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Abstract

1. Abstract

About one percent of the world's population is suffering from schizophrenia (SCZ), which is a
multifactorial neuropsychiatric disorder with high heritability. SCZ is characterized by
symptoms such as hallucinations, lack of motivation and memory deficits. On the molecular
level, an imbalance of neurotransmitters and changes in the content of synaptic proteins and
receptors have been suggested to critically contribute to its pathogenesis. Nonetheless, the
underlying molecular causalities of SCZ remain elusive. In this project, out of a small cohort of
healthy first-degree relatives and patients suffering from SCZ, one patient was identified to
have a heterozygous deletion of chromosome 3q28. After careful consideration of the genetic
landscape of this gene locus, | determined two candidate genes encoded on this gene locus:
osteocrin (OSTN) and interleukin-1 receptor accessory protein (/L 1RAP). While the interleukin-
1B (IL-1B) pathway has been previously associated with SCZ, a link between OSTN and SCZ
has not been described yet. A recent report revealed that OSTN has been evolutionary
repurposed to be expressed in the central nervous system (CNS) exclusively of some
anthropoid primates including humans. Interestingly, both, OSTN and IL-1B signaling are
described to affect neuronal morphology, by reducing neuronal complexity. In this thesis, an in
vitro model of highly pure human induced pluripotent stem cell (hiPSC)-derived cortical
neurons was used to study SCZ pathomechanisms in context of a heterozygous 3928 deletion.
Due to its novelty and limited information on OSTN in the brain, | additionally generated an
isogenic system where | introduced an OSTN mutation in a healthy control cell line. This is an
attempt to reduce genetic complexity and determine contributions of this candidate gene, while
the IL-1B pathway was modulated pharmacologically. Transcriptomic analysis of SCZ neurons
uncovered that heterozygous 3g28 deletion has a major impact on the expression of genes
related to synapses, adhesion molecules and neuronal growth. Morphological characterization
of SCZ neurons at d55-60, disclosed a significant increase in neuronal ramification. Moreover,
the findings in OSTN mutant neurons confirmed an impact of OSTN on neuronal morphology.
Additionally, alterations in density of mature synapses were observed in both systems. These
changes were accompanied by altered synaptic activity detected by electrophysiological
measurements. Further, modulation of OSTN and IL-1 pathway respectively revealed effects

on neuronal ramification.

In sum, the presented data strongly suggests a link of the heterozygous 3928 deletion to
neuronal morphology and function in SCZ patients’ neurons. My work endorses hiPSCs as an
invaluable model to characterize complex disorders and human-specific aspects, which can

help identifying genes that might qualify as molecular targets for therapy in the future.






Zusammenfassung

2. Zusammenfassung

Etwa ein Prozent der Weltbevolkerung leidet an Schizophrenie (SCZ), einer komplexen
neuropsychiatrischen Erkrankung mit hoher Erblichkeit. SCZ ist durch Symptome wie
Halluzinationen, Antriebslosigkeit und Gedachtnisstérungen gekennzeichnet. Auf molekularer
Ebene werden ein Ungleichgewicht der Neurotransmitter und veranderte Mengen synaptischer
Proteine und Rezeptoren als malfigebliche Beitrage zur Pathogenese vermutet. Dennoch sind
die zugrunde liegenden molekularen Ursachen der SCZ noch weitgehend unbekannt. In
diesem Projekt wurde aus einer kleinen Kohorte gesunder Verwandter ersten Grades und
Patienten mit SCZ ein Patient mit einer heterozygoten Deletion des Chromosoms 328
identifiziert. Nach eingehender Analyse der genetischen Landschaft dieses Genlocus,
identifizierte ich zwei Kandidatengene: Osteocrin (OSTN) und Interleukin-1-Rezeptor-
Accessory-Protein (IL1RAP). Wahrend der IL-1B-Signalweg bereits mit SCZ in Verbindung
gebracht wurde, ist eine Verbindung zwischen OSTN und SCZ bisher nicht beschrieben. Eine
aktuelle Studie zeigte, dass OSTN evolutionar so umfunktioniert wurde, dass es ausschlieflich
im zentralen Nervensystem (ZNS) einiger Anthropoiden, einschlieRlich des Menschen,
exprimiert wird. Interessanterweise wurde bereits beschrieben, dass sowohl OSTN als auch
Aktivitat des IL-1B-Signalwegs die neuronale Morphologie beeinflussen, indem sie die
neuronale Komplexitat reduzieren. In dieser Arbeit wurde ein in vitro Modell hochreiner, aus
humanen induzierten pluripotenten Stammzellen (hiPSCs) abgeleiteter kortikaler Neurone
verwendet, um SCZ-Pathomechanismen im Zusammenhang mit einer heterozygoten 3g28-
Deletion zu untersuchen. Aufgrund der Neuartigkeit und begrenzten Informationen zu OSTN
im Gehirn, entwickelte ich zusatzlich ein isogenes System, in welches ich eine OSTN-Mutation
in eine gesunde Kontrollzelllinie eingebracht habe. Dies ist ein Ansatz, die genetische
Komplexitat zu reduzieren und den Einfluss dieses Kandidatengens zu bestimmen, wahrend
der IL-1B-Signalweg pharmakologisch moduliert wurde. Transkriptomanalysen der SCZ-
Neurone zeigten, dass die heterozygote 3g28-Deletion einen erheblichen Einfluss auf die
Expression von Genen im Zusammenhang mit Synapsen, Adhasionsmolekilen und
neuronalem Wachstum hat. Die morphologische Charakterisierung der SCZ-Neurone an den
Tagen 55-60 zeigte eine signifikante Zunahme der neuronalen Verzweigung. Daruber hinaus
bestatigten die Ergebnisse in OSTN-Mutanten-Neuronen einen Einfluss von OSTN auf die
neuronale Morphologie. Zudem wurden Veranderungen in der Dichte reifer Synapsen in
beiden Systemen beobachtet. Diese Veranderungen gingen mit veranderter synaptischer
Aktivitat einher, die durch elektrophysiologische Messungen nachgewiesen wurde. Weiterhin
zeigte die Modulation der OSTN- und IL-1B-Signalwege jeweils Effekte auf die neuronale
Verzweigung. Zusammenfassend deuten die prasentierten Daten darauf hin, dass die

heterozygote 3g28-Deletion mit Veranderungen der neuronalen Morphologie und Funktion in



Zusammenfassung

SCZ-Patienten-Neuronen in Zusammenhang steht. Meine Arbeit bestatigt hiPSCs als
wertvolles Modell zur Charakterisierung komplexer Erkrankungen und humanspezifischer
Aspekte, was dazu beitragen kann, Gene zu identifizieren, die sich mdglicherweise als

molekulare Ziele flr zuklinftige Therapien qualifizieren.
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3. Introduction

3.1 Schizophrenia

3.1.1 General aspects of schizophrenia

With a life-time prevalence of up to 1% of the world-wide population, SCZ is a major concern
medically as well as economically (1). SCZ has a relatively early onset, with the majority of the
cases manifesting during early adulthood. Although SCZ shows a rather high degree of
heritability (up to 80%) (2), it is now evident that environmental factors play a crucial role in its
pathophysiology. In particular, pre-natal challenges such as a maternal infection, fetal hypoxia,
premature birth and low birth weight might alter the physiological neurodevelopmental

trajectory, thus increasing the risk of developing SCZ later in life (3,4).

The onset of the disorder usually coincides with additional environmental stressors like
traumatic experiences (5-7), infections and sexual abuse (8) amongst others (9,10) that are
unmasking the increased susceptibility due to prenatal stress. Upon their manifestation, SCZ
symptoms are divided into three major categories: positive and negative symptoms and
cognitive impairments (Figure 1) and typically occur first during childhood or adolescence after
the aforementioned stress exposure, while the prefrontal cortex (PFC) is still developing.
Positive symptoms include hallucinations and delusions, negative symptoms include a lack of
motivation and as well as deficits in affect and cognitive impairments are characterized by
memory and language deficits (3). The diagnosis of SCZ is not an easy task due to the variety
of symptoms and the similarity to other psychiatric disorders. Moreover, it may take some time
to identify SCZ since the symptomatic phase is usually preceded by a prodromal (sub-
diagnostic symptoms) phase and is not identified until the first episode of psychosis (FEP)
occurs (11). In contrast to the negative and cognitive symptoms, the positive symptoms tend
to fluctuate over the progression of the disorder (12). Due to the heterogeneous response to
currently available medications, it remains challenging to find satisfactory drug combinations
that help each individual patient, decreasing the compliance of the patients to the therapy.
Moreover, the drugs used to treat SCZ all address the symptoms and not the underlying cause,
since the pathomechanisms of SCZ are not fully understood. Treatments usually have strong
side effects (3) and discontinuation of drug treatment is associated with a high relapse rate
which has a lasting impact on patients’ quality of life (13,14). Considering that, it is a necessity

to further elucidate the underlying mechanisms of SCZ and identify new therapeutic targets.
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Cognitive symptoms) Negative symptoms

¢ Deficits in memory ¢ Lack of concentration
formation ¢ Loss of interest and

e Language deficits ] Q motivation
¢ Deficits in affect
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Positive symptoms

¢ Hallucinations

e Delusions

¢ Disorganization of
thoughts

Figure 1: Flowchart of symptom categories in schizophrenia

Short examples of the three symptomatic categories observed in SCZ patients which are used to
diagnose the disorder. The three major symptom categories are positive, negative, and cognitive
symptoms that can occur in varying combinations. Created with BioRender.com

3.1.2 Pathogenesis of schizophrenia

Through non-invasive imaging procedures like functional magnetic resonance imaging (fMIRI)
or positron emission tomography (PET) it is possible to uncover alterations in functionality and
neuroanatomy in the brain. Clinical studies using these techniques were able to show
functional and anatomical abnormalities in the brains of SCZ patients. It is reported that SCZ
brains show enlarged lateral ventricles and reduced cortical volume (15). It was shown that
certain brain regions display functional alterations compared to healthy brains. Part of these
brain regions are amongst others the hippocampus (HC), middle temporal gyrus (MTG), middle
frontal gyrus (MFG), superior parietal lobe (SPL), ventromedial prefrontal cortex and thalamus
(16—-18). The medial temporal and prefrontal lobe brain regions are involved in declarative and

working memory, which correlates to the cognitive symptoms of SCZ. In addition to these
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observations, alterations in white and gray matter of SCZ brains were discovered. A reduction
of gray matter reflects a decrease in dendritic complexity and synaptic density rather than
reduced number of neurons and likely affects inter-neuronal communications (19). Such a
reduction of gray matter is described for healthy adolescents in the PFC suggesting a normal
developmental process such as synaptic pruning, however in SCZ the extent of gray matter
reduction is larger. A similar situation can be found in the white matter of SCZ brains. In SCZ
patients, white matter is reduced and the structural integrity is affected in white matter tracts
as e.g. the HC, cingulate bundle or superior longitudinal fasciculus which impairs inter-regional
communication. The affected tracts are associated with working and long-term memory
manifesting cognitive impairments in SCZ. Both matter abnormalities are present already in

FEP patients implying causality rather than a secondary phenomenon (17).

On molecular level, researchers have been approaching SCZ by different hypotheses of which
many involve alterations in receptor function and transmitter release like dopamine and
glutamate, suggesting the involvement of neurotransmitter imbalances. The dopamine
hypothesis has been investigated for decades and has evolved over time. First, it was
suggested that SCZ is caused by a hyperdopaminergia, later was specified to a subcortical
hyper- and a prefrontal hypodopaminergia and finally the involvement of other
neurotransmitters was taken into consideration as well (20). All in all, the dopamine hypothesis
suggests explanations for each symptom category. However, many anti-psychotics target
dopamine receptors but alleviate mainly the positive symptoms. On the other hand, the
glutamate hypothesis resulted from the observation that N-methyl-d-aspartate receptor
(NMDAR) antagonist treatment (such as phencyclidine and ketamine) induced SCZ-like
symptoms (21). Since the NMDARs are key players of long-term potentiation (LTP) and
memory formation (22) the hypothesis refers primarily to the cognitive symptoms of SCZ.
Moreover, alterations in the glutamatergic system in postmortem analyses could be determined
in different brain regions such as HC (23,24), thalamus (25), temporal cortex (26-28), dorsal
PFC (29-32) and anterior cingulate cortex (32—35) to name a few. Despite their heterogeneity,
all these findings pointed toward alterations in receptor composition and glutamate synthesis
(21). Moreover, it is hypothesized that stress-induced serotonergic overdrive in the cerebral
cortex contributes to SCZ pathology also by potentially disrupting glutamate signaling (36).
Another reason to assume an involvement of serotonin in SCZ pathology is the mechanism of
some antipsychotic drugs that block or activate serotonin receptors and thus alleviate
symptoms (37). The inhibitory y-aminobutyric acid (GABA) neurotransmitter system seems to
contribute to SCZ phenotypes as well, since it has been observed that GABA receptor levels
in HC are reduced, leading to a reduction or loss of GABA signaling (38). The alterations
occurring in the GABA transmission system seem to happen in pre- and postsynaptic

components but there is no scientific consensus about GABA amounts in SCZ yet since
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research results for different brain regions are inconsistent (39). Considering the transmitter
hypotheses, a general transmitter imbalance in SCZ can be suggested, however the
identification of common mechanisms is essential for understanding and treating a disorder
effectively. Interestingly, a common mechanism concerning neurotransmitter balances could
involve vesicle fusion which is mediated via the soluble N-ethylmaleimide-sensitive-factor
attachment receptor (SNARE) complex facilitating transmitter release in different neuronal cell
types. It has been shown that SNARE complex formation is altered in SCZ. Synaptosomal-
associated protein of 25 kDa (SNAP25) is a member of the SNARE complex located at the
target membrane (t-SNARE) (40). SNAP25 previously has been associated with SCZ where
its levels in the HC of patients were reduced (41). In neurons there is another protein involved
in the vesicle fusion process called Munc18-1 which is associated with syntaxin (another t-
SNARE) (42) and occurs in a SCZ mouse model (43); however, its function remains to be

elucidated.

Recently, neuroinflammation and the interplay between the immune system and neurons has
been identified as a crucial player in the pathogenesis of SCZ. Interestingly, microglia, the
resident macrophagic population of the brain, are not only relevant to a proper immune answer,
but also in the synaptic pruning process that naturally occurs during brain development (44).
This process is regulated by the complement system factor C4, a part of the innate immune
system. C4 labels synapses for degradation and in SCZ variations can occur leading to
increased C4 expression and hence to excessive synapse elimination (45—-49). A crucial role
of an inflammatory response is the production of cytokines which are signaling molecules such
as interleukins (ILs), interferons (IFN) or tumor necrosis factors (TNF). They are produced by
different cells in the brain like microglia, astrocytes, neurons, and T cells, and influence a

variety of processes which, if dysregulated, can contribute to the pathogenesis of SCZ (50,51).

Despite the existence of several hypotheses, the underlying cause of SCZ is far to be
unraveled. As mentioned before, SCZ is likely to be multifactorial, meaning that there is a close
interplay of environmental circumstances and a genetic predisposition. However, the
identification of a clear genetic component still requires a lot of research to get any conclusive
information because, thus far, there have been several genes associated to SCZ (e.g. by
genome-wide association studies (GWAS)) that can be considered susceptibility genes.
Nonetheless, it is unclear if there is any common gene or gene cluster alteration which is
mandatory for the manifestation of SCZ. In this sense, mutations of many genes have been
reported by clinical studies, but the combinations of affected genes vary strongly between SCZ

patients.

Although there is no clear common genetic base underlying SCZ, several susceptibility genes

have been identified such as disrupted-in-schizophrenia 1 (DISC1). A mutation of DISC1 in
8
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SCZ patients was first described in a Scottish family (52—-54). This protein is involved in many
processes essential for neuronal function like transport of synaptic vesicle precursors,
mitochondria motility, calcium regulation and synaptic transmission (55). It has been observed
that a DISC1 mutation leads to a differential expression of synaptic proteins such as synapsin
(SYN) 1 and synaptophysin (SYP) leading to altered function of the compartment (56).
Furthermore, Ankyrin 3 (ANK3) has also been identified as a risk gene associated with SCZ
(57). ANK3 encodes for Ankyrin G (ANKG) a characteristic protein located in the axon initial
segment (AlS), which is an important structure between the soma and the axon of a neuron
and a key element in action potential initiation and regulation of neuronal excitability (58,59).
Besides these two examples, other susceptibility genes have been identified for example
dysbindin (60—62), neuregulin-1 (NRG1) (63), and proline dehydrogenase (PRODH) (64)

indicating the large variety of genetic influences that might be involved in the causality of SCZ.

3.2 Genetic landscape on 3g28 gene locus

The human genome is encoded as deoxyribonucleic acid (DNA) and can be categorized in the
nuclear genome and the mitochondrial genome. The human nuclear genome consists of 23
chromosome pairs contained in cell nuclei and encodes the vast majority of the genes
compared to the mitochondrial genome. Over two decades ago, the human genome was
started to be deciphered in context of the “Human Genome Project” (HGP) and to date, the
entirety of the human genome is sequenced and researchers identified just under 20,000

protein-coding genes and their location (65).

Genes are mapped to a specific location on a specific chromosome (Figure 2). Thus, to name
a location of a gene, chromosomes are numbered consecutively (chromosome 1-22, the so-
called autosomes) and sex chromosomes are designated by X or Y, which is the first
information in the locus’ name. Next is the information about the arm of the chromosome which
is either the short arm indicated by “p”, or the long arm indicated by “q”. Lastly, the cytogenic
region or band on the indicated arm is given as a number and sub-bands can be indicated with

a following decimal number.
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Figure 2: Schematic karyogram

23 chromosomes representative for the human chromosomal pairs are depicted schematically with the
proper nomenclature; consecutive numbers or X/Y to identify the chromosome plus indication of short
(p) or long (q) arms. On the right side a scheme of chromosome 3 can be seen with labeled cytogenic
bands and exemplary sub-bands, indicated by decimal numbers. Created with BioRender.com

In summary, 3928 is a locus on the long arm of chromosome 3 band number 28. On this
specific locus about 40 genes are encoded (Table S1 in Appendix), some of which are relevant
for CNS functions and development and others play a more important role in the periphery.
Knowing which genes are located on each cytogenic band is of great convenience for deducing
candidate genes to investigate once chromosomal aberrations were identified. In terms of
relevance for neuronal development and function, two genes on locus 3928 are especially
interesting for this project, namely interleukin-1 receptor accessory protein (IL1RAP) and

osteocrin (OSTN). Their function will be presented in more detail in the following sections.

3.2.1 Central nervous system (CNS) immunity

The brain used to be described as an immune-privileged organ that is separated from the
peripheral immune system. However, in the last decades, it has been demonstrated that the
brain is capable to elicit an immune response that -if dysregulated- could disrupt the
homeostasis of the CNS, thus contributing to neurodegenerative disorders or altering the
correct development of the brain. Consequently, nowadays the brain is regarded as a specially
immune-controlled organ rather than an immune-privileged one (66). The brain is guarded from
systemic insults by the blood-brain barrier (BBB) which prevents infiltration by peripheral

immune cells, toxins, and pathogens. Further, the BBB is also involved in the tight regulation
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of brain homeostasis by controlling movements of ions and cells between the blood and the
brain (67). This fortification of the CNS is a highly useful security measure but admittedly can
for instance complicate drug delivery to the brain (67). However strict this
compartmentalization may be, there is bidirectional communication between the CNS and the
periphery. The cerebrospinal fluid (CSF) and the meninges are in direct contact with the
lymphatic system (68-70) and the skull bone marrow as a site of immune cell production
(71,72). Moreover, messengers of the immune system like cytokines or interleukins (ILs) can
cross the BBB, transmit information, and influence CNS-relevant processes. Indeed, cytokine
signaling can lead to a temporal increase of the BBB permeability and induce the recruitment
of peripheral immune cells into the brain to elicit a proper immune response (73-75).
Furthermore, microglia as well as astrocytes and neurons can produce cytokines in the brain
which can then in turn relay information to the periphery (75-79). Generally, cytokines are
divided into two major groups: proinflammatory cytokines that facilitate further activation of
immune cells and production of more cytokines, and anti-inflammatory cytokines that inhibit or
interrupt the activation of immune cells. However, cytokines and other mediators of the immune
response are far more than a defense mechanism against pathogens but are involved in the
physiological and in the developmental processes of the healthy brain. In this sense, CD4* T
cells have been shown to be necessary for maintaining cellular plasticity for the neurogenesis
in the HC or that a T cell deficiency leads to cognitive (e.g. spatial memory) and behavioral
impairments and reduced brain-derived neurotrophic factor (BDNF) production in animal
models (80-83). T cells also take on regulatory functions by producing anti-inflammatory
cytokines hence showing neuroprotective effects (84). Further, IL-17, a strong proinflammatory
cytokine, enhances glial BDNF production, influences plasticity of glutamatergic synapses and
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR)/NMDAR ratio and
short-term memory, and was shown to play a role in the regulation of anxiety-like behavior
(85,86). IL-6, in parallel to its proinflammatory activity, can inhibit LTP and short-term
potentiation and acts as neurotrophic factor in dopaminergic neurons, induces neuronal
differentiation, influences GABAergic signaling and neuronal excitability in the amygdala,
regulates expression of proteins related to synaptic function and is involved in sleep regulation
and theta activity (87-91). Another proinflammatory cytokine, interferon y (IFNy), was also
shown to be involved in social behavior and neuronal connectivity by activating GABAergic
neurons which delays seizure onset, reduces seizure severity and prevents aberrant
hyperexcitability/hyperconnectivity in the PFC (92). Likewise, anti-inflammatory cytokines play
important roles other than limiting the immune response. IL-13 stimulates astrocytes to
increase their glial fibrillary acidic protein (GFAP) levels and produce BDNF and is shown to
be essential for the working memory and reference memory (93). IL-4 as well induces BDNF

production in the HC thereby supporting spatial memory formation and lack of IL-4 has
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negative impacts on cognition. Moreover, IL-4 is an important regulator of microglia activity by
switching their phenotype to the protective M2 state which leads e.g. to enhanced neurite

outgrowth after an injury (94-96).

