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Schizophrenia is a complex disorder with clinical manifestations in early adulthood. However, it may start with
disruption of brain development caused by genetic or environmental factors, or both. Early deteriorating effects
of genetic/environmental factors on neural developmentmight be key to described disease causingmechanisms.
Establishing cellular models with cells from affected individual using the induced pluripotent stem cells (iPSC)
technology could be used to mimic early neurodevelopment alterations caused by risk genes or environmental
stressors. Indeed, cellular models have allowed identification and further study of risk factors and the biological
pathways in which they are involved. New advancements in differentiation methods such as defined and robust
monolayer protocols and cerebral 3D organoids have made it possible to faithfully mimic neural development
andneuronal functionalitywhile CRISPR-editing tools assist to engineer isogenic cell lines to precisely explore ge-
netic variation in polygenic diseases such as schizophrenia. Here we review the current field of iPSC models of
schizophrenia and how risk factors can be modelled as well as discussing the common biological pathways
involved.
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1. Introduction

Schizophrenia (SCZ) is a highly heritable, complex neuro-
developmental disorder (Sullivan et al., 2003; Weinberger, 1987)
characterised by positive, negative and cognitive symptoms including
delusions and hallucinations (positive symptoms; so-called psychosis);
lack of motivation and emotion, and disorganised speech (negative
symptoms); and attention deficits, problems in learning and memory,
and slower processing speed (cognitive impairments). These symptoms
lead to a severe economic burden on patient society, with SCZ costing
£11.8 billion to the National Health Service in England (Commission,
2012). Cellular and molecular mechanisms contributing to this disease
remain largely unknown, despite its high prevalence. This is mostly
due to the lack of available tissue samples that can accurately model
SCZ pathogenesis – in vivo imaging and studies of post-mortem tissue
can be useful for showing disease neurobiology, and animal models
can be used to certain extent, however due to the complexity of the
human brain and themanifestations of SCZ symptoms, there are limita-
tions to these methods. Advancements in induced pluripotent stem cell
science, Karolinska Institute,
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(iPSC) technology (Takahashi et al., 2007; Takahashi and Yamanaka,
2006) has allowed for reprogramming of cells from patients to iPSCs
harbouring the patient genome, which can then be differentiated to
disease-relevant cell types, allowing recapitulation of the disease in
cells at various stages of development. Disease modelling with the
iPSC technology is a promising tool for mimicking distresses during
early and late neuro-development which could lead to increased risks
of developing SCZ (for review see Millan et al., 2016). Moreover, engi-
neering human pluripotent stem cells with CRISPR-Cas9 genome
editing tools makes it possible to generate isogenic cell lines with site
specific genome alterations (single nucleotide mutations and com-
mon/rare gene variations) at sites implicated in the development of
SCZ (Forrest et al., 2017; Pak et al., 2015). Several of the SCZ risk factors
have been functionally implicated during prenatal/perinatal stages
(Jablensky et al., 2017) highlighting the possible usefulness of iPSC
models for dissecting cellular mechanism behind such complex disor-
ders and SCZ.

There are many hypotheses regarding the molecular mechanisms
behind SCZ, however, there is no unifying mechanism underlying all
cases (Lang et al., 2007) but rather evidence for a complex genetic dis-
order, with over 100 genetic variants identified as risk factors
(SchizophreniaWorkingGroup of the Psychiatric Genomics, 2014). Fur-
thermore, environmental factors, such as birth complications, stress or
drug use, have also been found to play a key role in the development
of SCZ (Brown, 2011). Inmany cases, environmental conditions interact

http://crossmark.crossref.org/dialog/?doi=10.1016/j.schres.2018.12.023&domain=pdf
https://doi.org/10.1016/j.schres.2018.12.023
anna.falk@ki.se
https://doi.org/10.1016/j.schres.2018.12.023
http://www.sciencedirect.com/science/journal/09209964
www.elsevier.com/locate/schres


4 M. Moslem et al. / Schizophrenia Research 210 (2019) 3–12
with genetic effects, meaning that individuals with a “vulnerable” ge-
netic background may be more sensitive to environmental stressors. It
could be difficult to distinguish between environmental and genetic
contributions to SCZ development and progression (Brown, 2011) – a
meta-analysis of twin studies of SCZ demonstrated that, although the
heritability of SCZ is high (81%), there is a significant environmental
contribution of 11% to the risk of SCZ (Sullivan et al., 2003).

Themain challenge for iPSC-basedmodelling of SCZ is to understand
how our findings of cellular phenotypes correlate to biological path-
ways involved in the development of SCZ and how the genetic and/or
environmental risk factors would cause the phenotypes. Various altered
cellular phenotypes in iPSC models of SCZ have been detected such as
skewed neurodevelopment, skewed cell fate determination, altered
electrophysiological activities and altered neuronal network connectiv-
ity [reviewed in details in (Falk et al., 2016)]. Thefirst report on iPSC dif-
ferentiation to neural progenitors and later to neural cells from patients
with idiopathic SCZ, exhibited normal cellular morphology and normal
electrophysiological activities however, decreased neural connectivity
and less synaptic proteins in SCZ patient neural cells (Brennand et al.,
2011). To decrease heterogeneity between patients, recent studies
usedmore defined cohorts and explored the diseasemechanisms at dif-
ferent stages of neural development [for review see (Hoffman et al.,
2018)]. Patient versus control differenceswere observed at early phases
of neural differentiation of iPSC at the neural progenitor cells (NPC)
stage. For example, altered proliferation rate (Murai et al., 2016), de-
regulated WNT signalling baseline and responsiveness (Srikanth et al.,
2015; Topol et al., 2015) differences inmigration capacity and cell polar-
ity (Yoon et al., 2014) and increased susceptibility to oxidative stress
(Brennand et al., 2015), which all were de-regulated mechanisms at
theNPC stage. Further differentiation of theNPC to neuronal cells exhib-
ited additional functional alterations in patient cells such as neuronal
maturation (less synaptic connectivity and less neurotransmitter re-
lease) (Hook et al., 2014) and skewed polarization (Roussos et al.,
2016).

