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Abstract:

Research into the genetic basis of schizophrenia is advancing rapidlyeVibis gives a broad
overview of results from successive phases of studies in thisliidithg these with recent findings
and likely future research directions. Among recent findings, large-spalemiological studies based
on Scandinavian population registers, have provided further evidésabstantial heritability ah
evidence that a wide range of psychotic and non-psychotic disordersshaittygenetic risk factors
with schizophrenia. In molecular genetics, large collaborative genomewidgagissostudies

(GWAS) are providing evidence of common risk variants, each of effiadit, and many more variants
are likely to be found as samples sizes increase further. A range aftrayerosomal copy number
variants (CNVs) have been associated with schizophrenia, and both G\WANahstudies have
provided molecular evidence of genetic overlap between schizophrenia andistheers. There is
increasing interest in phenotypes beyond diagnosis, including furtheathariables and
endophenotypes. Next-generation sequencing studies are beginittingpevpotential for fast,
inexpensive sequencing of the whole genome in large samples, amdstaprincreasing focus on the

functional effects of the candidate risk variants that are being identified.
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Introduction

Research into the genetic basis of schizophrenia is advancing rapidjyarititative genetics, the
evidence for substantial heritability has been further substantiated bystalgeanalysis of a range of
types of relatives using national population registers, and there is a léngtbatalogue of other
psychotic and non-psychotic disorders that are likely to share some gesheléctors with
schizophrenia. In molecular genetics, genomewide association studies (GWASQvamgrevidence
of many common genetic variants which each make a small contributiisk.té\t the chromosomal
level, studies of copy number variants (CNVs) are showing rarer vanhiah have a larger effect on
risk. Both types of study are reinforcing the theme that schizophreniesséame genetic influences
with a range of other disorders. In an effort to understand the genétichizophrenia by going
beyond the diagnosis, there has been interest in both additional clinicatypesnand the use of
endophenotypes. Work is also beginning in the use of next generatietiogsequencing to find new
genetic variants and in moving further downstream to find thetifumal consequences of risk variants.
In this article we give a broad overview of these recent research developments agaiasktrelind
of successive phases of previous research, and consider the prabalstages of research in this

field.

Family Studies

It is well established that the risk of schizophrenia is increased in the reldtthese with
schizophrenia. While the lifetime risk for schizophrenia in the generallatign is approximately 0.8-
1% [1], the average risk to the siblings of those with schizophreaj@pi®ximately 9%, to parents 6%
and to offspring 13% [2, 3]. Recently, large scale epidemiologicalkstfitim Scandinavia, which
have linked national population registers with mental health service regmsteesprovided further
information on the patterns of familial risks. One such study foumdigk of schizophrenia in the
offspring of couples who had both been admitted to a psychiatric farithya diagnosis of
schizophrenia was 27.3% (increasing to 39.2% when schizophrenia-relateiéidisgere included)
[4]. This was compared with a risk of schizophrenia of 7% in tfepoihg of couples with only one

parent ever admitted for schizophrenia and 0.9% in the offspring of sonpkre neither had ever



been admitted [4]. Another study provided relative risks for a rahfgemilial relationships, including
strengthening the evidence of lower risks to half-siblings thaibtimgs. The relative risk to maternal
half-siblings was 3.6, and to paternal half-siblings 2.7, comparedithling relative risk of 9.0 [5].
Overall these findings reinforce the evidence that the risk of schizoplmeréases with the number

and degree of relatedness of affected family members.

Twin Studies

The classical twin study approach is to compare concordance in monoZiotic identical) twins,
who inherit virtually 100% of alleles in common, with dizygotic (DZ or noanitital) twins, who

inherit on average 50% of alleles in common. Studies of this kind assuniMZfzeid DZ twin pairs
have an equal sharing of environmental risk factors for schizophRouwéing of older studies of
clinical schizophrenia gave an MZ concordance of 46% and DZ 14% [6]. Sensetudies

employing operational research diagnoses have given similar results vigngwise concordances of
41-65% in monozygotic (MZ) pairs and-B8% in dizygotic (DZ) pairs [7], consistent with a genetic

contribution to the aetiology of schizophrenia.

