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Schizophrenia (SZ) is a devastating mental disorder afflicting 1% of the population. Recent genome-wide
association studies (GWASs) of SZ have identified >100 risk loci. However, the causal variants/genes and
the causal mechanisms remain largely unknown, which hinders the translation of GWAS findings into disease
biology and drug targets. Most risk variants are noncoding, thus likely regulate gene expression. A major
mechanism of transcriptional regulation is chromatin remodeling, and open chromatin is a versatile predictor
of regulatory sequences. MicroRNA-mediated post-transcriptional regulation plays an important role in SZ
pathogenesis. Neurons differentiated from patient-specific induced pluripotent stem cells (iPSCs) provide an
experimental model to characterize the genetic perturbation of regulatory variants that are often specific to cell
type and/or developmental stage. The emerging genome-editing technology enables the creation of isogenic
iPSCs and neurons to efficiently characterize the effects of SZ-associated regulatory variants on SZ-relevant
molecular and cellular phenotypes involving dopaminergic, glutamatergic, and GABAergic neurotransmissions.
SZ GWAS findings equipped with the emerging functional genomics approaches provide an unprecedented
opportunity for understanding new disease biology and identifying novel drug targets.
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Introduction Although large-scale exome sequencing in SZ has not

. . . identified specific rare/low-frequency genetic variants or
Although schizophrenia (SZ) symptoms can be improved genes associated with SZ'" '3, these studies still revealed
biological insights consistent with SZ GWAS and CNV

studies. This review summarizes the leading biological

by current medications, there is a need for more effective
treatments. Most available antipsychotic drugs are still
based on the blockade of dopamine D2 receptor?ﬂ(DRDZS), insights from these genetic findings and discusses
a mechanism discovered over 50 years ago™. Recent conceptual and technical challenges and opportunities in
understanding the disease biology underlying the exciting

genetic discoveries.

SZ genome-wide association studies (GWASs) have
identified >100 significant genome-wide susceptibility
loci with common variants associated with disease®®”,
providing an unprecedented opportunity to understand

Success of SZ GWAS
new disease biology and identify novel drug targets. The

genome-wide approach has also implicated multiple rare
and large recurrent copy number variations (CNVs) of
larger effect size in an increasing risk for developing SZ**'%.

In the past five years, we have witnessed the success of SZ
GWASP™, an unbiased approach to interrogate the entire
genome for SZ risk loci. SZ GWASs have demonstrated
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the polygenic nature of SZ, each gene contributing a small
to moderate effect”™. With 36,989 SZ cases and 113,075
controls”, SZ GWAS yielded unparalleled increases of
independent genome-wide significant risk loci, from the
previously reported 7 to the current 108 independent
SZ risk loci. These discoveries not only establish the
significant genome-wide association with the DRD2

locus!”

, which is central to the classical dopaminergic
hypothesis of SZ pathogenesis, but also identify the
enrichment of associations with genes involved in neuronal
calcium signaling, dendritic spines, and post-synaptic
densities®® 7, highlighting the importance of glutamatergic
neurotransmission. Most loci represent new disease biology.

Albeit the success of SZ GWAS, challenges remain.
Besides the “missing” heritability, a substantial proportion

of genetic risk remains unexplained; one major challenge

is to understand the causal molecular mechanisms
underlying these associations. This has been hampered
by the fact that each risk locus often spans multiple genes
and contains many equally-associated single-nucleotide
polymorphisms (SNPs) (i.e., due to linkage disequilibrium,
LD; * >0.8) with SZ (Fig. 1). This makes it difficult to
determine the causal variant and what gene(s) is affected.
For instance, the GWAS association at the DRD2 locus"
spans not only DRD2, but also the adjacent NCAM1, a
gene important for neurite outgrowth. Thus, whether SZ
GWAS at this locus supports the classical dopaminergic
hypothesis remains uncertain. Similarly, the SZ risk locus
at chr10® (Fig. 1) contains hundreds of equally-associated
SNPs, and spans >10 genes of which three have synaptic
functions: INA, CALHM1, and NEURL. It thus remains to be
tested whether the causal variants at this locus influence
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Fig. 1. Schizophrenia GWAS locus at chr10 spans hundreds of significant genome-wide SNPs in strong linkage disequilibrium (LD) and
multiple candidate genes. Regional association plot and the LD information (color-coded r*) were downloaded from Ricopili (http://
www.broadinstitute.org/mpg/ricopili/)’®. UCSC genome browser (hg19) gene track and open chromatin (DNasel hypersensitive

sites) tracks are shown below the association plot.
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genes with synaptic functions. Therefore, despite the
exciting GWAS findings, there is a need to identify which of
the GWAS-implicated variants are functional and causal, as
well as which genes are affected and how.

