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Lay abstract

Using a genetic disorder and patient samples, the work in this thesis provides
novel insights into the underlying causes of brain and nerve disorders. Patients
with this disorder are missing a large amount of genetic material, and can
develop disorders such as seizures, autism spectrum disorders, and ADHD and
may also fail to achieve general milestones in socialization, growth, learning, and
motor development. Because it is dangerous and invasive to access patient brain
and nerve samples directly, this project converted patient blood or skin samples
into neurons which were then studied. This thesis aimed to achieve three broad
objectives. The first was to characterize an excitatory neuron subtype from three
different families to identify changes in shape, connectivity, and function. The
second objective involved identifying how these neurons might express different
gene profiles, and what this means for the mechanisms involved in disease
development. The third objective was to investigate a possible mechanism at the
molecular level, which might offer insights into future therapies. The totality of the
work in this thesis provides new insights into the cellular and molecular bases for
disease in the 15q13.3 microdeletion disorder and offers future perspectives on

how this disorder and others like it might be investigated and treated in the future.
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Abstract

The 1513.3 microdeletion disorder is a clinically delineated set of
neuropsychiatric phenotypes associated with the loss of genetic material from the
15913.3 BP4-5 locus. To functionally characterize cellular features of the 15q13.3
microdeletion disorder and identify genetic and molecular elements contributing
to disease pathophysiology, we assayed excitatory glutamatergic pyramidal
neurons derived by the expression of the neurogenin-2 transcription factor in
induced pluripotent stem cells (iPSCs) of 15913.3 microdeletion patients and
family members. Day 28 (DIV28) neurons were first functionally and
morphologically assayed, revealing family-specific changes to population-level
activity, individual action potential changes, and dendritic complexity with axon
projection being decreased in all families. We followed up these experiments with
RNA sequencing at an earlier timepoint (DIV14), identifying early changes in
gene expression and pathway enrichment which varied appreciably between two
families, potentially due to underlying clinical variations. Finally, we treated a
proband and control with a potent, selective GSK3 inhibitor and found that the
proband was comparatively insensitive to its effects on action potential
properties. Taken together, these findings underscore the multi-layered
heterogeneity in this disorder at the clinical, cellular and molecular level, and offer

new insights into disease pathobiology and potential mechanisms.
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Chapter 1: Introduction
1.1 Neurodevelopmental disorders (NDDs)

1.1.1 Background

Neurodevelopmental disorders (NDDs) encompass a variety of conditions which
impair childhood development in a variety of social, motor, language and
cognitive domains (APA, 2013). Though many disorders may fall under this
description, the most common ones include autism spectrum disorder (ASD),
attention-deficit hyperactivity disorder (ADHD), seizure disorders, and more
generalized intellectual disability/developmental delay (ID/DD). At present, NDD
diagnostic criteria are set by the Diagnostic and Statistical Manual, Fifth Edition
(DSM-V) (APA, 2013), and diagnosis is principally based on clinical evaluation for
relevant symptomatology. While efforts to find biomarkers for these disorders are
ongoing, these have proven largely elusive.

Investigations into the causes of NDDs have identified certain features of interest.
NDDs are highly heritable, suggesting a genetic underpinning. Twin studies have
additionally revealed that these disorders are highly sensitive to specific genome-
level arrangements of genetic factors, evidenced by the large concordance gap
between monozygotic and dizygotic twins for disorders such as ASD (Figure
1.3.2) (Colvert et al., 2015; Tick et al., 2016). Because of the age of onset and
severity of many of these disorders, there is a strong negative selection pressure
on underlying mutations. As a result, highly penetrant mutations are

comparatively infrequent (often only arising de novo), while lower penetrance or
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necessary-but-insufficient mutations will be more frequent but their role in the
disorder will be more difficult to discern (see Figure 1.3.1).

In recent years, a class of these mutations termed copy number variants (CNVs)
has increasingly gained prominence for their role in NDDs. CNVs are gains or
losses of continuous tracts of chromosomal material, typically on the order of kilo-
or megabases. CNVs can encompass dozens of genes, and many are highly
penetrant for the development of NDDs. Several of these CNVs occur at
chromosomal “hotspots”, meaning that they are highly recurrent with defined
breakpoints (Fu et al., 2010). This recurrence is largely explained by the copy
number expansion of genetic elements flanking these regions in recent human
evolution. The ostensible reason for this expansion is that these elements played
an important role in driving the rapid increase in human brain size (Antonacci et
al., 2014). This is reflected in dosage-linked macrocephaly/microcephaly with
gains or losses (respectively) in many of these elements (Bernier et al., 2016; .
T. Fiddes et al., 2018; Golzio et al., 2012). This trade-off between rapid brain
expansion and regional chromosomal instability is reflected in CNV hotspots
associated with nervous system disorders. At present, the Simons Foundation
Autism Research Initiative (SFARI) (Basu et al., 2009) indexes 17 CNV loci,

though more continue to be discovered.

1.1.2 Etiology
There are several features of NDDs which provide clues to their mechanistic

investigation. With few exceptions, NDDs represent very uniquely human
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disorders, and animals cannot recapitulate the entirety of the clinical phenotype.
As a consequence, the pathologic locus in the human disorder must be located in
the uniquely human structures. For neuropsychiatric diseases, many of these will
be related to the area of greatest differentiation in the human brain, the
neocortex. Both the neocortex and the genetics underlying its recent evolutionary
history are, therefore, high-yield candidates for the investigation of these
disorders.

The genetic factors associated with neurodevelopmental disorders are numerous
and have been extensively indexed in various large-scale studies and
repositories such as SFARI, MSSNG, and ENCODE. A variety of studies have
analyzed many mutations of these genes and offered insights into the
manifestations of neurodevelopmental disorders at the molecular, cellular, tissue,
and clinical levels. Much like the diseases they result in, the genetic disorders
themselves vary greatly. Because these disorders are often under negative
selection pressures (due to decreased fecundity in patient populations), their
penetrance is negatively correlated with their frequency in the population. Indeed,
very few of these mutations are fully penetrant for neuropsychiatric disease, and
of these most are confined to de novo mutations. Because these are not
inherited, they are under no multigenerational selection pressures and can
manifest in serious diseases. These particularly serious mutations offer valuable
tools for the study of extremal neurodevelopmental outcomes, though they have

correspondingly rare representation in the population. In contrast, common
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variants will be more represented in the population but are generally less
penetrant. While their contribution to disease might prove more prevalent, the

effect size will be considerably smaller (Figure 1.3.1) (Bourgeron, 2015).

Figure 1.3.1: Heritability and penetrance of NDD-predisposing mutations

Variant contribution to NDD

R
inherite
variants

Variant frequency in population

Adapted from Bourgeron (2015)

Figure 1.3.1: Representation of different types of variants, and their contribution
to NDDs. While a pathogenic de novo mutation might produce an NDD on its own,
it might take the chance presence of several common inherited variants to do the
same. A chromosomal microdeletion might be an example of several common
variants (deletions, in this case) coalescing into a clinical phenotype. Adapted from
(Bourgeron, 2015).

Because a unified theory of neurodevelopmental dysfunction is the goal of these
studies, it is difficult to anticipate in advance what a satisfactory answer might
look like. The overarching goal of these studies is to understand the mechanisms
of these disorders and to ultimately identify possible points of intervention for both

individual genetic causes and the clinical disorders they cause.
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There are other features of a genetic disorder which make it more desirable for
further study. One compelling line of evidence is the evolutionary history of the
genetic elements involved in the disorder. Tautologically, precursors to human
genetic elements follow a gradual decrease in homology from our closest relative
species to more distant ones. If a gene or genetic element is unique to humans
and associated with neuropsychiatric disease, its importance is typically simpler
to appreciate: it is a human-specific gene and its dysfunction results in human-
specific disorders. However, it may also be of considerable interest if genetic
elements with evolutionary histories extending across multiple species are also
associated with what appears to be a human-specific disorder. In scenarios such
as this, both model organisms and human studies can yield complementary data
and illustrate the different levels at which these disorders might manifest.
Despite cross-species homology in genes and genomic regions related to this
disorder, neurodevelopmental disorders themselves are largely centred on
human neural and cognitive dysfunction, they may have correlates in model
organisms which are conducive to study. For example, while autism spectrum
disorders are highly human-specific, comparisons may be drawn to socialization
behaviours in rodents. For functional disorders with much more objective
presentations, (such as movement or seizure disorders) this task is much more
straightforward.

In recent years, a large body of evidence has accumulated implicating a multitude

of genetic elements in the development of these disorders. Many of these
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disorders have a high heritability, and twin studies have revealed that specific
genetic makeup plays an important role in determining the proclivity to develop
these disorders (Gottesman, 1991).

The conceptual schemata which describe the ways in which genome-wide
mutation burden may collectively produce these disorders are reviewed
elsewhere. In short, the relevant mutations can be considered to be either
spontaneously arising (de novo) or inherited, and comprise either single-
nucleotide polymorphisms (SNPs) or duplications/deletions of contiguous tracts
of genomic DNA. In this review, we are interested in a subclass of this latter
group known as copy number variants (CNVs), and in particular microdeletions
and microduplications. CNVs represent both normal and pathological variations in
the copy numbers of different genomic elements. CNVs are typically on the order

of kilo- or mega basepairs and can involve dozens of genes.

Certain CNVs have features which make them suitable for the study of NDDs. A
higher-level consideration of CNVs in neurodevelopmental disorders has
previously been reviewed (Fu et al., 2010). Located at chromosomal “hotspots”
(Fu et al., 2010; Lupski & Stankiewicz, 2005) (which are flanked by homologous
repeats segments, increasing susceptibility to inversions, rearrangements, and
duplications/deletions), these CNVs are highly recurrent and can be very
penetrant for select NDDs. Consequently, these CNVs can represent a

comparatively severe genetic cause of NDDs, while remaining comparatively
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frequent at the population level. However, it is frequently nonobvious how these
CNVs are causative for the associated NDDs. An improved understanding of the
ways in which CNVs underlie NDD pathobiology will inform care for patients with
the respective CNV, and expand understanding of the common mechanisms
underlying these disorders more broadly.

