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A B S T R A C T   

Neuronal development is a highly regulated mechanism that is central to organismal function in animals. In 
humans, disruptions to this process can lead to a range of neurodevelopmental phenotypes, including Schizo
phrenia (SCZ). SCZ has a significant genetic component, whereby an individual with an SCZ affected family 
member is eight times more likely to develop the disease than someone with no family history of SCZ. By 
examining a combination of genomic, transcriptomic and epigenomic datasets, large-scale ‘omics’ studies aim to 
delineate the relationship between genetic variation and abnormal cellular activity in the SCZ brain. Herein, we 
provide a brief overview of some of the key omics methods currently being used in SCZ research, including RNA- 
seq, the assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) and high- 
throughput chromosome conformation capture (3C) approaches (e.g., Hi-C), as well as single-cell/nuclei itera
tions of these methods. We also discuss how these techniques are being employed to further our understanding of 
the genetic basis of SCZ, and to identify associated molecular pathways, biomarkers, and candidate drug targets.   

1. Introduction 

Schizophrenia (SCZ) is a severely debilitating mental illness that 
affects 1 % of the population worldwide (Wright et al., 2000). However, 
despite being first described by Stengel (1960), more than six decades 
ago, as “a severe disturbance of the ego” caused by “a number of con
ditions”, SCZ has remained a relatively poorly characterized chronic 
mental health disorder. Lacking a suitable molecular diagnostic test, or 
reliable biomarker, an SCZ diagnosis can still only be made based on a 
qualified analysis of psychiatric symptoms (American Psychiatric As
sociation, 2013). 

Structural neuroimaging and functional analyses have framed SCZ as 
a disorder of abnormal neuronal activity leading to impaired commu
nication between cells and brain regions (Ragland et al., 2007). Indeed, 
neuroimaging of individuals with SCZ has revealed structural deficits in 

the prefrontal, superior temporal, and medial temporal brain regions, 
including reduced grey matter volume and disrupted white matter 
integrity (Karlsgodt et al., 2010; Wright et al., 2000). Functional mag
netic resonance imaging (fMRI) analysis has shown abnormalities in 
working memory and cognitive control in the learning circuits of the 
frontotemporal region, as well as impaired activity of cortical midline 
brain regions during self-processing (Gur and Gur, 2010; Javitt, 2009). 

However, despite decades of research, the true etiology of SCZ re
mains poorly characterized. As such, the development of 
pathophysiology-based diagnostic tools and functional therapeutic 
treatments have remained stubbornly elusive. 

Current treatment regimens include the prescription of antipsychotic 
drugs; in particular dopamine D2 receptor antagonists that block 
dopamine release in the midbrain to successfully treat positive SCZ 
symptoms (Howes and Kapur, 2009). However, this treatment approach 
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is largely ineffective for negative or cognitive symptoms of SCZ (Fig. 1). 
If left untreated, these symptoms can lead to premature death from 
health complications, suicide, violent criminal activity, or substance-use 
disorder (Charlson et al., 2018; Tripathi et al., 2018). Indeed, it is pro
posed that individuals with SCZ are up to six times more likely to 
commit a violent crime than healthy individuals (Fazel et al., 2009; 
Fleischman et al., 2014). As such, the emotional and financial burden of 
SCZ on the individual, their family, and society, is considerable. 
Although the scientific community has strived for decades to elucidate 
the molecular basis of SCZ, the cellular and molecular pathogenesis of 
the disease remains largely unknown due to the genetic diversity of the 
disease and challenges associated with studying an organ as inaccessible 
and complex as the human brain. 

2. Research objectives and scope 

Herein, we review the current state of the art in relation to the ge
netic basis of SCZ. Contributing factors including genetics, epigenetics, 
and specific epigenetic regulators (e.g., histone epigenetic modification, 
DNA methylation, post-transcriptional regulation of non-coding RNA 
(nc-RNA)) are discussed. Furthermore, advanced techniques used to 
measure genetic and epigenetic changes are reviewed, including RNA- 
seq, ATAC-seq, Hi-C, and multi-omic assays, both at a bulk and single- 
cell level. 

Key observations include recognition of the polygenic nature of the 
disorder, the impact of common and rare variants, and the role of non- 
coding variation in epigenetic regulation are discussed. Additionally, the 
transformative power of single-cell analysis in SCZ research is described; 
highlighting core mechanisms affected, including glutamatergic 
signaling, synaptic plasticity, and brain development. 

The aim of this review is thus to outline approaches to map the 
intricate molecular landscape of SCZ; paving the way for future diag
nostic and therapeutic developments. 

2.1. Genetics 

With the rise of the ‘omics’ era in the past two decades, the SCZ 

research field has witnessed a technological transformation. Genome 
wide association studies (GWAS) and whole exome sequencing studies 
have led to novel discoveries that have contributed significantly to our 
understanding of disease susceptibility and onset (Dobbyn et al., 2018; 
Singh et al., 2020, 2022). GWAS can be applied to large cohorts to 
identify genomic variants that are associated with increased risk for a 
disease or a particular trait (Sullivan et al., 2018). To date, perhaps one 
of the most impactful contributions to the field of SCZ research was the 
establishment of The Psychiatric Genomics Consortium (PGC) and 
Schizophrenia Exome Meta-Analysis Consortium (SCHEMA); two com
plementary landmark genetic studies of more than 320,400 people 
(Singh et al., 2020; Sullivan et al., 2018). Together, these milestone 
studies provided the necessary statistical power to confidently call risk 
variants, even if their respective effect sizes are small (Singh et al., 2022; 
Trubetskoy et al., 2022). These efforts led to the identification of rare 
single nucleotide variations (SNVs), and common single nucleotide 
polymorphisms (SNPs) that include expression quantitative trait loci 
(eQTLs; i.e. SNPs that affect levels of gene expression), chromatin- 
accessible quantitative trait loci (caQTLS; SNPs that regulate gene 
expression by modulating chromatin structure), Copy Number Variants 
(CNVs) and Protein Truncating Variants (PTVs). Some of these rare and 
common variants were found in both disease and healthy cohorts, sug
gesting that the presence of these SNPs does not necessarily lead to onset 
of disease (Trubetskoy et al., 2022). Complicating matters even further 
is the fact that the absence of these risk variants does not guarantee that 
an individual will not develop SCZ (reflective of the fact that environ
mental factors, such as trauma and malnutrition, likely play a role in 
some cases (Stilo and Murray, 2019). Genetic analysis has also revealed 
that rare and ultra-rare susceptibility variants in SCZ patients are linked 
to increased burden of SCZ when compared to more common SNPs (Korn 
et al., 2008; Singh et al., 2022). 

