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Abstract
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Human induced pluripotent stem cells (iPSCs) have opened new possibilities to recapitulate
disease mechanisms and to model disorders in vitro. In the studies presented here, iPSCs were
established to model neural differentiation in Down syndrome (DS), caused by trisomy for
chromosome 21 (T21); Dravet syndrome (DRS), caused by variants in the SCN1A gene; and an
ataxia syndrome, caused by a variant in the NFASC gene. The major aim has been to uncover
molecular and cellular mechanisms behind perturbed neurogenesis in the three disorders.

In Paper I, the analysis of transcriptomes and proteomes of the DS iPSC derived neural
model revealed several perturbed gene clusters with strong temporal dynamics along neural
differentiation, markedly down-regulated mitochondrial genes and a dysregulation of hub
proteins. These results predict complex and genome-wide changes in T21 neural cells associated
with prolonged cell cycle, reduced cell growth and a perturbed energy metabolism.

In Paper II, it was demonstrated that the transcriptional profile of iPSC based neural
model system for DS was enriched for differentially methylated genes and gene families
when compared to a corresponding euploid model. The differentially methylated genes were
enriched for transcriptional regulation and chromatin structure, suggesting novel mechanistic
links between the genomic imbalance caused by T21 and the global transcriptional dysregulation
in DS.

 In Paper III, it was shown that DRS patient iPSCs differentiated into GABAergic
interneurons exhibit a dysregulated epilepsy gene network as well as an altered expression
of genes involved in chromatin remodelling, accompanied by abnormal electrophysiological
properties and increased stress sensitivity.

In Paper IV, it was shown that neural iPSCs, established from a patient with an
ataxia syndrome and a novel homozygous variant in the NFASC gene, lack a full-length
neurofascin-186 important for cell adhesion. The patient derived neural iPSCs showed delayed
neuronal differentiation, reduced sprouting, shorter neurites and altered electrophysiology.

The Papers I-IV show that patient derived neural iPSCs enable to identify molecular
and cellular mechanisms associated with neuropathogenesis. Besides specific dysregulated
pathways and cellular defects in models of three developmental disorders, with shortlists of
novel candidate disease biomarkers, the results are consistent with prior data and clinical
presentation of patients. The knowledge gained is of paramount importance for translation into
clinical settings and a step towards development of novel therapies with the ultimate goal to
alleviate symptoms of affected individuals.
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Introduction 

Science is more than a body of knowledge. It is a way of thinking; 
a way of skeptically interrogating the universe with a fine 

understanding of human fallibility.  
– Carl Sagan 

 

The human genome 
In the mid-nineteenth century, remarkable scientific progress was made in ge-
netic research by establishing the cellular basis of heredity. It was already un-
derstood then that the cell nucleus contains hereditary information in thread-
like structures, later termed chromosomes1. Almost a century later, the deox-
yribonucleic acid (DNA), the molecular carrier of genetic information, was 
structurally solved2. DNA is an antiparallel double-stranded polynucleotide 
that determines the genetic code through the order of nucleotides guanine, ad-
enine, thymine and cytosine2. These nucleotides base pair (bp) in a specific 
manner to build up the DNA sequence (adenine with thymine and cytosine 
with guanine). Most importantly, DNA is a template for transcribing ribonu-
cleic acid (RNA), which is then translated into proteins.  

The development of DNA sequencing methods enabled scientist to com-
mence the Human Genome Project in 1990 with an aim to sequence the full 
set of human genes. The first draft of the human genome was published in 
20013,4 and the complete sequence in 20045. This was followed by a revolution 
in the high-throughput sequencing technologies that resulted in affordable and 
relatively fast sequencing6. Thereafter, the 100 Genomes Project was 
launched7, and, to date, numerous countries have separately initiated the 100 
000 Genomes Project (including the United Kingdom, Japan, China, Aus-
tralia, Saudi Arabia, United States, Estonia, France, Dubai and Turkey)8. To 
date, over a million human genomes have been sequenced. 

Today, we know that the human genome consists of approximately 3.1 bil-
lion base pairs containing over 20 000 protein coding genes and numerous 
non-coding elements9. Strikingly, 99% of the total genome does not code for 
proteins and was considered as “junk” for a long time. However, with the En-
cyclopedia of DNA Elements (ENCODE) project it was shown that 80% of 
the genome does serve a purpose10. These discoveries have revolutionised the 
field of genetics, deepened our understandings about diseases and opened a 
new era in medicine.  
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Genetic Variation 
Remarkably large genetic variation between individuals has made it compli-
cated to understand the relationship between DNA sequence and phenotype. 
This diversity is the result of random alterations, known as mutations, that 
occur in our genes and non-genic functional regions7,11. A combination of en-
dogenous (e.g. mistakes in DNA replication) and exogenous processes (e.g. 
tobacco smoke) are the drivers of mutation12. The majority of mutations have 
a neutral effect on genetic fitness, but occasionally they can be adaptive or 
deleterious13.  

Mutations can be divided into types, including single nucleotide variants 
(SNVs), small nucleotide insertions or deletions (known as indels) and large 
rearrangements. SNVs are a substitution of a single nucleotide at a specific 
position in the DNA sequence, and these substitutions account for most ge-
netic variation in humans14. Most SNVs have no effect, but missense or non-
sense variants within a gene or in a regulatory element of a gene can cause 
disorders through amino acid alterations, premature stop codons, frameshifts 
or disruption of the splice sites15. Small insertions and deletions (indels) range 
from 1 to 10 000 bp in length and they are caused by repeat expansions, trans-
poson insertions and random sequences16. Indels are distributed throughout 
the human genome, similarly to SNVs, and they can cause disorders when 
they occur at functionally important sites16. Another type of mutations are 
large rearrangements also known as structural variants. They include inver-
sions, translocations and copy number variations that are larger than 1 kb17,18. 
Large rearrangements in protein coding or non-coding regions can result in 
disorders. 

The described variations can be inherited within families as dominant or 
recessive alleles or they can occur de novo in germ cells (e.g. sperm and egg) 
or in the zygote state. Sometimes somatic mutations take place during devel-
opment but these alterations are not transferred to the offspring19. 

Identifying genes and gene variants for Mendelian and 
complex disorders 
Mutations that disrupt normal molecular processes can lead to either Mende-
lian (also known as monogenic) disorders or complex, multifactorial disor-
ders. Mendelian disorders are caused by a deleterious mutation that occurs at 
a single genetic locus20 while complex disorders are caused by multiple defec-
tive genes in combination with environmental factors and lifestyle21. While 
monogenic disorders follow a Mendelian pattern of inheritance, complex dis-
orders have no obvious inheritance pattern, making them difficult to study and 
treat. 
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Currently, patients are diagnosed for discrete disease entities based on clin-
ical presentation, but identification of disease-causing genes and gene variants 
is essential for mechanistically understanding the disease and developing 
treatments. However, discrimination between normal variation and disease-
causing mutations is not straightforward. Often, it is assumed that variants 
found in highly conserved or functionally important regions are more likely 
pathogenic. Therefore, the first step to study a genetic disorder is to identify 
the location of the gene likely causing the disorder. This can be done by im-
plementing first generation, next-generation and third-generation sequencing 
techniques. Identified genetic variants can be followed up by additional ex-
perimentation using human samples or model systems, in order to link them 
to disease. 

Sanger sequencing was the first precise sequencing method22. It is still in 
use to produce high quality reads less than one kb in length23. The method has 
limitations, such as low throughput and high cost, which led to the develop-
ment of next-generation sequencing platforms that allow parallel sequencing 
of DNA and RNA (cDNA) fragments, making these technologies high 
throughput23. Whole genome sequencing and whole exome sequencing are 
widely used methods that implement next-generation sequencing. While 
whole genome sequencing targets both the coding and non-coding parts of the 
genome to identify genetic variations, whole exome sequencing only targets 
coding parts23. Recently, third- generation sequencing methods that produce 
long reads with unprecedented quality emerged and are under active develop-
ment24.  

Model systems for genotype-phenotype correlations 
Limited availability of human cells and tissues has promoted modelling of 
human disorders in other living organisms or in cell culture systems. Both 
approaches, knows as in vivo and in vitro model systems respectively, have 
been extremely important for understanding basic gene function, discriminat-
ing between normal and pathogenic variations and identifying disturbed cel-
lular processes caused by pathogenic mutations.  

In vivo model systems 
Invertebrate organisms (e.g. nematode worm and fruit fly), non-mammalian 
vertebrates (e.g. zebrafish) and various mammals’ species (e.g. mice and rats) 
have been used in laboratory settings to help understand biological processes 
in health and disease. These model systems have relatively short life cycles 
and large number of offspring. In addition, many genes identified in these spe-
cies are homologues to human genes25–29, allowing researchers to investigate 
the function of these genes without using human cells or subjects.  
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Despite some genetic conservation, the last common ancestor of humans 
and fruit flies can be placed around 780 million years ago30, humans and nem-
atodes around 700 million years ago31, humans and zebrafish around 450 mil-
lion years ago32 and humans and mice around 75 million years ago33. It is 
therefore unsurprising that significant genetic differences occur between these 
organisms. In disease modelling, the differences raise problems when trans-
lating findings in model systems to humans, and limit what may be con-
cluded27. This is also the reason why studies on in vivo model systems can fail 
to predict human reactions to pharmaceutical products and environmental 
agents34. 