3.2.2 Interleukin-1 beta and its multifaced signaling pathway

Another well-studied cytokine is IL-1B that, likewise other mediators of the inflammatory
response, albeit being mostly known as a proinflammatory cytokine, has a variety of effects on

the brain that will be summarized in this paragraph

IL-1B is probably one of the most studied cytokines and is involved in various physiological
processes. First, there are functions involved in the immune response, such as the initiation of
sickness behavior and -usually in combination with IL-6- the induction of a fever (97,98). IL-113
signaling promotes the amplification of the inflammatory signals within the body, through the
production of ROS (99) and inducible nitric oxide synthase (iINOS), expression of more
proinflammatory factors such as IL-1 itself, IL-6 and TNFa (100,101). Furthermore, IL-13
signaling increases prostaglandin E2 (PGE2) levels (101), activates microglia (102), promotes
glial scar formation (101) and migration of immune cells (73). It can prime dendritic cells (73)

and is involved in T cell activation (103).

The IL-1 family consists of 11 proteins encoded by 11 genes (104—106) and members of this
family predominantly control proinflammatory responses. The most commonly known
members are likely IL-1a and IL-13 which share a very high similarity in their functions. These
two cytokines are produced as pro-proteins that are then cleaved by calpain, granzyme B for
IL-1a (107,108) or caspase-1 (CASP1), formerly known as IL-1B3-converting enzyme, for IL-13
(109-111) into the mature forms that can be secreted (112,113). Once secreted, IL-1a and IL-
1B bind either IL-1 receptor 1 or 2 (IL-1R1, IL-1R2 respectively). Binding of IL-18 to IL-1R1
leads to a conformational change of the IL-1R1 protein and marks the beginning of its signaling
cascade (Figure 3). The conformational change initiates the recruitment of IL-1 receptor
accessory protein (IL-1RAP) and IL-1B, IL-1R1 and IL-1RAP form a trimeric complex. Now this
complex recruits myeloid differentiation primary response 88 (MYD88) and interleukin-1
receptor-activated protein kinase (IRAK) 4 (114,115). The autophosphorylation of IRAK4
enables the phosphorylation of IRAK1 and IRAK2 (116). Then TNF receptor associated factor
6 (TRAFG) is recruited and oligomerizes with IRAK1 and IRAK2 forming a complex which then
dissociates from the receptor. This complex associates with transforming growth factor 8
(TGFB)-activated kinase 1 (TAK1) and TAK1-binding proteins 1 and 2 (TAB1/2) and TRAF6
gets ubiquitinated and TAK1 is phosphorylated.
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Figure 3: Schematic depiction of IL-1 signaling pathway

IL-1 signaling starts with the cleavage of e.g. pro-IL-1f3 to IL-13 by CASP1 and subsequent binding of
IL-1pB to its receptors, while all forms of receptor type 2 are decoy receptors and do not initiate further
signaling. If IL-1R1 is bound, IL-1RAP is recruited and the signaling cascade is started by recruitment
of MYD88 followed by the activation of IRAK4, IRAK1 and IRAK2. IRAK1 and 2 form a complex with
TRAF6 which recruits TAK1 and TAB1/2. From here on either disinhibition of NFkB by IKK activation
and IkB degradation or AP-1 activation via MKK mediated activation of JNK, ERK1/3 or MAPK p38 can
initiate IL-1-responsive gene transcription. Created with BioRender.com

From here on, two main paths can conduct the signaling. On the one hand, phosphorylated
TAK1 can activate inhibitor of nuclear factor kappa-B kinase (IKK) which in turn phosphorylates
the inhibitor of nuclear factor kappa-B (IkB) and leads to its degradation. Subsequently,
previously bound nuclear factor kappa-B (NFkB) is how able to migrate into the nucleus and

start transcription. The second signaling path proceeds by TAK1 mediated activation of

mitogen-activated kinase kinases (MKK) which activate mitogen-activated kinase (MAPK) p38,
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c-Jun N-terminal kinases (JNK) and extracellular signal-regulated kinases (ERK). These
kinases activate members of the activator protein-1 (AP-1) family which are transcription
factors such as C-FOS, C-JUN, activating transcription factor (ATF) 2 and Jun dimerization
protein (JDP), thereby initiating expression of IL-1 responsive genes encoding for IL-1 (positive
feedback loop), IL-6, IL-8, IkBa, monocyte chemoattractant protein 1 (MCP1) or
cyclooxygenase 2 (COX2) (114,115).

IL-1 signaling can be regulated on several levels. The first instance is an endogenous IL-1R
antagonist (IL-1Ra) which binds the IL-1R1 in a competitive manner but does not start the
signaling cascade. Another regulatory instance is an alternative IL-1 receptor. The IL-1R2 is a
decoy receptor which lacks the Toll-IL-1 receptor (TIR) domain (117) and hence fails to initiate
a downstream response to its binding (118—121). This receptor exists in a membrane-bound
and soluble (slL-1R2) form which is also true for the co-receptor IL-1RAP (sIL-1RAP)
(122,123). If IL-1 binds the membrane-bound IL-1R2, IL-1RAP is recruited and a complex is
formed without initiating further signaling but it reduces the amounts of IL-1 and IL-1RAP
available to bind to IL-1R1. An intracellular version of the sIL-1R2 is able to bind even pro-IL-
1B thereby preventing the generation of mature IL-18 by CASP1 reducing the probability of IL-
1R1 activation (124,125). Additionally, if extracellular sIL-1R2 associates with sIL1RAP the
binding affinity of the sIL-1R2 for IL-1 increases significantly without increasing its binding
affinity to IL-1Ra (126). In general, IL-1R2 binds IL-1Ra with a significantly lower affinity
compared to IL-1R1 (121,125). Other regulators of the IL-1 pathway are IRAK3 which inhibits
the dissociation of IRAK1 and IRAK2 from the receptor complex and prevents the assembly
with TRAF6 (127-130), toll interacting protein (TOLLIP) that inhibits the phosphorylation of
IRAK1 and supports the degradation of internalized IL-1R (131-133) or a truncated form of
MYD88 (134).

Other than the immunological context, IL-1B contributes to a large number of processes
outside the “classic” inflammation context but in the immune cell-independent healthy or
pathophysiological setting, ranging from developmental influences to its involvement in daily

processes in the brain.

During the development of the brain IL-1f3 increases the expression of WNT5A which acts as
a repulsive agent in axon guidance. Furthermore, IL-1B stimulates the migration of cultured
cortical neurons and increases the expression of neurotrophin 3 (NT3) and neurogenin 1
(NGN1) which promote neurite outgrowth (135,136). Every signaling molecule underlies a tight
balance especially during development. However, if this balance is disturbed it can have wide-
ranging consequences. IL-1p3 levels can be increased by e.g. a maternal infection, which can
contribute to a delayed switch of excitatory GABA to inhibitory GABA signaling (Figure 4A).

This delayed switch increases the vulnerability for seizures in the adult brain. The GABA switch
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is directed by a tightly controlled expression of potassium-chloride cotransporter 2 (KCC2) and
neuronal Na-K-Cl cotransporter 1 (NKCC1), changing from high expression of NKCC1 and low
expression of KCC2 to low expression of NKCC1 and high expression of KCC2. IL-1B
increases the expression of two KCC2 gene expression modulators, neuronal repressor gene
RE1-silencing transcription factor (REST) and transcriptional repressor methyl CpG binding
protein 2 (MECP2), and that way has an impact on KCC2 levels (137,138).
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Figure 4: Effects of IL-1 on neurons

Three major effects of IL-1 on neurons in the brain have been described. Exposure of neurons to IL-
1B during A) early brain development can delay the GABA switch from initially excitatory GABA signaling
to inhibitory GABA signaling in mature neurons. Further, IL-13 exposure leads B) to a reduction of spines
and C) to a reduced ramification of neurons. Created with BioRender.com

Processes that occur constantly in the brain like learning and memory formation, spine and
synapse formation, modulation of transmission and neuronal ramification, are also impacted
by IL-1B. Depending on the amount of the agonist, the cytokine exerts different influences on
different targets. Therefore, a low dose of IL-1B can promote pro-survival effects and be
beneficial for memory formation, however any deviation from physiological levels can disturb
the system (139,140). For example, a low dose of IL-1 has been described to inhibit voltage-
gated Ca?*-currents, reduce intracellular Ca?* in synaptosomes and reduce transmitter release
while a high dose on the other hand reduces AMPARSs on the surface and increases glutamate
and GABA release which affects depolarization of neurons. Another effect of low doses was
shown to be an increase of NMDAR-mediated Ca?* levels by activating tyrosine kinase and
NMDAR subunit 2B (NR2B) overall impacting the receptor landscape and subunit composition

(141,142). Hence, increased IL-1B signaling can modulate the glutamate response and lead
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to a hyperactivation of NMDARs and AMPARs and an overall hyperexcitability (143,144).
Furthermore, high IL-1B reduces glutamate uptake by astrocytes, impairing the clearance of
this potentially excitotoxic neurotransmitter (145). Increased IL-1f signaling can potentiate its
own signaling by increasing expression and insertion of IL-1R1 and IL-1RAP, laterally
translocating IL-1R1 at the postsynapse or stabilizing existing IL-1R1 and therefore increase
IL-1B sensitivity (143). These processes can impact cortical synapse function and structure
and induce loss of mature spines and synapses (Figure 4B), by an increase in the frequency
of spontaneous excitatory post-synaptic currents (sEPSCs) and subsequent risk of
excitotoxicity (144—146). A pathway linked to spine loss was shown to be the mammalian target
of rapamycin (mTOR) pathway and elevated levels of MECP2 which were shown to be reduced
by IL-1Ra (147). Another major effect of IL-1B signaling is the adjustment of neuronal
morphology (Figure 4C). Prolonged IL-1B signaling impairs expression of proteins like BDNF,
nerve growth factor (NGF), activity-regulated cytoskeleton-associated protein (ARC), cAMP-
response element binding protein (CREB), cofilin, neurofilament light polypeptide (NFL),
neurofilament medium chain (NFM), neurofilament heavy chain (NFH) and proteolipid (PLP)
that are involved in neuronal morphology and synaptic plasticity (147—149). Overall, all these
IL-1B8 mediated effects on the brain result in inhibition of LTP formation, impairment of memory
consolidation, impairment of long-term, short-term, and spatial memory, deficiency in
contextual fear conditioning and spatial navigation learning (97,102,149-154). IL-1p signaling
can influence sleep regulation, mood control and social behavior (negative symptoms) and if
active in the cerebellum induces motor deficits (98,145,155). Lastly, SCZ has been associated
with and show elevated plasma and CSF levels of IL-1p (98,155,156). This hints towards at
least temporary neuroinflammation in SCZ, that could lead to an imbalance of the various

functions and effects IL-1 has on the brain, which likely contributes to the disease onset.

3.2.3 Interleukin-1 receptor accessory protein and Interleukin-1 receptor
accessory protein like 1

An essential component of the IL-1 signaling pathway is the interleukin-1 receptor accessory
protein (IL-1RAP) which is encoded by one of the two candidate genes on locus 3928 chosen
for this thesis. IL-1RAP is a co-receptor for the IL-1R1 that is essential for successful IL-1
signaling initiation (more detailed pathway description in previous section) (77,157). IL-1RAP
occurs in a membrane-bound (here referred to just as IL-1RAP) and two soluble (slL-1RAP)
isoforms: sIL-1RAP and slL-1RAPB (158) and the soluble forms seem to take on mainly
regulatory functions in the IL-1 signaling pathway (122,123). Moreover, there is IL-1RAPb, a
fourth isoform that is exclusively present in the CNS which has C-terminal alterations in the

toll-interleukin-1 receptor (TIR) domain (159). Beyond its role in the canonical IL-1 signaling,
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IL-1RAP fulfills further purposes that are linked to neuronal development and synaptogenesis.
It has been shown that a nonsense mutation found in a Chinese family with SCZ, leads to
inhibition of neuronal growth (axonal and dendritic) and IL-1B-induced JNK activation during
early development (160). In contrast to IL-1RAP, IL-1RAPDb is not induced by IL-18 and
promotes pro-survival functions. During aging, IL-1B levels increase and thus increase the
expression of IL-1RAP which potentiates the IL-138 responsiveness which in turn leads to
suppression of LTP formation and memory impairments (161). IL-1RAP and IL-1RAPb are
involved in the process of synaptogenesis where they function rather as trans-synaptic cell-
adhesion molecules than co-receptors. To be able to exert the synaptogenic function an
interaction with protein tyrosine phosphatase (PTP) & has to take place. Through this
interaction, post-synaptic differentiation is induced and IL-1RAP mediates accumulation of
bassoon (pre-synapse) and IL-1RAPb stimulates bassoon puncta accumulation as well as

dendritic spinogenesis regulating synapse formation bidirectionally (162).

At the postsynaptic compartment, another cell adhesion molecule IL-1RAP like 1 (IL-1RAPL1)
has been identified which is very similar and fulfills similar functions as IL-1RAP but is encoded
on the X chromosome. Mutations in this gene are associated with autism spectrum disorders
(ASD) and intellectual disability (ID). IL-1RAPL1 interacts with PTPd and is involved in synapse
formation, differentiation and stabilization, and neuronal ramification (163,164). Furthermore,
IL-1RAPL1 interacts with and regulates localization of postsynaptic density protein 95
(PSD95), positively regulates spine density, influences the activity of voltage-gated Ca?*-
channels and has therefore an influence on behavior and memory formation (165,166). During
cerebellar development IL-1RAPL1 controls the inhibitory network and plays a role in

establishing an excitatory/inhibitory balance (167).

In conclusion, the effects on the brain exerted by IL-1( signaling are very diverse and strongly
dependent on the brain area, type of target cell, duration and concentration of IL-1 exposure

resulting in a very intricately regulated system.
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3.2.4 Osteocrin and its dual role in the periphery and the brain

In the early 2000s, a novel bone-derived, secreted protein was discovered by Thomas and
colleagues and, due to its origin, was named osteocrin (OSTN) (168). In 2004, musclin was
identified as a skeletal muscle-derived secretory factor by Nishizawa et al. (169), which turned
out to be the same protein as OSTN, hence the alternative names reflecting their tissues of
discovery. First, OSTN was described to be expressed mainly in bones, specifically in
osteoblasts in the growth plate and chondrocytes (168,170,171), but also in skeletal muscle,
heart, testes and kidneys albeit at lower levels (168,169). OSTN is a small peptide with an
estimated size of 11.4 kDa in its mature form but the protein exhibits two dibasic cleavage sites
where posttranslational modifications can take place (168,169). OSTN is expressed in a age-
related pattern and is especially high during prenatal development and in the early postnatal
phase (168,172). At later stages of development, in the periphery, specific stimuli lead to an
activation of OSTN expression such as mechanical strain like exercise (173,174), food intake
(169,175) or possible influences of hormones such as insulin, vitamin Ds and estrogens
(168,169,171). On DNA level, regulators of OSTN expression are forkhead box protein O1
(FOXO1) (173-175), runt-related transcription factor 2 (RUNX2) and osterix (OSX) (176) which

function as OSTN repressors in the periphery.

OSTN is a peptide that is secreted (168,169,174) auto- or paracrinally and has a high binding
specificity for the natriuretic peptide receptor C (NPRC) (170,177). The NPRC is responsible
for the clearance of natriuretic peptides (NPs) (178) such as atrial natriuretic peptide (ANP),
C-type natriuretic peptide (CNP) or brain natriuretic peptide (BNP). NPs bind NPRC and are
internalized into the cell and get degraded (Figure 5) (179). However, it has been suggested
that NPRC is not only a clearance receptor but is coupled to an inhibitory G-protein which can
inhibit adenylyl cyclase and thus limit cAMP in the cell (180-185). The high binding affinity of
OSTN to NPRC leads to a competitive supersession of NPs at the NPRC which technically
inhibits NP clearance and thus leads to an enrichment in NPs. In turn, NPs can bind natriuretic
peptide receptor A or B (NPRA or NPRB) (Figure 5) which are coupled to a guanylyl cyclase
(GC) that transforms guanosine triphosphate (GTP) into cyclic guanosine monophosphate
(cGMP)(186—188). Increased levels of cGMP activate protein kinase G (PKG), a serine-
threonine kinase (189), which potentially phosphorylates transcription factor CREB. Finally,

phosphorylated CREB initiates transcription in the nucleus.
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Figure 5: Schematic overview of NP pathway and predicted mode of action of OSTN

OSTN is described to have a high affinity for NPRC which is a clearance receptor for natriuretic peptides
(NP). Without OSTN, NP bind natriuretic peptide receptor C (NPRC) and are internalized and degraded
and cleared and the receptor gets recycled. OSTN binds NPRC in a competitive manner, blocking NP
clearance and thus increasing the amount of available NP which in turn can bind to natriuretic peptide
receptor A or B (NPRA/B). NPRA/B are guanylyl cyclase (GC) coupled receptors that transforms GTP
into cGMP upon ligand-binding. CGMP production activates PKG that potentially phosphorylates CREB
which activates transcription. Downstream effects of the NP pathway are amongst others,
osteocytogenesis, chondroblast proliferation and differentiation. Another (artificial) NPRC inhibitor is AP-
811 which should likewise compete with NPs and OSTN for the receptor. Created with BioRender.com

To date, it seems the effects exerted by OSTN are due to enrichment of NPs by blocking NPRC
although it is suspected that there might be another receptor for OSTN which remains to be
elucidated (190). Hence, the effects that can be observed upon OSTN expression are diverse
(Figure 6) spanning various tissues. Looking at the initially researched tissues like skeletal
muscle, OSTN is induced upon exercise and improves muscle endurance and increases
mitochondrial protein content (174), in bones it is expressed especially in the growth plate
driving bone growth, terminal differentiation of osteoblasts and regulating cartilage formation
(168,170,171,177,190,191). Furthermore, OSTN was shown to mediate anti-inflammatory
effects in tissues like heart, liver and kidney by inhibiting i.e. IL-1B and TNFa synthesis,
reducing leukocyte infiltration, trigger a rise of anti-inflammatory cytokine IL-10, reducing
production of ROS by preventing the downregulation of superoxide dismutase (192-194) and
have cardio- and renoprotective effects (192,193,195,196). Further general effects of NPs (not
investigated in context of OSTN) are the regulation of systemic fluid homeostasis (natriuresis,

diuresis) (197,198), vasodilation and blood pressure (199).
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Figure 6: Schematic overview of OSTN expression sites and effects on different tissues

It has been shown that OSTN is mainly expressed in bones, skeletal muscle and heart muscle in a large
variety of species but only in human and some anthropoid apes, OSTN has been repurposed and is
expressed in the brain as well. The effects driven by OSTN expression vary between the tissues. The
initially uncovered functions of OSTN are an improvement of muscle endurance and its role in bone
growth, osteoblast and chondrocyte proliferation and differentiation. It is further described that OSTN
has cardio- and renoprotective effects, exerts anti-inflammatory effects and has the capacity to reduce
ROS production. Lastly, the human-specific expression of OSTN in the brain has a limiting effect on
neurite ramification. Created with BioRender.com

As indicated in Figure 6, another tissue expressing OSTN is the brain, however this is exclusive
for humans and apes. Other generally used model species such as mice and rats show no
expression of Ostn in the brain, which suggests an exclusive repurposing of OSTN in the
human brain. In 2016, Ataman and colleagues showed OSTN expression in primates’ visual
cortex and human-derived neuronal cell cultures (hiPSC-derived and primary human fetal brain
cultures). They identified neuronal activity as the initiator of OSTN expression and attempted
to clarify as to why the repurposing is exclusive for humans and primates (172). The human
OSTN gene has three enhancer regions which are specific for the myocyte enhancer factor 2
(MEF2). Of these MEF2 responsive elements (MRE), only one is present in the mouse Ostn
gene, which may be the reason why neuronal activity only induces OSTN expression in
humans or apes. Furthermore, OSTN seems to be present mainly in the neocortex, specifically

in special AT-rich sequence-binding protein 2 (SATB2)", vesicular glutamate transporter 1
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(VGLUT1)" and COUP-TF-interacting protein 2 (CTIP2) neurons and although during early
development OSTN expression is at a higher level before synaptic connections are fully
established, in a more mature system OSTN production is driven by neuronal activity. The
effect of the secreted OSTN on neurons is a limitation of neuron growth (Figure 7), which can
be observed with smaller soma sizes and lower ramification of neurites upon OSTN expression
(172). NPRC, the OSTN receptor in the periphery, is also widely expressed in the brain
(200,201), however it is still unclear if another receptor is involved in the OSTN signaling as
well. Thus far it is assumed that the effects of OSTN are mediated by its binding to NPRC and
a consecutive increase of NPs in the brain. Research in rat hippocampus has shown an
influence of CNP on neuroplasticity, namely NMDARs, GABAa-mediated inhibition and on LTP
and long-term depression (LTD) by increasing the frequency-dependent threshold for LTP
formation (202). ANP and BNP are shown to have neuroprotective effects in the cortex
(203,204) and in the retina of rats by reducing NMDA-mediated excitotoxicity (205). To this
day, there are no further insights about OSTN in the brain and its effects. Also, up until now,
OSTN, or 3928 deletion, has not been associated with SCZ.

AP811?