Adoption Studies

Like family studies, adoption studies investigate an elevated risk of schezogln the relatives of
affected individuals. However, because relatives have been separated byptimaitocess and thus
there is less environmental sharing, a finding of elevated risk in biolaglatives is consistent with
the presence of a genetic contribution to the aetiology of schizophrenia. $chiraghas been found
to be more common in adoptees than in the general population, and it isrthergfortant in adoption

studies to employ adoptee controls, rather than general population controls.

An example is the Danish Adoption Study of schizophrenia [8, 9n#0¢h ascertained probands who
had been adopted early in life and subsequently developed schizoph@¥tiaf Tirst degree
biological relatives of proband adoptees had DSM-III schizophrenia compared WittoDfBst

degree relatives of control adopt¢#8]. The Finnish Adoptive Study of Schizophrerld-{13] took a



different approach. The researchers ascertained a sample of mothers withhsehiaapr a related
disorder, who had a child adopted soon after birth, and investigateftduuently these offspring
developed DSMH -R schizophrenia. They found a significantly greater lifetime prevalendel®s

among index adoptees compared with 0.5% among control adoptees.

More recently, further evidence has come from a large Swedish popukister study [5] that
investigated a range of familial relationships including adoptive relationghips.elative risk of
schizophrenia in adopted offspring of a parent with schizophrenia3vasahd the relative rislot
adopted away siblings was 7.6, both significantly elevated and pro¥idihgr substantiation of the

elevated risk of schizophrenia in adopted-away biological relatives of thosechiitbhrenia.

Heritability

Estimating heritability is the commonest approach to quantifying the elativtribution of genetic
and environmental influences. Heritability of schizophrenia refers to thenpimpof variance in
liability to the disorder in a population that is accounted for by genetidgffatd is most commonly
calculated from twin concordances and the lifetime population riskchizaphrenialn their meta-
analysis of 12 published twin studies of schizophrenia, Sullivah Et4] found that the heritability of
schizophrenia was high, at 81% (95% CI 73%-90%), and they also detethahduere was a small
but significant common familial environmental effect on liability to schizoghramounting to 11%

(95% CI 3%-19%), with the remaining 8% due to individual-specific enuiental effects.

Subsequently, Lichtenstein et al. [5] calculated heritability based on their largeo§tadily and
adoption data. They found a somewhat lower, but still substantial, heritalbi6ypo (95% CI 61.7%-
67.5%) with shared environmental effects of 4-5% (95% CI 4-4%-7H#¥)eason for the difference
from the twin study results is not clear, but taking all these resgisher we may still say that the

heritability of schizophrenia is substantial and between 60 and 80%.

Mode of Inheritance



The pattern of risks from family, twin and adoption studieissistent with schizophrenia generally
having a multi-factorial aetiology. There are probably many genetic amgemental risk factors,

which do not have a large enough effect to cause schizophrenia oovthelyut as an individual is
burdened by an increasing number of these risk factors, iglefrdeveloping schizophrenia increases.
In some generally multiactorial diseases, such as breast cancer and Alzheimer’s disease, there are also
relatively rare families where a single genetic mutation causes a Mendelian subfoendisease.

There is no conclusive evidence for Mendelian subforms of schizaataepresent, but neither has

this possibility been excluded.

Overlap with Other Disorders

Family, twin and adoption studies during thd"Zlentury provided evidence that, in addition to an
elevated risk of schizophrenia itself, relatives of probands with schzmjphinave an elevated risk of a
number of other disorders, such as schizoaffective disorder, schizatypparanoid personality
disorders, and psychotic affective disorders [I919], consistent with a degree of overlap between
genetic influences on schizophrenia and these other ‘schizophrenia spectrum’ disorders. However,
whether there was an overlap with genetic influences on mania/bipolatatisomon-psychotic

depressive disorders remained controversial.

The more recent large register-based studies have further substantiatediths firelings. For
example, the relative risk of schizoaffective disorder in siblingsaifgrds with schizophrenia has
been found to be 7.2(]. In addition, there is now substantial evidence from family, awid adoption
studies of a partial overlap in aetiological influences on schizophrenia ama/Ioiolar disorder [45,
21-25], with the two disorders having a genetic correlation of approximatélyn both

family/adoption [5] and twin studie®]]. The large-scale family studies have also provided evidence
that relatives of probands with schizophrenia have an elevated risk for widerrange of additional

disorders including recurrent depression, autism and ADHD, and sobsthuseZ3].