In conclusion, different in vivo model systems have been essential, albeit 
not perfect to investigate gene-phenotype correlations.  

In vitro model systems 
The drawbacks of available in vivo model systems to study human disease 
make complementary in vitro systems important. Different immortalized and 
cancer cell lines are available for studying molecular pathways, genetic ma-
nipulations (e.g. knockdown, knockout, protein and RNA overexpression) and 
drug response35,36, but culturing cells for generations changes their character-
istics and can make them unsuitable representatives of their primary tissue 
cells37, and therefore less suitable for disease modelling.  

Recently, pluripotent stem cells (PSCs) emerged as a tool to model differ-
ent human tissues38–40. Pluripotent stem cells (PSCs), including embryonic 
stem cells (ESCs) and induced pluripotent stem cells (iPSCs), have an unlim-
ited capacity to self-renew in culture as well as the ability to undergo differ-
entiation into almost any cell type found in the human body40–42. In disease 
modelling, PSCs derived from patients maintain the genetic signature of the 
patient, and thus enable linkage of an in vitro cell phenotype to a clinical 
presentation. ESCs are similarly suitable for disease modelling, but their usage 
is prevented by ethical issues and limited access to embryos with a desired 
genotype43. ESCs and iPSCs have been shown to be morphologically, tran-
scriptionally and epigenetically similar41,44, therefore human iPSCs have 
emerged as a useful alternative to ESCs.  

Selected methods for read-out of model systems 
Accurate disease models combined with suitable molecular biology tech-
niques are extremely important for understanding disease pathogenesis and 
for developing novel therapeutics. Molecular biology techniques involve ma-
nipulation and analysis of DNA, RNA and proteins.  
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Genome editing in biomedical research  
Combining model systems with gene editing enables research into both Men-
delian and genetically complex disorders. Different methods with high effi-
ciency and safety are available to change the DNA in cells and model organ-
isms45. The biomedical research field has advanced enormously with the emer-
gence of the clustered regulatory interspaced short palindromic repeat 
(CRISPR) system in combination with CRISPR associated (Cas) proteins (e.g. 
CRISPR/Cas9)46. This technique made it possible to generate isogenic cell 
lines from individuals that possess the same genotype or differ by only a single 
or a few genes. Thus, they are perfect control cell lines to study genetic disor-
ders. Generation of such cell lines can be done by either introducing disease 
alleles into healthy cell lines or by repairing disease causing alleles in patient 
cells47. It has also been implemented to eliminate targeted chromosomes48, 
which could theoretically be used to generate control lines for trisomic disor-
ders.  

‘Omics’ approaches to disease 
Comprehensive assessment of a set of molecules, referred to as ‘omes’, offers 
opportunities to discover novel biomarkers and understand processes that un-
derlie disorders49, even when a patient is in a pre-symptomatic state50. Each 
‘omics’ dataset can provide a list of disease associated differences49. Today, 
there are many technologies which can capture entire pools of transcripts, pro-
teins, metabolites, and genomes.  

Epigenomics is used to characterize reversible modifications of DNA such 
as methylation49. Methylation is an essential DNA modification present in 
many animals, and it usually occurs on CpG sites in DNA, where it functions 
predominantly to silence gene transcription51. In many disease processes, the 
DNA methylation pattern changes52. Technological advances have opened 
possibilities to measure the genome-wide methylation at single-nucleotide 
resolution, enabling the study of methylation patterns in health and disease. 

Transcriptomics enables researchers to study the full set of RNA transcripts 
expressed in cells (the transcriptome). RNA sequencing (RNA-seq) is a key 
technique used for identification and quantification of expressed transcripts. 
It is a next generation sequencing method adapted to sequence RNA and it 
relies on deep-sequencing technologies and computational methods53. RNA-
seq has been shown to give more accurate results at measuring the levels of 
transcripts and their isoforms compared to other methods53. To date, this com-
monly used method has revealed global transcriptional dysregulations associ-
ated with many disorders.  

Proteomics is used for proteome profiling and detecting the most abundant 
proteins found in a cell, tissue or organism54. For high-throughput analysis of 
proteins, mass spectrometry (MS) based proteomics is implemented55.  
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Despite the clear advantages provided by ‘omics’ techniques, their use also 
presents numerous challenges54. Both technology and software are continu-
ously evolving, leading to results that might vary depending on the approach 
implemented. Further, the human proteome and metabolome are still not fully 
resolved and therefore limiting our understanding of results obtained by MS. 
Finally, several ethical issues are related to the storage of samples and ob-
tained data. The high cost of ‘omics’ technologies also limits their usage at 
present.  
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Induced pluripotent stem cell (iPSC) 
modelling for the identification of mechanisms 
behind neurodevelopmental disorders 

Essentially, all models are wrong, but some are useful.  
– George E.P. Box 

 
 

Development of the central nervous system 
The human nervous system is divided anatomically and developmentally into 
central (CNS) and peripheral (PNS) components56 that comprise billions of 
nerve cells, or neurons, and supporting neuroglia, or shortly glia57. The CNS 
consists of the brain and the spinal cord while the PNS is made up from cranial 
and spinal nerves and glia outside of the CNS56. The development of the CNS 
begins in the third gestational week with specialisation of the embryonic mid-
line ectoderm into neural ectoderm56 (Figure 1). This process is actively di-
rected by the inhibition of bone morphogenetic protein (BMP) signalling58. 
Neural induction leads to formation of the neural plate, followed by neurula-
tion where the edges of the neural plate lift upwards to form the neural 
groove59. During the fourth gestational week, the neural plate folds further 
inward and on embryonic day 30 it closes and segregates from the non-neural 
epithelium to form the neural tube58,59.  

 
Figure 1. Early events during the development of the nervous system. The nervous 
system development is initiated by the inhibition of BMP signalling which leads to 
the formation of the neural plate. The neural plate folds further to from the neural 
groove that eventually will close and segregate from the non-neural epithelium to 
from the neural tube – the precursor of the CNS. Modified from Liu and Niswander 
200558. 
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Subsequently, the neural stem cells within the neural tube start to proliferate, 
pattern and migrate to build up the nervous system60. These processes depend 
on the positional information and gradients of morphogens BMP, sonic hedge-
hog (SHH), WNT and retinoic acid61. Binding of these signalling molecules 
to their receptors activates their downstream transcription factors (TFs) that 
regulate neural differentiation and define the order of different sub-types of 
neurons62. The order of generating neural cells in the developing CNS is 
widely conserved across vertebrate species and well exemplified by cortical 
development. The first wave of cells produced in the neural tube are neurons 
that form the cortical layers61. This is followed by the production of glioblasts 
that differentiate into astrocytes, oligodendrocytes and ependymocytes61. For 
normal development of this complex system, proliferation, differentiation and 
migration of specific neural subtypes must be balanced43. 

After the formation of the neural tube, the presumptive future forebrain, 
midbrain and hindbrain become apparent in primary brain vesicles that later 
convert into five secondary brain vesicles (Figure 2)61. The prosencephalon 
(the future forebrain) brain vesicles develop into the cerebral hemisphere and 
structures underneath (thalamus, hypothalamus and epithalamus)63. This part 
of the brain is responsible for consciousness, sensorimotor transformation and 
sensory integration. Mesencephalon (the future midbrain) structures function 
mainly as a rely centre for sensory and motor impulses between forebrain and 
hindbrain structures. It is associated, for example, with vision, hearing, motor 
control and alertness. Rhombencephalon (the future hindbrain) secondary ves-
icles develop into pons, cerebellum and medulla. The medulla regulates res-
piration, heartbeat and reflex movements. The role of the pons is to relay sig-
nals that link both the spinal cord and the cerebral cortex with the cerebellum. 
The cerebellum is important for information integration in order to fine-tune 
output important for balance control.63  

At birth the human brain is only about 25% of its adult volume and the final 
size is reached at around 7 years of age61. The development of the brain and 
CNS continues into the mid-20s64 and is coordinated by genes. Disruption of 
these genes might lead to neurodevelopmental disorders (NDDs). 
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Figure 2. The presumptive brain subdivisions (the future forebrain, midbrain and 
hindbrain) in primary (upper left) and secondary (upper right) brain vesicles. Sagittal 
cut of the adult brain illustrating some of the forebrain, midbrain and hindbrain 
structures. Figure adapted from Wikimedia Commons65. 

Major groups of neurodevelopmental disorders 
NDDs have their onset in childhood and are characterized by impaired brain 
function and worsened ability to process information, learn and to communi-
cate. Currently, two major diagnostic classification systems for NDDs are in 
use (DSM-5 published by the American Psychiatric Association66 and the 
ICD-10 published by the World Health Organization67). Major groups of 
NDDs include intellectual disabilities (IDs), communication disorders, autism 
spectrum disorders, attention-deficit/hyperactivity disorders, specific learning 
disorders, motor disorders and other neurodevelopmental disorders66. Fre-
quently, comorbidity between these disorders is examined. Moreover, they of-
ten have polygenic and multifactorial etiologies68. 