Figure 7: Hypothesized mode of action of OSTN in the brain

Upon high neuronal activity MEF2C binds to the MREs and initiates expression of OSTN. After protein
synthesis, OSTN is secreted in an auto- or paracrine manner and binds NPRC or another unknown
receptor. Binding of NPRC leads to a limitation of neurons’ complexity, likely by an increase in NPs after
inhibiting NP clearance. Created with BioRender.com

3.3 Stem cell technology

3.3.1 Human induced pluripotent stem cells (hiPSC) — potentials and
limitations

Almost two decades ago, Shinya Yamanaka and colleagues developed a method to reprogram
somatic cells into pluripotent stem cells. This discovery marked a major breakthrough in the
field of stem cell research, opening a wide range of opportunities with less ethical controversy
compared to the previous research focused on embryonic stem cells. The Yamanaka

laboratory developed a protocol to turn skin fibroblasts into pluripotent stem cells by introducing
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the so-called Yamanaka factors. These factors are the four transcription factors octamer-
binding transcription factor-3/4 (OCT3/4), sex-determining region Y-box2 (SOX2), kriippel like
factor-4 (KLF4) and C-MYC which were delivered by a retroviral system (206). The resulting
pluripotent cells are defined by self-renewal and their capacity to bring forth cell types from all
three germ layers (Figure 8). Yamanaka and colleagues first established the protocol with
mouse fibroblasts and about a year later with human skin fibroblasts (207). Other than
fibroblasts, also peripheral blood mononuclear cells (PBMCs) are used for reprogramming due

to easy accessibility and minimal discomfort for the donors.
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Figure 8: Schematic depiction of working sequence of obtaining hiPSCs and the experimental
opportunities

First either healthy individuals or patients are recruited as donors, then somatic cells are obtained by
either a skin punch or, more common today, by drawing a blood sample. From these cell donations
either skin fibroblasts or peripheral blood mononuclear cells (PBMCs) are isolated and cultured in vitro.
Cells are now reprogrammed by introducing the Yamanaka factors. HIPSCs can now be genetically
modified with gene editing tools or be directly differentiated into all three germ layers in 2D or 3D cultures
which can then be used for different research applications. Created with BioRender.com

Furthermore, non-integrating vectors such as sendai virus are now preferred to retroviral
systems. Transduction of somatic cells with sendai viral vectors offers the advantage of a
reprogramming process without the integration of the viral nucleic acids into the cell's genome,

thus preventing any disruptions of the original genome (208). This renders the obtained hiPSCs
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and their derivatives more reliable and safer for many research applications. Following the
reprogramming process, the resulting hiPSCs usually undergo several quality control steps.
Firstly, cells are tested for remnants of viral genome by polymerase chain reaction (PCR).
Further, cells are tested for their pluripotency by immunofluorescence (IF) staining for
pluripotency marker expression such as OCT3/4, SOX2, NANOG, stage specific embryo
antigen 4 (SSEA4) or TRA1-60; and their differentiation capacity to determine if cell types of
all three germ layers can be generated. Lastly, single-nucleotide polymorphism (SNP)
karyotyping provides information about the chromosomal integrity of the cells (208). Hence if
aberrations on chromosomes occur, the somatic donor cells are checked to determine if it is a
donor-specific aberration or was introduced by the reprogramming process. This can also

provide insight into interesting genetic research targets to investigate further.

In general, hiPSCs provide researchers with a human in vifro model system applicable in
various research branches due to its capacity to differentiate into every cell type (Figure 8).
Over time protocols have been developed to obtain numerous cell types of all germ layers
such as hepatocytes, enterocytes, various types of neurons, skeletal muscle cells or
cardiomyocytes, by application of specific factors and small molecules (209-216). The
availability of a self-renewing pool of patient-specific cells and the diversity of derived cell
types, diminish the limitations of accessibility, variety, and expansion of primary human cell
cultures. Therefore, hiPSCs have become invaluable for in vitro disease modeling and pre-
clinical drug screening (217-220). Further, hiPSCs show great potential in the field of
developmental biology, transplantation research and regenerative medicine (209,215,221-
228).

While animal models are giving valuable insight into disease pathomechanisms and potential
therapeutic targets, there are always inter-species differences that can lead to vastly different
results in animal models compared to clinical trials. The use of a human in vitro model has the
potential to improve the understanding of e.g. compound-induced effects pre-clinically, to yield
higher success rates in clinical trials, hence lessen the gap between animal models and clinical
research (229,230). Additionally, a large part of genetic sequences relevant for gene
expression are conserved across species, however there is a portion of such sequences that
are not conserved. That leads to a species-specific gene expression in terms of tissue-specific
expression or even existence of certain genes (231). Issues such as human-specific gene-
expression can also be tackled by hiPSC-derived models. Thus, transferability of research

results and understanding of underlying mechanisms should greatly improve in the future.

Furthermore, hiPSCs keep the genetic identity of the donor which especially enables research
on complex genetic disorders on a personalized level. Especially for disorders with a high

variability in symptoms and effective treatments across the population, hiPSCs are tools to
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achieve better accuracy in treatment choices facilitating personalized medicine. To this date,
several gene editing tools have been developed to change gene expression permanently or
temporarily, such as the clustered regularly interspaced palindromic repeats/CRISPR-
associated protein 9 (CRISPR/Cas9) or the use of small interfering (si)RNAs (232,233).
Genetic manipulation of hiPSCs generates an isogenic system to investigate specific genetic

alterations in a human in vitro system with various possible cell types.

Over the last years, many protocols have been developed to generate various cell types such
as motor neurons, cortical, GABAergic, serotonergic, or dopaminergic neurons as well as
several glia cell types like astrocytes, microglia, and oligodendrocytes (213,234-243). To
increase the complexity of the model systems researchers designed protocols for co-cultures
of different cell types that recreate a more physiological situation (244,245). To up the
complexity even more, 3D models like organoids (i.e. cardiac, brain, intestinal organoids) have
been engineered that are an even more accurate recapitulation of tissues comprising different
cell types and a certain degree of self-organization, especially of early stages of tissue
development which is especially interesting in developmental research (246—248). Both 2D
and 3D systems are already used for experimental transplantation/xenografts as prospects for
personalized cell therapy that should significantly reduce immunoreaction to transplants
(215,221,223-227,249).

However, as any model, hiPSC-derived models have their limitations that one must be aware
of. On the one hand, in vitro models are still limited in complexity as they lack organ systems
that metabolize or detoxify, thus do not provide a holistic view as a whole organism would.
Further, during the reprogramming process the cells lose the epigenetic memory which was
accumulated donor-individually by the somatic cells over time (250). This loss of epigenetic
memory poses a challenge when investigating i.e. neurodegenerative disorders or aging
processes. Another approach to bypass this issue is the direct conversion of somatic cells into
other cell types, skipping the pluripotency stage and mostly preserve the epigenetic memory
of the cells (251). Hence, the direct conversion is especially suitable to investigate aging and

degenerative disorders (252).
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3.3.2 Generation of cortical neurons derived from hiPSCs

After reprogramming of somatic cells into hiPSCs, to maintain the cells’ pluripotency and
prevent spontaneous differentiation, it is necessary to maintain the stemness of the cell culture
with defined culturing media. A simplified medium -named Essential 8 or E8- was developed
by Chen et al. in 2011. The base media is DMEM/F12 supplemented with sodium bicarbonate
for better pH buffering, L-ascorbic acid that promotes proliferation and selenium which is
necessary for culture expansion. In addition, transferrin improves survival especially under
hypoxic conditions, insulin and fibroblast growth factor 2 (FGF2) promote proliferation and cell
survival and lastly transforming growth factor  (TGFB) activates canonical SMAD signaling

and supports a stable long-term culture (253).

Proceeding from this pluripotent state hiPSCs can be differentiated into nearly any cell type.
For each cell type, differentiation protocols have been developed over the years slightly varying
from each other in differentiation speed and efficiency. To differentiate hiPSCs into neurons,
protocols usually start with a neural induction phase in order to generate neural progenitor cells
(NPCs). Those cells are already patterned toward neuroectoderm and still expandable. This
first step of neural induction is obtained by blocking the iPSC differentiation into meso- and
endoderm and therefore pushing the cells towards an ectodermal fate. To achieve this, it is
sufficient to block SMAD-dependent TGF (via SB-431542 or A83-01) and BMP (using Noggin
or LDN-193189) signaling (214). This dual SMAD inhibition approach was developed to
overcome disadvantages like heterogeneity and poor yield of progenitors that arose from the
use of embryoid body differentiation, selection processes or poorly defined differentiation
factors (e.g. co-cultures with differentiation inducing cells) (214,254,255). Nowadays, this
approach is widely used and depending on the striven for cellular subtypes additional

patterning steps are necessary.

Regional patterning in the neural tube is pivotal for the neural fate (Figure 9). To manipulate
the dorsal-ventral (D-V) axis the sonic hedgehog (SHH) pathway can be targeted via activators
such as smoothened agonist (SAG) or purmorphamine or inhibitors, like cyclopamine
(235,256). As an example, the activation of SHH pathway leads to the ventralization of the

differentiation patterning necessary to generate GABAergic neurons (240).
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Figure 9: Embryonal brain development and the necessary morphogen gradients
On the left side a schematic coronal section through the neural tube shows a very early developmental
stage with its morphogen gradients. In the dorsal part are high concentrations of BMP/WNT which
decline towards the ventral section and in the ventral part there is strong SHH signaling which is
declining towards the dorsal section. The anterior-posterior axis is mainly defined by a gradient of WNT
signaling and partly retinoic acid (RA), which both increase concentrations towards the posterior section.
These gradients, for dorsal-ventral and anterior-posterior, are valid throughout brain development,
however once different brain areas start to develop the morphogen distribution becomes more complex
with increasing complexity of the brain as can be seen on the right side. Created with BioRender.com

The adjustment of the anterior-posterior (A-P) axis can be achieved by influencing the WNT
pathway. For instance, a commonly used agonist for WNT activation is CHIR99021, while XAV-
939 is used as WNT inhibitor. Other approaches to modulate the A-P axis are the use of retinoic
acid (RA) or the modulation of FGF signaling (257—-259). In this sense, a patterning towards
mid- and hindbrain identities (posteriorization) is required for the generation of serotonergic
and dopaminergic neurons (242,243). Consequentially, to generate cortical neurons the
progenitors should be patterned towards the prefrontal cortex. Thus, ventralization and
posteriorization should be prevented (260). Subsequent of the NPC stage, are the terminal
differentiation and maturation phase for which there are various protocols available of differing
complexity and duration, ranging from spontaneous differentiation to complex factor
application (261-263).
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3.3.3 Insights from human induced pluripotent stem cell-derived model
systems into schizophrenia pathology

Animal models have been very helpful for decades and have strongly contributed to basic and
medical research, developing effective medical drugs, vaccines and more. Many SCZ
susceptibility genes have been investigated in animal research to generate model organisms
with SCZ-like symptoms. Therefore, several animal models have been developed such as
Disc1 mutant mice (264), reelin knockout mice (265), neuregulin-1 (Nrg1) and erb-b2 receptor
tyrosine kinase 4 (ErbB4) knockout mice (266—269) which exhibit SCZ-like phenotypes.
However, animal models do not allow to recapitulate the polygenic and heterogeneous
background of SCZ patients and thus to fully shed light on the complexity of the disease and

to decipher common causes or molecular phenotypes that underlie SCZ.

To overcome this limit, human induced pluripotent stem cells (hiPSCs) reflect exactly the
genetic profile of the donor which enables patient-specific research. Somatic cells such as
fibroblasts or peripheral blood mononuclear cells can be reprogrammed into hiPSCs which
have the potential to differentiate into every cell type of the human body. In the field of
psychiatric research, hiPSCs can be differentiated into different neuronal cell types as well as
glial cells to identify and investigate specific SCZ phenotypes on a patient-specific cellular
level. The use of hiPSCs provides a way to narrow the gap between animal models and clinical
research and combine knowledge of the different research fields. With this approach,
researchers were able to unravel molecular phenotypes on different levels, such as gene
expression, synapses, mitochondria function or micro ribonucleic acids (miRNA) amongst
others. The data were generated in either neuronal 2D cultures, co-cultures, in NPC cultures

or 3D cultures (brain organoids) to reflect early developmental stages.

Findings from NPCs strongly correspond to the neurodevelopmental and metabolic
components of SCZ. Hence, experiments on NPCs showed alterations in transcriptomics
related to neuronal differentiation, WNT signaling, synaptic function and axonal guidance,
increased cell proliferation, mitochondrial numbers and shapes were altered and additionally
reduced Ca*" reactivity upon glutamate stimulation (270). Furthermore, mitochondrial
dysfunction was also detected in a study performed on NPCs (271) and related to that, high
levels of oxidative stress, elevated basal respiration as well as altered cell migration, altered
gene expression related to cytoskeletal remodeling and protein alterations related to cell
morphology (272,273). Moreover, high variability in the activation levels of heat shock factor 1
in SCZ forebrain NPCs (274), impairments in apical polarity and adherens junctions in neural

stem cells (275) were uncovered.
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In studies of SCZ neuronal cultures, researchers discovered processes related to
neurodevelopment or synapses, like neuronal connectivity, synaptic transmission and
spinogenesis to be affected. For example, the rate of presynaptic versicle release was
observed to be decreased (56) and pathways like WNT and cyclic adenosine monophosphate
(cAMP) signaling were dysregulated (276). Most of these synaptic phenotypes could be
observed even in different types of neurons such as hippocampal neurons (277), forebrain
neurons (56) or a culture generated by a pan-differentiation (276). Investigations of
glutamatergic, and GABAergic neurons detected shortening of dendrites, limitation in neuronal
outgrowth, decreased capacity of cortical differentiation and a reduction of excitatory and
inhibitory synapses and reduced neuronal activity (278-280). Additionally, forebrain neurons
were shown to have altered gene expression related to synaptic transmission and, here,
showed higher spontaneous network activity (281), while in cortical neurons it could be
demonstrated that the frequency of spontaneous inhibitory synaptic currents (sISC) and
membrane resistance was increased (282). Another study too demonstrated, a deficit in
neuronal differentiation and maturation in dopaminergic and glutamatergic neurons, as well as
impairment in mitochondrial functions (283). Moreover, in the last years, miRNAs gained of
importance and several studies on SCZ showed altered expressions of different miRNAs in
glutamatergic and GABAergic neurons, astrocytes and forebrain or hippocampal NPCs (284—
287).

Furthermore, the generation of 3D models can give insights into the neurodevelopmental and
organizational processes at the basis of SCZ. Several studies could show a decreased NPC
proliferation and hastened neuronal differentiation (288—290) or lowered NPC survival and thus
lowered vyields of neurons in SCZ organoids (291). One of these studies described a
displacement of proliferating cells and neurons into cortical plate-like region and progenitor
zones respectively (289). It was also observed that ventricle-like structures are decreased in
size but increased in number in the SCZ organoids (290). In another study it was shown that
neurons express multiple cortical layer markers at the same time and fail to form properly
organized cortical layers (292). Lastly two of these studies could even show altered

differentiation in glutamatergic and GABAergic neurons (288,290).

The partial heterogeneity of research results reflects the complexity of SCZ as a polygenic
disorder and corroborates the necessity to use model systems like hiPSCs that properly reflect
the complicated genetic backgrounds in SCZ to uncover pathomechanisms and pave the way
for new medications. There are several more studies investigating SCZ in hiPSC-derived
models of different neuronal subtypes and also investigating non-neuronal cells like astrocytes,
microglia or oligodendrocytes. For further information, please refer to the references on the
topic (293-297).
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4. Aims of this study

SCZis a highly complex polygenic disorder that is strongly influenced by environmental factors,
which complicates the identification of its underlying common molecular alterations. Although
several susceptibility genes have been linked to SCZ, a high number of patients do not display
mutations in these genes but nonetheless suffer from the disorder. Human iPSCs as a model
bring along the vital advantage of reflecting the exact genetic background of the donor which

predestinates them to model polygenic disorders.

The present project aims to identify cellular and molecular phenotypes associated with SCZ
by the means of hiPSC-derived cortical neurons to unravel new insights into the pathogenesis
of this psychiatric disorder. First, a pair of candidate hiPS cell lines were chosen out of a small
cohort of SCZ patients and the respective first-degree relatives cell lines. The choice was
based on a chromosomal abnormality, a heterozygous 3928 deletion, in one SCZ line which

was identified by SNP karyotyping.

Once the cell lines were chosen, the first aim was to identify candidate genes on gene locus
3928 and uncover potentially associated phenotypes. To this aim | selected osteocrin (OSTN)
and IL-1 receptor accessory protein (IL7RAP) and analyzed the cells according to the defined
categories: transcriptomic analysis with bulk RNA sequencing (RNAseq), morphological

characterization, synaptic analysis and functionality assays.

The second part of the project was focused on the exploration and validation of the phenotypes
in a different genetic background, by generating an isogenic system in a different control cell
line. By using CRISPR/Cas9 systems the aim was to introduce a disruptive mutation in OSTN,
one of the candidate genes in this project, and investigate how these cells compare to the SCZ

patient-derived cell line.

The final aim of my work was to combine the genetic background with pharmacological
modulation of OSTN and IL-1B pathways to further investigate the molecular interaction

between these pathways and evaluate its role in the cellular phenotypes.
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5. Materials

5.1 Cell culture
5.1.1 Cell lines

In this thesis hiPSC derived from healthy individuals, first-degree relatives (FDR) and patients
diagnosed with SCZ (F20 diagnosis according to ICD-10) were used. Either fibroblasts or
PBMCs were taken from the donors and further reprogrammed into hiPSCs using a sendai
virus reprogramming kit. The acquisition of donors and the reprogramming of these cell lines
was performed by Dr. Sandra Horschitz Horschitz (Hector Institute for Translational Brain
Research, Central Institute of Mental Health, Mannheim, Germany) before the start of this
thesis. However, the modification of wild type (WT) with two different CRISPR systems into an
OSTN mutants was part of this thesis.

Table 1: List of cell lines

Ctri Male, age 26, healthy FDR | PBMCs Sendai virus )
Germany

SCZ Female, age 49, SCZ PBMCs Sendai virus Mannheim,
Germany

Dermal . Mannheim,
WT Female, age 19, healthy fibroblasts Sendai virus Em—

OSTN_1+/- | WT N/A N/A Mannheim,
Germany

OSTN_2+/- | WT N/A N/A Mannheim,
Germany

OSTN-/- WT N/A N/A Mannheim,
Germany

All cell lines were checked with SNP karyotyping for chromosomal changes after
reprogramming. Furthermore, pluripotency was ensured by immunofluorescence staining for

pluripotency markers.

5.1.2 Cell culture solutions, small molecules and media

Table 2: Base media

Thermo Fisher Scientific
Advanced DMEM/F12 12634010 (Waltham, USA)

Thermo Fisher Scientific
Advanced MEM 12492013 (Waltham, USA)
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. ™ Thermo Fisher Scientific
DMEM with GlutaMAX 10566016 (Waltham, USA)
: : Thermo Fisher Scientific
DMEM/F12 with glutamine 11320033 (Waltham, USA)
DMEM/F12 with glutamine 11330057 Thermo Fisher Scientific
and HEPES (Waltham, USA)
™ Thermo Fisher Scientific
Neurobasal 21103049 (Waltham, USA)

Table 3: Commercial ready-to use cell culture solutions

Compound Concentration Cat. number Manufacturer
Thermo Fisher Scientific
B-27 supplement 50x 17504044 (Waltham,_ USA) o
BSA solution 7.5% 15260037 (Tvr\‘lzlrt”;;’nf'sgg;\)sc'e”t'f'c
Thermo Fisher Scientific
DPBS 1x 14190144 (Waltham, USA)
DPBS + MgCl; and Sigma-Aldrich (St. Louis,
CaCl, 1x D8662 USA)
x Thermo Fisher Scientific
EDTA pH 8.0 UltraPure 0.5M 15575020 (Waltham,. USA) -
FBS 100 % 10270106 (Tvr\‘/imgnf'sggk)sc'e”t'f'c
ax Thermo Fisher Scientific
Geltrex 15 mg/ml A1413302 (Waltham,. USA) -
GlutaMAX supplement | 100x 35050038 (Tvr\‘/‘:t”;g anx 'SS;)SC'G”“'C'C
KnockOut™ Serum Thermo Fisher Scientific
o)
Replacement o JeeE (Waltham, USA)
MEM-NEAA 100x 11140035 (Tvr\‘/‘;mg;'sggk)sc'e”t'ﬂc
- . Thermo Fisher Scientific
Penicillin/Streptomycin 100x 15140122 (Waltham,. USA) o
TrypLE™ Express 1x 12605028 (Tvr\‘/:mgnf'sgg;\)s"'e”t'f'c

Table 4: Growth factors, small molecules and other chemicals for cell culture

Compound Solvent Cat. number Manufacturer
A83-01 DMSO Cay9001799-25 gigr”r”n‘;'n?/;"b'* (Hamburg,
AP-811 H,0 5498 (Tgﬁgfofiaic)ience
O AN anrriaes | Moy ote Gorges
Boric acid H,0 15583 ;erclzlrg:;’isgg;\?cientific
Bryostatin 1 Ethanol 203811 (EB'\ﬂEI)irll\gitlli)?\?rSS A)
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Carl Roth (Karlsruhe,

CaCl H20 HNO04.1
Germany)
Cell Guidance Systems
CHIR99021 DMSO SM13-50 (Cambridge, UK)
D(+)-Glucose H,0 HNO06.2 Carl Roth (Karlsruhe,
Germany)
Cell Guidance Systems
DAPT DMSO SM15-50 (Cambridge, UK)
Sigma-Aldrich (St. Louis,
DMSO N/A D5879 USA)
Cell Guidance Systems
EGF H20 GFH26 (Cambridge, UK)
Sigma-Aldrich (St. Louis,
Ethanol N/A 32205 USA)
Cell Guidance Systems
FGF-2 (147) H20 GFH28 (Cambridge, UK)
0.1% BSAin Cell Guidance Systems
FGF-2 (154) H,0 GFH146 (Cambridge, UK)
: Cell Guidance Systems
Forskolin DMSO SM18-100 (Cambridge, UK)
GABA H,0 A5835-337 ng:l)a-Aldrlch (St. Louis,
. Sigma-Aldrich (St. Louis,
Gabazine H20 S106 USA)
Herparin sodium salt PBS H3149 Sgg")a'p"d”"h (St. Louts,
Carl Roth (Karlsruhe,
HEPES H.O 9105.4 Germany)
Cell Guidance Systems
IL-18 H-O GFH167 (Cambridge, UK)
0.1% BSAin Sigma-Aldrich (St. Louis,
IL-1Ra H,0 SRP3084 USA)

