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Background: The ganglionic eminences (GE) are fetal-
specific structures that give rise to gamma-aminobutyric
acid (GABA)- and acetylcholine-releasing neurons of the
forebrain. Given the evidence for GABAergic, cholinergic,
and neurodevelopmental disturbances in schizophrenia, we
tested the potential involvement of GE neuron development
in mediating genetic risk for the condition. Study Design:
We combined data from a recent large-scale genome-wide
association study of schizophrenia with single-cell RNA
sequencing data from the human GE to test the enrichment
of schizophrenia risk variation in genes with high expression
specificity for developing GE cell populations. We addition-
ally performed the single nuclei Assay for Transposase-
Accessible Chromatin with Sequencing (snATAC-Seq) to
map potential regulatory genomic regions operating in in-
dividual cell populations of the human GE, using these to
test for enrichment of schizophrenia common genetic variant
liability and to functionally annotate non-coding variants-
associated with the disorder. Study Results: Schizophrenia
common variant liability was enriched in genes with high
expression specificity for developing neuron populations
that are predicted to form dopamine D1 and D2 receptor-
expressing GABAergic medium spiny neurons of the
striatum, cortical somatostatin-positive GABAergic inter-
neurons, calretinin-positive GABAergic neurons, and cholin-
ergic neurons. Consistent with these findings, schizophrenia
genetic risk was concentrated in predicted regulatory ge-
nomic sequence mapped in developing neuronal populations
of the GE. Conclusions: Our study implicates prenatal de-
velopment of specific populations of GABAergic and cho-
linergic neurons in later susceptibility to schizophrenia, and
provides a map of predicted regulatory genomic elements op-
erating in cells of the GE.
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Introduction

Schizophrenia is a severe psychiatric disorder diagnosed
on the basis of major disturbances in thought, percep-
tion, and behavior. Although typically manifesting in
young adulthood, the condition appears to have an early
neurodevelopmental component,"? with both environ-
mental® and genetic*® risk factors operating in the pre-
and peri-natal period. Mounting evidence suggests that
genetic influences on schizophrenia susceptibility that are
active during early brain development primarily affect
neurons,”'? a feature potentially shared with other psy-
chiatric and neurodevelopmental conditions. '’

The ganglionic eminences (GE) are transient fetal brain
structures that are a major origin of gamma-aminobutyric
acid (GABA)- and acetylcholine-releasing neurons of
the forebrain. The GE can be divided into 3 regions (lat-
eral, medial, and caudal), with the lateral portion (LGE)
generating GABAergic medium spiny neurons (MSNs)
of the striatum, the medial portion (MGE) generating
cortical and striatal GABAergic interneurons, and the
caudal portion (CGE) generating distinct populations
of GABAergic neurons of the cerebral cortex and limbic
system.!"* Cells originating from the MGE additionally
form cholinergic interneurons of the striatum and basal
forebrain cholinergic projection neurons, the latter modu-
lating activity in the cerebral cortex.'

Reductionsin GABAergicneuron markers (eg, GADG67,
parvalbumin, and somatostatin) within the prefrontal
cortex are one of the most replicated post-mortem find-
ings in schizophrenia.'>'® These findings appear to reflect
altered functioning, rather than loss of subpopulations
of these neurons'>® and have been hypothesized to
have a developmental basis."?! Disturbances in cholin-
ergic neuron function have also been postulated to play
a role in the pathophysiology of schizophrenia,?>?* with

© The Author(s) 2024. Published by Oxford University Press on behalf of the Maryland Psychiatric Research Center.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Page 1 of 14

20z aunr /1 uo 1senb Aq 628269./€809€4S/INGUOS/EE0 "0 1/10p/9[oIlE-80UBAPE/UNS|INGEILSIYdOZIYOS/WOo" dNo"oILapEdE//:SAY WOl papeojumod


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7520-7741
https://orcid.org/0000-0002-4357-574X
mailto:BrayN3@Cardiff.ac.uk?subject=

D. Cameron et al

dysfunction in either system plausibly contributing to the
diverse symptomatology of the disorder.

Schizophrenia is known to have a strong genetic com-
ponent,” involving numerous susceptibility variants that
are common in the general population®*?’ as well as rarer
variants that can confer a greater effect on risk.?®* Tissues
and cell types of etiological relevance to a disorder can
be delineated by testing whether genes that they promi-
nently express are enriched for genetic association with
the condition.*** It is now possible to profile global gene
expression in individual cell populations from human tis-
sues through single-cell or single nuclei RNA sequencing
(scRNA-Seq/snRNA-Seq). By combining this method-
ology with large-scale genome-wide association study
(GWAS) data for schizophrenia,”® we have previously
found that schizophrenia common variant liability is en-
riched not only in genes with high expression specificity
for developing glutamatergic neurons but also in genes
that are prominently expressed in developing neurons of
the GE.’ Here, we build on that work through the use of
an independent scRNA-Seq dataset derived from nearly
3 times as many cells from the human GE,* allowing
a greater definition of the developing neuron popula-
tions derived from these structures that are likely to be
relevant to schizophrenia pathogenesis. Given that the
common genetic variants most strongly associated with
schizophrenia are located predominantly in non-coding
genomic sequence,”® we additionally perform the single
nuclei Assay for Transposase-Accessible Chromatin with
Sequencing (snATAC-Seq) on human fetal tissue to pro-
vide the first maps of open chromatin (an index of reg-
ulatory genomic regions) in individual cell populations
from all 3 primary regions of the GE. By testing for en-
richment of schizophrenia single nucleotide polymor-
phism (SNP) heritability in identified open chromatin
regions (OCRs), we find complementary evidence for a
role of GE-derived neuron development in susceptibility
to schizophrenia, and we further use these annotations to
functionally prioritize non-coding genetic variants asso-
ciated with the disorder.

Methods

Single Cell RNA-Seq Data

scRNA-Seq data from the whole GE of 6 human fetuses
aged 9-18 gestational weeks (generated by Shi et al®)
were downloaded from the Gene Expression Omnibus
(accession GSE135827) as a matrix of raw unique mo-
lecular identifier (UMI) counts. The associated meta-
data were obtained from Supplementary table 2 from
Shi et al.¥® RNA sequence alignment and quality con-
trol procedures, including doublet removal and cell/gene
thresholding, are described by Shi et al.* Cells that were
labeled by the authors*® as deriving from tissue outside of
the GE (“excitatory neurons,” “excitatory intermediate
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progenitor cells,” or “thalamic neurons”) were excluded,
leaving 30 484 cells for our analysis.

ScRNA-seq Data Processing

Preliminary scRNAseq data processing was carried out in
Seurat, version 4.3.0,3 as described previously,” with di-
mensionality reduction and batch correction conducted
across samples using FastMNN.* Cells were clustered
according to gene expression profile using shared nearest
neighbor modularity optimization-based clustering*
and visualized in 2 dimensions via Uniform Manifold
Approximation Projection (UMAP). Following Shi and
colleagues,®® we considered GE cell types at 2 levels of
granularity. Cells were initially categorized in broad
(“level 17) terms into either developing neurons of the
MGE (MGE-N), developing neurons of the LGE (LGE-
N), developing neurons of the CGE (CGE-N), progen-
itor cells, intermediate progenitor cells (IPC) or microglia
based on the expression of known cell markers. We then
further refined the progenitor cells, IPCs, and MGE,
LGE, and CGE neurons by sub-clustering each cell type,
yielding a total of 36 “level 2” sub-populations.