SZ GWASs Implicate Abnormal Synaptic Plasticity

and Glutamatergic Neurotransmission

The exact pathophysiology of SZ remains unclear.
Although multiple major neurotransmitter systems
(dopaminergic, glutamatergic, and GABAergic) may be
involved, SZ GWASSs suggest a major role for glutamatergic
neurotransmission, neuronal calcium signaling, and
morphological changes (dendritic spines and post-synaptic
densities)® . This is not to say that other neurotransmitter
systems are not important for SZ pathogenesis; for
instance, one of the genome-wide significant SZ GWAS loci
spans DRD2, a gene central to the classical dopaminergic

hypothesis of Sz!"

. However, compared with other
neurotransmitter systems, many more GWAS-implicated
genes are involved in glutamate neurotransmission.
Out of the 108 SZ risk loci, eight contain genes related
to synapses or excitatory neurotransmission (Table 1).
Indeed, multiple lines of evidence suggest that SZ is
a neurodevelopmental disorder with impaired frontal
cortical development"™"®. Whole-exome sequencing!" '
and CNV studies!"” also support the role of abnormal

synaptic plasticity and glutamatergic neurotransmission

Table 1. SZ GWAS genes associated with synapses

Chr  P-value Gene Synaptic function

4 3.441E-08 CLCN3 Chloride channel; synaptic plasticity

5 1.305E-09 GRIA1 AMPARSs; synaptic plasticity

7 2.358E-14 ELFN1 Postsynaptic protein

10 5.523E-17 CALHM1 Calcium channel; neural excitability
INA Transport to axons and dendrites
NEURL Neurogenesis

12 1.298E-17 CACNA1C Calcium channel; neurotransmission

16 1.075E-09 GRIN2A Mediator of synaptic plasticity

17 1.04E-09 SRR
CACNA1I

Activator of NMDARSs

22 8.076E-12 Calcium channel; synaptic plasticity

in SZ. Exome sequencing in 2 536 SZ cases and 2 543
controls demonstrated that rare disruptive mutations are
enriched in gene sets associated with the voltage-gated
calcium channel and the signaling complex formed by the
activity-regulated cytoskeleton-associated scaffold protein
of the postsynaptic density!"". Another large-scale exome
sequencing of SZ trios has shown that de novo mutations
are over-represented in glutamatergic postsynaptic proteins
comprising activity-regulated cytoskeleton-associated
protein and N-methyl-d-aspartate receptor complexes!?.
In terms of CNVs, there is also an increased burden of the
largest CNVs (>500kb) in genes present in the postsynaptic
density"”.

These genetic findings converge with previous
pathophysiological evidence of abnormalities of synaptic
neurotransmission in SZ. SZ patients show reduced cortical
grey matter volume and thickness, as well as reduced
functional cortical connectivity™?”". Reductions in dendritic
spine density are thought to directly contribute to these
abnormalities”” " %%, Specifically, reduced spine density on
cortical pyramidal neurons has been reported in Sz % 2,
and cognitive function in humans has been intimately linked
to dendritic spine morphology and density"* ?* *!. Dendritic
spines, mushroom-shaped protrusions, are the sites of
most of the excitatory synapses on pyramidal neurons in
the mammalian forebrain® ?'. Spine plasticity contributes
to the neural circuit remodeling that is crucial for postnatal
cognitive development® ?"\, Altered synaptic plasticity and
abnormal synaptic neurotransmission provide a basis for
prioritizing synaptic genes for mechanistic studies of SZ
biology. The biological insights from GWASs and other SZ
genetics findings further inform the cellular phenotypes to
characterize in disease modelling.