Several cell types such as excitatory and inhibitory neurons (Wen
et al., 2014), glial progenitors (Windrem et al., 2017) and microglial
cells (Sekar et al., 2016) have been identified in the development of
SCZ, additionally, the organisation, migration and polarity of these
cells might be hard to recapitulate in homogenous monolayer iPSC
models. Thus, some of these limitations could be addressed by using
Fig. 1.Using iPSC technology tomodel schizophrenia in vitro. Schematic example of how human
cell type, patient samples and assays. iPSC (red) with known genetic aberration could be a s
Meanwhile healthy iPSC (green) can be targeted for specific gene(s) to generate an isogenic k
lines can be studied through differentiation processes in monolayer or 3D by the generation o
or KO iPSC vs healthy control iPSC or corrected iPSC known so far have been listed on top of
added and the effect investigated during the differentiation procedure. VZ: ventricular zone
barrier, ROS: reactive oxygen species.
co-culturing and/or 3D culturing systems such as organoids and brain
spheroids (Lancaster and Knoblich, 2014). Cellular phenotypes ob-
served in SCZ patients' organoids includes, less proliferation, less migra-
tion potential and decreased intracortical connectivity (Stachowiak
et al., 2017; Ye et al., 2017).

The literature describes several common de-regulated cellular phe-
notypes between iPSC models of idiopathic SCZ with different known
genetic risk loci, making it difficult to pinpoint if observed phenotype
is caused by the identified aberrant genetics or due to other unknown
factors or the combination of the two. Genome editing approaches
such as CRISPR-editing tools or TALENS could be utilized to correct or in-
troduce genomic alteration and would then result in isogenic iPSC dif-
ferent to the parental cells only at the place of editing. Comparison
studies between the parental and edited iPSC lineswould uncover cellu-
lar phenotypes caused by the identified genetic alteration (Fig. 1).

2. Genetic risks in schizophrenia

Genetic studies, such as genome-wide association study (GWAS)
and comparative genomic hybridization have been carried out on
many SCZ cohorts (Kushima et al., 2018; Li et al., 2017; Rees et al.,
2014; Schizophrenia Working Group of the Psychiatric Genomics,
2014). These studies have identified vast genetic variation across pa-
tients, with risk alleles identified ranging from common alleles with
low penetrance (weak effect) to rare alleles with high penetrance
(Tansey et al., 2015). Genetic variation identified includes copy number
variations (CNVs) and single nucleotide polymorphisms (SNPs). A large
GWAS carried out by the Psychiatric Genomics Consortium in 2014
(Schizophrenia Working Group of the Psychiatric Genomics, 2014)
identified 108 SCZ-associated genetic loci, including 83 novel loci,
each with only a small effect on the risk of SCZ. Despite this fact, it is
thought that common loci account for at least one-third of the genetic
risk for SCZ (The International Schizophrenia, 2009).

The majority of risk genes found converge upon common biochem-
ical pathways that are known to be disease-relevant. For example, a
number of genes are involved in NMDA receptor signalling (Harrison,
2015). Previous studies have shown that NMDA receptor hypo-
function (Gao and Snyder, 2013; Olney et al., 1999), along with abnor-
mal function of glutamate synapses (Goff and Coyle, 2001), are core to
the pathophysiology of SCZ. Genes including the NMDAR gene GRIN2A
iPSC diseasemodelling could be performed in vitro using various technologies, cell stages,
ource to produce precisely corrected iPSC line (blue) using the CRISPR-Cas9 technology.
nock-out iPSC line to investigate roles of genetic variations during neurogenesis. All iPSC
f cerebral organoids. Altered phenotypes during the differentiation of SCZ patient's iPSC
each cellular process. Environmental stressors involved in development of SCZ could be
, iSVZ: inner sub-ventricular zone, oSVZ: outer sub-ventricular zone, BBB: blood-brain
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and other NMDAR signalling genes (GRIA1, GRM3 and SRR
(Schizophrenia Working Group of the Psychiatric Genomics, 2014))
have been found to have genome-wide significance in the development
of SCZ. It has also been found that a number of SCZ-associated genes are
regulated by the microRNA mir-137. The gene encoding this microRNA
has genome-wide significance, as do genes encoding several mRNA tar-
gets of mir-137, including TCF4, ZNF804A and CACNA1C. This suggests
that dysregulation of mir-137 targets could also lead to SCZ.

Although rare SNPs have recently been identified to have a role in
SCZ, with an overrepresentation of genes involved in calcium signalling
and the ARC (activity-related cytoskeleton-associated scaffold protein)
complex (Purcell et al., 2014), most rare genetic variation takes the
form of larger regions of structural variation, usually encompassing
multiple genes (Sebat et al., 2009). For example, deletions at 22q11.2 re-
sult in the loss of around 30 genes and are the strongest identified risk
factor for SCZ (Bassett and Chow, 2008; Van et al., 2017). These rare
CNVs tend to confer a large effect on risk, with each patient usually
only possessing one pathogenic CNV. Genetic susceptibility to intellec-
tual disability (ID), autism spectrum disorder (ASD), and SCZ could
arise from mutations in the same genes, suggesting that they might
share commonmechanisms (Shohat et al., 2017). It has been suggested
that the spatiotemporal activity of the genes contribute to specific dis-
ease phenotypes (Shohat et al., 2017). Thus, not only the specific gene
(s) mutated but also the type of mutation (loss of function or missense)
in addition to the expression time point during neurodevelopment
would change the clinical manifestation of neuropsychiatric diseases
(reviewed in details in Hoffman et al., 2018). For instance, de novomu-
tations in SCZ are enriched in adolescent cortex genes while they in au-
tism are overrepresented in genes expressed in foetal cortex,
cerebellum, and striatum (Shohat et al., 2017). Below we summarise
the knowledge about known rare genetic risk factors involved in the de-
velopment of SCZ.
2.1. 15q11.2 deletion

