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Abstract

Recent advances in our understanding of the genetic architecture of schizophrenia have shed light
on the schizophrenia etiology. While common variation is one of the major genetic contributors,
the majority of common variation reside in non-coding genome, posing a significant challenge in
understanding the functional impact of this class of genetic variation. Functional genomic datasets
that range from expression quantitative trait loci (eQTL) to chromatin interactions are critical to
identify the potential target genes and functional consequences of non-coding variation. In this
review, we discuss how three-dimensional chromatin landscape, identified by a technique called
Hi-C, has facilitated the identification of potential target genes impacting schizophrenia risk. We
outline key steps for Hi-C driven gene mapping, and compare Hi-C defined schizophrenia risk
genes defined across developmental epochs and cell types, which offer rich insights into the
temporal window and cellular etiology of schizophrenia. In contrast with a neurodevelopmental
hypothesis in schizophrenia, Hi-C defined schizophrenia risk genes are postnatally enriched,
suggesting that postnatal development is also important for schizophrenia pathogenesis. Moreover,
Hi-C defined schizophrenia risk genes are highly expressed in excitatory neurons, highlighting
excitatory neurons as a central cell type for schizophrenia. Further characterization of Hi-C
defined schizophrenia risk genes demonstrated enrichment for genes that harbor loss-of-function
variation in neurodevelopmental disorders, suggesting a shared genetic etiology between
schizophrenia and neurodevelopmental disorders. Collectively, moving the search space from risk
variants to the target genes lays a foundation to understand the neurobiological basis of
schizophrenia.
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Introduction

Schizophrenia is a highly heritable and polygenic neuropsychiatric condition characterized
by psychosis, emotional withdrawal, and cognitive deficits. Heritability estimates of
schizophrenia are ~80%, indicating a strong genetic inherited contribution to the disorder
(Hilker et al., 2018; Wray and Visscher, 2010). While the genetic contribution is substantial,
each individual variant confers only a small portion of risk, making it difficult to understand
the coherent mechanism.

Three distinct classes of genetic variation have been reported to be associated with
schizophrenia risk, including rare loss-of-function (LoF) variation, copy number variation
(CNV), and common variation. While elevated burden of rare LoF variants in schizophrenia
affected individuals has been reported, these were less often present than in individuals with
autism spectrum disorder (ASD) or developmental disorder (DD), suggesting a significant
but small contribution of rare disruptive variation to schizophrenia risk (Singh et al., 2016).
In contrast, excess CNV burden in schizophrenia affected individuals was much stronger.
Eight loci were recurrently detected as schizophrenia-associated CNVs, reaching genome-
wide significance (Singh et al., 2017). These eight CNVs can contribute to 0.85% of the
total population variance in liability (a theoretical trait normally distributed in the population
that represents the risk to develop a certain condition; individuals with liability greater than a
specific threshold are thought to develop the condition) to develop schizophrenia. However,
the biggest genetic contributor to schizophrenia etiology is common variation. Genome-wide
association studies (GWAS) of schizophrenia have identified more than a hundred genome-
wide significant (GWS) loci, which explain a significant proportion of risk for schizophrenia
(15.6% of single nucleotide polymorphism (SNP) heritability and >3% of variance in
liability) (Pardinas et al., 2018; Schizophrenia Working Group of the Psychiatric Genomics
Consortium et al., 2014). Unlike rare LoF variation and CNV, the majority of common
variants conferring risk of schizophrenia reside in non-coding regions, making it a
substantial challenge to understand the functional impact of GWS loci (Edwards et al., 2013;
Schizophrenia Working Group of the Psychiatric Genomics Consortium et al., 2014).

In this review, we outline strategies to link GWS loci to genes with a focus of leveraging
physical chromatin interactions obtained by Hi-C, a genome-wide chromosome
conformation capture technique. Recently, high-resolution Hi-C datasets from the human
brain have enabled the identification of schizophrenia risk genes across brain development
and in different brain cell types. Since a direct comparison between schizophrenia risk genes
identified in different studies has not been conducted, we compare them and generate a set
of high-confidence schizophrenia risk genes defined by multiple Hi-C datasets. This gene set
lays a foundation for deciphering the molecular mechanisms underpinning schizophrenia
pathogenesis, by providing rich insights into the spatiotemporal resolutions, key cell types,
and relationships with other psychiatric disorders.

