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A B S T R A C T

Objectives: To systematically review findings of GWAS in schizophrenia (SZ) and in bipolar disorder (BD); and to
interpret findings, with a focus on identifying independent replications.
Method: PubMed search, selection and review of all independent GWAS in SZ or BD, published since March
2011, i.e. studies using non-overlapping samples within each article, between articles, and with those of the
previous review (Li et al., 2012).
Results: From the 22 GWAS included in this review, the genetic associations surviving standard GWAS-sig-
nificance were for genetic markers in the regions of ACSL3/KCNE4, ADCY2, AMBRA1, ANK3, BRP44, DTL,
FBLN1, HHAT, INTS7, LOC392301, LOC645434/NMBR, LOC729457, LRRFIP1, LSM1, MDM1, MHC, MIR2113/
POU3F2, NDST3, NKAPL, ODZ4, PGBD1, RENBP, TRANK1, TSPAN18, TWIST2, UGT1A1/HJURP, WHSC1L1/
FGFR1 and ZKSCAN4. All genes implicated across both reviews are discussed in terms of their function and
implication in neuropsychiatry.
Conclusion: Taking all GWAS to date into account, AMBRA1, ANK3, ARNTL, CDH13, EFHD1 (albeit with dif-
ferent alleles), MHC, PLXNA2 and UGT1A1 have been implicated in either disorder in at least two reportedly
non-overlapping samples. Additionally, evidence for a SZ/BD common genetic basis is most strongly supported
by the implication of ANK3, NDST3, and PLXNA2.

Summations

• The present systematic review found that AMBRA1, ANK3, ARNTL,
CDH13, EFHD1, MHC, PLXNA2 and UGT1A1 have been associated
with SZ or BD diagnosis in at least two independent samples (of
either SZ or BD studies).

• The abovementioned genes are known to be involved in neurode-
velopment, synaptic plasticity, maintenance of circadian rhythms,
immune system function, and epigenetic regulation (at the cellular
level), as well as impulsivity, seasonality and neurocognitive im-
pairment (at the phenotypical level) – processes that have been
previously associated with SZ or BD.

Considerations

• While the identified genes' function fit into current pathophysiolo-
gical models of psychosis, their concomitant association with other
neuropsychiatric disorders suggests shared pathogenetic mechan-
isms and challenges the diagnostic boundaries between these dis-
eases, to which trans-diagnostic approaches might offer an ad-
vantage.

• Even though problems with sample heterogeneity and population
stratification in terms of both known and unknown variables emerge
in large sample sizes, GWAS are useful, with replication attempts
being fundamental, and complementary genome-wide approaches,
such as the polygenic score and the GCTA analyses, recommended.
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1. Introduction

Schizophrenia (SZ) and bipolar disorder (BD) are severely debili-
tating mental disorders, affecting a combined 3% of the general po-
pulation at least once in a life time (Kessler et al., 2005; Merikangas and
Pato, 2009). Given previous twin (Sullivan et al., 2003) and family
studies (Lichtenstein et al., 2009) pointing to their high heritability
(∼60–80%), the implications of elucidating the specific genetic var-
iants that increase risk are vast. Candidate gene studies, i.e. based on a
priori knowledge of a gene's function, or its position in genomic regions
linked with SZ or BD through linkage studies, were the norm until about
2006; since the genome-wide exploration of potential risk gene variants
by genome-wide association studies (GWAS) has taken over. The most
obvious benefit of GWAS is its ability to detect risk variants regardless
of previous hypotheses. This is particularly important in psychiatry,
given the unconvincing and inconsistent evidence from candidate gene
studies and a genetic architecture for most diseases that seems to be
polygenic.

Lee et al. (2012a) conducted a systematic review of all GWAS
published in either BD or SZ, since the first study in 2006 until March
2011. They reviewed a total of 14 single nucleotide polymorphism
(SNP) and 5 copy-number variation (CNV) studies in BD, and 12 SNP
and 23 CNV studies in SZ. They report genome-wide significant asso-
ciations in ZNF804A, MHC region, NRGN, TCF4 for SZ, and in ANK3,
CACNA1C, DGKH, PBRM1 and NCAN for BD. None of the findings of
the BD studies were replicated at the time. Among SZ studies, two SNPs
were identified twice: rs752016 in the PLXNA2 gene (coding a neuro-
developmental-mediating receptor) (Mah et al., 2006; Sullivan et al.,
2008) and rs1344706 in ZNF804A (coding a neurodevelopmental
transcription factor) (O'Donovan et al., 2008; Williams et al., 2011a),
although possible sample overlap had not been verified/disclosed in the
review, and thus these results are not necessarily true replications.
Regarding CNVs, there was replication of significant deletions involving
NRXN1 in 6 studies (SJ et al., 2008; Kirov et al., 2008a; Walsh et al.,
2008; Rujescu et al., 2009; Ikeda et al., 2010; Vrijenhoek et al., 2008)
and NRG3, RAPGEF6, MYO38, GST1, GSTT2 and VIPR2 in at least 2
studies (Xu et al., 2008, 2009; McCarthy et al., 2009; Need et al., 2009;
Kirov et al., 2009; Rodriguez-Santiago et al., 2010; Vacic et al., 2011;
Levinson et al., 2011). Some genes discussed in Lee et al. (2012a) were:
1) associated with both SZ and BD by GWA, giving credence to a long-
alleged partially overlapping genetic basis in these disorders (Lee et al.,
2012a); and 2) have accumulated early and suggestive evidence of
impact on brain structure and function, such as ANK3, CACNA1C,
NRGN and ZNF804A, plus in TCF4 and DGKH, as we reviewed else-
where (Gurung and Prata, 2015). However, given that GWAS identify
several SNPs of small effect, using different statistical methodology,
heterogeneous and overlapping sampling, it can be unclear how
meaningful each individual GWAS result is. Hence, their findings
should be revised and weighted with caution. The meta- and mega-
analyses that more recently ensued from meta-consortia, although most
powerful (by collating some of the studies reviewed), focus on the
“global” significance; hence SNPs under study, that are associated with
the disorders in specific populations, may be missed. There is obviously
a trade-off between random hits in small studies and real hits in specific
populations that do not reach genome-wide significance in a “global”
sample, consistent with a genetic heterogeneity of SCZ and BD. Thus, a
critical appraisal of the evidence supporting findings from smaller and
more local studies (i.e. more homogeneous from ethnicity to clinical
diagnosis practice), and, in particular, evidence of replication between
them, is a timely need in the BD and SZ genetics field.

The present systematic review aims to follow on from Lee et al.
(2012a)'s review by: 1) identifying and discussing all SNP GWAS find-
ings published since March 2011; and 2) verifying replication con-
sistency for all genetic variations implicated in both reviews, i.e., re-
ported since January 2006. We particularly highlight new support for
previously identified genes and replications for novel genes. We do this

by thoroughly checking and excluding any sample overlap between any
pair of studies across Lee et al. (2012a)’s and our present review – in
order to protect this updated review from sampling biases or ‘double-
dipping’ replications. Thus, we only highlight replications from in-
dependent samples. Additionally, we contextualize each genetic variant
implicated by non-overlapping studies across both Lee et al. (2012a)'s
review, and our review, in the current body of knowledge regarding
protein function and role in the central nervous system and psychiatric
pathologies. Complementarily, we also discuss recent (sample-over-
lapping) international meta-consortia findings.

2. Material and methods

We followed the PRISMA (Liberati et al., 2009) guidelines for sys-
tematic reviews to identify relevant studies for inclusion. Initially, we
performed a PubMed search for all existing GWAS in SZ or BD pub-
lished in English since the previous review by Lee et al. (2012a) (i.e.,
from March 2011) to 15th November 2016 (see Fig. 1 for details on
search terms). Duplicates were removed using EndNote's native tool. To
reduce the bias from duplicate sampling we excluded all: 1) meta-
analyses/consortia including samples from studies in this or the pre-
vious review (although we address some of these large studies in the
discussion); 2) GWAS with overlap in their discovery sample; 3) GWAS
findings from replication analyses with sample overlap; and 4) GWAS
findings from studies reviewed by Lee et al. (2012a) that were not using
independent samples from studies already included.

We extracted all SNPs (and p-values) that survived the statistical
significance threshold, defined by the authors, in both the discovery
and replication analyses into the results table (Table 1). Thresholds for
this method of cross-validation were also added to Table 1 to allow for a
more systematic between-studies comparability. Throughout our re-
view, we refer to ‘associations’ when results were statistically sig-
nificant after correction for multiple comparisons (according to the
threshold defined by each study's authors), and to ‘trends’ when re-
ported by authors as such. Although trends are discussed in Results,

Fig. 1. Selection of studies.
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Table 2
Overview of gene regions associated with SZ or BD, both in Lee et al. (2012a)'s and the current review, with reference to their known role and their implications in the
central nervous system and psychiatric or neurological pathophysiology or epidemiology. Genes and/or SNPs implicated (which are ticked) in more than one
independent sample (either within or between study, or within or between illness), are highlighted in bold and underlined; with within- or between-study allele-
direction consistencies or inconsistencies flagged. Any overlap in findings (markers and genes) between the studies (both from of our review and of Lee et al.
(2012a)'s), including with the meta-consortia studies (with the important disclaimer that they, of course, overlap in their samples), is added a symbol whose meaning
is made explicit in the footnote. P-values are reported when significant according to the original article. We report the odds ratio (OR) for the risk allele (even when it
has been reported for the protective allele in the original paper; for easier comparability between studies).

Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

ACSL3/
KCNE4

rs10498146 ✓ ✗ 7.4 × 10−10

(D)
2.33 (D) (A) (Alkelai et al., 2011) ACSL3 codes for an enzyme that

catalyses the conversion of long-
chain fatty acids into fatty acyl-
CoA esters (Yao and Ye, 2008).
KCNE4 codes for the subunit of a
voltage-gated potassium channel
(Kv) that maintains its stability
and modulates its gating kinetics
(Vanoye et al., 2009).

ACSL3 plays a role in lipid biosynthesis
and fatty acid degradation, which are
required to maintain normal myelin
structure (Wood et al., 2013).
K+ channels modulate DAergic neurons
electrical excitability in the nigrostriatal
and mesolimbic pathways and are
potential pharmacological targets for
psychosis treatment. Their function has
also been related to synaptic plasticity in
the hippocampus and cognitive
performance (for a review see Imbrici
et al. (Imbrici et al., 2013)).

ACSM1 rs433598 ✓ ✗ 3.3 × 10−6

(D + R1)
N/R (D + R1) (Athanasiu et al.,

2010)
Enzyme that catalyses the
degradation of medium-chain
fatty acids for energy production
(Fujino et al., 2001).

Polymorphisms in this gene contribute to
multiple cardio-metabolic risk factors,
which are known to be present in SZ
patients (Mitchell et al., 2013).

ADAMTSL3 rs2135551 ✓ ✗ 1.3 × 10−7

(D + R1)
(N/R) (D + R1) (Need et al., 2009) Member of the ADAMTS

superfamily involved in ECM
function and vascular
homeostasis (Hall et al., 2003).

In the neural ECM the primary substrates
of ADAMTS superfamily members are
chondroitin sulfate proteoglycans (Hamel
et al., 2008), which are overexpressed in
the amygdala of SZ patients
(Pantazopoulos et al., 2010). Thus, it
probably has a role in the development
and remodelling of the neuronal
architecture of the brain, with a critical
role in synaptogenesis and synaptic
plasticity (Dow et al., 2011).

ADCY2 rs17826816 ✗ ✓ 9,9 × 10−9 (D) 1.14 (D) (G) (Muhleisen et al.,
2014)

Enzyme that catalyses the
conversion of ATP into the
second messenger cAMP (Ding
et al., 2004).

Predominantly expressed in limbic areas
of the brain, particularly in AChergic cells
of the striatum and GLUergic cells of the
hippocampus (Hellevuo et al., 1993; Cote
et al., 2001). Plays a role in spatial
learning, memory (Mons et al., 2003) and
mood (Porteous et al., 2006), and
participates in AChergic receptor
downstream signalling cascades (Shen
et al., 2012). It has been previously
implicated in SZ and BD (Kahler et al.,
2010), and shown to be downregulated in
the cortex of BD and MDD patients (Kwan
et al., 2012; Higgs et al., 2006).

rs13166360 ✗ ✓ 1.8 × 10−8

(R1)
1.14 (R1) (T)

AMBRA1§ rs11819869 ✓✓ ✗ 5.0 × 10−5

(R1)
3.9 × 10−9

(D + R1)

2.9 × 10−3

(R2)

1.20 (R1) (T)
1.25 (D + R1)

(T)

1.11 (R2) (T)

(Rietschel et al.,
2012)

Autophagy and apoptosis
regulator (Fimia et al., 2007).

