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Schizophrenia, a challenging disorder
Schizophrenia (SCZ) is presenting as a highly heterogeneous disorder, with patients 
showing a wide range of symptoms in positive and negative mood as well as in cognitive 
domains1-3,6. Likewise, heterogeneity can be observed in the different environmental 
factors that have been associated with the disorder, including pre- and perinatal 
stressors and social stressors in adolescence1-3,6,12. Furthermore, underlying SCZ, 
genetic studies have revealed many genes, with both common and rare variants2,4,13,71,87. 
Several of these genes are involved in the regulation of the expression of other genes 
and proteins, examples being the endogenous regulatory microRNA miR137251 and 
the transcription factor TCF4252, adding an extra layer of genetic complexity to the 
disease. In addition, multiple mutually inclusive, theories for SCZ aetiology have been 
proposed, including the dopamine hypothesis49,50, the glutamate hypothesis49,51, the 
inflammation hypothesis52,53 and the neurodevelopment hypothesis54-56. Not only are 
these hypotheses mutually inclusive, but there is extensive evidence for interactions, 
e.g., between the dopamine and glutamate system74,75 or between neurotransmitter 
dysfunction and inflammatory84,85 or neurodevelopmental processes54. Finally, another 
layer of complexity comes from the shared genetic evidence for SCZ and other 
psychiatric disorders, such as autism spectrum disorder (ASD)89 and bipolar disorder 
(BD)90,108. Taken together, SCZ is a highly complex polygenic disorder with diverse origins 
and a multitude of symptoms, and researchers face many challenges when studying 
it.

Application of multilevel –omics approaches to untangle genetic complexity 
in SCZ
The complexity of SCZ can in part be addressed using multilevel analyses that take 
into consideration the many genes involved and their link to functional pathways and 
biology. More specifically, different large-scale –omics techniques can be integrated 
to develop new hypotheses for the study of complex disorders. In this thesis, I used a 
multilevel approach with the integration of cellomics, a medium throughput technique 
for the analysis of cellular morphology, with proteomics and transcriptomics, techniques 
for the analysis of molecular processes. More specifically, cellomics allows for efficient 
medium- to high-throughput screening of cellular phenotypes because it: i) uses fully 
automated image acquisition and analysis, ii) permits many experimental conditions to 
be tested in parallel, iii) enables the capture of both single cell and whole cell population 
morphological features, and iv) permits the simultaneous measurement of many cellular 
markers enabling the detection of a range of cell biological processes. In chapter 2, we 
showcase a workflow that, exploiting these advantages, maximizes both the statistical 
power and the reliability and reproducibility of the resulting data. Importantly, this 
cellomics workflow allows for an unbiased analysis of gene function, which is key to 
understanding the role of genes implicated by genetic studies of SCZ. In a second 
step, genes selected by cellomics can then be further investigated using proteomics 
or transcriptomics to identify proteins or genes that might co-explain the observed 
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cellular phenotypes. Proteomics has the advantage that it can reveal proteins that often 
have a direct relationship with the phenotypic changes observed, while transcriptomics 
may be more appropriate to study the effects of risk genes that encode, for instance, 
transcription factors or chromatin modifiers, which in first instance may alter mRNA 
levels. Proteomics and transcriptomics can look beyond the actual risk gene, and reveal 
entire molecular pathways that are associated with a risk gene of interest. These data 
are extremely useful to subsequently identify overlap between risk genes at the level 
of dysregulated pathways. Convergence of multiple risk-gene associated pathways onto 
protein or gene hubs is a good indication for shared disease mechanisms despite 
genetic heterogeneity. The analysis of proteomics or transcriptomics data, therefore, 
may result in the formulation of new testable hypotheses, with the identification of 
molecular modules and cellular pathways of importance for the development of the 
disorder. Finally, proteomics and transcriptomics results can be linked back to genetics 
in order to increase credibility of proposed risk genes or to pinpoint potential risk genes 
that have not yet reached significance in GWAS studies or otherwise.