These quantitative genetic studies provide a foundation for molecular genetic studdeicidar
linkage and association studies, which aim to locate DNA susceptibility vaidastshizophrenia and

related disorders.

Linkage Studies

A substantial number of genome-wide linkage studies of schizophrerdebbam conducted in
affected sibling pairs or families with multiply-affected members sparmiorg than one generation.
They have generally investigated the inheritance of several hundred gesdtirsin total, spread
along each chromosome, seeking chromosomal regions that could @m&ain more genetic risk
variants for schizophrenia. This is an example of a positional clapipgach, where the initial
investigation focuses on the potential location (position) of risk variantsoutiteference to gene
function. Genetic association studies are then conducted on candidate gbmeth&ithromosomal

region of interest.

Many candidate regions have been identified, including on chromosom@ég, Bp, 13q, 10p, 10g and
22q [26], but results have been difficult to replicate consistently across studiesidtaeanalysis of 20
studies in 2003, Lewis et al. identified genome wide significant linkhge, and a number of
additional locations that the researchers agreed were strong candidate gerse[2&¢ic\ more recent
meta-analysis of 32 studies [28] confirmed a region on chromo2qraad also on chromosome 5q,

and in samples of European descent possible linkage on 8q.

Association Studies

While linkage studies investigate the inheritance of genetic markers in maffpyted families
association studies are population-based, and most commonly involve a daskdesign. An initial
methodological concern with association studies was potential confoundiegcifises and controls
had different allele frequencies digedifferences in their population genetic histories. However, such
population stratification can now largely be taken into account by advanaaalytical approaches

[29].



The first wave of association studies focused on genetic markers in funcaodéadate genes with a
known function that had a plausible relationship with schizophrenia. A wesa&h#ss approach was
that, due to our limited knowledge about the pathophysiology of schimiphit was difficult to find
strong candidate genes. Meta-analyses supported associations with markeexamfde, 5SHT2a
(HTR2a, serotonin receptor 2A, 13q) [30] and DRD3 (dopamine t@c83, 3q) [31], but genetic

variants with clearly relevant functional effects were not found.

The second wave of association studies involved investigation of pasitiamdidate genes in regions
of interest identified by linkage studies. This approach led to the identificatenuhber of

positional candidate genes, including DTNBP 1 (dysbingiin[32], NRG1 (neuregulin 1, 8pBB] and
DAOA (D-amino acid oxidase activator, 13@¥]. While many associainshave been replicated in
different samples, there have also been studies in which they failed to replieapatiEnn of
associated alleles and haplotypes across samples has also been somewhagimdds|sis

However, these candidate genes remain under investigation and this has alsededewtification of
further candidate genes. An example is the investigation into the DTNB#®R] whichis part of the
BLOC-1 complex (biogenesis of lysosomal organelles comp)eard had been implicated in
susceptibility to schizophreni&§)]. It was therefore postulated that genes encoding other members of
the complex might also be involved in susceptibility to schizophreniaidgmal. [37] investigated

this hypothesis by performing an association analysis of seven BLgEDes and reported association

between BLOC1S3 and schizophrenia.

Genomewide Association Studies (GWAS)

In recent years it has become technically feasible to undertake genoeassiatiation studies. These
studies aim to systematicalbyrvey the genome in detail for alleles associated with a dis88se |
These are very large-scale investigations. A recent mega-analysiiepéndently conducted GWAS
studies of schizophrenia assayed more than one million genetic markers (sirjgetide
polymorphisms (SNPs)), by a combination of direct measurementranddtion, in a combined

sample of over 50,000 individual®g]. GWAS became possible because of a number of different



technological advances. These include the completion of the Human Genome P2(6& amd the
International HapMap Project in 2005. Both of these have prowdeeat deal of information about
the human genome and its variation. Alongside these, advancesimatifm technology and
statistical approaches mean that whole-genome samples can be analyeeétiongriants that
contribute to a disease. In this context, GWAS are particularly geared to the deiéctiammon

genetic variants that each makes a small contribution to disease risk.