ID disorders are defined by deficits in intellectual and adaptive function-
ing69.  Often, patients with ID have difficulties in problem solving, planning, 
abstract thinking, judgement and learning. The severity of these symptoms can 
vary from mild to severe and profound. ID can be caused by environmental 
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factors such as exposure to toxic substances, nutritional deficiencies, brain in-
fection, radiation, trauma and prenatal and either prenatal or postnatal compli-
cations. Additionally, different genetic causes have been identified, however, 
many cases are of unknown etiology.69 Examples of ID disorders determined 
by genetics or inheritance are Down syndrome (DS)70 and Fragile X syn-
drome71. 

Individuals diagnosed with vocal communication disorder may have apha-
sia, stuttering, verbal dyspraxia, articulation difficulties and slurry speech72. 
The etiology is not well understood, but as it seems to cluster in families, the 
genetic factors are likely involved72. 

Autism spectrum disorders are a heritable group of conditions diagnosed 
based on a complex behavioural phenotype73. Commonly, patients exhibit im-
paired socialisation and communication. Population studies suggest that au-
tism spectrum disorders have multifactorial inheritance. Over the last decade, 
the diagnostic yield has grown rapidly because of the identification of various 
candidate genes74–76. Additionally, environmental factors play a role in autism 
spectrum disorders68. 

Attention-deficit/hyperactivity disorders are characterised by inattention, 
impulsivity, hyperactivity and problems in social interaction and academic 
performance77. The etiology is complex and not well understood. Studies sug-
gest that alterations in dopaminergic and noradrenergic function plays a role 
in attention-deficit/hyperactivity disorders. Also, environmental factors con-
tribute to the disease.77 

Specific learning disorders are characterized by difficulties in reading, writ-
ing, and mathematics, in spite of normal intelligence and educational oppor-
tunities78. It includes conditions such as dyslexia, dysgraphia and dyscalculia. 
Various susceptibility genes have been identified, but we are far from under-
standing the etiology78,79. 

Childhood-onset motor disorders (also known as movement disorders) are 
a diverse group characterized by either unwanted, excessive movements (hy-
perkinetic disorders) or movement poverty (hypokinetic disorders)80. Abnor-
mal involuntary movements, uncontrollable muscle contractions, jerks and 
tics are common in hyperkinetic disorders while spasticity, dystonia, and ri-
gidity can be observed in patients with hypertonic disorders. In addition, pa-
tients can exhibit epilepsy, poor motor control, lack of voluntary coordination 
of muscle movements (ataxia) and difficulties in activities requiring coordina-
tion and movement80. The underlying etiology can be acquired or inherited81.  
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Investigated neurodevelopmental disorders 
Examples of genetically determined NDDs investigated in this thesis are 
Down syndrome (DS), Dravet disorder (DRS) and novel ataxia syndrome. 

Down syndrome  
Down syndrome (DS), also known as trisomy 21 (T21) is a common cause of 
developmental delay and ID. It is estimated to affect one in every 750 live 
births70. Individuals diagnosed with DS have variable clinical presentations 
but a characteristic facial appearance and a small, hypocellular brain is present 
to some degree in every affected individual82. Brain abnormalities lead to im-
paired cognition that is considered the main disabling feature in patients83–85. 

In 95% of cases, DS is caused by a complete trisomy for chromosome 21. 
This occurs during gametogenesis when human chromosome 21 (HSA21) 
fails to separate86 and results in an extra copy in all the body cells. In a minor-
ity of cases, the disorder is caused by Robertsonian chromosomal transloca-
tion or through formation of an isochromosome or ring chromosome86. In a 
few cases, following fertilization the errors in cell division and chromosomal 
malsegregation lead to mosaicism of T2187. Chromosome 21, despite being 
the smallest human chromosome, encodes 233 coding genes, 423 non-coding 
genes and 188 pseudogenes88. Many of the HSA21 genes show increased ex-
pression in individuals with DS, but also genome-wide dysregulations has 
been reported89,90. The connection between global dysregulation of genes and 
disrupted developmental processes are poorly understood.  

Various mouse model systems have been developed to study DS, but in the 
mouse the HSA21 genes are distributed between regions of chromosomes 16, 
17 and 1090, and the commonly used models (Ts65Dn91 and Ts1Cje92) only 
have partial trisomy of a region on chromosome 1693. These mice do exhibit 
some characteristics of DS, but their phenotype resembles more translocation 
DS. 

Imaging the brain of living individuals with T21, as well as post-mortem 
human brain specimens, has provided important information. These studies 
have shown that subjects with T21 have delayed prenatal growth of the cere-
bral cortex and hippocampus94,95. These forebrain structures exhibit reduced 
proliferative rate, fewer neurons84,96 and synapses95,97,98, smaller dendritic ar-
borizations99–101, defective myelination102 and disturbed glial cell fate103. Be-
sides defective development of forebrain structures, children with T21 have 
smaller midbrain and hindbrain structures (e.g. cerebellum, pons and medulla 
oblongata) compared to control children104. A hypomorphic cerebellum is also 
present in adults with T21105 and in the mouse model for DS106. Hypomor-
phism results from impaired neurogenesis and cell proliferation in these brain 
regions107.  
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The findings indicate that pathophysiological abnormalities associated with 
ID are established prenatally and earlier intervention would provide better out-
come. Current treatment options are limited and there is a great need to find 
candidate targets for novel targets for drug development. However, inaccessi-
bility of the relevant cell types and tissues hinders research. 

Dravet syndrome 
Dravet syndrome (DRS) is a devastating form of epilepsy characterized by 
drug resistant seizures with an onset within the first year of life. Following, 
affected individuals show cognitive decline that may progress independently 
from the frequency or severity of seizures108. Patients suffer from ataxia, neu-
rologic manifestations and are at high risk for sudden death109.  

In approximately 70% of cases, DRS is caused by de novo mutations in the 
highly conserved SCN1A gene. This gene encodes the α-subunit of the volt-
age-gated sodium channel Nav1.1110 mainly expressed in GABAergic inter-
neurons of the CNS111. Interneurons partake in the generation and propagation 
of action potentials (APs). Numerous genetic mouse models try to replicate 
SCN1A loss-of-function112. These models have haploinsufficiency of voltage 
gated sodium channel Nav1.1, which leads to decreased firing of GABAergic 
interneurons and causes hyperexcitability and seizures113. Interestingly, the 
pleiotropic mutation can lead to both mild and severe DRS114.  

Unfavourable long-term outcome in DRS patients makes it important to 
elucidate the neuropathophysiology behind this disorder. Precision medicine 
is limited by the phenotypic variability.  

Ataxia  
Ataxia is a physical finding that refers to a lack or loss of movement coordi-
nation, often indicating damage to (or dysfunction of) parts of the CNS re-
sponsible for this function (e.g. cerebellum, spinal cord, brain stem, cerebral 
white matter, cortex)115–117. Ataxia is characterized by incoordination of bal-
ance, unsteady gait, abnormal eye movements, errors in learning motor com-
petency and dysarthria116. Ataxia varies from transient episodes to lifelong 
conditions that are especially debilitating for children as they are still in a pro-
cess of learning motor competency118. Childhood ataxia has both hereditary 
and acquired causes and is estimated to affect approximately 26 out of 100 000 
children (1:3800)115. Ataxias are inherited through autosomal recessive, auto-
somal dominant, X-linked, and mitochondrial inheritance61. As ataxia can be 
the patients main complaint, or one of many symptoms116,117, the mechanisms 
underlying heritable ataxia syndromes are often unknown and need to be in-
vestigated61.  

In this thesis we introduce an early onset autosomal recessive ataxia syn-
drome that results from the novel homozygous mutation in the NFASC gene 
encoding neurofascin (NFASC)119. The pre-mRNA of NFASC can be spliced 
into more than 50 different isoforms120, of which isoform NF186 (186 kDa) is 
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expressed in neuronal cells of the CNS121. NF186 is a cell adhesion molecule 
involved in the formation of nodes of Ranvier and recruitment of voltage gated 
ion channels into the nodes and axon initial segments121. More precisely, it 
interacts with axon initial segment master organizer ankyrin G to cluster volt-
age-gated sodium (Nav) and voltage-gated potassium (Kv) channels121. In ad-
dition, NF186 is essential for the maintenance of synapses and for tuning the 
output from Purkinje cells122–124. In cerebellum, dysfunction in signal tuning 
can affect motor coordination.  

Modelling neurodevelopmental disorders with induced 
pluripotent stem cells  
Induced pluripotent stem cells (iPSCs) are pluripotent cells generated from adult 
cells. They own the capacity to self-renew and an ability to undergo differenti-
ation into almost any cell type found in the human body (Figure 3b)40–42. The 
first iPSCs were generated by forced and transgenic expression of the transcrip-
tion factors known as Yamanaka’s factors (i.e. Oct3/4, Sox2, c-Myc and Klf4) 
in dermal fibroblasts (Figure 3a)41. Since then, this technology has proven its 
universality for cellular reprogramming in different somatic cells125. For the pro-
duction of the first human iPSCs, integrative retrovirus-vector were applied41. 
However, safer and more efficient delivery and expression of transgenes is en-
sured with non-integrative vector-based approaches126,127. 

