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1 Introduction

I would like to provide some context about the setting in which this work was conducted.
During my doctoral years, | was fortunate to have had two supervisors and to be part of

two research groups that closely collaborated.

One group is the Molecular Psychiatry Research Group, led by Janos Réthelyi at the
Semmelweis University Department of Psychiatry and Psychotherapy. From my
perspective, Janos is primarily a psychiatrist driven by a deep interest in understanding
disease pathomechanism and translating research findings into tangible benefits for
patients. The central research question that motivates this group is: what happens at the
biological level in the brain of a schizophrenia (SCZ) patient? More specifically, which

genetic alterations are involved, and how do they cause disruptions at the cellular level?

The other group is the Human Pluripotent Stem Cell Laboratory, led by Agota Apati at
the Institute of Molecular Life Sciences within the Hungarian Research Network
Research Center for Natural Sciences (HUN-REN RCNS). From my perspective, Agota
is more focused on fundamental scientific questions, such as understanding how stem
cells function and identifying the characteristics that enable them to perform their roles.
Historically, this group has been at the forefront of using calcium imaging techniques and
studying transport proteins in human pluripotent stem cells. With the expertise in
culturing, editing, and differentiating human pluripotent stem cells, as well as proficiency
with molecular biology tools, this lab was the ideal partner for the Molecular Psychiatry

Research Group to collaborate with on hiPSC-based disease modeling projects.

1.1 Schizophrenia is a neurodevelopmental disorder with polygenic background
and poorly understood pathogenesis

Schizophrenia (SCZ) is a chronic psychiatric disorder affecting approximately 1% of the
global adult population (1). It is characterized by a range of symptoms including
hallucinations, delusions, disorganized behavior and speech, i.e. positive symptoms, and
decreased motivations, anhedonia, and social withdrawal, i.e. negative symptoms,
moreover neurocognitive impairments (2, 3). These symptoms often lead to significant
impairments in educational and occupational performance, as well as challenges in social

functioning, despite the availability of pharmacological and psychosocial treatments.



Extensive research into the genetics and neurobiology of SCZ has uncovered various
molecular mechanisms and brain alterations associated with the disorder (4). However,
our understanding remains incomplete, and current therapies are insufficient. Novel

approaches are needed to better characterize the biological underpinnings of SCZ.

Recently, the neurodevelopmental theory of SCZ has gained substantial interest (5). This
theory posits that SCZ results from a complex interplay between genetic and
environmental risk factors that influence early brain development, and the trajectory of
biological adaptation to life experiences (6). This perspective underscores the importance
of investigating the genetic and developmental origins of the disorder, to develop more

effective clinical interventions.

1.1.1 Genetic risk of SCZ: the role of de novo mutations and rare variants.

It is well-established that SCZ is a polygenic disorder with high heritability (7-9). The
genetic architecture of SCZ includes common genetic variants with small effects, such as
single nucleotide polymorphisms (SNPs), and rare mutations with larger effects, such as
single nucleotide variants (SNVs) and gene copy number variation (CNVs). SNPs are
transmitted, while SNVs can be inherited or acquired during parental meiosis, i.e., de

novo mutations (DNMs), which arise spontaneously from one generation to the next.

Disease causing DNMs are often localized in protein-coding regions. DNMs can have
significant impacts on disease risk by perturbing essential molecular pathways in neurons
(10). Investigating the degree of how much DNMs contribute to SCZ risk is challenging
because large genome-wide association studies (GWAS) do not differentiate between
inherited and de novo variants, and lack the resolution needed to identify rare variants
(112).

The enrichment of rare variants in SCZ has been observed by exome sequencing across
various ancestries in genes that are highly conserved evolutionarily, such as SETD1A,
CUL1L, XPO7, TRIO, CACNALG, SP4, RB1CC1, and AKAP11 (12). These genes are
primarily involved in glutamatergic synapse formation and regulation, although other rare
variants have also been reported (12, 13). The latest GWAS findings (14) also point to

the involvement of synaptic genes in SCZ pathogenesis.



While exome sequencing for rare variants in protein-coding genes is not yet part of the
clinical protocol for SCZ, it has been suggested that it could provide valuable insights
into the etiology and treatment of individual patients (15). Attempts have been made to
summarize the cumulative risk that SNPs can contribute to overall SCZ risk (16).
Polygenic risk score (PRS) analysis was developed, that is a tool used to estimate an
individual's genetic predisposition to developing SCZ. While PRS can help identify
individuals at higher risk and improve early detection strategies, it is limited in its ability
to predict outcomes at the individual level due to the complex interplay of genetic and
environmental factors. Based on this, we considered it worthwhile to experimentally
investigate rare genetic variations with larger effects, as these are more likely to reveal

the biological impact caused by the mutation and the disease mechanism.

1.1.2 SCZ pathomechanism: Shifting from dopamine and the prefrontal cortex to

hippocampal and glutamatergic factors.

The pathogenesis of SCZ involves multiple theories, including dopaminergic
dysregulation, general synaptic dysfunction, neurodevelopmental alterations, and
glutamatergic abnormalities (2). Different brain regions, particularly the prefrontal cortex

and the hippocampus, play crucial roles in these processes.

Classically, the dopamine hypothesis suggested that enhanced presynaptic dopamine
activity in the striatum primarily contributes to psychotic symptoms, while a decrease in
dopaminergic activity in cortical regions leads to negative and cognitive symptoms (17).
Although evidence supporting various aspects of this model has been inconsistent (18),
dopamine dysregulation remains the central target for most currently applied SCZ
treatments. Despite convincing evidence of the neurodevelopmental origins of psychosis,
current pharmacological treatments are usually initiated only after clinical diagnosis and
focus on antagonizing striatal dopamine receptors (D2 receptors). These treatments are
only partially effective, have various side effects, fail to address negative and cognitive

symptoms, and are not useful as preventive measures (19).



There is a strong need in SCZ research to broaden the focus to include other
neurotransmitter systems for example glutamate, and other brain regions such as the

hippocampus.

Neuroimaging studies have shown structural and functional abnormalities in the
hippocampus of SCZ patients, such as volume reduction, shape anomalies, and increased
metabolism in the CA1 and subiculum sub-regions of the anterior hippocampus (20, 21).
These abnormalities suggest a common pathophysiological mechanism, possibly related

to hippocampal hypermetabolism and atrophy.

It has been hypothesized that increased extracellular glutamate concentration and
dysregulated glutamate neurotransmission, primarily NMDA-receptor hypofunction
contribute to the observed hypermetabolism and atrophy in the hippocampus (22).
Computational and animal models support this hypothesis, showing that neonatal brain

injury in the ventral hippocampus can mimic SCZ-like symptoms (23).

1.2 Challenges and methodological approaches in SCZ research

What approaches can deepen our understanding of the biology of this disorder? Post-
mortem histopathological studies have been conducted for over a century and have
revealed important macroscopic and microscopic abnormalities (24). However, his type
of evidence has specific limitations, e.g. it is not possible to discern the effect of
medications from pathophysiological processes. Ideally, direct examination of the living

human brain would provide the most insights.

Technologies such as functional magnetic resonance imaging (fMRI), positron emission
tomography (PET), and electroencephalogram (EEG) enable studies in living subjects,
offering topographical information about regions like the dorsolateral prefrontal cortex
and hippocampus. However, their limited spatial and temporal resolution often fails to
guide biochemical and cellular research effectively (25). Molecular biology methods

provide sub-cellular resolution but are not applicable to in vivo human studies.

Animal models have been valuable for understanding SCZ, using methods to induce
similar conditions and investigate associated biological mechanisms. However, it is

uncertain whether these models replicate the internal experiences of SCZ in humans (26).
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The advent of human induced pluripotent stem cells (hiPSCs) has opened new
possibilities (27). Derived from reprogrammed somatic cells, hiPSCs can differentiate
into any cell type, including neurons, offering patient-specific models for studying
psychiatric disorders. These models allow for direct investigation of de novo mutations
through isogenic cell lines, enabling precise comparisons of how these mutations affect
neuronal development and function (28, 29).

Moreover, hiPSCs facilitate high-throughput screening of therapeutic agents and
personalized medicine approaches, making them a powerful tool in understanding and
treating SCZ (30). This research area, known as “hiPSC-based in vitro disease modeling,”
represents a transformative step toward uncovering the molecular and cellular

underpinnings of SCZ.
1.3 Recent advances of hiPSC based in vitro disease modeling of SCZ

The field of hiPSC-based disease modeling in SCZ began with the seminal work of
Brennand et al. (2011) (28), followed by numerous studies examining different aspects
of SCZ-related in vitro phenotypes. These studies have reported decreased synaptic
connectivity and plasticity in glutamatergic synapses, impaired Wnt signaling , increased
oxidative stress, altered mitochondrial function (31), and, in some cases, accelerated
differentiation (32-34). Although most studies used cortical differentiation protocols,
some focused on hippocampal development and adult neurogenesis, revealing significant
alterations (35).

The phenotypes identified by each study are depending on several factors including
patient selection, sample collection, reprogramming method, and the differentiation
protocol used. Certain studies have genetically characterized patients, while others choose
subjects based on clinical phenotype (for example treatment resistant SCZ). Sample
collection is most commonly from peripheral blood or skin biopsy or hair follicle cells
but can be any somatic living cell of the body. Reprogramming methods range from
integrating vectors to transient expression of Yamanaka factors. Differentiation protocols
use either induced expression or small molecule substitution. Since all these factors can
influence the outcome of each study, more harmonized guidelines and protocols will be

needed in the future to enable better integration of the obtained results.



