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Schizophrenia is a devastating neuropsychiatric disorder affecting approximately 1% of
the global population, and the disease has imposed a considerable burden on families
and society. Although, the exact cause of schizophrenia remains unknown, several lines
of scientific evidence have revealed that genetic variants are strongly correlated with
the development and early onset of the disease. In fact, the heritability among patients
suffering from schizophrenia is as high as 80%. Genomic copy number variations (CNVs)
are one of the main forms of genomic variations, ubiquitously occurring in the human
genome. An increasing number of studies have shown that CNVs account for population
diversity and genetically related diseases, including schizophrenia. The last decade has
witnessed rapid advances in the development of novel genomic technologies, which
have led to the identification of schizophrenia-associated CNVs, insight into the roles of
the affected genes in their intervals in schizophrenia, and successful manipulation of the
target CNVs. In this review, we focus on the recent discoveries of important CNVs that are
associated with schizophrenia and outline the potential values that the study of CNVs will
bring to the areas of schizophrenia research, diagnosis, and therapy. Furthermore, with
the help of the novel genetic tool known as the Clustered Regularly Interspaced Short
Palindromic Repeats-associated nuclease 9 (CRISPR/Cas9) system, the pathogenic
CNVs as genomic defects could be corrected. In conclusion, the recent novel findings of
schizophrenia-associated CNVs offer an exciting opportunity for schizophrenia research
to decipher the pathological mechanisms underlying the onset and development of
schizophrenia as well as to provide potential clinical applications in genetic counseling,
diagnosis, and therapy for this complex mental disease.

Keywords: schizophrenia, copy number variations, single nucleotide polymorphisms, CRISPR/Cas9,
neuropsychiatric disorder

INTRODUCTION

Schizophrenia is a complex neuropsychiatric disorder typically characterized by symptoms such
as delusions and hallucinations, cognitive dysfunction, social deficit, and apathy (Owen et al.,
2016). It is estimated that the prevalence of schizophrenia is nearly 1% worldwide, and this
devastating mental illness has imposed a considerable burden on both families and society (Hor
and Taylor, 2010; Foster et al., 2012; Global Burden of Disease Study, 2015; Owen et al., 2016).
To date, the exact etiology of this disease remains unknown. However, it has been recognized that
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genetics play a pivotal role in the early onset and development
of schizophrenia (International Schizophrenia et al., 2009; Chen
et al,, 2015; Kavanagh et al., 2015; Owen et al., 2016). In fact, the
disease is inherited by as many as 80% of patients suffering from
schizophrenia (Cardno et al., 1999). In spite of the substantial
hereditary component in this mental illness, the complexity
underlying the assumption that schizophrenia is a genetic disease
has been realized with the following observations as described
previously (Crow, 1999): (1) some degree of discordance for
schizophrenia between individuals of monozygotic twin pairs in
twin studies; (2) sharp risk decrease for individuals beyond the
first degree relatives of the schizophrenia patients; (3) unequal
disease risk for parents, children, and siblings of the patients with
schizophrenia; and (4) the paradox of schizophrenia with the
persistence of the disease at relatively high prevalence in spite
of a substantial biological/fecundity disadvantage. Therefore, it
is becoming clearer that a complex interplay between the genetic
and environmental factors may contribute to both the early onset
and the development of schizophrenia.

Recent studies into the genetic causes underlying
schizophrenia using comparative genomic hybridization, single
nucleotide polymorphism (SNP) chips, and gene sequencing
have identified different forms of genetic variants such as SNPs
and copy number variations (CNVs) that have been shown to
be associated with this disease (International Schizophrenia,
2008; St Clair, 2009; Levinson et al., 2011; Grayton et al., 2012;
Kirov et al., 2012; Malhotra and Sebat, 2012; Hamshere et al.,
2013; Ripke et al., 2013; Purcell et al., 2014). Unlike SNPs, CNV's
are defined as intermediate-sized genetic variants, generally
with a size of 50 bp to several megabase pairs (Mbp) in length,
consist of deletions (Del) or duplications (Dup), and are invisible
under microscopy (Girirajan et al., 2011). CNVs can affect one
or multiple genes within the region of the CNVs, resulting in
profound effects on gene expression and function (Girirajan
et al., 2011). Extensive studies have demonstrated that CNVs
are ubiquitously distributed in the human genome, with up
to 25% of the human genome containing CNVs, and they are
responsible for the evolution, population diversity, and different
forms of diseases (St Clair, 2009; Girirajan et al., 2011; Malhotra
and Sebat, 2012). Recent advancements in genomic technologies,
including gene sequencing, genome-wide association studies,
and comparative genomic hybridization, have accelerated the
identification and characterization of pathogenic CNVs. In
particular, the most recent decade has witnessed rapid progress
in identifying the number and type of genetic variants conferring
the genetic burden of a range of genetically related diseases such
as schizophrenia (International Schizophrenia, 2008; St Clair,
2009; Girirajan et al., 2011; Ingason et al., 2011; Grayton et al.,
2012; Guha et al., 2013; Mulle et al., 2014; Purcell et al., 2014).
The discovery of schizophrenia-associated CN'Vss also has offered
an exciting opportunity for schizophrenia research to decipher
the pathological mechanisms concerning the early onset and
development of this complex disease as well as to provide
potential clinical applications in genetic counseling, diagnosis,
and therapy for schizophrenia. In this review, we focus on the
recent findings related to the important schizophrenia-associated
CNVs and outline the potential values that the study of CNVs

