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1 ABSTRACT

Large genome wide association studies have identified thousands of genetic vari-
ants associated with psychiatric diseases. These variants are likely to act in a highly 
condition and cell type specific fashion. However, at this point their cellular context 
and developmental of action remains poorly understood. Moreover, it remains un-
clear to what extent in vivo and in vitro model systems can approximate the human 
cellular conditions where polygenic psychiatric disease risk is operational.

One of the application scenarios of genome wide association studies results, is the 
calculation of polygenic risk scores to identify subjects at risk of developing disease 
or to stratify a cohort with a given trait or disease, in this thesis I performed genomic 
imputation and traditional polygenic risk score calculation of two case/control co-
horts for schizophrenia at di↵erent P-value thresholds used to subset the GWAS 
derived SNP associations considered in the scoring. The power of polygenic risk 
scores in the clinical setting for psychiatric disorders is limited, the fact that the 
hundreds of loci that contribute to disease liability are likely to act in a cell type 
specific manner, supports the need to develop cell type specific polygenic risk scores, 
for this purpose it is crucial to understand how the disease risk a↵ects specific cell 
types.

One of the objectives of this thesis was to identify which cell types are vulnera-
ble to psychiatric disease associated polygenic risk, I did this by using stratified 
LD score regression for partitioning heritability from GWAS summary statistics 
while accounting for linkage disequilibrium, this allowed me to identify which cell 
type groups are enriched for psychiatric disorders heritability. I performed this 
partitioned heritability analysis in the transcriptomic and chromatin accessibility 
profiles of 10 neuronal and non neuronal cerebral cell types derived from human 
post-mortem brain tissue of the prefrontal cortex.

LD score regression was performed using the identified active elements and GWAS 
derived summary statistics for various psychiatric disorders as well as control traits. 
Cell types including excitatory neurons of the cortical layer 2-3, corticothalamic neu-
rons and inhibitory neurons as well as microglial cells and oligodendrocyte progenitor 
cells were significantly enriched for schizophrenia and bipolar disorder, many more 
significant positive associations were found between some of these cell types and

1
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traits corresponding to psychiatric disorders and Central Nervous System traits.

All of this in line with previous research where these cell types had been found to

be relevant to susceptibility to variants associated to the above mentioned traits. I

performed the same analyses on ATACseq and RNAseq having ATACseq yielding

finer and more specific results than RNAseq, which failed to identify some relevant

cell types.

ATACseq was used in assessing the validity of di↵erent model systems to see if they

could capture the polygenic architecture of psychiatric diseases, this model systems

included iPSC derived neurons, cerebral organoids, post-natal mouse cortical cells

and fetal cortical neurons. The results were consistent with the postmortem tissue

findings.

These results allowed us to benchmark the used in vitro models that maintain the

heritability enrichment of postmortem tissues, opening the possibility for a robust

use of scATACseq data derived from these models to reliably identify cell type spe-

cific elements relevant for disease and leverage this information in building better

predictive tools like cell-type specific polygenic risk scores.
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4 INTRODUCTION

4.1 Psychiatric disorders and their causes

Psychiatric disorders or mental illnesses are described as health conditions that

include behavioral, cognitive, and/or emotional changes that negatively impact an

individual’s life by interfering with their daily social or work activities, these changes

must not be an expected or isolated response to an isolated traumatic event and

rather a behavioral pattern [61]. They a↵ect more than 25% of the world’s popula-

tion and therefore, are one of the leading causes of disability [19].

Examples of psychiatric disorders are schizophrenia (SCZ), bipolar disorder (BP),

Major depressive disorder, anxiety, anorexia nervosa, autism spectrum disorder,

attention-deficit/hyperactivity disorder, Tourette syndrome, and obsessive-compulsive

disorder[19]. Given that psychiatric disorders are often observed to run in families,

many familial and twin genetic studies have been carried out, resulting in high

amounts of heritability, which is the amount of variation from parents to o↵spring

explained by genetic factors [66].

Historically, these disorders have been studied and diagnosed based on experts’

clinical observations resulting in tools like the diagnostic and statistical manual

of mental disorders (DSM), a manual containing a series of criteria and checklists

of symptoms, signs of illness, and their duration, this manual aims to objectively

assess whether an individual meets the minimal criteria to be diagnosed with a

mental disorder and therefore is widely used by clinicians to help them carry out a

diagnosis. However, the scope of the DSM to stratify a group of people with mental

illness or to discern one disease from another has been challenged by recent genomic

studies [57] [63].

Genomic studies have shown that psychiatric disorders are not exempt from

pleiotropy, a phenomenon where a genetic variant has an e↵ect on two di↵erent

traits or multiple variants have an e↵ect on two di↵erent traits, this challenges the

idea that psychiatric disorders have well-defined boundaries and are mutually ex-

clusive. Cross-disorder studies have yielded evidence for pleiotropic e↵ects of copy

number variants (CNVs) where they are directly associated with multiple disorders

6



Identification of in vitro model systems capable of capturing the polygenic basis of mental illness

like schizophrenia, intellectual disability, and autism just to mention a few. Another

example is a schizophrenia and bipolar disorder cross-study where it was shown how

a risk score derived from a Schizophrenia study is directly associated with the risk

of having bipolar disorder, suggesting a shared heritability between both of them

[31][57].

Genomic studies have also shown that psychiatric disorders are highly polygenic

and arise from a combination of many common variants that have small e↵ects

combined with rare variants with much bigger e↵ects, making it challenging to select

individual variants, genes, or pathways for downstream functional analyses. [66][56]

In spite of the before-mentioned high heritability of psychiatric disorders, there

are many non-genetic factors that contribute to the risk of the development of disease

[67]. These factors include but are not limited to the urban environment, childhood

stress, and the use of drugs. Considering both, genetic and environmental factors

and how they interact is crucial for a better understanding of mental illnesses [67]

[42].

4.1.1 Schizophrenia and Bipolar Disorder, clinical aspects and their ge-

nomic and Environmental Liability

Clinical and molecular evidence suggests that psychiatric disorders that were once

considered independent conditions, actually share associated genomic loci and bio-

logical pathways blurring their boundaries, this phenomenon is known as pleiotropy

and its e↵ects in variants associated to various psychiatric diseases make it di�cult

to draw a clear line between two diseases [33].

A recent analysis of pleiotropy identified 109 genomic loci that a↵ected two or

more psychiatric disorders, it also found 23 di↵erent loci that a↵ected four or more

disorders. These findings allowed them to. Identify groups of psychiatric diseases

that shared a genetic background. The first group is composed by anorexia nervosa,

obsessive compulsive disorder and tourette syndrome, which unsurprisingly also

share clinical aspects like compulsive behaviors. The second group formed by major

depressive disorder, bipolar disorders and schizophrenia which are all considered to

be mood and psychotic disorders. The last group they identified that shared genomic

liability belonged autism spectrum disorders and attention-deficit/hyperactivity dis-

order [19].Therefore we can see depression, bipolar disorder, and schizophrenia are

7
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often seen as a continuum [33]. In this section, the di↵erences and commonalities

between bipolar disorder and schizophrenia relevant to their nosology and causes

will be described.

Schizophrenia and bipolar disorder are two psychiatric disorders that according

to the diagnostic and statistical manual of mental disorders (DSM) have an average

lifetime prevalence of under 1% and 2% respectively [26][33] However, prevalence has

a high amount of variation among populations across the world, by way of illustra-

tion, the Finnish population has been reported to have a schizophrenia prevalence

of 0.87%, supporting the idea that population and environmental factors have a

big impact on someone’s risk to develop a mental illness [26]. Additionally, het-

erogeneity in diagnosis and sub-classification of these diseases contribute to varying

prevalence numbers. For instance, when considering the most studied subtypes of

bipolar disorder, the global lifetime prevalence goes down to 1% [33].

Bipolar Disorder (BD) can in itself be looked at as a spectrum of conditions

that range from BD type 1 which must include at least one maniac episode, BD

type 2 with at least one depressive and one hypomania episode, and cyclothymic

disorder where both depressive and hypomania milder symptoms last for a period

of at least two years [33]. Schizophrenia is characterized by di↵erent symptoms that

are divided into three di↵erent categories; cognitive dysfunctions, positive symptoms

like hallucinations and delusions that lead to the loss of contact with reality, and

negative symptoms like anhedonia, reduced energy, and social withdrawal just to

mention some. People diagnosed with these diseases can either fully recover or

need treatment for life and their life quality and expectancy significantly go down

compared to the rest of the population, mainly due to suicide and cardiovascular

disease. [26]

There are a series of aspects of an individual’s life that confer a greater risk of

developing schizophrenia and bipolar disorder compared to the general population,

for instance, complications during pregnancy and birth as well as a higher paternal

age, all correlate with a higher risk of developing schizophrenia, which is interestingly

more frequent and severe in men than women who also tend to develop the disease at

a later age. Other environmental factors that have been shown to have an important

impact when calculating someone’s risk are lower social cohesion, growing up in

large urban areas, being a migrant, or belonging to a migrant family, drug abuse,

and social adversity [26]. Childhood maltreatment is a factor that is particularly

8
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common in people who develop bipolar disorder [35]. The exact mechanisms through

which these factors act are still not fully understood [26].

Both diseases can be observed to cluster in families and di↵erent studies across

di↵erent populations have shown high degrees of heritability. The schizophrenia

global heritability is estimated at 80%, and monozygotic twin concordance at 45%

[67]. A Danish nationwide study of their twin registry reported a schizophrenia

heritability of 79% whereas a Finnish population twin study estimated schizophrenia

heritability to be 83% [21][9]. Bipolar disorder has a similarly high heritability

of about 70% [35]. These observations have led researchers to carry out a series

of genetic studies, which have contributed a vast amount of evidence pointing to

variants involved in molecular mechanisms associated with these diseases [26]. Some

rare and many common variants have been found to contribute to the increased

liability of developing both disorders [33] [26] [40].

Some schizophrenia-associated variants are harbored in the major histocompat-

ibility complex which contains genes involved in the regulation of the immune re-

sponse, others are in genes like DRD2 which encodes a dopamine receptor, and some

others are in the glutamate receptors mGluR3, GluN2A, GluA1 and their respective

receptor components GRM3, GRIN2A, and GRIA1 [26]. Some of the schizophrenia-

associated genes have a higher expression during fetal development, this together

with the risk factor of pregnancy complications, suggests that schizophrenia might

already start developing much earlier than thought. Besides these genes, there are

many more genomic loci that contain risk alleles, so far a total of 270 loci have

been identified for schizophrenia of which 130 contain candidate causal genes for

European populations [65]. For bipolar disorder, 30 loci coding for ion channels,

neurotransmitter transporters, and synaptic components have been identified [60].

Individually, these loci with common variants confer only small risks and even cu-

mulatively they contribute only a small fraction of the total liability [26]. 8 di↵er-

ent rare copy number variants have been identified to have a strong association to

schizophrenia, including the 22q11.2 deletion which confers a 20-fold risk of develop-

ing the disease [32]. In summary common variants contribute only a small fraction

of the total risk while rarer variants contribute much more [26] [32].

Many of the common risk loci belong to non-coding sequences pointing to the

contribution of epigenetic mechanisms, which are those that contribute to changes

in gene expression in space and time without having to change the genetic code itself

9
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[59]. There is evidence that states that bipolar disease-associated variants can be

found in enhancers that are active in cortical projection neurons and corticothalamic

projection neurons, [33]. Schizophrenia as well as bipolar disorder have enhancers

active in inhibitory GABAergic parvalbumin-expressing interneurons. Furthermore,

postmortem and neuroimaging studies have also been widely used to better under-

stand schizophrenia, finding brain regions with abnormal volumes and activation

patterns, some of these results have been helpful for connecting genetic risk to

brain function, this is done by looking at neuroimaging di↵erences among subjects

with di↵erent genetic risk loci for schizophrenia, including loci in genes like COMT,

NRG1, and DISC1. Gene set studies point risk loci presence to synaptic disruption

by associations with synaptic plasticity, targets of FMRP, voltage gated calcium ion

channel complexes [32].

Bipolar disorder age of onset varies from childhood to late adulthood, having its

peak at around 25 years, there are currently no reliable biomarkers that allow early

detection [35]. Formerly thought of as an early-adulthood-onset disease, schizophre-

nia is usually only diagnosed after the first psychotic episode, however, there is

clinical and genomic-derived evidence pointing to a much earlier onset in adoles-

cence, making it important to develop tools and biomarkers to be able to detect

individuals at a higher risk of developing schizophrenia for early intervention and

possibly prevent the disease from developing [26].

4.2 Heritability

Understanding how genes contribute to complex traits has long been a subject

of interest for biologists, pioneering work by Ronald Fisher in 1918 established an

explanation for the observations made of correlations of trait measurements among

relatives. His aim was to attribute these correlations to the influence of numerous

genetic factors. Fisher introduced the concept of variance and proposed its decom-

position into genetic and environmental components, which laid the foundation for

the concept of heritability[51] Fisher suggested a decomposition of the phenotypic

variance, denoted as P, into the combined genotypic variance G and the environ-

mental variance E: var(P) = var (G) + var (E) Although Fisher did not explicitly

employ the term ”heritability” in his 1918 paper, he emphasized the significance of

the ratio var(G)/var(P), which aligns precisely with what we now refer to as the

broad-sense heritability H2. Therefore,

10
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H
2 = var(G) / var (P)

Where H2 measures the amount of phenotypic variance attributable to genotypic

variance[51].

The genotypic variance G can be additionally broken down into its constituent

components: additive A, dominance D, and epistasis Ep. The ratio of the additive

genetic variance, which accounts for the combined e↵ects of the two alleles at each

genetic locus, to the phenotypic variance is referred to as ”narrow-sense heritability”

[51].

h2 = var (A) / var (P)

Over the past years, many methods have been developed to estimate the heri-

tability of SNPs to measure the proportion of phenotypic variance explained by a set

of SNPs interrogated in an experiment. The estimation of SNP heritability provides

insights into the extent to which genetic variants contribute to phenotypes, thereby

enhancing our comprehension of the genetic makeup of complex traits. In this arti-

cle, we examine the latest approaches and widely employed methods for estimating

SNP heritability in relation to continuous and binary phenotypes. Our focus is on

exploring the underlying model assumptions and parameter optimization strategies

utilized in these methods.[51]

4.3 Genome-Wide Association Studies

Genome-Wide Association Studies (GWAS), serve the purpose of identifying a

genomic locus or loci with a specific genotype associated with a specific phenotype or

trait. A group of people (cohort) is carefully selected and drawn from a population,

these are classified in cases and controls when carrying out disease-related studies

that can be modeled with a binary status or divided into more categories when the

trait is quantitative. The cohort’s phenotypic information is collected and genotypes

for each individual are obtained either by sequencing their genome or by using

a combination of genotyping arrays plus genomic imputation. This results in a

collection of Copy Number Variants (CNVs), small insertions or deletions (Indels),

or single-nucleotide polymorphisms (SNPs). The latter is the most commonly tested

type of variant in GWAS. Then, the allele frequencies of both cohorts are compared

by performing an association test on every single genomic variant to see whether a
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specific allele is significantly more common to be found in the cases group versus

the control group [66].

