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Abstract

The last decade brought tremendous progress in the field of
schizophrenia genetics. As a result of extensive collabora-
tions and multiple technological advances, we now recog-
nize many types of genetic variants that increase the risk.
These include large copy number variants, rare coding inher-
ited and de novo variants, and over 100 loci harboring com-
mon risk variants. While the type and contribution to the risk
vary among genetic variants, there is concordance in the
functions of genes they implicate, such as those whose RNA
binds the fragile X-related protein FMRP and members of the
activity-regulated cytoskeletal complex involved in learning
and memory. Gene expression studies add important infor-
mation on the biology of the disease and recapitulate the
same functional gene groups. Studies of alternative pheno-
types help us widen our understanding of the genetic archi-
tecture of mental function and dysfunction, how diseases
overlap not only with each other but also with non-disease

phenotypes. The challenge is to apply this new knowledge
to prevention and treatment and help patients. The data
generated so far and emerging technologies, including new
methods in cell engineering, offer significant promise thatin
the next decade we will unlock the translational potential of

these significant discoveries. ©2018 S. Karger AG, Basel

Introduction

Schizophrenia: A Heterogeneous Phenotype

Schizophrenia is a common and serious psychiatric ill-
ness [1] affecting 0.5-1% of the population in early adult-
hood. Despite continuing progress, current treatments
continue to have significant side effects and inconsistent
efficacy across patients. The disease remains incurable,
with the best outcome being the control of symptoms and
preservation of sufficient functionality and indepen-
dence.

Schizophrenia is a disease with remarkable phenotyp-
ic heterogeneity. The symptoms are generally divided
into three categories [2]. Positive symptoms, with which
the general public is most familiar, include hallucinations
and delusions of varying content, and are perhaps the
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most disruptive. Negative symptoms include lack of mo-
tivation, anhedonia, and flat affect. Cognitive symptoms
such as defects in attention, concentration, working
memory, and critical thinking are the most incapacitat-
ing, leading to significant disability [3]. Each patient can
have a different mix of the three types of symptoms lead-
ing to an overall highly heterogeneous phenotype. Affec-
tive symptoms may combine with the classic symptoms
of schizophrenia leading to schizoaffective disorder,
which some genetic researchers categorize with schizo-
phrenia and others with bipolar disorder (BD). Heteroge-
neity also manifests in the patients’ response to medica-
tion, frequently resulting in multiple changes in treat-
ment strategy during the course of the illness as patients
navigate through ineffective treatments [4]. It is clear that
schizophrenic patients would benefit considerably from
a robust prediction of their response through individual-
ized medicine. A good understanding of the underlying
genetics, the importance of environmental factors and
the interaction of the two, along with careful clinical char-
acterization may achieve that in the not so distant future.

Heritability and Environment

It has long been recognized that schizophrenia runs in
families, noted in the first detailed description of the dis-
ease by Bleuler in 1911 [5]. Figure 1 shows the concor-
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dance rates between different degrees of relatedness (data
from McGue and Gottesman [6]) demonstrating the in-
crease from the population prevalence of close to 1% in
unrelated spouses to 44% in monozygotic twins. Formal-
ly, the heritability of the disease has been calculated at
>80% [6, 7], making genetic makeup the most important
factor for developing the disease.

In addition to the importance of genetics, the environ-
ment also plays a major role in the risk to develop schizo-
phrenia. Environmental factors explain the significant
non-heritable fraction of the disease variance; they are
also likely to be easier to control and modify than genetic
factors. Multiple studies have already implicated a diverse
array of environmental factors that increase the risk to
develop schizophrenia. These include social factors such
as migrant status (odds ratio [OR] = 2.3 [8]) and urban
environment (OR = 2.3 [9]), and pre- and perinatal fac-
tors such as maternal malnutrition (OR =2 [10, 11]) and
birth month (OR = 1.07 for those born in winter or spring
[12]). Finally, there are many studies suggesting increased
risk accompanying infections such as toxoplasmosis, ru-
bella, influenza, herpes, and others [13, 14]. It appears
from these associations that stress, whether in utero, at
birth, or during life, is an important determinant of risk
for schizophrenia. These environmental factors are also
likely to interact with genetic variation, increasing the
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risk only in their presence. One such replicated example
has been reported for CMV infection and common vari-
ants near the CTNNA3 gene [15, 16]. Knowing these re-
lationships will become increasingly important as we
learn more about the genetics of the disease, allowing us
to achieve individualized prevention and treatment strat-
egies and move precision medicine into psychiatry.

Negative Selection

An interesting, though not unexpected, observation is
that patients with schizophrenia have significantly fewer
children compared to the general population [17, 18, 19].
In theory, this should be generating an enormous nega-
tive selective pressure quickly removing risk alleles from
the population; however, the disease maintains a relative-
ly high heritability and prevalence at ~1%. The reasons
for this paradox remain unclear and have sparked much
debate and speculation. Among possible explanations are
balancing selection favoring genotype diversity; advan-
tage for those who carry the allele but do not get sick;
changing environments that expose or protect cryptic
variation; or quick replenishment by new mutations, in
view of the possibility that disruption of thousands of dif-
ferent genes may be able to lead to disease [20, 21, 22].
The results of genome-wide association studies (GWAS)
that we will discuss below support this highly polygenic
architecture. In addition, GWAS results are consistent
with theoretical predictions [23] that common schizo-
phrenia alleles can only show low odds ratios because of
this negative selection. This observation, which has the
consequence that GWAS variants explain very little ge-
netic variance, has led some health scientists to challenge
the value of GWAS. This, however, is a narrow view of the
value of these results. Common variants that survive se-
lection might have small effects on risk, but pharmaco-
logical interventions can be designed to have a larger ef-
fect on the gene regulation, its product or the related
pathway, providing major benefits.