Linking non-coding variation to genes

The common practice for nominating target genes for non-coding variants is to assign them
to the nearest gene (Figure 1A). However, previous findings have shown that this approach
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gives correct target genes for only 20-30% of instances (Gusev et al., 2016; Won et al.,
2016). Another commonly used method is to select all genes within the region that are in
linkage disequilibrium (LD) with the index SNP (a SNP showing the strongest association
with a trait within a GWS locus, Figure 1A). Given that LD structures do not reflect
chromatin organization or regulatory relationships (Whalen and Pollard, 2018), this
approach can miss actual target genes and can also lead to many false positive hits within the
LD block.

Currently, two types of functional genomic datasets are most frequently used to identify the
target genes for GWAS loci. One approach is to leverage expression quantitative trait loci
(eQTLs), and the other approach is to leverage chromatin interactions (Figure 1A). A
number of frameworks to integrate GWAS and eQTLs have been developed, including a (1)
colocalization-based GWS loci mapping strategy such as coloc (Giambartolomei et al.,
2014), SMR (Zhu et al., 2016), and eCAVIAR (Hormozdiari et al., 2016), and (2) genome-
wide mapping strategy that leverages sub-threshold SNPs such as TWAS (Gusev et al.,
2016) and PrediXcan (Gamazon et al., 2015). While eQTL-based GWAS mapping is a
powerful tool, obtaining enough sample size is often a challenge, especially for tissues with
limited access such as brains. The PsychENCODE consortium has recently compiled more
than a thousand samples to obtain eQTLs for ~33k genes in the prefrontal cortex (PFC,
Wang et al., 2018). While this provides an unprecedented genomic resource, most of the
eQTL studies have been conducted in the cortex, and building such resources for other brain
regions and/or in different cell types is challenging, given the difficulties in obtaining such
samples from hundreds of individuals.

The other complementary approach is to map GWS loci based on chromatin interaction
profiles (Figure 1). While most of the GWS loci reside in non-coding regions of the genome,
they are enriched in regulatory elements (Finucane et al., 2015), suggesting that they may
have a regulatory function via enhancer-promoter interactions. Experimentally validated
interactions, obtained from chromosome conformation capture-derived techniques, are
widely used, but machine learning-based predictors of enhancer-promoter interactions such
as TargetFinder (Whalen et al., 2016) and GEME (Cao et al., 2017) can be also used. These
algorithms computationally predict enhancer-promoter interactions from independent
datasets, such as epigenetic marks and gene expression data. While they may be useful to
predict enhancer-promoter interactions in cell- or tissue-types that are difficult to obtain, a
recent study has shown that the accuracy of these predictors can be inflated due to
overfitting (Xi and Beer, 2018). Therefore, it is desired to use actual Hi-C datasets when
available.

A key assumption for the Hi-C based gene mapping strategy is that non-coding risk variants
exert their regulatory effects by physical interactions with their target genes. Indeed, a
comparison between Hi-C and eQTLs suggests that ~30% of eQTLs can be explained by
chromatin interactions (Wang et al., 2018). However, SNPs may affect gene regulation by
changing the local or global structure of the genome. Moreover, the mechanism of action for
distal regulation — whether SNPs exert their effects by changing the loop structure or by
changing the transcription factor (TF) binding property while loops still remain — is unclear.
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Therefore, the impact of genetic variation in hierarchical structures of the genome needs to
be further explored.

Due to their nature, Hi-C based mapping has some limitations. Since Hi-C contact frequency
by default is exponentially decreased upon the genomic distance (Lieberman-Aiden et al.,
2009), it is difficult to distinguish between genomic and physical distance for adjacent
regions. Therefore, when chromatin contact matrices at 5-10kb resolution are used to detect
gene loops, proximal interactions within a 10-20kb window are difficult to capture. The
resolution can be increased up to 1kb by either (1) using a 4 cutter restriction enzyme and
increasing the sequencing depth (Rao et al., 2014), or (2) enriching the interactions of
interest, such as promoter and enhancer interactions (Mifsud et al., 2015; Mumbach et al.,
2017).

