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Introduction

The recent advent of genome-wide mass-marker technology has resulted in
renewed optimism to unravel the genetic architecture of psychotic disorders.
Genome-wide association studies have identified a number of common poly-
morphisms robustly associated with schizophrenia, in ZNF804A, transcrip-
tion factor 4, major histocompatibility complex, and neurogranin. In addition,
copy number variants (CNVs) in 1q21.1, 2p16.3, 15q11.2, 15q13.3, 16pl1.2,
and 22q11.2 were convincingly implicated in schizophrenia risk. Furthermore,
these studies have suggested considerable genetic overlap with bipolar disorder
(particularly for common polymorphisms) and neurodevelopmental disorders
such as autism (particularly for CNVs). The influence of these risk variants
on relevant intermediate phenotypes needs further study. In addition, there is
a need for etiological models of psychosis integrating genetic risk with envi-
ronmental factors associated with the disorder, focusing specifically on envi-
ronmental impact on gene expression (epigenetics) and convergence of genes
and environment on common biological pathways bringing about larger effects
than those of genes or environment in isolation (gene—environment interac-
tion). Collaborative efforts that bring together expertise in statistics, genetics,
epidemiology, experimental psychiatry, brain imaging, and clinical psychiatry
will be required to succeed in this challenging task.

tions of psychopathology in addition to more classic cate-
gorical models of classification [4].

Schizophrenia is a heterogeneous psychotic syndrome,
which, narrowly defined, affects about 1% of the pop-
ulation worldwide [1]. The DSM-IV diagnostic criteria
include psychotic and negative symptomatology severe
enough to cause social and occupational dysfunction
over a period of at least 6 months [2]. Although psy-
chotic symptoms (hallucinations, delusions, disorganized
speech, and behavior) and negative symptoms (e.g., flat-
tened affect, avolition, social withdrawal) are widely rec-
ognized as core symptoms of schizophrenia, there also is
consensus on the marked heterogeneity in clinical pre-
sentation [3]. Recent nosological approaches put forward
the suggestion of incorporating dimensional representa-
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Despite substantial clinical heterogeneity, twin stud-
ies have shown that schizophrenia is characterized by
a high heritability, estimated around 80% [5]. A large
body of work has addressed the association of several
a priori hypothesized candidate genes with schizophre-
nia and it is likely that some of these candidate genes
are true susceptibility factors, as suggested in a number
of excellent articles specifically reviewing the evidence
for these individual candidate genes (e.g., [6-8]). For
none of these candidate genes, however, does the asso-
ciation with schizophrenia remain undisputed, and seri-
ous methodological concerns with regard to the candi-
date gene approach have been formulated [9-12]. The
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recent advent of technology to simultaneously assess 1
million single nucleotide polymorphisms (SNPs) has re-
sulted in renewed optimism to unravel the genetic archi-
tecture of psychotic disorders. This article will focus on
the genetic findings emerging from genome-wide studies
and how they can be integrated with existing knowledge
on the importance of environmental factors in the de-
velopmental pathway to psychosis and with evidence for
gene—environment interaction (GxE).

Recent Genome-Wide Studies

Genome-wide association (GWA) studies contrast large
numbers of genetic variants in patients and healthy con-
trol subjects. Since a large number of polymorphisms are
investigated (100 thousand-1 million), and the antici-
pated effect sizes are small (odds ratios [OR] in the or-
der of 1.10), large sample sizes are required in order to
find even the smallest number of convincingly associated
polymorphisms. It was estimated that a sample of about
12,000 cases and 12,000 controls will be needed to de-
tect a common risk allele with a frequency of 0.2 and an
additive OR of 1.15 at the genome-wide threshold of sig-
nificance of P < 7.2 x 1078 [13,14].

Several GWA studies of increasingly larger samples of
patients with schizophrenia have now been published
and researchers across the globe are working together to
further increase sample size and thus, statistical power
[15]. In the first GWA studies in schizophrenia [16,17],
sample sizes were smaller than 1000 subjects and unsur-
prisingly, no genome-wide significant findings were re-
ported, although the smallest GWA study of only 178
cases and 144 controls did find suggestive evidence for a
marker between “colony stimulating factor 2 receptor al-
pha” (CSF2RA) and “short stature homeobox isoform b”
(SHOX) (P = 3.7 x 1077), each gene being about 350 kb
from the associated marker [16]. The relevance of this
initial finding is unclear as it was not confirmed in larger
GWA studies. Nevertheless, these initial studies demon-
strated the low probability of finding common variants
with a moderate-to-large effect (i.e., an OR above 2).

