity of NRs can be pharmacologically modulated by specific ligands, thereby

allowing for agonism, partial agonism, and antagonism. This has made them primary
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therapeutic targets for decades ', and approximately 16% of FDA approved drugs
target NRs '%°. A wide spectrum of somatic disorders has successfully been targeted by
drugs directed at NRs. PPARy-targeting thiazolidinediones are used in the treatment of
diabetes, cardiovascular disease and cancer '"%; selective ER modulators in ER-positive

and metastatic breast cancer !7!

, and RXR/RAR-targeting isotretinoin against acne.
Furthermore, the well-known drug Bexarotene, a selective RXR agonist, has been
effectively used in the treatment of cutaneous T-cell lymphoma. A range of
NR-targeting drugs have also proven efficient in non-psychiatric disorders of the CNS,
though most have yet to demonstrate clinical efficacy and sustainability in phase III
trials. Whereas NR modulators are increasingly recognized as potentially powerful

1051722175 3 similar shift in focus

therapeutics for neurodegenerative CNS diseases
remains to be seen for drug discovery programs in PDs. NRs have been suggested as
therapeutic targets in PDs '7°, and pharmacological targeting of NR mediated signaling

has demonstrated clinical efficacy in the treatment of PDs 77

, as assessed following
administration of thyroid hormones (Liothyronine), progesterone receptor antagonist
(Mifepristone), and Bexarotene in affective disorders and SZ, respectively 7817,

Despite their positive effects, but likely owing to their wide applicability, many drugs
targeting NRs are associated with serious adverse effects 707! affecting also the
CNS—for instance, suicidal behavior following administration of the widely prescribed

acne-drug, Accutane (isotretinoin) '3°.

Other NR-targeting therapeutic strategies
completely fail to demonstrate clinical efficacy, in which cases poor penetration of the
blood-brain barrier seems to be the main impediment. Interestingly, a recently
developed fatty acid amide hydrolase ( FAAH)-targeting prodrug strategy  appears
to successfully facilitate blood-brain barrier diffusion through masking of small
molecule carboxylate-containing NR modulators of therapeutic relevance to CNS
disorders including ligands for TR, RXR, PPAR, LXR, ER, RAR #2.

NRs are extensively expressed throughout the brain, in many tissues and cell types,
making them particularly difficult to target without side effects. In the wake of this

realization, an accumulating interest has risen, that involves the targeting of NR

coregulators, which tend to be restricted to certain regions and cell types of the brain.
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Though commonly viewed as “undruggable” targets due to their large and flexible
structures, potent small-molecule drugs have been developed to overcome this obstacle
181 Other drugs target NR coregulators in an indirect manner through direct interaction
with their NR, modulating the interaction between coregulator and NR, and thus the
regulation of target genes 82183, We show that both the NR and NR coregulator
components of the NTC are overrepresented among PD risk genes, supporting the
biological relevance of targeting this group of endogenous coregulators in psychiatry.

Here we provide a resource for targeting psychiatry-relevant NTC networks with
narrow cell specificity and defined sets of co-expressed interaction partners, which may
significantly constrain the burden of off-target effects, favoring drug precision and

safety in NR-based CNS therapeutics.

Perspectives and future research directions

There is an urgent need to identify molecular mechanisms implicated with PDs in order
to progress the development of improved diagnostic tools and personalized medicine in
psychiatry. Through mining of large-scale genomics data, we uncover an
unacknowledged genetic burden in NTC genes and their downstream genomic targets,
supporting dysregulated NR-mediated signaling as a common and core molecular
pathway in PDs. It is thus conceivable that NRs bridge the gap between genetic and
epidemiological risk in mental illness, and that genetic burden on associated molecular
pathways may direct the individual’s vulnerability to adverse exposures and predict
their clinical risk profile. This holds both a potential for drug discovery potential as
well as options in terms of molecular diagnostics and patient stratification.
NR-mediated signaling has been suggested as a therapeutic target in PDs 7%, but due to
the complexity of the NR interaction network, it is challenging to target specific
functions of the network while avoiding serious adverse effects. The mechanisms by
which individual cells modulate tissue-specific psychiatry-relevant NR ligand
responsiveness is thus a fundamental issue in targeting NR-mediated signaling in the
brain. Here we categorize the genetic and epigenetic NTC risk burden in clusters of

cell-specific and co-expressed genes that may provide a useful framework for future
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CNS NR therapeutic strategies in psychiatry.

Table 1|S 'y of genetic/epi tic iations of NTC genes to psychiatric disorders
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