Widely expressed in the brain, including
the striatum and midbrain DAergic
neurons (Van Humbeeck et al., 2011).
Critical for autophagy-mediated clearance
of ubiquinated products in the CNS (Fimia
et al., 2007). Loss of its function can lead
to neural tube defects (Fimia et al., 2007),
and may contribute to PD (Van Humbeeck
et al., 2011). The SZ-risk variant is also
associated with impulsivity at a
behavioural and neuroimaging level
(Heinrich et al., 2013a).

rs12574668 ✓ ✗ 7.2 × 10−5

(R1)
1.0 × 10−8

(D + R1)

1.20 (R1) (A)
1.24 (D + R1)

(A)

rs7112229 ✓ ✗ 5.3 × 10−5

(R1)
7.4 × 10−9

(D + R1)

1.21 (R1) (T)
1.25 (D + R1)

(T)

rs7130141 ✓ ✗ 6.5 × 10−5

(R1)
7.0 × 10−9

(D + R1)

1.20 (R1) (T)
1.24 (D + R1)

(T)

(continued on next page)
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Table 2 (continued)

Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

ANK3! rs10994336 ✗ ✓✓ 9.1 × 10−9

(D + R1)
1.45 (D + R1)

(T)
(Ferreira et al.,

2008)
Membrane-cytoskeleton linker
(Maiweilidan et al., 2011).

Maintains the structure at the nodes of
Ranvier and axonal initial segments
required for action potential generation
and propagation (Jenkins and Bennett,
2002). This gene has been implicated in
the etiology of BD (Hayashi et al., 2015;
Wirgenes et al., 2014; Lim et al., 2014), SZ
(Lee et al., 2016), intellectual disability,
autism (Bi et al., 2012) and stress-related
disorders (Logue et al., 2013). ANK3-
deficient mice exhibit manic-like
behaviour, and treatment with lithium
reverses these changes at a phenotypical
and molecular level (Gottschalk et al.,
2017). BD patients carrying the risk-
variant, show cognitive deficits (Cassidy
et al., 2014; Klionsky et al., 2016; Zhang
et al., 2014; Ota et al., 2016), brain
atrophy (Cassidy et al., 2014; Klionsky
et al., 2016; Zhang et al., 2014; Ota et al.,
2016), inability to suppress the default
mode network (Delvecchio et al., 2015),
and decreased connectivity of the facial
affect-processing network (Dima et al.,
2013). SZ-risk variant carriers also display
brain structure changes and
neurocognitive dysfunction (Cassidy et al.,
2014; Klionsky et al., 2016; Zhang et al.,
2014; Ota et al., 2016).

2.3 × 10−8

(D + R1)
1.27 (D + R1)

(T)
(Muhleisen et al.,

2014)
rs10994415 ✗ ✓ 6.9 × 10−11

(D + R1)
1.27 (D + R1)

(C)
rs10994397 ✗ ✓ 2.9 × 10−10

(D + R1)
1.29 (D + R1)

(T)
rs9633553 ✗ ✓ 3.0 × 10−10

(D + R1)
1.29 (D + R1)

(G)
rs2154393 ✗ ✓ 3.0 × 10−10

(D + R1)
1.26 (D + R1)

(T)
rs1938540 ✗ ✓ 8.2 × 10−10

(D + R1)
1.27 (D + R1)

(T)
rs10821792 ✗ ✓ 8.3 × 10−10

(D + R1)
1.27 (D + R1)

(T)
rs1938526 ✗ ✓ 8.6 × 10−10

(D + R1)
1.27 (D + R1)

(G)
rs12412135 ✗ ✓ 3.3 × 10−9

(D + R1)
1.24 (D + R1)

(T)
rs10821789 ✗ ✓ 3.7 × 10−9

(D + R1)
1.24 (D + R1)

(A)
rs10994404 ✗ ✓ 4.4 × 10−9

(D + R1)
1.24 (D + R1)

(C)
rs10821745 ✗ ✓ 1.3 × 10−8

(D + R1)
1.27 (D + R1)

(G)
rs10821736 ✗ ✓ 1.6 × 10−8

(D + R1)
1.28 (D + R1)

(T)
rs10994430 ✗ ✓ 2.2 × 10−8

(D + R1)
1.18 (D + R1)

(T)
rs10994429 ✗ ✓ 2.2 × 10−8

(D + R1)
1.18 (D + R1)

(T)
rs16915231 ✗ ✓ 2.5 × 10−8

(D + R1)
1.18 (D + R1)

(A)
rs1380459 ✗ ✓ 2.7 × 10−8

(D + R1)
1.27 (D + R1)

(T)
rs4948412 ✗ ✓ 3.0 × 10−8

(D + R1)
1.27 (D + R1)

(C)
rs16915196 ✗ ✓ 3.0 × 10−8

(D + R1)
1.18 (D + R1)

(G)
rs10994322 ✗ ✓ 3.3 × 10−8

(D + R1)
1.27 (D + R1)

(T)
rs4948417 ✗ ✓ 3.4 × 10−8

(D + R1)
1.27 (D + R1)

(G)
rs10994338 ✗ ✓ 3.4 × 10−8

(D + R1)
1.26 (D + R1)

(A)
rs10994308 ✗ ✓ 3.6 × 10−8

(D + R1)
1.27 (D + R1)

(A)
rs3808943 ✗ ✓ 3.7 × 10−8

(D + R1)
1.27 (D + R1)

(T)
rs12416380 ✗ ✓ 3.8 × 10−8

(D + R1)
1.27 (D + R1)

(G)
rs10509129 ✗ ✓ 4.8 × 10−8

(D + R1)
1.29 (D + R1)

(T)
rs10761482 ✓ ✗ 7.7 × 10−6

(D + R1)
N/R (D + R1) (Athanasiu et al.,

2010)
ARNTL rs4757144 ✓✓ ✗ 5.9 × 10−3

(R1)
3.8 × 10−6

(D + R1)
1.0 × 10−1

(R2)
5.4 × 10−6

(D + R1+R2)

1.16 (R1) (G)
1.21 (D + R1)

(G)
1.08 (R2) (G)

1.15
(D + R1+R2)

(G)

(Borglum et al.,
2013)

Transcriptional activator that is
part of the genetic network that
maintains circadian rhythms
(Rudic et al., 2004).

Circadian disruptions are theorized to play
a role in the etiology of SZ (Wulff et al.,
2012), BD (Gonzalez, 2014), and
neurodegenerative disorders (Videnovic
et al., 2014). Polymorphisms in ARNTL
have been associated with BD (Gonzalez
et al., 2015), prophylactic response to
lithium (Rybakowski et al., 2014),
seasonal variation in mood and behaviour
(Kim et al., 2015), and risk for AD (Chen
et al., 2015a) and PD (Gu et al., 2015).
ADHD patients show loss of rhythmic
expression of ARNTL (Baird et al., 2012).

(continued on next page)
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Table 2 (continued)

Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

BRP44 rs10489202 ✓ ✗ 4.8 × 10−5

(R1)
9.5 × 10−9

(D + R1)

1.19 (R1) (A)
N/R (D + R1)

(Shi et al., 2011) Participates in the citric acid
cycle by mediating the uptake of
pyruvate into mitochondria
(Bricker et al., 2012).

Unknown.

CACNA1C rs1006737 ✗ ✓ 7.0 × 10−8

(D + R1)
1.18 (D + R1)

(A)
(Ferreira et al.,

2008)
α-1 subunit of a voltage-
dependent Ca2+ channel that
mediates the cellular influx of
Ca2+ for Ca2+-dependent
processes, including cell
survival, NT release, synaptic
plasticity and gene expression
(Sinnegger-Brauns et al., 2009).

Variation within CACNA1C may be
associated with BD via CNS changes at a
molecular (reduced synaptic plasticity
(Moosmang et al., 2005) and adult
neurogenesis (Lee et al., 2016), disrupted
MAPK and CREB signalling (Moosmang
et al., 2005), and decreased levels of BDNF
in hippocampal neurons (Lee et al., 2016);
modulation of the cellular rhythm
amplitude response to lithium (McCarthy
et al., 2016)), structural (reduced total
gray matter volume (Kempton et al.,
2009); regional differences in the volume
of amygdala (Perrier et al., 2011; Wolf
et al., 2014), and hypothalamus (Perrier
et al., 2011); reduced frontotemporal gray
matter and functional connectivity (Wang
et al., 2011b)), neurochemical (decreased
cerebrospinal fluid levels of markers of
neuroaxonal plasticity (Jakobsson et al.,
2016)), cognitive (impaired attention
(Thimm et al., 2011), working memory
(Zhang et al., 2012), executive function
(Soeiro-de-Souza et al., 2013), learning
and memory (Moosmang et al., 2005),
verbal fluency (Krug et al., 2010), and
facial emotion recognition (Soeiro-de-
Souza et al., 2012)), and behavioural level
(amygdala-mediated fear conditioning
(Shinnick-Gallagher et al., 2003); blunted
reward responsiveness (Lancaster et al.,
2014); affective personality traits (Dao
et al., 2010); and schizotipy (Roussos
et al., 2013)). Gene association studies
have also implicated this gene in SZ
(Green et al., 2010; Nyegaard et al.,
2010), MDD (Green et al., 2010), autism
(Li et al., 2015), epilepsy (Lv et al.,
2015a), and AD (Daschil et al., 2013).

CCDC60 rs11064768 ✓ ✗ 1.2 × 10−6 (D) N/R (D) (Kirov et al., 2008b) Unknown. Unknown.
CDH13 rs8057927 ✓✓ ✗ 7.1 × 10−3

(R1);
1.4 × 10−5

(D + R1);
1.4 × 10−2

(R2);
1.2 × 10−6

(D + R1+R2)

1.32 (R1) (C);
1.44 (D + R1)

(C);
1.24 (R2) (C);

1.34
(D + R1+R2)

(C)

(Borglum et al.,
2013)

Neuronal membrane adhesion
protein and signalling molecule
(Rivero et al., 2013).

May act as a negative regulator of neurite
outgrowth and axon guidance required for
development and synaptic plasticity
(Rivero et al., 2013). Contributes to
deficits in impulse control, as shown by
polymorphisms linking violent behaviour
(Takeuchi et al., 2000), hyperactivity/
impulsivity and impaired working
memory in ADHD (Salatino-Oliveira et al.,
2015; Arias-Vasquez et al., 2011), as well
as alcohol (Treutlein et al., 2009) and
(met)amphetamine (Hart et al., 2012; Uhl
et al., 2008) addiction.

CNPPD1 rs1043160 ✓ ✗ 1.1 × 10−2

(D + R1)
N/R (D + R1) (Shibata et al.,

2013)
Unknown Unknown.

(continued on next page)
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Table 2 (continued)

Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

CSF2RAb rs4129148 ✓ ✗ 3.7 × 10−7 (D) 3.23 (D) (CC) (Lencz et al., 2007) Cytokin receptor for
granulocyte-macrophage
colony-stimulating factor (GM-
CSF) (Ridwan et al., 2012).

GM-CSF is a haemopoietic growth factor
and proinflammatory mediator implicated
in several autoimmune and inflammatory
diseases, including MS (van
Nieuwenhuijze et al., 2013). It induces the
proliferation and activation of microglial
cells, which secondarily promote
oxidative stress and GLU neurotoxicity
(Ponomarev et al., 2007). It is also
involved in BBB disruption (King et al.,
2009). GM-CSF inhibitors have been
developed for the treatment of
inflammatory conditions (van
Nieuwenhuijze et al., 2013). To the
authors' knowledge, there are no ongoing
SZ clinical trials with GM-CSF inhibitors,
but there are trials for drugs that act on
related molecular pathways: Natalizumab
(NCT03093064), Tocilizumab
(NCT01696929) and Siltuximab
(NCT02796859).

CTNNA3 rs7902091 ✓ ✗ 7.3 × 10−7

(D + R1)
5.30 (D + R1)

(A)
(Borglum et al.,

2013)
Mediator of cell-cell adhesion
and cytoskeleton integrity
(Janssens et al., 2001).

It has been proposed as a risk factor for
late-onset AD (Morgan et al., 2008), but
this effect may be dependent of APOE-4
(Miyashita et al., 2007) or of a female-
specific mechanism (Martin et al., 2005).
Increases susceptibility to autism
(Bacchelli et al., 2014) and TS (Clarke
et al., 2012).

CUX1§ rs370760 ✓ ✗ 8.4 × 10−3

(R1)
2.7 × 10−5

(D + R1)

1.12 (R1) (A)
1.17 (D + R1)

(A)

(Rietschel et al.,
2012)

Transcription factor involved in
the regulation of cellular
proliferation and differentiation
(Zhang et al., 2012).