In addition, chromatin interactions do not give the direction of the regulatory effect on a
gene — whether risk alleles increase or decrease expression. Both active and inactive regions
are engaged in chromatin interactions in a way that physically interacting regions share
similar epigenetic states (Lieberman-Aiden et al., 2009; Mifsud et al., 2015; Won et al.,
2016). Therefore, risk alleles mapped to the target genes may either downregulate or
upregulate the target gene expression. In order to determine directionality, a combination of
functional genomics approaches can be utilized, including reporter assays and CRISPR/
Cas9-mediated genome engineering to identify a causal relationship between risk variants,
the direction of the effect, and target genes. For example, our previous work employed Hi-C
in the fetal brain, luciferase assays, and CRISPR/Cas9-mediated genome engineering and
identified a causal relationship between a regulatory SNP (rs1191551) and the target gene
(FOXG1, Won et al., 2016).

An important advantage of Hi-C based gene mapping is that high-resolution contact profiles
can be achieved by deep sequencing without a large number of samples. Compared with
eQTL studies which require hundreds of samples to get robust signals, less than a dozen
samples are typically used for Hi-C. This allows flexibility to construct chromatin contact
profiles for multiple brain regions, across developmental epochs, and even in different cell
types. Indeed, chromatin architecture is dynamically regulated in different cell- and tissue-
types and across brain development (Dixon et al., 2015; Schmitt et al., 2016; Wang et al.,
2018), emphasizing the importance of building a comprehensive Hi-C map in the human
brain that encompasses multiple regions, developmental epochs, and cell types. Moreover, it
has been recently reported that disease genes are connected to larger regulatory domains,
while depleted of eQTLs, raising a possibility that eQTL-based gene mapping requires a
much larger sample size to identify eQTLs for disease genes (Wang and Goldstein, 2018).
Therefore, Hi-C can complement the eQTL approach when the sample availability is limited
and target genes are depleted of eQTLs.

3. Chromatin interactions identify putative target genes for schizophrenia

GWS loci.

Hi-C data from brain tissues and brain cell types have successfully identified putative target
genes for schizophrenia GWS loci (Table 1). In this section, we outline how Hi-C based
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gene mapping has been applied to schizophrenia GWAS to allow a deeper understanding of
the schizophrenia etiology. Hi-C based gene mapping is a multi-step process, which includes
finemapping, SNP categorization, and gene assignment (Figure 1B).

3-1. Finemapping
An index SNP is not necessarily the causal variant, because hundreds of variants are often in
high linkage disequilibrium (LD) with the index SNP, hindering the identification of causal
variants at a risk locus. To address this issue, multiple computational algorithms, including
CAVIAR (Hormozdiari et al., 2014) and FINEMAP (Benner et al., 2016), have been
developed to identify a set of SNPs that are likely to contain causal SNPs, hereby referred to
as “credible SNPs”. CAVIAR and FINEMAP use similar statistical frameworks and allow
multiple causal variants. The main difference is that CAVIAR uses a greedy algorithm, while
FINEMAP uses a shotgun stochastic algorithm. Since the combination of causal
configurations exponentially grows upon the increased number of causal variants, CAVIAR
can be computationally extensive when there are more than five causal variants. FINEMAP
solves this issue by performing a stochastic search rather than evaluating all potential
combinations. As a result, FINEMAP runs quicker than CAVIAR, but may miss some causal
configurations by chance. Indeed, different finemapping algorithms do not necessarily give
the same set of credible SNPs.

We compared credible SNPs for schizophrenia GWS loci using CAVIAR and FINEMAP
(Figure 2A). While the majority of credible SNPs overlapped, FINEMAP identified 2,719
more SNPs than CAVIAR. A higher proportion of FINEMAP credible SNPs were located in
active or transcribed regulatory elements in the human brain compared with CAVIAR
credible SNPs (Figure 2B). Since all downstream analyses are dependent on the credible
SNP selection, evaluating different finemapping algorithms is essential for Hi-C based gene
mapping. We decided to use FINEMAP to define schizophrenia risk variants, because
FINEMAP credible SNPs were more enriched in the brain regulatory elements than
CAVIAR credible SNPs (Figure 2B).