Early Days: Linkage, Candidate Genes, and Lack of

Replication

The polygenic nature of schizophrenia has been sus-
pected and debated for a long time [24, 25, 26]. Hoping
that at least some families might segregate a single dis-
ease-causing variant, or that the overall number of such
variants is limited, numerous linkage studies have tested
both parametric and non-parametric approaches. Start-
ing as early as 1972, Elston et al. [27] reported possible
linkage of schizophrenia with specific blood groups, and
many other linkage studies followed. Unfortunately, most
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were met with disappointment, almost always showing
weak results and often failing to replicate one another.
The same was true for the first association studies that
focused on candidate genes or followed up previous link-
age results. At the time, we did not appreciate the large
number of risk variants underlying schizophrenia and the
small contribution these variants have on the risk. The
studies of the era were vastly underpowered and often
produced no or false positive results. Only now that we
have succeeded in identifying true schizophrenia risk
variants have we come to appreciate the serious limita-
tions of earlier work. Very few of the early gene findings
remain under investigation today, and those that do are
not because of robust evidence for a role in the disease,
but rather because of continuing interest in their function
revealed by the work initially triggered by the associa-
tions.

In this review, we will focus on genetic variation show-
ing robust associations with schizophrenia, including
high-penetrance rare variants and low penetrance com-
mon variants. We will then describe transcriptomics
work, an alternative approach to the genetics of the dis-
ease, and the use of alternative phenotypes termed endo-
phenotypes, which is widening our understanding of the
dimensionality of mental illness. Finally, we will discuss
how cutting-edge technologies are opening new direc-
tions in the ways we can experimentally model the dis-
ease.

High-Penetrance Genetic Variation

Chromosomal Abnormalities and Copy Number

Variation

At the same time that linkage and association studies
were not providing the desired results, a strong link be-
tween a deletion syndrome and schizophrenia was receiv-
ing increasing attention. A recurrent deletion in chromo-
somal band 22q11.2 causing a phenotype called velo-car-
dio-facial syndrome (VCEFS) was noted to be often
accompanied by psychosis [28]. In addition, following
the reports of this comorbidity, deletion screening of
schizophrenia patients showed that some had the 22q de-
letion but were not diagnosed with VCEFS because of their
mild features [29, 30]. Most recently, in a large sample of
21,094 cases and 20,227 controls, this deletion was deter-
mined to increase the risk of carriers 68-fold and to be
present in 0.3% of individuals diagnosed with schizo-
phrenia [31]. The deleted region includes more than 50
genes including the highly cited catecholamine-degrad-
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Table 1. CNVs that reach significance in the largest case/control CNV analysis to date as reported by Marshall et al. [31] and have been

previously reported

Locus (gene) Risk allele Cases Controls OR (95% CI) BH-FDR
(n=21,094) (n=20,227)
22ql11.21 Loss 64 1 67.7 (9.3-492.8) 3.54 x 10713
16p11.2, proximal Gain 70 7 9.4 (4.2-20.9) 5.82 x 10710
2p16.3 (NRXN1) Loss 35 3 14.4 (4.2-46.9) 3.52 x 1077
15q13.3 Loss 28 2 15.6 (3.7-66.5) 2.22%x107°
1q21.1 Loss + gain 60 14 3.8(2.1-6.9) 0.00011
3q29 Loss 16 0 INF 0.00024
16p11.2, distal Loss 11 1 20.6 (2.6-162.2) 0.0029
7q11.23 Gain 16 1 16.1 (3.1-125.7) 0.0048
22q11.21 Gain 3 16 0.15 (0.04-0.52) 0.024
15q11.2 Loss 98 50 1.8 (1.2-2.6) 0.044
7p36.3 Loss + gain 20 6 3.5(1.3-9.0) 0.046

The location, allele of higher risk, number detected in cases and controls, odds ratio (OR) with 95% confidence interval (CI) and the

Benjamini-Hochberg false discovery rate (BH-FDR) are shown.

ing enzyme gene COMT. The deletion is recurrent and is
due to flanking low copy repeats that mediate unequal
meiotic crossing over [32]. There are multiple repeats in
the 22q11.2 region so the deletion can vary in size, the
most common (90%) being ~3 Mb followed by ~1.5 Mb
deletions (8%) [33, 34]. Interestingly, the reciprocal du-
plication has been reported to be protective against
schizophrenia [35].

While the 22q11.2 deletion was the first to be discussed
in schizophrenia, the ever-increasing use of microarrays,
whether for CNV detection or for genotyping, provided
data that allowed us to recognize more and smaller copy
number variants (CNVs). As a result, many additional
CNVs have now been reported to be associated with
schizophrenia. These are described in detail below and
summarized in Table 1, which includes those that reach
significance in the largest case/control CNV analysis to
date, on 41,321 cases and controls [31] and have been pre-
viously reported.

