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LAY ABSTRACT

Autism spectrum disorder (ASD) is an umbrella term that includes several
neurodevelopmental disorders affecting 1 in 55 children. Children with ASD often have
their quality of life impacted through impaired social communication and interactions, and
repetitive behaviors. Currently, there is a lack of understanding about what causes ASD,
which makes treating ASD difficult. Because of this, many treatments focus on behavioural
deficits. ASD is thought to be a disorder of incorrect information processing within the
brain that arises from changes in connections between brain cells (neurons). Researchers
have discovered that one of the major risk factors of developing ASD is changes in the
DNA (risk variants). There are over 1000 genes identified in ASD with changes. Many of
these changes to DNA in varying genes have led to changes in connections between
neurons. In this thesis, we collaborated with Dr. Stephen Scherer (Hospital for Sick
Children, Toronto) to investigate a known ASD-risk gene with unreported genetic variants
(changes in the DNA sequence). We studied the gene named Voltage-Gated Sodium
Channel Type Il Alpha Subunit (SCN2A4) and found that a severe variant affecting this
channel changed typical development by altering native neuron properties and connections
similar to if the neuron did not have the gene there. We also discovered that no two variants
behave the same, even with similar categorization, their location within the DNA sequence
matters. Additionally, we discovered signalling networks that were altered in neurons that
contained the severe variant in SCN2A4. Many of these pathways were previously associated
with ASD but in the context of other genes. However, for this specific variant and the

current state of the knowledge around this gene, we provided new information potentially

il



aiding in target treatment opportunities. This thesis generates new insights into how
differing disruptions in SCN24’s DNA can disrupt development through changing neuronal
communication. It further provides insights into how altered neuronal communication can

affect signalling networks which are core to normal neurodevelopment.
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ABSTRACT

Autism spectrum disorder (ASD) encompasses a group of heterogeneous disorders
that affect approximately 1% of children worldwide. ASD is characterized by two core
symptoms, the first being deficits in social communication and interaction, and the second
being restrictive and repetitive behaviours. Although environmental and genetic factors are
known to contribute to the development of ASD, the etiology remains unknown. Genetic
sequencing studies have implicated over 1000 genes with risk variants that are ASD-
associated. Recent sequencing studies have highlighted that SCN24, a gene that encodes
the Voltage-Gated Sodium Channel Type II Alpha Subunit habours a large proportion of
genetic risk variants for ASD. An emphasis was put on this gene because many of the top
genes regulate transcription and cytoskeletal dynamics and not sodium flux aiding in
regulating neuron excitability. Initial investigations of complete loss of Scn2a in mice led
to perinatal lethality where heterozygous loss exhibited many behavioural phenotypes
associated with ASD. Through our collaboration with Dr. Stephen Scherer (Hospital for
Sick Children, Toronto) we identified two de novo truncating point variants in SCN24. In
our study, we focused on using human iPSC-derived neurons for disease modelling. We
found these two variants caused a reduction in synapses suggesting that neuronal
communication may be altered. Furthermore, electrophysiological characterization of the
neurons harbouring the differing SCN2A4 variants showcased that loss-of-function (LoF)
variants can produce differential phenotypes based on their location. Beyond the initial ion
channel characterization, we wanted to probe whether cellular pathways were altered

directly or indirectly by atypical neuronal activity. Proteomics of neurons expressing the
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more severe variant, p.R607*, found differentially expressed proteins (DEP)s that were
upregulated and downregulated. Moreover, these DEPs were enriched and clustered into
cellular pathways that were altered, with one of these clusters representing mitochondrial
function. We functionally validated these findings in the same neurons and found
corroboration between the molecular and cellular data of impaired mitochondria. Lastly,
we used Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 gene
editing to generate an isogenic model to validate our findings of the less severe p.G1744*
variant. Together, this will aid in the discovery of new variant categorizations and targeted
treatments for rescues of atypical neural connectivity or pathways that are altered

downstream.
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CHAPTER 1: INTRODUCTION
1.1 Autism spectrum disorder

1.1.1 Clinical presentation, etiology, and diagnosis

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder
that encompasses other disorders with varying severities that are characterized by impaired
social communication and interactions, and repetitive or restricted behaviours (Miles,
2011). According to the Centres for Disease Control and Prevention (CDC 2022), diagnosis
is often detected between 2-5 years of age with early detection at 6 months, and final
diagnosis often being much later in age (Brian et al., 2019; Miles, 2011; Zwaigenbaum and
Penner, 2018). Unfortunately, as the etiology is unknown, diagnosis can be difficult with
some children being diagnosed in their adolescents. The Diagnostic and Statistical Manual
of Mental Disorders (DSM) is a guideline that health care professionals use to classify
development, intellectual and psychiatric disorders. Previously, children with ASD were
categorized differently under the DSM-4; there were three distinct categories: Autistic
disorder, Asperger’s syndrome, and pervasive developmental disorder- not otherwise
specified (PDD-NOS) (Miles, 2011). As of 2013 the updated DSM-5 now describes
children with autism under the broad spectrum of autism spectrum disorder (Brentani et al.,
2013). To date, there are several diagnostic tests used to assess for ASD. Health care
professionals often use a collaborative and multidimensional approach which includes
medical history, DSM-5 criteria, sensory assessment, interviews with the child’s caregiver,

and behavioural assessment of the child (Brian et al., 2019). The most commonly used
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diagnostic test is the Autism Diagnostic Observation Schedule — 2™ edition (ADOS-2)
which uses behavioural observations of the child (Brian et al., 2019). Coding observations
and direct interactions with the child are examined, to supplement this test clinicians will
often opt to use the Childhood Autism Rating Scale — 2" edition (CARS-2) if children are
clinically referred (Falkmer et al., 2013; Zwaigenbaum and Penner, 2018). The other
commonly used diagnostic test is the Autism Diagnostic Interview-Revised (ADI-R), tests
like these rely on caregiver interviews (Brian et al., 2019). As these diagnostic tests cannot
be used alone to diagnose ASD, when used carefully they provide high sensitivity and
specificity when identifying children with or without ASD (=80% correct identification)

(Brian et al., 2019; Randall et al., 2018).

One of the most common neurodevelopmental disorders is ASD, worldwide
prevalence estimates are between 1% — 1.5% (Baxter et al., 2015; Christensen et al., 2018).
As diagnostic tools and next-generation sequencing (NGS) improve estimates have
continued to increase. More recently, a surveillance prevalence report estimated that as
many as 1 in 44 children are diagnosed with ASD (Maenner et al., 2021). Additionally,
ASD is known to have a high sex-biased, with boys being 4.2 times more likely to be
diagnosed than girls (Maenner et al., 2021). Depending on the severity of ASD, children
may have comorbidities that add to the difficulties of having good outcomes with health,
education, employment, and relationships (Farley et al., 2009; Volkmar et al., 2017).
Researchers performed a meta-analysis on the long-term overall outcome of 828

individuals with ASD (Steinhausen et al., 2016). They found that 19.7% of cases had good
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to very good outcomes, 31.1% of causes had a fair outcome, and 47.7% of cases had poor
to very poor outcomes (Steinhausen et al., 2016). This emphasized that roughly half of the

individuals with ASD had unfavorable long-term outcomes.

Although the cause of ASD is unknown, it is understood that genetic and
environmental factors significantly contribute (Wang et al., 2017). It is poorly understood
if the genetic risk is modulated by prenatal, perinatal, and postnatal environmental factors;
however, several studies have shown links between premature and overdue pregnancy and
increased ASD-risk along with other NDDs (Agrawal et al., 2018; Schieve et al., 2018).
Additionally, maternal immune activation during pregnancy is associated with increased
ASD-risk (Croen et al., 2019; Malkova et al., 2012). What is clear to researchers is that
genetic risk accounts for at least 20% of cases with new estimates up to 30% with the
advancements in genetic sequencing techniques (Hallmayer et al., 2011; Srivastava et al.,
2019; Ziats et al., 2021). Often, variants that are detected from ASD and NDD cohorts alter
the expression and function of the proteins encoded. Reports suggest over 700 genes have
been implicated in ASD highlighting the heterogeneity of the disorder (Saxena and
Chahrour, 2017). Many genes are found to harbour more variants than others, however,
cellular function is disrupted unbiasedly, with variants affecting proteins in scaffolding,
neuronal communication, and transcription regulation (Grove et al., 2019; Satterstrom et

al., 2020).

Since the etiology and pathobiology of ASD are poorly understood there remains

no effective treatments. Treatments instead target the symptoms of ASD including
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approaches for behavioural, educational, and psychological (Brentani et al., 2013; De
Filippis and Wagner, 2016). Pharmacological treatments have been used to help remedy
symptoms although children and adolescents often appear to be more susceptible to adverse
effects, thus requiring low dosage and titration plans (De Filippis and Wagner, 2016). The
newest drug named STP1 has recently finished phase 1 clinical trials with the notoriety of
being the first precision medicine drug for ASD. Observations of dose-dependent
improvements of electrophysiological signals in brain regions associated with social
interactions, working memory, and processing speed have been reported. These
improvements have made this drug a hopeful candidate for treatment adding another

promising therapeutic approach.

1.2 The genetics of ASD

Among the determinants of ASD, genetics play a key role in disease
pathophysiology. As advancements in genetic testing continue, genetic diagnosis of
patients has increased to 30%, with penetrance and strength of the genetic abnormality
determining the genetic risk (Geschwind, 2011; Srivastava et al., 2019; Ziats et al., 2021).
Folstein et al. first identified ASD as being heritable in the mid-1970s (Folstein and Rutter,
1977). Since this time, studies of ASD and other neuropsychiatric disorders have indicated
heritability to reach up to 80% (Anttila et al., 2018; Geschwind and Flint, 2015; Sullivan
and Geschwind, 2019). Recently, a large population-based multinational study estimated
the heritability of ASD to be approximately 80% (Bai et al., 2019). Uniquely, monozygotic

twin studies revealed that the heritability can reach up to 90%, however, dizygotic twins
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maintain heritability up to 30% (Folstein and Rutter, 1977; Freitag et al., 2010; Hallmayer
et al., 2011; Sandin et al., 2014). Although the etiology of ASD remains unknown,
syndromic forms account for up to 20% of cases with partially known etiologies.
Monogenic syndromes represent disorders that have been extensively studied, aiding in the
understanding of the interplay between neurobehavior, etiology, and mechanisms that may
contribute to idiopathic ASD (Baudouin et al., 2012; Ziats et al., 2021). Some of the most
reported monogenic syndromes of ASD include Fragile X syndrome, Angelman syndrome,
and Rett syndrome which are caused by mutations in FMRI (Richter and Zhao, 2021),
UBE3A4 (Buiting et al., 2016), and MECP2 (Good et al., 2021; Ip et al., 2018a; Pejhan and
Rastegar, 2021), respectively. As this is not an exhaustive list of syndromic autism, it is
worth noting that there are an estimated 115 monogenetic disorders, with additional

chromosomal deletion, duplication, and aneuploidy contributing (Ziats et al., 2021).

The progression of genetic studies since the 1960s has paralleled advancements in
technology development (Sullivan and Geschwind, 2019). Early successes in genetic
profiling started with the identification of single-protein biomarkers. This has progressed
through genome-wide panels of selected single nucleotide polymorphisms (SNPs), and
now, sequencing and resequencing of whole exomes and genomes (Sullivan and
Geschwind, 2019). Genome-wide association studies (GWAS) provided a platform to assay
millions of SNPs within the human population that are common. As common genetic
variation contributes to ~50% of genetic risk in ASD, GWAS were useful for identifying

variants (Autism Spectrum Disorders Working Group of The Psychiatric Genomics
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Consortium, 2017; Gaugler et al., 2014; Ma et al., 2009; Weiss et al., 2009). Gene
disruption discoveries in ASD were driven by the advent of next-generation sequencing
(NGS). Whole exome sequencing (WES) studies focused on genome segments that
encoded human proteins (Iossifov et al., 2014; De La Torre-Ubieta et al., 2016; De Rubeis
et al.,, 2014; Sanders et al., 2015; Satterstrom et al., 2020). These studies provided the
groundwork for our current understanding of identifying risk-genes and copy number
variants (CNVs) that contribute to neurodevelopmental disorders (Lim et al., 2017). One
of the largest and recent WES studies analyzed over 35 000 people with approximately 12
000 ASD patients, they identified 102 ASD-risk genes with many previously being
identified in other WES studies (Iossifov et al., 2014; De Rubeis et al., 2014; Satterstrom
etal., 2020). Whole-genome sequencing (WGS) studies are used to identify genetic variants
in the form of single nucleotide variants (SNVs) or copy number variations (CNVs) that
might be enriched in ASD populations versus their neurotypical counterparts (Belkadi et
al., 2015; Choi and An, 2021). As the name suggests, WGS studies examine the entire
genome by fragmenting the DNA into short segments of up to approximately 150 basepairs;
these short segments are then read multiple times in parallel, aligned, and matched to a
reference human genome (Hayeems and Boycott, 2018). These advancements in genetic
profiling have been paramount in identifying ASD risk-genes. The work in this thesis
benefited greatly from our collaborators at the Hospital for Sick Children in Toronto. To
date, they have performed WGS on 5,205 human samples, this includes 2,620 patients with
ASD (Yuen et al., 2015, 2016, 2017). From these studies, two of the SNVs identified in

patients with de novo mutations in SCN24 were characterized in this thesis. As new ASD-

6



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

risk genes are identified, a transition to functional genomics and cellular characterization
continues. This is because understanding molecular and cellular convergence is critical to

teasing apart the pathobiology.

As ASD is a complex disorder with high heterogeneity, the genetic architecture
consists of rare inherited, de novo, and thousands of common polygenic variants.
Discoveries through WGS and WES have been essential for identifying rare inherited and
de novo variants. NGS studies have generated databases of millions of CNVs and SNVs
for studies to use and to investigate how they converge onto common signalling pathways.
Rare inherited variants are passed down from the mother or father to the child, while de
novo variants originate only in the affected child or proband but are not present in the
parents. De novo mutations in the human genome occur during gametogenesis, which aids
in genetic diversity but can also produce deleterious effects (Belyeu et al., 2021). Many
studies have determined that SN'Vs and indels occur in individuals approximating 70 events
per individual (An et al., 2018; Belyeu et al., 2021; Jonsson et al., 2017; Kong et al., 2012;
Sasani et al., 2019; Werling et al., 2018). Additionally, studies have found that parental
fitness is an important determiner of genetic load on the offspring; as parental age increases
so too does the frequency of de novo variants, increasing the likelihood of deleterious
variants (Goldmann et al., 2016; Jonsson et al., 2017; Sasani et al., 2019; Shendure and
Akey, 2015). This age-related enrichment on genetic load was also found to be more
prominent in increasing paternal age compared to maternal age (Kong et al., 2012). Harder

to detect are the larger de novo variants, often referred to as structural variants or CNVs.



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

CNVs comprise deletions, duplications, insertions, inversions, translocations, and variants
that combine any of the class types listed. CNVs are alterations in sequences of the genome
that contain changes in the number of copies of DNA sequences on chromosomes greater
than 1 kilobase (Kb), this often affects many genes within the region (Thapar and Cooper,
2013). De novo CNVs are less frequently detected than their SNV counterparts, however,
they contribute to many of the same neurodevelopmental disorders (Ma et al., 2017;
Talkowski et al., 2012; Xu et al., 2008). Because of this confounder, detection of de novo
CNVs requires larger cohorts to detect accurate estimates (Belyeu et al., 2021). To date, de
novo and rare inherited CNVs are known to be harbored in sporadic and multiplex autism
compared to the general population (Brandler et al., 2016; lakoucheva et al., 2019; Krumm
et al., 2015; Sebat et al., 2007; Turner et al., 2017; Wilfert et al., 2021). Taken together,
SNVs and CNVS are often found enriched in children with ASD, with many of these
variants categorized as gene disruptive or likely to cause disruption. Furthermore, rare
variants and de novo variants contribute largely to the disease pathogenesis of ASD as these

variants may deleteriously impact protein function.

1.2.1 Simons Foundation Autism Research Initiative

Over the years WGS, WES, and GWAS have implicated numerous genes to be
associated with ASD (lossifov et al., 2014; Sanders et al., 2012; Satterstrom et al., 2020;
Yuen et al., 2015, 2016, 2017). These studies have found multiple rare-inherited, de novo
and common variants that underlie the complex genetic landscape of ASD. As more genes

are uncovered, a central repository is needed to tabulate findings. The Simons Foundation



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

Autism Research Initiative (SFARI) is an organization that uses its programs to improve
the understanding, diagnosis, and treatment of ASD. SFARI has well-known programs
within the ASD community, extending from ASD cohort recruitment and genetic rodent
model generation partnering with The Jackson Laboratory to the generation of iPSC lines
from probands for researchers to investigate. We have specifically used the SFARI Gene
program, this program integrates data from genetic and molecular studies of ASD to create
a comprehensive ASD-risk gene database. These genes are initially scored based on their
recurrence and evidence in the literature linking them to ASD. The database SFARI has
generated the foremost accepted database for ASD-risk genes, to date, 1,231 curated genes
have been implicated in ASD. Genes are categorized into four scoring modules, syndromic,
category 1 (high confidence), category 2 (strong candidate), and category 3 (suggestive
evidence) (Abrahams et al., 2013). The gene scoring system was developed by geneticists,
statisticians, curators, and consultants with an emphasis on evidence-based scoring to avoid
over and under-representation. The syndromic category consists of genes that have been
implicated in ASD, such as the previously mentioned FMRI and UBE3A in Fragile X
syndrome and Angelman syndrome, respectively. Currently of the 1,231 genes, 418 are
considered either high confidence or strong candidate genes for ASD risk. The high
confidence category has ASD-risk genes that have been implicated in the literature
typically with a minimum of three de novo variants, that have been classified as likely-gene
disrupting. Genes in this category affect various molecular functions, many of the top
published genes include functions in cell adhesion NRXN1, scaffolding proteins SHANK3

and ANK?2, ion channels SCN24 and CACNAC, transcriptional coactivator CREBBP, and
9
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transcriptional repressor CHDS. A step-down, category 2, or strong confidence is
characterized by having two reported de novo likely-gene-disrupting mutations. Usually,
genes in this category have been identified by GWAS or have been found to have functional
effects that are consistently replicated. Finally, category 3 or suggestive evidence is
described as having a single reported de novo likely-gene-disrupting mutation. In addition,
genes in category 3 are not replicated but are a part of a significant association study.
Category 3 remains the largest ASD-risk category with 477 genes, this emphasizes the lack

of studies that have investigated the roles of newly identified ASD-associated genes.

1.3 The pathophysiology of ASD
1.3.1 Neuroconnectivity

During the development of the brain, complex processes are finely orchestrated that
include, neurogenesis, neuronal migration, synaptogenesis, and processes like pruning that
extend into adulthood (Figure 1) (Courchesne et al., 2018). Atypical neurodevelopment and
altered neural communication has been associated with a prevailing hypotheses in ASD,
this is the imbalanced excitation/inhibition (E/I) ratio hypothesis (Figure 2) (Culotta and
Penzes, 2020; Rubenstein and Merzenich, 2003). It is important to note that the E/I ratio
hypothesis overly simplifies neural circuits since there are many other factors to take into
consideration. This includes developmental age where y-Aminobutyric acid (GABA) can
have an excitatory effect early in development (Ganguly et al., 2001), and different brain
regions consisting of different proportions and subpopulations of excitatory and inhibitory

neurons. Since they can have varying inputs and outputs in each region, this makes regional
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and cellular compartment-specific E/I ratios also important (Kepecs and Fishell, 2014;
Nelson and Valakh, 2015; Petreanu et al., 2009). The E/I hypothesis can also be studied
using stem cell-derived human neurons and 3D organoid models to examine human
neurodevelopment. These models will allow testing of the E/I hypothesis as the ability to
perform electrophysiology, imaging, or circuit-based stimulations and recordings has
emerged (Flaherty et al., 2019; Marro et al., 2019; Pak et al., 2015; Zhang et al., 2018).
Therefore, similar to mouse studies, discrete neural circuit questions can now be

investigated using human iPSC modeling.

Neurons regulate their excitatory and inhibitory inputs to maintain circuit function
and stability, which is thought to be through the E/I ratio. Deviations from this ratio are
thought to lead to neural dysfunction. Broadly, inhibition can mean different things, for
example, subsets of inhibitory inputs, all inhibitory inputs, and inhibitory inputs over a
temporal window, these classifications also apply to excitatory inputs (He and Cline, 2019).
An imbalance in the E/I ratio can result from both an increase or decrease in excitatory and
inhibitory neuron firing, respectively. Although an increase in the E/I ratio can occur from
an increase in excitatory neuron firing, the majority of imbalances in ASD models have
been associated with decreased inhibition. Additionally, when fluctuations shift the E/I
ratio, neural circuits and neurons are responsible for adapting to these changes to restore
the set point or to create a new set point through plasticity. Synaptic scaling, one form of
plasticity, is necessary to regulate excess or absent inputs. For example, the effects of a

delayed E/I developmental shift of GABA have been observed in two distinct mouse
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models of ASD (Tyzio et al., 2014), where the depolarizing effects of abnormal GABAA

receptor levels contribute to E/I imbalance in the brain.

1.3.2 Neuroconnectivity and dynamic changes at the synapse

Many ASD-risk genes and their translated proteins are regulated by neuronal
activity through transcription, splicing, translation, or degradation (Ebert and Greenberg,
2013). Mutations of ASD-risk genes coding for synaptic proteins are likely to cause
synaptic malfunction and disruptions in neural circuits. Activity-dependent and
developmental stage-dependent transcription factors diversify transcriptional regulation
using alternative promoters (Davuluri et al., 2008; Loebrich and Nedivi, 2009). Genes that
have been investigated and reported to have modulatory effects on synaptic plasticity or are
regulated by neural activity but are not limited to these are Syngap 1, Shanki-3, Nxrn, Nign,
Fmrp, and Ube3a. Synaptic GTPase-Activating Protein (SynGAP) is a key postsynaptic
density signaling enzyme that negatively regulates small G protein signaling downstream
of glutamate receptor activation (McMahon et al., 2012). SynGAP forms a signaling
complex with the Ras family proteins through its physical linkage to postsynaptic scaffold
proteins PSD-95 and SAP-102 which bind to N-methyl-D-aspartate (NMDA) receptors
(Husi et al., 2000; Rumbaugh et al., 2006). Mice with reduced SynGAP expression show
decreased hippocampal long-term potentiation (LTP) and impaired spatial learning; also, it
has been reported that gain-of-function (GoF) reduced synaptic strength and loss-of-
function (LoF) increased synaptic strength (McMahon et al., 2012; Muhia et al., 2010;

Rumbaugh et al., 2006). SynGAP has also been implicated in altered a-amino-3-hydroxy-
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5-methyl-4-isoxazole propionic acid (AMPA) receptor trafficking, where overexpression
leads to decreased AMPA receptors (AMPAR) at excitatory synapses and reduced synaptic
transmission (Rumbaugh et al., 2006). Furthermore, SynGAP has been shown to direct
NMDA receptor-dependent modulation of synapse density and dendritic spine shape,
negatively regulate ERK signalling, and stimulate p38 MAPK signaling (Kim et al., 2003;
McMahon et al., 2012; Rumbaugh et al., 2006; Vazquez et al., 2004; Zhu et al., 2002). SH3
and multiple ankyrin repeat domains (SHANK) proteins are scaffolding proteins and have
been shown to regulate active synapses. Knockdown of Shankl or 2 reduces AMPAR-
mediated synaptic transmission (Shi et al., 2017). In addition, Shank3 deficient mice have
deficits in AMPA signaling and LTP, which are rescued by the application of insulin-like
growth factor 1 (Bozdagi et al., 2013). Behaviorally, all of these mice models exhibit
hallmarks of ASD or developmental delay (Bozdagi et al., 2013). Lastly, homozygous loss
of Shank2 causes an imbalance of NMDA receptor function throughout development,
where early development has a hyperactive state of NMDA receptor while later stages have
a hypoactive state, leading to ASD-like and social deficit behaviors (Chung et al., 2019).
These outcomes were ameliorated by early correction of NMDA receptor dysfunction
(Chung et al., 2019). In summary, these findings highlight only some ASD-risk genes that
are closely related to activity-dependent synaptic regulation (McMahon et al., 2012;
Rumbaugh et al., 2006; Shi et al., 2017). Here, we discuss that scaffolding and postsynaptic
density proteins can regulate excitatory synapse development and function translating to

ASD, intellectual disability, and developmental delay.