Gene Regulation as A Causal Molecular Mechanism

Underlying the SZ Genetic Findings

Variations in expression are expected to be as influential
as changes in protein structure in shaping human-specific
brain functions®® *%. In SZ, the best case for the importance
of gene expression regulation is the gene dosage effect
of SZ-associated rare CNVs of high penetrance®'”. For
most CNVs, although it remains uncertain which gene
deletion or duplication is the “driver” of the SZ disease
phenotype, it is clear that a 2-fold expression difference as
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a result of heterozygous deletion or a 1.5-fold expression
difference as a result of heterozygous duplication can
produce pronounced disease phenotypes. Recent SZ
GWAS and exome sequencing further highlight the pivotal
role of gene regulation in the causal mechanisms of
SZ. Most risk variants are noncoding, and only ~10% of
the >100 SZ GWAS risk loci have associations possibly

explained by protein-coding SNPs!"

, implying that most SZ
causal variants may influence the expression of nearby
(cis) genes. Exome sequencing of large SZ samples also
suggests a limited role of rare coding variants in disease
etiology!" ", further strengthening the importance of rare
noncoding variants.

Transcriptional Regulation

Gene expression is regulated at the transcriptional
and post-transcriptional (RNA decay and protein
synthesis) levels, so noncoding variants can influence
gene expression through both transcriptional and post-
transcriptional regulatory mechanisms®*?. Compared
to RNA decay, transcription remains the predominant
mechanism determining individual expression variation®".
Expression quantitative trait locus (eQTL) mapping can
identify variants associated with gene expression®™ . Sz
risk loci (under a polygenic model and using SNPs with P <0.5)
are enriched for cis-eQTL", thus likely conferring disease
risk through influencing transcript abundance. However,
cis-eQTL mapping in a sizable postmortem brain sample
only identified eQTLs that could explain two genome-wide
significant SZ loci”. The eQTL study may be improved
by a larger brain sample, but it will still be limited by the
well-known confounding factors associated with using
postmortem brain tissue® and suboptimal cell types or
developmental stages® ). After all, eQTL analysis is
still an association-based indirect test rather than directly
pointing to specific functional variants.

It has been a challenge to interpret the functional
noncoding sequences and predict specific regulatory
variants. Classical comparative genomics predicts the
regulatory function of a sequence based on its evolutionary
conservation, however, sequence conservation and
function are often discordant”. The recent ENCODE
Project and Roadmap Epigenomics Program™'*® provide
rich empirical resources of chromatin state marks and
transcription factor binding sites (TFBSs) in 349 cell
and tissue samples for the bioinformatic annotation of

functional noncoding sequences™”. These genome-wide
chromatin marks can help to predict promoters, enhancers,
insulators, and TFBSs. One of the most commonly used
chromatin marks is DNasel hypersensitive sites (DHSs)
of chromatin, also called accessible or open chromatin**.,
Mammalian DNAs are tightly coiled and compacted in
the form of chromatin, which is a characteristic structure
of repeating units of nucleosomes, each with ~200 bp of
DNA winding around histone proteins™*®. The extent of
chromatin compaction affects the ability of transcription
factors and other protein regulators to access the
regulatory sequence. Accessible or open chromatin is
associated with active transcription. The chromatin state
is a dynamic process with multilevel control™, in which
transcription factor binding has been suggested to be the
primary driving force. Open chromatin is also correlated
with epigenomic histone modifications associated
with active enhancers and promoters (e.g., H3K4me1
and H3K4me3)“*" In addition, >60% of methylation-
eQTLs® are within open chromatin. A major determinant
of transcription is chromatin accessibility™" *", and open
chromatin overlies >97% of cis-regulatory sequences™" *" %,
Open chromatin is thus a versatile index of regulatory
sequence elements, and a powerful assay for screening
cis-regulatory variants. Like other common diseases, SZ-
associated variants are enriched in ENCODE-annotated
open chromatin® **°" %3 An effort to identify functional non-
coding elements in the brain (PsychENCODE program by
NIMH) may complement the ENCODE-annotated chromatin
state marks by providing information more relevant to
neuropsychiatric disorders, thus facilitating the illumination
of more specific SZ-risk variants with regulatory potential.
However, the accuracy of functional annotation based on
physical location in open chromatin is limited by the assay
resolution (~600 bp)“”, sequence context-dependent
buffering®, and the lack of disease-relevant cell/tissue
types®. Empirical testing of the functionality of putative
regulatory variants of interest in disease-relevant cell/tissue
types thus remains necessary.