Linkage disequilibrium is the non-independent association of two alleles in a pop-

ulation, this can happen because of the physical arrangement of chromosomes and

the mechanism through which they recombine, which is not entirely random making

two physically close SNPs more likely to be inherited together and therefore be in

linkage disequilibrium, this is a well-known phenomenon that a↵ects GWAS associ-

ations and that can modify the strength of an association or make a variant seem

to be associated with the disease or trait being analyzed when its association is a

result of physical distance to the true associated SNP [66]

4.3.1 Biological interpretation and function of GWAS associations

Cell identity is driven by the activation of selective regulatory DNA that governs

the gene expression patterns of each cell type. Regulation of DNA is mediated by

sequence-specific binding of regulatory elements like transcription factors, this re-

sults in chromatin-remodeled states that make specific DNA regions accessible and

sensitive to nucleases, these accessible regions are known as DNase I hypersensitive

sites (DHSs). Taking advantage of this feature, DNase I hypersensitivity assays have

been widely used to profile the genome-wide chromatin landscape of di↵erent cell

lineages at di↵erent life stages, the resulting maps of regulatory DNA have helped to

show connections between chromatin accessibility and transcription. [64]. The EN-

Cyclopedia Of DNA Elements (ENCODE) project is a consortium that has mapped,

annotated, and cataloged cis-regulatory functional elements encoded in the human

and mouse genomes, [27] Genome-wide association studies test associations for gene-

contained SNPs and SNPs contained in non-coding genomic regions, where many

significant associations have also been found. Thanks to projects like ENCODE, it

has been possible to annotate these disease-associated non-coding variants and see

that they cluster in genomic regulatory DNA elements.

Interestingly 88% of DNase I hypersensitive sites in many GWAS correspond to

fetal development active regions suggesting a role of disease-associated non-coding

variants in development. Not only are these DHSs active in a time-specific manner

but are also found in specific tissues where they can modulate insulators, silencers,

locus control regions enhancers, and promoters. [64] [1] To confirm whether these

SNPs are not simply tagging neighboring SNPs in coding regions, linkage disequilib-
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rium analyses are performed and in some studies, it has been observed that about

three quarters of the investigated SNPs were in a DHS or were in perfect linkage dis-

equilibrium with a DHS.[64] The chromatin accessibility landscape has a major role

during development [1] and many disorders have a link to gestational exposure to en-

vironmental factors [64], this can directly link GWAS disease-associated non-coding

variants to specific cell types and developmental or life stages. For instance, DHSs

maps corresponding to brain cell types in fetal stages overlap with variants associated

to neurological disorders, indicating that mapping associated variants to functional

DNA can point to disease-relevant cell lineages [64] GWAS disease-associated non-

coding variants can alter transcription factors recognition motifs and modify the

local chromatin structure and gene expression, these variants are considered as ex-

pression quantitative trait loci (eQTL) and can explain part of the variation in the

expression of a gene which results in an imbalanced expression of the two di↵erent

alleles for a heterozygous individual [64]. Not only do disease-associated variants

cluster in DHSs but they also converge in transcriptional regulatory pathways, this

can be observed when analyzing the interaction network of transcription factors that

bear disease-associated variants from a disease or a group of related diseases, also

contributing evidence for the shared liability of related diseases like psychiatric ones

[64].

Since GWAS have a very stringent statistical P�value correction for multiple

testing, variants with a small e↵ect, might not reach significance and therefore not

be considered in post-GWAS analyses, more systematic and conditional association

methods on regulatory DNA, can point to specific associations for these variants

[64]. Furthermore, there are many DHSs harboring GWAS SNPs that have been

connected to distal regions shedding light on how the 3D chromatin structure also

plays a role in regulating gene expression and explaining some SNP-disease associ-

ations [64].

4.3.2 GWAS scope, biases and limitations

GWAS can be used for several di↵erent purposes, like identifying genetic risk loci

for a disease or being the source of the necessary information to stratify a population

and calculate someone’s liability for a disease [66].

Despite being a method that shed light on many genomic loci relevant to a vast

amount of traits, GWAS have several limitations that must be considered when inter-

13



Identification of in vitro model systems capable of capturing the polygenic basis of mental illness

preting their results. GWAS often only identify loci with small e↵ect sizes, meaning

that they can only explain a limited proportion of the studied trait heritability [62].

Besides the above-mentioned limitations, many GWAS are subject to several

biases that should also be considered when interpreting and further using their

results. Performing a GWAS involves the recruitment of a very large sample, which

is a very costly and time-consuming task, for this reason, there are many consortia

and public e↵orts that have launched projects that aim to recruit a big number

of people who are willing to contribute their genotypes as well as their phenotypic

data, examples of these are the UK Biobank or the Mexico City Prospective Study

[3].

The strategies that these consortia use to collect the data, can bias the entire

cohort in di↵erent ways like containing a disproportionate amount of people who

are healthier or with a specific life quality, all of which may not be representative of

the population one aims to study, drawing conclusions from studies must always be

done with caution and always considering these limitations [66][62].

4.4 Polygenic Risk Scores

Polygenic risk scores have been proven to be useful to study many di↵erent traits

or diseases and are particularly useful for psychiatric disorders where it has been

shown that many common variants contribute with a small e↵ect, therefore it be-

comes important to consider all genomic variation at once rather than performing

studies on a single variant or gene, allowing to capture a lager amount of the heri-

table variance [57]

A polygenic risk score (PRS) is a number that is calculated for a given individual

using the resulting summary statistics of a given GWAS, it is calculated by summing

the e↵ect size of all the risk alleles corresponding to a trait [10]. PRS have a handful

of applications, among them is assessing the shared heritability between related

traits or diseases, polygenic risk scores have already proven useful for demonstrating

the shared genetic risk between psychiatric disorders like schizophrenia and bipolar

disorder, in 2009 the International Schizophrenia Consortium [43] showed via PRS

that the genetic risk for schizophrenia is a predictor for bipolar disorder. polygenic

risk scores can also be used to identify target individuals who lie in the extreme ends

of the score range to perform further studies on them or their tissues, helping to shed
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light on the cellular and molecular mechanisms of disease. In the clinical setting,

the development and improvement of polygenic risk scores are of great interest as

a tool to identify individuals at risk of developing a disease or to stratify a cohort

of diagnosed individuals. Even tho there are other methods that can accurately

estimate and study heritability, polygenic risk scores are the only ones that allow

researchers to predict the risk of disease for any given individual [66][10].

There are many strategies to calculate a polygenic risk score, the simplest and

most widely used one is a genome-wide summation of the e↵ect sizes corresponding

to each allele for a given sample, these e↵ect sizes are part of the result of a genome-

wide association study which must be performed on a base cohort, which is di↵erent

from the target cohort on which the PRS will be calculated, both cohorts must

belong to the same population but researches must make sure there is no sample

overlap between the two cohorts, otherwise, this can result in an inflated association

between the trait and the calculated polygenic risk score. Another aspect that can

result in an inflated association is the presence of related individuals between the

base and target datasets so highly related individuals should be excluded [10]. The

power and accuracy of a polygenic risk score are heavily dependent on the quality

control performed on both the base and target cohorts, calculating chip-heritability

from the GWAS summary statistics and making sure it is higher than 0.005 is a

critical QC step to assert the predictive power of the polygenic risk score [10][47].

Not every single tested variant in the GWAS is always considered in the calcula-

tion of a PRS; a subset of variants is often created to consider only the ones that

are informative and thus contribute to an individual’s higher or lower risk of devel-

oping a disease [10]. Furthermore, given that the GWAS SNP e↵ects are calculated

with uncertainty, the e↵ect size must be adjusted to avoid high standard errors, this

can be achieved by shrinkage of e↵ect size estimates or by using P value threshold-

ing as the criteria to include a certain SNP or not, the second method ultimately

shrinks the e↵ect size from all excluded SNPs to zero but leaves the included ones

unchanged. To address the e↵ect of linkage disequilibrium on polygenic risk scores,

SNPs can be clumped with the goal of keeping SNPs that are independent of each

other and whose e↵ects can be summed without inflating the result [10][15].

After calculating polygenic risk scores for a given trait or disease, a regression

is performed on the target sample using the PRS as a predictor for the trait or

disease. When using P value thresholding, a regression for the PRS corresponding
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to the di↵erent sets of SNPs can be performed in order to choose the threshold

that has the best fit that explains the most phenotypic variance R
2. Something

to keep in mind is that while choosing the predictive threshold that produces the

polygenic risk scores with the best fit, this could be a result of overfitting the target

data which in turn produces inflated results, the best way to avoid overfitting is to

perform out-of-sample prediction where the parameters are first optimized by using

a training sample and then tested in a validation dataset [10][15].

4.5 Functional genomics

Between individual lab e↵orts and big consortia projects, the amount of omics

datasets that have been generated in the past decade has been massive. Identifying

genomic associations to psychiatric diseases is very informative but also limited when

it comes to providing mechanistic insights for these diseases. For this purpose, a

number of omic technologies have been developed to study multiple omes including

the methylome, transcriptome, epigenome, proteome, metabolome, and microbiome,

all of which can help to annotate disease-associated SNPs and genomic regions [14].

Some of the consortia e↵orts include the ENCODE project, initially launched to

characterize the regulatory function of the human genome [1], the Roadmap Epige-

nomics project (now included under the ENCODE data portal) was an e↵ort to

collect RNA-seq, ChIP-seq, DNase-seq and methylation data from human blood

and 22 tissue types. Along these lines, the PsychENCODE project was launched

with the specific objective of investigating genomics and epigenomics data related to

the human brain in order to study neuropsychiatric disorders. This project has the

largest collection of brains with psychiatric disorders and has characterized them

using ChIP-seq, ATAC-seq, Ribo-seq, proteomics, DNA methylation, Hi-C data are

available for some tissues and genotyping all samples. The Allen Brain Atlas ini-

tially collected microarray expression and MRI measurements from approximately

900 neuroanatomical brain slices from two subjects, their results showcased the cor-

relation between gene expression and spatial localization, now they have expanded

to more modern technologies like single-cell RNA-sequencing performed in di↵er-

ent brain tissues. The CommonMind Consortium developed a publicly accessible

repository of functional genomic data derived from the dorsolateral prefrontal cor-

tex (DLPFC) encompassing Brodmann areas 9 and 46. This comprehensive dataset

comprises information from approximately 1000 individuals sourced from four dis-
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tinct brain banks, including healthy individuals, schizophrenia, and bipolar disorder

patients. The genomic data encompasses RNA-seq and SNP genotypes as well as

ATAC-seq data [14]. This thesis focuses on the use of two of these omic technolo-

gies, RNA sequencing and ATAC sequencing to study schizophrenia in post-mortem

brain tissue as well as in iPSCs.

Whole genome and exome sequencing have shed light on the polygenic nature

of psychiatric disorders, showing that their genetic liability is distributed across the

genome, and that cell identity is defined by its transcriptome, it is reasonable to look

at the gene expression profiles and active regulatory elements in di↵erent neuronal

cell types to find out which ones are relevant for the study of these disorders and

elucidate the functional consequences of disease-associated variants [69] .

To profile the set of transcripts of a cell type, various technologies have been

developed including microarrays and Sanger sequencing, later when high throughput

sequencing technologies were created, a technique called RNA-seq was developed,

which involves capturing the bulk of mRNA molecules of a cell population and using

a reverse transcriptase enzyme to generate a library of complementary DNA (cDNA)

that corresponds to the captured mRNA, this library can then be sequenced using

next generation sequencing technologies and mapped to the reference genome, this

makes it possible to know which genes and in which quantity are being transcribed

in a population of cells [37].

RNA-seq has been widely used to profile various organ tissues in the human body,

however, the human brain has an extra layer of complexity where many di↵erent

cell types coexist in a small space, making bulk RNA sequencing a suboptimal tech-

nique to profile brain cell types with enough resolution. A more recent technique

where a single cell can be sequenced opens the possibility of accurately profiling

the vast diversity of brain cell types. Neuronal cell types are typically identified by

looking at cell morphology, their localization within the brain, their electrophysi-

ological activity connectivity to other cells, and the expression of specific marker

genes, however a comprehensive atlas of brain cell types that includes their tran-

scriptional signatures in di↵erent conditions like developmental stages or diseases,

has only started to develop, this thanks to the advancement of single-cell sequencing

technologies like single-cell RNA sequencing (scRNA-seq) where di↵erent platforms

for capturing individual cells or strategies for single-cell demultiplexing have been

designed [36].
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Single-nucleus isolation and sequencing methods have also been developed, exam-

ples of them are single-nucleus RNA sequencing (sNuc-seq) which has demonstrated

to agree with the results yielded by scRNAseq and having the advantage of not

needing intact cells and being able to keep di↵erent cell types regardless of their

size di↵erences, which is common in brain cell tissue samples and a known problem

in scRNAseq cell sorting steps. Yet another advantage of sNuc-seq over scRNAseq

is that human tissue banks usually use chemical fixation and freeze their samples,

making it hard to preserve cells as needed for scRNAseq techniques [36].

Once the RNA sequencing has been performed, a series of computational anal-

yses have to be performed, a typical RNAseq bioinformatics workflow consists of

preprocessing the raw sequencing data which includes cleaning it, demultiplexing

it, mapping reads to the reference genome, and counting how many reads map to

a specific gene, the resulting gene expression matrix is then normalized to remove

batch e↵ects. Once these steps are done, the data goes through a dimensionality

reduction step to capture the main signal and be able to assign each di↵erent cell

to a cluster, a di↵erential gene expression analysis is then performed between the

di↵erent clusters reflecting the di↵erent cell lineages or di↵erent cell states [36].

Overall, this high-throughput technology has helped to reveal the spatiotemporal

diversity of brain cell types, to resolve heterogeneity in brain tumors, to track the

dynamic landscape of transcription in development as well as in aging, and identify

cell types associated with diseases. As this technology advances making it possible

to sequence a higher number of cells in a single experiment with more than half

a million single cells, fast and memory-e�cient bioinformatic tools like Seurat or

Scanpy are needed [36].

The transcription profiles captured by the described RNA sequencing technolo-

gies above are controlled by cis-acting DNA regulatory elements like promoters and

enhancers which are tightly associated with local changes in chromatin state and

chromatin accessibility, profiling these changes can be very informative into the dy-

namics of a cell’s transcription regulation. Some methods to perform chromatin

profiling include the pioneering DNase-seq method by Boyle, et al [58] which takes

advantage of the enhanced accessibility of open chromatin regions to DNase I [53].

Another method to profile chromatin accessibility is the assay for transposase-

accessible chromatin using sequencing (ATAC-seq) [8] which uses the Tn5 transpose
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enzyme that contains specific 19 base pairs long flanking sequences called end se-

quences, naturally these end sequences are recognized in the transposon by Tn5

which cuts the DNA and inserts it into a new position, a modified hyperactive Tn5

cuts accessible DNA and attaches adapter sequences that are later used to amplify,

tag and sequence this DNA using high throughput sequencing technologies [53].

Just like RNA sequencing and other omic technologies, ATAC-seq can be per-

formed on high throughput single cells experiments, which can be carried out by

either utilizing a microfluidic platform to physically isolate individual cells or by

sorting nuclei and applying combinatorial indexing, a method known as combinato-

rial cellular indexing of sorted nuclei (sciATAC-seq). Both techniques are adapta-

tions of the original ATAC-seq protocol that employs a hyperactive Tn5 transposase

to simultaneously cleave and label accessible chromatin [16].

Due to the physical limitations, there are to study the human brain of a live

subject, studying brain tissue of post-mortem brain samples has been critical to

understanding the biological mechanisms of many diseases [69]. Despite the limited

availability of post-mortem brains, a number of studies have been performed and

collected valuable information about psychiatric disorders.

