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Abstract

Mutations (pathogenic variants) in KCNQ2, which encode the voltage-dependent K* channel
Kv7.2 (responsible for neuronal M-current) can cause developmental epileptic
encephalopathy (DEE), a disorder presenting with severe early-onset seizures and impaired
neurodevelopment. Treatment of this disorder is very difficult because the effect of
KCNQ2 mutations on neurodevelopment is still largely unknown. In this study, we generated
patient-specific iPSCs from 4 patients harbouring different KCNQ2-DEE loss-of-function,
mutations: R213Q, F261L, A265T and A294V, and 4 sibling controls which were subsequently
differentiated into excitatory cortical neurons to model the disease in vitro. We performed
multi-electrode array (MEA) recordings of cortical neurons with the KCNQ2-DEE pathogenic
variants F261L, A265T and A294V and found that for each mutation, neurons were
hyperexcitable and displayed a burst-suppression firing pattern that is reminiscent of the
interictal electroencephalography pattern seen in patients (burst suppression). We chose to
focus on the pathogenic variant A265T for further functional analysis and found that A265T
neurons displayed functional enhancement of Na* channels and Ca?* activated K* channels
while also exhibited altered spontaneous Ca?* transients via Ca?* imaging experiments. We
showed that the Na* channel blocker carbamazepine, and the K* channel opener retigabine,
were capable of reducing the phenotype in patient neurons, albeit not to the level of controls.
Our data shows for the first time that patient-specific iPSC-derived cortical neurons
harbouring the pathogenic variants F261L, A265T and A294V are hyperexcitable and display
an irregular firing pattern compared to sibling controls. Moreover, we have generated a
patient-specific disease model which is invaluable for drug testing and discovery with great

potential for precision medicine.
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Chapter 1. Introduction

This thesis describes the generation of human induced pluripotent stem cells (iPSCs) and
iPSC-derived neurons from human patients (children) suffering from a severe rare genetic
epilepsy known as KCNQ2-developmetnal and epileptic encephalopathy (KCNQ2-DEE), a
potassium ion channelopathy. This introductory Chapter provides a brief overview of the
epilepsies (in humans), their classification and causes. The Chapter also discusses the
potassium ion channel disorders, with a focus on KCNQ2-epilepsies, patho-mechanisms,
treatments, and challenges. | then describe the pertinent literature (in brief) of the models
used to investigate this disorder and provide an overview of iPSC-literature in general in brain
developmental ion-channel and epilepsy disorders and where relevant, to KCNQ2-DEE. Some
of the discussion points, will be brought out in greater detail in various other experimental,

and the final Discussion Chapters.

1.1 Definition and prevalence of epilepsy

Epilepsy is a brain disorder involving unprovoked recurrent seizures (Moshé et al., 2015). An
epileptic seizure can be defined as a period of symptoms that occur as a result of abnormal
neuronal activity in the brain (Huff et al., 2023). Epilepsy affects approx. 50 million people
worldwide and over 45,000 people in Ireland (Thijs et al., 2019). Of this 45,000 people, over
10,000 of these are children. The prevalence of epilepsy is largely dependent on a number of
factors such as socio-economic background, age, and gender (Beghi, 2020). The incidence of
epilepsy is higher (139 per 100,000) in low to middle income countries compared to higher
income countries (48.9 per 100,000) (Fiest et al., 2017) and also slightly higher in males than
females (Hu et al., 2021).

1.2 Classification of seizures and the epilepsies

Classification is critical as it provides a common language for clinical care, families, and for
clinical research. Classification systems should adapt alongside advances in our
understanding of disease, like we have seen in the numerous classification systems proposed
since 1985 (Scheffer et al., 2017). In 2017, the International League Against Epilepsy (ILAE)
published papers on new classification of seizures and the epilepsies (Scheffer et al., 2017).
This new system uses clearer language/wording, removes imprecise terminology, and is

translatable into many languages



As a result of more recent research, the ILAE introduced new terms such as developmental
and epileptic encephalopathies (DEE’s), showing that an epilepsy can occur as part of a wider
(e.g genetic) brain disorder, affecting neurodevelopment, which is independent of seizures.
The new classification system has included many decades of advances in the understanding
of the epilepsies, creating an up-to-date system that allows for more accurate diagnosis and

treatment for epilepsy patients.

1.3 Seizure classification

During a seizure event, seizure onset or semiology, can either be a focal onset, generalised
onset, or have an unknown onset (Scheffer et al., 2017). During focal onset seizures, the
seizure arises in a specific part of the brain in one hemisphere. In generalised onset seizures,
the seizure arises from both hemispheres at the same time (Falco-Walter et al., 2018).
Unknown onset seizures may occur if the seizure happens while the patient is asleep at home
or if it is not witnessed by anyone (Chang et al., 2017). This information, combined with
previous knowledge of the various seizure types, either motor or non-motor, provide a clear
and concise pathway for making an informed decision on an epilepsy diagnosis (Figure 1.1).

The latest seizure classification system from the ILAE is outline below in Figure 1.1.



ILAE 2017 Classification of Seizure Types Expanded Version 1

‘ Focal Onset ] Generalized Onset Unknown Onset
( Aware | 'mpaired 1 / Motor N [ Motor N
Awareness tonic-clonic tonic-clonic
clonic epileptic spasms
/Motor Onset \ tonlcl . Non-Motor
automatisms myoclonic )
atonic 2 myoclonic-tonic-clonic \_ behavior arrest )
clonic myoclonic-atonic
epileptic spasms 2 at‘_’l'“c )
hyperkinetic epileptic spasms [ g J
myoclonic Non-Motor (absence) Unclassified
tonic typical
Non-Motor Onset atypical _
autonomic myoclonic
behavior arrest \eyelid myoclonia /
cognitive
emotional 1 Definitions, other seizure types and descriptors are listed in the
\ sensory / accompanying paper and glossary of terms

2 Degree of awareness usually is not specified

[ focal to bilateral tonic-clonic ] 3
Due to inadequate information or inability to place in other categories

Figure 1.1: Classification of seizure types by the ILAE.

Motor seizures (involve many different types of movements -see under this category above) which
can be further characterised depending on their exact nature. Non-motor seizures involve behaviour
arrest, meaning movement stops which can be further categorised depending on seizure onset, and
other seizure types (e.g., sensory for focal or absence for generalised — see under this category
above). This seizure classification system is widely applied in clinical practice (Falco-Walter et al.,
2018).

1.4 Epilepsy classification

Epilepsy type is determined by seizure type i.e., patients with focal seizures have focal
epilepsy and patients with generalised seizures have generalised epilepsy. For many patients,
it’s possible to determine a specific epilepsy syndrome. Epilepsy syndromes usually have
common characteristics such as types of seizure(s), EEG features, co-morbidities and age of
onset (Katyayan et al., 2021). Epilepsy type/syndrome then guides the relevant treatments,
investigation, and prognosis for patients. Evaluation of co-morbidities and aetiology is critical
for optimal treatment and has now also been included in the epilepsy classification systems
(Falco-Walter et al., 2018). The inclusion of aetiology has been facilitated by advancements
in next generation sequencing (NGS) technologies and a greater understanding of the

aetiology of epilepsies in the field.
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Figure 1.2 : Structure of the 2017 ILAE classification of epilepsies.

Co-morbidities

This classification is clinical (i.e., not a scientific classification system). Seizure type informs epilepsy
type which enables the diagnosis of specific epilepsy syndromes in 50% of patients e.g., West
syndrome. Co-morbidities are an essential part of the epilepsy classification. Determining possible
aetiologies are also critical for understanding why the epilepsy has occurred and for devising
investigations and treatment plans for patients (Scheffer et al., 2017).

1.5 Epilepsy syndromes

In 2022, the ILAE classified the epilepsy syndromes in a number of position papers (Zuberi et
al., 2022). They formally defined an epilepsy syndrome as “a characteristic cluster of clinical
and EEG features, often supported by specific etiological findings (structural, genetic,
metabolic, immune, and infectious)”. To date, there are 40 distinct epilepsy syndromes, with
each syndrome often having age-dependent presentations, specific EEG patterns, specific
seizure types, and a range of specific co-morbidities. In the new classification of epilepsy
syndromes, syndromes are organised in numerous ways, such as age of onset. However, they
may also be divided into epilepsy syndromes which have a) focal seizures, b) those with
generalised seizures, and c) those with developmental and epileptic encephalopathy (DEE),
which can arise in various age groups. The DEE group often presents in young children,
seizures are often drug resistant and comorbidities include a range of learning, behavioural
and physical disabilities (Specchio et al., 2021). A noteworthy sub-group of the DEEs includes
the aetiology-specific syndromes. In these syndromes, there is a specific known aetiology for
the epilepsy, which is associated with a clearly distinct clinical phenotype in the majority of

affected individuals. The aetiology may be any of those discussed above such as a genetic



mutation, a structural brain lesion, a defined metabolic alteration, a specific neuronal
autoantibody, or an infectious agent (Scheffer & Liao, 2020a). For example, KCNQ2-DEE is a

relatively newly accepted aetiology-specific epilepsy syndrome).
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Figure 1.3. Classification of the 2022 ILAE Epilepsy syndromes by age of onset.

An epilepsy syndrome generally refers to a range of parameters including seizure types, EEG, age of
onset, imaging features, seizure triggers, and sometimes prognosis. It may also be associated with
comorbidities such as intellectual and psychiatric dysfunction. There are several well recognized
syndromes, for example, childhood absence epilepsy, West syndrome, and Dravet syndrome. Shown
here are syndromes with developmental and/or epileptic encephalopathy or with progressive
neurological deterioration the typical ages of presentation, with ranges indicated by arrows.



1.5.1 Epilepsy Diagnosis

Seizure and epilepsy diagnoses are often based on clinical symptoms and signs (the
history/story or witnessed seizure events). However, an electroencephalogram (EEG) is the
primary tool used for also aiding diagnosis of seizure types and epilepsy classification. An EEG
records the electrical activity in the brain and can detect a multitude of irregular epileptiform
discharge patterns and brain states, in epilepsy patients (Paszkiel, 2020). Brain imaging
(magnetic resonance imaging) is the radiological imaging tool of first choice, which may
uncover a structural lesion in some patients with epilepsy. Other investigations depending on
the context (seizure type, age, epilepsy type) may also inform the type of epilepsy, and the

underlying cause (or aetiology). E.g., genetic investigations, metabolic testing, etc.

1.6 Aetiology of Epilepsy

In the most recent classification of the epilepsies by the ILAE, the new framework outlines
the importance of considering aetiology at each level: seizure type, epilepsy type, and
epilepsy syndrome (Fisher et al., 2014). The different categories of aetiologies include (i)
structural, (ii) genetic, (iii) infectious, (iv) metabolic, (v) immune, or (vi) unknown (Figure 1.2).
More than one aetiology may be present for a patient with epilepsy, for example, a metabolic
disorder may also have a genetic underpinning e.g., GLUT1 deficiency syndrome. The
unknown category, which account for a substantial percentage of patients, is due to a
combination of both gaps in our knowledge and a lack of diagnostic tools (Syvertsen et al.,

2015).

1.6.1 Structural Aetiology

A structural aetiology is whereby visible abnormalities can be seen using structural
neuroimaging techniques such as brain MRI. An electroclinical assessment combined with
the neuroimaging findings has led to a reasonable inference that the structural abnormality
seen from the imaging is the likely cause of the seizures (Berg et al., 2010). Structural
abnormalities may be acquired, for example after a brain injury such as a stroke due to glial
scarring that occurs in response to the injury (Steinhduser et al., 2016). Other common causes
of structural abnormalities that are associated with focal seizures include hippocampal
sclerosis, malformations of cortical development, vascular malformations, brain tumours and
inflammation in the brain (Blumcke et al.,, 2017). However, the cause of a structural
abnormality may also be genetic, or both acquired and genetic (Whelan et al., 2018). For

example, polymicrogyria, an epileptogenic malformation of cortical development, may occur



due to mutations in genes such as GPR56, or may be acquired, due to an intrauterine

cytomegalovirus infection (Guerrini & Dobyns, 2014).

1.6.2 Genetic Aetiology

A genetic aetiology is when epilepsy results directly from a known genetic mutation
(Steinlein, 2008). Many patients with early-onset epilepsy who are also developmentally
delayed and possibly drug-resistant are likely candidates for a genetic cause of epilepsy. The
most common example is Dravet syndrome, whereby over 80% of patients have a pathogenic
variant in the SCN1A gene (brunklaus et al., 2013). In these genetic epilepsies, a large amount

are caused by de novo mutations e.g., KCNQ2-related epilepsies (Weckhuysen et al., 2012).

1.6.3 Infectious Aetiology

Infectious aetiology is where epilepsy occurs as a direct result of an infection, whereby
seizures are a core symptom of the disorder (Vezzani et al., 2016). The type of disease may
be specific to certain regions of the world such as HIV, cerebral malaria, cerebral
toxoplasmosis, and congenital infections such as cytomegalovirus and Zika Virus (Ngugi et al.,

2013). These infections may also have a structural component (Falco-Walter et al., 2018).

1.6.4 Metabolic Aetiology

A wide range of either acquired or genetic metabolic disorders are associated with epilepsy.
Acquired metabolic causes of epilepsy can occur due to nutritional deficiencies, liver failure
or exogenous toxins (Angel et al., 2011). Metabolic causes can result in metabolic defects
with biochemical changes seen throughout the body such as uraemia, porphyria,
aminoacidopathies, or pyridoxine-dependent seizures (Almannai et al.,, 2021). In certain
cases, metabolic disorders will also have a genetic defect. Inborn errors of metabolism, while
rare, can lead to epilepsy (Rahman et al.,, 2013; Wolf et al., 2005). Identifying specific
metabolic causes of epilepsy is critical due to implications for specific therapies such as
substrate replacement therapy, without which symptoms may worsen the patient’s
encephalopathy or developmental outcome (Tan et al.,, 2015). Examples of metabolic
aetiologies include pyridoxine-dependent epilepsy, Glut-1 deficiency, and vitamin

dependency (Stockler et al., 2011; Gras et al., 2014).

1.6.5 Immune Aetiology



Immune aetiology refers to epilepsy that results directly from an immune disorder (Granata
etal., 2011). Immune epilepsies present in both adults and to a lesser extent, children (Husari
et al.,, 2019). Greater access to antibody testing has resulted in an increased diagnosis in
autoimmune epilepsies (Geis et al., 2019). Examples of auto-immune epilepsies include anti-
NMDA (N-methyl-d-aspartate) receptor encephalitis, mGlur5, GlyR and anti-LGI1 encephalitis
(Balestrini et al., 2021). These types of epilepsy respond well to immunotherapy e.g.,

immunoglobulins and steroids (Jang et al., 2020).

1.6.6 Unknown Aetiology

Unknown aetiology means that the cause of the epilepsy is not yet known. The number of
unknown aetiologies is decreasing due to advances in diagnostic tools and increased
knowledge. An example of these advancements can be seen in the 3T MRI which has
significantly increased the detection rate of epileptogenic lesions compared to the previously

used 1.5T MRI (Fitsiori et al., 2019).

1.7 Genetic Aetiology in Paediatric Epilepsies
1.7.1 Monogenic Epilepsies and DEEs

Genomics technologies have enabled the discovery of numerous monogenic epilepsies and
DEEs (Dunn et al., 2018). Due to the complexity of the human brain, it’s not surprising that
many gene discoveries have occurred in the field of epilepsy. The majority of monogenic
discoveries occurred in the DEEs (Stenshorne et al., 2022). There are hundreds of known
distinct monogenic neurodevelopmental disorders, though some are more frequently linked
to frequent seizures and epilepsy e.g., SCN1A, SCN2A, SCN8A, KCNQ2/3, etc (Figure 1.4)
(Tarlungeanu et al., 2018). In monogenic epilepsies, genotype-phenotype heterogeneity is
common, whereby one genetic disorder can give rise to different phenotypes of varying
severity (Nappi et al., 2020). Similarly, an epilepsy type can also be caused by separate genetic
mutations. For many DEEs, inheritance is often de novo (no other family members affected)
although recessive, X-linked inheritance, and mosaicism also occurs (Bartolini, 2021). Finally,
copy number variants (CNVs), or chromosomal alterations in patients with severe epilepsies
also contribute to these epilepsies, accounting for approx. 5-10% of this group (Coppola et

al., 2019).
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Figure 1.4. Timeline of gene discoveries in the epilepsies.

The timeline of gene discovery in the epilepsies, including 126 manually reviewed genes across the
three main eras of epilepsy gene discovery, namely, the Channelopathy era, the Dark Ages, and the
Genomic Era. The inset on the left highlights genes officially reviewed by a ClinGen Epilepsy Gene
Curation Expert Panel (GCEP) to validate the genes. From Xiang and Helbing 2023
(http://epilepsygenetics.net/2023/01/18/the-history-of-epilepsy-genetics/).

1.8 Potassium channel Epilepsies
1.8.1 Potassium ion channels

Channelopathies are a group of epileptic disorders which occur due to pathogenic variants in
ion-channel genes i.e., Na*, K*, Ca**and ClI" channels (Allen et al., 2020). Recent estimates
believe that ~25% of genes identified in epilepsy encode ion channels (Oyrer et al., 2018).

The voltage-gated K* channel superfamily (Kv) makes up the largest component of these
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channelopathies, representing a diverse group of approx. 80 primary genes (Allen et al.,
2020). K*channels have a wide array of functions including controlling the resting membrane
potential (RMP), shaping action potentials (APs) and control excitability in neurons
(Humphries & Dart, 2015). Different types of K* channels have different roles in
neurophysiology. These K* channels are categorised into 4 larger groups: a) K, family (voltage-
gated) b) Kc, family (calcium-activated), c) Ki- family (inward rectifier), and d) Kzp (two-pore)
(Noh et al., 2019). Within these families, there are K* channel sub-families, based on amino-
acid sequence similarities of the protein core (Allen et al., 2020). The K, family is divided into
12 subfamilies (Ky1-12), composed of approximately 40 individual a-subunits (genes)(Table
1). KCNQ-related (K,7) epilepsies represent the longest studied disorders of this group to date
since 1998 (Figure 1.4) (Singh et al., 1998).

Table 1.1: Voltage-gated ion-channel Kv family and sub-families marking the Kv7 family (KCNQ) in
red

Channels (a subunits) Genes
Kv1l.1-Kv1.8 KCNA1-7, 10
Kv2.1-Kv2.2 KCNB1-2
Kv3.1-Kv3.4 KCNC1-4
Kv4.1-Kv4.3 KCND1-3
Kv5.1 KCNF1
Kv6.1,Kv6.4 KCNG1,4
Kv7.1-Kv7.5 KCNQ1-5
Kv8.2-Kv6.2 KCNV2,3
Kv9.1-Kv9.3 KCNS1-3
Kv10.1-Kv10.2 KCNH1,5
Kv11.1-Kv11.3 KCNH2,6,7
Kv12.1-Kv12.3 KCNHS,3,4

1.8.2 Structure of Ky potassium channels

K* channels are transmembrane (TM) proteins that span the lipid bilayer. Each K* channel is
made up of a-subunits (Figure 1.5) (Sansom et al., 2002). Within each a-subunit exists a
homologous pore segment which is selective for K* ions and possesses other gating
mechanisms and domains that allow responsiveness to diverse stimuli such as the voltage-
sensing domain and the C-terminus (Yi et al., 2001). The a-subunit structure of the K, family
contains 6 TM segments and can assemble into tetramers when 4 a-subunits localise
together (tetramerisation) resulting in a pore-forming K* channel (Ranjan et al., 2019). a-
subunits may combine to be composed of either identical (homomeric) or different

(heteromeric) a-subunits to form either homo-tetramers or hetero-tetramers. Further
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molecular diversity is seen as each K, channel has specific neuronal types, subcellular
distributions and expression patterns, and membrane signalling interactions (Trimmer, 2015).
Our particular gene of interest, KCNQ2, is expressed throughout the CNS, with particular
enrichment seen at the axon initial segment (AIS) (Cavaretta et al., 2014). Kv7.2 channels
most commonly form hetero-tetramers with Kv7.3 channels and less frequently form hetero-
tetramers with Kv7.5 channels (Dirkx et al., 2020). Kv7 channel’s main function is regulating
the M current, a slow-activating, non-inactivating potassium current that controls membrane

excitability (Wang, 1998).

KCNQ2 + KCNQ3 KCNQ3 + KCNQ5
K+ k2.5
a-subunits
Kv7.5
C-termini C-termini

Figure 1.5. Structure of a KCNQ2 a-subunit and formation of hetero-tetramers.

a-subunit structure shows 6 transmembrane spanning regions across the lipid bilayer, the S4 voltage
sensing domain, the pore-forming region, and the N- and C- termini. Kv7.2 a-subunits (green) form
hetero-tetramers with Kv7.3 a-subunits (yellow) or with Kv7.5 a-subunits (blue) to form a pore-forming
K* channels (Figure generated with permission, by Prof. Nicholas Allen adapted from (Allen et al.,
2020)).

1.8.3 Effects of KCNQ2 functional defects

Pathogenic gene variants commonly affect highly conserved regions within the channel
subunits e.g., the voltage-sensor in a voltage-gated channel (Sun et al., 2019). Numerous in
silico analysis tools can be used to estimate the likelihood of the pathogenic effects of a
particular variant in a particular gene (Pérez-Palma et al., 2020). However, modelling the
effect of the mutation experimentally, is the most useful criterion for pathogenicity
(Richards et al.,, 2015). In Kv channels, including KCNQ2, this can be determined by
comparing the effect of mutant versus wildtype (WT), commonly using in vitro
electrophysiological technologies in non-neuronal heterologous expression systems (e.g.
Voltage-clamping in Xenopus Oocytes or patch-clamping in CHO or HEK cells) (Kang et al.,

2019). A pathogenic variant can affect different properties of the channel such as channel
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assembly, physiology, or biophysical properties such as channel gating kinetics (Laddach et
al., 2021). These pathogenic effects ultimately result in either a loss-of-function (LOF) or
gain-of-function (GOF) effects (Miceli et al., 1993). Additionally, a dominant-negative effect
(DNE)/mutation may also exist, whereby a mutant protein (subunit) can significantly impair
WT co-assembled channels (Allen et al., 2020). LOF in Kv7.2 channels is more common than
GOF, and results in reduced KCNQ2 protein, potentially due to defects in gating/expression
of the Kv7.2 channels at the AIS (Millichap et al., 2016). GOF can also occur in KCNQ2-related
disorders whereby there is an increase in K* conductance, thought to be attributable to a
large increase in single channel open probability (Nappi et al., 2022). KCNQ2 pathogenic
variants are clustered within mutational ‘hotspots’, within the critical, functional domains

of the protein (Figure 1.6) (Millichap et al., 2016).

1.8.4 Genotype-phenotype correlation in KCNQ2-related epilepsies

Determining a genotype-phenotype correlation can provide information on disease
pathogenicity, future disease progression and disease severity (Frew et al., 2019).
Pathogenic variants in KCNQ2 typically causes one of two phenotypes; (i) benign familial
neonatal epilepsy (BFNE)(also known as Self-limited (familial) neonatal epilepsy) or (ii)
developmental epileptic encephalopathy (DEE) (Allen et al., 2020). It has been shown that
pathogenic variants located close together in a specific location within the protein i.e., the
pore-forming domain may cause similar phenotypes in patients. A study looked at 216
different pathogenic KCNQ2 variants and found that BFNE variants are more likely to be
located in the intracellular domain between S2 and S3, while DEE variants are more likely
to be situated in the pore region, S6 segment and the intracellular domain between S6 and
helix A (Goto et al., 2019). In a study with 10 different KCNQ2 pathogenic variants located
in or nearby the pore-domain, tonic seizures were present in 9/10 patients, and all had a
burst-suppression (EEG pattern) phenotype by 1.5 months of age (Olson et al., 2017).
However, there was no clear pattern of medication response seen in these patients. A more
recent study examined the effects of 28 de novo pathogenic KCNQ2 variants clustered in a
conserved region of the protein and could not identify a relationship between variant
location and seizure offset or cognitive outcome (Malerba et al., 2020). This study highlights

the complexity of using variant location to interpret the impact of a de novo mutation.
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Figure 1.6: Schematic illustrating the location of pathogenic KCNQ2 variants within the
transmembrane protein.

Pathogenic variants (red circles) are marked along the transmembrane protein. Clustered areas of
mutations/variants located within the critical, functional domains (S4 voltage sensor, Pore, and Cam A
and Cam B region of the C terminus) are highlighted in large pink circles. (Millichap et al., 2016)

1.8.5 Effects of KCNQ2 functional defects

A GOF mutation is characterised by an increase in the mean K* current amplitude and a
negative shift in RMP (Dirkx et al., 2020). Various KCNQ2 GOF mutations have been reported
in patients, though less commonly than LOF mutations. Patients carrying KCNQ2 R144 GOF
variants, located within the S2 segment, experience developmental delay with prominent
language impairment, autistic features, often accompanied by infantile- to childhood-onset
epilepsy and EEG sleep-activated epileptiform activity. A study used patch-clamping to
analyse the functional defects of the variant in CHO cells and found an increased K*
conductance, and significant changes in activation gating, likely due to PIP-2 binding (Miceli
et al., 2022). They showed that the Kv7.2/7.3 channel blocker amitriptyline could successfully
block the K* current in the diseased model. The absence of neonatal seizures is an important

clinical differentiator between KCNQ2 GOF and LOF variants.

A LOF mutation is characterised by a decrease in the mean K* current amplitude. A study
analysed the phenotype of 7 patients carrying the recurrent A294V mutation (a KCNQ2
mutation which is subject of this thesis) located within the S6 segment of the pore-forming
domain (Abidi et al., 2015). In this study they simultaneously analysed the functional and

subcellular consequences of this mutation and another mutation located on the same
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residue which causes BFNE, A294G. In CHO cells, the total expression of Kv7.2 (A294V) alone,
assessed by western blotting, was only 20% compared to wild-type, however, this could be
rescued to wild-type levels in cells co-expressing the Kv7.3 subunit. In contrast to A294V, the
current density of homomeric A294G was not significantly changed compared to wild-type
Kv7.2 (Abidi et al., 2015). Furthermore, in neurons, they showed that the A294V mutation
induced a mis-localization of heteromeric mutant channels to the AIS, while the A294G
mutation had no effect on the localization of the heteromeric channels to the AIS. These
results show that a mutation at this residue can cause either a severe or a benign epilepsy
depending on the amino acid change. This study revealed that the functional effect of the
A294V mutation is not due to a dominant-negative effect of loss of K* current, but rather is
due to the alteration in the preferential axonal targeting of heteromeric Kv7 channels. This
data also suggests that disease severity may not necessarily be a consequence of strong M
current inhibition and that other mechanisms such as abnormal subcellular distribution of
Kv7 channels could be determinant. Table 2 summarises the functional effects and
correlation to severity and known approach to treatments, specific to KCNQ2-related

disorders.

Table 1.2: KCNQ2 (Kv7.2) function, clinical phenotypes, functional defects, and approach to specific

treatments. Adapted from (Allen et al., 2020)

Kv gene Epilepsy (and Examples of key Individual

(channel related) phenotypes | functional defects and therapeutic

subunit) variants considerations
KCNQ2 (Kv7.2) BFNE LOF (usually haplo- Na*channel blockers.

insufficiency).
Less severe loss of M current.

DEE LOF (many missense Na*channel blockers
mutations along ‘hotspot’ Retigabine (K* opener).
zones).

Severe loss of M current
(Often dominant negative).

PNH LOF (Dominant negative). Na*channel blockers.
Profound new-born GOF R201C/R201H. Consider avoiding  K*
encephalopathy without channel openers.
seizures
KCNQ3 (Kv7.3) Infantile Spasms 4-6 mo GOF e.g., R198Q.(54). Consider  avoiding  K*
channel openers.
BFNE (rare) LOF missense majority.
Na* channel blockers.
Severe DEE (neonatal LOF: bi-allelic (rare) Consider K* channel
onset) homozygous F534Ifs*15. openers.

Developmental disability GOF: missense 4227Q (S4).

with few seizures Na*channel blockers.
Neurodevelopmental GOF: R230C, R230H, R230S. Consider checking for
disability: non-verbal with ESES  (Electrical status
ASD. epilepticus).

Abb: BFNE, benign familial neonatal epilepsy; DEE, developmental and epileptic encephalopathy; PNH, peripheral
nerve hyperexcitability disorder; ASD, autism spectrum disorder; LOF, loss of function; GOF, gain of function.
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1.9 Pharmacological therapies in Epilepsy and KCNQ2-related disorders

1.9.1 Anti-seizure therapies

Of the approximately 28 routinely used anti-seizure medications (ASMs), with various
mechanisms of action (Figure 1.7), none treat the underlying molecular basis of the disease
for individual patients. Despite the number of ASM’s, 30% of people still continue to
experience seizures (Ventola, 2014). In a study examining the effects of common ASM'’s on
KCNQ2-DEE, only 65% of patients responded to routinely used sodium-channel blockers
(Kuersten et al., 2020), however patients continue to often have seizures, and the underlying
developmental brain disorder has not been shown to improve using these anti-seizure
therapies. Therefor there is still a large cohort of patients who do not benefit from these
treatments, resulting in a large treatment gap in epilepsy therapy, principally to tackle the

underlying cause of the disease.
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1.9.2 Precision therapies in Epilepsies

Precision therapy or personalised medicine is where the treatment is targeted to the
individual needs of patients based on genetic and phenotypic characteristics. As a large
percentage of epilepsies in children have a genetic component, individual considerations are
required, often based on simple seizure and epilepsy classification. However, in some cases,
the cause of the epilepsy may also be the cause of the underlying developmental, cognitive,
physical, and social problems and co-morbidities experienced by the patients. Therefore,

even when seizures are well managed by ASM’s, many patients, particularly those with DEE,
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remain to be severely neurologically impaired affecting their quality of life. Precision
therapies which directly target the underlying disease, rather than the symptoms, will greatly

improve the outcome for these patients.

Precision medicine in epilepsy is not only targeted to genetic epilepsies (molecular pathways)
but is also targeted to molecular aetiology/pathophysiology of a disease (McGinn et al.,
2022). To date, in practice, good evidence based effective precision therapies targeting the
molecular basis of disease exists for only a few rare genetic disorders (e.g., tuberous
sclerosis), and metabolic epilepsies (e.g., pyridoxine-dependent epilepsies or GLUT1

deficiency syndrome) (Schubert-Bast et al., 2021).

1.9.3 Treatment and precision therapy in KCNQ2-related Epilepsy

In KCNQ2-DEE with a LOF mutation, a potassium channel opener retigabine, was shown to
effectively open K* channels, presenting a potential precision therapy for patients based on
the genetic mutation. This drug was subsequently withdrawn due to safety concerns but is
being re-examined for re-purpose in severe KCNQ2-DEE, given the severity and lack of
available specific ASMs in this disorder. In addition, sulfide analogues that function as
potassium openers could theoretically avoid the negative side effects associated with
retigabine and serve as a potential precision therapy for certain patients (Bock et al., 2019).
Benefits of gabapentin have also been published but only in one case of KCNQ2-DEE
pathogenic variant, G310S, due to LOF mutation (Soldovieri et al., 2020). A recent study
evaluated the efficacy of the Kv7 openers, retigabine, HN37 and XEN1101 on 6 mutations all
located within the pore region. They found that for each drug, the restoration of the loss of
potassium current varied between each mutation, illustrating the potential of these drugs for

personalised medicine (Yang et al., 2023).

1.10 In vivo and In vitro models of KCNQ2 mutations
1.10.1 Introduction to in vivo model systems

Animal models for epilepsy and seizures have played a crucial role in advancing our
understanding of basic mechanisms underlying epileptogenesis and have been critical in the
discovery of novel antiepileptic drugs (AEDs)(Léscher, 2011). Animal models offer many
benefits as model systems e.g., detection of anti-convulsant activity, adverse side effects and
estimation of effective plasma concentrations of new drugs (White et al., 2006). The majority

of animal models used in epilepsy research are seizure models rather than models of epilepsy,
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as seizures are induced in a normal, non-epileptic animals. More accurate animal models of
epilepsy are transgenic models with spontaneous recurrent seizures, which more accurately
represent human models. Mice are commonly used in vivo epilepsy models. A recent study
using a mouse model of KCNQ2-BFNE (with a heterozygous deletion of KCNQ2) revealed for
the first time, the efficacy of the sodium channel blocker eslicarbazepine acetate (ESL) and
eslicarbazepine metabolite (S-Lic) in reducing seizure threshold in the mice. Another study
examined the pathophysiology of a KCNQ2-DEE pathogenic variant T274M in a knock-in
mouse model. They revealed that the mutation caused generalised spontaneous seizures and
that the brains had no major structural defects, similar to that seen in humans (Milh et al.,
2020). Animal models of epilepsy have dominated the field with regard to research and
development, however in recent years they have failed to deliver new agents that can provide
seizure control in patients with drug refractory epilepsy. Moreover, these models also have

substantial issues with regard to validity and animal welfare considerations (Morris, 2021).

1.10.2 Introduction to in vitro model systems

Chinese hamster ovary (CHO) cells are a commonly used cell line as they are easily modified,
making them ideal for recombinant protein production and cloning (Rahimpour et al., 2016).
CHO cells have been used extensively as an in vitro model of epilepsy for drug discovery and
testing (Bandaranayake et al., 2014). Retigabine, the Kv7.2 channel opener, was discovered
using a CHO cell line transfected with KCNQ2/KCNQ3 constructs. In this study they showed
that retigabine was capable of opening the Kv7.2/Kv7.3 channels that were expressed in the
CHO cell line expression system, thus discovering the first M current activator (Rundfeldt et
al., 2000). Aside from drug discovery, CHO cell lines have also been used to model disease
phenotypes in vitro. One study recruited 4 unrelated, seizure-free, patients all with the same
KCNQ2 pathogenic variant, R198Q, and expressed these variants in CHO cells by transient
transfection. They showed that the K,7.2 R198Q subunit, expressed alone or in combination
with K,7.2 and/or K,7.3 subunits, increased potassium current activated by partial membrane
depolarization. They saw no significant changes in the pore properties, heteromerization or
neuronal subcellular localization. This study led to the discovery of a new subclass of KCNQ2
variants causing infantile spasms and encephalopathy, without preceding neonatal seizures
(Millichap et al., 2017). Other heterologous expression systems in non-neuronal cell lines
(such as HEK293 or Xenopus laevis oocytes) are also used to analyse protein dysfunction
caused by a genetic variant or a DNE that the mutant protein may exert on the WT

counterparts. However, proteins may function differently outside their non-native
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environment as a result of disparities in splicing patterns, posttranslational regulation,
interactions with different proteins, cellular and protein trafficking, and various other

neuronal factors (Simkin et al., 2018).
1.11 Use of induced pluripotent stem cells (iPSCs) in modelling epilepsy

Despite the many advantages the aforementioned models offer, considerable differences in
gene expression, protein function, and network participation exist between humans and
mice with roughly 20% of CNS genes showing distinct expression patterns in the cortex (Xu
et al., 2007). These discrepancies may explain the disparate efficiencies of ASMs in clinical
trials and why refractory epilepsy still remains at 30%. Therefore, there is an obvious
requirement to generate a model that more closely resembles human conditions. This had
previously been hampered by the inability to isolate human neuronal tissue until the
discovery of induced pluripotent stem cells (iPSCs) in 2006. The discovery of iPSCs, which can
be readily generated by reprogramming adult somatic cell types such as skin-derived
fibroblasts, have allowed us to elucidate human pathogenic mechanisms of genetic diseases

such as KCNQ2-DEE, which will be the focus of this PhD.

1.11.1 Definition of iPSCs

The discovery of iPSC technology occurred in 2006 by the Yamanaka group with mouse
embryonic and adult fibroblasts (Takahashi et al., 2006), which was soon after replicated in
human adult fibroblasts in 2007 (Takahashi et al., 2007). Three previous scientific studies
contributed to the discovery of iPSC technology. The first of these studies occurred in 1962
by Gurdon’s laboratory (Yamanaka, 2012). Gurdon discovered somatic cell nuclear transfer
(SCNT) by isolating the nucleus of a terminally differentiated adult cell from a Xenopus laevis
which was subsequently transplanted into an oocyte, generating a cloned frog that carried
DNA identical to the transplanted nucleus (Gurdon, 1962). Over 30 years later, Wilmut et al
utilised SCNT to create the first mammalian clone, the famous ‘Dolly’ the sheep (Wilmut et
al., 1997). These critical experiments indicated that all nuclei, whether immature or
terminally differentiated, contain the genetic information necessary to form a whole
organism. The second important milestone was the revelation of ‘master’ transcription
factors. Master transcription factors are critical genes that coordinate the pathways
governing cell fate (Mattick, 2010). The third and final revelation was the development of ESC
culture conditions that allowed ESCs to maintain their pluripotent state in vitro (Yamanaka,

2012).
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Taken together, these scientific milestones led to the hypothesis that key factors in
maintaining pluripotency in ESCs, could be used to directly reprogramme adult somatic cells
to an embryonic state. In 2007, Takahashi et al. (Takahashi et al., 2007) generated a list of 24
candidate genes associated with pluripotency in ESCs which was narrowed down to 4 factors,
known as the Yamanaka factors [Octamer-binding transcription factor 4 (Oct4), c-Myc,
Krippel-like factor 4 (KIf4) and SRY-box 2 (Sox2)] . The Thompson group also established a
similar set of transcription factors capable of reprogramming somatic cells (Oct4, Sox2,
Nanog and Lin28) (Yu et al., 2007). The introduction of these transcription factors into human
somatic cells, most commonly dermal fibroblasts or mononuclear blood cells, results in the
formation of embryonic stem-like cells capable of self-renewal and the ability to differentiate

into the three germ layers.

1.11.2 Application of iPSCs

The applications of iPSCs can be divided into three major groups: regenerative medicine, drug
discovery and disease modelling (Stadtfeld et al., 2010). In each of these applications, iPSCs
are required to be differentiated into a specific cell type e.g., neurons, related to the disorder
of interest e.g., epilepsy (Nishihara et al., 2019). iPSCs have a major advantage in the field of
regenerative medicine compared to ESCs, as they are autologous so are less likely to provoke
an immune reaction in the patient (Scheiner et al., 2014). iPSCs as a method of cellular
therapy/repair have an array of therapeutic applications for genetic disorders such as
epilepsy, neurodegenerative disorders including Alzheimer’s or Parkinson’s disease and

accidental injuries such as spinal cord injuries (Nagoshi et al., 2019).

Patient-derived iPSC models are an ideal method for high throughput screening of
pharmaceutical compounds which may lead to the identification of new drugs. They also have
the potential for personalised therapy, which as discussed previously may be very
advantageous for monogenic epilepsies (Chun et al., 2011). iPSC models more accurately
represent human conditions, providing more accurate data on safety and efficacy in drug
screening than animal models. Lack of efficacy and toxicity concerns are some of the reasons
associated with product failure in clinical trials (Sun et al., 2022).Patient-derived iPSC models
can reduce the cost and the time associated with clinical trial failure due to a product that
may prove to be cytotoxic due to inaccurate data obtained from inaccurate/inappropriate in
vitro and in vivo models (Thanaskody et al., 2022). However, animal models and iPSC models

are used synergically to model human disorders as they both offer unique advantages.
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In many cases, the pathophysiology of certain diseases are not fully understood. Due to an
increase in the discovery of genes associated with epilepsy due to NGS advances, there is an
even greater need to model these mutations in appropriate disease models to elucidate
disease mechanisms (Hmeljak et al., 2019). As iPSCs can proliferate indefinitely and can
differentiate into all cell types, excluding extra-embryonic tissue such as the placenta, these
cells are excellent for studying a wide range of diseases (Sato et al., 2021). To date, numerous
2D and 3D protocols have been developed for differentiating iPSCs into various cell types and
organoids respectively (Centeno et al., 2018). These iPSC-derived models have and will
continue to enable the discovery of novel pathways involved in pathogenesis and

identification of new therapeutic targets.
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Figure 1.8: Schematic illustrating the applications of iPSC-derived neurons.

Patient-specific stem cell lines for cell replacement therapy, drug discovery and disease modelling.
Somatic cells, usually taken from the patient’s skin or blood cells, can be isolated and reprogrammed
into iPSCs. These cells can be differentiated into different neuronal populations and can be used to
further study the pathophysiology of the disease or as a drug screening model to test novel therapies.
Additionally, these lines can undergo gene editing using CRISPR/Cas9 to generate isogenic iPSCs
(Javaid et al., 2022).

1.11.3 iPSC-derived neuronal 2D and 3D protocols

Patients with different mutations in the same gene can have vastly different clinical
presentations, as we have seen in the milder phenotype of KCNQ2-BFNE versus KCNQ2-DEE.
Additionally, patients can have different clinical responses to pharmacological treatments

(Roden et al., 2011). The profound advantage of iPSCs is that they enable the study of human
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disease in the context of each person's unique genetic makeup, in disease-relevant cells,
while also providing a platform for modelling the effects of genetic variants in early
developmental stages of the disease (Simkin et al., 2018). Neuronal sub-types derived from
patient iPSCs have been used to effectively model many neurodevelopmental diseases
associated with epilepsy, including Dravet Syndrome due to SCN1IA mutations (Liu et al.,
2013), Timothy Syndrome (Krey et al., 2013), Angelman Syndrome (Stanurova et al., 2016)
and STXBP1-associated EE (Yamashita et al., 2016).

Traditional iPSC protocols are based on the differentiation of adherent 2D cultures using
either a combination of small molecules or expression of key regulatory transcription factors.
In more recent years, the development of 3D cerebral organoids has facilitated the
differentiation of multi-cellular models that recapitulate specific spatial and temporal aspects
seen in human brain development (Lancaster et al., 2014). Table 1.3 include a list of various
2D and 3D differentiation protocols relevant for studying EEs (Simkin et al., 2022). There are
many benefits to both 2D and 3D neuronal differentiation protocols, and careful
consideration should be taken to choose the protocol most relevant to the research question.
2D protocols have been used more extensively and there now exists numerous well-
established protocols with sufficient reproducibility. On the other hand, 3D protocols may
more accurately resemble the spatial and temporal aspects in the human brain, but these
protocols are more costly, technically challenging, and still in their infancy (Centeno et al.,

2018).

Table 1.3 Literature related to iPSC 2D and 3D neuronal differentiation protocols (Simkin et al., 2022)
Protocol type Cell type Protocol details Reference
Cortical neurons }NI\!T./(.iuaI-SMAD (Chambers et al., 2009)
inhibition
Glutamatergic neurons (Shi et al., 2012a; Shi et al., 2012b)
GABAergic neurons (Liu et al., 2013a; Maroof et al., 2013)
Dopaminergic neurons (Kriks et al., 2011; Zhang et al., 2014)
Small Serotonergic neurons (Lu et al., 2016)
molecule- | Hippocampal neurons (Yu et al., 2014; Sarkar et al., 2018)
mediated Sensory peripheral neurons (Guimaraes et al., 2018)
Astrocytes (Krencik and Zhang, 2011; Gupta et al., 2012; Santos et
al., 2017; Tew et al., 2017)
Oligodendrocytes (Hu et al., 2009; WarTg etal., 2.013; Douvaras et al., 2014;
Douvaras and Fossati, 2015; Piao et al., 2015)
Microglia (Muffat et al., 2016; Abud et al., 2017)
Glutamatergic neurons NGNZ,IWITI'Ii/.ciuaI— (zhang et al., 2013; Nehme et al., 2018)
Transcription SMAD inhibition
factor- GABAergic neurons ASCL1 and DLX2 [(Sunetal., 2016a; Yang et al., 2017)
mediated Dopaminergic neurons ASCL1, NURR1, (Caiazzo et al., 2011; Theka et al., 2013; Mahajani et al.,
LMX1A or PITX3 2019)
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NKX2.2, FEV,
Serotonergic neurons GATA2, LMX1B, |(Vadodaria etal., 2016)
ASCL1, NGN2
Motor neurons LHX3, NGN2, ISL1 |(Goto et al., 2017)
Astrocytes SOX9, NFIB (Canals et al., 2018)

. SOX10, OLIG2, . . )
Oligodendrocytes NKX60.2 (Ehrlich et al., 2017; Pawlowski et al., 2017)
Cerebral whole brai

ere r:? whole brain (Lancaster et al., 2013; Lancaster et al., 2017)
organoids
Cerebrél whole brain (Li et al,, 2017)
organoids
Cerebrél whole brain (Quadrato et al., 2017)
organoids
Cortical organoids (Eiraku et al., 2008)
Cortical organoids (Kadoshima et al., 2013, 2014)
Cortical organoids (Bershteyn et al., 2017)
Forebrain organoids (Rigamonti et al., 2016)
Forebrain organoids (Qian et al., 2016)
MGE (Xiang et al., 2017)
Dorsal, ventral forebrain
assembloids (Bagley et al., 2017)
. Pallial-subpallial .
Organoids assembloids (Birey et al., 2017)
Cortical spheroids (Pasca et al., 2015; Sloan et al., 2017; Pasca, 2019)
Cortico-striatal assembloids (Miura et al., 2020)
Ollgodend‘rocytes cor.1ta|n|ng (Madhavan et al., 2018)
neurocortical spheroids
Microglia containing
neurocortical spheroids (Song et al., 2019)
Midbrain organoids (Joetal., 2016)
Midbrain organoids (Qian et al., 2016)
Hypothalamus (Qian et al., 2016)
Cerebellum (Muguruma et al., 2015)
Hippocampus and choroid (sakaguchi et al., 2015)
plexus
Blood b.ram barrier (Bergmann et al., 2018; Wimmer et al., 2019)
organoids

1.11.4 iPSC modelling in epilepsy related ion-channelopathies

Channelopathy accounts for a significant bulk of genetic mutations associated with epilepsy
(Oyrer et al., 2018). iPSC modelling has greatly accelerated research in ion-channelopathies,
particularly in Na*and K* channelopathies as these are the most abundant. Voltage-gated
sodium channels (NaV) play a fundamental role in the depolarizing phase of an AP, by
promoting spike firings (Yu et al., 2003). In the mature CNS, NaV1.1, NaV1.2, and NaV1.6
(encoded by SCN1A, SCN2A, and SCN8A, respectively) are the most abundant sodium
channels and are all closely linked to epilepsy (Wang et al., 2017). NaV1.1 has been the most
extensively studied NaV in the human in vitro system. NaV1.1 is located at the AIS of neurons
and contributes to the initiation and propagation of action potentials as well as their
excitability (Child et al., 2014). Using iPSCs-derived inhibitory neurons from a patient
harbouring a SCN1A mutation (51328P), it has been shown that neurons carrying this LOF
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mutation, displayed a reduced Na* current amplitude (Sun et al., 2016). Further studies
showed that SCNI1A (c.4261G>T/c.3576_3580del TCAAA) mutated neurons displayed
decreased Na* current density (Kim et al., 2018), with SCN1A (c. 4261G > T) showing a greater
reduction in Na* current compared to SCN1A (c.3576_3580del TCAAA). The differences seen
in biophysical properties from these mutations correlated with the severity of symptoms in
the patients whose iPSCs were generated from. Interestingly, these disparities in Na* current

amplitude were primarily observed in inhibitory neurons but not excitatory neurons.