In my thesis I presented three examples of multilevel –omics approaches for the 
investigation of SCZ risk genes. The aim was to fill the gap between genes and biology 
and to prove how an integrated multilevel -omics approach can be a powerful tool to 
shed light on a complex genetic disorder. We applied this multilevel analysis approach 
to different aspects of SCZ genetics, i.e., (i) the study of DISC1, a rare variant associated 
with SCZ and other neuropsychiatric disorders, (ii) the study of many common SCZ risk 
genes and (iii) the study of a SCZ-associated locus, the GRM3 locus.

1.  The DISC1 problem: loss- or gain-of-function?
Among the rare variants associated with SCZ and some other neuropsychiatric disorders 
is a balanced translocation identified from Scottish families and affecting the DISC193 
gene. DISC1 encodes for a scaffolding protein involved in different cellular processes, 
such as neuronal development and migration91,92,141-143, cytoskeletal function92,141, neurite 
outgrowth141,143,144, cAMP signalling92, synapse regulation and maturation91,141,144, and 
mitochondrial transport and regulation146,147. Disruption of the DISC1 gene results in 
a truncated DISC1 protein that may cause a loss-of-function phenotype, or in one or 
more fusion proteins with specific gain-of-function properties. In chapter 3, cellomics 
and proteomics data showed two distinct cellular and molecular phenotypes for 
neuronal cultures mimicking either the loss-of-function or gain-of-function condition. 
Disc1 knockdown in primary mouse neurons, mimicking loss-of-function, resulted 
in an increase in neurite outgrowth and the number of synapses per neuron, and a 
dysregulation of proteins involved in ‘neuronal projection’ and ‘synapse’ GO pathways. 
This phenotype is consistent with previous studies using knockdown of DISC1 or 
overexpression of the truncated form of the DISC1 protein137,141,142,145,172,174. Primary 
cultures from the mouse model mimicking the human translocation and expressing 
the corresponding DISC1 fusion proteins show a very different phenotype, with severe 
cell death as early as 7 days in vitro (DIV7) for the homozygous translocation, and 
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only a mild phenotype at DIV7 for the heterozygous translocation without significant 
alterations in dendrite length of synapse numbers.

 Our data suggest a model in which DISC1 loss-of-function is the primary cause 
of altered neuronal connectivity during brain development, whereas gain-of-function 
mechanisms, i.e. expression of DISC1 fusion proteins, may impose cellular stress and 
reduce neuronal viability. Interestingly, Malavasi et al.107 found that in primary cultures 
homozygous for the translocation, there is a significant increase in NMDAR transport 
and synaptic expression, as well as alterations in PSD-95 distribution107. These findings 
may be related to the synaptic phenotype that we observed after DISC1 knockdown, 
and may thus be caused by reduced expression of wildtype DISC1 rather than to 
the translocation. Malavasi et al. also performed RNAseq analysis on human DISC1 
translocation carriers and found an enrichment for SCZ and major depressive disorder 
(MDD) risk genes107, further confirming the pleiotropy of DISC1. DISC1 translocation 
carriers can suffer of a broad range of psychiatric disorders91,92,106. Moreover, DISC1 
is involved in several different biological pathways and has been shown to interact 
with many other proteins141,143,146,169,172,235-237,244,245. This pleiotropy suggested that 
DISC1 is actually not a SCZ specific risk gene, but instead may be a key protein that, 
if compromised, increases the risk for impaired brain development. Therefore, the 
DISC1 endophenotype may be considered a risk factor for several psychiatric disorders. 
Moreover, DISC1 studies have highlighted the importance of a circular approach among 
genetics and biology: the study of its huge interactome and of its associated biological 
pathways may help define key processes for brain development and may help identify 
new risk genes involved in these specific pathways.