To mention some, RNAseq of post-mortem brains of schizophrenia cases and con-

trols has been performed on various brain regions and identified 144 di↵erentially

expressed genes in the hippocampus [24], their findings indicated the upregulation of

immune/inflammation-related genes, including IFITM1, IFITM2, IFITM3, APOL1,

ADORA2A, IGFBP4, and CD163, potentially contributing to the pathophysiology

of schizophrenia. Sinclair et al. [54] performed RNA-Seq analysis on the prefrontal

cortex samples from both schizophrenia and bipolar disorder subjects, revealing ab-

normal expression of FKBP5, PTGES3, BAG1, and glucocorticoid receptor genes.

Another RNA-Seq study demonstrated altered expression of gene transcripts re-

lated to neuroplasticity (PROM1, ABCG2, FLI1) and circadian rhythms (OSBPL3,

GANAB, SRSF5, RFX4) in the dorsolateral prefrontal cortex of individuals with

BD. Furthermore, enrichment analysis of genome-wide association study (GWAS)

data suggested the potential involvement of genes associated with GTPase bind-

ing in bipolar disorder. Kohen et al. [28] performed an RNA-Seq survey on dentate

gyrus granule cells isolated from individuals with mental illnesses such as schizophre-

nia, BD, and major depression, revealing disrupted hippocampal miR-182 signaling

compared to controls. Another recent RNA-Seq study identified three di↵eren-
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tially expressed genes, RXFP1, SSTR2, and CHRM2, belonging to class A of the G

protein-coupled receptor family in the anterior cingulate of BD patients, suggesting

dysregulation of G protein-coupled receptors in Bipolar disorder [28].

These studies show the value of studying post-mortem brain tissue and the po-

tential of making use of omic technologies to further understand how specific brain

regions, cell types, genes, and genomic regulatory elements are implicated in health

and disease.

4.6 Linkage Disequilibrium Score Regression

As referenced in the previous sections, many of the genetic liabilities of polygenic

traits or diseases like schizophrenia lie in markers with weak associations [64][66]

that often don’t meet the significance threshold and therefore are ignored in many

post-GWAS functional studies [66]. Added to this phenomenon, some functional

studies control for linkage disequilibrium by considering only one causal SNP per

locus or don’t consider it at all. Finucane et al. [17] developed a method that

allows partitioning genome-wide SNP heritability for a specific functional category

throughout the genome and using all SNPs while accounting for linkage disequilib-

rium, this method is referred to as stratified LD-score regression method or LDSC

[17].

To investigate whether a given genomic functional category is enriched for the

heritability of a specific trait or disease, this method uses GWAS summary statistics

for the investigated trait or disease and linkage disequilibrium information from a

panel that matches the population of the GWAS [17]. This method uses the fact

that the x2 association statistic for a specific SNP incorporates the e↵ects of all other

SNPs that are linked to it. Consequently, when examining a polygenic trait, SNPs

with a higher LD score tend to exhibit, on average, higher x2 statistics compared to

SNPs with a lower LD score. This observation may stem from these SNPs having

a greater likelihood of tagging a single SNP with a substantial e↵ect or capturing

multiple SNPs with weaker e↵ects. By categorizing SNPs into di↵erent functional

groups based on their contributions to heritability, how LD a↵ects the x
2 statistic

of a SNP can be assessed. Specifically, if LD is higher in a heritability-enriched

category, the x
2 statistic of a SNP will increase more significantly compared to LD

in a category that has minimal impact on heritability. In summary, this method

identifies a category of SNPs as enriched for heritability when SNPs with high LD
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to that category exhibit higher x2 statistics than those with low LD to that category,

to apply LDSC to a functional category, a baseline model with 24 publicly available

non-cell-type-specific annotations is used, these annotations include coding, UTR,

promoter and intronic regions, histone marks, DNase I hypersensitivity regions and

enhancers, Z scores, P values, and false discovery rates are calculated, the P value

tests if the annotation being evaluated contributes significantly to heritability after

controlling for the categories in the baseline model [17].

4.6.1 Identifying Cell types relevant to schizophrenia heritability

Besides using stratified LDSC regression for testing SNP heritability enrichment

on general functional categories like histone marks or evolutionarily conserved re-

gions, it is also possible to use the stratified LD-score regression method to identify

trait or disease-relevant tissues or cell types. For many diseases including psychiatric

disorders, it is unclear which tissues or cell types are involved in their pathophys-

iology, however, information like which genes and which parts of the genome are

open is now widely available, and leveraging this information together with GWAS

results o↵ers the opportunity to have a clearer picture of which tissues or cell types

and at which time points or conditions are relevant for a disease. Some methods

have already attempted to do this but fail to include all SNPs because they simply

don’t meet the required significance threshold, thus losing information. In contrast,

the stratified LDSC regression method uses the association information for all SNPs

in a GWAS while explicitly modeling linkage disequilibrium which controls for the

inflated associations that the other methods are trying to avoid by simply removing

SNPs [18][17].

By using the transcriptome as a functional category together with the GWAS

summary statistics of the trait or disease of interest. Finucane et al. [18] tested

for enrichment of heritability in di↵erent tissues according to their specific gene ex-

pression profiles, this was tested for 48 diseases and traits and showed tissue-specific

significant enrichment for 34 of the tested traits. Among these, they found significant

enrichment of inhibitory over excitatory neurons when tested for bipolar disorder

heritability and excitatory over inhibitory neurons when tested for schizophrenia

and body mass index [18]. This shows how gene expression data can yield very

accurate enrichment results for polygenic traits like psychiatric disorders [18].

An independent study by Scene et al. also in 2018 [55] investigated the impli-
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cation of di↵erent brain cell types in schizophrenia by mapping their unique tran-

scriptional signatures obtained by scRNA-seq to SNPs associated with the disease.

They use both, the stratified LD-score regression method and MAGMA, a method

that evaluates whether gene level genetic associations with a trait increase linearly

with cell type transcription profiles. Both methods control for gene size and linkage

disequilibrium in di↵erent ways but they required both methods to give strong ev-

idence of a cell-type to schizophrenia association to consider it true. Their results

found a handful of cell types relevant to schizophrenia liability including hippocam-

pal CA1 pyramidal cells, stratal MSNs, neocortical somatosensory pyramidal cells,

and cortical interneurons, the associated genetic risk was bigger for mature cells in

comparison to embryonic or progenitor cells. When dividing these cell types into

subtypes, stratal MSNs expressing Drd1 or Drd2 as well as Pvalb-expressing in-

terneurons were significantly associated, in hippocampal CA1 pyramidal cells, both

major subgroups were significantly associated, in neocortical somatosensory cells,

cortical layers 2/3,4,5 and 6 were also significant [55].

These findings provide compelling evidence that this polygenic approach rep-

resents a powerful method for utilizing gene expression data in order to interpret

GWAS associations, making it useful for selecting the appropriate tissue or cell type

for conducting in vitro experiments which is crucial in order to gain deeper insights

into molecular mechanisms.[18].

4.7 Model systems for the study of psychiatric disorders

Studying psychiatric disorders in humans has the physical limitation of the in-

accessibility of the brain [22], Therefore, there is a need to develop suitable model

systems that accurately replicate the pathophysiological mechanisms of the disorder

[12]. Throughout years of psychiatric research, di↵erent model systems like ex vivo

brain tissue, human neuroblastoma cells, induced pluripotent stem cells (iPSCs), or

animal models have been proven useful to reveal insights into the pathophysiology

of di↵erent disorders, each of them having strengths and limitations but all useful

to study specific aspects of a disease [12].

Animal models have long been used in many areas of disease research with the

objective of obtaining biological insights into the studied disease. However, using

animals for modeling psychiatric disorders has been very challenging, due to the

symptom heterogeneity and overlap across di↵erent psychiatric disorders, this is
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summed to the fact that there are no widely used reliable biomarkers, and therefore

diagnostic tools are reduced to behavioral evaluations, however, it is hard to replicate

disease aspects of human psychiatric disorders like hallucinations or anhedonia in

animals. Even animal behaviors that are believed to correspond to human ones

cannot be fully trusted as an equivalent since emotional and cognitive function

cannot be assessed [39].

Nevertheless, some animal models for psychiatric disorders like schizophrenia

have been developed, resulting from the introduction of known highly penetrant

mutations associated with the disease, this is the case of schizophrenia mouse models

for human 22q11.2 microdeletions which were created by deleting genes within the

homologous region. Another example is the Disrupted in schizophrenia-1 (Disc1)

mutant mouse that is believed to mimic some of the behavioral abnormalities of

schizophrenia [39].

Given that, only a small fraction of schizophrenia-diagnosed cases can be linked

to highly penetrant variants like Disc1 mutations or 22q11.2 microdeletions, and

rather caused by a combination of the contribution of many common variants with

a small e↵ect size, these animal models have a very limited scope [39][57].

Induced pluripotent stem cells derived from patients with schizophrenia have

shown promising evidence to support their use as in-vitro model systems to study

specific cellular aspects of psychiatric disorders. iPSCs have provided insights into

how genetic risk factors and environmental insults contribute to the onset of schizophre-

nia [46], iPSCs just like animal models cannot directly reflect the behavioral aspects

of a psychiatric disorder, however, these cells can be di↵erentiated into di↵erent

brain cell types and have a number of experiments performed on them, having

the advantage that their genomes come from actual patients so instead of study-

ing a single isolated gene or mutation, one can study the cumulative e↵ect of all

the contributing loci. Besides the potential of identifying pathogenic mechanisms,

patient-derived iPSCs can also be useful for finding pharmacological targets [12].

The neurodevelopment hypothesis of schizophrenia states that risk genetic and

environmental factors of schizophrenia and bipolar disorder have an e↵ect on the

human brain during early development [22] [46] when cortical neurogenesis, axonal

pathfinding, and neuronal functional development take place, these abnormalities

during gestation are later followed by a gradual decrease of synapses during ado-
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lescence, which is carried out by microglial cells, this process is known as synaptic

pruning and it continues making changes in the cortical excitatory and inhibitory

systems during early adulthood (the 20s-30s), which coincides with the age of onset

of schizophrenia. During brain development, cortical neurogenesis represents a criti-

cal phase that is particularly susceptible to disruptions. The rate of gene expression

alterations during this period is estimated to exceed 100 times the rate observed in

the adult brain, genes associated with schizophrenia peak at prenatal weeks 16–19,

and risk genes for bipolar disorder peak around weeks 19-22 [46].

Schizophrenia risk genes which are expressed during prenatal development, are

often associated with cell fate determination and morphogenesis. [46] Studies utiliz-

ing postmortem analysis and brain imaging in individuals with schizophrenia, have

identified abnormalities in cortical cell distribution and overall tissue organization

as well as reduced density in synaptic spines causing thinning of the temporal and

prefrontal cortices [22], potentially originating from disrupted brain development.

Decreased density of parvalbumin (PV)-expressing interneurons in the prefrontal

cortex (PFC), reduced thickness of the superficial cortical layers, and an increase in

the volume of lateral ventricles have also been observed in these studies. However,

the mechanisms through which these factors act, are not yet fully understood [46].

iPSCs-derived neurons can recapitulate some aspects of prenatal brain develop-

ment and since they can be generated from patients, the associated genetic risk

can also be studied, this makes iPSCs a valuable tool for studying schizophrenia

and bipolar disorder among other psychiatric disorders[46]. iPSCs have already

contributed valuable insights regarding the pathophysiology of psychiatric disor-

ders, for instance, thanks to these models changes in cortical morphogenesis and

cell type composition in schizophrenia patient-specific neuronal models have been

associated with abnormal proliferation and di↵erentiation of neural progenitor cells

(NPCs)[46]. Among these alterations, an abnormal expression of WNT signaling

pathway components in NPCs has also been observed in schizophrenia and bipolar

disorder, suggesting a link with the altered proliferation of NPCs. Some studies

using iPSCs have shown altered expression of ephrin-A ligands and receptors in

cortical neurons and also in astrocytes suggesting that in schizophrenia, the vary-

ing expression of axonal guidance molecules by developing brain cells disrupts the

proper connectivity of axons [46].

iPSCs studies have also shown that neurons derived from individuals with schizophre-
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nia exhibit changes in the expression of GABA-synthesizing enzymes and variations

in the expression of GABA receptor subunits, suggesting there might be a deficit in

both glutamate and GABA-mediated neurotransmission in schizophrenia[46]. Also,

abnormal excitation or inhibition has been observed in electrophysiological record-

ings of iPSC-derived neurons, depending on the patient’s background. Altered

miRNA expression, impaired mitochondrial function, and oxidative stress are also

among the schizophrenia-related findings that have been possible thanks to research

carried out on iPSCs derived from schizophrenia patients. Very similar findings have

been collected for bipolar disorder where there’s disruption of signaling pathways as

well as abnormal mitochondrial function and miRNA expression and NPC prolif-

eration [46][22]. One aspect that di↵erentiates bipolar disorder from schizophrenia

in iPSCs-derived neurons is their hyper-excitability, which can be brought back

to normal after treatment with Lithium, a commonly prescribed drug for bipolar

disorder-diagnosed patients but to which not everyone reacts.

Even tho studying iPSCs-derived neurons of a single type has been useful, the

interaction between di↵erent cell types also needs to be taken into account, circuit-

scale models including excitatory and inhibitory neuronal subtypes will be crucial,

most current models can often only asses the early stages of neurogenesis, NPC

development, and di↵erentiation, also only a few reach initial stages of neural net-

work formation . An in vitro model system has been developed to assess the circuit

formation of iPSC-derived hippocampal DG and CA3 neurons, comparing these

co-cultures from schizophrenia patients versus controls, the amount of spontaneous

spike and network bursts were found to be smaller in the schizophrenia correspond-

ing co-cultres [22]. Additionally, the integration of glial cell types to iPSCs-derived

neuronal cultures could shed light on the neuronal malfunction, due to glial cells

functioning as pacers for synaptic maturation [46][22]

Altogether iPSCs have provided valuable insights into the developmental origins

of schizophrenia, we have now a better understanding of how disrupted signaling

pathways are involved in the e↵ective wiring of neuronal circuits as well as which

neuronal cell subtypes take part. However, many cellular traits inherent to more

mature stages and circuits like myelination and hippocampal circuit formation are

yet to be further studied in vitro [46][22][12].
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Figure 1 illustrates how di↵erent levels of genomic profiling relate and can be used

together to gain insights into the biological mechanisms through which a disease is

developed. Genome wide association studies are a great way to shed light into the

genomic areas that contain variants associated to the trait or disease being analysed

[66], however, this signal is often a↵ected by the existance of linkage disequilibrium

(LD) blocks which are regions in the genome that tend to be inherited together and

move as a unit during recombination, therefore the fact that a SNP has a high asso-

ciation score (high �log10P ) does not necessarily mean that it is a causal variant,

it could simply be a neighboring SNP within the same LD block. Given that not all

variants in the genome are equally relevant for all tissues or cell types, technologies

like RNA sequencing and ATAC sequencing which capture the transcriptomic and

chromatin landscape respectively of a cell or tissue, have been widely used to find

out the mechanism of action of disease associated variants [69], this can done by

simply overlapping disease associated variants that pass a specific P value threshold

for association with a functional category of a cell type, this has already shed some

light into what variants are relevant for what tissues. However more recent methods

like the LD score regression method not only overlaps some variants onto functional

categories but uses all GWAS interrogated variants while accounting for LD blocks,

making sure to consider variants that don’t pass the established P-value threshold

but nevertheless contribute to the heritability of the trait or disease, at the same

time this method explicitly models linkage disequilibrium. Leveraging this method

and the rich availability of functional genomic annotations will be key to advance

out understanding of polygenic disorders [18].
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Figure 1: Overlap between GWAS variants, their corresponding LD blocks and the
di↵erent methods to capture their function.
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5 AIMS

The global aim of this doctoral thesis was to gain biological insights from psy-

chiatric disorders by identifying relevant cell-types vulnerable to genetic risk and

leverage this findings to benchmark suitable in vitro model systems capable of cap-

turing the polygenic basis of mental illness. In more detail, this thesis aimed to

A) Identify which cell types are vulnerable to psychiatric disease-associated poly-

genic risk by making use of single-cell assay for transposase accessible chromatin se-

quencing (ATACseq) and RNA sequencing (RNAseq) signature genes and regulatory

elements from specific neural subtypes obtained from post-mortem tissue to apply

stratified LD�score regression for partitioning heritability from GWAS summary

statistics while accounting for linkage disequilibrium.

