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A B S T R A C T

Present-day development of improved treatments for schizophrenia is hindered by uncertain models of

disease, inter-individual response variability in clinical trials and a paucity of sensitive measures of

treatment effects. Findings from genetic research emphasize the potential for schizophrenia risk genes to

help develop focused treatments, discover new drug targets and provide markers of clinical subtypes.

Advances in genetic technologies also provide novel modes of drug discovery in schizophrenia such as

transcriptomics, epigenetics and transgenic animal models. In this review, we discuss proven and

proposed ways risk genes can be used to enhance the development and discovery of treatments for

schizophrenia and highlight key studies in these approaches.
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1. Introduction

The discovery of the antipsychotic clozapine which improved
prognoses for treatment resistant patients marked the last major
improvement in treatments for patients with schizophrenia [1,2].
A wave of medications was engineered based on this compound
attempting to replicate its apparently superior efficacy. However,
efforts to develop a new generation of antipsychotics without the
side-effects of clozapine have failed to improve on the previous
‘typical’ compounds [3].
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Responses to clozapine are highly variable with individual side-
effect profiles and just over half of patients being responsive [4].
Even with a good therapeutic response, cognitive impairments and
negative symptoms often remain. In addition to the shortcomings
of existing antipsychotic treatments, their mode of action in
treating the symptoms of schizophrenia remains unclear. For these
reasons, the current viewpoint from within psychiatry is that
treatment discovery in schizophrenia has not progressed appre-
ciably in a long time and new modes of investigation are needed to
edify research on how to identify targets and develop treatments of
greater efficacy [5].

A widely cited reason for the ineffectiveness of present-day
treatments for schizophrenia is the poorly understood pathophys-
iology of the disorder [6]. Knowledge of disease pathways is
ll rights reserved.
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required to identify treatment targets and design accurate animal
models in which to examine drug effects. The field of psychiatric
molecular genetics provides new avenues for clinical research to
explore mechanistic aspects of pathology and new foci for
treatments. Studies of schizophrenia risk genes could also shed
light on diagnostic ambiguities resulting from the clinical
heterogeneity of the disorder, a problem that has been purported
to slow the progress of clinical trials [7].

For the purposes of this review, the term risk genes includes not
only risk conferred by variation in the genome code such as single
nucleotide polymorphisms (SNP), but also encompasses structural
chromosomal aberrations and genetic processes (transcription/
methylation) which are implicated in schizophrenia. In separate
sections, key examples are used to describe the benefits and
limitations schizophrenia risk genes offer for: (1) finding sensitive
biomarkers of disease states and treatment effects to enhance the
strength of clinical testing, and; (2) provide new targets and animal
models for the discovery of drugs.

2. Genetic biomarkers of schizophrenia

In the research phase, sporadic or weak results during clinical
trials may arise from the inclusion of patients with different
pathologic profiles [8]. As a result, accurate diagnostic tools
are an emphasized need in schizophrenia to identify ‘‘the right
patient for the right drug’’ [9]. Biomarkers are correlates of
disease or drug properties that enable researcher to create
pathologically uniform samples, establish clinically meaningful
dosages and permit earlier detection of clinical improvements—
all of which enhance the strength of clinical testing. Such
benefits have, however, hitherto rarely been apparent in
pharmacological research of schizophrenia or other psychiatric
disorders. Growing evidence indicates that risk genes associate
with specific features of schizophrenia pathology. Studies
suggest that neuregulin 1 [NRG1] variation is associated with
abnormal cortical function and white-matter integrity in
patients [10–12]. In this sense, risk genes have the potential to
serve as biomarkers by providing an index of an individual’s
pathologic profile, and thence their suitability for validating
specific pharmacological targets.