could bring to the areas of schizophrenia research, diagnosis, and
therapy. Furthermore, we propose that the pathogenic CNVs
could be corrected with the novel genetic tool known as the
Clustered Regularly Interspaced Short Palindromic Repeats-
associated nuclease 9 (CRISPR/Cas9) system. Finally, we describe
challenges in the study of schizophrenia-associated CNVs as
well as future directions of the potential clinical applications
in genetic counseling, diagnosis, and therapy for this complex
mental disease.

METHODS

The databases PubMed, Google Scholar, Baidu Scholar, and
Wanfang Med Online were searched for relevant literature by
using the following keywords: schizophrenia, neuropsychiatric
disorder, mental disorder, genetic variants, copy number
variations, single nucleotide polymorphisms, gene editing, and
CRISPR/Cas9. From the articles identified by the literature search
and review, we excluded those with lack of relevance, including
the most relevant, original research articles.

CURRENT MAJOR FINDINGS AND
UNDERSTANDING OF GENOMIC CNVS IN
SCHIZOPHRENIA

Current Major Findings of Important
Schizophrenia-Associated CNVs and

Affected Genes in Their Intervals

Multiple lines of evidence have indicated the importance
of CNVs in schizophrenia. The last decade has witnessed
rapid progress in the identification and characterization
of schizophrenia-associated CNVs, some of which have
been subsequently replicated and validated by independent
studies with a large sample size of schizophrenia cases and
unaffected controls. They mainly included the CNVs located
on chromosomes 1q21.1, 2pl6.3, 3q29, 7ql11.23, 15qll.2,
15q11.2-13.1, 15q13.3, 16p11.2, 16p13.1, and 22q11.2 (Table 1
and Figure 1). Pathway analysis of the CNVs has shown
that the affected genes within the regions of the CNVs are
involved in numerous neuronal signaling pathways such as the
neuregulin-ErbBand glutamate neurotransmission pathways.
One of the mechanisms whereby CNVs may be a causative
factor for schizophrenia is by exerting a profound effect on the
expression and function of the genes covered by the CNVs.
In fact, a large proportion of these CNVs disrupt single or
multiple genes, whereas other CNVs may not cover any known
genes within their intervals. For example, the schizophrenia-
associated CNV deletion at 2p16.3 has been shown to disrupt
NRXNI gene, a member of the neurexin family, because the
promoter and first exon of the NRXNI gene fall within the
interval of the CNV (Kirov et al., 2008, 2009; Malhotra and
Sebat, 2012). The XRXNI gene encodes Neurexinl protein,
a presynaptic cell-adhesion molecule involved in regulation
of Ca2+-mediated neurotransmitter release at both synapses
and neuromuscular junctions in humans. Through interacting
with other synaptic proteins, so-called neuroligins (a family
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TABLE 1 | Major susceptibility CNVs for schizophrenia.