There is good reason to believe that select genes may be driving NDD
phenotypes in many of these disorders. For example, in the case of the 2923.1
CNV, MBD5 was identified as the driver gene by the study of nested deletions in
patients with clinically similar presentations, which isolated MBD5 as the only
gene in the minimal deletion region (Talkowski et al., 2011). However, this is
atypical, in that for most CNVs there will be insufficient patient cases to make this
determination. This is due both to the rarity of these CNVs in general, as well as
the recurrence of their breakpoints, such that rearrangements involving single
genes are extremely rare, and certainly unlikely to provide definitive evidence in
most cases. However, these CNVs still serve to highlight local genetic elements
potentially underlying the disorder, which can be studied using a combination of
animal models, mutations in individual genes, and the associated cellular and
molecular pathways. A variety of such studies have revealed potential roles for
genes within these disorders. Given the high rate of co-occurrence between
various NDDs (Rosen et al., 2018), and their association with these highly
recurrent CNVs, the following sections will review a selection of several of various

genes within them.
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Note that this is a lengthy section, and the discussion of the main CNV

investigated in this thesis (the 15013.3 microdeletion) begins on page 31.
1.1.3 NDD-associated CNVs

1g21.1
The 1g21.1 region is highly complex, involving over 30 genes in the two major
regions associated with clinical disorders. Deletions of the proximal region are
most notably associated with the thrombocytopenia absent radius (TAR
syndrome). Duplications and deletions of both the proximal and distal regions are
reported in patients with neuropsychiatric abnormalities, including developmental
delay (DD), intellectual disability (ID), hypotonia, seizures, autistic features, brain
abnormalities, and other behavioural problems (Rosenfeld et al., 2012). CNVs in
the distal region have been estimated to have a penetrance of 29.1% and 36.9%
for duplications and deletions (respectively) (Rosenfeld et al., 2013). Deletions of
the distal region (~1.35 Mb) (Velinov & Dolzhanskaya 2010) are associated
strongly with microcephaly, while duplications of this region are more strongly
linked to macrocephaly autistic features (Rosenfeld et al., 2012) and
schizophrenia later in life (Dolcetti et al., 2013). Segmental duplications in the
region delineate four breakpoints among which CNVs are most commonly
observed, though other rearrangements in the region are also possible. Though
associated with many neurodevelopmental phenotypes, the 1g21.1 CNVs have
considerable variation in their clinical presentation (Aldinger, 2009), and many

carriers are largely asymptomatic.
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To date, little remains known about the contribution of specific genes to the
neuropsychiatric phenotypes in this disorder. The distal microdeletion can vary in
size by up to 2 Mb due to the spread in the segmental duplications within the
breakpoint region. However, the most conservative region enclosed by the
breakpoints encompasses the protein-coding genes PRKAB2, FMO5, CHDLL,
BLC9, ACP6, GJA5, GJA8, GPRB89B, GPRB89C, PDZK1, HYDIN2, NBPF11,
and NBPF24 (Rosenfeld et al., 2012). Several pseudogenes are also present in
the region. The majority of work on these genes has focused on their role in
cancer biology. To date, little is known about the role of any genes in this CNV
region on outcomes involving the nervous system. Mutations in GJA8, which
encodes a gap junction lens protein of the eye lens, are an identified cause of
congenital cataracts and other eye disorders (Arora et al., 2008; Ge et al., 2014,
Huang et al., 2015), but not an apparent cause of any neurodevelopmental
phenotypes. Mutations in the other gap junction protein in the region, GJAS5, are
associated with atrial fibrillation (Shi et al., 2012) and congenital heart disease
(Soemedi et al., 2012).

In a case study of a 1g21.1 distal microdeletion patient, CHD1L and BCL9 were
proposed to be candidate genes underlying the language disorder phenotype.
CHDLL is part of the chromodomain helicase DNA-binding protein family, of
which several members (CHD2, CHD7, and CHDS8) are linked to neuropsychiatric
outcomes such as epileptic encephalopathy and ASD (Gabriele et al., 2018).

While this study showed expression level changes of 1g21.1 genes (notably
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CHD1L and BCL9) and potential interacting partners suspected to be involved in
language disorders, the connection to neurodevelopment remains largely
speculative (Benitez-Burraco et al., 2018).

One promising candidate is NOTCH2NL, which is highly duplicated in the
breakpoint regions flanking the enclosed recurrent 1g21.1 CNV regions. Like
other segmentally duplicated genes in CNV hotspots, NOTCH2NL duplications
are thought to underlie the rapid enlargement of the human neocortex in recent
evolution (lan T. Fiddes et al., 2018). NOTCH2NL has been shown to positively
modulate Notch signalling in radial glia neural stem cells, which is proposed to
directly influence the number of cortical neurons (lan T. Fiddes et al., 2018). This
has been suggested as the likely mechanism for macrocephaly/microcephaly,
which are observed in 1g21.1 microduplications/microdeletions (respectively) (lan
T. Fiddes et al., 2018). Studies of the therapeutic potential of modifying Notch
signalling have been thus far limited to cancer biology (Andersson & Lendahl,
2014; Wang et al., 2010; Yuan et al., 2015). However, given the direct relevance
of neuronal progenitor functionality to neurodevelopment, this might prove to be a
promising avenue for early intervention.

While other genes (PRKAB2 and PDZK1) are also thought to be involved in the
neurodevelopmental phenotype of the disorder based on tissue expression data,
they remain largely unstudied in this context. While some candidates have
emerged as plausible contributors to 1g21.1 CNV disorders, no clear drivers are

evident at present.
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2p16.3 — NRXN1

Recurrent CNVs of the 2p16.3 region span an approximately 330 kb length and
are overwhelmingly represented by microdeletions (the reported ratio of deletions
to duplications based on indexed cases in the SFARI database is roughly 21.5).
The CNVs in this region map to the NRXN1 gene, which is the singularly
identified driver of neuropsychiatric phenotypes associated with this disorder.
Neurexins are presynaptic adhesion proteins and play an important role in
synaptic organization and transmission (Pak et al., 2015; Trotter et al., 2019).
NRXNL1 expression profiles link high isoform-specific expression to the
dorsolateral prefrontal cortex early in neurodevelopment and suggest an altered
expression profile in schizophrenia and bipolar disorder (Jenkins et al., 2016).
The core phenotype of the 2p16.3 microdeletion involves severe intellectual
disability, language delay, ASD, seizures, and hypotonia (Béna et al., 2013;
Ching et al., 2010; Dabell et al., 2013; Gauthier et al., 2011; Schaaf et al., 2012).
NRXN1 deletions are also linked to the development of schizophrenia later in life
(Kirov et al., 2009; Todarello et al., 2014). Because the implicated gene is known,
subsequent research has focused on identifying the relevance of other factors in
the variability of disease presentation. Exonic deletions are known to be more
important than intronic ones for the development of NDDs (Lowther et al., 2017).
Studies of variable exon deletions in NRXN1 show that patients with a C-terminus
deletion have a greater risk of developing epilepsy (Béna et al., 2013; Schaaf et

al., 2012). It was initially thought that C-terminus deletions were also associated
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with macrocephaly (Béna et al., 2013), though a subsequent larger cohort study
did not replicate this finding (Schaaf et al., 2012).

Disruptions in NRXN1 exhibit incomplete penetrance, and it is not uncommon for
probands to have inherited the deletion from asymptomatic parents (though
compound heterozygotes have a more penetrant and severe phenotype)(Béna et
al., 2013). The variability in this penetrance is thought to result from differences in
genetic background. Studies have identified high rates of additional rare CNVs in

2p16.3 microdeletion patient cohorts (Béna et al., 2013).

7911.23

CNVs of the 7911.23 region typically span 1.5-1.8 Mb and can contain up to 28
genes (Pober, 2010). The 7q11.23 region is best known for deletions, which
result in the Williams-Beuren syndrome (WBS). WBS is characterized by
characteristic facial dysmorphia, social behaviour, and delay in growth and
mental faculties. However, duplications in this region have also been associated
with neuropsychiatric outcomes, including epilepsy, learning disorders,
behavioural problems, and ASD. No gene has been definitively identified as the
cause of the neuropsychiatric phenotypes in this disorder. However, several
genes have been linked to neuronal phenotypes, and are considered possible
candidates.

LIMK1 encodes a LIM domain-containing kinase which is highly expressed in the
brain(Frangiskakis et al., 1996). LIMK1 was first implicated in patients with

partial-WBS phenotypes, and a minimal deletion region implicating LIMK1 and
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ELN (elastin)(Frangiskakis et al., 1996). LIMK1 was considered to be the driver of
visuospatial constructive cognition in these patients, due to the identified role of
elastin outside of neuronal phenotypes (Frangiskakis et al., 1996). LIM kinases
have been implicated in neurodevelopment through actin remodelling (Cuberos et
al., 2015; Frendo et al., 2019), particularly as facilitators of synaptic spine
development and stability (George et al., 2015; Hoogenraad et al., 2004). A study
of LIMK1 knockout mice showed decreased numbers of upper-layer cortical
pyramidal neurons, attributable to fewer neural progenitor cells in these animals,
and defects in neuronal migration(Mao et al., 2019).

GTF2I (general transcription factor II-1) and GTF2RD1 (GTF2I repeat domain
containing 1) are two related genes in this CNV region which have been
associated with both craniofacial and neuropsychiatric outcomes in 7q11.23
CNVs. Studies of deletion breakpoints in WBS and partial-WBS patients have
identified an absence of mental retardation when GTF2l and GTF2RD1 are not
also deleted, providing an interesting inferential result for the involvement of
these genes (Antonell et al., 2009; Ferrero et al., 2010; Hirota et al., 2003; Morris
et al., 2003). Additionally, SNPs identified in GTF2I have been linked to
sociability, suggesting that GTF2I might drive this aspect of the broader
phenotype (Crespi & Hurd, 2014). Interestingly, Gtf2i heterozygous mice
(homozygosity is fatal in utero due to severe neural tube defects) show increased
social behaviour, reminiscent of the hypersociability characteristic of WBS

patients (Sakurai et al., 2010). In one study which selectively deleted GTF2I in
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excitatory forebrain neurons of mice, it was found that the resulting WS-like
neurocognitive abnormalities were associated with decreases in myelin
thickness, oligodendrocyte numbers, and axonal conductivity and that the
behavioural abnormalities could be rescued by clemastine or improved axonal
conductivity (Barak et al., 2019). Reduced myelin thickness and reduced
numbers of mature oligodendrocytes were also identified in the frontal cortices of
WS patients(Barak et al., 2019). Interestingly, GTF2I dosage is directionally
important to the presenting neurocognitive profile, with copy number losses
tending towards a hypersocial phenotype, including mental retardation and
impaired visuospatial ability, and copy number gains manifesting in an autistic
phenotype, with severe language impairments and repetitive behaviour(Shirai et
al., 2017). GTF2RD1 loss is thought to drive the craniofacial abnormalities seen
in WBS patients. This has been supported by the identification of a patient with
an atypical deletion involving GTF2RD1 (among other genes) but not GTF2I(Dai
et al., 2009). The patient demonstrated characteristic WBS facial dysmorphism
but tested far above expectation in cognition (Dai et al., 2009). This has been
further corroborated in Gtf2ird1-null mice, which manifest craniofacial
abnormalities (Tassabehji et al., 2005). In general, however, GTF2I and
GTF2RD1 are thought to synergistically influence the craniofacial and
visuospatial cognitive deficits in this disorder.