3-2. Categorization of credible SNPs

Credible SNPs can be divided into three categories: (1) exonic SNPs, (2) promoter SNPs,
and (3) non-coding SNPs (Figure 1B). SNPs that are located in the gene body and gene
promoters are referred as exonic SNPs and promoter SNPs, respectively. Exonic SNPs can
be further refined into functional SNPs, which cause nonsense mediated decay (NMD),
missense variation, or protein-truncating variation. Promoter SNPs are subject to change
based on the definition of promoter regions. We typically define promoters as 2kb upstream
of transcription start site (TSS). The remaining intergenic and intronic SNPs are defined as
non-coding SNPs or unannotated SNPs. The majority of credible SNPs for schizophrenia
(76.3%) fall onto this category, highlighting the importance of functional annotation of non-
coding SNPs. Both promoter and non-coding SNPs can be further grouped into those that
reside in regulatory elements and/or those with higher evolutionary conservation.
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3-3. Assign risk variants to target genes

Exonic SNPs and promoter SNPs can be directly assigned to their target genes based on
their genomic coordinates, while non-coding SNPs can be mapped to their target genes via
Hi-C based gene mapping (Figure 1B).

Hi-C datasets across two major developmental epochs (fetal vs. adult) and three brain cell
types (neural progenitor cells, neurons, and glia) have been used to map schizophrenia GWS
loci (Table 1). Within the fetal brain, Hi-C datasets are available for two cortical layers (Won
et al., 2016), cortical plates (CP) and germinative zones (GZ). GZ is mainly comprised of
neural progenitors, while CP is mainly comprised of post-mitotic neurons, adding an extra
layer to dissect chromatin architecture during neurogenesis and neural differentiation,
respectively. Adult brain Hi-C datasets are available for three brain regions, including the
dorsolateral prefrontal cortex (DLPFC), anterior temporal cortex, and hippocampus (Giusti-
Rodriguez and Sullivan, 2018; Schmitt et al., 2016; Wang et al., 2018).

Developmental stages and cell types are key drivers of chromatin reorganization
(GiustiRodriguez and Sullivan, 2018; Prashanth et al., 2018; D Wang et al., 2018). Different
brain regions in the adult brain share similar chromatin architecture, which is in contrast to
the substantial difference in chromatin architecture between fetal and adult brains (Giusti-
Rodriguez and Sullivan, 2018; Wang et al., 2018). In addition, human induced pluripotent
stem cell (hiPSC)-derived neurons and glia showed a remarked difference in chromatin
architecture, including a striking difference in the number of gene loops. Neurons showed
smaller number of gene loops compared with neural progenitor cells (NPCs) and glia
(Rajarajan et al., 2018). Notably, even across the development, cell-type specificity appears
to be the key mediator of chromatin reorganization, as changes in chromatin architecture
between fetal and adult brains largely reflected changes in cell type composition (Wang et
al., 2018). As expected from these results, there was a substantial difference in putative
target genes for schizophrenia GWS loci upon different developmental epochs and cell types
(Figure 3), which allows a new lens to understand developmental and cell type specificity of
schizophrenia.

One important question in schizophrenia research is whether schizophrenia is a
neurodevelopmental disorder (Owen et al., 2011). The role of brain development in
schizophrenia etiology has recently gained attention, supported by co-expression network
(Gulsuner et al., 2013) and heritability enrichment (de la Torre-Ubieta et al., 2018; Finucane
et al., 2015). However, schizophrenia GWS loci are more strongly enriched in regulatory
elements in the adult brain (Figure 2C), suggesting that postnatal development is also critical
to schizophrenia etiology. Notably, ~40% of genes mapped to schizophrenia GWS loci differ
between fetal and adult brains (Figure 3A). While the significance of this discrepancy has
not been well studied, comparing these genes identified in fetal versus adult brains may
provide a complementary perspective about the developmental stages implicated in
schizophrenia (Figure 3A).

The cellular etiology of schizophrenia formulates another important question. Glutamate and
dopamine hypotheses have been two major hypotheses in schizophrenia (Coyle et al., 2012;
Snyder, 1976), suggesting that excitatory and/or dopaminergic neurons are the central cell
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types for schizophrenia etiology. However, it has not been well understood whether
schizophrenia risk is mediated by a central cell type or a constellation of different cell types.
A recent elaborate study highlighted excitatory neurons in the cortex and medium spiny
neurons in the striatum as central cell types by integrating single cell transcriptomic data
with schizophrenia GWAS (Skene et al., 2018). Moreover, Hi-C datasets in hiPSC-derived
NPC, neurons, and glia allowed cell-type specific mapping of schizophrenia risk variants
(Figure 3B, Rajarajan et al., 2018). Notably, interactions anchored to schizophrenia risk loci
were enriched in NPCs and neurons, but not glia, highlighting excitatory neurons as primary
cell types central to schizophrenia. Once Hi-C datasets in more refined cell types become
available, cell-type specific regulatory landscape will help prioritize the cell types which can
be further used to guide targeted therapeutic strategies.