B) Compare the results from the post-mortem snRANseq and scATACseq in

point A) and utilize the most suitable technique for the benchmarking of in vitro

model systems suitable to study cell-type specific SNP heritability.

C) Establish a genomic imputation pipeline and its application to case/control

cohorts to calculate their polygenic risk for schizophrenia.

Since the available patient data only included diagnosis for schizophrenia and

bipolar disorder, all analyses were focused on either of these two psychiatric diseases.
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6 MATERIAL AND METHODS

6.1 Cohorts

6.1.1 PRONIA Cohort

The Personalised Prognostic Tools for Early Psychosis Management (PRONIA)

is a study that collects information for healthy controls as well as people having

clinical high risk (CHR) syndromes, recent onset psychosis, or recent onset depres-

sion (ROD) [52]. The PRONIA sample we had available through a collaboration

with Prof. Dr. Nikolaos Koutsouleris, was composed by 342 Healthy controls, 245

subjects with Recent Onset psychosis, 237 with Clinical high risk symptoms, 2019

with Recent Onset Depression and 33 with unknown status (Fig2).

6.1.2 MIMICS plus Inhouse combined cohort

An In–House cohort for studying schizophrenia and bipolar disorder was put

together resulting from a collaboration between the research groups of Prof. Dr.

Michael Ziller at the Max Planck Institute of Psychiatry and Prof. Dr. Moritz

Rossner at the LMU Klinikum. This resulted in cohort with a total of 101 controls

and 91 subjects diagnosed with schizophrenia (Fig3).

6.2 Genomic imputation

All selected samples from both cohorts were genotyped using an Illumina Global

Screening Array (GSA), containing a total of 654,027 interrogated genomic loci

including 294,578 common variants, 68,431 rare variants and 3053 not present in

the 1000 genomes project[25].

GSA array genotyping data for PRONIA cohort and MIMICS-In-House chorot

samples corresponding to the case/control cohort used in this study was separately

processed by Illumina Genome Studio, PLINK1.9 and PLINK2 were used for all

quality control assessments, wrapper scripts for quality control and imputation were

provided by Dr. Till Andlauer.

A per SNP and per sample missingness count was performed with parameters set
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Figure 2: MIMICS Inhouse Cohort number of subjects per category

at ––maf 0.01 ––geno 0.02 ––mind 0.02. The dataset was then filtered for sample

repeats, identity by descent was used to identify close relatives which were tem-

porarily removed (PI HAT threshold = 0.0625) to assess population stratification

and identify population outliers. The latter was done by first pruning the SNPs by

––geno 0.02 ––hwe 1e–3 ––indep–pairwise 200 100 0.2 ––maf 0.05 —set–hh–missing

and excluding the major histocompatibility complex (MHC) as well as the intersti-

tial inverted duplication INV8, this was followed by creating an multidimensional

scaling (MDS) clustering using the following parameters: —cluster ––mds–plot 10

eigendecomp. Outliers were discarded using a threshold of 4 standard deviations

and relatives were added back to the dataset. SNPs were evaluated and filtered

based on Hardy–Weinberg equilibrium with a threshold of 1e–6. SNP names were

updated to match those of the 1000 Genomes Phase 3 which was the reference panel

used for imputing the samples. Duplicated SNPs were removed and remaining SNPs

were checked and strand orientation corrected if needed.

After performing basic quality control on the original PRONIA cohort data

201108 SNPs and 6 subjects were removed due to low genotyping not passing the

threshold both set to 80%. 8 samples were duplicated of another 8, and the samples

with the lowest genotyping missing rate were kept, all these samples belong to the

control group. A total of 18 samples were found to have a relative within the cohort.
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Figure 3: PRONIA Inhouse Cohort number of subjects per category

After obtaining the biological sex from analyzing heterozygosity for the sex chromo-

somes XY, 1 sample was reported as male and a SNP sex corresponding to female,

when checking the number of heterozygous haploid SNPs (hh-freq 200) this same

sample is found to likely be XXY. After performing a multidimensional analysis on

the population components of the cohort, 18 samples that did not cluster with the

rest of the samples were removed, figure 4 shows the first two components of the

multidimensional analysis performed on the inbreeding coe�cients for the PRONIA

cohort and the 1000 genomes European sub�population, this was done to confirm

the QCed cohort corresponded to the reported ancestry.

Each dataset was then phased using shapeit v2.r837 and windows of 5Mb were

imputed using IMPUTE2 version 2.3.2 using the parameters –pgs–miss –filt–rules–l

–bu↵er 500. Post–imputation quality control was applied by identifying empty or

low SNP count blocks which were either discarded or reimputed by moving the

window location and/or size. In order to filter high quality imputed SNPs, an info

score great than 0.8 and minor allele frequency threshold of 0.01 were used to select

the final SNPs [23].

6.3 Polygenic Risk Scores calculation

After genomic imputation was performed, the software package PRSice [15] was

used to calculate standard polygenic risk scores for schizophrenia on all samples

from the MIMICS-In-House cohort (target data set 1). A susbset of the PRONIA
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Figure 4: Complete PRONIA Cohort Multidimensional analysis plot overlapped
with the 1000 genomes European population.
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cohort was selected for polygenic risk score calculation, the included samples were

the 305 healthy controls and the 195 diagnosed with recent onset psychosis (target

data set 2).

As the ”base phenotype” I used the GWAS summary statistics from the schizophre-

nia study from Pardiñas et. al 2018 [40] which were obtained from the Alkes research

group at the BROAD institue in the following link:

https://data.broadinstitute.org/alkesgroup/

Each of the target data sets were matched to the base phenotype data and those

SNPs which were absent in one of the data sets were removed. Polygenic risk scores

were then calculated with report.individual.scores set to true to report all calculated

scores for all thresholds for each individual, the –binary-target parameter was also

set to True indicating this is a binary disease where the sample is either a case or a

control, –stat was set to OR to indicate the column from the base phenotype file that

contains the e↵ect sizes, the –clump.kb flag was set to 500 kilobases as the window

size to define a linkage disequilibrium independent SNP. A bar plot chart showing

the R2 at the di↵erent evaluated p–values was generated (see results) and only the

best fit threshold derived Polygenic risk scores were assessed. The fastscore flag

was set to true so scores would be evaluate at 7 di↵erent thresholds between 0.0001

and 0.5, which are the default boundaries. A second run was performed without

the fastscore flag in order to calculate High resolution polygenic risk scores at all

P-value thresholds, a plot showing the model fit at the broad P-value thresholds was

generated (see results).

6.4 Copy Number Variant Analysis

Given that a known number of rare copy number variants can be directly asso-

ciated with causing schizophrenia [48] , copy number variants were called on all the

samples for which iPSCs were generated to make sure non of these cases were casued

by any known schizphrenia associated copy number variant.

Copy number variants (CNVs) were called by Dr. Lucia Trastulla using a pipeline

she developed that includes a BCFtools wraper of their variant caller algorithm [2].

CNVs were called in all our samples and later compared to the known disease

associated CNVs compilated by Marschall et al. 2016 [48], as they report the CNVs
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in the genomic assebly hg18, I first lifted over the corresponding genomic coordinates

from hg18 to hg19 genome assembly using UCSC liftover. The resulting coordinates

were then compared to the ones called on our cohort by overlapping their genomic

coordinates, this was done using bedtools intersect v2.26.0, a match was only called

when a minimum overlap of 90% of both CNVs being compared was covered.

6.5 Number of schizophrenia associated alleles per sample

in the MIMICS-In-House Cohort

A genome-wide selection of schizophrenia associated SNPs from the 2014 genome-

wide association study [50] with a P-value threshold, resulting in a set of vari-

ants and the corresponding schizophrenia assciated allle per GRE. The number of

schizophrenia-associated alleles in these sets was assessed in all samples from the

MIMICS-In-House Cohort, the goal was to find out whether there was a significant

di↵erence of the number of schizophrenia associated alleles in cases versus healthy

controls. Figure 5 shows an example of the overlap between the GWAS variants

and the selected subset across chromosome 1. The heatmap shows the number of

schizophrenia associated alleles per sample for all selected variants, this ranges from

0 to 2 with white meaning that the locus was not genotyped and therefore there is

no allele information available.

6.6 Human post-mortem brain tissue characterization and

heritability assessment

6.6.1 Post mortem brain tissue snRNAseq and ATACseq

All experiments in post-mortem brain tissue performed by Dr. Miriam Gagliardi,

from which she generated scRNA-seq and scATACseq data from the pre frontal

cortex of 4 adult individuals corresponding to two controls and two schizophrenia

cases RNAseq and ATACseq data was processed by Dr. Ziller.

6.6.2 Stratified LD–score regression for cell type specific heritability

enrichment assessment in post-mortem brain tissue

After obtaining the expressed gene list for each identified cell type resulting from

snRNAseq data, the corresponding gene coordinates were obtained using ENSEMBL

biomaRt with hsapiens–gene–ensembl dataset GRCh37, a 100–kb window was added

to each side of the transcribed region. These resulting extended gene coordinates
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Figure 5: All tested SNPs for chromosome 1 in the Schizphrenia GWAS by Ripke
et al.[50] are displayed in the manhattan plot at the top, representative SNPs de-
termined to be significantly associated with schizophreia are shown as red lines in
the chromosome cytoband plot in the middle to show their position within the chro-
mosome. The heatmap at the botton shows the number of schizophrenia-asscoiated
alleles for each of the selected SNPs for which their SNP IDs are displayed on the
X-axis of the plot, each row of the heatmap represents a sample. Each square rep-
resents the number of schizophrenia associated alleles for a specific SNP in a given
sample, it ranges from 0 � 2 and a missing genotype is represented by a white col-
ored square.
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were then overlapped with the LD scores files from the reference panel using bedtools

Version: v2.27.1–1–gb87c465. and formatted as input to the S–LDSC software. LD

scores were then calculated separately for each cell type using LD Score Regression

(LDSC) Version 1.0.0 [17]

All cell types were then analyzed together by performing a cell–type–specific

analysis to estimate disease association for 19 di↵erent polygenic traits divided into

4 classifications. For psychiatric disorders, I analyzed enrichment in schizophrenia,

bipolar disorder, autism spectrum disorders, and major depressive disorder, corre-

sponding to Central Nervous System (CNS) traits I included the polygenic traits of

antidepresant treatment resistance, any psychotic experience, clozapine levels, nor-

clozapine levels, clozapine to norclozapine ratio, years of education, and Neuroticism.

Two di↵erent groups of controls were assessed, one control group corresponded to

polygenic diseases which included Coronary Artery Disease (CAD), celiac disease,

Type I and type II diabetes, for the second group I included polygenic traits includ-

ing height, fasting glucose levels, if ever smoked, and low-density lipoprotein (LDL)

cholesterol levels. This was carried out using each disease’s corresponding GWAS

summary statistics obtained from:

https://data.broadinstitute.org/alkesgroup/

A modified baseline model v1.2 containing 52 categories was built to run this

analysis. The modified baseline model contains an extra category as a control that

includes all analyzed genes in our RNA–seq or ATACseq, similar to Finucane et

al 2018 [18].To account for multiple testing, significant enrichment was determined

after correcting using FDR < 0.05 over the 10 included cell type categories.

The cell–type–specific analysis output includes a regression coe�cient, coe�cient

standard error and a coe�cient P value from which Z–scores were calculated and

plotted in heat maps for all categories and traits. using R version 3.5.2 (2018–12–20)

–– ”Eggshell Igloo”
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6.7 Model Systems to capture the polygenic basis of mental

illness

6.7.1 Charachterization chromatin accessibility profiles of cerebral organoid-

derived cells by scATACseq

Cerebral organoids and their chromatin accessibility characterization are a cour-

tesy of the Dr. Silvia Cappello’s research group at Max Planck Institue for Psychi-

atry. Data processing including label transfer and uniform manifold approximation

and projection clustering was performed by Prof. Dr. Michael Ziller and provided

to me as genomic tracks in bed format.

6.7.2 Stratified LD–score regression for cell type specific heritability

enrichment assessment in cerebral organoids

Genomic tracks in bed format were provided by Dr. Micahel Ziller and peak

genomic locations were intersected with the LDSC annotation files using bedtools

Version: v2.27.1–1–gb87c465. and formatted as input to the S–LDSC software.

LD scores were then calculated separately for each category (positive and negative

peaks) using LD Score Regression (LDSC) Version 1.0.0 [17]

All organoid clusters were then analyzed together by performing a cell–type–specific

analysis to estimate disease association for 13 di↵erent polygenic traits divided into

4 classifications. For psychiatric disorders, I analyzed enrichment in schizophre-

nia, bipolar disorder, autism spectrum disorders, and major depressive disorder,

corresponding to Central Nervous System (CNS) traits I included the polygenic

traits intelligence, educational attainment (EA), and Neuroticism. Two di↵erent

groups of controls were assessed, one control group corresponded to polygenic dis-

eases which included Cardiovascular Disease, celiac disease, and asthma, for the

second group I included polygenic traits including height, lymphocyte count, and

low-density lipoprotein (LDL) cholesterol levels. This was carried out using each

disease’s corresponding GWAS summary statistics obtained from

https://data.broadinstitute.org/alkesgroup/

To account for multiple testing, significant enrichment was determined after cor-

recting using FDR < 0.05 over the 10 included cell type categories.

The cell–type–specific analysis output includes a regression coe�cient, coe�-
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cient standard error and a coe�cient P value from which Z–scores were calculated

and plotted in heat maps for all categories and traits including iPSC di↵erentiated

iNeurons for comparison, plotting was done using R version 3.5.2 (2018–12–20) ––

”Eggshell Igloo”

6.7.3 iPSC–derived cortical neurons

iPSC–derived cortical neurons were obtained by Dr. Ruhel Ahmad at Max Planck

Institue for Psychiatry based on the protocol from Qi et. al (2017). To briefly

describe the procedure. The iPSCs were propagated on the cell culture dishes

coated with Matrigel (1:100) (Corning) diluted with DMEM/F12 (Thermo Fisher

Scientific) in StemMACS iPS–Brew XF medium (Miltenyi Biotec). For neuronal

di↵erentiation, iPSCs were disassociated with Accutase (Sigma–Aldrich) at 37°C
for 5 minutes. After washing and centrifugation cells were plated on the Matrigel

(1:30) coated tissue culture dishes in StemMACS iPS–Brew XF medium with Re-

vitaCell™ Supplement (Thermo Fisher Scientific) at a density of 200,000 cells/cm2.