Post-transcriptional Regulation

The importance of post-transcriptional regulation, namely
mMRNA stability and protein translation control, is becoming
increasingly appreciated in understanding the dysregulation
of synaptic development and function related to neuro-
psychiatric disorders®. Dysregulated synaptic protein
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synthesis is linked to the abnormal synapse formation,
axon arborization, and plasticity in autism®*®". In support of
this is the widespread and extensive lengthening of 3' UTRs
(untranslated regions) that are targeted by miRNAs in the
mammalian brain®. Targeting the dysregulation of protein
synthesis opens up a novel approach for the effective
treatment of some neuropsychiatric disorders®>*" >,

One of the biological insights from SZ GWAS is the
enrichment of noncoding RNAs in top-ranking association
hits of PGC (Psychiatric Genomics Consortium) SZ
GWAS® " A major player is microRNA, small (~22-nt)
noncoding RNA that binds to the 3’-UTR of mRNAs,
promoting RNA decay and/or repressing mRNA transla-
tion (protein synthesis). miRNA dysfunction has been
suggested in neurodevelopmental disorders such as
autism and SZ® % Recent SZ GWASs have further
strengthened evidence for an etiological role of miRNAs
in SZ. Among >100 GWAS-implicated SZ-risk loci®” *,
24 loci span a total of 33 miRNA genes of which 15 are
expressed in the brain (based on BrainSpan-http://www.
brainspan.org). Three (MIR124-1, MIR132 and MIR137)
are known to regulate neurogenesis, dendritic plasticity,
and synaptic function®® ®*% and MIR132 also shows
reduced expression in SZ postmortem frontal cortex®" ®.
The predicted (by TargetScan) target genes of these brain-
expressed miRNAs are enriched for gene ontology terms
associated with neuron development, differentiation, neuron
projection, axon guidance, synapse, calcium ion transport,
learning and memory, and/or locomotion. There is also a
3-fold enrichment of glutamate receptors among the brain-
expressed target genes of these miRNAs. These miRNA-
mediated functional gene networks fit well with the known SZ-
relevant cellular phenotypes such as reduced synapse density,
abnormal circuit connectivity, and synaptic transmission"*".
Although most common SZ risk variants or their LD proxies
from SZ GWAS may not directly involve the fine regulation
of target gene expression, rare genetic variants in miRNA
targeting sites may post-transcriptionally tune the expression of
genes pathophysiologically important to SZ such as DRD2%.

Rare regulatory variants conferring a risk for SZ
remain to be identified. In this regard, the analytic approach
for testing association with rare regulatory variants may
need conceptual improvements; for instance, variants
in predicted or empirically proven promoters/enhancers
may not be simply aggregated together with variants in

transcriptional insulators for association tests, because of
possible differential effects on the direction of expression.
It is clear that gene regulation may play an important
role in SZ pathogenesis, but the available eQTL catalogs
and ENCODE-based functional annotations have not
yet provided power, cellular specificity, or developmental
diversity to provide clear mechanistic hypotheses for
biological follow-up. It is thus imperative to empirically
identify which SZ-risk variants alter chromatin states and
ultimately affect gene expression in an experimental model
relevant to SZ.

iPSC-Derived Neurons as A Model for Studying

Regulatory Variants in Psychiatric Disorders

iPSC-derived neurons are a good model for studying
psychiatric disorders for the following reasons: (1) regulatory
variants are often cell-type- and developmental stage-
specific® % and (2) iPSC neuron differentiation provides
an experimental model pathophysiologically relevant to
Sz 83883 Other alternatives, such as human postmortem
brain tissue and genetically-modified model organisms®®*"
have provided insights into SZ pathophysiology, but also
have limitations. The postmortem brain is not a living tissue
and thus does not capture changes at early neuronal
developmental stages®. Furthermore, gene expression
in postmortem brain is well-known to be confounded

B8 and

by tissue variability and environmental factors
postmortem brain is not amenable to genetic modification.
Animal models often do not faithfully reflect the human
pathophysiology, especially for brain disorders. Moreover,
animal models may not elicit the expected functional impact
of human variations®® because regulatory variants are
often species-specific®™. Although the immune hypothesis
remains vital for SZ, which is indeed supported by SZ
GWAS findings (the strongest SZ risk locus is at the major
histocompatibility complex), after all, schizophrenia is a
brain disorder. An abnormal function or expression level of
a gene in peripheral blood may predispose an individual to
the risk of SZ; however, the phenotypic expression of SZ is
closely associated with dysfunction of the brain, manifesting
as various abnormal cellular or physiological phenotypes
such as reduced functional cortical connectivity"'"*” and
reductions in dendritic spine density!'” 2" ?? iPSC-derived
neurons thus provide a unique model to resolve more
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disease-relevant cellular and molecular phenotype changes
as a result of genetic perturbation.