2.1. Genome wide association studies of schizophrenia

Fulfilling certain criteria, genome wide association studies
(GWAS) are sufficiently powered to detect pathogenic variants of
moderate to large risk effects for psychiatric disorders [13]. GWAS
over the last decade have shed light on the complex etiology of
psychiatric disorders by suggesting the contribution of thousands
of commonly found genetic variants of very small effects—none of
which are sufficient or necessary to confer disease (ZNF804A, MHC,
NRGN, and TCF4 being the strongest reported). Evidence over the
last five years has also identified a class of rare and penetrant
genetic risk in the form of structural duplications and deletions,
referred to as copy number variations (CNVs), as significant
contributors to both individual variation and risk for psychiatric
illnesses.

CNVs commonly occur in the healthy population [14], but
accumulating evidence indicates an increased burden of large
(>100 kb) and rare CNVs in schizophrenia [15–17]. The functional
role of specific disease-related CNVs remains obscure. Identified
deletions in NRXN1 suggest the disruption of synaptic develop-
ment [18]. In addition to schizophrenia, this variation has been
associated with risk for autism [19], mental retardation [20] and
attention-deficit/hyperactivity disorder [21,22]. That psychiatric
disorders share genetic risk has become an intrinsic feature of the
GWAS era and has led to the argument that current DSM-IV/ICD-10
classifications used to guide clinical studies are insufficient to
annotate the complex etiopathology of psychiatric disorders such
as schizophrenia [23].

2.1.1. GWAS and the classification of psychiatric disorders

Ambiguities in the diagnostic dichotomy between bipolar
disorder and schizophrenia illustrate how existing classifications
used in the drug development conflict with the GWAS depicted
nosology of neuropsychiatric disorders. The ZNF804A polymor-
phism has been the most consistently replicated schizophrenia
risk gene to date [24]. However, this SNP has also been shown to
have an association with bipolar disorder, as has the 22q11
deletion implicated in the genetic risk for schizophrenia [25].
Evidence of a common etiology for these disorders is not
unexpected from a clinical viewpoint given their psychotic
dimension and similar treatment strategy. However, GWAS
evidence highlights the shortcomings of the schizophrenia/
bipolar dichotomy in instances of less prototypical psychiatric
disorders.

Schizoaffective disorder is the clinical terminology for cases
that demonstrate intermediary symptoms of bipolar and schizo-
phrenia. However, definitions of this term vary substantially,
expectedly along with clinical application [25]. The viewpoint that
schizoaffective disorder is a form of ‘‘mixed psychosis’’ – and
therefore a nonunique disease entity comprised of overlapping
affective and psychotic symptoms – has resulted in the perception
that research into schizoaffective specific treatments is unwar-
ranted. In contrast, GWAS provide strong support for the
etiological discontiguity of schizoaffective disorder with bipolar
disorder and schizophrenia.

A GWAS by Craddock et al. [26] found that genes associated
with schizoaffective disorder were not present in cases of either
bipolar-I disorder or schizophrenia, suggesting the presence of
disease processes specific to schizoaffective disorder. Furthermore,
a large-scale GWAS found that bipolar cases meeting the criteria
for schizoaffective disorder had a substantially greater genetic risk
than other forms of bipolar [27]. As the majority of clinical cases
are estimated to fall between prototypical classifications of
schizophrenia and bipolar, these findings have major implications
for the utility of DSM-IV/ICD-10 criteria in pharmacological studies
of schizophrenia.

The lack of correspondence between traditional measures
and the pathophysiology of neuropsychiatric diseases highlights
the need for more complex, biological-based approaches to
the classifications of psychiatric disorders that reflect both
categorical and dimensional aspects of their pathology [28]. In
this view, psychiatric disorders are conceptualised as heteroge-
neous sets of distinct and overlapping pathologies along a
spectrum of severity dictated by the burden of genetic risk.
Although it may be too early in the field of psychiatric genetic
research to develop frameworks for classification along these
lines, a move towards using finer detailed descriptions of traits
in psychiatric disorder afford more biologically plausible clinical
labels [29].