On the next day (day 0) di↵erentiation was started by changing the medium to

KSR medium containing 410 ml of Knockout DMEM, 75 ml Knockout Serum Re-

placement, 1 mM L–glutamine, 100 µM MEM nonessential amino acids, and 0.1 mM

beta–mercaptoethanol (all from Thermo Fisher Scientific) including small molecules

LDN193189 (250 nM; Miltenyi Biotec), SB431542 (10 µM; Miltenyi Biotec), XAV939

(5 µM; Tocris), PD0325901 (1 µM; Miltenyi Biotec), SU5402 (5 µM; Tocris), DAPT

(10 µM; Miltenyi Biotec). LSB+X were added from day 0–7, and P/S/D were added

from day 2–7. N2 and B27 supplements (Life Technologies) were added in increas-

ing 1/3 increments every other day from day 4: 1/3 N2/B27 for days 4 and 5, 2/3

N2/B27 for days 6, 7. For initiating Neuronal di↵erentiation from NPCs. On day

8 NPCs were dissociated to single cells with Accutase (Sigma–Aldrich). Cells were

resuspended in neural di↵erentiation media containing neurobasal (Thermo Fisher

Scientific) supplemented with B27, BDNF (20 ng/ml; Miltenyi Biotec), cAMP (0.5

mM; Sigma–Aldrich), laminin (1 µg/ml; Sigma–Aldrich), and ascorbic acid (0.2

mM; Sigma–Aldrich). After centrifugation cells were plated on polyornithine (PO;

15 µg/ml), laminin (1 µg/ml), fibronectin (2 µg/ml) (all from Sigma–Aldrich) at

300,000 cells/cm2 in neural di↵erentiation media. On day 14 mouse astrocytes were

added to the neurons at a density of 5000 cells/cm2. On day 21 changed media

which included Ara–C (4µM; Sigma–Aldrich). Until day 63 medium was changed

every 3–4 days.
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6.7.4 iPSC–derived GABAergic neuron

For the derivation of GABAergic neuron (iG) from iPSCs, obtained by Dr. Ruhel

Ahmad at Max Planck Institue for Psychiatry he followed Yang e.t al. (2017) dif-

ferentiation protocol. Briefly, iPSCs were propagated on Matrigel (1:100) (Corn-

ing) coated cell culture dishes in StemMACS iPS–Brew XF medium. iG were

derived by dissociating iPSCs with accutase and infected with lentivirus. The

following lentivirus constructs were used: FUW M2rtTA expressing the reverse

tetracycline transactivator (M2rtTA) FUW–TetO–Ascl1–T2A puromycin express-

ing Ascl1 gene, FUW–TetO–Dlx2–IRES–hygromycin expressing Dlx2 gene. Cells

were resuspended in Stem Brew supplemented with Polybrene ( 6ug/ml) & 1x Re-

vitaCell and seed cells onto Matrigel–coated dishes at a density of 20000 cells/

cm2. After 16–18 hours, remove the virus–containing media and add N2 media

(DMEM/F12 medium and 5 ml 100x N2 supplement) with Doxycycline 2 µg/ml.

After 24 hours, change the media with N2 media with Doxycycline and antibi-

otics (puromycin 10 µg/ml and hygromycin 5 µg/ml). On day 4 Change the media

with N2 media with Doxycycline then again on day 7 change the media with N2

media with Doxycycline and Ara–C (4µM). Cells were dissociated on Day 8 and

seed onto Poly–Ornithine/Laminin/Fibronectin coated plates in Growth Medium

with Doxycycline (2×105 cells/cm²). Growth medium: Neurobasal Medium, 1 mM

L–glutamine, 10 mL B–27 Supplement, 5% FBS and BDNF (10 ng/ml). On Day 11

mouse astrocytes were added to the iG culture at a density of 5000 cells/cm². On

Day 15 changed half of the Growth Medium with Doxycycline and Ara–C (4µM).

From Day 18 onwards Doxycycline was removed from the Growth Medium. Half

media was changed every 3–4 days until day 42.

6.7.5 Oligodendroglial di↵erentiation from human stem cells

Neural induction and oligodendroglial di↵erentiation was performed by Dr. Flo-

rian Rabee at the Department of Psychiatry and Psychotherapy at the LMUKlinikum

adapted to previously published protocols (Garćıa–León et al., 2018). Briefly, hiP-

SCs were cultivated in feeder–free conditions with iPS–Brew on Vitronectin. Trans-

fection with lentiviral construct, based on the pINDUCER21–puro–Gateway–3xFLAG

(Addgene plasmid #172981) that contained SOX10–P2A–OLIG2–T2A–NKX6.2 (SON)

under the control of the doxycycline–inducible operator (tetO) and constitutive ex-

pression units for the reversed tetracycline transactivator (rtTA) and a puromycin

selection cassette, was performed with single cells in iPS–Brew supplemented with

1 µM Y–27632. 48 h after transfection, selection with 1 ug/mL puromycin was per-
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formed to generate stable SON–hiPSCs. For neuronal induction and oligodendroglial

prepatterning (sample day13), hiPSC, cultured in mTeSR1, were first plated on Ma-

trigel. For passaging mTeSR1 was supplemented with RevitaCell. Two days later,

media was changed to N2B27, which consists of DMEM/F–12, 1x GlutaMAX, 1x

N2, 1x NEAA, 50 µM Mercaptoethanol and 25 µg/mL Insulin, supplemented with

100 nM retinoic acid (RA)and 10 µM SB431542, 1 µM LDN193189. Media was

changed every day. After 8 days, SB and LDN were replaced by 1 µM SAG until

day 13. For directed oligodendrocyte di↵erentiation, cells after neural induction were

plated on 50 µg/mL poly–L–ornithine/10 µg/ml laminin, on the next day (day+0)

media directed OL di↵erentiation was initiated changing medium to Oligodendro-

cyte di↵erentiation medium (OL–DM), which consists of N2B27 supplemented with

10 ng/mL PDGF–AA, 10 ng/mL IGF1, 5 ng/mL HGF, 10 ng/mL NT3, 0.1 ng/mL

Biotin, 1 mM dbcAMP, 60 ng/mL T3 and 1 µg/mL doxycycline. Media was changed

every second day and puromycin (1µg/ml) selection was performed from Day +2 to

Day +4. To enrich for O4+ cells, we performed O4–microbead purification to the

manufacturer’s instructions at day +10 and cells were cultivated until day +16.

6.7.6 Characterizing patient-derived iNeurons

Primary human cells from healthy controls and schizophrenia cases were used

by Christine Rummel to generate iPSCs, which she then di↵erentiated into excita-

tory forebrain neurons using a modified protocol by Zhang et al. [72] cell’s iden-

tity characterization were assessed using immunocytochemistry, bulk, and single-cell

RNA-Seq. Electrophysiological activity of the generated iNeurons derived from both

patients and controls was also recorded and showed network activity and recurrent

bursting behavior. Neurite and cortical layer markers were also measured to further

confirm neuronal identity.

6.7.7 Stratified LD–score regression for cell type specific heritability

enrichment assessment in patient-derived iPSCs

scATACseq data from pateint-derived iPSCs di↵erentiated cells was obatined

and processed by members of the Ziller research group at Max Planck institute for

psychiatry.

Genomic locations of peaks from scATACseq data were overlapped with the LD

scores files from the reference panel using bedtools Version: v2.27.1–1–gb87c465.

and formatted as input to the S–LDSC software. LD scores were then calculated
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separately for each cell type using LD Score Regression (LDSC) Version 1.0.0 [17]

All cell types were then analyzed together by performing a cell–type–specific

analysis to estimate disease association for 13 di↵erent polygenic traits divided into

4 classifications. For psychiatric disorders, I analyzed enrichment in schizophre-

nia, bipolar disorder, autism spectrum disorders, and major depressive disorder,

corresponding to Central Nervous System (CNS) traits I included the polygenic

traits intelligence, educational attainment (EA), and Neuroticism. Two di↵erent

groups of controls were assessed, one control group corresponded to polygenic dis-

eases which included Cardiovascular Disease, celiac disease, and asthma, for the

second group I included polygenic traits including height, lymphocyte count, and

low-density lipoprotein (LDL) cholesterol levels. This was carried out using each

disease’s corresponding GWAS summary statistics obtained from

https://data.broadinstitute.org/alkesgroup/

A modified baseline model v1.2 containing 52 categories was built to run this

analysis. The modified baseline model contains an extra category as a control that

included the DNase I hypersensitive sites from the ENCODE project, similar to

the Finucane et al 2018 [18].To account for multiple testing, significant enrichment

was determined after correcting using FDR < 0.05 over the 10 included cell type

categories.

The cell–type–specific analysis output includes a regression coe�cient, coe�cient

standard error and a coe�cient P value from which Z–scores were calculated and

plotted in heat maps for all categories and traits. using R version 3.5.2 (2018–12–20)

–– ”Eggshell Igloo”

6.7.8 Charachterization chromatin accessibility profiles of mouse pre-

frontal cortical cells

scATACseq data from mouse prefrontal cortex at post-natal days 1,7 and 21 (P1,

P7 P21) was obtained from Yuan et al [71] available through the Gene Expression

Omnibus (GEO SuperSeries GSE204851). The data set includes di↵erent brain cell

types, corresonding to P1, Astrocytes, oligodendrocyte progenitor cells, corticotha-

lamic projection neurons, cortical projection neurons, and Inhibitory MGE and CGE

neurons are included in this analysis, For P7 sub-cerebral projection neurons, neu-

ropeptide Y-expressing neurons, cortical projection neurons, corticothalamic pro-
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jection neurons, astrocytes, somatostatin expressing neurons, and oligodendrocyte

progenitor cells, for P21 neuropeptide Y-expressing neurons, parvalbumin-positive

neurons, somatostatin expressing neurons, cortical projection neurons, NFOL neu-

rons, sub-cerebral projection neurons, corticothalamic projection neurons, layer IV

neurons and Astrocytes, and MFOL expressing neurons were analysed.

6.7.9 Stratified LD–score regression for cell type specific heritability

enrichment assessment in murine prefrontal cortical cells

Peak genomic locations in bed format were intersected with the LDSC annotation

files using bedtools Version: v2.27.1–1–gb87c465. and formatted as input to the

S–LDSC software. LD scores were then calculated separately for each of the murine

cortical cell types at the 3 di↵erent post-natal stages using LD Score Regression

(LDSC) Version 1.0.0

A cell–type–specific analysis was performed on each cell-type chromatin accessi-

bility profile to estimate disease association for the following polygenic traits and dis-

eases: schizophrenia, bipolar disorder, autism spectrum disorders, major depressive

disorder, intelligence, educational attainment (EA), and neuroticism. Control traits

and diseases were also analyzed including cardiovascular Disease, celiac disease,

asthma, height, lymphocyte count, and low-density lipoprotein (LDL) cholesterol

levels. This was carried out using each disease’s corresponding GWAS summary

statistics and a modified baseline model v1.1 which contains 52 categories. The

modified baseline model contains an extra category as a control that included the

mouse DNase I hypersensitive sites from the ENCODE project. Summary statistics

and baseline model were downloaded from:

https://data.broadinstitute.org/alkesgroup/

To account for multiple testing, significant enrichment was determined after cor-

recting using FDR < 0.05

The cell–type–specific analysis output includes a regression coe�cient, coe�cient

standard error and a coe�cient P value from which Z–scores were calculated and

plotted in heat maps for all categories and traits. using R version 3.5.2 (2018–12–20)

–– ”Eggshell Igloo”
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6.7.10 Mouse and human fetal callosal neurons of the developing neo-

cortex

Zuccaro et al. [73] generated a longitudinal transcriptional map of excitatory pro-

jection neuron (PN) and inhibitory interneuron (IN) subtypes of the cerebral cortex,

across a timeline of mouse embryonic and postnatal development, as well as fetal

human cortex and human cortical organoids. Major subtypes of cortical excitatory

and inhibitory neurons were profiled at di↵erent time points including excitatory

projection neurons, corticothalamic projection neurons (CThPNs) of layer 6, sub-

cerebral projection neurons (ScPNs) of layer 5, and cortical projection neurons in the

mouse cortex. The profiled cell types were identified by the genetic markers Bcl11b,

Tle4, and Satb2 that charachterize ScPNs, CThPNs, and CPNs, respectively.

6.7.11 Stratified LD–score regression for cell type specific heritability

enrichment assessment in callosal neurons of the developing neo-

cortex

To evaluate the association of di↵erent neuronal signatures with neuropsychiatric

disease risk loci, I performed stratified LD-score regression on cell-type specific chro-

matin profiles obtained by single-cell ATACseq from mouse embryonic and postnatal

development, as well as fetal human cortex and human cortical organoids.

6.7.12 Stratified LD–score regression for heritability enrichment assess-

ment in hKCl depolarizing treated iNeurons VS untreated iNeu-

rons

High potassium chloride (hKCl) depolarizing treatment was added to iNeurons

and the resulting chromatin accessibility profile was obtained with ATAC�Seq.

These experiments were performed by Dr. Christine Rummel, scATACseq data

was processed by Prof. Dr. Michael Ziller and provided to me as genomic tracks in

bed format.

hKCL peak genomic locations in bed format were intersected with the LDSC

annotation files using bedtools Version: v2.27.1–1–gb87c465. and formatted as input

to the S–LDSC software. LD scores were then calculated separately for each category

(positive and negative peaks) using LD Score Regression (LDSC) Version 1.0.0

For both categories, a cell–type–specific analysis was performed to estimate dis-

ease association for the following traits: Major Depressive Disorder, Antidepressant
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treatment resist, any psychotic experience, Schizophrenia, Ever Smoked, Autism

Spectrum Disorder, Bipolar Disorder, Coronary Artery, Disease, Height, Type 1

Diabetes, Type 2 Diabetes, Neuroticism, LDL, Celiac, Fasting Glucose, Years of

Education. This was carried out using each disease’s corresponding GWAS sum-

mary statistics and a modified baseline model v1.1 which contains 52 categories.

The modified baseline model contains an extra category as a control that included

the DNase I hypersensitive sites from the ENCODE project, similar to the Finu-

cane et al 2018 [18]. To account for multiple testing, significant enrichment was

determined after correcting using FDR < 0.05

The cell–type–specific analysis output includes a regression coe�cient, coe�cient

standard error and a coe�cient P value from which Z–scores were calculated and

plotted in heat maps for all categories and traits. using R version 3.5.2 (2018–12–20)

–– ”Eggshell Igloo”
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7 RESULTS

7.1 Genomic imputation

7.1.1 PRONIA

A total of 7.2M variants resulted from the imputation of the PRONIA cohort,

Figure 6 shows the relative variance explained by each of the components based

on the population structure of the PRONIA cohort, this was evaluated by apply-

ing multidimensional scaling to the inbreeding coe�cients of the cohort, the first

two components explain the majority of the variance and therefore could be used

to determine if any and which samples needed to be discarded. The observed and

expected autosomal homozygous genotype counts were computed for all samples,

Figure 7 shows the method-of-moments F coe�cient estimates, all samples are ex-

pected to be within the range delineated by the red lines, samples that don’t meet

these values need to be discarded, a total of 2 control samples were discarded. Figure

8 shows the first 2 components of the population-based multidimensional analysis

for the after-imputation PRONIA cohort, each dot corresponds to a sample and they

are colored according to biological sex, confirming there is no clustering according

to this variable. SNP-based as well as individual-based genotyping missingness was

calculated, the after-imputation missingness results are shown in Figure 9 as the

cumulative distribution of individual and SNP call rates, the Y axis indicates the

genotyping call rate, and the X-axis represents the quantiles to which each individ-

ual or SNP belong, both call rate measurements are above 0.9 showing that more

than 90% of the total SNPs were called for each individual.