The first promising GWAS result was for the SNP rs1344706, in tledimiger binding protein 804A
gene (ZNF804A, 29)38]. Evidence for the association strengthened when the affected phenotyp
included bipolar disorder, suggesting that alleles in the vicinity of ZNk8tfuence risk to a broader

psychosis phenotype. These findings were further substantiatéargeameta-analysis [39].

Subsequent increases in sample size, which resulted from increasingretidtabbetween research
groups, have led to the discovery of genome-wide significant assasiationarkers in the major
histocompatibility complex (MHC) region on chromosomet] |, and additional significant SNPs in

or near neurogranin (NRGN) (11g24.2) and transcription fa(@GICF4) (18921.2)41].

The recently-published results of the largest GWAS mega-analysisiansarenia and bipolar
disorder to date, from the Psychiatric Genome-Wide Association Studp@ans(PGC), have
shown genome-wide significant associations with schizophrenia fen $eei, five of which are new
(1p21.3, 2g32.3, 8p23.2, 8921.3 and 10qg24.32-g2438Ywo of which have been previously
implicated (6p21.32-p22.1 and 18¢21.2%][ The strongest of the new findings was for a marker in
microRNA 137 (MIR137, 1p), which has a role in the regulationeafronal development. The study
also provided further evidence for loci that increase risk of both schieavipheind bipolar disorder
(CACNALC, ANK3 and ITIH3-ITIH4). In keeping with the focus of GWAS, titentified risk variants
are likely to each have a small effect on risk (odds ratios aroundrhis)study did not include
ZNF804A among its top findings, but this locus remains a sttandidate due to the evidence from

other studies and emerging evidence of associations with endopbes(gge below).
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A more recent study by Hamshere et al. used a sample of 2640 individlirasclinical diagnosis of
schizophrenia attending a clozapine clinic, 2504 cases with a research diaghgmitaofdisorder,
and 2878 controls. Of the genomewide significant associationgfiPGC analysis, this study
found independent confirmation of associations for SNPs marking CCET&8V2 and NT5C2
MIR137 almost reached significance with a p value of 0.074. Thiplsamas also combined with the
PGC data leading to three new variants reaching genomewide significascaifmphrenia: ITIH3/4

CACNALC and SDCCAG842].

In addition to investigations of individual genetic markers, GWAS have yanhlysed many markers
to provide molecular evidence that the genetic contribution to schizophrenia incipolggenic
component (i.e., due to the cumulative influence of many genetic \sadhsainall effect), and that

acpin there is partial overlap in the polygenic contribution to schizophrenikijpoldr disorder43].

Chromosomal Abnormality Studies

While GWAS employ genetic markers involving only variation in a single i€ge, chromosomal
studies focus on much larger genetic variants. Chromosomal abnomsnaliieh may be associated
with schizophrenia have been identified in the hope that they majnhtbkp localisation of causative
genes and in understanding the complexity of the genetics of phhézna [44. Chromosome 22q11
microdeletions provide the most comprehensive evidence of an association etheemosomal
abnormality and schizophrenia [44]. Chromosome 22q11 deletiahiepe (22gDS) causes
Velocardiofacial, oDiGeorge, syndrome. 22qDS leads to a variable clinical picture which maglénclu
learning difficulties, mental retardation and later psychiatric illnesses such agpbchina. One study
[45] found that 13 out of 50 adults with 22gDS had schizophrersahozoaffective disorder.
Research has also been conducted into a chromosomal abnommiddéydisrupted in schizophrenia
(DISC) gene locus. It was found that a balanced translocation betweenosomes 1 and 11
(Disrupting the DISC1 and DISC2 genes) led to cosegregation with pbhéroa, bipolar disorder, and
recurrent major depression [4]. If an individual inherits the translocation, their risk of developing
one of these disorders is up to 50 times that of the general pop{s]pbut to datét has only been

found in this one family. Sex chromosome aneuploidies have als@bseciated with higher rates of
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schizophrenia. Rates of 47 XXY and 47 XXX in schizophrenia are about 4-6 tti@general

population rates [49

Copy Number Variants (CNVs)