13



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

1.3.3 Modeling ASD in human neurons

Although genetic mouse models of NDDs remain the gold standard for investigating
human behaviour and systems biology, the field has made substantial progress in human
modeling. Historically, attempts to model neuropsychiatric disorders focused on the study
of human post-mortem tissue and biopsies; however, the use of these samples was limited
due to the invasive nature of these procedures and the lack of expandability in culture
(Gordon and Geschwind, 2020; Lee et al., 2019; Soliman et al., 2017). Additionally, as
post-mortem and biopsy procedures were often performed long after the first few years of
life, this itself posed a problem for understanding the molecular and cellular mechanisms
that contributed to the end phenotypes. Since the discoveries of embryonic stem cells
(ESC)s and induced pluripotent stem cells (iPSC)s in the late 1990s and 2007, respectively,
cell culturing protocols have advanced to terminally differentiate stem cells towards the
lineage of choice (Acab and Muotri, 2015; Takahashi et al., 2007). Furthermore, small
chemical, growth factor, and viral transduction methods have given researchers the
flexibility to target specific subpopulation cell and tissue types (Lee et al., 2019; Liu et al.,
2013; Miura et al., 2022; Zhang et al., 2013). The need for robust human cellular models
was further highlighted by differences in neocortical development of cortical expansion,
protracted time of development, and genetics (Zhao and Bhattacharyya, 2018). Inherently,
the advancement of iPSC technologies has provided unlimited access and use of stem cells
that can generate end somatic cells of interest. Although these advancing cellular models

create models that in part recapitulate larger mammalian development and human-specific
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signatures, the limitations of 1:1 scaling of cell types and progression of fully developed

cells and tissues are still present (Kim et al., 2020).

Two of the initial protocols for generating human cortical from human ESCs and
iPSCs in 2D cultures used neural induction media to progress through the embryoid body
(EB) formation and small molecules to inhibit bone morphogenetic protein (BMP) and
transforming growth-f signalling (TGFp) (Chambers et al., 2009; Shi et al., 2012a, 2012b).
However, the caveat of these protocols and protocols built on the progress of these papers
is the turnover time to generate functional synapses. Without functional synapses, human-
derived neurons are not a suitable system to characterize neuronal connectivity. The time
in vitro is prolonged and varies across protocols, with functional synapses starting to form
at 7 weeks and commonly extending until 12 weeks (Espuny-Camacho et al., 2013; Hu et
al., 2010; Topol et al., 2015). Secondly, the yield of neurons is often lower for many of the
neural induction protocols, this also adds batch-to-batch variability as biological replicates

may not produce similar proportions of neuronal subtypes.

In 2013, Zhang et al. generated a protocol that surmounted the caveats of using
induction media, or small molecules (Zhang et al., 2013). The novelty of their protocol was
situated in their single-step induction of iPSCs and ESCs into induced functional neurons
with rapid scalability. They virally transduced their PSCs with two lentiviral vectors, one
ubiquitously expressing a reverse transcriptase tetracycline activator and the other
containing a TetO promoter, the transcription factor neurogenin2 (NGN2), a puromycin

resistance gene, and enhanced green fluorescent protein (GFP). NGN2 is a transcription
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factor that is specifically expressed in the neuroectoderm lineage, overexpression of NGN2
creates direct neuron cultures. Solely, NGN2 overexpression generates layer 2/3 cortical
neurons. With the addition of doxycycline and puromycin over several days, generation of
a high yielding human cortical neurons cultures is obtained. These human cortical neurons
mature rapidly by co-culturing using mouse astrocytes, but within 3 weeks robust
functional synapses are obtained. Although this protocol created a high-throughput
protocol for generating cortical neurons, as with any protocol there are caveats. Firstly, this
protocol generates only excitatory glutamatergic neurons, making this system a case-by-
case use, where only prior inferences of excitatory dysfunction but not inhibitory function
is hypothesized or known. More recently, Barretto et al. enhanced this protocol by finding
two transcription factors Distal-less homeobox 2 (DLX2) and Achaete-Scute Family
BHLH Transcription Factor 1 (ASCL1) that once over-expressed produce inhibitory
neurons (Barretto et al., 2020). Furthermore, they found that co-platting both excitatory and
inhibitory neurons at an 80/20 split created a more physiologically relevant model for
pursuing questions about the excitation-inhibition hypothesis. Secondly, due to the nature
of inducing NGN2 expression to differentiation neurons rapidly, PSCs quickly progress
through the typical neurogenesis stages. EBs and NPCs are not observed, instead, PSCs’
cytoarchitecture visually changes creating neurite-like projections within 3 days of
doxycycline addition. Because of this confounder, using induced neurons (iNeurons) to
study intermediate developmental stages and the associated gene expression profiles is
unattainable. Lastly, overexpression of NGN2 can generate alternative neuron subtypes.

More recently it was discovered that the NGN system has a low propensity (~1%) to
16



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

generate sensory neurons if the exogenous expression is prolonged; additionally, protocols
producing high-yielding sensory neurons use overexpression of NGN2 in addition to small
molecules (Hulme et al., 2020). The rapid single-step induction protocol continues to be
examined and characterized beyond the cellular level. A single-cell RNA sequencing
(scRNAseq) study investigated iNeuron subpopulations at multiple time points of the
induction protocol (Lin et al., 2021). They reported 3 distinct subpopulations which
expressed pan-neuronal markers Microtubule-associated protein 2 (MAP2) and Neural cell
adhesion molecule 1 (NCAMI), and that these neurons expressed Glycoprotein M6A
(GPM6A) which is expressed throughout the central nervous system (CNS). As next-
generation sequencing techniques evolve, they provide more resolution of genetic profiling,
highlighting that what we once thought was a homogeneous population may be more
representative of a heterogeneous population. Continued advancements in iPSC
technologies produced adaptations to the Zhang et al. protocol, where other groups began
to virally infect NPCs with the NGN2 lentiviral vectors to produce cortical neurons (Ho et
al., 2016). Many studies have continued to use the original NGN2-iNeurons protocol to
screen functional deficits of genetic abnormalities in ASD modelling, and have further gone
on to use iNeurons to investigate molecular and cellular phenotypes (Barretto et al., 2020;
Deneault et al., 2018, 2019; Meijer et al., 2019; Nehme et al., 2018; Rhee et al., 2019;

Tidball et al., 2020).

As mentioned, the complexity of human brain development differentiates itself

from rodents, nonhuman primates, and other species. Highly specialized cells and regions
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add to the complexity concerning cognitive function, cell diversity, and brain size and shape
(Amin and Pasca, 2018; Kathuria et al., 2020; Kim et al., 2020). 2D cultures cannot
recapitulate the spatiality of brain development (Geschwind and Rakic, 2013; Lu et al.,
2022; Rakic, 2009). The latest efforts in generating human-derived models have focused
on creating and optimizing protocols to produce 3D brain organoids that resemble the fetal
human brain (Lancaster et al., 2013; Pasca, 2019; Pasca et al., 2015; Yoon et al., 2018).
Similar to the 2D culture landscape, there are two main ways of generating brain organoids,
unguided and guided. The unguided approach uses EBs derived from human PSCs,
embedded in an extracellular matrix, and cultured in a spinning bioreactor to promote
spontaneous tissue expansion and neural differentiation (Lancaster and Knoblich, 2014;
Lancaster et al., 2013). This protocol allows for examination of the whole brain since cell
types from the forebrain, midbrain, and hindbrain regions are made (Lancaster and
Knoblich, 2014; Lancaster et al., 2013; Qian et al., 2019). Guided is the other approach
generally referred to as a spheroid method, this uses small molecules and growth factors to
generate region-specific tissue (Birey et al., 2017; Gordon et al., 2021; Miura et al., 2020;

Pasca et al., 2015; Qian et al., 2018, 2020; Yoon et al., 2018).

As molecular and cellular characterizations continue to validate organoid models,
new findings are reported. Recently, the long-term maturation of human cortical organoids
was found to match key early postnatal transitions (Gordon et al., 2021). This was important
because human brain development does not stop perinatally, one of the early issues for

organoid cultures was extended time in vitro. Often organoids will stop their growth as they
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are nutrient restricted, apoptosis would occur and loss of organoids followed; because of
this, researchers have opted to find ways to provide additional nutrients similar to those in
vivo (Cakir et al., 2019; Shi et al., 2020). One of the methods to provide a more nurturing
environment for growth and maturation is to provide vascularization to cortical organoids.
Vascularization beyond primate vascular loops of the human brain occurs after gestational
week 6, initially helping with the thickening of the brain, with surface capillaries in the
cerebral hemispheres growing into the ventricular zone (VZ) (Gijtenbeek et al., 2014;
Raybaud, 2010). Around gestational week 25 increased vascularization of the cortical
neuronal layers is increased presenting a shift from the VZ to the cortical neuronal layers
(Ten Donkelaar and van der Vliet, 2006; Ten Donkelaar et al., 2014; Matsui et al., 2021;

Raybaud, 2010).

Lastly, the interconnectivity between brain regions is essential for proper
information processing. As the stem cell field moves towards guided methods of generating
regions-specific tissue, system biologists will still question the relevance of studying an
isolated brain region. To answer this, researchers have started to generate assembloids to
investigate neural circuits (Bagley et al., 2017; Birey et al., 2017; Miura et al., 2022; Xiang
et al., 2017). Assembloids are a fusion of two distinct spheroids, for instance, fusing a
cortical organoid and a striatal organoid to study cortico-striatal circuits of the forebrain
(Miura et al., 2022). Self-organization of the organoids is leveraged to cross-talk between
organoids, where typical neural connections can form autonomously. As the 2D and 3D

systems stated set the stage for disease modelling and brain development, the most
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important aspect of human modelling comes when genetic editing is integrated into the
workflow. The ability to genetically engineer isogenic lines where the genome is the same
except for your gene or mutation of interest creates a powerful tool to investigate genetic
contributions in an isolated system. Many studies have used CRISPR/Cas9 and other Cas
enzymes to knock in (KI) and out genes, and nucleotides and alter the expression to aid in
disease modelling, especially if access to patient samples is limited (Deneault et al., 2018,

2019; Hong et al., 2021; Sanjurjo-Soriano et al., 2022; Simkin et al., 2022; Xie et al., 2020).

1.3.4 Activity-dependent regulation on protein synthesis

Synaptic plasticity and activity-dependent modulation are crucial for neuronal
development and are the backbone of neural network dynamics. As these phenomena
require transient and long-lasting synaptic efficacy and structural changes, they are heavily
dependent on protein translation. Neurons require precise control of protein synthesis for
proper development and response to activity. Thus, disruptions in protein synthesis can lead
to defects often found in NDDs. ASD has highly implicated aberrant protein synthesis and
translation control as a major contributor to the disease pathogenesis (Kelleher and Bear,
2008). Many ASD-risk genes control different levels of neuronal development, making
their timing and level of expression critically important. One protein that exerts a high
degree of translational control and is highly implicated in ASD is the translational repressor
FMRP. A molecular hallmark of Fragile X syndrome (FXS) is excessive protein synthesis,
an observation that is considered to be a major contributor to the neural deficits associated

with FXS (Bagni et al., 2012; Banerjee et al., 2018; Jacquemont et al., 2018; Richter et al.,
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2015). FMRP has been shown to regulate translation initiation by its interactions with
elF4E and cytoplasmic FMRP-interacting protein 1 (CYFIP1). FMRP forms a complex
with CYFIP1 to stabilize CYFIP1 on the 5’ end of specific mRNAs to repress their
translation. The FMRP-CYFIP1 complex also forms an interaction with eIF4E to further
repress translation. Genetic reduction of FMRP or CYFIPI results in the excessive protein
synthesis phenotype observed (Jacquemont et al., 2018; Napoli et al., 2008; Richter et al.,
2015). In mouse neurons lacking Fmrp, there is an elevated response of metabotropic
glutamate receptor (mGluR)-dependent protein synthesis that results in impaired synaptic
plasticity by reduced AMPARSs in the postsynaptic membrane (Bear et al., 2004), which is
reversed by reducing mGluRS expression (Doélen et al., 2007). Another gene mutated in
ASD which regulates translation is e/F4E, controlling translation initiation (Aitken and
Lorsch, 2012; Neves-Pereira et al., 2009; Waltes et al., 2014). eIF4E has been shown to
complex with CYFIP1 and FMRP (Amorim et al., 2018), and when either of these
interactions is removed or reduced, there is a marked increase in protein synthesis coupled
with characteristic behavioural and social deficits in ASD (Gkogkas et al., 2012; Napoli et
al., 2008; Richter et al., 2015). Mutations in elF4E in autistic patients often result in
characteristic repetitive behaviour symptoms (Waltes et al., 2014). Furthermore,
genetically increasing eIF4E levels in mice resulted in elevated protein synthesis as well as
autistic-like behaviours (Santini et al., 2013). By pharmacologically inhibiting the eIF4E-
elF4G interaction in a FXS mouse model, the observed defects in protein synthesis and
spine morphology were reversed; suggesting that targeting this pathway may potentially

normalize imbalanced signalling pathways that regulate these phenotypes (Santini et al.,
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2017). Furthermore, the transcriptional repressor MECP2, causal for Rett syndrome, affects
global protein synthesis and translation of key genes regulated by neurodevelopment (Li et
al., 2013; Pacheco et al., 2017; Rodrigues et al., 2020). Thus, these studies highlight the
wide array of transcriptional and translational regulators disturbed in ASD and provide

insight into how altered translation may contribute to the pathophysiology.

A common denominator of translational defects is the regulatory control of protein
translation pathways, such as the mammalian target of rapamycin signalling pathway
(mTOR) signalling pathway. Each of these signal transduction pathways has heavy
involvement in synaptic function and plasticity by converging to cap-dependent protein
synthesis (Costa-Mattioli et al., 2009). The targets of these pathways have been shown to
play important roles in memory formation and learning. The tuberous sclerosis complex
(TSC1/2) negatively regulates the mTOR pathway and has a predominant role in translation
regulation (Ehninger et al., 2008; Tsai et al., 2012). In addition, the translational repressor
4E-BP, as well as downstream mTOR targets Ribosomal protein S6 kinases (S6K1) and
(S6K2) are of critical importance during LTP and learning and memory (Antion et al.,
2008; Banko et al., 2005, 2007; Gkogkas et al., 2012). In the FXS mouse model, genetic
removal of S6K resulted in more mature dendritic spine morphology and improved
behavioural outcomes, which includes improvements in social deficits and behavioural
inflexibility (Bhattacharya et al., 2012). Inhibitors of S6K1 in Fmr! KO mice reversed
translational and behavioural deficits as well as deficits in dendritic spine morphology

(Bhattacharya et al., 2016). Furthermore, modulation of mGIuRS signalling has been shown
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to reverse elevated protein synthesis in a 7Tsc2 mouse model (Kelly et al., 2018), which is
consistent with the finding that loss of the TSC results in increased mTORCI activity and
protein synthesis (Saxton and Sabatini, 2017). Taken together, these results suggest that
targeted manipulation of this pathway in FXS not only can correct the molecular
phenotypes, but also behavioural deficits may have applications to other NDDs that exhibit
imbalanced translation. In summary, aberrant translation plays a major role in proper

synaptic function and plasticity associated with NDDs.

1.3.5 The interplay between activity-dependent regulation, protein synthesis, and
mitochondrial dynamics

Mitochondria are central in the process of providing and sustaining the energetic
needs of neurons and neural circuits (Bélanger et al., 2011; Magistretti and Allaman, 2015).
The adenosine triphosphate (ATP) provided by mitochondria is necessary for the
maintenance of neurites and synaptic transmission (Cioni et al., 2019; Li and Sheng, 2021;
Rangaraju et al., 2019; Spillane et al., 2013) as these are areas of high ATP demand (Figure
3). Mitochondrial localized to a particular synaptic site, for example, provide ATP
necessary for local translation during synaptic plasticity events. When these mitochondrial
compartments are depleted, plasticity-induced synaptic translation is reduced (Rangaraju
et al., 2019). Additionally, transporting mitochondria to these sites is mediated by the
mitochondrial fission/fusion proteins, which when disrupted lead to significant alterations
in the mitochondrial distribution in the neuron (Fukumitsu et al., 2016; Misko et al., 2010).

The motility of mitochondria in dendritic protrusions is critical to developing spines, as
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their density at these loci affects the structural plasticity of spines and synapses (Li et al.,
2004). Mitochondria also perform other functions that are critical to neuronal development
and synaptic function such as fission and fusion (Divakaruni et al., 2018; Rangaraju et al.,
2019), compartmental trafficking (Lewis et al., 2018), and quality control mechanisms such
as mitophagy (Ebrahimi-Fakhari et al., 2016; Franco-Iborra et al., 2018). When these
functions go awry, several neuronal deficits may be produced, that can culminate in NDDs
such as ASD. In 1985, the first report of mitochondrial dysfunction in ASD showed
elevated lactate levels in the plasma of autistic children (Coleman and Blass, 1985). Since
then there have been numerous reports (Haas, 2010; Palmieri and Persico, 2010; Rossignol

and Frye, 2012) suggesting metabolic dysfunction may occur in ASD.

Defects in mitochondrial function in ASD can be broadly viewed as primary or
secondary causations (Haas, 2010; Niyazov et al., 2016). Primary mitochondrial defects are
caused by gene mutations that impair the aerobic ATP synthesis machinery, whereas
secondary defects occur indirectly through other genetic or metabolic abnormalities.
Mutations in mitochondrial DNA (mtDNA) are common targets in mitochondrial
dysfunction in ASD (Rossignol and Frye, 2012; Zhao et al.,, 2019). Many patients
presenting an ASD diagnosis have shown to exhibit altered mtDNA content as well as
reduced electron transport chain (ETC) complex activities (Coker and Melnyk, 1991; Eeg-
Olofsson et al., 1989; GroBer et al., 2012; Ruch et al., 1989). Compromised mitochondrial
energy output due to reduced or increased mtDNA could have detrimental consequences

on neuronal function, and development contributing to the ASD pathophysiology. Further
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disturbances in mitochondrial function have been identified in post-mortem brain tissues
of ASD patients. Differences have been observed in brain region-specific changes in ETC
complexes along with increased markers of oxidative stress (Bunton-Stasyshyn et al.,
2015). Additional evidence from post-mortem brain tissue has shown that reduced ETC
complex activity may be due to activity deficit in antioxidant enzymes, which may largely
contribute to the impaired metabolic capacity of mitochondria in ASD patients (Ashrafi
and Schwarz, 2013; Ashrafi et al., 2014; El Bekay et al., 2007; De Diego-Otero et al., 2009;
Muller et al., 2004). Genetic aberrations in mitochondria, in summary, may be a
contributing factor underlying the pathophysiology of a subset of ASD patients coupled

with deficits in ETC activity and oxidative stress.

Mitochondrial encephalomyopathy lactic acidosis and stroke-like episodes
(MELAS) is one of the best characterized mitochondrial diseases that overlap with ASD.
A clinical investigation studied five patients with ASD while examining familial histories
of mitochondrial DNA diseases (Pons et al., 2004). Two patients harboured the A3243G
mtDNA mutation while the mothers of two other patients harboured the mutation which
typically causes MELAS. In addition, this observation is further strengthened by other
studies that have investigated the overlap between ASD and mtDNA mutations (Graf et al.,
2000; Napoli et al., 2013; Pons et al., 2004; Weissman et al., 2008). ASD risk genes have
also been implicated directly in mitochondrial dysfunction, for example, gene expression
analysis on Mecp2-null mice displayed elevated respiration rates associated with increased

complex III activity (Kriaucionis et al., 2006). Several previous case reports support the

25



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

notion that mitochondrial dysfunction plays a role in Rett syndrome pathophysiology
(Coker and Melnyk, 1991; Eeg-Olofsson et al., 1989; Ruch et al., 1989). Other
mitochondrial abnormalities, such as reduced mitochondrial membrane potential and
increased ETC complex activities are observed in Mecp2-deficient mice (GroRer et al.,
2012; Janc and Miiller, 2014). FMRP is required for the expression of SOD1 (Bechara et
al., 2009), a protein responsible for destroying superoxide radicals and for preventing
oxidative damage (Bunton-Stasyshyn et al., 2015). In mice lacking the gene encoding
FMRP, increased oxidative stress markers are observed (EI Bekay et al., 2007; De Diego-
Otero et al., 2009). Recently, a Tsc mouse model was also reported to show impaired
mitophagy by an accumulation of mitochondria in 7sc//2-deficient neurons (Ebrahimi-
Fakhari et al., 2016). It was shown that inhibiting the mTORCI1 pathway or stimulating
mTORCI1-independent autophagy was sufficient to reduce and clear damaged and excess

mitochondria and replenish mitochondria at presynaptic sites.

In human iPSC-derived neurons from patients harbouring mutations in 7SC2,
significant deficits in mitochondrial bioenergetics were identified as well (Ebrahimi-
Fakhari et al., 2016). These findings were corroborated by the observation of depolarized
mitochondria in the neurites of the patient neurons, indicating that those mitochondria were
less effective in their oxidative phosphorylation capacity (Ebrahimi-Fakhari et al., 2016).
In a CNV genetic model of ASD, patient iPSC-derived neurons harbouring the 7q11.23
copy number variant displayed mitochondrial oxidative phosphorylation complexes were

unstable and resulted in reduced ATP as well as structural deficits in neuron morphology.
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These observations are linked to one of the genes in the 7q11.23 deletion, DNAJC30, an
auxiliary component of the ATP synthase complex (Tebbenkamp et al., 2018). Disrupted
mitochondrial bioenergetics is a common mechanism in neuronal dysfunction. As stated
above, LTP requires bursts of mitochondrial fission, however, unhealthy mitochondria are
unlikely to perform the ability to elicit normal responses and thus may contribute to
electrophysiological abnormalities (Bateup et al., 2013; Divakaruni et al., 2018). Further,
mitochondrial deficits have been identified in other neuropsychiatric disorders such as the
22q11.2 deletion syndrome, a genetic risk factor for schizophrenia (Fernandez et al., 2019;
Li et al., 2019). In 22q11.2 deletion mouse models, mitochondrial deficits are reported to
affect layer-specific synaptic integrity while in patient iPSC-derived neurons ATP, and
ETC complex activity levels are reduced (Li et al.,, 2019). The commonality of
mitochondrial deficits outside of ASD suggests that the metabolic regulation of these

organelles may play a larger role than expected in neuronal function and homeostasis.

It is known that disruption of ASD-risk genes impacts downstream pathways that
result in metabolic disturbances within neurons. Although many studies suggest a link to
metabolic disruptions, many of the therapeutic preclinical and clinical trials lag behind.
Current clinical studies have broadly investigated ketogenic diets for symptomology
treatment of ASD. These high-fat, low-carbohydrate diets have been successful in treating
some forms of epilepsy, but have limited success in children with ASD (Mierau and
Neumeyer, 2019). Other studies have suggested moderate improvements in behaviour and

cognitive abilities in children who can follow the diet throughout (Cheng et al., 2017).
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However, further investigation into the connection between synaptic function,
mitochondrial activity, and protein translation will drastically advance our understanding
of synaptic pathology associated with ASD and allow for precision-based medicine that

may aid our current therapies or generate undiscovered ones.

1.4 The importance of the voltage-gated sodium channel a-subunit in
neurodevelopment

The ion channel family of voltage-gated sodium channel a-subunit (SCNxA4) genes
in the human genome consist of ten genes. Within the CNS SCN/4, SCN2A4, SCN3A4, and
SCN8A are highly expressed in neurons (Sanders et al., 2018). All ten genes are located
between chromosomes 2 and 3, with the CNS-expressed channels located on chromosome
2. The homology within the family is high as it has been reported that both whole-genome
and gene duplication events during early chordate and vertebrate evolution lead to the
present day genes and gene clusters (Holland and Ocampo Daza, 2018; Meisler et al., 2021;
Zakon, 2012). Due to the specialized nature of sodium channels, their genes are highly
conserved throughout evolution, with many of the genomic regions being retained from
invertebrate and prokaryotic species (Meisler et al., 2021). The voltage-gated sodium
channel family has main roles in the initiation and propagation of action potentials, along
with regulating backpropagation. Because these channels are so highly conserved and
specialized, mutations can cause deleterious effects on the species. Pathogenic mutations
in SCNIA, SCN24, SCN3A4, and SCN8A4 have been associated with many neurological

disorders, these disorders are discussed in detail later in this section. Briefly, mutations in
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the CNS-associated SCNxA genes most often manifest as epilepsy, seizures, ataxia,
intellectual disability, and ASD (Bender et al., 2012; Echevarria-Cooper et al., 2021; Jones
et al., 2016; Liao et al., 2010; Schwarz et al., 2019; Tidball et al., 2020; Yamagata et al.,
2020; Zaman et al., 2018). Further, haploinsufficiency of the CNS-associated SCNxA genes
is sufficient to induce many of the same atypical phenotypes (Deneault et al., 2018; Tai et

al., 2014; Tatsukawa et al., 2019).

The subcellular localization of CNS-associated SCNxA channels is well described
throughout neuron architecture. As their roles revolve around action potential initiation and
propagation, high-density clustering of sodium channels has been reported at the axon
initial segment (AIS), and axon or nodes of Ranvier of myelinated neurons (Bender and
Trussell, 2012; Boiko et al., 2003; Huang and Rasband, 2018; Kole and Stuart, 2008). Aside
from high-density clusters, SCNxA expression is found throughout the neuron including
the soma, and dendrites (Kole and Stuart, 2008; Spratt et al., 2019). The channel
localization has evolved across species to enhance both the response to voltage changes
and conduction velocity properties. Neuron subtypes dictate the expression of the CNS-
associated sodium channels along with the paralogs expressed per subtype. For example,
inhibitory neurons of the medial prefrontal cortex, specifically somatostatin and
parvalbumin-positive neurons predominantly express Scnla with little to no membrane
localization of Scn2a in mice (Spratt et al., 2019). However, excitatory neurons of the
cortex predominantly express SCN2A during early development to generate and propagate

action potentials. In excitatory neurons of the cortex SCN2A and SCN8A expression and
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function are developmentally regulated, where SCN8A expression increases later to

assume the primary role of action potential initiation and propagation (Bender and Trussell,

2012; Kole and Stuart, 2012; Meisler et al., 2021; Sanders et al., 2018).