Other suspected genes in this region include STX1A (syntaxin-1) and CLIP2.

STX1A is a SNARE protein involved in synaptic vesicle exocytosis and shows
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strong expression in the brain. However, Stxla knockout mice are grossly
normal, though they do show deficits in hippocampal LTP and conditioned fear
memory extinction, suggesting a role for STX1A in synaptic plasticity (Fujiwara et
al., 2006), but demoting its candidacy as the driver of this disorder. In human
studies, STX1A SNPs are associated with high-functioning autism (Nakamura et
al., 2008) and are thought to play a role in the intelligence of patients with WBS
(Gao et al., 2010), supporting a secondary role for STX1A in neuropsychiatric
phenotypes. While CLIP2 was initially given strong credibility as a main driver of
this disorder, the identification of CLIP2 hemizygous deletion patients with no
clinical abnormalities has largely excluded it from consideration as a main driver
in this disorder(Vandeweyer et al., 2012).

8p23.1

The 8p23.1 region is susceptible to rearrangements, with the typical CNV region
spanning 3.4-3.7 Mb and including up to 31 genes and microRNAs (Barber et al.,
2013). Both the microdeletion and microduplication syndromes are significant for
learning disabilities, congenital heart defects, and microcephaly/macrocephaly
(respectively). Most research on driver gene candidates in this disorder has
focused on cardiac defects, highlighting the main role of the transcription factors
GATA4 and SOX7. Two candidates with identified neurophysiological
consequences are MCPH1 (microcephalin) and miR124-1.

MCPH1 mutations are an identified cause of primary microcephaly, which

suggests a primary role for this gene in the head size abnormalities of the 8p23.1
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CNV. MCPH1 is a DNA-damage response protein, and is also implicated in
premature chromosome condensation syndrome (Trimborn et al., 2004). The
various functions carried out by MCPH1 are reviewed elsewhere (Liu et al.,
2016). Known to be under positive selection pressure in the human evolutionary
lineage, MCPH1 has attracted considerable interest as a potential driver of the
neurocognitive phenotypes in this disorder.

miR-124-1 is the most highly expressed microRNA in neuronal tissue, and is a
known modifier of neuronal progenitor fate. mIR-124-1 is particularly implicated in
the development of neural lineage cancers. Despite its evident involvement in
neurodevelopment, the relationship of mIR-124-1 to specific phenotypes in the
8p23.1 CNVs remain incompletely understood.

15q11-13

The 15g11-13 region has two distinguishing features which are relevant to the
clinical presentation of its accompanying CNVs. The most common CNV in this
region is a deletion, which may occur between breakpoints 1 and 3 (class |
deletions), or between BP2 and 3 (class Il deletions) (Sahoo et al., 2006). While
both deletions result in the development of an NDD, the inheritance (maternal vs.
paternal) will determine if the disorder is Angelman syndrome (AS) or Prader—
Willi syndrome (PWS), respectively. Because the class | deletion encompasses
the class Il region, the phenotypes in these patients are more severe(Sahoo et
al., 2006). Though the BP1-2 region alone was largely considered to have little

pathologic relevance, further refinements have identified specific roles for
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encompassed genes in promoting NDD development, and associated disorders
are grouped under 15911.2 CNVs.

Angelman syndrome

Angelman syndrome presents with the core findings of developmental delay,
ataxia/tremors, severely impaired speech acquisition, and may develop seizures
with highly characteristic EEG abnormalities (Kalsner & Chamberlain, 2015). This
disorder results from maternal deletions of the PWS/AS critical region.
Perturbations to the Ube3A gene, which encodes ubiquitin-protein ligase E3A,
were identified as sufficient for the development of AS, thus implicating it as the
driver of this disorder (Kishino et al., 1997). Subsequent work would identify
UBE3A imprinting as brain-specific (Rougeulle et al., 1997; Vu & Hoffman, 1997),
offering further clues to its potential role in neuropsychiatric disease.

Much of the insights into the role of UBE3A in driving neurodevelopmental
phenotypes have come from mouse studies. Mice deficient in the maternal copy
of Ube3A (Ube3A™/P*) demonstrate impairments in recovery from long-term
potentiation (LTP), but no evidence of synaptic transmission deficits at baseline,
nor any neuroanatomical abnormalities (Jiang et al., 1998). In the same mouse
model, Greer et al. identified the plasticity “master regulator” protein Arc as a
target of Ube3A-mediated ubiquitination, which was associated with a selective
decrease in AMPA receptors at excitatory synapses (Greer et al., 2010).

Further insights into the putative role of Ube3A at the synapse have come from

studies of Ube3A duplication. While distinct from AS, duplications of the 15911-
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13 region are highly recurrent and penetrant for many neuropsychiatric
phenotypes, particularly autism spectrum disorder. Ube3A duplication/triplication
mice show impaired social behaviours which are proportional to Ube3A copy
number and consistent with an autism paradigm. Interestingly, the gain of Ube3A
impaired excitatory synaptic transmission, impacting both pre- and postsynaptic
sites (Smith et al., 2011). Subsequent work further identified that disrupted
regulation of the autism-linked gene Cerebellin-1 (CbInl) by loss of Ube3a might
underlie sociability deficits (Vaishnav Krishnan et al., 2017). CbIn1 is a binding
partner of neurexins 1-3 (NRXN1-3) presynaptically, and delta-1 ionotropic
glutamate receptor subunits (GRID1-2) postsynaptically, providing a plausible
rationale for the trans-synaptic deficits observed with Ube3a deletions. Consistent
with its role in LTP recovery, the gain of Ube3a acts synergistically with seizure
activity in the development of impaired sociability (V. Krishnan et al., 2017).
Attempts to study the mechanistic role of Ube3a in human models have been
difficult. Several groups have derived iPSCs from patients with Ube3a disruptions
(Fink et al., 2017; Germain et al., 2014; Lee et al., 2018; Niki et al., 2019;
Pdélvora-Brandéo et al., 2018; Stanurova et al., 2016). These models have
provided important clues to the potential role of Ube3a in driving the pathologies
of this disorder. These models have identified similarities in differentially
expressed genes in both deletion and duplication (Germain et al., 2014)g, and
dysregulated electrophysiologic maturation in membrane and synaptic properties

of iPSC-derived neurons. One important caveat is that due to unreliable
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imprinting of the PWS/AS critical region in iPSCs and iPSC-derived neurons,
these models remain an important impediment to accurate disease modelling
(Pdlvora-Brandéo et al., 2018; Stanurova et al., 2016).

Though the mechanistic features of Ube3a CNVs remain largely unresolved,
early proof-of-concept targeted treatments have been attempted. As the paternal
Ube3a allele is retained in most cases of AS, efforts to re-express it aim to
bypass the question of mechanism by addressing the fundamental insult.
However, extensive off-target effects preclude the immediate translation of this
intervention.

Ube3a is among the best-established single-driver genes from a CNV implicated
in NDDs. Although the disruption of this gene faithfully recreates the core
symptomatology of AS, the mechanisms by which this occurs remain largely
unknown. While both synaptic phenotypes and GABAergic neurons are, at
present, the principally implicated points of mechanistic convergence in driving
the clinical phenotype, a more refined understanding of the implicated pathways
remains outstanding.

Prader-Willi Syndrome/Schaaf-Yang Syndrome

Prader—Willi Syndrome (PWS) is a complementary disorder to AS, in that the
deletion of the paternal copy of the 15q11-13 critical region causes a complete
loss of expression for maternally imprinted genes. PWS presents with a more
generalized developmental delay phenotype than AS, though there is a

neurodevelopmental component to the disorder, including intellectual disability
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(Kalsner & Chamberlain, 2015), behavioural problems , and in some cases
autism (Butler & Thompson, 2000; Dykens et al., 2011). To date, no clear genes
have unilaterally emerged as drivers of these disorders. Deleterious mutations
affecting MAGEL2 (melanoma antigen like 2), which is one of the affected genes
in the PWS, have been shown to recapitulate several cardinal features of the
disorder as part of Schaaf—~Yang syndrome (SHFYNG), and to be particularly
penetrant for neurodevelopmental phenotypes including autism spectrum
disorders (Schaaf et al., 2013), behavioural abnormalities, and developmental
delay/intellectual disability ("Correction: Corrigendum: The phenotypic spectrum
of Schaaf-Yang syndrome: 18 new affected individuals from 14 families,"” 2016).
In mouse brains, Magel2 is highly expressed during mid-to-late gestation
(particularly the hypothalamus), and decreases to a low expression level in the
adult mouse brain, suggesting a potential developmental role (Lee, 2000).
Magel2 is predicted to facilitate the action of E3-ubiquitin ligases (Doyle et al.,
2010; Tacer & Potts, 2017), the action of which has been shown to indirectly
regulate Retromer-mediated transport (Hao et al., 2013). Hypothalamic oxytocin
neurons in Magel2 deficient mice have a decreased firing rate, reduced
spontaneous excitatory postsynaptic currents (SEPSCs), and a decrease in
AMPA-R-dependent currents (Ates et al., 2019). Studies in Magel2 deficient mice
demonstrate leptin-insensitivity of pro-opiomelanocortin (POMC) expressing
neurons of the hypothalamus, which develops in an age-onset manner (Mercer et

al., 2013; Pravdivyi et al., 2015). Interestingly, this is accompanied by decreased
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hypothalamic oxytocin, and early postnatal oxytocin administration can rescue
poor suckling (Schaller et al., 2010)and behavioural deficits in adult mice
(Meziane et al., 2015).

While MAGEL2 is a clear contributor to NDD phenotypes, its mechanistic role
remains to be determined. Contradictory evidence suggests that deletion of
MAGEL2 (as well as MKRN3 and NDN) is not sufficient to cause PWS (Kanber et
al., 2009). Further, while preliminary functional data strongly support its role in
oxytocin neurons of the hypothalamus, human studies remain to be conducted in
support of the molecular underpinnings, and to inform targets for potential

interventions.

16p11.2
CNVs in the 16p11.2 region are associated with several NDDs, including ASD
(Fernandez et al., 2009; Hanson et al., 2010; Kumar et al., 2007; Kumar et al.,
2009), developmental delay, and dysmorphic features (Fernandez et al., 2009).
The typical CNV region encompasses a 600 kb segment and 29 genes (Zufferey
et al., 2012). Microdeletions of this region are phenotypically more severe than
microduplications (Fernandez et al., 2009). Studies of the implicated genes in this
region do not favour an interpretation of a singular gene as the driver of the
neurodevelopmental phenotypes in this CNV. Studies have been unsuccessful in
identifying a single-driver gene behind the NDD phenotypes of the 16p11.2 CNV,
likely due to the complexity and size of the region. Several genes in this region

(KCTD13, TAOK2, MAPK3, and SEZ6L2) have been implicated as potential NDD
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risk loci and evidence from animal and human models has established a putative
role for their contribution to neuropsychiatric phenotypes.