In recent years, it hdsen demonstrated that many chromosomal segments vary in copy number

among individuals. These variations, known as Copy Number Vafiantgs), which may be

duplications or deletions, may range from abouf one kilgbase to several megalsize$0]. The

2211 microdeletion is long-known example of a CNV, but the completitrediuman genome
project and associated studies demonstrated that CNVs are a widespread and aocamence in

humans [51

Two main types of study have investigated the role of CNVs in sdimienja. The first of these look at
the total genomic load of CNVs, and whether CNVs are more common dweagsnome in cases than
in controls. Recent papers have shown that large rare deletions and dugliaegisignificantly more

common in schizophrenia cases than controls 3R

Secondly, studies have looked for an excess of CNVs at specific chmoaldeoations. In large
samples of patients with schizophrenia, some genomic hotspotsdevéolbind that hold structural
variants associated with the disorder. CNVs at a number of loci, inclid2iy[54], 3929 [55], 15911
[54], 15913 [54], 16911 [96and 2211 [5457], have been found to be over-represented in

schizophrenia patients compared with controls.

Compared with the common DNA variants of small effect that are the f6€&/AS, the specific
CNVs associated with schizophrenia are usually rarer and of larger effectvétotiee CNVs
identified to date are not generally thought to be sufficient to cause schiziepbmetheir own, as they
are occasionally found in unaffected individuals. For example, webest identified the 1921 deletion.
They found that it was a rare variant, with an occurrence of 0.2%ninot subjects, and had an odds

ratio of 9.1 [54]. A deletion at 15q13 [54] was present in 0.2% o¥iddals with schizophrenia, but
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more than 10 times rarer in control subjects, and had an odds ratigloRecently, evidence for a

duplication at 16p11.2 was reported in a meta-analysis to have an OR[66B

An important issue in the analysis of the findings of CNV istiis that, due to their size, they can
include chromosomal areas that include multiple genes. This is not alveagasth howeer, asseveral
studies have identified CNVs which disrupt the neurexinl (NRXN1) gadere associated with
schizophrenia [5859]. In these studies the probability of individuals with schizophrenia haxagic

CNVs in NRXN1 was much higher than in controls, with an odds cdt®h97 BQ].

There is evidence that the associated CNVs at specific chromosomal locations ate liketglatively
recent de novo mutations, which are selected out of the population infgusgenerations. They

continue to be found because of relatively high mutation rates at these loci [61

Studies of CNVs have also discovered evidence of partial genetic overlap betweephsehiag
autism, mental retardation and ADHD because these disorders are also associated/wittn SHiNilar
chromosomal regions [683]. The current situation regarding CNVs in bipolar disorder is unclear.
Some studies have suggest that, in contwa®ports of an increased burden of rare CNVs in
schizophrenia cases compavéth controls, there is no such increase in bipolar disaasss 6}

However, there is some evidence of an excess of CNVs in bipolar di§é5céq .

Further Clinical Phenotypes and Endophenotypes

The phenotype of schizophrenia is heterogeneous and attempts haveadeeo sub-divide it in order
to identify whether some aspects have a greater genetic component than otlens, differences in
genetic influences. A popular approach is to create quantitative symptensions derived from
factor analysis. Frequently, three main psychotic symptom dimeresierisund (positive, negative
and disorganized) and two affective dimensions (manic and depre&iv&)]] Among the psychotic
symptom dimensions, the evidence is currently strongest for thgalisped dimension as having a
substantial genetic contribution. It consistently shows significant famigregation in pairs of

affected siblings or other relatives [72] and has an estimated heritability ofS®2%0G| 18-93%) [73].
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It has been noted that the genetic influences appear to be partly dudifygrgaeffects independent of
liability to psychosis. Studies of familial or genetic influences on other ymgdimensions have been

less consistent in their results, but there has been evidence of familiglimenstudies/i-86].

lliness history variables can also be analysed as phenotypes.donteést, age at onset of
schizophrenia currently has most evidence for substantial genetic influ€hees.is consistent
evidence for familial aggregation in pairs of affected relatives [87] and herijastimates range

from 33-70% [88, 89]. A caveat to the age at onset investigations isigabt known to what extent
the onset of illness in one relative acts as a precipitant to onset in anotharctaasing familial
correlations for age at onset. This issue could be further clarified dyirsgurelatives brought up apart.
On the basis of these quantitative genetic investigations, a number of limkhgssaciation studies of
clinical variables within schizophrenia have been underte®@®04], and more definitive results are
likely to be seen as investigation of these phenotypes makes usbkrofites such as large-scale

GWAS.