Regulates dendritogenesis and
synaptogenesis in upper cortical layers
during development (Cubelos et al.,
2010). Abnormal function in mice
correlates with synaptic dysfunction and
cognitive deficits (Cubelos et al., 2010). It
has been associated with BD (Glaser et al.,
2005), treatment-resistant MDD
(Sasayama et al., 2013), and autism (Choi
et al., 2012).

rs404523 ✓ ✗ 1.0 × 10−2

(R1)
3.8 × 10−5

(D + R1)

1.11 (R1) (G)
1.17 (D + R1)

(G)

rs6465845 ✓ ✗ 6.4 × 10−3

(R1)
4.3 × 10−6

(D + R1)

1.11 (R1) (T)
1.17 (D + R1)

(T)

DCAF6 rs1060041 ✓ ✗ 1.2 × 10−2

(R1)
5.3 × 10−7

(D + R1)

1.11 (T)
(N/R) (D + R1)

(Shi et al., 2011) Ligand-dependent coactivator of
nuclear receptors (Tsai et al.,
2005).

Unknown.

DGKH rs1012053 ✗ ✓ 1.5 × 10−8

(D + R1)
1.59 (D + R1)

(A)
(Baum et al., 2008a) Enzyme that catalyses the

metabolization of diacylglycerol
(DAG), which activates protein
kinase C (PKC) (Murakami et al.,
2003).

Glucocorticoid-inducible and stress-
responsive gene highly expressed in the
healthy brain (Murakami et al., 2003;
Klauck et al., 1996), and overexpressed in
BD (Moya et al., 2010). DGKH and lithium
modulate PKC signalling (Chen et al.,
2000; Kittel-Schneider et al., 2015), and
both increase amygdala volume (Kittel-
Schneider et al., 2015; Hallahan et al.,
2011). PKC signalling is suspected to play
a role in the pathophysiology of BD,
corroborated by the anti-manic effects of
PKC inhibitors in animal models.
Together, these findings implicate PKC
signalling as the common molecular
mechanism mediating the effects of
genetic variation and lithium treatment in
amygdala structure. DGKH risk variant
carriers with positive family history of BD
also show differential brain activity within
the left medial frontal gyrus, left
precuneus, and right parahippocampus
gyrus during a verbal fluency task, which
may reflect a failure to disengage default-
mode regions (Whalley et al., 2012). Gene
variation is also associated with MDD and
ADHD (Weber et al., 2011).
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Table 2 (continued)

Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

DLEU2 rs1750565 ✗ ✓ 2.4 × 10−5 (D) 1.73 (D) (A) (Djurovic et al.,
2010)

Long non-coding RNA (Corcoran
et al., 2004).

Unknown.
rs1750567 ✗ ✓ 2.2 × 10−5 (D) 1.75 (D) (A)
rs1798968 ✗ ✓ 2.7 × 10−5 (D) 1.74 (D) (C)

DOCK4 rs2074127 ✓ ✗ 1.1 × 10−7 (D) 3.00 (D) (N/R) (Alkelai et al., 2012) Regulator of cell-cell adhesion
and Wnt/β- catenin pathway
signalling (Yajnik et al., 2003).

Plays a role in axonal patterning and
neurite differentiation during
development (Biersmith et al., 2011; Xiao
et al., 2013), with its deficiency leading to
reduced dendritic growth and branching
in hippocampal neurons (Miyamoto and
Yamauchi, 2010). This role is further
supported by its association with autism
(Liang et al., 2014), TS (Petek et al., 2001)
and dyslexia (Pagnamenta et al., 2010).

DTL rs17018426 ✗ ✓ 4.8 × 10−8 (D) 1.16 (D) (C) (Greenwood et al.,
2012)

Component of a complex that
maintains genomic stability after
DNA damage (Higa et al., 2006;
Sansam et al., 2006; Terai et al.,
2010).

Unknown.

EFHD1 rs7578760 ✓✓ ✗ 1.0 × 10−6 (D);
1.0 × 10−2 (R)

3.33 (D) (A,
arab-israeli);
1.58 (R) (G,

german)

(Alkelai et al., 2011) Ca2+-sensor for mitochondrial
flash activation (Hou et al.,
2016b).

May participate in neuronal
differentiation (Tominaga and Tomooka,
2002).

FAM134A rs6436122 ✓ ✗ 3.5 × 10−2

(D + R1)
N/R (D + R1) (Shibata et al.,

2013)
Unknown. Unknown.

FBLN1 rs1985671 ✗ ✓ 2.1 × 10−8 (D) 1.02 (D) (T) (Greenwood et al.,
2012)

Extracellular glycoprotein that
plays a role in cell adhesion and
motility along fibers within the
ECM (Twal et al., 2001).

Required for morphogenesis of neural
crest-derived structures (Cooley et al.,
2008). A missense mutation causes a
syndrome of delayed motor milestones,
mental retardation, brain atrophy,
cryptorchidism and syndactyly (Bohlega
et al., 2014).

rs739215 ✗ ✓ 4.3 × 10−8 (D) 1.01 (D) (A)

GUCY1B2 rs11617400 ✗ ✓ 3.7 × 10−5 (D) 1.8 (D) (C) (Djurovic et al.,
2010)

Subunit of an enzyme activated
by nitric oxide that catalyses the
conversion of GTP to the second
messenger cGMP (Reierson
et al., 2011).

The cGMP signalling cascade is expressed
in the brain and is involved in dendrite
formation, axon guidance, neuroplasticity
and neurogenesis, as well as stress induced
disturbance of neuroplasticity, MDD and
antidepressant effects (Reierson et al.,
2011).

HHAT rs7527939 ✓ ✗ 8.8 × 10−4

(R1)
6.5 × 10−9

(D + R1)

2.50 (R1) (C)
2.63 (D + R1)

(C)

(Betcheva et al.,
2013)

Endoplasmic reticulum enzyme
that catalyses the post-
transcriptional modification of
sonic hedgehog (SHH)
(Chamoun et al., 2001).

Controls the activity of SHH, a secreted
glycoprotein that promotes the migration
of neuronal precursors along the neural
tube and their differentiation into DAergic
neurons (Bohlega et al., 2014; Perrone-
Capano and Di Porzio, 2000). It also
resides in a genetic linkage region for SZ
(Hovatta et al., 1999).

HIST1H2AGa rs6913660 ✓ ✗ 2.4 × 10−8

(D + R1)
N/R (D + R1) (Shi et al.. 2009) Core component of the

nucleosome (Zhang et al., 2004).
The nucleosome is a major component of
epigenetic regulation, which is
hypothesized to mediate variation in gene
expression within the CNS (Deutsch et al.,
2008; Akbarian and Huang, 2009; Roth
et al., 2009). Histone modification, in
particular, is an epigenetic mechanism
implicated in the pathogenesis of SZ
(Gavin and Sharma, 2010) and BD
(Ludwig and Dwivedi, 2016).

1.1 × 10−9

(D + R1)
1.15 (D + R1)

(C)
(Stefansson et al.,

2009)

INTS7 rs17018311 ✗ ✓ 1.7 × 10−8 (D) 1.10 (D) (T) (Greenwood et al.,
2012)

RNA processing protein involved
in the DNA damage response
(Cotta-Ramusino et al., 2011).

Unknown.

JAM3 rs10791345 ✗ ✓ 1.0 × 10−6

(D + R1)
1.25 (D + R1)

(G)
(Baum et al., 2008b) Component of tight junctions

involved in cell-cell adhesion
and signal transduction
(Bazzoni, 2003).

Tight junctions are a core component of
the BBB in the cerebrovascular
endothelium (Mochida et al., 2010).
Functional mutations in JAM3 can result
in massive haemorrhagic stroke (Mochida
et al., 2010).

JARID2 rs2235258 ✓ ✗ 8.7 × 10−3

(D + R1)
1.88 (D + R1)

(N/R)
(Liu et al., 2009) DNA-binding protein that

functions as a transcriptional
repressor (Takeuchi et al.,
1999).

This gene is essential for neural tube
formation (Liu et al., 2009), with its
variation leading to congenital neural tube
defects (Volcik et al., 2004). This SNP lies
in the same LD block as DTNBP1
(dysbindin), also associated with SZ (Riley
et al., 2009).
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Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

LOC392301 rs10738881 ✓ ✗ 5.3 × 10−9 (D) 1.47 (D) (T) (Yue et al., 2011) Unknown. Unknown.
LOC729457 rs2652007 ✓ ✗ 2.4 × 10−9 (D) 1.53 (D) (G) (Yue et al., 2011) (Withdrawn gene record.) Unknown

LRRFIP1 rs12052937 ✓ ✗ 1.2 × 10−11

(D)
3.75 (D) (A) (Alkelai et al., 2011) Transcriptional repressor of

EGFR, PDGFA, and TNF, Toll-
like receptor and Wnt/β-catenin
signalling pathways (Khachigian
et al., 1999; Suriano et al.,
2005).

EGFR and PGDFA are growth factors
required for oligodendrogenesis and
myelination (Galvez-Contreras et al.,
2013; Funa and Sasahara, 2014), which is
thought to be disturbed in SZ (Chang
et al., 2007). TNF, Toll-like receptor and
Wnt signalling pathways are key
regulators of immune processes, and play
essential functions in the CNS, including
neurogenesis, synaptic plasticity and
response to neuronal damage (Beattie
et al., 2002a, 2002bBeattie et al., 2002a;
Pan et al., 1997; Stellwagen and Malenka,
2006Beattie et al., 2002b; Panaccione
et al., 2013). These signalling pathways
have been implicated in SZ and BD
(Panaccione et al., 2013; Lv et al., 2015b;
Hoseth et al., 2017; Venkatasubramanian
and Debnath, 2013), providing support
the hypothesis of neuroimmune
dysfunction in SZ and BZ (Whalley et al.,
2012).

rs6715815 ✓ ✗ 4.0 × 10−8 (D) 2.39 (D) (G)
rs4278886 ✓ ✗ 3.3 × 10−7 (D) 2.30 (D) (A)

LSM1 rs16887244 ✓ ✗ 2.2 × 10−8

(R1)
1.3 × 10−10

(D + R1)

1.20 (R1) (A)
(N/R) (D + R1)

(Shi et al., 2011) RNA-binding protein involved in
the degradation of mRNA
(Mullen and Marzluff, 2008).

Unknown.

MBOAT1 rs16883399 ✗ ✓ 6.8 × 10−5

(D + R1)
N/R (D + R1) (Belmonte Mahon

et al., 2011)
Enzyme involved in arachidonic
acid (AA) recycling (Gijon et al.,
2008).

AA-derived eicosanoids regulate immune
and inflammatory responses and have
recently emerged as key players in
neuropsychiatric disorders (for a review,
see Yui et al. (Yui et al., 2015)).

MDM1 rs416350 ✗ ✓ 4.1 × 10−8 (D) 1.17 (D) (A) (Greenwood et al.,
2012)

Microtubule-binding protein
that negatively regulates
centriole duplication (Van de
Mark et al., 2015).

Unknown.

MHC#, e rs204999 ✓ ✗ 2.8 × 10−8 (D)
5.4 × 10−10

(D + R1)

1.33 (D) (T)
(N/R) (D + R1)

(Irish Schizophrenia
Genomics and the

Wellcome Trust Case
Control, 2012)

Family of surface proteins that
play a central role in the
immune system by presenting
antigen-derived peptides for
recognition by CD4+ T
lymphocytes (Shiina et al.,
2009).

The MHC region has long been suspected
to play a role in SZ, giving way to complex
models of immune-CNS interactions
(review in (Mokhtari and Lachman,
2016)).rs13211507 ✓ ✗ 8.3 × 10−11

(D + R1)
1.24 (D + R1)

(T)
(Stefansson et al.,

2009)
rs13219354 ✓ ✗ 1.3 × 10−10

(D + R1)
1.20 (D + R1)

(T)
rs3131296 ✓ ✗ 2.3 × 10−10

(D + R1)
1.19 (D + R1)

(G)
rs6932590 ✓ ✗ 1.4 × 10−12

(D + R1)
1.16 (D + R1)

(T)
MIR2113/

POU3F2
rs12202969 ✗ ✓ 1.1 × 10−8

(D + R1)
1.12 (D + R1)

(A)
(Muhleisen et al.,

2014)
MIR2113 codes for an on-coding
RNA involved in post-
transcriptional regulation of
gene expression (Davies et al.,
2015).

MIR2113 is associated with general
cognitive functioning (Davies et al., 2015)
and education attainment (Rietveld et al.,
2013).

rs12206087 ✗ ✓ 1.6 × 10−8

(D + R1)
1.12 (D + R1)

(A)

rs1906252 ✗ ✓ 3.4 × 10−8

(D + R1)
1.12 (D + R1)

(A)
POU3F2 codes for a member of
the POU-III class of neural
transcription factors (Atanasoski
et al., 1995).