Voltage-gated potassium ion-channels (Kv’s) make-up the largest group of ion channels in the
nervous system. Kv’s allow the selective efflux of K* ions and are responsible for repolarizing
and hyperpolarizing membrane potentials to prevent hyperexcitability (Kim & Nimigean,
2016). Only a few Kv mutations have been modelled using iPSC-derived models (Table 1.4).
A study investigated the KCNQ2 LOF mutation R581Q and revealed that the mutation led to
faster AP repolarization and shorter spike width (Simkin et al., 2018). Either as a consequence
of the loss of Kv7.2 activity, or as a consequence of the genetic mutation itself, the mutant
neurons exhibited a higher spontaneous firing frequency and burst activity compared to the
control using a multi-electrode array (MEA) assay. This revealed for the first time in vitro, that
the KCNQ2 LOF mutation R581Q in excitatory neurons led to an increased excitability. A

complete list of channelopathy-associated epilepsy iPSC lines is provided in Table 1.4.

Table 1.4. Available channelopathy-associated epilepsy iPSC lines (from Simkin et al, 2022)

Patient or
Gene Mutation Control iPSC Clinical diagnosis Source Phenotype
line
(Birey et al., 2017) Abnormal m|grat|on of )
interneurons in neural spheroids
Defects in calcium signaling and
activity-dependent gene
(Pasca et al., 2011) expression; abnormaIAexpressmn of
. | tyrosine hydroxylase; increased
CACNAIC |c.1216G>A; p.Gaoer | Fatientmutant (plus | o drome production of dopamine and
isogenic control) norepinephrine in cortical neurons
(Krey et al,, 2013) Dendritic retraction in cortical
neurons
Irregular contraction, calcium
(Yazawa et al., 2011) | handling, and prolonged APs in
cardiomyocytes
. engineered mutant | Timothy Syndrome (Martinez et al.,
CACNAIC |c.1216G>A; p.G406R (homozygous) associated mutation 2015) No phenotype reported
Reduced frequency of spontaneous
engineered mutant (Deneault et al., excitatory postsynaptic currents
CACNAIC |Gene knockout CACNA1IC knockout L . i
(homozygous) 2018) (non-significant) in excitatory
neurons
Ataxia; cerebral palsy, hand
CACNA1S |c.4060A>T; p.T1354S patient mutant tremors, developmental Coriell institute No phenotype reported
delay
KCNA2 ¢.869T>G; p.L290R patient mutant DEE (Arbini et al., 2020) | No phenotype reported
KCNA2 c.890G>A; p.R297Q patient mutant DEE (ZSOC{‘E;A)IarZ etal, No phenotype reported
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(Schwarz et al.,

KCNA2 c.982G>C; p.L328V patient mutant DEE 2018) No phenotype reported
KCNA2 c.1120A>G; p.T374A patient mutant DEE (Uysal et al., 2019) | No phenotype reported
KCNA2 ¢.1214C>T; p.P405L patient mutant DEE (Gong et al., 2020) No phenotype reported
KCNB1 ¢.990G>T; p.E330D patient mutant DEE (Guo et al., 2021) No phenotype reported
. . Myoclonus Epilepsy and (Nengqing et al.,
KCNC1 ¢.959G>A; p.R320H patient mutant Ataxia 2020) No phenotype reported
. . Myoclonus Epilepsy and European Bank for
KCNC1 ¢.959G>A; p.R320H patient mutant Ataxia iPSCs (EBISC) No phenotype reported
Patient mutant Lo
. . (Simkin et al.,
KCcNQ2 €.619C>T; p.R207W (plus isogenic KCNQ2-related DEE 2022b) No phenotype reported
control)
Patient mutant n
. . (Simkin et al.,
KcNnQ2 c.683A>G; p.H228R (plus isogenic KCNQ2-related DEE 2022b) No phenotype reported
control)
Patient mutant Lo
N . (Simkin et al.,
KCNQ2 c.821C>T; p.T274M (plus isogenic KCNQ2-related DEE 2022b) No phenotype reported
control)
Patient mutant Lo
. . (Simkin et al.,
KCNQ2 €.1004C>T; p.P335L (plus isogenic KCNQ2-related DEE 2022b) No phenotype reported
control)
Faster AP repolarization; larger
Patient mutant Ehancement of catum-actvated
KCNQ2 c.1742G>A; p.R581Q | (plus isogenic KCNQ2-related DEE (Simkin et al., 2021) N
potassium channels; overall
control) : Lo .
increased bursting in cortical
excitatory neurons
Reduced spontaneous excitatory
engineered mutant (Deneault et al., postsynaptic current frequencies;
kenagz Gene knockout (homozygous) KkeNQ2 knockout 2018) reduced AP firing in cortical
excitatory neurons
. . Neonatal-onset epilepsy .
KcNQ3 ¢.1599dup; p.F5341 patient mutant and non-syndromic (Longobardi et al., No phenotype reported
fsTerl5 (homozygous) N o 2021)
intellectual disability
Increased sodium-activated
potassium current; faster AP
. engineered mutant | KCNT1-related epilepsy (Quraishi et al., repolarization; increased numbers
KenT1 €.2771C>T; p.P924L (homozygous) associated mutation 2019) of evoked APs and firing rates;
increased bursting in iCell Neurons
(Cellular Dynamics)
Autosomal dominant
LGI1 ¢.1418C>T; p.S473L patient mutant temporal lobe epilepsy (Tanetal., 2017) No phenotype reported
(ADTLE)
Dravet syndrome associated Increased sodium current and rates
SCN1A c.23del; p.P8H fsTer91 |engineered mutant mutatior\: (Frasier et al., 2018) | of spontaneous contraction in
cardiomyocytes
. . European Bank for
SCN1A ¢.314C>T; p.T105I patient mutant Dravet syndrome iPSCs (EBISC) No phenotype reported
c.323_326dupTGTA; I European Bank for
SCN1A p.I110V fsTer10 patient mutant Dravet syndrome iPSCs (EBISC) No phenotype reported
Febrile seizures (FS),
SCN1A c.434T>C; p.M145T patient mutant temporal lobe epilepsy (Scalise et al., 2020) | No phenotype reported
(TLE)
Reduced sodium current, impaired
Susrcral, - [15Porse 0 gidaesss e
SCN1A ¢.650C>G; p.T217R patient mutant Dravet syndrome 2019a; Schuster et ysreg p'
pathways for chromatin
al., 2019b) ;
remodeling and neurodevelopment
in GABAergic neurons
atient mutant (plus Increased sodium current and rates
SCN1A c.664C>T; p.R222Ter p X P Dravet syndrome (Frasier et al., 2018) | of spontaneous contraction in
isogenic control) R
cardiomyocytes
€.730G>T; 7356>T; atient mutant (plus ann‘;‘re;;ﬁ:sl:\ﬁ:ngzrtiyr:?queher
SCN1A 736A>T; p.vV244L; p X p Dravet syndrome (Maeda et al., 2016) 4 Y X pL hie
isogenic control) concentrations of secreted
p.K245Ter Lo R
dopamine in excitatory neurons
atient mutant (plus Increased sodium current and rates
SCN1A c.965G>T; p.R322I p X P Dravet syndrome (Frasier et al., 2018) | of spontaneous contraction in
isogenic control) B
cardiomyocytes
Increased sodium currents;
spontaneous bursting; general
SCN1A c.975T>A; p.Y325Ter patient mutant Dravet syndrome (Liu et al., 2013b) hyperexcitability in forebrain-like

pyramidal- and bipolar-shaped
neurons
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patient mutant (plus

Increased sodium current and rates

SCN1A c.975T>A; p.Y325Ter : X Dravet syndrome (Frasier et al., 2018) | of spontaneous contraction in
isogenic control) R
cardiomyocytes
. patient mutant (plus European Bank for
SCN1A c.1112C>T; p.A371V isogenic control) Dravet syndrome iPSCs (EBISC) No phenotype reported
c.1649_1650del; . European Bank for
SCN1A p.550fs * patient mutant Dravet syndrome iPSCs (EBISC) No phenotype reported
. - - hPSC Registry,
SCN1A ¢.2593C>T; p.R865Ter | patient mutant Epilepsy INSERM, France No phenotype reported
c.2672delG; ) (Simkin et al.,
SCN1A p.G891EfsTer3 patient mutant Dravet syndrome 2022b) No phenotype reported
Reduced sodium current, impaired
response to oxidative stress and
Dravet syndrome with {Schuster et al., dysregulated transcriptomic
SCN1A €.2965G>C; p.A989P patient mutant 4 2019a; Schuster et ysreg p-
developmental delay pathways for chromatin
al., 2019b) :
remodeling and neurodevelopment
in GABAergic neurons
SCN1A ¢.3306C>A; p.Y1102Ter | patient mutant Dravet syndrome (Kimura et al., 2020) | No phenotype reported
Reduced sodium current density
¢.3576_3580del; ) . RN .
SCN1A p11194CfsTer21 patient mutant Dravet syndrome (Kim et al., 2018) and reduced AP firing in GABAergic
neurons
. patient mutant (plus European Bank for
SCN1A ¢.3733C>T; p.R1245Ter isogenic control) Dravet syndrome iPSCs (EBISC) No phenotype reported
patlenF mutant (plus Reduced sodium current and AP
isogenic control) firing in inhibitory neurons;
SCN1A ¢.3809A>C; p.K1270T |and engineered Dravet syndrome (Xie et al., 2020) g . v L
mutant reduced sodium current in
excitatory neurons
(homozygous)
atient mutant (plus Increased sodium current and rates
SCN1A ¢.3982T>C; p.S1328P p s mu piu Dravet syndrome (Frasier et al., 2018) | of spontaneous contraction in
isogenic control) R
cardiomyocytes
Reduced sodium currents and AP
firing in medial ganglionic
SCN1A ¢.3982T>C; p.S1328P patient mutant Dravet syndrome (Sun et al., 2016b) eminence-like inhibitory neurons;
no phenotype detected in
telecephalic excitatory neurons
. Dravet syndrome with European Bank for
*
SCN1A p.V1352CfsTer5 patient mutant developmental delay iPSCs (EBISC) No phenotype reported
Increased persistent sodium
SCNIA  |c.4243T>A; p.F14151 |patient mutant Dravet syndrome (iao etal,, 2013) | Current; increased spontaneous
and evoked activity in
glutamatergic excitatory neurons
Reduced sodium current density
SCN1A c.4261G>T; p.G1421W | patient mutant Dravet syndrome (Kim et al., 2018) and reduced AP firing in GABAergic
neurons
c.4522TdelT; . European Bank for
SCN1A p.Y1508fsTerd patient mutant Dravet syndrome iPSCs (EBISC) No phenotype reported
SCN1A ¢.4573C>T; p.R1525Ter | patient mutant Dravet syndrome (Z'I'Oalrgaal;a etal, No phenotype reported
) (Higurashi et al., L .
SCNIA | c.4933C>T; p.R164sTer |P2UENE MUtANt (plus | o o drome 2013; Tanaka et g, | Reduced AP firing in GABAergic
isogenic control) neurons
2018b)
SCN1A c.5162C>A; p.T1721K | patient mutant Dravet syndrome F“r°pear7 Bank for No phenotype reported
iPSCs (EBISC)
. . European Bank for
SCN1A ¢.5222G>C; p.C1741S | patient mutant Dravet syndrome iPSCs (EBISC) No phenotype reported
Reduced sodium current, impaired
¢.5502_5509dupGCTT Dravet syndrome with (Schuster et al., response to Ox'datlvé stregs and
’ dysregulated transcriptomic
SCN1A GAAC; patient mutant developmental delay and 2019a; Schuster et athwavs for chromatin
p.P1837RfsTer24 ataxia al., 2019b) p ¥:
remodeling and neurodevelopment
in GABAergic neurons
patient mutant (plus (Liu et al., 2016; Reduced sodium current and
. isogenic control) Partial epilepsy with febrile |Zhao et al., 2020a; reduced AP firing in GABAergic
SCNIA C.5768A>G; p.Q1923R and engineered seizures (PEFS+) Zhao et al., 2020b; | neurons, altered postsynaptic
mutant Zhao et al., 2020c) currents
Increased persistent sodium
SCN1A c.5768A>G; p.Q1923R | patient mutant Mild febrile seizures (Jiao et al., 2013) current; |ncreas_e_d spontaneous
and evoked activity in
glutamatergic excitatory neurons
SCN1A ¢.5768A>G; p.Q1923R |engineered mutant rl?]rj;etti;r\]/ndrome associated (Chen et al., 2014) No phenotype reported
SCN1A Gene knockout engineered mutant [SCN1A knockout (Shan et al., 2021) No phenotype reported
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Increased sodium currents;
spontaneous bursting; general

homozygous)

SCN1A c.IVS14+3A>T patient mutant Dravet syndrome (Liu et al., 2013b) hyperexcitability in forebrain-like
pyramidal- and bipolar-shaped
neurons

hPSC Registry:
SCN1B Gene knockout engineered mutant [SCN1B knockout Beijing Tiantan No phenotype reported
Hospital (BJTTH)
engineered mutant
SCN1B Gene knockout (heterozygous and | SCN1B knockout (Tidball et al., 2017) | No phenotype reported
homozygous)
€.386+2T>C; . . . . .
SCN2A IVS342T>C patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported
SCN2A c.584A>G; p.D195G patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported
c.605+1G>T; ) . . , .

SCN2A IVS5+1G>T patient mutant ASD, Epilepsy Simon's Foundation | No phenotype reported

SCN2A €.788C>T; p.A263V patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported

SCN2A c.1283A>T; p.Y428F patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported

SCN2A c.2566C>T; p.R856Ter | patient mutant ASD, Epilepsy (ZSOalrg)pam etal, No phenotype reported

SCN2A c.2877C>A; p.C959Ter | patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported

c.3464_3468delAACAG . " . . .
SCN2A . p.E1155A fsTer2 patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported
) . Increased sodium currents, faster
SCN2A | c.4025T>C; p.L1342p  |Sngineered mutant | SCN2A-related epilepsy (Queetal., 2021) | AP repolarization, increased spike
(heterozygous) associated mutation .
and bursting frequency
SCN2A c.4264A>G; p.K1422E | patient mutant Epileptic encephalopathy Fumpean Bank for No phenotype reported
iPSCs (EBISC)
C.4308+1G>A; . . . . .

SCN2A IVS23+1G>A patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported

SCN2A c.4801G>T; p.V1601L | patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported

SCN2A c.4832T>C; p.L1611P patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported

SCN2A c.4904G>A; p.R1635Q | patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported

SCN2A ¢.4996C>T; p.L1666F patient mutant ASD, Epilepsy Simon's Foundation |No phenotype reported

SCN2A Gene knockout engineered mutant | SCN2A knockout (Lu et al., 2019) Red.uced “‘?“’Wk activity in mixed
excitatory/inhibitory cultures
Reduced spontaneous excitatory

SCN2A Gene knockout engineered mutant SCN2A knockout (Deneault et al., postsynaptic current frequencies;

(homozygous) 2018) reduced AP firing in cortical
excitatory neurons
— Elevated persistent sodium current;
SCN8A c.4774G>C; p.V1592L | patient mutant SCN8A-related epileptic (Tidball et al., 2020) |shorter axon initial segment in
encephalopathy . .
cortical excitatory neurons
SCN8A ¢.5269G>A; p.V1757| patient mutant SCN8A-related epileptic (Tidball et al., 2020) |No phenotype reported
encephalopathy
Increased resurgent sodium
S current; shorter axon initial
SCN8A  |c.5276A>G; p.N17595 |patient mutant SCNEA-related epileptic (Tidball et al., 2020) |segment; prolonged AP
encephalopathy e .
repolarization; increased bursting
in cortical excitatory neurons
Elevated persistent sodium current;
. . shorter axon initial segment;
SCN8A ¢.5615G>T; p.R1872L | patient mutant SCNEA-related epileptic (Tidball et al., 2020) | prolonged AP repolarization;
encephalopathy ; o .
increased bursting in cortical
excitatory neurons
engineered mutant
SCN8A Gene knockout (heterozygous and | SCN8A knockout (Tidball et al., 2017) | No phenotype reported

1.12 Applications of gene-editing and iPSCs

The discovery of gene editing has introduced the ability to alter the genome of cells, thus

enabling the correction of genetic mutations in patients with monogenic diseases such as
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KCNQ2 (Chuang et al., 2017). In drug screening experiments, gene editing that specifically
targets the mutated gene locus can correct the mutation, generating isogenic controls from
patient cells, thus reducing genetic variation and other variables that may influence
phenotypic differences (Brookhouser et al., 2017). The development of the CRISPR (clustered
regularly interspaced short palindromic repeats) -Cas9 system for genome-editing in 2012,
has made gene-editing more efficient, accessible, and cost-effective than previous gene-
editing techniques (Jinek et al., 2012). Gene-editing techniques, particularly CRISPR/CAS9
have been used extensively in disease modelling experiments for monogenic disorders and

will be discussed further in Chapter 3.

1.13 Conclusion

Advances in NGS and other technologies, has enabled an increased understanding of the
disease aetiology particularly in the early-onset epilepsies. Obtaining a genetic diagnosis is
advantageous and diagnostic strategies are constantly evolving. Improved epilepsy
experimental models, drug discovery/design, data sharing and collaboration, are changing
the way we practice more individualised, precision therapies for patients. With further
advances in gene editing tools, and improved drug delivery systems, there is great potential
for translation of new gene therapies. Combining collaborative genotype-phenotype data,
micro-RNA approaches, the many -omics approaches, and new experimental models
including iPSCs-derived models, it is likely that more relevant precision medicines will be the
future in epilepsy research. However, given the underlying mechanisms of many of the newly
discovered genetic disorders including KCNQ2-related DEE, and the large number of different
types of mutations, combined with the current lack of understanding and therapies, poses a
massive challenge, and no specific gene-modifying and disease modifying therapies have to

date been used in routine clinical practice.

1.14 Aim of the study

The aim of this study is to model the phenotype of 3 pathogenic KCNQ2 variants from human
patients suffering from severe early onset developmental and epileptic encephalopathy. This
study examines the mutations of these patients (F261L, A265T, and A294V) in an iPSC-derived
2D cortical neuronal model for the first time, to provide a platform for drug screening and
investigation of other therapeutic approaches. To achieve this aim, the recruited KCNQ2-DEE
patients will have their skin cells reprogrammed into patient-specific iPSC lines and then

differentiated into patient-specific neuronal models by differentiating iPSCs into 2D cortical
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neurons. To assess the phenotype, we will evaluate the electrophysiological and biochemical
properties of the disease neurons. Finally, | aim to provide preliminary data/proof-of-
principle to try to modify or ‘rescue’ the phenotype using several basic antiseizure
medications and examine feasibility to deliver miRNA molecules to generated mature cortical

neurons.

Chapter 2 of this thesis will now discuss the generation of patient-specific iPSCs from KCNQ2-
DEE patients and sibling controls. Chapter 3 will outline the gene-editing techniques
employed. Chapter 4 will describe the differentiation of excitatory cortical neurons from
iPSCs. Chapters 5 and 6 will outline the phenotypic analysis of KCNQ2-DEE neurons using

MEA analysis and calcium imagining respectively.
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Chapter 2: Reprogramming of patient-specific fibroblasts into induced
pluripotent stem cells.

2.1 Introduction

2.1.1 Limitations of Use of Embryonic Stem Cells

Embryonic Stem Cells (ESCs) are self-replicating cells which are capable of differentiating into
cells from each of the three germ layers (Martin, 1981). These cells are derived from the
inner cell mass of mammalian blastocysts, meaning human embryos are the main source of
obtaining human ES cells (Rippon et al., 2004). This pluripotency capability of ES cells makes
them an extremely attractive therapy for a host of diseases. In particular, neurological
diseases where cell sourcing is a huge limitation. However, due to the ethical issues regarding
the use of human embryos, coupled with host tissue rejection after transplantation in
patients (Swijnenburg et al., 2008), ES cell use has its limitations. In several countries the use
of ES cells in scientific research is illegal. In Ireland, there is currently no regulation for the
use of ES cells. One way to overcome these ethical issues is to generate a patient’s own
pluripotent stem cells (PSCs) from somatic cells in their body. Perhaps the most important
advantage of induced PSCs (iPSCs) over ES cells is the possibility to use somatic cells from
patients who suffer from genetic disorders, and thus patient-specific disease models

(Eggenschwiler et al., 2013; Maetzel et al., 2014).

2.1.2 Induced Pluripotent Stem Cells

In 2006, Yamanaka and colleagues showed that they were capable of generating PSCs from
mouse somatic cells by expressing four transcription factors known to play a role in
maintaining pluripotency in ES cells (Takahashi et al., 2006). They combined the transcription
factors oct3/4, sox2, c-Myc and KIf-4 with mouse embryonic fibroblasts to generate what are
now commonly known as induced pluripotent stem cells (iPSCs). In the study they
investigated 24 candidate genes using an assay which measured the induction of
pluripotency based on the level of resistance to G418, as the mouse fibroblasts carried a
Bgeo fusion transgene which was knocked into the Fbx15, a stem cell expressing gene. They
narrowed down the selection of genes to four transcription factors of oct3/4, sox2, c-Myc
and Klf-4, based on which genes were critical for generating pluripotent cells based on the
following criteria: colony number, cell morphology, the expression of ES cell marker genes
and their ability to form teratomas. One year later in 2007, the same group of researchers

showed they could generate iPSCs from adult human somatic cells via retroviral transduction
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of the same four transcription factors of OCT3/4, SOX2, c-Myc and KIf-4 (Takahashi et al.,

2007). This discovery opened the door for the field of human iPSC research.

2.1.3 Sources of Induced Pluripotent Stem Cells

Selecting a cell source for generating iPSCs is an important consideration when planning a
study. The most commonly used sources are fibroblasts, keratinocytes, and blood cells (Raab
et al., 2014). One of the main concerns around selecting the correct source cell is due to the
concept of ‘Epigenetic Memory’. Several studies have shown that cells are capable of
retaining their initial epigenomes and transcriptomes. This means that any genetic
abnormalities, altered gene copy number or unique DNA methylation signatures present in
the origin cell will be passed onto the iPSCs (Hussein et al., 2011). It has also been shown that
certain cell sources favour the differentiation towards one specific lineage of origin over
another, for example, blood cell-derived iPSCs prefer to differentiate into a hematopoietic
lineage, while fibroblast-derived iPSCs can be more effectively differentiated into cells of an
osteogenic lineage than blood cell-derived iPSCs (Kim et al., 2010). However, this concept
has been disputed in the literature with many researchers showing that if iPSCs are cultured
for long enough, they lose this epigenetic memory, however, somatic mutations may arise

from extensive culture, and iPSCs with <50 passages are recommended for research.

Keratinocytes offer many advantages as a cell source for generating iPSCs. They can be
cultured from hair follicles from both vellus and terminal hair which can be taken from the
scalp, facial hair, eyebrows, and the nose. The non-invasive process of removing hair makes
keratinocytes a very attractive cell source compared to other more invasive sources like
blood withdrawal or a skin biopsy. However, this procedure is not completely without
limitations as there is a certain level of expertise needed to remove the hair correctly. The
hair must be removed with the root still attached and the outer root sheath fully intact in
order to obtain a sufficient number of cells, and children may resist to repeat hair sampling.
Another advantage of keratinocytes is the faster reprogramming protocol (Raab et al., 2014).
It only takes 1-2 weeks to generate iPSCs compared to the 3-4 week protocol necessary for
skin fibroblasts. In recent years there has been a steady increase in the number of studies

using keratinocytes over fibroblasts (Re et al., 2018).

Since their initial use in 2007, adult fibroblasts are still the most commonly used cells for
reprogramming. A key reason for their popularity is that they are affordable and easy to
culture, having been used extensively in many research fields. However, one major drawback

is the invasive procedure required to obtain dermal fibroblasts from the donor. This is done
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by taking a small skin (punch) biopsy usually around 3.5-mm to 4-mm from the donor (Raab
et al., 2014). This may be painful for the patient and usually requires clinically trained
professional to perform the biopsy. Once cultivated, fibroblasts are extremely easy to grow
as they require low serum/medium and proliferate quickly resulting in efficient
reprogramming (Streckfuss-Bomeke et al., 2013). One drawback compared to other cell
sources is that it can take approximately 3 to 5 weeks for stem cell colonies to appear after
reprogramming and reprogramming efficiency is reported to be as low as 0.01% to 0.5%

using the four original retroviral vectors (Takahashi et al., 2007).

In this study we used fibroblasts as our cell source and achieved sufficient reprogramming
efficiency using Sendai viral vectors, with stem cell colonies appearing 3 weeks after
reprogramming was initiated. Therefore, there seems to be quite a high level of variability
between studies which could depend on the donor, the medium/serum used, reprograming
method, operator technique, and other factors (Volpato & Webber, 2020; Beekhuis-Hoekstra
et al,, 2021).

Somatic cells
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-derived cells
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Figure 2.1. A summary of somatic cell sources, reprogramming factors and delivery methods used
to generate induced Pluripotent Stem Cells.

These cell types are reprogrammed into iPSCs by delivering reprogramming factors such as Oct4, Sox2,
KIf4, c-Myc, Nanog and Lin28 using different vectors such as Retrovirus, Lentivirus, Adenovirus, Sendai
virus, plasmids, and purified proteins (Han et al., 2011).
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2.1.4 Reprogramming methods

The earliest methods of reprogramming involved the use of retroviruses and lentiviruses,
both of which were capable of achieving good reprogramming efficiency (Park et al., 2008;
Takahashi et al., 2007). However, both of these methods resulted in random integration of
the transgenes into the host genome which could lead to an increase in tumour formation
and mortality in mouse studies (Wu et al., 2014), raising concerns about safety and clinical
translation. To combat these safety concerns, a research group tried to reprogramme mouse
fibroblasts with a non-integrating adenovirus for the first time in 2008 (Stadtfeld et al., 2008).
This resulted in an extremely low efficiency rate and the researchers speculated that this was
a result of the short expression window of the reprogramming factors, which may have been
insufficient to induce somatic cells into a pluripotent state (Stadtfeld et al., 2008). This has
led to the use of a Sendai Virus, an RNA virus that does not integrate into the host genome
but is still capable of producing protein at high levels and for a long duration. This means that
iPSCs generated using a Sendai Virus can be easily translated into the clinic as there’s no
presence of any transgenes after several passages (Fusaki et al., 2009). For this reason, we

chose to reprogramme our dermal fibroblasts with a commercially available Sendai Virus kit.

In 2015, a study compared the reprogramming efficiency of several non-integrating
methods. Using dermal fibroblasts, they compared the reprogramming efficiency of a Sendai
Virus, Nucleofector, the Neon transfection system and Lipofectamine 3000 in 3 patient lines.
They found that the Sendai Virus was the most efficient method resulting in an average of
0.019% efficiency among the 3 lines. Nucleofector was the second most effective method
resulting in 0.012% efficiency followed by the Neon transfection system with less than
0.001% efficiency. Finally, Lipofectamine 3000 was only capable of reprogramming 1 out of
the 3 patient lines with an efficiency of 0.001%. Despite the difference in efficiency between
the reprogramming methods, it is worth noting that the researchers found no significant
difference in iPSC morphology, gene expression of the pluripotency markers, karyotyping

and embryoid body (EB) formation (Manzini et al., 2015).

2.1.5 Characterisation of iPSCs

The methods of characterising iPSCs varies greatly between labs, making the availability of
reliable, quality controlled, well-characterised iPSCs difficult (Stacey et al., 2013). In an effort
to standardise protocols and characterisation methods, the European Bank for induced
Pluripotent Stem Cells (EBiSC) was generated in 2014. The EBiSC is a central repository

whereby they receive iPSCs generated in various laboratories, fully characterise them using
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standardised quality control and quality assurance measures and then re-distribute them
internationally (O’Shea et al., 2020). This is currently only done for research use, however
standardising iPSC production and characterisation methods in research will help generate
more reliable, reproducible results which in turn will facilitate the translation of iPSC studies

into the clinic.

Firstly, they looked at Mycoplasma screening as the need for Mycoplasma-free iPSC culture
is essential. For this they used a highly sensitive qPCR method to detect Mycoplasma
contamination and found that 5 out of 467 lines were positive for Mycoplasma. This number
was present despite the pre-requirement for iPSCs to be sent to the repository already
confirmed to be Mycoplasma free. In the initial ‘hot start’ phase of the study, they found that
8 out of 47 lines had the incorrect cell line identity (De Sousa et al., 2017). This was linked to
the accidental mixing of cell lines, incorrect labelling, and poor data traceability. Following
these results, the centre provided workshops and training to combat this issue and found
this resulted in a significant reduction in incorrect cell line identification for the remainder of

the study.

To analyse differentiation potential, the researchers developed an EB assay, whereby the
iPSCs underwent spontaneous EB differentiation and then expression levels of markers from
each of the 3 germ layers were measured. However, they found that multiple iPSC lines failed
this assay on repeated attempts, so opted to use a commercially available kit (StemDiff
Trilineage Differentiation Kit, Stem Cell Technologies, cat #05230) for the remainder of the
study. All lines successfully passed QC controls including lines which had failed in the previous
tests (O’Shea et al., 2020). This was a fundamental finding from the study, as spontaneous
EB differentiation assays still remain common practice for measuring differentiation

potential in research.

Another important aspect in standardising iPSC characterisation is assessment of the cell
lines for genomic stability. It has been shown that iPSCs are particularly susceptible to
changes in the genome overtime with chromosomes 12, 17, 20 and X known as ‘hotspots’
for such duplications or deletions (Weissbein et al., 2014). G-banding has been considered
the gold standard for karyotyping, however it has many drawbacks for research laboratories,
such as the need for outsourcing to specialist labs, high cost and slow turnaround time due
to the skilled requirements of the procedure, as well as limited best resolution of 3'° Mb,
therefore only gross chromosomal abnormality can be detected by G banding with close

examination.
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Single Nucleotide Polymorphism (SNP) arrays offer a more affordable and accessible
alternative while also yielding higher resolution data, when a large number of iPSC lines are
in need of characterisation. Another method of karyotyping which is used is the Karyolite
BoBs Kit (PerkinElmer cat# 4501-0010) which can detect gains or losses in all chromosomes
in a single assay. When comparing methods, they found there is significant differences in
sensitivity, resolution, turnaround time, sample requirements and cost between each
method. They tested 13 iPSC lines against all methods and only 4 lines yielded consistent
results in all methods. They found the SNP array to be the most effective at detecting
abnormalities, while the Karyolite was the least sensitive. However, they noted that G-
banding was more effective at determining genomic stability through the detection of
inversions and translocations. The SNP array has its own limitations: it is oversensitive and
normal population often have copy number variations (CNVs) from the raw data. It is
therefore essential to filter out small CNVs which are commonly present in most samples of
the assay, to avoid false alarm. The second issue with the SNP array is that it can’t detect
balanced translocations or inversions, as rearrangements do not alter DNA abundance in the
genome or signal intensity on chips. While combining both G-banding and SNP array would
lead to optimal results, the detection method should be chosen based on the main goal of

detection, often due to resource limitations.

If each of the critical release criteria of viability, mycoplasma, STR analysis, gene expression,
are not strictly adhered to, studies using iPSCs can become unreliable, and may lead to
reproducibility issues. These findings highlight extreme importance when planning a study

to carefully consider the characterisation methods.

The aim of the research in this Chapter is to generate and characterise iPSCs from patients
with KCNQ2-Developmental and Epileptic Encephalopathy (DEE) and healthy sibling controls.
In this study we measured pluripotent gene expression using quantitative RT-PCR and
immunocytochemistry. Differentiation potential was examined by spontaneous
differentiation of EBs. Cell line identity was analysed using STR, while karyotyping was
performed using SNP array. Finally, we used a Mycoplasma PCR kit for the detection and

exclusion of any Mycoplasma in our cultures.
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2.2 Materials and Methods
2.2.1. Fibroblast culture

Skin biopsies were collected from Irish patients with a KCNQ2-encephalopathy (due to
pathogenic variants) and healthy sibling controls. Sample procedures were performed as per
clinical practice in the Clinical Research Facility Galway. This study was ethically approved by
the University of Galway Research Ethics Committee (C.A. 750). Skin biopsies were washed
in Dulbecco’s Phosphate Buffered Saline (PBS)(Thermo Fisher Scientific, 14190250)
containing 5% Penicillin/Streptomycin (Thermo Fisher Scientific 10,000 U/ml, 15140122).
Each 3-mm skin biopsies were cut into smaller pieces using a scalpel and placed into several
wells of a 6-well plate. The biopsies were then firmly scored into the plastic dish using the

scalpel and left to dry for 2 min to enhance the attachment.

Biopsy-derived tissues (skin fibroblasts) were cultured in media containing DMEM High
Glucose GlutaMAX™ (Thermo Fisher Scientific, 31966-021), 10% Fetal Bovine Serum
(FBS)(Sigma-Aldrich, 12106C), 1% Penicillin/Streptomycin and 1% non-essential amino-acids
(Invitrogen, 15140-122) at 37 "Cat 5% CO,. Media was changed every 2-3 days and fibroblasts
were passaged with Trypsin-EDTA (0.25%) (Thermo Fisher Scientific, 25200056) every 5-6
days. Fibroblasts were frozen in 90% FBS and 10% Dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
D1435).

Table 2.1 Source Information of patient and control fibroblasts

Patient ID Age Affected Gene, Gender cDNA change Protein change, | Clinical Phenotype
Inheritance location in KCNQ2
subunit
EP2001 5 Proband KCNQ2, de novo Male c.881C>T p.Ala294Val KCNQ2-DEE
only (A294V) in S6
EP2C001 15 Brother Control Male N/A N/A N/A
EP2002 4 Proband KCNQ2, de novo Female c.783A>C p.Phe261Leu KCNQ2-DEE
only (F261L) in  pore-
forming region
between S5 and S6
EP2C002 4 Brother Control Male N/A N/A N/A
EP2003 5 Proband KCNQ2, de novo Female c.638C>T p.Arg213GIn (R213Q) | KCNQ2-DEE
only in S4
EP2C003 21 Brother Control Male N/A N/A N/A
EP2004 7 Proband KCNQ2, de novo Female c.793G>A p.Ala265Thr KCNQ2-DEE
only (A265T) in  pore-
forming region
between S5 and S6
EP2C004 12 Sister Control Female N/A N/A N/A
Abbreviations: EP represents “epilepsy project” and C for control sample cell lines; DEE, developmental and epileptic encephalopathy; N/A,
not applicable
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2.2.2 Derivation of iPSCs using a Sendai Virus Reprogramming kit

The iPSCs were generated using the CytoTune™-iPS 2.0 Sendai Reprogramming kit (Thermo

Fisher Scientific, A16517). Figure 2.2 shows a summary of the reprogramming protocol.

Plate transduced cells

Perform on vitronectin-coated
transduction culture dishes
Replace spent Switchto
Plate Change medium Essential 8 Emerging iPSC colonies ready for transfer
cells medium Medium colonies k
1 1 | ] 1 | ! ] ] /L |
I T T I T T I I I 7/ 1
Day: -2 0o 1 2 4 6 7 8 12 3 -4 weeks
Fibroblast Medium Essential 8™ Medium

Figure 2.2. A brief schematic illustrating the Sendai virus reprogramming protocol used to
generate iPSCs from fibroblasts.

Details expanded in below text.

2.2.2.1 Reprogramming protocol
Step 1: Day -2 (Plating fibroblasts)

Fibroblasts were plated into 2 wells on a 6-well plate containing fibroblast medium, so that

cells are approximately 60-70% confluent at day 0.
Step 2: Day 0 (Perform Transduction)

Fibroblasts were transduced using the CytoTune™ reprogramming vectors at their
appropriate multiplicity of infection (MOI). One well of fibroblasts were detached using
0.05% Trypsin-EDTA and incubated at room temperature. The cells were counted on a
haemocytometer using Trypan blue (Thermo Fisher Scientific, 15250061) to determine
live/dead ratio. The volume of each virus to be added was calculated using the following

calculation:

MOI [CIU/cell] x number of cells
titer of virus [CIU/mL] x 10-3 (mL/uL]

Volume of virus [pL) =

The recommended MOI for KOS, hc-Myc and hKIf4 —containing virus was 5, 5 and 3,
respectively. The appropriate volume of each virus was added to 1ml of warm fibroblast
medium in the second well on the 6-well plate. The cells were incubated overnight at 37 °C

at 5% CO..
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Step 3: Day 1 (Replace medium and culture cells)

24 hours after transduction, the medium was replaced with fresh fibroblast medium. The

cells were cultured for 6 more days, and the medium was changed every other day.
Step 4: Day 7 (Plate transduced cells on Geltrex™-coated dishes)

Tissue culture dishes were coated using Geltrex™ LDEV-Free, hESC-Qualified, Reduced
Growth Factor Basement Membrane Matrix (Thermo Fisher Scientific, A1413302) by adding
1ml of 1% Geltrex ™ into each well of a 6 well plate and incubating at 37 °C for at least 1
hour. The transduced cells were dissociated using 0.05% Trypsin-EDTA. Cells were passaged
into the Geltrex™ coated plates at varying quantities (2.5X10* 5x10% 7.5x10% 1x10°) and

incubated overnight.
Step 5: Day 8 to 28 (Feed and monitor the cells)

Fibroblast medium was replaced with Essential 8™ Medium (Thermo Fisher Scientific,
A1517001) and E8 medium was refreshed every other day. Between three and four weeks
after transduction, colonies emerged from the culture and were large enough to select for
transfer. Individual round and compact colonies were passaged by scraping them from the
culture dish using a 200ul pipette and transferred into a new Geltrex™-coated well of a 6
well plate. Colonies were cultured in Essential 8™ Medium for up to 8 days and were then
expanded and cryopreserved as required. iPSCs were frozen in 90% KnockOut™ Serum

Replacement (KOSR) (Thermo Fisher Scientific, 10828028) and 10% DMSO.

2.2.3iPSC culture
2.2.3.1 Geltrex™ Coating protocol

A 5-mL bottle of Geltrex™ LDEV-Free hESC-Qualified Reduced Growth Factor Basement
Membrane Matrix (Thermo Fisher Scientific, A1413302) was thawed overnight at 2—-8°C. The
thawed Geltrex™ solution was then diluted in a 1:1 ratio with cold Knockout™ DMEM/F-12
(Thermo Fisher Scientific, 12660012). The solution was then aliquoted into 1ml vials on ice
and was stored in the —20°C freezer. To generate a working solution used for coating, 1ml
aliquots were thawed and diluted in 50ml of Knockout™ DMEM/F-12, making a total 1:100
dilution. 1ml of 1% Geltrex™ solution was added to each well of a 6 well plate and incubated

at 37 °C for at least 1 hour.
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2.2.3.2 Passaging iPSCs

iPSCs are passaged every 3-5 days, or once the cells reach approximately 80% confluency.
Before passaging, any differentiated cells are removed by scraping with a 1ml pipette. iPSC
colonies are then passaged using Gentle Cell Dissociation Reagent (GCDR) (Stem Cell
Technologies, 100-0485). 1ml of GCDR was added to each well of a 6 well plate and cells were
incubated at room temperature under an inverted microscope. Colonies were monitored
and once holes began to form, GCDR was removed from the cells and replaced with Essential
8™ Medium. The plate was then tapped harshly to detach cells from the surface of the plate,

and cells were then transferred into a new Geltrex™-coated plate.

2.2.4 Immunocytochemistry

Cells for staining were seeded in 8 well glass chamber slides (Ibidi, 80807). Cells were washed
using PBS and fixed with 4% Paraformaldehyde (Santa Cruz, 30525- 89-4) for 15 to 20
minutes at room temperature. Cells were washed 3 times with PBS. Then, cells were
permeabilized with 0.3% Triton X-100 (Sigma) in PBS for 15 min. Cells were washed 3 times
with PBS. Next, the cells were blocked with 1% Bovine Serum Albumin (BSA)(Sigma, A3608)
and 0.1% Triton X-100 in PBS for 1 hour. Primary antibodies outlined in Table 2.2 were diluted
in blocking buffer and added to the cells. Cells were incubated overnight at 4°C. The next
day, cells were washed 3 times with PBS. Secondary antibodies and Hoechst nuclear dye
were diluted in blocking buffer and added in the appropriate dilutions as outlined in Table
2.3. Cells were incubated for 45 minutes at room temperature. Cells were washed 3 times

with PBS. Chambers were stored in the dark at 4°C for microscopic analysis.

Table 2.2. List of primary antibodies used

Name Manufacturer Species Dilution Cat no.
Oct4 Cell Signalling Technology Rabbit 1:500 2840
Sox2 Cell Signalling Technology Rabbit 1:500 3579
Nanog Cell Signalling Technology Rabbit 1:500 4903
SSEA4 Cell Signalling Technology Mouse 1:500 4755
Tral-81 Cell Signalling Technology Mouse 1:500 4745
Tral-60 Cell Signalling Technology Mouse 1:500 4746
Tujl Abcam Mouse 1:500 ab78078
SMA Cell Marque Corp Mouse 1:500 202 M-96
AFP Sigma Aldrich Mouse 1:200 A8452
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Table 2.3. List of secondary antibodies used

Name Manufacturer Species Dilution Cat no.
AF488 Anti-Rabbit | Cell Signalling | Goat 1:1000 4412
IgG Technology

AF555 Anti-Mouse | Cell Signalling | Goat 1:1000 4409
IgG Technology

Hoechst Nuclear | Cell Signalling | N/A 1:2000 4082
stain Technology

2.2.5. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, 74104) following the
manufacturer’s instructions. RNA purity and concentration was measured using the
NanoDrop 2000 UV. 1ug of RNA was transcribed into complementary DNA (cDNA) using the
SensiFAST™ ¢cDNA synthesis kit (Bioline, BIO-65054) according to manufacturer’s
instructions. Samples were run using the StepOne Plus Real Time PCR System with Fast
SYBR™ Green Master Mix (Applied Biosystems, 43-091-55). Primers used are listed in Table
2.4. The resulting cycle threshold (ct) values were normalised to GAPDH expression. The

relative quantities of mMRNA expression were calculated as being 299 using the average dCt

value of a fibroblast line.

Table 2.4. List of RT-qPCR and PCR primers used

Target Forward (5’-3’) Reverse (5’-3’)

SeV GGATCACTAGGTGATATCGAGC ACCAGACAAGAGTTTAAGAGATATGTATC
KOS ATGCACCGCTACGACGTGAGCGC ACCTTGACAATCCTGATGTGG
KLF4 TTCCTGCATGCCAGAGGAGCCC AATGTATCGAAGGTGCTCAA
GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA
OCT4 AACTTCACTGCACTGTACTCCTC CACCCTTTGTGTTCCCAATTCC
SOX2 AGACTTCACATGTCCCAGCACT CGGGTTTTCTCCATGCTGTTTC
NANOG ATAACCTTGGCTGCCGTCTC AGCCTCCCAATCCCAAACAA
KCNQ2 variant | GCTCACTCGCTGATACTTCC GTCATCAGGACACGTAGCTA
c.881C>T

KCNQ2 variant | GGTCACTGCCTGGTACATCG ATAATCGGGACACGGAGCAG
c.783A>C

KCNQ2 variant | GACATCATGGTGCTCATCGC GAGGCTCGTTCACACCTGAT
€.638C>T
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KCNQ2 variant | GGTCACTGCCTGGTACATCG ATAATCGGGACACGGAGCAG
c.793G>A

2.2.6. In vitro differentiation into each of three germ layers

iPSCs were plated onto a low-adherence 6 well plate which was rinsed with anti-adherence
solution (Stem Cell, cat #07010) and were incubated at 37°C/5% CO.. The resulting embryoid
bodies (EBs) were cultured for 5 to 7 days in DMEM high glucose (Gibco, cat#11965092)
supplemented with 20% Knockout-out Serum Replacement (Gibco, cat#f 10828028), 1% L-
Glutamine (Gibco, cat # 25030081), 1% MEM-NEAA Solution (Gibco, cat# 11140050), 1%
Antibiotic-Antimycotic (Gibco, cat# 15240062) and 0.2% B-Mercaptoethanol (Gibco, cat#
M6250). EBs were transferred to Geltrex™-coated 8-well glass chambers (lbidi) to allow
spontaneous differentiation. Media was changed every other day for 3 to 4 weeks. EBs were
stained with antibodies against AFP (endoderm), a-SMA (mesoderm) and TUJ1 (ectoderm)

to identify tissues from each germ layer.

2.2.7. Single Nucleotide Polymorphism (SNP) analysis

Genomic DNA was extracted from iPSCs using the DNeasy Blood and Tissue kit (Qiagen, cat
#69506). DNA was then loaded on a 1.5% agarose gel for DNA purity and measured on
NanoDrop to determine quantity. The 990 k SNP array for karyotyping was performed at
Beijing Hyslar Biotech (Beijing, China). Data was analysed with Axiom Analysis Suite (Thermo

Fisher, USA), and log2 ratio was generated to detect copy number variations (CNVs).