Given these power considerations, a third smaller GWA
study used a two-step approach [18]. In this study,
the authors conducted a genome-wide analysis of 479
cases and 2937 controls. None of the markers achieved
genome-wide significance, but 12 surpassed the P < 107>
threshold. Subsequently, these 12 markers were followed
up in a replication sample of more than 6600 cases
and about 9900 controls. In the replication stage, three
markers — “zinc-finger binding protein” (ZNF804A) and
two SNPs in intergenic regions at 11p14.1 and 16p13.12
— were strongly associated with schizophrenia in the
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follow-up sample (P < 5 x 107*). These P-values are rel-
atively convincing since only 12 instead of several hun-
dreds of thousands of markers were interrogated, thus re-
quiring less stringent control for multiple testing. Another
two markers, in “opioid binding protein/cell adhesion
molecule-like” (OPCML) and the ciliary gene RPGRIP1L,
showed modest evidence for association. The strongest
associated marker, an SNP in an intron of ZNF804A, did
not reach genome-wide statistical significance (P = 1.61
x 1077) when considering schizophrenia alone, but in-
terestingly, it met criteria for genome-wide significance
when the affected phenotype included bipolar disorder
(9.96 x 107?). Since the original report, supportive ev-
idence for association with ZNF804A was found in an-
other genome-wide study (P = 0.029) [19] and two case-
control studies [20,21].

A number of smaller GWA studies have additionally
been published [22-25], none of them finding SNPs with
genome-wide significance, although one study found a
female-specific association with reelin, a neurodevelop-
mental gene previously associated with schizophrenia
[23]. Follow-up in four additional samples were in sup-
port of the initial finding and meta-analysis of the com-
bined samples suggested an estimated relative risk in
women carrying the common genotype of 1.58 with a
P-value approaching genome-wide statistical significance
(P=28.8x1077).

The most recent contribution to the literature consisted
of three back-to-back papers reporting genome-wide data
[19,26,27]. Combined analysis of their samples (12,945
cases; 34,591 controls) revealed genome-wide significant
associations with multiple SNPs across the major histo-
compatibility complex (MHC) at chromosome 6, with a
marker located upstream of the neurogranin gene on
11g24.2 and a marker in an intron of transcription factor
4 (TCF4) [26]. One of these three studies suggested that
at least 30% of schizophrenia liability may be explained
by common polymorphisms [19].

Copy Number Variants (CNVs)

Genome-wide data, however, cannot only help to pro-
vide insights into the genetic contribution of polymorphic
variation but are also able to demonstrate the presence of
deletions and duplications with a size of 1 or more kb, so-
called CNVs. The involvement of CNVs in schizophrenia
has been known for many years, as a deletion in 22q11 is
associated with a 25 times increased risk for schizophre-
nia [28]. Now there is strong evidence, however, that the
22ql1 deletion is not the only CNV that is implicated in
schizophrenia. Several studies have clearly shown an in-
creased overall burden of rare CNVs (frequency <1%) in
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patients with schizophrenia [29-32], although there were
marked differences in the reported burden estimates. One
study found an excess burden especially in early-onset
cases [29], whereas another study found that de novo
CNVs were particularly common in families without a
history of psychosis [32].

For now, the most convincing evidence exists for dele-
tions in 1g21.1 and 15q13.3 that have been described in
two large studies [31,33]. These deletions are individu-
ally rare (frequency <1%) but confer large effects on dis-
ease risk, with estimated OR around 10 [30,33]. An addi-
tional CNV suggested to be associated with schizophrenia,
which probably has a smaller effect size (OR 3), is located
in 15q11.2 [30,33]. Recently, McCarthy and colleagues
reported that, in a cohort of 1906 cases of schizophre-
nia and 3971 controls, microduplications in 16p11.2 con-
ferred large effects on schizophrenia risk (OR 25.8), a
finding that was replicated in an independent sample of
2645 cases and 2420 healthy controls (OR 8.3, combined
OR 14.5) [34]. Furthermore, a meta-analysis was con-
ducted on a sample of 8590 individuals with schizophre-
nia, 2172 with autism, 4822 with bipolar disorder, and
30,492 controls. In the meta-analysis, the 16p11.2 dupli-
cation was strongly associated with schizophrenia (P =
4.8 x 1077), autism (P = 1.9 x 1077), and to a lesser ex-
tent, bipolar disorder (P = 0.017), whereas the 16p11.2
microdeletion was only associated with developmental
disorders or autism (P = 2.3 x 107!?) [34]. Also at chro-
mosome 16, Ingasson and colleagues found an excess of
duplications of 16p13.1 in cases with schizophrenia [35].
CNVs in this region were previously also reported in cases
with autism and mental retardation [36,37].