1.4.1 SCN24’s role in ASD

Large-scale sequencing studies of ASD cohorts have identified SCN2A as a top 3
ASD-risk gene, harbouring an abundance of de novo variants (Satterstrom et al., 2020).
SCN24 encodes the alpha subunit of the voltage-gated sodium channel Nav1.2. Nav1.2 is
reported to be the only voltage-gated sodium channel that is expressed at the AIS in
glutamatergic neurons of the neocortex during early development (Boiko et al., 2003;
Gazina et al., 2015; Osorio et al., 2005; Sanders et al., 2018). This occurs from the late
second trimester until 1-2 years of age, this means excitation in the neocortex is regulated
by Navl.2 (Sanders et al., 2018). Interestingly, this phenomenon changes later in
development, and both Nav1.2’s function and subcellular localization shift. After 1-2 years
of age, Nav1.6 replaces much of Nav1.2 at the distal AIS and axon. Nav1.2 then becomes
restricted to the proximal AIS and somatodendritic compartments aiding in boosting action
potentials and in part regulating backpropagating action potentials (Hu et al., 2009; Spratt
et al., 2019). SCN84, a paralog of SCN2A4 encodes Nav1.6, one of the main differences is
the lower voltage threshold for activation of Nav1.6. Once mature, glutamatergic neurons
express Nav1.6 at the distal AIS taking over the roles of action potential initiation and

propagation (Boiko et al., 2003; Kole and Stuart, 2012; Kole et al., 2008).
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To simplify variants, they were historically categorized as loss-of-function (LoF)
or gain-of-function (GoF). These classifications refer to the effect of the variant on the
protein, in this case, does the variant enhance or decrease channel activity. One of the first
studies to categorize SCN2A variants used overexpression of SCN2A and its variants in
Human embryonic kidney (HEK) cells and computational models (Ben-Shalom et al.,
2017). They found that many of the variants that contributed to an enhancement of channel
activity were missense and often were from patients with epileptic syndromes, these were
categorized as GoF. In opposition, variants that impaired channel activity were often
protein truncating or nonsense, these variants were almost exclusively from patients with
ASD (Ben-Shalom et al., 2017). This made categorizing patient mutations easier, as it
seemed like variants that perturbed SCN2A function had distinct groups. However, other
studies started to report a spectrum of clinical presentations associated with SCN2A
perturbations. Specifically, several LoF mutations that were associated with ASD also had
early and late-onset seizures, complicating the dichotomy (Wolffet al., 2017). This remains
one of the mysteries in genotype to phenotype relations of SCN2A channelopathy, further,
these findings emphasized the need for cellular investigation of mutations identified in the
clinic. From current SCN2A reports a common theme is prevalent, an understanding that
both the type of and location of the variant have a profound effect on the phenotypes
observed. This was evident by clustering of missense variants, variants contributing to
epileptic syndromes were often situated by the voltage sensory domain, while variants close

to the pore loops were commonly associated with ASD/ID (Ben-Shalom et al., 2017).
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Many of the first investigative reports of SCN2A’s role in behaviour came from
mouse studies. Since perturbations of SCN2A in humans are caused by point mutations,
they often represent a range of expressions from haploinsufficiency to full expression of
the channel. Engineered mice created to recapitulate complete loss of SCN2A or a null
knockout (KO) provided early evidence of perinatal lethality (Planells-Cases et al., 2000).
Since this early report, researchers have focused on heterozygous mouse models of Scn2a.
One of the challenges that face behavioural studies with ASD-associated genes, is
reproducibility. Many factors can contribute to differential outcomes between researchers,
handling, seasonal changes, and most importantly differential genetic background
signatures and genetic drift (Ey et al., 2012; Spencer et al., 2011). Heterozygous loss of
Scn2a in one mouse model may not be equal in another mouse, this can be due to the
perturbation method of the gene of interest. This is evident with Scn2a mouse models,
where behaviour phenotypes can vary from report to report. In recent years, the efforts to
translate the core human ASD behavioural characteristics, impaired social communication,
and repetitive behaviours have accelerated in mice. Haploinsufficient Scn2a mouse models
have assessed locomotion, anxiety, repetitive behaviour, sociability, and learning.
Heterozygous male mice struggle with reversal learning tasks in parallel spatial learning
(Middleton et al., 2018; Spratt et al., 2019). This meant Scn2a™- had difficulties unlearning
spatially dependent tasks. They have also been found to display enhanced fear conditioning,
elongated fear association, social impairment, and hyperactivity in novel environments
(Tatsukawa et al., 2019). Additionally, sex differences have been reported, with female

Scn2a™" mice having impaired social recall but lesser anxiety-like behaviours (Spratt et al.,
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2019). In another study, researchers discovered that young Scn2a*” mice (P22 - P44)
showed reductions in ultrasonic vocalizations mimicking reduced social communication,
but this was not present in adult mice (P60 - P95) (Léna and Mantegazza, 2019). This age-
dependent regulation of behaviour was also seen in self-grooming and marble burring
monitoring, with young Scn2a™ mice spending significantly more time in both tasks.
Further emphasizing that repetitive behaviours are present and that the paralog switch of

Scn2a to Scn8a may underpin the age-dependent effects.

In recent years researchers have partially surmounted the consequences of perinatal
lethality associated with complete loss of Scn2a. A group engineered a gene-trap mouse
knockout model of Scn2a that has ~25% expression compared to wild-type mice (Eaton et
al., 2021). A gene-trap knockout essentially traps upstream exons by splicing a trapping
cassette that is inserted into the intron of the gene of interest, thus creating truncated
transcripts (Skarnes et al., 2011; Testa et al., 2004). The trapping cassette contains the
bacterial B-galactosidase (LacZ) gene reporter allowing for easy identification and
validation of insertion (Testa et al., 2004). The hypothesis behind the generation of a pseudo
knockout mouse model was that a 50% reduction of Scn2a is not sufficient to observe major
behavioural phenotypes. Having residual Scn2a expression provides enough expression for
survival but not enough to miss more complex behaviours or minute behavioural deficits.
From their behavioural tests of adult mice, they concluded that Scn2a knockout mice had
elevated anxiety-like behaviours, and that this was a sex specific phenotype, with females

traveling longer distances in the open field test. Eaton et al. also found increased repetitive
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behaviours with increased grooming with no sex differences and a lack of novelty via the
marble burying test (Eaton et al., 2021). Other subtle behavioural changes included altered
sensory perception of heat and slight spatial working memory impairment in male Scn2a
knockout mice. The use of gene-trap of Scn2a in mice was recently used to provide insights
into sleep patterns and circadian rhythms (Ma et al., 2022). Clinical studies have found
sleep disorders are prevalent in children with SCN2A deficiency (Crawford et al., 2021).
Briefly, their results aligned with the clinical study, Scn2a knockout mice had increased
wakefulness during light and dark cycles, and reduced non-rapid-eye-movement (Ma et al.,
2022). As more patients with SCN2A deficiencies are identified more comorbidities may

be brought to light, providing evidence to pursue.

In an attempt to translate human genetic mutations to mouse models to better
understand the behavioural outcomes, researchers have created transgenic mice with human
mutations. One group engineered a mouse model that harboured a heterozygous truncating
mutant in SCN2A in the last protein-coding exon (Wang et al., 2021). They found that adult
mice with this Scn2a mutation displayed increased social interaction, locomotion, and
reduced anxiety behaviour. To date, there is limited work on behavioural analysis of human
mutations in mice. Behavioural studies are essential in providing insight between genotype
and behaviour and will remain the primary way researchers study behaviour in a functional

biological system where they can also tease apart molecular mechanisms.
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1.4.2 SCN24 channelopathies in neurodevelopmental disorders

As NGS studies continue to identify variant enrichment in potential risk genes for
NDDs, SCN24 remains one of the most reported genes. Variants perturbing SCN2A’s
function have been linked to infantile epileptic encephalopathy (IEE), benign familial
infantile seizures (BFIS), ASD/intellectual disability (ASD/ID), and episodic ataxia (EA).
IEE is characterized by seizures in the first six months of life, primarily it presents itself as
tonic seizures leading to stiffening of body muscles (Vaher et al., 2014). Common
anatomical hallmarks of IEE in infants are the underdevelopment of the cerebral
hemispheres and structural abnormalities, most notably, asymmetric lesions (Yamatogi and
Ohtahara, 2002). BFIS is characterized by infantile-onset seizures that resolve within the
first 2 years of life often without neurodevelopmental repercussions (Sanders et al., 2018).
Case studies have suggested the onset is variable ranging from 2 days to 13 months
postnatal (Herlenius et al., 2007). ASD/ID, as previously mentioned is characterized by
global developmental delay affecting social and language progression (Sanders et al.,
2018). Less studied are the effects of pathogenic SCN24 variants on EA. Associated
symptoms of EA range from slurred speech to involuntary muscle movements (Liao et al.,
2010). There are eight 8 types of EA with type 1 and 2 being the most common and type
3-8 being very rare (Choi and Choi, 2016). However, pathogenic variants in SCN24 have
not been linked to one specific EA type (Choi and Choi, 2016; Schwarz et al., 2019). Unlike
epileptic seizures, EA episodes can result in 1-2 episodes per day lasting several weeks,
with quiescent periods lasting up to years, with a much longer onset for SC2NA pathogenic

variants (Schwarz et al., 2019). The onset of SCN24-associated EA is reported to be
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between 10 months and 14 years of age (Schwarz et al., 2019). Each of these SCN2A-
related disorders has been monitored in the population to determine the prevalence. The
last monitoring study reports were conducted in 2016, with a total estimation of 11.1% of
100 000 births linked to SCN2A-related causes (Baio et al., 2018; Gaily et al., 2016; Ronen

et al., 1999; Sanders et al., 2018).

One notable mention of SCN2A4’s emerging involvement with NDDs is
schizophrenia (Kruth et al., 2020). Schizophrenia is highly heritable with prevalence
estimates affecting 1% of individuals (Goeree et al., 2005). Schizophrenia is defined in the
DSM-5 by three main symptoms, positive, negative, and cognitive symptoms. Visual and
auditory hallucinations, delusions, and disorganized thoughts are included in positive
symptoms, while social withdrawal, lack of motivation, flat affect, and inability to
experience pleasure are included in negative symptoms. Cognitive symptoms include
working memory and attention deficits. Similar to EA, the onset of Schizophrenia is
typically late adolescence into early adulthood (Primavera et al., 2012). One of the first
studies implicating common SCN24 variants in Schizophrenic patients came from analyzed
postmortem brains; researchers examined the prefrontal cortex and noted that lower SCN2A4
expression was associated with poorer cognitive performance (Dickinson et al., 2014).
Another group reported that SNPs in SCN24 were a predictor of cognitive ability in both
schizophrenic and healthy individuals (Scult et al., 2015). More recently, a group
functionally characterized a de novo missense mutation detected from NGS of a

Schizophrenic cohort (Carroll et al., 2016; Fromer et al., 2014; Kohlnhofer et al., 2021).
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This was the first functional characterization of an SCN2A4 mutation identified in the
schizophrenic cohort, they determined the mutation was LoF after introducing the mutation
into iPSC-derived cortical neurons (Kohlnhofer et al., 2021). In all, these reports suggest
that SCN2A has a role in cognitive outcomes across neurological disorders. As more
variants are identified cellular validation is required to understand the pathophysiology.
Since all variants are not phenotypically the same due to location and type, a problem
persists. Broad range therapeutic approaches to alleviate symptoms often fail. For instance,
the first-line anticonvulsant medication phenytoin often used in the clinic can have no effect
on variants, while other blockers can (Hackenberg et al., 2014; Zhang et al., 2021a).
Further, instances of insensitivity or non-responsiveness to common pharmacological drugs
have been reported in SCN2A4-related EA (Schwarz et al., 2019). Together, this further
highlights our current lack of ability to provide predictable and efficient approaches to treat

or alleviate general disorders with pathogenic SCN24 variant underpinnings.

1.5 Summary of Intent

The overall objective of this thesis was to disseminate the effects of varying genetic
perturbations of SCN24 on human neuron dynamics. This objective was further dissected
into three main aims: functionally characterize clinically relevant variants at the cellular
level, identify molecular signalling pathways that may be disrupted, and provide insights
into SCN2A’s expression across neuronal development. This was done to guide a detailed
investigation of SCN2A’s pathogenic variant effects on human neurons and to in part

elucidate the pathobiology of SCN2A channelopathies.
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Aim1: This aim was to functionally characterize three different genetic perturbations of
SCN24 in human neurons. At the onset of this project, we had two human isogenic SCN24
knockout lines that we were interested in functionally characterizing and comparing to
understand the cellular deficits. Previously, one SCN24 line was partially characterized
along with other ASD-risk genes highlighting their neuronal network and synaptic
communication dynamics (Deneault et al., 2018). However, this project evolved into a
larger characterization venture when we obtained patient samples from two SCN24
deficient families through our collaboration with Dr. Stephen Scherer. Previous studies had
not yet ventured into human modelling and characterizing mutations of SCN2A4. There was
a need for such studies and this was emphasized when researchers began to model channel
and cell dynamics complemented with HEK cell transfections of mutated channels to obtain
preliminary insights (Ben-Shalom et al., 2017). The need to characterize mutations stems
from SCN2A harbouring an abundance of de novo variants paired with a lack of
understanding of how they contribute to clinical phenotypes. This understanding is critical
for treatments where binning mutations based on either their channel dysfunction or clinical
presentation could be important for simplifying treatment regimens. From this, we began
to see that a small fraction of mutations were studied and characterized and that recurrent
mutations were observed at a low rate. Further, many mutations are often clustered in
similar regions of the channel contributing to a global phenotype of ASD or EE but rarely
ever the same predicted or experimental mechanistic features. From this and our
understanding of neuronal activity and its importance in the regulation of transcription,

translation, and neurodevelopment we explored dendrite growth, and single cell and
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neuronal network activity. Using techniques such as immunocytochemistry, patch-clamp,
and multi-electrode arrays we were able to uncover the importance of variant location and
penetrance on neuronal activity and morphology. Specifically, the R607* LoF mutation
behaved similarly to the SCN24 KO neurons, where the G1744* LoF mutation did not. Our
results indicated that the G1744* mutation was less severe and that neurons were able to
recover their excitability and enhance key intrinsic properties. The results of this work are
currently in a preprint published on BioRxiv in September 2021, where I am the first author

of this study.

Aim 2: My second aim was to identify cellular or molecular signalling pathways that were
disrupted in human neurons with SCN24 deficiency. To date, reports on SCN24 deficiency
have focused on the initial pathophysiology of the neuronal excitability, varying rescue
techniques, and mouse behaviour (Begemann et al., 2019; Léna and Mantegazza, 2019;
Ogiwara et al., 2018; Que et al., 2021a; Spratt et al., 2019; Wolff et al., 2017; Zhang et al.,
2021a). However, studies still lack mechanistic answers that provide insights into how
SCN24 deficiency affects molecular biology. This understanding is important as it provides
targetable signalling pathways that could help to ameliorate the phenotypes observed, and
further provides another classification to group mutations if they converge or diverge on
specific signalling pathways. We used the R607* mutation to validate our aim since it had
the most severe neuronal phenotypes. Through a collaboration with Dr. Yu Lu, we were
able to perform proteomic and bioinformatic analyses to determine the downstream effects

of SCN24 deficiency. From these experiments, we discovered that R607* induced neurons
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(iNeurons) had differentially expressed proteins (DEPs) compared to their familial control
iNeurons, and that these DEPs clustered into specific cellular or molecular pathways. The
results of this work revealed SCN24 haploinsufficiency is sufficient to disrupt the cellular
processes in human iNeurons. The results of this work are currently in a preprint published

on Biorxiv in September 2021, where I am the first author of this study.

Aim 3: Lastly, in this aim, we wanted to take advantage of having readily available human
iPSC lines and our knowledge of genetic engineering to delineate the findings from the
p.G1744* variant. Since the findings were unexpected for a traditional LoF variant, we
wanted to further characterize the de novo point mutation in a clean background. For this,
we wanted to create an isogenic model that differed by only a single basepair, the variant.
This would prove useful in elucidating the cellular findings of general enhancement or no
differences between control and proband from the first chapter. Using these combined
tools, we can separate the question of causality between solely the variant contributing to
the phenotype or differences in genetic background. Even though all our samples are sex-
matched with familial controls, a difference of approximately 50% of the DNA still exists.
Obtaining familial controls is rare in human disease modelling, but to provide more targeted
findings, this was a necessary venture. Secondly, reproducing findings observed in iPSC-
derived neuronal modelling can be difficult as many factors can differ between facilities
such as culturing and freezing techniques, the timing of media changes, and more (Volpato
et al., 2018). Because of this, we wanted to confirm that our findings followed a similar

trend in a completely different genetic background, so we performed these experiments
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isolated from the patient lines used in Chapter 1. Once the isogenic line was made, our
patch-clamp and morphology data indicated that the p.G1744* variant did not impair
neuronal dynamics but it also did not enhance neuronal characteristics as with the proband

and familial control.
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Figure 1. Schematic of human development.
Developmental timeline of major overlapping events that start at conception and continue
in early adulthood. SCN2A is solely expressed in developing cortical neurons starting at

the 2" trimester until 2 years postnatal. Figure adapted from Courchesne et al., 2018.

42



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

A Synaptic connectivity and neuronal B Excitatory and inhibitory neurons interplay

morphology
Dendritic l M

Excitatory Postsynaptic receptors

~ complexity ) }
=5 input expression

NLGN4 =

AS ASD genes
; SHANKZ
Synaptic . SHANK3 MECP2

density ] ‘ Inhibitory CACNATC
7z input

ASD
Axon targeting

Figure 2. Excitation-inhibition mechanisms that are altered in neurodevelopmental
disorders.

A) The development and maintenance of neuronal connectivity is dependent on typical
function and maturation of synapses, dendrites and axons.

B) Maintenance of excitatory-inhibitory inputs is regulated by feedback loops that aid in
regulating single neuron and network activity. Cellular models of ASD-risk genes have
implicated them in altering the processes shown in (A) and (B). Figure adapted from

Culotta and Penzes, 2020.
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Figure 3. Presynaptic neuronal mechanisms that are mitochondrial dependent.
Mitochondria produce approximately 90% of the ATP required for neuronal function.
ATP is then distributed throughout the membrane producing energy for mechanisms
involved in exo- and endocytosis, ion concentration maintenance, and synaptic
transmission. Mitochondria are constantly remodeled from the transient and long-term

energy demands of the neuron. Figure adapted from Li and Sheng, 2021.
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CHAPTER 2: SCN2A DISRUPTION BY KNOCKOUT OR DE NOVO VARIANTS

IMPACTS HUMAN NEURON FUNCTION AND MORPHOLOGY

Brown, C.O, Uy, J.A Murtaza, N, Rosa, E, Alfonso, A, Xing, S, Dave, B.M., Kilpatrick, S,
Cheng, A.A, White, S.H, Howe, J, Scherer, S.W, Lu, Y, and Singh, K.K. (2021). Disruption
of the autism-associated gene SCN2A differentially alters synaptic development and

bioenergetic signaling in patient iPSC-glutamatergic neurons. BioRxiv.

This article is open source.

2.1 Preface

This manuscript was published as a preprint in BioRxiv, on September 17, 2021.
This chapter will exclusively focus on cellular phenotyping of the genetic perturbations of
SCN2A in iNeurons. Experimental conception and planning were done by Chad Brown
and Dr. Karun K. Singh. The majority of the cellular experimentation including,
electrophysiology was performed by Chad Brown. Electrophysiological recordings were
analyzed by Chad Brown. Images from immunocytochemistry were a shared responsibility
between Chad Brown and Jarryll Uy; the analysis of images was performed by Chad
Brown. The majority of the manuscript was written by Chad Brown, with Jarryll Uy

contributing in part. Dr. Karun K. Singh reviewed the manuscript writing.

We would like to thank Dr. Stephen W. Scherer for providing access to the patient

samples that were used throughout this study and Dr. Yu Lu for performing mass
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spectrometry and guiding us through the analysis of our proteomics data. We would also
like to thank the funding agencies that supported our work. Grants from the Canadian
Institutes of Health Research (CIHR), Ontario Brain Institute-POND study, and the Natural
Sciences and Engineering Research Council (NSERC) to K.K.S. Y.L received funding
from NSERC and ERA-NET NEURON, and S.W.S received funding from OBI-POND,
Autism Speaks and CIHR. J.U was awarded a fellowship from CIHR (CGS-M) and the
University of Toronto Vision Science Research Program, and C.O.B was awarded a
fellowship from the McMaster University Michael G. DeGroote Institute for Pain Research
and Care. We also acknowledge the resources of MSSNG (www.mss.ng), Autism Speaks
and The Centre for Applied Genomics at The Hospital for Sick Children, Toronto, Canada.

We also thank the participating families for their time and contributions to this database.

2.2 Abstract

SCN2A4 is an autism spectrum disorder (ASD) risk gene and encodes a voltage-gated
sodium channel. Autism-associated SCN2A4 variants are thought to be pathogenic by
reducing channel function; however, the impacts of autism-associated SCN24 de novo
variants on human neuron development are unknown. We studied SCN2A using isogenic
SCN2A47 induced pluripotent stem cells (iPSCs), and patient-derived iPSCs harbouring a
p-R607* or a C-terminal p.G1744* de novo truncating variant. We generated excitatory
glutamatergic neurons and found that SCN24*PR607* and SCN2A4”" neurons displayed a
reduction in synapse formation and excitatory synaptic activity, suggesting LoF
phenotypes. However, the C-terminal p.G1744* variant, which leads to early-onset seizures

in addition to ASD, altered action-potential dynamics but not synaptic activity. Further,
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+p-R607* neurons revealed defects in

proteomic analysis and functional validation of SCN24
bioenergetic signalling pathways, which were not present in SCN24*7-¢1744* neurons. Our

study reveals that autism-associated SCN24 de novo variants are not all LoF, and

differentially impact synaptic function and bioenergetic signalling.

2.3 Introduction

Autism spectrum disorder (ASD) is a childhood-onset, heterogeneous group of
neurodevelopmental disorders characterized by deficits in social communication, and
restricted and repetitive patterns of behaviour, or interests (Ofner et al., 2018). Genetic
studies have identified hundreds of genes to the underlying etiology, including rare-
inherited and de novo variants (Bai et al., 2019; Grove et al., 2019; lossifov et al., 2014;
Ruzzo et al., 2019; Sanders et al., 2015; Satterstrom et al., 2020; Yuen et al., 2017). One of
the leading candidate autism risk genes is SCN24, which encodes the neuronal a-subunit
of the voltage-gated sodium channel Nav1.2 (Crawford et al., 2021; Sanders et al., 2012;
Satterstrom et al., 2019, 2020; Wang et al., 2016). SCN2A is primarily expressed in
glutamatergic neurons, and the function of SCN2A and its location changes throughout
development. Early expression at the distal AIS is essential for the initiation and
propagation of action potentials, while later in development, expression is clustered at the
proximal AIS to regulate action potential backpropagation (Bender and Trussell, 2012; Hu
et al., 2009; Kole and Stuart, 2012; Spratt et al., 2019). SCN24 is thought to predominantly
regulate excitatory neuron function, while inhibitory neuron characteristics remain largely

unchanged (Ogiwara et al., 2018; Spratt et al., 2019; Wang et al., 2021).
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Understanding how variants in SCN24 contribute to neurological disorders can
inform potential therapies or long-term clinical outcomes. Cell line and computational
studies have identified the potential impact of the SCN24 variants (Begemann et al., 2019;
Ben-Shalom et al., 2017; Echevarria-Cooper et al., 2021; Que et al., 2021b). These studies
indicated that SCN2A4 GoF variants are likely associated with an enhancement of channel
function and EE. LoF variants in SCN24 including those that result in protein truncations
are associated with reduced channel function, leading to ASD and intellectual disability
(Begemann et al., 2019; Ben-Shalom et al., 2017; Sanders et al., 2018). The majority of
studies on SCN2A have been done on mouse models and suggest heterozygous loss of
Scn2a function results in reduced channel function and developmental excitatory circuit
abnormalities (Ogiwara et al., 2018; Shin et al., 2019; Spratt et al., 2019; Tatsukawa et al.,
2019). While mouse models provide important insights, it does not possess the human
and/or patient’s genetic background, which can influence disease phenotypes (Mis et al.,
2019). Further, patient iPSC-neurons modelling missense SCN8A-associated epilepsy
encephalopathy variants revealed defects in sodium channel currents and action potential
dynamics (Tidball et al., 2020). However, SCN24 has not been modelled using a patient-
specific neuronal system (Deneault et al., 2018; Kohlnhofer et al., 2021; Lu et al., 2019).
We and others previously showed that SCN24” glutamatergic neurons display reduced
synaptic activity. However, computational, cell line, mouse and iPSC-derived neuron
models have yet to show whether they reflect phenotypes from patient-derived neurons,
and the signalling mechanisms involved (Begemann et al., 2019; Ben-Shalom et al., 2017;

Deneault et al., 2018; Ogiwara et al., 2018; Shin et al., 2019; Spratt et al., 2021, 2019;
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Tatsukawa et al., 2019; Wolff et al., 2017; Zhang et al., 2021a). Further, since SCN2A is a
large channel with multiple domains, it remains unknown whether protein-truncating
variants at different locations in the gene have the same functional effect. Potential
differences could impact how SCN2A variants are clinically classified, or determine which

pharmacological intervention can be used.