POU3F2 plays an important role in the
development and function of the
hypothalamus, and possibly participates
in the neuroendocrine control of energy
balance and body mass (Kasher et al.,
2016). CNV deletions of the 6q16.1 region
encompassing POU3F2 causes a syndrome
with developmental delay, intellectual
disability, and susceptibility to obesity
and hyperphagia (Kasher et al., 2016).

rs1487441 ✗ ✓ 3.6 × 10−8

(D + R1)
1.12 (D + R1)

(A)

MYO18B rs5761163 ✓ ✗ 3.4 × 10−7 (D) 1.25 (D) (A) (International
Schizophrenia et al.,

2009)

Member of a family of
unconventional myosins that
regulates muscle-specific genes
when in the nucleus, while it
influences intracellular
trafficking when in the
cytoplasm (Ajima et al., 2008).

Its specific role in the CNS is unknown, but
myosins are known to be involved in
axonal transport (Bridgman, 2004). A SNP
was associated with mathematical
disability and reduced volume of the right
intraparietal sulcus in the parietal cortex
(a key structure involved in numerical
processing) of dyslexic children (Ludwig
et al., 2013).
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Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

MYO5B rs4939921 ✗ ✓ 1.7 × 10−7 (D) 1.51 (D) (G) (Sklar et al., 2008) Member of a family of
unconventional myosins
involved in vesicular trafficking
(Szperl et al., 2011).

Participates in vesicle trafficking in
neurons, a mechanism whereby it
regulates EGFR cycling (another family of
proteins implicated in the
pathophysiology of BD). Confers
susceptibility for dyslexia (Mueller et al.,
2014).

NCAN rs1064395 ✗ ✓ 3.0 × 10−8

(D + R1)
1.31 (D + R1)

(A)
(Cichon et al., 2011) Brain-specific extracellular

matrix glycoprotein involved in
cell adhesion and migration
(Cichon et al., 2011).

Modulates neuronal adhesion and neurite
growth and influences cortical folding
during development (Rauch et al., 2001;
Schultz et al., 2014; Avram et al., 2014). It
is expressed in subcortical brain areas
involved in emotional processing,
including the amygdala, hippocampus,
and orbitofrontal cortex (Cichon et al.,
2011). Gene variation affects gray matter
volume in these structures independent of
disease, suggesting it might confer
increased risk for BD via neurostructural
deficits (Dannlowski et al., 2015). A case-
control association study has also
implicated this gene in SZ (Muhleisen
et al., 2012).

NDST3b rs11098403 ✓ ✗ 6.6 × 10−9 (D)
2.7 × 10−8

(D + R1)

1.41 (D) (G)
1.15 (D + R1)

(G)

(Lencz et al., 2013) Enzyme required for the
biosynthesis of heparan sulfate
(HS) (Aikawa and Esko, 1999).

This gene is highly expressed in the
hippocampus (Lein et al., 2007), where it
might have a regulatory function (Lencz
et al., 2013), and in the cerebellum (Lein
et al., 2007). Indeed, structural and
functional abnormalities of the
hippocampus and the cerebellum have
been demonstrated in SZ (Ganzola et al.,
2014; Knable et al., 2004; Liu et al., 2011)
and BD (Roda et al., 2015; Johnson et al.,
2015). Its function in HS metabolism
appears to be critical for neurite
outgrowth, axon guidance and
synaptogenesis (Irie et al., 2008; Inatani
et al., 2003; Lucido et al., 2009). The
pattern of HS sulfation determines its
binding affinity to NRG1, which is also
implicated in SZ and BD (see below).

NKAPL rs1635 ✓ ✗ 5.5 × 10−8

(R1);
6.9 × 10−12

(D + R1)

1.27 (R1) (G);
1.28 (D + R1)

(G)

(Yue et al., 2011) Transcriptional repressor of
Notch-mediated signalling
located within the MHC region
(Okuda et al., 2015).

Abundantly expressed in the mice cortex,
hippocampus, ventral lateral nucleus,
locus coeruleus (Yue et al., 2011). NAKPL
knockout causes impaired neuronal
migration and synaptic defects in animal
models, suggesting a role in
neurodevelopment (Yue et al., 2011).

NMBR rs4895576 ✓ ✗ 7.8 × 10−11

(D)
1.33 (D) (G) (Alkelai et al., 2011) Transmembrane G protein-

coupled receptor that binds to
the bombesin-like peptide family
member neuromedin B (NMB)
(Minamino et al., 1983).

The NMB/NMBR pathway contributes to
behavioural homeostasis by regulating
feeding behaviour (Flood and Morley,
1988; McCoy and Avery, 1990) and
thermoregulation (He et al., 2006). It is
also implicated in spontaneous activity,
susceptibility to stress and fear/anxiety
(Gonzalez et al., 2008; Yamada et al.,
2002), the latter possibility due to changes
in serotoninergic transmission in ventral
hippocampal neurons (Merali et al.,
2006). Moreover, blocking this pathway
suppresses dopamine agonist-induced
effects in mice (Meller et al., 2004).
Bombesin-like peptides have also been
associated autism (Ishikawa-Brush et al.,
1997), although the pathophysiological
mechanism is unclear.
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Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

NRG1 rs221533 ✓ ✗ 9.1 × 10−4

(D + R1)
N/R (D + R1) (Sullivan et al.,

2008)
Member of epithelial growth
factor family that mediates cell-
cell signalling via binding to
ErbB tyrosine kinase receptors
(Falls, 2003).

Regulates developmental neuronal
survival, synaptogenesis, myelin
formation, astrocytic differentiation, and
microglial activation (Falls, 2003; Britsch,
2007; Basak et al., 2015). Plays a
protective role in the injured CNS (Tokita
et al., 2001), particularly in DAergic
neurons (Carlsson et al., 2011). When
neuregulin-1 is peripherally administered
in neonatal mice, it activates ErbB4 and
leads to a persistent hyperdopaminergic
state (Carlsson et al., 2011). In adult rats,
improves functional recovery when given
before or immediately after ischemic brain
injury (Xu et al., 2006). It is implicated in
AD (Chaudhury et al., 2003), PD (Carlsson
et al., 2011), TLE (Zhu et al., 2016),
cognitive performance in BD (Rolstad
et al., 2015) and SZ (Cho et al., 2015), and
in the OFC sulcogyral patterns of SZ
patients (Yoshimi et al., 2016).

NRGN# rs12807809 ✓ ✗ 2.4 × 10−9

(D + R1)
1.15 (D + R1)

(T)
(Stefansson et al.,

2009)
Postsynaptic substrate of protein
kinase C-mediated molecular
cascades (Prichard et al., 1999).

NRGN is expressed in brain areas
associated with cognitive functioning, and
plays a role in cortical development, with
its expression being reduced in the ACC
and DLPFC of SZ patients (Walton et al.,
2013). Affects signalling cascades
downstream of glutamatergic NMDA
receptors, which are postulated to be
hypofunctioning in SZ and related to
cognitive deficits (Tsai and Coyle, 2002).
Biological fluid levels of neurogranin are
candidate biomarkers for neuronal
damage in TBI (Yang et al., 2015) and AD
(Hellwig et al., 2015). This gene may also
be a mediator of thyroid hormone effects
in the brain (Martinez de Arrieta et al.,
1999).

ODZ4! rs12290811 ✗ ✓ 1.1 × 10−9

(D + R1)
1.19 (D + R1)

(A)
(Muhleisen et al.,

2014)
Transmembrane protein
involved in cell surface
signalling and neuronal
pathfinding (Hor et al., 2015).

Expressed predominantly in neurons,
particularly in the white matter of the
cerebellum (Hor et al., 2015). Plays a key
role in oligodendrocytogenesis and axonal
guidance (Hor et al., 2015). The risk
variant influences reward processing in
the amygdala (Heinrich et al., 2013b).

rs1944449 ✗ ✓ 1.4 × 10−9

(D + R1)
1.19 (D + R1)

(T)
rs12576775 ✗ ✓ 4.5 × 10−9

(D + R1)
1.17 (D + R1)

(G)
rs17138230 ✗ ✓ 5.9 × 10−9

(D + R1)
1.17 (D + R1)

(T)
rs7932890 ✗ ✓ 9.4 × 10−9

(D + R1)
1.17 (D + R1)

(G)
rs17138171 ✗ ✓ 1.4 × 10−8

(D + R1)
1.16 (D + R1)

(C)
rs12279388 ✗ ✓ 1.8 × 10−8

(D + R1)
1.16 (D + R1)

(G)
rs10501439 ✗ ✓ 2.2 × 10−8

(D + R1)
1.17 (D + R1)

(G)
rs11237799 ✗ ✓ 2.5 × 10−8

(D + R1)
1.16 (D + R1)

(C)
rs11237805 ✗ ✓ 3.0 × 10−8

(D + R1)
1.16 (D + R1)

(G)
PALB2 rs420259 ✗ ✓ 6.3 × 10−8 (D) N/R (D) (Wellcome Trust

Case Control, 2007)
Protein involved in DNA-
damage response (Zhang et al.,
2009b).

Unknown.

PBRM1 rs2251219 ✗ ✓ 1.1 × 10−8 (D);
1.7 × 10−9

(D + R1)

1.15 (D) (A);
N/R (D + R1)

(McMahon et al.,
2010)

Subunit of ATP-dependent
chromatin-remodelling
complexes (Xue et al., 2000).

Unknown.

PGAM1P1 rs1971058 ✗ ✓ 9.9 × 10−8 (D) 2.78 (N/R) (Yosifova et al.,
2011)

Unknown. Unknown.
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PGBD1 rs2142731 ✓ ✗ 9.2 × 10−7

(R1);
5.1 × 10−10

(D + R1)

1.25 (R1) (G);
1.27 (D + R1)

(G)

(Yue et al., 2011) Member of a family of
transposases related to
transposons (Rolland et al.,
2014).

Specifically expressed in the brain.
Transposons related to human endogenous
retroviruses might be involved in the
pathogenesis of SZ, possibly through an
epigenetic mechanism (Yao et al., 2008;
Yolken et al., 2000; Bundo et al., 2014).

PLAA rs7045881 ✓ ✗ 2.0 × 10−4

(R1);
2.1 × 10−6

(D + R1)

1.16 (R1) (T);
N/R (D + R1)

(Athanasiu et al.,
2010)

Activates phospholipase A2, an
enzyme that catalyses the
release and reincorporation
arachidonic acid into cellular
membranes (Zhang et al., 2008).

PLAA participates in inflammatory
responses, which is consistent with
current neuroinflammation models of SZ
(Pasternak et al., 2016) and BD (Haarman
et al., 2014). In fact, SZ patients have
higher levels of phospholipase A2, leading
to increased membrane phospholipid
breakdown in the frontal cortex (Peet
et al., 1998).

PLXNA2 rs6540451 ✗ ✓ 7.5 × 10−3 (D) N/R (D) (Hattori et al., 2009) Semaphorin receptor involved in
signal transduction cascades
(Tamagnone et al., 1999).

Facilitates axonal guidance during
embryogenesis (Belyk et al., 2015). Gene
polymorphisms alter the post-natal
developmental trajectory of corpus
callosum microstructure (Belyk et al.,
2015), and are associated with autism
(Suda et al., 2011), generalized anxiety
disorder (Coric et al., 2010), AD (Jun
et al., 2014), and PD (Schulte et al., 2013).

rs752016 ✓ ✗ 6.0 × 10−3 (D) 1.49 (D) (T) (Mah et al., 2006)

RELN rs7341475 ✓ ✗ 8.8 × 10−7

(only females)
(D + R1)

1.58 (D + R1)
(GG)

(Shifman et al.,
2008)

Extracellular matrix serine
protease that acts as a signalling
molecule mediating cell-cell
interactions (Martinez-Cerdeno
et al., 2002).

Expressed in GABAergic interneurons of
the cortex and hippocampus (Martinez-
Cerdeno et al., 2002), as well as in nerve
cells of the enteric nervous system
(Bottner et al., 2014). In the embryonic
brain, it guides neuronal migration and
lamination, while in the adult brain it
affects synaptic function and hippocampal
neurogenesis (Franco et al., 2011; Folsom
and Fatemi, 2013; Teixeira et al., 2012).
Altered expression may impair neuronal
connectivity and synaptic plasticity,
leading to the development of
neuropsychiatric disorders, such as SZ
(Pisante et al., 2009), BD (Goes et al.,
2010), autism (Shen et al., 2016), MDD
(Caruncho et al., 2016), AD (Seripa et al.,
2008), temporal lobe epilepsy (Dazzo
et al., 2015).

RENBP rs2269372 ✓ ✗ 4.0 × 10−8

(D + R1)
1.31 (D + R1)

(A)
(Wong et al., 2014) Renin binding protein plays a

role in the regulation of renin
activity. The RENBP gene is
associated with either
increased or decreased risk of
developing essential
hypertension (Dong et al.,
2013).

Unknown.