During the reprogramming and long-term culture of iPSCs genomic alter-
ations such as point mutations, CNVs, epigenetic and chromosomal aberra-
tions may occur128–130. Besides, incomplete reprogramming, in which many 
colonies remain in an intermediate state, may take place. Therefore, charac-
terization of genetic integrity, as well as morphology and molecular charac-
teristics is needed for newly reprogrammed and long-term cultured iPSC lines. 
IPSCs should be able to self-renew unlimited times and independently of 
transgene expression. Morphologically and epigenetically, high quality iPSCs 
are similar to ESCs and exhibit a normal karyotype. On a molecular level, 
iPSCs express key pluripotency factors (Nanog, Oct4), ESC surface antigens 
(SSEA-3, SSEA-4, Tra-1-60, Tra-1-81) and down-regulate lineage-specific 
genes of the original somatic cell type. At the functional level, iPSCs must be 
able to differentiate into three germ layers127. True iPSC lines fulfil all previ-
ously mentioned criteria and can be useful for modelling a disorder of inter-
est39,131.  
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Figure 3. Induced pluripotent stem cells (iPSCs) derived from somatic cells can be 
differentiated into any cell type found in the human body. (a) Reprogramming of 
iPSC from the somatic cells (e.g. dermal fibroblasts) is achieved through overex-
pression of different combinations of transcription factors.  Figure adapted from 
Wikimedia Commons132. (b) It is characteristic for iPSCs to self-renew and undergo 
differentiation into any cell type of the three-germ layer (endoderm, mesoderm and 
ectoderm). 

IPSCs are especially important for understanding brain disorders as access to 
brain specimens is limited and post-mortem tissue and imaging studies yield 
little insight into the pathogenesis43.  Most importantly, it has been shown that 
differentiation of iPSCs into neural cells in vitro transit through stages that 
resemble events and cell populations present during in vivo neurogenesis (Fig-
ure 4)133. For instance, the inner cell mass (ICM) of blastocyst that forms in 
early embryogenesis resembles iPSCs with their capacity to self-renew and 
proliferate41,133. In vitro differentiation of iPSCs into neuroepithelial neural 
precursor cells (NPCs) corresponds to the NPCs produced by the neural plate 
in vivo133. Further in vitro differentiation of NPCs into rosette-type NPCs re-
sembles in vivo neurulation when the first waves of neurons are produced134. 
Further in vitro differentiation either in monolayer or three-dimensional (3D) 
culture leads to maturation of neural cells and this stage corresponds to in vivo 
fetal and adult neurogenesis. 
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Figure 4. Neural differentiation in vitro and in vivo. During the in vitro (upper row) 
differentiation of induced pluripotent stem cells (iPSCs) into neurons they transit 
through stages that resemble events and cell populations present during in vivo neu-
rogenesis (lower row). Modified from Mertens et al 2016133. 

Many human NDDs are caused by distortion in the abundance or functionality 
of neural cells, including specific neuronal subtypes or glial cells. Depending 
on the disease and the cell population of interest, differentiation of iPSCs into 
the appropriate cell lineage can be considered. Directed and undirected differ-
entiation approaches can be employed. In the case of directed differentiation, 
cell-fate is controlled by growth-factors and small-molecule compounds that 
mimic developmental signals135. Undirected differentiation starts by establish-
ing self-renewing pluripotent lineage-progenitor cells from iPSCs. These in-
termediate cell types can be extensively expanded and thereafter differentiated 
into relevant cells using both directed and undirected differentiation ap-
proaches4,129,136,137.  

Numerous directed differentiation protocols to produce neurons or glial 
cells from iPSCs have been described135. Several of these protocols are 
adapted to produce cortical neurons that are dysfunctional in the pathophysi-
ology in many NDDs. For example, DRS is caused by mutations in the SCN1A 
gene encoding a channel protein mainly expressed in cortical GABAergic in-
hibitory interneurons. Studies of the effect of a mutated SCN1A gene would 
thus require directed differentiation of GABAergic interneurons. The differ-
entiation to cortical and fore-brain neural cells can be initiated by induction 
with WNT and dual SMAD inhibition followed by patterning with SHH136. 
Modelling NDDs related to dysfunctional glutamatergic neurons would re-
quire other approach137. Various publications have demonstrated that the use 
of morphogenetic factors normally expressed in the developing brain may be 
used in culture conditions in vitro to generate specific neuronal cell 
types126,136,137. 

Neurogenesis can be modelled using undirected differentiation approaches 
implementing self-renewing pluripotent intermediates such as NPCs129,138. 
NPCs are captured at a defined stage in early neural commitment, making 
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them renewable, stable and homogeneous. It is characteristic for NPCs to ex-
press neuronal progenitor markers and form morphologically distinct rosette-
like structures that stay undifferentiated in the presence of epidermal growth 
factor (EGF) and fibroblast growth factor (FGF2)139. The removal of growth 
factors initiate differentiation of NPCs into neuronal and glial cells found in 
midbrain, hindbrain (MBHB) and spinal cord129. The NPCs are easily ex-
panded and differentiated in the modelling of NDDs. 

Evaluation of the cells generated is essential to ascertain that the appropri-
ate cell fate was introduced. Importantly, the expression pattern in the cell-of-
origin must be abolished and the expression of marker genes characteristic for 
the given cell type needs to be evident. Analysis of the morphology also en-
sures a successful differentiation. Furthermore, assessment of transcription 
profiles and deoxyribonucleic acid (DNA) methylation profiles of generated 
cells can give important information. In addition, functionality tests such as 
electrophysiological measurements may help determine if differentiated cells 
exhibit similar characteristics as the cells in vivo. The strongest proof is to 
show that a differentiated cell type is able to functionally replace the same cell 
type in vivo.135 

Moreover, there are now expectations that iPSCs may be used for replace-
ment therapy to ameliorate or even cure disease135. Transplanting patient-de-
rived iPSCs, in which mutations have been corrected by genome editing, is 
promising since it reduces the probability of host rejection. Therapeutic po-
tential of iPSC derived neural derivatives to repair the damaged CNS has led 
to clinical trials. The targeted diseases include recurrent high-grade gliomas, 
amyotrophic lateral sclerosis (ALS), chronic spinal cord injury, stroke, lower 
limb ischemia, neuronal ceroid lipofuscinosis, cervical spinal cord injury, 
macular degeneration, thoracic spinal cord injury, Pelizaeus-Merzbacher dis-
ease and Parkinson’s disease140. These studies are either on phase I or II and 
show that the patients tolerate the implantation of the cells and some patients 
even exhibit modest gain in their neurological function. This suggests that 
neural stem cell transplants can halt the advances of severe genetic disorders.  

Electrophysiological changes as a readout for a disease  
Some of the cells in the human body are electrically excitable (neurons, mus-
cle cells and some endocrine cells)141. Their electrical potential is achieved 
through different concentrations of ions, such as sodium (Na+) and potassium 
(K+), across the cell membrane. Because of the impermeable lipid bilayer, ions 
must cross the membrane only through specialized voltage-gated ion channels 
(e.g. Nav, Kv channels). These cells are excited by electrical or sensory inputs 
until they fire electrical potentials. In certain disorders, the electrical activity 
of the cells is distorted. Understanding the electrical properties of excitable 
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cells therefore has implications beyond the basic knowledge of organ func-
tions, namely it helps us understand neurological disorders and then test the 
effects of pharmaceutical compounds. Moreover, it is a good method to eval-
uate the properties of iPSC derived neurons, in order to assess whether disease 
influences electrical signaling.  

Measuring electrophysiological changes in individual cells, usually in volt-
age or current, became an option in the early 1970s with the development of 
the patch-clamp method142. This method implements an intracellular microe-
lectrode to measure the electrical potential across the plasma membrane143. 
Today, different patch clamp configurations are available, such as cell-at-
tached, inside-out, whole-cell and outside-out recording mode144 (Figure 5). 
In the cell-attached mode, measurements are made while the cell membrane 
is intact, while in inside-out mode they are made after separating the mem-
brane patch from the rest of the cell (the inside-out mode). The most com-
monly used configuration is the whole-cell recording mode that involves 
opening the interior of the recording pipette to the cytoplasm through brief but 
strong suction. The inside-out mode is a modified version of the whole-cell 
mode and it is suitable for measuring small patches or single channels. The 
whole-cell recording is used for measuring electrical potentials and currents 
in the entire cell. This can be done in the voltage-clamp or current-clamp con-
figuration. In the voltage-clamp mode the current is recorded while the voltage 
is kept constant and in the current-clamp mode the membrane potential is rec-
orded while the current is unchanged.144 
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Figure 5. Different patch-clamp configurations. In the cell-attached mode the seal 
between the recording pipette and the membrane is formed through mild suction and 
the membrane is left intact (cell-attached mode) or separated (inside-out mode) for 
recordings. In the case of the whole-cell patch clamp strong suction is applied to 
rupture the cell membrane and gain access to the cytoplasm. If the pipette is re-
tracted, outside-out recordings can be performed. Figure adapted from Veitinger 
2011145. 
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Experimental procedures 

Ethical permits and informed consent 
The local ethics committee for human research in Uppsala, Sweden (Dnr 
2016/209 for Papers I-III) or Stockholm, Sweden (Dnr 2016/430-31 for Pa-
per IV) approved all studies prior to initiation. Written informed consent for 
publications were obtained from the donors of skin punch biopsies, or from 
their legal guardians.  