1.3.1 Differentiation protocol

One major decision in disease modeling studies is what type of neurons to produce. We
know that several types of neurons play a role in the pathogenesis of SCZ, and they would
all be worth studying (various excitatory and inhibitory cells in the cortex, dopaminergic
cells, various cells in the hippocampus, etc.). However, developing and using a
differentiation protocol is energy and time consuming, so we had to choose one.

In previous studies, most research groups have produced cortical neurons and
dopaminergic neurons (36). The study of SCZ using any type of hippocampal cells has
been attempted by only a few research groups previously (37, 38) and these studies did

not involve genetically characterized patients.

There is evidence implicating a link between hippocampal dysfunction and SCZ. One
theory proposed by Lieberman et al. (39) is that hippocampal dysfunction is caused by
dysregulated glutamate neurotransmission leading to hyperactivity and excitotoxicity,

eventually causing atrophy, particularly in the CA1 region.

Another idea linking SCZ to the hippocampal formation is that abnormal adult
neurogenesis in the dentate gyrus, a special part of the hippocampus might be a potential
cause of SCZ. This is based on clinical observations, postmortem, and functional imaging
studies. Postmortem hippocampal samples from SCZ patients showed decreased
expression of Ki-67, a cell proliferation marker (40). Moreover, smaller volume of the
hippocampus in SCZ patients has been reported using meta-analysis of structural MRI
studies (41). In addition to changes of cell proliferation, impaired maturation of adult-
born dentate granule cells in patients with SCZ has also been reported (42). Interestingly,
some studies have shown that clinical improvement was accompanied by the
normalization of hippocampal size (43). Impaired adult hippocampal neurogenesis, as a
distinct form of dysregulated neurodevelopment, might contribute to the structural

changes and hippocampus-dependent affective and cognitive symptoms (44).

Based on this evidence, we decided to use a differentiation protocol that generates
hippocampal dentate gyrus granule cells (DGGCs), a cell type crucial for adult

neurogenesis in the hippocampus. The protocol was developed by Fred H. Gage’s
9



laboratory (37), and it is based on directed differentiation, by adding specific morphogens
to the culture media in specific time windows of the differentiation process (Figure 1).

Base media:
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L | | | |
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A ¢ e - —
L [ [ | | - - .- 1 ’
| I | 1 ST r '
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Figure 1. Differentiation protocol used in the experiment to create hippocampal neural
progenitor cells (NPCs) and dentate gyrus granule cells of the hippocampus. Directed
differentiation was achieved by adding morphogens to the cell culture media. Surface of the
culture dishes was coated by polyornithine-laminin. The protocol and figure were adapted from
Yu et al. 2014 article (45).

1.3.2 Limitations of hiPSC-based disease modeling

While hiPSC models provide valuable insights, they also have limitations. One critical
question is how closely neurons differentiated from hiPSCs resemble in vivo
differentiated neurons Notably, with current technology, it is only possible to produce
cells resembling fetal neurons (46, 47). Modeling later stages of neuronal development in
vitro remains a challenge.

Another difficulty with this method is the impact of unmonitored individual genetic
variation on cellular phenotypes (48). Using case-parent trios to generate hiPSC lines
10



from the proband and both parents can be a good way to reduce these effects and simulate
familial risk and the effects of specific DNMs. Another approach, CRISPR-editing
(Clustered Regularly Interspaced Short Palindromic Repeats) cell lines to create isogenic

copies of the patient cell line also reduces genetic heterogeneity (34, 49, 50).

Additionally, the complex genetic background of SCZ complicates efforts to form a
unified hypothesis of its pathophysiology. Investigating the effects of specific, high-
impact DNMs can help break down this complexity into more manageable pieces, similar

to the successful use of hiPSCs in modeling monogenic diseases.

In my Ph.D. thesis, | present two research projects involving hiPSC-based disease
modeling of SCZ. Our main objective in both cases was to understand the impact of
DNMs on SCZ patients. In both projects, reprogramming of peripheral blood
mononuclear cells (PBMCs) from the patient was performed, but different approaches

were used to create control lines.

In the following chapter, | summarize the work carried out before | joined the research

group, and which laid the foundation for my PhD projects.

1.4  Previous results

1.4.1 Exome sequencing study of 16 SCZ case-parent trios identifying DNMs

The first step carried out before my participation in the project started was to identify
DNMs in SCZ patients. The Department of Psychiatry and Psychotherapy at Semmelweis
University conducted a whole exome sequencing study of 16 SCZ patients and their
parents in the framework of the SCHIZOBANK study. Using next generation exome
sequencing and Sanger-sequencing as validation, they were able to identify 12 de novo
mutations in 9 patients. Each identified DNM was unique. 5 patients carried 1 DNM,
while 2 patients had 2 and one patient had 3 DNMs (51).

Based on their known biological function, or previous genetic findings, some of the genes
containing DNMs were probably not associated with SCZ pathogenesis, but some other
genes including LRRC7, KHSRP, ZMYND11 and ADAMTS9 could be associated with
SCZ pathogenesis (52, 53).

11



Two cases were chosen to participate in the hiPSC-based in vitro disease modeling
studies: the patient carrying a mutation of ZMYND11 and another case with 3 DNMS,
KHSRP, LRRC7, and KIR2DL1.

1.4.2 1495C > T, a nonsense de novo mutation of the ZMYND11 gene

One of our studies focuses on a de novo ZMYND11 mutation in a 26-year-old male SCZ
patient, characterized by predominant positive symptoms and mild negative symptoms,
without intellectual disability. Exome sequencing identified a 10:293374C > T mutation,
which results in a premature stop codon (R399X) affecting the nuclear localization signal.
This nonsense mutation was not present in the patient’s parents, suggesting its de novo
origin (34). The ZMYND11 protein contains several important domains, including the
plant homeodomain (PHD) finger, bromodomain (BROMO), CCCH-type zinc finger
motifs, proline-tryptophan-tryptophan-proline (PWWP) domain, and myeloid, Nervy,
and DEAF-1 (MYND) domain. Figure 2 illustrates these domains and the location of the
nuclear localization signal, which is affected by the mutation.

H3.3k36ME3

[ _ ) NLS

Zinc Finger

Zinc Finger
Heterozygote de novo C>T nonsense mutation
in exon 10 R399X

Figure 2. Schematic diagram detailing the primary Zmynd11 domains: the plant homeodomain
(PHD) finger, bromodomain (BROMO), CCCH-type zinc finger motifs, proline-tryptophan-
tryptophan-proline (PWWP) domain, and myeloid, Nervy, and DEAF-1 (MYND) domain
Additionally, the figure indicates the location of the nuclear localization signal (NLS). This
depiction is adapted from Wang et al. (2014) (34, 54).

Pathogenicity prediction algorithms, such as Varsome (55), rank this mutation as likely
deleterious, as it disrupts an evolutionarily conserved region and affects 36 out of 39
alternative ZMYND11 transcripts (Table 1).

Table 1. Description of the identified DNM in the SCZ proband (34).
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Genomic position 10:293374C>T
Gene ZMYND11
Variation type nonsense

Amino acid change R399X
Conservation of nucleotides high
Conservation of amino acid high

Varsome pathogenicity ranking Likely pathogenic

The ZMYND11 gene, also known as BS69, is located at chromosome 10p15.1 and consists
of 15 exons. It is expressed in a variety of neuronal and non-neuronal cells, with the
highest messenger ribonucleic acid (mMRNA) levels in the thyroid gland, cerebellum,
spinal cord, hippocampus, and frontal cortex (56). As a chromatin reader, ZMYND11
binds the histone mark H3.3K36me3, acting as a transcriptional co-repressor and
regulates MRNA maturation through intron retention (57). Mutations in ZMYND11 have
been linked to tumorigenesis, intellectual disability, epilepsy, and SCZ (15). However,

the exact biological mechanisms behind these conditions remain unclear.

In neurons, ZMYND11 functions as a repressor of neuronal differentiation, and its

silencing accelerates this process (58).

Our hypothesis was that the truncated ZMYND11 protein resulting in the 10:293374C>T
nonsense mutation may not be able to enter the nucleus, impairing its function as a
chromatin reader and transcriptional repressor. This would likely interfere with mRNA
maturation, potentially contributing to the development of SCZ. To explore our
hypothesis, my PhD work relied on hiPSC-based disease modeling to investigate the

biological effects of this mutation in hiPSC derived progenitor cells and neurons.

1.4.3 De Novo Mutations of LRRC7, KHSRP, and KIR2DL1 carried by a SCZ
Patient

The second study | present investigates the effect of three DNMs in the genes LRRC7,
KHSRP, and KIR2DL1, identified in a schizophrenia patient (Figure 3). This analysis

also builds upon our previous exome sequencing and bioinformatics analyses.
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Figure 3. Mutation of KHSRP and LRRC7 in SCZ patient. Sequencing results of hiPSCs derived
from family members. Using the Sanger sequencing technique, we verified that the hiPSC lines
from the trio members retained the original nucleotide sequences identified in the patient’s
mutations, confirming that only the patient was a heterozygous carrier of the missense variants
(59).

The KHSRP gene encodes the K-homology type splicing regulatory protein (Figure 4),
an RNA-binding protein involved in multiple levels of RNA regulation, including mRNA
decay, microRNA (miRNA) biogenesis, and interactions with long non-coding RNAs
(IncRNAs) (60). KHSRP has critical roles in cell fate determination, immune response,
neuronal differentiation, and neurite outgrowth (61). Its functions in neurons suggest it
may play an etiologic role in neuropsychiatric disorders, including SCZ (62, 63). Indeed,
KHSRP has been implicated as a potential SCZ risk gene in transcriptomic studies of

circulating white blood cells (64).

protein protein
interaction region interaction region

1 130 218 233 305 323 395 424 s03 Yorich g,
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N-terminus ——————— = KH1 — KH2 — KH3 — KH4 4H-H— C-terminus
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rich region rich region

5193 T692
AKT/PKB P38 MAPK
phospharylation site phosphorylation site

Figure 4. Domain structure of the KHSRP protein (50).