7.1.2 MIMICS InHouse

A total of 7M variants resulted from the imputation of the MIMICS-InHouse

cohort. The relative variance corresponding to each of the components was calcu-

lated for the population structure within the cohort using multidimensional scaling

and it is shown in Figure 10, components 1 and 2 explain the majority of the ob-

served variance. Heterozygosity was calculated for all samples counting the observed

and expected autosomal homozygous genotype and reported using the method-of-

moments F coe�cient estimates, Figure 11 shows the sample counts (Y-axis) for the

di↵erent F coe�cient, two samples that fell outside the range delineated by the red

vertical lines were taken out of the analysis due to abnormal heterozygosity. Figure
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Figure 6: Relative variance explained by each component calculated on the popula-
tion structre of the PRONIA Cohort.

Figure 7: F coe�cient estimates of heterozygosity for the PRONIA Cohort.
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Figure 8: First two components of the inbreeding coe�cients multidimensional anal-
ysis of the PRONIA cohort after imputation, the color code corresponds to biological
sex.
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Figure 9: Missingness per sample and SNP post-imputation of the PRONIA cohort.

12 shows the first 2 components of the population-based multidimensional analysis

for the after-imputation MIMICS InHouse cohort, each dot corresponds to a sample

and they are colored according to biological sex, confirming there is no clustering

according to this variable. Some samples do not cluster with the main cluster but we

decided to keep them given that they are only 2 standard deviations higher than the

usual threshold of 4 standard deviations. In Figure 13 the post imputation cumula-

tive distribution of individual call rate and SNP call rate are plotted. On the left,

each dot represents a subject from the MIMICS-In-house cohort, and on the right

each dot represents a SNP, both call rate measurements are above 0.9 indicating

that more than 90% of the total SNPs were called for each sample.

7.2 Polygenic Risk Scores calculation

Standard polygenic risk scores for schizophrenia were calculated for all imputed

samples in the PRONIA cohort as well as for all samples in the MIMICS - InHouse

cohort. Figures 14 and 16 show the goodness of fit for the association between the

polygenic risk scores calculated at di↵erent P-value thresholds and schizophrenia for

PRONIA and MIMICS-InHouse respectively. Each bar corresponds to the result of

a tested polygenic risk score that included the SNPs passing a given P-value thresh-

old in the schizophrenia GWAS. The P-value used for each PRS (bar) is indicated
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Figure 10: Relative variance explained by each component calculated on the popu-
lation structre of the MIMICS-In-House cohort

Figure 11: F coe�cient estimates of heterozygosity for the MIMICS-In-House cohort
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Figure 12: Multidimensional analysis of the identity by descent matrix from the
MIMICS InHouse cohort, color corresponds to biological sex

Figure 13: Missingness per sample and SNP post-imputation of the MIMICS-In-
House cohort
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Figure 14: PRONIA PRS on Schizophrenia Nagelkerke’s R2 model fit by di↵erent
P value thresholds

under each bar, on top of each bar the P-value resulting from the association of the

calculated PRS and schizophrenia is shown, the Y axis shows the Nagelkerke’s R
2

which corresponds to the fit for each bar. The highest bar corresponds to the most

predictive PRS, which is a function of the e↵ect size distribution as well as the power

of both base and target datasets. Figures 15 and 17 also show the goodness of fit

for each model but at a higher resolution for which thousands of P-value cuto↵s are

tested and from which the highest bar for the other plots is calculated.
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Figure 15: PRONIA PRS on Schizophrenia Nagelkerke’s R2 model fit by di↵erent
P value thresholds in high resolution

Figure 16: MIMICS-In-House PRS on Schizophrenia Nagelkerke’s R2 model fit by
di↵erent P value thresholds
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Figure 17: MIMICS-In-House PRS on schizophrenia Nagelkerke’s R2 model fit by
di↵erent P value thresholds in high resolution

7.3 MIMICS-In-House PRS on Schizophrenia HR

Samples from the MIMICS-InHouse cohort from which iPSCs were generated

including bipolar disease cases, schizophrenia cases, and controls were assessed for

copy number variations known to be associated with schizophrenia, figure 18 shows

all the analyzed copy number variants and the samples for which the analysis was

carried out, sample names starting with BD correspond to bipolar disorder diagnosed

subject, those starting with CLZ or SCZ correspond to schizophrenia diagnosis and

the rest are control samples.10 out of 49 samples had one or more overlapping copy

number variants with those that have been associated with schizophrenia, 9 of them

are heterozygous deletions, one of the assessed samples diagnosed with a bipolar

disorder (BD6) has a heterozygous duplication resulting in 3 copies of a known

causal copy number variation.

7.4 Schizophrenia associated alleles content assesment

After obtaining all the representative SNPs from all SCZ GWAS loci based on

Ripke 2014 [50], the number of schizophrenia-associated alleles for these variants was

assessed for each subject in the MIMICS-In-house combined cohort, with the goal of

investigating whether there was a clear separation of schizophrenia-associated alleles
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Figure 18: Schizophrenia–associated copy number variant analysis for the MIMICS-
In-House samples from which iPSCs were derived

in cases versus controls. Figure 19 shows the overlap of the selected SNPs indicated

by a red line on top of each crhomosome’s cytoband, with the schizophrenia-GWAS

SNP association. Figure 20 shows the results of this analysis on the first 4 chro-

mosomes, with one heat map corresponding to each chromosome. The color scale

corresponds to the number of schizophrenia-associated alleles which range from 0 to

2, if the position is colored in white for a given sample this means that the variant

was not genotyped nor imputed, and therefore the genotype is unknown. All sam-

ples were clustered by cases and controls, and no clear trend separating both groups

can be observed for any of the chromosomes. Only 4 chromosomes are shown for

brevity, all other plots corresponding to the rest of the genome are included in the

supplementary figures section.
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Figure 19: Schizphrenia GWAS by chromosome and the matching positions for the
selected schizophrenia-associated SNPs
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Figure 20: Schizophrenia–associated SNPs in chr1�chr4. The number of
schizophrenia�associated alleles for each of the selected SNPs for which their SNP
IDs are displayed on the X-axis of the plot, each row of the heatmap represents a
sample. Each square represents the number of schizophrenia associated alleles for
a specific SNP in a given sample, it ranges from 0 2 and a missing genotype is
represented by a white colored square

56



Identification of in vitro model systems capable of capturing the polygenic basis of mental illness

7.5 Human post-mortem brain tissue characterization and

heritability assessment

7.5.1 Single-nuclei RNAseq of human post-mortem brain tissue

Single-nuclei RNAseq was used to get the transcriptomic profiles of human post-

mortem brain tissue taken from the prefrontal cortex, the resulting transcriptomes

underwent dimensional reduction by Uniform Manifold Approximation and Projec-

tion (UMAP) Figure 21a shows the di↵erent clusters that represent di↵erent cell

types, each cluster depicted by a di↵erent color, every dot represents a single cell.

Identified cell types include Astrocytes (Astro), Cortical projection neurons, Corti-

cothalamic Projection Neurons (CthPN), Inhibitory neurons, and oligodendrocytes.

7.5.2 Single cell ATACseq of human post mortem brain tissue

Single-cell ATACseq was also performed on post-mortem brain tissue from the

prefrontal cortex, the resulting chromatin profiles from the sequenced cells are rep-

resented in di↵erent clusters resulting from the uniform manifold approximation and

Projection dimensional reduction and are shown in Figure 21b, each dot corresponds

to a cell and each cell’s identity is determined by the cluster to which it belongs, clus-

ters are separated by colors which correspond to cell types identified as Astrocytes,

cortical sub cerebral projection neurons (ScPN), Inhibitory somatostatin expressing

neurons (Inh�Sst), Oligodendrocytes (Oligo), Cortical Projection Neurons (CPN),

Corticothalamic Projection Neurons (CthPN), Inhibitory Parvalbumin-positive neu-

rons (Inh�Pvalb), Inhibitory-vasoactive intestinal polypeptide and calbindin2 ex-

pressing neurons (Inh�Vip�Calb2), Inhibitory�CALB2 and neuropeptide Y ex-

pressing neurons and dorsolateral cortical projection neurons (CPN�DL).

7.5.3 stratified LD-score regression for heritability enrichment assess-

ment of post-mortem brain tissue

For a given polygenic trait, enrichment of a category or transcriptomic profile of

a cell type is defined as the proportion of the SNP heritability in the profile divided

by the proportion of SNPs in that profile. Enrichment is shown in Figure 22 a and

b indicated by a positive (red) regression coe�cient represented as Z-scores which

are shown in the scale on the heatmaps, for every significant hit (after P value
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correction) there is a star in the middle of the circle which indicates the magnitude

of the enrichment (Z-score).

The heritability enrichment of these transcriptomic profiles was assessed for 19

di↵erent polygenic traits divided into 4 classifications. For psychiatric disorders, I

analyzed enrichment in schizophrenia, bipolar disorder, autism spectrum disorders,

and major depressive disorder (MDD), corresponding to Central Nervous System

(CNS) traits I included the polygenic traits of antidepresant treatment resistance,

any psychotic experience, clozapine levels, norclozapine levels, clozapine to norcloza-

pine ratio, years of education, and neuroticism. Two di↵erent groups of controls

were assessed, one control group corresponded to polygenic diseases which included

Coronary Artery Disease (CAD), celiac disease, Type I and type II diabetes, for the

second group I included polygenic traits including height, fasting glucose levels, if

ever smoked, and low-density lipoprotein (LDL) cholesterol levels.

Figure 22 a shows the heritability enrichment results corresponding to 10 dif-

ferent transcriptomic profiles, corresponding to the single-nuclei RNAseq profiles of

the post-mortem brain tissue samples. The resulting heritability enrichment anal-

ysis on snRNAseq data for the 19 included traits and diseases resulted in a signif-

icant enrichment in corticothalamic Layer 6 cells for schizophrenia, bipolar disor-

der and neuroticism, excitatory neurons of the cortical layers 2-3 were enriched for

schizophrenia, bipolar disorder, neuroticism, and ever smoked. Excitatory neurons

of the cortical layers 2-3 showed significant enrichment for schizophrenia and bipolar

disorder, Parvalbumin expressing neurons (PVALB) also had a positive enrichment

for schizophrenia, bipolar disorder and neuroticism, somatostatin-expressing neu-

rons only showed significant enrichment for MDD and Neuroticism.

Figure 22b shows the heritability enrichment results corresponding to 15 di↵er-

ent chromatin profiles that resulted from performing single-cell ATACseq on cells

obtained from post-mortem brain tissue from the prefrontal cortex. Similar to the

results obtained from snRNAseq data, Corticothalamic Layer 6 cells, excitatory

neurons of the cortical layers 2-3, excitatory neurons of the cortical layers 2-3 and

Parvalbumin expressing neurons showed a significant enrichment in schizophrenia

and bipolar disorder heritabilities. However, additional cell types were also found

to have a significant enrichment for schizophrenia, these include vasoactive intesti-

nal polypeptide expressing neurons (VIP), somatostatin expressing neurons (SST),

Oligodendrocyte progenitor cells (OPC), Microglia, Astrocytes and Oligodendro-
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Figure 21: Uniform Manifold Approximation and Projection for a. snRNAseq and
b. scATACseq on PFC post-mortem cells

Figure 22: LD-score regression results for a. snRNAseq and b. scATACseq of
cortical cells from the prefrontal cortex of post-mortem brain tissue

cytes. A cluster with unknown specific cell identity but also isolated from the

prefrontal cortex showed varied enrichment profiles that only included traits and

diseases from the psychiatric diseases and CNS traits groups. Remarkably, all cell

clusters derived from the PFC post-mortem data showed significant enrichment for

schizophrenia and years of education. None of the cells showed enrichment for any

of the control traits and diseases.

Chromatin accessibility profiles corresponding to heart, kidney, skeletal muscle

and the H7 dMHG cell line were used as controls, as expected none of them showed

significant enrichment for any of the psychiatric diseases or CNS traits.
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Figure 23: a. Venn diagram representing the number of SNPs covered by ATACseq
and RNAseq of the post-mortem brain tissue analysed cells. b. shows the overlap
between di↵erent genomic functional features like schizophrenia GWAS SNPs and
ATACseq and RNAseq loci in di↵erent cells.

7.5.4 snRNAseq vs scATACseq

Figure 23 shows a comparison between RNAseq and ATACseq interrogated loci.

A total of 325,675 SNPs overlapped the pool of all analyzed loci in the scATACseq

experiments for all cells, The loci corresponding to the snRNAseq experiments,

covered a total of 7,985,370 SNPs. Both datasets shared 314,997 SNPs (Figure

23a). The SNPs dataset used for the overlap was that of the schizophrenia GWAS

from Pardiñas et al 2018. [40]. Figure 23b shows how di↵erent genomic features

overlap. TCF4 gene, which has been repeatedly found to harbor schizophrenia risk

loci [5] is used as an example to show where the di↵erent functional categories of

scATACseq and snRNAseq as well as the schizophrenia-associated SNPs overlap

with the gene.

7.6 Model Systems to capture the polygenic basis of mental

illness

With the aim of finding a suitable model system to further study psychiatric

disorders, I performed the stratified LD–score regression analysis on scATACseq

data from organoids, mouse cortical neurons across di↵erent developmental stages,

and patient-derived iPSCs.
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Figure 24: Uniform Manifold Approximation and Projection for Organoid’s scAT-
ACseq data.

7.6.1 Single-cell ATACseq from cerebral organoids

Figure 24 shows the dimensional reduction by Uniform Manifold Approximation

and Projection of the single-cell ATACseq data of cerebral organoids resulting in

13 di↵erent clusters corresponding to di↵erent neuronal maturation stages. Figure

25 shows the resulting heritability enrichment for the same 13 diseases and traits

analyzed for the post-mortem brain samples. Neurons di↵erentiated from patient-

derived iPSCs are also shown in this heat map. Schizophrenia heritability was

enriched in 4 neuronal cell types and 3 di↵erent organoids, bipolar disease had

a similar result, with 4 neuronal cell types, and 4 di↵erent organoids which had

enrichment for bipolar disorder heritability. Only three neuronal cell types and

one cerebral organoid were enriched for autism spectrum disorder. MDD was also

enriched in three neuronal cell types and four cerebral organoids, control CNS traits

of intelligence, and educational attainment were enriched in all neurons and several

cerebral organoids. Only two organoids were significantly enriched for the polygenic

control trait of height, none of the organoids or cells were enriched for any control

disease.
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Figure 25: LD-score regression results di↵erent neuronal types and organoids
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7.6.2 Single-cell ATACseq from di↵erent brain cell types di↵erentiated

from patient-derived iPSCs

A second dataset comprising di↵erent brain cell types di↵erentiated from patient-

derived iPSCs was also analyzed using stratified LD-score regression to assess them

for heritability enrichment of various polygenic diseases and traits. Shown in Figure

26 are the heritability enrichment results for the chromatin profiles of the di↵eren-

tiated cells, in this analysis I also included the ATACseq chromatin profiles from

heart, liver, hESC, CD19, and H7 dAPS cells.