The National Institute of Mental Health (NIMH) has
recently launched the Research Domain Criteria (RDoC)
project to guide genetic and neuroscience research and help
align future classification schemes with the rapidly growing
evidence base for the pathophysiology of psychiatric disorders
[30]. Abating the widely cited challenges to obtaining
pathologically uniform samples and tractable animal models
of psychiatric disorders is an exciting prospect of this effort [5].
It can thus be tentatively concluded that classification
initiatives based on the progress of psychiatric molecular
genetics have the potential to profoundly impact future clinical
research.
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2.2. Peripheral-blood transcriptomic biomarkers of schizophrenia

An additional benefit of enhancing the resolution of disease
phenotypes is the improved predictability of dynamic physiologi-
cal and pharmacological effects of treatments. Advances in mRNA
profiling techniques make it now possible to quickly perform
analyses of expression across the entire transcriptome and detect
changes related to disease or treatment response [31]. These
molecular signatures could provide biomarkers in clinical testing.
However, as such abnormalities are usually localised in specific
tissues, these methods are often dependent on invasive biopsies.
This is a major obstacle in CNS drug development where brain
tissues are less easily accessible. An alternative approach stems
from the finding that pharmacologically induced changes expres-
sional changes in certain tissues correlate with those in readily
obtainable peripheral-blood samples [31,32]. The use of these
‘surrogate’ measures is expected to have a major impact on clinical
research in schizophrenia.

Transcriptomic evidence has gathered in support of a periph-
eral-blood biomarker of positive ‘psychotic’ symptoms of schizo-
phrenia. Glatt et al. [33] examined gene expression profiles in both
brain and peripheral-blood samples of schizophrenia and healthy
subject groups. In comparison to healthy controls, they found that
six genes were differentially expressed in the patient group. Of
these, they suggested SELENBP1, the gene that codes for the
selenium-binding protein 1, as a promising biomarker of
schizophrenia. Expression of this gene is upregulated in both
blood and brain samples in patients with schizophrenia and
selenium deficiency has been found to regulate glutamate-induced
neurotoxicity in the brain [34].

Kanazawa et al. [35] tested the proposed utility of SELENBP1

expression as a biomarker in schizophrenia across multiple
criteria. They found that upregulation of this gene strongly
correlated with presence of psychosis and was unaffected by
medication status or duration of illness, all of which indicate that
SELENBP1 expression is a consistent feature of positive symptoms
in schizophrenia. Future studies are needed to verify these claims,
explore the causal links between SELENBP1 and psychosis and to
localize its effects in the brain before it can be translated into an
effective biomarker for clinical trials. A report of a de novo deletion
in the SELENBP1 locus in a schizophrenia population raises the
possibility of its involvement in the etiology of the disorder [36].

A recent study in this area deserves brief mention: Glatt and
colleagues [37] have pioneered a methodological approach for
identifying blood-based transcriptomic biomarkers of major psy-
choses called ‘spliceome-profiling’. In addition to querying the
transcriptome, this technique profiles subfeatures of the ‘‘exome’’
(all exons) and ‘‘spliceome’’ (all alternatively spliced variants). A test
of its effectiveness provided evidence of fifteen genes across
schizophrenia and bipolar samples that were differentially spliced,
several of which converge on prior supported disease pathways. If
replicated this may provide valuable biomarkers of schizophrenia
subtypes of therapeutic response variability.

In summary, there is a pressing need for biomarkers of
schizophrenia to provide a translational bridge between basic
and clinical research. Although biomarker testing is inexpensive,
the inherent costs in their discovery and development are
considerable so it is important to explore search optimization
possibilities offered by risk genes. The ‘omic’ technologies
therefore facilitate the search for biomarkers by providing new
ways of characterising abnormalities in biological pathways.

3. Risk genes and schizophrenia drug discovery

The expanding range of gene-linked abnormalities in schizo-
phrenia has intensified the search for new treatment targets. Risk
genes potentially provide a functional annotation for target
validation by specifying anatomical targets or pathways vulnera-
ble to their dysfunction [38]. The following section provides
examples of how risk genes have been used to develop techniques
for identifying novel antipsychotic targets.