KCTD13 (potassium channel tetramerization domain containing 13) rare variants
have been identified as schizophrenia risk loci (Degenhardt et al., 2016).
KCTD13 demonstrates a dose-dependent ability to induce micro/macrocephaly in
cases of deletion/overexpression (respectively), in a zebrafish model of the
disorder (Golzio et al., 2012). Neural precursor cells derived from KCTD13
knockout iPSCs demonstrate impaired DNA synthesis and impaired proliferation,
and cortical neurons derived from the same iPSCs had impaired neurite
formation which was rescued by ERBB signalling activation (Kizner et al., 2019).
Interestingly, the ERBB was identified as a potential target by RNA-sequencing-
based pathway determination (Kizner et al., 2019). Human protein developmental
network analyses highlight an important role for the KCTD13 pathway in late mid-
fetal brain development, potentially underlying brain size/connectivity phenotypes
(Lin et al., 2015). A mouse study of KCTD13 deletion demonstrated decreased
synaptic transmission which was rescued by RhoA inhibition (Escamilla et al.,
2017). Interestingly, this study did not identify any changes in brain size or
cellular proliferation associated with KCTD13 deficiency (Escamilla et al., 2017).
MAPK3 (mitogen-activated protein kinase 3) is a serine/threonine kinase which is
involved in various cellular growth and maintenance function (Roskoski, 2012). It
was identified as a potential driver in a cohort of ASD patients with missense

mutations (Schaaf et al., 2011). Deleterious mutations of functionally related
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proteins identified by a proteomics analysis (Friedman et al., 2011) identified a
similar (though less severe phenotype), highlighting an important corroborative
role for proteomic analyses in driver gene mechanistic discovery (Park et al.,
2017).

TAOK2 (thousand and one amino-acid kinase 2) is a MAP kinase pathway
activator (Chen & Cobb, 2001) and is known to be involved in the DNA-damage
stress response (Raman et al., 2007). In cultured mouse cortical neurons,
TAOK2 downregulation impaired neurite formation and branching complexity (de
Anda et al., 2012). In vivo, TAOK2 downregulation was associated with
decreased basal dendritic arborization, and impaired axonal elongation (de Anda
et al., 2012). Subsequent work would identify the loss of TAOK2 as
compromising dendritic stability, and demonstrate the role of TAOK2 in stabilizing
the postsynaptic density scaffolding protein PSD95 by phosphorylation of Septin7
(Yadav et al., 2017). Richter et al. found that TAOK2 deletion was implicated to
affect brain size in a dosage-dependent manner, and also contribute to
behavioural abnormalities related to cognition, anxiety, and social interaction
(Richter et al., 2019). This was accompanied by decreased basal dendrite density
in prefrontal cortical (PFC) neurons, reduced dendritic spine density, and altered
distribution of spine morphology (Richter et al., 2019). It was further shown that
TAOK2 and RhoA exist in the same protein complex and that the observed

phenotypes are mediated by RhoA signalling (Richter et al., 2019).
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SEZ6L2 (seizure-related 6 homolog-like 2) variants have been associated with
autism (Kumar et al., 2009). Triple knockout mice for the SEZ homolog proteins
BSRP (A-C) (brain-specific receptor-like proteins) develop motor coordination
defects and have impaired cerebellar synaptic maturation (Miyazaki et al., 2006).
However, a clear mechanistic link has yet to be established between SEZ6L2 and
the pathobiology of NDDs.

At present, mechanistic and associative evidence suggests that there is no clear
single-driver gene underlying NDDs in the 16p11.2 CNV disorder. Despite this,
some evidence suggests a potential overlap of signalling pathways for three of
the candidate drivers in this region (TAOK2, MAPKS, and KCTD13) through
RhoA and MAPK signalling. Interestingly, in two mouse models of the 16p11.2
hemizygous mice, both cognitive and social phenotypes are rescued by the
GABAGs agonist R-Baclofen (Stoppel et al., 2018), though the mechanisms of this
remain unknown. While the cause of the 16p11.2 CNV does not appear to be
attributable to one genetic element, identifying convergent signalling pathways
between these elements might offer insights into common disease pathways for
associated NDDs, and highlight novel downstream targets for intervention.
17p11.2

Microdeletions and microduplications of the 17g11.2 region are associated with
Smith—Magenis syndrome (SMS) and Potocki—Lupski syndrome (PTLS),
respectively, and associated CNVs can span 0.9-3.7 Mb. The SMS core

phenotype consists of distinctive craniofacial abnormalities, sleep disturbances,
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DD/ID, behavioural problems, and otolaryngologic deficits. The PTLS presents
with DD/ID, and behavioural issues, and are more likely to be diagnosed with
ASD. The RAI1 (retinoic acid-induced 1) gene was isolated as causative by
studies of patients with deletions or missense mutations in RAI1 who recapitulate
the SMS phenotype (Girirajan et al., 2006), and by identifying it as the only gene
in the minimal region of duplication overlap in cohorts of PTLS patients (Zhang et
al., 2010). While RAI1 is the accepted driver of disorder phenotypes, there is
clear evidence that other genes in the region are responsible for other phenotypic
features of this disorder, including severity (Girirajan et al., 2006).

22q11.2

Microdeletions of the 22q11.2 region were originally identified as the underlying
cause in most cases of DiGeorge/velocardiofacial syndrome (VCFS) (Driscoll et
al., 1993; Driscoll et al., 1992; Scambler et al., 1992). More recently, CNVs of the
22011.2 region have been associated with disorders such as
schizophrenia(Bassett et al., 2008; Karayiorgou et al., 1995), ASD (Fine et al.,
2005; Vorstman et al., 2006), and early onset psychosis (Vorstman et al., 2006).
For a comprehensive review, see Hiroi et al. (Hiroi et al., 2013). The most
common CNV region spans 3 Mb, though a rarer nested deletion (~1.5Mb) can
produce the very same phenotypes observed in this disorder (Carlson et al.,
1997; Gong, 1996). Several genes in this region are identified as potential drivers
of the associated neurodevelopmental phenotypes, including Thx1, Zdhhc8, and

Dgcr8.
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Dgcr8 (DiGeorge syndrome chromosomal 8) encodes a subunit of a
microprocessor complex involved in microRNA processing. Complete Dgcr8
knockout is lethal in mice, underscoring the importance of its function (Fénelon et
al., 2011). Fénelon et al. discovered that Dgcr8 heterozygous mice have mild
structural changes in layer 5 basal dendritic spines (Fénelon et al., 2011). They
further identified that these mice have synaptic plasticity deficits, manifesting in
greater long-term depression in layer 5 neurons (Fénelon et al., 2011).
Unsurprisingly, the mechanisms underlying Dgcr8 dysregulation are thought to be
microRNA mediated. Interestingly, these phenotypes worsened over time as miR-
338-3p levels decreased, could be recreated by acute knockdown of miR-338-3p,
and were rescued by its re-expression (164). Dcgr8 is also thought to partially
regulate a microRNA encoded in the 22q11.2 region (miR-185), which represses
the expression of Mirta22, responsible for regulating dendritic and spine
development (Xu et al., 2013).

Zdhhc8 encodes a palmitoyltransferase with high expression levels in the brain,
both in humans and mice (Liu et al., 2002). Mukai et al. first identified Zdhhc8 as
a potential schizophrenia risk gene by identifying a high-risk SNP (rs175174)
(Mukai et al., 2004). It has also recently been implicated as a potential regulator
of epileptic seizure susceptibility (Yang et al., 2018). Surprisingly, Zdhhc8” mice
show sexually dimorphic deficits in exploratory behaviour and prepulse inhibition,
which are more pronounced in female mice (Mukai et al., 2004). Mechanistic

evidence for the potential role of Zdhhc8 was first highlighted by its ability to
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regulate PSD-95 by palmitoylation (Ho et al., 2011; Mukai et al., 2008), a finding
which potentially underlies deficits in dendritic spine morphology and density, as
well as decreased dendritic complexity, in Zdhhc8*- and Zdhhc8”- mice (Mukai et
al., 2008). Interestingly, GSK3p inhibition during early development has been
shown to rescue behavioural phenotypes in a 22g11.2 microdeletion mouse
model (Tamura et al., 2016), and axonal branching phenotypes in a Zdhhc8"
mouse (Mukai et al., 2015)). While this approach is preliminary and relatively
high-level with respect to disease pathobiology, it importantly highlights the
developmental aspect of these disorders and the potential for early intervention in
modifying the disease trajectory.

22q13.3

CNVs of the 22913.3 region are almost always microdeletions, which are
responsible for Phelan—McDermid syndrome (PMS). This condition presents
principally with global developmental delay, intellectual disability, severe speech
deficits, hypotonia, and motor deficits. Interestingly, it is among the most
penetrant conditions for ASD, for which it has attracted considerable interest as a
research target.

The 22q13.3 CNV region can vary widely in size, with the recurrent region
extending up to 9 Mb, and potentially extending to a terminal deletion. These
CNVs can involve ~30-190 genes, though the majority of interest has been
focused on the SHANK3 (SH3 and multiple ankyrin repeat domains 3) gene

which is thought to be principally responsible for the major neuropsychiatric
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phenotypes in this disorder. SHANK proteins encode postsynaptic scaffolds, and
defects in their functionality are accordingly associated with synaptic defects that
are clinically linked to neuropsychiatric disorders. SHANKS3 is deleted in nearly all
CNV cases, and individual pathological variants have been identified in patients
with the core phenotype of the PMS.

Given the size of the CNV and the number of genes that are potentially involved,
it is unsurprising that other genes in this region have also been linked to
neuropsychiatric outcomes. A review by Mitz et al. systematically profiled genes
found in this region and identified five groupings associated with the purported
phenotypic correlates (Mitz et al., 2018). This analysis considered several
parameters in determining disease-relevant genes, including genes which are
known independent risk factors for specific neuropsychiatric disorders, the
probability of loss-of-function intolerance (pLI score) of the genes, and an
estimated population impact factor (PIF). The groups consider potentially diverse
roles for genes in neurodevelopment, synaptic organization, and mitochondrial
function. However, SHANK3 retains its central role as the purported driver of the
PMS, and these genes are largely considered in the context of how they might
act in concert with SHANK3 to modify disease outcomes.

1.1.4 Summary

As previously stated, the fact of NDD development overlap between and co-
occurrence within various genetic aberrations is suggestive of mechanistic

overlap. The correct level of abstraction for identifying these shared features is
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nonobvious, and this section has highlighted some of the possible ways that
these may be characterized and leveraged for actionable insights.