Chromosomal Type of CNV Disrupted genes/functions References
locus (deletions/duplications)
1921.1 Deletions and Duplications 34 genes; intercellular exchanges of neurotransmitters International Schizophrenia, 2008; Mefford et al.,
such as glutamate in synaptic transmission of the central 2008; Malhotra and Sebat, 2012
nervous system
2p16.3 Deletions 1 gene NRXN 1; synthesis and release of International Schizophrenia, 2008; Kirov et al., 2008,
neurotransmitters in synapses 2009; Mefford et al., 2008; Sudhof, 2008; Walsh
et al., 2008; Need et al., 2009; lkeda et al., 2010;
Malhotra and Sebat, 2012; Rosenfeld et al., 2012;
Hamshere et al., 2013; Szatkiewicz et al., 2014
3029 Deletions and Duplications 21 genes; synaptic plasticity, dendritic spine morphology, Ni et al., 2007; Stefansson et al., 2008; Howard
and glutamate transmission etal., 2010; Mulle et al., 2010; Nash et al., 2010;
Rosenfeld et al., 2012; Yuan et al., 2014
7911.23 Duplications 26-28 genes; anomalies of connective tissue and mental Ingason et al., 2011; Ripke et al., 2013
retardation
15011.2 Deletions 4 genes; Mg2+ transportation Zhou et al., 2008; Girirajan et al., 2011
156011.2-13.1 Duplications 13-24 genes; glutamate neurotransmission Malhotra and Sebat, 2012; Hamshere et al., 2013
156013.3 Deletions 12 genes; mediation of rapid signal transmission at Zhao et al., 2013
synapses
16p11.2 Deletions and Duplications 29 genes; regulation of glucose homeostasis and muscular Nielsen et al., 2010; Mulle et al., 2014; Sinkus et al.,
excitation and contraction 2015
16p13.1 Duplications 11 genes; synaptic plasticity, neurotransmission, and Gordon-Smith et al., 2010; Girirajan et al., 2011
neurodevelopment through the DISC1 pathway
22q11.2 Deletions and Duplications 84 genes; modulation of synaptic transmission and signal Nakagawa et al., 1996; Jungerius et al., 2008;

transduction through the phosphatidylinositol pathway

Vorstman et al., 2009; Fullston et al., 2011
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FIGURE 1 | Prevalence of the major CNVs associated with schizophrenia. The data were generated from previous studies, and the references are cited in Table 1.
The prevalence of the major CNVs in individuals with schizophrenia vs. controls is illustrated, with the deletion at 15911.2 being the CNV with the highest frequency. Of
note, the prevalence of the deleted schizophrenia-associated CNV at 22g11.2 in the unaffected control individuals was zero. In addition, extremely low frequencies of
the CNVs at 3929 (deletions), 3929 (duplications), and 7g11.23 (duplications) were observed in controls, compared with schizophrenia cases.

at synapses, mediation of signaling, and connection of neurons
into communicating networks (Sudhof, 2008; Kirov et al., 2009).
Mutations in the XRXN1I gene have been closely correlated with a

with five transmembrane proteins that are mainly located on
the postsynaptic surface of synapses), Neurexin 1 participates
substantially in the synthesis and release of neurotransmitters
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high risk of schizophrenia and autism spectrum disorders. These
findings have been validated and extended by different research
teams using a large sample size of schizophrenia patients and
unaffected control individuals, indicating the critical role for the
XRXNI gene in schizophrenia and establishing the importance
of this CNV in schizophrenia (International Schizophrenia,
2008; Mefford et al., 2008; Stefansson et al., 2008; Walsh et al.,
2008; Need et al., 2009; Ikeda et al., 2010; Levinson et al., 2011;
Rosenfeld et al., 2012; Szatkiewicz et al., 2014). Of the genes
located on chromosome 1q21.1 and disrupted by this CNV, the
gap junction genes connexin 40 and connexin 50 participate
directly in intercellular exchanges of neurotransmitters (e.g.,
glutamate) in the synaptic transmission of the central nervous
system; and a matched case—control study of the two connexin
genes found that mutations in connexin 50 were strongly
correlated with schizophrenia (Ni et al, 2007; International
Schizophrenia, 2008; Levinson et al, 2011). In a cohort of
schizophrenia cases and controls of Ashkenazi Jewish descent
with CNV microdeletions of more than 500 kb in length on
chromosome 3q29, known to confer risk for schizophrenia
and other mental illnesses such as intellectual disability and
autism spectrum disorder, researchers focused on de novo CNV
deletions at chromosome 3q29 that were 836 kb in size and found
that at least 19 genes within this CNV interval were annotated,
of which paralogous to X-linked ID genes and strong candidate
risk genes for schizophrenia susceptibility, including Disks
large homolog 1 (DLGI1) and p2l-acivated kinase 2 (PAK2),
were revealed. DLGI, also referred to as synapse-associated
protein 97 (SAP97), encoded by the SAP97 gene, has been
well-documented to bind to neuroligin and glutamate receptor
type 1, a member of the glutamate-gated ion channel family,
resulting in disturbance of the glutamate neurotransmission
system, an important signaling system implicated in the
pathology of schizophrenia (Mefford et al., 2008; Zhou et al.,
2008; Howard et al., 2010; Ikeda et al., 2010; Mulle et al., 2010;
Nash et al., 2010; Yuan et al., 2014). Aside from DLGI1, PAK2
is of interest as it has been shown to diminish the inhibitory
interaction between Racl and RhoGD1; therefore, it is involved
in modulation of the synaptic plasticity and dendritic spine
morphology (Mulle et al., 2010). The CNV with duplications
on chromosome 7q11.2 has been identified to be responsible
for Williams-Beuren region duplication syndrome, which is
also known as 7q11.2 duplication syndrome. This syndrome
is featured by a range of neurodevelopmental and behavioral
abnormalities, and additional copies of the two elastin genes
responsible for anomalies of connective tissue as well as GTF21
implicated in mental retardation within the intervals are likely
to contribute to some of the characteristics observed in 7q11.2
duplication syndrome; however, the exact pathology for this
syndrome remains unclear (Kirov et al., 2012; Mulle et al., 2014).
The CNVs at chromosome 15q11.2 have been demonstrated
to affect the TUBGCP5, CYFIP1, NIPA2, and NIPAI genes
(Ingason et al., 2011; Moreno-De-Luca et al., 2013). A number
of studies have reported that the proteins encoded by the NIPA1
and NTPA2 genes are related to Mg? " transportation (Zhao et al.,
2013). The CNV duplications on chromosome 15q11.2-15q13.1
have been reported to be associated with schizophrenia and other

