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1 Introduction

The sheer complexity of the nervous system, the clinical and biological heterogeneity of
affected patients, and limited approaches to access relevant tissues for disease modeling have
together made the investigation of schizophrenia persistently daunting. New hope has been
generated by the still recent advent of human induced pluripotent stem cell (hiPSC) models
of neuropsychiatric conditions. The reprogramming of hiPSCs into defined cell types is a
technical advancement that has made available living neural tissues derived from patients
and controls for studying neurobiological abnormalities driving disease pathology, modeling
the impact of genetic and non-genetic risk factors, and testing interventions—whether
genetic or pharmacologic—to prevent or reverse disease-associated phenotypes. As a result,
cell reprogramming enables both patient-specific study of genetic disease and in vitro
modeling of the complex genetic risk factors underlying neurological disorders such as
schizophrenia.

In this chapter, we preview the syndromal presentations of schizophrenia and its treatment to
provide the reader with clinically relevant information regarding both the severity of the
disorder and the challenges associated with its management. As needed for integrating
findings discussed later in the chapter, we highlight key genomic and biological processes
disrupted in schizophrenia, with an emphasis on the essential role of neurodevelopmental
perturbations in disease etiology. After previewing relevant methodological considerations,
we discuss many of the studies that have employed hiPSC-based models to provide
fundamental insights into mechanisms of disease in schizophrenia. We end with an overview
of innovations that will facilitate the continued usefulness of hiPSCs for studying
schizophrenia and for ultimately improving the lives of those affected by it.

2 Overview of Schizophrenia

2.1 Clinical Presentations of Schizophrenia

Schizophrenia is a neuropsychiatric condition that can have devastating impacts on the lives
of patients and those around them. As is the case with all psychiatric disorders, diagnosis of
schizophrenia is made based upon the presence of specific signs and symptoms that have
persisted for a specified period of time, are not attributable to organic disease or substance
use, and that cause significant distress, disability, and/or impairment in functioning.
Unfortunately, there are no biologically informed tests or criteria that can be used to confirm
the presence of schizophrenia, and there is notable heterogeneity among patients despite
sharing an identical diagnosis.

Phenomenological descriptions of schizophrenia have varied throughout history and by
clinical assessment methodologies. The development of symptom-rating scales and their
widespread application across numerous patient samples and contexts served as key
empirical foundations for disease description. Factor analyses [1-4] originally clustered the
clinical features of schizophrenia into three subsyndromes, each relating to a specific group
of defined symptoms: (1) psychotic symptoms (e.g., delusions and hallucinations), (2)
negative symptoms (e.g., anhedonia, alogia, social withdrawal, blunted or flat affect), and (3)
disorganized symptoms (e.g., thought disorder, bizarre behaviors). In recent years,
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particularly with the advent and extensive application of the Positive and Negative

Syndrome Scale (PANSS) [5], robust support has been provided for an expanded Five Factor
Model [6, 7] of schizophrenia that includes the addition of two more dimensions: (1)
depression and anxiety and (2) agitation. These two different syndromal models of
schizophrenia and their constituent signs and symptoms are listed and defined in Tables 1
and 2.

Notwithstanding the recent advances in understanding the full spectrum of symptom
dimensions in schizophrenia, criteria for the disorder employ a categorical approach for
diagnosis. According to the criteria outlined in the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5) [8], the patient must present with two or more of
the following for a majority of the time for a period of at least 1 month: delusions,
hallucinations, disorganized speech, grossly disorganized or catatonic behavior, and negative
symptoms. Furthermore, the DSM-5 specifies that one of those two (or more) must include
one of the first three (i.e., delusions, hallucinations, disorganized speech). Overall
symptoms, including the month of those outlined above along with prodromal and/or
residual signs and symptoms, must persist for at least 6 months and cause significant
functional impairment in one or more domains of life such as work, education, or
interpersonal relationships. Finally, schizoaffective disorder, bipolar disorder, and major
depressive disorder with psychotic features must be ruled out, and the symptoms cannot be
attributable to substance abuse or medical illness (Table 3).

2.2 Strategies for the Treatment of Schizophrenia

Since the mid-twentieth century the mainstay of pharmacologic treatment of schizophrenia
has been dopaminergic receptor antagonism with antipsychotic medication. The incidental
discovery by French surgeon Henri Laborit that chlorpromazine had strikingly calming
effects on patients preparing to undergo surgical procedures was the impetus to the
medication’s widespread use in psychotic patients beginning in 1952 [9]. Soon after, several
other antipsychotics were synthesized, and it was discovered that the potency of these agents
was mediated by blockade of dopamine 2 receptors [10] and that there was a direct, positive
correlation between an antipsychotic’s efficacy and its affinity for the D2 receptor [11, 12].
In the decades that followed, another type of antipsychotic was discovered that had affinity
for both D2 and serotonergic receptors [13], leading to the widespread, although over-
simplified and partially inaccurate, grouping of these medications into “first-" versus
“second- generation antipsychotics.” Large comparative studies have demonstrated that first-
and second-generation antipsychaotics have statistically indistinguishable effects on positive
symptoms; instead, the two medication classes vary in their side effect profiles, with first-
generation antipsychotics causing more extra-pyramidal symptoms and second-generation
antipsychotics causing more notable metabolic side effects [14, 15]. One medication that
stood out in its effectiveness for treatment-resistant schizophrenia was clozapine, but its
substantial burden of side effects, particularly with the relatively common occurrence of
agranulocytosis, has limited its use to refractory patients and to those with schizophrenia
complicated by suicidality [16]. While the numerous antipsychotic medications available
have clear benefit in the amelioration of the positive symptoms of schizophrenia, both first-
and second- generation antipsychotics show, at most, only slight improvement in the
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negative and disorganization symptom dimensions [17, 18], and adverse effects from
medications are a leading cause of non-adherence to them [19]. Furthermore, efforts to
develop effective antipsychotics acting via other neurotransmitter systems have been
disappointing (e.g., the mGIuR2/3 agonist pomaglumetad methionil (LY2140023) [20]).
These painful realities, along with the enormous burden of schizophrenia for patients, their
families, and society, drive the urgent demand for novel approaches to understanding disease
biology and therapeutic innovation.

2.3 Outcomes in Schizophrenia

Schizophrenia is associated with an expansive array of adverse outcomes. Despite treatment,
at least one-third of patients in developed countries and about 60% of patients in developing
countries do not achieve a satisfactory level of remission [21]. As a group, patients with
schizophrenia have a life expectancy that is 15-20 years shorter than average [22] due to a
multitude of factors. Rates of suicide range from 5 [23] to 13 [24] percent, and in a large
study of Chinese patients, individuals with schizophrenia were 23 times more likely to die
by suicide [25].

Accordingly, suicide has been shown to account for 28% of the excess mortality in patients
with schizophrenia [26]. Additional likely contributing factors are adverse effects of chronic
medication use [27], increased risk of several communicable diseases [28], cardiovascular
disease and mortality [29], comorbid substance abuse [30], and markedly elevated rates of
abuse and assault [31]. Overall, patients with schizophrenia carry a remarkable burden
across domains of life, and advances in the understanding of the disease and its treatment are
imperative.

3 Neurobiological Considerations of Schizophrenia

Having provided an overview of the clinical aspects of schizophrenia, we will now turn to
relevant neurobiological considerations of the disorder. We begin with a discussion of the
neurodevelopmental theory of schizophrenia, drawing upon numerous lines of evidence that
support this line of thinking. Then, we focus on risk factors for schizophrenia, mentioning in
brief those environmental or non-genetic factors, and then focusing more in-depth on the
genetics of schizophrenia.

3.1 Schizophrenia as a Disorder of Neurodevelopment

Numerous lines of evidence implicate several abnormalities in neurodevelopment as
contributing to schizophrenia (for review, see: [32, 33]). In addition to the impact of risk
factors mentioned below that affect in utero development, birth, and early childhood, much
additional data point to a “Neurodevelopmental Hypothesis of Schizophrenia.” In this
section, we provide a concise review of studies that have generated convincing support of
this broader hypothesis.

Findings in Patients During First Episode of Psychosis—Brain development and
maturation is a dynamic process beginning in early fetal development and extending up to
the third decade of life [34]. Abnormalities documented in the brains of patients with
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schizophrenia relate strongly to biological processes most active during neurodevelopment,
such as neuronal migration [35], proliferation [36], specification [37], maturation [38], and
pruning [39]. These facts, coupled with the longitudinal course of brain development, make
it exceedingly unlikely that the factors that ultimately contribute to schizophrenia take place
in close temporal proximity to disease onset by current diagnostic formulations [38].

In patients presenting with their “First Episode of Psychosis,” extensive reports of
widespread brain abnormalities are consistent with a prolonged disease process that
ultimately culminates in the manifestation of symptoms warranting acute clinical attention.
First episode patients show volumetric abnormalities in the temporal lobe [40]; enlargement
of CSF spaces [41]; smaller thalamic nuclei [42]; decreased grey matter in the prefrontal and
temporal cortices [43, 44]; diminished grey matter in the frontal and hippocampal gyri [45];
progressively worsening reduction in overall cortical grey matter [46, 47] and in the
cingulate and insular cortices [48-50]; abnormal functional connectivity [51]; and finally,
disrupted maturation in several white matter tracts [52-55]. Importantly, many of these
findings correlate positively with disease progression [47, 50, 52] and symptom severity [43,
45, 51], further supporting the relevance and longitudinal nature of these abnormalities. In
sum, these data highly suggest that biological processes underlying schizophrenia begin
many years prior to diagnosis, and as shown below, clinical studies of patients prior to
diagnosis reveal many corresponding changes in psychological functioning.