iPSC Generation and Characterization

Most of the commonly-used source tissues or cells for
iPSC production are skin biopsies and blood cells, and
there are multiple ways of delivering the pluripotent
re-programming factors (Oct3/4, Kif4, Sox2, and c-Myc),
which have been reviewed extensively elsewhere®. The
optimal way to generate iPSC lines would be free of virus
integration, e.g., by Sendai virus®, that has been used
by the NIMH stem cell center (http://nimhstemcells.org) to
establish a resource of iPSC lines for psychiatric research.
As iPSC clones can vary substantially, it is necessary to
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characterize the pluripotency and other biochemical and
epigenetic properties of different iPSC clones for the same
individual. Besides the confirmation of morphology and
positive immunofluorescence staining of pluripotent stem-
cell markers (e.g., TRA-1-60, OCT4, NANOG, and SSEA4)
(Fig. 2A), full pluripotency of an iPSC line is often confirmed
by PluriTest assay (www.pluritest.org)® of transcriptome
data (lllumina HT-12v4 array) and by the capacity to
form embryoid bodies that spontaneously differentiate
into the three germ layers (ectoderm, endoderm, and
mesoderm) (Fig. 2B). More extensive characterization
includes aberrant genetic/epigenetic modification'®”,
reprogramming-induced point mutations®®® and CNVs®,

GWAS: putative causal SNPs

v

Functional interpretation: ENCODE
chromatin modifications; TFBS, and/or
brain-eQTLs.

\

Isogenic iPSCs:
genome editing;

iPSC: patients
with risk alleles

or controls with “correcting” or
non-risk allele introducing risk allele

v \

Neuron differentiation: DA, Glut, or
GABA, etc.

* SZ-relevant cellular phenotypes
* (is-regulated genes

* Transcriptome and pathways

* Epigenomics

Fig. 2. Human iPSC-derived neurons as a model for studying regulatory variants of SZ. (A) Human iPSCs characterized by positive
immunofluorescence staining for the pluripotent stem cell markers TRA-1-60, OCT4, NANOG, and SSEA4. Only OCT4 staining is
shown. DAPI stains the nuclei. (B) Germ layers from embryoid bodies stained positive for TUJ1 (Blll-tubulin), AFP (a-fetoprotein),
a-SMA (a-smooth muscle actin), markers specific for ectoderm, endoderm, and mesoderm cells respectively. (C) iPSCs subjected

to dopaminergic neuronal differentiation. Neurons are TUJ1", and DA neurons are TH". (D) iPSCs subjected to cortical neuronal

differentiation. Neuron progenitor cells are nestin® with cortical identity (Otx1*). Neurons are TUJ1", and glutamatergic neurons are
vGlut1®. (E) Flowchart for the functional characterization of regulatory variants implicated by SZ-GWAS. Photomicrographs for DA
neuron differentiation are from Shi et al. J Biol Chem, 2014°%,
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or whole-genome sequencing. Because of the technical
and financial limitations of scaling-up iPSC production and
characterization, generating iPSC lines has often been
restricted to small samples, with an emphasis on modeling
specific mutations of relatively large effect, e.g., SZ-
associated rare CNVs.

iPSC-Neuron Differentiation

It is important to determine what would be an appropriate
neuronal subtype to derive from iPSCs to model the
genetic perturbation of SZ-relevant molecular and cellular
phenotypes. iPSCs can be differentiated into multiple
major types of neurons (dopaminergic, glutamatergic, and
GABAergic)" that are relevant to SZ pathophysiology.
Dopaminergic neuronal differentiation from iPSCs is the
most developed method with relatively high purity®. We
have achieved ~80% dopaminergic neuronal differentiation

efficiency™

using a floor-plate-based midbrain DA neuronal
differentiation method®. We observed neurons with DA
characteristics, i.e., tyrosine hydroxylase (TH)" and pituitary
homeobox 3 (PITX3)" at day 30 after plating iPSCs and
denser TH® staining at day 45 (Fig. 2C)*®. We also found
a dynamic expression change of DRD2 that is inversely
correlated with the expression of two miRNAs (miRNA-9
and miRNA-326) that target to the 3’-UTRs of DRD2,
suggesting a pathophysiologically and developmentally
relevant post-transcriptional regulation of DRD2 by
both miRNAsP?. Consistently, we also found an inverse
correlation of DRD2 and the two miRNAs in multiple brain
regions during brain development®”.