4. Characteristics of schizophrenia risk genes

Since schizophrenia putative target genes have been defined by multiple Hi-C datasets
(Table 1), we will define schizophrenia risk genes as a set of genes that have more than two
evidence sources from the Hi-C datasets in the fetal cortex (Won et al., 2016), adult DLPFC
(Wang et al., 2018), NPCs and neurons (Rajarajan et al., 2018). We excluded genes defined
from glial Hi-C datasets, as glial interactions were not enriched for schizophrenia risk loci.
To focus on risk genes assigned by Hi-C based mapping, we excluded genes mapped to
promoter/exonic SNPs. In total, we got 455 Hi-C defined schizophrenia risk genes (Figure
3C, Supplementary Table 1).

Moving the search space from risk variants to targetable genes facilitates the understanding
of molecular mechanisms underpinning schizophrenia. Gene ontology analysis demonstrated
that Hi-C defined schizophrenia risk genes were enriched for cell adhesion molecules,
chromatin remodelers, and synaptic genes (Figure 4). Moreover, interrogating the cell-type
specific expression signatures and developmental/regional expression profiles of
schizophrenia risk genes may refine cellulo-spatio-temporal resolution of schizophrenia
(Darmanis et al., 2015; Kang et al., 2010; Lake et al., 2016). For example, schizophrenia risk
genes are postnatally enriched (Figure 4A), which is in line with the enrichment of credible
SNPs for regulatory elements in the adult brain (Figure 2C). They are enriched in the cortex
for both prenatal and postnatal stages. Within the cortex, they show selective expression in
the frontal cortex (Figure 4B). Given that the PFC is one of the key brain regions implicated
in schizophrenia pathophysiology (Selemon and Zecevic, 2015), it is intriguing that the brain
region impacted by genetic variants also converges onto the frontal cortex. In addition,
schizophrenia risk genes are highly expressed in the excitatory neurons than in inhibitory
neurons or glia (Figure 4C). This is consistent with enrichment of schizophrenia heritability
in genes highly expressed in glutamatergic neurons (Skene et al., 2018).

Common variation in schizophrenia has been found to impact LoF mutation-intolerant genes
(Pardinas et al., 2018). This finding was recapitulated by another set of schizophrenia risk
genes defined by multiple functional genomic resources in the adult human brain (D Wang
et al., 2018), indicating that the enrichment for LoF-intolerant genes is an important feature
of schizophrenia risk genes. Another interesting characteristic of schizophrenia risk genes is
that they are co-regulated both at the level of transcription and protein interactions
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(Prashanth et al., 2018), which resembles ASD risk genes that converge onto a small number
of co-expression networks (Parikshak et al., 2013). This result suggests that despite the
genetic heterogeneity, risk genes for psychiatric disorders may lay onto a smaller number of
convergent biological pathways. Therefore, genetics can provide an alternative lens to
identify the molecular mechanisms, developmental window, brain circuits, and cell types
that are impacted by the risk variants.

5. Crosstalk between common and rare variation

Genetic variation in schizophrenia range from common variation to rare LoF variation and
CNV. Therefore, one important question is whether common variation and rare variation
converge onto the same set of genes. Schizophrenia risk genes defined by a Hi-C driven
approach (Figure 4) significantly overlap with genes that reside in recurrent CNV in
schizophrenia, but not with genes that harbor rare de novo LoF variation in schizophrenia
(Figure 5A, Marshall et al., 2017; Singh et al., 2016). Since the schizophrenia exome study
was not yet powered to find genes at genome-wide significance (Singh et al., 2016), it is yet
unclear whether rare and common variation in schizophrenia impact different genes and
biological pathways. However, the significant overlap between genes impacted by common
variation and CNV hints potential crosstalk between common and rare variation in
schizophrenia.