. 10 mM Sigma-Aldrich (St. Louis,
Insulin NaOH 91077C USA)

KCl H,0 A3582 AppliChem (Darmstadt,
Germany)

- Thermo Fisher Scientific
Laminin N/A 23017015 (Waltham, USA)
L-Ascorbic acid H.O A4544 3?2)3'Aldn0h o= louie:
L-Ascorbic acid 2- Sigma-Aldrich (St. Louis,
phosphate (LAAP) H:0 AB960 USA)

LDN193189 DMSO 72148 StemCell Technologies

LM22A H,0 SML0848 Sigma-Aldrich (St. Louis,
USA)
Tocris Bioscience

sz DIEE el (Minneapolis, USA)
Merck Millipore

MgCl, H:0 105833 (Darmstadt, Germany)

: Sigma-Aldrich (St. Louis,
Myo-Inositol H20 15125 USA)
NaCl H,0 31434 Sigma-Aldrich (St. Louis,

USA)
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Selleck Chemicals
PD-0332991 DMSO 1116 (Houston, USA)
Pluronic F-127 DPBS P2443 S'g?)a'A'd”Ch (St. Louts,
Polyethyleneimine (PEl) | Hz0 P3143 LSJ'gL\")a'A'd“Ch (St. Louis,
Polyvinylalcohol DPBS P8136 S'g?)a'p"d”"h (St. Louis,
Progesterone Ethanol P8783 LSJig’rA\n)a-Aldrich (St. Louis,
. EMD Millipore
Puromycin H20 540222 (Burlington, USA)
. Sigma-Aldrich (St. Louis,
Putrescine H20 51799 USA)
R&D Systems
(rh)OSTN PBS 9669-ON-050 | \tinneapolis, USA)
Cell Guidance Systems
SB431542 H20 SM33 (Cambridge, UK)
Sodium selenite H,0 A8960 Sg;n)a'A'd”Ch (St. Louis,
Cell Guidance Systems
TGF—§1 H.0 iRk (Cambridge, UK)
. Sigma-Aldrich (St. Louis,
Transferrin H.0 T3705 USA)
TTX H,0 BNO518 Biotrend (KolIn,
Germany)
Cell Guidance Systems
XAV939 DMSO SM38 (Cambridge, UK)
Cell Guidance Systems
Y-27632 H20 SM02 (Cambridge, UK)

5.1.3 Buffer and media compositions for cell culture

Table 5: Composition of cell culture cultivation and freezing media

Medium Component Concentration
DMEM/F-12
Pen/Strep 1 % (viv)
N-2 1 % (v/v)
Astrocyte medium Glucose 0.4 % (v/v)
B27 0.1 % (v/v)
EGF 100 ng/pl
FGF-2 (147) 10 ng/ml
DMEM/F-12
Pen/Strep 1% (viv)
Astrocyte differentiation N-2 1% (viv)
medium Glucose 0.4 % (v/Iv)
B27 0.1 % (v/v)
BMP4 10 ng/ml
. . DMEM/F-12, HEPES
IPSC medium Pen/Strep 1% (VIv)
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LAAP 64 ug/ml
Sodium selenite 14 ng/ml
Insulin 20 ug/ml
Transferrin 11 ug/ml
FGF-2 (154) 100 ng/ml
TGF-p1 2 ng/ml
Advanced DMEM/F12
Pen/Strep 1% (viv)
. GlutaMAX™ supplement 1 % (viv)
E\INPPCCT)edlum, phase 1 B-27 supplement 1% (vIv)
SB431542 10 uM
LDN193189 1uM
XAV939 2 uM
Advanced DMEM/F12
Pen/Strep 1 % (viv)
NPC medium, phase 2 GlutaMAX™ supplement 1 % (viv)
(NPC2) B-27 supplement 1 % (viv)
LDN193189 200 nM
XAV939 2 uM
Advanced DMEM/F12
. Pen/Strep 1% (vIv)
?INPP%?)edlum’ phase 3 GlutaMAX™ supplement 1 % (vIv)
B-27 supplement 1% (vlv)
FGF (147) 20 ng/ml
DMEM/F12 with glutamine
Pen/Strep 1 % (viv)
GlutaMAX™ supplement 1% (viv)
N2-supplement 0.5 % (v/v)
B-27 supplement 1% (viv)
(o)
Neuronal differentiation glliﬁﬁ\se 1 fs/oril\g/;/;/nal
medium, phase 1 (ND1) CaCl2 1:8 M
Ascorbic acid 200 M
LM22A 1 uM
LM22B 1 uM
PD-0332991 2 uM
DAPT 5 uM
DMEM/F12 with glutamine
Pen/Strep 1% (viv)
GlutaMAX™ supplement 1% (viv)
N2-supplement 0.5 % (v/v)
0,
Neuronal differentiation EI-EZZ:upplement 1 02 gx;
medium, phase 2 (ND2) Glucose 1.6 mg/ml
Ascorbic acid 1.8 mM
LM22A 200 uM
LM22B 1 uM
PD-0332991 1 uM
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DAPT 2 uM
CHIR99021 5 uM
Forskolin 3 uM
GABA 10 uM
300 uM
Neurobasal™
Pen/Strep 1 % (viv)
GlutaMAX™ supplement 1 % (viv)
B-27 supplement 2 % (viv)
Glucose 5 mg/ml
Neuronal differentiation Ascorbic acid 200 uM
medium, phase 2.1 (ND2.1) | —M22A 1M
LM22B 1 uM
PD-0332991 2 uM
DAPT 5 uM
CHIR99021 3 uM
Forskolin 10 uM
GABA 300 uM
Neurobasal™
Pen/Strep 1 % (viv)
GlutaMAX™ supplement 1% (vIv)
B-27 supplement 2 % (vIv)
Neuronal differentiation Glucose 5 mg/ml
medium, phase 3 (ND3) Ascorbic acid 200 uM
LM22A 1 uM
LM22B 1 uM
PD-0332991 2 uM
CHIR99021 3 uM
Neurobasal™
Pen/Strep 1 % (viv)
GlutaMAX™ supplement 1 % (viv)
Neuronal differentiation B-27 supplement 2% (VIV)
medium, phase 4 (ND4) Glucose 5 mg/mi
’ Ascorbic acid 200 uyM
LM22A 1 uM
LM22B 1 uM
PD-0332991 2 uM
Advanced MEM Advanced MEM
Pen/Strep 1% (viv)
GlutaMAX™ supplement 1% (viv)
B-27 supplement 2 % (viv)
Neuronal differentiation Glucose 5 mg/ml
medium, phase 5 (ND5) Ascorbic acid 200 uM
LM22A 1 uM
LM22B 1 uM
PD-0332991 2 uM
Bryostatin 1 0.27 nM
3D Neural induction medium | DMEM/F12 93.3 %
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N2 0.5 % (v/v)
B27 1%
cAMP 300 ng/ml
2-Mercaptoethanol 50 uM
LDN-193189 200 nM
A83-01 500 nM
XAV939 2 uM
GlutaMAX 1 % (viv)
NEAA 1% (v/v)
D-Glucose 4.44 mM
Heparin 10 pg/mi
KOSR 2% (vIv)
Penicillin/Streptomycin 1% (v/v)
DMEM/F12 93.3 %
N2 0.5 % (v/v)
B27 1%
cAMP 300 ng/ml
. o 2-Mercaptoethanol 50 uM
?n[;(;\iljrl:lronal differentiation GlutaMAX 1% (VIv)
NEAA 1% (viv)
D-Glucose 4.44 mM
Insulin 2.5 ug/ml
KOSR 2 % (vIv)
Penicillin/Streptomycin 1% (viv)
DMEM/F12 93.3 %
N2 0.5 % (v/v)
B27 1%
cAMP 300 ng/ml
2-Mercaptoethanol 50 uM
GlutaMAX 1 % (viv)
. NEAA 1 % (vlv)
?nlicli\iljrl:]ronal maturation D-Glucose 4.44 mM
L-Ascorbic Acid 200 uM
GDNF 10 ng/ml
Geltrex™ 30 pg/ml
Insulin 2.5 ug/ml
LM22A 1 uM
LM22B 1 uM
Penicillin/Streptomycin 1% (viv)
Wash medium DMEM with GlutaMAX™
Pen/Strep 1% (viv)

iPSC freezing medium

KnockOut™ Serum Replacement
iPSC base medium supplemented
with Pen/Strep, LAAP and
Sodium selenite

DMSO

Y-27632

50 % (v/v)
40 % (v/v)

10 % (VIv)
20 pM

NPC freezing medium

KnockOut™ Serum Replacement

70 % (v/v)
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Cytobuffer
DMSO
Y-27632

30 % (v/v)
10 % (viv)
10 uM

Table 6: Composition of buffers, supplements and solutions

Name Added components Final concentration
NaCl 125 mM
MgCl2 1mM
CaCl; 2mM
Artificial cerebrospinal KCl 2.5mM
fluid (ACSF) Glucose 10 mM
NaHCOs; 25 mM
NaH.PO4 1.25 mM
adjust pHto 7.3
osmolarity 300 mOsm
Boric acid 25 mM
Borate buffer H,0
adjust pH to 8.4 with NaOH
Myo-Inositol 240 mM
Cytobuffer Polyvinylalcohol 5 mg/ml (w/v)
DPBS 0.2x
Glucose 400 mg/ml
Glucose stock solution H.0
0.2 um sterile-filtered
HEPES pH 7.4 20 mM
NaCl 140 mM
Imaging buffer KCl 2.5mM
CaCly 1.8 mM
MgCl2 1mM
Glucose 10 mM
K-gluconate 115 mM
KCI 20 mM
Na-phosphocreatine 10 mM
Mg-ATP 4 mM
Intracellular solution GTP 0.3 mM
EGTA 0.2 mM
HEPES 10 mM
adjust pHto0 7.3
osmolarity 300 mOsm
DMEM/F12 with glutamine 70 % (v/v)
Pen/Strep 1% (viv)
Insulin 500 pg/ml
N2-supplement Progesterone 630 ng/ml
Putrescine 1.611 mg/ml
Sodium selenite 520 ng/ml
Transferrin 10 mg/ml
PEI coating pre-dilution Polyethyleneimine (PEI) 1% (viv)
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H.O
Pluronic coating solution PIUThS = 12 50 mg/ml
DPBS
HEPES pH 7.4 20 mM
NaCl 140 mM
; ; KCI 8 mM
Stimulation buffer CaCl, iy
MgCl. 1 mM
Glucose 10 mM

5.2 Molecular biology

5.2.1 Bacterial culture

Competent Escherichia coli (E. coli) DH5a were obtained from New England Biolabs
(#C2987H).

Table 7: Media for bacteria cultivation and transformation

Name Added components Final concentration
. LB medium powder 20 % (wiv)

H el Ui Ampicillin 100 ug/ml
LB medium powder 20 % (wlv)

LB agar Agar (Bacto™) 15 % (wW/v)
Ampicillin 100 pg/mi
Bacto-Tryptone 2 % (wiv)
Yeast Extract 0.5 % (w/v)
NaCl 10 mM

SOC medium KCI 2.5 mM
MgCI2 10 mM
MgSO4 10 mM
Glucose 200 mM

5.2.2 Enzymes

Table 8: Enzymes for molecular biology and cloning

Enzyme Cat. number Manufacturer

DNase |, amplification grade | AMPD1-1KT Sigma-Aldrich (Darmstadt, Germany)
DNase I, cell culture 10104159001 Sigma-Aldrich (Darmstadt, Germany)
GoTag® G2 Flexi DNA .

M780B Promega (Madison, USA)

Polymerase

LongAmp® Taq DNA M0323S New England Biolabs (Ipswich, USA)
Polymerase

Proteinase K 405-001 GeneON Bioscience (Ludwigshafen,

Germany)
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T4 DNA Ligase M0202 New England Biolabs (Ipswich, USA)
T4 Polynucleotide Kinase M0201 New England Biolabs (Ipswich, USA)
Biozym (Hessisch Oldendorf,
Taq DNA Polymerase 331610
Germany)
Bbsl R0539S New England Biolabs (Ipswich, USA)

5.2.3 Plasmids

Table 9: Plasmids used for cloning and OSTN mutant cell lines

Insert Cat
Name Backbone (promoter- Application ) Source
number
transgene)
U6-empty
. Addgene
pSpCas9(BB)- D459 CMV-Cas9- | cloning 62988 st
2A-Puro T2A-
: USA)
Puromycin
U6- OSTN
OSTN gRNA- gRNA CMV- . . :
plasmid px459 Cas9-T2A- nucleofection | N/A this thesis
Puromycin
. Santa Cruz
Musclin Biotechnolo
CRISPR/Cas9 nucleofection | Sc-407576 e
@@ llesriel ) Inc. (Dallas,
P USA)
Santa Cruz
Musclin HDR Nucleofection Sc-407576- | Biotechnology,
plasmid (h) HDR Inc. (Dallas,
USA)

5.2.4 Primers, oligonucleotides and PCR components

All primers were obtained from Integrated DNA Technologies, Inc. (Coralville, USA).

Lyophilized primers were reconstituted at 100 uM in nuclease-free H,O for at least 30 min at
37°C and 400 rpm.
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Table 10: Primers for RT-PCR and qPCR

Primer name

forward/reverse Sequence (5’ 2 3’)
(Gene)
18S forward AAACGGCTACCACATCCAAG
reverse CCTCCAATGGATCCTCGTTA
ASCLA forward CGCGGCCAACAAGAAGATG
reverse CGACGAGTAGGATGAGACCG
DLX1 forward GATCCGTAAACCCAGGACGA
reverse ATCTTGACCTGAGTCTGTGTGAG
DLX2 forward CTCACCCAGACTCAGGTCAAAA
reverse CTCCGAGGGGATCTCACCA
FOXG1 forward CCCTCCCATTTCTGTACGTTT
reverse CTGGCGGCTCTTAGAGAT
hU6 forward GAGGGCCTATTTCCCATGATT
GAD1 forward ATCCTGGTTGACTGCAGAGAC
reverse CCAGTGGAGAGCTGGTTGAA
GRIA2 forward GGATCCTCATTAAGAACCCCAGT
reverse TGAGGGCACTGGTCTTTTCC
GRINA forward GGCAACACCAACATCTGGAA
reverse CCATCCGCATACTTGGAAGAC
GRIN2B forward CTCACCCCCTTTCCGCTTT
reverse AAGGCATCCAGTTTCCCTGTT
GSX2 forward ATGTCGCGCTCCTTCTATGTC
reverse CAAGCGGGATGAAGAAATCCG
hU6 forward GAGGGCCTATTTCCCATGATT
IL-1p forward GCTCGCCAGTGAAATGATGG
reverse AGATTCGTAGCTGGATGCCG
Mycoplasma forward GGGAGCAAACAGGATTAGATACCCT
reverse TGCACCATCTGTCACTCTGTTAACCTC
NES forward GGCGCACCTCAAGATGTCC
reverse CTTGGGGTCCTGAAAGCTG
OoTX2 forward TGCAGGGGTTCTTCTGTGAT
reverse AGGGTCAGAGCAATTGACCA
OSTN (by Ataman | forward CAGGAAAAGTCCTCTCAGTAGATG
et al. (172)) reverse GCAAGAGTTTTGCTGTCAGGTCA
OSTN (genotyping | forward TACCATTTGCCTCTAACAGTCCT
for PX459 clones) reverse TCTGTAAGCTAGTTTCCATTACCTC
OSTN (cassette) reverse TGTCCTACTCGACAATCAGC
OSTN (genotyping | forward CTCTGGGTGGAGTCTAAGGGA
Santa Cruz) reverse AGCCTCTGGAATTTGAAAGCCG
VGLUT2 forward TCAGATTCCGGGAGGCTACA
reverse TGGGTAGGTCACACCCTCAA
VGLUT1 forward AGCTGGGATCCAGAGACTGT
reverse CCGAAAACTCTGTTGGCTGC
SNAP25 forward AGTTGGCTGATGAGTCGCTG
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reverse

TCATGCCTTCTTCGACACGA

SV2

forward
reverse

AACCTAGACCAGGCACTCAT
ACCCCTCCCCACAGTTACTTA

SYN

forward
reverse

CAGCTCAACAAATCCCAGTCTC
GGTCTCAGCTTTCACCTCGT

SYP

forward
reverse

GACTATGGGCAGCAAGGCTA
GGCTTCACTGACCAGACTACA

TUBB3

forward
reverse

ATGGACAGTGTCCGCTCAGG
TCACACTCCTTCCGCACCA

Table 11: Oligonucleotides and gRNA for cloning

Name

Sequence (5’ 2 3’)

OSTN gRNA sense

CACCGACACTGACACTGTGGAGCTC

OSTN gRNA antisense

AAACGAGCTCCACAGTGTCAGTGTC

OSTN ssOligo

ATGCTAACTATGACATATGTAACCCTTAGATGCTGGACTG
GAGATTGGCATAGTGCACATTTCATCCTGGCTGTGACACT
GACACTGTGGAGCTCAGGAAA

Table 12: Substances for PCR reaction mix

DNA only)

Substance Concentration | Cat. number | Manufacturer

Reaction buffer 1x 331610 Biozym (Hessisch Oldendorf,
Germany)

SL-Set-S- Steinbrenner Laborsysteme
dNTPs each 200 uM dNTPs (Wiesenbach, Germany)
: Integrated DNA Technologies

Primers each 400 nM N/A (Coralville, USA)

Taq DNA Polymerase | 0.625 U 331610 Biozym (Hessisch Oldendorf,
Germany)

cDNA / genomic DNA | 10 ng/ 200 ng N/A N/A

DMSO (for genomic | 4o, /. D5879 Sigma-Aldrich (St. Louis, USA)

Table 13: Substances for qPCR reaction mix

Substance Concentration | Cat. number | Manufacturer
Reaction buffer 1x M890A Promega (Madison, USA)
MgCl, 25mM A351B Promega (Madison, USA)
SL-Set-S- Steinbrenner Laborsysteme

dNTPs each 200 uM dNTPs (Wiesenbach, Germany)

: Integrated DNA Technologies
Primers each 200 nM N/A (Coralville, USA)
DMSO 4 % (viv) D5879 Sigma-Aldrich (St. Louis, USA)
Syber® Green | 1x S9430 Sigma-Aldrich (St. Louis, USA)
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ROX 25 nM A351513 GENAXXON (Ulm, Germany)
®
GoTag™ DNA 0.75U M780B Promega (Madison, USA)
Polymerase
cDNA 10 ng N/A N/A
5.2.5 Kits
Table 14: Commercial kits
Kit Cat. number | Manufacturer

Cell Line Nucleofector™ Kit V| VCA-1003 Lonza (Basel, Switzerland)

ExtractMe® Genomic DNAKit | EM13-050 BLIRT S.A. (Gdansk, Poland)

iScript™ cDNA synthesis kit 17088991BUN | Bio-Rad Laboratories (Hercules, USA)

peqGOLD Gel extraction kit 12-2501-01 VWR (Radnor, USA)

EEQGOLD Plasmid miniprep | 74, 574 VWR (Radnor, USA)

Pierce™ BCA Protein-Assay 23225 Thermo Fisher Scientific (Waltham,
USA)

PureLink™ HiPure Plasmid K210015 Thermo Fisher Scientific (Waltham,

Filter Midiprep Kit USA)

Qubit RNA BR Assay-Kit Q10210 Thermo Fisher Scientific (Waltham,
USA)

RNA 6000 Nano kit 5067-1511 Agilent Technologies (Santa Clara, USA)

5.2.6 Antibodies and fluorescent probes

Table 15: Primary antibodies

Antigen Host Dilutions Cat. Manufacturer
number
, . ) Cell Signaling Technology
Actin rabbit 1:10000 4970 (Danvers, USA)
ANKG ,
(N106/65) mouse 1:100 75-147 NeuroMab (Davis, USA)
FOXG1 rabbit | 1:100 NCFAB USeUEL) (il ceted T LT
Gerrmany)
CTIP2 rat 1:500 ab18465 Abcam (Cambridge, US)
GADG65 ) . .
(GAD2) mouse 1:200 844502 Biolegend (San Diego, USA)
GFAP mouse | 1:500 173011 Synaptic Systems (Gottingen,
Germany)
) Thermo Fisher Scientific
HUC/D mouse 1:500 A21271 (Waltham, USA)
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MAP2 chicken 1:7000 822501 Biolegend (San Diego, USA)
. ) Cell Signaling Technologies
mCherry rabbit 1:200 43590S (Danvers, USA)
Nestin mouse 1:600 MAB1259 R&D Systems (Minneapolis, USA)
NeuN rabbit 1:400 MAB377 EMD Millipore (Burlington, USA)
) Santa Cruz Biotechnology, Inc.
OCT3/4 mouse 1:500 sc-5279 (Dallas, USA)
1:200 (IF) Santa Cruz Biotechnology, Inc.
OSTN mouse 1:1000 (WB) sc-365631 (Dallas, USA)
PAX6 rabbit 1:500 901301 Biolegend (San Diego, USA)
PSD95 rabbit 1:250 810401 Biolegend (San Diego, USA)
PVIM mouse 1:1000 D076-3 MBL International (Woburn, USA)
S100B mouse 1:2000 S2532 Sigma-Aldrich (St. Louis, USA)
. ) Cell Signaling Technology
SOX2 rabbit 1:400 3579 (Danvers, USA)
Synapsin 1:500 (IF) . .
VI mouse 1:4000 (WB) 853701 Biolegend (San Diego, USA)
TAU gylnea 1750 314004 Synaptic Systems (Géttingen,
pig Germany)
TBRA1 rabbit 1:500 20932-1-ap | Proteintech (Rosemont, USA)
TUBB3 gylnea 1750 302 304 Synaptic Systems (Géttingen,
pig Germany)
VGLUTA g'umea 1-400 135304 Synaptic Systems (Géttingen,
pig Germany)
Table 16: Secondary antibodies
Antigen Host Dilution Cat. Manufacturer
number
anti-chicken IgY ) Thermo Fisher Scientific
Alexa Fluor-488 goat | 1:1000 | AT039 1 v tham, USA)
anti-chicken IgY ) Thermo Fisher Scientific
Alexa Fluor-633 goat | 11000 1 A21103 | \waitham, USA)
anti-goat IgG Alexa Fluor- ) Thermo Fisher Scientific
488 donkey | 1:1000 A11055 (Waltham, USA)
anti-guinea pig 1gG Alexa ) Thermo Fisher Scientific
Fluor-488 goat | 11000 [ AMTO73 | \yitham, USA)
anti-guinea pig 1gG Alexa ) Thermo Fisher Scientific
Fluor-555 goat | 11000 | A21435 | \vaitham, USA)
anti-guinea pig 1gG Alexa ) Thermo Fisher Scientific
Fluor-647 donkey | 1:1000 | A21450 | \\itham, USA)
anti-mouse 1gG Alexa ) Thermo Fisher Scientific
Fluor-488 goat | 11000 | ATO0T | \vitham, USA)
anti-mouse IgG Alexa ) Thermo Fisher Scientific
Fluor-568 goat | 1:1000 | AT1004 1 \ytham, USA)
anti-mouse 1gG Alexa ) Thermo Fisher Scientific
Fluor-647 goat | 11000 | A21236 | \\iitham, USA)
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TEAD o om0 | awe  Iemebesiut