While these CNV findings may help to provide in-
sights in the molecular etiological mechanisms under-
lying schizophrenia, this may not be an easy mission,
especially since most CNVs span multiple genes. The
difficulty of pinpointing etiological mechanisms associ-
ated with CNVs spanning multiple genes is illustrated
by the 22q11.2 deletion, for which a consistent mecha-
nism explaining the increased schizophrenia risk has yet
to emerge, despite the presence of promising candidate
genes such as catechol-O-methyltransferase (COMT) and
proline dehydrogenase(PRODH) in this region.

One exception to the rule that CNVs span multiple
genes is the deletion in the neurexin gene at 2pl16.3.
Several studies have shown that rare deletions of the
neurexin gene, particularly those that disrupt exons, con-
fer an increased risk of schizophrenia [22,29,30,38-41].
Together, these results provide good evidence that the
neurexin CNV confers a considerable increase in risk
for schizophrenia (see [42] for review). These results
would implicate a neurodevelopmental pathway related
to deficits in synaptic transmission in the etiology of
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schizophrenia, or at least in a subgroup of patients diag-
nosed with the disorder [43].

Genetic Heterogeneity

As previously mentioned, GWA studies contrast a large
number of genetic variants in patients with that of
healthy control subjects. Comparing individuals with
schizophrenia versus healthy controls is feasible, at least
as a first step, since studies have demonstrated the her-
itability of a schizophrenia diagnosis [5]. Nevertheless,
few will disagree that in individuals diagnosed with
schizophrenia, clinical heterogeneity is the rule rather
than the exception. Schizophrenia is not a disease but
a cluster of symptoms that usually, but not always and
to a varying degree, is present in patients having the
diagnosis.

Recent GWA studies have now convincingly shown
that this clinical heterogeneity is underpinned by consid-
erable genetic heterogeneity, given the evidence that pos-
sibly thousands of common polymorphisms contribute to
schizophrenia risk [19] and evidence implicating multiple
individually rare CNVs in several different genomic areas
to risk for the disorder [29,31-35].

Perhaps even more important, however, is the consid-
erable genetic overlap with other neuropsychiatric condi-
tions reported in recent GWA studies. One study showed
that a combined set of schizophrenia “score alleles,” that
is, alleles that were numerically more frequent in patients
with schizophrenia in the International Schizophrenia
Consortium discovery sample at five thresholds of in-
creasingly relaxed significance (P < 0.10, P < 0.20, P <
0.30, P < 0.40, P < 0.50), together were also signifi-
cantly associated with the risk for bipolar disorder in two
independent samples [19]. Furthermore, several CNVs
not only seem to increase risk for schizophrenia but also
that of other neuropsychiatric conditions such as autism,
epilepsy, and mental retardation, suggesting overlapping
pathways related to neurodevelopment in these disorders
(see [44] for review).

From Mere Association to Etiological
Mechanisms: Genes to Phenes

Understanding the mechanisms tying identified risk vari-
ants to an increased risk for schizophrenia is the next, and
perhaps most challenging step. Indeed, the absolute risk
associated with most of the variants is very small, apart
from a few rare CNVs with large effect size.

A sensible way to investigate the effects of common
variants on disease risk in humans is to study their rela-
tive contribution to intermediate phenotypes relevant for
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Table 1 Published environmental exposures for psychosis for which GxE has been suggested

R.V. Winkel et al.

Environmental variables with likely impact in fetal life:
1. M+: Maternal pregnancy complications, in particular fetal hypoxia and proxies for fetal folate deficiency
2. M+/—: Prenatal maternal infection, prenatal maternal stress, prenatal maternal folate deficiency
3. M+: Paternal age
4. M—: Prenatal exposure to chemical agents (e.g., lead)

Environmental variables with likely impact in early life:
5. M—: Quality of early rearing environment (institutional care, school, parents)
6. M+/—: Childhood trauma (abuse or neglect)

Environmental variables with likely impact in middle childhood/adolescence:
7. M+: Urban environment during development: A variable indicating the level of population density, or size of a city within a country, of the place
where the individual was growing up (between the ages of 5-15 years).