To date, 287 variants have been associated with increased risk of 
developing SCZ. As such, SCZ is considered a polygenic disorder, caused 
by the interaction of multiple SNPs affecting several different genes 
(International Schizophrenia Consortium et al., 2009; Trubetskoy et al., 
2022). These genetic markers, while shedding light on potential risk 
factors, lay the groundwork for exploring the intricate interplay between 

Fig. 1. Overview of Schizophrenia risk factors and symptoms. Genetic variation plays a significant role in SCZ. Common and rare single nucleotide poly
morphisms (SNPs) contribute to the heritability of SCZ. A combination of SNPs and environmental factors can lead to the onset of SCZ in a process that is theorized to 
affect the epigenomic regulation of neurodevelopmental processes, leading to positive, negative and/or cognitive symptoms. 
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genes and their regulatory mechanisms. Most of the SNPs associated 
with SCZ are commonly found in both individuals with the disorder and 
those without it, which means that their individual influence on the risk 
of developing SCZ is usually minor. The impact of the rare and ultra-rare 
risk variants can vary wildly; increasing the likelihood of developing 
SCZ from 1 % to as high as 60 % (Singh et al., 2020). However, these 
variants account for only 24 % of the heritability of SCZ – a disease that 
has an estimated heritability of 80 % (Hilker et al., 2018). As such, the 
“missing heritability” of SCZ remains the focus of intense investigation. 
The vast majority (>90 %) of the identified risk variants are non-coding, 
i.e., they have no direct impact on protein sequence or structure/func
tion (Roussos et al., 2014). As we delve deeper into understanding the 
genetic landscape of SCZ, it becomes evident the static genome alone 
cannot fully explain the complexity of the disorder. Instead, increasing 
evidence suggests that the genetic variation associated with SCZ disrupts 
the function of cis-Regulatory Elements (CREs), including promoters and 
enhancers (Roussos et al., 2014). This dynamic interplay between ge
netics and gene regulation shapes the landscape of SCZ susceptibility 
and development. CREs play critical roles in the spatiotemporal regu
lation of gene expression and are often cell-type specific in their function 
(Panigrahi and O’Malley, 2021). As such, mutations that lead to sub
optimal CRE function may only affect specific cell types or subtypes. 
Given the cellular heterogeneity of the human brain, to fully understand 
the complex molecular underpinnings of SCZ one must consider ap
proaches that focus on analysis at the cellular level (either at the reso
lution of specific cell types, e.g., neurons and/or glia, or using more 
agnostic approaches that interrogate individual cells, irrespective of 
their identity or function). This is particularly pertinent in cases where 
the affected cells are in a minority, information from which would be 
lost in bulk tissue assays. 

2.2. Single-cell versus bulk analysis in SCZ 

Bulk data analysis aims at drawing comparisons of genomic, tran
scriptomic, proteomic and metabolic cellular content across all cell types 
in the specimen being examined (Henry et al., 2010; The ENCODE 
Project Consortium, 2012). However, this type of analysis can mask 
critical cellular heterogeneity information of seemingly identical cells, 
or different cells, within a tissue (Colman-Lerner et al., 2005; das Neves 
et al., 2010). There are also some technical challenges, for example, 
isolation methods to enrich for specific cell types of interest, particularly 
so when studying frozen specimens, where cell surface markers are often 
lost upon thawing. Single-cell approaches provide a means to agnosti
cally capture data from a sample of all cells or nuclei in a given spec
imen. In support of this, single-cell analysis has revealed substantial 
genetic heterogeneity among different cell populations, urging re
searchers to focus instead on specific cell populations (Chambers et al., 
2019). While 10X Genomics developed one of the most widely used 
approaches for creating scRNA/snRNA-seq libraries using microfluidics 
(Ding et al., 2020), there is an increasing number of scRNA/snRNA-seq 
alternatives coming to the market, some of which are instrument-free 
approaches (e.g., Seq-Well (Aicher et al., 2019; Gierahn et al., 2017). 

However, despite its potential, single-cell analysis faces certain 
limitations. These include the cost associated with single-cell technol
ogies and reagents which can be a significant barrier (Angerer et al., 
2017), restricting accessibility. Furthermore, large single-cell analysis 
can be computationally challenging, given the substantial resources and 
time required to analyze data from millions of single cells (Andrews 
et al., 2021; Sarkar and Stephens, 2021). Notwithstanding these limi
tations, single-cell gene expression analysis is especially useful when 
studying brain disease, as the diversity of, for example, neuronal cell 
types in the brain is vast when compared to those in the spinal cord 
(Alkaslasi et al., 2021; Peng et al., 2021). Non-neuronal, i.e., glial cells, 
including oligodendrocytes, astrocytes and microglia compose 20 % to 
40 % of cell types in the brain and are molecularly and functionally 
diverse (Domingues et al., 2016; Zhang and Barres, 2010). The brain has 