Anti-mouse DyLight™ 680 | goat | 1:15000 | 5470S (C[)e;'niigr';‘:"'g‘g AT)eChno'ogieS
Anti-mouse DyLight™ 800 | goat | 1:15000 | 5257S f;;'nigf'g‘sg’ AT)GChno'Ogies
Anti-rabbit DyLight™ 680 | goat | 1:15000 | 5366S (C[)e;'n?/fr';‘:"'g‘g AT)eCh”O'OgieS
Anti-rabbit DyLight™ 800 | goat | 1:15000 | 5151S (C;;;'nifrr:'g‘g :)eCh”O'Ogies

Table 17: Fluorescent probes

Reagent | Concentration Cat. number Manufacturer
DAPI 300 nM 422801 Biolegend (San Diego, USA)
AAT Bioquest (Sunnyvale,
Fluo-4 AM | 1 uM 20552 USA)
5.2.7 Buffers and solutions
Table 18: Self-made buffers and solutions
Buffer / Solution Components Concentration
APS stock solution APS 10 % (w/v) in H20O
DAPI staining solution DAPI 300 nM in PBS
DEPC-H.0 DEPC 0.1 % (v/v) in H20
Tris-HCI, pH 8.5 100 mM
. . . EDTA 5 mM
DNA isolation lysis buffer SDS 0.2 % (Wiv)
NaCl 200 mM
Tris-HCI, pH 7.6 50 mM
DNA sample buffer (10X) | Bromophenol blue 0.25 % (w/v)
Glycerol 60 %
H20
Embedding solution Sucrose 10 % (w/v)
Gelatine 7.5 % (wiv)
Tris-HCI, pH 8.5 100 mM
. . Glycerol 25 %
Mounting solution Mowiol 10 %
DABCO® 0.6 %
PBS NaCl 137 mM

44




Materials

KCI 2.7 mM
Na:HPO4 10.0 mM
KHzHPO4 1.8 mM
. PFA 4 % (w/v) in PBS

PFA solution adiustpH 07.2
Tris-HCI, pH 7.4 50 mM
NaCl 150 mM

. . SDS 0.2 % (wiv)
Protein lysis buffer EDTA 25 MM

Phosphatase inhibitor
Protease inhibitor

1 tablet/ 10 ml
1 tablet/ 10 ml

SDS stock solution SDS 10 % (w/v) in H20
(81[))(?'PAGE Anode buffer | rris-Hcl, pH 8.8 200 mM
SDS-PAGE Tris-HCI pH 8.45 3M
polyacrylamide gel buffer | SDS 0.3 % (wiv)
Tris-HCI, pH 6.8 93.75 mM
o,
SDS-PAGE sample buffer SDS 6%
(6X) Glycerol 6 %
2-Mercaptoethanol 9 %
Bromophenol blue 0.25%

SDS-PAGE polyacrylamide gel buffer

33.3 % (v/v)

. Bis/Acrylamide 10 % (v/v)
f:pir:fi'r?';gam'de Glycerol 10 % (VIv)
Ammonium persulfate 0.028 % (w/v)
TEMED 0.09 % (v/v)
SDS-PAGE polyacrylamide gel buffer | 24.8 % (v/v)
SDS-Polyacrylamide Bis/Acrylamide 3.84 % (viv)
stacking gel Ammonium persulfate 0.0672 % (w/v)
TEMED 0.224 % (v/v)
Sucrose solution i
Sucrose 30 % (v/v)
Tris 40 mM
TAE (1X) EDTA 1 mM
Acetic acid 20 mM
Tris-HCI, pH 7.4 248 mM
TBS (10X) NaCl 1.37 M
KCI 26.8 mM
TBS (10X) 10 % (v/v)
TBS-T (1X) Tween® 20 0.1 % (VIv)
, . Tris-HCI, pH 8.8 250 mM
Tris-glycine buffer (10x) Clene 192 M
Triton X-100 stock solution | Triton X-100 10 % (v/v) in PBS
Western Blot transfer Tris-glycine buffer (10X) 10 % (v/v)
buffer Methanol 20 % (v/v)
SDS 0.08 % (v/v)
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Table 19: Commercial buffers and solutions

Buffer / Solution

Cat. number

Manufacturer

DNA Polymerase buffer (10X) | 311611 Biozym (Hessisch Oldendorf, Germany)
GoTaq® DNA Polymerase M780B .

buffer (10X) Promega (Madison, USA)

LongAmp® Taq Reaction . :

Buffer (5X) B0323S New England Biolabs (Ipswich, USA)
Restriction buffer 2.1 (10X) B7202S New England Biolabs (Ipswich, USA)
RNA - Solv reagent R6830-02 VWR (Radnor, USA)

T4 DNA ligase buffer (10X) B0202S New England Biolabs (Ipswich, USA)
TriFast™ peqGold 30-2010 VWR (Radnor, USA)

Tris-Tricine-SDS buffer (10X) | T1165 Sigma-Aldrich (St. Louis, USA)

5.2.8 Reagents and chemicals

Table 20: Molecular biology reagents

Name Cat. number Manufacturer

1 kb marker N0468S New England Biolabs (Ipswich, USA)

100 bp marker, Quick-Load® N0467S New England Biolabs (Ipswich, USA)

Adult brain total RNA, human R1234035-50-BC | BioCat (Heidelberg, Germany)

INTPs 147850010 Stglnbrenner (Laborsysteme
Wiesenbach, Germany)

Fetal brain total RNA, human | 1F01-50 Tebu Bio (Le-Perray-en-Yvelines,
France)

Z;gGREEN DNARNADINAING | b6 4137-5010 VWR (Radnor, USA)

Protein marker PS 10 plus 310003 GeneOn (Ludwigshafen am Rhein,
Germany)

RNaseAWAY 10666421 Thermo Fisher Scientific (Waltham,
USA)

St\a(:iR@) Green nucleic acid | g943 Sigma-Aldrich (St. Louis, USA)

Table 21: Chemicals

Chemical Cat. number Manufacturer

2-Mercaptoethanol 805740 Merck KGaA (Darmstadt, Germany)
2-Propanol 1157 Th. Geyer (Renningen, Germany)
30% Bis/acrylamide 3029.1 Carl Roth (Karlsruhe, Germany)
37% HCI 836.1000 Th. Geyer (Renningen, Germany)
Acetic acid 33209 Sigma-Aldrich (St. Louis, USA)
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Agar (Bacto™) 214010 BD Biosciences (Franklin Lakes, USA)
Agarose A9539 Sigma-Aldrich (St. Louis, USA)
Ammonium persulfate A3678 Sigma-Aldrich (St. Louis, USA)
Ampicillin A9518 Sigma-Aldrich (St. Louis, USA)
Bacto-Tryptone 211705 BD Biosciences (Franklin Lakes, USA)
Boric acid 15583 Thermo Fisher Scientific (Waltham, USA)
Bovine serum albumin (BSA) | A3294 Sigma-Aldrich (St. Louis, USA)
Bromophenol blue B8026 Sigma-Aldrich (St. Louis, USA)
Chloroform 32211 Sigma-Aldrich (St. Louis, USA)

DABCO 0718.2 Carl Roth (Karlsruhe, Germany)

DEPC K028.1 Carl Roth (Karlsruhe, Germany)

EDTA E3889 Across organics (Fair Lawn, USA)
Ethanol 2246.1000 Th. Geyer (Renningen, Germany)

Fetal bovine serum (FBS) 10270-106 Thermo Fisher Scientific (Waltham, USA)
Gelatine G1890 Sigma-Aldrich (St. Louis, USA)

Glycerol 15523 Sigma-Aldrich (St. Louis, USA)

Glycine 10070150 Thermo Fisher Scientific (Waltham, USA)
KH2PO4 1648 Th. Geyer (Renningen, Germany)

KCI 1632 Th. Geyer (Renningen, Germany)

LB medium powder X968.4 Carl Roth (Karlsruhe, Germany)
Methanol 0082.1 Carl Roth (Karlsruhe, Germany)

MgCl, A351B Promega (Madison, USA)

MgSO. 105886 Merck KGaA (Darmstadt, Germany)

Milk powder T145.3 Carl Roth (Karlsruhe, Germany)
Mowiol®4-88 07131 Carl Roth (Karlsruhe, Germany)
NazHPO, 8622 Th. Geyer (Renningen, Germany)

NaCl 1367 Th. Geyer (Renningen, Germany)
Paraformaldehyde (PFA) 16005 Sigma-Aldrich (St. Louis, USA)
;rt‘;l’estzhatase inhibitor mini 1 \35957 Thermo Fisher Scientific (Waltham, USA)
Polyethyleneimine (PEI) P3143 Sigma-Aldrich (St. Louis, USA)

;r;t;zse inhibitor mini A32955 Thermo Fisher Scientific (Waltham, USA)
Puromycin dihydrochloride 540222 Merck KGaA (Darmstadt, Germany)
ROX A351513 GENAXXON (Ulm, Germany)

SDS, pellets CN30.1 Carl Roth (Karlsruhe, Germany)

Sodium hydroxide, pellets 6771.2 Carl Roth (Karlsruhe, Germany)

Sucrose S9378 Sigma-Aldrich (St. Louis, USA)

TEMED T9281 Sigma-Aldrich (St. Louis, USA)
TRIS-HCI pH 8.5 4855.5 Carl Roth (Karlsruhe, Germany)

Triton X-100 1.08603.1000 Merck KGaA (Darmstadt, Germany)
Trypan Blue 17-942E Lonza (Basel, Switzerland)

Tween® 20 pP2287 Sigma-Aldrich(Darmstadt, Germany)
Yeast Extract 212750 BD Biosciences (Franklin Lakes, USA)
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5.3 Consumables

Table 22: Consumables

Consumable Format Cat. number | Manufacturer
0.2 ym . .
Blotting membranes | PVDF GE10600021 (Céiil;l:acl;thaasrz)Llfe Science
Nitrocellulose | GE10600001 9
Bottle top filters 500 ml 15983307 Thermo Fisher Scientific
P 1000 ml 15993307 (Waltham, USA)
Santa Cruz Biotechnology
Cell scrapers sc-395251 (Dallas, USA)
Coverslips 12 mm 631-1577 VWR (Radnor, USA)
Cryotubes 1ml 123280 Greiner (Kremsminster, Austria)
Luna™ reusable L 12011 Logos Biosystems (Anyang,
slides South Korea)
Microscopy slides H868.1 Carl Roth (Karlsruhe, Germany)
Microscopy slides . C
Epredia™ 10149870 (Tvr\'/im:nf'sgg;)sc'e”t'ﬂc
SuperFrost Plus™ ’
Pasteur pipettes 7691061 Th. Geyer (Renningen, Germany)
PCR strip tubes 8 x 200 710971 Biozym (Hessisch Oldendorf,
Germany)
Petri dishes @10 cm 633180 Greiner (Kremsminster, Austria)
10 pl 70.1130
Pipette tips 200 ul 70.760.002 Sarstedt (Nimbrecht, Germany)
1250 pl 70.1186
Pipetting reservoirs | 25 ml B3125-50 SEMMET Chlain] (S WEHTET:
Germany)
. Steinbrenner Laborsysteme
gPCR plate seals 4ti-0500 (Wiesenbach, Germany)
: Steinbrenner Laborsysteme
gPCR plates 96-well 4ti-0910/C (WieSenbachiGenmany)
0.2ml 72.737.002
: 0.5ml 72.699 .
Reaction tubes 15mi 79 690,001 Sarstedt (NUmbrecht, Germany)
2.0ml 72.695.200
Scalpel Cutfix® 9409814 Th. Geyer (Renningen, Germany)
15 ml 62.554.502 .
Screw cap tubes 50 mi 62.547 254 Sarstedt (Nimbrecht, Germany)
5mi 86.1253.001 | Sarstedt (Numbrecht, Germany)
Serological pipettes 10ml 86.1254.001
giealpip 25 ml 86.1685.001
50 ml 7695555 Th. Geyer (Renningen, Germany)
Syringe filters 0.2 ym 83.1826.001 | Sarstedt (NUmbrecht, Germany)
Syringes 50 ml 94.6077.137 | Sarstedt (NiUmbrecht, Germany)
. @ 3.5cm 83.3900.500 .
TC dishes 36 cm 83.3901.002 Sarstedt (NUmbrecht, Germany)
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@ 10 cm, Cell+ | 83.3902.300
6-well 83.3920.005
24-well, Cell+ 83.3922.300 .
TC plates 48-well, Cell+ 83.3923.300 Sarstedt (Niumbrecht, Germany)
96-well, Cell+ 83.3924.005
Tissue-Tek® 10x10 mm 4565 Sakura Finetek (Torrance, USA)
Cryomold®
Western blot filter 115-2166 VWR (Radnor, USA)
tissues
U bottom plates 96-well 83.3925.500 | Sarstedt (NUmbrecht, Germany)

5.4 Technical Equipment

Table 23: Notable laboratory equipment

Name Appliance Manufacturer

5415 D Centrifuge Eppendorf (Hamburg, Germany)

5810 Centrifuge, plates Eppendorf (Hamburg, Germany)

Bioanalyzer 2100 Electrophoresis RNA quality | Agilent Technologies (Santa Clara,
control USA)

BP121S Analytical balance Sartorius (Gottingen, Germany)

Branson Sonifier 250

Sonication device

Thermo Fisher Scientific (Waltham,
USA)

Celldiscoverer 7 Microscope Carl Zeiss (Oberkochen, Germany)
DFC9000 GT Camera (microscopy) (Wetzlar, Germany)
DM6 B Microscope Leica (Wetzlar, Germany)
DMIL LED Microscope, brightfield Leica (Wetzlar, Germany)
EasyPhor Midi Agarose gel electrophoresis | Biozym (Hessisch Oldendorf,
chamber Germany)
Aariess o Teeine INTAS Science Imaging
GelStick Touch Instruments GmbH (Géttingen,
system
Germany)
HERAcell 150i Thermo Fisher Scientific (Waltham,
Incubator USA)
C170 E3 Binder (Tuttlingen, Germany)
[1/2b Device Nucleofector Lonza (Basel, Switzerland)

Jupiter Class 1 -
Vertical flow clean air
cabinet

Class | clean air cabinet

Labogene (Allerad, Denmark)

KS 250 basic Orbital shaker IKA Labortechnik ® GmbH

Luna™ Automated cell counter Logos Biosystems (Anyang, South
Korea)

Milli-Q Q-POD Water conditioner EMD Millipore (Burlington, USA)

Milli-Q® Integral 5

Water purifier

Merck KGaA (Darmstadt,
Germany)
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Mini-PROTEAN®
Tetra

PAGE equipment

System Bio-Rad Laboratories
(Hercules, USA)

Mr. Frosty™

Freezing container

Thermo Fisher Scientific (Waltham,
USA)

NanoDrop™ 1000

Micro-Spectrophotometer

Thermo Fisher Scientific (Waltham,
USA)

NU-540 Class Il Type
A2 Biosafety Cabinet

Biosafety Cabinet

Nuaire (Plymouth, USA)

NX50

Cryostat

Cryostar (Hésinguem France)

Odyssey IR imaging
system

Western blot imager

LI-COR Biosciences (Lincoln, USA)

Pipet Filler S1

Pipetting aid

Thermo Fisher Scientific Scientific
(Waltham, USA)

PowerWave™ XS

Microplate reader

BioTek (Bad Friedrichshall,
Germany)

ProfiLab pH597 pH-meter Xylem Inc. (Rye Brook, USA)

PTC-200 PCR cydler Bio-Rad Laboratories (Hercules,
USA)

QuantStudio 7 Flex R Thermo Fisher Scientific (Waltham,

USA)

Qubit 4 Fluorometer

DNA, RNA and protein
quantification device

Thermo Fisher Scientific (Waltham,
USA)

Research® plus

Micropipettes

Eppendorf (Hamburg, Germany)

TCS SPS I

Confocal Microscope

Leica (Wetzlar, Germany)

Thermomixer comfort

Block heater

Eppendorf (Hamburg, Germany)

Thermomixer comfort
5355

Thermomixer

Eppendorf (Hamburg, Germany)

Trans-Blot® Turbo™

Western blot transfer
system

Bio-Rad Laboratories (Hercules,
USA)

BINDER GmbH (Tuttlingen,

UF V 700 Freezer -80°C

Germany)
VIP plus Freezer -150°C Panasonic (Kadoma, Japan)
Z 216 MK Centrifuge, refrigerated Hermle (Wehingen, Germany)
Z 366 Centrifuge, cell culture Hermle (Wehingen, Germany)
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5.5 Software
Table 24: Computer Software

Computer program

Supplier

Affinity Designer 2

Serif (Europe) Ltd (West Bridgford, UK)

ApE — A plasmid editor

M. Wayne Davis

BioRender.com

BioRender (Toronto, Canada)

Excel 2016 Microsoft (Redmond, USA)

IBM SPSS Statistics 25/26 IMB (Armonk, USA)

Image Studio v 2.0 Li-Cor (Lincoln, USA)

Imaged (FIJI) National Institutes of Health (Rockville, USA)

Leica Application Suite AF

Leica (Wetzlar, Germany)

Leica Application Suite X

Leica (Wetzlar, Germany)

MATLAB

The MathWorks, Inc. (Natick, USA)

Mendeley reference manager

Mendeley Ltd. (London, UK)

Prism 5

GraphPad (San Diego, USA)

QuantStudio qPCR software

Thermo Fisher Scientific (Waltham, USA)

R Studio

RStudio PBC, open source

Word 2016

Microsoft (Redmond, USA)

ZEN

Carl Zeiss (Oberkochen, Germany)
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6. Methods

6.1 Cell culture

All cells were cultivated in incubators with a constant humidity of 95 %, at 37 °C and CO; levels
of 5 %. Media were stored at 4 °C and adjusted to room temperature (RT) before use. All
buffers and media used in cell culture were prepared under sterile conditions or sterile filtered

after preparation. All cell culture media and buffer recipes are listed in table 5 and 6.

6.1.1 Cultivation of hiPSCs

Human iPSCs were cultivated on Geltrex™ coated tissue culture plates. Geltrex™ was used
in a dilution 1:50-1:100 in wash medium and coated overnight (ON) at 4 °C or for 30 minutes
at 37 °C. HiPSCs were cultivated as colonies in iPSC medium and medium was changed daily,
cells were passaged once they grew near confluency. The iPSC medium is based on a
previous publication by Chen et al. (253). HIPSC cultures were regularly tested for their cell
line identity and mycoplasma contamination by PCR. For hiPSC passaging, cells were washed
once with 0.5 mM ethylenediamine tetraacetic acid (EDTA) in PBS and then incubated with 0.5
mM EDTA/PBS for 4-5 min at RT. EDTA/PBS was then aspirated and cells were carefully
detached by rinsing the well with iPSC medium supplemented with 5 uM Y-27632 (for one day).

6.1.2 Generation of neural progenitors

HiPSCs were grown to a density of 70-80 % to initiate differentiation into neural progenitors.
Media was changed from iPSC medium to NPC1 medium, which contained small molecules
for dual SMAD inhibition (LDN-193189 and SB-431542) to prevent differentiation into meso-
and endoderm and to generate NPCs specific for the ectodermal germ layer as previously
described by Chambers et al. (214). The addition of Wnt pathway inhibitor XAV-939 prevented
a posteriorization of the progenitors and enhanced the generation of forebrain NPCs. To
expand the NPCs and promote proliferation, cells were supplemented with FGF2 for some

passages (NPC3 medium).

The cells were passaged on day four in a ratio of 1:2 and kept four more days in NPC1 medium.
The cells were passaged by incubation with TrypLE™ Express for 5-7 min at 37°C and were
then detached with wash medium and centrifuged for 4 min at 1,200 xg. The supernatant was
removed and the cell pellet was dissociated with the plating medium supplemented with 5 yM
Y-27632. On day eight the cells were passaged again, as previously described, in a ratio of
1:2 and were maintained in NPC2 medium for eight days without splitting. Following this eight-
day period, cells were passaged in a ratio of 1:2 and plated in NPC3 medium. Cells were kept
in this medium for 1-2 more passages. In phase three cells were either prepared for the final

differentiation into cortical neurons or frozen in NPC freezing medium with 10 yM Y-27632 for
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later use. NPCs were cultivated on Geltrex™ coated tissue culture plates and media changes

ensued daily. Y-27632 was removed the day after the spilit.