The 16p11.2 region first received attention after an as-
sociation of its deletion with autism [36]. Later, it was
shown that the reciprocal duplication is associated with
schizophrenia [37]. Interestingly, the deletion and dupli-
cation show opposite effects on intracranial volume,
brain size, compartmental measures of gray and white
matter, subcortical structures, and the cerebellum [38,
39]. They also show reciprocal effects on head circumfer-
ence [40] visual evoked potential amplitude [41] and BMI
phenotypes [42]. It has been suggested that the major
driver of the neuroanatomical phenotypes may be the
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gene KCTD13 which has been implicated in long-term
positioning and dendritic maturation of cerebral cortical
neurons [43]. A more distal and smaller region on 16p11.2
has also been implicated in schizophrenia when deleted
[44, 45], as well as in developmental delay and obesity
[45]. The 2p16.3 deletion was first identified by compara-
tive genome hybridization and disrupts the NRXN1 gene
encoding neurexin 1 a presynaptic cell adhesion molecule
which interacts with neuroligins to induce synapse for-
mation and maturation [46, 47]. The initial association
with schizophrenia was confirmed soon after by a larger
SNP array-based study [48]. The deletion at 15q13.3 was
reported to cause mental retardation and seizures [49]
before being associated with schizophrenia [47, 50], and
two childhood-onset schizophrenia cases with duplica-
tions at this locus have also been reported [50]. It contains
the CHRNA?7 gene encoding the A7 nicotinic acetylcho-
line receptor, previously linked to many psychiatric phe-
notypes including schizophrenia [51]. The 1q21.1 CNV
was first reported by the International Schizophrenia
Consortium to increase the risk when deleted [52] and
later the reciprocal duplication was also found in excess
[31, 53] in schizophrenia patients. Like the 16p11.2 CNV,
reciprocal phenotypes have been described for the 1q21.1
CNV. Deletion and duplication cause microcephaly and
macrocephaly, respectively, and schizophrenia is only
one of many associated neurodevelopmental phenotypes
[54]. The 3q29 deletion was first described to cause men-
tal retardation, with slight dysmorphic facial features [55]
and in some cases autism [56] and was later linked to
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schizophrenia [57-59]. The 7q11.23 duplication is recip-
rocal to the Williams-Beuren syndrome deletion [60] and
in addition to schizophrenia has been associated with au-
tism, language delay, and mental retardation [61]. Finally,
the 15q11.2 is also associated with developmental and
language delay, mild dysmorphic features, autism, and
seizures in addition to schizophrenia.

Many additional, perhaps more rare CNVs or CNVs
with smaller odds ratios are likely to be below our current
detection threshold and are not on this list. Their exis-
tence however is supported by the overall enrichment for
CNVs in cases compared to controls, even after exclud-
ing those reaching significance [31]. Additionally, it is
thought, largely due to the likely negative selection of
these high-risk variants, that CNV leading to schizophre-
nia often occur de novo and can be recurrent due to flank-
ing low copy repeats, which has been directly demon-
strated at least for a subset of those reported in Table 1
(22q11.2, 3929, 15q11.2, 15q13.3, and 16p11.2) [62, 63].

An important observation is that these CNVs include
both gains and losses of genetic material, and are often
also associated with autism and/or intellectual disability.
The associations are often with reciprocal alleles (22q,
16p) but sometimes they are with the same CNV allele.
This not only supports the notion of genetic overlap be-
tween psychiatric disorders (see below) but also adds a
level of complexity showing that for specific loci the al-
lelic effects can be different. Overall, within CNV regions
in schizophrenia there is excess of genes involved in axon
guidance, nervous system development, genes coding for
targets of the RNA-binding protein FMRP (responsible
for Fragile X syndrome) and for proteins of the activity-
regulated cytoskeletal (ARC) complex involved in learn-
ing and memory [31].

A special case of chromosomal rearrangement that has
been linked to schizophrenia is the DISCI locus. A bal-
anced 1g43:11q14 translocation has been described in a
large Scottish pedigree with multiple psychiatric pheno-
types including schizophrenia. The pedigree showed sig-
nificant genetic linkage between the disease and the trans-
location [64] which disrupted two genes, DISCI on chro-
mosome 1 and DISC2 on chromosome 11. Of the two,
DISCI is the gene that appears most relevant [65]. A later
study also identified a frameshift mutation in DISCI seg-
regating in an American family with schizophrenia and
schizoaffective disorder [66], and there has been a sig-
nificant volume of research on the gene’s function sup-
porting its importance in cortical development [67]. The
initial DISCI report has also been followed by numerous
association studies with mixed results and significant
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controversy regarding its role in schizophrenia [68, 69].
The gene also shows no association with schizophrenia in
large GWAS [70], which suggests it contains no common
alleles that increase the risk, but does not exclude its in-
volvement in disease through rare highly penetrant varia-
tion like the 1q43:11q14 translocation and the reported
frameshift mutations [66]. The strong linkage results, but
most importantly the large volume of functional informa-
tion that has now accumulated and linked the gene to
brain development, certainly makes its study worthwhile.

Rare and de novo Variation

In the last decade, new technologies have made se-
quencing of the entire exome or genome much more af-
fordable, having a significant impact on the strategies used
to study complex diseases including schizophrenia. Hy-
pothesizing the existence of rare or de novo variants that
have a strong impact on the risk, many investigators have
sought them by sequencing case/control cohorts or par-
ent-patient trios. However, despite the recent price reduc-
tion, the cost of sequencing remains significant and the
size of the sequenced cohorts lags behind those studied in
GWAS. This, along with the low frequency of such vari-
ants, leads to insufficient power at the gene level. Investi-
gators have worked around this limitation by exploring
the burden of likely functional variants across schizophre-
nia-related gene groups. In addition to the limitations of
the “candidate pathway” approach and the uncertainties
regarding gene group membership, a number of arbitrary
thresholds are typically set to filter the variants by allele
frequency and evidence of function. Nevertheless, there
have been interesting results that are consistent with the
results of both CNV and GWAS studies.