2. Three common variant schizophrenia risk genes converge onto 
STX1A-mediated transmitter release

Among SCZ risk genes are many common variant genes. The study of the common 
variants associated with SCZ is challenging, as each variant is predicted to have a 
minor contribution to the phenotype. The use of a multilevel approach can help 
overcome these challenges to some extent. In chapter 4, we used the combination 
of cellomics and proteomics to identify the morphological phenotypes of 41 SCZ risk 
genes, performed cluster analysis for an unbiased selection of hits and performed 
proteomics on those selected targets to further investigate the molecular pathways 
underlying the phenotype. This allowed us to test the power of an integrated -omics 
approach. Cellomics analysis highlighted three genes, TBR1, TCF4 and TOP3B in a 
phenotypic cluster characterized by a decrease in synapse densities. Proteomics 
analysis then showed that molecular changes induced by these three genes, although 
overall very different, converge on a single pathway, i.e., syntaxin-1A (STX1A)-mediated 
neurotransmitter release. In other words, all three genes may have a subthreshold 
effect on neurotransmitter release, but this only may become significant when the 
three genes are simultaneously affected in expression, which might be illustrative for 
the polygenic nature of SCZ. 
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Previous studies have also associated SCZ with synaptic pathways69,115,291. Moreover, 
synaptic neurotransmission plays an important role in in all hypotheses of SCZ aetiology, 
i.e., directly in the dopamine and glutamate hypotheses, or indirectly in the immune 
system hypothesis via its association with synaptic plasticity and synapse loss, and in 
the neurodevelopment hypothesis via its link to synapse formation. In view of the two-
hit theory, SCZ genetic susceptibility may thus affect synapse formation and plasticity 
which is further impaired after repeated environmental stress. It is important to note 
however that in our study we limited our proteomics analysis to three genes only, 
and it remains to be investigated whether other SCZ risk genes with shared cellular 
phenotypes also converge onto synaptic pathways, or whether additional pathways 
could have been identified using our integrated –omics approach. Importantly, the 
three genes studied here have been associated with other disorders, i.e., TBR1 and 
TOP3B with ASD256,292 and TCF4 with BD277. Furthermore, there is evidence for an 
association of STX1A with ASD294 and BD323, suggesting that synaptic transmission may 
be a common substrate for different psychiatric disorders. Given the broad genetic 
overlap among different psychiatric disorders, it is reasonable to think that for some 
synaptic transmission might be a common pathway. Recently, Crabtree and Gogos115 
have suggested that specific impairments in synaptic functions, i.e. short- or long-
term plasticity, may cause specific psychiatric disorders, i.e., ASD or SCZ. Alternatively, 
psychiatric disorders may share a common general impairment in synaptic transmission 
yet retain some other specific dysfunctions in other pathways, i.e. neuronal migration. 
Future studies on specific psychiatric disorder-associated risk genes will hopefully help 
to discriminate whether synaptic pathways are key to all psychiatric disorders, with 
specific, sub-pathway dysfunctions, or whether the synaptic pathway is shared among 
psychiatric disorders that each possess additional specifically impaired pathways.

3.  Schizophrenia risk gene GRM3 regulates synaptic function via FMRP
GWAS is the approach of choice to identify associations of common genetic variants 
with SCZ. Those risk variants are then associated through linkage disequilibrium 
(LD) or conditional analysis to specific genomic regions, the risk loci324. Each locus 
usually contains multiple genes that are in LD48,70,324, and determining the causal gene 
often provides a challenge. In chapter 5, we tested whether cellomics morphological 
phenotyping might guide the selection of putative causal genes in the GRM3 locus. This 
locus is one of the strongest GWAS associations with SCZ and contains seven genes that 
are in LD: ADAM22, DMTF1, GRM3, KIAA1324L, RUNDC3B, SRI and TMEM243. Our analysis 
revealed that only ADAM22, GRM3 and KIAA1324L showed a decrease in synapse density 
and neurite length following RNA interference, with little to no effect on cell viability. 
Consistent with a prominent role for impaired synaptic transmission in SCZ (see also 
above) these data would suggest that either ADAM22, GRM3 and/or KIAA1324L are the 
causal gene(s) in the locus.