Diagnosis of Schizophrenia Is Preceded by a Significant Prodromal Syndrome
—Although schizophrenia is most commonly diagnosed in the late adolescent to early adult
years, decades of clinical research have described the presence of substantial but non-
specific psychopathology prior to disease diagnosis [56]. Regardless of prior risk
determination, prodromal patients show markedly high rates of sleep alterations, anxious
symptoms, suspiciousness, and non-hallucinogenic perceptual disturbances [57], as well as
behavioral changes including decline in academic performance, impaired concentration, and
social withdrawal [58-61], accompanied by early neurocognitive deficits (e.g., [62, 63]) that
often precede illness diagnosis by many years. Of note, the duration of the prodromal
syndrome correlates positively with the magnitude of grey matter volume reduction in
several brain regions [64].

The heterogeneity and non-specificity of these signs and symptoms have prompted
substantial research efforts into the prediction of later disease onset, particularly among
children deemed “high risk” or “ultra-high risk” for schizophrenia based upon family history
of the illness and/or early prodromal symptoms [65]. Presymptomatic “high-risk”
individuals frequently show social, motor, and cognitive deficits from early age. In infants,
delayed attainment of developmental milestones significantly increases risk of later
development of schizophrenia in a dose-dependent manner and with additive effects when
combined with obstetric complications [66]. Abnormalities beginning as early as age 4 in
social behavior, affect, and motor development predicted later diagnosis of schizophrenia
[67]. Consistent with this, 1Q decline from ages 4 to 7 [68], poorer performance on
intelligence and memory tasks at later developmental stages [69, 70] and decreased
performance on 1Q measures by age 13 predicted also predict schizophrenia [71]. A study of
children aged 7-12 years who later developed schizophrenia documented substantial
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differences in several standardized behavioral metrics compared to children who did not
develop the disease, and demonstrated that among these differences, performance in
attention, memory, and motor skills predicted later onset of schizophrenia [72]. Moreover,
higher rates of social maladjustment are observed in those who later received a diagnosis of
schizophrenia [73]. Social and cognitive functioning deficits predict schizophrenia in
adolescent males (aged 16-17) up to 10 years following initial testing [74]. Using extant
data, investigators [75] have developed risk prediction tools that have high sensitivity (98%),
but with less specificity (59%), for later conversion to schizophrenia, with a mean time of
4.3 years for females and 6.7 years for males between age of prodrome onset and diagnosis
of schizophrenia [75]. Taken together, the data from these abundant reports show that formal
diagnosis of schizophrenia is preceded by deficits across functional domains that often occur
several years before onset of the classical disorder. Further strengthening the relevance of
these findings are reports of alterations in neuronal functioning that concur with early
psychological phenotypes, a topic to which we now turn.

Prodromal Symptoms of Schizophrenia Occur Concomitantly with Brain
Abnormalities—Longitudinal neuroimaging studies of patients have documented several
abnormalities that precede the diagnosis of schizophrenia. In high-risk persons, smaller grey
matter volumes in several brain areas predicted onset of psychosis 1-2 years later [76].
Similar approaches have replicated and expanded on these findings, further implicating
differences in subregions of the frontal, temporal, and parietal lobes [77]; thinning of the
anterior cingulate cortex [78]; reduced grey matter volume in the insular cortex, [79], the
superior temporal gyrus [80], and parahippocampal gyrus [81]; lower prefrontal cortex
activation during a working memory task [82]; and generalized cortical thinning [83].
Strikingly, volumetric brain abnormalities have even been documented in the offspring of
mothers with schizophrenia at the prenatal stage [84], providing a disease-relevant example
of the high degree of heritability of several brain volumes [85]. Reduction in white matter
tracts is also seen in patients showing prodromal symptoms, and the severity of the reduction
predicts later diagnosis of schizophrenia [86]. Finally, high-risk patients who later transition
to psychosis display abnormal white matter integrity up to 2 years prior to diagnosis [87].

Widespread reports of both psychological and biologic phenotypes preceding schizophrenia
onset suggest strongly that processes driving disease production occur long before its formal
diagnosis. When viewed within the context of the longitudinal course of brain development
—spanning about three decades in length— the data discussed here constitute the foundation
of a theory in which abnormal neurodevelopmental processes both predate and contribute to
the likelihood of schizophrenia manifestation, particularly in those with elevated genetic
risk. Although the early emergence of phenotypes associated with future disease incidence is
well documented, the extent to which innate (i.e., genetic) and environmental factors
contribute causally to their occurrence awaits clarification. This is highly non-trivial
distinction to make: while variation in disease states, as well as normal traits, is almost
always driven by variable combinations of genetic and non-genetic factors, an understanding
of the relative etiologic contributions of each is a critical informant of appropriate and
meaningful strategies to prevent or alleviate disease. For those risk factors driven by a
primary environmental insult, which of course may interact with genetic predisposition,
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there is ample opportunity—and, indeed, an imperative need—for early intervention to
remove the risk factor or diminish its impact. Conversely, a better understanding of how
innate, genetic pathways contribute to the development of schizophrenia may yield
innovative treatment approaches that correct or mitigate the consequences of these inborn
processes in a manner that improves the chances of averting disease presentation. While
expanded and aggressive efforts to improve treatment strategies of bona fide schizophrenia
remain imperative, the potential benefits of preventing its occurrence in the first place are
unbounded.

3.2 Epidemiology and Risk Factors for Schizophrenia

Risk Factors for Schizophrenia: Environmental Factors—Highly consistent with
the neurodevelopmental theory of schizophrenia are reports of numerous non-heritable
factors can impact schizophrenia risk, particularly during early childhood and adolescent
developmental periods. Several pregnancy- and birth-related complications increase disease
risk, including maternal infection [88,89], hypoxic events [90], maternal nutritional
deficiency [91, 92], pre-term birth [93], and both low [94, 95] and high [96, 97] birth weight.
In the Northern hemisphere, birth in the winter months is consistently associated with a
small but significant increase in schizophrenia risk [98]. Additionally, early-life stressors and
childhood traumas also increase risk [99, 100]. Although suggested causal relationships
remain speculative, adolescent use of cannabis, especially early and heavy abuse, has been
repeatedly associated with earlier-onset and/or increased severity of schizophrenia
symptoms [101, 102]. Less well understood are reports that living in more urban than rural
environments can increase schizophrenia risk [103]. The extent to which these
environmental effects differentially impact individuals with high versus low genetic risk for
schizophrenia remains unclear, and so there is a critical need to clarify these potential “gene
X environment” interactions.

Risk Factors for Schizophrenia: Heritability—Schizophrenia has an estimated
lifetime prevalence of 0.7% [104]. Family studies comparing the probability of having the
disorder in those with an affected relative to those without have found an odds ratio about 10
[105]. Concordance rates among monozygotic twins are estimated in the range of 41-65%
[106], indicating a substantial contribution of genetics to disease risk. In line with these
findings are results from meta-analyses that are able to derive a “heritability estimate,” the
percent of variation in disease frequency attributable to heritable factors; as of this writing,
the most recent assessment generated a heritability estimate of 79% for schizophrenia [107].
In the subsequent section, we explore the structure and putative impacts of genetic variants
that drive this high level of heritability.

3.3 The Form and Function of Genetic Variants Driving

Schizophrenia Heritability—In this section of this chapter, we focus on the underlying
biological nature of the genetic factors driving the substantial heritability of schizophrenia.
Understanding both the types of variants contributing to disease transmission and the degree
to which they influence longitudinal outcomes has essential relevance to knowledge of the
neuropathology of the disorder and towards development of biologically informed treatment
interventions. Broadly, the genetic contribution to schizophrenia risk consists of a
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combination of both rare and common variants [108]. Below, we provide an overview of
current understanding of both types of variants and their relative contributions to disease
risk.

Rare Variants Account for a Portion of Schizophrenia Heritability

A Rolefor De Novo Mutations: Reduced fecundity in patients with schizophrenia [109]
poses a challenge to those studying the genetics of the disorder: How is this reality
compatible with the high estimates of heritability? Because genetic variants leading to
decreased reproductive fitness are subject to negative selection, the lack of evidence
suggesting decreased disease prevalence renders genetic transmission alone an insufficient
explanation for disease occurrence [110]. Indeed, partial explanation of this phenomenon
lies in the importance of de novo mutations (DNMs). Consistent with a role of DNMs in the
genetic etiology of schizophrenia are observations that risk of schizophrenia correlates
positively with increasing paternal age [111], that transmission of DNMs to offspring
increases with paternal age in general [112] and in schizophrenia in particular [113, 114],
and that almost 80% of DNMs documented in exome-sequencing studies of schizophrenia
are found on the paternal chromosome [115].

Studying trios of schizophrenia patients and their unaffected parents is one approach to
identifying DNMs associated with incident cases. The first report using this design described
increased DNMs in schizophrenia cases among a panel of several hundred synaptic genes
[116]; targeted exome sequencing of a small number of such trios confirmed an increased
rate of DNMs in schizophrenia cases [117]. Subsequent studies with expanded sample sizes
found similarly increased rates of putatively damaging DNMs, including a report of
substantial enrichment of the schizophrenia-associated DNMs in genes preferentially
expressed in fetal but not post-natal brain [113, 114] as well as postsynaptic protein
complexes and binding targets of the Fragile X Mental Retardation Protein (FMRP) [115].