The LRRC7 gene encodes densin-180, a postsynaptic density protein in glutamatergic

synapses. In LRRC7 knockout (KO) animal models, the loss of this protein led to

decreased dendritic spine density and behavioral changes, including increased juvenile

aggression, anxiety-like behavior, and social dysfunction in adulthood. These findings
14



suggest that LRRC7 plays a role in emotional regulation and may contribute to

neuropsychiatric disorders such as SCZ (65).

The KIR2DL1 gene encodes a killer cell immunoglobulin-like receptor expressed by
natural Killer cells and some T cells (66). While important for immune regulation, this
gene's mutation is unlikely to affect neuronal differentiation or function directly due to
its tissue-specific expression, and therefore it was not investigated for further

characterization in this study.

Our goal was to explore the biological effects of these DNMs using induced pluripotent
stem cell (iPSC)-based disease modeling, applied to all members of a case-parent trio and

an unrelated healthy control (Table 2).

Table 2. Demographic and clinical data of the investigated case-parent trio, the extended

family, and the codes of the hiPSC lines created from them (50).

Subject Sex Age Medical History Code
‘Father M 59  No psychiatric treatment or other major somatic iPSC-SZ-
disorders. HU-FA 1
Mother F 55 | No psychiatric treatment or other major somatic | iPSC-SZ-
disorders. HU-MO 1
and 2
Proband M 24  Diagnosed with schizophrenia at the age of 17. iPSC-SZ-
(son) During the past 10 years had 3 hospitalizations, HU-PROB

receives clozapine treatment. Predominantly 1 and 2
negative symptoms (measured by PANSS).

Unaffected M | 28 | No psychiatric treatment or other major somatic  —

older sibling disorders.
Younger F 21 | Diagnosed with bipolar affective disorder at the age —
sibling of 18 after a suicidal attempt. Receives lithium and

olanzapine treatment.

After generating hiPSC by Sendai virus-based reprogramming and differentiating them
into hippocampal dentate gyrus granule cells, we examined transcriptomic changes and

tested specific cellular phenotypes associated with SCZ. We hypothesized that KHSRP
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and LRRC7 mutations would lead to transcriptomic and functional changes in hiPSC

derived neurons.

The detailed description of the whole study is published in a research article listed as #3
in Bibliography of the candidate’s publications and in the PhD dissertation of my
colleague (50, 67). In the second part of my thesis, | present a summary of my contribution
to the transcriptomic analysis and the results of the calcium imaging experiments. Our
findings revealed significant transcriptomic alterations and subtle physiological changes

in proband-derived neuronal progenitor cells.

1.4.4 Creation of a patient-derived hiPSC and isogenic control line

PBMCs obtained from the SCZ patient harboring the ZMYND11 DNM were subjected to
reprogramming via the Sendai virus approach, resulting in the establishment of a stable
hiPSC line named Pat-Mut. The cells exhibited all the characteristic features of
pluripotency (Figure 5A and 5B). OCT4 and NANOG are transcription factors essential
for maintaining the pluripotent state, while SSEA4 is a surface antigen characteristic of

undifferentiated pluripotent stem cells.

The cell line had a normal karyogram (Figure 5D) and was capable of spontaneously
differentiating into all three germ layers (Figure 5C), also characteristic of the pluripotent

state.

These quality control experiments are important to confirm that the hiPSCs have retained
their pluripotency, crucial for reliable differentiation into desired cell types for

downstream analyses.
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Figure 5. Characterization of the schizophrenic patient derived (Pat-Mut) human induced
pluripotent stem cell (hiPSC) line. A) Immunofluorescent staining reveals the expression levels
of OCT4 (green) and NANOG (red) in undifferentiated cells. Scale bars are 100 um. B) Flow
cytometry analysis was employed to assess SSEA4 expression levels. Isotype control (blue)
served as negative control. C) Immunocytochemistry (ICC) images of spontaneous
differentiation of patient hiPSC cells; first panel showing absence of pluripotency markers
OCT4 (green) and NANOG (red). On the second panel staining for endodermal marker AFP
(green) is visible, third panel shows staining for ectodermal marker 3-111-tubulin (green), fourth
panel shows staining for mesodermal marker SMA (green). The nuclei were counterstained by
DAPI (2-(4-amidinophenyl)-1H -indole-6-carboxamidine - blue). Scale bars are 100 um. D)
Karyograms of chromosomes demonstrating normal male karyotype and no numerical

chromosomal abnormalities for each sample (34).

HiPSC lines were created from the KHSRP mutant patient and parent PBMCs with similar
methodology and quality control. The codes for each cell line can be seen in Table 2.
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1.45 Editing of hiPSCs by CRISPR to create isogenic control cell lines

To be able to investigate the biological consequences of the mutation, we needed similar
or identical cells, which did not harbor the mutation. We decided to use CRISPR genome
editing to create a genetically identical cell line also referred to as an isogenic cell, only
differing in the corrected mutation. With the help of the endogenous repair mechanism
called homology directed repair (HDR), the mutation was corrected (see details in the

article Tordai et al 2024 (34)). The patient derived corrected cell line was named Pat-Wt.

Additionally, our goal was to introduce a mutation to a genetically independent healthy
cell line that would replicate the effects of the patient-specific mutation in a different

genetic background, allowing for a direct comparison of the functional consequences.

Non-homologous end joining (NHEJ) is a cellular process exploited in CRISPR genome
editing to introduce mutations, because it efficiently repairs double-strand breaks without
the need for a homologous template, often resulting in insertions or deletions that create
frameshift mutations. In this study, NHEJ was employed to introduce a frameshift

mutation at a specific site in the control cell line.

The original control line was named Ctrl-Wt, and the CRISPR edited cell line harboring
the ZMYND11 monoallelic mutation was named Ctrl-Mut (Figure 6). In this system, we
can validate the differences between Pat-Mut and Pat-Wt by comparing Ctrl-Mut with
Ctrl-Wt. If we see a similar change in the comparison of both isogenic lines, it is more
likely that this change is the result of the ZMYND11 mutation and not caused by individual
clonal differences. In Table 3 we summarize the names, genotypes, origin and editing of

all the cell lines used in the experiments.

Table 3. Description of CRISPR editing and genotype of the 4 hiPSC cell lines used in the in

vitro experiments (34).

Name Genetic background Sex CRISPR editing ZMYND11
Genotype

Pat-Mut Patient-derived male +/-

Pat-Wt Patient-derived male Correction of ZMYND11 mutation ++

Ctrl-Wt Healthy control derived (XCL1) |male +/+

Ctrl-Mut Healthy control derived (XCL1) |male Introduction of ZMYND11 mutation +/-
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Sanger sequencing of the CRISPR-edited hiPSC clones confirmed the correction of the
point mutation in the patient-derived hiPSC line (Figure 6A) and the presence of the

mutation in Ctrl-Mut cell line (Figure 6B).

A G AG G G G G G GTGTGGAG

Pat-wt

Lt Ao At

201 Reference\ « PAM 300
201 TATATTACTTTTATAATGCCCACAGCTAAAGGTCACTCAAGAACCAAGAGCAAAGAAAGGACGACGTAATC-AAAGTTGGAGCCCAAAAAGGAAGTAAG 299
122 TATATTACTTTTATAATGCCCACAGCTAAAGGTCACTCAAGAACCAAGAGCAAAGAAAGGACGACGTAATC-AA-GTGTGGAGCCCAAAAAGGAAGTAAG 219
122 TATATTACTTTTATAATGCCCACAGCTAAAGGTCACTCAAGAACCAAGAGCAAAGAAAGGACGACGTAAT CAAAAGT GTGGAGCCCAAAAAGGAAGTAAG 221

B G G G G T T GAGTGTG G A ( G GAG

Ctrl-Mut/\/\ /\ /\

S5 Reference\ PAM 300

*
201 TATAYTACTTTTATAATGCCCACAGCTAAAGGTCACTCAAGAACCAAGAGCAAAGAAAGGACGACGTAATC--AAAGTGCCCAAAAAGGAAGTAA 298
122 TATATTACTTTTATAATGCCCACAGCTAAAGGT CACTCAAGAACCAAGAGCAAAGAAAGGACGACGTAATC- -AAAGTGTGGAGCCCAAAAAGGAAGTAA 219
122 TATATTACTTTTATAATGCCCACAGCTAAAGGTCACTCAAGAACCAAGAGCAAAGAAAGGACGACGTAAT CAAAAAGTGTGGAGCCCAAAAAGGAAGTAA 221

Result: Allele 1: Wt Allele 2: 2 bp insertion — frameshift

NV ARMAMAARN

* = Cas9 cutting site

Figure 6. Sanger sequencing data of CRISPR-edited hiPSC lines. A) A point mutation in the
patient-derived clone is introduced indicated by the yellow arrow, correcting the originally
present de novo mutation. B) Frameshift mutation in control (Ctrl-Wt/XCI-1) clone is
highlighted by the yellow line and arrow. Additionally, the Cas9 cutting site is marked with a
green asterisk, and the sequence is denoted in the reference sequence below the sequencing
graphs (34).