6.1.3 Generation of cortical neurons

For most experiments, NPCs were differentiated into cortical neurons. Therefore, the
aforementioned NPCs were terminally differentiated in a multi-step protocol based on

previously published work by other research groups (261,262).

Prior to coating, glass coverslips were pre-treated with 37 % hydrochloric acid (HCI) for several
hours on an orbital shaker at RT. The coverslips were then thoroughly washed multiple times
with H.O and 70% ethanol an air-dried and then autoclaved. For neuronal cultures, tissue
culture plates and coverslips were coated with PEI/Laminin. Therefore, wells were incubated
with 0.005% PEI in borate buffer for 10-15 min at RT. Plates were then thoroughly washed 3x
with H2O and then dried at RT. Finally, 1:400 laminin in PBS (+Ca?*, +MgCl.) was added to the
plates and the coating took place either ON at 4 °C or for 30 min at 37 °C.

Following the NPC stage was the terminal differentiation which was conducted by adaptation
of previously published protocols by Kemp et al. and Telezhkin et al. (261,262). The induction
of the terminal neuronal differentiation was initiated by the application of y-secretase inhibitor
DAPT in combination with cyclin D-dependent kinase 4/6 (CDK4/6) inhibitor PD-0332991 and
tyrosine receptor kinase B and C (TRKB and TRKC) receptor agonists LM22A and LM22B.
This combination suppressed cell division and in combination with Wnt and cAMP/CREB
pathway activators CHIR99021 and forskolin promoted neuronal differentiation. In addition, a
high CaCl, concentration and the supplementation of GABA imitated the conditions during fetal
brain development. For the final maturation of neurons, Bryostatin 1 was added which

promotes synapse development

Thus, neural differentiation was initiated by changing the NPC3 medium to ND1 medium to
promote NPCs’ exit of the cell cycle and development into neurons. The start of neural

differentiation was considered as dO of the terminal differentiation.

The young neurons were split on d1 onto the final format and kept in ND1 medium. If
necessary, DNase | was used during the split to prevent DNA contamination of the cells.
Neurons were split by incubation with TrypLE™ Express for 3-5 minutes at 37°C and
subsequent resuspension in wash medium and then centrifugation for 4 min at 800-900 xg.
After resuspension, cells were counted with an automated cell counter (Luna™) and then
plated in ND1 medium supplemented with 10 yM Y-27632 until the next medium change.
Usually 48 well plates (150,000 cells/well), 24 well plates (ca. 200,000 cells/well) with
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coverslips and 6 wells (3-6 million cells/well) were used for neuronal cultures, depending on

the experiment.

After the initial 3d phase, media was switched to ND2 medium, which was further promoting
differentiation of NPCs into neurons and simultaneously induced maturation of neurons.
Neurons were kept in ND2 medium for four days. On d7, medium was switched with a half
media change to ND2.1 medium. On d10, medium was exchanged halfway with ND3 medium
which promoted survival of neurons and their maturation. A week later, medium was fully
changed to ND4 medium which mainly promoted neural maturation. The final maturation
medium (ND5) was applied to the cells with a half medium change on d24 of the terminal
differentiation and cells were kept in this media until the required age was reached for the
experiments (ranging from d42-d105). If not stated otherwise, neuron medium was changed

halfway twice a week.

6.1.4 Treatment of cortical neurons

To investigate the influence of specific molecules/ activation of specific pathways on neuronal
function and molecular phenotypes, cortical neurons were treated with various components.
To facilitate morphological analysis in a dense, mature culture, neurons were transduced with
an adeno-associated virus (AAV) 2-3 weeks prior to the time point of analysis. The AAV
(AVV_CaMKlla p-hCHR2(134a)-mcherry) was kindly provided by the laboratory of Prof.
Grinevich. The AAV lead to an expression of mcherry fluorescent protein under the

calcium/calmodulin-dependent protein kinase lla (CaMKIlla) promoter.

To investigate phenotype attribution to OSTN signaling, neuronal cultures were treated with
100 nM (rh)OSTN for 7d. 200nM AP-811, another antagonist for NPRC competing with OSTN
for receptor binding, was applied for 8d either as a single treatment or in combination with 100
nM OSTN. In case of combination, cells were first incubated ON with AP-811 to block NPRC,
followed by the combination of AP-811 and OSTN. To determine if phenotypes are attributed
to IL-1B signaling, neuronal cultures were treated with 50 ng/ml IL-13 for and 100 ng/ml IL-1Ra
(IL-1 receptor antagonist) either as single treatments or in combination for 5d. In case of a
combination treatment, the cells were pre-incubated with IL-1Ra for 1h to block IL-1R before
IL-18 was added. If treatments of these four components was combined the respective
inhibitors (AP-811 or IL-1Ra) were applied prior to their counterparts in the previously
described manner. Treatments were permanently (for the indicated duration) in the media and
refreshed with every media change. Please note that treatment results are partially preliminary

(due to N numbers, indicated in Results part).
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6.1.5 Co-culture with mouse derived astrocytes for electrophysiological
measurements

For electrophysiological measurements cortical neurons were co-cultured with astrocytes.
Therefore, mouse derived glial progenitors maintained in astrocyte medium (Table 5) were
detached with TrypLE™ Express (5 min, 37 °C) centrifuged in wash medium 4 min at 1200 xg
and plated on PEIl/Laminin coated coverslips (described in the previous section) in a density
of ca. 70,000-90,000 cells per well of a 24 well plate. They were kept in astrocyte medium for
another two days then the medium was switched to astrocyte differentiation media (Table 5).
After differentiating the mouse glial progenitors for two days into astrocytes, cortical neurons
were seeded on top in a density of 200,000 cells per well. Starting from the day of co-culture,
cells were kept in the different ND media without containing PD-0332991 according to the

different terminal differentiation phases.

6.1.6 Cryopreservation of cells

Cells were cryopreserved either as hiPSCs or as neural progenitor cells (NPC). To freeze
hiPSCs, cells were detached with EDTA, as previously described, but instead of iPSC medium
wash media was used to rinse off the cells. Cells were then centrifuged for 4-5 minutes at 500
xg. After centrifugation, the medium was aspirated, and cells were carefully resuspended in
cold iPSC cryomedium and transferred into cryotubes. For long-term storage cryotubes were
transferred to -150°C or to liquid nitrogen. In order to freeze NPCs, cells were detached with
TrypLE™ Exprss and the cell pellet was resuspended in cold NPC cryomedia and transferred

into cryo-tubes.

Cryotubes were then transferred into a Mr. Frosty™ freezing container with a cooling rate of -
1 °C/min which was subsequently stored at -80 °C for 24 h and then stored at -150 °C until

further use.

6.1.7 Defrosting of hiPSCs and neural progenitors

To defrost hiPSCs or neural progenitors, tubes with pre-warmed wash medium were prepared
and cryotubes were defrosted at 37 °C as fast as possible. Once the cells were almost
completely defrosted, the remaining ice was melted with the warm wash medium and cells
were transfered and centrifuged at 500 xg (hiPSCs) or 1200 xg (progenitors). Supernatant was
discarded and cells were plated in the respective culture medium supplemented with 5-10 yM
Y-27632.

6.1.8 Organoid generation

Organoid generation and processing were performed in collaboration with Dr. Andrea C.

Rossetti (Hector Institute for Translational Brain Research, Central Institute of Mental Health,
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Mannheim, Germany). Organoids were generated like previously published (298,299). When
hiPSCs reached a sufficient density, cells were detached with TrypLE™ Express, counted and
seeded (~9000 cells/well) in a 96 well plate (U-bottom) coated with Pluronic coating solution
(Table 6) for 10 min at RT to prevent attachment of the cells to the plate bottom. Cells were
plated in iPSC medium supplemented with 50 uM Y-27632 and formed embryoid bodies (EBs)
by self-assembly and medium was changed every other day. On day 5, medium was changed
to 3D neural induction medium and changed every other day. At day 8, organoids were
embedded in Geltrex™ to provide structural support and were subsequently transferred into 6
cm dishes (coated with Pluronic). From now on, organoids were cultivated on an orbital shaker.
On day 10 the medium was changed to 3D neural differentiation medium and medium changes
were done every 3-4 days. On day 35, medium was changed to 3D maturation medium and

was changed every 3-4 days.

For processing, organoids were incubated with 4% PFA for 10-15 min at RT, then PFA was
removed and samples were washed with PBS several times for 10 min at RT. Afterwards,
samples were transferred into a 30 % sucrose solution ON at 4 °C to reduce crystal formation
during the freezing process. In collaboration with Dr. Rossetti and Helene Schamber, organoids
were then embedded in gelatine solution and frozen in an ethanol and dry ice freezing bath.
Samples were now either stored at -80 °C or sliced at the cryostat to a thickness of ca. 20 ym
and collected on SuperFrost™ microscope slides. The staining procedure is the same as
described in section 6.5.4, only the samples on the slides had to be circled with a liquid barrier

pen prior to the staining.

6.2 Generation of isogenic OSTN mutant lines via CRISPR/Cas9

To generate a genetic situation that resembles the SCZ line, the aim was to either knockout or
at least disrupt the OSTN gene to render the protein useless. This could be achieved by

introducing a frameshift mutation leading to a premature stop codon.

6.2.1 Generation of an OSTN-targeting CRISPR/Cas9 plasmid

Next to a commercially available CRISPR/Cas9 system by Santa Cruz, the PX459 V2.0
plasmid (initially designed by the Feng Zhang Lab (300), available on Addgene) was used.
This plasmid encodes for the Streptococcus pyogenes Cas9 enzyme fused to a puromycin N-
acetyltransferase via a T2A sequence, a B-lactamase for ampicillin resistance and a restriction

site for the insertion of a target-specific guide RNA (gRNA).

Initially, the plasmid was digested and gRNAs were phosphorylated and annealed with the

protocols shown in Table 25+26.
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Table 25: Protocols for backbone digestion and gRNA phosphorylation reaction mixes

Backbone digestion gRNA phosphorylation and annealing
1 ul sense gRNA (100 uM)
1 g PX459 V2.0 plasmid
1ul antisense gRNA (100 uM)
1 ul Bbsl
1 ul 10x T4 ligation buffer
2 ul 10x restriction buffer 2.1
0.5 ul T4 PNK
to20 yl  ddH20
6.5yl ddH20
Table 26: Program for backbone digestion and gRNA phosphorylation
Backbone digestion gRNA phosphorylation and annealing
37 °C 1h Phosphorylation 37 °C 30 min
Annealing 95 °C 5 min
Down to 25 °C 5 °C/min

Afterwards, the plasmid digestion was checked with agarose gel electrophoresis and then
purified with the peqGOLD Gel extraction Kit according to the manufacturer's protocol (section
6.4.8). This step was followed by the ligation of the phosphorylated gRNAs with the digested
backbone. Therefore, a reaction mix was prepared as depicted in Table 27 and the mix was
incubated at RT for 1 h.

Table 27: Composition for ligation reaction mix

Ligation

50 ng Digested plasmid (backbone)

1 ul Phosphorylated and annealed gRNA duplex
1l 10x T4 ligation buffer

1 ul T4 DNA ligase

to 10 pl ddH:0O
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6.2.2 Transformation of competent E. coli

The final plasmid was amplified with competent E. coli DH5a bacteria. Therefore, 5 ul of the
ligated plasmid were added to 50 pl of bacteria suspension and incubated on ice for 15 min.
The bacteria were then heat shocked by placing the tube in a heating block which was pre-
heated to 42 °C for 40 s. Afterwards, the tube was put on ice immediately for 2 min before
adding 300 ul SOC medium (Table 7). The sample was incubated at 37 °C while shaking at
650 rpm for 1 h in a ThermoMixer®. Finally, bacteria were plated on 10 cm LB-agar plates
supplemented with 100 pg/ml ampicillin and incubated ON at 37 °C. The following day single
colonies were picked to inoculate 5 ml of LB medium (Table 7) supplemented with 100 ug/ml

ampicillin. Freshly inoculated tubes were incubated ON at 37 °C while shaking at 400 rpm.

6.2.3 Plasmid DNA isolation from E. coli

Inoculated 5 ml tubes were checked for bacteria growth, if the optic density significantly
increased ON then DNA was isolated from these bacteria samples. For small volumes the
peqGOLD Plasmid miniprep Kit (VWR) was used and isolation was performed according to
the manufacturer's protocol. In the final step, DNA was eluted with 30 pyl ddH20 and DNA
concentration was measured with the NanoDrop™ 1000 spectrophotometer. For large-scale
plasmid DNA production, about 200 ml of LB medium were inoculated with leftover bacteria
suspension of miniprep inoculation and incubated ON at 37 °C while skating at 400 rpm. The
next day, bacteria cultures were centrifuged at 4,600 x g for 10 min. To isolate plasmid DNA
from large samples, the PureLink™ HiPure Plasmid Filter Midiprep Kit (Thermo Fisher
Scientific) was used according to the manufacturer's instructions. Centrifugation steps for
precipitation and washing were performed at lower velocity (4,600 x g) due to technical
limitations but to compensate, duration of centrifugation was increased to 1 h and 2 h
respectively. DNA concentrations were measured with the NanoDrop™ 1000
spectrophotometer and plasmids were checked for the correct integration of gRNAs by Sanger
sequencing using the hU6 forward primer (Table 10). FASTA sequences were analyzed with

the ApE plasmid editor software. Plasmid DNA was stored at -20 °C.

6.2.4 Nucleofection of hiPSCs and clone validation

Genetic adjustment of a control cell line (in the following referred to as wild type (WT)) into
homo- or heterozygous OSTN mutant cell lines was achieved with two CRISPR/Cas9 systems.
The first system is a commercial CRISPR/Cas9 system by Santa Cruz (Table 9), which was
ready to use after reconstitution of the plasmids according to the manufacturer's instructions.
The second system was a self-designed CRISPR/Cas 9 system based on the commercially

available PX459 plasmid (available at Addgene, generated by the Feng Zhang lab (300), Table
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9). This plasmid was adjusted as described in section 5.2.1 and a single-stranded

oligodeoxynucleotide (ssODN) was designed according to the chosen gRNAs.

To generate a OSTN mutant cell line, a low passage of a mycoplasma-free, control hiPSC line
was chosen. HiPSCs were grown to an appropriate density to yield 2-3 million cells in a well.
Before starting, all reagents of the Lonza Cell Line Nucleofector Kit V (Table 14) were adjusted
to RT and cells were pre-incubated with 5 uM RI for 30-60 min and then detached with
TrypLE™ Express. HiPSCs were incubated up to 8 min with TrypLE™ Express and if possible
TrypLE™ Express was removed from the cells to minimize stress for the cells. The hiPSCs
were removed from the well with a minimal amount (~2 mL) of wash medium (Table 5) and
were then counted with Trypan Blue (Table 21) using an automated cell counter (Luna™)
(Table 23). About one million cells were transferred into a 2 mL tube and centrifuged for 5 min
at 500 xg at RT. The rest of the cells were centrifuged as well, with the same specifications.
Meanwhile, a Geltrex™-coated 6 well plate was prepared with iPSC medium without antibiotics
supplemented with 10 uM Y-27632. On two wells, hiPSCs which didn’t undergo genetic
modification were plated, at a density of about 250,000 cells/well, as a selection control and
for SNP karyotyping. For the Santa Cruz system only, some (50,000-75,000 cells/well) non-
modified cells were plated to act as support-cells for the nucleofected cells in the remaining 4
wells. The one million cells in the 2 mL tube were completely cleared of the wash medium and
were then carefully resuspended in 82 ul Nucleofector™ Solution V, 18 ul Supplement 1 and
a total of 6 ug (for PX459 based approach, 4 ug of ssODN + 2 ug OSTN gRNA PX459 plasmid)
or 2 ug (Santa Cruz system, 1ug of each plasmid) of DNA. The cell suspension was transferred
to the nucleofection cuvette avoiding any air bubbles and placed in the nucleofection device.
The cells were electroporated with the B-023 program of the Lona Cell Line Nucleofector.
Afterwards, cells were transferred back into the 2 mL tube and the volume was added up to 1
ml with antibiotics-free iPSC medium supplemented with 10uM Y-27632. Cells were then
plated in different densities on 4 wells of the 6 well plate (400,000; 300,000; 200,000 and
100,000 cells/well). Cells were kept in antibiotics-free iPSC medium for 2d, then media was
switched to standard iPSC medium. The PX459 construct introduces a transient resistance to
puromycin, while the Santa Cruz construct introduces a permanent puromycin resistance.
Based on that, the puromycin selection for the PX459 construct started 2-3 d after the
nucleofection with 0.33 pg/mL puromycin and lasted for max. 3d. For the Santa Cruz construct,
the selection started 2-4d after the nucleofection at the same puromycin concentration and
lasted for several days up to two weeks. Once the puromycin control well (non-modified cells)
was empty, the puromycin selection was stopped and cells were allowed to grow into small
colonies. The emerging colonies were then picked manually and transferred into Geltrex™-

coated 48 well plates (a single colony per well) and slowly split to bigger formats, until there
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were enough cells to generate cryo-backups and for characterization via PCR and Sanger

sequencing. FASTA sequences were analyzed with the ApE plasmid editor software.

6.3 Live cell analyses

6.3.1 Calcium imaging

For calcium imaging (Ca?* imaging), neurons were plated in a 48 well tissue culture plate
coated with PEl/Laminin at a density of 150,000 cells per well. At day 45 (if not stated
otherwise) of terminal differentiation cells were stained with 1 yM Fluo4-AM and 0.02% pluronic
acid supplemented into the culture medium. Cells were incubated for 30 min at 37 °C in the
dark and then washed once with imaging buffer (Table 6) followed by another 30 min incubation
with imaging buffer to ensure calcium transients measured were not caused by the medium
change. Calcium transients were recorded with the Celldiscoverer 7 (Zeiss) and three positions
per well were chosen for each condition. Live imaging was set to 1.5 min continuous recording
per position, then switching to the next position and repeat that loop, summing up to three
minutes recordings per position. Images were acquired at an interval of 170 ms resulting in a
frame rate of ca. 5 frames per second (fps). After incubations, the first measurement was the
baseline activity of cells measured in imaging buffer ensued by a change to stimulation buffer
with higher calcium and potassium concentrations (301) to stimulate neuronal activity. The
stimulation buffer was supplemented with 5 yM gabazine which inhibits potential populations
of GABAergic neurons thus disinhibiting glutamatergic neurons leading to maximal stimulation
of neuronal activity. After changing to stimulation buffer with gabazine, calcium transients were
recorded immediately with the same settings described for baseline recordings, however, new
positions per well were chosen due to dye stability and photobleaching issues. Lastly, calcium
transients were recorded while cells were in stimulation buffer supplemented with 1 uM
tetrodotoxin (TTX) to verify if calcium transients were dependent on voltage-gated sodium
channels thus assumably of synaptic origin. For TTX recordings usually 1-2 new positions were

chosen but were otherwise recorded with the same settings as previously described.

The calcium transients were extracted with the ZEN software. Transients analyzed with the
previously published PeakCaller script for MATLAB (302). Statistics for Ca2* imaging data were
performed on means resulting from each position to minimize bias by the analyzed cell

numbers.
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6.3.2 Electrophysiology

Electrophysiological measurements and analysis were kindly performed by Dr. Mahnaz
Davoudi (Hector Institute for Translational Brain Research, Central Institute of Mental Health,
Mannheim, Germany) and in cooperation with PD Dr. Georg Koéhr (Department of
Neurophysiology, Mannheim Center for Translational Neuroscience, University of
Heidelberg/Medical Faculty Mannheim, Germany). The preparation and treatment of cells was
done by the author of this thesis. Therefore, cells were co-cultured with mouse derived

astrocytes. Measurements were carried out around day 55 to 60 of terminal differentiation.

Cells were recorded using an EPC9 amplifier and PatchMaster (HEKA Elektronik GmbH).
Neurons were perfused with carbogen (95 % O./5 % CO;)-saturated artificial cerebrospinal
fluid (ACSF) at 2 ml/min in a recording chamber at RT. Recording pipets were pulled from
borosilicate glass capillaries with a P-97 micropipette puller (Sutter Instrument) and filled with
intracellular solution with a resistance of 4 to 6 MQ. Single neurons were visualized with a
Zeiss Axioskop using infrared differential interference contras video microscopy in the
recording chamber. In voltage-clamp, input resistance was determined at -70 mV based on
currents evoked by small voltage steps (-3 mV; 300 ms). With increasing depolarizing steps
(10 mV; 300 ms) inward and outward currents were evoked. In current-clamp, the resting
membrane potential (RMP) was measured and action potentials (APs) were evoked with
increasing current injections (10 pA; 300 ms) in ten depolarizing steps. The amplitude of the
first evoked AP was analyzed, and the number of all evoked APs was summarized. Further,
spontaneous excitatory postsynaptic currents (SEPSCs) were recorded at -70 mV at RT.
Recordings were sampled at 20 kHz. The analysis was performed with FitMaster (HEKA
Elektronik GmbH) and MiniAnalysis (Synaptosoft).

6.4 Molecular Biology

6.4.1 Harvesting samples

To harvest cells for molecular analyses, cells were washed with cold PBS. Then cold PBS was
added to the well, and cells were detached from the well using a cell scraper or the mechanical
force of rinsing the well with a pipet. The cells were then transferred into a 1.5 mL Eppendorf
tube and centrifuged at 5000 xg for 5 min at 4 °C. Afterwards, supernatant was removed, and

samples were stored at either -20 °C or -80 °C until further use.
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6.4.2 DNA isolation

Several quality controls of cells require genomic DNA (gDNA), therefore gDNA was isolated
either with the Zymo Quick-DNA Miniprep Plus Kit according to the manufacturer’s protocol or

via classical DNA extraction.