2.2.8. Mycoplasma PCR

iPSCs were kept in culture until at least 80% confluency was reached. 1 ml of supernatant
was transferred to a microcentrifuge tube. The supernatant was centrifuged at 500 x g for 5
min to remove cellular debris. The supernatant was transferred to a new tube which was
centrifuged again at 14,000 x g for 15 min. The supernatant was discarded, and the pellet
was resuspended in 100ul of DNA free water. Once samples were prepared, the PCR was
performed using Promokine’s PCR mycoplasma test kit (Promocell, PK-CA91-1024) according
to manufacturer’s instructions. Once the PCR was complete, samples underwent agarose gel

electrophoresis, and the gel was imaged.

2.2.9. Fingerprinting
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Genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen) and analysed using
Cell Line authentication service by Eurofins Genomics (Germany). This cell line authentication
service tests 16 different Short Tandem Repeat (STR) markers on different chromosome
(TPOX, D251338, D3S1358, FGA, D55818, CSF1PO, D75820, D851179, THO1, vWA, D13S317,
D16S539, D18S51, D19S433, D21S11, AMEL).

2.3 Results

2.3.1 Generation of fibroblasts from KCNQ2-DEE patients and healthy sibling
controls

Four patients with KCNQ2-DEE and four healthy control donors were recruited for the study.
The pathogenic KCNQ2 variants of each patient can be found in Table 2.1. Skin biopsies from
each donor were plated into 6 well culture dishes and fibroblasts were allowed to expand
from the biopsy over the following 1-2 weeks. As early as 6 days after plating, fibroblasts can
be seen emerging from the biopsy (Figure 2.3). Approximately 2 weeks after plating,
fibroblasts were passaged using 0.25%Trypsin and expanded in T-25 flasks up until passage
8 (Figure 2.3). Fibroblasts were cryopreserved in 90% FBS and 10% DMSO.

Figure 2.3. Images of fibroblasts emerging from skin biopsy.

(A) Image taken 6 days after biopsy was plated. (B) Image taken 12 days after biopsy was plated. (C)
Fibroblasts after Passage one and (D) Fibroblasts after passage two. Magnification 5X. Scale bar is 100
KM,
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All Fibroblast lines underwent a PCR for the detection of Mycoplasma. PCR products were
then loaded onto a 1.5% Agarose gel to visualise results. In Figure 2.4, all fibroblast lines were
negative for the presence of mycoplasma. The internal control band of 479bp was present in

each of four fibroblast lines, confirming the success of the PCR reaction.

Figure 2.4. Representative Gel Electrophoresis result of Mycoplasma PCR test.

From left to right; positive control for mycoplasma (288 bp) and for PCR reaction (479bp), 100bp DNA
ladder, negative control and four separate fibroblast samples from 4 patient donors. The PCR internal
control band is 479bp and positive mycoplasma control band is 288bp. Positive controls were provided
by the kit and the negative control was RNase free water. The DNA templates were extracted from
fibroblast culture media taken from each fibroblast cell line. All samples were negative for
mycoplasma contamination.

2.3.2 Generation of induced pluripotent stem cells

A Sendai Virus containing the four Yamanaka transcription factors OCT4, SOX2, KLF4 and c-
MYC was used to reprogramme fibroblasts into iPSCs. At approximately 10 days post-
transduction, small colonies could be seen forming (Figure 2.5). These colonies were allowed
to expand until they were large enough to be passaged from the plate. To allow the colonies
to grow, surrounding fibroblasts were scraped from the plate using a 2l tip. Care was taken
to ensure that no colonies merged during this stage so only single colonies were chosen for

passaging. The colonies were passaged using the cut and paste method at about 3 to 4 weeks
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after transduction. Selected colonies had a distinct ES-like morphology of defined edges,
round borders, a large nuclei/cytoplasm ratio, and tightly packed colonies (Figure 2.5). iPSC

lines were expanded and frozen in 90% Knock-out Serum Replacement and 10% DMSO.

Figure 2.5. Representative images of induced pluripotent stem cell generation from fibroblasts
using a Sendai virus.

(A) Image of iPSC colony emerging from fibroblasts 10 days post transduction. (B) Image of iPSC
colony 15 days post transduction. (C) Image of iPSC colony after first passage from the reprogramming
plate. (D) Image of iPSCs after second passage. Magnification is 10X. Scale bar is 100uM.

Three stable iPSC lines were generated from each donor fibroblast line. Information
regarding iPSC lines can be found in Table 2.5. All generated iPSC lines were fully

characterised in detail as required for the registration of iPSC lines.

Table 2.5. IPSC lines generated from KCNQ2 patients and healthy controls

Family ID Mutation Cell lines
Family 1 EP2001 c.881C>T; p.A294V C4,C5,C8
EP2C001 Sibling Control C1,C2,C4
Family 2 EP2002 c.783A>C; p.F261L C1,C2,C3
EP2C002 Sibling Control C5, C6, C7
Family 3 EP2003 €.638C>T; p.R213Q C2,C3,c4
EP2C003 Sibling Control C1,C2,C4
Family 4 EP2004 €.793G>A; p.A265T C1,C7,C8
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EP2C004 Sibling Control C2,C4,C5

2.3.3 Characterisation of iPSC lines
2.3.3.1 Alkaline Phosphatase Staining

Alkaline Phosphatase (AP) is a hydrolase enzyme responsible for dephosphorylating
molecules such as nucleotides, proteins, and alkaloids under alkaline conditions, and is highly
expressed in undifferentiated pluripotent ESCs, iPSCs as well as tumour cells. AP staining, a
very simple and quick method, is used to confirm the undifferentiated status of cells in a
red/purple colour, whereas negative cells remain white. All iPSC colonies were positively
stained for AP which was indicated by the red/purple colour seen in Figure 2.6. A negative

result for AP staining in differentiated cells would be colourless.

A

Figure 2.6. Representative images of Alkaline Phosphatase staining of iPSC colonies.

Images were taken of alkaline phosphatase staining of EP2001 C4 (A) and EP2C001 C1 (B). Both cell
lines were positive for Alkaline phosphatase staining. Magnification of (A) 5X and (B) 10X. Scale bar =
100uM.

2.3.3.2 Confirmation of transgene-free status of iPSC lines

Although the Sendai Virus used to reprogramme the iPSCs is a non-integrating virus,
transgenes may persist in the cells for several passages after reprogramming. To ensure all
iPSC lines were negative for any transgenes which were introduced during reprogramming,
we performed a RT-PCR using cDNA from the iPSC lines and checked for the presence of the
transgenes KOS, C-MYC, KLF4 and SeV. PCR products were then analysed on an agarose gel
to visualise results. At passage 15, each cell line was negative for the presence of all

transgenes used during reprogramming (Figure 2.7).
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Positive ctrl
Negative ctrl
EP2003 C2
EP2003 C3
EP2003 C4
Positive ctrl
Negative ctrl
EP2C003 C1
EP2C003 C2
EP2C003 C4

Ladder
Ladder

KOS (Sendai) 528 bp

C-myc (Sendai) 532 bp

KLF4 (Sendai) 410 bp

SeV (Sendai) 181 bp

GAPDH (Sendai) 206 bp

Figure 2.7 Representative result of gel electrophoresis of transgene free- PCR.

DNA was extracted from the cells at passage 15 and underwent PCR to test for the presence of
transgenes KOS, c-MYC, KLF4 and SeV. GAPDH was used as a positive control. DNA taken from cells
immediately after reprogramming was used as a positive control. Normal fibroblasts were used as a
negative control. All cell lines at passage 15 were negative for the presence of all transgenes used in
the transduction process. Results shown are from EP2003 (R213Q) and EP2C003.

2.3.3.3 Single Nucleotide Polymorphism (SNP) analysis revealed that no major
chromosomal abnormalities were introduced to the cell lines during
reprogramming

AlliPSC lines were analysed on a 990k SNP array using genomic DNA extracted from each line
at passage 15. Data was then analysed using Axion Analysis Suite (ThermoFisher, USA) and
standardised with an internal control of 95 samples. Data is presented as Log2 ratios which
can detect CNVs specific to individual samples. For each iPSC line, the log2 ratios of the SNP
analysis revealed that no major chromosomal abnormalities were found to be introduced

during reprogramming and cells have a normal karyotype (Figure 2.8).

46



2% Sgqqeaasi” Uom iniinimgy

CUETTT N o B LN LBy e eI

siidiig

CHRTTNNE e

Figure 2.8. Representative image of result for Single Nucleotide Polymorphism karyotyping.

Log 2 ratio results of SNP analysis for the iPSC line EP2003 (R213Q) C1. No karyotypic abnormalities
were found in any of the cell lines. The gaps are the regions which have no SNP present in the chips.

2.3.3.4 Cell Line Authentication of iPSC lines confirms their identical identity to
parent fibroblast line

To confirm the parental identity of fibroblast lines to the generated iPSC lines, genomic DNA
was extracted from the iPSCs at passage 10, and cells underwent cell line authentication tests
by Eurofins Genomics. Sixteen different STR genomic loci were amplified and compared
between the parent fibroblast line and the three generated iPSC lines from each donor. As
shown in Figure 2.9, all sixteen loci were identical between original fibroblasts and derived

iPSC lines confirming their genomic identity.
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Client Sample Name EP2003 C1 EP2003 C3 EP2003 C4 F.EP2003
Sample Code CL00001536 CL00001537 CL00001538 CL00002216
D8S1179 15,17 15.17 15,17 15,17
D21S11 30,30 30,30 30,30 30,30
D7S820 8.9 8.9 8.9 8,9
CSF1PO 10,11 10,11 10,11 10,11
D3S1358 16,17 16,17 16,17 16,17
THO1 N 4 (& § 74 4 7.7
D13S317 11,11 11,11 11,11 11,11
D16S539 11,12 11,12 11,12 11,12
D2S1338 23,24 23,24 23,24 2324
D19S433 13,13 13,13 13,13 13,13

vWA 16.18 16.18 16.18 16,18
TPOX 8,11 8,11 8,11 8,11
D18S51 12,15 12,15 12,15 12,15
AMEL XX XX XX XX
D5S818 11,11 11,11 11,11 11,11
FGA 22,24 22,24 22.24 22,24

Figure 2.9 Representative image of Short Tandem Repeat Analysis.

16 different STR loci were analysed by Eurofins genomics for the number of repeats in each STR. All
iPSC lines from EP2003 (R213Q) (EP2003 C1, EP2003 C3, EP2003 C4) contain the same numbers of
repeats in 16 STR loci as the fibroblast line F.EP2003.

2.3.3.5iPSC lines contain high levels of pluripotency markers OCT4, SOX2 and
NANOG

To measure the expression of the pluripotency markers OCT4, SOX2 and NANOG, we
performed gRT-PCR using RNA extracted from the iPSC lines at passage 12. There is a
significant increase in the expression of the pluripotency markers OCT4, SOX2, and NANOG
in iPSCs compared to fibroblast lines. (Figure 2.10). Data is presented as relative mRNA
expression of iPSCs normalised to the level of gene expression in the parent fibroblast line
using the delta delta CT method. GAPDH was used as the housekeeping gene. Experiments

were performed in biological and technical triplicates.
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Figure 2.10: Representative image of RT-qPCR results of relative mRNA expression levels of
pluripotent genes in patient and control iPSCs.

(A) Relative mRNA expression of the pluripotent genes OCT4, SOX2 and NANOG in the KCNQ2-DEE
lines EP2003 C2, EP2003 C3, EP2003 C4 compared to parental fibroblast line F.EP2003. (B) Relative
mMRNA expression of the pluripotent genes OCT4, SOX2 and NANOG in the healthy control lines
EP2C003 C1, EP2C003 C2, EP2C003 C4 compared to parental fibroblast line F.EP2C003. GAPDH was
used as the house-keeping gene. The fold change of gene expression in iPSCs was presented in Log10
in relation to that of the parental fibroblast line. The data are from three repeated experiments and
presented as Mean + SEM.

2.3.3.6 iPSCs are positive for undifferentiated stem cell markers by
immunocytochemistry

iPSCs were stained for the nuclear pluripotency markers SOX2, OCT4 and NANOG and the
cell surface markers TRA-1-81, TRA-1-60 and SSEA4 by immunocytochemistry at passage 10.

All cell lines were positive for each of these markers as seen in Figure 2.11. As iPSC colonies

grow outwards from their edges, staining is often higher in these areas as seen in OCT4,

NANOG and SSEA4.

Figure 2.11 Representative image of immunocytochemistry staining of iPSC lines for pluripotency
markers.

EP2002 C1 colonies were positively stained for the pluripotent markers SOX2, OCT4, NANOG, TRA1-
81, TRA1-60 and SSEA4. Magnification is 10X. Scale bar = 100uM.

2.3.3.7 iPSCs are capable of spontaneously forming cells from three germ layers
through Embryoid Body formation

An important characteristic of iPSCs is their ability to differentiate into any of three germ
layers. To determine whether our iPSCs were capable of differentiating into cells from each

of the three germ layers, Embryoid Bodies (EBs) were generated from the iPSCs in suspension
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culture, and they were allowed to attach and spontaneously differentiate in a culture dish
for 3 to 4 weeks. Cells were then fixed and stained using immunocytochemistry for a marker
from each of the three germ layers: alpha-fetoprotein (AFP) for Endoderm; Beta Il Tubulin
(TUJ1) for Ectoderm and smooth muscle actin (SMA) for Mesoderm. As can be seen in Figure
2.12, cells were capable of forming each of these germ layers in different parts of the EB

cultures.

Figure 2.12 Representative image of immunocytochemistry staining of iPSC lines for the three
germ layer markers after spontaneous differentiation.

EBs were allowed to spontaneously differentiate for 4 weeks. Cells were then fixed and stained. Above
our representative images of cells from EP2004 C1 from the three germ layers; the endoderm,
ectoderm and mesoderm stained with alpha-fetoprotein (AFP), Beta Ill Tubulin (TUJ1) and smooth
muscle actin (SMA), respectively. All lines were positive for markers for each germ layer. Magnification
is 10X. Scale bar = 100uM.

2.3.3.8 All iPSCs were negative for the presence of Mycoplasma

A common problem that is encountered when culturing iPSCs is the presence of Mycoplasma
contamination in cultures. As Mycoplasma cannot be seen with the naked eye, all cell lines
were tested for Mycoplasma contamination after thawing cells from LN, or prior to
cryopreservation. For testing, the culture medium was collected from the cells when they
reached at least 80% confluency to ensure any potential contamination would be detected.
DNA were extracted from particles in the culture medium, PCR was carried out with a
commercial mycoplasma amplification kit under standard conditions and PCR products were
subsequently electrophoresed on a 1.5% agarose gel. All cell lines were found to be negative
for the presence of Mycoplasma (Figure 2.13). The positive control was provided with the

Mycoplasma detection kit (Promokine) and water was used as a negative control.
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Figure 2.13 Representative image of Mycoplasma PCR result after gel electrophoresis.

From left to right; mycoplasma positive control, 100bp DNA ladder, negative control and four separate
samples of fibroblast and derived iPSC lines. PCR internal control band is 479bp and positive control
band is 270bp. Positive control was provided by the kit and negative control was RNase free water.
The samples were culture media taken from each iPSC cell line. All samples were negative for
mycoplasma contamination.

2.3.3.9 Sanger sequencing confirms mutations in KCNQ2-DEE patient-derived
iPSCs

To ensure the KCNQ2-DEE related variants/mutations were present in the patient fibroblasts
and generated iPSCs, DNA was extracted from the cells and underwent PCR with primers
designed specifically to flank the target regions (Primer information is provided in Table 2.4).
The PCR product was then purified and sent for Sanger sequencing by Eurofins Genomics.
Figure 2.14 shows the presence of the mutation marked ‘R’ (for A and G) in the patient
fibroblast line F.EP2003 and the iPSCs EP2003 C1, EP2003 C3 and EP2003 C4. The presence
of the double peaks (A in green and G in black) indicates it is a heterozygous mutation with
a wild type G and a mutant A. Conversely, there is an absence of a mutation seen in the
healthy control fibroblast line F.EP2C003 and the iPSCs EP2C003 C1, EP2C003 C2 and
EP2C003 C4, which are homozygous for G on the respective nucleotide c.638. The PCR

products were sequenced with a reverse primer, so the confirmed mutation was c.638C>T.
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Figure 2.14 Representative image of Sanger Sequencing results to confirm the presence of
mutation (KCNQ2-DEE lines) and the absence of mutation (healthy control lines).

(A) The presence of the mutation is confirmed in the Fibroblast line F.EP2003 and all derived iPSC
lines, which is heterozygous for A (green) and G (black). (B) The absence of the mutation is confirmed
in the healthy control fibroblast line F.EP2C003 and all derived iPSC lines which is homozygous for G
(black). R represents nucleotides for A and G. The sequencing was carried out with a reverse primer,
and the KCNQ2 mutation in this patient was confirmed to be c.638C>T.

2.4 Discussion

Since the discovery of iPSCs from human somatic cells by Yamanaka’ group (Takahashi et al.,
2007), the field of stem cell technology has progressed rapidly. iPSCs are of particular interest
for neuronal disorders. Their applications can be divided into 2 main groups: cell replacement
therapy, which is very important in disorders such as Alzheimer’s or Parkinson’s disease and
secondly, disease modelling of monogenic disorders including those which give rise to
epilepsy and the developmental and epileptic encephalopathies (DEEs) including those due
to pathogenic variants in KCNQ2 (KCNQ2-DEE) the commonest cause of genetic neonatal
epilepsy (Yang et al., 2016). This in turn allows the exploration of novel drug screening

approaches for patients in human cell-based models.

In this study, we have generated and characterised 24 human iPSC lines, including 12 lines
from healthy controls and 12 lines from epilepsy patients carrying KCNQ2 pathogenic
variants including ¢.638C>T (p.R213Q), c.783A>C (p.F261L); c.793G>A (p.A265T) and
c.881C>T (p.A294V), respectively. In patients with KCNQ2-DEE, the genotype-phenotype

correlation is not fully understood but disease severity largely correlates to key hotspots
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(location) of the pathogenic variant/mutation within the gene (and corresponding KCNQ2-
protein). Below is a table generated on the UniProt website which shows which regions are

located within each functional domain in the protein (Table 2.6).

Table 2.6: Functional domains with KCNQ2 transmembrane protein

Domain Region Function

Topological domain 1-91 Cytoplasmic
Transmembrane 92-112 Helical, Segment S1
Topological domain 113-122 Extracellular
Transmembrane 123-143 Helical, Segment S2
Topological domain 144-166 Cytoplasmic
Transmembrane 167-187 Helical; Segment S3
Topological domain 188-195 Extracellular
Transmembrane 196-218 Helical; Voltage-sensor; Segment S4
Topological domain 219-231 Cytoplasmic
Transmembrane 232-252 Helical, Segment S5
Topological domain 253-264 Extracellular
Intramembrane 265-285 Pore-forming; Segment H5
Topological domain 286-291 Extracellular
Transmembrane 292-312 Helical; Segment S6
Topological domain 313-872 Cytoplasmic

Modified residue 5 Phosphoserine

Modified residue 11 Phosphotyrosine

Modified residue 15 Phosphoserine

Modified residue 52 Phosphoserine; by PKA1 Publication
Modified residue 217 Phosphothreoninel Publication
Modified residue 466 Phosphoserine

Modified residue 466 Phosphoserine

Modified residue 468 Phosphoserine

Modified residue 472 Phosphoserine

Modified residue 476 Phosphoserine

Modified residue 476 Phosphoserine

Modified residue 478 Phosphoserine

Modified residue 507 Phosphoserine

Modified residue 672 Phosphoserine

Modified residue 801 Phosphoserine

Modified residue 803 Phosphoserine

In Figure 2.15, known KCNQ2 variants are marked next to their corresponding functional
domain. Mutations marked in red are associated with KCNQ2-benign familial neonatal
convulsions (a milder epilepsy phenotype now also known as self-limited familial neonatal
epilepsy) and variant markers in black are associated with the severe seizures and brain

developmental disorder KCNQ2-Developmental and Epileptic encephalopathy (DEE)(Lee et
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, 2022). Three out of four of the variants used in this study are recorded here (R213Q,

A265T, A294V). The fourth variant F261L has not been previously recorded in the literature.

In this chapter, we generated iPSCs from four KCNQ2-DEE patients. To date, there has been

only one study published using KCNQ2 patient-derived iPSCs to generate a neuronal model

of the disease (Table 2.7).

Table 2.7 Summary of iPSC-derived neuronal models in KCNQ2-DEE

KCNQ2 variant | Domain Somatic cell Reprogramming | Reference
method
(Q2-04) C helix Patient peripheral | CytoTune-iPS (Simkin et al.,
R581Q blood mononuclear | 2.0 Sendai 2021)
cells
iso- Q2-04 - Isogenic by | - (Simkin et al.,

CRISPR/CAS9

2021)

voltage-sensing domain

pore domain

= GIv281GH
Ala253Thr p-Ala265Thr D-GIy271Val P
— P aS8Ser p.Ala26SPro p-Thr274Met P-Gh2SITrp .
p-Thrildlle "'4'5',,1905,, p-Asp239Tyr p.Ala265val p.Thr276lle P “N p.Tyr2844sp
p-ThrildAla AIn93asm pASp259Gly p.Leu268Phe P-Lhr277lle  p.
PGl pAI196Val P-Asp259Glu p.Irp270Arg P.GIy279Cys :))»
Ser1? -4 > X
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Figure 2.15. Mutations in KCNQ2 are grouped according to their functional domain.

Mutations marked in red are associated with KCNQ2-benign familial neonatal convulsions
and mutations in black are associated with KCNQ2-DEE (I.-C. Lee et al., 2022).

iPSCs can now be generated from a variety of different somatic cell sources including dermal

fibroblasts (Yu et al.,

2007), keratinocytes (Piao et al.,
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2014), blood cells (Kim et al.,
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and other cell types (Zhou et al., 2012). As previously mentioned, it has been debated in the
literature how much of an impact somatic cell source has on iPSC generation. Here, we report
the use of dermal fibroblasts as a somatic cell source for the generation of iPSCs. We
achieved a 100% success rate of isolating fibroblasts from skin biopsies and no repeat
biopsies were required. Fibroblasts began to emerge from the biopsies after 1 week in
culture and were ready for passaging after approximately 2 weeks in culture. All fibroblasts

were confirmed to be negative for Mycoplasma by PCR.

In this study we chose to reprogramme our Fibroblasts using a Sendai Virus. The main reason
for this decision was because the Sendai Virus is a non-integrating virus, meaning it cannot
integrate into the host genome (Fusaki et al., 2009). It's only capable of expressing the
exogenous transgenes, resulting in no random insertional mutagenesis which substantially
decreases the risk of tumorigenicity or genomic disruption (MacArthur et al., 2012). Sendai
Virus is a respiratory virus of mouse and rat. It was first isolated in the 1950’s in Japan. It is
an enveloped virus of 150-250nm in diameter made up of a single RNA chain (15,384 bases)
in the minus sense. It’s capable of infecting a broad range of cell types by attaching to sialic
acid receptors on the cell surface (Chan et al., 2009). Since SeV vectors are in the form of a
single chain RNA, it’s not possible to integrate with the host genome and disrupt the function
of any important genes as mammals including human do not have reverse transcriptase
gene. Importantly, the gene encoding the Fusion protein is removed from the Sendai Virus
reprogramming kit, rendering the virus incapable of producing any infectious particles. The
pluripotency transgenes are transcribed using RNA polymerase which is encoded by the ‘L’
gene which works by splitting the viral RNA into daughter cells during proliferation. To allow
the vector to be removed from the cells after passaging, functional variants such as

temperature sensitivity have been inserted into the SeV vector.

For these reasons, SeV has become a very popular choice of reprogramming method used to
generate iPSCs. In this study we used the CytoTune 2.0 Sendai Virus Reprogramming Kit. We
found that the efficiency of transduction was sufficient for ample colony selection. Colonies
were ready to be passaged 3-4 weeks post viral transduction. However, we did find some
variability in the number of passages required to achieve complete removal of all transgenes
(KOS, c-MYC, KLF4 and SeV). In 50% of donors (4/8), all lines were transgene free after
passage 10. For two of the donors, they were transgene free after passage 12 while for the
remaining 2 donors they achieved a transgene free status at passage 15. These results appear

consistent with other reports (Kudva et al., 2012).

55



In this study, 24 iPSC lines were generated and fully characterised. To confirm the
pluripotency of the iPSCs, cells were stained for Alkaline Phosphatase (AP),
immunocytochemistry staining of pluripotency markers and finally quantitative RT-PCR of
pluripotency markers. All cells stained for AP were positive, which is indicative of a
pluripotent state (Figure 2.6). However, the importance of AP activity for pluripotent cells
still remains generally unclear (Stefkovd et al., 2015). For this reason, we did not perform AP

staining on all iPSC lines, as it was not deemed to provide any additional information.

To effectively demonstrate that our iPSCs were pluripotent, we measured the expression of
3 known pluripotency markers; NANOG, OCT4 and SOX2 by RT-qPCR, stained for pluripotency
markers by immunocytochemistry and showed their capacity to differentiate into cells from
each of the three germ layers (Figure 2.12). We showed that there was over a 100-fold
increase in the expression of each pluripotency marker relative to the parent fibroblasts
(Figure 2.10). There was some variability between lines from the same donor which was
expected as iPSCs are known to have heterogeneity (Kyttald et al., 2016). Also, there was less
expression of NANOG compared to OCT4 and SOX2 which has been reported in other iPSC

lines (Navarro et al., 2012).

Simultaneously, we demonstrated that our iPSCs expressed the cell surface markers SSEA4,
TRA-1-81 and TRA-1-60 and nuclear markers OCT4, SOX2 and NANOG (Figure 2.11). These
markers are all commonly used markers to confirm pluripotency in embryonic/induced
pluripotent stem cells (Rodda et al., 2005). The borders of the iPSC colonies often had higher
expression of these markers which may be due to the iPSC colonies growing outward from
their edges, meaning proliferative cells would be on the border of the colonies (Warmflash

et al., 2014).

For a cell to be truly pluripotent, it must be able to differentiate into cells from each of the 3
germ layers ectoderm, mesoderm, and endoderm (Hadjantonakis, 2014). In this study, we
showed that through the formation of Embryoid Bodies (EBs), our iPSCs were capable of
forming cells from each of these germ layers. EBs are multicellular aggregates that were
spontaneously generated from iPSCs when grown in suspension. These suspensions contain
cells from each of the germ layers and it is thought that they somewhat recapitulate
development in the early embryo (Guo et al., 2020). Here, we showed that our EBs formed
cells of the ectoderm, mesoderm, and endoderm by staining with B-lll Tubulin (TUJ1),
smooth muscle actin (SMA) and alpha fetoprotein (AFP) respectively (Figure 2.12). This

approach offers many advantages over the teratoma assay, which was traditionally used to
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demonstrate pluripotency by injecting iPSCs into an immuno-compromised mouse and
testing for their ability to form a teratoma containing cells from each of the germ layers. The
tri-lineage differentiation assay used here is less costly, time-consuming, and labour

intensive (Nelakanti et al., 2015).

Genomic integrity of iPSCs is crucial for both research and clinical applications (Bhutani et
al., 2016). There is multiple opportunities to introduce genetic alterations i.e., during the
reprogramming of somatic cells, during cell culture or during gene editing. Therefore, it’s
imperative to assess the genomic integrity of iPSCs to ensure that cells are an exact copy of
parent cells. In this study we chose to analyse our cell genomes using SNP arrays due to its
higher resolution and computational accessibility. Compared to G-banding, which is still the
most commonly used technique for assessing genomic stability, SNP analysis has a
significantly higher resolution, covering every 3kb of the genome on average (Peterson &
Loring, 2014). Several studies in recent years have shown that when compared with SNP
arrays, G-banding was unable to detect as many genetic abnormalities (D’Antonio et al.,
2017). However, one downside of the SNP array is its inability to detect translocations or
inversions (Monzon et al.,, 2008). On the other hand, SNP arrays also cause challenges
because of their high degree of sensitivity. This can make analysing the data tedious as it’s
essential to sieve through the data for any artifacts which may have been introduced by
technical errors. Some regions such as GC-rich telomeres or centromeres, may have little or
no SNPs. To combat this, an internal control is generated with most of the samples analysed
on the same chip, which can be applied to remove some of the common CNVs on the majority
of the samples, which may have been caused by small differences in DNA contents during
processing. As a positive control we used the SNP array to confirm chromosomal deletions
in other disease models in our laboratory i.e., NRXN1 deletions patients with autism
spectrum disorder. In this study, the SNP array found no gross chromosomal abnormalities

in KCNQ2-DEE and control lines.

To confirm the identity of our iPSCs, we performed short tandem repeat (STR) analysis
(Figure 2.9). STRs are short, simple repeats of sequences that involve a repetitive unit that
can be used to identify if cell lines are closely related. This type of genetic fingerprinting is
commonly used in forensics to identify missing persons (Wyner et al., 2020). If a cell is
derived from another cell, both cells should have identical STR profiles. The next closest
match will be a sibling, but since they only share half their DNA from 2 parents with extensive
recombination during gamete formation, the amount of matches they will have on STR

analysis can vary (Zaken et al., 2013). Here, we confirmed that all generated iPSCs have
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identical STR profiles to their parental fibroblast line, but they differ between different

donors.

Genetic or presumed genetic epilepsies represent the cause of epilepsy in over 50% of cases
(Mullen et al., 2018). Within this group are hundreds of monogenic disorders, the genes of
which encode important cellular processes and functions, mostly the sodium and potassium
ion channel epilepsies, which play a pivotal role action potential generation, conduction,
and repolarisation (Khamdiyeva et al., 2021). Some common ion channel genes (when
dysfunctional) causing epilepsy are SCN1A, SCN2A, SCN8A, KCNQ2, KCNQ3, KCNA2, KCNT1,
CLCN1) (Weckhuysen et al., 2012;Poryo et al., 2017; Wang et al., 2017; Stewart et al., 2023;
Arbini et al., 2020). In this study we recruited 4 patients with missense pathogenic variants
in the KCNQ2 gene. To confirm this, we sequenced DNA from the patient’s iPSCs using Sanger
Sequencing. We designed primers specific to each patient which flanked the mutation site
and sequenced approx. 400bp region. Our results confirmed the presence of the mutation in

each patient cell line and the absence of the mutation in the paired sibling control line.

Contamination of cells by pathogens is a huge problem in cell culture. Unlike bacteria, fungi
or viruses, mycoplasma can easily go undetected in cell culture if not routinely monitored.
Larger pathogens like fungi or bacteria cause changes to the cell culture medium which are
visible to the naked eye including media turbidity, visible pathogens, and cell death (Mirjalili
et al., 2005). Due to their small size (0.1uM — 0.8uM), and the ability of cells to survive during
infection, mycoplasma is a silent yet detrimental form of contamination in cell culture (Sugita
et al., 2021). iPSCs infected with mycoplasma may have altered gene expression, growth
factors, and ion channels among other things (Olarerin-George et al., 2015). Prior to freezing
and after thawing our iPSCs, we performed a routine PCR-based mycoplasma test to ensure
cells were free of any mycoplasma contamination. All cell lines used in the experimentation
of this project were confirmed to be mycoplasma free for the entirety of the project (Figure
2.13). However, other cells in our laboratory that tested positive for mycoplasma were
destroyed immediately as mycoplasma treatment options were shown to be unsuccessful in

our laboratory in the past.

In summary, we have generated and characterised fully 24 iPSC lines from 4 patient donors
who have pathogenic variants in KCNQ2 (c.881C>T,c.783A>C, c.638C>T, c.793G>A) and 4
sibling controls. These cell lines were novel and invaluable resources for researching not only
epilepsy but also the role of KCNQ2 in early brain development. We used a proportion of

these cell lines to model disease in vitro by differentiation into excitatory cortical neurons in
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Chapter 4. Due to time constraints, we chose to study 3 out of the 4 pathogenic variants

based on their prevalence and severity.

2.5 Supplementary data to Chapter 2

n EP2001C4 EP2001C5 EP2001C8 ___EP2C001C1 EP2C001C2 EP2C001C4

EP2C003C2

EP2004C8
¥

Figure S2.1. Morphology of iPSC lines.

Images were taken under light microscope at passage 4. All iPSC lines showed normal ESC-like colonies
with tightly packed colonies, defined edges, and round borders. Total magnification is 10x. Scale bar
is 100 pM.
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Figure S2.2. Alkaline Phosphatase staining of iPSC lines.

IPSC lines from donors EP2001, EP2C001, EP2002 and EP2C002 were positive for Alkaline phosphatase
staining. Alkaline Phosphatase staining was not performed for the remaining donors as it is no longer
required as a technique in characterising iPSC lines. Total Magnification is 5x. Scale bar is 100 uM.
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Figure S2.3. Immunocytochemistry analysis of undifferentiated stem cell markers OCT4, SOX2,
NANOG, SSEA4, TRA-1-81 and TRA-1-60.

All Cell lines from EP2001, EP2C001, EP2002, EP2C002, EP2003, EP2C003, EP2004 and EP2C004 were
positive for all markers. Total magnification is 20X. Scale bar = 100 uM.
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Figure S2.4. Immunocytochemistry analysis of markers from the 3 germ layers.
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All iPSC lines were positive for the markers AFP, SMA and TUJ-1. Total magnification is 20x. Scale bar
=100 uM.
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Figure S2.5. RT-qPCR results showing expression of pluripotency markers OCT4, SOX2 and NANOG
in iPSC lines.
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Figure S2.6. RT-PCR results show the absence of any transgenes in the iPSC lines.

All cell lines were negative for the presence of the transgenes KOS, C-MYC, KLF4 and SeV. cDNA taken
from cells 24 hour after transduction was used as a positive control. cDNA from fibroblasts were used

as a negative control. GAPDH was the house-keeping gene used as an internal control.
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Figure S2.7. Sanger Sequencing Chromatograms from all iPSC lines.

The mutation of each patient fibroblast line was confirmed as well as in all the derived iPSC lines. The
absence of the mutation in the healthy control fibroblast line was confirmed as well as in all the
derived iPSC lines. The Red boxes highlight the nucleotides of interest.
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Figure S2.8. Mycoplasma PCR results for all iPSC lines.

Cell culture supernatant was collected from each IPSC line and underwent PCR for the detection of
Mycoplasma. PCR products were electrophoresed on an agarose gel. All cell lines were negative for
the presence of mycoplasma. Positive control is lyophilised mycoplasma product provided by the kit,
ladder is 100bp DNA ladder, negative control is water.



Client ple Name EP2001 C4 EP2001 C5 EP2001 C8 F.EP2001
ple Code CL00002188 CL00002189 CL00002190 CL00002185
D851179 11,14 11,14 11,14 11,14
D21811 30,30.2 30,30.2 30,30.2 30,30.2
D75820 10,13 10,13 10,13 10,13
CSF1PO 10,12 10,12 10,12 10,12
D351358 17,18 17,18 17,18 17,18
THO1 793 793 793 79.3
D135317 12,12 12,12 12,12 12,12
D16S539 10,11 10,11 10,11 10,11
D251338 16,24 16,24 16,24 16,24
D195433 14,15 14,15 14,15 14,15
VWA 16,17 16,17 16,17 16,17
TPOX 8.8 8.8 8,8 8,8
D18S51 13,15 13,15 13,15 13,15
AMEL XY XY XY XY
D58818 11,12 11,12 11,12 11,12
FGA 21,21 21,21 21,21 21,21
Client Sample Name EP2C001 C1 EP2C001 C2 EP2C001 C4 F.EP2C001
ple Code CL00002186 CL00002187 CL00002182 CL00002183
D8S1179 12,14 12,14 12,14 12,14
D21S11 30,30.2 30,30.2 30,30.2 30,30.2
D7S820 9.13 9,13 9,13 9,13
CSF1PO 12,12 12,12 12,12 12,12
D3S1358 14,15 14,15 14,15 14,15
THO1 78 7.8 7.8 7.8
D138317 11,12,13 11,12 11,12 11,12
D16S539 10,12 10,12 10,12 10,12
D251338 16,26 16,26 16,26 16,26
D195433 14,17 14,17 14,17 14,17
VWA 16,17 16,17 16,17 16,17
TPOX 8,8 8,8 88 8,8
D18S51 14,20 14,20 14,20 14,20
AMEL XY XY XY XY
D55818 11,12 11,12 11,12 11,12
FGA 21,21 21,21 21,21 21,21
Client Sample Name EP2002 C1 EP2002 C2 EP2002 C3 F.EP2002
Sample Code CL00001533 CL00001534 CL00001535 CL00002215
D8S1179 13.13 13,13 13,13 13,13
D21S11 29,31 29,31 29,31 29,31
D75820 8,10 8,10 8,10 8,10
CSF1PO 912 9,12 9,12 9,12
D381358 15,17 15,17 15,17 15,17
THO1 6,10 6,10 6,10 6,10
D135317 8,12 8,12 8,12 8,12
D16S539 9,13 9,13 9,13 9,13
D2S1338 17,19 17,19 17,19 17,19
D195433 15,17 15,17 15,17 15,17
VWA 16,18 16,18 16,18 16,18
TPOX 8,8 8,8 8,8 8,8
D18S51 14,16 14,16 14,16 14,16
AMEL XX XX XX XX
D5S818 12,13 12,13 12,13 12,13
FGA 22,24 22,24 22,24 22,24
Client ple Name EP2C002 C5 EP2C002 C6 EP2C002 C7 F.EP2C002
ple Code CL00002196 CL00002191 CL00002192 CL00002193
D8S1179 13,14 13,14 13,14 13,14
D21S11 28,28 28,28 28,28 28,28
D7S820 10,11 10,11 10,11 10,11
CSF1PO 9,12 9,12 9,12 9,12
D351358 15,17 15,17 15,17 15,17
THO1 9.3.9.3 9.39.3 9.39.3 9.3,9.3
D138317 13,13 13,13 13,13 13,13
D16S539 13.13 13,13 13,13 13,13
D251338 17,24 17,24 17,24 17,24
D195433 14,156 14,15 14,156 14,15
VWA 18,18 18,18 18,18 18,18
TPOX 8,11 8,11 8,11 8,11
D18S51 14,16 14,16 14,16 14,16
AMEL XY XY XY XY
D55818 12,13 12,13 12,13 12,13
FGA 22,24 22,24 22,24 22,24
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Client ple Name EP2003 C1 EP2003 C3 EP2003 C4 F.EP2003
ple Code CL00001536 CL00001537 CL00001538 CL00002216
D8S1179 15.17 15,17 15,17 15,17
D21S11 30,30 30,30 30,30 30,30
D7S820 8.9 8.9 8.9 89
CSF1PO 10,11 10,11 10,11 10,11
D3S1358 16,17 16,17 16,17 16,17
THO1 7.7 7T LT 7.7
D13S317 11,11 11,11 11,11 11,11
D16S539 11,12 12 12 11,12
D2S1338 23,24 23,24 23,24 23,24
D19S433 13,13 ,13 ,13 13,13
VWA 16.18 16.18 16.18 16,18
TPOX 8,11 8,11 8,11 8,11
D18S51 12,15 12,15 12,15 12,15
AMEL XX XX XX XX
D5S818 11,11 11,11 11,11 11,11
FGA 2224 22.24 22.24 22,24
Client Sample Name EP2C003 C1 EP2C003 C2 F.EP2C003 EP2C003 C4
Sample Code CL00002207 CL00002208 CL00005479 CL00005476
D8S1179 11,15 11,15 11,15 11,15
D21S11 30,30 30.30 30,30 30,30
D7S820 8,10 8,10 8,10 8,10
CSF1PO 10,11 10,11 10,11 10,11
D3S1358 15,16 15,16 15,16 15,16
THO1 7,93 7,9.3 793 793
D13S317 13,14 13,14 13,14 13,14
D16S539 11,12 11,12 11,12 11,12
D2S1338 20,24 20,24 20,24 20.24
D19S433 14,15 14,15 14,15 14,15
VWA 16,18 16,18 16,18 16,18
TPOX 8,11 8,11 8,11 8,11
D18S51 12,16 12,16 12,16 12,16
AMEL XY XY XY XY
D5S818 11,12 11,12 11,12 11,12
FGA 22,24 22,24 22,24 22,24
Client Sample Name EP2004 C7 EP2004 C8 F.EP2004 EP2004 C1
Sample Code CL00002200 CL00002201 CL00002204 CL00002205
D8S1179 11,14 11,14 11,14 11,14
D21511 29,30 29,30 29,30 29,30
D75820 9,12 9,11,12 9,12 9,12
CSF1PO 10,10 10.11 10.10 10,10
D3S51358 17,17 15,17 17,17 17,17
THO1 6.9.3 6,9.3 6.9.3 6.9.3
D138317 10,12 10,12 10,12 10,12
D16S539 12,12 11,12 12,12 12,12
D251338 19,25 19,25 19,25 19,25
D195433 14,14 14,14 14,14 14,14
VWA 17,18 14,17,18 17,18 17,18
TPOX 8.8 8,8 8,8 8,8
D18551 12,13 12,13,17 12,13 12,13
AMEL XX XX XX XX
D55818 11,12 11,12 11.12 11,12
FGA 21,21 21,25 21,21 21,21
Client Sample Name EP2C004 C2 EP2C004 C4 EP2C004 C5 F.EP2C004
ple Code CL00002197 CL00002198 CL00002199 CL00002202
D8S1179 11,14 11,14 11,14 11,14
D21S11 29,30 29,30 29,30 29,30
D75820 11,12 11,12 11,12 11,12
CSF1PO 11,11 11,11 11,11 11,11
D351358 15,15 15,15 15,15 15,15
THO1 6.9.3 6.9.3 6.9.3 6.9.3
D13S317 12,12 12,12 12,12 12,12
D16S539 11,11 11,11 11,11 11,11
D251338 18,25 18,25 18,25 18,25
D195433 14,14 14,14 14,14 14,14
VWA 14,17 14,17 14,17 14,17
TPOX 8.8 8.8 8.8 8.8
D18551 12,17 12,17 12,17 12,17
AMEL XX XX XX XX
D55818 11,12 11,12 11,12 11,12
FGA 21,25 21,25 21,25 21,25

Figure S2.9. Cell Line Authentication results of the parent fibroblasts and the generated iPSC lines.
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16 different STR genomic Loci were tested in both parental fibroblast lines and derived iPSC lines to

validate the origin of each iPSC line.

Single Nucleotide Polymorphism Single Nucleotide Polymorphism
EP2001C4 EP2C001C2 EP2002 C1 EP2C002 C5

EP2C002 C6
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Single Nucleotide Polymorphism Single Nucleotide Polymorphism
EP2004 C1 EP2C004 C2

EP2003C1 EP2C003C1

EP2003C4

Figure S2.10. Log2 ratio results showing no gross chromosomal abnormalities were introduced
during reprogramming.

The SNP data (Log2 ratio) of all generated IPSC lines. No major chromosomal abnormalities were
found.
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Chapter 3: Genome-Editing of iPSCs Using CRISPR/Cas9 technology
and iPSC-Derived Cortical Neurons Using the microRNA mir-34a

3.1 Introduction

The editing of disease-causing genetic mutations has the potential to revolutionise disease
modelling, save lives and improve the outcome of genetic diseases for many patients. The
earliest methods of gene editing included gene targeting via homologous recombination, zinc
Finger Nuclease (ZFNs) and Transcription Activator-like Effector Nucleases (TALENS) (Urnov et
al., 2010). The ZFNs and TALENS methods utilised engineered DNA-cleaving enzymes and
were successful tools used for the development of therapeutics for mutations in the HBB
gene as well as the editing of immune cells in childhood cancer (Qasim et al., 2017). However,
these tools lacked sufficient accuracy and specificity and were time-consuming due to the
amount of design, synthesis and validation required (Doudna, 2020). Since then, the
development of the CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9
system for genome-editing has made gene-editing more efficient, accessible, and cost-
effective (Jinek et al., 2012). In this Chapter, | will discuss our attempts at using CRISPR-Cas9
technology to generate isogenic mutant and control lines and outline the benefits of genome-

editing in therapeutics and disease modelling.

3.1.1 CRISPR-Cas9 background principles

In the CRISPR-Cas9 system, a protospacer adjacent motif (PAM) sequence, usually 2-5bp in
length, is needed for Cas9 to identify the target DNA sequence. Cas9 is the protein which
assembles with the guide RNA (gRNA), either as two separate CRISPR targeting RNA (crRNA)
and tracrRNA components or as a combined single guide RNA (sgRNA) (Jinek et al., 2012).
The role of Cas9 is to bind and cut the DNA at the target site. This RNA-DNA binding occurs
at approx. a 20bp DNA sequence, which is designed by the researcher, complementary to
that of the nucleotide sequence in the gRNA (Gasiunas et al., 2012). The PAM sequence acts
as a switch next to the DNA recognition site, causing the Cas9 protein to perform a double-
stranded DNA break at the target site. This DNA break induces DNA repair by either Non-
Homologous End Joining (NHEJ), or Homology Directed Repair (HDR) (Figure 3.1) (Szostak et
al., 1983). HDR can take place by using homologous chromosomal DNA or a DNA template.
The HDR mechanism is considered to be more accurate but less efficient than NHEJ (Stark et

al., 2004).
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Figure 3.1: Schematic illustration of CRISPR-Cas9 genome-editing system.

A single guide RNA (sgRNA) molecule can be synthesized by joining the target sequence (without PAM)

with crRNA and TracrRNA. The Cas9/sgRNA complex can find the target genomic DNA sequence and
Cas9 cleaves DNA at 3-4bp 5’ of the PAM sequence. Cells can repair the double DNA break via efficient
NHEJ which may introduce small deletion or insertion, or by efficient mechanism of HDR with high
fidelity (Tavakoli et al., 2021).

The Cas9 of streptococcus pyogenes is the most used enzyme in CRISPR-Cas9 experiments in
the recent decade (Knott et al., 2018), whereas, a wide range of Cas9 homologues are
constantly being explored as alternatives (Liu et al., 2019). For CRISPR-Cas9 technology to be
effective and safe, editing needs to be extremely accurate. As previously mentioned, when a
double stranded DNA break occurs, HDR or NHEJ repair occurs in the cell. HDR is typically not
used as frequently as NHEJ in cells. Additionally, a cell can use both forms of repair at the
same time, generating different alleles of an edited gene (Chatterjee et al., 2017). Two
double-stranded breaks occurring in parallel may also leads to chromosomal translocations
(Gémez-Herreros, 2019). Therefore, there is great desire to strictly control the form of DNA
repair that occurs after a double-stranded DNA break. Alternatively, researchers have
developed methods to perform CRISPR-Cas9 mediated genome editing without the DNA
cleavage step. This has been achieved by directly altering the chemical sequence and by

creating RNA templates for gene alteration (prime editing)(Qi et al., 2013).