We conducted several experiments to confirm that genome editing did not change the
pluripotent properties of hiPSC lines (Figure 7). The cells expressed SSEA4 surface
antigen characteristic for pluripotent stem cells. (Figure 7A). The transcription factors
OCT4 and NANOG demonstrated nuclear localization (Figure 7B). Investigation of 13—

15 metaphase cells in all hiPSC lines revealed normal karyotypes (Figure 7C).
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Figure 7. Characterization of genome-edited hiPSC lines. A) Flow cytometry analysis was
employed to assess SSEA4 expression levels (purple) in both wild-type (WT) cells and genome-
edited clones. Isotype controls (blue) served as negative controls on each plot. B)
Immunofluorescent staining reveals the expression levels of OCT4 (green) and NANOG (red) in
undifferentiated cells, the nuclei were counterstained by DAPI. C) Karyograms of chromosomes
demonstrating normal male karyotype and no numerical chromosomal abnormalities for each

sample (34).

1.5 Conclusion of the introduction

The investigation of DNMs in SCZ using hiPSCs and CRISPR-based genome editing
provides a promising avenue for understanding the genetic and molecular underpinnings
20



of the disorder. By focusing on specific high-impact mutations, we can gain insights into
the neurodevelopmental processes and synaptic functions disrupted in SCZ, contributing
to better understanding of the disorder and the development of more targeted and effective

treatments.

Before my participation in the studies, the patients carrying DNMs were selected from a
cohort, the patient and isogenic control or parental control cell lines were created and

established in the laboratory.
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2 Objectives

The primary objective of this research was to investigate the biological effects of DNMs
found in SCZ patients. We aimed to determine whether a given mutation plays a role in
the development of SCZ in patients, to what extent, and through which mechanisms.
Specifically, we seek to understand the molecular changes these mutations cause at the

cellular level.

To address these broad questions, we formulated the following specific research

objectives:
1. Neuronal Differentiation of hiPSC lines from SCZ samples:

o Can pluripotent stem cells derived from SCZ patients develop into hippocampal

neuronal progenitors and functional DGGCs?

o Are there observable differences in the differentiation, growth and morphology of

neural progenitor cells (NPCs) and neurons derived from SCZ patients?
2. Analysis of transcriptomic profiles and protein expression of NPCs and neurons:

o Are there any changes in protein expression and transcriptomic profiles in SCZ

samples compared to healthy and isogenic controls?

o Does RNA sequencing reveal differences in mRNA profiles of NPCs and DGGCs
derived from SCZ samples compared to their controls?

3. Functional Assessment of NPCs and Neurons:
o Can NPCs respond to different external chemical stimuli, e.g. glutamate? Is this
response different in SCZ samples compared to controls?
o Do neurons derived from SCZ patients generate functional action potentials and
calcium transients? Do they respond to the addition of neurotransmitters?

o Isthere a difference in the magnitude of the response?
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3 Methods

3.1 Differentiation of hippocampal neural progenitor cells and dentate gyrus

granule cells

NPCs were derived from the hiPSC lines Pat-wt, Pat-mut, Ctrl-wt, and Ctrl-mut, Proband,
Mother and Father through embryoid body formation, following previously established
protocols (Yu et al., 2014; Hathy et al., 2020). Rosettes were manually selected and
dissociated with Accutase (Thermo Fisher Scientific, Waltham, USA) on day 27 or later,
then re-plated onto new poly-ornithine/laminin-coated dishes in DMEM/F-12,
GlutaMAX™ supplemented with N2/B27 medium, FGF2 (Thermo Fisher Scientific,
Waltham, USA), and laminin. NPCs displayed consistent morphology after 5 passages

and were utilized for experiments between passages p5 and p15.

For differentiation into DGCC neurons, NPCs were seeded onto poly-ornithine/laminin-
coated plates in eight-well Nunc Lab-Tek Il Chambered Cover glass with a density of
1.5x10° cells, in N2/B27 medium supplemented with ascorbic acid, BDNF, cAMP,
laminin, and Wnt3A. After 3 weeks, Wnt3A was removed from the medium, and the

medium was refreshed every other day.
3.2 RNA sequencing

RNA sequencing was performed at both the hippocampal NPC and DGCC stages. Total
RNA extraction was done using TRIzol™ reagent as per the manufacturer's guidelines
(Thermo Fisher Scientific, MA, USA). Each cell line had three biological replicates. For
NPCs, RNA was harvested from three different passages between p7-12 when they were
approximately 70% confluent. Neurons were collected after 6 weeks of differentiation,
starting from an initial seeding density of 24,000 cells/cm?. The Illumina NovaSeq
platform was utilized for NPCs (2x150 bp paired-end mode, yielding 36.5-55.3 million
reads per sample), while the Illumina NextSeq system was used for neurons (1x75 bp

single-end mode, producing 17.0-32.9 million reads per sample).
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3.3 Immunocytochemistry

The characterization of hiPSC lines included testing the expression of transcription
factors OCT4 and NANOG, as well as the surface marker SSEA4, using ICC and flow
cytometry, respectively, according to established protocols (68). Immunofluorescence
staining for NPCs and DGGCs targeting SOX2, Nestin, PROX1, and MAP2 was
performed as previously described (50). ZMYND211 was immuno-stained using the BS69
antibody (Thermo Fisher Scientific, Waltham, USA, PA527899). Visualization was
achieved with a Zeiss LSM 900 confocal laser scanning microscope and ZEN 3.1

software.
3.4 Calcium imaging and multi-electrode array measurements

Prior to all calcium imaging measurements, hippocampal NPCs were seeded for 2 days
onto 8-well confocal chambers pre-coated with polyornithine/laminin and differentiated
for 5 weeks. Cytoplasmic calcium signals were assessed using the Fluo-4 AM calcium
indicator dye as previously described (50, 69). Baseline recordings were taken for 3-5
minutes before the application of 50 pM glutamate (Sigma, MO, USA). Cells were
manually selected and marked as regions of interest (ROI) (100-300 per recording), and
mean gray values were extracted using ImageJ. Cells with glial morphology were
excluded from the analysis. The response was quantified by dividing the maximum
fluorescence intensity post-application by the median fluorescence intensity of the
baseline period for each cell. Statistical comparisons were conducted for each isogenic
pair using the Mann-Whitney U test due to the non-normal distribution of single-cell

reactions.

Extracellular electrophysiological recordings were performed using the MEA2100-
System, controlled by the MEASuite software package (Multi Channel Systems MCS
GmbH, Reutlingen, Germany) with a 10 kHz sampling rate. NPCs from each clone (3
biological replicates) were plated onto 60-6well MEA200/30iRTi polyornithine-coated
chips, featuring six wells with nine 30 pm diameter titanium electrodes in each well.
Neuronal differentiation followed the previously described protocol, and spontaneous

activity was recorded after 5 weeks. Recordings were carried out at 37°C with a sampling
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rate of 10 kHz. The raw recordings were filtered using a bandpass filter of 300-3000 Hz.
Representative single electrodes were manually selected to demonstrate neuronal activity.

Spontaneous activity was defined by a custom made algorythm using Gaussian mixture

model and random forest classification methods.
3.5 Statistical and data analysis

Data analysis was conducted using publicly accessible software tools and R packages.
Initially, quality control of FASTQ files was conducted using FASTQC (FASTQC,
2023), followed by read alignment to the human reference genome (hg38) with hisat2
(70). Gene expression quantification was performed using FeatureCounts , and
differential expression analysis was executed using the DESeq2 R package (version
1.36.0) (71) for each isogenic pair. Given the biological differences between the two
RNA-seq experiments, batch correction was considered impractical due to the risk of
masking significant biological changes between neurons and NPCs. Therefore,
comparisons were restricted to isogenic pairs within each batch to maintain the inherent

biological characteristics of the distinct cell types.

Following size factor normalization, a negative binomial distribution model was applied
to compute statistical significance using a Wald test with Benjamini-Hochberg correction
for multiple testing. Genes with fewer than 10 overall counts were excluded. Criteria for
selecting differentially expressed genes included a log2 fold change (12fc) > 1 or 12fc < -
1 and an adjusted p-value < 0.05. To verify our findings and obtain an independent list of
differentially expressed genes, a nonalignment-based pipeline using kallisto and sleuth
was also employed. The hisat2-DESeqz2 list was filtered using statistically significant
results (qval < 0.05) from the kallisto-sleuth pipeline, without considering log2 fold
change. Gene ontology (GO) and disease ontology (DO) analyses were performed using
the ClusterProfiler R package (version 4.4.4), which uses a hypergeometric test to
determine gene set and pathway enrichment. SynGO analysis was conducted using a
publicly available online tool (72), and clustered heatmaps were generated with the

"pheatmap" R package using default hierarchical clustering methods.
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4 Results

4.1 Investigation of the effects of ZMYND11 mutation

4.1.1 Morphological characterization and immunophenotyping of hiPSC-derived
hippocampal NPC and DGGC cultures

To examine the potential cellular phenotype of the patient, we needed to generate neurons
from pluripotent stem cells. We decided to implement a previously described directed
neuronal differentiation protocol (37) that produces first hippocampal NPCs, and then
DGGCs.

Neural progenitors were successfully derived from all four hiPSC lines (Pat-Wt, Pat-Mut,
Ctrl-Wt, and Ctrl-Mut). The hippocampal NPCs exhibited similar morphology and

growth characteristics across all cell lines (Figure 8).

Pat-t Ctrl-wt

.

Pat-Mut Ctrl-Mut

Figure 8. Morphology of neural progenitor cultures. Phase contrast microscopy images of
adherent hippocampal NPC cultures, before exposing the cells to Wnt3 containing
differentiation media. Scale bars are 200 um (34).
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All cell lines were expressing the neuronal progenitor markers Nestin and SOX2 (Figure
9).