iPSC can also be efficiently differentiated into cortical
excitatory neurons, mimicking a process of human
cortical development® *!. Given the emerging evidence
of dysfunctional frontal cortical development"® and
abnormal glutamatergic neurotransmission in SZ® ™, iPSC-
derived cortical excitatory neurons may be a very important
experimental model for studying SZ disease biology. The
cortical neurogenesis from iPSCs lasts ~2 months after
neuronal induction, which is similar to the ~70-day period
of cortical neurogenesis in humans®®”. The cortical neuronal
differentiation from iPSCs is reproducible®®. iPSC-derived
neurons include early-born (~day 35) deep-layer Tbr1*/
CTIP2" neurons and later-born (~day 70) upper-layer
Brn2'/Cux1’/Satb2” neurons, most of which are vGlut1®
(~70%)®. We have observed ~100% neuron progenitor

cells (NPCs; nestin®) with cortical identity (Otx1/2%) at ~day
12, and a substantial number of vGlut1® neurons at ~day
43 after neuron induction (Fig. 2D).

The most difficult type of neuron to derive from
iPSCs is the GABAergic interneuron. Parvalbumin (PV)
GABAergic interneurons have been shown to be relevant
to SZ pathogenesis'®". However, the above-mentioned
cortical neuron differentiation procedure does not produce
PV* interneurons®. Recently, human pluripotent stem cells
(hPSCs) were successfully differentiated into GABAergic
interneuron with mature physiological properties along a
prolonged intrinsic timeline of up to 7 months, mimicking
endogenous human neural development!"®?. These
neurons express ventral telencephalic GABAergic neuronal
lineage markers (ASCL1, DLX1, and DLX5) with increasing
expression intensity over time. About 75%—-86% of neurons
express GABAergic markers (GAD1, SLC32A1, and
SLC6A1), and about 53%—78% of neurons express VGAT
from 5 to 30 weeks post-differentiation'*?.

A common challenge of using iPSC-neurons as a
model is the heterogeneity of neuronal culture. There has
been a lack of specific cell-surface markers for purifying live
neurons"®. For cortical neurons, although a new method
is reported to yield 100% excitatory neurons in a much
shorter time than typical cortical neuron differentiation,
it requires genetically-modified iPSCs and only ~20%
of neurons are vGlut1*'®. Nonetheless, with 70%—80%
purity of dopaminergic neurons, glutamatergic neurons,
or GABAergic neurons derived from iPSCs or hPSCs, we
believe the iPSC-derived neuronal model will provide an
invaluable tool for studying causal molecular mechanisms
underlying the genetic findings in SZ. Alternatively, because
iPSC can be quickly transformed into NPCs with high
purity, and NPCs show transcriptome profiles similar to the
developing brain, iPSC-derived NPCs have been proposed
as a suitable model for studying the developmental aspects
contributing to SZ®,

CRISPR-Mediated Genome Editing Empowers the
Study of Regulatory Variants in iPSC-Neurons
For common disease variants, directly comparing the

differential expression between iPSC-neuron cultures
of different subjects carrying risk alleles versus non-risk
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Fig. 3. Genome editing to create isogenic patient-specific iPSCs. (A) TALEN plasmids are used for precise risk allele correction (T to A
for SNP A) through ssDON (single-stranded DNA oligonucleotide)-mediated homology-directed repair. (B) CRISPR/cas9-mediated
an exon deletion (~200 bp) using paired sgRNAs (#1 and #2) for targeting. An isogenic iPSC line is generated with ~200 bp DNA
being deleted through non-homologous end-joining (NHEJ) of the double-strand breaks of DNA. In each sgRNA, the specific target
sequence (20 nt, green or orange) must immediately precede a 5'-NGG adjacent motif (PAM; pink). The red arrow indicates the
expected cut site (~3 bp upstream of the NGG PAM sequence) of Cas9 nuclease. Flanking PCR primers can be designed for a rapid

screen of iPSC clones carrying the deletion allele.