Testing Enrichment of Schizophrenia Common Variant
Liability in Genes With High Expression Specificity for
Individual Cell Populations of the GE

We removed uninformative (low and/or sporadically ex-
pressed) genes*® and, due to its linkage disequilibrium
structure, genes in the major histocompatibility complex
(MHC) region (hg38; chr6:28 510 120-33 480 577). A
cell specificity score was then calculated for each gene in
each cell type (Supplementary tables S1 and S2) by di-
viding the expression of the gene in that cell type by its
summed expression across all cell types®* (a procedure
performed separately for level 1 and level 2 cell types).
Following others®*3? and our previous analysis in fetal
brain,” we used MAGMA (Multi-marker Analysis of
GenoMic Annotation)’” and SLDSR (Stratified Linkage
Disequilibrium Score Regression)®! to test for enrich-
ment of schizophrenia common variant liability within
genes in the top specificity decile for each cell popula-
tion. Schizophrenia common variant association statis-
tics were taken from the latest GWAS meta-analysis of
the Psychiatric Genomics Consortium,? based on data
from >70 000 people with schizophrenia and >240 000
controls. We used a similarly powered GWAS for human
height (~700 000 individuals),®® as a comparison non-
brain phenotype, GWAS of attention deficit hyperactivity
disorder (ADHD; >38 000 cases and >186 000 controls)*
and autism (>18 000 cases and >27 000 controls)® as
comparison ‘“neurodevelopmental” phenotypes, and
GWAS of major depressive disorder (>135000 cases
and >344 000 controls)* and bipolar disorder (>41 000
cases and >371 000 controls)*? as comparison psychiatric
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phenotypes with evidence for an early developmental
genetic component.'** The boundaries of each gene’s
transcribed region were extended by 35 kb upstream and
10 kb downstream for MAGMA and 100 kb upstream
and 100 kb downstream for SLDSR, according to current
recommendations.?-¥” We additionally down-sampled the
number of cells assigned to each population or used a
fixed number of genes (the top 1000 most specific) for
each cell type to assess the robustness of our findings.
For SLDSR, significance was determined by calculating a
Z-score based on whether schizophrenia single nucleotide
polymorphism (SNP) heritability was enriched within
each cell-specific gene set after controlling for 53 base-
line genomic annotations, including genic, enhancer, and
conserved regions (baseline model version 1.2).* We pri-
marily report cell-specific enrichments where one-tailed
P values exceed the Bonferroni threshold (P < 8.3 X 1073
forlevel 1 tests and P < 1.4 x 1072 for level 2 tests) in both
MAGMA and SLDSR.

Trajectory Inference Analysis

We inferred the developmental trajectories of level 1 cell
populations of the GE using Monocle 3.* The Seurat ob-
ject was converted into a cell_data_set object using the
SeuratWrappers function as.cell_data_set, and the level
1 cluster labels and UMAP co-ordinates were retained.
A principal trajectory graph was constructed and level 1
cells were ordered using the order_cells function. A single,
multi-branched, trajectory graph progressing from pro-
genitor cells, through IPCs, with branches terminating in
each of the post-mitotic neuronal populations (MGE-N,
LGE-N, and CGE-N) was established. Genes that were
differentially expressed across these trajectories were
then identified by running the graph_test function with
neighbor_graph="“principal_graph.” To identify candi-
date schizophrenia susceptibility genes that are differen-
tially expressed across these developmental trajectories,
we intersected genes with a Moran’s /-test false discovery
rate (FDR) < 0.05 with the 120 genes at schizophrenia
GWAS risk loci prioritized by Trubetskoy et al.?®

Single Nuclei Open Chromatin Profiling of the GE

Single nuclei ATAC-Seq (snATAC-Seq) was performed
on whole GE from 3 human fetuses (two of 16 and one
of 17 gestational weeks). Tissue was acquired from the
MRC-Wellcome Trust Human Developmental Biology
Resource (HDBR) (http://www.hdbr.org/) as a fresh whole
brain in Hibernate-E media (Thermo Fisher Scientific).
Samples were obtained through elective terminations of
pregnancy, with consent from female donors, and were
of normal karyotype. Ethical approval for the collection
and distribution of fetal material for scientific research
was granted to the HDBR by the London—Fulham
Research Ethics Committee and North East—Newcastle
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and North Tyneside 1 Research Ethics Committee. The
whole GE was dissected from each sample under a light
microscope and dounce homogenized on ice. Large debris
and unlysed cells were pelleted by centrifugation at 100
RCF for 5 mins at 4°C and the supernatant was strained
through a 10 pm filter (Cambridge Bioscience). Nuclei
were then pelleted by centrifugation of the strained su-
pernatant at 350 RCF for 5 mins. Pellets were resus-
pended in buffer containing 10 mM Tris-HCI (pH 7.4),
10 mM NaCl, 3mM MgCl,, 0.1% Tween-20, and 1%
BSA and incubated on ice for 5 mins. Nuclei were then
again pelleted, resuspended in 1X Nuclei Buffer (10X
Genomics), examined under a light microscope to ensure
integrity, and counted using an Invitrogen Countess 11
automated cell counter. snATAC-Seq libraries were pre-
pared from an estimated 8000 nuclei from each sample
using Chromium Next GEM Single Cell ATAC (v1.1) re-
agents (10X Genomics), following manufacturer instruc-
tions. Quality control of libraries was performed using
the Agilent 5200 Fragment Analyzer before sequencing
on an Illumina NovaSeq 6000 to a depth of at least 617
million read pairs per library.

snATAC-seq Data Processing

Raw sequencing data were converted into FastQ files
using bcl2fastq (Illumina, version 2.18). snATAC-Seq
reads were aligned to the human reference genome (hg38)
and fragment files were generated for each sample using
cellranger-count-atac (10X genomics, version 2.1.0). All
subsequent quality control and data processing steps,
including removal of doublets, inferred gene activity, di-
mensionality reduction, clustering, and chromatin peak
calling were performed using ArchR (version 1.0.1).4 We
used canonical correlation analysis in Seurat (v4.3.0)*
to assign cell type identities to snATAC-Seq clusters
through integration with the GE level 1 snRNA-seq clus-
ters described above, retaining ATAC-Seq data from nu-
clei that were predicted to derive from progenitor cells or
developing neurons of the CGE, LGE, or MGE. ATAC-
Seq data from retained nuclei were then re-clustered
using ArchR and high confidence (FDR < 0.05) OCRs
determined in each of the four major cell types using
MACS2.¥ For a detailed description of snATAC-Seq
data processing, see Supplementary Methods.

Testing Enrichment of Schizophrenia SNP Heritability
in OCRs Mapped in Individual Cell Populations of the
GE

We used SLDSR* to test the enrichment of schizophrenia
SNP heritability in OCRs mapped within progenitor cells
and developing neurons of the CGE, LGE, and MGE.
SNPs associated with ADHD,* autism,* major depres-
sive disorder,¥ bipolar disorder,” and the non-brain
trait of human height*® were again used as comparison

Page 3 of 14

20z aunr /1 uo 1senb Aq 628269./€809€4S/INGUOS/EE0 "0 1/10p/9[oIlE-80UBAPE/UNS|INGEILSIYdOZIYOS/WOo" dNo"oILapEdE//:SAY WOl papeojumod


http://www.hdbr.org/
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbae083#supplementary-data

D. Cameron et al

UMAP_2

-10 1

Micrgglia

-10 -5 0 5 10
UMAP_1

CALB2
SCGN
PCDH9
ANKS1B
FOXP1
ZNF503
SERTAD4
ISL1
LHX6
NXPH1
GAD2
HES1
OLIG2
PAX6
GSX2
PTPRZ1
DLLA
DLL3
CCND2
SPI1
CD68

TR T EFRRFFEEEE

e S S

I A (N I N
|

Expression Level
B e S e T - T e e o e e T SN e L .

bbb R PR

Fig. 1. Initial analyses of single-cell RNA sequencing data from the ganglionic eminences.* Cells were clustered according to gene
expression profile using Seurat 4.3.0* and visualized in two-dimensional space using UMAP. Cells that were labeled by Shi et al,** as
deriving from tissue outside of the GE were excluded prior to clustering. (A) Broad “Level 1” cell types: developing neurons from the
MGE (MGE-N), developing neurons from the CGE (CGE-N), developing neurons from the LGE (LGE-N), intermediate progenitor
cells (IPC), progenitor cells and microglia. (B) Violin plots showing cell marker gene expression across level 1 cell types.

phenotypes. The hg38 genomic coordinates of OCRs
identified in each cell population were converted to hgl9
using  LiftOver (https://genome.sph.umich.edu/wiki/
LiftOver) and enrichment of SNP heritability within
OCRs for each cell type was assessed against that of
53 (v1.2) baseline genomic annotations* and the union
of OCRs identified in all cell populations of the GE in
this study. OCRs overlapping the MHC region (hgl9;
chr6:28 477 797-33 448 354) were removed prior to these
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analyses. The resulting Z scores were used to calculate
one-tailed enrichment P values for each cell population.