To address this gap, we generated iPSCs from two ASD probands with sex-matched
parental controls, as well as a new isogenic SCN24” iPSC line. We used the Neurogenin2
(NGN2) protocol (Zhang et al., 2013) to generate excitatory glutamatergic neurons
(iNeurons) for electrophysiological and proteomic studies (Figure 1A). This included an
ASD patient with the SCN24™PR%07* variant, and an ASD individual with early-onset
seizures with a SCN24*7-G174#* yariant. These variants are located near opposite ends of the
channel, providing a comparison of different protein domains. We found that
electrophysiological analysis of isogenic SCN24”~ and SCN2A4"7R507* iNeurons revealed a
similar reduction in synapse development, synaptic transmission, and neuronal network
activity. However, SCN24*PC1744* iNeurons displayed no changes in synaptic
transmission, but instead possessed enhanced action potential characteristics. Taken
together, our characterization of neuronal activity and morphology showcase that the type
and location of genetic perturbations within SCN2A produce a spectrum of cellular
phenotypes across development, and that this further manifests into varying clinical

presentations.
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2.4 Materials and Methods

2.4.1 Approval and generation of iPSCs

All pluripotent stem cell work was approved by the Canadian Institutes of Health
Research Stem Cell Oversight Committee. Blood was taken from individuals with the
approval from SickKids Research Ethics Board after informed consent was obtained, REB
approval file 1000050639. This study was also approved by the Hamilton Integrated
Research Ethics Board, REB approval file #2707. CD34+ blood cells were verified using
flow cytometry and collected for iPSC reprogramming. All iPSCs were generated by
Sendai virus reprogramming and clonal expansion using the CytoTune — iPSC 2.0 kit
(ThermoFisher) to deliver the reprogramming factors. Once colonies were large enough
(approximately 15-17 days post-Sendai transduction), each colony was transferred to 1 well
of a 12-well plate coated with irradiated MEFs and plated in iPSC media (DMEM/F12
supplemented with 10% KO serum, 1x non-essential amino acids, 1x GlutaMAX, ImM -
mercaptoethanol, and 16ng/mL basic fibroblast growth factor (bFGF)). Once iPSCs were
expanded and established they were transitioned to matrigel coated plates and grown in
mTeSR1 (STEMCELL Technologies) and subsequent passaging continued to use ReLeSR
(STEMCELL Technologies). iPSC lines without karyotypic abnormalities were used and
this was verified by G-band karyotyping performed by the Centre for Applied Genomics
(Hospital for Sick Children). To verify the expression of pluripotent markers OCT4 and

NANOG, immunocytochemistry was performed.
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2.4.2 Generation of SCN24 KO cells

A 3x stop premature termination codon (StopTag) was designed similarly to our
previously described method for introducing a StopTag into the DNA to knock out the
expression of genes of interest (Deneault et al., 2018). This 3x StopTag was delivered by a
synthesized single-stranded oligodeoxynucleotide (ssODN) containing two 50-nucleotide-
long homology arms with the StopTag, V5 epitope, and EcoRI restriction site sequences
coding 59 nucleotides. The knock-in site was selected to situate the StopTag 80 bp upstream
of the exon 5-6 junction, to increase the likelihood of transcript knockout by the nonsense-
mediated decay pathway (Neu-Yilik et al., 2011). A normal iPSC line named “50B”
previously described was used to insert the StopTag and generate an isogenic SCN24 KO
line (Deneault et al., 2018). The StopTag ssODN template, a pSpCas9(BB)-2A-GFP
plasmid (Addgene, catalog no. 48138), and paired gRNAs targeting exon 5 of SCN24 were
nucleofected into the S50B iPSCs using the Amaxa 4D-nucleofector with code CA137. GFP
expressed cells were isolated 48h after nucleofection and clonally grown. Digital droplet
PCR and dilution culture steps previously described were used to enrich for SCN24 KO
populations (Deneault et al., 2018; Miyaoka et al., 2014). The purified SCN24 KO wells
were expanded and assayed for pluripotency, karyotypic abnormalities, and sequencing

validation of StopTag insertion. (Figure S1).

2.4.3 Induction of iPSCs into glutamatergic neurons
We sought to explore functional differences between the 3 genetic models of
SCN24 deficiency. For this, we needed to differentiate the newly generated iPSCs into

excitatory neurons. Since previous findings showed inhibitory neurons were unaffected by
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SCN24 deficiency, we required an established system to explore excitatory neuron-driven
differences (Ogiwara et al., 2018; Spratt et al., 2019; Wang et al., 2021). To rapidly upscale
experiments and focus on excitatory neurons, we used the previously published constitutive
expression protocol of NGN2 to generate homogeneous populations of glutamatergic
neurons (Zhang et al., 2013). These iNeurons displayed stable membrane, firing, and
synaptic properties when co-cultured with mouse glial cells by day in vitro (DIV) 21
(Zhang et al., 2013, 2018). Importantly as we previously described, this protocol provided
consistent differentiation levels between cell lines derived from different participants
(Deneault et al., 2018, 2019). We modified this protocol by inducing NGN2 for 3 days
starting at DIV 1 and puromycin selecting for 2 days starting at DIV 2 and adding mouse
glial cells at DIV 5. Half-iNeuron media (iNI) (Neurobasal media, 1x SM1, 1x GlutaMAX
Ix pen/strep, 1ug/mL laminin, 10 ng/uL brain-derived neurotrophic factor (BDNF) and 10
ng/uL glial-cell derived neurotrophic factor (GDNF)) changes were performed every other
day. Patch-clamp recordings were generated between DIV 24 and 27 post-NGN2-
induction. Comparable bioelectric properties were previously reported (Deneault et al.,

2018, 2019; Yi et al., 2016; Zhang et al., 2013, 2018).

2.4.4 Immunocytochemistry

iPSCs were washed gently 2 times with phosphate-buffered saline (PBS) and fixed
in 4% paraformaldehyde in PBS for 8 min at room temperature. The cells were then washed
2 times with PBS and left overnight at 4°C. The next day, the cells were permeabilized at
-30°C with ice cold methanol for 10 min. The cells were then washed 2 times with PBS for

8 min and incubated with primary antibodies overnight at 4°C. The following day, the cells
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were washed 3 times with PBS for 8 min. Secondary antibodies were incubated for 1 hr at
room temperature covered with aluminum foil, followed by 3 washes in PBS for 8 min.
After the washes, 300 mM 4',6-diamidino-2-phenylindole (DAPI) in PBS was incubated
for 8 min, followed by 2 washes with PBS. Coverslips were then quickly dried with a
Kimwipe and mounted on VistaVision glass microscope slides (VWR) with 10 pL of
Prolong Gold Anti-Fade mounting medium (Life Technologies). Mounted coverslips were
allowed to cure overnight in a dark slide box at room temperature. Images were acquired

using a Zeiss LSM700 confocal microscope.

On DIV 25, iNeurons were fixed at room temperature in 4% paraformaldehyde in
PBS for 15 min. The cells were then washed 3 times for 10 min with PBS, then blocked
and permeabilized (B/P) with a B/P solution containing (0.3% Triton-X, 10% Donkey
Serum, and PBS) for 1 hr. The cells were then incubated overnight at 4°C with primary
Microtubule-associated protein 2 and Synapsin 1 antibodies in B/P solution. The next day,
cells were washed 3 times for 10 min in PBS and incubated with secondary antibodies in
B/P solution for 1.5 hours at room temperature and covered with aluminum foil. The cells
were then washed 3 times for 10 min and incubated with 300mM DAPI for 8 min. The cells
were then washed 1 time with PBS for 10 min. Coverslips were then quickly dried with a
Kimwipe and mounted on VistaVision glass microscope slides (VWR) with 10 pL of
Prolong Gold Anti-Fade mounting medium (Life Technologies). Mounted coverslips were
allowed to cure overnight in a dark slide box at room temperature. Images were acquired

using a Zeiss LSM700 confocal microscope.
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2.4.5 Analysis of presynaptic puncta and primary dendrites

Synaptic morphology was processed and analyzed with ImageJ software. The
Synapsinl (SYN1) antibody was co-immunostained with MAP2 to determine dendrites
with presynaptic puncta. Three biological replicates were used for each line with the data
generated from five iNeurons per replicate per condition. A total of 15 iNeurons per
condition per line were used with two dendrites of equal dimensions used per iNeuron. Data
represent the number of synaptic puncta averaged by two dendrites per iNeuron within 30
pm segments. The same images were used to calculate dendrite complexity. This was
determined by counting the number of MAP2-positive primary dendrites branching from

the soma.

2.4.6 Multielectrode array

All recordings were performed using 48-well clear bottom MEA plates (Axion
Biosystems), consisting of 16 electrodes per well. Plates were coated with filter-sterilized
0.1% polyethyleneimine solution in borate buffer pH 8.4 for 2 hr at 37°C, washed with
water four times and dried overnight. 40 000 DIV 4 doxycycline iNeurons were seeded in
a 20 pL drop of iNI media at the centre of each well for 1.5 hr, then an additional 150 puL
of iNI media was added. The day after, 20 000 mouse astrocytes per well were seeded on
top of iNeurons in 150 pL per well of iNI media. Mouse astrocytes were prepared from
postnatal day 1 CD-1 mice as described (Kim and Magrané, 2011). Half media changes
were performed every other day with iNI media until the endpoint of the experiments. The
electrical activity of neurons was measured a minimum of once-a-week post-seeding onto

MEA plates using the Axion Maestro MEA reader (Axion Biosystems). On the day of
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recording, MEA plates were equilibrated for 5 min on the pre-warmed reader at 37°C. Real-
time spontaneous neural activity was recorded for 10 min to use for offline processing.
Recordings were sampled at 10 kHz and filtered with a bandpass filter from 200 Hz to 3
kHz. A threshold of greater than 6 standard deviations was used to detect spikes and
separate noise. Electrodes were considered active if a minimum of 5 spikes were detected
per minute. Wells that were unable to generate 10 active electrodes of the 16 by DIV 42
were not used for analysis. Bursts were defined as a minimum of 5 spikes with a maximum
of 100-millisecond inter-spike interval (ISI). Network bursts were defined as a minimum
of 10 spikes with a maximum of 100 milliseconds ISI and at least 35% of electrodes in

synchrony. Offline processing was performed using Axion Biosystems Neural Metric Tool.

2.4.7 In vitro electrophysiology

iNeurons were replated on DIV 4 onto polyornithine/laminin-coated coverslips in a
24-well plate at a density of 100 000/well with 0.5 mL of iNI media. On DIV 5, primary
mouse astrocytes were added at a density of 50 000/well to support iNeurons’ viability and
maturation. Half media changes were performed every other day and wells were maintained
until DIV 24 — 26 for recordings. At DIV 9, iNI was supplemented with 2.5% FBS which
was adapted from (Zhang et al., 2013). Whole-cell patch-clamp recordings were performed
at room temperature using Multiclamp 700B amplifier (Molecular Devices) from
borosilicate patch electrodes (P-97 puller and P-1000 puller; Sutter Instruments) containing
a potassium-based intracellular solution (in mM): 123 K-gluconate, 10 KCI, 10 HEPES; 1
EGTA, 1 MgCl2, 0.1 CaCl2, 1 Mg-ATP, and 0.2 Na4GTP (pH 7.2). 0.06%

sulpharhodamine dye was added to the intracellular solution to confirm the selection of
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multipolar neurons. The extracellular solution consisted of (in mM): 140 NaCl, 5 KCl, 1.25
NaH2POs4, 1 MgClz, 2 CaClz, 10 glucose, and 10 HEPES (pH 7.4). Data were digitized at
10 —-20 kHz and low-pass filtered at 1 - 2 kHz. Recordings were omitted if access resistance
was >30 MQ. Whole-cell recordings were clamped at -70 mV and corrected for a calculated
-10mV junction potential. Rheobase was determined by a step protocol with 5 pA
increments, where the injected current had a 25 ms duration. Action potential waveform
parameters were all analyzed in reference to the threshold. Repetitive firing step protocols
ranged from -20 pA to +50 pA with 5 pA increments for the isogenic KO line. This was
adapted for the patient-derived iNeurons as it took more current to elicit their rheobase. The
repetitive firing step protocol ranged from -40 pA to +90 pA with 10 pA increments. No
more than two iNeurons per coverslip were used to reduce the variability. Data were
analyzed using the Clampfit software (Molecular Devices), while phase-plane plots were

generated in the OriginPro software (Origin Lab).

2.4.8 Statistical analysis

Data are expressed as mean + SEM. Three viral NGN2 transductions were used as
biological replicates for statistical analysis, except for CTRL-F2 and G1744* MEA data,
where two biological replicates were used. We used the Student’s unpaired t-test, two-way
ANOVA, and post hoc Sidak tests in GraphPad Prism 8§ statistical software for statistical
analyses. Sidak was used to correct for multiple comparisons. Grubbs’ test was used to
remove outliers. The p-values in the figure legends are from the specified tests, and p <0.05

was considered statistically significant.
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2.5 Results

2.5.1 Generation and characterization of isogenic SCN2A knockout and two patient-
derived truncating de novo variants in human iPSCs and iNeurons

We recruited two unrelated families with de novo protein-truncating variants in SCN24 in
the proband and sex-matched parental controls that did not have the variant (Figure 1B).
The variants were identified by whole-genome sequencing (Yuen et al., 2017). Both
probands were male; one had ASD and a de novo truncating variant at amino acid position
607 (SCN2A+PR607%) "while the other proband had ASD and early-onset seizures with a C-
terminal truncating variant at position 1744 (SCN2A47-G174#*) (Figure 1B). iPSCs were
generated as previously described (Deneault et al., 2018, 2019), with all lines having a
normal karyotype, expressing pluripotency markers, and were mycoplasma free (Figure
S1A and C). We confirmed that the iPSCs from the probands carried the SCN24 variant
(Figure S1D). In addition to the patient-derived and parental control iPSCs, we generated
a new SCN2A47~ iPSC line using CRISPR/Cas9 to insert a STOP-tag into exon 5 of an iPSC
line we previously used (named 50B) (Deneault et al., 2018), which was confirmed by
sequencing (Figure S1D) (referred to as CTRL-iso and KO respective to wild-type and
knockout neurons). The first family, or SCN24"»R%07* variant and familial control are
referred to as CTRL-F1 and R607*, while the second family or SCN24 "7 174" yariant and

familial control are referred to as CTRL-F2 and G1744* (Figure 1D).

2.5.2 SCN2A expression in cortical neurons
We validated SCN24 expression in iNeurons using digital droplet PCR (ddPCR).

Compared to controls, we found that probes targeting exon 4-5 had minimal detectable
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SCN24 transcript in isogenic KO neurons, demonstrating that the CRISPR-Cas9-inserted
3x stop-tag single-stranded oligodeoxynucleotides donor (ssODN) disrupted SCN2A4
expression (Figure 1E). Using R607* iNeurons, ddPCR detected a small quantity of SCN24
mRNA, which is likely derived from the remaining allele (Figure 1F). We also examined
iNeurons from the G1744* variant located in exon 27, which is beyond the predicted non-
sense mediated decay breakpoint (Nagy and Maquat, 1998; Sanders et al., 2018). We
quantified SCN24 expression at exon 4-5 and found that the G1744* variant produces a
small reduction in expression of SCN24 (Figure 1G), suggesting a lesser impact on mRNA

levels.

2.5.3 SCN2A perturbation in human cortical neurons reduces synapse formation but not
dendpritic growth

To study the morphological effects of SCN2A4 perturbation on human glutamatergic
neurons, we used iNeuron that were co-cultured with mouse glia from our varying models
of SCN24 deficiency. To assess the differences between the deficiency severity, and
synaptic and dendritic morphology, we fixed our iNeuron co-cultures between DIV 26-28.
This coincided with the onset of our electrophysiological recordings. Previous studies have
shown that Scn2a™- animal studies have immature spine development in cortical excitatory
neurons (Spratt et al., 2019). We immunostained with the Microtubule-associated protein
2 (MAP2) commonly used in dendrite identification of mature neurons, and Synapsin 1
(SYNTI) which is used in identifying presynaptic vesicles often near the active zones. Co-
cultures were also stained with DAPI to identify DNA in the nuclei of either glia or

iNeurons. From this, we determined that there was no change in the number of MAP2-
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positive primary dendrites that originated from the soma in all genetic models of SCN24
deficiency, suggesting that SCN2A may not regulate dendrite formation (Figure 2A-C).
However, this finding did not rule out the possibility of dendrite arborization and spine

growth being altered.

Next, we examined synapse formation in the context of SCN2A4 deficiency. Since
the iNeuron co-cultures were previously stained with SYN1 we were able to perform a
synaptic analysis on the same samples used for the dendrite inquiry, thus providing a
stronger correlation between any findings of dendrite and synapse morphology. The
synapse examination was divided into two categories, density, and puncta size. Each of
which would describe a distinctive characteristic of the synapse. We examined synaptic
density to provide insight into synaptic connectivity, this was done by analyzing the number
of axonal boutons that were close to a postsynaptic neurons’ dendrite. Differences in
synapse size can be attributed to many biological reasons, in our use case, SYNI is
associated with the membrane of presynaptic vesicles, and any differences would be
crudely referenced to changes in vesicle numbers or size. From our analysis, we found gross
decreases in synapse density for all neuron models of SCN24 deficiency (Figure 2D-F).
This data suggests that two fully functional alleles of SCN24 are necessary for an
appropriate number of synaptic connections to form. When examining the presynaptic size,
we found increases in our KO and G1744* iNeurons respective to their controls (Figure
2F). However, no differences were seen in size for R607* iNeurons (Figure 2E). Together,
these data indicate that SCN24 deficiency is not sufficient to impair primary dendrite

growth, but does reduce synaptic connectivity and may alter synapse size.
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2.5.4 SCN2A deficiency differentially impacts passive and active membrane properties of
iNeurons

Neurons are dynamic and are capable to regulating one’s self-activity to
environmental stimuli. One aspect that helps to define the dynamic nature of neurons are
membrane properties. Neuron membranes innately define two core characteristics, this
being capacitance, and resistance. From this, we can crudely determine properties including
size, resting membrane potential, and leakiness. Additionally, it is well documented how
membrane properties can shape synaptic integration. We first inquired how SCN24
deficiency may impact membrane properties. Using a whole-cell patch clamp we
determined that R607* iNeurons had reduced capacitance compared to CTRL-F1 iNeurons
(Figure 2I), however, the other two deficient SCN24 lines did not (Figure S2). Further, the
input resistance of KO iNeurons was significantly increased compared to CTRL-iso
iNeurons (Figure 2G), implicating SCN2A4 deficiency in differential membrane properties.

All other membrane properties remained unchanged (Figure S2).

To better understand the intrinsic properties of our iNeurons under SCN24
deficiency, we analyzed the action potential waveform. Throughout, we found that the
R607* and KO iNeurons behaved similarly, but G1744* iNeurons diverged from the other
genetic manipulations. R607* and KO iNeurons had reduced action potential amplitude
respective to their controls (Figure 2I), suggesting that fewer sodium channels are present.
Additionally, KO iNeurons showed a significant reduction in the maximum rise rate of the
depolarization phase (Figure 2G), where R607* iNeurons trended towards a decreased rate

but were not statistically significant (Figure 2I). This suggests that the maximal sodium
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conductance was impaired through the ion channels. This was more evident when
generating the phase-plane plot to visually represent the kinetic differences of the action
potential waveforms (Figure 2I). All other parameters of action potential waveform were
not statistically significant between R607* and KO iNeurons (Figure S2). When examining
the G1744* iNeurons’ action potential waveform we observed a stark contrast to the R607*
and KO iNeurons. First, we found that the threshold of G1744* iNeurons was more
hyperpolarized compared to CTRL-F2 iNeurons (Figure 2L). This suggests that the site of
which the all or none response of the iNeuron was closer to the resting membrane potential
as the resting membrane potential was not changed (Figure 2K). Second, we found that this
change in threshold coincided with increased action potential amplitude, half-width, and
the maximum rise and decay rates (Figure 2M-P). Together, this indicates that G1744*
iNeurons have a more robust action potential that is generated at more negative voltages.
Further, since they have an increased maximal amplitude, and rate of depolarization and
repolarization phase, they generate narrower action potentials compared to CTRL-F2
iNeurons (Figure 2Q). We also generated a phase-plane plot to better visually represent the

kinetics of the action potential waveform (Figure 2Q).

To supplement the action potential waveform data, we also questioned the repetitive
firing capabilities of our iNeurons. Glutamatergic neurons have been characterized with the
ability to fire a train of action potentials in a short time, we questioned if SCN24 deficiency
would also affect action potential trains. We discovered that when KO iNeurons were
injected with positive current, there was a transient hyperexcitable phenotype, this was

evident by an increased number of action potentials observed at small positive current
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injections (Figure 2H). The R607* iNeurons which represent SCN2A haploinsufficiency
did not show this transient effect and persisted to show no statistically significant difference
to CTRL-F1 iNeurons (Figure 2J). Finally, the G1744* iNeurons did not differ from the
CTRL-F2 iNeurons (Figure 2R). Taken together, this data suggests that there is a
paradoxical phenomenon of hyperexcitability that is present only with homozygous loss of
SCN2A expression. Further, heterozygous expression of SCN2A is sufficient to support

action potential train firing.

Lastly, in an attempt to inquire if synaptic connectivity was altered in our SCN2A4
deficient iNeurons, we examined synaptic transmission. SCN2A is an essential regulator
of excitability in glutamatergic neurons. For this, we looked at excitatory postsynaptic
currents and characterized both the frequency and the magnitude of the currents. For this
analysis, a 60 s segment was analyzed taken from the 180 s of recording until the start of
the 240s. We determined that during this recording period KO iNeurons displayed a
reduction in the number of currents that were detected, but the magnitude of the currents
was unaffected compared to CTRL-iso iNeurons (Figure 3A). Additionally, R607*
iNeurons followed suit with a significant decrease in the frequency of the currents but not
the amplitude of the events (Figure 3B). However, G1744* iNeurons showed no
impairment in synaptic connectivity for both frequency and magnitude (Figure 3C). This
suggests that there is an impairment in the frequency of synaptic connectivity with KO and

R607* iNeurons interacting less through chemical synapses.
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2.5.5 Severity of SCN24 deficiency differentially impairs neuronal network activity and
development

We previously determined that KO, R607* G1744* iNeurons showed decreases in
presynaptic density but only KO and R607* iNeurons displayed decreases with their
synaptic transmission on a single cell level. This caused us to question if the impairments
in synaptic morphology and the frequency of synaptic communication would persist and
disrupt neuronal network dynamics. We separated and analyzed our network data into three
distinct parameter categories, these being activity, connectivity, and oscillations or major
network bursting patterns. All data was extrapolated from the raster plots generated from
the MEA system (Figure 4A, H, and O). From our analysis, we discovered an interesting
phenomenon of decreased number of active electrodes across our KO and R607* iNeurons
(Figure 4B and D). This was not evident in the G1744* iNeurons, suggesting that
heterozygous or more severe loss of SCN2A is sufficient to impair a subset of neuron firing
in a network (Figure 4P). We further found that the weighted mean firing rate was impacted.
KO and R607* iNeurons displayed a reduction in the number of spikes that were generated
across time, this was corrected for the number of active electrodes since CTRL-iso and
CTRL-F1 iNeurons had more active electrodes throughout development (Figure 4C and J).
The weighted mean firing rate remained unchanged for G1744* iNeurons (Figure 4Q).
Because of the differences in the active electrodes for KO and R607* iNeurons, we were

unable to use the meaning firing rate as an accurate indicator of general activity.

Next, to determine the bursting characteristics of our genetic models of SCN2A4

deficiency, we analyzed clustered spikes that we defined as bursts if there was a minimum
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of 5 spikes within 100 milliseconds. KO iNeurons displayed a decrease in bursting and the
number of spikes per burst (Figure 4D, E). When examining the bursting of patient
iNeurons, unlike the KO iNeurons, R607* iNeurons exhibited a small increase in bursting
early in development (Figure 4K), which became reduced compared to CTRL-F1 iNeurons.
Furthermore, R607* iNeurons displayed a decrease in the number of spikes per burst for a
transient window between DIV 39 — 46 (Figure 4E vs. L). Secondary burst parameters were
also examined to further characterize bursting patterns (Figure S3A-B and E-F).
Interestingly, G1744* iNeurons did not show any difference in burst frequency but had a
stark reduction in the number of spikes per burst during early development (Figure 4R and

S, Figure S31I and J).