The 15q11.2 (BP1-BP2) deletion encompasses four genes (NIPA1,
NIPA2, CYFIP1 and TUBGCP5) and has been found to be a risk factor
many neuropsychiatric diseases including SCZ, autistic spectrum disor-
der and intellectual disability (Malhotra and Sebat, 2012). As shown in
Table 3, the 15q11.2 deletion is one of the most common CNVs associ-
ated with SCZ, yet many individuals who possess the 15q11.2 deletion
havemild symptoms or no visible phenotype, showing incomplete pen-
etrance and variable expressivity. Penetrance of the 15q11.2 deletion is
estimated to be 10.4% (Rosenfeld et al., 2012), which ismuch lower than
that other pathogenic CNVs, such as the distal 16p11.2 (also implicated
in SCZ (Guha et al., 2013)) which has an estimated penetrance of 62.4%.
Of the deleted genes, CYFIP1 is the most likely to be responsible for the
SCZ and autismphenotypes seen in carries. The CYFIP1 protein interacts
with FMRP (fragile X mental retardation protein); behavioural abnor-
malities found in patients with fragile X syndrome are similar to those
found in SCZ patients. A recent study (Nebel et al., 2016) focusing on
the effect of CYFIP1 deletion using NPC generated from three CYFIP1
knockdown iPSC lines found that reduced levels of CYFIP1 resulted in
the differential expression of many genes involved in the cell cycle
and cytoskeletal remodelling. It was also found that the knockdown of
CYFIP1 and the subsequent reduction in CYFIP1 protein levels resulted
in a significant reduction in WAVE1/2 protein levels. This is consistent
with previous studies on neural rosettes and NPC derived from
15q11.2 deletion carrier iPSC (Yoon et al., 2014). TheWAVE1/2 proteins,
along with CYFIP1, are members of the Wave Regulatory Complex
(WRC), a protein complex involved in the regulation of actin polymeri-
sation and cytoskeletal dynamics. The down-regulation of these cyto-
skeletal genes resulting from CYFIP1 deletion indicates an important
role for CYFIP1 in cytoskeletal regulation in NPC, however, the link be-
tween this and disease mechanism is currently unknown.
Another CNV within chromosome 15 associated with SCZ is a larger
duplication encompassing the Prader-Wills Syndrome/Angelman Syn-
drome (PSW/AS) region (15q11–13) (Rees et al., 2014). Within this re-
gion is a cluster of GABA receptor genes (GABRA5, GABRB3 and
GABRG3) (Simon et al., 2004). These genes encode for GABAA receptor
subunits and are widely expressed throughout development. There is
evidence to suggest that dysfunction of GABAergic neurons and the sub-
sequent inhibition leads to SCZ (Schmidt and Mirnics, 2015), therefore
it follows that imbalance of different receptor subunits could lead to
problems with receptor assembly and function.

2.2. 15q13.3 deletion

Deletions at 15q13.3 leads to neuropsychiatric disorders in approxi-
mately 80% of cases (Lowther et al., 2015) while duplications having
much lower penetrance (Szafranski et al., 2010). Genes involved in
this region are: FAN1, MTMR10, TRPM1, KLF13, OTUD7A, CHRNA7 and
miR-211. Among them, CHRNA7 is indicated as playing a significant
role in the neuropsychiatric phenotypes observed in patients. CHRNA7
encodes the α7 subunit of the nicotinic acetylcholine receptor (α7-
nAChR), which has been associated with SCZ. The α7 homomeric
nAChRs are found in both the pre- and post-synaptic membranes and
allow flux of cations, with the highest permeability to Ca2+

(Albuquerque et al., 2009) CHRNA7 is the strongest candidate gene for
SCZ patients with 15q13.3 CNVs and is thought to be subject to dosage
sensitivity (Gillentine and Schaaf, 2015); deletion of CHRNA7 leads to
a reduction in α7-subunit number and therefore impacts on calcium
signalling (Gillentine et al., 2017) and acetylcholine transmission.
There is evidence in the literature suggesting duplications of CHRNA7
might be pathogenic, however with decreased penetrance (Schaaf,
2014). iPSC-derived neurons with 15q duplications have been shown
to have disrupted common neuronal pathways which might influence
chromatin structures (Germain et al., 2014).

2.3. 22q11.2 deletion

The 22q11.2 deletion was one of the first CNVs linked to SCZ and is
arguably the most common risk factor for SCZ (Bassett and Chow,
2008), with the homozygous 22q11.2 deletion found in 0.5–1% of SCZ
patients (Horowitz et al., 2005; Van et al., 2017). This deletion has a het-
erogeneous phenotype, with clinical manifestations including multi-
organ dysfunction, immune defects, gastrointestinal and endocrine
problems and brain dysfunctions, including developmental delays, cog-
nitive defects and neuropsychiatric illnesses. It is not entirely known
why there is such variability in phenotype, however proposed mecha-
nisms include variation in the size of the deletion (and therefore
genes deleted), SNPs and other variants on the intact 22q11.2 region
and additional variants in regions outside of the 22q11.2 region. These
theories can also be applied to many other CNVs with variable expres-
sion. The 22q11.2 CNV usually encompasses at least 30 genes, with sev-
eral disease-relevant genes being identified within this, such as TBX1,
COMT, GNB1L, PRODH and DGCR8. However, due to the vast number
of genes involved in the CNV, it is difficult to ascertain whether any in-
dividual gene deletion causes SCZ. DGCR8, which encodes a key regula-
tor of microRNA (miRNA) synthesis (Toyoshima et al., 2016) has been
identified as a gene within the 1.5 Mb deletion which may confer a
risk of SCZ. Analysis of miRNA expression in 22q11.2 patient iPSC-
derived neurospheres identified down-regulation of eight miRNAs pre-
viously found to be abnormally expressed in the brains of SCZ patients.
A transcriptome network analysis of SCZ patient iPSC-derived neurons
carrying a 22q11.2 deletion found that almost all genes within the
22q11.2 region were down-regulated 2-folds, confirming the deletion
(Lin et al., 2016). Many genes outside of the 22q11.2 region, were also
found to be down-regulated, including genes involved in cell cycle reg-
ulation and cytoskeletal organisation (as found in cells with the 15q11.2
deletion), meanwhile genes involved in apoptosis and immune



6 M. Moslem et al. / Schizophrenia Research 210 (2019) 3–12
responses were found to be enriched. The up-regulation of apoptosis
genes may explain synaptic loss found in SCZ and other neurodegener-
ative diseases, aswell as reduced neuronal and glial viability. Other syn-
aptic proteins associatedwith SCZ in this region include COMT, which is
involved in dopamine regulation and neurotransmitter inactivation and
PRODH, which regulates glutamine activity. Furthermore, iPSC studies
on SCZ patient-derived cells carrying the 22q11.2 microdeletion show
dysregulation of microRNAs targeting genes involved in neurotransmit-
ter function, synapse formation and synaptic transmission (Zhao et al.,
2015).