Notably, schizophrenia risk genes significantly overlap with genes that harbor de novo LoF
variation in DD and ASD, indicating pleiotropy between schizophrenia and
neurodevelopmental disorders (Figure 5A, Deciphering Developmental Disorders, 2017;
Sanders et al., 2015). Indeed, it has been shown that many psychiatric disorders display
shared genetic etiology (Brainstorm Consortium et al., 2018). Understanding how mutations
in the same gene lead to a range of clinical manifestations is therefore a critical step to
explain widespread pleiotropy in psychiatric disorders.

Here we propose that different types of mutations may have a different impact on the gene
function, which leads to different phenotypic severity. For example, LoF variation causes a
disruption of the protein function, which leads to the earlier onset of clinical manifestations.
In contrast, common variation affects gene regulation, the impact of which may appear later
in life (Figure 5B). This is similar to what has been observed in Rett syndrome: mutations in
MECPZ can cause a wide range of phenotypes that are dependent on the X chromosome
inactivation and types of mutations (Amir et al., 2000; Zoghbi, 2003). In this model,
understanding the impact of mutations on gene function is as important as gene
prioritization. To achieve this goal, elucidation of comprehensive genetic architecture of
psychiatric disorders that encompasses both the realm of rare and common variation is
critical.

6. Discussion

Schizophrenia is a highly polygenic disorder with more than a hundred risk loci the
functional consequence of which have not been fully addressed. Mapping risk loci to their
target genes is often the first step to decode the functional consequence of risk loci. Hi-C
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datasets have become one of the key functional genomic resources to map risk loci to target
genes. Recent studies fueled by the PsychENCODE consortium have provided wealth of Hi-
C datasets in the human brain that span multiple developmental epochs and brain cell types.
Notably, target genes for schizophrenia GWS loci differ across brain development and in
different cell types, emphasizing the importance of building a comprehensive Hi-C resource
that encompasses multiple brain regions, developmental epochs, and cell types. While single
cell Hi-C has not been widely used to map cell-type specific chromatin landscape, we expect
that it will provide a new avenue to deconvolve the complexity of chromatin architecture of
the human brain. Collectively, these resources will provide an alternative perspective to
refine a cellular and spatiotemporal resolution of schizophrenia etiology.

While Hi-C is an invaluable tool, it becomes much more powerful when combined with gene
expression profiles, regulatory elements, eQTLs, and single cell genomics. Therefore,
building a large corpus of functional genomic datasets in the human brain, as exemplified by
the recent efforts of the CommonMind consortium (Fromer et al., 2016) and the
PsychENCODE consortium (Akbarian et al., 2015), will greatly improve our toolbox to
understand underlying mechanisms of psychiatric disorders. In addition, systemic
experimental validation of regulatory elements via massively parallel reporter assay (MPRA,;
Melnikov et al., 2012), self-transcribing active regulatory region sequencing (STARR-seq;
Arnold et al., 2013), and CRISPR-screening (Gasperini et al., 2019) will provide a
complementary platform to decipher the functional impact of risk variants.

Finally, recent advancement in sequencing technology and consortia-level efforts have
enabled a deep dive into the genetic architecture of not only schizophrenia but a range of
psychiatric disorders. These studies have revealed that the genetic architecture of psychiatric
disorders is much more complex than initially hypothesized, and both rare and common
variation play a role. For example, while schizophrenia was thought to be primarily
mediated by common variation, a recent exome study discovered small but significant
elevated burden of rare protein disrupting variants (Singh et al., 2016). On the contrary,
developmental disorders were considered as monogenic, while the first large scale GWAS in
developmental disorders discovered striking burden of inherited common variants (Niemi et
al., 2018). Therefore, it is crucial to identify risk variants across the allele frequency
spectrum. Then, the functional genomic toolbox can be used to identify putative target genes
impacted by different types of variation. If they converge onto specific biological pathways,
this indicates the core mechanism for a given disorder and offers therapeutic avenues. If they
point to divergent pathways, this may inform strategies to stratify genetically heterogeneous
samples. Once expanded to multiple psychiatric disorders, we envision that this framework
will greatly advance our understanding of the neurobiological mechanisms underlying
shared genetic basis of psychiatric disorders.
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I(:igur)e 1. Defining putative target genes of genome-wide significant (GWS) loci for schizophrenia
SC2Z).