Network bursting and synchronization occurs in later stages of neuronal
development, which is crucial for the organization and regulation of excitation (Kim et al.,
2019; Kirwan et al., 2015; Masquelier and Deco, 2013; Stegenga et al., 2008). We found
that the number of spikes per network burst was reduced in KO and R607* iNeurons at
approximately 4 weeks (Figure 3F and M). Network burst frequency and network burst
duration were also recorded and corroborated impaired network capacity (Figure S3C-D
and G-H,). Interestingly, we found that early on within network bursts, G1744* iNeurons
had reduced spikes, similar to KO and R607* iNeurons; however, after DIV 49, there was
a reversal and G1744* iNeurons had more spikes (Figure 4T). This was also reflected in
the large increase in the burst and network burst duration (Figure S3K and L), which is
opposite to the KO and R607* iNeurons. This is noteworthy because this proband has early-

onset seizure activity; therefore, the increased spikes per network burst and their duration,
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which may occur due to the abnormal action potential characteristics, may contribute to
epilepsy. An alternative explanation is that the G1744* iNeurons have an elongated early
maturation phase where normal developing burst sequences are altered initially but
compensate for the decreased number of spikes in bursts allowing for a rebound in mid to

late development.

Lastly, we examined synchronization, which is a parameter defined as the
probability for neighbouring electrodes to detect activity in quick succession based on prior
electrode activity. This is measured as an index ranging from 0 — 1, where 1 represents
neighbouring electrodes detecting activity based on a prior active electrode, 100% of the
time. Interestingly, we found that all iNeurons displayed deviation from their respected
control lines, suggesting that synchronization of neurons in the network was impaired by
any type of SCN2A disruption (Figure 4G, N, and U). However, this measurement does
not take into account the probability of random spikes contributing to the synchrony of the

neuronal network.

2.5.6 Excitatory-inhibitory co-culture ratios regulate the magnitude of electrical events
but does not alter the patterns

Outside the scope of the manuscript but that was paramount to our understanding
of our model, was our investigation of how inhibitory neurons modulate excitatory cultures.
We decided to test this concept on CTRL-F2 iNeurons in the MEA format with varying
densities of iNeurons. GABAergic iNeuron generation followed previously published
reports of exogenous expression of ASCL1 and DLX2 to directly differentiate iPSCs and

NPCs into iNeurons (Barretto et al., 2020; Yang et al., 2017) (Figure S4A). We used ratios
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0f 100, 90/10, 70/30, and 50/50 excitatory to inhibitory iNeurons to examine biological and
non-biologically relevant ratios that were used in our initial screen. These ratios were
changed based on a total of 50 000 iNeurons. Further, we longitudinally monitored our
cultures to better understand the developmental trajectory. We followed a similar analysis
pipeline outlined in our MEA section by looking at activity, connectivity, and oscillations

or major network bursting patterns.

We first examined the activity parameters of our excitatory-inhibitory co-cultures.
We found that all 4 ratios followed a similar trajectory with the number of active electrodes,
however, this started to deviate at DIV 39 with the 70/30 and 50/50 ratios decreasing their
active electrodes, while 100 and 90/10 ratios did not (Figure S4B). Weighted mean firing
rate did not differ significantly until DIV 53 and 56 for these cultures with ratios of 100
and 90/10 having high firing rates (Figure S4C). This suggests that the introduction of
GABAergic iNeurons reduces glutamatergic iNeurons firing in a linear graduate response.
Bursting characteristics were less affected by the introduction of GABAergic iNeurons. We
discovered that burst frequency had no differences across the ratios (Figure S4D).
However, trajectories started to differ for the number of spikes per burst at DIV 56 for 100,
and 90/10 ratios (Figure S4E). This suggests that around DIV 56 glutamatergic iNeurons
with less GABAergic iNeuron inputs increase the number of spikes associated with
bursting. Lastly, analysis of network bursting dynamics resulted in no differences observed
in network burst frequency across development (Figure S4F). When inspecting the
synchronization index, the results mirrored our predicted outcomes, the amount of

synchrony decreased with the increasing GABAergic iNeurons population, however, this
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plateaued with 30% GABAergic iNeurons (Figure S4G). This suggests that a negative
feedback mechanism exists where an excess of 30% GABAergic iNeurons does not further

reduce the network activity and communication to help maintain a baseline.

2.6 Discussion

The cellular phenotypes underlaid by the severity and location of de novo SCN24
mutations remains poorly understood. As more variants are curated, clinicians and
researchers continue to falter when it comes to expansive human neuronal characterization
studies. Reports have indicated that clinical diagnosis of ASD or EE of the SCN2A
channelopathy tend to have variants associated with clusters in specific regions within the
protein. Clustering of missense variants contributing to epileptic syndromes is often
localized proximally to the voltage sensory domain, while variants close to the pore loops
are commonly associated with ASD/ID (Ben-Shalom et al., 2017). However, our study
expands on previous human and mouse work by further modelling patient mutations in
human neurons and reporting findings on two previously unpublished variants. Further, we
took great interest in functionally validating the G1744* mutation in our iNeurons as there
are no reports investigating an SCN24 loss of function variant that produces both ASD and
seizure phenotypes. We discovered the gross cytoarchitecture of primary dendrites was
unaltered in our iNeurons, however, synaptic morphology differed, and this was likely due
to changes in neuronal activity. Further, we reveal that both SCN24 mutations behave
dissimilarly in both intrinsic and extrinsic neuronal parameters, highlighting a dichotomy

for LoF mutations. Finally, we demonstrate that neuronal network activity is differentially
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impacted by the type and location of the mutations, with the R607* mutation producing

more severe phenotypes.

2.6.1 Cytoskeletal dynamics are regulated by neuronal activity via loss of SCN2A
Literature has long reported that long-term memory formation creates lasting
changes to neuronal morphology. Specifically, the increased presence of dendritic spines
is often observed in learning-induced events (Lamprecht, 2021). These spines can also
undergo elimination under depressive states of neural circuits. Since dendritic spines are
primary sites of excitatory input, changes in their shape, presence and density can
significantly alter synaptic connectivity which underlies neuronal networks. Spine
dynamics are also proportionally related to synaptic currents observed on the postsynaptic
neuron, with AMPAR-mediated currents the most affected (Matsuzaki et al., 2001). Scn2a
heterozygous mouse studies have reported a maturation-dependent regulation of dendritic
spines (Spratt et al., 2019). Throughout development dendritic arbour structure remains
unchanged with Scn2a haploinsufficiency; cortical neurons examined between P5 — 6
maintained similar morphology in filopodial spines between control and Scn2a
heterozygous neurons (Spratt et al., 2019). Mature neurons (>P23) expressed no changes
in spine density, but Scn2a™” neurons did present with spines that were longer, and with
smaller head volume compared to the total head and neck volume (Spratt et al., 2019).
These findings highlighted that Scn2a™ mature neurons tend to have similar features to
immature neurons. When examining dendrites in our SCN24 deficient iNeurons, we
noticed similar trends to the above results mentioned in mouse tissue sections. In all three

of our SCN24 deficient genetic models, primary dendrites remained unchanged. From our

68



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

analysis, primary dendrites are similar to the basal dendrites, unlike tissue sections, we are
unable to obtain data from apical dendrites since our neurons are grown as a monolayer.
This suggests that SCN2A does not regulate apical or basal dendrite arborization in mouse
and human neuronal models. Given that we did not analyze dendritic spines, we instead
examined synapse morphology by immunostaining the presynaptic terminals and
microtubule structure of our iNeurons. At DIV 25 — 28, all SCN24 deficient iNeurons
expressed decreases in the density of terminals synapsing onto a postsynaptic neuron’s
dendrite. This indicated that there could be fewer functional synapses formed which would
impair synaptic connectivity. Since we did not examine this phenomenon at earlier time
points, we cannot state that it is developmentally regulated as with reports of dendritic
spines. However, we can state that the developmental stage of our iNeurons was sufficient
to produce synaptic deficits, and that impairments of synaptic morphology are a hallmark

of SCN24 deficiency in mouse and human neurons.

2.6.2 Differential SCN2A expression regulates neuronal activity by altering intrinsic and
extrinsic neuron characteristics

Using patch-clamp electrophysiology to investigate single neuron characteristics,
we observed three main themes. First, human iPSC-derived KO iNeurons displayed a
paradoxical hyperexcitability phenotype, similar to mouse Scn2a” neurons (Spratt et al.,
2021; Zhang et al., 2021a), but not in patient iNeurons as they have a heterozygous loss of
SCN2A function. This reduction in synaptic transmission in KO iNeurons could be due to
the localization of SCN2A during early development predominately being expressed at the

AIS and secondarily in the somatodendritic compartments (Bender and Trussell, 2012;
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Gazina et al., 2015; Hu and Bean, 2018; Hu et al., 2009; Spratt et al., 2019). An alternative
explanation is that SCN2A regulates neuronal activity-dependent transcriptional activity
that drives synaptic gene expression, and protein translation which was disrupted in our

proteomics analysis discussed in the following chapter (Deneault et al., 2018; Ip et al.,

2018b; Madabhushi and Kim, 2018; Nelson and Valakh, 2015; Zhang et al., 2018).

Our second main observation highlighted that R607* iNeurons had a decrease in
synaptic transmission, however, it is unknown if this is a direct or indirect impact.
Extrapolating and comparing to mouse Scn2a haploinsufficiency, the reduction in
excitatory synaptic transmission in human R607* iNeurons could be driven by changes in
the AMPA:NMDA ratio, inferring an abundance of silent synapses due to an abundance of
AMPA-lacking spines (Hanse et al., 2013; Kerchner and Nicoll, 2008; Spratt et al., 2019).
We also noted that both KO and R607* iNeurons generated less spontaneous electrical
activity, which could suggest SCN24 deficiency, without seizures, dampens neural
networks, and produces small quiescent pockets within the network (Deneault et al., 2018).
Future studies can examine how other SCN24 missense variants impact human neuron
synaptic function, as these variants do not cause protein truncation, but only amino acid
changes, leading to effects on channel function (Ben-Shalom et al., 2017; Echevarria-

Cooper et al., 2021).

The third major observation pointed towards a mixed neuronal phenotype in our
late truncating mutation. The G1744* variant is characterized as a LoF mutation. However,
the individual presents with early-onset seizures, and the variant is past the predicted non-

sense mediated decay breakpoint (Nagy and Maquat, 1998; Sanders et al., 2018). The major
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finding from this line was an enhancement of the action potential waveform, similar to a
human neuronal model of the SCN2A-L1342P variant (Que et al., 2021b). However, the
L1342P variant is characterized as a gain-of-function mutation from computational
modelling and its association with epilepsy, but it has mixed GoF and LoF phenotypes
(Begemann et al., 2019; Que et al., 2021b). Even with action potential waveform
enhancements, we did not observe increases in neuronal excitability, dissimilar to the
L1342P variant. Unlike previous SCN2A mouse and human studies, we did not observe a
difference in synaptic transmission of G1744* iNeurons (Deneault et al., 2018; Spratt et
al., 2019; Wang et al., 2021), suggesting there is compensation for the reduction in synapse
formation. The differences between R607* and G1744* underscore the importance of
studying multiple variants in sodium channels to ascertain the impact on function, as this

was shown for SCN8A4 (Lopez-Santiago et al., 2017).

2.6.3 Differential SCN2A expression alters spontaneous neuronal network activity in
iPSC-derived neurons

Information processing and communication between neurons and groups of neurons
are driven by clustered activity in neuronal networks. Clustering patterns known as bursts
are known to underly neural coding, whether increasing overall network activity based on
synaptic transmission feedback or modulating the synchronization of networks. In cultured
neurons, we can use MEA’s to record spontaneous firing activity across time extending
until months. This platform has proven useful when investigating neurodevelopment using
iPSC-derived neurons. We can now track the trajectory of spiking activity from no spiking

to bursting and integration into functional networks, whereas in disease states, this
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development may not be as linear (Massobrio et al., 2015; Mccready et al., 2022).
Moreover, MEA’s provide the flexibility to measure varying metrics that capture differing
information about activity that may be relevant to the disease state. Inferences drawn from
the readouts have the goal of helping to tease apart some of the complexity of
spatiotemporal organization (Engle et al., 2018; Mccready et al., 2022). Knowing this, we

observed two major takeaways from our data.

First, KO iNeurons were unable to generate an even distribution of spontaneous
activity throughout their networks, this was evident with the decrease in active electrodes.
We hypothesized that this was due to silent synapses that were present throughout the
network. Synapses are an essential site for the transfer of information between pre and
postsynaptic neurons. Synapses that are deemed “silent” often lack AMPARs on the
postsynaptic neuron, suggesting that any currents conducted by the neuron require
depolarization and are N-Methyl-D-aspartate receptor (NMDAR) mediated (Hanse et al.,
2013; Isaac, 2003; Isaac et al., 1995, 1997; Kanold et al., 2019; Kerchner and Nicoll, 2008).
Silent synapses are common in the early development of many glutamatergic synapses of
several brain regions (Isaac et al., 1997; Kanold et al., 2019; Rumpel et al., 1998, 2004).
However, unsilencing of silent synapses occurs across development aiding in the
development of maturing networks (Hanse et al., 2013). Based on our results of KO
iNeurons, maturation of these silent synapses seems to be delayed affecting the generation
of random spikes and synchronization within the network. Further, since elevated activity
in early development is a mechanism that is correlated to converting silent synapses to

AMPAR and NMDAR-containing (Anastasiades and Butt, 2012), this may additionally
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suggest that KO iNeurons are impaired when developing their networks and adapting.
Interestingly, this phenomenon was also present in the early truncating mutation. This
suggested that silent synapses may be more abundant in iNeurons that are SCN2A

haploinsufficient or more severe.

Lastly, in G1744* iNeurons we did not observe a decrease in active electrodes,
suggesting that the cellular phenotypes here were not associated with our above hypothesis.
Instead, we speculated that the reduction of spikes during early development was
compensated by the early onset seizures. This could explain why at later timepoints the
only difference was the synchronization of the network with no bursting (Que et al., 2021b;
Tidball et al., 2020). Additionally, G1744* iNeurons may have compensatory activity early
in development that aids in the recovery, which may be due to a truncated protein being
produced that avoids non-sense mediated decay. Given that the G1744 position is near the
calmodulin-binding domain of SCN2A, variants near the C-terminus may impact local
calcium signalling, which has yet to be examined. A recent paper investigated Navl.5
channel function and the functional consequences of impaired calmodulin regulation in
cardiomyocytes (Kang et al., 2021). Since the homology across the family of voltage-gated
sodium channels (Navs) is high, we may be able to assimilate the truncation of the
calmodulin-binding domain to their calmodulin disruption model. Disruptions in
calmodulin binding to the C-terminal of Navl.5 is associated with arrhythmias that are
associated with GoF and LoF syndromes such as long QT and Brugada, respectively (Kang
et al., 2021). One explanation that may explain the increase in neuronal activity observed

with the G1744* iNeurons is what was observed in Nav1.5 channels of the cardiomyocytes.
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An increase in persistent sodium currents can occur with the disruption of calmodulin
regulation, this current fails to inactive even during prolonged depolarization; thus,
enhancing the response of the neuron to synaptic input and action potential waveform
(Stafstrom, 2007). Further, an abundance of the literature suggests that abnormally large
persistent sodium currents are associated with epilepsy (Stafstrom, 2007; Wengert and
Patel, 2020). Reports of patient variants causing EE have shown increased persistent
sodium currents too (Begemann et al., 2019; Liao et al., 2010; Wolffet al., 2017). This may
also explain why there is an enhancement of the action potential waveforms described in

the previous subsection for iNeurons containing the G1744* variant.

Taken together, these data reveal the complexity of variant location and type in the
context of Navs. Perturbation of the channel expression has deleterious effects on
individual and networks of neurons. Furthermore, there seems to be a high gene-dosage
association with the severity of phenotypes observed, KO iNeurons have the most severe
phenotypes, and haploinsufficient R607* iNeurons follow closely, with G1744* iNeurons
functioning closets to control levels. This characterization of patient variants and a KO
model underscores the need for more advanced investigations into patient variants. The
goal of this is to better understand how each variant contributes to the cellular phenotypes
and the regulation of neuronal activity. Once there is a clearer picture of the intricacies,
manipulating cellular mechanisms that may ameliorate abnormal activity could be a viable

next step in correcting abnormal brain development.
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2.7 Conclusion

In conclusion, we used iPSC-derived patient neurons expressing differing variants
to cellularly characterize neuronal dysfunction. Additionally, as a way to isolate the
function of SCN24, we created an isogenic KO. In an attempt to categorize the association
between variant location and cellular outcome, we found novel enhancements in neurons
attributed to a late truncating loss of function variant. These findings reiterate that
categorizing variants as LoF or GoF may be too general, and a deeper look is needed to
delineate the effects these variants have on the channel and neuron. As SCN24 human
cellular model studies begin to focus on patient variant characterization, novel neuronal
outcomes will be identified. From this, common characteristics among variants in a relevant

context could provide useful grouping parameters.
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Figure 1. Experimental pipeline to probe cellular and molecular consequences of
SCN2A deficiency in iPSC-derived iNeurons. See also figure S1.

A) Experimental pipeline to test cellular and signalling function.

B) SCN2A patient and family pedigrees.

C) Schematic of SCN24 structure with the associated location of the de novo variants.

D) Classification of iPSC lines used and their associated naming convention.

E-G) Digital droplet PCR normalized SCN24 expression probed at exon 4 — 5. (E) CTRL-
iso (n=4) and KO (n=4) iNeurons. (F) CTRL-F1 (n=2) and R607* (n=2) iNeurons. (G)

CTRL-F2 (n=4) and G1744* (n=4) iNeurons.
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Figure 2. Effects of SCN2A de novo variants and CRISPR knockout on iNeuron
morphology and synaptic function. See also figure S2.

A-C) Representative images of immunocytochemistry for dendrite complexity and
analysis of MAP2-positive primary dendrites. (A) CTRL-iso (n=15) and KO (n=15)
iNeurons. (B) CTRL-F1 (n=15) and R607* (n=15) iNeurons. (C) CTRL-F2 (n=15) and
G1744* (n=15) iNeurons. 3 viral transductions. Scale bar, 40 um.

D-F) Representative images and quantification of synaptic puncta density and size. (D)
CTRL-iso (n=15) and KO (n=15) iNeurons. (E) CTRL-F1 (n=15) and R607* (n=15)
iNeurons. (F) CTRL-F2 (n=15) and G1744* (n=15) iNeurons. 3 viral transductions. Scale
bar, 10 um.

G) Membrane and action potential properties of CTRL-iso and SCN24 KO iNeurons
(n=17 and 19, respectively), 3 viral transductions. Left: bar graph of recorded input
resistance. Middle: bar graph of measured action potential amplitude. Right: bar graph of
the maximum rise rate and the associated phase plane plot of action potential kinetics.
Data represent means + SEM. *p < 0.05, **p < 0.01, Student’s t-test.

H) Repetitive firing properties of CTRL-iso and KO iNeurons. CTRL-iso (n=17) and KO
(n=19) iNeurons, 3 viral transductions. Data represent means = SEM. *p < 0.05, **p <
0.01, Student’s t-test.

I) Membrane and action potential properties of CTRL-F1 and R607* iNeurons (n=21 and
20, respectively), 3 viral transductions. Left: bar graph of recorded capacitance. Middle:
bar graph of measured action potential amplitude. Right: bar graph of the maximum rise

rate and the associated phase plane plot of action potential kinetics. Data represent means

79



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

+ SEM. *p < 0.05, **p < 0.01, Student’s t-test.

J) Repetitive firing properties of CTRL-F1 and R607* iNeurons. CTRL-F1 (n=21) and
R607* (n=20) iNeurons, 3 viral transductions. Data represent means = SEM. *p < 0.05,
Student’s t-test.

K-Q) Membrane and action potential properties of CTRL-F2 and G1744* iNeurons (n=20
and 21, respectively), 3 viral transductions. (K) resting membrane potential, (L) threshold
of the action potential, (M) amplitude of the action potential relative to threshold, (N)
half-width of the action potential, (O) maximum rise rate from action potential threshold
to amplitude, (P) maximum decay rate from action potential amplitude to threshold, (Q)
representative action potential depicting measurements for analysis and the associated
phase-plane plot of the respective action potential kinetics.

R) Repetitive firing properties of CTRL-F2 and G1744* iNeurons. CTRL-F2 (n=20) and
G1744* (n=21) iNeurons, 3 viral transductions. Data represent means + SEM. *p < 0.05,

Student’s t-test.
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Figure 3. Complete and partial loss of SCN2A4 has differential effects on synaptic
transmission.

A-C) Synaptic transmission representative traces and analysis of SCN24 deficient
iNeurons. (A) Left: sSEPSC frequency of synaptic transmission. Right: SEPSC amplitude
of synaptic transmission. CTRL-iso (n=17) and KO (n=19) iNeurons. (B) Left: sSEPSC
frequency of synaptic transmission. Right: SEPSC amplitude of synaptic transmission.
CTRL-FI (n=21) and R607* (n=20) iNeurons. (C) Left: sEPSC frequency of synaptic
transmission. Right: sSEPSC amplitude of synaptic transmission. CTRL-F2 (n=20) and
G1744* (n=21) iNeurons. 3 viral transductions. Data represent means + SEM. *p < (.05,

*¥p < 0.01, Student’s t-test.
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Figure 4. Effects of SCN2A de novo variants and knockout on the development of
spontaneous network activity in iPSC-derived iNeurons. See also figure S3.

A) Example raster plots of recordings of neuronal network activity at DIV 49 for CTRL-
iso and SCN24 KO iNeurons.

B-G) Quantification of MEA parameters for CTRL-iso and KO iNeurons. (B) number of
active electrodes, (C) weighted mean firing rate, (D) burst frequency, (E) number of
spikes per burst, (F) number of spikes per network burst, (G) synchrony index. CTRL-iso
(n=47 wells) and KO (n=43 wells) iNeurons, 3 viral transductions. Data represent means
+ SEM. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, two-way ANOVA with
post hoc Sidak correction.

H) Example raster plots of recordings of neuronal network activity at DIV 49 for CTRL-
F1 and R607* iNeurons.

I-N) Quantification of MEA parameters for CTRL-F1 and R607* iNeurons. (I) number of
active electrodes, (J) weighted mean firing rate, (K) burst frequency, (L) number of spikes
per burst, (M) number of spikes per network burst, (N) synchrony index. CTRL-F1 (n=48
wells) and R607* (n=46 wells) iNeurons, 3 viral transductions. Data represent means =+
SEM. *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001, two-way ANOVA with post
hoc Sidak correction.

O) Example raster plots of recordings of neural network activity at DIV 28 for G1744*
and CTRL-F2 iNeurons.

P-U) Quantification of MEA parameters for CTRL-F2 and G1744* iNeurons. (P) number

of active electrodes, (Q) weighted mean firing rate, (R) burst frequency, (S) number of

84



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

spikes per burst, (T) number of spikes per network burst, (U) synchrony index. CTRL-F2
(n=20 wells) and G1744* (n=19 wells), 2 viral transductions. Data represent means +

SEM. *p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA with post

hoc Sidak correction.
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Figure S1. iPSC validation of SCN2A deficient genetic models.

A) Left: Representative immunocytochemistry of SCN2A4 iPSC lines for OCT4, NANOG
and DAPI. Right: Chromosomal images from G-banding karyotyping. Scale bar, 100 um.
B) Flow cytometry plots for pluripotency markers TRA160 and SSEA4.

C) Mycoplasma validation of SCN24 iPSC lines.

D) Sanger sequencing validation. Left: R607* variant validation. Right: G1744* variant

validation. Bottom: isogenic KO V5 epitope and 3x StopTag insertion validation.
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Figure S2. Intrinsic properties of SCN2A deficient iNeurons.

A-F) Patch-clamp electrophysiology of CTRL-iso and KO iNeurons (n=17 and 19,
respectively), 3 viral transductions. (A) capacitance, (B) resting membrane potential, (C)
rheobase, (D) threshold of action potential, (E) half-width of action potential, (F)
maximum decay rate.

G-L) Patch-clamp electrophysiology of CTRL-F1 and R607* iNeurons (n=21 and n=20,
respectively), 3 viral transductions. (G) input resistance, (H) resting membrane potential,
(I) rheobase, (J) threshold of action potential, (K) half-width of action potential, (L)
maximum decay rate.

M-N) Patch-clamp electrophysiology of CTRL-F2 and G1744* iNeurons (n=20 and
n=21), 3 viral transductions. (A) capacitance, (B) rheobase. Data represent means + SEM.

*p < 0.05, Student’s t-test.
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Figure S3. Spontaneous network activity of SCN24 deficiency via multi-electrode
array.