2.4. DISC1

DISC1 is a strong candidate for the link between dysregulatedWNT-
signalling and SCZ. Several mouse models have shown the DISC1-
mutantmice have SCZ-like symptoms, includingdepressive-like pheno-
types and reduction in social interactions (Clapcote et al., 2007), as well
as deficits in neuroanatomy. It has been found that DISC1 plays a role in
normal neuronal development, including regulating neurite outgrowth,
neuronal migration and integration of new neurons into the existing
neural circuitry. DISC1 also regulates proliferation of neural progenitor
cells – silencing of DISC1 expression in adult hippocampal progenitor
cells resulted in decreased cell proliferation in comparison to controls
(H. Lee et al., 2015); furthermore, overexpression of the DISC1 protein
gave a marked increase in proliferation (Srikanth et al., 2015). This
was also confirmed in vivo through GFP labelling in mice (Mao et al.,
2009). DISC1 has been found to regulate β-catenin stability through in-
teractions with GSK3β, and DISC1 knockdown has been shown to abol-
ish WNT-induced proliferation (Srikanth et al., 2015).

2.5. NRXN1

Several SCZ risk genes are involved in cell-cell adhesion and synapse
formation. NRXN1 encodes for Neurexin-1 and is required to form syn-
apses. Neurexins are pre-synapticmembrane proteins and interactwith
neuroligins (post-synaptic membrane proteins) to form synapses
(Sudhof, 2017). Copy number variations in NRXN1 have been linked
to both SCZ and autism. Studies in mice have shown that heterozygous
Nrxn1α-knockout mice exhibit altered social behaviours similar to
those found in SCZ (Dachtler et al., 2015). The effect of NRXN1 knock-
down in iPSC has been studied in vitro and significant dysregulation of
expression of genes involved in cell adhesion, as well as neuron differ-
entiation and transcription factor pathways, was observed. Genes in-
cluding those coding for synaptotagmins, neurexophilins and vesicular
trafficking proteins were found to be significantly down-regulated;
these genes directly interact with NRXN1 (Zeng et al., 2013).

2.6. CNTNAP2

Similarly, deletions in the CNTNAP2 (contactin-associated protein-
like 2) have been also associated with SCZ. CNTNAP2 encodes the
CASPR2 protein, which is required for localisation of potassium chan-
nels to the juxtaparanodal region of axons. CASPR2 is involved in axonal
organisation and neuronal organisation; although it is not known how
CNTNAP2 deletions cause SCZ, myelin-related neuronal dysfunction
and aberrant neuronal migration have been found in brains of SCZ dys-
function, leading to a potential explanation for the association of
CNTNAP2 deletions and SCZ (Friedman et al., 2007).

2.7. Other CNV loci

Certain SCZ-associated CNVs have implications inWNT-signalling. For
example, BCL-9, which maps to 1q21.1, promotes transcriptional activity
of β-catenin, resulting in increasedWNT-signalling (Elkouby et al., 2010).
Both deletions and duplications of 1q21.1 have been linked to SCZ (Chang
et al., 2016;Marshall et al., 2016), although other geneswithin this region
have also been studied in association with SCZ (Ni et al., 2007) and it is
not yet possible to identify a single causal gene. However, the link be-
tween BCL-9 and WNT-signalling, along with the evidence of aberrant
WNT-signalling in SCZ, suggests the BCL-9 is a good candidate gene and
should be further studied to elucidate a disease mechanism.

Besides these single-gene CNVs, identified risk genes within other
CNVs associated with SCZ are also involved in cell adhesion including
GJA5 (1q21.1), DLG1 (3q29) and CLDN5, SCARF2 and ARVCF (all
22q11.2) (Kushima et al., 2017).

3. Environmental risks in schizophrenia

Environmental factors (Table 1) could explain abnormal brain pa-
thology found in post-mortem brain studies of SCZ patient brains (van
Os et al., 2010). For example, ventricular enlargement is one of the
most stable morphological abnormalities found in SCZ patients and
can have both genetic and environmental causes (Wright et al., 2000).
Therefore, loss of cortical volume in SCZ patients as a result of decreased
levels of synaptic pruning can be caused by either early exposure to
neural hazards such as hypoxia (Brennand et al., 2015) or genetic vari-
ation of the HLA locus such as C4 complement (Sekar et al., 2016). Sev-
eral studies show higher scores on the obstetric complication scales for
patients with SCZ than for healthy individuals and the main complica-
tion being hypoxia (Ballon et al., 2008). Altered levels of oxygen and
production of reactive oxygen species (ROS) during development have
been associated with impaired neuronal differentiation (Do et al.,
2009) and also regarded as a risk factor for SCZ (Bitanihirwe and Woo,
2011). Indeed, alterations in levels of oxygen consumption andROS pro-
duction have been investigated in iPSC-derived cellular models in sev-
eral studies (Brennand et al., 2015; Paulsen Bda et al., 2012; Robicsek
et al., 2013). The main findings at the NPC stage suggested that the ele-
vated levels of ROS in SCZ cells could be rescued by antipsychotic drugs
such as valproic acid (Paulsen Bda et al., 2012).Moreover, the amount of
ROS was higher (Brennand et al., 2015) in NPC of the SCZ patient and
mitochondrial dysfunctionwas observed in iPSC, NPC anddopaminergic
neurons of patients (Robicsek et al., 2013). Taken together, abnormal
fluctuations in oxygen during prolonged periods will result in ischemic
response and might influence critical process such as angiogenesis and
neurogenesis in developingbrain. The crosstalk betweenNPC and endo-
thelial cells is crucial in formation of blood brain barrier (BBB), which
depends on secretion of angiogenic factors from NPC. Recently, it has
been shown that, the secretome of iPSC-derived NPC from SCZ patients
lack fundamental factors such as VEGF and result in neurovascular
dysfunction (Casas et al., 2018). Other environmental factors such as ex-
posure to glucocorticoids can adversely affect the ROS production in
iPSC-derived neuroepithelial stem cells leading to de-regulated
neurogenesis, further supporting the role of proper NPC regulation in
psychiatric disorders (Raciti et al., 2016). However, in complex diseases
such as SCZ, it is important to note that variations in oxygen levels and
angiogenic potential can impact on gene expression during develop-
ment and gene expression variants can also affect the reaction to
hypoxic-ischemic response (Schmidt-Kastner et al., 2012). Other envi-
ronmental causes such as exposure to ethanol and methylmercury
and maternal seizures have been investigated during mice embryo de-
velopment in comparison to human iPSC-derived NPC (Hashimoto-
Torii et al., 2014). Exposure of embryos to these environmental factors
activated heat shock factor 1 (HSF1) in cerebral cortical cells and iPSC-
derived NPC from SCZ patients showed higher variability in the levels
of HSF1 activation (Hashimoto-Torii et al., 2014). It could be possible
that early neural cells in SCZ patientsmight bemore vulnerable to envi-
ronmental stressors due to genetic reasons.