3.1. Glutamate hypofunction hypothesis of schizophrenia

Glutamate hypofunction has received increasing support as a
primary pathological cause of schizophrenia. The reduced signal-
ling of the N-methyl-D-aspartic acid (NMDA) glutamate receptor is
proposed as the primary pathogenic process in this approach [39].
Effective NMDA receptor activity is a prerequisite of modulating
activity-dependent changes in synaptic plasticity underpinning
learning and memory. The disrupted in schizophrenia 1 gene
[DISC1], NRG1, dysbindin [DTNBP1] and the glutamate coding gene
GRM3 are among the highest reported risk genes of schizophrenia,
all of which are functionally involved in NMDA receptor signalling
[40,41]. In addition, associations between the expression of NMDA
receptor coding genes NMDAR1 and GRIN2B and clozapine dosage
suggests that clinical benefits are mediated via these receptors
[42].

An attractive prospect of targeting glutamate is the possibility
of alleviating cognitive and negative symptoms that are difficult to
treat with present antipsychotic drugs. Initial evidence that
modulating NMDA function can confer these benefits comes from
numerous clinical trials indicating that the addition of D-serine – a
partial coagonist of NMDA receptors – to conventional antipsy-
chotics improved these symptoms [43,44]. A novel glutamate-
based treatment of psychosis has been designed that activates
group II metabotropic glutamate receptors (mGluR2/mGluR3)
[45]. If these results survive pending phase three trials, it would
present the first evidence of an effective antipsychotic drug that
does not target dopamine [46,47].

3.2. Targets from genetic studies of glutamate in schizophrenia

Aside from providing supportive evidence for the pharmaco-
logical focus on glutamate hypofunction in schizophrenia, genetic
association studies have identified a novel target for antipsychotic
modulation of NMDA function [48]. A linkage study first identified
the 13q22 region containing G72 in the genetic risk for
schizophrenia [49]. Molecular evidence supports a functional role
of G72 in the metabolism of D-amino acids [49]. This interactive
partner, D-amino acid oxidase (DAAO), pertains to schizophrenia
pathology in its role as an oxidative agent of D-serine. Findings of
reduced prefrontal D-serine in schizophrenia supports G72

modulated overactivity of DAAO as a causal mechanism of NMDA
receptor hypofunction [50].

Extensive evidence from animal studies has since gathered for
the potential of DAAO inhibition as an antipsychotic target. DAAO
inhibitors have been found to normalise prepulse-inhibition (PPI)
responses in PCP mice models of reduced NMDA functioning in
schizophrenia to levels comparable to clozapine [51]. The authors
of this study also report that subchronic administration of this
novel compound attenuated the psychomotor impact of PCP.
Moderate efficacy reported in subsequent studies motivated
investigations of the combined effect of D-serine and DAAO
inhibitors. Three studies have since reported on the resulting
increases in cortical and cerebrospinal D-serine and reduced PPI
deficits following co-administration than when either D-serine and
DAAO inhibitors were used separately [52–54]. As has been
suggested, the combined use of these drugs could have dual
benefits both in terms of enhanced antipsychotic activity and in
reducing the side-effects associated with the high dosages of D-
serine needed for clinical effect [55].
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The association of D-amino acid oxidase activator [DAOA] – as
G72 is now known – and schizophrenia has been replicated in
independent samples [56,57]. In addition, fMRI evidence reports
DAOA variation impact on prefrontal and hippocampal function in
subjects with high familial risk for schizophrenia [58]. However,
the emergence of conflicting evidence from subsequent schizo-
phrenia gene-association studies has led to the perception that this
association is weaker than previously considered [59–61]. In the
context of the recently proposed therapeutic potential of DAAO
inhibition, the inconsistency of findings may serve as a caveat to
future genetic research: the fluctuating importance of this risk
gene exemplifies the difficulty in replicating and drawing
definitive conclusions from gene association studies of psychiatric
disorders in the absence of supporting pharmacologic evidence
[48].