A-D) Analysis of additional isogenic KO iNeuron spontaneous network parameters.
CTRL-iso (n=47 wells) and KO (n=43 wells), 3 viral transductions. (A) burst duration,
(B) inter-burst interval, (C) network burst frequency, (D) network burst duration.

E-H) Analysis of additional R607* iNeuron spontaneous network parameters. CTRL-F1
(n=48 wells) and R607* (n=46 wells), 3 viral transductions. (E) burst duration, (F) inter-
burst interval, (G) network burst frequency, (H) network burst duration.

I-J) Analysis of additional G1744* iNeuron spontaneous network parameters. CTRL-F2
(n=20 wells) and G1744* (n=19 wells), 2 viral transductions. (I) burst duration, (J) inter-
burst interval, (K) network burst frequency, (L) network burst duration. Data represent
means £ SEM. *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001, two-way ANOVA

with post hoc Sidak correction.
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Figure S4. Validation of co-culture iNeurons and characterization of spontaneous
network activity development.

A) Representative epifluorescence images of iPSC induction into neurons. Top: 3 days
post doxycycline induction of iPSCs transduced with lentivirus vectors containing NGN2,
Bottom: 3 days post doxycycline induction of iPSCs transduced with lentivirus vectors
containing ASCL1/DLX2.

B-G) Quantification of MEA parameters at varying co-culture ratios for CTRL-F2
iNeurons. (B) number of active electrodes, (C) weighted mean firing rate, (D) burst
frequency, (E) number of spikes per burst, (F) network burst frequency, (G) synchrony
index. 100 (n=12 wells), 90/10 (n=10 wells), 70/30 (n=12 wells), 50/50 (n=10 wells)

iNeurons, 1 viral transduction. Data represent means = SEM. No analysis was performed.
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CHAPTER 3: PROTEOMIC ANALYSIS OF REDUCED SCN2A EXPRESSION
IN A HUMAN NEURON MODEL REVEALS NOVEL ALTERED SIGNALLING

PATHWAYS
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3.2 Introduction

Mass spectrometry (MS) proteomics has become an ever more useful tool when
investigating the end cellular messaging products in NDDs. Initially, mass spectrometry
was used to generate high-resolution protein abundance and post-translational
modifications, more recently, analysis of protein interactions has been obtainable. We
pursued a quantitative proteomics approach that would allow for label-based identification.
This would provide us with a bottom-up approach used to generate enhanced precision of
quantification and identification through mass spectrometry. This bottom-up approach
digests proteins into peptides with the identification of multiple peptides determining the
protein call. Additionally, samples are labelled using isobaric tags known as tandem mass
tags (TMT) (Dayon et al., 2008). TMT-labeling the samples decreases the variability in an
experiment since biological replicates and conditions are mixed into a single sample. Thus,
the TMT-labelling approach makes multiplexing of samples obtainable, unlike other label-

free systems.

We used proteomics to investigate previously unknown signalling pathways in our
SCN2A cellular models. In essence, this was done to capture the complete proteomic
profile of our cellular models of SCN2A. The central dogma of genetics, specifically, the
interplay between DNA, RNA and protein is not a 1:1:1 ratio (Liu et al., 2016). Further,
the relationship between RNA and proteins is not simply based on the abundance or
concentration of one another. Expression levels of proteins are regulated beyond the
transcript by upstream open reading frames, binding of non-coding RNAs, ubiquitin-

proteasome pathways, protein translation delay via ribosomes and protein localization; as
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these can contribute to altered protein concentration and abundance, we are aware that
steady-state translation and post-translational modifications are additional variables,
suggesting, sole RNA-seq may not fully capture the end molecular signalling pathways that

are at play.

Previous reports of SCN2A’s role in NDDs, in particular, ASD, have focused solely
on the primary effects of the ion channel on neuron function (Begemann et al., 2019; Ben-
Shalom et al., 2017; Echevarria-Cooper et al., 2021; Que et al., 2021b; Spratt et al., 2019;
Zhang et al., 2021b). These studies indicated that SCN2A4 GoF variants are likely associated
with an enhancement of channel function and EE; while LoF variants in SCN24 including
those that result in protein truncations are associated with reduced channel function, leading
to ASD and intellectual disability. However, current studies have not progressed past the
immediate pathophysiology of the ion channel. To better understand the molecular impact
of SCN2A variants in iNeurons, we performed quantitative TMT-tagged shotgun
proteomics on DIV 14 iNeurons. We focused on the R607* variant since it had the more
severe electrophysiological phenotypes. Proteomic analysis identified 17 enriched clusters
that contained significant differentially expressed proteins. Since synaptic plasticity,
translation and mitochondrial function are tightly correlated and contribute to typical
neuron function we decided to investigate two of the most physiologically relevant clusters,

these were mitochondrial function and neuron projection development.

Mitochondria are central in the process of providing and sustaining the energetic
needs of neurons and neural circuits (Bélanger et al., 2011; Magistretti and Allaman, 2015).

The ATP provided by mitochondria is necessary for the maintenance of neurites and
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synaptic transmission (Cioni et al., 2019; Rangaraju et al., 2019; Spillane et al., 2013) as
these are areas of high ATP demand. Mitochondrial localized to a particular synaptic site,
for example, provide ATP necessary for local translation during synaptic plasticity events.
When these mitochondrial compartments are depleted, plasticity-induced synaptic
translation is reduced (Rangaraju et al., 2019). Additionally, transporting mitochondria to
these sites is mediated by the mitochondrial fission/fusion proteins, which when disrupted
lead to significant alterations in mitochondrial distribution in the neuron (Fukumitsu et al.,
2016; Misko et al., 2010). The motility of mitochondria in dendritic protrusions is critical
to developing spines, as their density at these loci affects the structural plasticity of spines
and synapses (Li et al., 2004). Mitochondria also perform other functions that are critical
to neuronal development and synaptic function such as fission and fusion (Divakaruni et
al., 2018; Rangaraju et al., 2019), compartmental trafficking (Lewis et al., 2018), and
quality control mechanisms such as mitophagy (Ebrahimi-Fakhari et al., 2016; Franco-
Iborra et al., 2018). When these functions go awry, several neuronal deficits may be
produced, that can culminate in NDDs such as ASD. In 1985, the first report of
mitochondrial dysfunction in ASD showed elevated lactate levels in the plasma of autistic
children (Coleman and Blass, 1985). Since then there have been numerous reports (Haas,
2010; Palmieri and Persico, 2010; Rossignol and Frye, 2012) suggesting metabolic

dysfunction may occur in ASD.

In this chapter, we attempted to uncover downstream signalling networks that were
dysregulated by activity-dependent mechanisms using proteomics on the more severe

SCN2A truncating patient mutation (p.R607*). From this, we performed initial functional
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validations on the enriched mitochondrial function pathway cluster that were able to
confirm our proteomic findings. This reiterated how powerful proteomics is when
identifying unknown protein signalling networks that are altered due to impaired neuron

function.

3.3 Materials and Methods

3.3.1 Human samples

All pluripotent stem cell work was approved by the Canadian Institutes of Health
Research Stem Cell Oversight Committee. Blood was taken from individuals with the
approval from SickKids Research Ethics Board, after informed consent was obtained, REB
approval file 1000050639. This study was also approved by the Hamilton Integrated
Research Ethics Board, REB approval file #2707. To rapidly upscale experiments, we used
the previously published constitutive expression protocol of NGN2 to generate
homogeneous populations of glutamatergic neurons. (Zhang et al., 2013). These iNeurons
displayed stable membrane, firing and synaptic properties when co-cultured with mouse
glial cells by DIV 21 (Zhang et al., 2013, 2018). Importantly as we previously described,
this protocol provided consistent differentiation levels between cell lines derived from
different participants (Deneault et al., 2018, 2019). We modified this protocol by inducing
NGN2 for 3 days starting at DIV 1 and puromycin selecting for 2 days starting at DIV 2
and adding mouse glial cells at DIV 5. Half-iNeuron media (iNI) (Neurobasal media, 1x
SM1, 1x GlutaMAX 1x pen/strep, 1pg/mL laminin, 10 ng/uL BDNF and 10 ng/uL. GDNF)

changes were performed every other day. These neurons were then enzymatically lifted
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with Accutase (STEMCELL Technologies) for 6 mins and subsequently centrifugated and

pelleted for lysis.

3.3.2 Proteomic profiling by Tandem-Mass-Tag-based Mass Spectrometry

Approximately 150 pg of total protein was extracted from 3 independent NGN2
transductions at DIV 14 for the patient-derived CTRL-F1 and R607* iNeurons (total of 6
samples per patient family) using 8 M urea and 100 mM ammonium bicarbonate. These
protein samples were reduced with 10 mM tris(2-carboxyethyl)phosphine for 45 min at 37
°C, alkylated with 20 mM iodoacetamide for 45 min at room temperature, and digested by
trypsin (Promega) (1:50 (w/w) enzyme-to- protein ratio) overnight at 37 °C. The resulting
peptides were desalted with the 10 mg SOLA C18 Plates (ThermoFisher), dried, and
labelled with 16-plex tandem mass tag reagents (ThermoFisher) in 100 mM
triethylammonium bicarbonate, and quenched with 5% hydroxylamine before being pooled
together. 40 pg of the pooled sample was separated into 36 fractions by high-pH reverse-
phase liquid chromatography (RPLC) using a homemade C18 column (200 um x 30 cm
bed volume, Waters BEH 130 5 um resin) running a 70 min gradient from 11 to 32%
acetonitrile— 20 mM ammonium formate (pH 10) at a flow rate of 5 uL/min. Each fraction
was then loaded onto a homemade trap column (200 um x 5 cm bed volume) packed with
POROS 10R2 10 pum resin (Applied Biosystems), followed by a homemade analytical
column (50 um x 50 cm bed volume) packed with Reprosil-Pur 120 C18-AQ 5 pum particles
(Dr. Maisch) with an integrated Picofrit nanospray emitter (New Objective). LC-MS
experiments were performed on a Thermo Fisher Ultimate 3000 RSLCNano UPLC system

that ran a 3 hr gradient (11— 38% acetonitrile—0.1% formic acid) at 70 nL/min coupled to
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a Thermo QExactive HF quadrupole-Orbitrap mass spectrometer. A parent ion scan was
performed using a resolving power of 120 000; then, up to 30 of the most intense peaks
were selected for MS/MS (minimum ion counts of 1000 for activation) using higher energy
collision-induced dissociation (HCD) fragmentation. Dynamic exclusion was activated
such that MS/MS of the same m/z (within a range of 10 ppm; exclusion list size = 500)

detected twice within 5 s was excluded from the analysis for 30 s.

3.3.3 Proteomic data and pathway enrichment analysis

LC-MS data were searched against a UniProt human protein database (ver 2017-
06, 25020 entries) for protein identification and quantification by Protein Discover software
(ThermoFisher). Only proteins with 2 or more unique peptides were used for downstream
analysis. Protein abundance quantification was normalized by taking the sum of each TMT
channel and normalizing it to a control sample. Protein quantities were log2 transformed to
calculate fold changes and p-values were calculated using Student’s t-test. Post UniProt
accessions were converted to official Gene Symbols using UniProt’s Retrieve/ID mapping
tool. The resulting data were subjected to the Benjamini-Hochberg procedure for correcting
multiple hypothesis testing. We selected arbitrary cutoffs of adjusted P <0.05 and a log2FC
+ 20% for “differentially expressed proteins”. The differentially expressed protein dataset

was used for principal component analysis and pathway enrichment analysis.

To gain further insight into the molecular perturbations, we used g:Profiler for over-
representation analysis using the default parameters except for excluding electronic GO
annotations with our differentially expressed proteins dataset (Reimand et al., 2016, 2019).

We used GO terms from Biological Process categories with FDR < 0.05 in this analysis.
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The following data tables containing enriched GO terms were used to generate an
enrichment map using the Cytoscape plugin Enrichment Map with an FDR cutoff of 0.05
(Merico et al., 2010; Shannon et al., 2003). The resulting network was first automatically
annotated using the AutoAnnotate plugin to aid in the discovery of biological themes of
interest (Kucera et al., 2016). The labels for closely clustered GO terms were edited for
readability and comprehension using Adobe [llustrator. Clusters of interest were further
examined by selecting GO terms belonging to the respective cluster and plotting the most

differentially expressed proteins.

3.3.4 Mitochondrial respiration analysis

iNeurons were replated on DIV 4 onto polyornithine/laminin-coated in the Seahorse
XF96 Cell Culture Microplate (Agilent Technologies) at a density of 50 000/well, with the
four corner wells left empty for the Seahorse XFe96 analyzer calibration. On DIV 5,
primary mouse astrocytes were added at a density of 25 000/well to support iNeurons’
viability and maturation. Half media changes were performed every other day and wells
were maintained until DIV 14 for recordings. At DIV 9, iNI was supplemented with 2.5%
FBS which was adapted from (Zhang et al., 2013). On DIV 13, the XF extracellular flux
sensory cartridge was hydrated with Ultrapure water and incubated overnight at 37°C in a
CO2 free incubator. On DIV 14, mitochondrial stress test media was made (XF base media,
0.5 mM sodium pyruvate, 1.35 mM GlutaMAX, and 8.75mM filtered glucose) and warmed
to 37°C. iNeurons were then washed twice with 200 pL of the MST media, after the second
wash 180 pL of the MST media was added to the wells and left to incubate at 37°C for 1

hr in a COz free incubator. The XF extracellular flux sensory cartridge was removed and
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the MST assay compounds were added to final concentrations of (3 pM Oligomycin, 1 uM
FCCP, and 1 puM Rotenone/Antimycin A). The XF extracellular flux sensory cartridge was
then put into the Seahorse XFe96 analyzer to calibrate compounds and sensors. After, the
XF96 Cell Culture Microplate was then inserted into the XF extracellular flux sensory
cartridge and both plates were taken up into the Seahorse XFe96 analyzer. Measurements
for each respiration phase were taken over 21-minute windows with measurements every 7
minutes, drugs were injected one after another with rotenone and antimycin A injected
together. A CyQUANT cell proliferation assay was performed after recordings to
normalize the oxygen consumption rate. Analysis was performed in the Wave software

(Agilent Technologies).

3.3.5 CyQUANT cell proliferation assay

Immediately after 96-well plates containing iNeurons were done in the XF96
analyzer, media in the 96-well plates was removed and the iNeuron plate was frozen at -
80°C and stored. Once the data obtained from the XF96 analyzer, 96-well plates were
thawed at room temperature. Once thawed wells containing iNeurons were resuspended
with 1x cell lysis buffer supplemented with (180 mM NaCl, 1 mM CaClz, and 1 mM
MgCl2). iNeurons were then left to incubate at room temperature for 1 hr. After the hour,
an equal volume of 2x CyQUANT GR dye was added that was diluted in cell lysis buffer.
The 96-well plate was then transferred to a spectrophotometer to determine the relative
intensity. This intensity reading was then used to normalize the oxygen consumption rate

per well.
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3.4 Results

3.4.1 Altered biological processes in p.R607* iNeurons

We used DIV 14 CTRL-F1 and R607* iNeurons that were cultured without mouse
glia to eliminate the cross-species peptide identification. From the raw data, a principal
component analysis was done to examine the variance in our data set. We found that each
transduction of CTRL-F1 iNeurons clustered closely, where R607* iNeurons had a larger
spread (Figure 1A). Genotypes clustered separately, more than intragroup variance,
suggesting that there were more differences between genotypes than within genotypes. To
depict the 2337 significantly differentially expressed proteins (p-adjusted < 0.05, FC > 1.2
or FC < 0.8) a volcano plot was generated (Figure 1B). We used g:Profiler for functional
enrichment analysis (Figure 5C) using both increased and decreased differentially
expressed proteins (Reimand et al., 2016, 2019). Among the enrichment clusters were
Mitochondrial Function, Neuron Projection Development, Translation, and Cytoskeletal
Organization (Figure 2A and S1). Further examination of the enriched clusters for the
GO:Biological process terms revealed changes in Mitochondrial function: organization and
translation, and Neuron projection development: neuron development and differentiation
(Figure 2B). The differentially expressed proteins, both upregulated and downregulated
belonging to each of the 2 clusters of interest are shown (Figure 2C). Of note, we found a
reduction in expression of key mitochondrial proteins such as TOMM20 (p-adj = 0.00489,
Log2FC = -1.05) and the mitochondrial fusion regulators Mitofusin 1 (MFN1) (p-adj =

0.002, Log2FC =-0.34) and Mitofusin 2 (MFN2) (p-adj = 0.004, Log2FC = -0.487). These
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data suggest R607* iNeurons may have altered mitochondrial function (Chen et al., 2003;

Filadi et al., 2015, 2018; Pecorelli et al., 2020).

3.4.2 Mitochondrial function is impaired in p.R607* iNeurons

To functionally validate the findings from the proteomic profiling, we used a live-
cell metabolic assay to investigate R607* iNeuron defects. We used the Seahorse assay that
reported real-time metabolic rates. This was useful since iNeurons were temperature and
oxygen-controlled aiding in the detection sensitivity for metabolic changes. Our analysis
of mitochondrial respiration from iNeurons was supportive of the proteomic findings. First,
R607* iNeurons consumed less oxygen throughout the experiment relative to CTRL-F1
iNeurons (Figure 3A). This suggests that R607* iNeurons may have a disrupted equilibrium
between oxidative phosphorylation and glycolysis. Further, when we analyzed the major
components of mitochondrial respiration, we noticed significant decreases in basal
respiration, ATP production, and proton leak (Figure 3C-E). This indicates that
mitochondria of R607* iNeurons could not generate enough energy or maintain an
appropriate separation of protons to support the ETC. Additionally, maximal respiration,
non-mitochondrial respiration and spare respiratory capacity were all decreased, hinting
that mitochondria could not meet maximal bioenergetic demands compared to CTRL-F1

(Figure 3F-H).

To supplement the R607* iNeuron findings, we performed the same live-cell assay
on the iNeurons harbouring the less severe p.G1744* variant. Our results indicate that the
oxygen consumption rate was unchanged across CTRL-F2 and G1744* iNeurons (Figure

3B). A deeper analysis of the raw data indicated that most mitochondrial respiration
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parameters were unchanged except for non-mitochondrial consumption (Figure 3I-N). A
decrease in non-mitochondrial oxygen consumption is convoluted with many outcomes that
can be affected, however, a common conclusion is a decrease in using glycolysis. Together,
these data suggest that R607* iNeurons cannot meet the metabolic demands, and may
require more use of glycolysis as opposed to oxidative phosphorylation. Additionally, a
lack of phenotypes in the G1744* iNeurons points towards a severity-dependent phenotype

with more severe variants having a greater impact on energy demands.

3.5 Discussion

3.5.1 Delineation of cellular signalling defects in p.R607*iNeurons

The proteomic profiling revealed that the R607* patient iNeurons had significantly
impaired neuronal development, synaptic signalling and mitochondrial networks. The
validation that mitochondrial and metabolic function is defective in R607* neurons
suggests a link between SCN2A, neuronal activity and mitochondrial activity.
Mitochondrial dysfunction has previously been associated with ASD and NDDs (Frye,
2020; Rossignol and Frye, 2012) and up to 80% of ASD cases have biomarkers of
mitochondrial and ETC activity dysfunction (Rossignol and Frye, 2012). Recent reports
have also linked mitochondrial dynamics to altered neuronal activity (Divakaruni et al.,
2018; Lee et al., 2018; Rangaraju et al., 2019; Sung et al., 2008). This could link how the
reduction in the synaptic activity of the R607* variant leads to impaired mitochondrial
function, which impacts ATP and energy stores, the reduced mitochondrial respiration
could also be a key driver of synaptic deficits. Mitochondrial function has also been

implicated in specific genetic forms of ASD or NDDs (Cicaloni et al., 2020; Crivellari et
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al., 2021; Ebrahimi-Fakhari et al., 2016; Gebara et al., 2021; Klein Gunnewiek et al., 2020;
Kwan et al., 2020; Mithal and Chandel, 2020), suggesting convergence on this pathway is

a risk factor.

Other pathway clusters were enriched but not focused as heavily on as
mitochondrial function. The cytoskeletal organization and neuron projection development
were of secondary interest. The cytoskeleton aids cells in maintaining their shape and
internal organization. This is of interest as SCN2A is trafficked, and has transient
localization. As with most transmembrane proteins, SCNxA’s are trafficked to the surface
of neurons through vesicular transport (Catterall et al., 1986; Schmidt and Catterall, 1986;
Sol¢ and Tamkun, 2020). The specific mechanism of how SCNxA’s are distributed
throughout a neuron is unknown, however, there are three main proposed mechanisms. 1)
preferential somatic delivery and lateral diffusion into the AIS followed by ANKG
immobilization; 2) random delivery to both AIS and the rest of the neuron; and 3) directed
delivery into each compartment with AIS having the preference due to the need for high
channel concentration (Solé¢ and Tamkun, 2020). Whichever one or combination of these
mechanisms is used to deliver SCNxA’s channels throughout the neuron relies heavily on
the cytoskeleton. Additionally, MAPIB binding to SCN8A is reported to prevent
compartment-specific endocytosis, emphasizing the relationship between SCNxA’s and the
cytoskeleton (Solé and Tamkun, 2020). Recently, two reports reemphasized the importance
of Ank2 to Scn2a localization (Gupta and Jenkins, 2022; Nelson et al., 2022). Ank2
undergoes a posttranslational modification known as S-palmitoylation to associate with

epithelial cells and localize to the AIS of neurons (Gupta and Jenkins, 2022; He et al.,
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2012). Gupta et al. used floxed Ank2 mouse cortical neurons and transfected them with a
Nav1.2-3x FLAG construct, their data suggested that Nav1.2 could not localize correctly
to the dendritic membrane (Gupta and Jenkins, 2022). In addition to Ank2 and Scn2a
colocalizing on dendrites and the dendritic membrane, Ank2 haploinsufficiency was found
to impair dendritic but not somatic excitability (Nelson et al., 2022). This suggested that
Ank?2 is necessary for typical Nav1.2 function in the dendrites. Together, these reports and
our findings hint at a need for more in-depth proteomic profiling of SCN2A variants to

determine if multiple variants converge on common pathways.

3.5.2 Regulation of mitochondrial dynamics in altered neuronal activity states

Neuronal development requires an immense amount of energy that mitochondria
need to produce. This is usually in the form of ATP production. Further, the requirements
to maintain and extend dendrites, and generate new synapses for synaptic transmission
puts on a strain on mitochondria. Throughout the development process and into maturity
neurons are actively communicating through synaptic transmission, this also has high
energy demands (Silva et al., 2021). When examining mitochondrial respiration data for
R607* iNeurons we cannot know if the phenotypes we observe are a direct impact of the
variant or indirect. Because metabolism and neuronal activity are tightly intertwined, we
cannot predict whether metabolic defects were present first leading to decreased neuronal
activity or neuronal activity was decreased due to the variant that led to fewer energy
demands. Further experimentation would be needed to tease this mechanistic question
apart. One way to aid in answering the direct or indirect question would be to use imaging

experiments of neuronal mitochondria during early development. Mitochondria motility is
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a key determinant of the cells’ ability to meet high energy demand states, like during
synaptogenesis or learning (Li et al., 2004; Silva et al., 2021; Sung et al., 2008).
Additionally, neurogenesis and cell fate transitions are driven by metabolism and
mitochondria (Iwata et al., 2020; Knobloch and Jessberger, 2017). Both of these
milestone events occur in early in the development timeline to capture differences
between genotypes. The G1744* iNeurons did not produce a strong phenotype, but this
was suspected from the patch-clamp data (Chapter 2, Figure 2). This reinforced the idea

that some SCN24 variants may cause unique disruptions in signalling clusters.
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Figure 1. Proteomic analysis of SCN2A*PR67" {Neurons reveals differentially
expressed proteins.

A) PCA plot showing clustering of the 3 biological replicates for each genotype used in
proteomics.

B) Volcano plot showing differentially expressed proteins. Downregulated proteins are
shown in red and upregulated proteins are shown in blue. Gray points are non-
differentially expressed proteins. The horizontal dashed line represents the p-adjusted
threshold of 0.05 and the vertical dashed lines represent the threshold of + 20%

foldchange on a log> scale.
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Figure 2. Protein enrichment and ontology analysis of SCN2A*PR67" {Neurons
reveals defects in neuronal development and bioenergetic pathways. See also figure
S1.

A) Network visualization of g:Profiler enrichment of GO:Biological Processes (BP) of
both increased and decreased DEPs. Orange dots represent over-represented GO:BP
terms. A large circle indicates the number of genes within a term and darker shades
represent a higher degree of significance found during enrichment. Clusters indicate
biological pathways with common proteins and functions.

B) GO analysis of clusters from A) showing selected GO:BP terms.

C) Top differentially expressed proteins from clusters identified in A).
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Figure 3. Mitochondrial respiration analysis of SCN2AP-R607* and SCN2A*/P-G1744*
iNeurons reveals differential defects in bioenergetics.