86 billion neurons, divided into three broad classes (sensory neurons, 
motor neurons and interneurons) with each class containing many 
distinct subtypes (Hawrylycz et al., 2012; Song et al., 2021). The brain’s 
function is extremely complex and highly regulated, with hundreds of 
different neuronal cell types playing diverse functions, both across and 
within brain regions (Peng et al., 2021). Single-cell analysis allows 
identification of populations of cells that are transcriptionally distinct, 
affect important developmental neuronal pathways, and, ultimately, 
have different functions in healthy and disease states (Pollen et al., 
2014). Single-cell gene expression analysis has revealed substantial 
differences in expression of important SCZ genes when compared across 
cell types and brain regions (Dong et al., 2022; Hoffman et al., 2019). 
This powerful study confirmed previous findings whereby genes asso
ciated with SCZ are enriched in pyramidal neurons and medium spiny 
neurons (Skene et al., 2018). Another noteworthy study, encompassing 
140 individuals, identified dysregulated genes specific to 25 distinct 
brain cell types, predominantly within excitatory neuronal sub
populations and also within astrocytes (Ruzicka et al., 2022). Employing 
Hi-C-coupled-MAGMA (H-MAGMA), the researchers assigned non- 
coding SNPs to their target genes, unveiling an overlap of common 
and rare variants associated with SCZ risk in select cell types. Further
more, a convergence of rare and common variants was observed in other 
neuronal subpopulations. These findings underscore the potential of 
single-cell omics studies as a promising approach to gaining more in- 
depth pathophysiological insights into the effects of SCZ GWAS loci 
(Trubetskoy et al., 2022). 

Astrocytes, the predominant glial cell type in the brain, are impor
tant contributors to the etiology and pathogenesis of SCZ (Trindade 
et al., 2023). Functioning as key regulators of synaptic, neuronal, and 
network activities, astrocytes have a broad range of functions, encom
passing critical roles in neuroprotection, neurodevelopment, synaptic 
plasticity, and immune functions (Jäkel and Dimou, 2017). Astrocytes 
play pivotal roles in pathways disrupted in SCZ, including glutamatergic 
signaling and synaptic plasticity. Numerous studies underscore their 
involvement in the onset of cognitive and olfactory symptoms, linking 
astrocytic dysfunction to aberrant glutamate signaling, demyelination 
and synaptic function (Bernstein et al., 2015; Roussos et al., 2011; 
Trindade et al., 2023). Further exploration of the molecular underpin
ning of SCZ has revealed dysregulated NMDAR signaling in astrocytes as 
a significant correlate with pathophysiology (Cohen et al., 2015; 
Jääskeläinen et al., 2013). Single-cell analysis has in recent times pro
vided more insight into the various astrocyte populations and their 
functions within different brain regions, offering possible solutions for 
advancing diagnosis and treatment in SCZ (Batiuk et al., 2020). 

Furthermore, a proposed role for microglia – the resident immune 
cells of the brain - in SCZ was recently demonstrated by Gober and 
colleagues, who identified morphological, spatial, and density differ
ences between microglia from SCZ cases and a healthy cohort (Gober 
et al., 2022). Microglia represent approximately 10 % of the cells in the 
brain, so attempting to study their genetic/transcriptomic landscape in 
bulk tissue is challenging. Identifying molecular biomarkers in specific 
cell populations from individuals with SCZ might ultimately lead to the 
discovery of novel diagnostic blood biomarkers and treatment targets. In 
the context of complex brain diseases, the upsurge of single-cell methods 
suggests that the technology is finally catching up with the problem (Mu 
et al., 2019; Olah et al., 2020; Piwecka et al., 2023). 

2.3. Epigenetics 

Of the SCZ-associated genetic risk loci identified to date, >90 % of 
them reside in non-coding regions of the genome (Ripke et al., 2013). 
This large SCZ-associated variation in non-coding DNA and RNA has 
given rise to the hypothesis that neuroepigenetic mechanisms may 
explain the so-called missing heritability in SCZ (Akbarian, 2014). Epi
genomics, and epitranscriptomics, is focused on investigating changes in 
gene expression caused by chemical modifications in DNA and proteins 
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in the nucleosome (Dixon et al., 2012). DNA is packaged with histone 
proteins into chromosomes in the nuclei, in molecular complexes known 
as nucleosomes (Luger et al., 1997). Compacted DNA in this form is 
known as chromatin, and its 3D structure and interactions with other 
proteins in the nucleus play a vital role in regulating gene expression, in 
what are known as epigenetic processes. Epigenomic regulation can be 
achieved through different mechanisms such as non-coding RNA/RNA 
interference, chromatin structure alterations, histone modification or 
DNA methylation (Fig. 2). Each of these mechanisms varies in terms of 
its effect size and stability (Samantara et al., 2021). Effect size refers to 
the magnitude or extent of the impact that a particular mechanism has 
on epigenomic regulation, while stability pertains to the long-term 
persistence of the regulatory effects exerted by each mechanism (Fell
ing et al., 2012). Neuroepigenomic mechanisms contribute to the dy
namic plasticity of the brain, meaning that the epigenetic landscape 
changes throughout development and in response to environmental 
stimuli (Felling and Song, 2015). Synaptic plasticity is thought to be the 
basis of long-term learning and memory formation (Willard and Koo
chekpour, 2013). The core affected pathways in the pathogenesis of SCZ 
are glutamatergic signaling, synaptic plasticity and brain development. 
Disruptions to these processes may account for the morphological dif
ferences seen in neurons of diseased tissue and, ultimately, the disease 
pathology (Harrison and Weinberger, 2005). When nuclei correspond
ing to different populations of neurons (GABAergic and glutamatergic) 
and glia (oligodendrocytes and other glia; microglia and astrocytes) 
were subjected to chromatin structure profiling, via ATAC-seq, the 
resulting data indicates that accessible (i.e., potentially functional) re
gions of chromatin in glutamatergic neurons are enriched for SCZ 
associated risk variants (Hauberg et al., 2020), thereby providing 

additional evidence for the role of this class of neurons in SCZ. 