4. Molecular pathways associated with schizophrenia

Two linked hypotheses surrounding the molecular mechanism of
SCZ are the glutamate hypothesis and the GABA (gamma-aminobutyric



Table 1
Environmental risk factors for schizophrenia.

Early life Childhood Later life Other

Complications during pregnancy Living in an urban area Drug abuse Left-handedness
Complications at birth Childhood trauma Migration Older father (N40 years)
Winter birth Head injury Low socioeconomic status Young parents (b20 years)
Premature birth Social isolation Autoimmune diseases
Viral infection Epilepsy
Poor prenatal nutrition
Micronutrient deficiency
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acid) hypothesis. Glutamate is an excitatory neurotransmitter that can
act on a wide range of receptors, with a key receptor being the NMDA
(N-methyl-D-aspartic acid) ionotropic receptor. The NMDA receptor is
involved in the regulation ofmanyneuronal pathways, including synap-
tic plasticity, cortical development and long-term potentiation, and
NMDA receptor hypofunction has been associated with cognitive de-
fects and negative symptoms found in SCZ patients (Lau and Zukin,
2007). Glutamatergic neurons directly interact with GABA interneurons
within the cortico-limbic system; GABA interneurons suppress the
excitatory activity from glutamate-expressing pyramidal neurons,
resulting in an inhibitory feedback loop.

WNT-signalling has been implicated in SCZ during neuro-
development, theWNT-signalling pathway is crucial for regulating pat-
terning of neural stem cells and for establishing the anterior-posterior
axis in early vertebrate development (Elkouby et al., 2010) and fore-
brain specification (Inestrosa and Varela-Nallar, 2015) in late develop-
ment (Harrison-Uy and Pleasure, 2012). WNT proteins and their
signalling pathways are involved in a number of processes central to
brain development, including cell proliferation (Pei et al., 2012), cell ad-
hesion (Amin and Vincan, 2012) and cell fate determination; the WNT
pathway and its role in cell fate determination is highly conserved
across eukaryotic organisms (Holstein, 2012). The best-characterised
WNT pathway is the canonical WNT/β-catenin pathway. In the absence
of WNT ligands, β-catenin is degraded by a destruction complex
consisting of a number of proteins that facilitates the phosphorylation
of β-catenin by GSK3β, leading to the degradation of β-catenin. Due to
its central and important role, disruption of WNT-signalling will affect
normal brain development. Accordingly, WNT-signalling has been im-
plicated in neurodevelopmental and neurotransmitter theories of SCZ,
suggestive of a central role in SCZ pathogenesis.

Also crucial to neurodevelopment is cell adhesion and the cell adhe-
sionmolecules (CAMs) are involved in axon growth andmigration, syn-
apse formation and synaptic plasticity, and do also have a role in
neurotransmission at synapses (Corvin, 2010). Genes such as NRXN1,
CNTNAP2 and CASK known as synaptic adhesion molecules are known
to be disrupted in many psychiatric disorders such as autism spectrum
disorders, SCZ and bipolar disorder. However, there are recent evi-
dences that these adhesion molecules are not exclusively involved in
late neuronal development, but their expression pattern implicate
their extended role in early neurogenesis (van de Leemput et al., 2014).

5. Stem cell models of schizophrenia

The discovery of reprogramming and the iPSC technology have given
us the opportunity to derive, expand and study close to unlimited num-
bers of neural cells from living people carrying a diagnose or not. Recent
years have proved that iPSC models of psychiatric disorder in general
and also specifically SCZ are useful complementary tools for identifying
molecular mechanisms causing disorder. Patient-derived stem cells can
be used to model SCZ caused by rare copy number variations or idio-
pathic causes. Using donors with specific genetic mutations as opposed
to those with no known genetic cause can reduce the variability of sam-
ples and help establish mechanisms behind the pathophysiology of the
disease (Table 2). In most cases, fibroblasts are harvested from patients
and reprogrammed using a range of protocols to obtain pluripotent
stem cells that can be cultured and differentiated to the desired cell
types. Functional assays, gene expression analysis and many other ex-
periments are carried out on iPSC, neural progenitor cells (NPC) and dif-
ferentiated neurons; such studies have uncovered disease mechanisms
and pathways involved. Proliferation decline is usually the first obvious
phenotype to recognise in SCZ NPC, which for example has been shown
to be linked to up-regulation of miR-219 (a brain-specific miRNA)
(Murai et al., 2016). Decreased proliferation in SCZ iPSC-derived NPC
or prolonged cell cycle in iPSC-derived forebrain organoids (Ye et al.,
2017) might cause a delay in or might be the cause of subsequent bio-
logical events including aberrant migration (Brennand et al., 2015;
Brennand et al., 2011; Ye et al., 2017), de-regulated adherent junctions
and apical polarity (Yoon et al., 2014). Ye et al. found in an organoid
model of cells from patients with a DISC1 mutation that the interaction
of DISC1-Ndel1 regulated mitosis and cell-cycle progression (Ye et al.,
2017). Further investigation of patient derived NPC usually continue
to the neurogenesis process and the maturation of neurons by measur-
ing electrophysiological activities via patch clamping recording or
Multi-Electrode Array (MEA) recording. Using the former approach, it
has been shown that iPSC-derived neurons form SCZ patients have def-
icits in spontaneous and evoked activity (Sarkar et al., 2018). Another
functional assay is imaging calcium dye fluctuations using calcium sen-
sitive fluorescent dyes. Single-cell measurement of activity may not re-
flect the exact connectivity loss and network activity deficits in SCZ, in
addition, by doing this in homogenous neuronal cultures could over-
sight phenotypes. Increasing the complexity of the cellularmodels to in-
clude several types of brain cells and/or to mimic in 3D, like organoids
(Lancaster et al., 2017; Lancaster and Knoblich, 2014) and brain spher-
oids (Pasca et al., 2015) has the potential to reconstruct in vivo-like neu-
ral circuits. iPSC-derived region-specific cerebral organoids (Qian et al.,
2018) generate a four-layered cortex-like structure containing electro-
physiologically mature neurons that form functional synapses, how-
ever, the full six-layer structure of human cortex is yet to be achieved
and robust methods for quantification of the pathophysiology of SCZ.
One limitation for increasing the complexity of the brain organoids is
the lack of blood supply and thus the necrosis of cells in the central
parts of the organoid.