A-B) Live-cell metabolic assay for validation studies of R607* iNeuron proteomics. (A)
Line graph depicting changes in R607* and CTRL-F1 iNeurons in Seahorse assay. (B)
Line graph depicting G1744* and CTRL-F2 iNeurons in Seahorse assay.

C-H) Analysis of mitochondrial respiration phases for R607* and CTRL-F1 iNeurons.
(C) basal respiration, (D) ATP production, (E) proton leak from mitochondria, (F)
maximal respiration from mitochondria, (G) non-mitochondrial oxygen consumption, (H)
spare respiratory capacity. CTRL-F1 (n=45 wells) and R607* (n=45 wells), 3 viral
transductions recorded at DIV 14. Data represent means + SEM. *p < 0.05, **p < 0.01,
*p < 0.001, ****p < 0.0001, Student’s t-test.

I-N) Analysis of mitochondrial respiration phases for G1744* and CTRL-F2 iNeurons. (I)
basal respiration, (J) ATP production, (K) proton leak from mitochondria, (L) maximal
respiration from mitochondria, (M) non-mitochondrial oxygen consumption, (N) spare
respiratory capacity. CTRL-F2 (n=45 wells) and G1744* (n=45 wells), 3 viral
transductions recorded at DIV 14. Data represent means £ SEM. *p < 0.05, **p < 0.01,

®Ep < 0.001, ****p < 0.0001, Student’s t-test.
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Figure S1. Alternative disrupted cellular signaling pathways in SCN2A*/P-R607*
iNeurons.

A) GO term analysis of clusters of interest identified from Figure 2A displaying selected
GO:BP terms.

B) Top differentially expressed proteins from clusters examined in Figure STA.
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CHAPTER 4: ISOGENIC NEURONAL MODELLING OF THE DE NOVO SCN2A

p.G1744* VARIANT IN HUMAN iPSC-DERIVED NEURONS

4.1 Preface

This chapter focuses on the genetic, cellular, and functional work I have done to
further validate and delineate the phenotypes of the SCN24 G1744* patient variant on
neuronal function. As previously mentioned, this de novo point variant was identified
through our collaboration with Dr. Stephen Scherer (The Hospital for Sick Children).
Unique to this variant, we reported that even though it is classified as a LoF variant, we
observed enhancements in the action potential waveform and recovery of neuronal
network activity in our MEA longitudinal study. To better understand how this LoF
variant produces little to no deficits in our patch-clamp data and can recover neuronal
network activity characteristics, we sought to create an isogenic model of this variant.
With the guidance of Drs. Carole Shum, Tara Paton, and Guillermo Casallo from the
Scherer lab/The Centre for Applied Genomics we generated and validated using in silico
applications specific guide RNAs (gRNA), primers, and MGB® TagMan gene expression
probes for ddPCR. From this, we used the ribonucleotide protein (RNP) complex method
of CRISPR-Cas9 to introduce the patient variant into a new control iPSC line. The
iNeurons used in this chapter have undergone the same transduction and induction
methods highlighted in Chapter 1 to generate the data represented here. All experiments,
data collection, and analysis were performed by Chad Brown. The data generated in this

chapter will also be included in the manuscript outlined in Chapters 1 and 2.
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4.2 Introduction

Eukaryotic uses of the Clustered Regularly Interspaced Palindromic Repeats
(CRISPR)-Cas system has revolutionized the study of genetic diseases. Gene editing
technologies and their applications have exponentially expanded recently. Our current
advancements in genetic engineering would not be where they are without the first
discoveries of DNA ligation for DNA fragments, and restriction enzymes. Later,
breakthroughs in creating recombinant DNA, transgenic mice, vaccines, and synthetic
insulin all stemmed from these fundamental discoveries (Khan et al., 2016). Early
strategies developed for precision genome editing include nucleases-meganucleases, Zinc
finger nucleases (ZFN)s, and transcription activator-like effector nucleases (TALEN)s
(Bogdanove and Voytas, 2011; Chevalier et al., 2001; Epinat et al., 2003; Urnov et al.,
2005). The caveat of these three families of nucleases is the use of protein-DNA
interactions for targeting. The DNA-binding domains can only acquire new targets with
different sequences by being reprogrammed through protein engineering (Wang et al.,
2020). Most Cas nucleases are however RNA-guided to target sequences, this has the
additional benefit of being easily adjustable (Gaj et al., 2013). This provides an efficient

platform to target multiple sequences with high efficiency.

4.2.2 CRISPR-Cas9 and ribonucleotide protein complexes

The CRISPR-Cas immune response in bacteria and archaea consists of an
adaptation, expression, and interference stage. Briefly, during the adaptation stage, Cas
proteins bind to target DNA by recognizing short motifs known as protospacer-adjacent

motifs (PAM). The Cas complex then proceeds to cleave the protospacer as the target DNA
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(Makarova et al., 2019). The protospacer excised is then integrated into the bacterial
CRISPR array. In the expression stage, the CRISPR array is transcribed and processed into
mature CRISPR RNAs (crRNA), each having the original protospacer sequence
(Barrangou and Horvath, 2017; Koonin and Makarova, 2019; Mohanraju et al., 2016). At
the interference stage, the crRNA is used as a guide to recognize similar protospacer

sequences of pathogens (Makarova et al., 2019).

In the early-2010’s the Cas9 nuclease system was first applied in mammalian cells
for point mutagenesis experimentation (Cong et al., 2013; Mali et al., 2013). The most
common Cas9 used in literature is derived from the Streptococcus pyogenes (SpCas9)
system (Wang et al., 2020). This Cas protein recognizes the 5° NGG PAM sequence,
indicating that the first basepair can be any nucleotide and the last two must be a Guanine.
Unfortunately, SpCas9 is tolerable of basepair mismatches between the gRNA and target
sequence adding to the likelihood of indels (Hsu et al., 2013). Additionally, due to the size
of SpCas9 (~4.1 kb), the range of applications is limited. This spurred researchers to
develop other orthologs of Cas9, that have better specificity and smaller sizes. As a type II
CRISPR-Cas system, the major hallmarks include a single Cas9 protein, a crRNA, and a
trans-activating crRNA (tracrRNA) (Mali et al., 2013; Wang et al., 2020). In addition to
the widely used Type II systems, Type V and VI have been more recently used for targeting
alternative PAM sites. Type V, known as the Cas12 family recognizes 5° TTN or TTTN
depending on the bacterial host it is derived from (Dong et al., 2016). The cleavage of DNA
from Cas12a is more robust than the Type II Cas’ and generates sticky-end DNA double-

stranded break (DSB)s instead of blunt-end DSBs. Members of the Type VI CRISPR-Cas
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family are orthologs of the Cas13a protein. The distinction between this class and the others

is the cleavage of single-stranded RNA instead of DNA (Abudayyeh et al., 2016).

Despite the low efficiency of gene editing in mammalian cells, CRISPR, and more
specifically, CRISPR-Cas9 has had large success in genetically modifying genomes for
various applications. One way to enhance the efficiency of site-specific mutagenesis is to
provide the cells with enough machinery. Reports have found fusing other proteins or
sequences to Cas proteins before delivery enhances the editing efficiency (Hackley, 2021;
Li et al., 2021a; Zhang et al., 2021c). One strategy that we implored was by forming a
ribonucleoprotein (RNP) complex before the delivery. Direct delivery of the RNP complex
consisting of the Cas9 protein bound to the single guide RNA (sgRNA) has proven
advantageous in reducing off-targets and increasing on-target efficiency. RNP delivery is
also advantageous since it requires little to no transcription and translation activity from
cells, reducing the stress and demand (Zhang et al., 2021c). This is in tandem with the
electroporation delivery method, allowed for transient and stable transfection conditions,

and provided a known platform for delivery into iPSCs.

4.2.3 Non-homologous end joining

Non-homologous end joining is a cellular pathway activated if a DSB occurs in the
DNA. As a repair mechanism, DNA is not edited until this process responds. In response
to DSBs, NHEJ activation can introduce insertions, deletions, translocations, and other
DNA permutations (Jeggo, 1998). Even with the possibility of DNA abnormalities,
mammalian cells prefer to use NHEJ when DSBs occur. In addition to NHEJ, homology-

directed repair (HDR) exists as an opposing repair mechanism. The mechanisms of HDR
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are described below. As HDR is widely used in the academic setting to alter DNA, the
required auxiliary machinery needed from the cell creates an unfavourable situation,
causing NHEJ to be more efficient (Rees and Liu, 2018). Moreover, since HDR is restricted
to the G2 and S phases of the cell cycle HDR efficiency is often lower, as only actively
dividing cells can undergo the process (Chapman et al., 2012; Cox et al., 2015; Paquet et
al., 2016). The NHEJ repair pathway uses the KU70/80 to recognize DSBs, once
recognized, DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is recruited to
form a complex (Chang et al., 2017). Polymerases p and A, nucleases Artemis and APLF,
and DNA ligase IV, are major interactors during the repair process. Since DSBs are
genotoxic, NHEJ is also favourable during the cell cycle since most DSBs arise during

replication (Reid et al., 2015).

4.2.4 Homology-directed repair

To achieve site-specific repair of a DNA double-stranded break, Homology-
directed repair (HDR) is needed. RNA-guided Cas9 nucleases create DSBs of the DNA,
but to reduce the errors incurred by the cell preferred NHEJ repair, repair templates are
required in the form of single-stranded oligodeoxynucleotides (ssODN) or double-stranded
DNA (dsDNA) donors (Knott and Doudna, 2018; Nambiar et al., 2019). These repair
templates provide precise sequences that include base substitutions, insertions, and
deletions (Hsu et al., 2014). The success or efficiency of using HDR-mediated repair relies
on the cell-specific pathways associated with repair. When DSBs occur, a process called
DSB resection occurs where DSB ends are converted into 3’ single-stranded DNA

overhangs through a nucleolytic process (Nambiar et al., 2019; Symington, 2016). Like
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NHE]J factors, there are HDR-promoting factors that enhance the selection of the DNA
repair pathway. In addition, inhibiting crucial factors like KU70/80, 53BP1, DNA-PKcs,
and ligase I'V in the NHEJ pathway have been shown to increase the likelihood of using the
HDR pathway (Canny et al., 2017; Chu et al., 2015; Guo et al., 2018; Maruyama et al.,
2015). In mammalian cells, promoting the HDR pathway is more difficult which usually
results in low efficiency of often a lack of an endogenous repair template (Sun et al., 2022).
Because of this low efficiency, the generation of genetically edited mammalian cells that
have your sequence of interest is time intensive. Colony selection, isolation, and expansion

are required to obtain a uniform population of cells.

4.3 Materials and Methods

4.3.1 iPSC approval and validation

All pluripotent stem cell work was approved by the Canadian Institutes of Health
Research Stem Cell Oversight Committee. Blood was taken from individuals with the
approval from the SickKids Research Ethics Board after informed consent was obtained,
REB approval file 1000050639. This study was also approved by the Hamilton Integrated
Research Ethics Board, REB approval file #2707. In this Chapter, we used iPSCs that were
named “19-2-2 and have been previously characterized and validated in our collaborator's
work (Deneault et al., 2018). This iPSC line was reprogrammed from a healthy father with
a child who carried the de novo 16p.11.2 microdeletion, associated with ASD. Further,
WGS did not detect genetic abnormalities associated with ASD risk. iPSCs were generated
from retrovirus reprogramming encoding OCT4, SOX2, KLF4, MYC on skin fibroblasts,

and lentivirus vector encoding a pluripotency-GFP reporter with a puromycin resistance
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gene were transduced (Deneault et al., 2018). After puromycin selection, colonies that were
large enough were transferred to 1 well of a 12-well plate coated with irradiated MEFs and
plated in iPSC media (DMEM/F12 supplemented with 10% KO serum, 1x non-essential
amino acids, 1x GlutaMAX, 1mM B-mercaptoethanol, and 16ng/mL basic fibroblast
growth factor (bFGF)). Once iPSCs were expanded and established they were transitioned
to matrigel coated plates and grown in mTeSR1 (STEMCELL Technologies) and
subsequent passaging continued to use ReLeSR (STEMCELL Technologies). iPSC lines
without karyotypic abnormalities were used and this was verified by G-band karyotyping
performed by the Centre for Applied Genomics (Hospital for Sick Children). To verify the
expression of pluripotent markers OCT4 and NANOG, immunocytochemistry was

performed.

4.3.2 iPSC and nucleofection preparation

For the nucleofection, reagents, and plates were prepared in advance. DNA oligos
that included the gRNA (IDT) and ssODN (IDT) were prepared to a final concentration of
10 uM in sterile nuclease-free water (Corning) and stored in the -20°C freezer. 6-well plates
were then coated with Matrigel (Corning) at a 1:60 dilution in DMEM/F-12 (Gibco) and
incubated at room temperature. After 1 hour, Matrigel was aspirated off and mTeSR1
(STEMCELL Technologies), and ROCK inhibitor (STEMCELL Technologies, 10 uM,
1:1000) were added to the wells. We next prepared the RNP complex, this was done by
creating a mastermix by adding 1 pL of 61 uM stock HiFi Cas9 (IDT), 11 uL of 10 uM
gRNA, and 100 pL of the nucleofector solution with its’ supplement (Lonza). After these

reagents were added, an incubation of 20 minutes was required to form the RNP complex
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between the Cas9 enzyme and gRNA. After the incubation, 22 pL of 10 uM ssODN (IDT)
was added to the RNP mastermix. Following the preparation of the nucleofection mix,
media from the cells were aspirated and washed once with dPBS (Gibco). Next, 200 puL of
Accutase (STEMCELL Technologies) was added to each well and left at 37°C in the
incubator for 6 minutes. After the incubation, cells were transferred from a 6-well plate to
a 15 mL falcon tube for centrifugation. Samples were spun at 250 g for 3 minutes and the
supernatant was removed. Cells were then resuspended in ImL of mTeSR1+ROCK
solution, and then 20 pL of cell suspension was taken and mixed 1:1 with trypan blue. From
this, 20 uL of the mixed cell and trypan blue solution was taken and placed into a cell
counter slide. Using the Auto T4 Cell Counter (Nexcelom), calculations to determine the
concentration for 1 000 000 cells were needed. Once the calculations were completed a
secondary cell suspension mixture was made with 1 000 000 cells in 1 mL of
mTeSR1+ROCK solution. Cells were then centrifuged at 250 g again and the media was
aspirated off after. During the centrifugation, the Amaxa Nucleofector 2b (Lonza) was
turned on and programmed to the CA 137 for transfecting iPSCs. Once completed, the
nucleofector solution mixture was then added to the cell pellet, mixed 3 times, and pipetted
into a cuvette provided in the nucleofection kit. The cuvette was then placed into the
nucleofector device and the program was started. Once completed, small bubbles in the
cuvette can help to indicate if the electroporation was good. Cells were then incubated for
10 minutes after the nucleofection to provide a rest period. Next, cells were then plated at
500 000 cells/well in the previously prepared Matrigel 6-well plates. These wells contained

the mTeSr1+ROCK solution. The plates were then placed into the incubator at 37°C for 24
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hours undisturbed. After 24 hours, plates were then observed under the microscope to

determine cell health and crude nucleofection efficiency.

4.3.3 Mutagenesis enrichment and purification

iPSCs with the most pmaxGFP expression and reached near 70% confluence post-
nucleofection were treated were re-plated into a 96 well plate using 500 puL of Accutase
and incubated at 37°C for 6 minutes to enzymatically unadhere the cells. Accutase was then
neutralized with 1:1 mTeSR+ROCK and centrifuged at 250 g. The media was then
aspirated and cells were evenly disturbed from the one well of a 6-well plate into four 24-
well plates using mTeSR+ROCK. Once the 24-well plates were confluent, cells were split
1:2 into one eight 24-well plates, with each well having a sister well. Next, after the iPSCs
reached 50% confluence in the 24-well plates, half of the plates were harvested for ddPCR
(Bio-Rad). 50 pL/well of Accutase was added and incubated at 37°C for 6 minutes.
Accutase was then neutralized with 50 pL/well DNA lysis buffer (10 mM Tris pH 7.5, 10
mM EDTA pH 8.0, 10 mM NaCl, 0.5% N-lauroylsarcosine, and freshly added 1 mg/mL
proteinase K). Wells were then pipetted gently and transferred to a 96-well PCR plate. The
PCR plate containing the cells and DNA lysis buffer was then sealed and placed in a
thermocycler (Bio-rad) at 70°C for 10 minutes. Cells were then chilled on ice for 4 minutes,
and 100 uL/well of a DNA precipitation solution (EtOH 95%, H20 5%, and a previously
cooled NaCl 75 mM solution at -80°C). The PCR plate was then left at room temperature
for 60 minutes, following this, the plate was spun at 1800 g for 4 minutes. The plate was
then flicked quickly upside down to remove the supernatant. Two washes were performed

where 100 pL/well of 70% EtOH was added slowly and quickly flicked off. The PCR plate
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was then placed back into the thermocycler unsealed and incubated at 70°C for 3 minutes.
DNA was resuspended in 20 uL of UltraPure™ Distilled Water (Invitrogen), heated at 70°C
for 10 minutes, and vortexed briefly. Custom TagMan® MGB probes (ThermoFisher) were
designed and optimized according for our case use and the ddPCR’s (Bio-Rad)
recommendations. The TagMan® MGB probes consisted of 20-21 basepair sequence that
was complimentary to our DNA region of interest, one targeting the control DNA and the
other targeting the point mutation. This ensured specificity, probes also underwent
computational analysis in the Primer Express™ Software (ThermoFisher) to verify other
paralogs were avoided. Further, the probes contained both a 5’ fluorescent reporter dye
(VIC-WT and 6FAM-MUT) and a 3’ nonfluorescent quencher aiding in reduced
background signal. The forward and reverse primers for ddPCR were designed to bind
outside of the range of the ssODN, this would avoid partial amplicon products which may

skew the probe binding. Primers were designed using the primer blast tool

(www.ncbi.nlm.nih.gov/tools/primer-blast/). The ssODN was synthesized DNA that had
50 bp flanking homology arms on both sides of the point mutation (Benchling). Once the
data was received from the ddPCR assay, the two highest edited frequencies were selected
and colony selected. The corresponding sister wells to the data obtained were then plated
at a low density (5000 cells/well) in a 6-well plate. When these cells grew into individual
colonies larger enough to ‘pick’, we proceeded to colony pick 24 colonies from the top two
edited frequencies, and place each colony into its own well of a 24-well plate. This process
continued as described above until we obtained a pure population of heterozygous iPSC-

edited cells.
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4.3.4 Induction of iPSCs into glutamatergic neurons

Similar to Chapter 2, we needed to differentiate the newly generated iPSCs into
excitatory neurons. To rapidly upscale experiments and focus on excitatory neurons, we
used the previously published constitutive expression protocol of NGN2 to generate
homogeneous populations of glutamatergic neurons (Zhang et al., 2013). These iNeurons
displayed stable membrane, firing, and synaptic properties when co-cultured with mouse
glial cells by DIV 21 (Zhang et al., 2013, 2018). Importantly as we previously described,
this protocol provided consistent differentiation levels between cell lines derived from
different participants (Deneault et al., 2018, 2019). We modified this protocol by inducing
NGN2 for 3 days starting at DIV 1 and puromycin selecting for 2 days starting at DIV 2
and adding mouse glial cells at DIV 5. Half-iNeuron media (iNI) (Neurobasal media, 1x
SM1, 1x GlutaMAX 1x pen/strep, 1 ug/mL laminin, 10 ng/uL BDNF and 10 ng/uL GDNF)
changes were performed every other day. Patch-clamp recordings were generated between
DIV 24 and 27 post-NGN2-induction. Comparable bioelectric properties were previously

reported (Deneault et al., 2018, 2019; Yi et al., 2016; Zhang et al., 2013, 2018).

4.3.5 Immunocytochemistry

On DIV 25, iNeurons were fixed at room temperature in 4% paraformaldehyde in
PBS for 15 min. The cells were then washed 3 times for 10 min with PBS, then blocked
and permeabilized (B/P) with a B/P solution containing (0.3% Triton-X, 10% Donkey
Serum, and PBS) for 1 hr. The cells were then incubated overnight at 4°C with primary
MAP2 and SYNI1 antibodies in B/P solution. The next day, cells were washed 3 times for

10 min in PBS and incubated with secondary antibodies in B/P solution for 1.5 hours at
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room temperature and covered with aluminum foil. The cells were then washed 3 times for
10 min and incubated with 300mM DAPI for 8 min. The cells were then washed 1 time
with PBS for 10 min. Coverslips were then quickly dried with a Kimwipe, and mounted on
VistaVision glass microscope slides (VWR) with 10 uL of Prolong Gold Anti-Fade
mounting medium (Life Technologies). Mounted coverslips were allowed to cure overnight
in a dark slide box at room temperature. Images were acquired using a Zeiss LSM700

confocal microscope.

4.3.6 Analysis of presynaptic puncta and primary dendrites

Synaptic morphology was processed and analyzed with ImageJ software. The
SYN1 antibody was co-immunostained with MAP2 to determine dendrites with
presynaptic puncta. Three biological replicates were used for each line with the data
generated from five iNeurons per replicate per condition. A total of 15 iNeurons per
condition per line were used with two dendrites of equal dimensions used per iNeuron. Data
represent the number of synaptic puncta averaged by two dendrites per iNeuron within 30
pm segments. The same images were used to calculate dendrite complexity. This was
determined by counting the number of MAP2-positive primary dendrites branching from

the soma.

4.3.7 In vitro electrophysiology

iNeurons were replated on DIV 4 onto polyornithine/laminin-coated coverslips in a
24-well plate at a density of 100 000/well with 0.5 mL of iNI media. On DIV 5, primary
mouse astrocytes were added at a density of 50 000/well to support iNeurons’ viability and

maturation. Half media changes were performed every other day and wells were maintained

147



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

until DIV 24 — 26 for recordings. At DIV 9, iNI was supplemented with 2.5% FBS which
was adapted from (Zhang et al., 2013). Whole-cell patch-clamp recordings were performed
at room temperature using Multiclamp 700B amplifier (Molecular Devices) from
borosilicate patch electrodes (P-97 puller and P-1000 puller; Sutter Instruments) containing
a potassium-based intracellular solution (in mM): 123 K-gluconate, 10 KCI, 10 HEPES; 1
EGTA, 1 MgCI2, 0.1 CaCl2, 1 Mg-ATP, and 0.2 Na4GTP (pH 7.2). 0.06%
sulpharhodamine dye was added to the intracellular solution to confirm the selection of
multipolar neurons. The extracellular solution consisted of (in mM): 140 NaCl, 5 KCl, 1.25
NaH2POs4, 1 MgClz, 2 CaClz, 10 glucose, and 10 HEPES (pH 7.4). Data were digitized at
10—20 kHz and low-pass filtered at 1 - 2 kHz. Recordings were omitted if access resistance
was >30 MQ. Whole-cell recordings were clamped at -70 mV and corrected for a calculated
-10mV junction potential. Rheobase was determined by a step protocol with 5 pA
increments, where the injected current had a 25 ms duration. Action potential waveform
parameters were all analyzed in reference to the threshold. Repetitive firing step protocols
ranged from -20 pA to +50 pA with 5 pA increments for the isogenic G1744* line. Data
were analyzed using the Clampfit software (Molecular Devices), while phase-plane plots

were generated in the OriginPro software (Origin Lab).

4.3.8 Statistical analysis

Data are expressed as mean + SEM. Three viral NGN2 transductions were used as
biological replicates for statistical analysis. We used the Student’s unpaired t-test, two-way
ANOVA, and post hoc Sidak tests in GraphPad Prism 8§ statistical software for statistical

analyses. Sidak was used to correct for multiple comparisons. Grubbs’ test was used to
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remove outliers. The p-values in the figure legends are from the specified tests, and p <0.05

was considered statistically significant.

4.4 Results

4.4.1 Generation and validation of the p.G1744* variant in an isogenic model using
CRISPR-Cas9

As mentioned previously in this chapter, we used the CRISPR-Cas9 system to
genetically modify a control iPSC line and to introduce our variant of interest. After the
upfront designing and computational validation of our gRNAs, ssODNs, primer sets, and
TagMan probes, we needed to test our nucleofection efficiency in the iPSCs. Using the
RNP CRISPR-Cas9 system required us to optimize the amount of repair template and RNP
complex to use since this was not a plasmid-based approach. From our collaborations with
Dr. Stephen Scherers’ group, we moved forward with one concentration in two different
cell lines. Further, since Cas9 was not fused to a fluorescently labeled protein, we added a
pmaxGFP vector that was independent of the RNP complex. This provided a qualitative
inference of our nucleofection efficiency and confirm if the nucleofection worked. From
our results, we found that the 19-2-2 iPSC line handled the nucleofection conditions better
than the H1 ESC line. This was indicated by visual inspection of both cellular death and

GFP expression 24 hours post-nucleofection (Figure ST1A).