The most commonly used strategy for the delivery of CRISPR-Cas9 components in vitro is

electroporation. Electroporation involves pulsing the cells with a high-voltage current that
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generates temporary pores in the cell membranes of approx. 1nM in size (Remy et al., 2017).
This enables CRISPR-Cas9 ribonucleoprotein (RNP) complex to effectively enter the cells.
Optimisation of electroporation parameters is necessary to balance transfection efficiency
with the level of stress to the cells. While a percentage of cell death after electroporation is
expected, if parameters such as voltage, time and number of pulses are not optimised,

excessive cell death may occur (Batista Napotnik et al., 2021).

3.1.2. CRISPR-Cas9 and iPSC modelling

One of the main advantages of the CRISPR-Cas9 system in disease modelling is the ability to
rescue the mutation in iPSCs from patients, thus allowing creation of isogenic iPSC lines to
minimise heterogeneity, to elucidate the effects of the mutation and to provide a proof of
principle for gene therapy (De Masi et al., 2020). Genome edited iPSC-derived cells such as
neurons have various other uses such as drug development and screening (Figure 3.2).
Additionally, introducing the mutation in a control cell line can allow us to examine the
disease effects in vitro with minimal influence from genetic background (Torres-Ruiz at al.,
2017). In an optimal experiment, a patient line, a closely related control line, a mutation-
corrected patient isogenic line and an isogenic mutant line of control iPSCs should be
included. In this study, we aimed to perform a two-pronged approach to (1) rescue the human
KCNQ2-DEE mutation (A294V) in the patient line EP2001 C4 and (2) introduce the mutation
(A294V) in the control line EP2C001 C2 to generate an isogenic control and isogenic patient
line, respectively. We chose this mutation as this is a recurrent mutation in KCNQ2-DEE with

a severe phenotype.
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Figure 3.2: Schematic illustrating the various uses of gene-edited iPSCs.

Somatic tissues taken from either healthy controls or patients can be reprogrammed into iPSCs which
can then undergo CRISPR/Cas9 gene editing to either introduce a mutation or correct the mutation.
These edited cells can then be differentiated into different cell types such as neurons or muscle cells
which can then be used for disease modelling, drug development and gene therapy (De Masi et al.,
2020).

3.1.3 miRNAs and gene regulation

An alternative method of controlling gene expression is the use of microRNAs (miRNAs).
miRNAs are short, non-coding RNA sequences that control gene expression post-
transcriptionally. They can be used to silence gene expression by binding to the 3’
untranslated region of their mRNA targets causing the mRNA to degrade, resulting in reduced
protein production and translational silencing (Ha et al., 2014). However, miRNAs have also
been reported to bind with 5’ untranslated regions and gene promoters (Broughton et al.,
2016) and activate gene expression (Vasudevan, 2012). Thus, the roles of miRNAs are very
diverse. In monogenetic diseases such as KCNQ2-DEE, the use of miRNAs known to interact
with mutant KCNQ2 mRNA can be an attractive therapeutic approach. Mir-34a is a miRNA
that has been shown to be enriched in the brain and is upregulated during neuronal
differentiation and maturation (Jauhari et al., 2018). Using TargetScan (targetscan.org), we
found that mir-34a targets our gene of interest, KCNQ2. A third aim of the work presented in
this Chapter, is proof of principle approach to transfect cells with mir-34a to analyse its effects

on KCNQ?2 expression.
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3.2 Materials and Methods

3.2.1 Design of single-stranded guide RNA and single-stranded donor
oligonucleotide

Based on the variant information for EP2001, single-stranded guide RNAs (sgRNA) and single-
stranded donor oligonucleotides (ssODN) were designed for introducing the KCNQ2 variant
(c.881C>T, A294V) into a sibling control line and rescuing the mutation in a patient line,
respectively. This was done using a publicly available design tool (https://zlab.bio/guide-
design-resources) from Integrated DNA Technologies (IDT, USA). Briefly, a 200bp length of
wild-type (WT) genomic DNA sequence (Human Gene KCNQZ2) surrounding the pathogenic
variant of interest (“c” coloured in red) (5'-
CGGATGCACTCTGGTGGGGCCTGATCACGCTGACCACCATTGGCTACGGGGACAAGTACCCCCAGAC
CTGGAACGGCAGGCTCCTTGCGGCAACCTTCACCCTCATCGGTGTCTCCTTCTTCGCGCTGCCTGCAG

GCATCTTGGGGTCTGGGTTTGCCCTGAAGGTTCAGGAGCAGCACAGGCAGAAGCACTTTGAGAAG-
3’) was uploaded onto the IDT website
(https://sg.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM) to identify the most
suitable 20-nucleotides (nt) sgRNA sequence, with a PAM sequence. We designed the two
ssODNs to be 100-nt oligo in length with the variant located in the middle, with ~40-50-nt
flanking either side of the mutation to mediate homologous recombination (Table 3.1). Based
on the predicted on-target and off-target scores, we chose the most optimal sgRNA which
had a minimal distance between the variant to be edited and the cut site (Figure 3.3). We
then designed primers for sgRNA DNA template synthesis, and the ssODN templates for both
the introduction of the KCNQ2 pathogenic variant in the healthy control iPSC line and the
rescue of the phenotype in the patient iPSC lines via HDR. These are listed in Table 3.1. All

the oligonucleotides were ordered from IDT.

Table 3.1 Primers for sgRNA synthesis and ssODN templates

KCNQ2 (MI) ssODN ACCACCATTGGCTACGGGGACAAGTACCCCCAGA
CCTGGAACGGCAGGCTCCTTGTGGCTACATTTACATTA
ATCGGTGTCTCCTTCTTCGCGCTGCCTGCAgtaagtccagctgececct

KCNQ2 (rescue) ACCACCATTGGCTACGGGGACAAGTACCCCCAGACCT
ssODN GGAACGGCAGGCTCCTTGCGGCTACATTTACATTAAT
CGGTGTCTCCTTCTTCGCGCTGCCTGCAgtaagtccagetgeccct

KcNQ2 (M) For 5’TAATACGACTCACTATAGGTGGCAACCTTCACCCTCAT 3’

KCNQ2 (MI) Rev 5 TTCTAGCTCTAAAACATGAGGGTGAAGGTTGCCAC 3’

KCNQ2 (rescue) For 5’ TAATACGACTCACTATAGGCGGCAACCTTCACCCTCAT 3’
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KCNQ2 (rescue) Rev 5 TTCTAGCTCTAAAACATGAGGGTGAAGGTTGCCGC 3’
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Figure 3.3: Information of candidate sgRNAs provided by IDT software.

A 200-nt sequence flanking the variant was uploaded onto the IDT program. All 20-nt sequences 5’ of

any NGG or 3’ of any CCN were aligned to the whole human genome. Candidate sgRNA designs were
competed for on-target specificity and off-target unintended nuclease activity. The target and off-
target were scored by the program based on the number and position of mismatches of chromosomal
regions to the 20-mer sequence and shown on the left. A high on-target score suggests a high efficacy
of the sgRNA binding to the pre-selected target, with a low number of other non-specific chromosomal
loci which have sufficient length of matches for pairing. A high off-target score means there are fewer
chromosomal regions which can bind the 20-mer RNA with sufficient match at 3’ end and followed by
NGG. An ideal sgRNA would appear in the top right corner of white boxes and physically locate in a
close vicinity of the variant. On the right, the line represents the input 200bp KCNQ2 sequence on the
top, and all putative sgRNA are shown below with forward arrows to right to indicate putative gRNA
from the + strand of DNA, and or arrows to left for (-) strand DNA sequence.
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3.2.2. sgRNA synthesis

Step 1

The KCNQ2(MI)-sgRNA and KCNQ2(Rescue)-sgRNA were selected as the optimal sgRNAs and
were synthesized using the GeneArtTM Precision gRNA Synthesis Kit (Invitrogen,
Cat.A29377). Briefly, a 120bp short sgRNA template DNA was synthesized by PCR assembly
using the following: three complementary DNA fragments of designed sgRNA Forward oligo,
sgRNA reverse oligo and the commercial cr/Tracr Fragment, Universal Forward primer,
Universal Reverse primer and T7 Primer Mix were set up in a test tube together with other
PCR reagents from the kit (Table 3.2). PCR assembly of the gRNA DNA template included the

following:

Table 3.2: Step 1 of protocol for in vitro sgRNA synthesis

Component Volume

Phusion™ High-Fidelity PCR Master Mix (2x) 12.5ul

Commercial mix of Tracer Fragment +Universal Forward | 1pl

primer, Universal Reverse primer +PCR Mix

0.3uM Forward and Reverse oligonucleotide mix 1l

Nuclease-free water 10.5ul

Total 25ul
Step 2

PCR was performed under the following reaction conditions: [98°C for 10s (initial
denaturation) for one cycle; Denaturation at 98°C 5s, Annealing and extension at 55°C 15s for
32 cycles; extension at 72°C 1min for 1 cycle; and finally, 4°C (Hold)]. 5ul of the PCR product
(sRNA DNA template) was used for gel electrophoresis on 1.5% Agarose gel, and 6ul of the
PCR product was used directly in the following in vitro transcription (IVT) reaction. The IVT
reaction was set up as described in Table 3.3. The sgRNA synthesis was carried at 37°C for 3
hours. DNase | (1U/ul) was added to the reaction mix for digesting DNA templates and

primers at 37°C for 15min.

Table 3.3: Step 2 of protocol for in vitro sgRNA synthesis

Component Volume

NTP mix (100mM each of ATP, GTP, CTP, UTP) 8ul
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gRNA DNA template (taken from step 1) 6ul

5x TranscriptAid™ Reaction Buffer 4ul
TranscriptAid™ Enzyme Mix 2ul
Total 20yl

Step 3

Then sgRNA was purified using the gRNA Clean Up Kit (included in GeneArtTM Precision gRNA
Synthesis Kit). Briefly, the volume of IVT reaction (20ul) was adjusted to 200ul with nuclease-
free water (180pl) and mixed thoroughly with 100pl of binding buffer. One volume (300ul) of
96% ethanol was added to the mix and then transferred into a GeneJET™ RNA Purification
Micro Column to purify the sgRNA. The purified sgRNA was finally eluted in 20ul of nuclease-

free water.

Step 4

Finally, the quality of the sgRNA was determined by mixing the sgRNA with RNA Loading Dye
(2X) Solution (NEB, Cat.B0363S) and heating at 70°C for 10min and running on 2%
electrophoresis with a Low Range ssRNA Ladder (NEB, Cat.N0364S). The concentration of
sgRNA was measured using Nanodrop 2000 Spectrophotometer (ThermoFisher, ND2000),

and then stored at -80°C until required.

3.2.3 Electroporation using the Neon transfection system

Four to five wells of iPSC colonies with approximately 70- 80% confluence in 6-well culture
plates were treated with ROCK (Rho-associated protein kinase) inhibitor Y-27632 (STEMCELL,
Cat.#72302) for 1h at a final concentration of 10uM. Onice, 10 yM of Cas9 protein and sgRNA
in TE Buffer, was prepared. The conditioned E8 medium was removed from the cells (kept for
later cell resuspension step) and cells were rinsed with DPBS. Tryple Select (1ml per well) was
added, and the cells incubated at 37°C for approx. 8 mins, checking cells periodically under
the microscope to examine morphology changes. Cells were resuspended in E8 medium kept
from the previous stage by carefully pipetting slowly and transferred (cells) into a 15ml
centrifuge tube. Cells were centrifuged at 100g for 4 min. Cells were resuspended in 1ml of
E8 medium supplemented with Y-27632 and cell counting was performed using a

haemocytometer. After the cell count, 1 x 10° cells were transferred into a new 1.5ml
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centrifuge tube and were centrifuged at 200g for 3 min. Cells were then resuspended in 100l
of buffer R and incubated at 37°C. Any remaining cells were seeded into Geltrex-coated 6 well
plates. Next, the RNP (ribonucleoprotein) complex was prepared as outline in Table 3.4 and

left to incubate at room temperature for 15 min.

Table 3.4: RNP complex components

Component Volume
Cas9 Protein (10uM) 2ul
sgRNA (10uM) 2ul
Buffer R 6ul
Total 10ul

The ssODN was also prepared by combining 5ul of ssODN-KCNQ2 (M) or (Rescue) (600ng/ul)
with 5ul of buffer R. The RNP complex, cell suspension and ssODN template were mixed
together in a small tube as described in Table 3.5. 100ul of the electroporation mix was
carefully transferred into a Neon 100ul tip using the Neon pipette, carefully avoiding the
formation of any bubbles. The Neon pipette was placed into the Neon chamber which
contained 3ml of Buffer E2, within the Neon Pipette Station, and electroporated under
optimized programme (1300V, 30ms and 1pulse), according to the instructions of the

manufacturer.

Table 3.5: Electroporation reaction setup

Component Volume

RNP complex 1oul

Cell suspension (1x108 iPSCs in 100ul) 50ul

ssODN template (10uM) 10ul

Buffer R 70ul

3.2.4. Single cell expansion

Immediately after electroporation, cells were resuspended in 2ml Essential 8™ Flex Medium
(supplemented with 1% (V/V) RevitaCell Supplement) and transferred on a noncoated 6-well

plate. Cells were then seeded as single cells or onto a separate plate to form a cell pool. Single
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iPSCs were manually picked and seeded directly into one well of a Geltrex-coated 48-well
plate (Sarstedt, Cat.#83.3924.300) in 300ul Essential 8™ Flex Medium with 1% (V/V)
RevitaCell Supplement. The remaining cells were seeded in two wells of a Geltrex-coated 6-
well plate as the cell pool. Eighteen hours later, microscopic examination was carried out. The
wells with a single iPSC inside were marked for expansion while any wells with multiple cells
were excluded. The culture medium was changed to fresh Essential 8™ Flex Medium without
RevitaCell Supplement 48h after electroporation. Once the colonies were large enough after
approx. 2 weeks, each colony was passaged onto a well of a 12 well plate using Gentle Cell
Dissociation Reagent. iPSCs were cultured as previously described in Chapter 2 for cell

expansion.

3.2.5. On target PCR screening

Genomic DNA was extracted from the cells as previously described in Chapter 2 for on-target
PCR sequencing. The KCNQ2 EP2001 primer (For: GCTCACTCGCTGATACTTCC and Rev:
GTCATCAGGACACGTAGCTA) was used for the screening of the KCNQ2 genome-edited clones.
Genomic DNA (100ng) was used to amplify the KCNQ2 gene flanking the nucleotide variant
by using AllTag Master Mix (Qiagen, Cat.#203144) and was then purified by QlAquick PCR
Purification Kit according to the instructions of the manufacturer. Purified PCR products were

submitted to Eurofins Genomics (Germany) for Sanger sequencing with the Forward primer.

3.2.6 In vitro digestion of DNA with Cas9 Nuclease

In vitro digestion of DNA with Cas9 Nuclease was carried out to examine gRNA/Cas9 on-target
cleavage activity. All components of the in vitro digestion reaction were combined as outlined
in Table 3.6. The components were mixed thoroughly and pulse-spun in a micro centrifuge
tube. The reaction was incubated at 37°C for 15 min. 1ul of proteinase k was added to the
reaction and pulse spun. The reaction was incubated at room temperature for 10 min. The

DNA was analysed on a 1.5% agarose gel.

Table 3.6: In vitro digestion of DNA template using RNP complex

Component Volume
Nuclease-free water 20ul

NEbuffer r3.1 3ul

300nM sgRNA 3ul (30nM final)
1uM cas9 nuclease 1ul (30nM final)
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Pre-incubate for 10 min at 25°C

30nM substrate DNA

3ul (30nM final)

Total

30ul

3.2.7 mir-34 treatment on iPSC-derived cortical neurons

Mir-34 (100nM), Mir-34 antagomir (100nM) and scrambled RNA (100nM) were added to
separate wells of a 12-well plate of 100 day cortical neurons in patient lines (A265T) and
control lines. Cells were incubated at 37° for 48 h. After 48 h, RNA was extracted from the
cells using the Qiagen RNA extraction kit as described previously in Chapter 2. Single strand
cDNA was synthesised using the RNA and was used for downstream qRT-PCR experiments.
Additionally, cortical neurons were fixed 48 h after treatment with Mir-34, Mir-34 antagomir

and scrambled RNA and stained using immunocytochemistry. Mir-34 was FITC labelled,

allowing for identification by fluorescent imaging.
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3.3 Results

3.3.1 Sanger sequencing confirms the presence of the mutation in iPSCs prior to
gene-editing

To ensure there was no mislabelling of cells or cross-contamination between patient and
control lines before performing gene editing using CRISPR/Cas9, we carried out Sanger
sequencing on one patient line EP2001 C4 (A294V) and one control line EP2C001 C2. The
sequencing results confirmed the presence of the mutation marked ‘Y’ (heterozygous T/C) in
EP2001 C4 (Figure 3.4 A) and homozygous for C of the nucleotide in the sibling control line
EP2C001 C2 (Figure 3.4 B).

&M&XMMMM&M&A@M&

CTCCTTG CAACC"- CTCCT'GCGGCHACC

Figure 3.4: Sanger sequencing results confirming the presence of the mutation in the patient line
EP2001 C4 and the absence of the mutation in the control line EP2C001 C2.

(A) Sequencing results show the heterozygous mutation marked ‘Y’ from the mutation change
(A294V) in the patient line EP2001 C4. (B) Sequencing results show the unchanged nucleotide ‘C’ at
the mutation site in the sibling control line EP2C001 C2.

3.3.2 Synthesis of KCNQ2 (MI) and (Rescue) templates

A short 120bp template for both KCNQ2 (MI) and KCNQ2 (Rescue) were synthesised by PCR
as previously described, using three-fragment DNA PCR. We then electrophoresed these PCR
products on a 1.5% agarose gel to visualise the product size. As seen in Figure 3.5, a single
band appeared at approx. 120bp position for each PCR product, and this confirmed the

successful generation of the two DNA templates required for the sgRNA synthesis in vitro.
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Figure 3.5: KCNQ2 DNA templates (120bp) for mutation induction (left) and rescue (right) by three-
fragment PCR.

(A) 100bp DNA ladder. (B) Double strand DNA templates for sgRNA synthesis generated by PCR for
both mutation induction (left) and rescue (right).

3.3.3 Single cells attached 18 hours after electroporation

After electroporation, single cells were seeded into individual wells of a 48-well plate and
were incubated for 18 hours to allow for cell attachment. After 18 hours, cells were examined
under the light microscope to ensure that any cells that attached were single cells. At this
point, if any double cells were found they were discarded. If two cells were located in the
same well at a distance from one another, one cell could be manually removed from the well
using a pipette tip. Wells with single cells were then marked and cultured for cell expansion.
We found that approx. 15% of seeded single cells were capable of attachment and survival.

Representative images of single cells are shown in Figure 3.6.
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Figure 3.6: Representative images of single cells approximately 18 hours after electroporation.

Wells with single cells were expanded for sequencing analysis. Any wells with double cells were
discarded. Magpnification = 10X. Scale bar = 100uM.

3.3.4 Sanger sequencing results revealed no successful gene-editing at the target
site

Using the KCNQ2 (MI) sgRNA and template (Wt. DNA), we performed an electroporation to
introduce the mutation in the patient cell line EP2C001 C2. We found that after
electroporation there was an 80% cell survival rate. We extracted DNA from 46 single cell
derived clones and sent the samples for Sanger Sequencing. We found that there was no
heterozygous mutation in any of the single cell-derived cell lines after electroporation (Figure
3.7). This result was unexpected, so we then decided to repeat the experiment again using
the KCNQ2 (rescue) sgRNA and template (mut DNA) in the control cell line. After
electroporation, we saw a 68% cell survival rate, which was considerably lower than the
previous attempt. We extracted DNA from 14 single cell-derived clones and sent the samples
for Sanger sequencing. The sequencing results revealed no successful editing at the target
location. As seen in Figure 3.8, the heterozygous mutation marked ‘Y’ is unchanged for each
of the cell lines. Based on these results, we began to troubleshoot the experiment to identify

the problem.
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Figure 3.7: Representative images of Sanger sequencing results of EP2C001 C2 clones after
electroporation showing no introduction of mutation at the target site.

Sequencing results from 12 individual single cell-derived clones reveal no successful introduction of
the mutation (T) at the target site of C in the TTGCGG sequence.
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Figure 3.8: Representative images of Sanger sequencing results of EP2001 C4 clones after
electroporation showing no rescue of mutation at the target site.

Sequencing results from 8 individual single cell-derived clones revealed no successful rescue of the
mutation at the target site. The heterozygous mutation remains unchanged as seen marked by ‘Y’
rather than C as we would wish for.

84



3.3.5 In vitro digestion of template DNA by Cas9 nuclease showed Cas9 enzyme
and sgRNA are working

The first step in troubleshooting for the lack of anticipated gene-editing in 46+14 clones after
electroporation was to examine each of the individual components in the reaction. To do this,
we performed an in-vitro digestion reaction using all the components in the RNP complex
namely the template DNA of genomic PCR products, Cas9 enzyme and the designed sgRNA
at the same concentrations they were used in the electroporation. We found that Cas9 was
capable of cutting the template DNA (Wt DNA)(498bp) at the approximate correct locations
resulting to two fragments of 216bp and 282bp, guided by the sgRNA (Figure 3.9). These
results demonstrated that the gRNA/Cas9 enzyme was working correctly, and that the sgRNA
also guided Cas9 to cut at the correct location within the 498 bp target sequence. There was
some DNA remaining uncut, suggesting that the Cas9 enzyme did not cut all of the DNA,

which could be related to DNA:gRNA ratio, Cas9 activity and reaction conditions including

reaction time.

Figure 3.9: In vitro digestion of template DNA by Cas9 nuclease.

Lane 1 is 100bp DNA ladder. Lane 2 is in vitro digestion reaction (DNA template (Wt DNA) incubated
with Cas9 enzyme and sgRNA). Lane 3 is template DNA alone. Wild type DNA template (498bp, lane
3) was successfully cut at the approximate correct locations resulting 216bp and 288bp by sgRNA (lane
2) guided Cas9 cleavage, A proportion (~20%) of DNA still remained at intact 498 bp position.

3.3.6 Transfection of iPSCs with fluorescently labelled mCherry plasmid revealed
very low transfection efficiency

To determine whether the lack of gene-editing seen in our experiments was due to issues
with delivery of the components into the cells, we transfected cells with a mCherry plasmid

(pGL3-sgRab18.N-Cas9-T2A-mCherry-P2A-Puro) which was fluorescently labelled (Figure
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3.10). 100k iPSCs were seeded into 1 well of a 6-well plate. After 24 and 48 hours, cells were
examined under the fluorescent microscope to calculate the transfection rate. We found that
less than 1% of iPSCs were fluorescently labelled at 24 and 48 hour (Figure 3.10), suggesting
a very low transfection efficiency. This plasmid was then transfected into the same iPSC line
under the same or different electroporation conditions using a different electroporation
system and over 50% of cells were fluorescently labelled with the mCherry plasmid. These

results suggest a possible problem with the Neon transfection system we used to carry out

the electroporation.

Figure 3.10: Image of iPSCs electroporated with an mCherry plasmid to analyse transfection
efficiency.

Transfection efficiency using the mCherry plasmid in iPSCs was less than 1%. Image is not
representative of the entire well. A total of 6 fluorescent cells were visible in the well out of 100,000
cells seeded into the well.

3.3.7 Mir-34 downregulates KCNN2 and KCNN3 expression in KCNQ2-DEE neurons

MicroRNAs are known for their ability to control gene expression, primarily be gene silencing
(Duchaine et al., 2019). Mir-34-a (5' (FI) mA(*)mC (*)mAmMA mCmCmA mGmCmU mAmMAmMG
MAMCMA mCmU(*) mG(*)mC (*)mC(*) mA (3'-Chl) 3’) was found to interact with our gene
of interest KCNQ2 as well as two other genes KCNN2 and KCNN3 which were found to be
upregulated in EP2004 (A265T) iPSC derived neurons (see Figure 4.16 in Chapter 4). For this
reason, we decided to treat these cortical neurons (generated in Chapter 4) with mir-34a in
an attempt to silence the KCNQ2 gene in our neurons. We transfected the cells with the

cholesterol-linked mir-34a and extracted RNA from the cells after 48 hours of treatment. The
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mir-34a was also FITC-labelled which allowed us to image the cells using a confocal
microscope after 48 hours. We found that approx. 42% of cells were positive for mir-34a
uptake (Figure 3.11 A). We then performed a qRT-PCR to measure the effects of mir-34a, the
antagomir and scrambled RNA on the expression of KCNQ2, KCNN2 and KCNN3. We found
that mir-34a could successfully downregulate KCNN2 and KCNN3 expression, while the
antagomir upregulated KCNN3 expression. However, mir-34a had no effect on KCNQ2

expression in patient neurons (Figure 3.11 B).
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Figure 3.11: Mir-34 downregulates KCNN2 and KCNN3 expression in KCNQ2-DEE neurons.
(A) Immunocytochemistry analysis revealed a 42% uptake of mir-34 by KCNQ2-DEE cortical neurons

(labelled in green). (B) gRT-PCR analysis showed mir-34a could downregulate the expression of KCNN2
and KCNN3 in KCNQ2-DEE neurons but had no significant effect on KCNQ2 expression.
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3.4 Discussion

Gene-editing using CRISPR-Cas9 has greatly improved the quality of disease modelling
experiments as it enables the generation of isogenic lines to minimise genetic influence. This
is of particular importance when studying monogenic diseases such as the genetic
developmental encephalopathies and epilepsies, where genetic background is expected to
have major influences on the disease (Gibson et al., 2017). Here, we designed two ssODN
templates (wt and mutant) and corresponding sgRNA sequences to perform both the
correction of the mutation in patient cells and the induction of the mutation in control cells.
Attempts at both experiments were unsuccessful at introducing any changes in the genome
at the target site among 60 clones screened, which was far lower than the anticipated gene
targeting efficiency (¥10%). To investigate the root cause of the problem, we performed
several troubleshooting experiments. Furthermore, we investigated other methods of
altering the gene expression of our mutated gene of interest, KCNQ2. Here, | will briefly
discuss the results from the CRISPR-Cas9 experiments, the trouble-shooting experiments,

and alternative strategies for altering gene expression.

Our results showed no effective gene-editing in either our correction or induction of mutation
models (Figure 3.7 and Figure 3.8). After the first electroporation (mutation induction), we
saw approx. 20% cell death compared to the 32% cell death seen in the repeated experiment
after the second electroporation (mutation correction). It has been reported that an expected
level of cell death after electroporation is between 20% and 80% (Xu et al., 2021). However,
rates of cell death seem to be higher in iPSCs than other cell types (Xu et al., 2018). Several
studies suggest a correlation between high efficacy of genome-editing and high percentage
of cell death, with studies reporting a cell death percentage of approx. 75% in iPSCs (Li et al.,
2018). Furthermore, of the cells that do survive, cell proliferation is often poor (Jafari et al.,
2017). In our experiments, the level of cell death was low compared to published results, and
cells that did survive appeared to proliferate at normal rates. These results suggest that iPSCs
did not undergo as much stress as expected during electroporation. This could indicate that
insufficient current was applied to the cells, reducing the number of openings in the cell’s
membranes, which in turn could have prevented the RNP complex from efficiently entering

the cells.

To determine the efficiency of the CRISPR-Cas9 RNP system in vitro, we performed a one-step
cleavage or digestion of template DNA using the RNP complex. This technique is often used

as a pre-validation step prior to electroporation (Mehravar et al., 2019). Our results showed
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that the RNP complex was successful at cleaving DNA at the approximate correct locations
according to the gel analysis (Figure 3.9). This result suggests that all the components in the
RNP complex i.e., the Cas9 enzyme, the ssODN template and the sgRNAs were all working
effectively. This was a useful troubleshooting experiment as it had excluded the possibility
that the lack of gene-editing we witnessed was as a result of poor gRNA in the RNP complex

or inactive Cas9.

When we performed a literature search to investigate potential causes for the lack of gene-
editing seen in our cell lines, we found that there is a huge level of variability in CRISPR-Cas9
experiments. Different studies reported the use of different instrument settings, varying
concentrations of the components within the RNP complex, different optimal cell passage
number and different cell sources (Sledzinski et al., 2021). For this reason, there is conflicting
advice on which parameters are optimal for a specific cell type. Many groups have reported
a lack of gene-editing after electroporation using the RNP complex (Modarai et al., 2018). To
combat this, researchers have simply increased the amount of RNP introduced to the cells in
an attempt to force gene-editing. However, this brings its own set of problems such as
reduced cell viability and difficulties for translation to the clinic. In my opinion, improved
standardisation for CRISPR-Cas9 experiments are necessary to enhance gene-editing

efficiency to ensure experiments and reliable and reproducible.

To determine whether the lack of gene-editing seen in our cell lines was due to inefficient
delivery of the RNP complex into the cells, we transfected the same cell line (EP2001 C4) with
a fluorescently labelled plasmid (Figure 3.12) and calculated the percentage of cells
containing the plasmid after 24 and 48 hours. For this experiment, we ensured to keep all
other conditions the same as previous experiments used for KCNQ2 editing. We found that
less than 1% of iPSCs contained the fluorescently labelled plasmid both 24 and 48 hours after
electroporation (Figure 3.10). Importantly, the exact same experiment was set up using a
different electroporation system soon after and the transfection efficiency was >50%. These
results suggest that a lack of gene-editing seen in our cell lines was due to inefficient delivery
of the RNP complex into the cells. At the rate of transfection efficiency seen using our
electroporation system, we would need to screen hundreds of single cell-derived lines to

capture a gene-edited line.
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Figure 3.12 mCherry construct.

Structure of mCherry plasmid used to test delivery efficiency in electroporation experiments.

Moving on from gene editing experiments, as a proof of principle experiment, we wanted to
explore the capacity of the miRNA, mir-34a-5p, to silence KCNQ2 expression in our cell
models. We chose to transfect cells after neuronal differentiation from iPSCs to cortical
neurons (described in Chapter 4), as KCNQ2 would be more highly expressed in neurons
compared to iPSCs. Additionally, we chose mir-34a because it could target two other K*
channel genes which were shown to be upregulated in our disease models (Figure 4.16). Our
mir-34a mimic was cholesterol-linked and fluorescently labelled meaning it could enter the
cells and be easily visualised as shown by fluorescent imaging (Figure 3.11). Furthermore, we
found that mir-34a mimic could successfully downregulate the expression of KCNN2 and
KCNN3 in our disease models (Figure 3.11). However, we saw no significant effect on KCNQ2
expression. Some interesting follow up experiments would be to perform phenotypic analysis
of cortical neurons treated with mir-34a to determine whether the upregulation of KCNN2
and KCNN3 are contributing to the hyper-excitable phenotype in our disease models.
Furthermore, the exploration of other miRNAs that may downregulate mutant KCNQ2
expression would also be interesting. In my opinion, a mutation-specific and personalised

therapy approach, holds great promise for the treatment of these rare de novo mutations.
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Chapter 4: Differentiation of Cortical Excitatory Neurons from Human
(patient)-derived iPSCs

4.1 Introduction

Developmental and Epileptic Encephalopathy (DEE) can be defined as epilepsies where
patients experience severe seizures coupled with developmental delay, where often the
developmental disorder is also a result of the aetiology (in this case genetic aetiology) as well
as in part due to the epileptic activity (Hamdan et al., 2017). In DEEs seizures are often severe
and drug resistant (Scheffer et al., 2020). In DEE, the epileptic encephalopathy component of
the disease may be improved by seizure control by anti-seizure medications (ASMs) for some
patients. However, a developmental component of the disease often remains as these
developmental delays are intrinsically linked to the genetic cause of their epilepsy (Gardella
et al., 2018). Therefore, treating patients with ASMs to control seizures do often not usually
greatly impact the developmental impairment, or may only do so to a varying degree

depending on the specific disorder in question.

To develop better treatment options which may directly tackle the root cause of the disease,
a better understanding of the pathophysiology and phenotypical characteristics of the
disease are needed. What complicates this matter is that there are hundreds of reported
KCNQ2 mutations that are linked to DEE, where the disease phenotype may vary significantly
depending on the location of the mutation within the gene (Zhang et al., 2020). This also
means there is likely mutation-specific (variant-specific) pathophysiology in some KCNQ2-
DEEs, resulting in the potential need for individualised precision-therapies. Patient-specific
iPSCs provide the ideal ‘disease in a dish’ model which will allow us to carefully examine the
mutation-specific disease effects in vitro. Understanding the key stages of brain
development involved in cortical growth and folding and how KCNQ2 is involved in brain

development and cortical excitability are critical to discovering new therapeutic targets.

In this Chapter, we will first give a brief background to developmental brain (cortex
development), the role of KCNQ2 in brain development and a brief summary on the current

progress of in vitro disease modelling in KCNQ2-DEE patients.

4.1.1 Anatomy of the cerebral cortex

The growth and organisation of the human cerebral cortex during brain development are
crucial factors that affect human sensorimotor and cognitive abilities (Lee et al., 2019). Any

disruption that occurs during this stage of brain development can lead to neurological
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disorders with seizures, physical, cognitive, and intellectual disabilities seen in the genetic
DEEs. The neocortex accounts for over 90% of the surface area of the cortex. It is folded into
sulci and gyri to allow for a reduction in brain volume (Figure 4.1)(Klyachko et al., 2003). The
neocortex is divided into 6 distinct layers (layers | to VI). There are two major cell types found
in the cortex; pyramidal neurons which are excitatory neurons that comprise approximately
80% of all cells in the cortex, and interneurons which are inhibitory neurons which make up
the remaining 20% of cells (Raybaud et al., 2011). Pyramidal neurons form long glutamatergic
(excitatory) circuits while interneurons establish local GABAergic (inhibitory) connections

between pyramidal neurons (Squier et al., 2010).

4.1.2. Normal development of the human cortex

The cerebral cortex is formed from neuroepithelial cells (NECs). During the fourth week of
development, NECs proliferate in the neural plate until the neural tube closes (Bystron et al.,
2008). From this point onwards, cells divide by asymmetric division whereby one neuron and
one stem cell are generated. This results in differentiated neurons residing in the periphery
or preplate (PP), while the stem cells are located in the deep germitive zone known as the
ventricular zone (VZ)(Supeér et al., 1998). New excitatory neurons must migrate via radial
migration from the VZ, where they are formed, to the surface of the cortex. This process is
assisted by radial glial cells (RGCs), otherwise known as neuroepithelial progenitor cells
(NPCs). Cells that migrate to the VZ during the earlier stages of development end up in the
deep cortex layers, while cells that migrate later pass over the deeper layers and reside in
the outer cortex layers (Nadarajah et al., 2002). Apart from their role in assisting the
migration of pyramidal neurons to the surface of the cortex, RGCs are also progenitor cells
which give rise to both neurons and astrocytes (Pontious et al., 2008). Interneurons migrate
differently to excitatory neurons. They are made in the medial ganglionic eminence and
move via tangenital migration toward the cortex. These interneurons interact with pyramidal
neurons during this process to acquire positional information, thus, the complex interactions
between excitatory and inhibitory neurons are crucial for normal cortex development

(Kriegstein, 2005).
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Figure 4.1. Schematic of neurodevelopment of the cerebral cortex.

(A) Patterning centres in the brain initiate important transcription factors to influence
location-specific cell fates in the cortex. (B) Schematic of cortical development in both mouse
and human. (C) Comparison of important neurogenesis stages across species (Cadwell et al.,
2019).

4.1.3 Role of KCNQ2 in normal brain development

The importance of the M current in neurodevelopment is underscored by the observation
that numerous pathogenic variants in KCNQ2 lead to a broad spectrum of
neurodevelopmental disorders as well as prior work in non-human cell and rodent models. A
recent study has shown that pathogenic variants in KCNQ2 are the most common genetic

cause of DEE in neonates where 40% of patients in the study with neonatal onset DEE, had a
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pathogenic variant in KCNQ2 (Shellhaas et al., 2017). KCNQ2 encodes Kv7.2 (the a-subunit of
the ion channel), which co-assembles with Kv7.3 (encoded by KCNQ3) to form
heterotetrametric Kv7 ion-channels, expressed in excitatory and inhibitory neurons in the
human brain. They are present in high amounts in the cortex but are also present in the
hippocampus (Cooper et al., 2000). These channels play various roles depending on their
subcellular localisation within the neuron. For example, Kv7.2 channels are highly expressed
at the axon initial segment (AlS) and nodes of Ranvier to help stabilise the resting membrane
potential (RMP) (Battefeld et al., 2014). While Kv7.2 channels located in the Soma and Pre-
Synaptic terminals, and a crucial role is to prevent repetitive action potential (AP) firing
following depolarisation and regulate neurotransmitter release respectively (Martire et al.,

2004).

KCNQ2 transcripts have been shown to be expressed from as early as the stem cell stage to
throughout the entire neurodevelopment. Six transcripts can be found for KCNQ2 on the
RefSeq database. The longer KCNQZ2 transcripts are upregulated during neuronal
differentiation and this expression increases as neurons mature overtime in culture (J. S.
Smith et al., 2001). Interestingly, studies have shown that amongst all ion channels, KCNQ2
expression was the highest in hiPSCs (Jiang et al., 2010; Wang et al., 2005). Kv7.2 channels
have been shown to be present at the plasma membrane of immature neurons, whereby
expression then increases overtime. This was shown using an antibody that targeted the long
KCNQ2 transcripts in neonatal mouse CA3 neurons. They recorded a low M current density
at first which gradually increased overtime postnatally. This low M current density in neonatal
neurons is crucial to allow for intrinsic bursting and neuronal synchronisation, critical for the
stabilisation of hippocampal networks (Safiulina et al., 2008). Finally, hyperpolarisation of the
RMP has been shown to correlate with expression of Kv7.2 channels in iPSC-derived neurons
(Telezhkin et al., 2018). Three temporally distinct phases in M current density that are

regulated by KCNQ2 transcript expression are outlined in Figure 4.2.
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Figure 4.2. Schematic overview of KCNQ2 transcript expression during the stages of normal
neuronal development.

Top panel indicates different cell types, stem cell, NPC, and neurons. Middle panel shows the
characteristics of the cells and how this correlates with M current density and the bottom
panel shows transcript expression based on the data exported from the LIBD stem cell
browser (Dirkx et al., 2020).

4.1.4. 2D Cortical neuronal differentiation protocols

iPSCs capacity to differentiate into neurons offers two main pathways: disease modelling and
cell replacement therapy. To date, many protocols have been developed to generate cortical
neurons in vitro using iPSCs to model neurological disorders. Here, | review various different

differentiation protocols and discuss the current progress in disease modelling.

One of the initial methods used to differentiate iPSCs into cortical neurons was based upon
an embryoid aggregate technique, which had previously been shown to work in ESCs (Li et
al., 2006). Briefly, they grew iPSC colonies in suspension in hESC medium for 4 days, followed
by culture in a neural medium (DMEM/F12, N2, Heparin (2ug/ml)). On day 8, Neuroepithelial
(NE) cells could be seen adhering to the plastic dish. Cultures were induced to express
anterior transcription factors OTX2 and LHX2 at day 24, while they were negative for any
posterior HOX proteins. For induction of the midbrain neural cells, NE cells were treated with
50 ng/ml FGF8 and 100 ng/ml Sonic Hedgehog (SHH) on day 10 for 1 week. Finally, to induce
hindbrain and motor neurons, NE cells were treated with 0.1uM Retinoic Acid at day 10 NE

cells then formed rosettes which were gently removed from the culture dish and were kept



in suspension in the same trophic factors for 1 week before being plated on poly-
ornithine/Laminin coated plates (Zeng et al., 2010). The Neurobasal medium supplemented
with BDNF, GDNF and IGF1 was used for terminal differentiation. Since the publication of
this protocol in 2010, there have been several modified versions. such as using different
coating agents, co-culturing with glial cells and different neural progenitor cell isolation

methods.

Another commonly used protocol is the monolayer dual SMAD inhibition protocol, which
was shown to generate cortical neurons from iPSCs in 2009 (Chambers et al., 2009). This
technique involves dissociating iPSCs and culturing them in a monolayer, as opposed to the
cell aggregates in the previous protocol. The authors showed that neuroectoderm formation
could be induced by antagonising the bone morphogenic protein (BMP) and transforming
growth factor beta (TGF-B) signalling pathways by using the morphogen Noggin and small
molecule SB431542 respectively. Noggin and SB431542 have been shown to induce neural
progenitor cell fate after 7 days in neural induction medium consisting of DMEM/F12, Insulin,
N2 and B27 (Y. Shi, Kirwan, & Livesey, 2012). By day 11, cells were passaged into a new dish
and cultured in the same neural differentiation medium as described in the previous
protocol. This dual SMAD Inhibition technique is more time efficient in inducing neural
differentiation. Neuroectoderm can be seen at day 7 and neurons at day 12, compared to

day 17 and day 25 in the EB aggregate method (Muratore et al., 2014).

A neuronal differentiation method commonly used today to generate cortical neurons is the
exogenous over-expression of Neurogenin-2 (NGN2). NGN2 is a transcription factor and
overexpression of NGN2 has been used to generate excitatory neurons (Zhang et al., 2013),
motor neurons (Liu et al., 2013), dopaminergic neurons (Liu et al., 2012) and sensory neurons
(Hulme et al., 2020). The NGN family, which consists of NGN1, NGN2 and NGN3, are a basic-
helix-loop-helix class of transcription factors which are expressed throughout the nervous
system (Ma et al., 1996). These factors play many roles throughout neural development,
however in this context, we are interested in how NGN2 can rapidly induce neuronal
differentiation. This was first shown by Thoma and colleagues in 2012 (Thoma et al., 2012),
who differentiated mouse PSCs into functional neurons by overexpressing NGN2. These
induced neurons (iNs) were shown to express several cortical markers including NEUN, SOX1
and VGLUTI/II. Importantly, these iNs had no expression of the GABAergic marker GAD1 and
had very little tyrosine hydroxylase expression, indicating that it was mostly glutamatergic

neurons in our culture.
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Shortly after this, Zhang et al demonstrated that glutamatergic neurons generated using the
overexpression of NGN2 method could be effectively integrated into the mouse brain ( Zhang
et al., 2013). While these iNs did express cortical markers from the upper layers (I/11), they
lacked the expression of cortical layer VI marker TBR1. Also, they expressed AMPA glutamate
receptors but not NMDA receptors. Finally, most iNs were positive for VGLUT2, which is
expressed by neurons in the thalamus and brainstem, while only 20% of iNs were positive
for VGLUT1, which is expressed by neurons in the cerebral cortex, cerebellum and
hippocampus (Balaram et al., 2011). Together these results show us that these iNs consist of
a very mixed population of neurons, mainly of the thalamus and brainstem. This protocol has
since been modified to include co-culture with astrocytes to promote spontaneous
excitatory currents in iNs (Fernandopulle et al., 2018). Similarly, to direct differentiation to a
more specific cell fate, the use of small molecules have also been incorporated into these
protocols (Ho et al., 2016). NGN iNs are rapid to produce, scalable and easy to handle making
them attractive for disease modelling. However, it's important to note that as NGN2 inhibits
GABAergic neuronal differentiation, co-culturing iNs with inhibitory GABAergic interneurons
is useful for modelling diseases, where GABAergic neurons may also play an important role

in the disease phenotype such as in KCNQ2-DEE (Simkin et al., 2021).

4.1.5. 3D Cortical Neuronal Differentiation Protocols

The aforementioned 2D protocols have all contributed invaluable insights into the
pathophysiology of neurological disorders. However, a limitation of these protocols is that
they do not closely mimic the cytoarchitectural features and cell to cell interactions of in vivo
conditions e.g., on a neuronal network level (Costamagna et al., 2019). Modelling disease so
they resemble in vivo conditions as closely as possible is crucial to understanding the
pathophysiology of the disease. To achieve this, 3D culture conditions are being used
whereby cells form 3D structures known as organoids (Lancaster et al., 2013). 3D organoids
can be defined as a self-organising group of various cell types derived from PSCs which can
differentiate to form fully grown tissues comparable to those found in vivo (Mariani et al.,
2012). In 2013, (Lancaster et al., 2013) demonstrated that EBs cultured in the absence of
small molecules could give rise to neuroepithelial buds, which could then mature into
different regions of the brain. Since then, there has been great interest in organoid
generation for different areas of the CNS. Researchers have successfully developed
organoids of the spinal cord, hippocampus, hypothalamus, midbrain, cerebral cortex, and

the ventral forebrain (Sakaguchi et al., 2015; Qian et al., 2016; Xiang et al., 2017).
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Cortical neurons have been shown to be effective at modelling some monogenic disorders,
enabling the study of genotype-phenotype interactions during cortical maturation. For
example, Birey et al (2017) modelled a monogenic disorder (due to variants in CACNA1C)
Timothy Syndrome (in which patients also experience epilepsy) using ventral and dorsal
forebrain organoids derived from patient iPSCs (Birey et al., 2017). This model included a
complex interaction between glutamatergic neurons from the dorsal forebrain and
GABAergic neurons from the ventral forebrain. As epilepsy disorders involve both
glutamatergic and GABAergic neurons, this protocol overcomes the limitations associated
with the overexpression of NGN2 protocol which exclusively generates glutamatergic
neurons. This is particularly important in epilepsy models as during development of the fetus,
interneurons migrate to the neocortex where they integrate with cortical circuits (Gelman et
al., 2010). Any disruptions of migration of inhibitory neurons to early circuit formation may
lead to neurological disorders including epilepsy. The researchers also showed that there
was formation of functional synapses between the ventral and forebrain organoids by

calcium imaging and patch clamping.