In one of the first exome sequencing studies, Girard et
al. [71] analyzed the exomes of 14 schizophrenia pro-
bands and their parents and reported an excess of exonic
de novo mutations, a result that was confirmed almost
simultaneously by an independent study of 52 cases by Xu
et al. [72]. Soon after, Xu et al. [73] followed up in 231
cases re-iterating the higher prevalence of gene-disrup-
tive de novo mutations and reporting recurrent muta-
tions in four genes (LAMA2, DPYD, TRRAP, and VPS39).
Sequencing 623 schizophrenia trios, Fromer et al. [74] re-
ported increased de novo mutation burden in select
groups of genes, namely those encoding proteins closely
associated with N-methyl-D-aspartate (NMDA) recep-
tors and proteins that interact with the activity-regulated
cytoskeleton-associated protein ARC, reiterating the re-
sults of CNV studies. They also reported recurrence for
the TAF13 gene. McCarthy et al. [75] studying 57 schizo-
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phrenia trios reported de novo mutations in genes in-
volved in chromatin remodeling and previously impli-
cated in autism and intellectual disability, re-iterating the
disease overlaps reported for CNVs. Studying both au-
tism and schizophrenia, Takata et al. [76] extended these
results to include synonymous variants that overlap
brain-derived DNase hypersensitivity sites, genomic sites
where chromatin is open, suggesting functional signifi-
cance. One of the genes they identified, SETD1A, showed
two loss-of-function and one synonymous de novo muta-
tion. In a different approach to the question, Gulsuner et
al. [77] mapped the mutated genes onto transcriptome
profiles measured in normal human brains aged between
the 13th week of gestation and adulthood. They found
that mutated genes mapped on transcriptional coexpres-
sion and protein interaction networks involved in regula-
tion of transcription, cellular transport, signaling, neuro-
nal migration, and synaptic transmission.

In addition to de novo variation, sequencing studies
have also explored the contribution of rare, segregating,
potentially functional variants with relatively large ef-
fects. Need et al. [78] followed a two-step approach, iden-
tifying rare variants from sequencing data on 166 indi-
viduals with schizophrenia and genotyping these in a
larger sample of 2,617 cases and 1,800 controls; none of
the variants showed study-wide significance. They con-
cluded that such rare variants are unlikely to be a major
risk factor for schizophrenia. Timms et al. [79] sequenced
5 families segregating schizophrenia and reported that
each of them had a segregating rare variant in 1 of 3 genes
associated with the NMDA receptor. In 2 separate stud-
ies, Ruderfer et al. [80] and Rees et al. [81] explored the
contribution of recessive and compound heterozygous
rare likely functional variants but neither was able to
show a significant contribution; however, a number of
possible limitations including sample size do not allow
definite conclusions from these negative results. Guip-
poni et al. [82] sequenced 53 individuals with sporadic
schizophrenia, and while they reported 18 putative can-
didate genes, they did not observe overall enrichment of
variants in the patients. Using a much larger sample of
2,536 schizophrenia cases and 2,543 controls, Purcell et
al. [83] reported a high polygenic burden of very rare dis-
ruptive mutations in schizophrenics. While no individu-
al gene test achieved study-wide significance, they showed
enrichment in genes related to voltage-gated calcium
channels and the ARC-associated proteins, once again
supporting the same enrichments observed with CNVs.
In an even larger study of 4,946 patients and 6,242 unaf-
fected controls, Genovese et al. [84] reiterated the highly
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significant excess of ultra-rare gene-disruptive variants,
particularly in genes expressed in neurons. The corre-
sponding RNAs included many known to interact with
synaptic proteins, so they concluded that these rare ge-
netic variants disrupt synaptic function. Most recently,
Leonenko et al. [85] reported on 10,011 schizophrenia
cases and 13,791 controls. They found that in schizophre-
nia, genes intolerant of loss-of-function variation and
genes whose RNAs bind FMRP, similar to CNV results,
carried an excess of rare alleles with minor allele frequen-
cy less than 0.1%. The only individual gene to show study-
wide significant enrichment for rare loss-of-function
variants is SETDIA, specifically suggesting a role for epi-
genetic dysregulation in the histone H3K4 methylation in
schizophrenia [86].

Overall, the evidence of a role of rare and de novo mu-
tations in schizophrenia is overwhelming, and involves
some of the same functional categories with genes impli-
cated by CNVs, although their overall contribution to dis-
ease is modest. The limited examples of recurrent hits of
the same gene with de novo mutations, suggests that the
number of genes involved in schizophrenia is quite large.
The penetrance of these de novo variants and the extent
to which their expression depends on the rest of the ge-
nome and the environment remains unknown, and re-
quires large sample sizes to study. A limitation of current
sequencing studies is that although they make a valid
point on the involvement of rare or de novo variants,
what they show is deviations from the expected number
of such variants; they do not yet point to specific variants
that increase the risk with enough certainty to warrant
investing resources on follow-up. This however is likely
to change as sample sizes increase.