3.3. GABA deficit hypothesis of schizophrenia

Compelling evidence indicates the importance of neural
inhibition to abnormal synaptic plasticity in schizophrenia.
Gamma aminobutyric acid (GABA) ergic interneurons are respon-
sible for mediating fast synaptic inhibition in the brain, essential
for effective signalling in neural circuits [62]. Studies indicate that
defective GABAergic transmission disrupts neural synchronization
in cortical and hippocampal networks that underlie prefrontal
information processing and sensory gating [63], features repeat-
edly reported as impaired in schizophrenia. Pharmacologic
evidence also suggests that vulnerable NMDA receptors in
schizophrenia are highly concentrated on GABAA interneurons
[64,65]. GABAergic function in corticolimbic circuits may therefore
be crucial to understanding neural and cognitive defects in
schizophrenia.

The antipsychotic action of existing drugs has indicated to be
partly mediated via GABAergic receptors. Benzodiazepines,
efficient in equilibrating GABAA transmission, are used adjunc-
tively with antipsychotic treatments to reduce morbidity in
schizophrenia patients [66]. Studies have examined the effects of
benzodiazepine receptor binding ligand imidazenil to normalise
PPI and social deficits (both reported to be disrupted in
schizophrenia) in mice models [67,68]. Pharmacologic evidence
of the efficacy of a GABAA targeting compounds to improve
cognitive deficits exhibited in schizophrenia provides prelimi-
nary support for the antipsychotic potential of indirect GABAA

receptor agonists [69]. A related line of investigation to the
GABA deficit hypothesis has proposed a drug-reversible process
thought to be a core etiopathogenic cause of schizophrenic
GABAergic defects.

3.3.1. Targets from epigenetic events in GABAergic systems

Molecular genetic studies provide robust evidence that reelin
and GAD67 transcripts in GABAergic neurons are downregulated in
schizophrenia [70–72]. Reelin has been implicated in dendritic
spine growth and the modulation of neural plasticity by
influencing the function of NMDA receptors located on GABAergic
interneurons [73], while GAD67 is reportedly involved in GABA
synthesis with the gene encoding for this isoform also having been
linked to abnormal neurodevelopment [74]. Decreased expression
of these and other mRNAs are unrelated to medication status,
suggesting the possibility of undiscovered treatment targets [75].
To explain the consistency of abnormal reelin and GAD67

expression findings, increasing evidence has implicated hyper-
mythelation in schizophrenia.

Research over the last five years has increased the focus of
epigenetic mechanisms in the risk for schizophrenia independent
of genomic variation. DNA methylation in the promoter region of a
gene is associated with a loss of that gene’s expression [76]. DNA
methyltransferase 1 (DNMT1) is considered to maintain methyla-
tion in the cell throughout development [77]. However, increased
levels in human prefrontal GABAergic interneurons suggest
additional roles besides maintenance [78]. In the brains of
schizophrenia patients, an upregulation of DNMT1 has been found
to compliment GAD67 and reelin downregulation [79]. The origin of
these increases is not yet known, but their simultaneous onset
with schizophrenic symptoms following puberty strengthens this
association [80].

Evidence suggests that valproic acid (VPA), prescribed to
psychotic patients as a mood stabilizer, normalizes the expression
of GAD67 and reelin [81]. VPA is a histone deacetylase inhibitor
(HDAC) that downregulates DNMT1 activity, thereby reducing
neuronal DNA methylation. Drugs in this class are known to be
beneficial when combined with atypical antipsychotics in treat-
ment resistant patients [82,83]. However, existing HDACs have
limited pharmacokinetic potential to cross the blood-brain barrier.
To examine the physiological effects of downregulated reelin and
GAD67, epigenetic mice models have been developed through
prolonged administration of L-methionine (MET) [67,68].