8. M+: Cannabis use

9. M+: Migration

10. M+/—: Stressful life events
11. M—: Traumatic brain injury

Measures of the wider social environment:

12. M—: Neighborhood measures of social fragmentation, social capital, and social deprivation

Measures of the microenvironment in the flow of daily life:

13. M—: Small daily life stressors, assessed using momentary assessment technology, subtly impacting on affect, salience, and reward

M+, at least one positive meta-analytic estimate;
M+/—, inconclusive meta-analytic estimate;
M-, no meta-analytic estimate available.

psychosis. The importance of this approach is exempli-
fied by a recent study by Esslinger and coworkers, who
found that the novel schizophrenia risk polymorphism
located in ZNF804A was associated with neural connec-
tivity [45]. More specifically, the A risk allele was asso-
ciated with decreased interhemispheric connectivity be-
tween the left and right prefrontal cortex. Furthermore,
it was associated with increased prefrontal-hippocampal
and prefrontal-amygdala connectivity, which — the au-
thors suggest — could be hypothesized to result in in-
creased sensitivity to stressful environments [45].

This finding, although in urgent need of replication, to-
gether with the GWA between schizophrenia and poly-
morphisms in MHC — an important region with respect
to the bodily reactions to stress and infection — once
again point to the importance of considering more than
just the genetic data in order to understand the biologi-
cal mechanisms underlying the development of psychotic
disorders. Indeed, a considerable body of evidence now
suggests that “genes” and “environments” operate in in-
terplay to produce schizophrenia, rather than in isolation
[46].

Genes and Environments

Which environmental exposures contribute to psychosis
risk, and how they may do so, has been reviewed
in numerous previous publications (e.g., [46-49]). A
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summary of different environmental factors for which
gene—environment interplay has been suggested, with
the respective level of evidence, can be found in Table 1.
An excellent description of how to select and measure rel-
evant environmental factors can also be found elsewhere
[50].

Although mechanisms underlying gene—environment
interactions probably differ as a function of the specific
environmental factor implied and the developmental pe-
riod in which exposure took place, in general, environ-
mental measures may interact with genetic variation in
at least two different ways [46].

First, genetic variation may result in differences in bi-
ological functionality; these differences may be advan-
tageous or disadvantageous in certain environments. In
case of GxE, functional aspects related to variation in
the DNA sequence and to a particular environmental
factor converge on common biological pathways and
their combined effect is larger than the added effects
of both genes and environment in isolation. As such,
the combination of particular genetic variation and en-
vironment may result in a substantially increased risk
for the disorder (Figure 1A). An often cited example of
GxE in psychosis genetics is the possible interaction be-
tween COMT Vall58Met and cannabis [51-53]. Here,
the COMT Val allele results in lower dopamine avail-
ability in the prefrontal cortex, which could be disad-
vantageous in the context of cannabis use, although it
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Gene-environment interaction

environmental exposure

genetic
susceptibility

schizophrenia
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Epigenetic mediation

methyl

environmental exposure

Figure 1 Mechanisms of gene—environment interplay: gene-environment interaction (Figure 1A) and epigenetic mediation (Figure 1B).

has to be noted that studies examining the etfects of
cannabis on striatal dopamine release have produced
contradictory results [54,55] and evidence is inconclu-
sive that COMT Vall58Met increases risk for schizophre-
nia [56-58], despite high rates of cannabis use in patient
samples [59,60].

A second way how environments can influence dis-
ease risk in conjunction with genetic variation is by im-
pacting on gene expression through so-called epigenetic
mechanisms [61]. Epigenetics refers to the reversible reg-
ulation of various genomic functions, occurring indepen-
dently of DNA sequence, mediated through changes in
DNA methylation and chromatin structure [62]. Such
epigenetic mechanisms have essential functions during
development, and allow the long-term regulation of
gene function and may mediate environmental effects on
gene tunction, for example, by altering DNA methylation
(Figure 1B). Although DNA methylation and histone
modifications are the most frequently studied epigenetic
mechanisms, other epigenetic processes are also known
to regulate gene function (e.g., X-inactivation). Findings
of typical monozygotic twin discordance, risk-increasing
effects of prenatal factors, and possible risk-increasing
effects of developmental trauma in schizophrenia are
consistent with a role for epigenetic mechanisms in the
developmental pathway of psychotic disorder [63,64].
For example, early maternal behavior in animals can
affect offspring stress-sensitivity through altered DNA
methylation of key neuronal receptor genes involved
in the stress response. The first epigenetic studies in
schizophrenia patients suggest altered DNA methyla-
tion in genetic loci with essential roles in brain de-
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velopment and the stress response system [65]. Im-
portantly, evidence for transgenerational transmission
of epigenetic mechanisms has blurred the demarcation
between epigenetic- and DNA sequence-based inheri-
tance [66-68], and challenges the assumption that the
“heritable” component to schizophrenia, and other com-
plex disorders, is entirely based on variations in the
sequence of the genome. The phenomenon that cer-
tain genotypes may be associated with differential DNA
methylation may be of interest as well. Differential DNA
methylation based on genotype has, for example, been
shown for BDNF Val66Met, Val homozygotes displaying
significantly more exonic DNA methylation [65]. If these
differences in methylation indeed are caused by a differ-
ential genotype sensitivity to epigenetic changes, this may
potentially blur the distinction between “GxE” and “epi-
genetics” and complicate statistical models of GXE that as-
sume a nonchanging, predictable effect of the respective
alleles of a functional polymorphism on protein expres-
sion and function.