2.4. Non-coding RNA epigenetic regulation. 

The existing literature underscores significant alterations in non- 
coding RNA profiles among individuals with SCZ, thereby contributing 
to dysregulated gene expression in these individuals (Dave and Khalili, 
2010; Guo et al., 2022; Ni et al., 2021). Studies have consistently re
ported changes in various non-coding RNA species, including microRNA 
(miRNA), small nucleolar RNA (snoRNA), and long non-coding RNA 
(lncRNA), within the brains of SCZ-affected individuals (Bond et al., 
2009; S. Chen et al., 2016; Ragan et al., 2017a). 

Elevated miRNA levels in the brain, relative to other body parts, 
imply a crucial role within the central nervous system (CNS). These 
small RNA molecules modulate gene expression by binding to mRNA 
transcripts, exerting influence over their stability, translation, transport, 
and degradation functions (O’Brien et al., 2018). Within the brain, 
miRNA target genes have been associated with neurodevelopment, 
synaptic function, and neuroinflammation (Dave and Khalili, 2010; Im 
and Kenny, 2012; Kumar et al., 2022). Altered miRNAs are notably over- 
represented among the SCZ risk genes (Tian et al., 2018). Of the 120 
SCZ-associated genes from the PGC GWAS (Sullivan et al., 2018; Tru
betskoy et al., 2022b), eight were identified as targets of the dysregu
lated miRNAs (Ragan et al., 2017b). These genes, implicated in 
metabolic processes and neurodevelopment – particularly, calcium 
signaling – signify potential key players in SCZ pathology. While the 
precise mechanisms through which miRNAs contribute to SCZ remain 
under investigation, elucidating their role in the pathophysiology of SCZ 
holds promise for advancing our understanding of the disorder at the 

Fig. 2. Methods of Transcriptome and Epigenome analysis. Genomic DNA is modified by DNA methylation to control gene expression. DNA methylation is a type 
of epigenetic modification that can be profiled by bisulfite sequencing methods. Further epigenetic modifications are found on nucleosomal histone proteins that 
package DNA and can be captured by ChIP-seq methods. ATAC-seq identifies areas of open chromatin which are enriched in active enhancers and can be combined 
with chromosome conformation capture (3C) approaches to generate information about promoter/enhancer interactions within these regions. Finally, RNA-seq 
provides a means to measure the transcriptional output of these complex interactions. 
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molecular level and potentially opens new avenues for innovative 
therapeutic interventions. 

More recently, a potential role for snoRNA in SCZ has emerged, 
particularly in the anterior cingulate cortex (ACC) (Ragan et al., 2017c; 
Smalheiser et al., 2014a), a brain region implicated in regulating a range 
of cognitive functions, such as empathy and emotion, that has been 
associated with several psychiatric disorders, including schizophrenia 
and depression. SnoRNAs, a subtype of ncRNAs, are recognized for their 
ability to regulate gene expression through chemical modifications to 
other ncRNAs (Huang et al., 2022; Wu et al., 2016). SnoRNA molecules 
typically mediate expression by methylation or pseudouridylation of 
target transfer RNA (tRNA) and ribosomal RNA (rRNA), processes which 
are interrupted in disease (Reichow et al., 2007). 

RNA-seq analysis of small RNA species unveiled differential expres
sion of snoRNA transcripts in SCZ, revealing sex-based differences both 
between males and females, and between cases and controls (Ragan 
et al., 2017). This indicates a sex-specific dysregulation occurring in 
specific brain regions among SCZ patients. Furthermore, a distinct class 
of snoRNAs exhibited substantial alterations in the synaptosomes of 
individuals with SCZ, contributing valuable insights into the intricacies 
of synaptic dysfunction, and loss, observed in SCZ patients (Smalheiser 
et al., 2014). This nuanced exploration of the role of snoRNAs in SCZ 
extends our understanding of the molecular mechanisms underpinning 
the disorder. 

lncRNA influences chromatin structure and mRNA transcription 
within the nucleus (Wilusz et al., 2008). In the cytoplasm, their role 
extends to post-transcriptional modification of mRNA and post- 
translational modifications of proteins. Single-cell RNA-seq has un
veiled distinct expression patterns of lncRNAs in both healthy and 
diseased brains (Barry et al., 2014a; Elkouris et al., 2019; Naghavi- 
Gargari et al., 2019). As critical regulators of neuronal-cell lineage 
and oligodendrocyte maturation, lncRNAs emerge as pivotal players in 
the exploration of neuropsychiatric disorders (Mercer et al., 2010). 
Studies have revealed altered levels of lncRNAs in the blood and brain of 
individuals with early-onset SCZ, suggesting their potential as both 
biomarkers and therapeutic targets (Lai et al., 2011; Ren et al., 2015). A 
comprehensive analysis of the role of lncRNAs in SCZ pathogenesis 
identified 250 differentially expressed lncRNAs in the amygdala be
tween SCZ-affected individuals and controls (Liu et al., 2018). Notably, 
one such lncRNA maps to the neurogranin (NRGN) gene, an important 
coding region exhibiting significantly higher expression levels in SCZ 
patients. NRGN is integral to hippocampal and ACC function, through 
calcium signaling pathways, so its aberrant function in SCZ may 
contribute to the neurocognitive deficits associated with the disorder 
(Guo et al., 2022; Ni et al., 2021). Moreover, lncRNAs contribute to SCZ 
pathogenesis through their involvement in alternative splicing, wherein 
aberrant alternative splicing in specific SCZ risk loci (e.g., DISC1 and 
ErbB4) is linked to reduced neuronal function and impaired synapse 
development (Barry et al., 2014). This multifaceted role of lncRNAs in 
regulating diverse cellular processes underscores their significance in 
deciphering the intricate molecular underpinnings of SCZ. 