neurodevelopmental disorders (International Schizophrenia,
2008; Malhotra and Sebat, 2012). Of these genes spanning
the duplications of the CNVs, extra copies or dosages of the
UBE3A gene are likely to be a candidate gene conferring the
neurodevelopmental phenotype and to exert an effect on the
glutamate neurotransmission system through the synaptic
protein Arc. Studies have shown that the CNVs at 15q13.3 can
disrupt the expression and function of the human a7 neuronal
nicotinic acetylcholine receptor gene, an important gene highly
expressed in the central nervous system and closely correlated
to multiple mental disorders with cognitive impairments,
including schizophrenia, by mediating rapid signal transmission
at synapses (Sinkus et al., 2015). Rare CNVs on 16p11.2 have
been implicated in intellectual disability in children, severe early-
onset obesity, autism spectrum disorders, and schizophrenia;
and they are linked to the developmental delay phenotype
(Nielsen et al.,, 2010; Guha et al., 2013). The genes disturbed
by the CNVs mainly involve the SH2B1, TUFM, ATP2Al,
and ATP2A2 genes, of which mutations of the single ATP2A2
gene in Darier disease have been found to be connected to the
neuropsychiatric abnormalities frequently observed in Darier
disease (Gordon-Smith et al., 2010). The CNV duplications on
chromosome 16p13.1 have been shown to be a risk factor for
neuropsychiatric disorders, including schizophrenia (Ingason
et al., 2011), and the candidate genes within the region of this
CNV duplication that are associated with schizophrenia include
the NTAN1 and NDEL1 genes, which encode nuclear N-terminal
asparagine amidase 1 and distribution protein nude homolog
1 proteins, respectively. Further studies have shown that the
NDEI protein functions as the partner of DISC1 and thereby
participates in the DISC1 pathway, which has been implicated in
synaptic plasticity, neurotransmission, and neurodevelopment
(Fullston et al., 2011; Ingason et al., 2011). The CNV deletion
on chromosome 22q11.2 is among the first identified CNV's that
is associated with an increased risk for schizophrenia. Further
analysis displayed that important candidate genes within the
intervals include the phosphatidyl-inositol-4-kinase-catalytic-
alpha (PIK4CA) gene (Vorstman et al,, 2009). The PIK4CA
gene encodes the enzymatic protein in the phosphatidylinositol
(PI) pathway (Vorstman et al., 2009), and it is thought that
the PI pathway plays an important role in the modulation of
synaptic transmission and signal transduction (Jungerius et al.,
2008). Interestingly, the PIK4CA gene is well-documented to
be highly expressed in the gray matter, with significantly higher
levels in the fetal brain than in the adult brain (Nakagawa
et al,, 1996), suggesting an important role for PIK4CA in
neurodevelopment and in neurodevelopment-related mental
diseases such as schizophrenia; these findings are in agreement
with the neurodevelopmental pathogenesis of schizophrenia
(Bassett et al., 2001). More detailed information about the
major pathogenic CNVs and affected genes identified to be
associated with schizophrenia is summarized in Table 1. CNVs
that have been demonstrated to disrupt the expression of single
or multiple genes associated with schizophrenia account for
more of the genetic burden of schizophrenia; however, it remains
largely unexplored which genes contribute to the phenotypes.
In addition, among the CNVs, the rare CNVs are more likely
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to exert a greater effect on individuals with schizophrenia,
compared with unaffected persons, and on those with disease
onset before the age of 18 years old. The lines of evidence
have suggested that schizophrenia-related CNVs have been
strongly associated with the alteration of genes involved in signal
transmission between brain cells, and those genes hold promise
as therapeutic targets for the development of molecular targeted
agents of signal transmission in the treatment of schizophrenia.