Common Low-Penetrance Variants and GWAS

Following a seminal paper from Risch and Merikangas
in 1996 [87] showing that in complex disorders GWAS
have far superior power than genome-wide linkage stud-
ies, it became clear to the scientific community that this
is the preferred way to map genes for diseases like schizo-
phrenia. Initially, the major obstacle to performing a
GWAS was the cost of genotyping. Once new technolo-
gies changed this, another problem became evident: sam-
ple size. The effect sizes of risk alleles turned out to be
much lower than expected and, with few exceptions, a few
hundred or even thousand samples were not enough for
sufficient statistical power. The first GWAS for schizo-
phrenia to adequately cover the genome in a relatively
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large collaborative case/control sample was published in
2008 [88]. Following a two-step analysis to reduce geno-
typing cost, and including BD patients in an effort to in-
crease power, this study reported a single association
around the ZNF804A gene, a gene that has been replicat-
ed in subsequent studies. This was followed by a larger
study combining data from multiple others to reach
~13,000 cases and 35,000 controls and reporting three
genomic loci including the Human Leukocyte Antigen
(HLA) region on chromosome 6 and near the genes TCF4
and NRGN on chromosomes 18 and 11, respectively [89].
At the same time, the International Schizophrenia Con-
sortium also reported on the HLA association as well as
significant genetic overlap with BD [90]. After these stud-
ies, smaller groups began consolidating collected samples
and genotypes of patients and controls into larger consor-
tia. Efforts such as the Molecular Genetics of Schizophre-
niacollection(clinicaltrials.gov/ct2/show/NCT00006418)
and the Genetic Association Information Network
(GAIN;  www.genome.gov/19518664/genetic-associa-
tion-information-network-gain/) were developed in or-
der to achieve the statistical power necessary for robust
discovery. The biggest collaborative consortium, the Psy-
chiatric Genomics Consortium (PGC), was started in
2007, and according to its website (http://www.med.unc.
edu/pgc/pgc-workgroups) its schizophrenia group cur-
rently includes over 400 investigators from 40 countries.
The PGC published its first GWAS in 2011 identifying
five new loci for schizophrenia using a discovery sample
of 21,856 Europeans and 29,839 independent subjects for
replication [91]. Many other important papers followed
until most recently in 2014 they published on 36,989 cas-
es and 113,075 controls [70], reporting 108 significant
loci that represent 128 independent association signals,
83 of which had not been previously reported. The au-
thors mapped the variants onto epigenetic marks charac-
teristic of active enhancers in 56 tissues and cell lines. As
expected, they found enrichment in brain tissue enhanc-
ers (highest in midfrontal and angular gyrus), but also in
tissues with important roles in immunity (highest in
CD19 and CD20 B cells). The same group also developed
an analytical framework to use summary statistics data
from this GWAS to identify and rank common gene/
functional pathways between schizophrenia, BD, and
major depressive disorder (MDD). They reported asso-
ciations for the histone methylation pathway as well as for
immune and neuronal signaling and postsynaptic density
[92]. Li et al. [93] have recently added 30 new loci to the
PGC results by adding a large Chinese sample of ~36,000
individuals and combining them with the PGC data in
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meta-analysis. The PGC has also continued increasing
their sample size and at the 2017 World Congress of Psy-
chiatric Genetics, they reported the identification of 248
genome-wide significant loci, confirming the speculation
that a large number of genes are likely involved in schizo-
phrenia, and providing the basis for a tremendous amount
of future work on the etiology of schizophrenia. It should
be noted that while combining samples through consortia
has tremendous value, there is also the limitation that it
is hard to replicate every finding in an independent com-
parable sample. However, the persistence of signals con-
stitutes equally strong validation to independent replica-
tion. For example, the original association in ZNF804A
on 20,142 samples [88] moved from a p value of 1.61 x
107 to 7.13 x 107'? with the 5-fold sample increase to
113,075 samples [70], suggesting it is highly unlikely to be
a false positive. Each new sample increase brings new can-
didate associations forward while validating many of the
previously reported.

In addition to identifying multiple reliable associa-
tions, the advent of GWAS also has led to a novel ap-
proach in the study of the genetics of complex diseases,
the development of polygenic risk scores (PRSs). The
International Schizophrenia Consortium, a consortium
that included many of the original members of the PGC
schizophrenia working group, was the first to use PRSs.
In a paper reporting an early schizophrenia GWAS that
identified the HLA locus as mentioned above, the authors
performed an additional analysis where they used the
GWAS results as a reference dataset to calculate PRSs on
other independent datasets [90]. In a first step, the meth-
od selects variants from the GWAS at some significance
threshold and assigns to their alleles the observed effect
on risk. Then, based on the genotypes of the individuals
in the target data set at these loci, it calculates a PRS for
each individual. While most of the selected loci are not
genome-wide significant, and many are false positives,
those will have random effect size and direction; so, final
score is mostly driven by true risk loci (for a review on
PRSs, see Maher [94]). In the original paper, the author
used this method to formally demonstrate a long-sus-
pected genetic overlap between schizophrenia and BD
that is also supported by CNV and rare variant data. The
polygenic scores also became a tool for other explorations
in the genetic architecture of schizophrenia and its rela-
tionship to other phenotypes. Hamshere etal. [95] showed
an overlap of schizophrenia PRS with attention-deficit
hyperactivity disorder (ADHD), while the Cross-Disor-
der Group of the PGC published on overlaps across five
disorders, autism, ADHD, BP, MDD, and schizophrenia
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showing strongest overlaps between schizophrenia BP
and MDD [96]. Others have shown positive correlations
of schizophrenia PRS with the risk for posttraumatic
stress disorder [97], addiction [98], and cortical thinning
in patients [99]. In contrast, a large study from Iceland
found that an increased score correlated with higher cre-
ativity, using membership in artistic societies and creative
profession as a proxy [100]. It is clear both from PRSs and
from the results of CNV and rare variant analyses that the
roles of some genes cut across multiple clinical diagnoses.
It may be that subset variants confer risk for specific dis-
eases while others affect general mental health robust-
ness, while yet others do not increase the risk per se but
only the outcome following loss of robustness. A recent
study on a large sample (n = 14,000) of BD patients and
controls showed that only 22 of 107 leading schizophre-
nia SNPs reached nominal significance [101]. While this
is more than expected by chance, it clearly demonstrated
that not all variants are important across diseases. As the
reference GWAS and the target samples become larger,
PRSs will gain power that may allow us to understand
how behavioral and other phenotypes relate to each other
at the level of the gene. For a recent review of the applica-
tion of PRS on schizophrenia-related phenotypes, see
Mistry et al. [102].