Faithful models of human brain development in health and disease
would open up for identifying drug targets and possibilities for screen-
ing setups using disease relevant human cells. Development of new
treatments for SCZ would be a large step forward considering the lim-
ited options there are today. iPSC models of SCZ have successfully
been used to evaluate the effect of previously known treatments like
valproate that bring potassium and zinc content back to normal in pa-
tient NPC (Paulsen Bda et al., 2014), but since one third of the SCZ pa-
tients do not respond to available antipsychotic treatments (Hasan
et al., 2012), justifies adding resources into screening for novel drug
candidates. Recently, an expression-based study investigated SCZ-
linked transcriptional responses to 135 small molecules when intro-
duced to iPSC-derived NPCs from several individuals with SCZ and
healthy controls (Readhead et al., 2018). They showed that 52 drugs im-
proved the SCZ-related transcriptomic signature in the iPSC-derived
NPC lines, 61% of these in a diagnosis-dependent manner. They also
showed that some of those drugs differentially regulate neuropsychiat-
ric disease-associated genes. Moreover, many susceptibility genes of



Table 2
iPSCmodels of schizophrenia caseswith a knowngenetic cause. CNV, copy number variation; DISC1, disrupted-in-schizophrenia 1;NRXN1, neurexin-1; SAD, schizoaffective disorder; SCZ,
schizophrenia, NPC, neural progenitor cells; CYFIP1, cytoplasmic FMR1 interacting protein 1; VCFS, velocardiofacial syndrome; MD, major depression; TALEN, transcription activator-like
effector nucleases; iPSC, induced pluripotent stem cells; KO, knockout; LTR, long terminal repeats; NSCs, neural stem cells, ESC, embryonic stem cell.

CNV loci Genetic
mutation

Sample details Reprograming
method

Cell type Phenotype Reference

15q11.2 382 kb deletion
at 15q11.2

SAD proband and unaffected mother carrying
15q11.2 deletion; 1 unrelated control

Sendai viral NPC and
neurons

Altered dendritic morphology; reduction in
CYFIP1 and PSD-95 protein levels

(Das et al.,
2015)

15q11.2
microdeletion

3 SCZ patients carrying 15q11.2 deletion; 3
unrelated controls and 2 controls carrying
DISC1 mutation

Episomal
vectors or sen-
dai viral

iPSC-derived
NPC

NPC exhibit defects in maintenance of
adherens junctions, apical polarity and WAVE
complex stability

(Yoon et al.,
2014)

3 hiPSC-derived NPC lines with lentiviral
shRNA targeting CYFIP1

CYFIP1KD NPC Differential expression of FMRP targets and
postsynaptic density genes in CYFIP1KD lines

(Nebel
et al., 2016)

22q11.2 22q11 deletion 3 SCZ patients (1 carrying 22q11 deletion, 2
sporadic cases); 2 unrelated controls

Retroviral LTR Neurons Significant delay in reduction of endogenous
OCT4 and NANOG expression during
differentiation of iPSC-derived neurons

(Pedrosa
et al., 2011)

22q11.2
microdeletion

3 SCZ patients (with 2 COS, 1 VCFS); 3 SAD
patients (with VCFS); 6 controls

Plasmids Neurons Multiple miRNAs differentially expressed
between patient and control neurons, with
targets of the differentially expressed miRNAs
linked to SCZ

(Zhao et al.,
2015)

22q11.2
microdeletion

5 SCZ patients (with 4 COS, 1 VCFS); 3 SAD
patients (with VCFS); 7 controls

Plasmids Early
differentiating
neurons

Differentially expressed genes (DEGs) involved
in MAPK signalling, cell cycle and apoptosis;
22q11.2 genes CDC45 and PRODH linked to
expression networks for many of the DEGs

(Lin et al.,
2016)

2.6-Mb
hemizygous
deletion at
22q11.2

2SCZ patients carrying 22q11.2 deletion; 2
controls

Retroviral Neurons Increased L1 retrotransposon copy number in
SCZ patient neurons; increased insertion of L1
in genes related to synapses and schizophrenia

(Bundo
et al., 2014)

2.6-Mb
hemizygous
deletion at
22q11.2

2 SCZ patients carrying 22q11.2 deletion; 4
controls

Retroviral Neurons and
neurospheres

Reduced neurosphere size, neurite outgrowth
and neural differentiation efficiency in
patient-derived cells; reduced expression of
miRNAs in miR-17/92 cluster (involved in cell
proliferation and survival) and miR-106a/b
(represses p38α, a regulator of gliogenic
differentiation)

(Toyoshima
et al., 2016)

DISC1 4 base-pair
frameshift
mutation

1 SCZ patient and 1 MD patient, both carrying
DISC1 mutation; 2 related controls and 1
unrelated control; 1 TALEN-corrected DISC1
line and 2 TALEN-introduced DISC1 mutation
line

Episomal
vectors

Forebrain
neurons

Dysregulation of genes associated with
synapses, DISC1-interacting proteins and
psychiatric-disorder-associated proteins;
synaptic vesicle release deficits and reduction
of synaptic boutons in patient neurons;
isogenic lines show DISC1 mutation is
necessary and sufficient for the observed
synaptic defects

(Wen et al.,
2014)

Frameshift
mutation in
DISC1 exon 2 or
exon 8

2 TALEN-induced DISC1 frameshift mutation in
exon 8 and 2 Cas9-induced DISC1 frameshift
mutation in exon 2; 1 healthy control

Lentiviral NPC and
dorsal neurons

Frameshift results in expression of a truncated
DISC1 protein and loss of full-length protein;
increased WNT signalling and altered
transcriptional profile in NPC and neurons;
decreased expression of NPC fate markers
including Foxg1 and Tbr2

(Srikanth
et al., 2015)

4 base pair
frameshift
mutation

2 SCZ patients carrying DISC1 mutation; 2
isogenic iPSC lines with DISC mutation; 3
healthy controls

Episomal
vectors

NSCs Increased expression of miR-219 (promotor of
oligodendrocyte differentiation) and
decreased expression of TLX (regulator of NSC
proliferation and self-processing) in
DISC1-mutant cells

(Murai
et al., 2016)