Mapping Fine-mapped Schizophrenia-associated SN Ps
to Cell-specific OCRs Within the GE

Sets of credible causal variants derived by fine-mapping
schizophrenia loci (95% credible sets), were obtained
from Supplementary table 11 of Trubetskoy et al.?
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These SNPs were converted into hg38 coordinates and
mapped to OCRs identified in each broad GE cell popu-
lation. For fine-mapped SNPs in OCRs located in distal
intergenic regions (ie, not in exons, introns, or promoters,
the latter defined as within 1000 bp upstream and 100 bp
downstream of the transcription start site), we deter-
mined potential gene targets of the SNP by calculating
co-accessibility between the intergenic OCR and OCRs
located at gene promoters within 100 kb of that OCR
using ArchR .4

Results

Enrichment of Schizophrenia Common Variant
Liability in Genes With High Expression Specificity for
Developing Neuronal Populations of the GE

scRNA-Seq data from the study of Shi and colleagues?
were clustered according to global gene expression pro-
file and cell clusters annotated based on expression of ca-
nonical markers and other differentially expressed genes
(figure 1). Clusters annotated as belonging to the same
broad level 1 cell type were aggregated to form 3 clusters
of developing post-mitotic neurons, deriving from either
the CGE (CGE-N; markers: CALB2, SCGN, PCDH?Y,
ANKSIB), LGE (LGE-N; markers: FOXPI, ZNF503,
SERTADA4, ISLI1), or MGE (MGE-N; markers: LHX6,
NXPHI), and 3 additional clusters corresponding to
IPCs (markers: DLLI, DLL3, and CCND?2), progenitor
cells (markers: HESI, OLIG2, PAX6, GSX2, PTPRZ]I),
and microglia (markers: SPII, CD68). Pseudotime ana-
lyses (Supplementary figure S1) indicated the expected
developmental trajectory from progenitor cells through
IPCs to post-mitotic neurons and suggested that the bulk
of neurons of the MGE emerge before that of the CGE
and LGE.

We tested the enrichment of schizophrenia common
variant risk? in genes in the top decile of expression
specificity for each broad “level 17 cell type. Genes with
high expression specificity for developing neurons of the
CGE, LGE, and MGE were enriched for schizophrenia
liability at a significance level exceeding the Bonferroni
threshold of P <8.3 X 107 in both the MAGMA and
SLDSR tests (figure 2). We observed no enrichment of
schizophrenia liability in genes with high expression spec-
ificity for progenitor cells, IPCs, or microglia, consistent
with our previous study performed on an independent
set of human fetal brain samples.” This pattern of neu-
ronal enrichment was maintained when down-sampling
the number of cells for each population to match that of
the smallest cell population (Supplementary figure S2A),
or when an equal number of genes were tested for each
cell population (Supplementary figure S2B). Of the 120
genes prioritized as schizophrenia susceptibility genes by
Trubetskoy et al,?® 90 were differentially expressed across
developmental trajectories in the GE (FDR < 0.05); we
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Fig. 2. Mean of the MAGMA and SLDSR -log,, P values for
enrichment of schizophrenia common variant liability in genes in
the top expression specificity decile of 6 broad level 1 cell types of
the ganglionic eminences. The dotted vertical line indicates nominal
(P < .05) significance and the dashed vertical line indicates the
Bonferroni-corrected P-value threshold for 6 tested cell populations
(P <.0083). CGE-N, developing neurons from the CGE; IPC,
intermediate progenitor cells; LGE-N, developing neurons from the
LGE; MGE-N, developing neurons from the MGE.

show as examples BCLI1B, which was upregulated in
neurons from all 3 regions of the GE compared to their
precursors (with strongest expression in the LGE) and
NXPH]I, which was upregulated in MGE neurons alone
(Supplementary figure S3).

We compared the pattern of cellular enrich-
ment observed for schizophrenia with that for two
neurodevelopmental phenotypes (ADHD and autism),
two psychiatric disorders (major depressive disorder and
bipolar disorder), and the non-brain phenotype of height
(Supplementary figure S4). Common variant liability to
ADHD was not significantly enriched in genes with high
expression specificity for any broad GE cell population.
Common variants associated with autism were enriched
in genes in the top decile of specificity for developing
neurons of the LGE (in the SLDSR analysis). Common
variants associated with bipolar disorder and major de-
pressive disorder were, like those associated with schiz-
ophrenia, enriched across broad classes of developing
neurons from all 3 regions of the GE in at least one test.
As expected, height-associated variation was not enriched
in genes marking any post-mitotic neuronal population.
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Fig. 3. Mean of the MAGMA and SLDSR -log,, P values for enrichment of schizophrenia common variant liability in genes in the top
expression specificity decile of 36 “level 2” cellular subpopulations of the ganglionic eminences. The dotted vertical line indicates the
nominal (P < .05) significance level and the dashed vertical line indicates the Bonferroni-corrected P-value threshold for 36 tested cell
populations (P < .0014). CGE-N, developing neurons from the CGE; LGE-N, developing neurons from the LGE; IPC, intermediate
progenitor cells; MGE-N, developing neurons from the MGE.

To refine the cell populations of the GE relevant to
schizophrenia, we separately sub-clustered developing
neurons of the MGE, LGE, and CGE (as well as IPCs
and progenitor cells) to obtain 36 “level 2” cell popula-
tions (Supplementary figures S5-S9). These comprised
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of cells).

8 developing neuron populations from the LGE, 6 from
the MGE, 4 from the CGE, 6 subpopulations of IPCs,
11 subpopulations of progenitor cells and microglia (the
latter not sub-clustered due to the low starting number
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As before, we tested genes in the top decile of expres-
sion specificity for each of the 36 cell subpopulations
for enrichment of schizophrenia common variant lia-
bility (figure 3). Seven level 2 cell types showed signifi-
cant enrichment exceeding the Bonferroni threshold of
P < 1.4 x 1073 in both statistical tests. Three of these were
predicted to be LGE-derived developing GABAergic
MSN populations destined for the striatum: one pre-
dicted to become dopamine DI receptor-expressing
MSNs (LGE-N-1, prominently expressing ZNF503 and
ISLI; Supplementary figure S5B) and two precursors
of dopamine D2 receptor-expressing MSNs (LGE-
N-2, marker: CXCLI2; LGE-N-4, marker: PENK;
Supplementary figure S5B). Within the MGE, enrich-
ment of schizophrenia common variant associations was
observed in genes with high expression specificity for so-
matostatin (SST)-positive GABAergic interneuron popu-
lation (MGE-N-3, markers: SS7T, MAF; Supplementary
figure S6B) and a population predicted to develop into
cholinergic neurons (MGE-N-2, markers: LHXS, ZICI,
CNTNAP2; Supplementary figure S6B). Within the CGE,
genes with high expression specificity for two calretinin
(CALB2)-positive  sub-populations of  developing
GABAergic neurons were also enriched for schizophrenia
genetic liability (CGE-N-1, marker: NRIP3, and CGE-N-
2, markers: BEX2, ARL6IPS5, VSTM?2A; Supplementary
figure S7B). Significant enrichment of schizophrenia ge-
netic liability (exceeding the Bonferroni threshold in both
MAGMA and SLDSR) was maintained in all 7 impli-
cated cell populations when an equal number of genes
was analyzed for each population (Supplementary figure
S10B), and, with the exception of CGE-N-1, when the
number of cells from those subpopulations were down-
sampled (Supplementary figure S10A). Schizophrenia
associations were not enriched in genes with high expres-
sion specificity for any IPC or progenitor cell type.