Exome-sequencing studies may also be conducted using a more standard case- control
sampling plan. While variants in any single gene were not associated with schizophrenia
exome-wide, combined gene sets showed increased rates of rare variants in cases versus
controls, with highest effects sizes observed for gene sets directly involved in PSD-95
synaptic signaling and calcium channels [118]. While rates of disruptive, “ultra-rare”
variants affecting protein-coding sequence appear to be increased in schizophrenia, [119], no
single variant alone with exome-wide significance has been identified, possibly due to
inadequate sample sizes, the rarity of such mutations in the general population, and the lack
of transmission of exonic mutations of large effect sizes. Nevertheless, gene sets specific to
brain tissue and neurons in general were highly enriched in such ultra-rare variants, while
those in other tissues and non-neuronal cell types were not [120]. For these reasons, there is
undoubtedly an increased burden of DNMs in single genes among patients with
schizophrenia.

Rates of Copy Number Variants Arelncreased in Patients with Schizophrenia: In
addition to rare, de novo variants affecting a single gene, there is also an increased rate of
large copy number variants (CNVSs) in patients with schizophrenia compared to controls
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[121], and genes located within associated regions implicate disruption in synaptic pathways
and neurodevelopment [122]. The largest and most recent analysis found eight CNVs that
reached a strict genome-wide significance level, with an additional eight CNVs at a more
relaxed threshold [123]. Strikingly, psychotic disorders are present in about 40% of adults
carrying the 22g11.2 deletion [124], and this CNV is the most common genetic lesion
associated with schizophrenia [125]. Although further research is needed to clarify this
relationship, there appears to be an interaction between disease-associated CNVs and
common variants in mediating risk variability and resultant phenotypes [126, 127]. In sum,
whether they involve a single gene or multiple, there is clearly an important contribution of
rare variants to schizophrenia heritability, and additional work to determine the utility of
targeting implicated pathways for therapeutic intervention will be essential to the overall
efforts to improve outcomes among affected patients.

Common Variation Contributes Substantially to Schizophrenia Heritability—
Although rare variants constitute a portion of schizophrenia heritability, most of the genetic
basis of the disease lies in the transmission of numerous (and presumably interacting)
common variants that each confers a relatively small risk of schizophrenia on their own. In
this section, we highlight the significant findings on the role of common variants
contributing to schizophrenia risk as well as an exploration of their potential etiologic
mechanisms.

The Polygenic Nature of Schizophrenia Heritability Pointsto Common Variants of
Small Effect Size: Long before the advent of genome-wide association studies (GWAS),
investigators posited that schizophrenia genetic risk was fundamentally polygenic in nature
[128]). Pilot GWAS in several thousands of cases and controls demonstrated that substantial
genetic risk for schizophrenia was conferred by single-nucleotide polymorphisms (SNPs),
including several in the Major Histocompatibility Complex (MHC) region [129], that were
both common and of small effect sizes individually [130-132]. Subsequent GWAS further
expanded sample sizes and identified additional loci, including one with variants in
MIR-137and its predicted targets [133]; several loci containing genes implicated in calcium
signaling and numerous others containing long non-coding intergenic RNAs [134]; regions
enriched in synaptic genes and genes involved in dopaminergic and glutamatergic
neurotransmission [135]; and loci implicated in abnormal behavioral phenotypes, long-term
potentiation, and targets of FMRP[136]. As seen in Fig. 1, the number of loci discovered is
directly proportional to the sample size of the study. Importantly, these findings have been
extensively replicated in cohorts of Han Chinese ancestry [138, 139] and among putatively
homogenous cohorts of schizophrenia patients taking clozapine [134, 136]. To date, the
contribution of common variants to schizophrenia heritability is estimated to be about one-
third [136], thus confirming the value of GWAS in assessing the genetic architecture of
schizophrenia. Despite the utility of this approach in identifying disease-associated variants,
the demonstration of a causal relationship between any given variant and occurrence of
schizophrenia is not addressed by GWAS, let alone the mechanisms by which loci negatively
impact normal human biology. In the following section, we explore nascent but promising
avenues to assess the potential causal impacts of genic variants to schizophrenia
development.
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3.4 Functional Genomics of Schizophrenia

The common variants associated with schizophrenia risk are predicted to affect patterns of
gene expression [137]. More generally, disease-associated variants are enriched in regions
predicted to have gene-regulatory functions [140, 141]. Such variants may alter gene
expression through differential affinities of proteins facilitating transcription [142],
alterations of various DNA and histone post-translational modifications [143], differential
splicing events leading to changes in isoform abundances [144], and/or through changing the
three-dimensional regulatory architecture of chromatin [145]. In this section, we review
findings of altered gene expression profiles in schizophrenia and studies using various
approaches to identify the mechanisms by which risk variants adversely affect gene
expression.

Schizophrenia Risk Variants Are Enriched in Expression Quantitative Trait
Loci—SNPs implicated in schizophrenia are enriched in genes expressed in post-mortem
brain tissue [146]. A substantial portion of these variants are associated with changes in the
expression of at least one gene and are thus termed “expression Quantitative Trait Loci”
(eQTL) [147]. Furthermore, disease-associated variants are enriched in chromatin-regulatory
peaks among genes that drive cortical neogenesis [148]. Strikingly, the most recent analysis
concluded that about 42% of GWAS variants associated with schizophrenia contain eQTLs
in regions converging on gene regulation [149]. With this in mind, it is no surprise that there
are widespread differences in gene expression patterns between cases and controls, as
reviewed below.

Post-Mortem Gene Expression Analyses Highlight Neurodevelopmental
Pathways and Specific Brain Regions and Cell Types—Numerous investigators
have sought to characterize abnormalities in nervous system gene expression in
schizophrenia in order to begin yielding mechanistic insights on molecular perturbations
driving disease pathologies. With the discovery that common variants associated with
schizophrenia are preferentially enriched in putative gene-regulatory regions and the advent
of more high-throughput technologies for measuring gene expression, these efforts have
expanded substantially. Here, we highlight some of the earlier reports of altered brain gene
expression with a focus on highly replicated findings with enduring relevance to the
mechanisms of schizophrenia. We then turn to an assessment of large datasets generated via
modern RNA-sequencing and computational platforms. As shown below, gene expression
abnormalities have begun to converge on several key neuronal processes, especially those
critically regulating neurodevelopment and cell type and regional specification. With further
developments in computational techniques and increasing sample sizes, studies of disrupted
gene expression patterns in schizophrenia will continue to generate key insights connecting
disease-associated genetic variants to etiologic molecular perturbations driving symptom
manifestation.

Regardless of disease status, comparative evolutionary genomics studies have revealed that
brain-related genes most recently acquired by Homo sapiens are preferentially expressed in
fetal and infant but not adult neocortex [150], and data from large-scale genomics
approaches indicate that variants associated with schizophrenia risk preferentially impact
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early neurodevelopmental pathways. Initial studies of patient post-mortem brain tissue
documented cellular and anatomical defects that suggest disrupted cortical neuron
development and migration [151, 152]. Expression analyses of genes driving GABAergic
neuron specification found that the most dramatic differences in patient brain tissue were in
transcripts whose expression undergoes the most significant changes in early rather than
later life [153], and that patient brains exhibit more immature and under-developed
expression patterns in GABAergic genes [154]. Meta-analysis of post-mortem microarray
studies implicated a variety of cell types and gene sets involved in synaptic transmission
[155], as well as disruption in the expression of genes most predominantly regulated during
neurodevelopment [156]. Subsequent review of findings that specifically assessed data from
post-mortem prefrontal cortex found enrichment in pathways related to synaptic
transmission [157], as well as immune-related processes, myelination, and oxidative
phosphorylation [158]. Consistent with the reports described below [159-161], similar
analysis that included other brain regions found enrichment in modules specific to certain
cell types and neurotransmitter systems (i.e., glutamatergic and inhibitory) and furthermore
discovered diminished expression in genes that distinguish separate brain regions [162].

RNA-sequencing platforms and increasingly sophisticated statistical techniques enabled
broader assessments of disease-associated changes in gene expression. Data from the
Common Mind Consortium revealed subtle alterations in mRNA levels among hundreds of
genes in dorsal lateral prefrontal cortex, and network analysis highlighted a gene “node”
characterized by enrichment in genes importantly involved in synaptic transmission,
neuronal subtype markers, and targets of FMRP [147]. An expanded analysis found that
genes differentially expressed in schizophrenia were those enriched in neurodevelopmental
regulation of neuronal cell type and discovered a dramatic shift in developmentally regulated
isoform expression among genes involved in dopaminergic and glutamatergic synaptic
functions [149]. Hierarchical clustering of gene expression in a different case-control sample
revealed similar enrichment in modules defined by neurodevelopmental regulated genes,
synaptic function, and cell type-specific markers [163]. In the largest transcriptomic study of
psychiatric disorders to date, investigators discovered expansive alterations in isoform
expression, particularly among non-coding RNAs and gene sets involved in synaptic
function, cell-type markers, and the immune system [144].