Of these three genes, GRM3, encoding the metabotropic glutamate receptor mGluR3, 
has attracted the most attention in SCZ because it is directly involved in synaptic 
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transmission and also directly links into the glutamate hypothesis of SCZ. Therefore, 
we decided to further study the effects of GRM3 knockdown using transcriptome and 
proteome analysis. Interestingly, combined proteomics and transcriptomics analysis 
not only confirmed a downregulation of mGluR3 and associated signalling proteins, 
but it also showed the increase in FMR1 mRNA and FMRP protein expression, and 
an enrichment of FMRP target RNAs. FMRP is an RNA-binding protein encoded by 
the FMR1 gene that plays a critical role in the regulation of synaptic mRNAs involved 
in the formation and plasticity of synapses286,325.  Evidence from different genetic 
studies have highlighted enrichment of FMRP target mRNAs among SCZ risk genes70,71. 
Although FMRP signalling is traditionally associated with mGluR5 signalling298, not 
mGluR3, recent experiments showed that mGluR5 signaling can co-depend on mGluR3 
activation298,321,322, suggesting that GRM3 knockdown may increase FMRP signalling via 
mGluR5. Taken together, our data thus show that multilevel –omics analysis is capable 
of prioritizing causal genes in multigene loci and link these genes to potential SCZ 
pathways. Moreover, both our data and published genetic evidence highlight the overlap 
among SCZ and other psychiatric disorders, like fragile-X syndrome (FXS), caused by 
loss-of-function of FMR1. For future studies, it would be necessary to confirm a direct 
role for mGluR3 in the regulation of FMRP expression or function, but also to investigate 
whether other SCZ risk genes can affect FMR1 and FMRP target gene expression.

Remaining challenges and future perspectives
The examples above clearly show that multilevel analyses are promising for the 
investigation of complex psychiatric disorders like SCZ. Our analysis pipeline targets the 
main challenges of studying multiple risk genes simultaneously and proposes tools to 
identify disease pathways and formulate new testable hypothesis (Fig. 1). Importantly, 
multilevel analysis approaches are in full development still, and possess challenges on 
their own, like the proper handling and analysis of big data and the proper integration 
of different –omics data. Despite these, multilevel approaches are very promising, 
and several studies have started to increase the availability of multilevel data, like the 
Psychiatric Cell Map Initiative208, that aims at collecting both genetic and proteomics 
data for different psychiatric disorders, or tackle the specific multilevel data integration 
challenges, like Watanabe et al.210, addressing the issue of the integration of different 
single-cell RNA sequencing data resources. 

Throughout my thesis, multilevel –omics approaches were used in combination 
with mouse primary neuron cultures. The use of cellular models instead of animal 
models allowed us to easily manipulate the expression of different risk genes and 
compare effects at the levels of cellular morphology and proteomic and transcriptomic 
changes, but we realize that this approach is highly reductionistic in nature. However, 
a critical limitation in the use of animal models in the study of psychiatric disorders 
is the difficulty of modelling polygenic risk. The use of animal models of human copy 
number variations (CNVs) might overcome this limitation to some extent. CNVs usually 
affect different genes, sometimes up to 7013, and therefore mimic polygenic risk by the 
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alteration in expression of many genes simultaneously. However, CNVs often combine 
risk for different psychiatric disorders and also for non-psychiatric somatic diseases, so 
the actual importance of the CNV to any specific psychiatric disorder would be hard to 
assess. This apparent limitation, though, can be seen also a powerful advantage of CNV 
models: the phenotypes and pathways associated with multiple CNVs would highlight 
the common and convergent pathways of a complex genetic structure that closely 
resembles the actual human polygenic risk in SCZ. Another way to investigate the 
complexity of a human disorder in an animal model would be to follow up the biological 
pathways highlighted with multilevel –omics approaches. Multilevel approaches might 
highlight hidden pathways, i.e. pathways without a strong genetic background but onto 
which many different small-impact genes are acting, like the STX1A pathway for SCZ as 
exemplified in this thesis. Moreover, the investigation of functional biological pathways 
instead of risk genes might uncover novel drug targets for future treatment.

Figure 1. Challenges and future perspectives in the study of SCZ. The challenges of dissecting 
SCZ, like its complex genetic architecture with multiple genes involved, and the existence of many 
hypotheses for its development, can be addressed taking advantage of -omics approaches that 
permit unbiased and hypothesis-free target selection. In multilevel approaches, different –omics 
data are integrated to understand the underlying biology and to provide a comprehensive view 
of disease pathways. Finally, the use of a circular approach, where the resulting pathway data is 
mapped back to the genetics of the disorder, can help to formulate new testable hypothesis for 
the genetic origins and potential treatment of the disorder.