RUNDC2A rs12922317 ✓ ✗ 9.0 × 10−7

(D + R1+R2)
1.17

(D + R1+R2)
(G)

(Borglum et al.,
2013)

Member of a family of
phosphoinositide-binding
proteins that orchestrate
membrane trafficking events
throughout the endocytic
network (Seet and Hong, 2006).

Unknown.

SLC23A3 rs13404754 ✓ ✗ 5.0 × 10−3

(D + R1)
N/R (D + R1) (Shibata et al.,

2013)
Unknown Unknown.

SLC39A3 rs4806874 ✗ ✓ 9.0 × 10−6

(D + R1)
N/R (D + R1) (Baum et al., 2008a) Zinc-influx transporter (Gaither

and Eide, 2000).
Zinc is an essential nutrient for brain
function and its deficiency may be
associated with depression and
neurodegeneration (Gronli et al., 2013).
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TCF4c,#,§ rs4309482 ✓ ✗ 2.9 × 10−4

(R1);
9.7 × 10−7

(D + R1)

1.14 (R1) (G);
1.15 (D + R1)

(G)

(Rietschel et al.,
2012)

TCF4 codes for a transcription
factor (Flora et al., 2007).

Interacts with a proneural factor to initiate
neuronal differentiation of the hindbrain
during development (Flora et al., 2007).
SZ patients that carry the risk-variant have
neurocognitive deficits, reduced
sensorimotor gating (Albanna et al., 2014;
Lennertz et al., 2011; Quednow et al.,
2011), and earlier onset disease (Chow
et al., 2016). Gene deletions cause Pitt-
Hopkins syndrome, characterized by
intellectual disability, developmental
delay, epilepsy and craniofacial
dysmorphism (Brockschmidt et al., 2007).
TCF4 is also involved in a reciprocal
transcriptional regulation of the Wnt/β-
catenin pathway (Sanchez-Tillo et al.,
2015), which is known to be involved in
SZ and BD (Panaccione et al., 2013; Lv
et al., 2015b; Hoseth et al., 2017;
Venkatasubramanian and Debnath, 2013).
Exposure to the neurotropic virus EBV
affects TCF4's transcription rate, which
may be an immunogenetic mechanism
mediating psychosis risk (Homa et al.,
2013; Arias et al., 2012) (albeit the
unclear association between EBV and SZ
(de Witte et al., 2015; Bolu et al., 2016)).

rs9960767 ✓ ✗ 4.1 × 10−9

(D + R1)
1.23 (D + R1)

(C)
(Stefansson et al.,

2009)

TRANK1 rs6550435 ✗ ✓ 2.1 × 10−8

(D + R1)
1.13 (D + R1)

(G)
(Muhleisen et al.,

2014)
Nucleoside triphosphate
hydrolase associated with DNA/
ATP binding or DNA repair
(Kent et al., 2002).

Valproate treatment increases its
expression in a dose- and time-dependent
manner (Muhleisen et al., 2014).rs9882911 ✗ ✓ 2.1 × 10−8

(D + R1)
1.13 (D + R1)

(C)
rs4678910 ✗ ✓ 2.4 × 10−8

(D + R1)
1.13 (D + R1)

(G)
rs9821223 ✗ ✓ 2.4 × 10−8

(D + R1)
1.13 (D + R1)

(C)
rs4234258 ✗ ✓ 2.5 × 10−8

(D + R1)
1.13 (D + R1)

(G)
rs4624519 ✗ ✓ 2.6 × 10−8

(D + R1)
1.13 (D + R1)

(T)
rs1532965 ✗ ✓ 2.7 × 10−8

(D + R1)
1.12 (D + R1)

(G)
rs9811916 ✗ ✓ 2.9 × 10−8

(D + R1)
1.12 (D + R1)

(G)
rs3732386 ✗ ✓ 3.1 × 10−8

(D + R1)
1.12 (D + R1)

(T)
rs4678909 ✗ ✓ 3.1 × 10−8

(D + R1)
1.12 (D + R1)

(G)
rs7652637 ✗ ✓ 3.4 × 10−8

(D + R1)
1.12 (D + R1)

(C)
rs17807744 ✗ ✓ 4.1 × 10−8

(D + R1)
1.12 (D + R1)

(T)
rs12637912 ✗ ✓ 4.8 × 10−8

(D + R1)
1.12 (D + R1)

(A)
rs9834970 ✗ ✓ 4.8 × 10−8

(D + R1)
1.12 (D + R1)

(C)
TSPAN8 rs1705236 ✗ ✓ 6.1 × 10−7 (D) 1.72 (D) (A) (Sklar et al., 2008) Member of a family of

transmembrane proteins
involved in signal transduction
events that regulate cell
adhesion, motility, activation,
and proliferation (Garcia-Frigola
et al., 2001).

Tetraspanins have been implicated in
myelination (Bronstein, 2000). Most of
them form complexes with integrins,
which, in turn, are involved in PKC
signalling (Berditchevski et al., 1997).

TSPAN18 rs11038167 ✓ ✗ 3.3 × 10−6

(R1);
1.1 × 10−11

(D + R1)

1.27 (R1) (A);
1.29 (D + R1)

(A)

(Yue et al., 2011) (Same as above.) (Garcia-Frigola
et al., 2001)

A tetraspanin that may participate in
Ca2+-dependent apoptosis of DAergic
neurons in SZ (Zhang et al., 2011a,
2015bZhang et al., 2015bZhang et al.,
2011a).rs11038172 ✓ ✗ 1.1 × 10−5

(R1);
7.2 × 10−10

(D + R1)

1.23 (R1) (A);
1.25 (D + R1)

(A)

rs835784 ✓ ✗ 2.4 × 10−7

(R1);
2.7 × 10−11

(D + R1)

1.25 (R1) (A);
1.27 (D + R1)

(A)

(continued on next page)
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Table 2 (continued)

Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

TWIST2 rs9751357 ✓ ✗ 2.1 × 10−9 (D) 2.60 (D) (G) (Alkelai et al., 2011) Transcription factor (Lee et al.,
2000).

Unknown.

UGT1A1 rs741160 ✓ ✗ 3.4 × 10−8 (D);
3.0 × 10−2

(R1)

1.17 (D) (G);
1.30 (R1) (G)

(Alkelai et al., 2011) UGT1A1 codes for a
detoxification enzyme involved
in the elimination of exogenous
and endogenous compounds
(Kutsuno et al., 2015).

Highly expressed in the brain, where it
regulates the local concentration of
thyroid hormone, estradiol and bilirrubin
(Kutsuno et al., 2015). Inactivating
polymorphisms cause bilirrubin-induced
neurotoxicity via activation of TLR-2-
mediated inflammatory signals (Yueh
et al., 2014). Inflammation itself
downregulates UGT1A1 expression via
NF-κB activation (Shiu et al., 2013). The
UGT1 complex locus is also involved in
the metabolism of 5-HT, DA,
antidepressants, antipsychotics, mood
stabilizers and BZD (de Leon, 2003).

VRK2§ rs2717001 ✓ ✗ 2.0 × 10−2

(R1);
1.0 × 10−4

(D + R1)

1.08 (R1) (C);
1.12 (D + R1)

(C)

(Rietschel et al.,
2012)

Serine/threonine protein kinase
that maintains nuclear
architecture and regulates
signalling pathways involved in
cell growth, apoptosis, stress
response to hypoxia and IL-1β
transcriptional response (Blanco
et al., 2006, 2007, 2008Blanco
et al., 2006Blanco et al.,
2007Blanco et al., 2008).

Participates in a signalling pathway that
protects against stress-induced neuronal
death and contributes to axonal
development (Li et al., 2006; Dong et al.,
2005). It also interacts with a gene
product of EBV (Li et al., 2006), a virus
whose early-life exposure increases the
risk of psychosis (Khandaker et al., 2014).
Genetic variation was associated with
altered brain structure in healthy subjects
(Li et al., 2012) and SZ patients (Sohn
et al., 2014), as well as genetic forms of
epilepsy (Consortium et al., 2012) and
neurodevelopmental syndromes
(Chabchoub et al., 2008; Prontera et al.,
2011; Rajcan-Separovic et al., 2007).

WHSC1L1/
FGFR1

rs1488935 ✓ ✗ 3.4 × 10−5

(R1)
5.1 × 10−9

(D + R1)

1.15 (R1) (G)
(N/R) (D + R1)

(Shi et al., 2011) WHSC1L1 codes for a histone
methyltransferase involved in
epigenetic control of gene
expression (Kim et al., 2006).

Epigenetic mechanisms have been
implicated in the pathogenesis of SZ (Gavin
and Sharma, 2010) and BD (Ludwig and
Dwivedi, 2016), but the specific contribution
of WHSC1L1 is unknown.

FGFR1 codes for a tyrosine-
protein kinase that acts as cell-
surface receptor for fibroblast
growth factors (FGFs), thereby
regulating mitogenesis and
differentiation (Mohammadi
et al., 1996).

FGFs play key physiological roles during
development, including gastrulation,
organogenesis, neurogenesis and neuronal
differentiation (Eswarakumar et al., 2005;
Lonic et al., 2013), and their effects are
mediated by interaction with TGFβ, Wnt,
MAPK, IP3 and Notch signalling pathways
(among others) (Dailey et al., 2005). More
specifically, FGFR1 controls the terminal
differentiation, maturation, and
maintenance of midbrain DAergic neurons
(Baron et al., 2012), with its inhibition
resulting in a SZ-like phenotype in mice
(Klejbor et al., 2006). Additionally, it forms
heteroreceptor complexes with 5-HT1A in
midbrain raphe and hippocampal neurons,
where it exerts neurotrophic and
antidepressant effects (Borroto-Escuela et al.,
2015). Likewise, inhibition of FGFR blocks
antidepressant-induced glial cell line-derived
neurotrophic factor production (Hisaoka
et al., 2011). Its role in SZ and MDD is also
supported by its increased expression in
these disorders (Gaughran et al., 2006).

ZFAT rs7819815 ✓ ✗ 3.1 × 10−7 (D) N/R (D) (Wang et al., 2011a) Zinc finger protein that acts as a
transcriptional regulator of
immune-cell survival and
vascular remodelling (Yoshida
et al., 2010; Fujimoto et al.,
2009).

Implicated in the regulation of immune
responses and susceptibility for immune-
mediated diseases, specifically
autoimmune thyroid disease (Shirasawa
et al., 2004) and multiple sclerosis
(Bourguiba-Hachemi et al., 2016). It is
expressed in the brain and placenta, and it
is down-regulated in placentas from
complicated pregnancies, which is a well-
known SZ risk factor (Barbaux et al.,
2012). We hypothesize that variation in
this gene might be implicated in maternal
transmission of SZ.

(continued on next page)
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they are not included in Table 1. To facilitate interpretation of the
GWAS results retrieved either in this review or in the Lee et al. (2012a)
review, each implicated gene is contextualized in terms of its associa-
tion with SZ or BD, and its contribution to cellular-level function and to
central nervous system (CNS) function in Table 2.

Finally, to appraise the quality of the reviewed studies, we con-
sidered the consensually recommended guidelines (Spencer et al.,
2009) of: 1) a minimum of 2000 cases and 2000 controls (in either the
discovery or, for full replication, the replication sample); 2) power
calculation to detect a genome-wide significant association; 3) the in-
clusion of imputed SNPs; 4) a follow-up replication of the most sig-
nificant associations in an initial sample (based on, e.g. the ‘N top SNPs’
or ‘all SNPs above threshold’) to preclude false positives; 5) a statistical
significance threshold, corrected for multiple comparisons, of
p < 5 × 10−8; 6) the reporting of effect sizes; 7) an account for ethnic
differences in the sample, e.g. via stratification using principal

component analysis (PCA), as different ethnicities carry different
linkage disequilibrium (LD) patterns and allelic frequencies; and 8) an
account of age and gender differences across cases and controls.

3. Results

3.1. Overview

Our initial database search identified 3520 records. After removal of
duplicates and abstract screening for relevant studies, we retrieved 36
articles for full-text reading. From these, 5 meta-consortia or meta-
analyses (PsychiatricConsorti, 2011; Green et al., 2012a; The
Schizophrenia Psychia, 2011; Schizophrenia Working Gro, 2014;
Williams et al., 2011b) and 9 GWAS (Nassan et al., 2017; Steinberg
et al., 2012; Smith et al., 2011; Fanous et al., 2012; Hou et al., 2016a;
Ripke et al., 2013; Sleiman et al., 2013; Xu et al., 2014; Meier et al.,

Table 2 (continued)

Gene (region) SNP SZ BD P-value* Odds Ratio
(risk allele)

Reference Gene product function Implication in the CNS

ZNF804Ad rs1344706 ✓ ✗ 2.5 × 10−11

(D + R1)
1.10 (D + R1)

(T)
(Williams et al.,

2011a)
Zinc finger protein that plays a
role in DNA binding and
transcriptional control (Girgenti
et al., 2012).