Presently, the substantial cost of RNA-sequencing and the limited number of post-mortem
samples, coupled with small effect sizes of individual loci, hinder the identification of robust
gene expression changes associating with a particular trait or disease. As an alternative
approach, transcriptome-wide association studies (TWAS) generate predictive models
relating specific genotypes to gene expression phenotypes through imputation of available
datasets describing gene expression changes associated with a disease risk variant [164]. In
this way, leveraging large eQTL datasets with post-mortem RNA-sequencing from case-
control studies enables the generation of models that predict alterations in gene expression
from given disease-associated variants. Thus far, schizophrenia TWAS efforts have identified
over 150 genes whose expression differs between cases and controls [160] [165]). Of note,
sets of variants discovered through TWAS are overrepresented in neurodevelopmentally
regulated genes [160] and impact the expression of several hundred of them in a remarkably
site-specific and temporally regulated manner across many brain regions [165]. Interestingly,
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pathway analysis of the implicated genes documented strong enrichment in processes related
to porphyric disorders and hexosaminidase-A deficiency [165]. A different study similarly
documented over one-hundred TWAS hits; among the most significant were chromatin
regulators and long intergenic non-coding RNAs [144]. By integrating gene expression
taxonomies derived from single-cell RNA-sequencing datasets with schizophrenia GWAS
signatures, specific neuronal cell types, including interneurons, pyramidal cells, and striatal
medium spiny neurons, have been emphasized in driving disease risk [161]. In a related
approach, analysis of the overlap between trait- and disease-associated loci and genes
exhibiting expression specificity in numerous tissues and cell types found that schizophrenia
loci were overrepresented in genes expressed in neurons, particularly glutamatergic neurons,
but not in non-neural tissue [159]. In sum, these studies reveal a cell-type specific disruption
of gene expression, particularly among sets key to neurodevelopment.

DNA and Histone Post-Translational Modifications Are Altered in
Schizophrenia—Efforts to understand the mechanisms by which schizophrenia-associated
risk variants alter gene expression have discovered key roles for several transcriptional
regulatory processes. Assessment of the excess association of GWAS SNPs for several
psychiatric disorders in particular biological pathways found that, for the combined datasets
of schizophrenia, bipolar disorder, and depression data sets, histone H3K3me methylation
showed the strongest enrichment overall, while the top pathways among schizophrenia SNPs
were postsynaptic density and membrane, dendritic spine, H3K4 methylation, and axon part
[166]. Across diseases and traits, associated SNPs are globally enriched in regions marked
by histone post- translational modifications (PTMs), such as H3K4me3 and H3K9ac,
indicating active enhancer, in a cell-type specific manner [167]. Using publicly available
post- mortem ChlIP-sequencing datasets from, Roussos et al. [168] found that this is also the
case for SNPs associated with schizophrenia in both fetal and adult brain tissue. Based upon
the growing consensus that epigenomic processes drive molecular phenotypes in numerous
diseases, the PsychENCODE Project was developed to study the role of DNA regulatory
elements in various psychiatric disorders [169]. A recent landmark study [170] assessed the
enrichment of SNPs for several brain- and non-brain-related diseases and traits among
specific regulatory chromatin marks in both brain tissue homogenate and neuron-enriched
and neuron-depleted populations of cells. SNPs associated with schizophrenia demonstrated
the strongest enrichment in open-chromatin peaks over all traits, including other brain-
related traits and diseases; importantly, this enrichment was strengthened substantially in
neuron- enriched samples over brain homogenate and non-neuronal samples, and the
variable driving the most variation in histone peaks was cell-type identity (i.e., neuron-
enriched versus non-depleted versus homogenate) [170]. Furthermore, many of the strongest
histone QTLs (hQTLs) associated with schizophrenia were found in neuronal but not non-
neuronal tissues [170]. This study highlighted, among other findings, both the strong
enrichment of schizophrenia SNPs in regulatory chromatin regions and the importance of
assessing potential functional roles of disease- and trait-associated variants in refined
biological samples in order to more adequately capture meaningful signals. In reports of
differential DNA post-translational modifications, schizophrenia SNPs are also enriched in
sites of DNA methylation (meQTLSs), which differ between cases and controls at genes that
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are strongly enriched in neuronal differentiation and neurodevelopment in frontal cortex
[171], hippocampus [172], and prefrontal cortex [173].

Taken together, these data provide a mechanistic link between genetic variation and altered
gene expression. The extent to which differential DNA and histone PTMs are driven by
primary effects of genetic sequence variation or numerous other secondary processes that
ultimately converge on alteration of these marks remains an area of significant uncertainty,
but future studies will integrate the contributions of innate genetic variation and non-genetic
factors in pathologically disrupting both the regulatory states and expression patterns of
causal gene sets. We now turn to a budding field that extends the functional impact of
schizophrenia risk loci on gene expression to include the pivotal role of three-dimensional
chromatin-regulatory structures.

The Disruption of Three-Dimensional Chromatin Dynamics by Schizophrenia
Risk Variants—A critical way in which DNA and histone PTMs change gene expression
is through the alteration of three-dimensional (3D) chromatin structures. If variants
associated with a disorder are enriched in putative participants in such structures, it follows
that schizophrenia risk variants may cause pathogenic alterations in 3D chromatin
architecture, thereby leading to disrupted patterns of gene expression [174]. While still a
nascent field, the role of 3D genomics in schizophrenia disease biology has increasingly
become come into focus for investigators. In 2013, Barhdwaj et al. identified a GABAergic
neuron-specific, activity-regulated 3D chromatin interaction involving GADZ and an
upstream transcriptional regulator, likely an enhancer, that was decreased in post-mortem
samples of schizophrenia patients who also had decreased GAD1 transcript levels [175]. In
the following year, an activity-regulated distal regulatory element of the NMDA receptor
subunit GRINZB was identified using chromosome conformation capture 3C); this distal
regulatory region was found to contain a SNP associated with schizophrenia risk, and post-
mortem prefrontal cortex from patients with that SNP had lower levels of GRIN2B mRNA
transcript compared to controls as well as patients without the risk allele [176]. Furthermore,
studies in post-mortem brain tissue identified a remarkable overlap between regions of open
chromatin and variants associated with schizophrenia risk [177-179]. Adapting 3C assays
genome-wide, HiC analysis in human fetal brain tissue found enrichment of schizophrenia
SNPs in 3D contacts of gene sets involved in neurogenesis, postsynaptic density, and
chromatin remodeling proteins, among others [180], consistent with TWAS findings of a
high degree of overlap between brain chromatin loops and signal for TWAS genes [160].
Recently, investigators demonstrated directly that risk variants for schizophrenia are
enriched in 3D chromatin loops that are specific to neurons and neural progenitor cells
(NPCs) [174].

Overall, genomic and functional genomic studies of schizophrenia heritability point to a
model in which both rare and common genetic variants contribute to disease risk, and that
common variants exert their effects in large part through altering gene-regulatory processes
and thus disturbing normal neurodevelopment in specific cell types highly implicated in
schizophrenia. In the next section, we begin our consideration of the role of hiPSC models in
exploring schizophrenia with relevant technical considerations, and then dive into the
numerous reports that have used hiPSCs to further expound disease biology.
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4 Technical Considerations in Human Induced Pluripotent Stem Cells

A landmark screen of transcription factors determined that OC74, KLF4, SOX2, and c-
MY, the now termed “Yamanaka Factors,” were sufficient to reprogram somatic cells into
induced pluripotent stem cells (iPSCs), thus bypassing the need for embryonic stem cells
[181]. Critical for model validity, iPSCs and ESCs have been shown to be comparable across
several features [182]. Advancements in hiPSC models and related technologies have fueled
a new approach to studying disease-relevant biological pathways in living neural tissue from
individuals with and without a particular trait or disease (for review see [183]).

4.1 Technical Challenges and Considerations in hiPSCs Models

hiPSC-based models offer as their primary advantage the ability to analyze living neuronal
tissue in a way that preserves donor gene background. Nonetheless, both genetic [184] and
epigenetic [185] errors are known to occur during the reprogramming process. Moreover,
certain chromosomal abnormalities identified in patient somatic cells reprogrammed into
hiPSCs may not retain the abnormality through traditional differentiation methods [186,
187]. While there is indeed variation in gene expression between hiPSCs derived from
different donors (and to a lesser extent between hiPSCs from the same donor), genetic
heritability also impacts gene expression patterns and differentiation potential [188]. Further
variability is introduced during the neuronal differentiation process: RNA-seq analysis of
hiPSC-derived neurons demonstrated that inter- and intra-donor variability could be
decreased by correcting for variation in cell-type composition [189]. While hiPSC-based
studies remain dramatically underpowered for the study of idiopathic disease, there is a
minimal yet highly significant concordance between gene expression signal in hiPSC-
derived neurons and RNA-seq datasets generated from the two largest post-mortem studies
[189]. If applied appropriately, hiPSC nevertheless serves as a key modeling platform.

Brief Overview of Techniques for Generating Disease-Relevant Tissues from
hiPSCs—In this section, we provide a targeted overview of techniques for generating the
types of neural cell types relevant for the discussions throughout the chapter. Broadly
speaking, techniques for producing neural tissue from hiPSCs may be classified as “directed
differentiation” or “induction-based” approaches. Directed differentiations are those
techniques that use a combination of small molecules, proteins, and other chemical factors to
modulate intracellular signaling in order to recapitulate in vivo developmental pathways that
give rise to the target cell type; these approaches often use varying combinations of agents at
different steps of the protocol to mirror sequential phases of neurodevelopment. Approaches
based upon inductions, on the other hand, employ transgenes, often packaged into viral
vectors, to ectopically express transcription factors that are known to be necessary and/or
sufficient to driving the hiPSC towards a specified neurodevelopmental pathway to produce
the desired cell type. Each general approach has its own advantages and disadvantages, and
an increasing number of techniques are employing combined strategies to improve cell type
yields and enhance specific phenotypes of interest (e.g., [190]). We turn now to an overview
of the protocols used to produce relevant cell types, with particular emphasis on those
employed in the studies discussed herein. In both sections, we mention first the techniques
for producing excitatory and inhibitory neurons, and then turn towards protocols that yield
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cells of other neurotransmitter system identities. For excellent and more thorough review,
see Mertens et al. [191].