2.5. Epigenetic regulation by DNA methylation. 

mRNA alternative splicing is also regulated by DNA methylation 
(Shukla et al., 2011), another major component of epigenetic regulation. 
CREs, including promoter regions, have been found to be hyper
methylated in SCZ genes in the frontal lobe, specifically in the prefrontal 
cortex (PFC) (Roussos et al., 2014). The PFC contributes to social 
behavior and personality development (Bahia et al., 2013) An example 
of such variation is Reelin (RELN), an important extracellular matrix- 
associated glycoprotein that is most abundant in GABAergic neurons 
(D’Arcangelo et al., 1997), and which has been shown to have depleted 
protein and mRNA levels of up to 50 % in post-mortem tissue of SCZ 
patients (Impagnatiello et al., 1998; Yin et al., 2020). The RELN gene 
promoter is hypermethylated at CpG islands, leading to reduced RELN 

gene expression, and, ultimately, Reelin protein synthesis (Eastwood 
and Harrison, 2006; Impagnatiello et al., 1998). Given that Reelin pro
tein is an essential regulator of neuronal migration, positioning, and 
synaptic plasticity in complex brain development mechanisms, its dys
regulation in SCZ further indicates that SCZ is associated with disruption 
of critical neuronal development mechanisms. 

SOX10, also identified as a risk factor for SCZ, encodes an 
oligodendrocyte-specific transcription factor with critical implications 
in neurodevelopment and oligodendrocyte function (Sullivan et al., 
2018). Dysregulation of SOX10 activity is associated with changes in 
DNA methylation at CpG islands, and reduced SOX10 expression has 
been correlated with hypermethylation (Chen et al., 2021). Disruption 
of SOX10 function, as observed in several knockout experiments, results 
in the absence of glia in the peripheral nervous system and reduced 
myelin production (Lai et al., 2021; Mertelmeyer et al., 2020). In the 
context of SCZ, disruption of myelin and oligodendrocyte activity is 
believed to contribute to cognitive symptoms by affecting synapse 
development and function (Takahashi et al., 2011). The study and un
derstanding of risk genes, such as RELN and SOX10, provides valuable 
insights into the molecular mechanisms underlying complex disorders 
such as SCZ. 

2.6. Histone epigenetic regulation 

Methylation of Histone H3 Lysine 4 (H3K4) is associated with active 
gene expression, and its strict regulation plays a critical role in proper 
brain development (Pekowska et al., 2011). Indeed, it has been shown 
that hundreds of subject specific SCZ GWAS variants display differential 
H3K4 methylation. This has been observed using genome-wide histone 
methylation studies, involving the powerful chromatin immunoprecip
itation sequencing (ChIP-seq) approach, in conjunction with RNA-seq, 
and next-generation sequencing (NGS) methods (Fig. 2) (Kano et al., 
2013). 

Another comparison of H3K4-trimethylation landscapes in neuronal 
and glial cells from early to late childhood showed significant remod
eling of the H3K4 methylation profile in SCZ genes involved in oxidative 
stress, metabolism and synaptic signaling. Indeed, Shulha and col
leagues showed that aberrant expression of these genes over time can 
contribute to SCZ pathology (Shulha et al., 2013). Furthermore, dis
ruptions to the remodeling process during early childhood caused by 
genetic variation and environmental factors are linked to neuro
developmental diseases, including autism spectrum disorder (ASD) and 
intellectual disability (Smith et al., 2010). 

2.7. Glutamate hypothesis 

The N-methyl-D-aspartate (NMDA) receptor is a glutamate receptor 
that plays a vital role in synaptic plasticity and cortical maturation 
(Morris et al., 1986). NMDA receptors are key mediators of calcium 
signaling at excitatory synapses, and the receptor subunit composition 
changes during neuronal development, synaptic activity, and sensory 
experiences, giving rise to synaptic plasticity (Zhong et al., 2006). Cal
cium influx through NMDA receptors is critical for neurotransmission, 
and disruptions to this channel impact neuronal function. NMDA re
ceptor hyperfunction is implicated in several common neurodegenera
tive disorders, while NMDA receptor hypofunction is associated with 
disease progression and manifestation (Beck et al., 2020; Wang et al., 
2020). Several major findings have led to the consensus that NMDA 
receptor hypofunction at the postsynaptic membrane of glutamate 
synapses is causally associated with cellular phenotypes of SCZ (Mog
haddam and Javitt, 2012). Altered methylation in NMDA receptor 
subunit genes, GRIN2A and 2B, has been identified in SCZ (Gavin and 
Sharma, 2010; Myers et al., 2019). The GRIN gene family are important 
SCZ genes that have recently been shown (by eQTL association with 
GWAS enrichment data) to be differentially expressed in SCZ (Myers 
et al., 2019; Trubetskoy et al., 2022). Furthermore, PTVs discovered in 

C. Casey et al.                                                                                                                                                                                                                                   



Gene 902 (2024) 148198

6

the GRIN genes from the SCHEMA study, mentioned previously, provide 
genetic support that glutamate signaling at the synapse is important for 
the pathophysiology of SCZ (Singh et al., 2022); a finding that is 
consistent with previous pharmacological studies. Other SCZ risk loci 
that affect glutamatergic transmission via their impact on SRR, GRM3, 
and GRIA1 expression are located in non-coding regions of the genome, 
providing further evidence of a functional link between 3D organization 
of the genome and non-coding SNPs (Fullard et al., 2017; International 
Schizophrenia Consortium et al., 2009). 