While innumerable clinical states and genetic mechanisms for disease can be
theorized, only a fairly limited number of highly recurrent ones are observed. This
is for two reasons. Clinically, only a narrow band of early life developmental
abnormalities are compatible with life, and it is within this band that pathology is
observed. Genetically, specific loci are similarly susceptible to rearrangement and
mutation due to (1) the non-fatality of these mutations, and (2) genetic elements
which increase the likelihood of specific changes (duplicated flanking regions).
Taken together, this group of highly recurrent NDD-associated CNVs have a
heterogenous presentation, and in many cases (even where the “driver” gene is

purportedly known) have features linked to multiple genes in the region.
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1.2 The 15913.3 microdeletion disorder

1.2.1 Background

The 15q13.3 microdeletion is a rare chromosomal abnormality, with a population
prevalence estimated between 1 in 5525 (Gillentine et al., 2018) and 1 in ~40,000
(Sharp et al., 2008). Patients with this deletion are at an increased risk for the
development of ASD, ADHD, epilepsy (particularly absence seizures), and
learning disabilities (Lowther et al., 2015; Ziats et al., 2016). The microdeletion is
named for its location on the q arm of chromosome 15, in region 1, band 3, sub-
band 3. In the case of the 15913.3 microdeletion, the minimally deleted region is
approximately 1.5 Mb and contains seven genes (CHRNA7, OTUD7A, MTMR10,
KLF13, FAN1, TPRM1, and ARHGAP11B). For a map of the region, see Figure
1.3.2. Other phenotypic manifestations include an increased incidence of
cardiovascular structural abnormalities, and increased cancer risk. Evidence
suggests that three genes potentially contribute to neuropsychiatric outcomes in
this disorder: CHRNA7, OTUD7A, and FANL1.

CHRNAY (encoding the a7 nicotinic acetylcholine receptor) has historically been
seen as the most likely driver gene in 15913.3 CNVs. Evidence for this view
comes from minimal breakpoint analyses, which show CHRNA7 to be the only
fully deleted gene in sub-deletions (Endris et al., 2010; Hoppman-Chaney et al.,
2013; Shinawi et al., 2009; Szafranski et al., 2010). Mutations in CHRNA7 are
also enriched in autism spectrum disorder (Bacchelli et al., 2015), and

generalized epilepsy (Damiano et al., 2015). Losses of Chrna7 copy number are
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associated with more severe clinical outcomes than gains (Gillentine & Schaaf,
2015). CHRNAY deletion has been proposed as a disruptor of mouse
hippocampal inhibitory circuitry (Adams et al., 2012), resulting in altered
hippocampal GABAA receptor subunit expression (Adams et al., 2012; Bates et
al., 2014), increased GAD67 and parvalbumin (Bates et al., 2014), and
decreased GADG6S5 levels (Adams et al., 2012; Bates et al., 2014). Interestingly,
however, Chrna7 deficient mice do not consistently recapitulate core features of
the 15913.3 microdeletion syndrome (Yin et al., 2017). Chrna7 overexpression is
capable of rescuing dendritic spine phenotypes observed in 15913.3
heterozygous mice (Uddin et al., 2018). While Chrna7 clearly plays an important
role in this disorder, the variability of its phenotypic consequences in both mice
(Yin et al., 2017) and humans suggests that it may not be sufficient to drive the
phenotypes underlying this disorder (Gillentine et al., 2017). Most of the original
research into the affected genes in the 15913.3 microdeletion focused on the role
of CHRNAY which encodes the a7-nicotinic acetylcholine receptor subunit.
Several patients with CHRNA7 deletions were shown to manifest core
phenotypes of the 15913.3 microdeletion disorder (Hoppman-Chaney et al.,
2013; Shinawi et al., 2009; Spielmann et al., 2011). In addition, case reports have
indicated that aggression can be ameliorated in these patients by the
administration of nicotinic agonists (Cubells et al., 2011). Because CHRNA7 is a

neuronally expressed receptor, the plausibility of its role in an NDD disorder lead
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to its adoption as the leading candidate for the 15g13.3 microdeletion for several
years.

In recent years, data published by our group (Uddin et al., 2018) and others (Yin
et al., 2018) have revealed novel roles for OTUD7A as a candidate for the driver
gene underlying phenotypes in the 15g13.3 microdeletion. OTUD7A encodes
ovarian tumour (OTU) deubiquitinase 7A, which is a subfamily of deubiquitinating
enzymes. Though OTUD7A is known to target lysine-11 linkages for
deubiquitination with a high degree of specificity (Mevissen et al., 2013; Mevissen
et al., 2016), its role in cellular function remains largely unknown. OTUD7A null
mice recapitulate core features of the 15q13.3 microdeletion (Yin et al., 2018)
better than CHRNA7 null mice (Yin et al., 2017), and manifest dendritic spine
abnormalities including decreased density (Uddin et al., 2018; Yin et al., 2018)
and altered morphologic characteristics (Uddin et al., 2018). Additionally, the
previously reported deletions of CHRNA7 were shown to also encompass the first
exon of OTUD7A (Uddin et al., 2018). Subsequent genomic analysis revealed
that of the genes in the 15g13.3 microdeletion region, OTUD7A is the most
intolerant to loss-of-function (LoF) mutations, underscoring its importance to
normal development (Uddin et al., 2018). A recent clinical report in the European
Journal of Human Genetics described a child born to consanguineous parents
with an extremely rare homozygous mutation (leucine-233 — phenylalanine) in

the catalytic domain of OTUD7A (Garret et al., 2020). This patient had early
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onset, severe epileptic seizures with learning and speech difficulties (Garret et
al., 2020).

Other implicated genes in the region include FAN1, which encodes the Fanconi-
associated nuclease 1. Exome sequencing identifies FAN1 mutations as
associated with both ASD and schizophrenia (lonita-Laza et al., 2014). FAN1 has
also been identified as a significant modifier of disease trajectory for trinucleotide
expansion repeat disorders such as Huntington’s (Goold et al., 2019), fragile X
syndrome (Zhao & Usdin, 2018), and spinocerebellar ataxia type 3 (Mergener et
al., 2019). However, FAN1 does not appear to be a primary driver of these or
other neurodevelopmental phenotypes.

KLF13 (Kruppel-like factor 13) is typically identified as a transcription factor
playing an important role in the proliferation capacity of various cancers and a
determinant of congenital cardiac defects (Chen et al., 2022; Ding et al., 2022;
Lavallee et al., 2006; Liang et al., 2023; Wang et al., 2020). While it has not been
a highly implicated gene in neuropsychiatric disease, recent work has shown a
role for it in protecting against excitotoxicity in neurons (Avila-Mendoza et al.,
2020). While KLF family proteins have been implicated in neurite outgrowth
(Moore et al., 2009), they remain largely understudied and the role of this gene in
the 15913.3 microdeletion disorder is poorly understood.

TRPM1 encodes the transient receptor potential cation channel subfamily M
member 1. It was previously thought to be confined to the retina for expression,

but no consistent ophthalmologic phenotype is present in patients with a deletion
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in this gene. Trpm1’ mice do have functional abnormalities resembling ADHD
(Hori et al., 2021). There are reports of visual impairments (Spielmann et al.,
2011) and congenital retinal defects (Lepichon et al., 2010) in patients with a
homozygous 15q13.3 deletion, but TRPM1 remains a low-confidence gene in this

disorder.

Figure 1.3.2: 15g913.3 microdeletion BP4-BP5 region
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Figure 1.3.2: Alignment map of the human 15g13.3 chromosome region,
highlighting the “classic” ~1.5Mb deletion region and regionally located genes
(schematic created with Benchling.com software).

Structural features of the 15913.3 microdeletion region

In recent hominid evolution, many genomic regions underwent rapid expansion
under selection pressures to increase cortical size. This resulted in many highly
homologous regions comprised of these repeat elements. During homologous
recombination, these regions have a comparatively high propensity to misalign
and produce inverted chromosomal segments. Subsequent rearrangements
represent a high risk of either gains or losses of these inverted regions, which
become duplications and deletions. Because these regions originally expanded

as an adaptation to augment nervous system (principally cortical) development,
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the altered dosage of genes resulting from deletion or duplication will often
increase the propensity for neuropsychiatric disease. In some cases, reciprocal
CNVs can have surprisingly linear effects on developmental abnormalities, such
as micro- and macrocephaly in a matched deletion and duplication disorder
(respectively) (Bernier et al., 2016; lan T. Fiddes et al., 2018; Golzio et al., 2012).
The major susceptibility elements in the 15913 region are the GOLGAS repeats.
GOLGAS8 encodes the golgin subfamily A member 8, is part of the larger family of
similar golgin “coiled-coil” proteins. Despite the apparent presence of golgins in
nearly all eukaryotic life and their role in Golgi membrane trafficking, their loss
does not appear to cause fatal cellular injury (Munro, 2011). GOLGAS8 does not
appear to play a functional role in the pathophysiology of the 15913.3
microdeletion disorder (Bekpen & Tautz, 2019). Importantly, however, many
copies of GOLGAS are present along chromosome 15 (Bekpen & Tautz, 2019).
This segmental duplication predisposes many regions of the chromosome to
rearrangements, including inversions and subsequent deletions and/or
duplications (Antonacci et al., 2014). These are the so-called breakpoints of the
chromosome, and the recurrent 15q13.3 deletions will align with them. The
expansion of this element (along with ARHGAP11B) in recent hominid evolution
is the possible consequence of a selection pressure towards neocortex
expansion, at the cost of chromosomal stability (Antonacci et al., 2014).
ARHGAP11B encodes Rho GTPase-Activating Protein 11B, which was formed

through the partial duplication of the ARHGAP11A gene in recent hominid
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evolution (Dennis et al., 2017; Florio et al., 2015; Hevner, 2020). ARHGAP11B is
noteworthy as a key protein involved in the neocortical expansion which
differentiates modern humans from their closest primate relatives. ARHGAP11B
expression variably increases both cortical size and folding in mouse, ferret, and
marmoset models (Heide et al., 2020; Kalebic et al., 2018; Xing et al., 2021). This
effect is thought to be partially mediated by increased proliferation of basal
progenitor cell populations, particularly radial glial cells (Florio et al., 2015; Florio
et al., 2016; Penisson et al., 2019). Recent evidence suggests that ARGHAP11B
may act to alter the metabolic state of these progenitors through the modulation
of mitochondrial membrane proteins including the mitochondrial permeability
transition pore (MPTP) and the adenine nucleotide translocase (ANT) (Namba et
al., 2020). It has been suggested that both deletions and mutations impacting this
gene have been overlooked due to its high sequence homology to ARHGAP11A
(Heide & Huttner, 2021). However, heterozygous 15g13.3 microdeletion patients
may manifest with either micro- or macrocephaly and many deletions will not
encompass ARHGAP11B (Lowther et al., 2015). In addition, while the clinical
evidence for a direct role of ARHGAP11B in neuropsychiatric disease is
suggestive of a role in schizophrenia and bipolar disorder (Chen et al., 2016;
Gregoric Kumperscak et al., 2021; Vadgama et al., 2019), the evidence remains
largely suggestive, and there remains considerable uncertainty concerning the

role of this gene in the classic 15q13.3 microdeletion syndrome.