Directed Differentiation Approaches—A frequently used directed differentiation
technique for deriving forebrain neural progenitor cells (NPCs) from hiPSCs involves the
dual inhibition of SMAD signaling. The application of SMAD inhibitors Noggin and
SB431542is known to reliably produce cultures that can be specialized to several neuron
phenotypes [192]. To generate a mixed population of forebrain neurons consisting primarily
of excitatory neurons, stepwise patterning of embryoid bodies into neural rosettes and NPCs
using developmental signals and then differentiating NPCs with defined neuronal growth
factors are used [193]. Cortical interneurons can be efficiently generated from hPSCs with a
combination of dual-SMAD inhibition and small-molecule application [194]. In the most
frequently used directed differentiation approach for producing dopaminergic neurons,
hiPSCs are first patterned into ventral midbrain floor plate progenitors and then matured into
dopaminergic neurons with a standard mixture of neurotrophic factors and small molecules
[195]. Serotonergic neurons may be differentiated from hiPSCs through sequential dual-
SMAD inhibition and modulation of WNT, Sonic Hedgehog (SHH), and FGF4signaling
[196]. Using sequential application of small-molecule inhibitors and morphogens,
hippocampal progenitor cells and dentate granule neurons can be produced [197], and a
related technique enriches for CA3 hippocampal neurons [198]. Combinatorial small-
molecule approaches are also capable of producing sensory neurons [199, 200]. Often, co-
culturing developing neurons with astrocytes during directed differentiation yields more
mature, functional neurons. A study conducted by Kuijlaars and colleagues demonstrated
enhanced synchronized synaptic activity in a population of GABAergic and glutamatergic
neurons differentiated in a co-culture of astrocytes via a small-molecule technique [201]. In
a simplified approach, astrocytes and neurons are produced together from the same starting
hiPSCs with modified differentiation strategies [202].

Induction Approaches—Fibroblasts can be reprogrammed into functional induced
neuronal (iN) cells via overexpression of the transcription factors ASCL 1, BRNZ, and
MYTL1[203]; the same three factors yield human neurons when combined with the
transcription factor NEUROD1[204]. Greatly simplifying the ability of investigators to
produce cortical excitatory neurons was the approached developed by Zhang et al. [205]
involving the overexpression of NGN.Z2alone in antibiotic-selected hiPSCs. This technique
works similarly when starting from NPCs [206] and was recently modified to include the
addition of small molecules in order to improve functional maturation [190]. Several cell-
type specific induction techniques have now been developed. GABAergic neurons of varying
subtype identities and maturities can be produced through the overexpression of different
combinations of transcription factors [207-209]. In order to produce midbrain dopaminergic
neurons, hiPSCs can be transduced with a combination of ASCL1, L MX1a/b, and NURR1
[210, 211], among others. Production of serotonergic neurons with induction approaches has
been achieved from fibroblasts using a combination of either LMX1b, FOXAZ2, ASCL 1, and
FEV[212] or LMX1b, FEV, NKX2.2, GATAZ, ASCL1, and NGNZ2[213]. See Fig. 2 for an
overview of these techniques.
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Overall, these approaches enable the production of numerous cell types relevant to
schizophrenia. Continued work to improve neuronal maturity and subtype specificity will
only bolster the field, and efforts to render approaches more scalable and reproducible across
donors and laboratories will increase the attractiveness of hiPSC models of neuropsychiatric
disease to many investigators (Fig. 3).

5 Investigation of Schizophrenia with Human Induced Pluripotent Stem
Cells

We turn now to the primary focus of this chapter. Here, we discuss studies that have
explored various aspects of schizophrenia biology using human induced pluripotent stem
cells (hiPSCs). We begin with pioneering reports that ignited the field and highlight cellular
and molecular phenotypes that were documented in patient cells. Then, we evaluate studies
that have assessed the impact of both common and rare genetic variants associated with
schizophrenia neuronal phenotypes. Afterwards, we share results of approaches that have
used hiPSC models to explore the impact of non-genetic factors implicated in schizophrenia.
We end with a discussion of recent advances in using hiPSC platforms for drug screening
purposes and applications towards improving clinical outcomes.

5.1 Assessment of Phenotypic Differences in Schizophrenia Across Neurodevelopment
with hiPSCs

The first report assessing phenotypic differences in hiPSC-neurons from patients and
controls found that patient-derived forebrain neurons exhibited decreased connectivity, fewer
neurites, decreased expression of the synaptic protein ASD95, and altered gene expression
profiles in pathways important to W7 signaling, glutamatergic neurotransmission, and
cAMP-related processes. Strikingly, the antipsychotic loxapine improved connectivity and
partially reversed abnormal gene expression in patient neurons [214]. Two follow-up studies
from these same hiPSCs revealed reduced excitatory synaptic activity [197] and altered
dopamine release [215]. In an independent study, hiPSC-derived dopaminergic and
glutamatergic neurons showed diminished ability to develop into morphologically mature
neurons and displayed several mitochondrial abnormalities [216]. Experiments in
schizophrenia hiPSC-derived forebrain and NGNZ2 neurons were coupled with two mouse
genetic models of schizophrenia to provide robust, cross-model validation of perturbed
expression and activity of the striatal-enriched tyrosine phosphatase isoform 61 (S7TEP61)
[217], a postsynaptic density-enriched enzyme implicated in animal and pharmacologic
models of schizophrenia [218].

Whereas forebrain neural progenitor cells (NPCs) from patients with schizophrenia
exhibited reduced neural migration [219], altered WN/T signaling [220] and increased
abundance of translation machinery [221], hippocampal NPCs from this same hiPSC cohort
revealed decreased expression of several key markers of hippocampal neurogenesis [197].
Moreover, hippocampal CA3 neurons derived from these patients had several
electrophysiological abnormalities and altered network connectivity when co-cultured with
human dentate granule neurons [198]. An independent group confirmed defective migration
patterns in patient NPCs, and further reported depressed expression of several angiogenic

Adadv Neurobiol. Author manuscript; available in PMC 2021 April 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Powell et al.

Page 17

proteins and reduced angiogenic capacity [222]. These findings are intriguing in light of
reports of altered angiogenesis protein expression post-mortem [223] and in living patients
[224], as well as diminished vasculature in patients with schizophrenia [225], highlighting
the importance of studying non-neuronal cell types in schizophrenia [226].

Evidence is gradually accumulating that abnormalities in mitochondria and reactive oxygen
species (ROS) may contribute to schizophrenia etiology [227-229]. A study of ROS
production in neural cells derived from a single patient with schizophrenia showed increased
ROS, a phenotype that could be alleviated by exposure to the mood-stabilizer and anti-
epileptic valproic acid [230]. Subsequently, proteomic analysis revealed alterations in
oxidative stress pathways [219] and mitochondrial abnormalities [216] in schizophrenia
hiPSC NPCs and neurons, respectively. Intriguingly, transfer of healthy control mitochondria
to differentiating hiPSCs derived from schizophrenia patients ameliorated abnormalities in
mitochondrial bioenergetics and neuronal differentiation [231].

A pivotal role for abnormal expression of microRNAs and their targets in schizophrenia
pathology has garnered increasing levels of support [232]. Studying gene expression across
dopaminergic differentiation of hiPSCs, Shi et al. [233] confirmed findings from post-
mortem data on an inverse correlation between expression of the dopamine receptor 2
(DRD2) and a regulatory microRNA, miRNA-326. After establishing a key role for miR-19
in the regulation of NPC proliferation and migration, Han et al. [234] documented increased
miR-19 expression and a corresponding decrease in the RNA and protein levels of one of its
key regulatory targets. A broad examination of microRNA expression levels in NPCs
derived from schizophrenia patients and controls identified /7//R-9 as the most substantially
decreased transcript [235]. Subsequent analysis correlated decreased miR-9 expression
levels with defective migration of patient NPCs in a neurosphere migration assay;
abnormalities in NPC migration and gene expression could be partially rescued by
overexpression of miR-9, and knockdown in control NPCs resulted in the production of a
“SCZ NPC” gene expression and migration phenotype [235]. Separately, GWAS studies
identified SNPs associated with miR-9targets to be enriched in schizophrenia [236],
independently validating this hiPSC-based discovery.

Taken together, these reports indicate the pivotal role of hiPSC-based models in parsing
altered molecular pathways in living neurons from patients. As shown, the generation of
isogenic neural tissue from patients and appropriate controls has been a fruitful approach to
further assessing cell and molecular phenotypes observed in schizophrenia. Next, we focus
on studies that have used hiPSC-derived tissue to test specific hypotheses regarding putative
roles of genetic variants in disease biology.