NMDA receptor signaling via intracellular signal transduction path
ways, such as the AKT-GSK3β signaling pathway, is modulated by 
several high-risk SCZ genes, including DISC1 and NRG1 (Roussos et al., 
2012; Roussos and Haroutunian, 2014; Sekar et al., 2016). AKT 
signaling is a crucial signal transduction pathway that promotes cell 
survival and growth (Hu et al., 2015). Dysregulation of AKT signaling is 
directly related to some of the most common and incurable disorders in 
humans, including cancers, cardiovascular and neurological diseases, 
and supports a role for the NMDA receptor in the glutamate and synapse 
hypothesis of SCZ. 

The Mitogen-Activated Protin Kinase (MAPK) signaling pathway is 
also mediated by glutamate binding at NMDA receptors. Activation of 
the MAPK pathway ultimately leads to the activation of Extracellular 
Signal-Regulated Kinase (ERK), a signaling molecule that modulates 
gene expression in various cellular processes such as synaptic plasticity, 
neuronal survival, and differentiation (Boggio et al., 2007). Dysregu
lated MAPK/ERK signaling through altered NMDA receptors could ac
count for some of the phenotypic characteristics observed in SCZ. This 
abnormal activity was characterized in the ACC and the dorsolateral 
prefrontal cortex (DLPFC) by examining differential MAPK-associated 
protein profiles between SCZ cases and controls (Funk et al., 2012). 
Increased levels of Rack1, Fyn and Ckd5 in the DLPFC, and decreased 
expression of Rap2, JNK1 and JNK2 were observed in the ACC, further 
implicating this brain region in the etiology of SCZ. 

These findings suggest that SCZ might result from alterations of 
signaling mediated by multiple neurotransmitters, affecting several 
neuroepigenetic processes, rather than via a single mechanism. Other 
hypotheses exist to explain the mechanisms underlying SCZ, like the 
dopamine hypothesis (outlined below), genetic factors, environmental 
stress, and inflammation, but it is likely that these hypotheses are not 
mutually exclusive of each other and that a combination of some or all of 
them might contribute to the disease. 

2.8. Dopamine hypothesis 

The Dopamine Hypothesis suggests that an imbalance of dopamine 
contributes to psychotic symptoms in SCZ (Carlsson and Lindqvist, 
1963). It proposes that hyperactivity of dopamine transmission in 
certain brain regions contributes to positive SCZ symptoms. Post- 
mortem studies reveal dopamine imbalance in SCZ patients (Purves- 
Tyson et al., 2017), and dopamine receptor blocker drugs have been 
reported to assist in controlling positive symptoms (Ceraso et al., 2020). 
Included among the genes associated with increased risk of SCZ, is the 
gene encoding the dopamine D2 receptor (DRD2). SNPs found at the 
DRD2 locus may dysregulate dopaminergic neurotransmission by 
altering the receptor’s function (Edwards et al., 2016). Dopamine not 
only plays a role in dopaminergic pathways, but also has an indirect 
function in GABAergic neurons (Sano et al., 2013). Dopamine maintains 
essential homeostasis between the pathways to maintain normal 
neuronal function and deficits in SCZ can be explained in part by this 
hypothesis. 

2.9. Measuring expression 

2.9.1. RNA-seq. 
RNA-seq has revolutionized the landscape of SCZ research, contrib

uting significantly to our knowledge of the intricate interplay of genetic 

and epigenetic factors contributing to the disorder, as detailed in the 
previous sections. Gene expression analysis, i.e., measuring the level of 
gene transcription, has enabled us to understand the molecular impact 
of risk variants, including identification of the target gene of an affected 
CRE and identification of alternative splicing events (Merrick et al., 
2013; Worsley-Hunt et al., 2011). RNA-seq is performed on DNA 
sequencing platforms by reverse transcribing RNA molecules to double 
stranded complementary DNA (cDNA) molecules. 

While procuring access to fresh human brain specimens can be 
challenging (Griffin et al., 2022), several brain banks exist with exten
sive archives of clinically interesting brain specimens including the VA 
Biorepository Brain Bank, the UK Brain Bank, and Rush Alzheimer’s 
Disease Center. Generally, banks fix one hemisphere for immunohisto
chemistry experiments, while the other hemisphere is frozen for mo
lecular analysis (McFadden et al., 2019). Upon thawing, the cell 
membrane is lost and, with it, the RNA content of the cytoplasm. When 
working with frozen material, researchers are therefore restricted to 
working with nuclei. Single-nuclei RNA-seq (snRNA-seq) has been suc
cessfully performed in frozen tissue and involves gentle dissociation of 
the tissue to facilitate isolation of nuclei (Jiang et al., 2023). Isolated 
cells/nuclei are processed using downstream assays, e.g., ATAC-seq, or 
single-cell/nuclei partitioning approaches (e.g., using the 10x Genomics 
Chromium platform). 

2.9.2. ATAC-seq and Hi-C 
The development of high-throughput next generation sequencing 

(NGS) methods has enabled researchers to move towards characterizing 
the epigenetic landscape of diseases in order to provide a deeper un
derstanding of disease pathology (Costa et al., 2013; Zhang et al., 2014). 
Such assays include ATAC-seq, ChIP-seq and DNase I hypersensitive sites 
(Dnase1) sequencing (Fig. 2) (Buenrostro et al., 2013, 2015; Raha et al., 
2010; Song and Crawford, 2010). 