NRXN1 Heterozygous
NRXN1 deletion

2 H1 hESCs lines with mutations to NRXN1
gene (1 with conditional KO of NRXN1, 1 with
conditional truncation of NRXN1)

N/A Ngn2-induced
neurons

Decrease in presynaptic neurotransmitter
release Decreased frequency of spontaneous
mEPSCs and reduced amplitude of EPSCs in
NRXN1-mutant neurons, but normal synapse
number

(Pak et al.,
2015)

CNTNAP2 293.3 kb
heterozygous
deletion in
CNTNAP2 gene
(exons 14–15)

1 SCZ patient carrying CNTNAP2 deletion;
healthy father carrying CNTNAP2 deletion; 1
related control and 1 non-related control

Sendai viral NPC,
glutamatergic
neurons and
forebrain
neurons

Differential expression of genes involved in
synaptic transmission; altered neuronal
activity

(Flaherty
et al., 2017;
I.S. Lee
et al., 2015)
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SCZ have been reported to affect the glycogen synthase kinase 3 (GSK3)
signalling pathway (Lovestone et al., 2007), a pathway that the com-
monly used drug lithium is acting on either directly (Klein and
Melton, 1996) or indirectly (De Sarno et al., 2002) by blocking the
GSK3. Thus, iPSC derived models of SCZ could be used both to unbiasly
screen for novel drugs and to screen candidate molecules acting on
identified signalling pathways.

Gene-editing approaches have been applied using CRISPR-Cas9 to
generate isogenic iPSC lines to investigate the causal role of a specific
gene in SCZ development. This approach can also be utilized in a correc-
tion strategy to edit an affected gene back to normal creating an isogenic
control iPSC line. For example, a heterozygous deletion of the NRXN1
gene with the CRISPR-Cas9 method resulted in a cellular model of neu-
rons defective in neurotransmitter release but with no changes in syn-
apse number or neuronal differentiation capacity, results which
resemble themicemodel (Pak et al., 2015).More recently a study inves-
tigated non-coding genomic regions and performed CRISPR-Cas9 cor-
rection of a SCZ risk SNP, which altered the expression of MIR137
expression in addition to altered dendrite arborisation and synapse
maturation in iPSC-derived excitatory neurons showing the importance
of non-coding regions related to SCZ for neurogenesis (Forrest et al.,
2017).



Table 3
CNVs associatedwith schizophrenia. SCZ frequency data taken from (Kushima et al., 2017).WBS,Williams-Beuren syndrome; PWS/AS, Prader-Willi Syndrome/Angelman Syndrome; SCZ,
schizophrenia.

Chromosomal
location

Type Size (kb) Number of
genes
affected

SCZ risk genes in region Frequency in
SCZ (%)

Reference

1q21.1 Deletion 1380 11 BCL9, GJA8, GJA5 0.17 (Li et al., 2011; Ni et al., 2007)
1q21.1 Duplication 820 11 BCL9, GJA5, GJA8, PDZK1, and

PRKAB2
0.13 (Dolcetti et al., 2013)

2q13 Duplication 1700 14 ANAPC1, BCL2L11, MERTK 0.48 (Gregory et al., 2014)
NRXN1 Deletion Various; 18–420 1 NRXN1 0.18 (Kirov et al., 2009; Rujescu et al., 2009)
3q29 Deletion 837–1663 21 DLG1, PAK2, FBXO45 0.082 (Mulle et al., 2010)
7q11.23 (WBS locus) Duplication 1400 25 STX1A 0.08 (Kirov et al., 2011; Mulle et al., 2014)
7q34–7q36.1 Deletion Various;

200–10,700
1 CNTNAP2 Not-determined

15q11.2 Deletion 382 4 CYFIP1 0.59 (Das et al., 2015)
15q11.2-q13.1
(PWS/AS)

Duplication ~4000 ~15 UBE3A 0.083 (Ingason et al., 2011)

15q13.3 Deletion 1500 7 CHRNA7 0.14 (Sinkus et al., 2015)
16p11.2 Duplication 600 28 MAPK3 0.35 (Blizinsky et al., 2016; McCarthy et al.,

2009)
16p13.11 Duplication 790 8 NTAN1 and NDE1 0.31 (Ingason et al., 2009)
17q12 Deletion 1400 15 LHX1, HNF1B 0.036 (Moreno-De-Luca et al., 2010)
22q11.2 Deletion 3000 45 COMT, DGCR8, PRODH, TBX1 0.29 (Bassett and Chow, 2008; Horowitz et al.,

2005; Van et al., 2017)
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Cellular phenotypes and disease mechanisms caused by environ-
mental risk factors could be feasibly modelled in iPSC-derived neurons
simply by introducing the known factor to culture media. For instance,
altered HSF1-HSP-signalling in iPSC-derived NPC has been observed
by exposure to ethanol and methylmercury (Hashimoto-Torii et al.,
2014). The challenge is to accurately and timelymodel the physiological
concentrations of the factors that the developing brain has been ex-
posed to for causing SCZ.

Further steps in understanding the development of SCZ would be to
connect cellular phenotypes detected in genetically and/or environ-
mentally affected iPSC to gene and protein expression differences and
how they cause aberrant molecular mechanisms. Transcriptome and
proteome analysis have provided a robust setup, both at bulk and single
cell levels to reveal expression differences and differences in sub-
cellular compositions. Transcriptome studies of SCZ patient-derived
cells have identified hundreds of gene expression differences including
gene expression alteration of synaptic genes (Wen et al., 2014) as well
as glutamate receptors and adhesion molecules such as CNTN4
(Hoffman et al., 2017), many components of the cyclic AMP and WNT
signalling pathways such as WNT7A, TCF4, ADCY8, and PRKCA
(Brennand et al., 2011) and increased levels of oxidative stress and cy-
toskeletal remodelling proteins (Brennand et al., 2015). Post-mortem
studies also suggested enrichment of glial markers in SCZ patients
(Gandal et al., 2018) which subsequently has been traced based on dif-
ferences in NPC populations (Yoon et al., 2014) or glial progenitors
(Windrem et al., 2017) by iPSC modelling. Our unpublished data
(under revision) confirms an increased radial glial population and a de-
creased neuroepithelial stem cells population of NRXN1-alpha deleted
patient iPSC derived NPC as well as their differentiation tendency to-
ward astroglia cells and immature neurons. Further, Windrem et al. re-
ported that beside an abnormal tendency of SCZ iPSC to differentiate
into astroglia, the astrocytes also showed an atypical morphology in ad-
dition iPSC-derived oligodendrocyte progenitors produced less myelin
(Windrem et al., 2017). Also, other cell types have been implicated in
SCZ and GWAS studies indicate variation in the major histocompatibil-
ity complex (MHC) locus including complement component 4 (C4)
genes in SCZ patients, which receptors aremainly expressed bymicrog-
lia cells (Sekar et al., 2016). Today's technologies create possibilities to
investigate microglial-neuron interactions using iPSC-derived
organoids or co-culture systems to study for example how hyperactive
microglial cells eliminate synapses during the neurogenesis of SCZ pa-
tient iPSC. Indeed, new data support this idea by showing that increased
C4A RNA expression (which is associated with increased SCZ risk) pre-
dicts poorer cortical performance as one of SCZ symptoms (Donohoe
et al., 2018).