For classical DNA extraction cell pellets were dissolved in 150 L lysis buffer (table X)
supplemented with 1 uL proteinase K (table X) and incubated for 1 h at 37 °C and 500 rpm in
a ThermoMixer®. Subsequently, samples were heated to 95 °C for 10 min after which 105 pyL
isopropanol were added to each sample. The samples were then incubated for 30 min at RT
while being vortexed every few minutes. This step was followed by a 10 min centrifugation at
12,000 xg to pelletize DNA. DNA pellets were then washed with 70 % ethanol and centrifuged
for 10 min at 12,000 xg. The washing step was repeated once more, followed by air-drying the
DNA pellet. Lastly, DNA was dissolved in 20-200 yL water by pipetting up and down and an
incubation for 30 min at 37 °C and 400 rpm or an ON incubation at 4 °C. DNA concentrations

were measured as described in section 6.4.4 and DNA was stored at -20 °C.

6.4.3 RNA isolation

Cells were harvested and stored as pellets. In order to isolate RNA from samples, cell pellets
were dissolved in 1 mL RNA-Solv reagent (VWR, Table 19) by pipetting up and down. Once
samples were dissolved, they were incubated for approximately 10 min at RT. Then, 200 pL of
chloroform were added and samples were vortexed for 15 s each and incubated for another
10 min at RT. Subsequently, samples were centrifuged for 5 min at 4 °C and 12.000 xg. Now
three phases form, the upper aqueous phase containing the RNA, a white inter-phase
containing DNA and at the bottom a phase containing proteins. The aqueous phase was then
transferred to a new 1.5 mL tube and 200 pL isopropanol were added to the samples to
precipitate RNA. The chemicals were carefully but thoroughly mixed in the tube by inverting
the tubes several times. Samples were stored at -20 °C ON for RNA precipitation. The following
day, samples were centrifuged for 25 min at 4°C and 12.000 xg to pelletize precipitated RNA.
The supernatant was discarded and RNA pellets were washed with 1 mL 75 % ethanol in
diethyl pyrocarbonate-treated (DEPC) water. Samples were then centrifuged for 10 min at 4
°C and 12.000 xg, supernatant was discarded and the washing step was repeated. After the
second washing step RNA pellets were air dried until most of the ethanol/DEPC was
evaporated. Lastly, RNA pellets were dissolved in 20 yL DEPC water by pipetting up and down
and then shaking for 30 min at 450 rpm and 37 °C in a ThermoMixer® (Eppendorf), followed
by a DNase | digest to remove any remaining DNA contaminations. DNase | digest was
performed with the DNase | kit (AMPD1-1KT) by Sigma Aldrich (Table 8). For 20 uL RNA, 2.5
bL of DNase | and 2.5 yL of 10x DNase reaction buffer were added to each sample and

incubated for 15 min at RT. Then, 2.5 uL stop solution were added to each sample and samples
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were incubated at 70 °C for 10 min. Afterwards RNA concentrations were measured or RNA

samples were stored at -80 °C or -150 °C until further use.

6.4.4 Determination of DNA and RNA concentrations

DNA concentrations were measured using a NanoDrop™ fluorometer. RNA concentration of
samples was measured using either a NanoDrop™ or a Qubit 4 Fluorometer. For
measurements with the Qubit Fluorometer, samples were prepared with the Qubit RNA Broad
Range (BR) assay kit according to the manufacturer’s protocol. In short, 200 yL working
solution was prepared for the 2 standards and each sample. Therefore, the Qubit RNA BR
Reagent was diluted 1:200 in Qubit RNA BR Buffer and working solution was transferred into
assay tubes, 190 uL for standard 1 and 2 and 199 L for each sample. Then 10 pL of standard
1 and 2 and 1 pL of each sample were added to their respective assay tube which were then
vortexed briefly and incubated in the dark for 2 min. The Qubit Fluorometer was then calibrated

with the two standards and afterwards samples were measured.

6.4.5 Complementary DNA (cDNA) synthesis

In order to perform expression analyses like polymerase chain reaction (PCR) or quantitative
PCR, isolated RNA was transcribed into cDNA. Reverse transcription was performed with the
iScript™ cDNA Synthesis Kit (Table 14) according to the manufacturer’s protocol. In short, 500-
1000 ng RNA were used and added to 15 ul with RNase free water and 4 ul of 5x reverse
transcription buffer and 1 ul of reverse transcriptase were added to each sample (final total
volume 20 ul). The cDNA synthesis ensued in a thermal cycler with the cDNA program
described in Table 28. CDNA was stored at -20 °C until further use.

Table 28: Cycling program for cDNA synthesis with iScript™ cDNA Synthesis Kit

Cycle step Temperature Time in min
Priming 25°C 5
Reverse transcription 46 °C 20
Enzyme inactivation 95°C 1
4°C o0
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6.4.6 Quantitative PCR (qPCR)

Quantitative PCR was performed to analyze gene expression levels. Therefore, RNA was
extracted and cDNA was synthesized and diluted in ddH20 if necessary. QPCR reaction mix
was prepared as described in Table 13 and gPCR was run in a 96 well format in a QuantStudio
7 Flex cycler (Thermo Fisher Scientific) with the program described in Table 29. QuantStudio
software determined threshold cycle (Ct) values and melting curves. Afterwards, relative fold
changes were calculated using the AACt method (303) and gene expression was normalized
to 18S rRNA.

Table 29: qPCR cycling program

Step Temperature Time Cycles
50 °C 2 min 1
Hold
95 °C 10 min 1
95 °C 20s I
PCR 60 °C 20s 40
72 °C 20s I
95°C 15s 1
Melting curve | 60 °C 1 min 1
95°C 0.05 °C/s 1

6.4.7 Reverse transcriptase PCR (RT-PCR)

RT-PCR was performed on cDNA or DNA to characterize cells or to perform quality controls
on the cells. The RT-PCR reaction mix was prepared as described in Table 12 with the Taq
DNA Polymerase Kit (Biozym). For cloning steps the LongAmp® Taq Polymerase Kit (NEB)
which has a proofreading function was used (program and composition Tables 31 + 32).
Amplification of target amplicons was performed with the program in Table 33, if necessary the
annealing temperature or elongation time was adjusted. Primers are listed in Table 10. PCR

products were analyzed and visualized by agarose gel electrophoresis.
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Table 30: RT-PCR cycling program (Taq DNA Polymerase, Biozym)

Step Temperature Time Cycles
Initial denaturation 95 1 min 1
Denaturation 95 °C 15s
Annealing 60 °C 15s 40
Elongation 72 °C 30s
Final elongation 72 °C 5 min 1

4°C o0

Table 31: Composition of LongAmp® Taq Polymerase reaction mix

Component Final concentration
LongAmp® Reaction Buffer 5x 1x

dNTPs 300 uM

Primers 400 nM each

LongAmp® Taq DNA Polymerase 25U

Plasmid DNA 10 ng

ddH20 to 25 pl
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Table 32: LongAmp® cycling program

Step Temperature Time Cycles
Initial denaturation 94 °C 30s 1
Denaturation 94 °C 30s
Annealing 60 °C 60 s 30
Elongation 65 °C 50 s/kb
Final elongation 65 °C 5 min 1

4°C o0

Cell cultures were regularly tested for mycoplasma contamination, this was done on gDNA and

was performed by Helene Schamber. Primers can be found in Table 10 and RT-PCR was run

with the cycling program in Table 33.

Table 33: Program mycoplasma PCR

Step Temperature Time Cycles
Initial denaturation 95 °C 1 min 1
Denaturation 95 °C 15s
Annealing 50 °C 15s 35
Elongation 72 °C 10s
Final elongation 72 °C 3 min 1

4°C o0

6.4.8 Agarose gel electrophoresis, gel extraction and sanger sequencing

RT-PCR products were analyzed by gel electrophoresis with gels made of 1-2 % agarose (w/v)
in 1x TAE buffer with 1 :15,000 peqGREEN. Samples were mixed with 10x DNA sample buffer

(to a concentration of 1x) and were applied to the gel together with a 1 kb or 100 kb marker as

reference. The DNA fragments were size-separated by running the gel at 100 V for 45-50 min
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and fragments were visualized with a GelStick Touch imaging system (INTAS Science Imaging

Instruments GmbH).

For quality control of e.g. cloning steps of plasmids or to validate the mutation in a cell line,
DNA fragments were cut out of the agarose gel and were extracted out of the gel with the
peqGOLD Gel extraction kit according to the manufacturers protocol. Samples were eluted in
30 pl elution buffer and DNA concentration was measured. Samples were either frozen at -20
°C until further use or directly sent to Sanger sequencing. Therefore, DNA was adjusted to a
concentration according to the Microsynth-Seqlab website (depending on fragment type) in a
volume of 12 ul and 3 pl of forward or reverse primer were added. For plasmids standard
primers could be added by the Sanger sequencing facility (Microsynth-Seqglab Géttingen,

Germany). Samples were then sent at RT.

6.4.9 Measurement of RNA integrity

As part of quality control, integrity of RNA was determined using the Agilent 2100 Bioanalyzer
Instrument and the Agilent RNA 6000 Nano Kit according to the manufacturer’s protocol.
Succinctly, kit components were adjusted to RT and RNA ladder was initially heated up to 70
°C for X min, then aliquoted and stored at -80 °C (long-term) or put on ice for direct use.
Furthermore, 1 ul of each RNA sample was heated to 70 °C for 2 min and then stored on ice.
The gel was filtered through the provided columns by centrifugation for 10 min at RT and
13.000 x g. Gel dye was briefly vortexed and 1 pl of dye was added to 65 pl of gel. This mixture
was again briefly vortexed and subsequently centrifuged for 10 min at RT and 13.000 x g. The
RNA 6000 Nano chip was coated with 9 pl gel-dye mixture using the Agilent priming station.
According to manufacturer's instructions, the plunger was pulled up to 1 ml and then the station
was closed, the plunger was slowly pressed down until it was locked in place. After 30 s, the
plunger was released and 9 ul of gel-dye mix were added to two more wells respectively. To
all remaining wells, 5 ul of RNA detection dye were added and lastly 1 ul of ladder and sample
were added to the respective wells. Afterwards, the chip was vortexed in a vortex mixer (MS3,
IKA) for 1 min at 2400 rpm. In the meantime, the electrodes of the instrument were cleaned
with RNase away for 1 min and then with RNase free water for another minute, electrodes
were then briefly air dried before the instrument was closed after inserting the chip. The chip

was measured and analyzed with the eukaryote total RNA nano program.

6.4.10 Bulk RNA sequencing (RNAseq)

Three biological replicates of each condition were prepared for bulk RNAseq. RNA was isolated
as described in section 6.4.3 and quality control was performed as described in section 6.4.4
and 6.4.9. Samples with a RNA integrity number (RIN) = 7.2 qualified for RNAseq. A minimum
amount of 1200 ng RNA in at least 40 yl volume per sample were sent to the High Throughput
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Sequencing Unit of the Genomics & Proteomics Core Facility, German Cancer Research
Center (DKFZ) to be processed. In the facility, the library preparation was performed using the
TruSeq Stranded protocol (lllumina) and libraries were sequenced to 50 bp on the NovaSeq
6K platform. In the core facility another quality control was run before the samples were cleared
for sequencing. Sequencing data was run through an RNAseq processing workflow by the
Omics IT and Data Management Core Facility, German Cancer Research Center (DKFZ).
Analysis of total counts per feature was performed with R (R Core Team, 2020) and analyzed
with the DESeq2 package (304). All features without any counts were removed and for
differential testing with DESeq2 the formula "~Batch+Condition" was used. Heatmaps for
RNAseq expression data show z-scaled TPM normalized counts. Gene ontology (GO)

enrichment analysis was performed with enrichGO from the clusterProfiler package (305).

RNAseq data analysis was performed in close collaboration with Dr. Anne Hoffrichter (Hector
Institute for Translational Brain Research, Central Institute of Mental Health, Mannheim,

Germany).

6.5 Biochemistry

6.5.1 Protein isolation

Cell pellets were dissolved in 100-150 pl protein lysis buffer (Table 18), by pipetting up and
down. Samples were then incubated at RT for 10 min and then put on ice and incubated for at
least 1 h. Samples were then briefly sonicated to get rid of DNA contaminations. Finally,
samples were centrifuged at 16,000 x g for 15 min at 4 °C to remove cell debris from the

samples. Samples were then stored at -20 °C until further use.

6.5.2 Determination of protein concentration

Protein concentrations were measured colorimetrically using the Pierce™ BCA Protein-Assay
kit (Table 14). The assay was performed according to manufacturer’s protocol. Samples were
diluted 1:5 in ddH.O and added to a 96 well plate together with the assay reagents mix. The
plate was then incubated at 37 °C for 30 min in the dark. Absorption at 562 nm was then
measured with a PowerWave™ XS (BioTek) microplate reader and protein concentration were
calculated according to the measured BSA standard dilutions. Standard and samples were

measured in duplets.

6.5.3 SDS-PAGE and western blot

For western blot/ sodium dodecyl sulfate—polyacrylamid gel electrophoresis (SDS-PAGE) 10

% acrylamide gels were casted into 1.5 mm chambers (Bio-Rad). Therefore, the separation
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gel was prepared as described in Table 18 and casted into the chambers. To ensure an even
polymerization surface and to avoid any air bubbles the gel was immediately covered with
isopropanol. Once the separation gel was fully polymerized, isopropanol was removed and the
stacking gel (Table 18) was cast on top of the separation gel. The gels were prepared with
combs for 10 or 15 samples. Gels were usually stored ON or up to a week in the fridge wrapped
in moist paper towels in a plastic bag. Samples for SDS-PAGE were mixed with 6x SDS-PAGE
sample buffer (Table 18) and heated to 95 °C for 5 min, briefly centrifuged and stored on ice
until use. Samples were usually used at a final protein concentration of 15-25 ug but sometimes
up to 50 ug. To run SDS-PAGE gels were placed in the running chamber. The space between
gels was filled with a commercial Tris-Tricine buffer (Table 19) and the rest of the chamber was
filled with anode buffer (Table 18). Then combs were removed from the gels and pockets were
rinsed with a Hamilton syringe and Tris-Tricine buffer. Now samples and protein ladder (Table
20) were applied to the gels and gel run was started at 20 V until all samples completely
entered the stacking gel, afterwards voltage was increased to 120 V and gels were run until
the desired separation of proteins was reached. After separation proteins were blotted to a 0.2
pgm Nitrocellulose membrane or a PVDF membrane, while PVDF membranes were activated
with methanol for ca. 2 min before blotting. Proteins were transferred to the membranes using
a semi-dry blotting system (BioRad). Therefore, membranes were placed on paper drenched
in blotting buffer (Table 18) in the blotting chambers, then separation gels were placed on top
of the membrane and covered with buffer-drenched paper. Air bubbles were removed from the
blotting “sandwich” with a small roller. Chambers were closed and blotting was performed with
20 V, 1 A for 30 to 45 min. After blotting, membranes were transferred to 50 ml tubes and
covered with blocking solution, which was 5 % (w/v) milk powder in 1x TBS-T (Table 18). to
ensure permanent coverage of the membranes with blocking buffer, tubes were incubated on
a rolling shaker for 1 h at RT. Finally, primary antibodies (Table 15) were diluted in blocking
solution and added to the membrane and incubated on a rolling shaker ON at 4 °C. The next
day, membranes were washed three times with 1x TBS-T for 10 min. Secondary antibodies
(Table 16) were prepared in 1x TBS-T (for PVYDF membranes 0.01 % SDS was added) and
incubated in the dark on the membrane for 1 h at RT on a rolling shaker. Subsequently,
membranes were washed repeatedly with 1x TBS-T and finally with TBS then ddH-O to reduce
background caused by Tween-20. Proteins were detected using the LI-COR Odyssey IR

imaging system and analyzed with Fiji (ImageJ).
6.5.4 Immunofluorescence staining

To prepare cells on coverslips for immunofluorescence stainings, cells were washed once with
PBS and then incubated with cold 4 % paraformaldehyde (PFA) in PBS for 10 min at RT or
ice-cold methanol for 5 min at -20 °C. After incubation, cells were washed at least three times

with PBS. Cells were then either directly used for staining or stored at 4 °C until further use.
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After the PBS wash, cells were covered with blocking solution containing either Triton-X (10 %
FBS/PBS + 0.1-0.3 % Triton-X) and incubated for 1 h at RT or saponin (10 % FBS/PBS + 0.05
% saponin) and were incubated for ca. 15 min at RT. Primary antibodies were diluted (for
antibody dilutions see Table 15) in blocking solution (Triton-X) or antibody solution (saponin),
mixed well and subsequently centrifuged at 10,000 x g and 4 °C for 5 min to avoid antibody
aggregates on the samples. Samples were then incubated with primary antibodies at 4 °C ON.
The next day, samples were washed three times with respective blocking solution. Secondary
antibodies carrying a fluorophore, were diluted (dilutions Table 16) in blocking solution or
antibody solution, mixed well and centrifuged at 10,000 x g and 4 °C for 5 min to avoid antibody
aggregates on the samples. The samples were incubated with the secondary antibodies for 45
min at RT. Then, samples were washed with PBS and incubated with 4’,6-Diamidino-2-
phenylindol (DAPI) in PBS for 10 min at RT to label nuclear DNA and washed again with PBS
afterwards. Two final washing steps were performed using Milli-Q® water to avoid any salt
crystal formation on the coverslips. Samples were then mounted with Mowiol on glass slides

and dried ON at RT. After mounting and drying, samples were stored at 4 °C.

6.6 Microscopy - image acquisition

Images of IFs were taken with the fluorescence microscope DM6B (Leica) with the Leica

imaging software LasX (Leica). Images were acquired with the 20x or 40x objectives.

The Celldiscoverer 7 (Zeiss) and the corresponding ZEN software was used for brightfield

images and live cell imaging using the 20x objective with a 0.5x zoom.

Images were processed with Imaged and most analyses were performed with ImageJ plugins.

6.7 Analyses

Image analyses were performed blinded.

6.7.1 Early outgrowth assay

To analyze the early morphological development of neurons, neurons were plated on
PEIl/Laminin-coated coverslips in a low density 30,000-40,000 cells/coverslip. Cells were fixed
with 4 % PFA at the designated time points and subsequently stained as previously described.
After image acquisition, the images were analyzed with the NeuronJ plugin (Imaged) to

measure length and branchpoints of the cells.
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6.7.2 Sholl analysis

To analyze the morphology of mature neurons in a dense (more physiological) culture (200,000
cells/coverslip), 2-3 weeks prior the analysis cells were transduced with an AAV (AVV_CaMKlla
p-hCHR2(134a)-mcherry) kindly provided by the Grinevich Lab (Central Institute for Mental
Health). The low transduction efficiency led to single neuron labeling which enabled the
morphological analysis. Cells were fixed with 4 % PFA and stained for mcherry and other
markers. After image acquisition, neurons were manually traced based on the mcherry signal
and then analyzed with the ImagedJ Sholl program (306). Sholl radii were set every 15 um until
300 um from the soma. The total length of neurons was calculated based on the Sholl results,
the first radius was equated to the number of primary neurites and the sum of intersections

was calculated from all intersections of each cell.

6.7.3 Analysis of synaptic proteins

To analyze the density of synaptic proteins (SYN, PSD95) ROls were selected based on the
structural protein (Microtubule Associated Protein 2 (MAP2)). Then puncta were measured with
the ComDet v.0.4.1 plugin (ImagedJ) and the lengths of the selected ROIs were determined.
The number of single and colocalized puncta per 100 um neurite were calculated. Puncta and

colocalization were always measured with the same size and distance parameters.

6.7.4 Statistical analysis

Data are presented as means + standard error of the mean (SEM). The number of biological
replicates is indicated in the respective figure descriptions. Statistical analysis was either
performed with GraphPad Prism5 or SPSS. Datasets were tested for normality with the
Kolmogorov-Smirnov test. If normality was not given, a Mann-Whitney-U test was performed,
when two groups were compared. If several groups were compared for one dependent
variable, a Kruskal-Wallis test (with Dunn’s post hoc test) was performed. Significance levels
compared to controls are indicated as * p < 0.05, ** p < 0.01, *** p <0.001 and not significant
(ns) p > 0.05.