4.1.6 Importance of glial cells in neuronal development

Glial cells, the most abundant cells of the CNS, play many important roles during the
development of the nervous system (Freeman, 2006). They shape development of the
nervous system by regulating axon pathfinding, nerve fasciculation, promoting neuronal cell
death, synapse formation and functional maturation of neurons (Lemke, 2001). Glial cells’
role in promoting synaptogenesis is particularly important in modelling diseases in vitro to
ensure neurons are functional and mature. One study showed that when cultured
underneath an astrocyte feeder layer, retinal ganglion cells (RGCs) produced approximately
7 times more functionally mature synapses than RGCs cultured alone (Nagler et al., 2001). In
this study there was no contact between the feeder layer and the RGCs, suggesting that
soluble, trophic factors released by the astrocytes promoted the formation of more
functionally mature synapses. This has also been shown for neurons in the spinal cord, where
without co-culture with Schwann cells, neurons formed very few functional synapses (Ullian
et al.,, 2004). For this reason, incorporation of glial cells in differentiation protocols,
depending on the model or hypotheses in question, may be critical to promote the

generation of mature neurons which can act as a physiologically relevant disease model.

In this study we used a 2D differentiation protocol based on the dual SMAD inhibition

method with some minor modifications. This protocol has been used previously in our
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laboratory to generate mature, functional cortical neurons (Avazzadeh, 2018). We chose this
method as it is a robust, reliable method used to generate excitatory cortical neurons, that
has been used extensively in the literature. As patients with KCNQ2-DEE experience focal
seizures that arise in the cortex, we aimed to generate excitatory neurons of a cortical origin.
4.2 Materials and Methods

4.2.1 iPSC lines used for cortical neuron differentiation

The iPSCs were cultured as outlined in Chapter 2. The genetic information of the iPSC lines

discussed in this Chapter are outlined below in Table 4.1.

Table 4.1. Information of iPSC lines used for cortical neuron differentiation

Status iPSC line Gender | Age | cDNA change and amino
acid abbreviation

9 iPSC lines from 3 | EP2004 C1 Female 7 €.793G>A (p.A265T)

KCNQ2-pathogenic | EP2004 C7 Female 7 €.793G>A (p.A265T)

variants (patients) EP2004 C8 Female 7 €.793G>A (p.A265T)
EP2002 C1 Female 4 c.783A>C (p. F261L)
EP2002 C2 Female 4 c.783A>C (p. F261L)
EP2002 C3 Female 4 c.783A>C (p. F261L)

EP2001 C4 Male 5 c.881C>T (p. A294V)
EP2001 C5 Male 5 c.881C>T (p. A294V)
EP2001 C8 Male 5 c.881C>T (p. A294V)
9 iPSC lines from 3 | EP2C004 C2 Female 12 N/A

healthy donors EP2C004 C4 | Female | 12 N/A
EP2C004 C5 | Female 12 N/A
EP2C003 C1 Male 21 N/A
EP2C003 C2 Male 21 N/A
EP2C002 C5 Male 4 N/A
EP2C001 C2 Male 21 N/A
EP2C001 C4 Male 21 N/A
EP2C001 C5 Male 21 N/A

4.2.2 Cortical neuronal differentiation protocol

Below is a step-by-step description of the cortical differentiation protocol, depicted in Figure

4.3.
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Figure 4.3 Schematic outlining the workflow of the cortical differentiation protocol.

Outline of 7 step process from iPSCs to terminally differentiated cortical neurons (Avazzadeh, 2018).

Step 1: Day -3 (iPSC Propagation): iPSCs were seeded at a density of ~50,000 cells/cm? on
Geltrex-coated 6 well plates. Cells were passaged using 1ml of gentle cell dissociation
reagent (Stem Cell Technologies) and incubated for 5 minutes at room temperature. Once
cells began to detach, the gentle cell was removed, and the cells were sprayed with Essential
8 (E8) medium to detach the remaining cells from the plate. 10uM of Rock Inhibitor was
added to the medium (Stem Cell Technologies, Y27632). Cells were then transferred onto
new Geltrex-coated plates. Cells were fed every day for 3 days until they reached at least

80% confluency, at which point they are ready for neuronal induction.

Step 2: Day 0 (Neuronal Induction): The E8 medium was removed from the cells and cells
were washed once with DPBS. 2ml of Neural Induction Medium (NIM) was added to the cells.
The NIM consisted of 2/3 (v/v) DMEM F12 (Thermo Fisher Scientific), 1/3 (v/v) Neurobasal
Medium (Thermo Fisher Scientific, 21103-049), N2 supplement (50X) (Thermo Fisher
Scientific, 17502048), B27 supplement without Vitamin A (100X)(Thermo Fisher Scientific,
12587010) and 0.1mM B-Mercaptoethanol (Gibco, cat# M6250). Media was supplemented
daily with 100nM LDN193189 (MCE, HY-12071) and 10nM SB431542 (MCE, HY-10431).

Step 3: Day 10- 12 (Neural Progenitor formation): The cells underwent a half media change
every day until day 10-12. This was dependent on the formation of a thick neuroepithelial

sheet and the appearance of rosettes, which can be dependent between cell lines.

Step 4: Day 10-12 (First passage of Neural Progenitors): The cells were incubated with 10uM

Rock Inhibitor for 1 hour before passaging the cells. After the incubation period, the
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conditioned medium was removed from the cells and transferred to a 15ml falcon tube. The
cells were washed with 1ml DPBS. 1ml of 0.02% EDTA was added to the cells for approx. 2
minutes at 37 °C. The EDTA was removed from the cells and replaced with the conditioned
medium from the previous step. Cells were then carefully scraped with the tip of a 5ml
pipette. Scratches were made gently to detach the cells in large clumps. As much of the cells
as possible were removed from the plate. The cells were transferred to a 15ml falcon tube.
Cells in each well of a 6-well plate were then passaged into 4 wells of Geltrex-coated a 12-

well plate and were then incubated at 37 °C until the next day.

Step 5: Day 10/12 — 20 (Neural Progenitor maintenance): After the first passage, small
molecules LDN193189 and SB431542 were no longer added to the medium. Half of the
medium was changed every other day until day 20. This varied slightly between lines
depending on the confluency of cells. When multiple layers of cells become visible, the cells

were ready to be passaged for terminal differentiation.

Step 6: Day 20 -100 (Second passage for terminal differentiation): Cells were passaged a
final time for terminal differentiation. Cells were passaged onto 12-well plates with 15mm
coverslips (Fisher Scientific), or 8-well chambers or 48-well MEA plates in varying passaging
ratios. Passaging ratios were 1:4 from 12-well plate to 12-well plate, 1:6 from 12-well plate
to 12-well plate containing coverslips and 1:8 for 8-well chambers. For passaging to 48-well
MEA plates, cells were seeded in triplicate at 25 X 10% 50 X 10* and 75 X 10*. Cells were
added in a small volume of 8l to ensure cells attached directly on top of the electrodes in
the middle of each well. Culture dishes underwent a double coating step. Firstly, they were
coated with Poly-D-Lysine (10ug/ml in DPBS) for 1 hour at 37 °C. Dishes were then washed
three times with DPBS and then incubated with Laminin (10ug/ml) overnight at 37 °C. The
next day, the dishes were rinsed once with DPBS before use. Cells were passaged as

described in step 4.

Step 7: Day 20- Day 26: Cells were fed with 2ml of NIM medium every other day until day
26. Between days 20 and 26, 0.1uM Compound E (MCE, HY-14176) was added to the medium
of half of the cells.

Step 8: Day 26 - Day 100 Maintenance for mature neuronal differentiation: Medium was
changed to a maintenance medium by switching B27 supplement without Vitamin A to B27
supplement with Vitamin A (Thermo Fisher Scientific, 17504044). Cells underwent a half

media change every day until day 100. Throughout the 100 days of the differentiation
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protocol, phenotypic analysis of cells were performed at various time points outlined in Table

4.2.

Table 4.2. Important timepoints for characterisation of neurons

Day Analysis performed
20 Immunocytochemistry for neuronal progenitor markers

RNA extraction for gPCR for neuronal progenitor markers

30 Immunocytochemistry for early neuronal markers

RNA extraction for gPCR for early neuronal markers

40 Immunocytochemistry for early neuronal markers
RNA extraction for qPCR for early neuronal markers
MEA analysis from Day 40 to Day 61.

60 Immunocytochemistry for neuronal markers

RNA extraction for gPCR for neuronal markers
Calcium Imaging time point 1

80 Immunocytochemistry for mature neuronal markers

RNA extraction for gPCR for mature neuronal markers

100 Immunocytochemistry for mature neuronal markers
RNA extraction for gPCR for mature neuronal markers
Calcium Imaging time point 2

DNA extraction for sequencing

4.2.3 RT-PCR and RT-qPCR

Total RNA was extracted from the cells on days marked in Table 4.2 (days 20, 30, 40, 60, 80,
100) to monitor the differentiation process. Briefly, cells were lysed with 350ul of Buffer RLT
by vortex. Homogenized cell lysates could then be used directly for RNA extraction with the
RNeasy plus Mini Kit (Qiagen, cat# 74104) or stored at -80°C until future use. After extraction,
RNA quantity and quality was measured using the NanoDrop 2000 Spectrophotometer
(ThermoFisher, cat#ND-2000). RNA was then stored in the -80°C freezer. To generate cDNA,
1ug of RNA was reversely transcribed using the SensiFAST cDNA Synthesis Kit according to
manufacturer’s instructions (Bioline, cat# BIO-65053). The cDNA was diluted 1:10 in RNase-
free water and stored at -20°C as a template for RT-PCR. RT-PCR analysis was carried out
using TopTaq® Master Mix (Qiagen, cat# 200203) under standard working conditions. gPCR
experiments were performed using Fast SYBR™ Green Master Mix (Applied Biosystems, cat#
4385612) on the Step One Plus Real-Time PCR System (Applied Biosystems) or on the
LightCycler 480 (Roche). The following standard programme was used: Holding stage: 95°C
20s (1x); Cycling stage: 95°C 3s, 60°C 30s (40x); Melt curve stage: 95°C 15s, 60°C 1min, 95°C

15s (1x). Primers used are listed in Table 4.3. The resulting cycle threshold (ct) values were
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normalised to GAPDH expression. The relative quantities of mRNA expression were

calculated as being 29t using the average dCt value of an iPSC line.

Table 4.3. Primers used for Cortical Neuronal Differentiation

Application Target Forward (5’-3’) Reverse (5’-3’)

iPSC marker OCT4 ACTTCACTGCACTGTACTCCTC CACCCTTTGTGTTCCCAATTCC

iPSC marker and | SOX2 AGACTTCACATGTCCCAGCACT CGGGTTTTCTCCATGCTGTTTC

Neural Stem Cell

(NSC) marker

NSC markers PAX6 CCGCCTATGCCCAGCTTCAC AAGTGGTGCCCGAGGTGCCC
NESTIN CTGGCGCACCTCAAGATGTC TCCAGCTTGGGGTCCTGAAAG
FOXG1 CCTGCCCTGTGAGTCTTTAAG GTTCACTTACAGTCTGGTCCC

NPC marker DCX TATGCGCCGAAGCAAGTCTCCA CATCCAAGGACAGAGGCAGGTA

Pan- Neuronal | TUJ1 GGCCTTTGGACATCTCTTCA ATACTCCTCACGCACCTTGC

marker

Synaptic markers SYN1 CCCCAATCACAAAGAAATGCTC ATGTCCTGGAAGTCATGCTG
PSD95 GTGACGACCCATCCATTTTC TGACATAGAGGCGAACGATG

Mature neuronal | MAP2 CAGTTTCTGCGCCCAGATTTTA TCCCAATCAATGCTTCCTCG

marker

Inhibitory GABA1 AAAAGCGTGGTTCCAGAAAA GCTGGTTGCTGTAGGAGCAT

neuronal marker

Glutamate VGLUT1 TCAATAACAGCACGACCCAC TCCTGGAATCTGAGTGACAA

transporter

Cortical neuronal | TBR1 TCACTGGAGGTTTCAAGGAGGC TTTCTTGGCGCATCCAGTGAGC

markers BRN2 TATGGCAACGTGTTCTCGCA CCTCCTCCAACCACTTGTTCAA
CTIP2 CTCCCTTTGGATGCCAGTGTCA GGCTCCAGGTAGATGCGGAAG
SATB2 CAAGAGTGGCATTCAACCGCAC ATCTCGCTCCACTTCTGGCAGA

Glial cell markers | GFAP GTACCAGGACCTGCTCAAT CAACTATCCTGCTTCTGCTC
S1008B GAAGAAATCCGAACTGAAGGAGC | TCCTGGAAGTCACATTCGCCGT

BK channel (alpha | KC(NMA1 | TTCTCTACTTCGGCTTGCGG ACACAGACACAAACACGGGG

and beta | KCNMB1 | GAGCTGAAGGGCAAGAAGG GCTGCCTGGGATGTAGGAG

subunits) KCNMB2 | GAGGACCGAGCTATTCTCCTG TGTTTCCGTGATGGACGCATT
KCNMB3 | GGGCTTCTCAGTCCTAATGTTC AGTGCAGGTCGATTCTTCTCTC
KCNMB4 | GATTGGTTCCCAGCCATTTAC AATGAGAACGCCCACCAC

SK channels KCNN1 TCGGGGAAACCCTCAAATGTG CCATGACGACGATGCCAAAC
KCNN2 TTGATTGGTAGCATCCACGC ACCGCTCAGCATTGTAAGTGA
KCNN3 AAGCGGAGAAGCACGTTCATA CTGGTGGATAGCTTGGAGGAA
KCNN4 AAGCTCCGGGAACAAGTGAAC CGCCAGCGTGTCAATCTGT

Other  channel | KCND2 GCCTCATCCCGGAAATCATCG CCCCGTGACATAGTAGAACACC

genes KCNT1 GACCCGTCCTTCCAGAACG ACGCGCACAATGTAGAGCA
KCNA1 CATCGTGGAAACGCTGTGTAT CTAAAAACCCTTACCAAGCGGAT
KCNA2 AGACCACGAGTGCTGTGAGA AGTACCTCATTCGTTTCTTTGGG
KCNA4 ATGAGTGTTCCTACACGGATCT CCTGACACATTTATCACCACACG
HCN1 AGGCAATCGCTCCCATCAAT CCGGTGGAGATTGTGTCCTC
HCN2 ACTACATCATCCGCGAAGGC AGCCATCGGACAGCTTCATC
SCN8A CTCCTGACTGGTCGAAGAATGT CATGGGTCCCGTAAAAAGGTAA

Reference GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA
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4.2.4. Immunocytochemistry

Immunocytochemistry of neurons was performed as described in Chapter 2 (2.2.4). Neurons
were fixed with 4% Paraformaldehyde at days 20, 30, 40, 60, 80 and 100 to analyse neurons
throughout the differentiation process. Fixed chambers were kept no longer than 2 weeks
or used directly for subsequent staining steps. The primary and secondary antibodies used
at each time point to characterise NSCs, NPCs and mature cortical neurons are listed in Table
4.4 and Table 4.5, respectively. The stained cells were images using the Fluoview 1000
Confocal microscope (Olympus, FV1000) at a magnification of 20X and 60X. Image J was used
to perform quantification of staining. Four images were taken for each staining at both
magnifications. First nuclei were counted and marked, followed by counting of nuclear stains

and cytoplasmic stains.

Table 4.4. List of antibodies used for cortical neuron characterisation

Application Name Manufacturer | Species | Dilution | Cat#
(marker)
Pluripotency OCT4 CST Rabbit | 1:500 2840
NSC markers PAX6 CST Rabbit | 1:500 60433S
SOX2 CST Mouse | 1:500 4900S
NESTIN Invitrogen Mouse | 1:500 2388598
FOXG1 Abcam Rabbit | 1:200 Ab196868
Proliferation Ki67 Abcam Rabbit | 1:500 Ab16667
NPC DCX Abcam Rabbit | 1:500 Ab18723
Pan-Neuronal | TUJ1 (Blll- | CST Rabbit | 1:500 5568S
tubulin)
Mature MAP2 Abcam Mouse | 1:500 Ab254143
neuronal
Synaptic SYN1 Abcam Rabbit | 1:500 Ab52636
markers
PSD-95 CST Mouse | 1:500 36233S
Layers 2/3 | SATB2 Abcam Mouse | 1:500 Ab51502
cortical
Layer V cortical | CTIP2 Abcam Mouse | 1:500 Ab233713
Layer IV TBR1 Abcam Rabbit | 1:500 Ab183032
Glial cell $1008B Sigma Mouse | 1:500 $2632
Inhibitory GAD67 Millipore Mouse | 1:500 MAB5406
neuronal NMDAR1 Abcam Rabbit | 1:500 Ab109182
Excitatory VGLUT1 Invitrogen Rabbit | 1:500 48-2400
neuronal GLUR1 Abcam Mouse | 1:500 | Ab174785
KCNQ2 marker | KCNQ2 Abcam Rabbit | 1:500 Ab22897
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Table 4.5. List of secondary antibodies used for cortical neuron characterisation

Name Manufacturer | Species Dilution Cat#

Anti-mouse I1gG  (H+L), | CST Goat 1:1000 4409S
F(ab')2 Fragment (Alexa
Fluor® 555 Conjugate)

Anti-mouse I1gG  (H+L), | CST Goat 1:1000 4408S
F(ab')2 Fragment (Alexa
Fluor® 488 Conjugate)

Anti-mouse 1gG  (H+L), | CST Goat 1:1000 4410S
F(ab')2 Fragment (Alexa
Fluor® 647 Conjugate)

Anti-rabbit  1gG  (H+L), | CST Goat 1:1000 44125
F(ab')2 Fragment (Alexa
Fluor® 488 Conjugate)

Anti-rabbit  1gG  (H+L), | CST Goat 1:1000 44135
F(ab')2 Fragment (Alexa
Fluor® 555 Conjugate)

Donkey anti-Goat IgG (H+L) | Life Donkey 1:1000 A-11055
CrossAdsorbed Secondary
Antibody, Alexa Fluor® 488

Technologies

4.2.5. Statistical Analysis

Statistical analyses were performed with GraphPad Prism version 9.3.1. Statistical analysis
was performed using paired or unpaired non-parametric t-test with a level of significance set
at *p<0.05, **p<0.01, ***p<0.001. A specific method for each analysis was described under

each figure or table. All data were presented as mean + SEM.
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4.3 Results
4.3.1 Generation of neural progenitor cells using dual SMAD inhibition

iPSCs were cultured in 6-well plates for 2-3 days until they reached a confluency of 80-90%.
The Essential 8 medium was then removed from the cells and replaced with neural induction
medium which contained two SMAD inhibitors: 100nM LDN193189 and 10nM SB431542.
These molecules were freshly added daily until day 10-12 depending on the thickness of the
neuroepithelium being formed. Over this time, the cell morphology changes. The large nuclei
of the iPSCs are replaced with more elongated, columnar like nuclei. Between days 10-12,
cells were passaged in a 1:2 ratio onto Geltrex-coated 12-well plates. From this point
onwards, LDN193189 AND SB431542 were no longer added to the neural induction medium.
Neural rosettes could be seen forming under the microscope which are indicative of neural

progenitor cell formation (Figure 4.4).

Day O

Figure 4.4: Representative images of neural progenitor cell development.

Generation of neural rosettes seen overtime from day 0 to day 12 in EP2004 C1. Cell
morphology changes from small, round compact cells with large nuclei to cells with a more
columnar shape, with a much larger cytoplasm of NPCs. Scale bar is 100uM. Total
magnification = 10x.
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Figure 4.5 Confirmation of neural induction by upregulation of PAX6 and downregulation of OCT4.

RT-gPCR data confirms the neural induction of iPSCs by upregulation of neural progenitor
marker PAX6 mRNA and downregulation of pluripotency marker OCT4 mRNA between day 4
and day 10 in control lines (n=9).

4.3.2 Generation of cortical neurons over 100 days

Cells were cultured for an additional 8 days on Geltrex-coated plates until Day 20 of culture,
changing media every other day. Cells were then passaged on day 20 for terminal
differentiation onto Laminin/ Poly-D-Lysine coated plates. After passaging, the presence of
neural rosettes can be seen at Day 20 (Figure 4.6). Neurons matured in culture overtime until
Day 100, changing media every other day. By Day 100, neurons are very confluent and

appear to have a more mature morphology (Figure 4.6).
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Figure 4.6. Representative images of cortical neuron generation from iPSCs using the dual SMAD
inhibition protocol.

Images of EP2004 C1 (A294V) neurons at day 20, day 40, day 60 and day 100. Total
magnification is 10X. Scale bar is 100uM.

4.3.3. Day 20 neurons are positive for neural progenitor cell markers as shown by
immunocytochemistry and RT-qPCR

To confirm neural induction, we measured the expression of neural progenitor cell marker
PAX6 and stem cell marker OCT4 (Figure 4.5). Between day 0 and day 10, there was an
increase in the expression of PAX6 and a decrease in the expression of OCT4. To further
characterise neurons at Day 20, immunocytochemistry was peroformed. Cells were fixed and
stained for the markers SOX2, NESTIN, PAX6, FOXG1, OCT4, S100B and Ki67 to analyse neural
progenitor cells, stem cells, glial cells and proliferating cells respectively. As seen in Figure
4.7, large proportions of cells are positive for the neural progenitor cell markers SOX2,
NESTIN, PAX6 and FOXG1. The percentage of cells positive for each marker was calculated
on Imagel and presented in Figure 4.7. PAX6 is positive in ~61% +2.4%, SOX2 is positive in
approx. 76% * 3.9%, Nestin is positive in approx. 77% + 1.9% and FOXG1 is positive in approx.
79% + 2.1% of cells. There is also some positive staining for the proliferation marker Ki67 in
63% * 4.1%. Similarly, there is some expression of the glial cell marker S100B with positive
staining in 40% + 2.8% of cells. There is no expression of the stem cell marker OCT4. The blue

cells are DAPI stained only, suggesting they could be post-mitotic newborn neurons. We then
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measured the expression of the same markers at the RNA level and found there was no

significant difference between patient and control lines (Figure 4.8).
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Figure 4.7. Representative images of immunocytochemistry staining and quantitative analysis of
day 20 neural progenitor cells.

(A) At Day 20, cells were fixed and most cell were positively stained for neural progenitor cell markers
FOXG1, NESTIN, PAX6 and SOX2, but negative for OCT4. Representative images from A294V. Total
maghnification 20x. Scale bar is 100uM. (B) The quantification of each marker was performed using
Imagel. Results are based on three biological and technical replicates. Error bars represent standard
error of the mean. The cells in blue are only stained by DAPI and they are most likely the post-mitotic
new (early) neurons.
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Figure 4.8. The presence of NPC markers are confirmed in Day 20 NPCs using RT-qPCR.

RT-gPCR shows the relative expression of NPC markers PAX6, SOX2, FOXG1 and NESTIN. Data
also shows very little expression of pluripotency marker OCT4. Proliferation marker MKI67
(encoding Ki67) is confirmed to be present in large amounts as well as glial marker S1008B.
Data taken from controls (n=9) and patients (n=9). 3 lines for each mutation A265T, F261L
and A294V and each sibling control were used. Error bars represent standard error of the
mean.

4.3.4. Day 30 neurons begin to lose expression of neural progenitor cell markers
and express mature neuronal cell markers

Cells were fixed and stained at Day 30 using immunocytochemistry to analyse the expression
of neuronal markers during the differentiation process. At Day 30, approximately 56% + 3.4%
of neurons begin to express the mature neuronal marker MAP2 and approximately 71% +
3.0% of neurons express the pan-neuronal marker TUJ1. Approximately 42% + 1.4% of cells
are positive for the astrocyte/oligodendrocyte marker S100B, essentially unchanged from
that seen at Day 20. There is a significant reduction seen in the percentage of cells positive
for the neural progenitor cell marker NESTIN and the proliferation marker Ki67 at Day 30
compared to Day 20 (Figure 4.9), the NESTIN* cells were reduced from 77% + 1.9% in day 20
to 59% * 1.7% in day 30 (*p=0.028), and this was reflected by the reduction of Ki67*
proliferating cells from 63% + 4.1% in day 20 to 35% * 2.9% in day 30 (**p=0.003) (Figure
4.9). The percentage of Ki67* appeared lower than NESTIN*, and this was likely caused by cell

cycle specific expression Ki67 with the highest level in the M phase. However, there is no
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difference seen between the expression of TUJ1, MAP2 and S100B at the RNA level between

patient and control lines at day 30 (Figure 4.10).
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Figure 4.9. Immunocytochemistry and quantitative analysis of Day 30 neurons.

(A) Day 30 neurons are positive for the mature neuronal marker MAP2, TUJ1, NESTIN,
S100B and Ki67. Representative images from A265T. (B) Quantitative analysis reveals
Day 30 cultures contain significantly less NESTIN* and Ki67* than Day 20 cultures. (C)
Quantitative analysis of TUJ1, MAP2 and S100B in Day 30. The quantification of each
marker was performed using Imagel. Results are based on three biological and
technical replicates for A265T. Error bars and standard error of the mean.
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Figure 4.10. The presence of neuronal markers TUJ1 and MAP2 and glial cell marker S100B are
confirmed in Day 30 neurons using RT-qPCR.

RT-gPCR shows the relative expression of TUJ1, MAP2 and S100B transcripts. Data taken
from controls (n=9) and patient (n=9). 3 lines for each mutation A265T, F261L and A294V and
each sibling control were used. Error bars represent standard error of the mean.

We then measured the expression levels of PAX6 and DCX between days 20 and 30. There
was a reduction in the expression of PAX6 in day 30 cells compared to day 20 (Figure 4.11).
Conversely, there was an increase in the expression of DCX, a post-mitotic marker (Figure
4.11). These data are consistent with immunocytochemical staining, which showed the
reduction of neural progenitors in day 30 and an increase in blue cell number stained by

Hoechst only.
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Figure 4.11. Log2 fold mRNA expression of post-mitotic marker DCX and NPC marker PAX6
overtime.

PAX6 mRNA expression was significantly reduced in day 30 neurons compared to day 20,
while DCX expression was increased (N= 9 controls; N=9 patients).

4.3.5. Cortical neurons are capable of forming functional synapses

Cortical neurons were subsequently stained for the presynaptic and postsynaptic markers
Synaptophysin and PSD-95, respectively. In Figure 4.12, neurons were positive for both
Synaptophysin and PSD-95 in Day 100 neurons. The percentage of cells positive for both
markers was compared between Day 60 and Day 100. There was a significant increase in the
number of cells positive for both synaptophysin and PSD95 at Day 100 compared to Day 60,
indicating that the neurons were more capable of forming functional synapses overtime in
culture. The percentage of Synaptophysin+ cells increased from 63% + 3.2% to 89% + 0.5%
(**p=0.025), while the percentage of PSD95+ cells increased from 55% + 1.7% to 83% + 0.8%
(***p<0.001) between day 60 and day 100 (Figure 4.12). We then measured the expression
of both markers on the RNA level and found there was no significant difference in

Synaptophysin and PSD95 expression between patient and controls (Figure 4.12).
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Figure 4.12. Immunocytochemistry and gPCR analysis of synaptic markers in Day 60 and Day 100
neurons.

(A) Day 100 neurons were positively stained for the synaptic markers synaptophysin and PSD-95.
Representative image from EP2C001. (B) The markers were quantified using Imagel. (C) RT-gPCR data
from day 100 neurons showing relative mRNA expression levels of SYP gene coding for Synaptophysin
and DLG4 coding for PSD-95. The mRNA expression levels were relative to the mRNA of the
housekeeping gene GAPDH. Results are based on three biological and technical replicates. The data
is presented as Mean + SEM. Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was evaluated
using an unpaired parametric t-test.

4.3.6. Day 100 neurons are positive for cortical markers BRN2, SATB2, TBR1 and
CTIP2

We next carried out immunocytochemistry with layer V cortical marker CTIP2, the layer VI
cortical maker TBR1, and the layer lI-IV marker SATB2 at Day 100 of the differentiated
cultures to confirm the cortical identity of the neurons. As seen in Figure 4.13, approximately
56% + 4.7% of neurons are positive for layer V marker CTIP2, 4.8% * 1.6% are positive for
layer 1I-IV marker SATB2, while approximately 10.1% + 2.7% are positive for layer VI marker
TBR1. We also found that some neurons were co-stained for TBR1 and SATB2 (1.9% % 0.4%),
which we were not expecting but has been reported before. We then measured the
expression at the RNA level for the layer II/Ill markers of POU3F2 (BRN2) and SATB2, layer V
CTIP2 and layer VI TBR1, and found all genes were abundantly expressed, but there was no
significant difference in the expression of all markers between patients and controls (Figure

4.14).
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Figure 4.13. Immunocytochemistry and quantitative analysis of Layer Il, V and VI cortical markers.

Day 100 neurons were positively stained for the cortical markers SATB2, CTIP2 and TBR1. The
markers were quantified using Imagel. Results are based on three biological and technical
replicates. 3 lines for each mutation A265T, F261L and A294V and each sibling control were
used. The data is presented as Mean + SEM. Statistical significance (*p<0.05, **p<0.01,
***p<0.001) was evaluated using an unpaired parametric t-test. Total magnification of top
panel is 20x. Representative images from F261L. Total magnification of bottom panel is 60x.
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Figure 4.14. RT-qPCR Results indicate successful generation of cortical neurons.

Comparative analysis of expression levels of cortical layer V marker CTIP2, layer VI marker
TBR1, layer 1/l marker SATB2 and POU3F2 (BRN2) in day 100 neurons using RT-qPCR.
(Patient lines n=9, control lines n=9). Results are based on three technical replicates. The
data is presented as Mean = SEM.

4.3.7. Neurons are mainly glutamatergic with minimal GABAergic cells present at
Day 100

Neurons were subsequently stained for the glutamatergic transporter VGLUT1 and the
glutamatergic receptor GLUR1 at Day 100. Approximately 83% * 3.2% of cells were positive
for the glutamate receptor GLUR1 and approximately 87% + 2.9% of cells were positive for
the transporter VGLUT1 (Figure 4.15), indicating the majority of cells were excitatory
neurons. Additionally, we stained day 100 cultures for the GABAergic neuronal marker
GAD67. Approximately 13% * 3.4% of neurons were positive for GAD67 by
immunocytochemistry (Figure 4.15). For more precise quantification, RNA was extracted
from cells at Day 100 and RT-gPCR was performed to quantify expression of glutamatergic
and GABAergic neurons in our cultures. The RT-gPCR data confirmed that there were
substantially higher level of GLUR1 and VGLUT1 mRNA expression than GAD67, however,
there was no significant difference in the expression of each of these markers between
patient and control neurons (Figure 4.15), suggesting that epilepsy and control iPSCs are

equally capable of differentiate into excitatory and inhibitory neurons.
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Figure 4.15. Immunocytochemistry and quantitative analysis confirm the presence of GABAergic
and Glutamatergic markers in day 100 neurons.

(A) Day 100 neurons were positively stained for glutamatergic receptor and transporter, VGLUT1 and
GLUR1 respectively. A small proportion of Gad67+ GABAergic neurons was also detected.
Representative image from F261L. (B) The markers were quantified as percentage of total cells using
Image). (C) Relative mRNA expression levels of VLGUT1, GLUR1 and GAD67. Results are based on three
biological and technical replicates. 3 lines for each mutation A265T, F261L and A294V and each
sibling control were used. The data were presented as Mean + SEM. Statistical significance
(*p<0.05, **p<0.01, ***p<0.001) was evaluated using an unpaired parametric t-test.

4.3.8 The presence of specific KCNQ2-DEE mutations (variants) are confirmed in
patient neurons at Day 100 of the differentiation protocol

We then extracted DNA from the neurons at Day 100 to either (a) confirm the mutation is
still present in the cells after the neuronal differentiation protocol or (b) confirm the absence
of the mutation in the control cell lines. In Figure 4.16, the presence of each mutation was
confirmed in their respective patient lines. In contrast to this, the absence of a mutation was

also confirmed in the control cell lines.
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Figure 4.16. Sanger sequencing results confirm the presence of the mutation in differentiated
neurons at Day 100.

Representative image of sequencing results confirming the variant (mutation A294V) is still present in
patient-derived neurons (EP2004 C1, C7, C8) at day 100. DNA extracted from Day 100 neurons was
sequenced using primers flanking the mutation site. A double peak can be seen annotated as ‘R’ at
the point mutation site. The PCR product was also electrophoresed on an agarose gel to show the size
of the PCR product.

4.3.9. KCNQ2-DEE neurons display an altered potassium and sodium channel gene
expression at Day 100

To determine if there was any changes in the expression of other potassium channel genes
in our KCNQ2-DEE neurons as a result of the mutation, we examined the expression of
several key potassium genes by RT-qPCR. We found there was a significant upregulation of 7
other potassium genes in the KCNQ2-DEE neurons harbouring the mutation (A265T). The
genes that were significantly upregulated were KCNMA1 (*p=0.032), KCNMB1 (**p=0.008),
KCNA1 (***p<0.001), KCNN1 (***p<0.001), KCNN2 (***p<0.001), KCNN3 (***p<0.001), and
KCNQ2 (**p=0.009) when compared to the sibling control lines (Figure 4.17). In contrast to
this, there was a significant downregulation of KCNQ5 (*p=0.041) in the patient lines
compared to the control lines. The upregulation of these genes in patient lines raises further

questions as to the pathomechanisms of excitability and potential therapeutic targets.

As sodium channels also play an important role in action potentials, we also looked at any
sodium channels that are closely related to KCNQ2. As shown in the string diagram (Figure
4.18), SCN1A, SCN2A and SCN8A interact with KCNQ2. The relative expression of each of
these genes is presented in Figure 4.18. There is a significant increase in all three sodium
channels SCN1A (****P<0.0001), SCN2A (***P<0.001) and SCN8A (***P<0.001) in the

KCNQ2-DEE neurons harbouring the mutation A294V, compared to controls.
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Figure 4.17. Expression of other potassium channels in KCNQ2-DEE neurons.

RT-gPCR results of the expression of other potassium channel genes in patient (A265T) and control
neurons at day 100. GAPDH was used as the house-keeping gene. The fold change of gene expression
in KCNQ2-DEE neurons was presented normalized to that of the healthy control neurons. The data are
presented as mean + SEM. Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was evaluated
using an unpaired parametric t-test.
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Figure 4.18. Expression of sodium channels SCN1A, SCN2A and SCN8A in KCNQ2-DEE neurons.

String analysis showing relationship between the sodium channels SCN1A, SCN2A and SCN8A with
KCNQ2. RT-gPCR results showed the increased expression of the sodium channel genes SCN1A,
SCN2A, and SCN8A in patient neurons (A294V) compared to controls at Day 100. GAPDH was used as
the house-keeping gene. The fold change of gene expression in KCNQ2-DEE neurons was presented in
relation to that of the healthy control neurons. The data are presented as Mean * SEM. Statistical
significance (*p<0.05, **p<0.01, ***p<0.001) was evaluated using an unpaired parametric t-test.
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4.4 Discussion

The study of neurological diseases in humans has been revolutionised by the ability to
generate neurons in vitro from renewable cell sources such as iPSCs. This can be achieved by
utilising the factors and signalling pathways involved in foetal neural development in cell
culture medium to differentiate PSCs into specific neuronal cell types. Early studies carried
out in Xenopus laevis revealed that bone morphogenetic protein (BMP) inhibitors such as
Noggin and Chordin have a crucial role in neural development in the embryo through the
SMAD signalling pathway (Smith et al., 1992). Similarly, Noggin has also been shown to be
highly expressed in adult mouse brain, acting as an important neural inducing factor
(Valenzuela et al., 1995). Then, in 2008, Noggin was used to improve the efficiency of hESC
differentiation into NPCs (Dottori et al., 2008). A small molecule, SB431542, which inhibits
the transforming growth factor-beta (TGF-B) pathway, also leads to SMAD signalling
inhibition (Patani et al., 2009). This small molecule was also shown to enhance differentiation
of hESCs to a neural fate. Since then, these molecules have been used together extensively
to successfully drive the generation of NPCs from hPSCs (Y. Shi, Kirwan, Smith, et al., 2012).
Chambers et al. (2012), later discovered another BMP inhibitor, LDN193189, which can
replace Noggin to promote neural induction through the ALK2, ALK3 and ALK6 receptors. In
this study we have used the dual SMAD inhibition protocol with SB431542 and LDN193189
to generate cortical neurons from patient iPSCs harbouring a heterozygous KCNQ2 mutation

to investigate the disease phenotype.

Approximately 200 variants (mutations) in the KCNQ2 gene have been reported to date

(RIKEE DATABASE https://www.rikee.org/). Depending on the location of the mutation

within the gene and the nature of the mutation itself, disease severity and phenotype can
differ greatly. This is often due to the functional domain in which the mutation is present,
i.e., the voltage-sensing domain which is crucial for voltage-dependent gating and expression
of the Kv7.2 channels, or the pore-forming domain which controls K* permeability and
selectivity. Mutations in these areas are predicted to cause a more severe phenotype due to

the critical roles of these functional domains (Zhang et al., 2020).

In KCNQ2-related epilepsies, some studies suggest a genotype-phenotype correlation
depending on the variant location in the Kv7.2 channel subunit. KCNQ2 variants affecting
Kv7.2 channels on the same residue have very rarely been reported to cause a different
phenotype in patients (Laccetta et al.,, 2019). In this study, Patients EP2002 (c.783A>C,
p.F261L) and EP2004 (c.793G>A, p.A265T) are located extracellularly, in the pore-forming
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domain between S5 and S6. Patient EP2003 (c.638C>T, p.R213Q in S4) is located in the S4
voltage-sensing domain within the transmembrane region and patient EP2001 (c.881C>T, p.
A294V) variant is located within the S6 transmembrane domain. Each of these locations are
located in what have been termed ‘mutational hotspots’ and are predicted to cause a severe
phenotype in patients and the KCNQ2-DEE clinical disorder. However, as these mutations sit
within different locations of 2 functional domains, the precise pathomechanisms of each
mutation may actually differ. Ultimately, the precise mechanisms of excitability in human

neurons is unknown.

iPSCs underwent dual SMAD inhibition with SB431542 and LDN193189 to generate neural
progenitor cells of cerebral cortical neurons after approximately 10 to 12 days depending on
the cell line. During this time, the expression of the NPC marker PAX6 was increased
overtime, while the PSC marker OCT4 was significantly decreased (Figure 4.5). These results
are indicative of a successful transformation of iPSCs to a neural progenitor cell fate (Zhang
et al., 2010). In addition to this, cell morphology of iPSCs changed dramatically over the first
10 days, from the large, round nuclei of the iPSCs into elongated, columnar shaped nuclei of

NPCs.

By day 8 of the neuronal differentiation protocol, the appearance of neural rosettes, a
hallmark of NPC formation, could be seen forming (Figure 4.4). As there are likely NSC, NPC
and glial cells present in the cell culture at this time, we further characterised these cells at
day 20 by immunocytochemistry. Cells were positively stained for the NSC/NPC markers
PAX6, SOX2, NESTIN and FOXG1, the proliferation marker Ki67, and the glial cell marker
S100B (Figure 4.7). FOXG1 had the highest expression, being expressed in approximately 80%
of cells, which is unsurprising as FOXG1 is also expressed in glial cells (Weise et al., 2018).
Ki67 expression is indicative of dividing NPCs, which was expected to be highly expressed
during this stage (Kee et al., 2002), however, the Ki67 protein expression is cell cycle-specific
with the highest level in the M phase, and weaker signal in the other phase of cell cycle may
be under-estimated by automated counting. Finally, we found approximately 40% of cells
were positive for the glial cell marker S100B (Figure 4.7). Glial cells are critical for NPC growth
and maturation at this stage. We then quantified the expression of the same markers at the
RNA level to confirm these findings (Figure 4.8). This data revealed that there was no
significant difference in gene expression of NPC markers between patient and control lines
at day 20, suggesting that our KCNQ2 mutations do not significantly affect the initiation of

neural induction in these patients.
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Between day 20 and day 30 of the neuronal differentiation protocol, cells began to change
morphology and gene expression. Most markedly, we began to see a reduction in the
expression of PAX6 in day 30 cells compared to day 20 (Figure 4.11). Conversely, we observed
an increase in the expression of DCX, a post-mitotic marker, and both suggest the birth of
new neurons at this stage (Figure 4.11). We then stained cells for the pan-neuronal marker
TUJ1 at day 30 and found that approximately 70% of cells were positive for TUJ1 at this stage
(Figure 4.9). Most post-mitotic neurons in the cerebral cortex emerge from progenitor cells
positive for TUJ1* cells, therefore, TUJ1 is a good pan-neuronal marker for neuronal
development and maturation (Smith et al., 1998). Similarly, we stained neurons for the
mature neuronal marker MAP2 (microtubule associated protein) and found it was expressed
in approximately 56% of cells (Figure 4.9). MAP2 is expressed shortly after the switch from
neural precursor to neuron, making it a useful marker for neuronal maturation (Dehmelt et
al.,, 2004). MAP2 affects microtubule dynamics, neurite outgrowth and synaptogenesis
(DeGiosio et al., 2022). The percentage of cells positive for S100B did not significantly change
between day 20 and day 30, however, the positively stained cells appear to be dispersed
more evenly between neurons at day 30 compared to day 20 (Figure 4.9). Finally, we stained
day 30 cells for NESTIN and Ki67 and both were significantly reduced. There was
approximately an 18% reduction in NESTIN expressing cells and a 28% reduction in Ki67+
cells (Figure 4.9). Together, these results indicate a reduction in the number of NPCs and
proliferating cells, suggesting that at this stage, there is already a proportion of terminally
differentiated neurons in the culture. We confirmed the expression of TUJ1, MAP2 and S100B
at the RNA level by RT-qPCR (Figure 4.10) and found there was no significant difference
between patient and control lines. This is important to note, as alterations in the expression

of TUJ1 and MAP2 can lead to developmental delay and Epilepsy.

In humans it takes approximately 100 days for cortical neurogenesis to be completed
(Caviness et al., 1995). This timeframe has also been used to generate cortical neurons in
vitro (Y. Shi, Kirwan, Smith, et al., 2012). In this study, we cultured neurons until day 100 and
characterised the neurons at various time points. Between day 20 and day 100, neurons
became larger, more dense and formed extensive connections with one another with some

neurons forming clusters overtime (Figure 4.6).

An important step in the formation of functional neuronal networks is the formation of
synapses. Synapses are junctions designed for the fast transfer of electrical information
unidirectionally from one neuron to another. At the presynaptic terminal, the

neurotransmitter is released while the post-synaptic terminal senses neurotransmitters via
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receptors (Slidhof, 2018). We quantified the expression of the pre-synaptic marker
synaptophysin and the post-synaptic marker PSD-95 at day 60 and day 100 of neuronal
development. Neurons were stained with both markers at two timepoints and positive cells
were calculated. We found there was a significant increase in both Syn1 and PSD-95 positive
cells at day 100 compared to day 60 (Figure 4.12). This suggests that neurons are still forming
new synapses after 60 days in culture. We then measured the expression of both markers at
the RNA level and found there was no significant difference between expression in patient
and control neurons, suggesting that the KCNQ2 variants (mutations) did not significantly

affect synapse formation in our neuronal induction method (Figure 4.12).

During the establishment of the cerebral cortex, neurons are generated in successive waves
to produce 6 layers of cells one on top of another, causing an inside-out patterning (Agirman
et al., 2017). It has been shown that a KCNQ2 variant caused hyperexcitability in pyramidal
cells of cortical layers Il, 1l and V of the motor cortex in a patient with Epileptic
Encephalopathy (Niday et al., 2017). To verify that our neurons are of cortical origin, we
measured the expression of cortical markers specific to different cortical layers. TBR1 was
used to identify layer VI, CTIP2 for layer V, and BRN2 and SATB2 for layers Il, lll and IV.
Immunocytochemistry staining revealed that in our neuronal culture we had neurons
positive for TBR1, SATB2 and CTIP2. Over 50% of cells were positive for CTIP2, approximately
5% were positive for SATB2 and approximately 10% were positive for TBR1 (Figure 4.13).
Interestingly, we did find some cells that were positive for both TBR1 and SATB2. As SARB2
is widely expressed in layers II/Ill and 1V/V, SATB2 positive neurons may have been derived
from any of these cortical layers (Digilio et al., 2015). Double positive staining of neurons has
been described previously. One study found that 7% of the rat neurons in their culture were
positive for both CTIP2 and SATB2, markers which are known to suppress each other’s
expression (Arlotta et al., 2005). This concept has also been described in vivo in the human
cortex (Nielsen et al., 2014). We then measured the expression of CTIP2, TBR1, SATB2 and
BRN2 at the RNA level and found there was no significant difference between the expression
levels of any of the markers in patient and control neurons (Figure 4.14). Together, this data
reveals the presence of both upper and lower layer excitatory cortical neurons in our

neuronal culture at day 100.

Approximately 40% of neurons are glutamatergic, with the majority of these located in the
frontal cortex (Gasiorowska et al., 2021). The most abundant neurotransmitter in the CNS,
glutamate, has many important roles in brain function. Glutamate is involved in the

formation of memories, learning and synaptic plasticity (Mayer et al., 1987). GLUR1 is a post-
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synaptic glutamate receptor that plays a direct role in excitatory synaptic transmission
throughout the brain (Riedel, 2003). vGLUT is a glutamate transporter that is involved in
controlling the amount of glutamate that is released into the synaptic cleft (Martineau et al.,
2017). Glutamate plays an important role in epilepsy as it is involved in the initiation and
spreading of seizure activity in the brain (Barker-Haliski et al., 2015). We found that over 80%
of neurons were positive for VGLUT, while approximately 60% of neurons were positive for

the receptor GLUR1 (Figure 4.15).

GABAergic neurons are the inhibitory neurons of the brain, making up about 10-20% of all
neurons. GABA is the main source of inhibition that counterbalances neuronal excitation in
the brain (Caputi et al., 2013). Therefore, when generating an in vitro model of human
epilepsy, the presence of GABAergic neurons is necessary for a physiologically relevant
model. We stained the neurons for GAD67, a GABAergic marker involved in GABA synthesis,
and found that approximately 13% of neurons were positive for the marker (Figure 4.15).
We then measured the expression of VGLUT1, GLUR1 and GAD67 at the RNA level and found
that there was no significant difference in the levels of each marker between patients and
controls (Figure 4.15). Many protocols exist for the generation of GABAergic neurons, which
are then often co-cultured with glutamatergic neurons (S. Wang et al., 2023). This is an
interesting method to model the disease which may be more physiologically relevant to
directly control the percentage of GABAergic neurons. Although GABAergic neurons are well-
known for their inhibitory effects, they have also been shown to play a role in seizure
generation and maintenance (Magloire et al., 2019). This underscores their importance in
the overall pathophysiology of epilepsy disorders and highlights their importance in disease
modelling. Here, we present a network of mainly glutamatergic neurons with some cells

positive for the GABAergic marker GAD67.