Having identified over 100 robust association signals
for schizophrenia is a tremendous achievement and dem-
onstrates the power of collaboration in science. However,
the true benefits of these discoveries will only be realized
once we begin to understand the disease mechanisms that
underlie these associations. There are a number of ob-
stacles in this path forward. First, most associated vari-
ants disrupt regulatory sequences as demonstrated by the
lack of coding variation in linkage disequilibrium (LD).
In contrast to coding sequences, we know very little about
the rules governing regulatory sequences and the many
association signals per locus due to LD; this makes it dif-
ficult to identify the biologically relevant variant. It is also
often not clear which gene(s) and which isoform(s) are
regulated by such variants and under what conditions or
at what time during development the regulation is occur-
ring. In the GTEx database for example (commonfund.
nih.gov/gtex, www.gtexportal.org/home/), many of the
GWAS variants are not identified as eQTLs in the includ-
ed tissues, while many others are eQTLs for multiple
genes across many tissues. Further, eQTLs that only affect
splicing or are only active at specific times/conditions
may be near invisible. Another obstacle is that the effect
of GWAS variants on the risk is quite small, with most
carriers of risk alleles being healthy. It is therefore un-
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likely to observe a phenotype even if one could imitate the
exact same biological effect in a model organism. Apply-
ing more extreme disruptions such as gene knockouts
might give a phenotype but reduces the credibility of the
conclusions.

Despite the obstacles, new disease biology is already
emerging from the GWAS results. Beyond the group en-
richments and network analyses described above, many
studies have begun to link variants to specific genes as
eQTLs and experimentally follow them up to understand
the biological consequences of these variants. Examples
include signals near ZNF804A [103, 104], TCF4 [105],
and CACNAIC [106, 107]. The most detailed and well
publicized such study has been that of Sekar et al. [108] in
the HLA region. The authors investigated the strongest
signal from the PGC GWAS and found that the associ-
ated SNPs were proxies for the genomic structure of a
nearby gene, C4A, which along with C4B show structur-
ally diverse alleles. These alleles correspond to differences
in the expression levels of the genes, which in turn lead to
differences in synaptic pruning as the authors demon-
strated by modeling in mice. A connection between
schizophrenia and synaptic pruning was first made hypo-
thetically 35 years ago [109] and the involvement of the
complement has also been reported [110]. The work of
Sekar et al. [108], took advantage of the GWAS results to
provide some of the strongest support for this hypothesis
to date.

With 108 loci to investigate and more than twice that
expected as the PGC continues to expand their sample
size, there is a lot of work to be done. The vision of biol-
ogy-based psychiatry is becoming a reality. As we under-
stand the basis of each genetic association, their common
elements, the differences between them, and their inter-
play with the environment, we will likely soon make leaps
in prevention, treatment, and management tailored to the
individual patient.

Insights from Transcriptome Studies

The study of the transcriptome has only been possible
in the last two decades with the advent of microarray tech-
nologies [111], which have been replaced more recently by
transcriptome sequencing. There have been numerous
studies attempting to characterize the schizophrenia tran-
scriptome, with the first study on postmortem brain tissue
of schizophrenics appearing in 2000 [112] and reporting
abnormalities in presynaptic function. Subsequent studies
have shown fairly consistent results incriminating mito-
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Table 2. Gene categories supported by more than one independent approach

Study subject FMRP ARC NMDA receptors Synapse Immunity  CNS development
CNVs v v v

De novo variants v

Rare variants v v v v

Common variants (GWAS) N N

Transcriptome v v v v v v

See text for details.