Forcomparison, we assessed the enrichment of common
genetic variation associated with ADHD, autism, bipolar
disorder, major depressive disorder, and height in genes
in the top decile of expression specificity for each of the
36 GE cell subpopulations (Supplementary figure S11).
Consistent with our level 1 findings, ADHD common
variant genetic liability was not significantly enriched
in genes marking any subpopulation of cells in the GE.
Common variants associated with autism were enriched
(at the Bonferroni-corrected threshold in both tests) only
in genes with high expression specificity for LGE-N-4, one
of the 2 precursors of dopamine D2 receptor-expressing
MSNs that were enriched for schizophrenia genetic as-
sociations. Common variant liability for bipolar disorder
was enriched in genes with high specificity for 4 neuronal
subtypes that were also associated with schizophrenia
(CGE-N-2, a CALB2 + GABAergic neuron; LGE-N-4,
a dopamine D2 receptor-expressing MSN; MGE-N-2, a
predicted cholinergic neuron precursor; MGE-N-3, an
SST-positive GABAergic interneuron), consistent with
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the strong genetic correlation between the two disorders.*
Common variant liability for major depressive disorder—
like that for schizophrenia and bipolar disorder—was en-
riched in genes with high expression specificity for the
SST-positive GABAergic interneuron MGE-N-3. In ad-
dition, associations with major depressive disorder were
prominently enriched in genes with high expression spec-
ificity for the predicted GABAergic interneuron MGE-
N-5 (markers: CRABPI and ANGPT2; Supplementary
figure S6B) and, in contrast to schizophrenia and the
other tested phenotypes, the precursor of a distinct dopa-
mine D1 receptor-expressing MSN (LGE-N-5; markers:
ERBB4 and TSHZI; Supplementary figure S5B).
Common variants associated with human height were not
enriched in genes with high expression specificity for any
GE subpopulation at the Bonferroni-corrected threshold.

Enrichments of Schizophrenia Common Variant
Liability in GE Neuron Populations are Independent of
Each Other and of Those Observed in Other Neuronal
Populations of the Fetal and Adult Brain

Given that all cell populations that are enriched for schiz-
ophrenia genetic associations are developing neurons,
we tested for signal independence between the 7 impli-
cated sub-populations through conditional analyses.
After separately conditioning the genes in the top ex-
pression specificity decile for each implicated cell type on
genes in the top decile of each of the 6 other cell types,
all 7 developing neuron populations remained signifi-
cantly (P <.05) enriched for genetic association with
schizophrenia in both the MAGMA and SLDSR tests
(Supplementary figure S12). To determine whether en-
richments were also independent of those observed in
(1) developing glutamatergic neurons of the fetal brain’
and (2) both glutamatergic and GABAergic neurons of
the adult brain,? we similarly performed MAGMA and
SLDSR on implicated GE neuron populations, condi-
tioning on genes in the top specificity decile for each of
these other cell types (Supplementary figure S13). Again,
genes with high expression specificity for each implicated
GE neuron population remained significantly (P < .05)
enriched for association with schizophrenia when genes
shared with these other associated cell populations were
accounted for. Thus, all 7 level 2 neuron populations of
the GE show independent evidence for association with
schizophrenia, and, moreover, these associations are
at least partly independent of those observed in fetal
glutamatergic neurons’ and mature adult neurons using
the same methods and GWAS dataset.

Single Nuclei Open Chromatin Profiling of the Human
GE

The GWAS variants that are most strongly associ-
ated with schizophrenia predominantly reside in non-
coding regions of the genome® and are therefore likely
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to increase risk for the disorder through effects on gene
regulation. Active regulatory genomic regions are associ-
ated with accessible, or “open,” chromatin, which exposes
the DNA to transcription factors and other modulators
of gene expression. To map OCRs within cell popula-
tions of the GE (and thus determine the schizophrenia-
associated SNPs that may be operating within them), we
performed snATAC-Seq on whole GE dissected from 3
karyotypically normal fetuses from the second trimester
of gestation. After strict quality control, we retained
snATAC-Seq data from 7306 nuclei (Supplementary
figure S14); these were further refined to 3163 nuclei that
we were able to confidently label as deriving from de-
veloping neuron or progenitor cells of the GE based on
integration with the level 1 scRNA-Seq data of Shi and
colleagues® (figure 4A). Following re-clustering, we con-
firmed the identity of aggregated nuclei based on elevated
gene scores for regional markers (figure 4B).

We identified between 77 465 and 111 210 high confi-
dence (FDR < 0.05) OCRs within each level 1 cell popu-
lation of the GE (figure 4C; Supplementary tables S3-S6).
Identified OCRs were concentrated in known promoters
(defined as between 1000 bp upstream and 100 bp down-
stream of a TSS) and introns, with approximately a third
in distal intergenic regions (figure 4C). OCRs were highly
enriched for transcription factor binding motifs appro-
priate for their region and cell type (Supplementary figure
S15). Although developing neurons of the CGE, LGE,
and MGE share a large proportion of their OCRs, we
identified between 13 097 and 37 538 OCRs unique to each
region (figure 4D). Less than 35% of the OCRs identified
in developing neurons of the MGE, CGE, and LGE had
been previously identified using ATAC-Seq in bulk tissue
dissected from these regions of the human fetal brain®
(figure 4E), highlighting the value of single nuclei ATAC-
Seq in capturing additional, cell-specific OCRs.

Enrichment of Schizophrenia SNP Heritability in
OCRs Identified in Developing Neurons of the GE

To complement our snRNA-Seq-based enrichment ana-
lyses, we used SLDSR to test for enrichment of schizo-
phrenia SNP heritability in the OCRs mapping to each
level 1 GE cell population. Consistent with our analyses
based on cell-specific gene expression (and a role for al-
tered fetal gene regulation in mediating genetic risk for
schizophrenia®#%), SNP heritability for schizophrenia
was highly enriched in OCRs mapped within developing
neuron populations of the CGE, LGE, and MGE, but
not in OCRs mapped in progenitor cells, when OCRs in
the other cell types were accounted for (figure 5). Of note,
enrichment of schizophrenia SNP heritability in OCRs
mapped in developing GE neurons remained highly sig-
nificant when restricted to those that had not been pre-
viously identified in bulk tissue from each region of the
GE®* (Supplementary figure S16).

Page 8 of 14

Consistent with our analyses based on cell-specific gene
expression, SNP heritability for autism was significantly
enriched in OCRs mapped in developing neurons of the
LGE, and SNP heritability for major depressive disorder
enriched in OCRs identified in developing neurons of
both the LGE and MGE (Supplementary figure S17).
SNP heritability for bipolar disorder showed pronounced
enrichment in OCRs mapped in developing neurons of
the LGE. Unlike our analyses based on scRNA-Seq,
SNP heritability for ADHD was also enriched in OCRs
identified in developing neurons of the LGE and MGE,
potentially reflecting greater power afforded by focusing
on predicted functional genomic elements. In contrast,
SNP heritability for human height was not enriched in
OCRs mapped in any developing neuron population but
was significantly enriched in OCRs identified in progen-
itor cells.