The use of mouse primary neurons clearly also has the disadvantage of studying 
risk gene function in a non-human context. Although basic biological processes will 
be similar in mouse neurons, some of the complex molecular regulation and cell type 
diversity of humans may not be represented at all. A new and powerful model for 
psychiatric disorders are induced pluripotent stem cells (iPSCs). iPSCs possess the same 
complexity in genetic background as the patients from which they are derived, and 
therefore enable the investigation of human disease-associated neuronal phenotypes. 
Currently, iPSCs can be differentiated in many different neuronal subtypes, allowing 
cell type-specific changes to be investigated and to build neuronal networks that are 
reflect some of the complexities of the human brain. An interesting approach would 
be to start with iPSCs from SCZ patients with high and low polygenic risk scores and to 
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use multilevel –omics approaches to uncover shared pathways amongst patients with 
various combinations of low penetrant genetic variants.

A further challenge associated with psychiatric disorders is how to predict and test 
the impact of common variants on gene regulation. Examples of this challenge can be 
found with GWAS results where disease-associated hits are clustered in loci. GWAS 
loci can encompass several genes, like the GRM3 locus with seven genes, or can fall 
into non-coding regions, like the CACNA1C locus that encompasses a huge intron of 
the CACNA1C gene only. Different approaches that try to uncover and identify affected 
genes within loci are currently being developed, like studies that use the co-localization 
or integration of GWAS variants and eQTLs variants326, or chromatin conformation 
studies that aim to provide a detailed 3D chromatin mapping327,328. Other studies are 
using dCAS9 techniques to block specific single nucleotide polymorphism-associated 
regions and aim to provide a functional mapping of the locus329,330. These techniques 
can result in an extensive work load given the huge number of GWAS loci associated 
with psychiatric disorder, but they would ultimately provide a strong and very much 
needed contribution to untangle the genetic complexity of psychiatric disorders.

Figure 2. Synaptic dysfunction as the key biological substrate in SCZ. Many SCZ risk genes con-
verge onto synaptic dysfunction. Furthermore, environmental stressors may act upon dysfunc-
tional synapses and cause neurodevelopmental impairments that lead to SCZ.

My thesis also highlights the importance of synaptic pathways in SCZ. DISC1 
is involved in several biological pathways, including synapse regulation and 
maturation91,141,144, which is further confirmed by our DISC1 knockdown data. Moreover, 
we demonstrated the convergence of three different SCZ risk genes, TBR1, TCF4 and 
TOP3B on the STX1A-mediated neurotransmitter release pathway, and we demonstrated 
that silencing GRM3 alters FMR1 expression, a gene known to be involved in synapse 
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formation and plasticity286,325. These types of evidence suggest that different genetic 
risk factors for SCZ all impair synapse development and maintenance (Fig. 2). Synaptic 
dysfunction may be either caused by or causal to the different neurotransmitter 
circuitry impairments that are associated with SCZ, i.e., the dysregulated dopamine 
and glutamate systems. Furthermore, the dysregulation of synaptic plasticity may 
be further enhanced during childhood and adolescence by environmental stressors, 
leading to the onset of SCZ. 

Importantly, our data does not fully discriminate between SCZ-specific impairments 
and a general susceptibility for psychiatric disorders. In fact, a difficulty with all 
psychiatric disorders is the broad genetic overlap among them. Moreover, psychiatric 
disorders share also overlapping symptoms, like negative symptoms in SCZ and 
MDD, or cognitive deficits in SCZ and ASD. Such a broad overlap for both genes and 
symptoms naturally raises the question whether we should consider many psychiatric 
disorders as part of a continuous spectrum. Current efforts in the field of psychiatric 
disorders will help answering this question by refining the genetic insights, e.g. by 
chromatin mapping to determine the actual genes affected by common variants, and 
by highlighting converging biological pathways, e.g. synaptic pathways. Irrespective of 
whether psychiatric disorders are a spectrum or can be considered discrete diseases, 
patients are often misdiagnosed or non-responsive to treatment for their diagnosed 
disorder, and for that reason only it might be useful to use biological pathway data 
derived from multi -omics approaches in order to work towards personalized medicine 
based therapies.
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