Another mechanism potentially complicating statistical
models that assume stable and predictable effects of in-
dividual SNPs is epistasis, or interaction between genes.
Epistatic interactions are not picked up by traditional
“main effect” approaches and could partly explain the
relatively low variance explained by common polymor-
phisms (around 30%, as described above) despite high
heritability, although other, not necessarily mutually ex-
clusive explanations such as individually rare markers
with large effect size, are also possible.

Altogether, the available data suggest that more
dynamic, integrative genetic models of psychosis,

e189



Genome-wide Findings in Schizophrenia

incorporating copy-number variation (i.e., CNVs), DNA
sequence variation and genetically determined sensitiv-
ity to environmental factors — mediated through different
but not necessarily independent mechanisms — may be
required.

Integrative Genetic Models of Psychosis

The large amount of genetic data acquired by genome-
wide platforms poses a considerable challenge to re-
searchers examining genetic main effects, especially in
terms of dealing with the problem of multiple testing and
distinguishing true from false associations; by definition,
more complex models involving environmental factors
and interactions will pose even greater challenges. Un-
til recently, most GXE studies in psychiatry have inves-
tigated functional SNPs (resulting in a codon that codes
for a different amino acid, thus changing the protein
and its function) situated within a given gene of inter-
est, guided by an excellent opinion paper describing how
to sensibly investigate GXE [50]. However, although anal-
yses of functional polymorphisms have yielded valuable
insights, they are associated with low prior probability
especially in the absence of detectable genetic main ef-
fects, thus increasing the risk of type I errors. Although
the most logical rationale for picking a GXE candidate
gene is indeed its role in the reactivity to the environ-
mental factor rather than its association with disorder
as argued by Moffitt and colleagues [50], it seems im-
plausible that genetic variants of unknown functionality
but with reliable association with the disorder would not
affect reactivity to the environment, especially since in-
creased reactivity to the (stressful) environment is a key
feature of most psychiatric disorders, psychosis included
[69-71]. Therefore, recent efforts have focused on find-
ing approaches to study GxE using genome-wide data,
so-called Gene-Environment Wide Interaction Studies
(GEWIS) [72]. It is obvious that GEWIS pose formidable
conceptual and statistical challenges. Traditional epidemi-
ological tools and methodologies are not equipped for the
mass-marker agnostic approach of GWAS, and the scale,
cost, and precision of environmental measurements differ
radically from those used in molecular genetics. In addi-
tion, new statistical approaches need to be developed be-
yond interaction as departure from additive or multiplica-
tive joint effects while guarding against noninterpretable
flooding of false positive signals from GEWIS [73]. Tradi-
tional GXE approaches focusing on candidate genes there-
fore will likely remain valuable, especially when investi-
gating SNPs identified by GWA studies, as these will be
associated with higher prior probability given relatively
robust evidence of gene-to-disorder association.
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In addition, an elegant approach to examine cluster-
ing of associations within functional pathways based on
genome-wide data was recently developed [74]. This ap-
proach may have considerable relevance for GXE as well,
as it would allow identitying functional pathways inter-
acting with specific environmental factors, thus facilitat-
ing focus and the development of novel, more specific
GxE hypotheses with higher prior probability.

Conclusion

In conclusion, GWA studies are identifying novel com-
mon and rare genetic variants associated with psychotic
disorder. The integration of these genetic variants in inte-
grative genetic models of psychosis by examining the in-
fluence on relevant intermediate phenotypes and interac-
tions with environmental factors is the next and perhaps
most difficult step. Collaborative efforts that bring to-
gether expertise in statistics, genetics, epidemiology, ex-
perimental psychiatry, brain imaging, and clinical psychi-
atry, which were recently initiated [75], will be required
to succeed in this challenging task.
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