It is unknown whether the pathophysiology of KCNQ2-DEE is caused by an alteration in M
current alone, or from maladaptive cellular re-organisation as a compensatory mechanism
for KCNQ2 channel dysfunction. One study looked at a specific KCNQ2 mutation (R581Q) and
found that the intrinsic action potential properties did not match up with a loss of M-current
alone. Their data revealed that there was a gain of other voltage-gated potassium channels
as a result of the mutation (Simkin et al., 2021). To analyse whether there was a similar
dyshomeostatic effect in our neurons, we measured the expression of several other
potassium channel genes that are involved in fast re-polarisation of action potentials and
sodium channels that directly interact with KCNQ2. We found that a number of the

potassium channel genes including KCNMA1, KCNMB1, KCNA1, KCNN1, KCNN2, KCNN3
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KCNQ5 and KCNQ2 were significantly upregulated in patients compared to controls (Figure
4.17). KCNMA1 and KCNMB1 are BK channels, a type of Ca%*-activated potassium channels,
that have a large single channel conductance that enable a fast efflux of potassium ions,
causing hyperpolarisation (Yang et al., 2015). KCNN1, KCNN2 and KCNN3 are SK channels.
These are small conductance Ca?*-activated potassium channels that mediate one part of the
after-hyperpolarisation that occurs after an action potential (Faber et al., 2007). These genes
have been previously implicated in epilepsy in both human and animal studies (Lerche et al.,
2013). Our results suggest that either due to a loss of M-current, or simply the KCNQ2
mutation, neurons undergo altered expression of ion channels to try control intrinsic

excitability.

Similarly, we found that sodium channel genes SCN1A, SCN2A and SCN8A were all
significantly upregulated in our patient neurons (Figure 4.18). Sodium channels directly
interact with KCNQ2 and are all associated with epilepsy. SCN1A is one of the most common
epilepsy-associated ion-channelopathies, and par excellence Dravet syndrome (or SCN1A-
developmental and epileptic encephalopathy)(Ding et al., 2021). SCN2A and SCN8A are both
associated with early onset (neonatal onset) developmental and epileptic encephalopathy
(Zeng et al., 2022; Wagnon et al., 2015). Furthermore, sodium channels and potassium
channels work together closely to regulate action potentials, especially with gain-of-function
mutations, which resembles the timing of onset, interestingly, to KCNQ2-DEE, which is often
in the neonatal period, whereas loss of function mutations of SCN1A, typically present later
outside of this period. In addition, these results may also help explain why sodium channel
blocker AEDs such as carbamazepine may help treat seizures in patients with KCNQ2-DEE as

reported in the literature (Dilena et al., 2022).

In summary, we analysed the molecular basis of NPCs through to mature neurons over a 100
day dual SMAD inhibition protocol. We found that KCNQ2 mutations had no significant effect
on cell’s ability to form NPCs, synapse formation, cortical cell identity, or the percentage of
glutamatergic versus GABAergic neurons in our culture. However, when we looked at the
expression of other potassium and sodium channels, we found that several genes were
significantly upregulated in our patient neurons. These genes are all associated with
epilepsies and DEE, it raises hypotheses surrounding the phenotypes associated with KCNQ2-
DEE, which may not all be related to altered reduced M current conductance, or indeed may
be related to altered expression patterns of other important potassium and sodium ion
channel genes. We have successfully generated patient-specific 2D neuronal cell lines for

further modelling of KCNQ2-DEE. A limitation of this model is that it relies almost exclusively
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on excitatory neurons. The incorporation of well-defined inhibitory interneurons, and glia
would be extremely beneficial as they are critical in the synchronisation of firing during
epilepsy activity, as well as 3D modelling. Further phenotypic characterisation of the
electrophysiological properties is also warranted to further model disease versus control

neurons (Chapter 5 and Chapter 6).

Chapter 5. Analysis of Functional Network Activities of
KCNQ2-DEE iPSC-Derived Cortical Neurons by Multi-Electrode
Array

5.1 Introduction
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KCNQ2-DEE is characterised by the onset of severe intractable seizures often in the first few
days of life. For many patients, these seizures are extremely drug-resistant, and a
combinatorial drug approach is often needed to control seizures (Weckhuysen et al., 2013).
A potassium channel opener drug called Retigabine was approved by the European
Medicines Agency (EMA) and the Food and Drug Administarion (FDA) in 2011, which held
great promise for epilepsy in general, with potential specificity in KCNQ2-related seizures,
and in particular those with loss-of-function (LOF) mutaitons/variants (Figure 5.1)
(Wickenden et al., 2000). However, this drug had several adverse effects such as dizziness,
tinnitus, slurred speech, tremor, and skin discoloration (Porter et al., 2007). Additionally, this
drug would likely not be useful for the more recently identified patients with a gain-of-
function KCNQ2 mutation/variant, where seizure exacerbation is plausibly the risk
(Nissenkorn et al., 2021). Ultimately, retigabine may be considered as a type of precision
therapy for patients with a loss of function mutation but is not an option for many patients,

and clinical experience to date is still limited.

One of the major limitations in the development of improved therapies for monogenetic
disorders such as KCNQ2, is the lack of appropriate human disease models. As discussed
throughout this thesis, iPSC technology has now made it possible to create patient-specific
neuronal models which can be used as a platform to both model the disease phenotype and
perform drug screening. This facilitates a greater understanding of the disease phenotype
which will help develop new therapies and also allows us to screen existing drugs. In this
Chapter, | will give an overview of the evidence of altered electrophysiological properties of
KCNQ2-DEE iPSC-derived cortical neurons with the pathogenic variants F261L, A65T, and
A294V and discuss the known literature on the topic with a particular focus on the use of

Multi-Electrode Array (MEA) technology.
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Figure 5.1 Schematic illustration of the pharmacological potency and mechanism of action of
Retigabine on KCNQ2/3 channels.

(A) The genes within the KCNQ potassium ion channel family. (B) The pharmacological potency of
Retigabine (RTG) against all members of the KCNQ family. (C) lllustration of an assembled KCNQ2/3
channel, highlighting the binding site of Retigabine at the S5 and S6 region in the pore region
(Gunthorpe et al.,, 2012). Abbreviations: RTG, retigabine; EZG (Ezogabine, alternative name for
retigabine).

5.1.1. MEA-technology and iPSC-derived neurons

MEAs are a commonly used technique for recording the electrophysiological activities of
neurons. MEAs consist of an array of planar or 3-Dimensional electrodes embedded in the
base of a cell culture dish, that acts as an electrical interface which enables the detection of
electrical activity by either spontaneous or evoked firing of neurons (Spira et al., 2013). MEAs
can detect spikes and bursts which represent Action Potentials (APs) and multiple APs

detected by patch clamping, respectively (Mendis et al., 2016).

MEA can record neuronal activity over long periods of time in a non-invasive manner making
it extremely useful for functional characterisation, disease modelling and drug screening
(Manz et al., 2021). However, it is important to note that MEA technology does have lower

resolution than single-cell patch clamping as MEAs record the field potential electrical
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activity from the extracellular space while single-cell patch clamping records the action
potential electrical activity from an individual neuron (Jackel et al., 2017). Therefore, for
more precise information on neuronal response at the single-cell level, patch clamping is

necessary.

5.1.2. MEA coating agents

One of the main considerations when performing MEA experiments is choosing an
appropriate coating agent. Previous studies have reported that culturing neurons directly
onto the MEA plates leads to cell clumping and poor cell attachment, which can affect the
functional analysis of neurons (Charkhkar et al., 2012). Therefore, it's important that MEA
plates are coated with an extracellular matrix (ECM) that will support cell attachment,
proliferation, and connectivity in vitro (Barros et al., 2011). iPSC-derived neurons can
continue to be cultured on Geltrex but only for short periods of time. It has shown to be an
effective coating method until cells reach the neural progenitor stage, where they are then
usually passaged to coating material more favourable for long term maturation of neurons
(Schmidt et al.,, 2018). Additionally, Geltrex or Matrigel consist of undefined ECM
components and growth factors, making it potentially xenogeneic (Hagbard et al., 2018). This
has led to the use of chemically defined ECM molecules, whereby two substrates are usually
combined, i.e. Poly-l-ornithine/Laminin (Liberio et al., 2014), Poly-l-ornithine/Fibronectin or
Poly-d-lysine/Laminin (Liberio et al., 2014). These molecules support cell attachment
however they are expensive to purchase and are prone to variability in quality between

batches.

More recently, researchers have been using non-peptide polymer substrates as coating
agents on MEA plates. These substrates are useful as they are resistant to enzymatic
degradation (Fattahi et al., 2014). Examples of these polymers include polypropyleneimine,
polyethyleneimine and polyelectrolyte multilayers (PEMs) which are often used alone or in
combination with peptide-based coating agents such as Laminin (Yin et al., 2021). Combining
peptide-based coating agents allows for a balance between resistance to protein

degradation and biological compatibility with cells.

5.1.3. MEA literature and iPSC neuronal models of early onset developmental and
epileptic encephalopathy (DEE)

As there has been limited functional characterisation carried out in iPSC-derived neurons in

KCNQ2 patients, | will also discuss studies involving other epilepsy-associated genes. There
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is still little known about how the developmental expression of KCNQ2 channels affect
neuronal excitability. We don’t understand how a change in M-current, either a gain or loss
of current, alters the electrophysiological properties of neurons. In fact, it'’s not known
whether the final pathophysiology mechanism of KCNQ2 in neurons is caused by
dysfunctional M current or from cellular re-organisation in an attempt to compensate for
chronic KCNQ2 channel dysfunction. To gain a better understanding of the
electrophysiological properties of neurons with a KCNQ2 mutation, Simkin and colleagues
(Simkin et al., 2021) used MEA technology on iPSC-derived neurons with a KCNQ2 variant
(c.1742G>A, p.R581Q, in the C-terminal cytoplasmic tail). In electro-encephalograms (EEGs)
of KCNQ2 patients, an interictal burst-suppression pattern is often present early in the
neonatal period (Weckhuysen et al., 2012). This involves large paroxysmal bursts of neuronal
firing separated by periods of electrical silence. To determine whether they could recreate
this phenotype in vitro, the researchers used MEA technology to study neuronal activity
during neuronal development in vitro using human iPSCs. First, they assessed spontaneous
neuronal activity over a 3-week period (days 15 to 31) of neuronal differentiation. They found
that the distribution of spikes was significantly irregular compared to isogenic control
neurons, indicated by an increased Interspike-Interval Coefficient of Variation (ISI CoV).
Patient iPSC-derived neurons were susceptible to greater bursting, with significantly shorter
intervals between spikes in bursts and significantly longer intervals between each burst. This
phenotype is reminiscent of the interictal burst-suppression pattern seen in EEGs. When they
examined the neuronal firing pattern over time, they found that patient neurons had more
bursting electrodes which increased overtime as neurons matured in culture (Simkin et al.,
2021). Simkin et al, 2021 then examined the effects of chronic M-current inhibition using XE-
991 (1uM) on spontaneous neuronal firing in control neurons to compare with the
electrophysiological properties of patient neurons. They found that chronic M current
Inhibition led to significantly increased bursting activity and an irregular firing pattern seen
in parameters such as the ISI CoV, number of bursts, number of spikes per burst, and burst
frequency. Importantly, they found the effects of chronic M current inhibition to cause a
more severe phenotype than the phenotype seen in patient neurons (Simkin et al., 2021).
This is likely due to the patient having a less significant loss of KCNQ2 channel function
compared to a 100% loss of function by XE-991 treatment (Greene et al., 2017). Using MEA
technology, these researchers successfully modelled the KCNQ2 variant (R581Q) and
revealed novel insight into the pathophysiology of the disease. Additionally, this model can

also be used for subsequent drug-screening.
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Another study looked at a mutation in the KCNT1 gene, a sodium-activated potassium
channel known to cause developmental and epileptic encephalopathy (KCNT1-DEE) as well
as other epilepsy phenotypes such as autosomal dominant nocturnal epilepsy (Quraishi et
al., 2019). To understand how these mutations contribute to hyperexcitability in neurons,
they generated a hiPSC-derived neuronal line with a KCNT1 (P924L, in the C-terminal
cytoplasmic tail) mutation. They found that P924L expressing neurons had an increased
mean firing rate, and burst frequency was more than doubled compared to the isogenic
control. Interestingly, they found that burst intensity was increased for P924L-expressing
neurons but burst durations were shorter. Finally, they assessed the synchrony index values
and found they were significantly increased in P924L-expressing neurons compared to

controls, suggesting firing patterns were irregular (Quraishi et al., 2019).

SCN2A is a sodium channel gene that closely interacts with KCNQ2 and is one of the leading
causes of DEE (Howell et al., 2015). SCN2A plays an important role in AP initiation and
propagation during development (Rush et al.,, 2005). The L1342P mutation (in the
Transmembrane S5), is a recurrent mutation that leads to DEE (Hackenberg et al., 2014),
from which a reference hiPSC line was generated using CRISPR/CAS9 technology to analyse
the electrophysiological properties of neurons in vitro (Que et al., 2021). L1342P iPSC derived
neurons fired at a much higher level than control neurons during spontaneous neuronal
network recordings on MEA. They also detected a significantly greater number of bursts in
L1342P neurons compared to controls (Que et al.,, 2021). They then used this model to
perform drug screening. They found that on MEA, 50uM of phenytoin could significantly
reduce Mean Firing Rate (MFR) in L1342P neurons, while only 40uM of Phenytoin was
required to significantly reduce MFR in controls, suggesting a gain of function (GOF)
mutation. Similarly, a lower dose of phenytoin (30uM) could significantly reduce bursting in
control neurons while 50uM of phenytoin was required in L1342P neurons (Que et al., 2021).
This data suggests that neurons carrying the L1342P mutation have reduced sensitivity to
phenytoin. This result could explain why patients carrying this mutation are largely resistant
to this drug in the clinic. This data demonstrates the potential of MEA technology in disease

modelling and drug screening.

5.1.4. Compound E use for neuronal maturation on MEA

A small molecule called Compound E has been shown to accelerate neuronal maturation in
vitro. Compound E is a cell-permeable, selective inhibitor that blocks the gamma-secretase

and cleavage of the notch intracellular domain. This molecule works by preventing the
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generation of glia from the progenitor stage and accelerates neuralisation (Bianchi et al.,
2018). This has been shown to generate post-mitotic neurons and substantially accelerate
neuronal maturation in motor neurons (Chen et al., 2014). In this study, we incorporated
Compound E (0.1uM) at day 20 for 6 days until day 26, as this was the peak of the progenitor

stage, to analyse its effects on neuronal activity and maturation using MEA.

The aims of this Chapter are to 1) analyse the effect of Compound E on neuronal maturation
and function. 2) perform extracellular electrophysiological recordings of iPSC-derived cortical
neurons from 3 patients harbouring 3 different KCNQ2 variants (p.A294V; p.F261L; p.A265T,
respectively) on MEA plates to analyse neuronal excitability in vitro. We sought to compare
the results to controls. To my knowledge these experiments have not been performed to

date.
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5.2. Materials and Methods
5.2.1 Preparation of MEA plate
5.2.1.1 Preparation of Poly-D-Lysine coating

Poly-D-Lysine (PDL) (Sigma, cat# P6407-5MG) was diluted in 5ml of DPBS to generate 1mg/ml
stock solution. This was filtered with a 0.22uM sterile filter (Lennox, #A16534K) and
aliquoted into 500ul stock vials. PDL was used at a working concentration of 10ug/ml by

diluting a 500l stock vial in 49.5m| DPBS for coating.

5.2.1.2 Preparation of Laminin

Laminin (Sigma, cat# L2020-1MG) was diluted in cold DPBS without calcium and magnesium
(Thermo Fisher cat# 14190144) on ice and stored in 100ug/ml stock vials. Laminin was used

at a working concentration of 10ug/ml by diluting 1ml stock vials in 9ml of DPBS.

5.2.1.3 Coating of MEA plate

MEA plates underwent a double coating treatment with PDL, and Laminin as described in
Chapter 4. When coating the MEA plates, it was very important to only coat directly on top
of the electrodes rather than the entire well to ensure cells attached to the electrodes. To
do this, the wells were coated with an 8ul singular ‘drop’ of coating agents. Approximately
6-8ml of sterile water was added around the wells of the MEA plate to increase the humidity

and prevent the coating agents from drying out during the incubation stages.

5.2.1.4 Seeding of cortical neuron progenitors onto MEA plate

Cortical neuron progenitor cells were seeded onto 48 well MEA plates at day 20 of the
differentiation protocol as outlined in Chapter 4. Cells were seeded in triplicate at a density
of 25 X 10% 50 X 10% and 75 X 10* in 8ul drops onto the centre of each well ensuring they
covered the 16 electrodes. Different seeding densities were tested to determine the optimal
density. The cells were allowed to attach to the coated plates for 1-2 hours at 37 °C and 5%
CO2 before being topped up with 300ul of media. Y-27632 (Rock Inhibitor) was added into
the medium for the first two days after replating to increase the survival of cells on the MEA
plates. Cells underwent a half media change every other day. Cells were then allowed to
differentiate into cortical neurons for 20 days before MEA recordings were started. The

information on iPSC lines used for MEA recordings are outlined in Table 5.1.
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Table 5.1. List of iPSC lines used for MEA analysis

Status iPSC line Gender Age (years) Mutation
N=3 KCNQ2 | EP2004 C1 Female 7 €.793G>A(A265T)
mutations; EP2004 C7 Female 7 €.793G>A(A265T)
N=9iPSC lines EP2004 C8 Female 7 €.793G>A(A265T)
EP2002 C1 Female 4 c.783A>C (F261L)
EP2002 C2 Female 4 c.783A>C (F261L)
EP2002 C3 Female 4 c.783A>C (F261L)
EP2001 C4 Male 5 c.881C>T(A294V)
EP2001 C5 Male 5 .881C>T (A294V)
EP2001 C8 Male 5 c.881C>T (A294V)
N= 3 healthy | EP2C004 C2 Female 12 N/A
donors; EP2C004 C4 Female 12 N/A
N= 9 iPSC lines EP2C004 C5 Female 12 N/A
EP2C002 C5 Male 4 N/A
EP2C002 C6 Male 4 N/A
EP2C002 C7 Male 4 N/A
EP2CO001 C1 Male 15 N/A
EP2C001 C2 Male 15 N/A
EP2C001 C4 Male 15 N/A

5.2.2 MEA data recording

MEA recordings were taken every other day for a 3-week period from day 40 to day 61,
before changing the media of the cells. The 48 well MEA plate was loaded into the MAESTRO
MEA recording amplifier (Axiom Biosystems). The temperature was maintained at 37°C by
switching on the heater option. Signals were sampled at 12.5 kHz, digitised, and analysed
using Axion Integrated Studio Navigator (AxIS) 2.5.2 with a 300 Hz high pass and a 5 kHz low
pass filter. An adaptive spike detection threshold is set at 6 times the standard deviation for
each electrode with 1s binning according to the settings from the published paper (Figure
5.1) (Simkin et al., 2021). Raw data (.raw), filtered data(.raw) and spike data (.spk) were saved

for analysis.

5.2.3 MEA data analysis using the Neural Metric Tool and Axion Metric Plotting
Tool

The exported spike files (.spk) were batch-processed using the Neural Metric Tool (Axion
Biosystems). The settings used in the software are presented in Figure 5.2. Briefly, the Active
Electrode Criteria was defined as a minimum of 5 spikes/min. The Single Electrode Burst
detector was set to detect the Inter-Spike Interval (ISI) threshold with a minimum of 5 spikes
in @ maximum of 100 ms ISl. The Network Burst detector was set to a minimum of 50 spikes

with a maximum of 100 ms of ISI and a minimum of 35% of active electrodes involved in
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bursting. To analyse the spontaneous activity of the cells, the first 300s (5min) of MEA
recording was used. All the processed data were exported as a comma format (.csv file). For
group comparison (i.e., time-course, control-patient pair, or treatment), the .csv file was
uploaded to the Axion Metric Plotting Tool. The summarised .csv file with parameters was

exported for statistical analysis using Graph Pad.
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Figure 5.2. Settings used in Neural metric tool for analysis.

Red arrows indicate the parameters chosen for analysis.
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Figure 5.3 Metrics diagram showing types of neuronal activity detected on MEA.

(A) Each black line represents an AP, or “spike” detected by recording electrodes in a single or cluster

form (blue boxes). A cluster or group of spikes on a single electrode is called a burst. The period
between two single spikes is known as the Inter-Spike-Interval (ISI). In our parameters, If > 5 spikes
are detected from a single electrode in 100 ms ISI, the cluster of spikes is considered a burst. (B) A
network burst is a coordinated cluster of spikes across multiple electrodes (there are 16 electrodes in
each well of a 48-well MEA plate) (blue box in the right panel). If >35% of electrodes in a well detect
> 50 spikes in 100ms ISI, the coordinated cluster of spikes is considered a network burst. (C) Schematic
diagram showing low (left) and high (right) synchrony. Synchrony indicates the level of coordinated or
simultaneous spiking between electrodes which is quantified using a cross-correlogram between
spiking on pairs of electrodes and then pooling across all pairwise combinations in a well (Halliday et
al., 2006). The cross correlogram assesses the probability of a spike occurring on electrode A at times
relative to a spike on electrode B. This probability is summed across all spikes in electrode B to produce
the cross-correlogram. For example, if both electrodes always fire together, the cross-correlogram
would have a sharp peak at time 0. (D) The Neural Metric Tool computes synchrony by first finding
the cross-correlation. Phase lags of zero (x-axis on correlogram, red arrow) indicate synchronous
spiking between electrodes. When more electrodes have a similar phase relationship, the probability
(y-axis height on the correlogram, black arrow) of that phase-lag (zero for synchrony) increases. The
normalized cross-correlation normalizes the cross-correlation to remove the autocorrelation - each
electrode’s cross-correlation with itself. Tall, sharp cross-correlograms indicate high synchrony (right
panel). Short, wide cross-correlograms indicate low synchrony (left panel). (E) Raster plot showing low
(left) and high (right) neuronal network activities. Data were presented from one patient iPSC-derived
cortical neurons.
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Table 5.2. Definition of parameters used in this study

Metric

Definition

Mean Firing Rate (Hz)

The total number of spikes divided by the
duration of the analysis.

Number of Active Electrodes

The number of electrodes with activity greater
than the minimum threshold of 5 spikes/min.

Weighted Mean Firing Rate (Hz)

The total number of spikes in only the active
electrodes divided by the duration of the
analysis.

Burst Frequency (Hz)

A single electrode burst is described as a train of
spikes (> 5 spikes) detected by a single electrode
in a defined timeframe (100ms). Burst frequency
is total electrode bursts divided by the duration
of the analysis.

Network Burst Frequency (Hz)

Network bursts are described as almost
perfectly synchronous spikes across electrodes
in a well in a defined timeframe (100ms). Total
number of network bursts divided by the
duration of the analysis equals Network Burst
Frequency.

Synchrony index

Area under the well-wide pooled inter-electrode
cross-correlation normalized to the
autocorrelations is used to present the
synchrony. This is normalised between 0 and 1,
when fully synchronous firing equals to 1 and
fully asynchronous neurons equal to 0.

Network Burst Percentage (%)

The number of spikes in network bursts divided
by the total number of spikes, multiplied by 100.
This indicates the proportion of neurons
involved in the neuronal network
communication and transmission.

Network Burst Duration

The length of time in seconds between the first
spike and the last spike in a network burst. A
longer burst duration is associated with greater
excitation and less inhibition.

Number of Spikes per Network Burst

The average number of spikes in a network burst
indicates the number of spikes involved in
neuronal network activities.

Inter-Spike Interval Coefficient of Variation in

Network burst (Network ISI CoV)

Average across network bursts of the ISI CoV
(standard deviation/mean of the inter-spike
interval) within network bursts. The CoV in
combination reflects the distribution of spikes in
Network bursts. Small values close to 0 indicate
regular firing while larger values close to or >1
indicate irregular firing.
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5.2.4. Cleaning and Sterilisation of MEA plates

MEA plates can be sterilised for re-use according to manufacturer’s instructions. Briefly, MEA
plates were rinsed 3 times with DPBS without calcium and magnesium to remove any cellular
debris from the plates. Then, 0.5% trypsin was added to each well and incubated at 37°C for
30 min to ensure all cells were detached from the plates. Plates were rinsed 3 more times
with sterile deionised water to remove any debris or trace proteins that remained. The MEA
plates were examined closely under the microscope to ensure all wells were clear of any

cellular debris. An additional trypsination step may be added here if any cells are remaining.

Once the plates were clear, the entire plate was filled with 70% ethanol and left for 10 min
in the biological safety cabinet to sterilise the plates. The plates were then rinsed once with
90% ethanol, followed by 3 washes with deionised water. To ensure all water was removed
from the plates, they were shaken upside down and left open in the biological safety cabinet
with the UV on. Once plates were completely dry, they could then be coated in the

appropriate coating agent.

5.2.5. Acute drug treatment

MEA recordings were used to record the electrophysiological properties of neurons both
spontaneously and after the addition of specific acute drugs with compounds that target
either ion channels or neurotransmitter receptors based on published literature (Simkin et
al.,, 2021). The different compounds used are listed in Table 5.3. Each compound was
dissolved in either water or DMSO, according to manufacturer’s instructions, to generate
stock concentrations of approximately 1000 times greater than the working concentration.
All drugs were stored at -80°C. On the day of drug treatment, the stock concentration of the
drugs was freshly diluted with Neural Maturation Medium into a 10-fold working
concentration, and 1/10 volume of drug-containing medium, i.e., 33.3ul, was added into

each 48-well that contained 300 pl of culture medium.

The timeline for the drug administration is shown below in Fig 5.4. First the spontaneous
activity of the cells was recorded for 300s, then one of the drugs was added within the 60s,
and then the plate was recorded for another 300s. The 60s interval was considered drug
administration time. If two doses of a specific drug were being tested, the lower dose would
be tested as described above and then the second higher dose would be added at a second

60s interval and recorded for an additional 300s.
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Figure 5.4. Timeline for acute drug administration.

The MEA plate was continuously recorded, with the first 300s recording used as a Baseline. (A) A drug
was added within the 60s, and the plate was recorded for an additional 300s after adding the drug,
which was analysed for drug effect in comparison to baseline. (B) If the drug was tested in two
concentrations, the low dose was added and recorded first, following the higher dose to determine
any dose-dependent effect.

5.2.6. Chronic drug treatment

For chronic drug treatment, the drug was added to the medium at a lower dose as outlined

in Table 5.3. with every media change and spontaneous MEA recordings were performed

every other day.

Table 5.3. List of drugs used for MEA recordings

Drug Dose 1 (low | Dose 2 (high | Days of | Mechanism  of
dose) dose) administration | action

TTX 2.5nM 25nM 45, 55, 65 Na* channel

(Tetrodotoxin) blocker

CNQX 5uM 50uM 45,55, 65 AMPA/kainite

(cyanquixaline) receptor
antagonist

Glutamate 10uM 100uM 45,55, 65 Excitatory
neurotransmitter

Paxilline 20uM N/A 50 BK channel
blocker

Apamin 500nM N/A 50 SK channel
blocker

XE991 20uM N/A 45, 55, 65 Blocker of Kv7.2
and Kv7.3

XE991 (chronic | 1uM N/A Every other day | Blocker of Kv7.2

treatment) from Day 30 to | and Kv7.3

Day 60.

Carbamazepine | 100uM N/A 50 Na+ Channel

blocker
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Retigabine 10uM N/A 50 Kv7.2 and Kv7.3
channel opener

5.2.7 Statistical analysis

Statistical analyses were performed using GraphPad Prism version 9.3.1. Two-tailed either
paired or unpaired t-test with multiple-comparison correction or ANOVA was used as
indicated. P values are presented as follows: *=p <0.05, **=p<0.01, ***=p<0.001,

*¥%%=p<0.0001.
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5.3 Results
5.3.1 MEA plate preparation and plating of cortical neurons

The day before the cortical neurons were plated, MEA plates were coated with PDL (10
pg/ml) and Laminin (10 pg/ml) and incubated overnight. The neurons were then passaged
by scraping the cells from the surface of the plate to keep the cells in small pieces. The cells
were seeded onto the MEA plates at a density of 25 x103 cells per well of a 48 well plate.

Once the cells had attached, 300ul of media was added to each well after 2 hours and images

of the cells were taken after 24 hours (Figure 5.5).

Figure 5.5: Representative image of cortical neurons seeded onto MEA plate after 24 hours.

25 x 10° cortical neurons were seeded onto PDL and Laminin coated MEA plates. Scale bar is 100uM.

5.3.2 Compound E increases weighted mean firing rate in cortical neurons

To analyse to impact of Compound E on neuronal maturation and function, we measured
several different parameters on MEA in neurons cultured in standard neuronal maintenance
medium and neurons cultured in neuronal maintenance medium supplemented with
compound E (0.1uM). Compound E was added to the medium every other day for 6 days
(Day 20 to 26). MEA recordings were performed from day 40 to day 61. We found that there
was no significant difference between the number of active electrodes in both control and
patient lines (A265T) between groups. The number of active electrodes increased overtime
for each group (Figure 5.6). However, there is an increased weighted mean firing rate

(wMFR) in both patient and control neurons cultured in Compound E supplemented medium.
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This difference is greater in patient-derived (KCNQ2-DEE) lines and increases overtime in
culture (Figure 5.6). At day 50, wMFR was significantly higher in the patient line cultured with
Compound E than without (*p=0.033, 2.24 Hz £ 0.11 Hz compared to 2.08 Hz £ 0.10 Hz). This
difference in wMFR increased overtime. At day 60, wMFR in the patient line + E was 4.62 Hz
+ 0.29 Hz compared to patient line alone at 3.14 Hz + 0.48 Hz. (**p=0.008). Compound E also
caused a significant increase in WMFR in control neurons, but only at day 60 (*p=0.042, 1.44

Hz + 0.03 Hz compared to 1.12 Hz + 0.08 Hz).

A # of Active Electrodes B # OF ACTIVE ELECTRODES
10 » -
" - EP2004 w10 mm EP2004
g3 s -= EP2004 E S g mm EP2004 E
=
- EP2c004 S = EP2C004
° - EPCOD4E o mm EP2C004 E
= 4 w
g = 4
=
03 2 1)
* g 2
0 w
T T T T T T T T T T T O U
DA IR ARSI R #* -
PP P PP P P P Day 40 Day 50 Day 60
Days Days
C D
o  Weighted mean firing rate (Hz) = Weighted mean firing rate (Hz)
= T
=6 = 6+
5 ) e~ EP2004 £ o mm EP2004
3 = EP2004E g mm EP2004 E
g Ezizggj . 2 4 = EP2C004
= - E . mm EP2C004 E
s c
@2 © *
£ @ 2
] 3
£
% 0 Ll T T T T T T T T T T E
S PR ERSIF PP 2 0-
00*09*00‘\0'5‘0'»*06\06\00*0@00‘\0'5‘ g Day 40 Day 50 Day 60
Days Days

Figure 5.6. Compound E significantly increases the weighted mean firing rate of patient and
control neurons.

(A) The number of active electrodes (with 5 spikes/min) during longitudinal recording showing the
functional maturity of cortical neurons between the groups. (B) Statistical analysis of number of active
electrodes between neurons grown with or without compound E (annotated E in the diagram) in 3
lines of EP2004 (A265T) and EP2C004 (n= 6 for each condition). (C) The weighted mean firing rate of
neurons during longitudinal recording showing a significantly higher MFR (mean firing rate) in neurons
cultured with compound E. (D) Statistical analysis of WMFR between groups in 3 lines of EP2004 and
EP2C004 (n= 6 for each condition). Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was
evaluated using an unpaired parametric t-test.

5.3.3 Compound E significantly increases the number of bursts seen in KCNQ2-DEE
neurons

Next, we wanted to analyse whether compound E could affect the bursting firing patterns of
neurons. To do this, we measured the number of bursts and number of spikes per burst in

each group. As seen in Figure 5.7, medium + E causes a significant increase in the number of
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bursts seen in patient neurons and this difference increases overtime. On day 50, patient
neurons (A265T) cultured in medium + E fired 83 * 4 bursts compared to 47 £ 4 bursts in
normal medium (**p=0.007). At day 60, patient neurons cultured in medium + E fired 171
5 bursts compared to 88 + 6 bursts in normal medium (***p<0.001). In contrast to this, there
is no significant difference in the number of bursts seen in control neurons with or without
the addition of Compound E. Similarly, there is an increased number of spikes/burst in
patient neurons cultured in media supplemented with Compound E. This difference can be
seen from as early as the first day of recording on MEA (*p=0.031, 6.5 + 0.7 compared to 4
+ 0.5). However, no significant difference is seen again until the last timepoint at day 60
(*p=0.012, 15.5 + 0.7 compared to 13.5 + 0.5). Again, there is no difference in the number of

spikes per burst seen in control neurons (Figure 5.7).
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Figure 5.7. Compound E significantly increases the number of bursts in patient neurons.

(A) The number of bursts recorded during a longitudinal recording between the groups comparing the
effect of compound E on bursting behaviour. (B) Statistical analysis of the number of bursts between
groups overtime. (C) The number of spikes per burst recorded during a longitudinal recording between
the groups. (D) Statistical analysis of the number of spikes per burst between groups in 3 lines of
EP2004 (A265T) and EP2C004 (N= 6 replicates per group). Statistical significance (*p<0.05, **p<0.01,
***¥p<0.001) was evaluated using an unpaired parametric t-test.

5.3.4 Compound E has no effect on burst frequency or ISI CoV in neurons

Finally, we looked at whether Compound E affected the Burst frequency and ISI CoV of
neurons overtime in culture. We found that there was no significant difference between ISl

CoV or Burst frequency in neurons grown in media supplemented with Compound E in either
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patient or control lines (Figure 5.8). There was a slight trend showing an increase in both
burst frequency and ISI CoV due to the addition of compound E in patient lines (Burst
Frequency at day 60 p=0.067, 0.043 Hz + 0.005 Hz compared to 0.038 Hz + 0.004 Hz)(ISI CoV
at day 60 p=0.084, 3.5 £ 0.3 compared to 3.3 £ 0.2), However, this was not significant (Figure
5.8).
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Figure 5.8. Compound E has no significant effect on burst frequency or Inter-spike interval
coefficient of variation.

(A) The burst frequency with no significant difference between neurons grown with or without
compound E. (B) Statistical analysis of burst frequency in neurons between groups in 3 lines from both
EP2004 (A265T) and EP2C004 (n=6 replicates per group). (C) The ISI CoV of neurons showing no
difference between groups. (D) Statistical analysis of the ISI CoV between groups in 3 lines from both
EP2004 (A265T) and EP2C004 (n=6 replicates per group). Statistical significance (*p<0.05, **p<0.01,
***¥p<0.001) was evaluated using an unpaired parametric t-test.

5.3.5 Spontaneous firing activities are driven by voltage-gated Na* channels

During an action potential (AP), the neuron becomes depolarised when Na* enters the cell.
This process is initiated when glutamate binds to voltage-gated Na* channels. Tetrodotoxin
(TTX) is a Na* channel blocker which blocks this event from occurring in neurons (Narahashi,
2008). Therefore, to confirm that the signals detected in our culture are Na* channel
mediated APs, we treated our neurons with two different doses of TTX (2.5nM, 25nM) at Day
50. The drug was administered according to the timeline in Figure 5.4. Briefly, the baseline

was recorded for 300s, then the low dose of 2.5nM was added and recorded for 300s, then
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the high dose of 25nM was added and recorded for 300s. We analysed the data using
weighted mean firing (WMFR) rate to remove data from any inactive electrodes (less than 5

spikes per min).

We found that there was a significant difference between patient and control lines at
baseline. Patient lines had a significantly greater wMFR at baseline compared to control lines
(***p<0.001, 3.8 Hz £ 0.4 Hz compared to 1.4 + 0.3 Hz) (Figure 5.9). The addition of the low
dose (2.5nM) of TTX significantly reduced the wMFR in both patient (***p<0.001, 3.8 Hz +
0.4 Hz to 0.2 Hz £ 0.01 Hz) and control lines (****p<0.001, 1.4 Hz + 0.3 Hz to 0.2 Hz + 0.005
Hz) (Figure 5.9). Following the second dose of TTX (25nM), firing was almost entirely
eliminated (raw voltage traces showed almost no neuronal spiking). These results suggest
that the firing signal detected on MEA are caused by voltage-gated Na* channels, as almost

the entirety of the signal was diminished by treatment with Na*channel blocker TTX.
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Figure 5.9. Spike activities detected by MEA are voltage-gated Na+ channel-mediated APs.

Baseline recordings were recorded at Day 50 for 300s before two concentrations of TTX were added
to determine the dose-dependent response in 3 lines from each patient (F261L, A265T, A294V) and 3
lines from each control. Drugs were administered according to the timeline in Figure 5.4. wMFR was
significantly reduced at the low dose and completely blocked at the higher dose in both the patient
and control group. The total number of used wells was n= 27 from 9 control lines and n=27 from 9
patient lines. Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was evaluated using an unpaired
parametric t-test.

5.3.6. Formation of functionally matured synapses is confirmed by the response
to AMPA antagonist CNQX

Glutamate is the most abundant excitatory neurotransmitter in the CNS which acts via
different types of glutamate receptors including AMPA, NMDA and kainate receptors. CNQX

is an AMPA antagonist that blocks glutamate, indirectly isolating GABA receptor-mediated

145



spontaneous inhibitory post-synaptic currents (Brickley et al., 2001). To assess the
contribution of AMPA receptors to neurotransmission, we treated iPSC-derived neurons with
AMPA antagonist CNQX at day 60. We tested two escalating doses (5uM, 50uM) to monitor
if there was a dose-dependent response (Figure 5.10). We found that for patient and control
lines, CNQX treatment resulted in a dose-dependent blocking. We measured the wMFR at
baseline and found that wMFR was significantly higher in patients (3.6 Hz +0.3 Hz) compared
to controls (1.4 Hz £ 0.05 Hz)(***p<0.001). After the low dose of 5uM, CNQX resulted in a
significant reduction in wMFR in both patient (1.9 Hz + 0.3 Hz) and controls (0.9 Hz + 0.15
Hz)(***p<0.001). After the high dose of 50uM, CNQX treatment resulted in a further
reduction of wMFR in both patient (0.43 Hz + 0.07 Hz) and controls (0.22 Hz + 0.03 Hz)
(****p<0.0001) (Figure 5.10). This data indicates that a substantial proportion of our
excitatory neurons are AMPA- mediated. However, as CNQX did not cause a complete
blocking of wMFR, there are likely NMDA and kainate-mediated receptors as well as

inhibitory neurons present in our cultures.

We then looked at the effect of the addition of the excitatory neurotransmitter glutamate,
on neurons. Extracellular glucose is known to increase spontaneous activity of neurons in
vivo by binding to glutamate receptors (Sun et al., 2001) and has since been shown in in vitro
studies using MEA (Demchenko et al., 2022). To analyse the effect of glutamate treatment
on our cortical neurons, we used two escalating doses (10uM, 100uM) (Figure 5.10). We
found that for both patient and controls, glutamate caused a dose-dependent increase in
WMFR. After the low dose of 10uM, wMFR significantly increased in patients (4.8 Hz + 0.3
Hz) compared to baseline (3.7 Hz £ 0.4 Hz)(**p= 0.006). There was no significant difference
in WMFR in controls in response to low dose (10uM). At the higher dose of 100uM, wMFR
was increased even further in patients (6.6 Hz + 0.6 Hz)(***p<0.001) and controls (4.5 Hz +

0.3 Hz)(***p<0.001)(Figure 5.10).
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Figure 5.10 AMPA mediated functional synapses were confirmed using antagonists CNQX and
glutamate.

(A) The effect of CNQX showed a concentration-dependent blocking (n=27 from 9 control lines and 9
patient lines. (3 lines from each of the pathogenic variants F261F, A65T and A294V). (B) The effect of
glutamate showed a concentration-dependent increase in neuronal excitability (n=27 from 9 control
lines and 9 patient lines). Statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was
evaluated using an unpaired parametric t-test.

5.3.7 KCNQ2-DEE neurons exhibit increased spontaneous bursting

One of the main hallmarks of KCNQ2-DEE is hyperexcitability in the form of a phasic burst-
suppression firing pattern; this is a hallmark severely abnormal pattern on the early neonatal
EEG waveforms. The exact mechanism by which the expression of KCNQ2 (Kv7.2) channels
during development affects neuronal excitability is not clear. To determine the effect of the
KCNQ2 mutations in this study on neuronal excitability, we measured neuronal activity on
MEA recordings over a 3-week period from Day 40 to Day 61. As each mutation is different,
the results will be presented separately for each of the 3 mutations (F261L, A265T, A294V)

as phenotypes between patients may differ.

First, we recorded the number of active electrodes over a 3-week period and found there
was no significant difference between the number of active electrodes in patient and control
cell lines (Figure 5.11). We measured the wMFR of neurons overtime and the mean firing
rate in both patient and control neurons increased overtime, and there was a significantly
higher wMFR in patient neurons compared to controls. In EP2004 (A265T), wMFR was
significantly increased in each line compared to controls at Day 50 (C1= 2.5 Hz+ 0.2 Hz
***%¥p<0.0001, C7= 2.1 Hz £ 0.3 Hz ***p<0.001, C8= 2.4 Hz + 0.2 Hz ***p<0.001 compared
to 0.8 Hz £ 0.2 Hz for controls) (Figure 5.11). By day 60, wMFR increased for both patient and
control lines and patient lines (C1= 4.1 Hz £ 0.3 Hz ***p<0.001, C7= 3.4 Hz + 0.6 Hz
***¥p<0.001, C8= 4.3 Hz £ 0.5 Hz ***p<0.001 had a significantly higher wMFR than control
lines (1.7 Hz £ 0.1 Hz)(Figure 5.11). These data reveal that KCNQ2 (A265T) neurons have a
significantly higher wMFR than control neurons and that all neurons’ wMFR increases
overtime in culture. Similar results were obtained from MEA recordings of EP2001 (A294V)

and EP2002 (F261F) which are presented in the supplementary information (Figure S5.1).
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Figure 5.11 KCNQ2-DEE neurons show an increased spontaneous firing rate.

(A) Longitudinal recording of the number of active electrodes in KCNQ2-DEE neurons and patient
neurons. (B) Statistical analysis comparing the number of active electrodes between groups. (C)
Longitudinal recording of the weighted mean firing rate in KCNQ2-DEE neurons and controls. (D)
Statistical analysis comparing the weighted mean firing rate between groups. Three lines from both
EP2004 (A265T) and EP2C004 (N= 3 replicates per group) were used. Statistical significance (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001) was evaluated using an unpaired parametric t-test.

As KCNQ2-DEE patients often present with a burst-suppression firing pattern on EEG, we
hypothesised that KCNQ2-DEE neurons would be more likely to fire in bursts than control
neurons. To determine this, we measured the number of bursts and number of spikes per
burst for patient and control lines. We found that patient neurons (Day 50: C1= 62 + 5
**p=0.006, C7= 49 + 4 **p=0.009, C8= 88 + 6 ****p<0.0001)(Day 60: Cl= 122 + 11
**%*p<0.0001, C7=98 + 8 ***p<0.001, C8= 143 + 6 ***p<0.001) had (i) a significantly higher
number of bursts than control neurons at day 50 (14 + 4) and day 60 (26 + 7). Interestingly,
this difference increased overtime in culture as neurons matured (Figure 5.12). At Day 40
during the first recording period, there was no significant difference between the number of
bursts in two groups. Similarly, we found (ii) the number of spikes per burst was also
significantly increased in patient neurons (Day 50: C1= 10.5 + 0.5 **p=0.006, C7= 9.5 +
0.6**p=0.009, C8=9 + 0.3 ****p<0.0001)(Day 60: C1= 14 + 1.2 ****p<0.0001, C7= 13 £ 0.2
***p<0.001, C8= 15 + 0.4 ***p<0.001) compared to controls at Day 50 (6.5 + 1.0) and Day
60 (8.4 £ 0.9) (Figure 5.12). Similar results were obtained from MEA recordings of EP2001
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(A294V) and EP2002 (F261L) which are presented in the supplementary information (Figure

# of bursts
# of bursts
A e EP2004 CT B
200
- EP2004 C7 = EP2004 C1
% EP2004 C8 150 mm EP2004 C7
H - EP2C004 2 o =31 EP2004 C8
E 3 100 . ot mm EP2C004
k3]
#* 0 D
T T T T T T T T b
SR RS HPERS 5 -
S ) S
o 9P P P P P P Day 40 Day 50 Day 60
Days Days
Cc # of spikes/burst D
20 # of spikes/burst
- EP2004 C1
B a5 -= EP2004 C7 = EP2004 C1
a M EP2004 C8 B mm EP2004 C7
8 1w -+ EP2C004 a =1 EP2004 C8
2 8 . EP2C004
6 5 2
a3 -
[=}
- *
T
LA R I g R
PP PP P PP P P o Day 40 Day 50 Day 60
Days Days

Figure 5.12 KCNQ2-DEE neurons have an increased number of bursts and number of spikes per
burst.

(A) Longitudinal recording of the number of bursts in KCNQ2-DEE neurons and patient neurons. (B)
Statistical analysis comparing the number of bursts between groups. (C) Longitudinal recording of the
number of spikes per burst in KCNQ2-DEE neurons and controls. (D) Statistical analysis comparing the
number of spikes per burst between groups. Three lines from both EP2004 (A265T) and EP2C004 (N=
3 replicates per group). Statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was
evaluated using an unpaired parametric t-test.