Ziffra and colleagues® used snATAC-Seq to map
OCRs within cell populations of the fetal cerebral cortex,
reporting enrichment of schizophrenia SNP heritability
in OCRs overlapping enhancer marks in excitatory
neuron populations (as well as cortical interneurons pre-
dicted to derive from the CGE). We assessed the extent
to which enrichments of schizophrenia SNP heritability
in OCRs mapped within developing neuron populations
of the GE are independent of those in OCRs mapped
in developing glutamatergic neurons by including the
latter in the SLDSR analyses (Supplementary figure
S18). Schizophrenia SNP heritability remained signifi-
cantly enriched (above the Bonferroni-corrected P-value
threshold) in OCRs mapped in each of the neuronal
GE populations when OCRs mapped in developing
glutamatergic neurons of the fetal cerebral cortex were
accounted for. These findings provide further evidence
for a distinct contribution of early GE-derived neuronal
development in susceptibility to schizophrenia.

Localization of Fine-mapped Schizophrenia-associated
SNPs in OCRs Mapped Within Cell Populations of the
GE

A limitation of GWAS is that the causal genetic vari-
ants underlying associations are usually unclear. This is
in part due to linkage disequilibrium (which often results
in multiple variants at a locus displaying similar levels
of association) but also reflects limited functional char-
acterization of the non-coding genome. Trubetskoy and
colleagues® used Bayesian fine-mapping® to determine
the posterior probabilities of individual SNPs at genome-
wide significant risk loci for schizophrenia being causal
and to determine credible sets of potentially causal SNPs
at each locus. We further refined the 20 766 SNPs that
collectively capture 95% of the posterior probability of
being causal at each of the 255 fine-mapped genome-
wide significant loci for schizophrenia® according to
whether they are located within OCRs mapped within
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Fig. 4. Single nuclei ATAC-Seq of the human ganglionic eminences. (A) snATAC-Seq clusters after integration with scRNA-Seq data
from the study of Shi et al.* Nuclei were clustered according to open chromatin profile using ArchR* and visualized in 2D space using
Uniform Manifold Approximation and Projection (UMAP). CGE-N, developing neurons from the CGE; LGE-N, developing neurons
from the LGE; MGE-N, developing neurons from the MGE. (B) Clustered nuclei were classed as deriving from major cell types based on
gene scores (inferred gene expression based on chromatin accessibility at the gene locus) for known marker genes. (C) Number of open
chromatin regions identified in each cell population according to genomic annotation (promoter sequence is arbitrarily defined as within
1000 bp upstream and 100 bp downstream of a transcription start site). (D) Overlap of OCRs identified in developing neurons of the
CGE, LGE, and MGE. (E) Overlap between OCRs identified in developing neurons of the MGE, LGE, and CGE and those identified
through ATAC-Seq of bulk tissue from those regions by Markenscoff-Papadimitriou et al.*’

cell populations of the GE. We list all fine-mapped SNPs
located within GE cell OCRs in Supplementary table S7.
These include non-coding SNPs located within 24 genes
that were prioritized as schizophrenia candidates by
Trubetskoy et al,* such as the intronic SNP rs2944819 in
CALNI (located within an OCR mapped in CGE-N and

LGE-N) and the intronic SNP rs11972718 in NXPHI
(located within an OCR mapped only in MGE-N). For
fine-mapped schizophrenia-associated SNPs in distal
intergenic OCRs, we sought to identify genes that they
putatively regulate through co-accessibility with pro-
moter OCRs using ArchR.* Accessibility at 7 distal
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Fig. 5. —Log,, P values for enrichment of schizophrenia SNP
heritability in open chromatin regions mapped within individual
cell populations of the ganglionic eminences. Analyses were
performed using SLDSR*; enrichment P values were derived
from Z scores accounting for 53 (v1.2) baseline genomic
annotations* and OCRs identified in all other cell populations
of the GE. The dotted vertical line indicates nominal (P < .05)
significance and the dashed vertical line indicates the Bonferroni-
corrected P-value threshold for 4 tested cell populations

(P < .0125). CGE-N, developing neurons of the CGE; LGE-N,
developing neurons of the LGE; MGE-N, developing neurons of
the MGE.

intergenic OCRs containing fine-mapped SNPs correl-
ated significantly with promoter OCR accessibility for
genes in the region across cell types (Supplementary
table S8). These include a distal OCR (containing SNP
rs62183854) that is co-accessible with promoter OCRs
for DLXI (correlation = 0.64; FDR = 1.28 X 107¥) and
DLX2 (correlation = 0.56; FDR =3.76 X 107*), tran-
scription factors with important roles in GABAergic
neuron development.>

Discussion

A rational approach for identifying cell populations that
are etiologically relevant to a trait of interest is to inte-
grate genomic data for that trait with cell-specific func-
tional annotations.**3>% In this study, we combined data
from the largest GWAS of schizophrenia? with high-
resolution scRNA-Seq data from the human GE* to im-
plicate defined populations of developing GABAergic
and cholinergic neurons in common variant liability to
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schizophrenia. We complement this work by performing
snATAC-Seq on fetal brain tissue to map potential regu-
latory genomic regions in individual cell populations of
the human GE. Consistent with our scRNA-Seq-based
analyses, we find that SNP heritability for schizophrenia
is strongly enriched in predicted regulatory genomic re-
gions operating in developing GE neurons, and we fur-
ther use these data to functionally prioritize non-coding
SNPs associated with the disorder.

As well as supporting the hypothesis that schiz-
ophrenia has an early neurodevelopmental compo-
nent,"? our findings provide evidence for a primary
GABAergic disturbance in the disorder.'” 2" One
of the developing GABAergic cell types we implicate
in schizophrenia genetic liability is SST-positive inter-
neurons of the MGE. Multiple post-mortem studies
have reported decreased expression of SST in the ce-
rebral cortex of people with schizophrenia,'”!®57 with
SST reductions also observed in the hippocampus® and
amygdala.” Our findings suggest that this could partly
reflect a developmental vulnerability in these neurons.
Enrichment of schizophrenia genetic liability was also
observed in genes with high expression specificity for
calretinin (CALB2)-positive subpopulations of devel-
oping GABAergic neurons from the CGE. Although
neuronal calretinin expression is reported to be un-
changed in the prefrontal cortex in schizophrenia,!6:¢0-62
the density of calretinin-immunopositive neurons has
been found to be reduced in the caudate nucleus in the
disorder.®* We also found enrichment of schizophrenia
common variant liability in genes with high expression
specificity for 3 populations of developing GABAergic
MSN populations destined for the striatum. MSNs con-
stitute the majority of striatal neurons®® and can be
broadly subdivided into those expressing the dopamine
D1 or D2 receptors. We implicate in schizophrenia sus-
ceptibility one subpopulation that is predicted (based
on known cell-type markers*) to become D1 receptor-
expressing MSNs and two subpopulations that are pre-
dicted to develop into D2 receptor-expressing MSNss.
Schizophrenia common variant liability has also been
found to be enriched within genes with high expression
specificity for striatal MSNs from the adult mouse?®30-32
and in genes marking several D1 receptor- and D2
receptor-expressing MSN populations of the adult
human ventral striatum (nucleus accumbens).® Given
that the dopamine D2 receptor is a primary target of an-
tipsychotic medication,* D2 receptor-expressing MSNs
are plausibly initial mediators of the therapeutic re-
sponse to these drugs.®” Our data, along with those from
MSNs of the adult striatum,?630326 suggest that this
may compensate for an abnormality in these neurons
in schizophrenia. In addition, we provide evidence that
abnormalities extend to certain D1-receptor-expressing
MSNs, consistent with recent data suggesting these to
be important mediators of antipsychotic drug efficacy.®®
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Our finding that a population of developing LHX8-
positive neurons of the MGE is also enriched for ge-
netic association with schizophrenia suggests a role for
cholinergic neuron development in later susceptibility
to the condition. The MGE gives rise to cholinergic
interneurons of the striatum as well as basal forebrain
cholinergic projection neurons, the former modulating
GABAergic neuron activity within the striatum, while
the latter project to the cerebral cortex, hippocampus,
and amygdala."* Dysfunction of either of these cell types
could plausibly contribute to schizophrenia symptoma-
tology®™; indeed, activators of muscarinic acetylcholine
receptors are currently in clinical development as novel
treatments for the disorder.”