Cell culture methods 

Reprogramming 
In Paper I, III and IV, fibroblasts were reprogrammed using CytoTune™-
iPS 2.0 Sendai Reprogramming Kit. This system applies nonintegrative Sen-
dai virus to deliver four Yamanaka factors (hKlf4, hc-Myc, hSox2, hOct3/4)41 
for efficient generation of iPSCs. After formation of iPSCs, colonies were 
manually picked for clonal expansion. Established iPSC lines were character-
ized for pluripotency and genomic stability. The assays implemented included 
karyotyping, embryoid body (EB) formation assay and immunofluorescent 
staining against pluripotency markers (NANOG, SSEA4 and TRA-1-60).  

Karyotyping 
Karyotyping allows detection of chromosomal abnormalities and assessment 
of chromosomal integrity. It is a method implemented in Paper I-IV. First, 
Colcemid was used to arrest the cells in the metaphase. This was followed by 
washing with hypotonic solution and fixing step. Finally, Giemsa-staining was 
performed to visualize and analyze chromosomes. Analysis was performed 
using Metafer slide scanning platform and IKAROS-software (both MetaSys-
tems). 

Embryoid body formation assay 
The capacity of the iPSC lines to differentiate into three germ layers was de-
termined by EB formation assay in Paper I, III and IV. The EBs were stained 
against markers for ectoderm, mesoderm and endoderm. The DNA from EBs 
was used to run TaqMan hPSC scorecard assay (Thermo Fisher Scientific) 
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which evaluates pluripotency and potential to differentiate into three germ lay-
ers.  

Immunofluorescence staining 
Immunofluorescence staining was performed in Paper I, II, III and IV ac-
cording to standard methodology. Briefly, cells were fixed on chosen 
timepoints with 4% paraformaldehyde, this was followed by primary and sec-
ondary antibody staining. The cells were imaged using either a Zeiss AxioIm-
ager or a Zeiss LSM700 confocal microscope. 

Undirected neural differentiation 
Patient specific neural precursor cells (NPCs) derived from iPSCs were the 
basis for Paper I, II and IV (Figure 6). They were generated as previously 
described129,134. In brief, iPSCs were neuralized to generate rosettes which 
were manually isolated and cultured five to seven days without EGF and 
FGF2. Thereafter, neural rosettes were dissociated into single cells and plated 
in the presence of growth factors on poly-L-ornithine and laminin L2020 
coated plates. A proportion of lines had the capacity to expand, exhibited dis-
tinct rosette structures, could be frozen and recovered, expressed neural pre-
cursor cell (NPC) markers (NESTIN and SOX2) and were able to differentiate 
into neuronal and glial cells after removal of growth factors. These lines were 
used for further experiments. To induce neural differentiation, FGF2 and EGF 
were removed from the culture medium. 

 
Figure 6. Workflow describing undirected neural differentiation and sampling (day 
0 and 30) 

Directed neural differentiation 
Directed cortical differentiation of iPSCs was based on the protocol from 
Maroof et al 136 and the cell culture enriched with GABA positive neurons was 
the basis for Paper III. Briefly, neural differentiation was induced using dual 
SMAD inhibition by supplementing culture media with tankyrase inhibitor 
XAV939, ALK2/3 inhibitor LDN193189 and ALK4/5/7 inhibitor SB431542 
(Figure 7). Subsequently, patterning towards the cortical lineage was accom-
plished by addition of SHH and its agonist purmorphamine into culture media 
for nine days. Thereafter the progenitors matured into neurons for 65 days 
(iPSC-GABA). 
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Figure 7. Workflow describing directed neural differentiation and sampling (day 0, 
19, 65) 

Proliferation assay 
Long-term live cell imaging in the IncuCyte ZOOM™ live cell imaging sys-
tem (Essen BioScience) was used to determine the proliferative rate of both 
trisomic and euploid NPCs in Paper I. Following the cell seeding, the images 
were taken after every second hour for 96 hours. IncuCyte software module 
for proliferations assay was implemented for analysis.  

Neurite outgrowth assay 
Neurite outgrowth assay was used in Paper I and IV to estimate the capacity 
of iPSC derived neural cells to form functional networks. The NPCs were 
seeded and maintained in differentiation medium as monolayers cultures for 
6 days either on coverslips or cell culture dish. In Paper I, this was followed 
by the immunofluorescent staining with β-III-tubulin (described under immu-
nofluorescent staining), neurites visualisation and counting. In Paper IV, after 
6 days of culture, cells were disassociated into neurospheres and kept 24 hours 
on a non-adherent cell culture dish. This was followed by embedding neuro-
spheres on coverslips and another 24-hour incubation. Thereafter images of 
neurospheres were captured and number and length of neurites were meas-
ured.  

Reactive oxygen species assay  
Analysis of reactive oxygen species (ROS) levels was performed in Paper I 
and III to examine ROS production in the cells under normal culture condi-
tions and under stress induced conditions. OxiSelect™ Intracellular ROS As-
say Kit (Cell Biolabs) was applied following manufacturer’s protocols. 
Briefly, neuronal cells were loaded with 2′,7′-dichlorodihydrofluorescein di-
acetate (DCFH-DA) non-fluorescent probe for 1 hour. Intracellularly occurs 
de-esterification of DCFH-DA into highly fluorescent 2′,7′-dichlorofluores-
cein upon oxidation. The change in fluorescence (excitation 480 nm, emission 
530 nm) was monitored for 120 minutes using VerioScan LUX plate reader 
(Thermo Fisher Scientific).  
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Whole-cell patch-clamp 
Electrophysiological studies were performed in Paper III and IV. Whole-cell 
patch-clamp method was used to characterize the neuronal biophysical activ-
ity. Depending on the project, either current-clamp or voltage-clamp record-
ings were carried out to measure resting membrane potential, sodium current 
density and spontaneous and evoked action potentials. Analysis and visuali-
sation of the data was done by using Axon pCLAMP10.5 software, Excel and 
GraphPad Prism.  

Molecular biology techniques 

Exome sequencing  
Exome sequencing was implemented in Paper IV to identify pathogenic var-
iant. DNA derived from blood was enriched with Agilent SureSelect Human 
All Exon 50M and thereafter analyzed by exome sequencing. Libraries were 
prepared from genomic DNA and enriched exome sequences. Constructed li-
braries were fragmented and thereafter hybridized to probes that capture the 
coding regions of genome. Non-coding parts were washed away. Post-capture 
libraries were sequenced on HiSeq2000 instrument (Illumina). Reads were 
mapped to the human reference genome (CRGCh37/hg19). Genome Analysis 
Tool Kit (GATK v.3.2.0) and ANNOVAR were used for variants calling and 
annotation, respectively. Non-synonymous and rare variants (allele frequency 
less than 1%) were considered for further analysis. In silico prediction tools 
were used to score deleteriousness of SNVs.   

Sanger sequencing  
Sanger sequencing was used in Paper III and IV to verify the mutations in 
fibroblast lines and iPSC samples. After isolation of genomic DNA from the 
cell cultures, standard PCR method, to amplify selected parts of genes using 
specifically designed primers, and Sanger sequencing were performed. 

Transcriptome sequencing 
Transcriptome sequencing (RNA-Seq) was an essential method used for con-
clusions in Paper I and III. Briefly, total RNA isolation was followed by de-
pletion of the ribosomal RNA, fragmentation and reverse-transcription to 
cDNA. cDNA was ligated to adaptors for sequencing library preparation se-
quenced on a HiSeq (Illumina). To be able to compare the abundance of tran-
scripts between the samples and to reveal differentially expressed genes and 
dysregulated pathways, several bioinformatic tools were applied. The normal-
ized gene expression was generated using the Spliced Transcripts Alignment 
to a Reference (STAR) software (http://star.mit.edu/)146. The differential gene 
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expression analysis was carried out using DESeq2 software147 which is avail-
able as an R/Bioconductor package. Analysis of the gene sets generated was 
done with Enrichr (http://amp.pharm.mssm.edu/Enrichr/), PANTHER 
(http://www.pantherdb.org/) and DAVID (https://david.ncifcrf.gov/) tools. 

Proteome analysis 
Proteome analysis was used in Paper I. Relative levels of proteins were quan-
tified with mass spectrometry to identify dysregulated pathways. Samples 
were ionized by matrix assisted laser desorption/ionization (MALDI) source. 
Ions where separated by the mass analyser based on their mass-to-charge ratio 
(m/z). Generated mass spectrum contained information on the abundance of 
ions and their m/z. Proteome analysis was performed on patient and control 
samples at the neural progenitor cell and the neuronal stage. 