MET mouse models can be used to examine how both
epigenetic events and pharmacological agents affect the expres-
sion of these mRNAs and schizophrenia-related behavioural
alterations. In the former case, the schizophrenia symptoms found
in reelin+/�mice have also been described in MET mice, suggesting
the involvement of convergent disease pathways such as cortical
DNMT1 overexpression [84]. In the latter case, reelin and GAD67

promoters undergo rapid demethylation in the cortex and
hippocampus of these mice when treated with valproic acid
[85]. Another important corollary of MET induced changes in
methylation patterns is the advent of a neurobiological account of
how environmental insults such as drugs and toxins that have been
heavily implicated in increased susceptibility to schizophrenia
disrupt neural processes in the disease [86].

Epigenetic evidence indicates that following full neurodevelop-
mental maturation, environmental factors have an amplified
impact on modulatory mechanisms of methylation. Post-transla-
tional changes in specific loci of the histone structure modify the
restrictiveness of chromotin to DNA methylation enzymes. For
example, one of the most consistent histone modifications is the
acetylation of histone 3 (H3) lysine residues in positions 9 and 14
(H3Lys9 and H3Lys14) [86]. To examine whether enhanced
demethylation of reelin and GAD67 promoters is mediated by
chromatin remodeling, Dong et al. [87] examined the molecular
impact of VPA in MET mice. VPA was found to increase the amount
of nuclear acetylated H3Lys9 or H3Lys14 bound to the reelin and
GAD67 promoters in the presence of accelerated reelin and GAD67

promoter demethylation, supporting the involvement of histone
modification in modulating the methylation of GABAergic gene
promoters. However, it remains uncertain whether HDAC inhibi-
tors induce demethylation via DNMT1 inhibition or indirectly by
histone code remodeling [86].

Further support for the therapeutic potential of HDAC
inhibitors comes from evidence of a similar demethylation effect
of antipsychotics. A study by Huang and others [88] found
that methylation of a histone modification thought to activate
chromatin transcription is increased at GABAergic gene promoters
in the PFC neurons of clozapine, but not halipridone, treated mice.
Another study has found that hypermethylated reelin and GAD67

promoters undergo demethylation in MET mice when treated with
clozapine and sulpiride but not halopideral or olanzapine, an effect
that was accentuated with conjunct VPA administration [89].
Together these studies strongly suggest that the superior efficacy
of clozapine in alleviating positive symptoms of schizophrenia may
be mediated by histone modifications that normalize GABAergic
gene promoter expression.
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The precise role of DNA methylation on chromatin plasticity
remains to be clarified, indicating that successful translation into
drug therapies is dependent on elucidating these mechanisms in
the neurobiology of schizophrenia. Existing research also suggests
that different subclasses of HDACs have dissociable roles in
moderating the neurodevelopmental pathology of brain disorders
[90], emphasizing the need for studies into the impact of individual
HDAC inhibitors to improve the specificity of these targets. In
conclusion, epigenetic events in the GABAergic system are thought
to play a significant role in synaptic plasticity, neural synchoniza-
tion and the timing of structural brain changes—the major foci of
findings from research into the neuropathology of schizophrenia.
Their influence across the life-span also introduces the possibility
of pharmacological intervention to shift the trajectory of neuro-
development away from psychiatric illness and avoid disease
states altogether [91].

3.4. DISC1 and animal models of schizophrenia

A final implication of risk genes in clinical schizophrenia
research is illustrated by the contribution of DISC1 studies to
developing transgenic animal models in the validation and search
of schizophrenia drug targets [92].