Regulates the expression of genes
implicated in DAergic transmission
(Girgenti et al., 2012), and it is regulated
by GLUergic transmission (Chang et al.,
2015). Affects neurons' response to
inflammatory cytokines, thereby
supporting a role for immuno-
inflammatory processes in psychosis
(Chen et al., 2015a). The association with
SZ has been replicated in gene association
studies (Zhang et al., 2011b; Chen et al.,
2012), and correlates with abnormal
functional connectivity in working
memory and theory of mind networks
(Esslinger et al., 2011; Zhang et al.,
2016b; Mohnke et al., 2014). SZ-risk
variants also increase the risk of heroin
addiction possibly secondary to changes in
decision-making and gray matter volume
(Sun et al., 2016). ZNF804 CNVs have
been implicated in autism (Griswold et al.,
2012) and neurodevelopmental
impairment (Blake et al., 2014).

7.1 × 10−7 (D)
1.6 × 10−7

(D + R1+R2)

1.38 (D) (T)
1.12 (D + R1)

(T)

(O'Donovan et al.,
2008)

ZKSCAN4 rs1233710 ✓ ✗ 4.1 × 10−7

(R1);
4.8 × 10−11

(D + R1)

1.25 (R1) (C);
1.27 (D + R1)
(C)

(Yue et al., 2011) Zinc finger protein that acts as a
transcriptional regulator of
MDM2 (a proto-oncogene) and
EP300 (a histone
acetyltransferase) (Li et al.,
2007).

Unknown.

Abbreviations: ACC, anterior cingulate cortex; ACh, Acetylcholine; AD, Alzheimer's disease; ADHD, attention-deficit/hyperactivity disorder; ATP, adenosine tri-
phosphate; BBB, blood brain barrier; BDNF, brain-derived neurotrophic factor; BDZ, benzodiazepines; cAMP, cyclic adenosine monophosphate; cGMP, cyclic gua-
nosine monophosphate; CNS, central nervous system; DA, dopamine; DLPFC, dorsolateral prefrontal cortex; EBV, Epstein-Barr virus; ECM, extracellular matrix;
EGFR, epidermal growth factor receptor; GLU, glutamate; GTP, guanosine triphosphate; IP3, inositol triphosphate; LD, linkage disequilibrium; MAPK, mitogen-
activated protein kinase; MDD, major depressive disorder; MS, multiple sclerosis; NT, neurotransmitter; OFC, orbitofrontal cortex; PDGFA, platelet-derived growth
factor subunit A; PD, Parkinson's disease; PKC, protein kinase C; TBI, traumatic brain injury; TGFβ, transforming growth factor beta; TLE, temporal lobe epilepsy; TNF
– tumour necrosis factor; TS, Tourette's syndrome.
*D = discovery sample; R(n) = replication sample(s); D + R = combined samples. !Found in the Psychiatric GWAS Consortium Bipolar Disorder Working Group
(2011) (PsychiatricConsorti, 2011). #Found in the Schizophrenia Psychiatric Genome-Wide Association Study Consortium (2011) (The Schizophrenia Psychia, 2011).
§Correction in legend of Table 2 of Rietschel et al. (2012): “major/minor allele” should read “minor/major allele”.

a Although Shi et al. (2009) and Stefansson et al. (2009) each reported an association between SZ and HIST1H2AG with rs6913660's allele C, we have only
considered one independent association, due to sample overlap between these studies.

b In Lencz et al. (2013), the discovery sample included SZ patients, and one replication sample comprised SZ and another comprised BD subjects.
c Although Rietschel et al. (2012) found an association with TCF4, their sample overlaps with the replication sample from Stefansson et al. (2009) reviewed by Lee

et al. (2012a).
d (O'Donovan et al., 2008) and Williams et al. (2011a) reported an association between SZ and ZNF804A; however, due to sample overlap, we only considered one

positive association. Moreover, Williams et al. (2011a)'s discovery sample contained SZ and BD patients, but the replication sample comprised only SZ subjects; thus,
it is unclear if there is an association with BD.

e None of the SNPs that are reported to be within or near the MHC region have been implicated more than once (which is why there is no SNP in bold/underlined).
Yet this gene region (which is a large region comprised of several different genes) has been implicated in the two cited (independent) studies – which is why the MHC
is in bold/underlined.
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2012) were excluded due to sample overlap with a study from the
current or the previous review with the exception of 2 GWAS. In one
(Rietschel et al., 2012) the authors took into account the issue of sample
overlap in their analysis: as the study includes two replication samples,
and only part of the first replication sample overlaps with the sample
from a study (Stefansson et al., 2009) reviewed by Lee et al.(2012)5, in
their discussion, the authors explain that the finding of rs4309482,
located near CCDC68/TCF4, cannot be regarded as an independent
replication (this information is included as a footnote in our Table 2),
and tested the other SNPs in the non-overlapping portion of the sample.
The second study's sample (Muhleisen et al., 2014), albeit overlapping
with a replication sample from a study reviewed by Lee et al. (2012a),
had never been analysed in a discovery step for BD before. A total of 22
studies were eligible for inclusion, from which we additionally omitted
6 replication analyses, which had overlapping samples (Wang et al.,
2011a; Irish Schizophrenia Genomics and the Wellcome Trust Case
Control, 2012; Goes et al., 2015; Kanazawa et al., 2013; Lencz et al.,
2013; Alkelai et al., 2012). Excluded studies' abstracts and reasons for
exclusion can be found in Supplementary Results 1.

3.2. GWAS in SZ

In the Arab-Israeli population, Alkelai et al. (2011) (Alkelai et al.,
2011) found associations between 8 SNPs located within 6 genes
(LRRFIP1, LOC645434/NMBR, ACSL3, TWIST2, UGT1A1 and EFHD1)
and SZ. The UGT1A1 and EFHD1 genes were, in fact, also associated in a
German case-control replication sample but, surprisingly, the latter
SNP, in the opposite allelic direction which could be a spurious effect
or, since two different ethnic populations are concerned, a flip-flop
effect (Lin et al., 2007). LRRFIP1, a transcription factor putatively
regulating neurogenesis (Alkelai et al., 2011), and EGFR (Rikiyama
et al., 2003) (implicated in epidermal growth), have been previously
associated with SZ (Morar et al., 2007; Benzel et al., 2007). UGTA1 has
a role in the solubility and excretion of drugs, toxins, hormones, and
neurotransmitters (de Leon, 2003); EFHD1 in neuronal differentiation
(Tominaga and Tomooka, 2002); and NMBR in fear/anxiety, thermo-
regulation and susceptibility stress in mice (Gonzalez et al., 2008;
Yamada et al., 2002). Another study by the same group (Alkelai et al.,
2012), with a Jewish- Israeli sample, found an association with an in-
tronic SNP in DOCK4, implicated in neurodevelopment (Ueda et al.,
2008) (including the Wnt/beta-catenin pathway previously associated
with SZ (Freyberg et al., 2010)); and dyslexia (Pagnamenta et al., 2010)
and autism (Pagnamenta et al., 2010), which share common genetic
factors with SZ (Horrobin et al., 1995; Stefansson et al., 2014; Malhotra
and Sebat, 2012). In terms of genetic associations with age of SZ onset
in European-Americans, Wang et al. (2011) (Wang et al., 2011a) found
ZFAT, likely involved in immune-cell survival and autoimmune dis-
eases, such as thyroid disease (Shirasawa et al., 2004) and multiple
sclerosis (Comabella et al., 2009) in a linkage region previously asso-
ciated with SZ and BD (Park et al., 2004). Bergen et al. (2012), who also
investigated BD, failed, in their Swedish sample, to find any SNPs, but
when meta-analytically combining their samples with previous ones,
found support for the MHC region.

The MHC finding supports previous GWAS reports (Stefansson et al.,
2009; International Schizophrenia et al., 2009; Shi et al., 2009) and the
growing evidence of its role in neurodevelopment (Shatz, 2009) and
brain connectivity (Needleman et al., 2010). It got further support from
the Irish SZ Genomics Consortium (2012) (Consortium, 2012). From 11
SNPs selected in a discovery sample, they replicated 3SNPs, in a 10x
larger sample: 1 in MHC, 1 in CACNA1I and the intergenic rs7618341.
CACNAC1I codes for a subunit of a calcium channel family, similarly to
the abovementioned CACNA1C (Lee et al., 2012a) (GWA-implicated in
SZ (Green et al., 2010) and BD (Ferreira et al., 2008)), and to CACNB230

and CACNB327 - also found to be associated with SZ and BD respec-
tively in below-mentioned consortia. Thus, there are three lines of
evidence implicating calcium channels in psychosis.

Using several mixed European samples, Rietschel et al. (2012)
(Rietschel et al., 2012) highlighted 9 SNPs across AMBRA1, CUX1,
VRK2 and CCDC68/TCF4. The latter SNP was identified in an over-
lapping sample with a previous positive report (Stefansson et al., 2009),
and hence, was not regarded as an independent replication. VRK2, on
the other hand, has been replicated with SZ in the Han Chinese (Zhang
et al., 2015a). AMBRA1 with a major role in neurodevelopment
(Behrends et al., 2010; Fimia et al., 2007; Cecconi et al., 2007), resides
in a high LD region with genes regulating: autophagy (Behrends et al.,
2010); neurotransmission (Nobili et al., 2018); signal transduction
(Moskvina et al., 2009), neurodevelopment and plasticity (Hozumi
et al., 2009), working memory, anxiety (Dere et al., 2014) and prepulse
inhibition in mice (Nakamura et al., 1998; Ohgake et al., 2009).
Betcheva et al. (2013) (Betcheva et al., 2013) found, in a Bulgarian
sample, an intronic SNP for SZ in HHAT, which is involved in carci-
nogenesis (Katoh and Katoh, 2005) and neurodevelopment (Chamoun
et al., 2001), and is in a candidate region for SZ as suggested by pre-
vious genetic linkage studies and cytogenetic findings (Hovatta et al.,
1999). In a population cohort, Borglum et al. (2013) (Borglum et al.,
2013) found an interaction between the maternal cytomegalovirus in-
fection (suspected as a precursor of SZ) and an intronic CTNNA3 SNP on
SZ risk, with a Danish (as well as German and Dutch) sample. CTNNA3
mediates brain cell–cell adhesion and cytoskeletal structure (Yap et al.,
1997), which may be disrupted by the cytomegalovirus during gesta-
tion (Scholz et al., 1999), as was found in transgenic Drosophila
(Steinberg et al., 2008). Such findings strengthen the immunological
hypothesis of SZ stemming from previous associations with: 1) prenatal
infections with viral or bacterial pathogens (albeit not consistently)
(Brown, 2006), 2) auto-immune processes (Strous and Shoenfeld, 2006)
and 3) the strong signal in the MHC locus (Stefansson et al., 2009).
Moreover, CTNNA3 and its nested gene LRRTM3 have both been as-
sociated with Alzheimer's disease (Edwards et al., 2009; Morgan et al.,
2008; Liang et al., 2007) and autism (Sousa et al., 2010; Wang et al.,
2009).

In Ashkenazi Jews, Lencz et al. (2013) (Lencz et al., 2013) identified
a novel susceptibility locus for SZ near NDST3, replicated in six SZ and
five BD independent cohorts (excluded due to overlap). This gene is
abundantly expressed in the cerebellum and hippocampus (Lein et al.,
2007) and is involved in neurite outgrowth (Irie et al., 2008), axon
guidance (Inatani et al., 2003) synaptogenesis (Lucido et al., 2009), and
binding affinity to NRG1 (neuroregulin 1), a gene previously implicated
in SZ (Cho et al., 2015) and BD (Rolstad et al., 2015). This association
was later replicated in a Han Chinese population (Zhang et al., 2016a).
Goes et al. (2015) (Goes et al., 2015) found no GWAs in Ashkenazi
Jews, but their strongest markers were in the 22q11.2 deletion syn-
drome region, one of the most strongly associated CNVs with SZ (Jonas
et al., 2014) which contains the genes TBXI, GLN1 and COMT.