Pat-Wt

Pat-Mut

Ctrl-wt

Ctrl-Mut

Figure 9. Characterization of genome-edited human induced pluripotent stem cell (hiPSC)-
derived hippocampal neural progenitor cells (NPCs). Representative images display
immunofluorescence stainings of NPC cultures for NPC markers SOX2 (yellow) and Nestin

(purple), conducted in at least two parallel experiments. Scale bars are 100 um (34).

DGCCs were differentiated from hippocampal NPC lines. (Figure 10).
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Pat-Mut » Ctrl-Mut

Figure 10. Morphology of neural cultures. Phase contrast images of adherent hippocampal

neuronal cultures on 6 well plates, at week 6 of differentiation.

All samples showed PROX1 and MAP2 expression after 6 weeks of differentiation
(Figure 11).
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Pat-Wt

Pat-Mut

Ctrl-Wt

Ctrl-Mut

Figure 11. Characterization of genome-edited hiPSC-derived neural cultures. Representative
images demonstrate immunofluorescence staining for neural markers PROX1 (yellow) and
MAP?2 (purple) in neural cultures at 5 weeks of neural differentiation. Scale bars are 100 um
(34).

4.1.2 Molecular properties: ZMYND11 localization in hiPSCs and during

differentiation

When we examined the localization of ZMYND11 by ICC in hiPSC cells, we found that
the nucleocytoplasmic ratio of the protein was changed in the mutant lines, with higher
protein content in the cytoplasm than in the case of the control lines (Figure 12).
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Pat-Wt Pat-Mut Ctrl-Wt Ctri-Mut

Nuclei ZMYND11

Figure 12. Intracellular localization of ZMYND11 protein in hiCSs. Immunostaining was used
to study the cellular localization of ZMYND11 (green). Mutant cell lines exhibit increased
cytoplasmic and decreased nuclear staining. Nuclei were counterstained with DAPI (blue).

Scale bars represent 100 um (34).

We further examined the localization of ZMYND11 during neuronal differentiation at the
NPC stage and at the neuronal stage. Surprisingly, in all examined cell lines, the
ZMYND11 protein predominantly localized in the cytoplasm and significantly

accumulated in neurites, irrespective of genetic differences in NPCs (Figure 13A) and
neurons (Figure 13B).

A

Pat-Wt

Pat-Mut

Ctrl-wt

Ctri-Mut
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Figure 13. Intracellular localization of ZMYND11 protein in NPCs (A) and neurons (B).
Immunostaining was used to study the cellular localization of ZMYND11 (purple) during
neuronal differentiation. The protein shows almost exclusively cytoplasmatic localization in all
the studied cell lines. Nuclei were counterstained with DAPI (blue). Scale bars represent 100
um (34).

4.1.3 Transcriptomic Evaluation of Hippocampal NPCs and DGGCs

Bulk RNA sequencing was conducted on hippocampal NPCs and DGGCs to examine
gene expression variations between ZMYND11 mutant and wild-type cells and to identify
crucial molecular pathways linked with the DNM. Faster interpretation of the result is
supported by a symbol- and color-coded system, marking different genetic backgrounds

and differentiation status (see in Figure 14).

@ A

T we O | A )
e @A
o | ™ OA

wel @ | A

Figure 14. Symbols used in further figures to give a visual aid in identifying the samples.
Progenitors are marked with circles, while neurons are with triangles. Patient derived cell lines
are marked with red edge, while control derived cell lines are marked with blue edge.

ZMYND11 status is color coded by the center of the symbols: gray are mutant samples, while
wild type samples are white centered.

First, we examined the mRNA expression levels of ZMYND11 (Figure 15). We found
that the ZMYND11 mutation leads to reduced gene expression across both differentiation
stages. The transition from progenitors to neurons is marked by a substantial increase in

expression, indicating potential involvement of ZMYND11 in neuronal development.
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Figure 15. ZMYND11 expression in neural cell types. Bar-plot showing the normalized read
counts of ZMYND11 gene in all samples from RNA sequencing data. The vertical axis shows
fragments per kilobase of million read values Heterozygous mutants have 20-40% decreased
expression compared to wild types. The graph is based on the values of three biological
replicates for each sample (34). Statistical analysis was done with DeSEQ?2 tool in R, which
uses Wald test with Benjamini-Hochberg correction. Pat-prog: mut vs. wt pa;j=0,043; Pat-neu:
mut vs Wt pagi= 3.00E-06; Ctrl-prog. mut vs wt pagi=0,044; Ctrl neu: mut vs wt pPagi=0.00016.

Principal component analysis (PCA) including all the samples illustrates the significant
impact of differentiation status, genetic background, and ZMYND11 mutation on
transcriptomic profiles in hippocampal NPCs and DGGCs (Figure 16A). There is clear
separation between neurons and progenitors, accounting for the majority of variance (PC1
59,1%). Along the PC2 axis, which accounted for 13 % of the variance, samples were
separated by genetic background into control- and patient-derived groups. Within each
differentiation status, mutant and wild type samples are distinctly clustered, indicating
the mutation's effect. When performing PCA only for NPCs, gene expression differences
are primarily driven by mutation status and genetic background (Figure 16B), while in
neurons we found similar patterns, though with less distinct separation (Figure 16C).
Overall, these results demonstrate that the ZMYND11 mutation significantly alters

transcriptomic profiles.
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Figure 16. Analysis of mRNA sequencing data in hippocampal NPCs and neurons. A) Principal
Component Analysis (PCA) plot demonstrates the separation of samples based on their
differentiation status and genetic background. B) PCA plot focusing on progenitor samples
reveals separation based on ZMYND11 status (PC1) and genetic background (PC2). C) PCA
plot focusing on neuron samples shows separation based on genetic background along the PC1
axis, with no separation based on ZMYND11 status along the PC2 axis (34).

Differential expression (DE) analysis was complicated by three conditions creating
variability of gene expression between samples: genetic background (Pat-Ctrl),
developmental status (Progenitor-Neuron), and ZMYND11 status (Mut-Wt). By having
only progenitors in Experiment 1 and only neurons in Experiment 2, batch correction was
not possible, as it would have erased the differences caused by neuronal development.

We decided to first run DE analysis on all the isogenic pairs, comparing mutant to wild-
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type cells in patient and control progenitors and neurons, respectively, resulting in four
sets of DE genes, utilizing DESeq2 (Figure 17A). There were comparable numbers of

DE genes in all four comparisons, ranging from 2660 to 3636.

The results were visualized using volcano plots to identify patterns of DE genes (Figure
17B). The ratio of upregulated to downregulated genes, and the extent of gene expression
changes, as measured by log2Fold changes, were consistent across all comparisons.
Genes with the highest log2Fold change and statistical significance varied between

samples.

To obtain a more informative list of DE genes, first we used Sleuth, an independent DE
analysis tool, to validate and filter the DESeq?2 lists. Using 2 DE analysis tools allows for
a more robust validation of the findings. Sleuth complements DESeq2 by offering a
different statistical approach.

Then, to identify DE genes that were independent of genetic background, a list of DE
genes common to both patient and control cell lines was compiled by intersecting the two
sets, resulting in 580 common DE genes in progenitors and 202 common DE genes in

neurons.

Further refining this list by intersecting the two sets resulted in a final list of 16 DE genes
common to both progenitors and neurons (Figure 17A and 17C). This list includes
LHX1, LHX5, KHDRBS2, SHANK1, and ANO3 as overexpressed (OE) genes, and CD74,
FXYD5, RGCC, DNAJC15, BST2, CPNES8, ME3, SLC34A2, NABP1, ANXA2, and TPM2
as underexpressed (UE) genes (Figure 17C).
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Figure 17. Analysis of DE genes in NPCs and neurons A) Schematic representation of the
analysis pipeline used to identify differentially expressed genes, resulting in five overexpressed
and eleven underexpressed targets. This also highlights the gene sets utilized for Gene Ontology

(GO) analysis B) Volcano-plots showing fold change and statistical significance of DE genes
comparing mutant and wild-type samples, illustrating cut-off values for list-generation. There
was similar amount of DE genes in all samples C) Venn diagrams depict the overlap of
differentially expressed genes in patient and control progenitors and neurons. Genes from the
innermost intersections, differentially expressed in both genetic backgrounds and differentiation

phases, are indicated in chat boxes (34).
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Gene ontology (GO) enrichment analysis was conducted separately for NPCs and neurons
from the common DE genes in both genetic backgrounds, specifically 580 DE genes for
NPCs and 202 DE genes for neurons, as indicated in Figure 17A by the gray frame. This
analysis revealed enriched terms related to neuronal function and development among
OE genes, and terms related to extracellular matrix, cell adhesion, and glial function in
UE genes (Figure 18). Enrichment analysis using the Disease Ontology (DO) database
showed significant enrichment of genes involved in "developmental disorder of mental

health" among OE genes in mutant neurons.
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Figure 18. Gene Ontology analysis of NPCs and neurons. Bar plots present the results of Gene
Ontology Enrichment Analysis, with enriched categories on the vertical axis and gene counts
for each category on the horizontal axis. Each bar is color-coded based on statistical

significance for enrichment (34).
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Based on the enriched GO term "Synaptic transmission glutamatergic,” further
examination of glutamatergic receptor expression revealed higher levels in the mutant
cell line compared to the wild-type cell line in both genetic backgrounds (Figure 19A).

This pattern was less evident when investigating other neurotransmitter receptors.