Endophenotypes

Endophenotypes are traditionally regarded as lying on the causal pdtbimsaen genotype and
clinical phenotype. Their position closer to genetic effects, along withsip@seduction in
phenotypic heterogeneity, potentially allows new insights to be gainethenfwrocesses underlying
schizophrenia susceptibility. It was initially hoped that endophenotypgt be relatively simple from
a genetic perspective, but they are now generally regarded as genetically cdmeplgtypes in their
own right. A further development has been to look for evidence tlapdenotypes are genetically
correlated with schizophrenia, rather than simply on the causal patietagen genotype and clinical
symptoms 95]. Gottesman and Gould [96] identified five criteria for an endophentoypmseldre that
an endophentoype is associated with illness in the population, that it is hetitablemanifests in an
individual whether or not illness is active, that endophenotype and itnesgregate within families
and that the endophenotype is frequently also present in unaffectecesel@tre goal of studying
endophenotypes is to allow researchers to define the effects of assgeiaéid variation on the brain

and to eventually understand how that variation contributes to the dewslbphischizophrenia. Some
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of the main endophenotypes which have been studied in relation to $ekiziapare structural and
functional brain imaging, event related potential measures, and neuropsychalogmghitive

abnormalities.

Structural brain imaging has often been investigated as an endopheootygigzophrenia. One early
study [97] compared monozygotic and dizygotic twins for ventricidar and found high heritability.
This was followed up by a family study which showed heritahiiftyentricular size that cosegregated
with illness within families [98]. Although the relationship wittalm structural abnormalities has been
investigated in relation to many different polymorphisms, only taxetbeen replicated relatively
consistently. A number of studies have investigated the association betfuaetianal polymorphism
at codon 108/158 of the COMT gene and structural brain characteristepolymorphism results in a
change from a valine (Val) to a methionine (Met) amino acid. The mosstamtdinding is a reduced
volume of the anterior cingulate gyrus in those individuals with the COBITallele [99]. A number

of studies have also focused on the association between a polymorpttenBiain Derived
Neurotrophic Factor (BDNF) gene and brain morphology in schizophiEpiel02. A

polymorphism at codon 66 of the BDNF gene results in a Val to Met substitlitierstudies found
larger volumes in those with the Val allele in the hippocamp@E][ temporal and occipital grey

matter [LOQ and the cerebellar vermi&(Q2].

Recently, a number of studies have investigated associations between ZNisB0genotypes and a
range of endophenotypic measures, including structural and functiaimaifaging and cognitive
variables. In patients with schizophrenia, ZNF804A SNP rs1344706 hassseciated with relatively
intact brain volume03] and memory function1fo4] in homozygous carriers of the risk associated-
allele, while patients, their unaffected siblings and healthy controls hgwooeg for tlis allele have
shown evidence of reduced functional connectivity within the @nédit cortex and between the
prefrontal cortex and other brain regiod®%-107]. It should be noted that the rs1344706 SNP is in an

intron, and the exact nature of the functional associations requires ftigttiication.

Another area in which research is being carried out into endophenotypaisasEvent Related

Potentials (ERPs). An event-related potential (ERP) is any megasuref braimseetipat is directly the
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result of T thouth Dr perception. In a review of studies using BREBadophenotypes for

schizophrenia heritability was found to be between 60% and 68% [AG8udy undertaken on a well-
known family with al;11chromosomal translocatipfound that unaffected carriers of the
translocation shoed a significant reduction in the amplitude of the P300 ERP, whichsivailar to

those with schizophrenia [1D9

Cognitive impairment is also used as an endophenotype for schizophremgaple is a recent twin
study which showed the heritability of measures such as verbal and vesmakrynand that they shared
a genetic variance with schizophreffid0]. Family studies have also shown that as well as probands
with schizophrenia having evidence of cognitive impairment, theiffected relatives also showed
impairment compared with healthy comparisabjects without a family history [111]. Further
research into this area will be aided by the development of standardized batteriespdyatiogical
tests such as the Measurement and Treatment Research to Improve CagSitisizophrenia
(MATRICS) or tre University of Pennsylvania Computerized Neurocognitive Battery, which se$ u
in a recent study which showed association between cognitive endoplenatygpa number of

schizophrenia candidate genes including NRG1EREB4[112].