Differences in Risk Genomic CNVs for
Schizophrenia Have Been Noted among

Different Populations

Geographic and ethnic diversities in the prevalence of
schizophrenia have been well established, but the causes
underlying the differences are not fully understood. Interestingly,
differences in the large and rare schizophrenia-associated CNV's
among populations have been reported (Szatkiewicz et al,
2014). In a study performed by Szatkiewicz and colleagues,
a large sample size of subjects, including a total of 4719
schizophrenia patients and 5917 unaffected controls, were
enrolled (Szatkiewicz et al, 2014). Aside from validating the
elevated burden of the rare and large CN'Vs in schizophrenia and
the significant correlation of the CNVs 16p11.2 dup, 22q11.2
del, and 3q29 del with this disease, the new CNV 17q12 dup
in the Swedish population was found to be associated with
schizophrenia; this CNV was previously implicated in autism
spectrum disorders and mental retardation (Szatkiewicz et al.,
2014). In a study of schizophrenia-associated CNVs in the
Han Chinese population, Shi et al. compared a total of 155
schizophrenic individuals with 187 unaffected controls and
found that there was no significant enrichment in rare CNVs
greater than 100 kbp in length in the case group, compared to
the control group (Shi et al., 2008). Similar results also have been
obtained by a Japanese research group, who did not observe a
significant increase in rare CNVs larger than 500 kbp (Ikeda
et al,, 2010). It is likely that distinct geographic environments
that global populations could be exposed to may increase shifts
in genetic factors such as CNVs, and evolution may also affect
differences in CNVs. Since the CNVs that confer high risk for
schizophrenia have been investigated mainly in the European
and North American populations, even larger differences in
CNVs among global populations may exist to influence the
risk for schizophrenia. To better understand the alterations,
including similarities and differences of CNVs in schizophrenia
among populations worldwide, and characterize the global
patterns of risk CNVs for schizophrenia, comparative studies
with more geographically diverse populations from Asia, Africa,
and South America should be carried out, thus allowing scientists
to identify and characterize specific CNV's as markers to predict
the development and early onset of schizophrenia in separate
populations.

Potential Applications for Genomic CNVs

in Schizophrenia
The new advanced genetic technologies have offered great
opportunity for schizophrenia research to decipher the molecular

mechanisms underlying the early onset and development of this
disease as well as to provide potential clinical applications in
genetic counseling, diagnosis, and therapy for schizophrenia.