Schizophrenia heritability enrichment was found in Parvalbumin-positive neu-

rons, somatostatin-expressing neurons, excitatory neurons from the cortical layers

2-3, vasoactive intestinal polypeptide-expressing neurons, excitatory neurons from

the cortical layers 4-5, neocortical layer 6 neurons, patient-derived GABAergic neu-

rons (iGABA), patient-derived neurons (iNeurons), oligodendrocyte progenitor cells,

distal neural progenitor cells, and ERG positive neurons. Bipolar disorder showed

significant enrichment in excitatory neurons from the cortical layers 2-3, excita-

tory neurons from the cortical layers 4-5, and neocortical layer 6 neurons. MDD

heritability was found to be enriched in Parvalbumin-positive neurons, vasoactive

intestinal polypeptide-expressing neurons, excitatory neurons from the cortical lay-

ers 4-5, patient-derived GABAergic neurons, and distal neural progenitor cells.

Parvalbumin-positive neurons, somatostatin-expressing neurons, excitatory neurons

from the cortical layers 2-3, vasoactive intestinal polypeptide-expressing neurons,

patient-derived neurons (iNeurons), oligodendrocyte progenitor cells, and excitatory

neurons from the cortical layers 4-5 had significant enrichment for both neuroticism

and educational attainment (Years of education). neocortical layer 6 neurons,

7.6.3 Single-cell ATACseq from murine prefrontal cortex cells at di↵er-

ent developmental stages.

scATACseq was performed on mouse cortical neurons from postnatal days 1, 7,

and 21 (P1, P7 & P21). Figure 27a shows the heritability enrichment results for

15 di↵erent polygenic traits and diseases. Schizophrenia heritability enrichment was

found in Astrocytes and layer IV neurons at P1, in sub-cerebral projection neu-

rons, neuropeptide Y-expressing neurons, cortical projection neurons, corticotha-

lamic projection neurons and astrocytes at P7, for P21 enrichment was found in
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Figure 26: LD-score regression results di↵erentiated cortical cells from patient-
derived iPSCs

neuropeptide Y-expressing neurons, parvalbumin-positive neurons, somatostatin-

expressing neurons, cortical projection neurons, NFOL neurons, sub-cerebral projec-

tion neurons, corticothalamic projection neurons, layer IV neurons and Astrocytes.

MDD heritability enrichment was only significant for corticothalamic projection neu-

rons at P7. Figure 27b summarizes the enrichment heritability for schizophrenia for

all cell types in the three developmental stages.

7.6.4 Single-cell RNAseq from human and mouse callosal neurons of

the developing neocortex

Zuccaro et al [73] generated a longitudinal transcriptional map of excitatory pro-

jection neuron (PN) and inhibitory interneuron (IN) subtypes of the cerebral cortex,

across a timeline of mouse embryonic and postnatal development, as well as fetal hu-

man cortex and human cortical organoids. To evaluate the association of di↵erent

neuronal signatures with neuropsychiatric disease risk loci, I performed stratified

LD-score regression on their chromatin profiles obtained by single-cell ATACseq.

Figures 28a and 28b show no enrichment for any of the characterized cortical

neurons from mouse, nor the embryonic or post�natal neurons nor the interneurons
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Figure 27: LD-score regression results from single-cell ATACseq from mouse neurons
on di↵erent developmental stages

at post-natal day 30. For the cortical neuron signature genes on fetal tissue, corti-

cal projection neurons showed a significant heritability enrichment for schizophrenia

(Figure 28c). Similarly, cells identified as cortical projection neurons in human corti-

cal organoids also showed significant enrichment for schizophrenia, at 3 and 6 months

corticothalamic projection neurons showed significant enrichment for schizophrenia

heritability. Cerebral organoids at 3 months also showed significant enrichment for

schizophrenia and bipolar disorder heritability in interneuron markers positive cells

and in sub�cerebral projection neurons (Figure 28d).
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Figure 28: Cortical Neurons and fetal developmental LD-score regression results

7.6.5 Partitioned heritability analysis of scATACseq chromatin profiles

from iNeurons after a sustained depolarization stimulus

High potassium chloride (hKCl) depolarizing treatment was added to iNeurons

and the resulting chromatin accessibility profile was obtained with ATAC�Seq. This

profile was then analyzed using stratified LD�score regression to find out whether

the chromatin accessibility changes induced by hKCL treatment were significantly

enriched for psychiatric disorders heritability. Figure 29 shows the comparison of

Figure 29: LD-score regression for high potassium chloride depolarizing treatment
in iNeurons
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heritability enrichment of the chromatin accessibility profile of iNeurons with and

without treatment. Cells without treatment resulted in a positive enrichment for

schizophrenia whereas the ones with hKCl treatment showed no enrichment for any

of the analyzed polygenic traits.

7.6.6 Summary

In summary, these results show highlight the power of genomic imputation to

a better characterization of case controls cohorts, at the same time by seeing how

heterogeneous the distribution of disease associated allele content can be, it supports

the need of developing better polygenic risk score calculation methods to better

utilize results from genome wide association studies.

The heritability enrichment results for all the analyzed post-mortem brain tissue

cells as well as the ones coming from all tested model systems supports previous

evidence that shows the involvement of various brain cell types in the development

of schizophrenia. In parallel, this adds evidence for the benefit of using chromatin

accessibility profiles when analyzing cell-type specific signatures relevant for disease

risk. Moreover, this further demonstrates the validity of iPSCs as in vitro model

systems that not only can capture the polygenic architecture of psychiatric disorders

but can also be used as a tool to perform high throughput functional experiments,

accelerating the research that will ultimately lead us to better diagnosis and treat-

ments.
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8 DISCUSSION

The results presented in this thesis highlight the relevance and validity of induced

pluripotent stem cells as an in vitro model system to study psychiatric disorders like

schizophrenia. Neuronal cell types di↵erentiated from patient-derived iPSCs showed

to capture the polygenic basis of psychiatric disorders in a way other model systems

cannot; iPSCs have the advantage of being able to carry the genomic liability of sub-

jects diagnosed with a psychiatric disorder, making it possible to study the e↵ect

of specific genomic profiles with varying disease-associated variants, taking advan-

tage of modern functional genomics techniques as single-cell RNA sequencing and

single-cell ATAC sequencing, which can be performed in a high throughput fashion.

This opens up the possibility of studying the cell type-specific mechanisms through

which psychiatric diseases act which will be fundamental for the identification of

drugable targets as well as the development of new therapies, furthermore under-

standing which associated variants deferentially a↵ect specific cell types is key to

developing better methods for early identification of subjects at risk of developing

psychiatric disorders.

8.1 Genome-wide studies in psychiatric disorders

Genotyping imputation plays a crucial role in genetic association studies by en-

hancing statistical power and assisting in the interpretation of findings [11]. In

this thesis, I performed the genomic imputation of the PRONIA and MIMICs-In-

House cohorts, which were composed of healthy controls and subjects diagnosed

with psychiatric disorders like schizophrenia and bipolar disorder or with a diagno-

sis of recent-onset psychosis. Leveraging the power of reference panels like the 1000

genomes project which provides the haplotypes for subjects of di↵erent ethnicities

from around the world [4], I successfully and accurately inferred the genotypes at

untyped markers for two cohorts, thereby expanding the coverage of known genomic

SNPs for all samples. Figure 30 shows the population structure of the 10 popula-

tions used as a reference panel to impute the described cohorts, as comprehensive

as this panel looks, not all subjects can be imputed with the same accuracy, there

are many ethnicities that are not included in reference panels and which harbor

allele frequencies specific to them, therefore some genomic regions will be harder

to impute. For the same reason disease-associated variants resulting from genome-
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wide association studies carried out in a specific population should ideally be further

studied in individuals with a similar genetic background [34].

The influence of genetic risk factors on psychiatric diseases has been addressed

by a number of studies over the past several years [40][66][50] Many genome-wide

association studies and meta-analyses have been carried out finding hundreds of

loci implicated in the liability for psychiatric diseases, making it clear these are

polygenic and complex [40][50]. Nevertheless, valuable insights have been gained

which have influenced the direction of functional studies at the same time they

have improved the power of polygenic risk scores, useful to evaluate shared etiology

between di↵erent psychiatric disorders, stratify patients with the same diagnosis

but with di↵erent underlying genetic makeup and as a predictive tool to identify

subjects at risk [10].

The genomic imputation of both cohorts allowed me to calculate better and more

informative schizophrenia polygenic risk scores for all samples. However polygenic

risk scores for psychiatric diseases are still far from being a reliable tool in a clinical

setting. Given that the polygenic risk of psychiatric diseases like schizophrenia is

distributed across many genes and genomic regulatory elements, all of which cor-

respond to di↵erent cell types, considering all of them at once might not be as

informative as partitioning the risk according to the portion of the genome that is

relevant for a cell-type. The results from the Schizophrenia-associated alleles con-

tent assessment, reported in section 7.4 (Figures 19 and 20) show the heterogeneity

of schizophrenia-associated alleles across the MIMICS-In-House cohort. Figure 20

reports the schizophrenia-associated number of alleles as defined by the GWAS per-

formed by [50] samples are grouped by controls on the top half of the heatmap

and cases in the lower half, there is no clear trend that separates both groups by

schizophrenia associated allele content, showing how simply counting the number of

associated variants without assigning them a weight or e↵ect size is not informative

about disease status. The practical application of better polygenic risk scores can be

valuable in subjects where there is a greater preexisting likelihood of disease, such

as during the initial phases of illnesses, aiding in diagnostic processes or guiding

treatment decisions [34].
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Figure 30: Principal component analysis of all samples in the 1000 genomes project.
The superopulations included are African-American, Asian, Caucassian, Hispanic,
SAS = Southasians, EUR = Europeans, EAS = East Asians, AMR = Admixed
americans, and AFR = Africans.
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8.2 Neuronal cell subtypes vulnerable to schizophrenia lia-

bility

As discussed in the previous section, disease-associated variants are likely to act

in a highly condition and cell type specific fashion, therefore identifying the cells

that are vulnerable to the to psychiatric disease associated polygenic risk is crucial.

In order to do so, I performed partitioned heritability analysis on single nuceli RNA

sequencing and single cell ATAC sequencing data from human post-mortem brain

tissue of the prefrontal cortex. I analyzed the functional profiles resulting from both

sequencing techniques using the stratified LD-score regression method by Finucane

et al. 2015 [17]. This resulted in a list of cell types that were significantly enriched

for psychiatric disorders.

In the case of schizophrenia, LD-scroe regression on single nuclei RNAseq data

was able to detect a significant positive enrichment for schizophrenia heritability

in corticothalamic layer 6 cells, neurons of the cortical layers 2�3, neurons of the

cortical layers 4�5, and Parvalbumin expressing neurons (PVALB)(Fiigure 22a).

Significant enrichment heritability analysis also performed on adult post-mortem

brain tissue but using single-cell ATACseq also detected positive significant enrich-

ment in corticothalamic layer 6 cells, neurons of the cortical layers 2�3, neurons

of the cortical layers 4�5, and Parvalbumin expressing neurons (PVALB). Addi-

tionally significant enrichment for schizophrenia heritability was also found in va-

soactive intestinal polypeptide expressing neurons (VIP), somatostatin expressing

neurons (SST), Oligodendrocyte progenitor cells (OPC), microglia, astrocytes and

oligodendrocytes.

For bipolar disorder, the stratified LD-score analysis on snRNAseq data was able

to detect significant enrichment in corticothalamic layer 6 cells, neurons of the corti-

cal layers 2�3, neurons of the cortical layers 4�5, and Parvalbumin expressing neu-

rons (PVALB). These same cells were also enriched according to scATACseq data,

similar to schizophrenia, scATACseq was able to also identify more cell enriched

for heritability, these inlcued vasoactive intestinal polypeptide expressing neurons

(VIP), somatostatin expressing neurons (SST) and Microglia.

Many of these cells were also enriched for heritability for other traits or diseases

related to the central nervous system, supporting the notion that there is a shared
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genetic liability among psychiatric disorders. All of this aligns with previous research

where these cell types had been found to be relevant to susceptibility to variants

associated with the above traits [45].

8.3 RNAseq vs ATACseq

Single-cell RNAseq and ATACseq have been proven useful to understand which

genomic regulatory elements and which genes are active in time point for a specific

cell, in this thesis I aimed to test both and find out which technique was best suited to

study the how the genetic risk of schizophrenia and bipolar disorder a↵ect specific cell

types. In the post-mortem brain tissue studies, the partitioned heritability analysys

of single-cell ATACseq data was able to identify a bigger proportion of cell types that

harbor heritability enrichment, this findings are consistent with previous findings of

many schizophrenia risk loci being located in non�coding regions of the genome [40].

Figure 23a shows the number of SNPs used to calculate heritability enrichment with

the ATACseq and RNAseq genomic tracks of all analysed cells pooled together, the

Venn diagram illustrates how scATACseq covers a lot less SNPs than snRNAseq,

which actually includes most of the SNPs also covered by scATACseq, indicating that

maybe ATACseq data converges higher overlap specificity with the schizophrenia

risk loci and therefore being able to yield better results when calculating heritability

enrichment. However, looking at the combined profiles generated by both techniques

could also shed light on the regulatory mechanisms through which gene transcription

is governed.

8.4 Model systems for studying psychiatric disorders

Post-mortem brain tissue studies have yielded valuable biological insights from

many psychiatric disorders, however schizophrenia is a neuro-develppmental dis-

order that already a↵ects brain cells in early stages of life [22], post-mortem brain

tissue is not always available from young individuals, adult post-mortem brain tissue

inevitably misses important insights of the mechanisms that act earlier in life.

With the goal of finding suitable in vitro model systems that were able to capture

the polygenic basis of psychiatric disorders observed in post-mortem brain tissue

cells, I explored the heritability enrichment of di↵erent brain cell types from various

sources.
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Di↵erentiated neuronal cells from iPSCs showed a significant enrichment for

schizophrenia and bipolar disorder like their ex-vivo counterparts, confirming their

validity as a great in vitro model system to study psychiatric disorders. Further-

more, to investigate whether activity-dependent chromatin accessibility profiles had

an impact in the enrichment for polygenic risk associated with diseases, a compari-

son study was carried out by adding hKCL to iPSCs derived neurons. The resulting

partitioned heritability analysis on chromatin accessibility profiles in the neurons

before and after depolarization by high potassium chloride (hKCL) identified signif-

icant enrichment of polygenic risk for schizophrenia within the set of open chromatin

regions that displayed increased accessibility following stimulation, emphasizing the

importance of considering the functional implications of disease-associated genetic

variations not only under normal conditions but also highlight the role of activity-

dependent processes in contributing to subtle modifications in neuronal plasticity

properties associated with schizophrenia.