Next Generation Sequencing

Genome-wide association studies have demonstrated that common variants aceopragortion of
the genetic component of schizophrenia. If small rarer DNA variants alsa pidg then the next
stage in discovering this is likely to be through the use of nexdrgdon sequencing approaches,
including whole exome and whole genome sequencing studies. Thedeebawee possible through
improvements in technology which have greatly increased the spt#redhich sequencing can be

accurately performed.

In the long term the aim will be to undertake studies similar to GWAS withlasge sample sizes
[113]. Until sequencing technology is inexpensive enough to perfoese large sample studies
various approaches have been suggested to further our understaineisg include selecting families

that have multiple affected individuals (family-based sequencing),aedisg individuals that are at
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the extreme ends of a trait distribution (extreme-trait desidrid).[Results of initial sequencing
studies have been reported, for example, employing exome sequghitdnd 16], with many more

studies in the pipeline.

Functional Studies

Having identified a range of candidate genetic variants for schizophrenialated! disorders, a major
task in substantiating these candidates as true susceptibility variants, amdlopahg their potential
for improving treatments, is to determine their functional effectgpaisiological level. Studies
include investigations of allelic expression via mRNA ley88 and investigations of animal models.
Although there are limitations, for example, in identifying valid equivigbdenotypes in animals
these approaches allow experimental designs which are important for demonstasality, and

which are not feasible in studies of humans.

In an effort to discover more in this area, researchers have been abisttoatanutant mice. These
mice are constructed with disruption of a gene, which can be achievedwitieetion or
insertion/over-expression. Researchers can then learn about the functextalafdisrupting
particular genes and the proteins they encode for. In schizophrenia habeae mouse model studies
look at how a mutation in a schizophrenia-related gene is related to either a§pleetschizophrenia
phenotype or to schizophrenia-related endophenotypes. These cae inegative symptoms of

schizophrenia, cognitive impairment or structural abnormalities.

One of the mouse models used in investigating schizophrenia uses miedDh&G1 mutation
resulting in loss of DISC1 function. Studies of these mutant mice hamd foaumber of alterations
which resemble aspects of schizophreit/[ 118].These include structural alterations such as
enlarged lateral ventricles and reduced brain volume, negative symptonassechiced sociability,
cognitive deficits such as impaired working memory, and deficits in peepuighition that are
reversed by antipsychotic treatmebtf, 118]. Further mutant mouse models which have shown
evidence of negative symptoms of schizophrenia and cognitive impagnelude mice with

deletions in the Neuregulin119, 120] and Dysbindin [121] genes.
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Genetics of Other Psychotic Disorders

Schizoaffective Disorder

Schizoaffective disorder is a controversial category. It is criticized foripteoerater reliability 122]

and diagnostic instability [123], and debate continues over whether it is best regardethtgpea of

schizophrenia or affective psychosis, a mixture of these other disalders the co-occurrence of
these disorders, or a partly independent disorder on a spectrum betesseattier disorderd 24-

126].

Family studies of schizoaffective disorder have been reviewed by Bertels&@otadman [125]. They
found that the morbid risk to first-degree relatives ranged from 1.8/4.%. Three blind controlled
studies found morbid risks for relatives as opposed to control§%f@.1% [L27] and 1.8%/0.7%
[128] and 6.1%/0.5% [129]. There is twin study evidence that scliéntizEe disorder, and its manic

and depressive subtypes, have substantial heritability of around 8096 [1

Family studies show a familial overlap with both schizophrenia and iafatisorders 19-20, 127-
129], and a twin analysis was consistent with the genetic contributionitmatfiective disorder being
entirely shared with genetic influences on schizophrenia and mania, whilerenental influences

were not sharedfl].