Potential Value of Manipulating Genomic

CNVs in Schizophrenia Research
Manipulation of the pathogenic CNVs significantly associated
with schizophrenia will usher in a potentially novel direction
for schizophrenia research. CNVs usually range from an
intermediate size (more than 50 bp in length) to a large size
(several Mbps) and occur mainly as deletions and duplications
in the human genome. The pathogenic CNVs are typically rare in
the population and large in size, which has raised huge challenges
in the editing of CNVs. Fortunately, the new CRISPR/Cas9
genetic editing system has been recently developed and has
received great attention (Doudna and Charpentier, 2014; Sander
and Joung, 2014). The CRISPR/Cas9 genome editing system
relies on two major components: the Cas9 protein and the
guide RNA (gRNA) (Doudna and Charpentier, 2014). Directed
by the gRNA that is complementary to the CRISPR RNA,
Cas9, a protein with endonuclease activity, is able to reach
the specified target site and subsequently cleave the genomic
DNA. With a donor template containing the desired alterations,
the CRISPR/Cas9 system enables researchers to manipulate
the genomic DNA, including deletions or insertions in cells,
plants, and entire animal models (Xiao et al., 2013; Hsu et al,,
2014; Sander and Joung, 2014; Huang et al., 2015; Liang et al.,
2015; Callaway, 2016; Long et al., 2016; Nelson et al., 2016;
Paquet et al., 2016; Tabebordbar et al., 2016). Considerable
progress in genomic DNA editing using the CRISPR/Cas9
genetic editing system has been made over the past few years.
For example, with optimizations in the CRISPR/Cas9 genetic
editing technology, Tai and colleagues have been able to generate
successfully reciprocal CNVs of 16p11.2 (740-kb deletion) and
15q13.3 (2-Mb deletion) in human induced pluripotent stem
cells (iPSCs) (Tai et al., 2016). Of note, no off-target CNVs were
reported in this study and the approach was reproducible. The
successful creation of reciprocal CNVs in iPSCs also has opened
a possible direction toward introduction or correction of the
rare and large pathogenic CNVs in cells and animal models
for disease research including schizophrenia, which will allow
us to manipulate pathogenic CNVs. Therefore, the CRIPR/Cas9
system could be used in animal and cell culture experiments
to better understand how these genetic alterations affect gene
expression or protein function and to advance our knowledge in
terms of the pathological mechanisms underlying schizophrenia.
The application of the CRISPR/Cas9 genomic editing system
in the reverse or introduction of the pathogenic CNVs for
schizophrenia will potentially facilitate the generation of animal
models for schizophrenia research as well. The lack of translatable
animal model systems represents one of the major bottlenecks
in schizophrenia research, leading to huge challenges not only
in creating human disease symptoms in animal models but
also tedious work and expensive costs for establishing animal
models with specific genomic mutations, in particular, for the
large CNVs using conventional approaches. Obviously, the
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CRISPR/Cas9 genomic editing system has provided a valuable
approach to develop animal models for schizophrenia research
concerning the pathogenic CNVs. Moreover, the CRISPR/Cas9
genetic tool has displayed a number of advantages in generating
animal models with desired alterations in the genomic DNA.
For instance, a conventional approach usually takes as long as
2 years to produce an animal model with the desired specific
genetic alterations in the offspring, mainly because of the
numerous breeding steps required. However, with the help of
the CRISPR/Cas9 genetic editing system, it only takes up to 2
months to generate an animal model with the desired genomic
alterations in the genomic DNA. Importantly, the CRISPR/Cas9
genetic editing system costs less than the traditional approach.
Furthermore, with the optimized CRISPR/Cas9 system using
multiple gRNAs instead of a single gRNA, this technology is able
to create multiple desired mutations in the form of deletions
or insertions in the embryo of animal models, whereas this
is unlikely if other conventional methods are utilized. Thus,
the application of the novel CRISPR/Cas9 genomic editing
technology will likely speed up the pace of reasearch to better
understand the CNVs in schizophrenia.

Potential Diagnostic Value of CNVs to
Identify Individuals at Risk of Developing
Schizophrenia or Having Early-Onset

Schizophrenia

Our understanding of the roles for CNVs in schizophrenia is
in its infancy, but the area is growing rapidly. It has become
clearer that CNVs, as one form of genetic alterations, exert a
profound effect on the schizophrenia-related genes harbored
within the CN'Vs and that some of these changes may be sufficient
to cause the early onset and development of schizophrenia.
Carriers of these CNVs, in particular, if the alterations turn
out to disrupt the expression of schizophrenia-associated genes,
are likely to be at great risk of developing schizophrenia. In a
recent study, Ahn and colleagues found that childhood onset
schizophrenia subjects, who are defined as the disease onset
earlier than the age of 13 years, exhibited significantly higher
rate of schizophrenia-related CNVs than that in adult onset
schizophrenia patients (Ahn et al, 2014). It is also worth
attention to the first evidence that a large del CNV with 2.5-3 Mb
in size at 22q11.2 has been identified to be more associated with
childhood onset schizophrenia than adult onset schizophrenia.
These novel findings suggest that early onset schizophrenia
patients share CNV defects in the brain development, which may
hold promise as potential markers to help predict or diagnose
schizophrenia, especially the childhood-onset schizophrenia due
to considerable challenges in the timely diagnosis (Ahn et al.,
2014). Although the fact that schizophrenia-associated CNVs
including those related to the childhood onset schizophrenia
have been identified, however, the following critical challenging
issues remain to be addressed in future: to which extent this
is a pathogenic mechanism underlying the childhood onset
schizophrenia, or the development of schizophrenia in typical
population. More studies in larger population to measure the
burdens of the disease-related CNVs in ways of the number of