As well as providing independent evidence for the role
of GE-derived neuron development in genetic predispo-
sition to schizophrenia, our snATAC-Seq data enabled us
to define potential regulatory regions of the genome op-
erating within individual cell populations of the GE with
which to functionally prioritize schizophrenia-associated
SNPs. Such information could be used in the design of
functional assays to determine the direct effects of these
variants on gene expression and cellular function.”>™
In addition, regulatory genomic annotations have been
shown to significantly improve the trans-ancestry port-
ability of polygenic risk scores” and will be important
in interpreting the findings of whole genome sequencing
studies of human disorders. We provide the genomic
coordinates of identified cell-specific OCRs of the GE
(Supplementary tables S3-S6) towards such efforts.

Our finding that schizophrenia’s common variant
genetic liability is enriched in neurons rather than pro-
genitor cells is consistent with other studies using single-
cell/nuclei sequencing data from the developing human
brain®!®! and the view that schizophrenia is primarily
a neuronal disorder.”® We’ and others'™' have found
a particularly strong enrichment of schizophrenia
common variant genetic risk in developing glutamatergic
neurons of the prenatal brain, although those and the
present findings indicate an independent contribu-
tion of GABAergic neuron development. Comparison
with other neurodevelopmental and psychiatric traits
suggests shared genetic liability operating in specific
subpopulations of GE neurons, such as the developing
dopamine D2 receptor-expressing MSN, LGE-N-4 (en-
riched for common variant associations with autism
and bipolar disorder as well as schizophrenia), and the
SST-positive GABAergic interneuron, MGE-N-3 (en-
riched for common variant liability to bipolar disorder,
major depressive disorder, and schizophrenia). However,
apparent differences between schizophrenia and these
other traits were also observed, such as the relatively pro-
nounced enrichment of schizophrenia genetic liability in
genes with high specificity for the dopamine D1 receptor-
expressing MSN, LGE-N-1, and in OCRs mapped within
developing neurons of the CGE.

Ganglionic Eminence and Schizophrenia Genetic Risk

A limitation of our study is that we were not able
to test the enrichment of schizophrenia genetic risk in
parvalbumin-positive GABAergic interneurons, which have
been strongly implicated in schizophrenia through post-
mortem studies,'® '® as parvalbumin is not expressed in these
neurons until after birth.””” Further insight into the cel-
lular etiology of schizophrenia will be provided by single-
cell datasets from the human brain that incorporate a wider
range of developmental stages and brain regions, as well as
spatial information.® Although we identified thousands of
novel OCRs within cells of the GE, assay of a larger number
of nuclei from more individuals could have enabled us to de-
fine OCRs operating in subpopulations of GE neuron and
progenitor cell beyond the broad “level 17 cell types defined
here. It is also now possible to assay RNA expression and
chromatin accessibility with the same cells,'*®! allowing a
better understanding of the relationship between epigenomic
regulation and gene expression. Finally, it should be noted
that schizophrenia susceptibility is also conferred by envi-
ronmental factors® that have not been assessed in this study,
but, like genetic risk variation, may influence gene expres-
sion in the developing brain. Future studies applying single-
cell RNA sequencing to complex human neural cell cultures
in which early environmental risk factors for schizophrenia
have been modeled (eg,*?) could indicate the extent of con-
vergence with genetic risk factors at the cell type, as well as
transcriptional, level.

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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S1-S6. The raw snATAC-Seq data generated in this
study have been submitted to the European Genome-
Phenome Archive (https://ega-archive.org/) and can be
accessed through: EGAC00001002831. Code for all ana-
lyses are in the following repositories: snRNAseq: https://
github.com/Dazcam/cameron_schizophr_bull_2023_

snRNAseq,

snATACseq: https://github.com/Dazcam/

cameron_schizophr_bull_2023_snATACseq.

References

1.

10.

11.

12.

Weinberger DR. Implications of normal brain development
for the pathogenesis of schizophrenia. Arch Gen Psychiatry.
1987;44:660-669.

. MurrayRM, Lewis SW.Isschizophreniaaneurodevelopmental

disorder? Br Med J (Clin Res Ed). 1987;295:681-682.

. Davies C, Segre G, Estradé A, et al. Prenatal and perinatal

risk and protective factors for psychosis: a systematic review
and meta-analysis. Lancet Psychiatry. 2020;7:399-410.

. Hill MJ, Bray NJ. Evidence that schizophrenia risk variation

in the ZNF804A gene exerts its effects during fetal brain de-
velopment. Am J Psychiatry. 2012;169:1301-1308.

. O’Brien HE, Hannon E, Hill MJ, et al. Expression quantitative

trait loci in the developing human brain and their enrichment
in neuropsychiatric disorders. Genome Biol. 2018;19:194.

. Walker RL, Ramaswami G, Hartl C, et al. Genetic control of

expression and splicing in developing human brain informs
disease mechanisms. Cell. 2019;179:750-771.e22.

. Brennand KJ, Simone A, Jou J, et al. Modelling schizo-

phrenia using human induced pluripotent stem cells. Nature.
2011;473:221-225.

. Sanders B, D’Andrea D, Collins MO, et al. Transcriptional

programs regulating neuronal differentiation are disrupted in
DLG?2 knockout human embryonic stem cells and enriched
for schizophrenia and related disorders risk variants. Nat
Commun. 2022;13:27.

. Cameron D, Mi D, Vinh NN, et al. Single-nuclei RNA

sequencing of 5 regions of the human prenatal brain im-
plicates developing neuron populations in genetic risk for
schizophrenia. Biol Psychiatry. 2023;93:157-166.

Zhu K, Bendl J, Rahman S, et al. Multi-omic profiling of the
developing human cerebral cortex at the single-cell level. Sci
Adv. 2023;9:eadg3754.

Olsson M, Campbell K, Wictorin K, Bjorklund A. Projection
neurons in fetal striatal transplants are predominantly de-
rived from the lateral ganglionic eminence. Neuroscience.
1995;69:1169-1182.

Lim L, Mi D, Llorca A, Marin O. Development and func-
tional diversification of cortical interneurons. Neuron.
2018;100:294-313.

. Nery S, Fishell G, Corbin JG. The caudal ganglionic emi-

nence is a source of distinct cortical and subcortical cell
populations. Nat Neurosci. 2002;5:1279-1287.

. Allaway KC, Machold R. Developmental specification of

forebrain cholinergic neurons. Dev Biol. 2017:421:1-7.

. Akbarian S, Kim JJ, Potkin SG, et al. Gene expression for glu-

tamic acid decarboxylase is reduced without loss of neurons
in prefrontal cortex of schizophrenics. Arch Gen Psychiatry.
1995;52:258-266.

. Hashimoto T, Volk DW, Eggan SM, et al. Gene ex-

pression deficits in a subclass of GABA neurons in the

Page 12 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

prefrontal cortex of subjects with schizophrenia. J Neurosci.
2003;23:6315-6326.

Fung SJ, Webster MJ, Sivagnanasundaram S, Duncan
C, Elashoff M, Weickert CS. Expression of interneuron
markers in the dorsolateral prefrontal cortex of the
developing human and in schizophrenia. Am J Psychiatry.
2010;167:1479-1488.

Dienel SJ, Fish KN, Lewis DA. The nature of prefrontal cor-
tical GABA neuron alterations in schizophrenia: Markedly
lower somatostatin and parvalbumin gene expression without
missing neurons. Am J Psychiatry. 2023;180:495-507.