DNA methylation analysis  
In Paper II, assessment of the DNA methylation of known CpG regions and 
promoters across the genome was done with Illumina HumanMethylation 
450K BeadChip and Illumina HiScan 2000 (Figure 8). The initial quality con-
trol and identification of signal intensities for each probe was performed using 
Illumina GenomeStudio Software. The methylation data was analyzed using 
the Minfi package by group-wise comparison between T21 and control sam-
ples. Differentially methylated probes (DMPs) where identified with dmp-
Finder function in R. To avoid small methylation differences between T21 and 
euploid lines due to stochastic variations, we only considered differences of 
>15% (average beta values of patients vs. controls) using an FDR adjusted p-
value (q-value) and a cut off < 0.05. Enrichment in functional categories was 
performed using the Gene Ontology (GO) knowledgebase database (geneon-
tology.org; PANTHER Overrepresentation Test (Released 20190711)) and 
the Molecular Function category. Gene expression data was retrieved for the 
neuronal stage from Paper I.  

 
Figure 8. Infinium HumanMethylation450 BeadChip (450K array) workflow. Bisul-
fite treatment is implemented to convert unmethylated cytosines into uracil. This is 
followed by whole-genomic DNA amplification using random hexamers. Amplified 
DNA products are enzymatically fragmented and purified. The fragments are dena-
tured into single strands and hybridized to the chip. The chip contains beads for each 
CpG site per locus and corresponds either to the methylated cytosine locus or to the 
unmethylated cytosine locus. Fluorescence staining is used to measure the intensities 
of methylated and unmethylated bead types. Finally, analysis of methylation data is 
performed using proprietary software.  
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Bisulfite sequencing 
Targeted DNA bisulfite sequencing with EpiTYPER technology (Agena Bi-
osceince) was implemented in Paper II to verify the results of Illumina 450K 
array. Genomic DNA was treated with sodium bisulfite using EZ-96 DNA 
Methylation kit (Zymo Research) and followed by PCR amplifying regions of 
interest by using T7-promoter-tagger reverse primers and in vitro transcrip-
tion. The resulting transcripts were specifically cleaved at uracil residues and 
subjected to MALDI-TOF analysis (Agena Compact MassARRAY Ana-
lyzer). The EpiTYPER software 1.2.22 was used to identify the mass-frag-
ments and for quantification of DNA-methylation at single CpG-sites or of a 
CpG-unit. 

Quantitative real-time PCR 
Quantitative real-time PCR (RT-qPCR) was applied in Paper I-IV. Sigma-
Aldrich Ready-made FastStart Universal SYBR Green Master (ROX) mix 
was mixed with designed primer pairs and cDNA from samples. StepOnePlus 
Real-Time PCR System (Applied Biosystems) was used to run the RT-qPCR. 
Analysis was performed with StepOne software v2.2.2 and GraphPad Prism 
software. The expression levels were normalized against housekeeping genes 
(GAPDH or ACTB).  

Western blot  
Western blot analysis was performed in Paper IV to examine the expression 
of neurofascin and ankytin G proteins in neural cells. Protein extraction was 
performed using Quiagen AllPrep RNA/Protein Kit. Protein concentrations 
was determined with ThermoFisher Scientific Qubit™ Protein Assay Kit and 
fluorometer. For western blot analysis, protein extracts were run on a 10% 
sodium dodecyl sulfate-polyacrylaide gel electrophoresis and electrotrans-
ferred onto nitrocellulose membrane. Immunodetection was done with pri-
mary and secondary antibodies, visualisation with LICOR ODYSSEY 91020 
imaging system and analysis with Image Studie Lite V 5.2 software.  
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Aims of the study 

The general aim of this thesis was to identify and characterize novel molecular 
pathways and key cellular mechanisms associated with abnormal neurodevel-
opment and cognitive impairment of three genetic disorders – Down syndrome 
(DS), Dravet syndrome (DRS) and novel ataxia syndrome.  
 
Specific aims for Paper I: 
 Establish self-renewing NPC lines from patients with DS and healthy in-

dividuals and enable robust, non-directed differentiation of neuronal and 
glial cells; 

 Assess established NPCs and differentiated NPCs with full T21 as a model 
for DS; 

 Identify biomarkers and neurodevelopmental perturbations in T21 neuro-
genesis from the analysis of proteins and transcripts using high-through-
put ‘omics’ technologies. 

 
Specific aims for Paper II: 
 Use model system established in Paper I to investigate the role of DNA 

methylation on T21 neurogenesis. 
 
Specific aims for Paper III: 
 Establish high quality iPSC lines from patients with DRS and healthy in-

dividuals and differentiate established lines into cell types relevant to the 
disorder (here cortical GABAergic interneurons); 

 Generate transcriptional profiles from neural precursors and GABAergic 
interneurons using RNA-seq and identify perturbed genes and networks 
associated with DRS; 

 Analyse electrophysiological properties of GABAergic interneurons with 
and without SCN1A mutations. 

 
Specific aims for Paper IV: 
 Establish self-renewing NPC lines from patient and healthy individual to 

perform robust, non-directed differentiation of neuronal and glial cells 
with an aim to investigate NFASC as a novel ataxia causing gene. 
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Results and Discussion 

Paper I. Transcriptome and proteome profiling of 
neural induced pluripotent stem cells from individuals 
with Down syndrome disclose dynamic dysregulations 
of key pathways and cellular functions 
 
Various studies have shown that iPSC based model systems recapitulate dif-
ferent abnormalities identified in DS brain103,148–153. From these studies only 
few have implemented deep RNA-seq to identify pathophysiological path-
ways related with T21 and even then either on undifferentiated iPSCs149,153 or 
on GABAergic interneurons148. Moreover, high throughput omics methods al-
low investigating temporal dynamic abnormalities along with neurogenesis 
that was not covered by those papers. To identify druggable pathways along 
neural differentiation and investigate the transcriptome and the proteome as-
sociated with T21, we developed a robust iPSC derived neural model system 
for DS.  

Initially, fibroblasts from two patients with full T21 (DS1 and DS2) and 
three age-matched healthy individuals (Ctrl1, Ctrl2 and Ctrl9) were repro-
grammed into iPSCs. Subsequently, stable self-renewing NPC lines that ex-
press Pax6 and NESTIN were derived for all individuals (Figure 9a). Follow-
ing 30 days of non-directed differentiation, the NPCs transitioned into more 
differentiated neural stage (DiffNPCs) where the cells were positive for 
TUBB3 (marker for immature neurons) and GFAP (marker for astrocytes) 
(Figure 9b).  

The acquired culture is suggested to be suitable to model MBHB129, that 
are less investigated brain regions compared to forebrain in DS85. Hypocellu-
larity caused by impaired neurogenesis and cell proliferation, is evident in all 
three regions84,107. This was also apparent in our trisomic NPCs that showed 
reduced proliferation rate compared to euploid NPCs.  
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Figure 9. Immunofluorescent staining of neural cells with full T21 (DS) and euploid 
controls (Ctrl) at two differentiation stages. (a) Representative images showed that 
both DS and Ctrl neural progenitor cells (NPCs) were uniformly immunopositive for 
NESTIN and Pax6. (b) Following 30 days of non-directed differentiation the cul-
tures contained both TUBB3 and GFAP positive cells.  

To investigate differences in global expression pattern between groups, we 
subjected euploid and trisomic samples at NPC and DiffNPC differentiation 
stages to transcriptome and proteome analysis. We first showed that transcrip-
tomes of neural cultures correspond to early- and mid-gestational age, sug-
gesting the iPSC-derived neural model to be relevant for early DS neurogen-
esis. In addition, transcriptome analysis revealed genome wide alterations in 
numerous genes in trisomic neural cells. In NPC stage, we identified 922 dif-
ferentially expressed genes (DEGs) (p<0.05) from which 79.6% were upreg-
ulated compared to controls. In DiffNPC stage, we identified 879 DEGs 
(p<0.05) from which 72% were upregulated. Proteomics detected mainly pro-
teins which expression in mRNA level was relatively high. In NPCs, 132 dif-
ferentially expressed proteins (DEPs) were identified in T21 lines 
(p<0.05/724), and in DiffNPCs, 51 DEPs were identified (p<0.05/439). The 
findings indicate that T21 leads to extensive molecular abnormalities. 

The analysis of RNA-seq data revealed functional clusters with strong tem-
poral dynamics of HSA21 genes along neural differentiation and the expres-
sion levels strongly deviated from an expected 3:2 dosage. Interestingly, 
RUNX1, a HSA21 gene recently reported to be responsible for certain neural 
phenotypes in DS154, had the strongest and most consistent upregulation at 
both differentiation stages. In addition, transcriptomics analysis identified 
down-regulation of 42% of mitochondrial genes.  

Analysis of the proteome confirmed alterations in expression of proteins 
involved in energy metabolism, membrane functions and cytoskeleton. Inter-
estingly, our trisomic NPCs also exhibited reduced cell proliferation while 
ROS were not altered. These results predict perturbed energy metabolism in 
studied neural cells and suggests an adaptation of the cells to energy shortage. 
These findings are consistent with previous studies showing that individuals 
with DS have dysregulated mitochondrial expression and energy shortage155. 