The more complex a disorder, the more important is to increase the
amount of individuals included in the study to not oversight phenotypes
that otherwise might be masked by background and to certify that we
are investigating authentic disease phenotypes and not technical varia-
tions. Thus, cohort size needs to be increased, moreover, additional
models like animals or post-mortem analyses are another way to in-
crease the confidence of our data.

6. Is early neurogenesis connected to the development of
schizophrenia?

The phenomenon of neurogenesis is categorized into four stages:
proliferation, migration, cell survival, and neuronal differentiation
(Gage and Temple, 2013). Although SCZ is known as disease of synapses
(Osimo et al., 2018), which occurs at the latest part of neurogenesis, the
novel mechanisms found in iPSC models indicate that SCZ could be in-
fluenced throughout the whole of neurogenesis. There are strong evi-
dences that proliferation of neural progenitors, which is the starting
point of neurogenesis might be affected in SCZ via WNT-signalling
alterations (Srikanth et al., 2015). Additionally, a WNT gradient
determines anterior-posterior and dorso-ventral axes during early
neurodevelopment. Cells in different regions of the neural tube are ex-
posed to and display differences in baseline WNT-signalling and in re-
sponsiveness to WNT activators and inhibitors. One current way to
investigate the role of WNT-signalling in SCZ is studies of iPSC-derived
models from SCZ individuals with a DISC1 mutation. Mutations in
DISC1 not only increased the proliferation rate in neuroepithelial pro-
genitors but also changed their fate by decreasing the expression levels
of FOXG1 and TBR2 due to boosted levels of baseline WNT-signalling
(Srikanth et al., 2015). Additional evidence for skewed WNT-signalling
during early derivation of neural progenitors in SCZ patients has been
presented however the genetic background of these patients was not
fully investigated (Brennand et al., 2015).

Beside proliferation, cell-cell adhesion and polarity has a strong im-
pact on regional cortical architecture during neurogenesis (Kriegstein
and Alvarez-Buylla, 2009). Adherent complexes such as NRXN1-
NLGN1 are determined to be involved in synapse formation in late
neurogenesis and their CNVs variations have been reported in SCZ
(Kirov et al., 2009). However, observations indicate that the expression
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of NRXN1 and NLGN1 also peak at early human neural induction both
in vitro [Cortecon data set (van de Leemput et al., 2014)] and in the
early human embryo (Petropoulos et al., 2016). These observations in-
dicate a functional role of NRXN1 and NLGN1 perhaps as adhesion mol-
ecules already in the establishment of neural stem cell and in the early
neurogenesis. Dysfunctional cell-cell adhesion during early
neurogenesis of SCZ patient iPSC-derived NPC carrying CYFIP1
haploinsufficiency with the 15q11.2 microdeletion resulted in a lack of
adherent junctions and apical polarity (Yoon et al., 2014).

During development neurogenesis precedes gliogenesis and the
neurogenic-to-glia switch is not completely mapped. Thus, the neural
progenitors need to choose fate during early development and very re-
cent postmortem transcriptional studies of major psychiatric disorders
indicate altered cell identity in terms of down-regulation of neuronal
genes and up-regulation of astroglial genes in postmortem brain tissue
of SCZ with distinct CNVs (Gandal et al., 2018). There is growing evi-
dence of several developmentally early de-regulated mechanisms in
iPSC-derivedmodels of SCZwith less proliferation of neural progenitors
and increased levels of astrocytes, phenotypes that might be caused by
altered WNT signalling and/or insufficient adhesion. However, novel
single cell techniques has opened up for functional genomics and a re-
cent study show that the expression of common genomic SCZ-variants
consistently mapped to neurons and interneurons in the mouse, but
much less consistently to progenitors or glial cells (Skene et al., 2018).

7. Conclusion and future perspectives

Several recent studies have established in vitro models of SCZ to re-
veal hidden developmental aspects of the disease using patient-derived
cells. New technologies such as single cell RNA-seq analyses pinpoint al-
teration of cell identities compared to normal early neurodevelopment
irrespective of mechanism involved in disease progress. The polygenic
nature of genetic risk factors in patient populationmight affect the pres-
ence or absence of cellular phenotype in SCZ models and its severity.
Different genetic variants could have small or large effects on the devel-
opment of SCZ and the effect might be accumulated bymultiple genetic
and environmental risk factors. Identifying unique mechanisms under-
lying a specific genetic variation require large patient populations
which might be a hurdle due to the rare prevalence of most of the
copy number variants related to SCZ. This will necessitate advance stan-
dardization and quality control to reduce technical variation in
reprogramming and differentiation and genome engineering tools to
create isogenic iPSC lines.

Wewould like to emphasize that, although iPSCmodels offer a useful
methodology to uncover molecular mechanisms underlying the genetic
and environmental nature of SCZ, they do not provide higher information
about brain activities. Interestingly, iPSC-derived brain organoids provide
us with 3D cortical-like structures with the potential to authentically
mimic the human brain and the neuronal complexity. However, in the
fast moving field of reprogramming, iPSC and neuronal differentiation
the technique development progress is amazingly speedy sowewouldn't
be surprised if it is only a couple of years until we have in vitro models of
the human brain in 3D containing all types of brain cells interacting prop-
erlywith each other to receive and send signals, substances andmessages
in an authenticway. Thesemodels could then be used to understand how
genes and environmental factors that have been identified as risks for de-
veloping SCZ cause molecular, cellular and tissue alterations and why
those alterations eventually cause human disorder.
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