alleles would require a technically and financially prohibitive
number of iPSCs. This is because common variants often
have small effects and at the same time, there is substantial
variation, in particular the variable genetic background,
between iPSC lines""®. Furthermore, although the iPSC-
neuron provides a model to directly test regulatory effects
relevant to SZ, the associated high cost and labor prevent
scaling up. A prominent solution is the emerging genome-
editing technology. Genome editing enables the generation
of isogenic iPSC-neurons that differ only at the SNP site

of interest, a powerful design that can overcome possible
confounding effects of variable genetic backgrounds when
comparing differences between cells carrying risk versus
non-risk alleles!®"¥. With a genome-editing strategy to
generate isogenic iPSC-neurons, a workflow combining
bioinformatics prediction and empirical iPSC-neuronal
disease modelling (Fig. 2E) will help us to link the genotype
to cellular phenotypes for causal regulatory variants
implicated by SZ GWAS and by future whole-genome
sequencing.
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Major genome-editing systems include zinc finger
nuclease (ZFN), transcription activator-like effector nuclease
(TALEN)"*"3 and Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/CRISPR-associated (Cas)
nuclease-mediated genome editing!"*"'¥. ZFN has the
lowest editing efficiency and the most tedious laboratory
procedure. TALENs comprise a Fokl nuclease domain and
DNA-binding domain that can be engineered to recognize
specific DNA sequences. TALEN-mediated editing
substantially improves the editing efficiency, and presents
higher specificity than regular CRISPR/cas9 editing
because of the requirement of a dimer of DNA-binding
domains to target the specific sequence flanking the variant
site to be edited (Fig. 3A). Although an improved version
of TALEN editing using GFP (green) and RFP (red) fusion
proteins allows rapid screening for edited iPSC clones,
constructing TALENSs is still a tedious procedure (Fig.
3A) and the editing efficiency is often lower than that
of CRIPSR/Cas9. CRISPR/Cas9 editing system is
noteworthy for its simplicity, high efficiency, and facility
for multiplexing""*""¥. With CRISPR/Cas9, a sequence-
specific guide RNA (gRNA) leads Cas9 to create a DNA
double-strand break at a target site, which in turn triggers
DNA damage repair through non-homologous end-joining
(NHEJ) or homology-directed repair (HDR). NHEJ results in
small insertions or deletions (indels), while HDR introduces
precision allele editing. For studying regulatory variants,
one could either disrupt the regulatory sequence flanking
the risk allele, create a deletion of the putative regulatory
sequence using paired gRNAs, or carry out precise risk-
allele “correction” with low editing efficiency (<2%) (Fig.
3). Although it has high editing efficiency, the regular
CRSIPR/cas9 editing system is reported to often generate
off-target editing, which can be monitored by Surveyor
nuclease assay'"” or whole-genome sequencing. Improved
CRISPR-mediated editing systems, such as modified Cas9
nuclease and Cas9 nickase, can substantially reduce off-
target editing thus providing enhanced editing specificity!'*",
but it often reduces on-target editing efficiency"“. A better
understanding of the biochemical mechanism of each
genome-editing system will lead to the improved design
of editing tools to increase the editing specificity while
retaining the high editing efficiency.

Genome-modified isogenic iPSC-neurons are thus a

powerful approach to compare the functionality of different
alleles of single genetic variants on the same genetic
background, and using patient-specific iPSCs may further
assure a genetic background maximizing the expressivity of
a causal variant. However, because of the polygenic nature
of complex diseases like SZ, the same single causal variant
may still elicit variable functionality in genome-modified
isogenic iPSCs derived from different patients with different
genetic backgrounds. One way to overcome this limitation
would be to characterize the functionality in isogenic
iPSC lines derived from more than one patient, and when
necessary, combine this with “rescue” experiments to
validate the specificity of the observed functional effect.

Conclusion and Outlook

Gene expression regulation contributes substantially to
phenotypic variation®®. Although not sufficient, studying
the regulatory effect of a risk allele on cellular phenotypes
relevant to SZ is essential for understanding the causal role
of a specific regulatory risk variant'®®. Because a simple
cellular model such as iPSC-neurons has reduced system
“buffering” to genetic or environmental perturbations
compared to the whole organism"*!, common SZ risk
variants with a small population effect size may still elicit
moderate or even strong effects on molecular/cellular
phenotypes'”'*. The use of isogenic iPSC-neurons as a
disease-relevant experimental model is also expected to
enhance the sensitivity of detecting phenotype differences
by minimizing the confounding effects of variable genetic
backgrounds'®®. Neurons derived from patient-specific
iPSCs™ #*¥" have been used to study SZ-relevant cellular
phenotypes such as reduced synaptic density, and
abnormal circuit connectivity and synaptic transmission™*®.