Regarding the East Asian population, Ikeda et al. (2011) (Ikeda
et al., 2011) failed to find significant associations in Japanese, but
obtained support for a previous GWAS finding of NOTCH4 and new
trends for OAT and SULT6B1. Shi et al. (2011) (Shi et al., 2011) found
an association of SZ with 3 SNPs in a replication (but not the discovery;
both Han Chinese) sample within WHSC1L1/FGFR1, LSM1, BRP44, and
DCAF6. FGFR1 is involved in neurodevelopment and upregulated in SZ
and major depression (Gaughran et al., 2006), with its manipulation
triggering a SZ-like phenotype in mice (Klejbor et al., 2006). Moreover,
fibroblast growth factors (FGFs) have been implicated in SZ
(Terwisscha van Scheltinga et al., 2010; O'Donovan et al., 2009). The
intronic SNP for DCAF6 is located downstream of MPZL1, a previous SZ-
risk candidate (He et al., 2006), coding for a myelin protein upregulated
in SZ, possibly as a compensatory mechanism (Tkachev et al., 2003).
Yamada et al. (2011) (Yamada et al., 2011) failed to find any GWA-
significant SNPs in Japanese, but reported a trend in ELAVL2. Yue et al.
(2011) (Yue et al., 2011) found 2 SNPs in Han Chinese, LOC392301 and
LOC729457, and replicated 6 SNP associations across the neurodeve-
lopmental ZKSCAN4 and NKAPL genes, the epigenetic PGBD1 gene, and

D.P. Prata, et al. Journal of Psychiatric Research 114 (2019) 178–207

196



the apoptosis regulator TSPAN18. The PGBD1 gene has been associated
with SZ in Europeans (Stefansson et al., 2009), but not Asians (Zhang
et al., 2015b; Kitazawa et al., 2012); and the NKAPL has been validated
in other studies (Wang et al., 2015; Chen et al., 2014). Kanazawa et al.
(2013) (Kanazawa et al., 2013) attempted to trace genetic susceptibility
to atypical psychosis and its overlap with SZ and BD, also in the Ja-
panese population. Although no SNPs fulfilled GWA significance, there
were trends in CHN2/CPVL, COL21A1, PYGL/TRIM9 and MHC regions.
Wong et al. (2014) (Wong et al., 2014) failed to find any GWA sig-
nificant association in Han Chinese, but after analysing their combined
sample, found a significant SNP near RENBP gene, involved in reg-
ulating blood pressure and sodium homeostasis, which are commonly
disrupted in SZ and BD and influenced by antipsychotic treatment (for a
review, see Correll et al. (2015)). An explanation for this relationship
may be the central effects of angiotensin-II on dopaminergic activity
(Jenkins et al., 1996). Uncommonly using microsatellites (N = 28,601),
instead of SNPs, Shibata et al. (2013) (Shibata et al., 2013) marked
regions of susceptibility, with 3 sequential steps of pooled Japanese
DNA analyses to consecutively select the best-associated microsatellite
markers, implicating SLC23A3, CNPPD1, and FAM134A, which are
expressed in the brain but of yet unclear function and not previously
associated with SZ.

3.3. GWAS in BD

Using a highly mixed sample (across USA, West and Eastern Europe,
and Russia), (Muhleisen et al., 2014) identified 56 genome-wide sig-
nificant SNPs in 3 previously known risk genes (ANK3, ODZ4 and
TRANK1) and in 2 new regions (ADCY2 and MIR2113/POU3F2).
ADCY2 mediates dopamine signalling (Beaulieu and Gainetdinov,
2011), is implicated in learning, memory and mood (Porteous et al.,
2006), and is associated with SZ and BD (Kahler et al., 2010). ODZ4 is
implicated in neuronal plasticity and signalling (PsychiatricConsorti,
2011); POU3F2 in neurodevelopment (Kwan et al., 2012), and MIR2113
is a microRNA gene with unknown function. In a Bulgarian sample,
Yosifova et al. (2011) (Yosifova et al., 2011) found one non-replicated
association near LOC100130514/LOC728103 genes.

With an uncommon quantitative trait loci GWAS approach,
Greenwood et al. (2012) (Greenwood et al., 2012) performed in Eur-
opeans a search for genetic associations with five clinical subtypes of
BD defined by temperament: hyperthymic, dysthymic, cyclothymic,
irritable and anxious. Hyperthymia was associated with 3 SNPs within
or near MDM1 (of unknown function) and the neurodevelopmental
FBLN1 gene, while the irritable subtype yielded 2 SNPs for the INTS7
and the DTL genes of unknown function. In an independent study,
Greenwood et al. (2013) (Greenwood and Kelsoe, 2013) also looked at
two clinical dimensions in Europeans: “irritable” vs “elated mania”.
Albeit none were GW significant, 3 trends (p < 1 × 10−4) within
SLITRK1/6, GRIA3 and GABRG1 were found after permutation analysis,
with support from nearby SNPs also associated with a p < 1 × 10−4.

3.4. Appraisal overview

From the 22 studies we reviewed, only 4 (18,2%) used the minimum
recommended 2000 + cases and 2000 + controls (in either the dis-
covery or, for full replication, replication sample) (Spencer et al.,
2009). Approximately half (45,4%) of the studies included imputed
SNPs to increase power (Spencer et al., 2009), and the same percentage
used the widely consensual significance threshold of p < 5 × 10−8.
However, most of the studies that failed to do this were published
earlier, indicating that this is now becoming the norm. Slightly more
than half (54,5%) reported a power calculation to detect a GWA. In
72,7%, there was a reported replication attempt in an independent
sample. Effect sizes were reported, when the effect was statistically
significant, in 87,5% of studies. Of all the studies including subjects of
different ethnicities, only 68,2% corrected their analyses for population

stratification, with multidimensional scaling analysis or PCA. Finally,
only half of the studies reported having controlled for age and gender
differences across cases and controls. Appraisal of each of the studies
reviewed, for each of the appraisal criteria, are available in
Supplementary Table 1.

4. Discussion

4.1. Results’ overview

The advent of GWAS over the last decade has accelerated the dis-
covery of novel genetic markers associated with SZ and BD. As most
psychiatric disorders are polygenic and associated SNPs have small
effect size, the Psychiatric Genomics Consortium (PGC)
(PsychiatricConsorti, 2011; The Schizophrenia Psychia, 2011;
Schizophrenia Working Gro, 2014) as well as other consortia
(Stefansson et al., 2009; Irish Schizophrenia Genomics and the
Wellcome Trust Case Control, 2012; International Schizophrenia et al.,
2009) were formed to conduct meta- and mega-analyses of available
genome-wide data; hence these powerful studies constitute useful
summaries of the progress in the field. However, evaluation of in-
dependent studies, such as undertaken herein, is useful. This allows the
critical appraisal of the evidence supporting findings from smaller
studies, in particular, evidence of replication, which is a useful ad-
junctive to the “blanket” approach of the threshold criterion of genome-
wide significance in a meta-analysis. In addition, such systematic re-
view of the smaller studies can potentially help entice and design pa-
thophysiological hypotheses, especially in specific populations, for
further genetic, transcriptomics, proteomics and drug studies (with
animal model included). They can help make sense of recent and future
meta- and mega-analyses reports, and help the research community's
reflection on the heterogeneity and inconsistencies in samples, methods
and findings across SZ and BD association studies.

Out of the 22 GWAS reviewed, and according to p-value thresholds
authors chose: 9 found at least a significant association in the discovery
stage, 7 found at least one in the replication stage, 2 found at least one
in both stages, and 7 failed to find any at all. It is evident that GWAS
have become more exploratory regarding statistical methodology and
design, since the review by Lee et al. (2012a). Two reviewed
(Stefansson et al., 2009; Greenwood et al., 2012) (and two excluded
(Fanous et al., 2012; Meier et al., 2012)) GWAS split SZ or BD into
phenotypic subtypes, thus making steps towards validating genome-
wide links between genotypes and clinical phenotypes. Shibata et al.
(2013) (Shibata et al., 2013) used microsatellite markers and a three-
step design, carrying only the top SNPs identified to the next step, with
independent samples of pooled DNA being used at each stage, and a
relaxed significance threshold of p < 0.05. As microsatellites have
multiple alleles, they can detect higher LD than SNPs as well as higher
levels of heterozygosity. However, given its novelty, it is still difficult to
compare this GWAS design with a standard SNP-based one, especially
as it is unclear how well it does correct for multiple testing. Finally, the
use of family-based approach (in 4 studies (Alkelai et al., 2012; Alkelai
et al., 2011; Yamada et al., 2011; Levinson et al., 2012)) was beneficial
for its ability to control for population stratification which can be a
problem in standard case-control GWAS.

We found that whilst 104 SNPs associations were reported as sig-
nificant, only 83 met the standard stringent threshold at p < 5 × 10−8

(either in the discovery, the replication or the combined analysis). The
latter SNPs were located within 28 gene regions: ACSL3/KCNE4,
ADCY2, AMBRA1, ANK3, BRP44, DTL, FBLN1, HHAT, INTS7,
LOC645434/NMBR, LOC729457, LRRFIP1, LSM1, MDM1, MHC,
MIR2113/POU3F2, NDST3, NKAPL, ODZ4, PGBD1, RENBP,
LOC392301, TRANK1, TSPAN18, TWIST2, UGT1A1/HJURP,
WHSC1L1/FGFR1, and ZKSCAN4. Other genes implicated in the re-
viewed studies (using authors’ significance thresholds) even though not
reaching the standard p < 5 × 10−8 were: ARNTL, CCDC68/TCF4,
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CDH13, CNPPD1, CTNNA3, CUX1, DCAF6, DOCK4, EFHD1, FAM134A,
LOC100130514/LOC728103, RAB17/LRRFIP1, RUNDC2A, SLC23A3,
UGT1A1, VRK2, and ZFAT. Finally, AMBRA1, ARNTL, CDH13, EFHD1
and UGT1A1 have been implicated in two independent samples re-
viewed in the present review. Moreover, the ANK3 gene and MHC re-
gion have been once implicated in one study from the set reviewed by
Lee et al. (2012a) and also in one independent study from our set of
reviewed studies.

In summary, to this date, taking all studies discussed in Lee et al.
(2012a) and in the current one into account, as in Table 2, we found
that the MHC region, and the AMBRA1, ANK3, ARNT, CDH13, EFHD,
PLXNA2 and UGT1A1 genes have been found to be associated (with the
same SNP) with either SZ or BD, in at least two reportedly independent
(non-overlapping) samples; and with the same risk allele (except for
EFHD1). This lends substantial confidence in their association with
psychosis. No further evidence for a shared genetic basis between SZ
and BD since the review by Lee et al. (2012a) and the appraisal by
Williams et al. (2011b), which had implicated ANK3 and PLXNA2 in
both diseases. As a side note, if we had not excluded non-overlapping
samples, the findings for CACNA1C, NDST3, and ZNF408A would have
come out as new supportive evidence for a shared genetic influence
between BD and SZ.

4.2. Replication findings and meta-consortia

The creation of large international meta-consortia has been a suc-
cessful story in psychiatric genetics, as the collection and meta-analysis
of very large samples has led to the discovery of several markers as-
sociated with the disorders. However, even with tens of thousands of
cases and controls, we cannot eliminate the possibility of type I error as,
in some cases, genome-wide significant findings from one consortium
study have not always been replicated with the expansion of the total
sample (The Schizophrenia Psychiatric Genome-Wide Association Study
(GWAS) Consortium, 2011; Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014). One criticism that we deem
important is that meta-analyses focus only on markers with a “uni-
versal” effect on the phenotype and may miss SNPs with effect in spe-
cific populations. Of course it is difficult to be confident that the later
are not false findings (type I error) in small samples. One way of
overcoming the possibility of type I error is to focus on SNPs that were
replicated independently in a different sample, as was the focus of our
review. Another handicap the earliest GWAs studies, in our review,
presented, relates to the combined p-value (i.e. the one emerging from a
discovery and a replication sample combined) of a given SNP, being
considered by some authors as one that provides a ‘validation’ of that
marker's original association in the discovery sample. What truly vali-
dates a finding is it being replicated in a completely independent
sample. Other weaknesses are the omission, or explicitness, of the sig-
nificance threshold in the replication sample or the selection of an ar-
bitrary number of top SNPs to replicate, e.g. the “top 43 SNPs after
ranking their p-values in descending order”. These weaknesses arose as
a need to compensate for lack of power, and available data, but been
surpassed in the most recent, and powerful, GWAS.

Accepting replications at a nominal significance level (i.e.
p < 0.05) of markers that do not reach genome-wide significance in
the discovery sample also increases the possibility of type I error. On
the other hand the selection of an arbitrary p-value threshold to de-
termine SNPs to replicate may exclude truly associated SNPs (as in-
dicated from the increase of polygenic prediction when lowering the p-
value threshold and including thousands of SNPs), increasing the pos-
sibility for type II error.

As we mentioned above, in order to avoid overestimated conclusions
or false replications we have excluded studies that used samples over-
lapping with those from studies we or Lee et al. (2012a) already review
[e.g. meta-consortia, meta-analyses, etc.]. Nevertheless, we next discuss
meta-consortia results (PsychiatricConsorti, 2011; The Schizophrenia

Psychia, 2011; Irish Schizophrenia Genomics and the Wellcome Trust
Case Control, 2012), including the latest Genomics consortium study
(Schizophrenia Working Gro, 2014). On this note, we bring awareness to
the fact that the studies we herein review, besides using smaller samples,
have a slightly larger number of non-Caucasian-samples, compared to the
meta-consortia studies which typically use Caucasian samples.