ATAC-seq is a sequencing method that identifies open chromatin 
regions (OCRs) and can be performed on bulk tissue, or at the level of 
individual cells (Buenrostro et al., 2015; Zhu et al., 2022). Functionally 
active CREs are located in OCRs and different cell-types have charac
teristic patterns of open chromatin, reflecting their functional diversity 
(Fullard et al., 2018; Hauberg et al., 2020). In addition, using a tech
nique called Transcription Factor (TF) Footprinting, ATAC-seq can also 
provide useful information regarding TF occupancy at enhancers 
(Bentsen et al., 2020; Fullard et al., 2017). The ATAC-seq method uses a 
genetically engineered bacterial enzyme Tn5, a highly active trans
posase that inserts primers to facilitate enrichment prior to high- 
throughput sequencing. Tn5 recognizes and binds to OCRs by target
ing nucleosome-free DNA and linker DNA between nucleosomes (Sato 
et al., 2019). Tn5 cleaves the target DNA and inserts short sequencing 
adaptors into the open chromatin sites, in a process known as tagmen
tation (Buenrostro et al., 2013). 

Analysis of transcriptionally active OCRs revealed enrichment of SCZ 
variants in the accessible chromatin regions of the prefrontal cortex from 
135 individuals with SCZ, compared to controls (Bryois et al., 2018). 
This dataset showed that SCZ variants play a role in regulating chro
matin accessibility in disease. Similarly, Hoffman and colleagues (2019) 
analyzed ATAC-seq data from cells of the DLPFC of 269 individuals and 
identified SCZ risk-alleles within OCRs. Substantial differences in 
chromatin structure were found between glutamatergic neurons, 
GABAergic neurons, and microglia; indicative of cell-type specific 
variation in chromatin accessibility. Glutamatergic neurons, in partic
ular, were enriched for SCZ variants; an observation that further sup
ports the hypothesis that glutamate neurotransmitter deficiency is a 
likely contributor to the disease pathology (Hu et al., 2015). These re
sults indicate that ATAC-seq is a useful tool (at both bulk and single-cell 
level) for obtaining chromatin accessibility of genome-wide significance 
across brain regions and cell types and for fine mapping causative risk 
variants. 

Further mapping of the epigenetic landscape can be achieved by 
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combining data from multiple, complementary, approaches (Psy
chENCODE Consortium et al., 2015). As part of an ongoing effort to 
characterize gene regulatory networks in the human brain, the Psy
chENCODE study has successfully integrated interactome (Hi-C), chro
matin accessibility (ATAC-seq) and transcriptomic datasets (RNA-seq) 
from diseased cohorts, to link active promoters and enhancers to SCZ 
genes and to generate a reference map of regulatory networks (Fig. 2). 
PsychENCODE identified 142 SCZ GWAS risk loci linked to disease genes 
governing fetal development and glutamatergic neuron signaling 
(Girdhar et al., 2022). 

Chromosome Conformation Capture (3C)-based methods, including 
Hi-C, can be used to infer direct interactions between genomic loci (e.g., 
enhancers and their target promoter) in 3-D space (Lu et al., 2020). 
Coupled with other approaches, including RNA-seq, ChIP-seq and 
ATAC-seq, these approaches provide a powerful means to interrogate 
the gene expression regulatory landscape at genome wide resolution 
(Fulco et al., 2019; Schoenfelder et al., 2015). Hi-C detects chromatin 
interactions at high resolution in the nucleus by cross-linking cells with 
formaldehyde, chromosome isolation, restriction enzyme digestion and 
re-ligation, and sequencing of the cross-linked DNA fragments (Mifsud 
et al., 2015). CREs do not necessarily regulate the function of the nearest 
gene along the linear genome and can be brought into functional contact 
with their gene target through looping of intervening genomic DNA 
(Oudelaar and Higgs, 2021). 

In SCZ, the epigenetic landscape changes dramatically over time in a 
brain-region and cell-type specific manner, as identified by scATAC-seq 
developmental analysis on cultured cerebral organoids (Ziffra et al., 
2021). This dynamic reorganization of the 3D structure of chromatin 
was further characterized by Hi-C, leading to the identification of many 
non-proximal SCZ SNPs that interact with important genes involved in 
brain development pathways (Won et al., 2016). A strong SCZ associa
tion in hypomethylated regions was identified in the DLPFC in the first 
five years of development (Jaffe et al., 2015). Formation of synaptic 
connections occurs in this early development stage, further supporting 
an SCZ association with abnormal synapse formation. Thus, chromatin 
interactome characterization is important in SCZ as it facilitates the 
direct observation of CRE/gene interactions, allowing for the identifi
cation of affected molecular pathways and potential druggable targets. 
While Hi-C is compatible with NGS platforms, and can be used to 
analyze the 3D genome at unprecedented resolution (Beagan et al., 
2016; Schoenfelder et al., 2015), it is both experimentally and compu
tationally challenging, limiting its current practicality in terms of scal
ability and robustness (Lu et al., 2020). 

2.9.3. Multi-omic ATAC and RNA-seq 
ATAC-seq is especially powerful when used in conjunction with 

RNA-seq for multi-omic studies (Hauberg et al., 2020). Simultaneous 
transcriptomic and epigenomic analyses enables mapping of cis-acting 
regulatory elements onto OCRs, to provide a complete picture of gene 
regulatory networks that are disrupted in disease in specific sub
populations (Wang et al., 2020; Zhang et al., 2022). Combining the 
ATAC and gene expression steps into a single assay increases the accu
racy of the results by eliminating variability that may occur from per
forming two separate assays in independent populations of cells/nuclei 
(Zhang et al., 2022). The single-cell ATAC and gene expression multi- 
omic assay is a novel technique released by 10X Genomics in 2020, 
and as such has yet to be extensively critiqued in the literature. How
ever, as shown by Ma et al. (2022), it represents a promising method for 
delineating neuronal cell type transcriptional and regulatory heteroge
neity; enabling the identification of new cell subtype specific CREs in the 
DLPFC. Moreover, Adams et al. (2022) performed paired snRNA-seq and 
snATAC-seq on 31 case-controlled individuals to study genetic contri
butions to Parkinson’s Disease (PD) and were able to identify a previ
ously undiscovered disease-associated oligodendrocyte subtype. Single- 
nuclei multi-omic analysis of aliquots of frozen human brain specimens 
across six developmental time points (including two fetal points and, 

postnatally, ranging from 0 to 39 years old) identified gene expression 
modules that regulate cell-fate choice in the developing human cortex 
(Zhu et al., 2022). The outcomes of these preliminary multi-omic studies 
demonstrate the utility of this approach in studying psychiatric disor
ders, and its potential application in the study of epigenetic regulation in 
different types of neuronal cells. 