We next found that there was (iii) an increased frequency of bursts in patient lines (Day 50:
Cl= 0.027 + 0.001 **p=0.005, C7= 0.027 = 0.002 **p=0.005, C8= 0.030 = 0.001
***p<0.001)(Day 60: C1= 0.041 + 0.001 ****p<0.0001, C7= 0.039 + 0.002 ***p<0.001, C8=
0.043 £ 0.005 ***p<0.001) compared to control lines (Day 50: 0.019 + 0.003)(Day 60: 0.028
+ 0.002) at day 50 and day 60. For both patients and controls, burst frequency increased

overtime in culture (Figure 5.13).

The variation in the ISl is described by using the co-efficient of variation which is the standard
deviation of the ISI divided by the mean of the ISIl. Lower values close to zero represent
regular firing while larger values greater than 1, indicate irregular firing. We measured the
ISI CoV for patient and control neurons overtime and found that (iv) patient neurons lines
(Day 50: C1= 1.95 + 0.01 **p=0.006, C7= 1.91 + 0.02 **p=0.005, C8= 2.16 + 0.03
**p=0.003)(Day 60: C1=3.72 £ 0.1 ****p<0.0001, C7=3.56 + 0.3 ***p<0.001, C8=3.68 + 0.4
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***p<0.001) had a significantly higher CoV than control neurons (Day 50: 1.21 + 0.3)(Day
60: 1.47 + 0.1). This increase in ISI CoV seen in patient neurons became more pronounced
overtime and values reached as high as 3.7, suggesting that firing pattern in patient neurons
was extremely irregular. Similar results were obtained from MEA recordings of EP2001

(A294V) and EP2002 (F261L) which are presented in the supplementary information (Figure

S5.3).
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Figure 5.13. KCNQ2-DEE neurons have an irregular firing pattern and burst frequency.

(A) Longitudinal recording of the burst frequency in KCNQ2-DEE neurons and control neurons. (B)
Statistical analysis comparing the burst frequency between groups. (C) Longitudinal recording of the
number of the inter-spike interval Coefficient of variation (ISI CoV) in KCNQ2-DEE neurons and
controls. (D) Statistical analysis comparing the ISl CoV between groups. Three lines from both EP2004
(A265T) and EP2C004 (N= 3 replicates per group) were analysed. Statistical significance (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001) was evaluated using an unpaired parametric t-test.

5.3.8. Chronic M current inhibition in control neurons mimics the phenotype seen
in KCNQ2-DEE neurons

We already know that KCNQ2-encoded Kv7.2 and KCNQ3-encoded Kv7.3 channels control
the M current, and the mutations in this study all result in a loss of M current. Therefore, we
chronically treated control neurons with a low dose of XE-991 (a Kv7.2 and Kv7.3 channel
blocker) to determine if the phenotype was comparable with patient neurons (A265T). We
treated control neurons (EP2C004) with a low dose of 1uM XE-991 every other day from day

30 to day 60, with recordings starting at day 40. First, we measured the number of spikes per
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burst and found that XE-991 treated controls (Day 50: 12 + 0.6 *p=0.045, Day 60: 16 + 0.5
*p=0.033) had a significantly increased number of spikes per burst compared to patient
neurons (Day 50: 10 £ 0.5, Day 60: 13.5 + 0.7) (Figure 5.14). Next, we compared the number
of bursts and found that XE-991 treated controls (Day 50: 82 + 7, Day 60: 172 + 4 *p=0.026)
had a significantly greater number of bursts than patient neurons (Day 50: 94 + 3, Day 60:
147 + 5) as neurons matured overtime in culture. There was no significant difference in the
number of bursts at the earlier timepoints (Figure 5.14). Finally, we measured the ISI CoV
and found that XE-991 treated controls (Day 50: 2.9 +0.21 **p=0.0068, Day 60: 3.9 +0.14
*p=0.036) had a significantly higher ISl CoV than patient neurons (Day 50: 2.05 +0.01, Day
60: 3.3 * 0.3)(Figure 5.14). These results indicate that the effect of XE-991 treatment on
controls neurons was more dramatic than the irregular bursting phenotype of patient
neurons (A265T), most likely due to the less severe loss of M current function associated

with the mutation compared to the loss of function with XE-991 treatment in controls.
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Figure 5.14 Chronic M current inhibition in control neurons phenocopies KCNQ2-DEE neurons.

(A) Longitudinal recording of the number of spikes per bursts in KCNQ2-DEE neurons, control neurons
and XE-991 treated controls. (B) Statistical analysis comparing the number of spikes per bursts
between groups. (C) Longitudinal recording of the number of bursts in KCNQ2-DEE neurons, control
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neurons and XE-991 treated controls. (D) Statistical analysis comparing the number of bursts between
groups. (E) Longitudinal recording of the number of the inter-spike interval Coefficient of variation (ISI
CoV) in KCNQ2-DEE neurons, controls and XE-991 treated controls (F) Statistical analysis comparing
the ISI CoV between groups. Three lines from both EP2004 (A265T) and EP2C004 (N= 3 replicates per
group) were analysed. Statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was
evaluated using an unpaired parametric t-test.

5.3.9 SK and BK channel antagonists reduce irregular firing pattern in KCNQ2-DEE
neurons

Due to the upregulation of BK channels (KCNMA1, KCNMB1) and SK channels (KCNN1,
KCNN2, KCNN3) in our KCNQ2-DEE neurons (Figure 4.16), we applied the SK channel
antagonist apamin (500nM) and the BK channel antagonist paxilline (20uM) to patient
(EP2004 A265T) and control (EP2C004) neurons during spontaneous MEA recording on day
50. Since there was most significant upregulation in SK channels, we treated cells with an SK
channel antagonist alone and then a combinatorial treatment of an SK channel and BK
channel antagonist. We found that treatment with apamin and paxilline combined was the
most successful at significantly reducing the ISI CoV, number of bursts and number of spikes
per burst in patient neurons (Figure 5.15). We found that treatment did not significantly
affect control neurons (Figure S5.3). First, we measured the ISI CoV at baseline (2.36 +0.14)
and again after treatment with apamin and paxilline. We found that both apamin alone (1.48
+0.11, **p=0.0078) and a combinatorial treatment of apamin and paxilline (1.29 £ 0.10, **p=
0.0059) resulted in a significantly lower ISI CoV in patient neurons (Figure 5.15). Next, we
measured the burst frequency and found that apamin (0.019 + 0.002, **P= 0.0091) and
apamin + paxilline (0.017 * 0.0005, **P= 0.0083) treatment significantly reduced burst
frequency in patient neurons compared to baseline recording (0.028 + 0.001). Again, we
found that treatment with these SK and BK antagonists had no significant effect on control
neurons (Figure S5.3). Finally, we measured the number of spikes per burst and found that
apamin alone (7.8 £ 1.7 compared to 8.5 + 1.9 baseline, p= 0.065) had no significant effect
on the number of spikes per burst in patient neurons. However, the combination of apamin
and paxilline resulted in a significant reduction in the number of spikes per burst (6.6 + 1.6
compared to 8.5 + 1.9 baseline, *p= 0.044)(Figure 5.15). Together, this data suggests that
inhibition of SK and BK channels in KCNQ2-DEE (C.881C>T) neurons reduces bursting and

irregular firing patterns.
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Figure 5.15. SK and BK channel antagonists reduce irregular firing pattern in KCNQ2-DEE neurons.

KCNQ2-DEE (A265T) neurons were treated with SK channel blocker Apamin (500nM) alone, and SK
and BK channel blocker Paxilline (20uM) combined. Combinatorial treatment of apamin and paxilline
significantly decreased the ISI CoV, Burst Frequency, and number of spikes per burst in KCNQ2-DEE
neurons. Three lines from EP2002 (N= 4 replicates per line) were analysed. Statistical significance
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was evaluated using an unpaired parametric t-test.

5.3.10 Carbamazepine treatment significantly reduces bursting and irregular firing
patterns in KCNQ2-DEE neurons

Due to the upregulation of the sodium channel genes SCN1A, SCN2A and SCN8A we detected
in KCNQ2-DEE neurons (A294V)(Figure 4.17), we treated patient neurons with the sodium
channel blocker carbamazepine. Carbamazepine is a commonly used anti-seizure medication
in clinical practice (Marson et al., 2002) and in a small percentage of young infants treated,
associated with seizure reduction. We found that treatment with carbamazepine resulted in
significantly reduced number of bursts, number of spikes per burst and ISI CoV, nearly to the
level of controls. Carbamazepine treatment caused a significant reduction in the number of
bursts in patients from (61 £ 6) to (42 * 5)(Figure 5.16). Similarly, we also saw a reduction in
the number of spikes per burst in patients from 9.8 + 0.7 to 7.7 + 0.3 (Figure 5.16). Finally,
we detected a significant reduction in the ISI CoV in patient neurons after treatment with
carbamazepine from (2.08 + 0.4) to (1.55 * 0.2)(Figure 5.16). Together, these results show
that carbamazepine treatment reduces the increased bursting and irregular firing seen in

KCNQ2-DEE neurons.
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Figure 5.16: Anti-seizure drug carbamazepine significantly reduces the number of bursts and the
ISI CoV in KCNQ2-DEE neurons.

KCNQ2-DEE neurons (A294V) were treated with the sodium channel blocker carbamazepine (100uM)
at Day 50 on MEA. Carbamazepine treatment significantly reduced the number of bursts, number of
spikes per burst and the ISI CoV in patient neurons. Three lines from EP2001 (A294V) and three lines
from EP2C001 (N= 3 replicates per line) were analysed. Statistical significance (*p<0.05, **p<0.01,
***¥p<0.001, ****p<0.0001) was evaluated using a One-way ANOVA and Tukey’s multiple comparison
test.

5.3.11 Retigabine treatment significantly reduces bursting and irregular firing
patterns in KCNQ2-DEE neurons

Retigabine is a Kv7.2 and Kv7.3 specific potassium channel opener that promotes the
activation of KCNQ2/KCNQ3 (Kv7.2/7.3) potassium channels. To analyse the effect of this
drug on our model, we treated KCNQ2-DEE neurons (A294V) with retigabine (10uM) at day
50. We found that treatment with retigabine resulted in significantly reduced number of
bursts, number of spikes per burst and ISI CoV. Retigabine treatment caused a significant
reduction in the number of bursts in patients from (62 + 7) to (38 + 6)(Figure 5.17). Similarly,
we also observed a reduction in the number of spikes per burst in patients from (10.1 £ 0.8)
to (7.7 £ 0.5)(Figure 5.17). Finally, we detected a significant reduction in the ISI CoV in patient

neurons after treatment with retigabine from (2.35 * 0.5) to (1.26 * 0.3)(Figure 5.17).
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Together, these results show that retigabine treatment reduces the increased bursting and

irregular firing seen in KCNQ2-DEE neurons.
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Figure 5.17 Treatment with Retigabine significantly reduces the number of bursts and ISI CoV in
KCNQ2-DEE neurons.

KCNQ2-DEE neurons (A294V) were treated with the potassium channel opener retigabine (10uM) at
day 50 on MEA. Retigabine treatment significantly reduced the number of bursts and the ISI CoV in
patient neurons. Three lines from EP2001 (A294V) and three lines from EP2C001 (N= 3 replicates per
line) were analysed. Statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was
evaluated using a One-way ANOVA and Tukey’s multiple comparison test.
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5.4 Discussion

Over the past decade, MEAs have been increasingly used for functional phenotyping,
especially in iPSC disease modelling studies. MEAs enable a greater understanding of changes
in network dynamics in disease models by simultaneously recording electrical activity in a
culture which records population-wide electrical activity. This technology is particularly
useful for studying neurodevelopmental disorders, which alter inherent excitability
properties, such as KCNQ2-DEE, and track over time as the technology is non-destructive to
cells which enables the same neurons to be monitored over multiple weeks as the neurons
mature in vitro. Here, | will discuss the results we obtained from this study, draw comparisons
to other studies and discuss the opportunities and limitations of applying MEA technology to

iPSC disease modelling studies.

Choosing an appropriate seeding density and coating agent(s) is essential for optimal cell
attachment, proliferation, and survival (Ferguson et al., 2019). We trialled three different
seeding densities of 25,000, 50,000 and 75,000 cells per well in a 48-well plate and found
that 25,000 cells resulted in the most uniform distribution of cell attachment. Cells were not
too crowded and didn’t form too many clumps (Figure 5.5). Based on previous protocols
used in our laboratory by other researchers, we chose to coat the MEA plates with PDL
(10ug/ml) and Laminin (10 pg/ml). We found that this coating technique enabled the long-
term culture of neurons without any noticeable cell detachment over the course of the
recording period. However, we did find that overtime neurons were prone to form clumps
in some of the wells. However, when we performed MEA analysis, the cell clumps did not
prevent sufficient electrical activity from being recorded. They were still able to meet the
criteria for an active electrode (The number of electrodes with activity greater than the
minimum threshold of 5 spikes/min) in sufficient numbers for all cell lines. Studies have
shown that alternative coating agents such as PEIl can reduce the level of clumping seen in
2D neuronal studies (Overland et al., n.d.). Similarly, co-culturing with astrocytes has also
been shown to reduce neuronal clumping (Buttermore, 2022). This is particularly useful for
neurons generated using transcription factors such as NGN2, as this results in an almost pure
population of neurons. Our dual SMAD inhibition protocol resulted in approximately 40% of

glial cells, which may have played a role in preventing substantial neuronal clumping.

To determine whether the addition of the Notch signalling Inhibitor Compound E, could
promote neuronal maturation, we added Compound E (0.1uM) to patient (EP2004, A265T)

and control (EP2C004) neurons and analysed the neurons using MEA. We found that addition
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of Compound E could effectively promote the maturation of neurons, evidenced by
increased wMFR and bursting. We found that there was no significant difference between
the number of active electrodes in patients and controls with or without Compound E (Figure
5.6). However, from day 50, there was a significant increase in wMFR in patient neurons with
Compound E compared to patient neurons without Compound E. This difference increases
over time and becomes significant in control neurons with Compound E at day 60 (Figure
5.6). We also found there was a significant increase in the number of bursts in patient
neurons with Compound E, compared to patient neurons without Compound E. Interestingly,
this was not seen in control neurons, where Compound E had no significant effect on the
number of bursts (Figure 5.7). Finally, we showed that Compound E had no effect on bursting
frequency of ISI CoV in patient or control lines (Figure 5.8). Together, these results indicate
that Compound E may accelerate neuronal maturation, as evidenced here by increased
WMFR and an increased number of bursts. Interestingly, these effects are amplified in patient
neurons, where wMFR and bursting is much greater than control neurons at these stages of
development (Figure 5.11, Figure 5.12). As there has been no published studies using
Compound E in cortical neuron differentiation coupled with the varying effects of Compound
E between patient and control lines, we chose to perform all further analysis without

addition of Compound E to align with previous studies.

Tetrodotoxin (TTX) is a voltage-gated Na* channel blocker that prevents the passage of
sodium into neurons, resulting in the inhibition of AP firing. Here, we tested whether our
iPSC-derived neurons could respond to TTX treatment. We found that the lower dose
(2.5nM) almost completely abolished electrical activity, as wMFR was reduced to almost 0
Hz, while the higher dose completely abolished all electrical activity (Figure 5.9). These
results suggest that the firing signal detected on MEA in our experiments are caused by
voltage gated Na* channels. To further characterise the cells, we treated the neurons with
the AMPA antagonist CNQX, and found that the wMFR was significantly reduced after
treatment, suggesting that a large proportion of the excitatory neurons are AMPA-mediated
(Figure 5.10). The remainder of the firing is likely originating from synaptic transmission
mediated via other glutamatergic receptors (Miyazaki et al., 2021). AMPA-mediated
excitatory neurons make up the majority of mature fast excitatory neurons (Puglia et al.,
2009). However, the use of antagonists towards other glutamate receptor subtypes such as
NMDA receptors and Kainite receptors, would provide further information for characterising

excitato ry neurons.
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The iPSC-derived KCNQ2-DEE neuronal phenotype that we observe in this study presents the
opportunity to examine the functional effects of three different KCNQ2 mutations (F261L,
A265T, A294V) in vitro during neuronal development for the first time. Based on studies of
epilepsy in both experimental models and human models, we know that repetitive burst
firing of APs is associated with chronic epilepsy (Gast et al., 2016). Our findings reveal that
for each KCNQ2 mutation, neurons had significantly higher wMFR, a greater number of
bursts and burst frequency and had a higher ISI CoV. Patient neurons preferred to fire in
bursts compared to single tonic spikes seen in control neurons (Figure S5.1, 5.5 - S5.7). This
increased firing and bursting phenotype became more pronounced as neurons matured
overtime. The Inter Spike Interval (ISI) reveals how regular or irregular neuronal firing
patterns are in the culture. Lower values close to zero indicate regular firing while higher
vales greater than one indicate irregular firing (Taube, 2010). In our data, patient neurons
have a significantly higher ISI CoV, which increases as neurons mature. This data suggests
that during development, the KCNQ2-DEE neuronal aberrant firing pattern becomes more
irregular as neurodevelopment progresses, perhaps suggesting that immediate treatments
will be required for KCNQ2-DEE disease modification, and further experimentation in the
future for example with pharmacological manipulation in iPSC models may help elucidate

further this hypothesis.

The phenotype seen in our neurons was not surprising as it is reminiscent of the interictal
burst suppression pattern seen on KCNQ2 patient EEGs. Additionally, a recent study using
iPSC derived KCNQ2 neurons harbouring the mutation (R581Q), recorded spontaneous
electrical activity during neural development (Simkin et al., 2021). Their results revealed that
their patient excitatory cortical neurons were prone to firing in bursts, evidenced by an
increased number of bursts, number of spikes per burst and the percentage of spikes that
occur within bursts (Simkin et al., 2021). One difference we saw from this study was that we
found no difference in the number of active electrodes between patients and controls. In
their study, they found there was a significant increase in the number of active electrodes in
patient neurons throughout the entirety of the recording period. Another study using mice,
also analysed the phenotype of GABAergic interneurons that had a selective deletion of the
M current channels Kv7.2 and Kv7.3. They found that the deletion of these channels on
interneurons also led to hyperexcitability (Soh et al., 2018). This reveals a limitation of our
study that it is primarily composed of excitatory glutamatergic neurons, but nevertheless
shows in human iPSC-derived neuronal models of disease and healthy an important role in

excitatory neurons. GABAergic neurons are known to play a crucial role in synchronising

158



firing in epilepsy, thus their presence in in vitro epilepsy models will provide a more

physiologically relevant disease model in the future.

It remains unclear whether the phenotype seen in KCNQ2-DEE patients is caused as a direct
result of reduced M current or if it's caused by maladaptive cellular re-organisation and gene
expression during neurodevelopment as a result of particular mutations, and there are many
different mutations, different effects, or mechanisms may be occurring in different patients.
Importantly, many patients with a KCNQ2 mutation have a less severe phenotype known as
Benign Familial Neonatal Seizures (BFNS), where seizures usually go away and development
is normal (Singh, 2003). Therefore, it's possible that maladaptive cellular re-organisation or
gene expression possibly as a result of severely reduced M current or frequent seizure
activity leads to the more severe KCNQ2-DEE phenotype. It is likely that there is mutation-
specific phenotypes also. In a recently conducted study, 60% of mothers of patients with
KCNQ2-related epilepsy believed that the child experienced seizures in the utero
(Weckhuysen et al., 2022). It is likely that iPSC-derived neurons may recapitulate early
neuronal development. We chronically treated control neurons with a low dose of XE-991
(Kv7.2 and Kv7.3 channel blocker) to supress M current from day 30 to day 60. Using MEA,
we then compared the phenotype between patients and M current-supressed controls. We
found that XE-991 treated control neurons fired more bursts, and the firing pattern was more
irregular, as determined by the ISI CoV (Figure 5.14). These results suggest that the more
severe phenotype seen in XE-991 treated controls is due to a complete or greater loss of M
current in wild type than the mutation. However, the level of M current reduction caused by
the pharmacological treatment with XE-991 was not determined here. In the study by Simkin
(Simkin et al., 2021), they used patch clamping to show that chronic XE-991 (1uM) treatment
resulted in significantly reduced AP half-width and fAHP, confirming a reduction in M current
compared to the wild type mutation (Simkin et al., 2021). Another limitation of our study is
that we did not compare our findings with those of the milder “Benign Familial Neonatal
Seizures (BFNS)” mutation which may shed further light on the developmental effects of the

more severe mutations in comparison, on burst-firing patterns for example.

One of the main advantages of the MEA platform is the ability to easily perform drug
screening, which also offers the opportunity to examine a neuronal phenotype. We
previously showed that our patient neurons (EP2004; A265T) had an upregulation of several
BK and SK channels (Chapter 4). To determine if BK and SK channel antagonists could
ameliorate the phenotype in patient neurons, we treated neurons with paxilline and apamin.

We found that a combinatorial treatment resulted in the most significant reduction in the ISI
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CoV, burst frequency and number of spikes per burst (Figure 5.15). Similarly, we detected an
upregulation of the Na* channels SCN1A, SCN2A and SCN8A in patient neurons (EP2001;
A294V). Therefore, we treated neurons with the commonly prescribed Na* channel blocker
carbamazepine (100uM) and found that treatment significantly reduced the irregular,
bursting phenotype in patients (Figure 5.16). This was consistent with clinical data of this
drug which has been shown to effectively treat seizures in patients in the clinic (Dilena et al.,
2022). Finally, we treated neurons with retigabine (10uM), a specific Kv7.2 and Kv7.3
potassium channel opener, and found that again, treatment significantly improved the
phenotype in patient neurons (EP2001; A294V) (Figure 5.17). While each of the drugs we
tested improved the phenotype on MEA, none were successful in restoring the phenotype
to the level of control neurons. These results suggest that higher doses may be required, for
complete early seizure abolition, but it is also likely that neurons may have undergone
complex altered plasticity in response to the mutation, as well as other dyshomeostatic
mechanisms, and fits with the notion which could help explain why KCNQ2-mutations of this
type lead to an underlying brain developmental disorder, above and beyond the seizures
themselves. It would be interesting to examine other mechanisms, in addition to excitability
mechanisms, the structure and morphology of neuronal development, omics differences and

actual sub-cellular locations of Kv7.2 channels in disease and control neurons.
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5.5: Supplementary Information
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Figure S5.1 Representative images of Raster plots taken from spontaneous recordings of KCNQ2-
DEE patient (EP2004, A265T neurons (left) and control (EP2C004) neurons (right) at day 60.

Each black line represents a single spike while blue lines indicate bursts or a train of spikes. EP2004
(A265T) neurons have significantly more spikes and bursts than EP2C004 neurons. Similarly, the firing
pattern in EP2004 C8 neurons is much more irregular than the firing pattern in EP2C004 C2 neurons.
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Figure S5.2 MEA data from EP2001 (A294V) and EP2C001 illustrating number of active electrodes,
weighted Mean Firing Rate, number of spikes per burst, number of bursts, burst frequency and ISI
CoV.

(A) Longitudinal recording of the number of active electrodes in KCNQ2-DEE neurons and patient
neurons. (B) Statistical analysis comparing the number of active electrodes between groups. (C)
Longitudinal recording of the weighted mean firing rate in KCNQ2-DEE neurons and controls. (D)
Statistical analysis comparing the weighted mean firing rate between groups (E) Longitudinal
recording of the number of bursts in KCNQ2-DEE neurons and patient neurons. (F) Statistical analysis
comparing the number of bursts between groups. (G) Longitudinal recording of the number of spikes
per burst in KCNQ2-DEE neurons and controls. (H) Statistical analysis comparing the number of spikes
per burst between groups. (I) Longitudinal recording of the burst frequency in KCNQ2-DEE neurons
and patient neurons. (J) Statistical analysis comparing the burst frequency between groups. (K)
Longitudinal recording of the number of the inter-spike interval Coefficient of variation (ISI CoV) in
KCNQ2-DEE neurons and controls. (L) Statistical analysis comparing the ISI CoV between groups. Three
lines from both EP2001 (A294V) and EP2C001 (N= 3 replicates per group) were used. Statistical
significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was evaluated using an unpaired
parametric t-test.
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Figure S5.3 MEA data from EP2002 (F261L) and EP2C002 illustrating number of active electrodes,
weighted Mean Firing Rate, number of spikes per burst, number of bursts, burst frequency and ISI
CoV.

(A) Longitudinal recording of the number of active electrodes in KCNQ2-DEE neurons and patient
neurons. (B) Statistical analysis comparing the number of active electrodes between groups. (C)
Longitudinal recording of the weighted mean firing rate in KCNQ2-DEE neurons and controls. (D)
Statistical analysis comparing the weighted mean firing rate between groups. (E) Longitudinal
recording of the number of bursts in KCNQ2-DEE neurons and patient neurons. (F) Statistical analysis
comparing the number of bursts between groups. (G) Longitudinal recording of the number of spikes
per burst in KCNQ2-DEE neurons and controls. (H) Statistical analysis comparing the number of spikes
per burst between groups. () Longitudinal recording of the burst frequency in KCNQ2-DEE neurons
and patient neurons. (J) Statistical analysis comparing the burst frequency between groups. (K)
Longitudinal recording of the number of the inter-spike interval Coefficient of variation (ISI CoV) in
KCNQ2-DEE neurons and controls. (L) Statistical analysis comparing the ISI CoV between groups. Three
lines from both EP2002 and EP2C002 (N= 3 replicates per group) were used. Statistical significance
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was evaluated using an unpaired parametric t-test.
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Figure S5.4: Representative image of Raster plots taken from KCNQ2-DEE patient EP2004 C1 (A265T)
after TTX treatment. Spontaneous recordings of A265T were taken for 300s. Low dose TTX (2.5nM)
administration was given at 300s, followed by high dose TTX (25nM) at 600s. TTX treatment blocks

almost all firing in A265T neurons.
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Figure S5.5 Representative raster plot image of spontaneous firing pattern in EP2004 C1 (A265T)
neurons illustrating the burst suppression pattern seen in patient neurons.

(Left) Raster plot without bursts highlighted. (Right) Purple boxes indicate areas of bursting,
determined by the software. The spikes at the top represent areas of bursting. Periods of electrical
silence are seen between areas of bursts.
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Figure S5.6 Representative raster plot image of spontaneous firing pattern in EP2002 C2 (F261L)
neurons illustrating the burst suppression pattern seen in patient neurons.

(Left) Raster plot without bursts highlighted. (Right) Purple boxes indicate areas of bursting,
determined by the software. The spikes at the top represent areas of bursting. Periods of electrical
silence are seen between areas of bursts.
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Figure S5.7 Representative raster plot image of spontaneous firing pattern in EP2001 C4 (A294V)
and EP2C001 neurons illustrating the burst suppression pattern seen in patient neurons.

(Left) Blue lines indicate bursts, and the spikes represent the intensity of the burst. Periods of
electrical silence are seen after bursting in KCNQ2-DEE (A294V) neurons. (Right) spontaneous firing
pattern in a sibling control line (EP2C001 C2) is more uniform with less bursts.
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Chapter 6: Functional Characterisation of iPSC-Derived
Cortical Neurons by Calcium Imaging

6.1 Introduction

Ca®" ions are known to assist in depolarisation, synaptic transmission, plasticity, regulate
neuronal gene expression, and many other neuronal processes involved in learning and
memory (Michaelsen et al., 2010; Gleichmann et al.,, 2011). As a result, neurons have
developed extensive Ca?*signalling pathways (Kawamoto et al., 2012). Due to the critical role
Ca?*plays in neuronal plasticity, it’s no surprise that any changes in Ca?* homeostasis can lead
to functional (and structural) alterations in neurons, as commonly seen in neurological
disorders (Rajakulendran et al., 2016). In this Chapter, | will first discuss the main roles of
Ca?"in neuronal physiology, diseased neurons, and genetic alterations in Ca?* channel genes
associated with epilepsy. To test if iPSC-derived neuronal networks with a KCNQ2 pathogenic
variant (p.A265T) have altered Ca% dynamics in our system, we preloaded the cells with the
calcium indicator Fluo-4AM and recorded spontaneous calcium transients. Finally, | will

discuss our results drawing comparisons to other studies.

6.1.1 Role of Ca?*in neuronal physiology

Ca?" homeostasis is achieved by the tight regulation of Ca?*influx from and efflux to the
extracellular space, achieved by specific Ca?* channels (Gleichmann et al., 2011). Typically,
the extracellular free Ca?* concentration is approximately 1.2mM compared to the much
lower resting cytosolic free Ca%* concentration of 100nM. This 10,000-fold concentration
gradient causes a huge increase in intracellular Ca?* after a neuron becomes depolarised. This
is unique to Ca%*ions, as Na** and K*ions mainly affect the membrane potential and have
minimal effect on cytosolic levels of Ca®*ions (Benarroch, 2010). There are two main types
of calcium channels located in the plasma membrane which regulate the entry of Ca%*into
the cell: voltage-gated calcium channels (VGCCs) and ionotropic glutamate receptors (iGIuRs)

(Tsien et al., 1988).

6.1.2 Voltage Gated Calcium Channels

VGCCs control Ca? influx in response to depolarisation and result in many important
functions in the nervous system as well as the cardiac and endocrine systems (Catterall,
2011). VGCCs can be divided into three main families and 10 individual isoforms as outlined

in Table 6.1. N- and P/Q- types of VGCCs are located on the presynaptic membrane where
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they play an important role in neurotransmitter release (Nimmrich et al., 2012)(See Figure
6.1). Upon opening of these channels, Ca?* enters the cell rapidly, causing the release of
neurotransmitters into the synaptic cleft. This neurotransmitter release activates other Ca%
receptors like iGIuRs, located in the post-synaptic membrane, resulting in the generation of
Ca?*signals which triggers an array of cellular responses specific to the neurotransmitter that
was released (Reiner et al., 2018). In contrast, L- or R- types of VGCCs are located on the post-
synaptic membrane and play a role in Ca**dependent gene activation and neuronal plasticity
(Moyer et al., 1994). The fundamental importance of calcium channels is underscored by the
very many neurological disorders, including developmental and epileptic encephalopathies
that may also occur, when pathogenic mutations arise, however it is beyond the scope of

this thesis to discuss further.

Table 6.1 List of Calcium Channel subunits

Gene Protein Current Location Role
type
CACNA1A Cav2.1 P/Q Pre-synaptic Forms conducting pore
CACNA1B Cav2.2 N Pre-synaptic Forms conducting pore
CACNA1IC Cavl.2 L Synapses and dendrites | Forms conducting pore
CACNA1D Cavl.3 L Post-synaptic Mediates entry of Ca?*
into excitable cells
CACNAIE Cav2.3 R Pre & Post-synaptic Mediates entry of Ca?*
into excitable cells
CACNA1F Cavlid L Pre-synaptic Mediates entry of Ca%*
into excitable cells
CACNA1G | Cav3.l T Post-synaptic Mediates entry of Ca%*
into excitable cells
CACNAIH | Cav3.2 T Plasma Membrane Forms conducting pore
CACNA1l Cav3.3 Plasma Membrane Forms conducting pore
CACNA1S Cavl.l L Plasma Membrane Forms conducting pore

6.1.3 lonotropic Glutamate Receptors

In the synaptic cleft, glutamate release will activate ionotropic glutamate receptors NMDA,
AMPA and kainite receptors (KARS), allowing the rapid influx of ions into the post-synaptic
terminal (Kawamoto et al., 2012). NMDA (N-Methyl-D-Aspartate) receptors play a crucial
role in the CNS as they control post-synaptic Ca%* influx which is known to regulate CREB-
dependent (C-AMP Response Element-Binding Protein) gene transcription required for long
term synaptic plasticity memory and learning (Hollmann et al., 1994). Evidence also suggests
that normal NMDA receptor activation promotes the survival of numerous neuronal cell
types while chronic activation of NMDA receptors, such as after seizure activity, can cause

neuronal cell death (Hardingham et al., 2010). AMPA receptors are different type of iGIuRs.
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These receptors form heterotetrameric structures of subunits encoded by the genes Glurl,
Glur2, Glur3 and Glur4 (Kawamoto et al., 2012). The Glur2 subunit is responsible for
permeability to Ca®*ions i.e., only the AMPA receptors that lack Glur2 have Ca?* permeability,
however with a lower affinity when compared with NMDA receptors (Dingledine et al.,
1999). These Glur2 lacking AMPA receptors are located throughout the CNS, playing an
important role in synaptic transmission. Finally, KARs (Kainate Receptors), can respond to
kainate, glutamate and to a lesser extent and AMPA (Hollmann et al., 1994). Their precise
role is poorly understood, but it is believed they act as modulators of excitatory and
inhibitory synaptic transmission (Contractor et al., 2011). As these three types of receptors
all play an important role in controlling neuronal excitability, they are critical targets when

investigating the electrophysiological properties of neurons.
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Figure 6.1. General Structure of Voltage Gated Calcium Channels.

Schematic illustration of the structure of VGCCs, the different calcium channel genes and their
subtypes (Benarroch, 2010).

6.1.4 Ca** homeostasis and the endoplasmic reticulum

Another mechanism of Ca?*release is through the endoplasmic reticulum (ER). This is mainly

controlled by the two channels, IP3Rs (inositol-1,4,5-triphosphate receptors) and RyRs
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(Ryanodine receptors), however some Ca?* also exits the ER through the leak channel (Tu et
al., 2006). RyRs are located in both muscle cells and neurons and are triggered by increased
intracellular Ca?* known as Ca**-induced Ca?*-release (CICR). Conversely, IPsRs are expressed
in many cell types and are regulated by a wide array of factors (Prole et al., 2019). There are
very elaborate and complex regulatory mechanisms involved in ER-related Ca** homeostasis

which will not be discussed here.

6.1.5 Dyshomeostasis of CaZ*in epilepsy models

A large number of genetic mutations have been identified in genes encoding almost all of
the CaV channels, such as CACNAIC (CaV1.2), CACNA1D (CaV1.3), CACNAIA (CaV2.1),
CACNA1B (CaV2.2), CACNAIE (CaV2.3) and CACNA1H (CaV3.2), and consequently a variety
of seizure related neurological disorders (Bozarth et al., 2018). Disease phenotype and
severity differs between CaV genes, some of which are associated with developmental and
epileptic encephalopathy (DEE) (Jouvenceau et al., 2001). Like that seen in KCNQ2-related
disorders, both gain-of-function or loss-of-function CaV gene mutations have been reported.
Mutations that cause a reduced expression of P/Q- type calcium channels have been shown
to increase the T-type calcium current in thalamic neurons, which is believed to play a role
in some genetic forms of absence epilepsy (Zhang et al., 2002). In one study, two commonly
used SOCE (store operated calcium entry) inhibitors were shown to successfully reduce the
calcium concentration in neurons along with reduced firing and increased synchrony in

primary neuronal cultures (Gruszczynska-Biegala et al., 2011).

IPsR and RYR-mediated CICR plays important roles in maintaining calcium homeostasis in
epilepsy models (Chong et al., 2018). Furthermore, its believed that constant changes in
cytosolic calcium after periods of epileptogenesis may cause plasticity changes (Pal et al.,
2001). In some rare situations, RYR2 mutations can cause neurological disorders with
epilepsy (Ma et al., 2021). Finally, NCXs are a group of channels that remove calcium from
cells by coupling with sodium influx (Bode et al., 2018). In models of kainate-induced
epilepsy, NCXs (sodium-calcium exchanger are expressed in the hippocampus and the
amygdala during epileptogenesis. Inhibition of these NCXs with pentylenetetrazol (PTZ)
successfully controlled the tonic-flexion convulsions, suggesting that NCXs may play an

inhibitory role in PTZ-induced convulsions (Saito et al., 2009).
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6.1.6 Role of calcium binding proteins in epilepsy

Cytosolic Ca®* overload may result in Ca%* dyshomeostasis. During this process, a group of
proteins known as calcium-binding proteins (CaBPs), act as Ca?* reservoirs in an attempt to
control increased cytosolic Ca?* levels and increase the neuronal tolerance to excitotoxicity
(Nejatbakhsh et al., 2011). CaBPs also regulate other ion channels and can act as Ca®*sensors,
suggesting a possible role of CaBPs in epilepsy. Examples of these CaBPs include calmodulin,
calbindin, calretinin, and parvalbumin (Xu et al., 2018). KCNQ2 encodes Kv7.2 channels which
must associate with calmodulin to function properly, hence the calmodulin-binding region of
the Kv7.2 channel is a known mutational hotspot in KCNQ2-DEE (Zhou et al., 2022). One study
showed that a mutation R353G, found in the calmodulin binding functional domain of Kv7.2,
inhibited calmodulin binding which resulted in the retention of KCNQ2 within the ER,
reducing the number of Kv7.2 channels capable of reaching the plasma membrane
(Etxeberria et al., 2008). Overexpression of calmodulin has been shown to partially restore

the lost outward K* current, reduced neuronal hyperexcitability (Ambrosino et al., 2015).

In this Chapter, we recorded (i) spontaneous and (ii) evoked calcium transients in iPSC-
derived cortical neurons harbouring the KCNQ2-DEE pathogenic variant (A265T) using Fluo-
4-AM dye, firstly as a parameter for functionally matured neurons and secondly to examine

any alterations in Ca?* transients between KCNQ2 pathogenic variants and sibling controls.
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6.2. Materials and Methods
6.2.1 Cell culture

iPSC-derived cortical neurons were seeded onto 15mm round coverslips (VWR,
#MENZCBO0150RAC20) in 12-well plates on Day 20 of the cortical neuronal differentiation
protocol as outlined in Chapter 4. Coverslips underwent a double coating step with PDL, and
laminin as previously described. Media was changed every other day until the day of analysis.

A summary of the cell lines, the sample size and the drugs used are presented in Table 6.2.

Table 6.2. List of iPSC lines and experimental set up for Calcium Imaging experiments

Status Cell line Number of Cell number | Treatment

coverslips

D60 | D100 | D60 | D100 | D100

Healthy EP2C004 n=3 n=3 3,285 | 3,655 | 1*TTX 1,211
controls (N=1 | C2 1*Glu 499
donors; 3 iPSC 1*CNQX 1,425
Iines) EP2C004 n=3 n=3 4,167 | 4,481 | 1* TTX 1,457
c4 1*Glu 752

1*CNQX 1,510
EP2C004 n=3 n=3 2,971 | 3,727 | 1*TTX 1,084

Cc5 1*Glu 707
1*CNQX 1,444
KCNQ2 EP2004 n=3 n=3 4,159 | 4,429 | 1*TTX 1,289
mutations (N | (A265T) C1 1*Glu 676
= 1 donors; 3 1*CNQX 1,684
iPSC lines) EP2004 | n=3 |n=3 |3,268 | 3,576 | 1* TTX 1,364
(A265T) C7 1*Glu 814
.1*CNQX 1,595
EP2004 n=3 n=3 5,438 | 5,206 | 1* TTX 1,560
(A265T) C8 1*Glu 696

1*CNQX 1,372
Abbreviations: TTX: tetrodotoxin, Glu: glutamate, CNQX: cyanquixaline

6.2.2 Calcium imaging and data acquisition

Cells were labelled with a Fluo-4 AM dye to visualise Ca®* transients. Briefly, 50ug of Fluo-4
AM (Thermo Fisher Scientific, F14201, MW. 1096.95) was dissolved in 50ul of DMSO to
generate a 1ImM stock solution which was protected from light. The Fluo-4 AM stock solution
was diluted (500X) in culture media to make a working solution of 2uM. The artificial
cerebrospinal fluid (ACSF) solution consisted of 140mM NaCl (Sigma Aldrich, 71387), 5 mM
KCI (Sigma-Aldrich, P9333), 2mM CaCl, (Sigma-Aldrich, C5670), 2mM MgCl, (Sigma-Aldrich,
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M8266), 10mM HEPES potassium salt (Sigma- Aldrich, H0527) and 10mM Glucose (Sigma
Aldrich, 1083469029). The pH of the solution was adjusted to 7.4 using the pH meter.

Firstly, the cell culture media was removed from the wells and the cells were washed twice
with ACSF solution. The media containing 2uM Fluo-4 AM dye was then added to the cells
and incubated for 30 min at 37°C. The excess dye was then removed, and the cells were
washed 2X with ACSF again. Fresh media was then added to the cells and incubated for 20
min at 37°C. The coverslip was then carefully removed using a tweezers and placed on the
imaging chamber under a Zeiss Axiovert 200 microscope. 300l of ACSF solution was added
to the imaging chamber to prevent the coverslip from drying out. Images were taken under
10X magnification at room temperature using an Ocular Image Acquisition software with an

interval of 1s for 120s to 600s and stored as uncompressed image sequences for analyses.

6.2.3 Drugs used in calcium imaging experiments

Drug testing (pharmacological manipulation of the model) workflow is outlined below in
Figure 6.2 (drugs listed in Table 6.3). Briefly, coverslips were prepared as described above,
and spontaneous calcium transients were recorded for the first 120s. Then the drug being
tested was added directly to the ACSF solution covering the cells and the drug effect was

recorded for a subsequent 300s.

Drug

\

‘ 120s | 10s

120s ‘

| | Analysis time for ‘

‘ Baseline TTX, Glu and CNQX

Figure 6.2. Outline of drug administration timeline.

Spontaneous calcium activity was measured for 120s which was considered as baseline. The
drug was then directly added to the ACSF surrounding the neurons. The following 120s
recording was considered as drug effect.

Table 6.3. List of drugs used in Calcium experiments

Name Concentration Manufacturer Cat # Function

TTX 1uM Alomone labs T-550 | Na* channel blocker

CNQX 50uM Alomone labs C-140 | Block AMPA/ kainate
glutamate receptors

Glutamate 100uM Sigma Aldrich G8415 | Activate neurons
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6.2.4 Processing of calcium data using FluoroSNNAP

To analyse the calcium imaging data, a software called FluoroSNNAP (Fluorescence Single
Neuron and Network Analysis Package) was used. FluoroSNNAP is a package in MATLAB
(Mathworks, Inc.), which is used for the visualisation of calcium signalling in individual
neurons or networks to study different patterns of activity overtime. In this project, we chose
to analyse fluorescent variations over time in each individual neuron, defined as region of
interest (ROI). There are 5 main steps involved in FluoroSNNAP’s analysis; (1) Time-lapse
analysis of neurons in a specified time window, (2) Identification of neuronal cell bodies (ROI)
using Batch segmentation, (3) Pre-processing of automated segmentation to remove areas
with cell aggregates using Segmentation GUI (Graphical User Interface). (4) Computation of
time-varying fluorescence variations of each ROI. (5) Exportation and analysis of delta F/FO
trace of single cells to determine their calcium transient kinetics. These steps are outlined in

more detail in Figure 6.3.
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Figure 6.3. FluoroSNNAP workflow for the analysis of time-lapse recording of calcium imaging.

(1) Live calcium imaging was performed by acquiring stacks of images for 120-600 seconds.
(2) cell bodies were identified as the Region of Interests (ROI). (3) areas with cell aggregates
were removed (red arrowed) before calcium imaging analysis. (4) the time-varying
fluorescence trace (AF/FO) were used to define ROI. (5) data of each ROI were exported for
analyses of the calcium dynamics in each single cells. (Image taken from FluoroSNNAP
manual).

Steps 1-3: Timelapse recordings and segmentation of ROI’s

Firstly, a time-lapse recording was taken using the computer. Next, the ROl was identified
using an algorithm within the FluoroSNNAP software. It identifies sources of fluorescence
with variations over time, based on the principle that mature neurons have active calcium

influx. Known as the active contour method, the software selects ROI’s that automatically
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delineate neurons from the background. However, iPSC-derived cortical neurons may form
large aggregates over long periods of culture time, compromising the fluorescence variations
of single cells. Therefore, these false and large areas of “ROIs” of cell aggregates were

manually deleted using the Segmentation GUI tool prior to data analyses.
Step 4: Identification of ROI’s and computation of time course fluorescence variations

Once the ROIs have been identified, the next step is to trace the single neuron fluorescence
variations. The software computes fluorescence-versus-time trace for each ROI (=cell). The
mean of the lower 50% fluorescence value in the first 10 seconds (excluding transient peak)
was averaged as the baseline FO for each ROI, which is automatically summarized by the
FluoroSNNAP software. F is the raw fluorescence value of a given time point. AF was
calculated by subtracting each raw fluorescence value with FO (AF=F-F0). AF/FO was defined

as the amplitude of calcium transient.
Step 5: Determination of single cell calcium transient kinetics.

Two files were exported for data analysis on FluoroSNNAP: delta F/FO and the automatically
saved summary data. To identify the onset of calcium transients, we applied a threshold of
0.05 for AF/FO amplitudes, and the AF/FO <5% change in fluorescence intensity was regarded
as noise or background. Only the cells with an amplitude AF/FO of more than 0.05 in the
duration of analysis was defined as an active cell and referred to as spontaneous calcium

transient (Fig 6.2)

6.2.5 Definitions used for the properties of calcium transients

1. Number of active cells %: If an ROl has a value of AF/F0 >0.05 in the analysis, it is defined
as an active cell. The number of active cells % is calculated by dividing the total number of

active ROlIs by the total number of segmented ROIs (Fig 6.4).
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Figure 6.4. Detection of fluorescence in a single cell.

(A) Image of cells with fluorescent Ca?* dye and segment

overtime showing max amplitude.

2. Frequency of calcium transients: The frequency of calcium transients is calculated by

dividing the number of the calcium transients with a AF/FO value >0.05 by the duration of

the analysis.

3. The maximal amplitude of calcium transients:

calculating the mean of the Max Intensity of all active ROIs (the highest peak) in the duration

of the analysis. The amplitude was defined as the maximum change in fluorescence over the

baseline following the onset of a calcium transient.

4. Intracellular Ca?* concentrations [Ca®']i: The bas

indicate the [Ca2+]i. The FO of each ROl was quantified by averaging parts of the fluorescence

trace at 2s before the onset and 10s after all ca

summarized by the FluroSNNAP software.
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6.2.6 Statistical analysis

Statistical analyses were performed using GraphPad Prism version 9.3.1. Statistical analyses
were performed using paired or unpaired non-parametric t-test with a level of significance

set at *p<0.5, **p<0.01, ***p<0.001. All data are presented as mean + SEM.
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6.3 Results
6.3.1 Spontaneous calcium activity is increased in cortical neurons overtime

Action potentials and calcium transients are necessary for the normal functioning of the CNS.
The different characteristics of calcium transients play an important role in neurotransmitter
release and signalling transmission in both immature and mature neurons. In this study, we
firstly investigated calcium transients in iPSC-derived cortical neurons in a control (EP2C004)
at an early time point (Day 60) and at a later time point (Day 100) of differentiation (Figure
6.5).