Page 36



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

Overview

1.2.2 Pathophysiology

The most distinctive feature of the clinical 15913.3 microdeletion is the propensity
to absence seizures (Lowther et al., 2015). Interestingly, a seizure phenotype is
recapitulated by the Df(h15q13)/+ mouse (Fejgin et al., 2014; Forsingdal et al.,
2016; S. R. O. Nilsson et al., 2016), which is important for several reasons.
Firstly, cortical seizures are facilitated by the overexcitation of pyramidal neurons.
Typically, this is prevented (or contained) by inhibitory interneuron populations
which insulate the seizure activity until the tissue can recover. If the excitation of
the pyramidal neuron population exceeds the capacity of the inhibitory neurons to
contain it, a seizure results. If this persists, brain tissue becomes damaged due to
excitotoxicity, and significant circuit remodelling may result (Kandel, 2013). This
early propensity to seizure activity may direct circuit development in early life and
underlie many of the other phenotype presentations in the 15g13.3 microdeletion.
However, the mechanisms driving these absence seizures are unclear, and

beyond this speculative mechanism, very little remains known.

1.2.3 Advantages as a model disorder

It is estimated that approximately 80% of individuals with the 15913.3
microdeletion will manifest some neuropsychiatric phenotype (Lowther et al.,
2015). Interestingly, a recent analysis of neurons derived from 15q13.3 patient
lines revealed that there were no significant differences in methylation or

chromatin accessibility, suggesting that the loss of genes was directly responsible
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for the phenotype (Zhang et al., 2021). This same study further identified global
transcriptional and epigenetic changes associated with the 15913.3
microdeletion, including several which were significant for NDD pathobiology
(Zhang et al., 2021). Because of its penetrance and the comparatively limited
number of genetic factors involved, the 15q13.3 microdeletion is a promising
candidate for the discernment of a well-defined etiology in an NDD-associated
disorder.

The 15g13.3 microdeletion satisfies many of these characteristics, which makes it
a promising candidate for studying a genetic condition associated with
neurodevelopmental disorders. Clinically, it can be thought of as intermediate in
both population prevalence and penetrance for NDDs. It is mostly maternally
inherited (Lowther et al., 2015) and manifests in a combination of functional
disorders (such as absence seizures), and psychiatric disorders (such as ASD,
ADHD, ID/DD). Importantly, the 15913.3 region itself has a relevant recent and
ancient evolutionary history. Copy number of genetic elements in the region
appears to have rapidly expanded during a period of human-specific brain
expansion and development (Antonacci et al., 2014), while homologous versions
of the region’s core region are maintained in the 7qC region of the mouse
genome (Fejgin et al., 2014). Mouse models of this deletion recapitulate both
seizure propensity and behavioural dysfunctions of the human disorder (Fejgin et

al., 2014; Simon R. O. Nilsson et al., 2016).
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The 15013.3 region is one of several genomic hotspots that are highly implicated
in neurodevelopmental disease. Interestingly, the 15g13.3 deletion is associated
with neuropsychiatric diseases such as autism and ADHD (with an onset in early
development), and schizophrenia (with an onset in early adulthood). These two
peaks of disease mark two important transition points for the developing brain. In
early life, the brain has the most synapses that it will ever have. These are
successively reduced, and it is believed to be in this period and process that the
early conditions for autism are lain down (Bourgeron, 2015). The symptomatic
manifestations of schizophrenia coincides with the completion of neocortical
developmental in the early to mid-twenties. It is likely not coincidental that these
regions which expanded under selection pressures in humans are associated
with the especially human neocortex expansion. However, it is also noteworthy
that very few of these diseases can be diagnosed from a clinical examination
alone. The fact of the genetic aberration is not perfectly coincident with some set
of behavioural or physical features, and there is often considerable overlap
between these genetic disorders and the associated clinical conditions. A
possible explanation for this is that these mutations are convergent upon a limited
set of mechanisms.

Taken together, the 15g13.3 microdeletion disorder represents a highly
penetrant, recurrent CNV that has both human-specific and cross-species
dysfunctions represented with respect to neuropsychiatric pathology. While many

of these features are shared by other comparator CNVs (for example 16p11.2 or
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1921.1), the 15g913.3 region has some advantages. Chief among these is the
comparatively limited number of genetic elements involved, which may be as few
as six genes in the most conservative form of the traditional deletion. In addition,
the 15913.3 microdeletion very characteristically manifests in an absence seizure
disorder. This combination of limited genetic elements and uncommon but
objective clinical findings make the 15q13.3 microdeletion a strong candidate for
studying concrete manifestations of neuropsychiatric disease and their genetic

correlates.

1.3 Experimental approach

To address this in our study, we pursued cellular phenotyping of induced neurons
from three different 15913.3 microdeletion families. There are three salient points
when considering the experimental path pursued herein (1) the heterogeneity of
the disorder (for descriptions of our own cohort see the Family/iPSC index, Table
2.5.1), incomplete penetrance, and absence of robust biomarkers for NDDs are
suggestive of a subtle and likely variable cellular phenotype; (2) in the absence of
an isogenic control (especially difficult for a chromosomal rearrangement of this
size), familial controls offer the best proxy for the genetic background in which
disease occurs; (3) reductive models of neural systems are best suited to
identifying cell-autonomous deficits.

Because the inherent heterogeneity of this disorder was a feature we were
interested in disentangling, we opted not to group samples, but rather to analyze

the families independently and draw comparisons thereafter.
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1.3.1 Conceptualizing disease pathogenesis in NDDs

While many approaches and schema have been proposed to explain the
pathophysiologic underpinnings of these disorders, a definitive explanation
remains elusive. NDDs (and neuropsychiatric diseases more broadly) are often
described spectrally, with disease severity existing along a continuum. This
distinction has had considerable clinical utility, allowing for the triaging of patients
for various treatment purposes. A natural consequence of this framing has been
to investigate the level at which these spectra may be represented (see Figure
1.3.1). For example, it has been postulated that these disorders are the results of
imbalances in excitation-inhibition balance (i.e. too much excitation results in
seizures, too little results in absence of brain function in some form), or
connectivity between neurons. Similar explanations of imbalances between two
extremes exist at all levels of analysis (molecular, cellular, tissue, organism).
These are simplistic, low dimensional explanations and we should not ultimately
expect them to have significant explanatory power. However, at any given level of
analysis they may have utility in offering a useful comparative paradigm for the
comparison of selected features. A highly reductive model was used in this
thesis, and various forms of these comparisons are made to highlight select

properties of the neurons.
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Figure 1.3.1: Excitation/inhibition as a conceptual schema underlying

neuropsychiatric disorder pathogenesis

A
Optimal
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Figure 1.1.2: The bottom panel shows the common form of a bell curve
schematic with disease at extrema of some functional or structural construct, in
this case labelled for functionality as a consequence of “level” of excitation.
Another example might include neuronal connectivity. In general, the form of this
idea is to suggest that disease occurs at extrema of neuronal properties with a
spectrum of possible outcomes, mirroring clinical disease.
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1.3.2 Induced pluripotent stem cells (iPSCs)

iPSCs are derived from somatic tissues (typically fibroblasts or CD34+ white
blood cells) by transcription factor reprograming (Takahashi et al., 2007). iPSCs
are multipotent, renewable, patient-derived, and can be generated noninvasively.
Further differentiation of iPSCs into cells/tissues of interest are a versatile model
to study patient-specific tissues, particularly inaccessible or scarce ones. iPSCs
have become a mainstay of human-disease research for their differentiation
capacity and manipulability (for example in gene editing). Many different models
can be derived from iPSC populations, ranging from pure 2-dimensional cultures
(similar to the model used in this thesis) to complex 3-dimensional arrangements
(as in the case of organoids). Models derivable from iPSCs are outlined in a
review by Sanders et al (Sanders et al., 2019). While many options exist for
differentiating iPSCs into neural tissue (Hong & Do, 2019), we currently use a
single-step induction protocol which generates a population of pure excitatory
glutamatergic neurons (Y. Zhang et al., 2013). This protocol allows for the rapid

generation of a robust, highly replicable neuron population.

1.3.3 Induced glutamatergic neurons

Induced neurons (iNs) are generated by forced expression of the transcription

factor neurogenin-2 (Ngn2) (Y. Zhang et al., 2013). This protocol allows for the
conversion of non-neural tissue (iPSCs, in the case of this study) into a highly

homogenous population of cortical-like glutamatergic neurons. These gain

functional and morphological maturity rapidly and are readily co-plated with
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mouse glia which extends culture viability significantly. This model has been used
extensively for the characterization of patient lines and offers a highly

manipulable platform for the investigation of neuronal properties.

Figure 1.3.2: Induction and management protocol for induced neurons
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Figure 1.3.2: Timeline schematic showing induction timeline and media/drug
administration requirements. Prior to induction iPSCs are infected with a
construct containing a doxycycline-inducible element rtTA activating Ngn2
expression alongside the reporter (EGFP) and puromycin resistance gene used

for positive selection.

Consequently, this aim sought to identify consistent (though likely subtle) cell-
autonomous differences between induced neurons from 15q13.3 microdeletion
probands and their familial controls. Rather than attempt to reproduce the
composition of a functional nervous system, the Ngn2 induction model aims to
provide a variance-minimized neuronal platform to amplify disease-relevant
differences. While this system trades off real-world validity, it offers the possibility
of producing concrete, cell-autonomous results in a neuronal model.

For many of these disorders, different models may be used which each carry

their own advantages and drawbacks.
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1.3.4 Functional and morphological profiling

Functional phenotyping was pursued at both the individual cell level by whole-cell
patch clamp electrometry and at a cell population level by multi-electrode array
(MEA) recordings. Whole-cell patch clamp allows for high-resolution recordings of
intracellular currents from individual neurons, allowing for precise quantification of
their membrane and functional properties. It is largely limited due to being an
experimental endpoint, and low-throughput due to the technical difficulty involved
(Hill & Stephens, 2021). Multi-electrode arrays (MEA) use a grid of electrodes
upon which cells are plated to record field potentials which can be filtered to
identify action potential firing (“spiking”). MEAs allow for repeat recordings of
neurons across time in their native media, and allow for the correlation of activity
across electrodes to quantify population-level activity and connectivity (Obien et
al., 2014).