Emerging technology and conceptual innovation will
enhance the power of the iPSC-neuron as a model in
understanding the disease biology underlying most genetic
findings. First of all, defining a sensitive and specific
functional assay of regulatory effect on gene expression
for neuronal cells is critical. The allele-specific effect on
open chromatin as measured by DNasel HS sites can be
an effective functional readout of functional screening for
regulatory variants. The most recently developed Assay
for Transposase-Accessible Chromatin using sequencing
(ATAC-seq)"™ provides a much simpler alternative method
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that requires very few cells for mapping open chromatin,
which fits well with studying neuronal cells. Secondly,
there is a need for high-throughput genome editing to
systematically assay the regulatory effects of a large
number of putative regulatory variants. Although high-
throughput reporter gene assays can directly examine allelic
effects on promoter/enhancer activity of short synthetic
regulatory sequences'™" *?, the assayed “function” is not
in the context of native genomic architecture. CRISPR/
cas9-mediated genome editing of iPSCs can be used
for high-throughput loss-of-function gene screening in
regular human cells by sgRNA-guided exon knockout!""!
or disruption of non-coding sequences; however, it is still
difficult to scale up with a large number of iPSCs, and in
particular, the laborious and costly production of iPSC-
neurons'®. The concept represented by the iCRISPR
genome editing platform to create compound mutants
may have the potential to support high-throughput genetic
analysis in iPSCs!™. Finally, there is still a lack of high-
throughput functional assays of neuronal morphology and
synaptic properties. Conceptual and technical innovation
to develop such functional assays will be fundamental for
translating the genetic findings into clinically “actionable”
disease biology.

The use of human iPSC-derived cortical neurons
enables us to observe molecular and cellular phenotypic
alterations more relevant to SZ. However, such an “in-dish”
model has limitations in capturing the cortical ultrastructure
and synaptic transmission in vivo"*®. Any interesting finding
or failure to observe an expected phenotype in iPSC-
neurons may thus require cross-platform validation, e.g.,
in mice!™* " Albeit the limitations mentioned above for
mouse models and the different cortical organizations
between mice and human brain**, the basic cellular
phenotypes are conserved in the two species and studying
abnormal brain development and function in mice has
been and remains a powerful approach for modeling
genetic perturbations in neuropsychiatric disorders!"*.
Indeed, future animal modeling of SZ will benefit from the
genetic discoveries from GWAS and from studying iPSC-
derived neurons. GWAS provides more specific gene
targets for constructing more disease-relevant animal
models, while functional genomics in cellular models
will inform the causal molecular mechanism of a genetic

variant, e.g., whether the risk allele reduces or increases
gene expression. This information will thus guide whether
knockout (KO) or knock-in (KI) of a target gene in mice is a
more appropriate disease model. Furthermore, the current
genome-editing technology has been successfully applied
to animal disease modeling where one can introduce a
specific genetic mutation more efficiently and with higher
precision than traditional time-consuming KO/KI animal
modeling. Moreover, brain disease modeling is rapidly
evolving; for instance, human iPSCs have been recently
used to derive 3-D “mini-brains”**, which may ultimately
allow us to understand SZ disease biology in a faithful
neurodevelopmental model.

Finally, the identification of specific functional risk
variants and their cis-regulated risk genes in broad
genomic regions implicated by SZ GWAS and by future
whole-genome sequencing studies holds the promise of
benefiting SZ pharmacogenomics. New SZ GWAS findings
provide an opportunity for developing more effective drug
targets as an alternative to the classical antipsychotic drugs
that mainly target DRD2'".

SZ genetic findings may also help to predict which
individuals may be more responsive to a particular drug,
thus improving the effectiveness of commonly-used
antipsychotic drugs. In this regard, iPSC-neurons carrying
a specific SZ causal risk variant as a model may serve
as a platform for screening drugs that are most effective
in a specific subpopulation. Ultimately, the path from SZ
genomics to biology will lead to a deeper understanding
of the molecular pathogenic mechanisms!'??, which will
facilitate more precise SZ risk prediction and developing
more effective and individualized treatments.
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