Additionally, SynGO analysis was performed on the neuronal results (Figure 19B) to
identify enriched gene sets associated with synaptic function. This analysis found
enrichment of DE genes associated with the postsynaptic membrane in OE genes and
enrichment of DE genes associated with post and presynaptic ribosomes among UE
genes.

To visualize and integrate these results, we used PathView analysis online tool (73)
(Figure 19C). On the virtual schematic representation of the glutamatergic synapse, it is
visible that mainly the metabolic glutamatergic receptor pathway has significantly

increased expression in the mutant neurons.
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Figure 19. Analysis of genes related to synaptic transmission. A) A clustered heatmap displays
the relative expressions of glutamate receptor genes across neuronal samples, with expression
values normalized row-wise. B) Synaptic genes were analyzed for Gene Ontology (GO)
enrichment using the SynGO Database. "Sunburst" plots illustrate "cellular component™ (CC)
GO categories, with statistical significance for enrichment in our dataset indicated by color-
coding. Mutant cell lines in both genetic backgrounds exhibit higher expression of most
receptors compared to their isogenic controls. C) Pathway analysis of DE genes involved in

glutamatergic transmission. A detailed schematic representation of the glutamatergic synapse,
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illustrating signaling pathways and interactions between cellular components involved in
glutamate neurotransmission. DE genes are color-coded by the Log2FoldChange value in the

mutant compared to the wild-type cells (34).

In summary, our results suggest that the heterozygous ZMYND11 mutation significantly
alters the transcriptome of developing NPCs and DGGCs. The upregulation of neural
differentiation and functional genes may indicate precocious or accelerated
differentiation, leading to an altered cellular phenotype. Furthermore, the involvement of
synaptic machinery and glutamatergic receptor genes highlights the potential synaptic

dysfunction in SCZ.

4.1.4 Functional measurements

The following experiments were conducted to elucidate the impact of transcriptomic
changes on cellular behavior. By examining the physiological responses of the derived
neural cells, we aimed to establish a clearer connection between the genotype and their

phenotypic manifestations.

4.1.4.1 Multi-electrode array measurements

We were also able to grow each cell line on multi-electrode array surfaces that are suitable
for detection of network wide electric activity of neurons by measuring uV-scale changes
in extracellular field potential (Figure 20A). All neuronal cultures exhibited spontaneous
electrical potentials, such as spikes and bursting activity. (Figure 20B). This indicates the
presence of functionally active synapses and action potentials in the neurons.
Quantification and comparison of the detected signals between genotypes is currently in

progress.
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Figure 20. Spontaneous electric and Ca-signals in neurons. A) Phase contrast images of
hippocampal neuronal cultures on multi-electrode array chips, at 6 weeks of differentiation.
Scale bars are 200 um (34). B) Representative single electrode recordings from 3-minute multi-
electrode array measurements exhibit signals indicative of neuronal activity. Functional assays
demonstrate spontaneous calcium-transients and synchronized electrical activity detectable
with multi-electrode arrays in all neuronal cultures between 4 and 6 weeks of differentiation
(34).

4.1.4.2 Calcium imaging: spontaneous activity and DGGC reaction to glutamate

Our other method of choice was calcium imaging given the crucial role intracellular
calcium signaling plays in neurons: it regulates essential functions, including
neurotransmitter release, gene expression, and synaptic plasticity, by acting as a
secondary messenger. Additionally, from the technical aspect, calcium imaging allows
real-time measurements, provides single-cell resolution within a cell culture, and many
parameters are quantifiable, such as peak amplitude and frequency of spontaneous
activity. It enables the parallel measurement of all the cells of a certain area of the cell

culture and allows for repeated measurements.
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Given these characteristics of calcium imaging, we may directly observe how
transcriptomic alterations between mutant and wild type cells could influence neuronal
function, providing a link between the genetic mutations and their phenotypic

manifestations in neuronal activity.

Out of the many possibilities that calcium imaging allows, based on the transcriptomic
results and literature search, we decided to assess the baseline spontaneous activity of
DGGCs, and their reactivity to glutamate administration. During baseline measurements
spontaneous calcium transients were detected and quantified. (Figure 21A). We observed
relatively high variance of spontaneous activity between biological parallels of the same
cell line. We could see differences between wild type and mutant cells, but these were not
statistically significant, and the tendencies were not aligned with genotype differences in

the different genetic backgrounds (Figure 21B).
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Figure 21 Spontaneous calcium transients of DGGCs A) Examples of spontaneous Ca-
transients in neurons are displayed, with five manually selected cells exhibiting spontaneous
activity plotted per sample during a 5-minute measurement. B) Cells showing spontaneous
calcium transients during the baseline recording divided by all the detected cells in one
measurement. Spontaneous activity was determined by a custom-made algorithm described in
methods section. No significant difference was found between genotypes. (Mann-Whitney test
Pat-Mut vs Pat-Wt p=0.063, Ctrl-Mut vs Ctrl-Wt p=0.7) (34).
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After recording the baseline, we applied glutamate to the culture medium, and almost all
the neurons exhibited an immediate increase in intracellular calcium concentration in both
mutant and wild-type cultures (Figure 22A and 22B). Following an initial peak reaction,
the intracellular calcium concentration remained elevated above the baseline until the end
of the experiment (Figure 22C). Quantitative analysis from multiple experiments showed
a significantly reduced reaction in the mutant cell lines compared to their wild-type

counterparts. (Figure 22D).
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Figure 22 Demonstration of calcium-imaging analysis of the response to glutamate in dentate
gyrus granule cell cultures. A) Confocal microscopy images show neural cultures stained with
Fluo-4-AM calcium dye, displaying baseline fluorescence and peak signal intensity. Scale bars:
100 um. B) Heatmaps illustrate fluorescence intensity changes over time for regions of interest
(ROIs).C) Average normalized fluorescence intensity (F/F0) during recording. D)
Quantification of glutamate reaction involves 400-600 cells from 3 to 5 experiments, with a
significant difference indicated by Mann-Whitney U test (p < 0.0001) (34).

4.2 Investigation of the effects of KHSRP mutation

In the previous part of this thesis, | presented results from experiments involving the
ZMYND11 mutation, where we established a potential link between a DNM and
subsequent disruptions in neurodevelopmental processes.
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Next, | will present results from a project involving a different SCZ patient and a different
methodological approach. Our observations in this case can lend support to our previously

described findings.

This series of experiments focuses on hippocampal NPCs derived from a patient carrying
DNMs in the KHSRP and LRRC7 genes. KHSRP is a multifunctional RNA-binding
protein implicated in various neuronal processes, including alternative splicing and
MRNA localization (for more details see the Introduction). In this investigation, we
generated hiPSCs using Sendai virus vectors from the patient and compared them to those

from unaffected family members (59).

The establishment, characterization and differentiation of the cell lines are described in
detail in the thesis of my colleague, Edit Hathy (67). Here | would like to summarize the
findings of the transcriptomic analysis and then show the result of calcium imaging

experiments in detail.

4.2.1 Transcriptomic differences in KHSRP and LRRC7 mutant NPCs

At the NPC stage, bulk RNA sequencing analyses identified transcriptional differences
linked to KHSRP and LRRC7 mutation. Differentially expressed (DE) genes were
determined in the SCZ patient line compared to both the father and mother lines (Table
2). GO and PATHWAY analyses showed enrichment of DE genes in pathways related to
neuron formation, axon development, neurogenesis, Wnt signaling, and Calcium
signaling. Among the 100 examined DE genes, many were transcription factors and
neuron specific. Several DE genes were KHSRP target genes, i.e., genes regulated by
KHSRP, such as ERBB4, GRIN2A, and KHDRBS2, may contribute to SCZ etiology.

For more details see Edit Harthy’s doctoral thesis (67) or Hathy et al. 2020 (74).

4.2.2 Functional phenotypes found in the KHSRP mutant by Calcium imaging

Since the transcriptional differences indicated synaptic genes, following the same
approach as before, we investigated the functional activity of NPCs derived from the case-

parent trio using Calcium imaging techniques.
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We recorded and analyzed both their spontaneous activity and glutamate-induced
activity. Similar to our group’s previous findings (75), the NPCs showed low levels of
spontaneous activity but responded to glutamate stimulation with characteristic patterns
(75). Using the ANCOVA model, we observed significant differences among the subjects
(F = 286.78, p < 0.001). Specifically, each NPC culture significantly differed from one
another after adjusting for the covariate (F = 837.62, p < 0.001). The NPCs derived from
the SCZ patient showed a significantly different, weaker response to glutamate compared
to the others. The mother NPCs exhibited the strongest glutamate response (Ca NPC-SZ-
HU PROB < Ca NPC-SZ-HU-FA < Ca NPC-SZ-HU-MO, Figure 23).
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Figure 23. Exploration of calcium activity in hippocampal NPCs A) Normalized Calcium activity
(F/FbaseGlu) is depicted for one representative measurement of NPCs from each subject. The
upper part of the subplot displays the mean activity (+/- standard deviation, depicted in shattered
blue) on the Y-axis against time on the X-axis. The lower part illustrates the activity of all cells
over time, with color indicating Calcium activity. B) Each circle represents the normalized
Calcium activity of one cell for each subject in each clone (N = 3 independent experiments, n =
200-250 cells/experiment). Black diamonds represent the mean activity of a subject for both
clones, with error bars indicating one standard deviation. Red circles depict NPCs derived from

hiPSC clone one, while blue circles represent NPCs from hiPSC clone 2 (50).
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4.3 Summary of Results

These studies investigate the biological impact of two DNMs found in SCZ patients.
Previously, de novo mutations in schizophrenic patients were identified, and two of them

were selected for further experiments.
In the first project, a patient with a DNM in the gene ZMYND11 was presented.