Keverne EB. GABA-ergic neurons and the neurobiology
of schizophrenia and other psychoses. Brain Res Bull.
1999;48:467-473.

Marin O. Interneuron dysfunction in psychiatric disorders.
Nat Rev Neurosci. 2012;13:107-120.

Volk DW, Lewis DA. Prenatal ontogeny as a susceptibility
period for cortical GABA neuron disturbances in schizo-
phrenia. Neuroscience. 2013;248:154-164.

Berman JA, Talmage DA, Role LW. Cholinergic circuits and
signaling in the pathophysiology of schizophrenia. Int Rev
Neurobiol. 2007;78:193-223.

Sarter M, Nelson CL, Bruno JP. Cortical cholinergic trans-
mission and cortical information processing in schizophrenia.
Schizophr Bull. 2005;31:117-138.

Caton M, Ochoa ELM, Barrantes FJ. The role of nicotinic
cholinergic neurotransmission in delusional thinking. Npj
Schizophr. 2020,6:16.

Sullivan PF, Kendler KS, Neale MC. Schizophrenia as a
complex trait: evidence from a meta-analysis of twin studies.
Arch Gen Psychiatry. 2003;60:1187-1192.

Trubetskoy V, Pardinas AF, Qi T, et al; Indonesia
Schizophrenia Consortium. Mapping genomic loci impli-
cates genes and synaptic biology in schizophrenia. Nature.
2022;604:502-508.

Frei O, Holland D, Smeland OB, et al. Bivariate causal mix-
ture model quantifies polygenic overlap between complex
traits beyond genetic correlation. Nat Commun. 2019;10:2417.

Marshall CR, Howrigan DP, Merico D, et al; Psychosis
Endophenotypes International Consortium. Contribution of
copy number variants to schizophrenia from a genome-wide
study of 41,321 subjects. Nat Genet. 2017;49:27-35.

Singh T, Poterba T, Curtis D, et al. Rare coding variants in
ten genes confer substantial risk for schizophrenia. Nature.
2022;604:509-516.

Skene NG, Bryois J, Bakken TE, et al, Major Depressive
Disorder Working Group of the Psychiatric Genomics
Consortium. Genetic identification of brain cell types
underlying schizophrenia. Nat Genet. 2018;50:825-833.
Finucane HK, Reshef YA, Anttila V, et al; Brainstorm
Consortium. Heritability enrichment of specifically expressed
genes identifies disease-relevant tissues and cell types. Nat
Genet. 2018;50:621-629.

Bryois J, Skene NG, Hansen TF, et al; Eating Disorders
Working Group of the Psychiatric Genomics Consortium.
Genetic identification of cell types underlying brain complex
traits yields insights into the etiology of Parkinson’s disease.
Nat Genet. 2020;52:482-493.

Shi Y, Wang M, Mi D, et al. Mouse and human share con-
served transcriptional programs for interneuron develop-
ment. Science. 2021;374:eabj6641.

Hao Y, Hao S, Andersen-Nissen E, et al. Integrated analysis
of multimodal single-cell data. Cell. 2021;184:3573-3587.€29.

20z aunr /1 uo 1senb Aq 628269./€809€4S/INGUOS/EE0 "0 1/10p/9[oIlE-80UBAPE/UNS|INGEILSIYdOZIYOS/WOo" dNo"oILapEdE//:SAY WOl papeojumod


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbae083#supplementary-data
https://ega-archive.org/
https://github.com/Dazcam/cameron_schizophr_bull_2023_snRNAseq
https://github.com/Dazcam/cameron_schizophr_bull_2023_snRNAseq
https://github.com/Dazcam/cameron_schizophr_bull_2023_snRNAseq
https://github.com/Dazcam/cameron_schizophr_bull_2023_snATACseq
https://github.com/Dazcam/cameron_schizophr_bull_2023_snATACseq

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

Haghverdi L, Lun ATL, Morgan MD, Marioni JC. Batch effects
in single-cell RNA-sequencing data are corrected by matching
mutual nearest neighbors. Nat Biotechnol. 2018;36:421-427.

Skene NG, Grant SG. Identification of vulnerable cell types
in major brain disorders using single cell transcriptomes and
expression weighted cell type enrichment. Front Neurosci.
2016;10:16.

de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA:
generalized gene-set analysis of GWAS data. PLoS Comput
Biol. 2015;11:¢1004219.

Yengo L, Sidorenko J, Kemper KE, etal; GIANT Consortium.
Meta-analysis of genome-wide association studies for height
and body mass index in ~700000 individuals of European an-
cestry. Hum Mol Genet. 2018;27:3641-3649.

Demontis D, Walters GB, Athanasiadis G, et al; ADHD
Working Group of the Psychiatric Genomics Consortium.
Genome-wide analyses of ADHD identify 27 risk loci, refine
the genetic architecture and implicate several cognitive do-
mains. Nat Genet. 2023;55:198-208.

Grove J, Ripke S, Als TD, et al; Autism Spectrum Disorder
Working Group of the Psychiatric Genomics Consortium.
Identification of common genetic risk variants for autism
spectrum disorder. Nat Genet. 2019;51:431-444.

Wray NR, Ripke S, Mattheisen M, et al; eQTLGen. Genome-
wide association analyses identify 44 risk variants and refine
the genetic architecture of major depression. Nat Genet.
2018;50:668—681.

Mullins N, Forstner AJ, O’Connell KS, et al; HUNT All-In
Psychiatry. Genome-wide association study of more than
40,000 bipolar disorder cases provides new insights into the
underlying biology. Nat Genet. 2021;53:817-829.

Kouakou MR, Cameron D, Hannon E, et al. Sites of active
gene regulation in the prenatal frontal cortex and their role in
neuropsychiatric disorders. Am J Med Genet B Neuropsychiatr
Genet. 2021;186:376-388.

Finucane HK, Bulik-Sullivan B, Gusev A, et al; ReproGen
Consortium. Partitioning heritability by functional annota-
tion using genome-wide association summary statistics. Nat
Genet. 2015;47:1228-1235.

Cao J, Spielmann M, Qiu X, et al. The single-cell transcrip-
tional landscape of mammalian organogenesis. Nature.
2019;566:496-502.

Granja JM, Corces MR, Pierce SE, et al. ArchR is a scalable
software package for integrative single-cell chromatin acces-
sibility analysis. Nat Genet. 2021;53:403-411.

Zhang Y, Liu T, Meyer CA, et al; MACS2. Model-based ana-
lysis of ChIP-Seq (MACS). Genome Biol. 2008;9:R137.
Brainstorm C, Anttila V, Bulik-Sullivan B, et al. Analysis of
shared heritability in common disorders of the brain. Science.
2018;360:caap8757.

Markenscoff-Papadimitriou E, Whalen S, Przytycki P, et al.
A chromatin accessibility atlas of the developing human tel-
encephalon. Cell. 2020;182:754-769.¢18.

Wen C, Margolis M, Dai R, et al; PsychENCODE Consortium.
Cross-ancestry atlas of gene, isoform, and splicing regulation
in the developing human brain. Science. 2024;384:eadh0829.
Ziffra RS, Kim CN, Ross JM, et al. Single-cell epigenomics
reveals mechanisms of human cortical development. Nature.
2021;598:205-213.

Benner C, Spencer CC, Havulinna AS, Salomaa V, Ripatti
S, Pirinen M. FINEMAP: efficient variable selection using
summary data from genome-wide association studies.
Bioinformatics. 2016;32:1493-1501.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ganglionic Eminence and Schizophrenia Genetic Risk

Pla R, Stanco A, Howard MA, et al. DIx1 and DIx2 pro-
mote interneuron GABA synthesis, synaptogenesis, and
dendritogenesis. Cereb Cortex. 2018;28:3797-3815.

Lake BB, Chen S, Sos BC, et al. Integrative single-cell ana-
lysis of transcriptional and epigenetic states in the human
adult brain. Nat Biotechnol. 2018;36:70-80.