2.10. Future directions 

While this review details our current understanding of the (epi)ge
netics of SCZ risk, much less is known about the contribution of the 
identified variants. Thus, the next grand challenge is the functional 
assessment of SCZ risk variants in model systems. 

A number of animal models of SCZ have been developed (Lee and 
Zhou, 2019; White and Siegel, 2016), with the potential to facilitate 
candidate drug testing. SCZ CNVs modelled in mice, for example, 
resulted in the presentation of some of the behavioral and electrophys
iological characteristics of SCZ (Forsingdal et al., 2019). Recapitulating 
the high level of SCZ-associated genetic variation in SCZ animal models, 
however, remains a major challenge and animal models have, as of yet, 
failed to fully reflect the true nature of the disease in humans (Białoń and 
Wąsik, 2022; White and Siegel, 2016). This is compounded by the fact 
that rodent models do not exhibit higher mental functions, making 
modelling mental illnesses, as a whole, a difficult prospect in model 
organisms (Nestler and Hyman, 2010). The inherent differences be
tween human and rodent brains additionally raises questions about the 
reliability and applicability of the results (Vesterinen et al., 2010). 

In an attempt to mitigate these issues, the use of model human cell 
lines has increased. Created from differentiation of patient-derived 
induced pluripotent stem cells (iPSCs) into neuronal cells, glia, and 
brain organoids, these cell lines could potentially help to elucidate the 
effects of non-coding SNPS on neurodevelopment; giving rise to new 
insights into the disease (Kampmann, 2020; Noh et al., 2017). However, 
reliable differentiation of iPSCs into neuronal progenitor cells remains 
technically challenging, and currently requires significant further 
development to achieve reliable disease modelling results (Fernando
pulle et al., 2018). 

Another approach involves the generation of brain organoids; 3D 
tissue models generated from iPSCs (Choi et al., 2022; Qian et al., 2018). 
Cerebral organoid disease models generated from iPSCs from SCZ- 
affected individuals have recapitulated important features of neuro
development, including disrupted neurogenesis and lower neuron 
numbers by proteomic analysis (Notaras et al., 2021). Despite their 
potential in modeling neurodevelopmental disorders, brain organoids 
also present some significant disadvantages. One of the main drawbacks 
is their limited complexity when compared to real brains. While they can 
simulate certain aspects of neural development and function, brain 
organoids lack the full diversity and structural intricacies of the human 
brain (Qian et al., 2017, 2018). This might restrict the accuracy and 
translatability of the findings obtained from these models, potentially 
hindering the development of effective therapeutic interventions for 
neurological conditions like SCZ. 

Additionally, ethical considerations permeate the use of brain orga
noids derived from human cells, demanding meticulous scrutiny, 
particularly in the context of human dignity. A pressing concern re
volves around the potential manifestation of consciousness and the 
prospect of suffering within these miniature cerebral models, blurring 
the lines between scientific exploration and ethical thresholds (Hyun 
et al., 2020). A further ethical issue arises from the origin of the cells 
required for generating organoids, involving human embryonic stem 
cells. There are legitimate concerns regarding the sanctity of life and the 
ethical treatment of biological materials (Boers and Bredenoord, 2018). 
The responsible and ethical use of such sources is imperative and can be 
achieved through correct biomaterials procurement and donor consent 
procedures (Salles et al., 2019). By addressing these concerns, the sci
entific community can further the frontier of knowledge while 
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upholding the intrinsic dignity of life. 
Advances in genome editing, and related techniques, have none

theless resulted in some recent significant breakthroughs in the func
tional assessment of SCZ risk variants (Avramopoulos, 2018; Michael 
Deans and Brennand, 2021). CRISPR-based methods, in particular, have 
been applied to experimental disease models by deleting or inserting 
SCZ risk variants, through CRISPR interference (CRISPRi) or CRISPR 
activation (CRISPRa), to better understand their contribution to the 
disease pathogenesis (Tian et al., 2019; Townsley et al., 2022). 
Furthermore, a relatively new genomics tool known as Expanded 
CRISPR-compatible Cellular Indexing of Transcriptomes and Epitopes by 
sequencing (ECCITE-seq), developed at the New York Genome Center by 
Mimitou and coworkers, (2019), enables multiplexed detection of pro
teomes, transcriptomes, and CRISPR guide-RNAs, at single-cell resolu
tion. The detection of CRISPR perturbations with multimodal readouts 
represents a powerful advancement that contributes to the robustness 
and efficiency of single-cell CRISPR screening methods (Mimitou et al., 
2019). The integration of CRISPR-genome editing and ECCITE-seq not 
only represents an important strategy for demonstrating the cell-type 
specific effects of SCZ-associated variants, but, importantly, facilitates 
the development of biomarkers for improved diagnosis, as well as po
tential novel therapeutic strategies. 

3. Conclusion 

In conclusion, this review navigates the complex landscape of the 
genetics of SCZ, encompassing its genetic foundations, contributions of 
epigenetic factors, and the regulatory roles of specific epigenetic 
mechanisms. The transformative impact of single-cell analysis emerges 
as an indispensable technology, offering nuanced insights into the het
erogeneity of cellular responses. However, as we stand at the forefront of 
SCZ research, looking beyond the genome, the next grand challenge will, 
undoubtably, be unravelling the functional effects of SCZ variation 
through disease modelling. The future is bright, the future is functional. 
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