To identify dysregulated pathways and altered molecular functions in T21 
cells, we input DEGs and DEPs to Enrichr156. This analysis revealed that focal 
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adhesion, extracellular matrix function and TGF-beta signalling pathways are 
dysregulated in trisomic NPCs and DiffNPCs. Similar results were obtained 
with gene ontology (GO) enrichment analysis. Several aberrant pathways 
were associated either with NPCs or DiffNPCs. For instance, in trisomic 
NPCs, dysregulation of pathways for signalling that regulates pluripotency 
and synapse formation were observed, supporting perturbed neurogenesis. In 
trisomic DiffNPCs, perturbed glycolysis/gluconeogenesis, axon guidance and 
long-term depression of cerebellum pathways emerged.  

We also investigated hub proteins highly connected with other proteins 
within a functional module or a pathway that increases the probability for a 
phenotypic association. We identified 23 hub proteins within significantly al-
tered networks in trisomic NPCs and DiffNPCs and five of them were mark-
edly upregulated (ITGB1, VCL, CAV1, IL7R and APP). All identified genes, 
except APP, encode proteins with interconnected functions in focal adhesion 
and ECM-receptor signalling. These are critical processes for cell cycle regu-
lation, cell morphology, migration, axon guidance – processes disturbed in DS 
brains and DS models. Moreover, the upregulation of the hub gene APP also 
agrees with studies showing Alzheimer-like neurodegenerative processes in 
early DS brains157 and iPSCs with T21150,158.  

In conclusion, we established a model of DS neurogenesis and showed that 
T21 leads to complex and genome-wide expression changes, accompanied by 
prolonged cell cycle and perturbed energy metabolism. Our finding identified 
transcriptional and protein imbalances which lead to abnormal neurogenesis 
in DS. Importantly, we identified several new candidate biomarkers and path-
ways.  
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Paper II. DNA methylation changes in Down syndrome 
derived neural iPSCs uncover co-dysregulation of ZNF 
and HOX3 families of transcription factors 
The neural model system established in Paper I was implemented to clarify 
the role of differential methylation on T21 neurogenesis. Using the Illumina 
450K array, DNA methylation of known CpG regions and promoters across 
the genome was examined at two stages of neural differentiation (NPCs and 
DiffNPCs). With this method, 500 stable and differentially methylated probes 
(DMPs) in T21 neural cells were identified. 

The first notion was that the trisomic neural cells exhibited the tendency 
towards hypomethylation of DMPs (p<0.05). This slightly differs from the 
studies on DS fetal and adult cortex159,160. These results can be due to a com-
position of cell types in our model of T21 neurogenesis that contains a con-
siderable proportion of cells representing MBHB precursors129. Previously, 
large-scale genome methylation study revealed that the DNA methylation sig-
natures markedly differ between cerebral cortex (forebrain structure) and cer-
ebellum (hindbrain structure)161. More precisely, this study observed the cer-
ebellum being more hypomethylated while cerebral cortex rather hypermeth-
ylated, supporting our findings. So far, no methylation study has been per-
formed in DS MBHB structures. Besides that, it has been suggested that three 
shifts in the methylation pattern occur during neuronal development and the 
phase of hypomethylation takes over when progenitor cells produce young 
neurons162,163. This is also the developmental stage we investigated in our 
study.  

We also observed an uneven chromosomal distribution of DMPs, similarly 
to studies across variety of cells and tissues with T21159,160,164,165. Specifically, 
we identified significant hypomethylation of chromosomes 2, 8, 19, 21 and 22 
whereas chromosomes 6 were enriched and 17 depleted with hypermethylated 
probes (p<0.05) (Figure 10). Various studies have shown hypomethylation of 
chromosome 21159,160, supporting our findings. The reason for uneven chro-
mosomal distribution of DMPs is unclear. Nevertheless, it can be hypothe-
sized that chromosomal organisation in 3D is affected by the genomic imbal-
ance of T21.  
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Figure 10. Genomic distribution of hypomethylated (282) and hypermethylated (218) 
DMPs. We examined enriched hypomethylation (blue dots) of chromosomes 2, 8, 19, 
21 and 22 (chromosomes highlighted in blue squares) whereas chromosomes 6 were 
enriched and 17 depleted with hypermethylated probes (green dots; chromosomes 
highlighted in green squares). Visualisation of location of DMPs was done in Pheno-
Gram166. 

To investigate the differential methylation in genomic context, we looked the 
distribution of DMPs in CG rich regions known as CpG islands (CGIs) and 
their flanking regions – shores and shelves (within 2 kb or 4kb of a CGI, re-
spectively)167. These regions often co-localize with gene promoters and are 
more likely associated with transcriptional regulation168–171. Besides that, gene 
density is positively correlated with CG content, suggesting the importance of 
these regions. Interestingly, out of the 500 DMPs, 323 were either in CGIs or 
in proximity (within 4 kb). Out of 323 DMPs, 234 were annotated to 151 genes 
(either within 1.5 kb or 200 bp from a transcriptional start site, in the 5’UTR, 
1st exon, gene body or 3’UTR, of a gene172). Among the identified genes, 37 
were belonged to a DNA binding functional category (GO:0003677; Enrich-
ment 2.23; FDR 8.22E-03). These 37 genes are factors of importance for tran-
scriptional regulation and chromatin structure. These genes encode multiple 
members of the HOX proteins, HIST1 proteins, ZNF transcription factors, 
other transcription factors and other DNA binding proteins. We revisited the 
transcription data published in Paper I and showed that 12 out of 37 genes 
were differentially expressed in T21 neural cells (p<0.05). The identified 
genes and gene families suggest important novel links between the genomic 
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imbalance caused by T21 and the global transcriptional dysregulation in DS 
neurogenesis.  
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Paper III. Transcriptomes of Dravet syndrome iPSC 
derived GABAergic cells reveal dysregulated pathways 
for chromatin remodeling and neurodevelopment 
Even though previous studies have shed more light to DRS pathogenesis, the 
biological processes and molecular mechanisms are still not fully understood. 
To bring more clarity, we established an iPSCs from three DRS patients with 
different SCN1A variants and three healthy controls. As the mouse model113 
and iPSC-based studies173,174 suggest that GABAergic neurons mediate the ab-
normalities in DRS, we differentiated both patient and control iPSCs into 
NPCs (sampling day 19) and GABAergic inter-neuronal cells (sampling day 
65). At day 65 of differentiation, we showed with immunofluorescent staining 
that 80% of the cells in the culture were GABA-positive.  

We also assessed the electrophysiological properties of the neuronal cells 
with whole-cell patch-clamp recordings. We first evoked action potentials 
(APs) in response to step current injection and observed that the maximal fre-
quency of the APs was decreased in DRS inter-neuronal cells compared to 
controls. In accordance with the shift in the maximal AP frequency, we also 
observed shift of the sodium current activation to more depolarized potentials 
in DRS inter-neuronal cells. These finding recapitulate electrophysiological 
hallmarks of the haploinsufficiency of Nav1.1 in DRS interneurons. 

It is evidential that in DRS, seizures are often triggered by fever or other 
external stimuli175,176, indicating increased sensitivity to cellular stress in DRS 
neuronal cells. Besides that, it has been shown that oxidative stress contributes 
to the pathophysiology of epilepsy177. Therefore, we set out to investigate the 
intracellular levels of reactive oxygen species (ROS) in our cultures. Interest-
ingly, cells displayed comparable levels of ROS until hydrogen peroxide in-
duction markedly increased levels of ROS in DRS GABA lines. This suggests 
that inter-neuronal cells with mutated SCN1A gene exhibit impaired response 
to induced stress.  

We also subjected the samples to transcriptomics analysis to investigate the 
capacity of this model system to capture neurodevelopment of DRS. Evalua-
tion of the global gene expression pattern suggested that the cellular compo-
sition of out model system is similar to that of prefrontal cortex, fetal brain, 
dentate gyrus and superficial dorsofrontal area, representing the brain regions 
of interest. Moreover, temporal changes in global transcriptomes between 
NPCs and GABAergic inter-neuronal cells, as expected, highlighted upregu-
lation of genes (n=1210) in pathways for neuronal cell maturation and down-
regulation of genes (n=780) in pathways negatively associated with differen-
tiation. The time course analysis of the transcriptome data between DRS and 
control lines identified numerous transcripts that changed expression in a con-
dition-specific manner over time in DRS neural lines. These DEGs were either 
markedly downregulated between day 19 and day 65 in DRS lines, whereas 
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in control lines their expression increased or retained, or opposite. Pathway 
analysis revealed that these DEGs belonged to a Histone Modification and 
Cell Cycle pathways.  

Finally, we sought to identify genes that were dysregulated in DRS inter-
neuronal cells at both differentiation stages. This resulted in ten genes that 
included one antisense transcript, five long non-coding RNA genes and four 
protein coding genes (DPP6, GSTM1, LYNX1 and ZXDA). Three of protein-
coding these genes have an important neuronal function. Dipeptidyl peptidase 
VI encoded by DPP6 is essential for excitability and synaptic long-term po-
tentiation178. Glutathione S-transferase encoded by GSTM1 is an epilepsy as-
sociated gene that plays important role in oxidative stress control. It is also 
considered as a genetic factor influencing the response to anticonvulsant ther-
apy.179 Finally, Ly6/neurotoxin encoded by LYNX1 is a gene regulating plas-
ticity in the mature cortex180. These results prove the usefulness of our iPSC-
based model system to capture Nav1.1 haploinsufficiency caused dysregula-
tion relevant for DRS.  