5.2 Application of hiPSC Models to Study the Effects of Common Variants

Analyses of the contribution of common genetic variation to schizophrenia indicate that
hundreds of single-nucleotide polymorphisms (SNPs) may be involved in disease risk [136]
and that common variation may account for one-third to a half of the genetic risk for
schizophrenia [130, 134]. Individually, each implicated SNP has an incredibly small effect
size, with odds ratios (OR) typically ranging from about 1.05 to 1.20 [137]. The remarkably
polygenic nature of common variants in schizophrenia, coupled with their low effect sizes,
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indicates that studying any single, individual SNP in a case-control fashion is highly
unlikely to yield meaningful results. While the sample sizes required to detect phenotypic
differences attributable to common variants in hiPSC-based models remain undetermined, it
is noteworthy that a supplementary analysis conducted by members of the Common Mind
Consortium [147] found that the median sample size needed to detect a genome- wide
significant difference in the expression of a gene (among 10,000 genes and assuming a mean
allele frequency similar to that found in existing data) [147] to be 28,500. Despite this
sobering reality, hiPSCs models may still be used to test specific hypotheses on the impacts
of a given genetic variant on gene expression, chromatin biology, and cell phenotypes, and
they offer the advantage of exploring these effects in cells of a defined genetic background.
Below, we discuss promising findings that have used this approach to make important
contributions to understanding of the neurobiology of schizophrenia.

Rather than causing damaging mutations in protein-coding genes, common variants for
schizophrenia are thought to contribute to disease risk through alteration of gene expression
[137]. Increasingly, investigations into the biological effects of disease-associated
quantitative trait loci on gene expression, alternative splicing, and chromatin features are
employing hiPSC-based models [200, 237]. For example, hiPSC platforms have been used
to assess activity-dependent differences in gene expression in patient and control lines [238].
At the present time, hiPSCs models are beginning to serve as a viable platform to study the
actual mechanisms of gene expression alteration by schizophrenia risk loci. Ascertainment
of hiPSC lines from individuals homozygous for a schizophrenia risk allele or the protective
allele, as well as heterozygotes, for a voltage-gated calcium channel (CACNA1C) found
altered CACNAIC gene expression and electrophysiological properties upon conversion to
induced neurons [239]. Additionally, hiPSC-derived NPCs were employed to show that
knockdown of FURIN, a gene for which CMC analysis found a highly significant eQTL,
depresses normal migration in neurospheres [147]. Further supporting the relevance of
microRNAs to disease biology, longitudinal ATAC-Seq analysis of neurons differentiating
from hiPSCs found enrichment of schizophrenia risk loci in open chromatin regions in
neurons, and genetic alteration of that a risk allele within an open chromatin region at
miRNA137 led to altered dendritic morphology and synaptic maturity [240]. Additionally,
CRISPR/Cas9 approaches enable the manipulation of gene sequence or expression with
exquisite precision, and applications of CRISPR-based tools are beginning to make
fundamental contributions to the study of schizophrenia genetic risk variants in hiPSC
models [241]. In a landmark report, Ho et al. [242] provided the first demonstration of
altering expression of specific schizophrenia risk genes with CRISPR-dCas9 in hiPSC-
derived NPCs, astrocytes, and neurons. Continued development of this approach and related
techniques to improve reproducibility, scalability, and bi- directionality will likely yield a
key platform for exploring the functional impacts of disease-associated gene expression
abnormalities.

In investigations of the potential role of specific chromatin structures in mediating
schizophrenia susceptibility, hiPSC-derived NPCs and neurons have been a key model
system to further validate findings in post-mortem and animal model studies and to test the
effects of manipulating such structures in living human brain tissue [243]. Intriguingly,
chromosome conformation capture (3C) assessment of patient- derived neurons revealed
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increased contact frequency between a schizophrenia SNP predicted to affect gene
expression of CACNAIC, confirming a finding that had also seen in post-mortem samples
[168]. In a recent report, Rajarajan et al. [244] profiled global patterns of three-dimensional
chromatin architecture in hiPSC-derived excitatory neurons, NPCs, and glial cells. Among
their findings included the discovery of about double the localization of schizophrenia risk
loci in chromatin loops specific to neurons and NPCs over those specific to glial cells [244],
thus indicating the pivotal role of cell-type identity in assessing the participation of risk loci
gene-regulatory regions. Of note, CRISPR/dCas9-mediated targeting of transcriptional
effectors to putative gene-regulatory structures, often separated by several hundred kilobases
of DNA, confirmed functional capabilities of selected loops [244]. Future studies will
further expand these findings to additional cell types relevant to schizophrenia
pathophysiology to provide a comprehensive assessment of the potential disruption of 3D
gene-regulatory structures by disease-associated loci.

5.3 Abnormalities in hiPSC-Derived Neurons Harboring Rare Schizophrenia Risk Variants

The higher penetrance typically seen with rare variants associated with schizophrenia makes
them feasible contexts to analyze in a case-control fashion. In this section, we discuss
reports highlighting such differences in lines containing rare variants implicated in
schizophrenia.

() Copy Number Variants—Copy number variants (CNVs) are often duplications or
deletions ranging from 50 bp to several hundred kilobases in length [245]. The Psychiatric
Genomics Consortium has performed the largest genome-wide analysis of CNVs in
schizophrenia to date and identified eight loci associated with disease risk [123].
Furthermore, there is a particularly high incidence of CNVs associated with cases of COS
[246]. In the text that follows, we discuss investigations of the impact of schizophrenia-
associated CNVs on neuronal phenotype using hiPSCs (reviewed in [247].

22911 Deletion: The 22q11.2 microdeletion is the strongest genetic risk factor for
schizophrenia [123], and several prospective studies have shown that at least one-third of
such patients develop some sort of psychotic disorder [248-250]. Derivation of hiPSCs from
patients with the 22q11.2 deletion was one of the first published reports on in vitro models
of schizophrenia [251]. Transcriptomic profiling of neurons derived from 22q11.2 deletion
hiPSCs provided a list of hundreds of genes that were differentially expressed between
patients and controls; GO analysis of top hits strongly implicated molecular pathways
regulating apoptosis, the cell cycle, and neural proliferation [252]. Importantly, assessment
of these processes in NPCs generated from the same lines revealed diminished proliferation
[252]. 22g11.2 hiPSCs generated from SCZ patients demonstrate reductions in neurosphere
size upon differentiation without a decrease in the total number of neurospheres and several
morphological abnormalities [252]. Given the location of DCGSE, a microRNA-regulating
protein, in the 22¢q11.2 deletion band, Zhao et al. [253] sought to assess the impact of this
CNV on microRNA expression in lines derived from patients carrying the deletion; they
found that several microRNAS and their targets were perturbed by the deletion [253].
Furthermore, gene expression analysis from 22q11.2 neural tissue confirmed substantial
alterations in microRNA levels across numerous genes [254]. These data confirm an
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important role for disruption in microRNA pathways, particularly those involved in
neurodevelopment [255], in 22g11.2 deletion carriers with schizophrenia. Future studies will
further dissect the molecular pathways by which 22q11.2 deletion contributes to cell-type
specific abnormalities to further inform knowledge of disease mechanisms and reveal
plausible targets of therapeutic intervention.

15911.2: An additional CNV implicated in schizophrenia is 15q11.2 [123]. Neural rosettes
generated from hiPSC lines harboring a 15q11.2 heterozygous microdeletion displayed
abnormal polarity and adherens junction distributions, and complementation experiments in
rosettes and NPCs demonstrated that haploinsufficiency of CYF/P1, located within the
15911.2 region, drove these alterations in a process dependent on WAVE [256], a member of
a complex regulating actin cytoskeletal organization. Importantly, the in vitro and rodent in
vivo findings in this study led the authors to perform a targeted eQTL analysis to examine
interactions between components of the WAVE pathway, even though individual variants by
themselves did not show GWAS-level association with schizophrenia risk [256], and thus
demonstrated the power of observations in pre-clinical models to inform larger-scale human
genomics studies to discover findings not observed from a relatively unbiased—"*omics”
approach.

16p11.2: Copy number variations in the 16p11.2 band are also associated with
schizophrenia [257]. In a remarkable demonstration of the utility of hiPSC-derived neuron
models in recapitulating clinical phenotypes and revealing corresponding disease
mechanisms, Deshpande et al. reported opposing cell morphological abnormalities in
16p11.2 duplication and deletion forebrain neurons that mirrored clinical phenotypes of
micro- and macrocephaly, respectively. Subsequent functional studies revealed a mechanism
connecting altered cell morphologies to specific electrophysiological and synaptic
abnormalities in these neurons [258].

(I) Other Variants

Neurexins and Their L oci: Mutations in Meurexinl have been implicated in several
neurodevelopmental disorders, including schizophrenia [259], and RNA-seq analysis on
neural stem cells was employed to investigate the effects of NRXNI knockdown on the
expression of several genes potentially important in disease processes [260]. Generation of
human ESC lines with conditional knockout of NRXNZ and their subsequent conversion to
NGNZneurons found impaired functional synaptic activity but not structure [261]. By using
lines from patients with childhood-onset schizophrenia with specific deletions in NRN.XZ,
Flaherty et al. (2019) [262] discovered alterations in neurexin isoform expression and
neuronal phenotypes associated with defined deletions and demonstrated the remarkable
utility of hiPSC platforms to elucidate disease biology.

Assessment of the Role of DISC1 in Schizophrenia with hiPSCs: The origin of
investigations into the so-called disrupted in schizophrenia | (D/SCI) gene lies in the
identification of a balanced t(1;11) (q42;g914) translocation in a Scottish adolescent boy
discovered as part of a cytogenetic survey of detainees in an juvenile delinquent center
[263]. The proband had a diagnosis of conduct disorder, and subsequent assessment of
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family members found exceptionally high rates of several mental illnesses among carriers of
the translocation, a minority of which met criteria for schizophrenia [264]. Although only
five of the 34 members who carried the translocation (77 in pedigree as a whole) had a
diagnosis of schizophrenia or schizoaffective disorder, the protein-coding gene altered by the
translocation was named disrupted in schizophrenia 1 (D/SC1I) [265].