These results show how induced pluripotent stem cells grant access to function-

ing human brain cells, enabling the exploration of molecular mechanisms of disease

and variations among individuals. Their compatibility with diverse technical meth-

ods like the single-cell RNA and ATAC sequencing used in this thesis, make them

an exceptional in vitro model system in many respects[12]. Di↵erentiated brain

cells derived from iPSCs are especially valuable for investigating the genetic risk

of psychiatric diseases, as well as the e↵ects of pharmacological interventions, on

fundamental processes taking place within and between neural cells.

iPSCs o↵er distinct advantages in comprehending essential cellular processes and

basic network activity. However, they may be less suitable for studying complete

brain systems and, importantly, how intricate brain functions evolve throughout the

dynamic landscape of neurodevelopment [12] To overcome these limiations, cerebral

organoids have recently gained popularity as a higher organization human neural

system that allows for the study of more complex circuitry and cell interactions.

In this thesis, the resulting heritability enrichment from two independent organoid

scATACseq experiemtns are reported. One of these results sets corrresponds to the

organoid scRNAseq data by Zuccaro et al. [73] where enrichment for schizophrenia

was found on cells identified as Corticothalamic projection neurons and sub-cerebral

projection neurons. The second set of results, corresponding to the those reported in

Section 4.6.1 show schizophrenia heritability enrichment for 3 di↵erent cell clusters,
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unfortunately both studies cannot be compared because in the second study no cell

identity could be assigned, proving that when working with organoids, assigning cell

identity by ATACseq profiles can be very challenging; the presence of disordered het-

erogeneity and low reproducibility continue to pose a notable struggle, emphasizing

the importance of meticulous experimental design aimed at minimizing their influ-

ence. [12] As the protocols for the generation of organoids improve, I expect it to

become the next best suitable in vitro model system to study psychiatric disorders.

Lastly, partitioned heritability was assessed in cortical cells from mouse from

E16.5 to P30, no heritability enrichment was found for any of the obtained cell types

at any of the time points. In the same study by Zuccaro et al. [73] transcriptomic

profiles from human fetal cortical neurons was obtained and also analysed using

LD-score regression method, identifying significant heritability enrcihment for corti-

cal projection neurons, suggesting that signature transcriptomic profiles are highly

cell type specific and might also be species specific. However analysing the scAT-

ACseq data from mouse cortical neurons at di↵erent post natal time points from

a second study by Yuan et al [71] revealed significant heritability for schizophre-

nia in astrocytes and layer IV neurons at P1, in sub-cerebral projection neurons,

neuropeptide Y-expressing neurons, cortical projection neurons, corticotha- lamic

projection neurons and astrocytes at P7, for P21 enrichment was found in neuropep-

tide Y-expressing neurons, parvalbumin-positive neurons, somatostatin expressing

neurons, cortical projection neurons, NFOL neurons, subcerebral projec- tion neu-

rons, corticothalamic projection neurons, layer IV neurons and astrocytes. These

di↵erences could arise from the functional approach used to determine the cell type

specific signatures, while Zuccaro et al. [73] used RNAseq, Yuan et al. [71] used

ATACseq, which as observed earlier in the analysis of the postmortem data, seems

more suitable for assessing the heritability enrichment of psychiatric disorders.

8.5 Future directions

These findings could potentially boost the improvement of methods for calcu-

lating polygenic risk scores to maximize the utilization of genome-wide association

study results by modifying the weights of the SNPs contributing to the score accord-

ing to what is relevant for a specific cell type, currently most methods just perfom

a sum of the e↵ect sizes of all selected SNPs.

The heritability enrichment results obtained from the analysis of post-mortem
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brain tissue cells and model systems support existing evidence regarding the involve-

ment of various brain cell types in schizophrenia and bipolar disease development.

Additionally, this research reinforces the value of using chromatin accessibility

profiles for analyzing cell-type specific signatures relevant to disease risk. Further-

more, it further validates the utility of induced pluripotent stem cells as in vitro

model systems that not only capture the polygenic architecture of psychiatric disor-

ders but also serve as a tool for conducting high-throughput functional experiments.

These advancements accelerate research e↵orts aimed at enhancing diagnosis and

treatment strategies in the field.
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9 PUBLICATION STATEMENT

Part of the work presented in this PhD thesis is part of a co-authored manuscript

titled “Cell type and condition specific functional annotation of schizophrenia asso-

ciated non coding genetic variants” which has been submitted to a peer-reviewed

journal.

A second part of this thesis was also part of a manuscript titled ”Human-specific

enrichment of schizophrenia risk-genes in callosal neurons of the developing neocor-

tex” which has been submitted to BioRxiv.

76



Identification of in vitro model systems capable of capturing the polygenic basis of mental illness

A ELECTRONIC APPENDIX

Code and figures are provided in electronic form:

https://www.dropbox.com/sh/n401qsjx4gqiyv9/AAAKiJjEuv1BAKq3F9MfgBwwa?dl=0
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E. M., Nuñez, B., O’Donnell, C. W., Olson, S., Onate, K. C., Otterman, E.,

Ozadam, H., Pagan, M., Palden, T., Pan, X., Park, Y., Partridge, E. C., Paten,

B., Pauli-Behn, F., Pazin, M. J., Pei, B., Pennacchio, L. A., Perez, A. R., Perry,

E. H., Pervouchine, D. D., Phalke, N. N., Pham, Q., Phanstiel, D. H., Plajzer-

Frick, I., Pratt, G. A., Pratt, H. E., Preissl, S., Pritchard, J. K., Pritykin,

Y., Purcaro, M. J., Qin, Q., Quinones-Valdez, G., Rabano, I., Radovani, E.,

Raj, A., Rajagopal, N., Ram, O., Ramirez, L., Ramirez, R. N., Rausch, D.,

Raychaudhuri, S., Raymond, J., Razavi, R., Reddy, T. E., Reimonn, T. M.,

Ren, B., Reymond, A., Reynolds, A., Rhie, S. K., Rinn, J., Rivera, M., Rivera-

Mulia, J. C., Roberts, B. S., Rodriguez, J. M., Rozowsky, J., Ryan, R., Rynes,

E., Salins, D. N., Sandstrom, R., Sasaki, T., Sathe, S., Savic, D., Scavelli, A.,

Scheiman, J., Schla↵ner, C., Schloss, J. A., Schmitges, F. W., See, L. H., Sethi,

A., Setty, M., Shafer, A., Shan, S., Sharon, E., Shen, Q., Shen, Y., Sherwood,

R. I., Shi, M., Shin, S., Shoresh, N., Siebenthall, K., Sisu, C., Slifer, T., Sloan,

C. A., Smith, A., Snetkova, V., Snyder, M. P., Spacek, D. V., Srinivasan, S.,

Srivas, R., Stamatoyannopoulos, G., Stamatoyannopoulos, J. A., Stanton, R.,

Ste↵an, D., Stehling-Sun, S., Strattan, J. S., Su, A., Sundararaman, B., Suner,

M. M., Syed, T., Szynkarek, M., Tanaka, F. Y., Tenen, D., Teng, M., Thomas,

J. A., To↵ey, D., Tress, M. L., Trout, D. E., Trynka, G., Tsuji, J., Upchurch,

S. A., Ursu, O., Uszczynska-Ratajczak, B., Uziel, M. C., Valencia, A., Biber,

79



Identification of in vitro model systems capable of capturing the polygenic basis of mental illness

B. V., van der Velde, A. G., Van Nostrand, E. L., Vaydylevich, Y., Vazquez,

J., Victorsen, A., Vielmetter, J., Vierstra, J., Visel, A., Vlasova, A., Vockley,

C. M., Volpi, S., Vong, S., Wang, H., Wang, M., Wang, Q., Wang, R., Wang,

T., Wang, W., Wang, X., Wang, Y., Watson, N. K., Wei, X., Wei, Z., Weisser,

H., Weissman, S. M., Welch, R., Welikson, R. E., Weng, Z., Westra, H. J.,

Whitaker, J. W., White, C., White, K. P., Wildberg, A., Williams, B. A.,

Wine, D., Witt, H. N., Wold, B., Wolf, M., Wright, J., Xiao, R., Xiao, X., Xu,

J., Yan, K. K., Yan, Y., Yang, H., Yang, X., Yang, Y. W., Yardimci, G. G.,

Yee, B. A., Yeo, G. W., Young, T., Yu, T., Yue, F., Zaleski, C., Zang, C.,

Zeng, H., Zeng, W., Zerbino, D. R., Zhai, J., Zhan, L., Zhan, Y., Zhang, B.,

Zhang, J., Zhang, J., Zhang, K., Zhang, L., Zhang, P., Zhang, Q., Zhang, X. O.,

Zhang, Y., Zhang, Z., Zhao, Y., Zheng, Y., Zhong, G., Zhou, X. Q., Zhu, Y.

and Zimmerman, J. [2020]. Expanded encyclopaedias of DNA elements in the

human and mouse genomes, Nature 2020 583:7818 583(7818): 699–710.

[2] A map of human genome variation from population-scale sequencing [2010].

Nature 2010 467:7319 467(7319): 1061–1073.

[3] Andrey Ziyatdinov, Joshua Backman, J. M. S. M. G. T. J. Y. Z. D. L. J. S.

R. P. X. B. S. B. L. H. R. L. A. L. E. M. M. J. E. J. W. S. J. O. J. R. T.

T. G. A. A. B. J. M. a. c. e. a. s. o. R. G. C. o. R. P. A. N. K. S. and are

current employees and/or stockholders of AstraZeneca Mark Reppell is current

employee and/or stockholder of AbbVie., S. P. [2022]. Genotyping, sequencing

and analysis of 140,000 adults from the Mexico City Prospective Study, bioRxiv

p. 2022.06.26.495014.

[4] Auton, A., Abecasis, G. R., Altshuler, D. M., Durbin, R. M., Bentley, D. R.,

Chakravarti, A., Clark, A. G., Donnelly, P., Eichler, E. E., Flicek, P., Gabriel,

S. B., Gibbs, R. A., Green, E. D., Hurles, M. E., Knoppers, B. M., Korbel,

J. O., Lander, E. S., Lee, C., Lehrach, H., Mardis, E. R., Marth, G. T., McVean,

G. A., Nickerson, D. A., Schmidt, J. P., Sherry, S. T., Wang, J., Wilson, R. K.,

Boerwinkle, E., Doddapaneni, H., Han, Y., Korchina, V., Kovar, C., Lee, S.,

Muzny, D., Reid, J. G., Zhu, Y., Chang, Y., Feng, Q., Fang, X., Guo, X., Jian,

M., Jiang, H., Jin, X., Lan, T., Li, G., Li, J., Li, Y., Liu, S., Liu, X., Lu, Y., Ma,

X., Tang, M., Wang, B., Wang, G., Wu, H., Wu, R., Xu, X., Yin, Y., Zhang, D.,

Zhang, W., Zhao, J., Zhao, M., Zheng, X., Gupta, N., Gharani, N., Toji, L. H.,

Gerry, N. P., Resch, A. M., Barker, J., Clarke, L., Gil, L., Hunt, S. E., Kelman,

80



Identification of in vitro model systems capable of capturing the polygenic basis of mental illness

G., Kulesha, E., Leinonen, R., McLaren, W. M., Radhakrishnan, R., Roa, A.,

Smirnov, D., Smith, R. E., Streeter, I., Thormann, A., Toneva, I., Vaughan,

B., Zheng-Bradley, X., Grocock, R., Humphray, S., James, T., Kingsbury, Z.,

Sudbrak, R., Albrecht, M. W., Amstislavskiy, V. S., Borodina, T. A., Lien-

hard, M., Mertes, F., Sultan, M., Timmermann, B., Yaspo, M. L., Fulton, L.,

Ananiev, V., Belaia, Z., Beloslyudtsev, D., Bouk, N., Chen, C., Church, D.,

Cohen, R., Cook, C., Garner, J., He↵eron, T., Kimelman, M., Liu, C., Lopez,

J., Meric, P., O’Sullivan, C., Ostapchuk, Y., Phan, L., Ponomarov, S., Schnei-

der, V., Shekhtman, E., Sirotkin, K., Slotta, D., Zhang, H., Balasubramaniam,

S., Burton, J., Danecek, P., Keane, T. M., Kolb-Kokocinski, A., McCarthy, S.,

Stalker, J., Quail, M., Davies, C. J., Gollub, J., Webster, T., Wong, B., Zhan,

Y., Campbell, C. L., Kong, Y., Marcketta, A., Yu, F., Antunes, L., Bainbridge,

M., Sabo, A., Huang, Z., Coin, L. J., Fang, L., Li, Q., Li, Z., Lin, H., Liu, B.,

Luo, R., Shao, H., Xie, Y., Ye, C., Yu, C., Zhang, F., Zheng, H., Zhu, H., Alkan,

C., Dal, E., Kahveci, F., Garrison, E. P., Kural, D., Lee, W. P., Leong, W. F.,

Stromberg, M., Ward, A. N., Wu, J., Zhang, M., Daly, M. J., DePristo, M. A.,

Handsaker, R. E., Banks, E., Bhatia, G., Del Angel, G., Genovese, G., Li, H.,

Kashin, S., McCarroll, S. A., Nemesh, J. C., Poplin, R. E., Yoon, S. C., Lihm,

J., Makarov, V., Gottipati, S., Keinan, A., Rodriguez-Flores, J. L., Rausch,
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M. M., Opho↵, R. A., Owen, M. J., Palotie, A., Pato, C. N., Petryshen, T. L.,

Posthuma, D., Rietschel, M., Riley, B. P., Rujescu, D., Sham, P. C., Sklar,

P., St Clair, D., Weinberger, D. R., Wendland, J. R., Werge, T., Daly, M. J.,

Sullivan, P. F. and O’Donovan, M. C. [2014]. Biological insights from 108

schizophrenia-associated genetic loci, Nature 2014 511:7510 511(7510): 421–

427.

URL: https://www.nature.com/articles/nature13595

[51] Robette, N., Génin, E. and Clerget-Darpoux, F. [2022]. Heritability: What’s

the point? What is it not for? A human genetics perspective, Genetica 150(3-

90



Identification of in vitro model systems capable of capturing the polygenic basis of mental illness

4): 199–208.

[52] Rosen, M., Betz, L. T., Schultze-Lutter, F., Chisholm, K., Haidl, T. K.,

Kambeitz-Ilankovic, L., Bertolino, A., Borgwardt, S., Brambilla, P., Lencer,

R., Meisenzahl, E., Ruhrmann, S., Salokangas, R. K., Upthegrove, R., Wood,

S. J., Koutsouleris, N. and Kambeitz, J. [2021]. Towards clinical application of

prediction models for transition to psychosis: A systematic review and exter-

nal validation study in the PRONIA sample, Neuroscience and biobehavioral

reviews 125: 478–492.

URL: https://pubmed.ncbi.nlm.nih.gov/33636198/

[53] Shashikant, T. and Ettensohn, C. A. [2019]. Genome-wide analysis of chromatin

accessibility using ATAC-seq, Methods in cell biology 151: 219–235.

URL: https://pubmed.ncbi.nlm.nih.gov/30948010/

[54] Sinclair, D., Fillman, S. G., Webster, M. J. and Weickert, C. S. [2013]. Dys-

regulation of glucocorticoid receptor co-factors FKBP5, BAG1 and PTGES3

in prefrontal cortex in psychotic illness, Scientific reports 3.

URL: https://pubmed.ncbi.nlm.nih.gov/24345775/

[55] Skene, N. G., Bryois, J., Bakken, T. E., Breen, G., Crowley, J. J., Gaspar,

H. A., Giusti-Rodriguez, P., Hodge, R. D., Miller, J. A., Muñoz-Manchado,
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Sobell, J. L., Söderman, E., Stain, H. J., Steen, N. E., Steixner-Kumar, A. A.,
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