chondrial function and energy metabolism [113-117], ol-
igodendrocyte function [117-121], immunity-related
genes [117,122-128] and GABA neurotransmission [117,
129]. A study by Cohen et al. [130] implicated alternative
splicing in schizophrenia by showing differential expres-
sion of particular exons and 3’ untranslated regions, a re-
sult that was supported by an independent study from
Oldmeadow etal. [131] and later another independent ob-
servation by Takata et al. [132], who found enrichment of
splicing QTLs among schizophrenia-associated loci. Also
studying schizophrenia-associated loci, Birnbaum et al.
[133] showed that they were enriched for genes tran-
scribed during fetal life, supporting a developmental ori-
gin of the disease. The same finding was independently
reported a year later by Ohi et al. [134]. Jaffe et al. [135]
mapped DNA methylation across development and found
2,104 CpGs differing between schizophrenia patients and
controls. These were enriched for brain development and
neuronal differentiation genes, and were often located at
GWAS schizophrenia risk loci. Ellis et al. [136] studying
both autism and schizophrenia brains found significant
excess of shared sets of downregulated genes between
them, adding to the evidence of etiological overlaps be-
tween psychiatric disorder. Finally, using data from the
CommonMind Consortium (commonmind.org) Fromer
et al. [137] showed that ~20% of schizophrenia loci have
variants that alter gene expression. In cases where a single
gene was involved (FURIN, TSNAREI1, CNTN4), they
showed that altering its expression changed neurodevel-
opment in zebrafish. Using gene coexpression network
analysis, they showed support for gene networks involved
in neurobiological functions that had already been sug-
gested by other studies like the ARC protein complex, tar-
gets of FMRP, neuronal markers, postsynaptic density
proteins, and NMDA receptors. Most recently, Gandal et
al. [138] applied transcriptomic analysis to further explore
the overlap between psychiatric disorders. They identified
patterns of both shared and distinct gene expression per-
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turbations and similar to reported polygenic overlaps,
they found strong overlaps with BD autism and MDD in
order of overlap strength and reported specific expression
patterns.

Three other studies have used the transcriptome as a
readout to characterize the biological consequences of
schizophrenia-associated genes. Chen et al. [103] studied
the ZNF804A gene by analyzing the effects of a gene
knockdown in neurons derived from human induced
pluripotent stem cells and reported enrichment of down-
regulated genes involved in interferon signaling. Pham et
al. [139], following up on their own linkage, association,
and functional data [140-142], modified an isoform-spe-
cific promoter of the DPYSL2 gene by CRISPR/Cas9 and
found a complementary effect to transcriptomic changes
induced by antipsychotics, enrichment in immune sys-
tem process genes, as well as a significant overlap with the
results of Chen et al. [103]. This last point is of interest as
it connects ZNF804A and DPYSL2, two genes that have
no other known functional connection other than their
associations with schizophrenia. Finally, Hill et al. [105]
knocked down the schizophrenia-associated gene TCF4
and reported that this resulted in RNA-level changes of
genes involved in the cell cycle and the proliferation of
human cortical progenitor cells.

Across different study designs exploring CNVs, rare
variants, de novo variants, common variants, or the dis-
ease transcriptome, it is clear that certain gene groups and
pathways appear repeatedly. Table 2 lists the groups that
are supported by more than one independent type of
study.

Intermediate Phenotypes/Endophenotypes
Endophenotypes are a concept initially described by

Gottesman and Shields [24] as internal phenotypes dis-
coverable by a “biochemical test or microscopic examina-

Mol Neuropsychiatry 2018;4:35-51 43
DOI: 10.1159/000488679


http://dx.doi.org/10.1159%2F000488679

tion.” They are phenotypes that are not immediately ob-
servable, but can be related to a disease because they are
present in patients and sometimes their non-affected rel-
atives as a presumed consequence of higher penetrance of
the endophenotype compared to the disease phenotype.
The initial idea behind their study was that endopheno-
types may be the result of a subset of the many disease
genes and may have higher expressivity, making it easier
to identify these genes. This approach has been success-
fully used in diseases other than schizophrenia. A promi-
nent example is the identification of genes for long QT
syndrome, an endophenotype for syncope, ventricle ar-
rhythmias, and sudden death [143, 144]. Other terms that
have been used in place of endophenotype include “inter-
mediate phenotype,” “biological marker,” “subclinical
trait,” and “vulnerability marker” [145]. The concept is of
particular interest for psychiatric diseases for the addi-
tional reason that it may provide an objectively measur-
able phenotype. It is closely related to the Research Do-
main Criteria (RDoC) in psychiatric research, an NIMH
project to create a research framework for genomics and
neuroscience aimed to eventually inform classification
schemes [146]. Some of the major endophenotypes that
have been studied for schizophrenia are sensory motor
gating, eye-tracking dysfunction, working memory, and
executive cognition [3].

There have been many studies looking for linkage and
associations between schizophrenia endophenotypes and
common genetic variation. The largest effort to investi-
gate endophenotypes and identify linkage with schizo-
phrenia has been the Consortium on the Genetics of
Schizophrenia (COGS), a 7-site study funded by the Na-
tional Institute of Mental Health. They have reported on
the significant impairment of P50 inhibition [147], pre-
pulse inhibition [149, 149], verbal declarative memory
[150, 151], and working memory in schizophrenic pa-
tients and relatives compared to controls, and they identi-
fied smoking status as a moderator in the latter [152]. Pos-
itive but weaker results were also reported for the antisac-
cade task performance [153] and reduced auditory P300
amplitude [154]. A linkage analysis of their 12 phenotypes
identified a LOD score of 4.0 on chromosome 3p14 for the
antisaccade task but no other genome-wide significant re-
sult [155]. Heritability analysis in the COGS-1 family sam-
ple has shown comparable levels between endopheno-
types and psychotic disorders [156]. More recently, the
group has reported on new endophenotypes from mea-
sures derived from the original endophenotype tests find-
ing nine to be significantly heritable and discriminate be-
tween schizophrenia patients and controls [157].
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As GWAS are currently the state-of-the-art and pro-
vide much more reliable results, we will not report on the
multiple candidate gene association studies. Unfortu-
nately, GWAS for schizophrenia endophenotypes have
generally been limited in sample size. One of the first
GWAS examined 11 cognitive phenotypes in 750 subjects
but did not find genome-wide significant associations
[158]. Hatzimanolis et al. [159], in a GWAS on multiple
endophenotypes in young male adults that also did not
show genome-wide significant results, reported that
schizophrenia polygenic risk influences neurocognitive
performance, a result recapitulated by a study in child-
hood [160]. Roussos et al. [161] also showed that in addi-
tion to reduced cognition, increased PRS for schizophre-
nia was associated with reduced PPI validating this addi-
tional endophenotype. More recently, a meta-analysis by
the Cognitive Genomics Consortium (COGENT) report-
ed on a sample of 35,298 healthy individuals of European
ancestry [162]. They found polygenic correlations be-
tween cognitive performance, educational attainment,
several psychiatric disorders, birth length/weight, smok-
ing behavior and the personality trait of openness. Impor-
tantly, they also reported on some specific loci signifi-
cantly associated with general cognitive function. Finally,
schizophrenia-derived polygenic scores have also been
correlated with cortical gyrification, an additional poten-
tial schizophrenia endophenotype [163].