the CNVs and the number of the disease-related genes covered
the CNVs are needed. In addition, some CNVs that have been
found to be associated with schizophrenia and have been linked
to a specific population are worthy of attention as well. Moreover,
they may hold promise as genetic markers to identify those at risk
of developing schizophrenia or as potential molecular markers
of schizophrenia susceptibility and onset of schizophrenia in
specific populations.

Potential Value of Correction of the
Pathogenic Genomic CNVs in
Schizophrenia Therapy

Currently, medications along with psychosocial therapy are well-
accepted approaches for the care of patients suffering from
schizophrenia. However, a large proportion of schizophrenia
patients fail to comply with the prescribed medications, mainly
due to their serious side effects, thus resulting in a large number
of schizophrenia cases going untreated. However, it has been
considered that non-adherence of medications may be a common
problem in every branch of medicine, and is often more serious
among patients with mental disorders including schizophrenia,
provided that mental disorders may impair patients’ decision-
making and their capacity to recognize the severity of the
illness (Pompili et al., 2013). As CNVs are one of the major
forms of genetic variations involved in the pathogenesis of
schizophrenia, correction of the pathogenic genes with the
CRISPR/Cas9 system may become available. Indeed, genomic
alterations of a large size like CNVs have successfully replaced
mutations with the correct form at the genomic DNA level
in both cells and animal models. Recently, with the help of
CRISPR/Cas9 genetic editing technology, a research team has
successfully manipulated large-size reciprocal CNVs (16p11.2,
740-kb deletion and 15q13.3, 2-Mb deletion) in human iPSCs and
entire animals without observing off-target CNVs. In addition,
it has been reported recently that CRISPR/Cas9 gene editing
technology has empowered scientists to successfully treat human
disease in an entire animal model (Nelson et al., 2016). These
results show great potential, and the technology has brought new
hope for the genetic therapy of many other genetically related
diseases like schizophrenia.

CHALLENGES AND FUTURE DIRECTIONS

Although rapid progress has been made in our understating
of CNVs in schizophrenia, this emerging area requires further
exploration in the future. First, given the increasing correlation
of CNVs with schizophrenia, there is a need to study the large
and rare CNVs as an important genetic component in the disease.
Future genetic studies of schizophrenia will need to take CNV's
into account. Otherwise, important genetic information related
to disease development may be missing. Second, schizophrenia
is a complex genetic disease and multiple components of
heritability have been thought to be involved in the etiology of
this disease. There is also a call for broad investigations into
additional genetic factors for schizophrenia, such as combining
CNVs with other forms of genetic variations like SNPs in an effort
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to establish a more complex model of schizophrenia research.
Third, it has become more apparent that the CNVs themselves,
even if in combination with other genetic factors, may not be
sufficient to develop schizophrenia. Through interacting with
environmental factors, they may trigger the early onset and
development of schizophrenia. These factors have largely made
studying the molecular etiology of schizophrenia even more
complex and challenging. Fourth, the discovery of population- or
ethnicity-specific CNVs associated with schizophrenia will need
a large sample size of well-diagnosed schizophrenia patients and
matched unaffected control individuals. This study will require
the recruitment and comparative studies of several thousands
of cases with broader populations and ethnicities across the
world, since the majority of investigations conducted to date
have focused on European and North American populations.
The difficulties presented cannot be overstated. Finally, it will be
challenging to characterize which CNV’s are linked to behavioral
and neuropsychiatric phenotypes before proper animal models
are established.

In addition, challenges may arise from the immature
techniques of the CRISPR/Cas9 genomic editing system in the
correction of defects in the pathogenic CNVs. Several challenging
issues related to the CRISPR/Cas9 technique, including off-target
cleavage by the Cas9 protein, and difficulty in delivering the
CRISPR/Cas9 components across the blood-brain barrier, will
need to be improved in future. Furthermore, the schizophrenia-
associated CNVs are generally large in size, which has posed
additional challenges in trying to reverse the defect CNVs with
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