The Psychiatric Genomics Consortium BD Working Group (2011)
(PsychiatricConsorti, 2011) found 4 significant associations of BD with
SNPs in ANK3, SYNE1 and ODZ4, with the first two not further re-
plicated. From the 34 SNPs selected for replication (46,918 European
cases and controls), associations were found across: CACNA1C, ODZ4,
ZDHHC24, RND1, TXNDC9, SPHK2, CACNB3, TUBA1B, LOC731779,
C15orf53, MAD1L1, LBA1, FSTL5, LMAN2L, WDR82 and ZZZ3, among
others in the same LD blocks. Combination of the two samples made a
SNP for CACNA1C and one for ODZ4 reach an association
(p < 5 × 10−8). The CACNA1C finding further supports its above-
mentioned previous associations with BD (Ferreira et al., 2008) and SZ
(Green et al., 2010). Furthermore, the implication of CACNA1C, albeit
via another SNP, was confirmed in a joint analysis with a SZ sample.
The latter also highlighted a SNP for ANK3 and a multi-gene region
ITIH3-ITIH4 tagged by rs2239547, which encodes plasma serine pro-
tease inhibitors with functions in extracellular matrix stabilization and
suggestive involvement in suicidal behaviour in SZ and BD (Finseth
et al., 2014).

Green et al. (2012) confirmed findings in ODZ4 and CACNA1C (but
not of ANK3 or SYNE1) of the above BD consortia study
(PsychiatricConsorti, 2011), after testing the 3106 SNPs identified at
p < 5 × 10−3 in that consortium. Moreover, a combined analysis
showed two novel statistically significant associations: rs7296288 be-
tween RHEBL1 and DHH, and rs3818253 tagging the TRPC4AP/GSS/
MYH7B region. Confirmation for SYNE1 was obtained in another re-
plication sample (Green et al., 2012b), at p < 0.05, with BD, and also
unipolar depression - it encodes an outer-membrane protein connecting
nuclei to cytoskeletons, implicated in muscle formation, weight reg-
ulation and growth in mice (Zhang et al., 2009a, 2010). Steinberg et al.
(2011) (Steinberg et al., 2011) also extended an earlier SZ study (itself
containing replication for SNPs at p < 5 × 10−5), to replicate findings
at p < 5 × 10−4 significance. In addition to confirming MHC, NRGN
and TCF4 associations, they found one within CCDC68/TCF4, and an-
other upstream of VRK2 – however, this sample, and thus these find-
ings, overlap with one we review above (Rietschel et al., 2012).

Also using some of the samples of studies we review, the SZ
Psychiatric Genomics Consortium (The Schizophrenia Psychia, 2011)
found 136 p < 5 × 10−8 significant SNP associations at discovery-
level, the majority of which (N = 129) mapped to the MHC, TCF4 and
NRGN regions, among other new regions in 10q24.33 and 8q21.3.
Among the 81 SNPs (p < 5 × 10−5) where replication was attempted,
rs1625579, within a MIR137 intron, was the strongest, followed by
other loci targets of this gene, suggesting its dysregulation may be a
newly found etiologic mechanism in SZ. For example, MIR137 regulates
adult neurogenesis (Szulwach et al., 2010) and neuronal maturation
(Smrt et al., 2010). The next best target loci were tagged by rs7914558
and rs11191580, implicating multiple genes, then rs7004633 near
MMP16, which encodes an endopeptidase involved in a range of cel-
lular behaviours; lastly, rs10503253 in CSMD1, involved in neuronal
growth (Kraus et al., 2006).

In an attempt to further increase power, the 2014 SZ Working Group
of the Psychiatric Genomics Consortium aimed to include all existing SZ
samples (Schizophrenia Working Gro, 2014). They found significant
GWAs spanning 108 conservatively defined loci, 83 of which not pre-
viously reported. These provided support for: 1) the dopamine hy-
pothesis of SZ (dopamine receptor type 2, DRD2 was found); 2) the
glutamatergic hypothesis of SZ (GRM3, GRIN2A, SRR, GRIA1 were
found), and 3) immunological hypothesis of SZ (B-lymphocyte lineages
involved in acquired immunity such as CD19 and CD20 lines were also
found). In addition, associations at CACNA1C, CACNB2 and CACNA1I
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continue to be strengthened. A more comprehensive portrait of the
biological pathways and plausibility inherent to this gene set, for SZ,
was provided subsequently via a new framework for interpretation of
genetic association studies (DEPICT) (Pers et al., 2015) and showed that
its genes are highly expressed in the brain cortex, enriched for ion
channel pathways, functionally related to each other, and enriched for
previously SZ-associated rare disruptive variants and de novo variants,
and for genes encoding members of postsynaptic density proteomes.

In summary, findings from the above meta-consortia studies im-
plicate ANK3, CACNA1C, CACNA1I, CACNB2, CACNB3, DRD2, GRIA1,
GRIN2A, GRM3, ITIH1, ITIH3/ITIH4, MIR137 (and its target loci),
ODZ4, SRR, SYNE1, TCF4, VRK2, ZNF804A, and, again, the MHC region
in psychosis.

4.3. Limitations and other GWA-based or GWA-complementary approaches

Given the quality appraisal we retrieved, we call attention to the
following three statistical methodological shortcomings found in more
than half of the studies: recommending that GWAs studies follow a
2000 + cases and 2000 + controls in either discovery or replication
samples, perform imputation, and follow the consensual statistical
significance threshold of p < 5 × 10−8; and, although followed in
more than half (but not all) of studies, we highlight the recommenda-
tion that ethnical stratification correction, replication and effect sizes
are performed/reported. An additional limitation noticed in most pre-
vious GWAs studies is the absence of a transcriptomic, proteomic or
pharmacological experiment in vitro, animal models or humans, with
the goal to validate the (epidemiologically) identified genes. This would
protect the field against false positive findings, allow an assessment of
the gene's functional significance (which often times is unknown for the
CNS), and improve the patho-physiological and therapeutic models for
these illnesses.

Beyond detecting simultaneously multiple SNPs of small effect, the
next challenge is to detect gene-gene interactions. Due to GWAS looking
for individual SNP-based associations, any susceptibility factors arising
from multiple variations (in the same or multiple genes) interacting
with one another may be missed. Oh et al. (2012) (Oh et al., 2012)
proposed a new GWA method (involving dimensionality reduction) for
detecting gene-gene interactions and applied them to the WTCCC data.
Interactions between gene-level effects (which are calculated via com-
bining that of multiple SNPs within each gene) are estimated. For ex-
ample, their top result, an interaction between NEBL (coding for a
cardiac muscle protein) and the oncogene ERG, had not been identified
in GWAS thus far. Hence, complementary to a standard GWAS is the
investigation of epistatic interactions between candidate genes: e.g. the
insulin-induced INSIG1 and INSIG2 genes interact to predict metabolic
syndrome onset in SZ patients as a response to atypical antipsychotics
therapies (Liou et al., 2010).

An important, and still unaccounted for, consideration in GWAS of
psychosis is that gene-environment interactions probably contribute to
a large part of the susceptibility (Thomas, 2010; Modinos et al., 2013;
European Network of National Networks studying Gene-Environment
Interactions in 2014; van Os et al., 2008), even though they remain
hidden in current studies (Marigorta and Gibson, 2014). Although SZ
and BD are highly heritable conditions, sporadic cases have been cal-
culated to be ∼60% (Kendler and Diehl, 1993; GottesmanErlenmeyer-
Kimling, 2001). Therefore, GWAS must be viewed within this limitation
when formulating models of genetic susceptibility to psychosis (Liou
et al., 2010).

Coming from the assurance that a lot of the heritability of SZ derives
from common SNPs of small effect, another statistical method attempts
to capture the combined effect of several SNPs by using a polygenic risk
score (International Schizophrenia et al., 2009; Dudbridge, 2013). This
score is constructed for each individual as the weighted (OR-based) sum
of alleles that were associated (at various p-value cut-offs) with the
outcome in a large training sample. In an independent sample, this

score is then regressed against the diagnostic status (case or control)
and the variance explained is estimated. Although the predictive power
and the clinical utility of such method is still low for population
screening, it is by far more powerful than single SNP association ana-
lyses. It is so far used to provide evidence for the involvement of several
markers that are not significant on their own in a typical GWAS sample
size and analysis. This method was first applied in SZ (International
Schizophrenia et al., 2009), confirming a polygenic component to dis-
ease risk, but has also been found in, for example, breast and prostate
cancers which may be caused by a much smaller set of genes
(Dudbridge, 2013). Also, a polygenic score from a SZ GWAS is likely to
be associated with BD, and vice versa, establishing a common polygenic
basis. The approach has now been followed by other studies, some of
which herein reviewed (Nassan et al., 2017; Bergen et al., 2012; Ikeda
et al., 2011; Levinson et al., 2012).

The “genome-wide complex trait analysis (GCTA)” method (Yang,
Lee, Goddard, Visscher) has appeared to partially resolve the “missing
heritability” problem: that the sum of GWA-identified SNPs explain
only a small fraction of heritability. It estimates the variance explained
by a constellation of common SNPs from the whole genome for a
complex trait, rather than testing the association of any particular SNP
to the trait. Using the PGC sample, it was estimated that SNPs account
for 23% and 25% of variation in liability to SZ (Lee et al., 2012b) and
BD (Cross-Disorder Group of the Psychiatric Genomics, 2013), respec-
tively. They also estimate that 1) this is mainly due to common causal
alleles, 2) they must be evenly spread across chromosomes since the
variance explained by each chromosome is linearly related to its length,
3) the genetic basis of SZ is the same in males and females and 4) as
expected, a disproportionate amount of variation in liability is attri-
butable to a set of 2725 genes expressed in the CNS. Furthermore, using
only unrelated subjects and the same SNP genotypes, a 68% genetic
correlation between these disorders was found. Although most of the
SNPs responsible for the variance explained are not yet identified, the
rationale is that they will be, as GWAS sample sizes increase and more
accurate estimation of the effect size of each SNP is achieved.

A final limitation to keep in mind is the clinical heterogeneity in the
samples used, both at the level of the clinical diagnosis of patients, as
well as of their socio-demographic characterization. Clinical diagnosis
heterogeneity is most probably hampered by the DSM and ICD disease
classification systems still having very little correspondence with their
biological causes, and by the joining of multiple samples in large stu-
dies, whereby each sample is recruited and diagnoses in by different
clinicians in different sites, clinical practice cultures, healthcare systems
(even in the same country), using almost inevitably, different criteria.
This poses concerns in relation to the validity of GWAS results, either in
standard analyses or in PRS of GCTA approaches (abovementioned). In
specific, the specificity of the results in each disorder, as well as the
shared heritability between disorders cannot be reliable ascertained. It
is possible that this heterogeneity in samples underlies the share her-
itability found among disorders. Attempts should be made to improve
the clinical and socio-economic-demographic characterization of the
samples, including socio-economic-demographic factors as covariates,
in new studies/samples and even in published ones.

5. Conclusion

In conclusion, this review has found further support for the stron-
gest gene regions identified in Lee et al. (2012a) review (Lee et al.,
2012a): ANK3 and MHC. Most importantly, taking all previously and
currently reviewed studies into account, we found that AMBRA1,
ANK3, ARNTL, CDH13, EFHD1, MHC, PLXNA2 and UGT1A1 have been
implicated in at least two reportedly non-overlapping samples of either
SZ or BD, which gives credence to their implication (and the SNP region
their respective markers tag) in psychosis, except in EFHD1's case where
the allele direction has not been consistent. No further evidence for a
shared genetic basis for SZ and BD was found in this review, with ANK3
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and PLXNA2 remaining the only GWA-implicated genes in both dis-
orders since the last review. Overall, we also found, when taking the
most powerful meta-consortia findings into account, that ANK3,
CACNA1C, CACNA1I, CACNB2, CACNB3, DRD2, GRIA1, GRIN2A,
GRM3, ITIH1, ITIH3/ITIH4, MHC, MIR137, ODZ4, SRR, SYNE1, TCF4,
VRK2 and ZNF804A have emerged as front-runners in terms of sus-
ceptibility genes for psychosis.

Even though problems with sample heterogeneity and population
stratification exist in terms of both known and unknown variables
emerge in large sample sizes, GWAS are useful in elucidating the ge-
netic underpinnings of complex diseases – with replication attempts
being fundamental. The difficulty in detecting gene-gene and gene-en-
vironment (GottesmanErlenmeyer-Kimling, 2001), as well as the
missing-heritability problem, remain as limitations – but are now being
tentatively tackled. Novel analytical methods, emerging from genome-
wide technologies, such as the polygenic score and the GCTA analyses
are being applied to GWAS data in the hope to capture the full degree of
genetic influence in psychosis.
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