We created isogenic hiPSC lines, where the ZMYND11 mutation was either corrected in
patient-derived cells or introduced into control cells. These lines were differentiated into
hippocampal NPCs and DGGCs, which were then subjected to detailed morphological,

transcriptomic, and functional analyses.

The mutation did not affect the viability, growth capacity and visible morphological

properties of the cells and cell cultures.

Transcriptomic profiling of the differentiated cells revealed significant changes in gene
expression. In the mutant lines, there was a notable upregulation of genes associated with
neuronal differentiation and a downregulation of genes involved in cell adhesion. This

suggests that the ZMYND11 mutation alters neuronal differentiation.

Functionally, the mutant neurons exhibited decreased reactivity to glutamate, as
demonstrated by calcium-imaging experiments. This reduced glutamate response was
quantified and found to be significantly lower in mutant cells compared to wild-type

controls.

In the second project involving a patient with 3 DNMs (KHSRP, LRRC7 and KIRD1L?2)

was presented.

In this project we decided to use a different experimental approach: we compared the cells
of the patient to the cells of both their parents. Bulk RNA sequencing revealed
transcriptional differences in the NPCs. GO and pathway analyses indicated that the
differentially expressed genes were enriched in pathways critical to neuron formation,

axon development, neurogenesis, Wnt signaling, and Calcium signaling.

Further phenotypic analysis using calcium imaging techniques showed significant
functional differences in the NPCs' activity. The NPCs derived from the SCZ patient
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demonstrated a significantly weaker response to glutamate compared to those from the
unaffected parents.

The findings from both projects show that these DNMs impact neurodevelopmental
processes and synaptic function in NPCs and DGGCs. Both mutations led to significant
changes in gene expression and neuronal activity, suggesting a common pathway through
which these genetic alterations might contribute to the pathophysiology of SCZ. By
integrating results from more projects, we may get a broader perspective of the molecular

mechanisms underlying SCZ.

Figure 24 below summarizes our hypothesis of possible cause and effect cascade, how a
DNM at the DNA level may have slightly disrupted the delicate equilibrium of
neurodevelopment. This disruption, along with many other factors, may contribute to a

clinically observable imbalance of mental function that we call SCZ.
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Figure 24. Schematic summary of possible cause-effect relationships at different biological

levels.
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5 Discussion

We presented a series of experiments aimed at identifying the biological effects of
previously undescribed DNMs in SCZ patients: a nonsense mutation in the ZMYND11

gene and missense mutations in the KHSRP and LRRC7 genes.

Our main question was: How do these mutations affect neuronal development and
function in humans? Using hiPSC-based disease models, we generated hippocampal
NPCs and DGGCs from both patients to explore how these mutations affect

neurodevelopment and function.

For the ZMYND11 mutation, we found altered transcriptomic profiles, particularly in
genes related to neuronal differentiation and synaptic function, as well as a reduced

glutamate response in patient-derived neurons.

In the case carrying the KHSRP and LRRC7 mutations, we observed molecular and
functional phenotypes with notable differences between cell lines from the trio, which
could be linked to neurodevelopmental pathology and, in part, to the identified DNMs.
The observed cell-autonomous phenotypes align partly with previous hiPSC-based SCZ
models, although some findings are more characteristic of autism spectrum disorder
(ASD).

We used different techniques to create genetic controls for our experiments. In the case
of ZMYND11 mutation, we decided to use CRISPR genome editing to specifically modify
the target gene. In the case of KHSRP mutation we established the healthy parent cell
lines to use as genetic controls. The two approaches both have several advantages and

drawbacks.

The isogenic pair model allows for precise control over genetic variables. This reduces
the influence of unrelated genetic variations and ensures that observed phenotypic
differences are attributable solely to the targeted mutation. However, CRISPR editing can
introduce off-target effects, and the model may lack the complexity of naturally occurring

genetic backgrounds, limiting its generalizability to broader patient populations.

In contrast, the case-parent trio model includes hiPSCs derived from a patient and both
parents, allowing us to assess the influence of DNMs in the context of natural genetic

variability within a family, where family members share genetic backgrounds partially.
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This model offers the advantage of examining how unique combinations of inherited and
new genetic variations contribute to disease phenotypes. However, the case-parent trio
model is more susceptible to confounding effects from unrelated background genetic
variations, which can make it challenging to isolate the impact of specific DNMs.
Additionally, creating hiPSC lines from multiple family members is resource-intensive
and may limit the number of clones per individual, which can affect experimental
consistency. The results should be interpreted and compared in the light of these

techniques’ strengths and limitations.

5.1 Impact of DNMs on Neuronal Differentiation and Function

511 ZMYND11 1495C>T nonsense mutation

ZMYND11 gene has been previously implicated in tumorigenesis and syndromic

intellectual disability due to its biological functions and known mutations (76, 77).

Its role in tumor formation, specifically, has been well-studied and is associated with a
loss of co-repressor function for actively transcribed genes (78). Although a ZMYND11
single nucleotide variant (SNV) has been observed in SCZ, numerous DNMs in
ZMYND11 have been linked to various forms of intellectual disability, with or without
brain malformations (79). These mutations predominantly affect the Bromo and MYND
domains of the protein, and to our knowledge, no prior studies have reported a mutation
in the NLS region. According to the Varsome database and personal communications
with Mario Benvenuto researcher in Foggia, Italy, this same mutation was found in a child
attention-deficit/hyperactivity disorder and speech delay and his unaffected mother,
suggesting it could be a transmitted SNV associated with milder neurodevelopmental
phenotypes. Our hypothesis is that previously described mutations may cause more severe
neurological alterations and clinical manifestations, such as syndromic intellectual
disability, through deficient ZMYND11 transcriptional regulation during

neurodevelopment.

It is plausible that the mutation investigated in this study affects the protein’s

nucleocytoplasmic transport, with no direct deficit in ZMYND11’s co-repressor function.
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Haploinsufficiency or dominant-negative effects, however, remain possibilities. The
altered nucleocytoplasmic ratio of ZMYND11 between wild-type and mutated hiPSC

lines (Figure 12) supports the involvement of nucleocytoplasmic trafficking.

In mouse primary cells, ZMYND11 has been shown to downregulate during in vitro
neuronal differentiation. Furthermore, ZMYND11 overexpression inhibited neuronal
differentiation and reduced neurite outgrowth, suggesting an inhibitory role (58). In our
model, ZMYND11 mRNA levels were lower in mutant hippocampal NPCs and neurons,
although an overall increase in mMRNA levels was observed during neuronal

differentiation. (Figure 15)

Using isogenic pairs, we found that the R399X mutation does not significantly affect
DGGC differentiation; both the Pat-Mut and Ctrl-Mut hiPSC lines differentiated into
functional hippocampal NPCs expressing SOX2 and Nestin . Upon further differentiation,
all NPC lines reached a mature neuronal stage characterized by MAP2 and PROX1
expression, as well as spontaneous Ca-transients indicative of synaptic activity.
Interestingly, we observed that in hippocampal NPCs and neurons, ZMYND11 was
localized exclusively in the cytoplasm, suggesting sequestration from the nucleus during
neuronal differentiation, similar to the related protein, ZMYNDS8 (80). To further
investigate subtle gene expression differences, we conducted transcriptomics at the NPC

and neuronal stages using RNA sequencing.

5.1.2 KHSRP 6416869C>A missense mutation

Similarly in the case of KHSRP and LRRC7 mutants, all hiPSC lines were differentiated
into homogeneous SOX2- and NESTIN-expressing neuronal progenitors, followed by
MAP2- and PROX1-expressing functional dentate gyrus neurons, consistent with
previous reports. gPCR analysis showed efficient neuronal differentiation, evidenced by
the expression of neuronal markers NeuroD1, FOXG1, and PROXL1 in the proband-
derived NPCs and neuronal cultures. Notably, NeuroD1 mRNA levels were higher in the
proband-derived NPCs than in those derived from the parents. While Yu et al. reported
lower expression of neuronal markers in SCZ-derived neurons in a case-control study

(37), our trio-based design revealed nearly equal marker expression across the case-parent
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lines. The mature neurons differentiated from the NPCs were functional, as shown by
spontaneous activity in Ca-imaging experiments, although direct neuronal comparisons

were not performed, as our primary focus was the neuronal progenitor stage.
5.2 Transcriptomic analysis

It’s important to note that as a result of the hippocampal differentiation protocol we used,
the NPCs already show transcriptomic differences in contrast to cortical differentiation
protocols (37). Notably, in both SCZ samples, certain genes responsible for neuronal
differentiation were upregulated at the NPC stage. Additionally, in the mature neuronal
stage of the ZMYND11 mutant, genes associated with neuronal function were
upregulated. This pattern may indicate accelerated neuronal differentiation. While our
data only provide transcriptomic evidence for this hypothesis, others have observed this
phenotype in cellular models, such as organoids (81). Overexpression of neuronal
differentiation genes and underexpression of glial function genes is a molecular signature
reported in other hiPSC models of SCZ (82). Precocious neuronal differentiation has also
been observed in ASD, a genetically and clinically related condition (83). These findings

further support the neurodevelopmental theory of SCZ and ASD (50).