6.7.5 Visualization

Bar graphs, scatter plots and Sholl graphs were generated with GraphPad Prism 5 and bar
graphs (qPCR) were generated with MS Excel. Bulk RNAseq-related graphs were generated
with R by Dr. Anne Hoffrichter (Hector Institute for Translational Brain Research, Central
Institute of Mental Health, Mannheim, Germany). Schematic representations were generated

with BioRender.com as indicated.
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7. Results

7.1 hiPSC quality control revealed a chromosomal aberration in
the SCZ patient

After reprogramming iPSC cells have to pass through several quality controls. These include
the verification of expression of pluripotency markers, a regular test for mycoplasma
contamination and. SNP karyograms to ensure the reprogramming process did not interfere
with the chromosomal integrity of the cells (SNP karyograms were already available in the
laboratory for "Ctrl", "SCZ" and "WT" lines and were outsourced to an external facility).First, all
hiPSCs used in this work were positive for the pluripotency markers SOX2 and OCT3/4
(representative images Figure 10C). Interestingly, one SCZ patient-derived cell line (SCZ)
showed a peculiar chromosomal anomaly in the SNP karyogram (Figure 10A). Specifically, a
more in-depth analysis revealed a heterozygous deletion of the genetic locus 3928 (Figure
10B) which was not identified in the respective first-degree relative-derived cell line (Ctrl). To
ensure that this deletion was not a consequence of the reprogramming process, a subsequent
SNP karyogram was performed on the somatic donor cells (PBMCs) and the heterozygous

3928 deletion was confirmed to be a patient-specific genetic anomaly.
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Figure 10: Quality control of hiPSCs representative for Ctrl and SCZ

A) SNP karyogram of Ctrl and SCZ hiPSCs, red square labels chromosome 3 of SCZ. B) Zoom in on
SNP karyogram of chromosome 3 of SCZ. The black triangle marks the 3928 locus identifying the
heterozygous deletion. C) Representative images of hiPSC pluripotency markers. Scale bar = 50 ym
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7.2 Generation of isogenic OSTN mutant hiPS cell line

In-depth research of the genetic landscape of genetic locus 3928, revealed two interesting
candidate genes out of around 40 genes (Table S1), namely the osteocrin gene (OSTN,
alternative name musclin) and the interleukin-1 receptor accessory protein gene (IL1RAP). As
already described in the introduction, these genes and the respective proteins can influence

neuronal properties, thus being interesting in the context of SCZ pathophysiology.
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Figure 11: Generation of OSTN mutant hiPS cell line with CRISPR/Cas9

Two different CRISPR/Cas9 systems were used to generate an OSTN mutant hiPS cell line based on a
healthy control cell line (WT). A) Amino acid sequence of full length OSTN protein. The blue sequence
labels the sequence which was targeted by the self-designed CRISPR/Cas9 system (based on PX459
plasmid). The green amino acid sequence depicts one of three targets of the commercial CRISPR/Cas9
system (Santa Cruz) which was successfully targeted in this project. B) Amino acid sequence of ssODN.
Sequencing chromatograms and amino acid sequences of WT, heterozygous OSTN mutant OSTN_2+/-
and homozygous OSTN mutant OSTN-/-. Black arrow heads mark the start of the mutation. C) RT-PCR
results for OSTN_1+/- as validation of cassette integration of the commercial CRISPR/Cas9 system.
Genetic alteration and heterozygosity were confirmed by wildtype band and subsequent sequencing
(amino acid sequences). Asterisks indicate stop codon, red amino acids are changed sequences due to
CRISPS/Cas9, OSTN-/- has a deletion of 8 base pairs and subsequently displays a frameshift mutation
with a premature stop codon. CRISPR/Cas9 scheme was created with BioRender.com

To validate the influence of OSTN in a potential molecular phenotype, | generated a dedicated
cellular model by targeting OSTN gene with two CRISPR/Cas9 systems. On one hand, | chose
a system based on the PX459 plasmid (available on Addgene). More in detail, | designed and
integrated a single gRNA into the plasmid then | designed a ssODN to obtain a frameshift
mutation and eventually to a premature stop codon (targeted region in protein sequence in
blue Figure 11A). With this system, there was no permanent integration of any parts of the
CRISPR/Cas9 system. Thus, the insertion of the specific mutation into the OSTN gene was

confirmed by Sanger sequencing (Figure 11B). The second approach involved the use of a
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commercial system targeting the OSTN gene with three different gRNAs and respective
homolog directed repair (HDR) plasmids (targeted region in protein sequence in green
Figure11A). This system, if successful, would lead to a permanent integration of the cassette,
which can be detected by RT-PCR (Figure 11C) and can further be confirmed by Sanger
sequencing. The success rate of the commercial system was relatively low, with only one clone
with a heterozygous mutation. This clone will be referred to as OSTN_1+/-. The approach with
the adjusted PX459 plasmid was more effective, resulting in several clones with heterozygous
and homozygous mutations, despite the caveat of having not identical mutations among the
clones. Out of the cohort of validated clones derived from the PX459 plasmid approach one
heterozygous and one homozygous clone were chosen for further analyses (named
OSTN_2+/- and OSTN-/- respectively).

7.3 Generation and Characterization of hiPSC-derived cortical
neurons

7.3.1 Generation and validation of hiPSC-derived cortical neurons

For the majority of the experiments presented in this thesis, hiPSCs were differentiated into
cortical neurons passing through an intermediate NPC phase. The identity of the cells and -in
general- the quality of the cell culture protocol (Figure 12), were characterized during the

differentiation stages with immunofluorescence and RT-PCR.

HiPSCs Neural Immature Mature cortical
progenitors cortical neurons neurons
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Figure 12: Overview of differentiation protocol from hiPSCs to cortical neurons
Scheme of cell differentiation protocol indicating the different factors and small molecules used in the
different phases of the protocol. The duration of the different phases is indicated above the small
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molecules. Depicted at the bottom of the figure are representative brightfield pictures of hiPSCs, NPCs
and cortical neurons (from left to right). Scale bars = 100 um, differentiation diagram was created with
BioRender.com

NPCs were tested for general progenitor marker Nestin (NES), for their regional identity by
checking for marker expression such as forkhead box G1 (FOXG1) and paired box 6 (PAX6)
and SOX2 (Figure 13A), as well as screening for the absence of markers that suggest an
undesired patterning (not shown) of NPCs. A validation of the immunostaining was achieved
by RT-PCR, confirming further markers for their expression patterns. As shown in figure 13B,
the NPCs expressed region specific markers such as orthodenticle homeobox 2 (OTX2) and
FOXG1 and displayed low expression of ventral markers like DLX71 and DLX2. Neuronal
cultures were also checked for their composition and purity. Therefore, neurons were stained
for specific cortical layer markers t-box brain 1 (TBR1, cortical layer VI) and CTIP2 (cortical
layer V) and for general pan-neuronal markers such as MAP2, TAU, TUBB3 and neuronal
nuclei (NEUN). Furthermore, neuronal cultures were stained for VGLUT1 and GAD2, to
validate the efficiency of the protocol in differentiating NPCs in cortical glutamateric neurons.
Indeed, the staining showed high levels of the glutamatergic marker VGLUT1 and only a low
percentage of GABAergic neurons. Additionally, neuronal cultures were evaluated for astrocyte
contamination by staining for GFAP and S100B (Figure 13C), which showed very low amounts
of astrocytes. The neuronal characterization by immunostaining was supported by gene
expression analyses. With RT-PCR the expression of neuronal subtype markers (VGLUT1,2
and GAD7), neuronal receptors (GRIN1, GRIN2B and GRIA2) and synaptic markers (SYN,
SVv2, SNAP25 and SYP) was validated (Figure 13D). This further corroborated the

glutamatergic identity of the neuronal cultures and indicated ongoing maturation.
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Figure 13: Characterization of NPCs and neuronal cultures

At different stages of neuronal differentiation cells underwent quality control by checking for the regional
identity via IF and RT-PCR. A) Representative images of progenitor staining for regional identity markers
FOXG1, PAX6, SOX2 and general progenitor marker NES. B) Representative RT-PCR of progenitors
and fetal brain (positive control) for neural progenitor regionalization markers (OTX2, FOXG1, DLX1,
DLX2, GSX2) and general neural progenitor markers (NES, ASCL1, TUBB3). C) Representative images
of neuronal stainings around d42 of terminal differentiation. Neurons express neuronal markers NEUN,
MAP2, TAU, TBR1, CTIP2, TUBB3 and VGLUT1 with low contamination of the culture with astroglia
(GFAP, S100B) and GABAergic neurons (GADZ2). D) Representative RT-PCR of neurons and adult brain
(AB, as positive control) of neuronal subtype markers (VGLUT1 (gene: SLC17A7), VGLUTZ2 (gene:
SLC17A6) and GADT), neuronal receptors (GRIN1, GRIN2B, and GRIAZ2) and synaptic markers (SYP,
SYN, SV2 and SNAP25). Scale bars = 100 um.

Overall, neuronal cultures were highly pure consisting of mainly glutamatergic neurons
expressing cortical layer markers for layers V/VI with very low contamination by astroglia and
GABAergic neurons. Furthermore, neurons expressed various general neuronal markers

including synaptic proteins and receptors necessary for neuronal function, proving the

effectiveness of the differentiation protocol.

7.3.2 Neuronal cultures show low expression of OSTN

The expression of OSTN was investigated with several methods such as IF, gPCR, RT-PCR
and SDS-PAGE and western blot. OSTN was previously shown to be expressed in human and
primate brains exclusively and was hypothesized by Ataman et al. to be expressed in a
MEF2C-depent manner, induced by neuronal activity and have a ramification-limiting effect
(172). This working hypothesis (Figure 14A) was adopted as a basis for experiments presented

in the following paragraph.

Neuronal cultures were first tested for the presence of OSTN via IF, with cells displaying a
dotted signal when stained with a specific antibody (Figure 14B). Albeit OSTN was detectable
by IF, it was not possible to confirm its presence by SDS-PAGE and western blot, most likely
due to low expression levels since recombinant OSTN (positive control) was well detected
(Figure 14C). Furthermore, as suggested by Ataman et al., | tested the inducibility of OSTN
expression with an depolarizing stimulus (172). This was done by KCI stimulation on Ctrl and
SCZ neurons (d52) in a proof of principle approach (low N). According to gPCR, OSTN mRNA
levels were increased in neurons after initial silencing with TTX followed by a 6 h KCI stimulus
(55 mM) compared to the respective non-treated neurons (Figure 14D). The fold change for
OSTN could be detected as +2.45 folds in Ctrl neurons and 3.24 folds in SCZ neurons
(normalization on untreated Ctrl). Interestingly, unstimulated SCZ neurons showed a slight

decrease when normalized on untreated Ctrl).
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Figure 14: OSTN expression in neuronal cultures

A) Hypothesis how OSTN is expressed and its effects on neurons based on Ataman et al. (172). OSTN
expression is induced by MEF2C and increased upon increased neuronal activity. OSTN then reduces
neuronal ramification. In the periphery OSTN is known to act via the NPRC receptor which may be the
case in neurons as well but remains to be confirmed. Created with BioRender.com. B) Representative
images of OSTN IF for Ctrl, SCZ, WT and OSTN_2+/- neuronal cultures. White arrow heads indicate
OSTN puncta. Scale bars = 15 ym. C) Western blot of rhOSTN as positive control and neurons. S is the
protein standard. D) Test of inducibility of OSTN with KCI stimulation. QPCR showed increase in OSTN
expression after TTX synchronization and subsequent KCI stimulation (6 h, 55 mM) in Ctrl and SCZ
neurons (proof of principle). Normalized to Ctrl, data presented as mean, N = 1, n= 3 technical replicates.

These results further corroborated a low OSTN expression since expression detection without

stimulation happened at rather high cycle numbers (~35 cycles). In summary OSTN was
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detected and hence expressed by the neurons although at low levels and its levels were

modulated by neuronal depolarization as shown in the literature.

7.3.3 RNAseq gene ontology (GO) term analysis uncovered research foci

To unravel cellular mechanisms and pathways that are affected by the heterozygous 3q28
deletion and specifically by an OSTN mutation, neuronal cultures of Ctrl, SCZ, WT, OSTN_1+/-
and OSTN-/- at d42 of the terminal differentiation were processed for whole transcriptome RNA
bulk sequencing. After a successful sequencing granted by the bioinformatic quality control,
lists of differentially expressed genes (DEG) were generated and used to perform GO
enrichment and Kyoto Encyclopedia of Genes (KEGG) analyses. Significantly enriched GO
terms contain clusters of genes that are involved in specific processes and are differentially
expressed between the SCZ lines and the control, a feature that is useful to extrapolate fields
of interest for further investigation. The KEGG and GO analyses for biological process,
molecular function and cellular component for Ctrl and SCZ neurons revealed, among others,
enrichment of terms related to neuronal growth and morphology like axon guidance, regulation
of actin cytoskeleton (Figure 15A), axon development, axonogenesis, regulation of
axonogenesis, regulation of neurogenesis (Figure 15B), actin binding (Figure 15C), growth
cone and site of polarized growth (Figure 15D). Another field of interest that arose in the GO
analysis was synapses and functionality, since the following GO terms were enriched among
others: neuroactive ligand-receptor interaction (Figure 15A), modulation of chemical synaptic
transmission, regulation of trans-synaptic signaling, synapse organization, synapse assembly
(Figure 15B), voltage-gated potassium channel activity, voltage-gated channel activity, calcium
ion transmembrane transporter activity, glutamate receptor binding (Figure 15C), postsynaptic
density, glutamatergic synapse, dendritic spine, synaptic membrane, neuron to neuron
synapse, etc. (Figure 15D). These GO term enrichments were a corroboration of morphology,

development and synapses as fields of interest for further experiments.

The comparison between WT, OSTN_1+/- and OSTN-/- RNAseq data likewise revealed GO
term enrichment in similar fields of interest such as, for OSTN_1+/- line, neuropeptide signaling
pathway (Figure 16A), neuropeptide receptor binding, neuropeptide receptor activity (Figure
16B), axon terminus, neuron projection terminus, distal axon, postsynaptic membrane and
neuron to neuron synapse (Figure 16C), while for OSTN-/-, terms like axon guidance,
axonogenesis, neuron projection guidance and axon development (Figure 16D), neuron
projection terminus and axon terminus (Figure 16E) were found to be enriched. These results

represented the foundations of subsequent analyses in the wet lab.
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Figure 15: GO term enrichment of d42 Ctrl and SCZ neurons

Semantic clustering of enriched GO terms for SCZ vs. Ctrl neuronal cultures categorized in A) KEGG,
B) Biological process, C) Molecular function and D) Cellular component. N = 3 individual batches per
cell line. Statistics and graphs by Dr. Anne Hoffrichter.
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Figure continued from previous page.

D puri&e ribonucleoside triphosphate metabolic process OSTN-/-
" T olfactory Iob.e development
Biological
prOCGSS cerebral cortex development

olfactory bulb d‘evelopment i

f

pallium.development

‘ !

|

apoptotic process involved in development A
fepopioticp fnvelvedi velop forebrain neuron differentiation
telencephalon develop ent/ R

.

fol ebraln development
ferebraln generatlon of neurons

N,
épulmonary valve morphogenesis cerebral cortex GABAerglc mtemeuron dlfferentlatlon
P Y Phog i Xon deveIOpment'\ YA,

Central nervous systemy neuron development

axonogenesis \ Y

mterneuron mlgratlon

’GABAerglc neuron dnfferentnatlon
axon guidance, J /4|

neuron projection® guldgnce, N X g A
S\ :

neuron recog
axonal fasciculation S ) )
neuron projection fasciculation

Reparan sulfate proteoglycan metabolic process
\

number of genes

proteoglycan bios%thetic process 8 :
proteoglycan metabolic process O
i O n

WA
glycoprotein me@)ollc process —

homophilic cell adhesion via plasma membrane adhesion folecules 0.0
0.02

glycoprotein b%synthetic process 0.04
0.01

cell-cell adhesion via plasma-membrane adhesion molecules

E

Cellular ORI

component

axon terminus®

number of genes
o 700
O 725
QO 750
Qs

O 8.00

p.adjust
0.0035

0.0030

0.0025

@euron projection terminus

0.0020

Figure 16: GO term enrichment of d42 WT, OSTN_1+/- and OSTN-/- neurons

Semantic clustering of enriched GO terms categorized in A) Biological process for OSTN_1+/-, B)
Molecular function for OSTN_1+/- vs. WT, C) Cellular component for OSTN_1+/- vs. WT, D) Biological
process for OSTN-/- vs. WT and E) Cellular component for OSTN-/- vs. WT neuronal cultures. N = 2-3
individual batches per cell line (OSTN-/- N = 2). Statistics and graphs by Dr. Anne Hoffrichter.
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7.4 Heterozygous 328 deletion impacts neuronal morphology

In the following analyses, starting from section 7.4.6, some results are preliminary due to low
N numbers that are indicated in the figure captions. This especially refers to some of the

treatments used.

7.4.1 Impact of heterozygous 328 deletion on morphology-related genes

An impact of the heterozygous 3q28 deletion on neuronal morphology was already apparent
from the GO term analysis described in the previous section. More in detail, DEG analysis
showed several genes directly and indirectly involved in neuronal outgrowth to be expressed
significantly different between SCZ and Ctrl (Figure 17A).
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Figure 17: Differentially expressed genes related to neuronal morphology of d42 neurons
Genes listed are involved in axon guidance, neurite outgrowth and branching. A) Heatmap (z-scaled) of
gene expression for Ctrl vs. SCZ neurons (RNAseq). B) Heatmaps (z-scaled) of gene expression for
WT vs. OSTN_1+/- and WT vs. OSTN-/- neurons (RNAseq). Benjamini-Hochberg adjusted p-values
calculated with Wald test, * p < 0.05, ** p < 0.01, ** p < 0.001, Heatmaps and statistics by Dr. Anne
Hoffrichter.

As an example, genes that are known to be involved in axon guidance such as a member of
the ephrin family (ephrin type-B receptor 1: EPHB1) and semaphorins (SEMA3A, SEMA5B),
but also genes involved in processes such as axon guidance, neurite outgrowth and branching:
arylsulfatase B (ARSB), cordon-bleu WH2 repeat protein (COBL), dorsal inhibitory axon
guidance protein (DRAXIN), neuropilin 2 (NRP2), protein tyrosine phosphatase receptor type
D (PTPRD), roundabout guidance receptor 1 (ROBO1), ROBO2, slit guidance ligand 1
(SLITT1), somatostatin receptor 2 (SSTR2), unc-5 netrin receptor A (UNC5A) efc.

Between WT and OSTN_1+/- only SSTR2 could be detected as significantly differently
expressed, while between WT and OSTN-/- only ROBO2 was significantly differently
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expressed (Figure 17B). The remaining genes from the list were not significantly different,

however several genes showed an interesting modulation trend.

7.4.2 Increased neurite length in young neurons with heterozygous 3928
deletion

As already described in the introduction the 3928 locus harbors two genes -OSTN and ILT1RAP-
that might be involved in the modulation of neuronal morphology. On one side, OSTN was
found to be evolutionarily repurposed in human and primate brains to limit neuronal ramification
especially following increased neuronal activity (172). On the other, IL-1RAP as an essential
part of the IL-1B signaling pathway, takes effect on neuronal morphology as well since IL-13
signaling was shown to reduce neuronal ramification (138,163,165). Therefore, also in light of
the results of the sequencing analyses, | pursued the investigation of neuronal morphology,
first, in an early outgrowth assay. For this purpose, Ctrl and SCZ iPSC-derived neurons were
stained for the pan-neuronal markers MAP2 and TAU on day 3 and 5 after plating (Figure 18A).
Three parameters were determined: 1. the total length of neurons; 2. total number of neurites
and 3. the number of branchpoints (Figure 18B). The total length of neurons was not
significantly different between Ctrl and SCZ on d3 (Ctrl = 251.6 +5.44 ym and SCZ = 266.7 +
5.662 pm), while on d5 SCZ neurons were overall significantly bigger than Ctrl neurons (Ctrl =
267.2 £ 7.384 ym, SCZ = 316.1 + 8.921 ym). Additionally, the size increase of SCZ neurons
was significant from d3 to d5. The total number of neurites on d3 was significantly lower in SCZ
neurons (Ctrl = 4.397 + 0.1278, SCZ = 4.002 £ 0.1465) but this difference was diminished on
d5, and no significant difference was observed between Ctrl and SCZ cells (Ctrl = 5.125 +
0.1525, SCZ = 4.987 £ 0.1772). Moreover, both Ctrl and SCZ neurons showed significant
increase in the total number of neurites on d5 compared to d3. Lastly, going along with the
results of the total number of neurites, the number of branch points on d3 was significantly
lower in SCZ neurons (Ctrl = 1.673 + 0.1116, SCZ = 1.491 £ 0.1208). On d5 | did not find a
significant difference between the lines (Ctrl =2.210 £ 0.1413, SCZ = 2.386 + 0.1583), although
SCZ neurons displayed a tendency to surpass Ctrl neurons in the number of branch points.

SCZ neurons also showed a significant increase of branch points from d3 to d5.
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Figure 18: Early outgrowth assay of Ctrl and SCZ neurons

A) Representative binary images of Ctrl and SCZ neurons on d3 and d5 of the assay. Scale bars = 100
pum. B) Analysis results of the early outgrowth assay, total length of neurons in um, total number of
neurites and number of branch points (from left to right). Results are presented as mean + SEM, N = 2
individual batches, n = 376-401 cells per line and time point, Kruskal-Wallis test with Dunn's multiple
comparison test, * compares Ctrl vs. SCZ, # compares time point Ctrl vs. Ctrl/SCZ vs. SCZ, */# p < 0.05,
[ p < 0.01, ***/##H# p < 0.001, ns = not significant.

7.4.3 SCZ neurons display higher ramification and an increased size
compared to Ctrl cells (d55-60)

To investigate more mature, complex and functional neurons and to verify the phenotype of
SCZ neurons, dense neuronal cultures were transduced with an AAV expressing mCherry
under the CaMKIla promoter. After two to three weeks, low efficiency transduction led to a
sparse labeling with mCherry. The morphological analyses were then run on d55-60 neurons
stained for MAP2 and mCherry. The mCherry* neurons were traced and Sholl analysis was
performed at a radius step size of 15 um (306). Representative tracings are depicted in Figure
19A). Based on the Sholl analysis additional parameters could be calculated such as the
number of primary neurites, sum of intersections and the total length of neurons. The
morphological analysis of Ctrl and SCZ neurons showed that at 30 ym from the soma both cell
lines had the highest number of intersections (Ctrl 15.58 + 0.4066, SCZ 11.62 + 0.2557).
Starting from 60-195 pm from the soma, the number of intersections between Ctrl and SCZ
were significantly higher in SCZ neurons (largest difference at 75 um Ctrl 5.377 + 0.3078, SCZ
7.906 + 0.2632). From 210-300 um there was no significant difference in neuronal complexity

(Figure 19B). Ctrl neurons had significantly higher numbers of primary neurites (Ctrl 11.66 *
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0.3131; SCZ 10.49 + 0.249), but the sum of intersections (Ctrl 77.74 £ 2.743; SCZ 92.83 +
2.515) and the total length in um (Ctrl 1166 £ 41.15 ym; SCZ 1393 + 37.73 pm) showed higher
values for SCZ neurons amounting to overall bigger and more ramified neurons in the SCZ

context (Figure 19C).
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Figure 19: Sholl analysis of Ctrl and SCZ neurons (d55-60)

Neuronal cultures were transduced with an AAV that enables mCherry expression under the CaMKIla
promoter and subsequently analyzed. A) Representative images of Sholl analysis principle and
reconstructed Ctrl and SCZ neurons. Sholl circle image is enclosed in a gray frame. Scale bars = 100
pm. B) Results of Sholl analysis Ctrl vs. SCZ neurons, plotted are the number of intersections <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>