While endophenotypes were initially considered a way
to facilitate disease gene discovery, the results suggest that
their genetics are similarly complex. However, these re-
sults also highlight the value of polygenic scores in the
study of the genetics of schizophrenia and the underlying
polygenic architecture. With larger samples, we might be
able to better understand their relationships to schizo-
phrenia and how it relates to the underlying genetics. This
multifaceted approach to disease may prove to be key in
achieving individualized medicine and extending preci-
sion medicine into psychiatry.

Closing Remarks

The progress in the genetics of schizophrenia in the
last decade has been remarkable. We used to have not a
single known genetic risk variant or gene, and failure to
replicate prior reports was the norm. That was a difficult
period for psychiatric genetics investigators that still has
consequences to the way some view our field. Today, we
know of numerous robustly supported genetic variants,
perhaps more than we hoped for, as well as CNVs, and
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we have strong evidence for the involvement of rare and
de novo variants with stronger effects on the risk. To al-
low this progress, large consortia have undertaken the
recruitment of cohorts of several thousands of subjects,
whose genetic analysis has been made possible by tech-
nological advancements. As this important work contin-
ues, it is now time to make sense out of these hundreds
of risk factors and see how they can aid the fight against
disease.

Creating animal models for schizophrenia based on
the results of GWAS is challenging. The diagnosis in hu-
mans is made by interview, which requires verbal inter-
action, and there is no objectively measurable phenotype
such as a laboratory test. The GWAS variants are mostly
non-coding, which limits our ability to accurately reca-
pitulate them in other animals. In addition, even if the
effect of the GWAS variants could be accurately mim-
icked, their resulting increase in risk is so small that such
a mutant animal would be unlikely to show a phenotype.
On the other hand, rare variants of larger effect have a
level of uncertainty, as most studies report enrichments
across many genes rather than definite involvement of
individual variants. Studies in mice have employed
knockout or knock-in strategies for a variety of genes
with varying degrees of supporting evidence, and have
examined schizophrenia-related behavioral domains
and phenotypes similar to the endophenotypes described
above. Discussing them is beyond the scope of this re-
view, but there are many other excellent reviews of mouse
models, the insights they have provided, and the associ-
ated challenges [164-166]. More recently, new approach-
es to disease models are beginning to show significant
promise for schizophrenia research. The ability to ma-
nipulate human cells to induce pluripotency [167-169]
and differentiation [170, 171] and the achievement of ac-
curate and efficient genome editing [172-174] are ad-
vancements that may provide a powerful means to study
the biology underlying the risk. The major advantage is
that they allow us to work on a human genomic back-
ground and even to create human pluripotent cells that
differ only at specific risk variants. These can be differ-
entiated into the cell type of choice for phenotyping, or
even used to generate and study brain organoids [175].
The applications one can imagine are only limited by
what is ethical to do in a lab. The small effect sizes may
still be a problem, but others and we have shown that
when one works with modified or edited cells, small ef-
fect variants can lead to robust cellular phenotypes [103,
105, 139, 176]. These technologies are new, and there is
still much space for improvement, including editing ef-
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ficiency [177], uniform and specific differentiation [178,
179], the time needed for maturation, and the faithful
recapitulation of cortical circuits by organoids [180].
Nevertheless, the genetic findings are there and the tools
for us to understand them are rapidly evolving, giving
hope for significant breakthroughs within the next de-
cade.

Despite the successes and promise for the future, ob-
stacles in the biological interpretation of GWAS signals
in schizophrenia remain. It is significant to know of the
genes and variants leading to risk, but given the low odds
ratios, it is difficult to measure and resolve their down-
stream consequences that can lead to disease. While there
is no longer doubt these variants, either themselves of
those genotypically correlated to them, increase the risk,
they are certainly not deterministic and cannot be re-
ferred to as causal. Nevertheless the number of such vari-
ants is large and increasing. Cellular models and genome
editing may reveal aspects of their weak effects on neuro-
nal homeostasis, and similarities between them might
lead to the perturbed gene networks. Such discoveries are
likely not far down the road and could provide direct tar-
gets for intervention.

The agnostic nature of this type of genetics research
does not lend itself to evident narratives on the etiology
of the disease, which is reflected in this review. At the
same time though, it does not rely on existing knowledge
allowing surprising discoveries and breakthroughs. It
might be too early to make up the entire story from the
current discoveries but, as opposed to just a decade ago,
we are certainly on the way there.
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