A linkage study has been conducted which aimed at localizing genes thah@efusceptibility to
schizoaffective disordedBl]. The study identified regioms interest on chromosomes 1942

(LOD = 3.54; significangenomewide), 22g11 (LOD = 1.96; suggestive genomewade)19p13

(LOD = 1.85; suggestive genomewide). The findiogshromosome 1q42 were of particular interest

due to the existence, within this region, of the DISC1 gene.

Association studies into schizoaffective disorder have also shown associatidnl8C1[132].

Further recent association studies provide evidence for relatively specific asesdiatiween GABA
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receptor gene variants and schizoaffective disorder, bipolar 18e134], as well as for the general
utility of this schizoaffective subtype for picking up GWAS associatignals [13% Thus, while the
twin study evidence points to schizoaffective disorder as being duedo-therurrence of elevated
genetic liability to schizophrenia and mania, if the results for GABA further substantiated, it would
bolster the case for regarding schizoaffective disorder, bipolar subtypepartly independent

disorder.

Other Psychotic Disorders

There is much less information about genetic influences on othergtigydisorders. Reviews of
genetic studies into delusional disorde8q, 137 have found that due to a lack of studies and various
methodological difficulties, there has been no clear evidence for or agaimsttec g@ntribution to the
aetiology of delusional disorder. They found no linkage studies ofidelal disorder that had been
carried out. A small number of association studies have been perfdrased, on a functional rather
than a positional approach. A polymorphism in the dopamine D3 reaggter(DRD3) has shown
association with delusional disorder in one stut8g8], but not in anotherd39]. A polymorphism in

the dopamine D4 receptor gene (DRD4) has also been associated with detlisaydal in one study

[140].

In a twin study of depressive psychosis, MZ concordance was a8%2 concordance 5%. Genetic
model-fitting established that there were familial effects, but it was not cledraivextent these were

due to genetic or common environmental influenc&§][1

There is a substantial body of research into genetic influences on bipoladedisocluding bipolar

disorder with psychotic symptoms, which is reviewed in another artithesirseries.

Concluding Remarks

This review has highlighted some of the major themes in thdlygpogressing field of research into

genetic influences on schizophrenia and related disorders. In thieinearthere are likely to be many
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more significant association findings, as GWAS increase further in sampld 4i}eThere are also
likely to be further CNV discoveries and efforts to specify whether kgipme within those currently
identified are particularly important for increasing risk. Once next genersgurencing studies are
fully established, it is likely that associations with rarer small DNA variaritslso be found. In all

cases, there will be major efforts to connect genotype, relevant endoygesnand clinical symptoms.

It is hoped that, in due course, these endeavours will lead to better targetirsdiog €rug treatments,
although at present the extent this will be the case remains somewhat contramsial,
pharmacogenomic studies are ongoing [142, 143]. It is also likely #hantiping genetic discoveries
will point to new pathophysiological pathways, with the potential to develogl ti@atments targeting
these. There is also the potential to better understand the interplay betweenageheticironmental
risk factorsincluding via epigenetic changes [144], again with the hope of developing better
interventions in the future. A further issue is how the ongdisgoveries will influence our
conceptualisation and classification of schizophrenia and related disordeosighitihis not inevitable
that such discoveries will radically change our classification systems, it is likelintbue course they
will have an impact, especially if the definitions of these disorders comeltmle biological variables

in addition to clinical symptoms.

Finally, there is the issue of risk prediction in those who are currendifected. For monogenic
disorders, such as Huntington’s disease, predictive genetic testing can be conducted with great
accuracy, but this is generally not the case for multifactorial disordeinsas schizophrenia. If any
single gene subforms of schizophrenia are discovered in due courseuldisead to the development
of genetic testing and improved genetic counselling for the particular famitiere the, probably rare,
genetic variant occurs. In the general population, there is interest in the extdnthaising a range of
genetic information, for example, in the form of polygenic scores bas€¥oAS data43], perhaps
combined with information on environmental risk factors, could led t inform early detection and
intervention strategies. However, much work remains to be done to elééftyer, or in which

circumstances, such approaches could be clinically useful.
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