After initial publication of the original D/SC1 translocation found in the Scottish pedigree, a
subsequent report documented a four base-pair deletion in D/SCZ in a proband with
schizophrenia that co-segregated with other family members who had the same condition or
schizoaffective disorder [266]. Although this mutation was not found to associated with risk
for schizophrenia in a larger follow-up study [267], it served as a valuable platform for
modeling disease biology in patients with defined genetic lesions. In fact, the first report of
the generation of hiPSCs from patients with schizophrenia was the publication of
integration-free hiPSC from two patients with this particular D/SCZ mutation [268]. In a
landmark study, investigators [269] derived hiPSCs from four members of the same family.
Forebrain neurons generated from mutant patient lines expressed substantially less wild type
DISC1 protein and had defective glutamatergic synapses [269]. Strikingly, TALEN-mediated
introduction of the mutant form of D/SCZ in isogenic lines from unaffected family members
as well as correction of the mutation in an affected cell line confirmed a causal role for the
DISC1 mutation in production of abnormal synapses. Finally, global transcription profiling
confirmed robust alteration in the expression of genes essential in synaptic processes and
neural development, as well as numerous genes previously implicated in schizophrenia and
other psychiatric disorders [269]. In a follow-up report, neural stem cells derived from the
same D/SC1 mutation and isogenic control lines were used to provide evidence for a
relationship between altered D/SCI expression and a microRNA pathway that was shown to
regulate neural stem cell proliferation; both patient and mutant-edited isogenic displayed
alterations in this pathway and differentiation abnormalities [270]. Most recently, Yalla et al.
[271] explored the role of the ubiquitin-proteasome system in regulating levels of D/SC1
protein and identified a crucial regulator of D/SC1 turnover whose disruption could increase
the abnormally low levels of D/SCZ in mutant NPC lines. Generation of medium spiny
neuron-like cells [272] from hiPSC lines was used as a platform to functionally validate the
role of a schizophrenia-associated protein and D/SCI interaction partner, 7TRAXZ, in
neuroprotection and DNA damage repair [273]. On the other hand, generation of hiPSCs
with TALEN-mediated deletion of D/SCI exons relevant to the Scottish translocation and
comparison with isogenic controls revealed altered expression of cell fate markers,
neurodevelopment, Wnt signaling, and schizophrenia-related genes by mutant D/SCI [274].

Evidence suggests that D/SCI exerts many of its neuronal effects through its protein-binding
partners [275-278]. In a post-mortem gene expression analysis of cases and controls, a small
group of SNPs in D/SCI1 were associated with altered expression of D/SCZ1 isoforms in
brain tissue of schizophrenia patients [279]. A recent report [280] documented generation of
an hiPSC line with CRISPR/Cas9-mediated insertion of a 3X FLAG tag downstream of
endogenous D/SC1 and characterized D/SCI-interaction proteomes across multiple cell
types; NPCs and astrocytes showed cell-type specificity in D/SCI binding patterns, and the
“DISC1 interactome” of NPCs was enriched in genes previously identified as candidate de
novo variants associated with SCZ [281]. Elegant biochemical experiments confirmed an
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interaction between a specific residue of D/SC1 protein and NDEL 1, a component of the
dynein complex that is highly important in the brain [282], and disruption of this interaction
altered cell cycle progression in radial glial cells in developing murine cortex [283].
Furthermore, the importance of the D/SC1-NDEL 1 interaction was confirmed when its
disruption reduced neural stem cell proliferation in a human cerebral organoid model;
strikingly, cerebral organoids derived from a schizophrenia patient carrying the 4 bp D/SC1
deletion in the NDEL I-interacting residue exhibited delayed cell-cycle progression in radial
glial cells and confirmed the key role of D/SCI-NDEL 1 interaction in regulation of neural
proliferation [283].

In total, hiPSC-based models of D/SC1 mutation have generated important insights about
the functions of D/SC1 protein in normal neuronal biology and have certainly yielded data
on mechanistic pathways contributing to disease in those patients harboring lesions in this
gene. The number of patients carrying the defined lesions highlighted, however, is thus far
limited to the few studies in which they were originally identified. The importance of D/SC1
variants to the vast majority of “idiopathic” cases of schizophrenia overall is at best unclear
and at worst increasingly doubtful. Genetic studies of both common [136, 137, 284] and rare
[119, 123,285] variants have all failed to detect genome-wide significant associations
between D/SC1 and risk of schizophrenia. As aptly pointed out already [286, 287], the fact
that repeated studies evidence neuronal functions for D/SCZ1 is both unsurprising given its
effects in the (very) small number of people carrying D/SC1 mutations, and insufficient
justification alone to assert its relevance to schizophrenia as a whole, as a substantial
proportion of all genes could plausibly lead to neuronal phenotypes upon their disruption.

We turn now to mention remaining reports on hiPSC models of selected genetic mutations.
Studies of NPCs, oligodendrocyte precursor cells (OPCs), and neurons from a trio
containing a patient with an exonic deletion in contactin-associated protein-like 2
(CNTNAP2) revealed altered migration patterns [288] and expression patterns in synaptic
genes [289]. Derivation of hiPSCs from a family with a missense mutation in CSPG4, a gene
highly enriched in OPCs [290], revealed that OPCs from carriers of the mutation
demonstrated altered patterns of CSPG4 protein subcellular localization and ratios of
modified versus unmodified protein as well as reduced viability and oligodendrogenesis
[290]. Remarkably, diffusion tensor imaging of affected patients compared to sibling
controls demonstrated white matter abnormalities, connecting cellular phenotypes observed
in vitro to abnormalities in vivo [290]. Taken together, investigations seeking to uncover the
impact of genetic variants associated with schizophrenia have benefited tremendously from
hiPSC models, and we expect substantial expansion of this field going forward.

5.4 Exploring the Impact of Non-Genetic Risk Factors with hiPSCs

As enumerated above, several non-genetic factors have been implicated in schizophrenia
risk. In several cases, risk factors that are thought to be proximal causes of disease initiation
and/or exacerbation can be isolated and studied upon the exposure of hiPSCs to them
throughout experimental time points. In this section, we highlight studies that have assessed
the impact of environmental risk factors for schizophrenia using hiPSCs-based modes.
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Cannabis Exposure—Meta-analyses have found an increased risk of psychotic disorders
in anyone who has ever used cannabis (OR = 1.4) and in frequent users (OR = 2.1) [102].
hiPSC- derived forebrain neurons exposed to THC showed transcriptional alterations of
numerous genes implicated in schizophrenia [291], including WN/T signaling pathways and
mitochondrial processes, and expressed a blunted response to KCI- mediated depolarization
similar to that seen in patient-derived forebrain neurons in previous studies [238]. In a
related report, Obiorah et al. [292] showed that THC exposure reduced the expression of
several glutamatergic receptor subunits in hiPSC-derived neurons. Future studies will
integrate the ability of hiPSCs to model both typical neurodevelopment and disease
phenotypes to continue shedding light on the mechanisms by which cannabis and other
drugs of abuse contribute to schizophrenia risk.

Immunologic Processes and Schizophrenia—Another non-genetic risk factor
implicated in schizophrenia is maternal infection [293]. However, data in humans is largely
based upon cohort and case-control studies [294], and such study designs do not allow the
establishment of causation. While animal models may serve as important tools in exploring
the effects of maternal infections on brain development and disease, many infectious agents
provoke immune responses that differ among host organisms [295]. For these reasons,
hiPSC models of neurodevelopment are an attractive approach for mechanistic studies on the
effects of infectious agents on brain development and disease-associated phenotypes.

The increased risk of schizophrenia associated with maternal infection may be due at least in
part to the elevation of maternal cytokines and other stress-related cellular processes [296].
Exposure of in vitro generated neural aggregates to heat shock altered the expression of
several genes implicated in schizophrenia and autism [297]. After demonstrating a role for
heat shock protein (HSP)-mediated processes in protection of developing cortex in response
to subthreshold exposure to environmental toxins, investigators [298] also documented
increased variance in HSPexpression levels in response to the same toxins in NPCs derived
from patient hiPSC lines. Follow-up analysis confirmed in both animal models and NPCs
that exposure to environmental toxins induces HSPsignaling in a probabilistic manner,
generating significant mosaicism among affected cells [299]. These studies serve as notable
examples of combining animal in vivo approaches with human in vitro neural models to
provide robust exploration of non-genetic risk factors for schizophrenia [135].

6 Future Directions

6.1 Further Elucidation of Risk Factor Biology in Schizophrenia

While studies of cannabis use and risk of schizophrenia are numerous, similar approaches to
assessing the impact of other drugs of abuse on schizophrenia risk are comparatively sparse.
Several drugs of abuse can produce a psychotic state during acute intoxication and may also
increase risk for later onset of schizophrenia. Psychosis was documented in 6.3% (7= 329)
of 5529 hospital drug intoxication cases, particularly among those intoxicated with cannabis
(25.9%), amphetamine (25.0%), and cocaine (16.1%) [300]. Patients admitted for substance
use disorder to methamphetamine had the highest risk of schizophrenia (hazard ratio = 9.37),
followed by cannabis (Hazard ratio = 8.16), cocaine (HR = 5.84), alcohol (HR = 5.56), and
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opioids (HR = 3.60) [301]. Overall, diagnosis of any substance abuse disorder significantly
elevated risk of schizophrenia (HR = 6.04) [302], but most strongly alcohol or cannabis use
disorders (HR = 3.38 and 5.20, respectively) [302]. Similar findings have been reported for
tobacco smoking (HR of 5.9 [303]. Because cannabis alone is not the only substance
associated with schizophrenia risk, and in light of recent genomic findings suggesting a
reverse direction of affect [304], hiPSC models should be used to explore the impact of other
drugs of abuse on the nervous system in general and on potentially increasing risk of
schizophrenia in particular. The differentiation of NPCs to forebrain neurons was used to
model the effects of nicotine exposure on neurodevelopment [305], and we anticipate that
future studies will assess the effects of other drugs of abuse as well.