DISC1 was identified following the discovery of a single Scottish
family with a balanced translocation in chromosomes 1 and 11
disrupting the gene. Although no other family has been identified
with a similar translocation, common and rare variants in DISC1

have been shown to confer risk for schizophrenia across a number
of studies. The complexity of DISC1 biology, as well as the lack of
direct access to brain tissue from the t(1:11) family, has made the
mechanisms of risk difficult to elucidate [93]. A ‘DISC1 Inter-
actome’ has been identified which details the protein-protein
interactions and provides a framework for estimating and
understanding the risk-associated mechanisms. Studies have
begun using this approach to put forward potential therapeutic
targets for treatments, in particular PDE4B and NDEL1 interactors
[94–97]. The linking of these respective proteins to cAMP (which
functions in cognition, memory, and mood) and NMDA-receptor
signalling has provided a clinical framework for explaining how
symptoms are elicited via faulty neurotransmitter signalling.

In psychopharmacological research, animal models of sufficient-
ly detailed disease substrates are needed to explore new drug
Fig. 1. Overview of gene-based drug developm
targets. As mentioned, this presents a problem in schizophrenia drug
discovery [5]. One major concern comes from evidence suggesting
that developmental physiological changes that vastly differ between
humans and other species are a fundamental aspect of the disorder’s
etiopathology. Advancements in transgenic animal models have
been used to circumvent this problem by modifying the endogenous
DISC1 promoter to regulate expression [98].

A study by Ayhan et al. [99] found evidence that inducible
expression of a mutant human DISC1 in the forebrain during early-
stage development can lead to schizophrenia like symptoms, and
that increased expression at any stage led to decreased levels of
cortical dopamine and reduced neuronal density. Studies of human
development support the role of DISC1 in neurite growth and
neuronal migration [100,95]. In considering the construct validity
of animal models of psychiatric disorders, it is bear in mind that
clinically characterised phenomena of the disorder may have little
biological relatedness to ostensibly similar phenotypes in animals
[5]. By shifting focus towards modelling the underlying patho-
physiology of disease phenotypes, animal models become more
exact and tenable for treatment development. The enhanced
ability to simulate pathognomic mechanisms in lab species is thus
a valuable addition to the array of research tools in the clinical
study of schizophrenia [101].

DISC1 lab species have helped model disorders that are similar
even on the level of putative genetic risk. Clapcote and colleagues
[102] found dissociable roles for two independent missense
polymorphisms in DISC1 for increasing the risk of depressive-like
and schizophrenia-like phenotypes in mice. Identified abnormali-
ties in grey matter volume and the selective pharmacological
responses of antipsychotic and antidepressant drugs support the
pleiotropic effect of DISC1. Further imputes for elucidating the
effect of variation in DISC1 comes from the recent association of a
missense variant in DISC1 with ultra antipsychotic-resistant forms
of schizophrenia [103].

While the evidence from these studies is preliminary, findings
from DISC1 have encouraged the development of new ways to
model core pathognomic features of schizophrenia in lab species
[104]. It has been suggested that models based on highly penetrant
genetic mutations such as DISC1 are among the highest in terms of
construct validity of neuropsychiatric disorders [5]. As proteins
encoded by schizophrenia risk genes are likely to interact along
similar pathways, the DISC1 interactome also provides a ready
ent process of neuropsychiatric diseases.
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framework for exploring the molecular impact of epistatic gene
effects and the subsequent identification of pharmacological
targets, which can in turn be systematically validated in
schizophrenia phenotypes afforded by DISC1 mice (Fig. 1).

4. Future directions and conclusion

While genes have fallen in and out of association with
schizophrenia over short time spans throughout the GWAS era,
definite patterns of the genetic basis of the disorder have emerged.
Presently, future studies are focussed on the testing of larger and
better phenotyped samples via international consortia to ensure
progress. It has been acknowledged that a point may soon be
reached where the motivation for GWAS investigations is out-
weighed by the need to characterise identified risk genes through
biological experimentation [105]. A target of present intense focus
is identifying the pathogenic function of the ZNF804A—the first
gene to meet the criteria for genome wide significance in
schizophrenia [106]. Pharmacological and systems biology studies
of risk genes will be imperative to translating findings into clinical
benefits and ensuring that the expectations generated by
psychiatric genetic research are realised.
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