A. Four widely used methods to identify target genes for a GWS locus. The nearest gene
approach is to assign an index SNP to its nearest gene. The LD gene approach is to expand
the search space to the LD region to include all genes located within the LD. Two methods
leverage distal regulatory information such as eQTL and enhancer-promoter interactions.
Enhancer-promoter interactions can be experimentally validated by Hi-C or computationally
predicted. B. GWS loci for schizophrenia are finemapped to credible SNPs, which are
subsequently categorized into promoter/exonic SNPs and non-coding SNPs. Promoter/
exonic SNPs are directly assigned to their target genes, while non-coding SNPs are assigned
to their target genes based on chromatin interaction profiles (Hi-C). The enrichment patterns
of credible SNPs in regulatory regions of different tissue and cell types can inform us about
which Hi-C dataset should be used to identify correct target genes.
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A. Different finemapping algorithms (FINEMAP and CAVIAR) give different sets of

credible SNPs for schizophrenia GWS loci. B. A larger proportion of FINEMAP credible
SNPs can be functionally annotated compared with CAVIAR credible SNPs. C. Credible
SNPs for schizophrenia are more strongly enriched in enhancers in the adult brain than in

the fetal brain.
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Figure 3. Comparisons of schizophrenia risk genes defined by Hi-C in different developmental
stages and cell types.

Fetal brain (Won et al., 2016); Adult brain (Wang et al., 2018); NPC, Neuron, Glia
(Rajarajan et al., 2018).
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Figure 4. Cellulo-spatio-temporal resolution of Hi-C defined schizophrenia risk genes.
Schizophrenia risk genes were defined by having more than two sources of Hi-C evidence

from adult brains, fetal brains, neural progenitor cells (NPC), and neurons. A.
Developmental expression trajectory of Hi-C defined schizophrenia risk genes suggests
midgestation and postnatal periods as critical windows. B. Regional enrichment of
schizophrenia risk genes in the frontal cortex. C. Single-cell expression values of
schizophrenia risk genes highlight excitatory neurons as central cell types. Ctx, cortex; EXx,
excitatory neurons; In, inhibitory neurons; OPC, oligodendrocyte precursor cells.
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A. Schizophrenia risk genes are enriched for genes that harbor rare LoF variation in
neurodevelopmental disorders, such as ASD and DD. OR, odds ratio; rare LoF, genes that
harbor rare loss-of-function variation in each disorder; constrained; LoF-intolerant genes
that harbor rare variation in each disorder. B. Psychiatric disorders display widespread
pleiotropy that the same set of genes can be impacted in multiple psychiatric disorders. This
widespread pleiotropy can be partly explained by the mode of genetic variation: e.g.
schizophrenia risk genes impacted by common variation may also cause
neurodevelopmental disorders when impacted by LoF rare variation. However, cautions need
to be exercised as this does not necessarily suggest that schizophrenia is simply a less severe
form of neurodevelopmental disorders. Instead, this result suggests that identifying the mode
of variation (common vs. rare, non-coding vs. protein-disrupting) is as important as variation
discovery to allow comprehensive understanding of pleiotropy among psychiatric disorders.
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Hi-C data in human brain identify schizophrenia (SCZ) risk genes. NPC, neural progenitor cells; hiPSC,
human induced pluripotent stem cells; res, resolution. Only the number of protein-coding genes was reported
except (Giusti-Rodriguez and Sullivan, 2018).

SCZ risk genes defined by Hi-C

Hi-C data obtained from

res

SCZ GWAS

(Schizophrenia Working Group of
the Psychiatric Genomics
Consortium et al., 2014)

Sullivan, 2018)

cortex.

CP: 314/ GZ: 310 (Won et al., 2012) Two cortical laminae of the developing 10kb
cortex: CP, cortical plates; GZ, germinal
zone.
CP: 285/ GZ: 293 (Pardinas et al., 2018)
Adult brain: 414 (Wang et al., 2018) Adult dorsolateral prefrontal cortex. 10kb
NPC: 345/ Neuron: 331/ Glia: 170 (Rajarajan et | hiPSC-derived NPC, Neurons, Glia. 10kb
al., 2018)
Adult brain: 1,038 (GiustiRodriguez and Fetal cortex, Adult anterior temporal 10kb

(Pardinas et al., 2018)
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