Following the nucleofection, colony picking was essential to enrich for our variant
of interest in the iPSCS. As mentioned above in the workflow, iPSCs were collected and
replated, and divided 1:2 to generate “sister-plates” that would express roughly the same

population of cells (Figure 1A). To determine the variant expression in the population of
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cells ddPCR was used. From previously published papers we knew a minimum of four
rounds of enrichment were needed to generate a pure population of heterozygous or
homozygous iPSCs. Our data indicated that after the initial nucleofection, we had an edited
efficiency of approximately 4.5% in various wells (Figure 1B). This data was plotted using
the fractional abundance of the variant DNA copies divided by the total DNA copies.
Subsequent enrichment cycles are plotted to highlight the trajectory to a ~100% population
purity (~50% target DNA/ total DNA) (Figure 1B). Additionally, 2D plots generated from
ddPCR are shown to highlight the control and variant probe clusters, as they are purified in
subsequent enrichment cycles (Figure 1C). Lastly, Sanger sequencing was performed as a
supplemental validation to the ddPCR. Since MGB® TagMan probes were designed to
directly bind to a sequence that contained both the control and variant DNA sequence,
fluorescent detection in their respective channels would confirm their presence. However,
a readout of the bases is not provided as with Sanger. A representation of the sequence to
confirm the heterozygosity of the variant is shown (Figure S1E). As a last quality control,
we also karyotyped our iPSCs to determine if there were any major chromosomal
abnormalities. Our results indicated that there were none identified in both CTRL-is02 and

1s0-G1744* iPSCs (Figure S1C and D).

4.4.2 Synaptic and dendrite morphology are unaltered in isogenic iNeurons harbouring
the p.G1774%* variant

To study the morphological effects of SCN2A perturbation on human glutamatergic
neurons, we used iNeurons that were co-cultured with mouse glia from our varying models

of SCN2A deficiency. To assess the differences between the deficiency severity, and
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synaptic and dendritic morphology, we fixed our iNeuron co-cultures on DIV 25. This
coincided with our electrophysiological recordings for this experiment. Our data indicate
that MAP2+ primary dendrites’ development is unaffected by the p.G1744* variant (Figure
1A and B). This was evident by scoring the MAP2+ dendrites, however, this analysis does

not account for dendritic arborization which may still be affected.

We once again examined synapse formation in our genetically engineered isogenic
iNeurons harbouring the G1744* variant (Figure 1C). Protocols for synaptic
immunostaining are previously described in Chapter 2. Briefly, SYN1 was used to perform
our analysis on the same samples used for the dendrite inquiry, thus providing a stronger
correlation between any findings of dendrite and synapse morphology. From this, density
and puncta size were extrapolated from the images. Each of which would describe a
distinctive characteristic of the synapse. From our analysis, we found no differences in
synapse density between CTRL-ISO2 and ISO-G1744* iNeurons (Figure 1D). This data
suggests that iNeurons harbouring the p.G1744 variant do not suffer from impaired synaptic
connection formation. When examining the presynaptic size, we also found no differences
in CTRL-ISO and ISO-G1744* iNeurons (Figure 1D). This crudely suggests that ISO-
G1744* iNeurons’ presynaptic terminal dynamics were unaffected. Together, these data
indicate that this de novo LoF variant is not sufficient to impair primary dendrite growth,

synaptic connectivity, and synapse size.

4.4.3 Isogenic neuronal intrinsics are not impaired by the LoF variant p.G1744*
We once again used a whole-cell patch-clamp to probe our neuronal models of

SCN2A deficiency. Further, we needed to use similar assays to validate our initial findings
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from the patient-derived iNeurons harbouring the p.G1744* variants. Even though the
control was a familial control and sex-matched, 50% of the genetic background differs;
potentially leading to subtle or profound effects on iNeuron behaviour due to their
expression profile or other common polymorphisms. Using our newly CRISPR/Cas9-
edited iPSC-derived iNeurons as an isogenic model for the p.G1744* variant, we found
generally the variant did not have deleterious effects. From our analysis of the bioelectric
data, we found iso-G1744* iNeurons did not differ in their cell capacitance or input
resistance, suggesting that their size was approximately the same, and, that the quantity and
state of ion channels across the neuron were roughly the same, respectively (Figure 3A and
B). The resting membrane potential also remained unchanged compared to CTRL-iso2
iNeurons (Figure 3C). All action potential characteristics also remained unchanged
between CTRL-is02 and iso-G1744* iNeurons, this consisted of the, rheobase, threshold
of the action potential, 2 width, 42 width from the threshold, amplitude, maximum rise rate,
maximum decay rate, and repetitive firing (Figure 3D-K). This all suggests that the action
potential waveform is unaffected by the presence of this LoF variant, p.G1744%*. Lastly, we
examined the synaptic transmission of our isogenic iNeuron model. We observed no
statistical difference between CTRL-iso2 and iso-G1744* for the frequency or amplitude
of synaptic events (Figure 4A-C). This further reinforced the lack of deleterious effects on

iNeurons from harbouring the p.G1744* variant.
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4.5 Discussion

4.5.1 Expression of the de novo p.G1744* variant does not alter synapse or dendrite
morphology in isogenic modelling

The dendrite and synaptic morphology data obtained from our isogenic modelling
of the p.G1744* variant was unexpected. Our initial predictions assumed that experiments
performed in an isolated model would recapitulate the findings we saw in the CTRL-F2
and G1744* iNeurons (Chapter 2, Figure 2A-F). However, this was not the case, and in
fact, decreases in puncta density and increases in puncta size in G1744* iNeurons were not
present in the is0-G1744* iNeurons (Figure 2A). The foremost question that arises is, how
could genetic background differences affect cellular phenotypes? Studies on genetic
background and iPSCs have reported long-known associations (Rouhani et al., 2014). The
transcriptional variance associated with iPSCs has been shown to affect the proliferation
and differentiation of iPSCs into terminally differentiated cell types (Kyttila et al., 2016).
Further inter-individual variance analysis of iPSC and ESC cells accounts for ~38% of the
differences (Rouhani et al., 2014). More recently, a report from the Human Induced
Pluripotent Stem Cell Initiative increased the inter-individual differences up to 46%
(Kilpinen et al., 2017). Many of these differences are specifically due to some epigenetic
markers being retained during the reprogramming stages. One example is DNA
methylation marks that are difficult to erase, these trace marks can alter the propensity for
a cell line to differentiate (de Boni et al., 2018; Roost et al., 2017; Volpato and Webber,
2020). In addition to gene expression analysis, expression quantitative trait-associated loci

(eQTL) analysis is done. eQTLs are genetic variants that are associated with changes in the
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expression of the gene, this requires large-scale iPSC-based studies and is identified by
GWAS (Carcamo-Orive et al., 2017). Gene expression variability in iPSC variability-
associated eQTLs is directly involved in stem cell maintenance and differentiation
efficiency (Carcamo-Orive et al., 2017; Kilpinen et al., 2017; Yamasaki et al., 2017). Many
of these gene expressions produce cell morphology differences due to donor contribution,
with up to 23% accounting for variation in cellular phenotypes (Kilpinen et al., 2017;
Volpato and Webber, 2020). There are many approaches to reducing the variability caused
by donor sources. Isolating reproducibility to donor-specific variables and not batch
processing, protocol to protocol differences, or handling/ lab to lab differences genetic,
points towards functional quality control. In our use case, WGS or WES of our genetically
engineered iPSC line is needed to explore genetic differences that may have arouse from
CRISPR-Cas9 genome editing. Additionally, this provides a platform to compare the
genomes between the p.G1744* isogenic line and the associated proband and familial

control to examine genetic variance.

Lastly, while the RNA-centric studies mentioned above provide crucial information
in our understanding of gene regulatory mechanisms in the transcriptome, studies that
investigate the proteome are needed. A paper published in 2020, followed up on the
transcriptomic analysis mentioned prior, by analyzing 202 iPSC lines derived from 151
donors (Mirauta et al., 2020). They characterized major genetic and non-genetic
determinants of proteome variance between iPSC lines, and evaluated important regulatory
mechanisms affecting protein abundance. Similar to eQTLs, they identified 635 protein

quantitative trait loci (pQTL) in iPSCs, with some variants linked to deviations in protein-
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coding sequences and trans-regulatory effects. Together, these reports suggested that donor
genetic variance and epigenetic factors often translate to phenotypes observed in human
disease modelling, even among controls. Furthermore, the differences between iNeurons
we observed in our synaptic and dendrite modelling may in large part be attributed to the

aforementioned genetic causes.

4.5.2 Paradoxical electrophysiological phenotypes in the presence of the LoF p.G1744*
variant

This investigation was done to functionally characterize the effects of iNeurons
harbouring the de novo LoF p.G1744* variant in an isolated fashion. As we mentioned in
Chapter 2, we observed unexpected results from the patch-clamp data, G1744* iNeurons
showed an enhancement to the action potential waveform. However, this did not culminate
into increased action potential trains or synaptic communication. To delineate our previous
findings, we generated an isogenic model of the variant. We were able to genetically modify
one of our in-house control lines to introduce our point mutation of interest. From our most
recent data from this edited line, we determined that there were no differences between
CTRL-is02 and iso-G1744* in all parameters used to analyze the intrinsic and extrinsic
parameters. This was both reassuring and confusing when extrapolating the interpretation
of the data. As it stood, having a LoF variant that produced no deleterious effects on the
iNeurons was novel and corroborated our previous findings (Chapter 2, Figure 2K-R).
However, what was unexpected was the observation of no enhancement of the action
potential waveform. Two main hypotheses were thought of to aid in explaining our

findings. The first was genome instability after genetically modifying the DNA. It has
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extensively been reported that CRISPR-Cas9 editing is most suitable for academic
investigations and not clinical applications because of three main factors. These included
the low efficiency in gene repair, mosaicism with unintended mutations, and the instability
of the genome (Alanis-Lobato et al., 2021; Tang et al., 2017). Even though karyotyping
was done and produced negative results, WGS was not once again done after the genetic
manipulation. Since the process of electroporating and delivering a genetic payload to the
cells is a stressful event, it is not uncommon to assume regions outside of our targeted area
were affected by instability leading to other spontaneous off-target mutations. Further, Cas9
cleavage of unintended genomic sites is well known, PAM sites are numerous throughout
the genome, and even with the gRNA annealing to the correct site, errors can still occur in
regions with high homology outside of your intended target loci (Naeem et al., 2020). Due
to the origins and original use case of the CRISPR-Cas9 system in bacteria, specificity was
high in bacterial hosts because of the small genome size (Naeem et al., 2020). However, in
the eukaryotic genome, which is 1000 times larger, specificity is decreased and errors are
more common. Even with in silico analysis ahead of experimentation, there are still
challenges for optimizing gene editing. Some difficulties include high homology regions

due to paralogs, lack of the appropriate PAM site close to your edits, and G-C rich areas.

Secondly, upon further analysis of our data, we discovered a trend that may speak to the
development of our iNeurons in our isogenic modelling of the p.G1744* variant. Previously
in Chapter 2, we had performed the patch-clamp recordings for the iso-G1744* iNeurons
between DIV 25 — 28. However, this time we slightly shifted the window two days earlier.

When looking at the data longitudinally we observed indicators that may speak to the
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further maturation of the iNeurons. When examining the data, we noticed that CTRL-is02
iNeurons that were recorded on DIV 23 and 24 were more robust in their characteristics,
especially in the action potential parameters (Figure S2). Even though this data was not
statistically significant, it pointed towards a potential increase in maturation compared to
the 1s0-G1744* iNeurons. Data analyzed on DIV 25 for most if not all intrinsic parameters
showed that the means of both CTRL-iso2 and iso-G1744* iNeurons were identical,
suggesting that is0-G1744* iNeurons made subtle but important increases. On the last day
of recording DIV 26 iNeurons reversed in most parameters recapitulating the enhancements
observed from the previous data (Figure S2). Unfortunately, since the sample size is
decreased when splitting the data into recording days, the power of the experiment is
decreased due to the smaller sample size. This trend was promising since the trajectory of
neuronal development of iso-G1744* iNeurons could be explained via the MEA data
(Chapter 2, Figure 4). The MEA data highlighted that there were early impairments that
reversed later in development; we suggested this reversal mimicked the clinical phenotypes
of ASD with later development of seizures. In isogenic modelling, the data is suggestive
that this could also be occurring, and that later recording timepoints would capture the

robust enhancement.
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Figure 1. Mutagenesis workflow and validation of the p.G1744* variant in iPSCs.
A) Genetic engineering enrichment pipeline for iPSCs harbouring the p.G1744* variant.
B) Trajectory of the enrichment pipeline for iPSCs harbouring the p.G1744* variant.

C) 2D plot from ddPCR showing the detection of MGB® Tagman probes for the target
DNA. Top: represents the 2D plot wildtype DNA in the CTRL-iso02 iPSCs. Bottom:

represents the 2D plot for the variant basepair substitution in is0-G1744* iPSCs.
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Figure 2. SCN2A"P-G1744* yarjant’s effects in isogenic iNeuron morphology.

A) Representative images of immunocytochemistry for dendrite complexity and analysis
of MAP2-positive primary dendrites.

B) Analysis of MAP2+ primary dendrites. CTRL-iso (n=15) and iso-G1744* (n=15)
iNeurons. 3 viral transductions. Scale bar, 40 um.

C) Representative images and quantification of synaptic puncta density and size.

D) Analysis of synapse morphology for density and size of puncta along a MAP2+
dendrite. Left: synapse density, Right: puncta size. CTRL-iso (n=15) and iso-G1744*

(n=15) iNeurons. 3 viral transductions. Scale bar, 10 pm.
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Figure 3. Bioelectric characteristics of isogenic SC/N2A4 iNeurons harbouring the de
novo p.G1744* variants.

A-J) Membrane and action potential properties of CTRL-is02 and iso-G1744* iNeurons
(n=21 and 19, respectively), 3 viral transductions. Data represent means + SEM. *p <
0.05, **p < 0.01, Student’s t-test. (A) cell capacitance, (B) input resistance, (C) resting
membrane potential, (D), rheobase of action potential (E) threshold of the action
potential, (F) half-width from threshold to amplitude, (G) half-width of the action
potential, (H) amplitude of the action potential relative to threshold, (I) maximum rise
rate from action potential threshold to amplitude, (J) maximum decay rate from action
potential amplitude to threshold.

K) Repetitive firing properties of CTRL-is02 and iso-G1744%*. CTRL-iso2 (n=21) and
150-G1744* (n=19) iNeurons, 3 viral transductions. Data represent means = SEM. *p <

0.05, **p <0.01, Student’s t-test.
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Figure 4. Loss-of-function SCN2A variant p.G1744* has no effect on synaptic
transmission.

A-C) Synaptic transmission representative traces and analysis of SCN2A deficient
iNeurons. (A) Representative segment of synaptic transmission recording from CTRL-
1502 and is0-G1744* iNeurons. (B) sEPSC frequency from synaptic transmission. (C)
sEPSC amplitude of synaptic transmission. CTRL-is02 (n=21) and iso-G1744* (n=19)
iNeurons. 3 viral transductions. Data represent means + SEM. *p < 0.05, **p < 0.01,

Student’s t-test.
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Figure S1. iPSC validations of two stem cell lines for the generation of an isogenic
model.

A) Representative image of the 19-2-2 iPSCs 24 hr after nucleofection.

B) Representative image of the H1 ESCs 24 hr after nucleofection. Scale bar, 200 pm.
C) Karyotyping images of 19-2-2 (CTRL-is02) iPSC chromosomes.

D) Karyotyping images of iso-G1744* iPSCs chromosomes.

E) Sanger sequencing results from iso-G1744* iPSCs indicating the point mutation.
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Figure S2. Developmental timeline of neuron intrinsics in isogenic SCN247-6174*

iNeurons suggests time-dependent phenotypes.

A-J) Membrane and action potential properties of CTRL-iso2 and iso-G1744* iNeurons
(N=21 and 19, respectively, per time point n = 2-6), 3 viral transductions. Data represent
means + SEM. No statistical analysis done. (A) cell capacitance, (B) input resistance, (C)
resting membrane potential, (D), rheobase of action potential (E) threshold of the action
potential, (F) half-width from threshold to amplitude, (G) half-width of the action
potential, (H) amplitude of the action potential relative to threshold, (I) maximum rise
rate from action potential threshold to amplitude, (J) maximum decay rate from action

potential amplitude to threshold.
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CHAPTER 5: SIGNIFICANCE AND FUTURE DIRECTIONS

5.1 Significance

With the evolution of NGS, the prevalence of ASD will continue to increase
globally. Even with advancements in detection, our lack of knowledge of the etiology and
molecular underpinnings of ASD impair our ability to resolve the cause. Functional
sequencing studies have aided in highlighting high-risk gene targets for ASD, however
functional experimentation is still needed to validate gene and protein function on a
molecular and cellular level. To date, investigations of ASD-risk genes have had a uniform
goal to determine convergence and divergence of molecular mechanisms, aiding in the
grouping of genes by end phenotypes and mechanisms. However, SCN2A and the variants

it harbours lag behind in experimental classification.

In the work presented in this thesis, we highlight two ASD-associated de novo
truncating variants classified as LoF, one isogenic SCN24 KO model, and later one isogenic
SCN24 variant model. We emphasized the need for a better classification system for
SCN24 variants, as we demonstrated LoF variants can have null or enhancing effects on
neurons. Moreover, changes in synaptic morphology but not dendrite morphology indicated
altered SCN24 expression can in fact influence distal regions of neurons, in this case at the
synapse. This was corroborated by electrophysiological recordings showing reductions in
synaptic communication. Aside from the differential intrinsic parameters that were variant
location dependent, activity-dependent gene and protein regulation were present in the most
severe variant. Proteomic analysis of these iNeurons determined differential proteomic

expression that clustered and enriched into various cellular pathways. Further, since we
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were able to validate the mitochondrial function cluster from our proteomic analysis, a
novel mechanism is now known and associated with SCN2A variants. This information
may help future researchers expand their investigations beyond the traditional ion channel
characterization. This work adds to our understanding of how SCN24 variant location and
classification may determine cellular phenotypes, and how downstream signalling is altered

because of atypical neuronal activity.

5.2 Exploring promising ASD therapeutic interventions for voltage-gated sodium
channels

ASD represents a group of highly heterogeneous NDDs with a poor understanding
of the etiology. Yet, investigations on many ASD-risk genes have provided insight into
uncharacterized gene functions, and variant validations from sequencing studies. The work
presented in this thesis revealed the importance of understanding how (1) current
classifications of variants and mutations need to be less simplistic, and (2) changes in
neuronal activity can have profound changes in the proteome and downstream cellular
signalling. In many of the well-known ASD-risk gene studies focusing on human cellular
models, rescues are more forthcoming to perform due to the resulting proteins' function in
gene expression regulation, scaffolding, and cellular communication. However, cellular
rescues targeting ion channels, in particular sodium channels, are drastically more difficult
to perform. Studies have long pursued to discover pharmacological and chemical agents to
alter voltage-gated sodium channel function, with some becoming Food and Drug
Administration (FDA) approved with specific use cases (Nardi et al., 2012). In the CNS,

there are nine drugs targeted at epilepsy that overlap with other neuropathologies including
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Parkinson’s disease, and bipolar disorder. Moreover, drugs in the same classification can
have significant differences. For example, Lamotrigine, an anticonvulsant is reported to be
effective against absence seizures, were phenytoin, another anticonvulsant, is not (Nardi et
al., 2012). A similar concept was experimentally investigated where they created an
isogenic line using CRISPR-Cas9 for the L1342P variant in iPSCs (Que et al., 2021b). This
variant is a recurrent variant associated with early-onset encephalopathy and intractable
seizures. Neurons harbouring this variant revealed increases in many intrinsic parameters
including rheobase, threshold, and amplitude. Furthermore, they saw increases in the
whole-cell inward currents, repetitive firing, and bursting events in their MEA assay.
Clinical reports indicated that patients with this variant had minimal response to commonly
used antiepileptic drugs (Hackenberg et al., 2014). They were able to recapitulate these
reports in their cellular model using the previously mentioned anticonvulsant phenytoin.
Phenytoin is a non-specific sodium channel blocker that is used to inhibit high-frequency
spiking in seizure episodes (Boerma et al., 2016; Braakman et al., 2017; Gardella et al.,
2018; Gorman and King, 2017). Their study showed that phenytoin was only useful at
unsafe concentrations in neurons with the L1342P variant, while at lower concentrations
control neuron firing was reduced. This spoke to the variance of general sodium channel
blockers as the efficacy can drastically change across patients and their variants. Lastly,
blockers that target Navs, aren’t isoform-specific for Nav1.2; in addition, many openers
and blockers of Nav1.2 are neurotoxins and are only useful for proof of concept and not

clinical applications.
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Researchers have completed many rescues experiments for proof-of-concept
investigations that are important to understanding the underlying pathophysiology of
SCN24 variants. In a recent study, researchers found that in gene trap Scn2a KO mice
(resembling ~70% gene expression reduction), hyperexcitability was present (Zhang et al.,
2021a). This included an enhancement in the number of action potentials consecutively
fired, and more depolarized resting membrane potential. Further, they determined that the
hyperexcitable phenotype was potassium current dependent. Specifically, the gene
expression of Kv1.1, Kv1.2, and other potassium channels was decreased in mouse Scn2a
KO medium spiny neurons. In a co-submission, another article found similar deficiencies
in potassium currents in Scn2a KO pyramidal neurons (Spratt et al., 2021). They rescued
their phenotypes using a dynamic clamp and injecting 200 nS of Kv1.2. This partially
rescued the high-frequency bursting occurring in the first 50 ms of the firing/current curve
but not the other 250 ms in their KO neurons. Once again, this proved to be an academic
exercise in rescuing a phenotype but clinical applications would be difficult. Antisense
oligonucleotide (ASO) therapies are promising for clinical applications and surmounting
the difficulties that are associated with targeting ion channels. ASOs are synthetic single-
stranded nucleotides that target and bind complementary to the mRNA of a gene of interest
(Bajan and Hutvagner, 2020; Dhuri et al., 2020; Hill and Meisler, 2021). The binding of
ASOs disrupts mRNA function by preventing translation. Because of this sequence
specificity, ASOs are highly specific with low off-targets, making proteins that are difficult
to target with drugs accessible through expression targeting (Hill and Meisler, 2021).

Further, patient variant targeting is specific since sequences of the ASO are often 13 — 20
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bp. Recently, a recurrent de novo heterozygous p.R1872W patient variant in Scn8a was
expressed in mice, with known phenotypes of early seizure onset and premature death
(Lenk et al., 2020). In cases where missense variants increase neuronal activity and have a
clinically associated diagnosis of EE, expression of the protein needs to be decreased. This
group administered Scn8a mutant mice with an ASD through intracerebroventricular
injection and postnatal day 2, before symptoms. It was reported that ScnSa mutant mice
receiving two treatments of ASO lived for 9 weeks, where untreated mice lived for 2 weeks.
Remarkably, Scn8a transcript levels were reduced to control levels after three weeks of
treatment. Additionally, they found that survivability was ASO dose-dependent. A similar
application was used to study a recurring human p.R188Q missense variant associated with
developmental and EE (Li et al., 2021b). Genetically engineered mice harboured this
variant, and results followed suite with the prior SCN8A investigation. Scn2a mRNA levels
were reduced after intracerebroventricular ASO administration at P1-2, and increased life
span and reduced seizure occurrence were reported. As of early 2022, there are 15 approved
ASO therapies approved by the FDA for rare diseases and four for Duchenne muscular
dystrophy. In the case of core ASD phenotypes associated with SCN2A LoF variants, ASOs
would need to increase gene expression to negate the hypoexcitable phenotype often
reported. Moving forward, advances are needed to investigate ASOs that increase transcript
and protein expression in a NDD context. Modified ASOs that bind to mRNA in upstream
of the open reading frames have been shown to increase protein expression in vivo (Liang
et al., 2016). More effort and resources are need to investigate the use cases of these ASOs

in patient variants that do not have an epileptic spectrum regarding Navs.

173



Ph.D. Thesis — C. Brown; McMaster University - Biochemistry

5.3 Future Directions

Future studies should continue to experimentally validate many of the computation
studies of SCN24 variants. More recent papers have begun to genetically edit iPSC lines
and create isogenic models of known variants to better elucidate their pathophysiology
(Que et al., 2021a). As human cellular modelling capabilities advance, one area that is
currently lacking in SCN24 investigations, is the human development aspect. SCN2A4
reports and those of the variants it harbours have focused solely on postnatal neurons, with
only iPSC-derived neurons recapitulating embryonic timepoints due to their maturation
plateau. Studies like the one we presented here showcase that activity-dependent gene and
protein regulation of signaling pathways can happen early. Currently, we have no insights
into the initial onset of dysfunction, and what signalling outcomes are disrupted from that
onset. Furthermore, questions of altered cellular fate and fitness arise since SCN2A is solely
expressed for excitation in the cortex until perinatal periods. Capturing the developmental
stages of the cortex can be helpful when isolating variants, and this is where 3D modelling
using organoids can be advantageous. Adding in a spatiotemporal aspect provides a better
platform to investigate many stages of development including micro (proliferation and
differentiation) to macro (cortical layer development) phenotypes. To date, there are no
SCN2A4 human brain organoid papers. This highlights the necessity for further application

of human cellular models toward SCN2A channelopathies and their variants.
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