Furthermore, in ZMYND11 mutant neurons, given the enrichment of GO terms related
to synaptic function (e.g., “synapse organization” and “modulation of chemical synaptic
transmission”), our study supports the hypothesis that synaptic dysfunction is a critical
component of SCZ pathogenesis. Specifically, the enrichment of the GO term “synaptic
transmission glutamatergic” points to the involvement of the glutamatergic system, as
previously reported (84, 85). Overexpression of glutamate receptors is noteworthy, as
numerous studies indicate that NMDAR hypofunction is a key aspect of SCZ
pathophysiology at later stages (22). The discrepancy between overexpressed
glutamatergic genes in vitro and in vivo glutamatergic hypofunction may reflect
compensatory mechanisms or differences in developmental trajectories and different time

points of the disease process.

In the ZMYND11 experiments, certain DE genes were observed in all samples (common
across genetic backgrounds and differentiation stages), including some neuronal genes

that could be promising candidates for further evaluation. Among the OE genes are LHX1
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and LHXS5, transcription factors crucial for forebrain and hippocampal development (86).
The overexpression of SHANK1, a postsynaptic scaffold protein associated with
glutamatergic transmission and ASD, and ANO3, a Ca-sensor implicated in synaptic
responses in the hippocampus, further suggests a link between the ZMYND11 mutation

and synaptic dysfunction (87-89).

The presence of KHDRBS2, an RNA-binding protein involved in alternative splicing and
linked to SCZ and Alzheimer’s disease, in the OE group suggests that splicing
dysregulation may underlie ZMYND11 mutation effects (50, 90). Further studies could
clarify how altered splicing contributes to this molecular phenotype. Underexpressed
(UE) genes included SLC34A2, CD74, and TPM2. SLC34A2, with low but detectable
brain expression, was previously identified as differentially expressed across SCZ, ASD,
and bipolar disorder (91). The underexpression of CD74, predominantly expressed by
glial cells, could suggest a decreased glia-neuron ratio in mutant samples (92). Single-
cell RNA sequencing would be essential to confirm these findings.

The results from our RNA sequencing and functional assays from two SCZ patients with
different genetic backgrounds suggest significant molecular differences in neurons
derived from SCZ patients. Additionally, we would like to highlight the common features
that indicate specific directions: namely, neuronal differentiation and synaptic function,
especially in the glutamate system.

Our experiments did not include protein-level analyses, which are necessary to validate
the significance of these transcriptomic changes. Nonetheless, the functional differences

support that these DNMs have caused changes in cellular function.
5.3 Functional findings: reduced reactivity to glutamate

To assess functional differences, we conducted calcium imaging experiments. In vivo,
Calcium signaling plays an essential role in the differentiation and migration of neural
stem cell populations (93). Previous studies have shown that NPCs can be used to measure
intracellular Calcium signaling, reflecting neuronal progenitors’ reactivity to different
ligands, with alterations seen in SCZ and ASD models (37). We tested NPC reactivity to

glutamate, as dentate gyrus progenitors typically receive glutamatergic input.
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KHSRP and LRRC7 mutant proband-derived NPCs showed reduced calcium reactivity to
glutamate compared to father- and mother-derived NPCs (74).

In another set of experiments, we tested the glutamate reactivity of DGGCs from
ZMYND11 mutant cells. Similarly to the NPCs, decreased activity was detected in the
SCZ samples (34). Consistency between the two different SCZ cases further strengthens
the role of the glutamate system in SCZ pathomechanism. Previous literature has shown
similar findings: Yu et al. (45) reported lower spontaneous calcium activity in SCZ-

derived neurons.
5.4 Synthesis of the results

Mutations in both ZMYND11 and KHSRP appear to interfere with glutamatergic
signaling, a pathway long associated with SCZ. Furthermore, the observed upregulation
of neuronal differentiation genes with both mutations aligns with the neurodevelopmental
hypothesis of SCZ, which posits that early disruptions in neuronal development can lead
to lasting functional impairments in the brain (2).

The distinct mechanisms of these two mutations—ZMYND11 affecting transcriptional
regulation via chromatin interactions, and KHSRP influencing RNA stability and
splicing—highlight the range of molecular pathways that may contribute to SCZ. Based
on this, it is worthwhile to study individual cases, as this could potentially lead to the
development of more targeted, personalized treatment methods in the future.
Additionally, the convergence of transcriptomic and functional phenotypes reinforces the
idea that different biological pathways ultimately converge, and the clinical symptoms
are caused by a dysfunction in a specific system, in this case, the glutamatergic synapses.
This offers hope for further research, as we may find a pharmacological target that, when

influenced, could potentially treat patients with diverse genetic backgrounds.

To our knowledge, this is the first study to employ reprogramming in a case-parent trio
design to evaluate the potential molecular effects of DNMs in SCZ. Such studies may
pave the way in the future for personalized, precision medicine approaches in hiPSC -

based disease modeling.
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5.5 Limitations

These findings should be considered within the study's strengths and limitations.

While hiPSC -based models are invaluable for examining specific mutations, they may
not entirely reflect the complexity of in vivo neuronal development. The neurons derived
in vitro resemble fetal neurons more closely, leaving open questions regarding how

accurately they model the adult SCZ brain.

The XCLI1 control cell line derived from a newborn’s umbilical cord blood lacks data on
long-term neuropsychiatric health, which, while not affecting ZMYND211-specific

findings, may limit its appropriateness as a control.

In the KHSRP mutation where the case-parent trio approach was used, there is a bipolar
patient in the investigated family who was not included in the experiments. This suggests
that, in addition to the identified DNMs contributing to the disorder, the SCZ patient may

also carry a significant level of genetic risk due to common variants.

Additionally, while CRISPR genome editing provides insights into underlying molecular
pathways, its methodological limitations include off-target effects and the challenge of
connecting transcriptomic changes in mutation-carrying NPCs and neurons to functional
differences observed in vivo. Moreover, copy number variations potentially arising during

the reprogramming process were not screened in the hiPSC lines.

Another limitation is the number of hiPSC clones used. While two hiPSC clones from the
proband and the mother were examined, only one clone was available for the father,
meaning the study did not fully meet the standard of using multiple clones per individual.

However, the clones that were analyzed yielded consistent and comparable results.

Further studies will aim to support transcriptomic findings paired with measurable
functional phenotypes, addressing the relevance of these physiological deficits to SCZ.
Finally, as we focused on two patient-specific DNMs, these results may not generalize to
other DNMs or other rare SCZ variants. Future studies should explore previously
described SCZ DNMs and expand on ZMYNDI11’s role in neurons and SCZ.

Future research should examine a wider range of mutations in larger SCZ patient cohorts,

to determine whether these findings hold across different genetic variants.
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Long term goal is to bridge these gaps, exploring how cellular dysfunction translates to
mental health symptoms, and identifying specific molecular targets for pharmacological

intervention.

Finally, investigating the interplay between genetic mutations and environmental factors

may enhance our understanding of SCZ’s multifactorial nature.
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6 Conclusions

* 1. Neuronal Differentiation and characterization of hiPSC lines from SCZ

samples:

hiPSCs derived from SCZ patients can develop into hippocampal neuronal

progenitors and functional DGGCs.

There were no significant observable differences in the differentiation,
growth and morphology of neural progenitor cells (NPCs) and neurons
(DGGCs) derived from SCZ patients.

Stage and fate specific markers were expressed similarly in patient-

derived and control cells.
ZMYND11 mutant hiPSCs show altered localisation of ZMYND11 protein

During neuronal differentiation, ZMYND11 protein becomes mostly

cytoplasmatic.

* 2. Analysis of transcriptomic profiles of NPCs and neurons:

RNA sequencing revealed significant changes in transcriptomic signatures

of ZMYND11 mutant progenitors and neurons

In ZMYND11 mutant progenitors’ genes responsible for neuronal
differentiation were overexpressed. In ZMYND11 mutant neurons genes
responsible for neuronal function and glutamatergic synaptic transmission

were overexpressed

» 3. Functional Assessment of NPCs and Neurons:

KHSRP, LRRC7 mutant NPCs show decreased reaction to glutamate

compared to parental cells.

DGGCs derived from ZMYND11 mutant SCZ patient generate functional
action potentials and calcium transients and respond to glutamate

stimulation.

We observed reduced reaction of ZMYND11 mutant DGGCs compared to

isogenic controls.
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7  Summary

In my PhD thesis, | explored in vitro disease modeling of schizophrenia (SCZ) through
two patient-focused projects. Both SCZ patients carried unique de novo mutations: one
in the ZMYND11 gene and another in the KHSRP and LRRC7 genes. Using induced
pluripotent stem cell (hiPSC) technology, we investigated how these mutations influence

neuronal differentiation and function.

We successfully reprogrammed patient cells into hiPSCs and established control lines
through two methods: creating isogenic lines via CRISPR editing for the ZMYND11 case
and reprogramming parental cells for the KHSRP and LRRC7 case. These hiPSCs were
differentiated into hippocampal neural progenitor cells (NPCs) and dentate gyrus granule
cells (DGGCs) using a hippocampal differentiation protocol. Both SCZ and control lines
formed functional NPCs and DGGCs, as evidenced by calcium transients and field

potentials.

Transcriptomic analyses revealed significant differences in genes related to neuronal
differentiation and synaptic function, indicating altered developmental pathways.
Functional studies showed decreased glutamate reactivity in SCZ samples: in NPCs for
KHSRP and LRRC7 mutations, and in DGGCs for ZMYND11 mutations.

Overall, our findings demonstrate that these mutations disrupt neuronal differentiation at
the transcriptomic level and impair glutamatergic signaling at the functional level. These
results support the neurodevelopmental theory of SCZ and highlight the role of
glutamatergic neurotransmission and synaptic dysfunction in SCZ pathology. Our work
identifies potential therapeutic targets and emphasizes the convergent molecular

pathways underlying neuronal dysfunction in SCZ.
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