Morphological quantification of iNs aimed to characterize their degree of neurite
outgrowth as a proxy of their developmental capacity. Neurite outgrowth is
characterized by the degree of arbour complexity, determined by the number of
intersections recorded at concentric rings at fixed distances from the soma (Sholl
analysis). To more fully characterize neurons we also pursued quantification of

axon projection capacity, and excitatory presynaptic connections were quantified.

1.3.5 Transcriptomics
RNA sequencing has become an affordable method by which to assess the

transcriptome of various tissues. Transcriptome analysis broadly involves the
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sequencing of MRNA and calculation of relative abundance of these transcripts
alongside mapping to known genes. These data are then used for subsequent
downstream analysis which may include the analysis of differentially expressed
genes, determination of shared pathways for altered gene sets, and assessment
of sample clustering through principal coordinate analysis. RNA sequencing
offers a high throughput, high fidelity, and comparatively inexpensive modality by
which to assess the transcriptional state of a tissue of interest. This can be a
powerful method for novel pathway and mechanism discovery, and several
studies have leveraged RNA sequencing to elucidate core features of NDDs
(Blumenthal et al., 2014; Breen et al., 2023; Saw et al., 2020).

1.4 Thesis Aims

This thesis is split into three broad aims, which comprise the three chapters
contained herein. The common model system used by all chapters involved the
generation of iPSCs by Yamanaka factor reprogramming (Takahashi et al.,
2007), followed by differentiation into induced neurons (iNs) by expression of
neurogenin-2 (Y. Zhang et al., 2013).

Aim 1: Functional and morphological characterization of iNs from 15q13.3
microdeletion families.

In this study, we report a clinical set of six 15q13.3 microdeletion families with
associated clinical findings, collected with our collaborators from Europe,
SickKids in Toronto, and Hamilton Health Sciences. The clinical 15913.3

microdeletion disorder has pronounced functional (and often structural)
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abnormalities, though incomplete penetrance. By using a cohort of patients with
proven disease, we aimed to correlate the functional and morphological
characteristics of these patient neurons. As mentioned previously, this aim used
patch clamp electrophysiology and multi-electrode arrays characterize functional
changes in these neurons, and investigated neurite projection capacity. The
findings from this work highlighted cellular variability in both functional and
morphological metrics, but did find a consistent decrease in axon projection
capacity at an early time point in these neurons. These findings were included in
a publication on which | was second author in Molecular Psychiatry (Unda et al.,
2023). This represented a novel contribution to the research literature around this
disorder, by performing the first in-depth phenotyping of patient neurons from
unassembled cohort of 15913.3 microdeletion patients, and highlights the
inherent variability of this disorder at multiple levels.

Aim 2: Transcriptomic analysis of 15913.3 microdeletion families.

As Aim 1 identified considerable heterogeneity in both functional and
morphological deficits, we were interested in pursuing transcriptomics to discover
potential common mechanisms across these patients at a molecular level. While
several previous studies had attempted to characterize the transcriptomic
impacts of this deletion, our approach was distinct in two ways. First, the iNs
used for RNA sequencing were co-cultured with mouse glia which enabled them
to mature in a way more concordant with the neurons used in Aim 1 and to be

extended to a later time point. This did require splitting the mouse and human
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reads computationally, which was achieved successfully. Second, our analysis
attempted to match our earlier phenotyping work by performing comparisons
between controls and probands within patient families. This differs from most
studies in the research literature which use non-familial controls and pool control
and proband samples, respectively. Using this approach, we were able to identify
differential gene expression patterns between 2 patient families, highlighting the
inherent variability in this disorder. However, we were also able to identify
common differentially expressed genes and pathways of neurodevelopmental
relevance.

Aim 3: Validation of altered signalling pathways in the 15913.3
microdeletion disorder.

Extending on both our own work and that of others, we were interested in
investigating the role of GSK3 in the 15913.3 microdeletion disorder. This line of
investigation is built on previous work from our group and findings from Aims 1
and 2. Previous work related to the overlap between the OTUD7A gene from the
15013.3 microdeletion, and the ankyrin-G protein localized at the axon initial
segment. given the action potential abnormalities and acts on projection
impairment identified in Chapter 1, we were interested in identifying whether
GSK3 might be a convergent signalling pathway underlying disease
pathogenesis across multiple neuropsychiatric disorders. Interestingly, we were
able to demonstrate that the proband line was comparatively insensitive to the

effects of GSK 3 inhibition and, unlike the control, did not manifest the expected
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disruptions in action potential properties. While several previous analyses (and
my own work from Aim 2) implicated Wnt signalling in this deletion, the cellular
and molecular phenotyping provided in this aim highlight a novel and previously

unknown abnormality in GSK3 signalling in a 15913.3 microdeletion proband.

1.5 Summary

Stated briefly, this project aims to characterize cultured neurons derived from
heterozygous 15q13.3 microdeletion (15q13.3 microdeletion) patients and their
familial controls. The principal interest in the clinical 15913.3 microdeletion
syndrome has been the neuropsychiatric manifestations. These include both
general developmental delays, as well as more specific diseases such as autism,
ADHD, and epilepsy (Lowther et al., 2015; Ziats et al., 2016). In this project,
peripheral tissue samples (blood and fibroblasts) from these families were used
to derive induced pluripotent stem cells (iPSCs). This results in a renewable,
manipulable, and highly differentiable cell line from patients with proven clinical
disease. These iPSCs are differentiated into a homogenous population of
excitatory, cortical-like neurons (iN) by the forced expression of the neurogenin-2
(Ngn2) transcription factor (Yingsha Zhang et al., 2013).

For three separate 15913.3 microdeletion families, iNs were assayed for
functional and morphological differences. Of these, the two most promising
families were subject to RNA sequencing to identify early transcriptomic changes
underlying differential growth trajectories. Finally, based on converging lines of

evidence from mouse 15g13.3 microdeletion studies, we pursued a drug-based
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intervention to identify differential responses to GSK3 inhibition between a

15913.3 microdeletion and their familial control.
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Chapter 2: Cellular phenotyping of 15913.3 microdeletion family

neurons reveals characteristic functional and morphologic deficits

2.1 Abstract

The 15q13.3 microdeletion disorder is understood to correspond to a clinical
phenotype which typically includes absence seizures, intellectual disability, and
developmental delay. In addition to these, it is also a risk factor for the
development of various other neuropsychiatric disorders such as autism
spectrum disorder, attention-deficit hyperactivity disorder, and schizophrenia.
However, little remains known about the cellular phenotypes of patients with
these disorders. In this chapter, a novel cohort of 15913.3 microdeletion families
is described, which describe previously unreported structural defects of the brain.
Functional and morphological studies of neurons derived from three of these
patient families identified consistent deficits in action potential properties and
axon projection capacity. We further profile the electrical activity of these neuron

populations across time and identify heterogeneity in the clinical presentations.

Collectively, these data suggest that iNs derived from 15g13.3 microdeletion
patients do demonstrate heterogenous cell-autonomous findings at a structural

and functional level.
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2.2 Introduction

As mentioned in the introductory chapter of this thesis, the 15g13.3 microdeletion
disorder has considerable clinical heterogeneity. Due to the embryologic impacts
of the disorder, it is typical for multiple organ systems to be affected. However,
even if consideration is limited to neuropsychiatric phenotypes, there remain
considerable differences in the clinical presentation of these patients, the specific
configuration of NDDs they will develop, and the severity of this presentation. The
guestion of why some patients are grossly asymptomatic while others go on to
develop severe disease given this same mutation remains of primary interest
across this entire class of disorders. Indeed, many interesting questions might be
posed of these disorders. Is a patient’s disease status strongly determined by
their specific genetic makeup, or is it highly path dependent? Are NDD-
associated CNVs best thought of as driver or passenger mutations? At what level
of abstraction is the impact of these disorders best understood?

In the literature to date, a great deal of focus has been placed on clinical
characterizations of these disorders. Where work has been dedicated to more
mechanistic efforts, several approaches may be taken. Animal models can often
be used, particularly in the case where there is high homology in the implicated
genetic factors for a disorder. The 15q13.3 microdeletion disorder is such a case,
as the human 15q13.3 region is syntenic to the mouse 7qC region. This has been
extended to the generation of the Df(h15913)/+ mouse model, which is shown to

recapitulate several cardinal features of the human disorder (Fejgin et al., 2014;
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S. R. O. Nilsson et al., 2016). As mentioned above, animal models are typically
conceptualized as carrying the advantages of highly controlled genetic
backgrounds, high manipulability, ease of neural tissue access, and the potential
for behavioural studies, with the typical drawback being that they are not able to
faithfully recapitulate the biology of uniquely human disorders. Our group has
previously published several key findings from this mouse model, identifying
dendritic spine defects in cortical pyramidal neurons which could be rescued by
the re-expression of key genes from the microdeletion region(Uddin et al., 2018).
Human models of these disorders may also be employed in the study of CNV-
associated NDDs. These models are conceptually closer to recapitulating the
human-disease-relevant portion of the disorders, though they harbour several
limitations. Even in disease-proven individuals, neural tissue (particularly of the
brain and central nervous system) is not readily accessible for research
purposes. There are two ways in which this issue is typically circumvented. The
first method involves the comparatively rare situation where brain tissue may
become available, for example in post-mortem cases or in a particularly unusual
biopsy scenario. While these may give direct access to the tissue of interest from
a patient with a proven clinical phenotype, this tissue will be non-renewable (as
neurons are postmitotic), fragile, and will importantly not be matched to familial
controls whose tissues are almost certainly unlikely to be available at the same
time. The second method involves the reprogramming of peripheral tissues (such

as fibroblasts or blood) into induced pluripotent stem cells (iPSCs). This
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population of cells is renewable, derived from a patient with proven clinical
disease, has multipotent differentiation capacity, and can easily and justifiably be
collected from unaffected patients to serve as controls.
The optionality afforded by this approach does require additional consideration
for experimental design. The operative questions here are:

(1) What is the most appropriate cell population to differentiate the patient

iIPSCs into for a particular set of experimental questions?

(2) What is the best available control for the patient line?
For question (1), many options now exist for the directed differentiation of iPSCs
to various neural populations. These vary in their structural and cellular
composition but can be loosely categorized on the (respective) axes of 2-
dimensional vs. 3-dimensional cultures, and highly homogenous vs. highly
heterogenous populations. For our purposes, it will suffice to point out the general
reasons why one approach might be pursued over another, and the reasons for
the specific approach used in this study.
As discussed above, organoids represent the most complex of these model
systems, as determined by both their structural arrangements and cellular
compositions. They develop into three-dimensional spheroid configurations and
can be directed to represent structural and population-level arrangements
intended to model various brain regions (for example cerebral, dorsal-ventral,
etc). While they are slower to maturation (it is not atypical for experimental

endpoints to be in excess of 6 months), they offer significant advantages where
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spatiotemporal ascertainment of neuronal development is desired. In the domain
of reprogramming peripheral tissues to model disease, organoids offer the
strongest face validity. Apart from the technical challenges associated with the
culturing and experimental endpoints, the dimensionality (both spatial and
population levels) requires correspondingly complex analytic approaches to
produce meaningful insights. In many instances, however, these analyses may
be more revelatory of the organoid itself rather than the underlying disease
process it is aiming to model.