Benes FM, Berretta S. GABAergic interneurons: implica-
tions for understanding schizophrenia and bipolar disorder.
Neuropsychopharmacology. 2001;25:1-27.

Nakazawa K, Zsiros V, Jiang Z, et al. GABAergic interneuron
origin of schizophrenia pathophysiology. Neuropharmacology.
2012;62:1574-1583.

Hashimoto T, Arion D, Unger T, et al. Alterations in GABA-
related transcriptome in the dorsolateral prefrontal cortex of
subjects with schizophrenia. Mol Psychiatry. 2008;13:147-161.
Konradi C, Yang CK, Zimmerman EI, et al. Hippocampal
interneurons are abnormal in schizophrenia. Schizophr Res.
2011;131:165-173.

Pantazopoulos H, Wiseman JT, Markota M, Ehrenfeld L,
Berretta S. Decreased numbers of somatostatin-expressing
neurons in the amygdala of subjects with bipolar disorder
or schizophrenia: relationship to circadian rhythms. Biol
Psychiatry. 2017;81:536-547.

Reynolds GP, Beasley CL. GABAergic neuronal subtypes
in the human frontal cortex—development and deficits in
schizophrenia. J Chem Neuroanat. 2001;22:95-100.

Beasley CL, Zhang ZJ, Patten I, Reynolds GP. Selective
deficits in prefrontal cortical GABAergic neurons in schizo-
phrenia defined by the presence of calcium-binding proteins.
Biol Psychiatry. 2002;52:708-715.

Volk DW, Matsubara T, Li S, et al. Deficits in transcriptional
regulators of cortical parvalbumin neurons in schizophrenia.
Am J Psychiatry. 2012;169:1082-1091.

Adorjan I, Sun B, Feher V, et al. Evidence for decreased
density of calretinin-immunopositive neurons in the caudate
nucleus in patients with schizophrenia. Front Neuroanat.
2020;14:581685.

Tepper JM, Abercrombie ED, Bolam JP. Basal ganglia
macrocircuits. Prog Brain Res. 2007;160:3-7.

Tran MN, Maynard KR, Spangler A, et al. Single-nucleus
transcriptome analysis reveals cell-type-specific molecular
signatures across reward circuitry in the human brain.
Neuron. 2021;109:3088-3103.e5.

Seeman P. Targeting the dopamine D2 receptor in schizo-
phrenia. Expert Opin Ther Targets. 2006;10(4):515-531.
Sebel LE, Graves SM, Chan CS, Surmeier DJ. Haloperidol
selectively remodels striatal indirect pathway circuits.
Neuropsychopharmacology. 2017;42:963-973.

Yun S, Yang B, Anair JD, et al. Antipsychotic drug effi-
cacy correlates with the modulation of DI rather than D2
receptor-expressing striatal projection neurons. Nat Neurosci.
2023;26:1417-1428.

Holt DJ, Herman MM, Hyde TM, et al. Evidence for a deficit
in cholinergic interneurons in the striatum in schizophrenia.
Neuroscience. 1999;94:21-31.

Avram M, Grothe MJ, Meinhold L, et al. Lower cholinergic
basal forebrain volumes link with cognitive difficulties in
schizophrenia. Neuropsychopharmacology. 2021;46:2320-2329.
Yohn SE, Weiden PJ, Felder CC, Stahl SM. Muscarinic
acetylcholine receptors for psychotic disorders: bench-side to
clinic. Trends Pharmacol Sci. 2022:43:1098-1112.

Mulvey B, Dougherty JD. Transcriptional-regulatory con-
vergence across functional MDD risk variants identified

Page 13 of 14

20z aunr /1 uo 1senb Aq 628269./€809€4S/INGUOS/EE0 "0 1/10p/9[oIlE-80UBAPE/UNS|INGEILSIYdOZIYOS/WOo" dNo"oILapEdE//:SAY WOl papeojumod



D. Cameron et al

73.

74.

75.

76.

71.

by massively parallel reporter assays. Transl Psychiatry.
2021;11:403.

Schrode N, Ho SM, Yamamuro K, et al. Synergistic ef-
fects of common schizophrenia risk variants. Nat Genet.
2019;51:1475-1485.

Rummel CK, Gagliardi M, Ahmad R, et al. Massively parallel
functional dissection of schizophrenia-associated noncoding
genetic variants. Cell. 2023;186:5165-5182.e33.

Amariuta T, Ishigaki K, Sugishita H, et al. Improving the
trans-ancestry portability of polygenic risk scores by priori-
tizing variants in predicted cell-type-specific regulatory elem-
ents. Nat Genet. 2020;52:1346-1354.

Hall J, Bray NJ. Schizophrenia genomics: convergence on
synaptic development, adult synaptic plasticity, or both? Biol
Psychiatry. 2022;91:709-717.

Mukhopadhyay A, McGuire T, Peng CY, Kessler JA. Differential
effects of BMP signaling on parvalbumin and somatostatin
interneuron differentiation. Development. 2009;136:2633-2642.

Page 14 of 14

79.

80.

81.

82.

. Grateron L, Cebada-Sanchez S, Marcos P, et al. Postnatal

development of calcium-binding proteins immunoreactivity
(parvalbumin, calbindin, calretinin) in the human entorhinal
cortex. J Chem Neuroanat. 2003;26:311-316.

Abraham H, Kojima H, Gotzer K, Molnar A, Tornoczky
T, Seress L. Development of parvalbumin-immunoreactive
neurons in the postnatal human hippocampal formation.
Front Neuroanat. 2023;17:1058370.

Williams CG, Lee HJ, Asatsuma T, Vento-Tormo R, Haque
A. An introduction to spatial transcriptomics for biomedical
research. Genome Med. 2022;14:68.

Chen S, Lake BB, Zhang K. High-throughput sequencing
of the transcriptome and chromatin accessibility in the same
cell. Nat Biotechnol. 2019;37:1452-1457.

Warre-Cornish K, Perfect L, Nagy R, et al. Interferon-y
signaling in human iPSC-derived neurons recapitu-
lates neurodevelopmental disorder phenotypes. Sci Adv.
2020;6:eaay9506.

20z aunr /1 uo 1senb Aq 628269./€809€4S/INGUOS/EE0 "0 1/10p/9[oIlE-80UBAPE/UNS|INGEILSIYdOZIYOS/WOo" dNo"oILapEdE//:SAY WOl papeojumod



	Genetic Implication of Prenatal GABAergic and Cholinergic Neuron Development in Susceptibility to Schizophrenia
	Introduction
	Methods
	Single Cell RNA-Seq Data
	scRNA-seq Data Processing
	Testing Enrichment of Schizophrenia Common Variant Liability in Genes With High Expression Specificity for Individual Cell Populations of the GE
	Trajectory Inference Analysis
	Single Nuclei Open Chromatin Profiling of the GE
	snATAC-seq Data Processing
	Testing Enrichment of Schizophrenia SNP Heritability in OCRs Mapped in Individual Cell Populations of the GE
	Mapping Fine-mapped Schizophrenia-associated SNPs to Cell-specific OCRs Within the GE

	Results
	Enrichment of Schizophrenia Common Variant Liability in Genes With High Expression Specificity for Developing Neuronal Populations of the GE
	Enrichments of Schizophrenia Common Variant Liability in GE Neuron Populations are Independent of Each Other and of Those Observed in Other Neuronal Populations of the Fetal and Adult Brain
	Single Nuclei Open Chromatin Profiling of the Human GE
	Enrichment of Schizophrenia SNP Heritability in OCRs Identified in Developing Neurons of the GE
	Localization of Fine-mapped Schizophrenia-associated SNPs in OCRs Mapped Within Cell Populations of the GE

	Discussion
	Supplementary Material
	Acknowledgments
	References