6.2 Screening for New Schizophrenia Therapeutics

Progress in understanding disease biology must be coupled with therapeutic innovations
derived from emerging discoveries. Considerable interest has been generated in using
hiPSC-derived tissues to assess responses of disease-relevant cells to interventions seeking
to alleviate disease processes the so-called precision medicine. hiPSC- neurons from cohorts
of patients with a given psychiatric diagnosis who exhibit differential responses to treatment
will serve as an invaluable strategy to correlate patient genotypes with phenotypic
differences in in vitro neural tissue; data derived from such cohorts may be employed to
predict treatment responses of psychiatric conditions to specific medications, a longstanding
but nevertheless unobtained goal of psychiatric medicine [306]. Comparisons of gene sets
impacted by different pharmacologic agents confirmed overlap between genes enriched in
schizophrenia SNPs and those involved in antipsychotic response [307], and early-stage
studies are now investigating the potential utility of schizophrenia genetic risk variants to
predict response to specific antipsychotic medications (e.g., [308]). Further supporting the
relationship between schizophrenia risk variants and treatment response, RNA-sequencing
analysis of brain tissue of mice chronically treated with the antipsychotic Haloperidol found
that differentially expressed genes (DEGs) were enriched in schizophrenia risk loci and
biological pathways implicated in the disease [309]. Recently, a screen of over 100
compounds predicted to have relevance to schizophrenia treatment and biology in NPCs and
cancer cell lines (CCLs) demonstrated the advantages of using disease-relevant cell types in
drug screens and identified compounds that reversed abnormal gene expression signature
documented in post-mortem brain samples [310]. Further demonstrating the future utility of
hiPSC-based drug screening, high-throughput screening has identified hit compounds that
inhibit Zika virus replication [311], infection [312] and reverse Zika-induced
neurodevelopmental phenotypes [313]. Taken together, these studies garner much optimism
to the prospect of using more disease-relevant and patient-specific approaches toward
driving therapeutic innovation.

7 Conclusion

hiPSC enables a broader “ex vivo” study of normal human development and disease
mechanisms. Of particular importance to neuropsychiatry, hiPSC-based models produce
living, functional, human brain cells accessible for characterization, manipulation, and
disease modeling. Insofar as hiPSCs remain isogenic to their donors, they provide a platform
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for studying the impact of genetics and associated non-genetic factors on neurodevelopment,
schizophrenia-associated phenotypes, and response to various interventions both genetic and

ph
ad
to

armacological. For these reasons, the further application of hiPSC-based models and the
vancement of current technologies should provide a level of hope for investigators striving
understand neuropsychiatric conditions like schizophrenia as well for those affected by

them.
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The number of loci associated with schizophrenia through GWAS has dramatically
expanded in the past decade, largely as a function of increasing sample sizes. Numbers
overlapping each bubble correspond to the reference number: O’Donovan et al. [131] The
International Schizophrenia Consortium [130] Stefansson et al. [132] The Schizophrenia
Psychiatric Genome-Wide Association Study (GWAS) Consortium [133]; Ripke et al. [134]
Schizophrenia Working Group of the Psychiatrics Genomics Consortium [137]; Li et al.

[138] Pardanas et al. [136]
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Table 1

Definition of factor item on the positive and negative syndrome scale (PANSS)

Factor item

Definition

Delusions

Beliefs which are unfounded, unrealistic, and idiosyncratic

Hallucinations

Verbal report or behavior indicating perceptions which are not generated by external stimuli. May occur in the
auditory, visual, olfactory, or somatic realms

Grandiosity

Exaggerated self-opinion and unrealistic convictions of superiority, including delusions of extraordinary
abilities, wealth, knowledge, fame, power, and moral righteousness

Suspiciousness/persecution

Unrealistic or exaggerated ideas of persecution, as reflected in guardedness, a distrustful attitude, suspicious
hypervigilance, or frank delusions that others mean one harm

Unusual thought content

Thinking characterized by strange, fantastic, or bizarre ideas, ranging from those which are remote or atypical
to those which are distorted, illogical, and patently absurd

Blunted affect

Diminished emotional responsiveness as characterized by a reduction in facial expression, modulation of
feelings, and communicative gestures

Emotional withdrawal

Lack of interest in, involvement with, and affective commitment to life’s events

Poor rapport

Lack of interpersonal empathy, openness in conversation, and sense of closeness, interest, or involvement with
the interviewer

Passive/apathetic social
withdrawal

Diminished interest or initiative in social interactions due to passivity, apathy, anergy, or avolition. This leads
to reduced interpersonal involvement and neglect of activities of daily living

Lack of spontaneity and flow
of conversation

Reduction in the normal flow of communication associated with apathy, avolition, defensiveness, or cognitive
deficit. This is manifested by diminished fluidity and productivity of the verbal- interactional process

Motor retardation

Reduction in motor activity as reflected in slowing or lessening of movements and speech, diminished
responsiveness to stimuli, and reduced body tone

Conceptual disorganization

Disorganized process of thinking characterized by disruption of goal-directed sequencing, e.g.,
circumstantiality, tangentiality, loose associations, non-sequiturs, gross illogicality, or thought block

Difficulty in abstract thinking

Impairment in the use of the abstract-symbolic mode of thinking, as evidenced by difficulty in classification,
forming generalizations, and proceeding beyond concrete or egocentric thinking in problem- solving tasks

Abnormal mannerisms and
posturing

Unnatural movements or posture as characterized by an awkward, stilted, disorganized, or bizarre appearance

Poor attention

Failure in focused alertness manifested by poor concentration, distractibility from internal and external stimuli,
and difficulty in harnessing, sustaining, or shifting focus to new stimuli

Excitement Hyperactivity as reflected in accelerated motor behavior, heightened responsivity to stimuli, hypervigilance, or
excessive mood lability
Hostility Verbal and nonverbal expressions of anger and resentment, including sarcasm, passive-aggressive behavior,

verbal abuse, and assaultiveness

Uncooperativeness

Active refusal to comply with the will of significant others, including the interviewer, hospital staff, or family,
which may be associated with distrust, defensiveness, stubbornness, negativism, rejection of authority,
hostility, or belligerence

Poor impulse control

Disordered regulation and control of action on inner urges resulting in sudden, unmodulated, arbitrary, or
misdirected discharge of tension and emotions without concern about consequences

Anxiety

Subjective experience of nervousness, worry, apprehension, or restlessness, ranging from excessive concern
about the present or future to feelings of panic

Feelings of guilt

Sense or remorse or self-blame for real or imagined misdeeds in the past
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Three factor model

Positive

Negative

Disorganized

Delusions

Blunted affect

Conceptual disorganization

Hallucinations

Emotional withdrawal

Difficulty in abstract
thinking

Grandiosity

Poor rapport

Abnormal mannerisms and
posturing

Suspiciousness/
persecution

Passive/apathetic social
withdrawal

Poor attention

Unusual thought content

Lack of spontaneity and flow of
conversation

Motor retardation

Five factor model

Positive Negative Disorganized Agitation and hostility | Depression and
anxiety

Delusions Blunted affect Conceptual disorganization Excitement Anxiety

Hallucinations Emotional Withdrawal Difficulty in abstract Hostility Feelings of guilt

thinking

Grandiosity

Poor rapport

Poor attention

Uncooperativeness

Depression

Unusual thought content

Passive/apathetic social
withdrawal

Poor impulse control

Lack of spontaneity and flow of
conversation

Adav Neurobiol. Author manuscript; available in PMC 2021 April 09.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Powell et al. Page 49

Table 3

Diagnostic criteria for schizophrenia in the DSM-5

1. Two or more of the following for at least a one-month (or longer) period of time, and at least one of them must be 1, 2, or 3:

« Delusions

« Hallucinations

« Disorganized speech

« Grossly disorganized or catatonic behavior

* Negative symptoms, such as diminished emotional expression

2. Impairment in one of the major areas of functioning for a significant period of time since the onset of the disturbance: Work, interpersonal
relations, or self-care

3. Some signs of the disorder must last for a continuous period of at least 6 months. This six-month period must include at least 1 month of
symptoms (or less if treated) that meet criterion A (active phase symptoms) and may include periods of residual symptoms. During residual
periods, only negative symptoms may be present

4. Schizoaffective disorder and bipolar or depressive disorder with psychotic features have been ruled out:

« No major depressive or manic episodes occurred concurrently with active phase symptoms

« If mood episodes (depressive or manic) have occurred during active phase symptoms, they have been present for a minority of the total
duration of the active and residual phases of the illness

5. The disturbance is not caused by the effects of a substance or another medical condition

6. If there is a history of autism spectrum disorder or a communication disorder (childhood onset), the diagnosis of schizophrenia is only made
if prominent delusions or hallucinations, along with other symptoms, are present for at least 1 month
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