In conclusion, transcriptome analysis on GABAergic neuronal cultures 
with various SCN1A variants showed dysregulated genes for chromatin struc-
ture, mitotic progression, neural function, exhibited shifted Na-current activa-
tion and perturbed response to induced oxidative stress. This study, besides 
revealing transcriptional dysfunctions in DRS GABAergic cultures, provides 
a framework that overlaps with that of neurodevelopmental disorders and ep-
ilepsies. 
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Paper IV. Ataxia in patients with bi-allelic NFASC 
mutations and absence of full-length NF186 
 
Ataxia itself stands for a physical finding defined as lack or loss of voluntary 
muscle movements. It can be the patient’s main complaint or one of many 
symptoms116,117, thus the underlying etiology needs to be investigated. In this 
study, siblings with progressive ataxia and muscular weakness were exam-
ined. As the main findings also included dysarthria, poor balance and vertigo, 
dysfunction of cerebellum was suggested. Exome sequencing identified a 
novel homozygous variant (c.3020-1G>A) at splice site in the NFASC gene as 
the disease causal mutation.  

To investigate the underlying cause of symptoms in the patients, we first 
assessed the potential effect of the splicing variant at RNA level. We showed 
that the homozygous variant c.3020-1G>A leads to complete loss of NFASC 
full-length isoform NF186. Interestingly, this isoform NF186 is highly ex-
pressed in the CNS121, and in animal models, loss of NF186 leads to dysfunc-
tion of cerebellum and motor coordination181. Similarly to previous stud-
ies181,182, we observed significantly reduced expression of ankyrin G in the 
absence of NF186. We therefore decided to investigate the effects of this mu-
tation for human brain development further in an iPSC based neural model 
system. 

To estimate the capacity of patient neural cells to form functional network 
during development, we performed a neurite outgrowth assay. Interestingly, 
the patient derived neural cells sprouted significantly fewer and shorter neu-
rites and appeared to be delayed in their neuronal differentiation compared to 
neurons from control individual. A possible explanation is the dysregulation 
of genes that have a function in migration and neurite outgrowth. Previously, 
overexpression of axon guidance ligand SLIT3 was shown to cause shorter 
neurites183,184. Interestingly, overexpression of SLIT3 was also observed dur-
ing neuronal differentiation of our patient cells compared to Ctrl cells.  

To follow the differentiation of NPCs into more mature neural cells, we 
measured the expression of neuronal markers DCX and MAP2 and the elec-
trophysiological activity of these cells. In patient cells, expression of both 
markers remained lower as compared to healthy control cells. This suggested 
that neurons lacking full-length NF186 display aberrant neurogenesis. This 
was also supported by the whole-cell patch-clamp recordings that showed that 
the patient derived neural iPSCs had altered electrophysiology. More specifi-
cally, recorded inward sodium currents in response to depolarized membrane 
potentials showed that patient neuron Nav channels activated at about 10 mV 
more negative membrane potentials compare to the control neuron Nav chan-
nels. This suggests that patient neurons need smaller membrane depolariza-
tions to open, and thus, have lower opening threshold. In addition, the peak-



 45

current amplitude for activation was lower in the patient derived neurons, in-
dicating the presence of fewer Na+ channels in the patient neurons.  

Within this study, we showed that neurons lacking full-length NF186 were 
delayed in their neuronal differentiation, sprouted fewer and shorter neurites 
and had altered electrophysiology. All these aberrant processes are likely det-
rimental for the developing brain. This study illustrates the usefulness of hu-
man iPSC neural model systems for the identification of key mechanisms be-
hind ataxia.  
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Conclusions 

We established cellular models of human neurogenesis to investigate dis-
turbed mechanisms in three different neurodevelopmental disorders. Analysis 
of these models highlighted major disturbed molecular and cellular functions 
and shed more light on the neuropathogenesis of Down syndrome (DS), Dra-
vet syndrome (DRS) and a novel ataxia syndrome. Furthermore, the findings 
presented in these papers suggest molecular targets for the development of 
future therapeutic strategies. 

In Paper I, an iPSC-based neural model system for DS that recapitulates 
abnormalities identified in DS brain was established. It was shown that T21 
leads to complex and genome-wide expression changes, accompanied by a 
prolonged cell cycle and a perturbed energy metabolism. Additionally, tran-
scriptional and protein imbalances which may lead to abnormal neurogenesis 
were identified. Most importantly, several new candidate biomarkers and 
pathways were revealed within this paper. Moreover, this model system shows 
promise for that future understanding of mechanisms behind perturbed neuro-
genesis at early stages in the DS fetal brain. 

In Paper II, a trisomic neural model system was implemented to clarify 
the role of differential methylation on perturbed T21 neurogenesis. The iPSC-
based model system for DS was enriched for differentially methylated genes 
and gene families (e.g. HOX, HIST1 and ZNF) of importance for transcrip-
tional regulation and chromatin structure. These genes and gene families sug-
gest important novel links between the genomic imbalance caused by T21 and 
the global transcriptional dysregulation in DS neurogenesis.  

In Paper III, an iPSC-based model system for DRS that exhibits Nav1.1 
haploinsufficiency, characteristic electrophysiological abnormalities and im-
paired response to induced cellular stress was established. Transcriptome anal-
ysis highlighted dysregulation of genes for chromatin components and its 
modifications as well as cell cycle regulators in DRS neural cells. Moreover, 
these cells exhibit co-dysregulation of genes essential for neuronal plasticity, 
excitability and connectivity. 

In Paper IV, we identified a novel homozygous variant (c.3020-1G>A) in 
the neurofascin (NFASC) gene in siblings affected by progressive ataxia and 
muscular weakness. We showed that this variant leads to the complete loss of 
NFASC full-length isoform NF186 highly expressed in the CNS. Using a pa-
tient derived iPSC neural model system, we showed that neurons lacking full-
length NF186 exhibit altered electrophysiology and sprouted fewer and 



 47

shorter neurites. In addition, these neurons were delayed in their neuronal dif-
ferentiation.  

Overall, presented studies illustrate the usefulness of human iPSC neural 
model systems for the identification of key mechanisms behind neurodevel-
opmental disorders.   
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Future perspectives  

Most putative drug candidates face attrition during clinical trials due to safety 
issues or poor efficacy. This is often attributed to dependence on animal mod-
els or immortalized and cancer cells for drug screening that poorly recapitulate 
human pathophysiology, thereby resulting in poor prediction of drug re-
sponse185,186. Generally, these models have failed to serve as a platform for 
drug discovery186. To overcome the bottlenecks of the arduous drug discov-
ery process, human derived iPSCs can be exploited. Drug screening using 
iPSCs provides unprecedented opportunities for bringing precision medicine 
to the clinic. Clinical trials utilizing iPSC model systems will help stratify pa-
tients based on their response to the drugs. Moreover, molecular and cellular 
analyses of the iPSCs could help us identify specific biomarkers in the drug 
responders (corresponding to important patient subpopulations). This will fa-
cilitate clinical trials as patients can be pre-selected based on their genotype 
for the subsequent phases38. 

This thesis assessed the suitability of human iPSCs for modelling different 
neurodevelopmental disorders and within this thesis several potentially drug-
gable candidate mechanisms were identified. For instance, in Paper I, we ob-
served perturbation in energy metabolism in DS neurons apart from mitochon-
drial copy number defects. Previous studies on iPSC derived neurons have 
been suitable to perform drug screening to target mtDNA disorders187. Thus, 
this suggest that the model system presented within this thesis should be fea-
sible for similar screening. In Paper II, we uncovered co-dysregulation of 
various TFs, including ZNF and HOX3 families of TFs. As our understanding 
of transcription regulation has advanced and genetic engineering allows us to 
selectively modulate target genes, the development of transcription-based 
drugs188 for named TFs would be feasible. In Paper III, we showed that chro-
matin remodeling factors could be promising drug targets for DRS. Besides 
that, one of the hallmarks of this disease is drug-resistant epilepsy. Recently, 
a zebrafish model system of DRS was employed to screen compound library 
molecules which helped shortlist drug compounds189. It would be interesting 
to employ our cellular model to screen these compounds. In Paper IV, we 
discovered impaired neuronal biophysical properties that could be tackled 
with different drug compounds. Besides that, we showed that the patient neu-
ral cells exhibit reduced capacity to form functional network during develop-
ment. Adopting the neurite outgrowth assay for drug screening owns a poten-
tial to identify compounds that rescue neurite formation.  
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In addition to 2D cultures, organoids, a three-dimensional (3D) self-organ-
izing cellular cluster derived from iPSCs, are an emerging model system for 
drug testing190. These structures recapitulate many features of brain develop-
ment better than neuronal cells grown as a monolayer191. Developing organ-
oids from iPSCs with T21 or mutation in SCN1A or NFASC would be instru-
mental for future drug screening.  

In summary, iPSCs have not just revolutionized how we understand dis-
ease, but also present an untapped potential to ameliorate drug discovery and 
precision medicine. 
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