Spontaneous calcium transients were recorded for 120s to compare the calcium kinetics
overtime in culture as neurons matured. We found that there was a significantly greater
percentage of spontaneously active cells at day 100 (32% + 2.7%) compared to day 60 (19%
+ 3.4%; p<0.001)(Figure 6.5 C). Similarly, the frequency (D60= 0.08 + .02 Hz, D100= 0.15 %
.04 Hz; p<0.001) and the amplitude (D60 AF/FO = .09 + .04 Hz, D100 AF/FO = .14 + .06 Hz;
p=.0082) were significantly increased at day 100 compared to day 60 (Figure 6.5 D and E).
Furthermore, there was also a significant increase in relative fluorescence intensity of
baseline (FO) in cells at day 100 (1324 + 92%) compared to day 60 (782 + 62%, p<0.0001)
(Figure 6.5 F). These results indicate a higher concentration of intracellular Ca?* in cells at

day 100.

Next, we performed the same analysis in patient-derived cells to determine whether the
KCNQ2 mutation altered the Ca?* dynamics during neuronal maturation. We found that
patient neurons (A265T) displayed a similar pattern to control neurons over the culture time,
with the percentage of spontaneously active cells (D60 = 22 + 1.8%, D100 = 37 + 2.1%;
p=<0.001) , the frequency (D60 = 0.09 + .009 Hz, D100 = 0.195 + .018 Hz; p=<0.0001), the
amplitude (D60 AF/FO = 0.105 * .015 Hz, D100 AF/FO = .152 + .017 Hz; p=<0.001) and the
relative florescence intensity (D60 = 862 + 78%, D100 = 1579 + 84%; p= <0.0001), all of which
were increased from day 60 to day 100, indicating the mutation was not impeding neuronal

maturation (Figure 6.6).

179



_C D
8
[=]
-
S 50+ * 3k %k 0.5- * ok ok
& - .
3 L
g > 0.3 .
E E 0.2 St
> o <7 tso
3 : P
o 0.1
[+}] . .
= " .
£ 0.0
9 Day 60 Day 100
w
E F
0.25- . S 2000 ok
. l‘:l:— *
0201 . % 1500 :
o . = ""-
=0454 . e 2 K
P 5t < 1000 “ee
o 0.10 b o * o [&] .
% L ™ g .
w —
0.05 g 500
[o]
=
0.00 L9

1 I I I
Day 60 Day 100 Day 60 Day 100

Figure 6.5: Spontaneous Ca** transient properties were increased in control iPSC-derived neurons
overtime in culture between day 60 and day 100.

(A) Representative image of cells from day 60 in control cell line EP2C004 C2. (B) Representative image
of cells from day 100 in control cell line EP2C004 C2. (C) The percentage of spontaneously active cells
in control neurons at day 60 and 100. (D) The frequency, (E) Amplitude and (F) Fluorescence intensity
of Ca?* transients at day 60 and day 100 (For each timepoint n = 27). The data was analysed from 3
different areas per coverslip, 3 coverslips per cell line, 3 lines per donor). The total number of cells
examined at day 60 = 10,423 and at day 100 = 11,863. The data are presented as Mean + SEM.
Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was evaluated using an unpaired parametric
t-test.
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Figure 6.6: Spontaneous Ca?* transient properties were increased in patient (A265T) iPSC-derived
neurons overtime in culture between day 60 and day 100.

(A) Representative image of cells from day 60 in the patient cell line EP2004 C8 (A65T). (B)
Representative image of cells from day 100 in patient cell line EP2004 C8. (C) The percentage of
spontaneously active cells in control neurons at day 60 and 100. (D) The frequency, (E) Amplitude and
(F) Fluorescence intensity of Ca?*transients at day 60 and day 100 (For each timepoint n = 27). The
data was analysed from 3 different areas per coverslip, 3 coverslips per cell line, 3 lines per donor).
The total number of cells examined at day 60 = 12,865 and at day 100 =13,211. The data are presented
as Mean = SEM. Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was evaluated using an
unpaired parametric t-test.
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6.3.2 Spontaneous calcium transients were largely driven by voltage-gated Na*
channels through action potential propagation

An AP is initiated by rising intracellular Na*concentration through voltage-gated Na*channels
which causes an influx of Ca?*. Tetrodotoxin (TTX) is a widely used voltage-gated Na+ channel
blocker that inhibits the initiation of an AP. To investigate whether these spontaneous
calcium transients were associated with membrane depolarizations, we applied 1uM of TTX
to the iPSC-derived cortical neurons at day 100 (Figure 6.7). We found that 1uM TTX
abolished 83.7 + 4.8% of calcium transients of active cells in patient cells and 83.2% * 5.3%
in control cells on day 100 (Figure 6.7 C). Additionally, we also observed a reduction in the
frequency of the remaining active cells in patients (53.8 * 4.1%) and controls (49.1 *
7.2%)(Figure 6.7 D). However, there was no significant difference in the effect of TTX on
patient and control lines. These results indicate that the spontaneous calcium transients in
our cortical neurons were largely controlled by voltage-gated Na* channels through Action

Potentials.
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Figure 6.7: Spontaneous Ca?* transients were largely driven by Na* channels though action
potential propagation.

(A) Representative image of cells from EP2004 C7 (A265T) at day 100 before TTX addition. (B)
Representative image of cells from EP2004 C7 (A65T) at day 100 after 1uM TTX addition. (C) Reduction
of the % of active cells in EP2004 (A265T) and EP2C004 at day 100 showed a successful blocking effect
of Na* channel blocker TTX (n=9, 3 coverslips, 3 lines). (D) Reduction % of the frequency of calcium
transients in EP2004 (A265T) and EP2C004 cells at day 100 in the remaining active cells showed a time-
dependent manner (n=3/9). The total number of cells analysed was EP2004 = 4,213, EP2C004 = 3,752.
The data are presented as Mean + SEM. Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was
evaluated using an unpaired parametric t-test.

6.3.3 iPSC-derived cortical neurons respond positively to glutamate addition

As cortical neurons are excitatory neurons, we investigated whether our iPSC-derived
cortical neurons are responsive to the excitatory neurotransmitter glutamate (Glu) (Figure
6.8). Glu treatment was shown to increase the percentage of active cells with calcium
transients in patient cells from 39.2 % + 2.2% to 87.1% + 7.1%(p<0.0001) and in control cells

from 36.7% + 3.5% to 83.4 % +7.3% (p<0.0001) at day 100 (Figure 6.8 C). The frequency of
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calcium transients were also increased in patient cells (0.05 + .04 Hz to 0.19 + .03 Hz;
p=<0.0001) and control cells (.09 + .005 Hz to .16 + .015 Hz; p=<0.0001)(Figure 6.8 D). These
results show that the majority of our iPSC-derived cortical neurons were excitatory neurons

possessing functional glutamate receptors.
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Figure 6.8. iPSC-derived cortical neurons displayed a positive response to glutamate treatment.

(A) Representative image of cells from EP2004 C1 (A265T) at day 100 before Glutamate addition. (B)
Representative image of cells from EP2004 C1 at day 100 after Glutamate addition. (C) An increase in
the % of active cells with calcium transients showed a positive response to Glutamate addition (D)
Increased % of the frequency of calcium transients in EP2004 (A265T) and EP2C004 cells at day 100
showed a positive response to Glutamate addition (n=4). The total number of cells used was EP2004
= 2,186, EP2C004 = 1,958. The data are presented as Mean + SEM. Statistical significance (*p<0.05,
**p<0.01, ***p<0.001) was evaluated using an unpaired parametric t-test.
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6.3.4 iPSC-derived cortical neurons displayed an inhibitory response to treatment
with CNQX

CNQX is a commonly used AMPA glutamate receptor antagonist. To further verify the
functionality of iPSC-derived cortical neurons, we applied CNQX (50uM) to our cortical
neurons at day 100 (Figure 6.9). We demonstrated that CNQX successfully blocked 81.1 +
2.9% of calcium transients in patient cells (A265T) and 71.4% % 2.3% in control cells (Figure
6.9 C). This was accompanied with a decreased frequency of calcium transients in the
remaining active cells in patient cells from 0.112 + .036Hz to 0.037 + .013Hz (p=<0.001) and
in control cells from 0.083 + .024Hz to 0.042 + .014Hz (p=<0.001)(Figure 6.9 D). These data
suggest that the calcium transients in the iPSC-derived cortical neurons were largely driven
by AMPA-mediated glutamatergic synaptic transmission. However, since we did not observe
a blocking effect as dramatic as with TTX treatment, it is likely that there are other forms of

synaptic transmission in our cells such as via other glutamatergic receptors such as NMDA.
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Figure 6.9. iPSC- derived cortical neurons are glutamatergic with a negative response to CNQX
treatment.
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(A) Representative image of cells from EP2004 C8 (A265T) at day 100 before CNQX addition. (B)
Representative image of cells from EP2004 C8 (A265T) at day 100 after CNQX addition. (C) Reduction
of the % of active cells in EP2004 (A265T) and EP2C004 at day 100 showed a successful blocking effect
of CNQX. (n=9, 3 coverslips, 3 lines). (D) Frequency of calcium transients showed a reduction due to
CNQX treatment (n= 4/9). The total number of cells analysed was EP2004 = 4,651, EP2C004 = 4,379.
The data are presented as Mean + SEM. Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was
evaluated using an unpaired parametric t-test.

6.3.5 Calcium dynamics are altered in KCNQ2-neurons at day 100

As disrupted Ca?* homeostasis is a hypothesis of epilepsy pathogenesis, we compared the
properties of spontaneous calcium transients in KCNQ2-neurons and control neurons. As
iPSC-derived cortical neurons showed higher maturity at day 100 and were responsive to
glutamate and CNQX treatments, we analysed spontaneous calcium transients at this
timepoint between patient and control groups. The characteristics of spontaneous calcium
transients were evaluated in 3 KCNQ2-DEE mutated lines (A265T) and 3 healthy sibling
control lines. We found there was a significantly greater percentage of spontaneously active
cells in patient lines (42.1% + 1.2%) compared to controls (36.6% * 1.5%; p=0.006)(Figure
6.10 A). Similarly, there was a significant increase in the frequency (Control: 0.185 +.018 Hz,
Patient: 0.202 + .019 Hz; p= 0.024) and amplitude (Control: 0.108 + .013 Hz, Patient: .149 +
.034 Hz; p= 0.007) in patient lines compared to controls (Figure 6.10 B and C). In addition,
the relative fluorescence intensity to baseline was significantly higher in patient lines (1763
+ 74%) compared to controls (1579 +84%; p=0.008)(Figure 6.10 D). These data demonstrate
that spontaneous calcium transients are altered in patient neurons compared to their sibling

controls.
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Figure 6.10: KCNQ2- iPSC derived cortical neurons display altered calcium dynamics at day 100.

(A) The percentage of spontaneously active cells in control neurons EP2C004 and patient neurons
EP2004 (A265T) at day 100. (B) The frequency, (C) Amplitude and (D) Fluorescence intensity of Ca?*
transients at day 100 in patient and control neurons (for each donor n = 27). The data was analysed
from 3 different areas per coverslip, 3 coverslips per cell line, 3 lines per donor). The total number of
cells examined at day 100 is EP2004 = 11,215 and EP2C004 = 10,838. The data are presented as Mean

+ SEM. Statistical significance (*p<0.05, **p<0.01, ***p<0.001) was evaluated using an unpaired
parametric t-test.
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6.4 Discussion

In our KCNQ2-DEE (A265T) model, we showed that calcium dynamics were altered in KCNQ2-
DEE (A265T) neurons compared to sibling controls. Calcium dynamics including
spontaneously active cells, amplitude, frequency, and fluorescence intensity were
significantly increased in KCNQ2 mutant neurons, reflective of the hyperexcitable phenotype

we witnessed using MEA technology.

Intracellular Ca®* concentration in neurons is critical for triggering and propagating seizure
activity (Steinlein, 2014). As discussed, calcium binding proteins help regulate Ca?
concentration in the cytosol and act as both Ca?* transporters and sensors (Xu et al., 2018).
As such, Ca* binding proteins play a role in the pathogenesis of epilepsy. In KCNQ2, the Ca?*
binding protein Calmodulin is of particular importance as this protein is necessary for the
activation of the KCNQ2 channel, Kv7.2 (Wen et al., 2002). The overexpression of calmodulin
has been shown to increase K* current release by Kv7.2 channels, causing a reduction in
neuronal activity. Conversely, knockdown of Calmodulin causes a reduction in Kv7.2 current,
resulting in increased neuronal activity (Zhou et al., 2016). The calmodulin-binding helix B
and helix B-C linker have been categorised as mutational hotspots in KCNQ2-DEE (Zhang et
al., 2020). Numerous studies have shown that mutations that are located with these
Calmodulin-binding regions of the C-terminus decrease or prevent the interaction between
calmodulin and the Kv7.2 channel. This decreased interaction prevents Kv7.2 channel
expression at the plasma membrane by interrupting with trafficking of the channel (Zhou et
al., 2016). Another study showed that a KCNQ2 mutation R581Q, located in the coiled-coil
domain of the C-helix, resulted in the functional enhancement of Ca?* activated K*channels
likely due to increased cytosolic Ca®* concentrations (Simkin et al., 2021). What is poorly
understood is how Ca% dynamics are altered in KCNQ2 neurons where the mutation is not
located within the calmodulin binding domain. To my knowledge, there has been no studies
which examine the calcium dynamics of neurons with a KCNQ2 mutation within the pore-
forming region. In this study, we discovered that Ca%* dynamics were significantly altered in

the KCNQ2 mutation A265T (c.793G>A), located within the pore of the Kv7.2 channel.

First, we compared the spontaneous Ca?* transients in control neurons at two timepoints:
day 60 and day 100, and found that at day 100, neurons had a greater percentage of active
cells, a higher frequency and amplitude of calcium transients and a significantly increased
relative fluorescence of baseline compared to day 60 neurons (Figure 6.5). These results

suggest a higher level of calcium signalling at day 100, indicative of higher neuronal
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maturation, as calcium transients reflect electrical events. A study showed that Ca?
transients had a higher frequency and amplitude in post-migratory neurons compared to
migratory neurons, suggesting that increased spontaneous calcium transients contribute to
terminating migration in excitatory cortical neurons during development (Bando et al.,
2016). Together with our data, this suggests that our neurons have undergone further
neuronal maturation between day 60 and day 100. Next, we analysed the spontaneous Ca?*
transients in KCNQ2 (A265T) neurons at the same timepoints. We found that patient neurons
displayed a similar pattern of increased calcium activity overtime (Figure 6.6). These results
suggest that the A265T mutation was not impeding the development of new Ca®
connections during maturation between day 60 and day 100, though we also sought to
explore differences calcium dynamics between control and KCNQ2-DEE neurons (discussed

below).

To further validate our excitatory cortical neurons, we applied glutamate to the cells at day
100 and recorded spontaneous calcium transients. Glutamate addition significantly
increased the percentage of active cells as well as the frequency of calcium transients (Figure
6.8). Additionally, we showed an 80% reduction in active cells in patient cells and a 70%
reduction in control cells when treated with the AMPA-antagonist CNQX (Figure 6.9). Taken
together, these results show that our cell population are largely glutamatergic and that
glutamatergic synaptic activity drives calcium transients in culture. We have no data here on
other glutamatergic receptors such as NMDA, which has been previously recorded to be
necessary for synaptic function (Evans et al., 2012). As CNQX treatment did not result in a
complete ablation of Ca?* transients in our cultures, it is reasonable to assume that Ca?
mediated synaptic transmission is also partially mediated by other glutamatergic receptors

including NMDA receptors.

While Ca?*imaging is a useful tool for analysing neuronal properties and maturation, we were
also interested is understanding whether KCNQ2-disease cortical neurons displayed altered
Ca?* dynamics when compared to controls. As shown in Chapter 5, KCNQ2-DEE (A265T)
cortical neurons exhibited an increased firing and bursting phenotype on MEA plates
(Chapter 5). Therefore, we hypothesised that Ca?* dynamics would also be altered as Ca?*
transients are initiated by action potentials (APs). On day 100, we analysed a total of 11,215
patient cells and 10,838 control cells and recorded the spontaneous Ca?* transients for 120s.
We found that KCNQ2-DEE (A265T) neurons had increased excitability, evidenced by a higher

percentage of active cells and a higher frequency compared to control cells (Figure 6.10).

Additionally, KCNQ2-DEE (A265T) neurons had a significantly higher amplitude and
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fluorescence intensity (Figure 6.10). These results together convincingly demonstrated iPSC-

derived cortical neurons recapitulate a hyperexcitability phenotype.

Altered Ca%* dynamics, either decreased or increased, have previously been reported in iPSC-
derived neuronal epilepsy models. In a study by Marchetto et al., they generated an iPSC-
derived neuronal model of Rett syndrome from patients with different mutations in the
MeCP2 gene. To analyse whether their Rett-iPSCs-derived neuronal networks had altered
Ca?* dynamics, they preloaded the cells with the calcium indicator fluo-4AM. They recorded
the spontaneous Ca?* transients in neurons and found that the frequency of calcium
transients in patient neurons was abnormally decreased when compared to controls,
suggesting a deficiency in the neuronal network connectivity and activity dynamics. These
altered Ca?* dynamics are consistent with their other electrophysiological findings which
showed that patients neurons had decreased frequency of spontaneous postsynaptic
currents using whole cell patch clamping and reduced glutamatergic synapse number
(Marchetto et al., 2010). In a hyperexcitable iPSC-derived neuronal model of bipolar disorder
consisting of hippocampal dentate gyrus (DG) granule cell-like neurons, the authors
examined whether the enhanced excitability of single neurons could also generate neural
network hyperactivity by analysing spontaneous Ca?* transients using the calcium indicator,
Fluo-4AM. They found that patient neurons showed a significantly higher frequency of
Ca? events, reflective of the hyperexcitability seen in their patch-clamping experiments
(Mertens et al., 2015). These studies, as well as our study reveal that Ca®* transients can be
used as an indicator of excitability in neurons in combination with electrophysiological

approaches such as MEA and whole-cell patch clamping.

One study which looked at a mouse model of epilepsy using adult born granule cells found
that intracellular calcium was elevated in the disease models. To determine the source of
this elevated intracellular Ca%, they treated neurons with TTX and found no difference in the
spontaneous calcium transients amplitude or frequency. They then treated the neurons with
the GABA inhibitor bicuculline (20uM) and found a significant reduction in spontaneous Ca?*
transient frequency (Lybrand et al., 2021). In our study, we found that TTX resulted in an 80%
reduction of active cells with calcium transients, suggesting a large component of the calcium
transients are driven by voltage-gated Na* channels during an AP. However, of the remaining
active cells the frequency of calcium transients was reduced by approximately 50%. An
interesting follow up experiment would be to treat neurons with a GABA inhibitor such as
bicuculline to determine whether the frequency of the remaining active cells could be further

reduced. | hypothesise that GABAergic neurons may be responsible for some of the increased
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Ca?* activity seen in KCNQ2 cells compared to controls as we know GABAergic neurons play
an important role in genetic epilepsies. For example, there is impaired GABA synthesis in
human pyridoxine deficiency, a disorder characterized by the onset of seizures in infancy
(Treiman, 2001). A greater reduction in Ca* transient frequency in patient cells after
bicuculline treatment compared to controls, could reveal a potential involvement of these
GABAergic neurons in the disease phenotype. Although we showed in Chapter 4 that our
neurons are positive for GABAergic markers, a distinct co-culture of glutamatergic and

GABAergic neurons in known proportions would be more advantageous.

Astrocytes play an important role in Ca?* signalling and epilepsy-related disorders. We know
that astrocytes interact closely with neurons by supporting them metabolically and also
crucial for maintaining homeostasis by controlling the levels of extracellular glutamate and
potassium levels (Danbolt et al., 2016). Astrocytes are also believed to be involved in brain
signalling (Lundgaard et al., 2015). Ca®* signals within astrocytes control the release of
gliotransmitters such as Glutamate, which interacts directly with neurons (Perea et al., 2014).
Astrocyte-neuron interactions which involve Ca?* signalling are associated with ictogenesis,
or the initiation of seizure activity (Patel et al., 2019). One study showed that by eliciting Ca**
signals in astrocytes, by applying ATP and mGlur5 agonists, slow inward Ca?* currents were
triggered in neighbouring neurons, which were not affected by the treatment of the Na*
channel antagonist TTX (Fellin et al., 2004). Furthermore, another study showed that during
experimental seizure induction, Ca?* mediated glutamate release by astrocytes also resulted
in slow inward Ca% currents in neighbouring neurons (Tian et al., 2005). These studies reveal
the close relationship between astrocytes and neurons in seizure generation. An interesting
follow on experiment could be to analyse KCNQ2 astrocytes using Ca®* imaging and compare
their Ca?* dynamics with control astrocytes, as we showed earlier in Chapter 4, that glial cells

including astrocytes make up approximately 40% of our culture.

In summary, we performed functional analysis of iPSC-derived cortical neurons from a
KCNQ2 pathogenic variant (p.A265T; c.793G>A), via calcium imaging of day 60 and day 100
of cortical differentiation. We found that calcium dynamics were altered in KCNQ2 neurons
compared to sibling controls. Calcium dynamics including spontaneously active cells,
amplitude, frequency, and fluorescence intensity were significantly increased in KCNQ2
mutant neurons, reflective of the hyperexcitable phenotype we witnessed using MEA
technology. We hypothesise that this increase in Ca?* transients is likely due to increased
action potential firing in both glutamatergic and GABAergic neurons. Additional experiments,

as discussed above, would facilitate further understanding of the mechanisms.
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7.1 Discussion
7.1.1. Summary

The primary aim of this PhD work was to generate iPSC lines from 3 children affected by
KCNQ2-developmental and epileptic encephalopathy (KCNQ2-DEE), and healthy controls,
and secondly, to develop a 2D-cortical neuronal model. Ultimately, we generated and
analysed patient-derived iPSC-based models of 3 specific pathogenic heterozygous mutations
(variants) in KCNQ2 (F261L, A265T, A294V) for the first time, providing novel insights into the
phenotype of KCNQ2-DEE. We then chose to focus on one mutation, A265T, for further
calcium imaging and gene expression analysis. The results of the neuronal models for these
loss-of-function (LOF) mutations reveal that excitatory, cortical neurons, display progressive
escalation of burst firing and altered calcium dynamics as they matured over time in culture.
Furthermore, patient neurons (A265T) exhibited an altered expression of other key K* and
Na* channels associated with epilepsy. Our findings suggest that in our KCNQ2-DEE LOF
neuronal models, neurons are hyperexcitable, display irregular firing patterns and have
altered gene expression of critical epilepsy (brain developmental potassium ion channel)-

related genes.

The experimental design of this project focused on 6 key pipelines (involving a diverse range
of laboratory techniques) described across various Chapters in this thesis as follows: In
Chapter 2, we derived patient-specific and sibling control iPSCs from dermal fibroblasts
creating a bank of 24 iPSC lines. In Chapter 3, we performed gene editing using CRISPR/CAS9
technology and used miRNA approaches to control gene expression of upregulated genes in
patient (A265T) lines. In Chapter 4, we differentiated iPSCs into excitatory, cortical neurons
using the dual-SMAD inhibition protocol. In Chapter 5, we performed electrophysiological
characterisation of iPSC-derived neurons using MEA recordings and finally in Chapter 6, we

performed Ca?* imaging and Ca?* profile analyses.

7.1.2. Skin fibroblasts versus other iPSC sources

The discovery of iPSCs was a huge breakthrough development in the field of biomedical
science. As iPSCs overcome the ethical and immunogenic challenges associated with hESCs,
iPSCs have become a popular cell choice for disease modelling, stem cell therapy and
personalised medicine (Liu et al., 2017). A wide range of iPSC sources exist. In theory, almost

any mature cell type in the human body can be reprogrammed into iPSCs but the most
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frequently used sources include dermal fibroblasts, umbilical cord blood cells, bone marrow
cells, peripheral blood cells, keratinocytes, and more recently, cells in urine (Liu et al., 2020).
In this study, as outlined in Chapter 2, we chose to derive iPSCs from dermal fibroblasts, taken
from a skin biopsy due to the combined experience in our lab. Dermal fibroblasts have been
the gold standard choice for reprogramming and there are bodies of research highlighting
the reliability and reproducibility of dermal fibroblasts as a cell source for generating iPSCs
(Plath et al., 2011). In more recent years, urine has been used a cell source for generating
iPSCs and has many advantages as the process is easy, relatively costless to obtain,
repeatable, and non-invasive (Huang et al., 2020). These advantages coupled with their
ability for successful downstream generation of nerve cells, makes urine a particularly
suitable cell choice for young children with neurological disorders such as those in our study
(Kim et al., 2016). In the future, | would like to use urine as a cell source for generating iPSCs
to eliminate any discomfort for patients and remove the requirement for a trained

professional to obtain the starting material as is the case for dermal fibroblasts.

In this study, we chose to use a non-integrating Sendai Virus (SeV) due to its highly effective,
non-integrating nature, to deliver the transcription factors OCT4, SOX2, C-MYC, and KLF4 to
the cells. Using this method, we had a 100% success rate in generating 24 iPSC lines from 8
donors. We found no difference in the ability between patient and control lines to
differentiate into the 3 germ layers or any variances in the expression of the pluripotency
markers, suggesting the KCNQ2-DEE variants had no visible effects on early neurogenesis. In
2007, Yamanaka and colleagues discovered that only the four [(OCT4, SOX2, KLF4, and C-
MYC (abbreviated as OSKM)] of the twenty-four previously used pluripotency transcription
factors are necessary to reprogram human fibroblasts into an embryonic stem cell-like state,
creating iPSCs (Takahashi et al., 2007). It has been shown that OCT4 is the most critical PSC
reprogramming factor, while KLF4 and C-MYC can be replaced by NANOG and LIN28 (Shi et
al., 2010). Shortly after the discovery of Yamanaka’s OSKM factors, Yu and colleagues
described a modified four-factor induction protocol using OCT4, SOX2, NANOG, and LIN28,
which exhibit reprogramming with an efficiency similar to that obtained with the Yamanaka
factors (Yu et al., 2007). When choosing an iPSC reprogramming method, it is important to
reduce introducing any possible risk while also maintaining pluripotency and the ability to
direct specific cell fate development of the desired lineage. In initial reprogramming studies,
viral vectors such as retroviruses and lentiviruses, were used for the delivery of
reprogramming factors (Shao et al., 2010). Unfortunately, the possibility of viral integration

of transcription factor genes may cause genomic alterations, including oncogenic changes
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in KIf4 and c-Myc, which hinders the translation of these protocols to clinical application
(Maherali et al., 2008). This is an important consideration for using iPSCs in cellular therapy,
however delivery of iPSC-derived neuronal cells/tissues to human patients was not the aim

of this study, which set out to determine an in vitro experimental neuronal model.

7.1.3. iPSC-derived experimental models of neurological disease

Given that many monogenic diseases such as KCNQ2-DEE affect specific cell types with great
penetrance, disease-relevant phenotypes will be most predictable from iPSCs carrying the
same genetic constellation (Xu et al., 2013). For this reason, many disease models for genetic
disorders are utilising patient-derived iPSCs to examine phenotypes and pathophysiology that
may occur because of the mutation (Brooks et al., 2022). They may also therefore provide
models, to correct the phenotype with various experimental and therapeutic approaches.
Ebert et al, published the first study of a neurological disease illustrating that human iPSCs
could be used to model a monogenic disorder in a patient with SMA, due to a mutation in
the survival motor neuron (SMN1) gene (Ebert et al., 2009). This study revealed that motor
neurons derived from SMA iPSCs were selectively reduced in quantity and size compared to
controls. In epilepsy models, the Na* channel, Navl.1 has been extensively studied in the
human iPSC models. Using epilepsy patient iPSCs-derived inhibitory neurons, it has been
revealed that neurons carrying a LOF SCN1A mutation (S1328P) had a reduced Na* current
amplitude (Sun et al.,, 2016). Meanwhile, SCN1A (c.4261G>T/c.3576_3580del TCAAA)
mutated neurons displayed decreased Na* current density (Kim et al., 2018). To date, there
has been very few studies using patient-derived iPSCs to model KCNQ2-DEE disorders. The
most significant study was published recently by Simkin et al, who derived iPSCs from a
patient harbouring a KCNQ2-DEE variant R581Q, who showed that the disease-causing
mutation caused a dyshomeostatic modulation of other Ca?* activated K* channels, findings

that would not have been revealed using other models (Simkin et al., 2021).

CRISPR/Cas9-based gene therapy holds great promise in both correcting monogenic diseases
to generate isogenic control lines and introduce a mutation to generate isogenic mutant lines
(Tarlungeanu et al., 2018). In this study, as outlined in Chapter 3 we utilised CRSIPR/CAS9
technology to try to create both isogenic mutant and control lines, to generate a model that
would enable us to attribute any discovered phenotypic differences to the genetic variant.
Both attempts at either (a) correcting the mutation in the patient cell line or (b) introducing
the mutation in the control cell line, were unsuccessful. As previously discussed, this was

likely due to problems during delivery of the RNP complex to the cells via electroporation.
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Incorporation of a fluorescent label during reprogramming may be a useful indicator to
include in future experiments for immediate confirmation that RNP components were
successfully delivered to the cells. Due to time constraints, we were not in a position to repeat
these experiments once we realised that we may have experienced a delivery issue. It is
suggested when developing neuronal phenotypes for specific mutations, that isogenic
mutant lines are also included for power analysis, and therefore this is a limitation of
regarding any phenotype seen in our patient lines to the pathogenic variant (Simkin et al.,
2022). As we have already designed the guide RNAs and templates required for both
mutation-induction and mutation-correction, we would plan to re-do these experiments
using a different electroporation system in the future. Nevertheless, as the same experiments
were applied to three different mutations in 9 iPSC neuronal cell lines, as compared to
controls, with similar striking results, the findings corroborate previous hypothesis for the
only other published study (and a single mutation) to date for KCNQ2-DEE (Simkin et al.,

2021), as discussed in Chapters 5 and 6 and in the following text.

7.1.4. iPSC derived cortical neuronal models and KCNQ2

As Kv7.2 channels are highly expressed in the human cortex, we chose to generate patient
iPSC-derived cortical neurons (Zhu et al., 2022). Various protocols now exist for the derivation
of human cerebral neural stem cells (NSCs) and functional neurons from iPSCs which has
greatly facilitated functional studies of cortex development, cortical disease modelling and
potential drug discovery (Alsanie et al., 2020). Some earlier protocols lacked the ability to
generate secondary progenitor cells, creating a population of mainly early born deep cortical
neurons (Eiraku et al., 2008). We chose to use a modified version of the protocol published
by Y. Shi, Kirwan, & Livesey, 2012, as this protocol generates both primary neuroepithelial
cells and secondary cortical stem/progenitor cells. In our protocol, we utilised the dual SMAD
inhibition pathway using the two small molecules, SB-431542 and LDN-193189, to direct
differentiation toward the anterior neuroectodermal lineage (Chambers et al., 2009). Using
this approach, the efficiency of cortical neural induction from iPSCs was very high in all nine
cell lines generated (Figure 4.7, Chapter 4). We found that deep layer, early born projection
neurons were the most abundant in our cell population by immunocytochemistry (Figure
4.13, Chapter 4). This could be explained by the fact that these neurons are produced first
whereas the later-born, layer 2 neurons are produced as late as day 90 of differentiation (Y.
Shi, Kirwan, Smith, et al., 2012). In the original paper, they reported approximately equal

numbers of deep- and upper-layer neurons in their cultures. We hypothesise that a potential
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reason for a reduced number of upper layer neurons in our culture may be a consequence of
their late production. If repeating such experiments again, | would measure the quantity of
upper layer neurons as late as day 120 to analyse this further. Furthermore, the method of
iPSC maintenance may affect the delay in the presence of these upper layer neurons, as other
media such as mTESR has been shown to prime for neuronal differentiation. Another possible
explanation could be poor staining using the marker for SATB2, because when we measured
relative mRNA expression levels, the number of deep layer neurons (CTIP2) and upper layer
neurons (SATB2) appeared more equal, which could also be due to transcripts being present

before the protein is produced (Figure 4.14, Chapter 4).

The ability to generate disease-relevant cell types will contribute to the elucidation of the
mechanisms of cell type—specific disease onset, in addition to the validation of potential
drugs and therapies in the appropriate target cell types (Y. Shi, Kirwan, & Livesey, 2012).
Choosing the correct cell-type(s) to model the disease of interest is critical. Kv7.2 channels
are expressed in excitatory neurons, inhibitory neurons, and astrocytes (Dirkx et al., 2020).
One limitation, therefore, was that our protocol did not incorporate the use of inhibitory
neurons or glial cells in a controlled manner. As the NPCs generated in our protocol do
produce glial cells, we found that ~40% of cells in our culture were glial cells by S100 staining
(Figure 4.9). However, these cell types were never characterised further. Similarly, we saw
that a small percentage of cells (<20%) were positive for the inhibitory neuronal marker,
Gad67, suggesting a small number of inhibitory neurons may have been present (Figure
4.15). A previous (non-iPSC derived) study showed that Kv7.2/Kv7.3 channels in inhibitory
neurons likely play a fundamental role in normal neurophysiology, demonstrating that a
selective deletion of these channels in parvalbumin GABAergic interneurons leads to
hyperexcitability and enhanced excitatory transmission in pyramidal neurons (Soh et al.,
2018). As GABA has previously been shown to exert excitatory effects in early developing
neurons, this enhanced excitation may have been due to excitatory GABA (Cherubini et al.,
1991). This data suggests that using a protocol with defined quantities of both excitatory and
inhibitory neurons may generate a model that more accurately recapitulates what is
happening in the human brain or at least a slightly more complex neuronal network. In
another study on bulk RNA extracted from isolated cell types from both fetal and adult
human cortex, a high expression of KCNQ2 was found in fetal astrocytes or astrocyte
precursor cells (Zhang et al., 2016). Conversely, on the UCSC cell browser, there was no clear
evidence of expression of KCNQ2 in astrocytes, suggesting expression in astrocytes is

restricted to the early neurodevelopmental period (Ambrosino et al., 2015). To date, there is
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no evidence to suggest that Kv7.2 channels have a functional role in astrocytes, but it could
be interesting to study this further as astrocytes interact closely with neurons in a number of
ways. Aside from their expression of Kv7.2 channels, astrocytes also promote functional
maturation of neurons, which is extremely useful as iPSC-derived neurons often have

reduced maturity (Shan et al., 2021).

Despite the major discoveries that have been made using 2D cellular models including the
findings we report here, 2D models do not usually provide the complex organization that
mimics complicated biological processes such as embryonic development, cellular
networking, and disease development (Dang et al., 2016). Furthermore, the diversity of iPSC-
derived neurons and glial precursors are sometimes too immature to provide the metabolic
and neuronal activity that is observed in the mature neurons (for example adult brain) (Liu
et al., 2018). Lastly, the genomic and epigenomic signatures are more vulnerable to
alterations in 2D cellular systems overtime (Bose et al., 2021). These limitations have led to
an increased interest in the development of 3D organoids that more accurately recapitulate
the human organs. Human iPSC-derived 3D brain organoids can differentiate into multi-
lineages and self-organize to create heterogeneous cell populations with tissue-like
architecture (Lee et al., 2017). The 3D environment within brain organoids favours the
differentiation of specific cell types that reflects the early stages of neuronal maturation in

the human CNS.

Various protocols have been designed to generate neural and cerebral 3D organoids from
differentiating iPSCs (Vélkner et al., 2016; Lancaster et al., 2013). iPSCs can be differentiated
into cerebral organoids containing NSCs, astrocytes, neurons, and synaptic structures in
approx. 1-2 months and can be maintained for up to 1 year. These protocols have since been
improved by applying advanced technologies (Kelava et al., 2016). For example, one of the
most significant advancements was the development and characterization of vascularized
organoids that prevented necrosis (Mansour et al., 2018; Monzel et al., 2017; Zhao et al.,
2021). Recently, organ-on-a-chip technology, which can model various organs including the
brain on a microfluidic chip is capable of controlling the microenvironment and perfusion of
oxygen and nutrients (Zhang et al., 2017). Due to time constraints and lack of appropriate
equipment required for the generation of these organoids, and the number of KCNQ2-
patients and controls we set out to recruit, we chose to focus on iPSC generation of cell lines,
to initially explore some neuronal preliminary phenotyping using a 2D model protocol that

had been used successfully in our lab in the past.
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7.1.5. iPSC-patient derived neuronal KCNQ2-phenotype and pharmacologic
manipulation

Epilepsy is a chronic condition associated with unprovoked, recurrent seizures with specific
irregular EEG patterns (Shneker et al., 2003). In both animal and human models of epilepsy,
repeated bursts of AP firing is common (Karoly et al., 2017). One of the main clinical
characteristics of KCNQ2-DEE on EEG recordings is an interictal burst-suppression pattern
(i.e., bursts of firing activity interspersed with periods of electrical silence). Simkin et al.
(Simkin et al., 2021) revealed that the firing patterns of the KCNQ2-DEE (R581Q) patient
neurons were drastically irregular compared to isogenic control neurons. This irregular firing
pattern was associated with a greater tendency for neurons to fire in bursts, with short
intervals between spikes in bursts and longer intervals or periods of silence between bursts,
reflective of patients EEG recordings (Simkin et al., 2021). Here, we showed for the first time
that the KCNQ2-DEE pathogenic variants F261L, A265T and A294V all displayed an irregular
bursting phenotype and were hyperexcitable in cortical neurons derived from patient-iPSCs
compared to sibling controls using MEA technology. This hyperexcitability became more
pronounced and bursting became more irregular overtime. This disease model resembles
the neonatal seizure activity makes an ideal platform for drug testing and discovery using the
MEA platform. To further analyse the phenotype of patient neurons, we performed Ca?
imaging experiments only in the A265T model due to time constraints and discovered that
Ca?* dynamics were significantly altered. Patient neurons had a higher percentage of active
cells and a higher frequency compared to control cells (Figure 6.10). Additionally, KCNQ2
neurons (A265T) had a significantly higher amplitude and fluorescence intensity (Figure
6.10). These results together demonstrated iPSC-derived cortical neurons recapitulated a

severe hyperexcitability phenotype, as seen in KCNQ2 patients.

Each of the mutations included in this study were LOF mutations, as previously reported
usually in non-neuronal heterologous expression systems, such as two-microelectrode
voltage-clamping in Xenopus Oocytes or patch-clamping in CHO or HEK cells studies (Yang et
al., 2023; Lee et al., 2020). While | did perform some whole cell patch clamping in a small
number of patient neurons, due to time constraints, we could not obtain statistically relevant
numbers (data not shown) and therefore | did not directly determine (as not the primary
focus) the level of M current loss. Here, we treated control neurons with the M current
blocker XE-991 and found that XE-991 treated neurons fired even more bursts, and the firing
pattern was more irregular, than patient neurons, suggesting that the more severe

phenotype seen in XE-991 treated controls is due to a complete or greater loss of M current
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in WT than the mutation. In a recent study, Yang et al. (Yang et al., 2023), studied five KCNQ2-
DEE pathogenic variants including one of the same variants as in our study, A265T. They
showed that this mutation caused the most minimal reduction in M current (36%) compared
to the other 4 mutations. This may explain why we saw a much higher number of bursts and

burst frequency in XE-991 treated controls than in our pathogenic variants (Figure 5.14).

Retigabine, a Ky7 channel opener, has shown to be an effective anticonvulsant for several
KCNQ2-DEE patients with LOF mutations (Stas et al., 2016). Here, we showed that retigabine
treatment (10uM) of A294V patient neurons significantly reduced the number of bursts and
irregular firing pattern (Figure 5.17). Importantly, retigabine was unable to reduce the
phenotype to the level of the sibling control suggesting that diseased neurons may have
undergone maladaptive cellular reorganisation or differential gene expression as a result of
the mutation which is contributing to the disease phenotype. In the future, the use of an
isogenic control line in these experiments would be very interesting. Furthermore, | would
have liked to treat the other two lines (A265T) and (F261L) with retigabine to determine if
the drug efficiency is impacted by the location of the mutation. Moreover, it would be
interesting to monitor the effect of the drug overtime to check if long term disease
phenotype can be altered via MEA experiments. To my knowledge, this is the first time
retigabine has been experimented in human iPSC-derived neurons harbouring a KCNQ2-DEE

pathogenic variant.

Here, we report that in cortical neurons harbouring the A265T pathogenic variant (other
variants not examined with this approach due to time constraints), there is a significant
upregulation of various other Ca?" activated potassium channels (Figure 4.17) and Na*
channels (Figure 4.18). Similar findings were previously published by Simkin et al. for the
KCNQ2-DEE R581Q pathogenic variant, where they found upregulation of several other key
potassium channel genes (Simkin et al., 2021). The majority of upregulated potassium
channels were BK and SK channels, so we treated neurons with the SK and BK channel
antagonists Apamin and Paxilline, respectively to analyse the effect of these drugs on the
disease phenotype. We showed that a combinatorial treatment of these drugs was the most
effective in reducing the hyperexcitable, irregular bursting seen in patient neurons, however
it was unable to reduce levels to that of controls (Figure 5.15). Similarly, we detected a
significant upregulation of the Na* channels SCN1A, SCN2A and SCN8A in patient (A265T)
neurons. Therefore, we treated neurons with the commonly prescribed Na*channel blocker
carbamazepine (100uM) and found that treatment significantly reduced the irregular,

bursting phenotype in patients (Figure 5.16). This is consistent with clinical data of
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carbamazepine which has been shown to effectively treat seizures in patients in the clinic
(Dilena et al., 2022) These results may suggest that the dysregulation of other genes may
contribute to the phenotype associated with this pathogenic variant. Therefore, targeting
altered ion currents could potentially offer an alternative therapeutic strategy for KCNQ2-
DEE seizures. However, the phenotype was normalised, and the over-time and overall effects
of KCNQ2-mutations in brain development were not examined in this thesis. The iPSC-based
platform we have developed here, nevertheless may be valuable to identify potential
therapeutic screening for antiseizure medications in cortical excitatory neurons, and further

uncover mechanisms of KCNQ2-DEE.

miRNAs are endogenous non-coding RNAs that play a role in post-transcriptional regulation
and gene expression in eukaryotes (Wang et al., 2021). miRNA acts by inhibiting mRNA
expression by identifying a complementary ribonucleotide sequence in the 3'-untranslated
region (UTR) of the target messenger RNA (mRNA) (Bartel, 2004). miRNAs are an endogenous
class of small non-coding RNA that hold great therapeutic promise for a number of reasons.
Firstly, Individual miRNAs target many genes making them ‘meta-controllers’ capable of
targeting more than one pathway (Friedman et al., 2009). Secondly, many functions under
miRNA control are central to epileptogenesis, such as neuronal death, gliosis, inflammation,
and neuronal microstructure (Henshall, 2013). This enables miRNAs to interrupt pathogenic
pathways not previously possible and to potentially control protein levels in epilepsy. In this
study we showed that the miRNA miR34-a, was capable of downregulating the expression of
two potassium channel genes KCNN2 and KCNN3, upregulated in our patient model (Figure
3.11). The target scan database revealed that miR-34a with both of these channels and also
our mutant gene, KCNQ2. However, we saw no significant change in KCNQ2 expression in
our patient lines, though important for hypothesis testing, a subject for further investigation.
In a pilocarpine-induced epileptic mouse model, miR-137 overexpression was induced by an
intrahippocampal injection of a specific agomir. Treatment with miR-137 increased the
latency period of spontaneously recurring seizures and reduced the severity of epilepsy
(Wang et al., 2016). Further research in miRNAs involved in epilepsy pathogenesis, may

enable miRNA-targeted intervention to treat epilepsy.

7.2 Conclusion

In summary, the focus of this study was to generate KCNQ2-iPSC lines and begin to examine
neuronal models of this untreatable profound neurodevelopmental and severe epilepsy-

related potassium ion channelopathy. In this thesis we generated 24 iPSC lines from 4
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pathogenic variants of KCNQ2-DEE and 4 sibling controls. We then generated 18 cortical
neuronal lines (9 patient, 9 control) from these human iPSCs to generate an apparently
effective patient-specific in vitro disease model. Using electrophysiological approaches, we
showed that KCNQ2-DEE neurons are hyperexcitable and display an irregular, bursting
phenotype compared to controls. Moreover, we showed that Ca** dynamics are dysregulated
with higher amplitude, activity, and frequency, in patient neurons, reminiscent of a
hyperexcitable phenotype. Furthermore, KCNQ2-DEE neurons exhibit an altered expression
of several other potassium and sodium channels which could be partially controlled by
treatment with appropriate ASMs. Finally, we showed that miR-34a could regulate gene

expression of KCNN2 and KCNN3 in our disease model.

7.3 Future directions

In our study we have not included the use of isogenic cell lines due to technical difficulties
and time-constraints encountered. We have used age-matched sibling controls which offer
an ideal control aside from isogenic lines. In the future, it would be favourable to generate
isogenic lines (ideally a control and a mutant) and to include these lines in future phenotypic
experiments. For future generation of a neuronal model, we would aim to use a protocol
that is less time consuming than 100 days and that incorporates controlled amounts of
excitatory neurons, inhibitory neurons, and astrocytes. A future direction for this work would
be to include recapitulate more closely the in vivo network architecture, generating 3D
cortical organoids using our patient-derived iPSCs to model the phenotype in a model that
contains excitatory neurons, inhibitory neurons, and astrocytes. This would encompass
electrophysiological and other -omics approaches, over time, and network phenotypes,
given the role of KCNQ2 in brain development not just seizures. For further characterisation
of the electrophysiological properties of single neurons, it would be useful to also perform
whole cell patch clamping to compare potassium conductance in patient and control
neurons. Finally, in the future we would like to investigate additional therapeutic
approaches. Further miRNA studies analysing different miRNAs and different genes could
reveal new therapeutic targets, including anti-sense oligonucleotides. Targeted patient-
specific designed siRNAs could be used to target the mutant allele only in these heterozygous

mutations.
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