In this thesis we opted to pursue phenotyping of Ngn2 induced neurons, which for
a highly homogeneous population of cortical pyramidal-like neurons which rapidly
reach functional maturity. While this approach does trade spatiotemporal and
population complexity, the reductive nature and model-level homogeneity can
potentially amplify otherwise subtle differences while maintaining a human
neuronal aspect. Because the findings in the disorders are typically expected to
be subtle at the neuronal level, we, therefore, sought to characterize these iNs on
functional and morphological metrics.

With respect to question (2) above, the choice of a suitable control depends on
the optimization of factors along several axes. Two of the axes along which these
lines are often chosen are the desired degree of (A) genetic background control,
and (B) clinically proven disease. These tend to be difficult to co-optimize. For
example, the scenario that comes closest to optimizing for both is likely to

resemble identical twins where only one twin acquired a mutation at the two-cell
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stage while the other twin did not, and the clinical status of both could be known.
Short of this vanishingly rare scenario, various trade-offs need to be made in the
choice of control lines. Where genetic background control is most desired, the
use of isogenic lines may be preferred. These can be difficult to generate (though
made easier by the advent of CRISPR-Cas9 gene editing), and correlation to
clinical disease is often unclear (whether the isogenic line was generated by
repairing a patient line, or introducing a mutation to a patient line). If an isogenic
control line is used to introduce mutations, this has the advantage of allowing the
comparison of many mutations to a reference baseline (for an example of this
approach see (Deneault et al., 2019). Particularly if the reference line and its
derivatives are readily available (for example, as part of a biobank), this approach
offers a scalable method by which to study a variety of genetic mutations and
retain some degree of translatability to findings. (Miller et al., 2009)

There is considerable clinical heterogeneity in the 15q13.3 microdeletion
disorder, both in presentation, NDD co-occurrence, and penetrance. The source
of this heterogeneity remains unclear, partly because of an incomplete
understanding of the pathophysiologic underpinnings of the clinical phenotypes
themselves. Consequently, this aim sought to identify consistent (though likely
subtle), cell-autonomous differences between induced neurons from 15q13.3
microdeletion probands and their familial controls. Rather than attempt to
reproduce the composition of a functional nervous system, the Ngn2 induction

model (see Figure 2.5.1 for project workflow and induction timeline) aims to
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provide a variance-minimized neuronal platform to amplify disease-relevant
differences. While this system trades off real-world validity, it offers the possibility
of producing concrete, cell-autonomous results in a neuronal model which may
be built upon to identify translatable mechanistic features and pathways.

Taken together, these parameters describe both general and specific measures
of neuronal maturity. To the extent that patient iNs differ from matched controls
(including trends both within and between patient families), these differences will
be suggestive of a core phenotype whose cumulative effect increases the

proclivity of patients to develop clinical disease.
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2.3 Methods

The methods presented here are generally adapted to the specific experiments
carried out for the purposes of this thesis. However, there is inevitable similarity
to methods presented in several papers that | co-authored during this PhD. Effort
has been taken to modify them as appropriate, though similarity in phrasing
necessarily remains.

2.3.1 iPSC reprogramming

All pluripotent stem cell work was approved by the Canadian Institutes of Health
Research Stem Cell Oversight Committee. Blood was collected from individuals
with 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, under project #2707. iPSCs were
generated by Sendai virus reprogramming and clonal expansion using the
CytoTune — iPSC 2.0 kit (ThermoFisher) to deliver the reprogramming factors.
Briefly, patient blood was collected and centrifuged in Ficoll, with the PBMC layer
manually extracted. An enriching formula was used to preferentially enhance
CD34+ PBMC specific survival. PBMCs from Families 1 and 2 were
reprogrammed by CCRM (MaRS centre, Toronto, ON) and iPSCs from Family 3
were generated in-house. 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,
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1 mM B-mercaptoethanol, and 16 ng/mL basic fibroblast growth factor (bFGF)).
Once iIPSCs were expanded and established, they were transferred to Matrigel-
coated plates and grown in mTeSR1 (STEMCELL Technologies). ReLeSR
(STEMCELL Technologies) was used for subsequent passaging. iPSC lines were
validated through flow cytometry of pluripotency markers and IHC, and G-
banding analysis to confirm a normal karyotype.

2.3.2 iPSC thawing and passaging

iPSCs were thawed by warming in a 37 °C waterbath until a small ice pellet
remains. A total of 9 mL of DMEM/F12 is added dropwise, and the cells are
mixed, then spun at 200 x g for 3 minutes. Aspirate supernatant and gently re-
suspend cell pelletin 3 mL of mTeSR + Y-27632 (10uM) + penicillin/streptomycin
(1%). Care is taken to ensure that the pellet lifts in small colonies, without
singularizing the cells themselves. Cells are plated at one vial per well in a 6-well
flat bottom tissue culture plate, precoated with Matrigel. Replace with fresh
mTeSR media without Y-27632 the day after thaw. Maintain cells by daily
medium exchange.

iIPSCs are passaged once they achieve ~80-85% confluency (typically 3—4
days). To passage, remove spent medium from culture and wash with DPBS.
Add 1 mL/well of ReLeSR, and split 1:3 to 1:6 into a 6-well plate precoated with

Matrigel.
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2.3.3 IPSC NGN2/rtTA infection

Singularized iPSCs were plated on Matrigel-coated 6-well plates at a density of
2.50 x 10° cells per well, in 2 mL of mTeSR containing 10 uM Y-27632. The
following day, they were changed into 2 mL of fresh mTeSR containing 10 uM Y-
27632, 1 ug/mL polybrene, Ngn2 and rtTA lentiviruses which had been titred to
target an MOI of 1 for all transductions. The virus-containing media was replaced
with fresh mTeSR at 24 hours post-infection. The cells were allowed to recover to
approximately 70—-80% confluency before being passaged into 6-well Matrigel-
coated plates. At their next 70-80% confluency, cells were either frozen (in media
containing 50% knockout serum, 40% mTeSR, and 10% DMSO) or singularized
for induction into iN. All infected iPSCS were used within 5 passages of infection

to maintain induction efficiency.

2.3.4 iN induction protocol

At day -1 of induction, singularized Ngn2/rtTA infected iPSCs were plated at a
density of 5.0 x 10° cells per well onto Matrigel-coated 6 well plates, in 2 mL of
MTeSR containing 10 uM Y-27632. At day 0 of induction, cells were changed into
fresh mTeSR containing 1 pg/mL of doxycycline hyclate. On days 1 and 2 of
induction, cells received fresh INPC media (DMEM/F12 containing 1% N-2
supplement, 1% Penicillin/Streptomycin, 1% NEAA, 1% Sodium Pyruvate and 1%
GlutaMAX) containing 1 pg/mL of doxycycline hyclate and 1-2 pg/mL puromycin.
On day 3, cells were changed into fresh iNI media (Neurobasal with SM1

supplement, 1% Penicillin/Streptomycin, and 1% GlutaMAX) containing BDNF
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(10 ng/uL; Peprotech), GDNF (10 ng/uL; Peprotech), and laminin (1ug/mL). On
day 4, cells were replated onto polyornithine/laminin-coated 12 mm coverslips, or
polyethylenimine coated 48-well multi-electrode array plates. On day 5, mouse
glia were added to the wells. All wells received half media changes every other
day with iNI media containing with BDNF, GDNF and laminin (with 2.5% FBS
added after day 10) for the duration of the experiment. iNs used for RNA/protein
extraction were maintained in their induction wells until day 7 with no glia, and
received a fresh media change on day 5.

2.3.5 NGN2iN RT-qPCR

iIPSC-derived NGN2 iNs were plated without glia on 12-well plates at a density of
5 x 10° cells per well. Total RNA was extracted at DIV day 7 using a commercial
kit (Norgen, Cat. #17200), and 1 pg of RNA was used for cDNA synthesis using
the qScript cDNA synthesis kit according to manufacturer instructions (Quanta
Biosciences). Primers were designed using the Universal Probe Library (UPL)
Probefinder software for human (Roche, version 2.53, see table) or using
previously published sequences and adjusted to be intron-spanning. Quantitative
PCR was performed using SYBR Green super mix (FroggoBio) and the
QuantStudio 3 thermocycler (Applied Biosystems). Data were analyzed using the
Thermo CloudTM to generate relative expressions normalized to the

housekeeper EIF3L.
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2.3.6 Multi-Electrode Arrays

The 48-well Cytoview MEA plates (Axion Biosystems, M768-tMEA-48B) were
coated with 0.1% Polyethylenimine (PEI) 24 hours prior to plating. Primary mouse
cortical cultures were dissected at E16 and plated onto PEI-coated 48-well
Cytoview MEA plates at a density of 3 x 10 cells/well in plating media containing
Neurobasal medium, 10% fetal bovine serum, 1% penicillin/streptomycin, and 2
mM GIBCO Glutamax supplement. After 1.5 hr, media was changed to serum-
free feeding media containing Neurobasal medium, 2% B27 supplement, 1%
penicillin/streptomycin, and 2 mM L-glutamine. Half of the culture media was
replaced every 2 days.

For human iNs, 40,000 cells were plated on each well of 48-well MEA plates on
day 4 post-induction, and allowed to attach for 1.5 hours in a 37-degree Celsius
incubator. On day 5 post-induction, 20,000 CD1 mouse glia were added to each
well. The plates received half media changes every other day
(iINI+BDNF+GDNF+laminin, with 2.5% FBS added after day 10 post-induction).
MEA recordings were taken approximately twice per week using the Axion
Maestro Pro.

To record extracellular spontaneous activity, MEA plates were placed in the
MaestroPro MEA system (Axion Biosystems) at 37 °C for 5 minutes to acclimate,
followed by a 10-minute recording period. Spike data were analyzed with the
AxIS Navigator software (Axion Biosystems) at a sampling rate of 12.5 kHz with a

4 kHz Kaiser Window low pass filter and a 200 Hz IIR High Pass filter. Analyzed
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data were exported to CSV files and statistical analysis was performed in
GraphPad Prism 6 software. Wells that had zero active electrodes throughout the
duration of the experiment were excluded for statistical analysis. Raster plots

were generated with the Neural Metric Tool (Axion Biosystems).

2.3.7 Electrophysiology

On day 4 post-induction, iNs were added to 24-well plates (Corning) at 100,000
cells/well on polyornithine/laminin-coated 12 mm coverslips, in iNI media
containing BDNF, GDNF and laminin (as above). On day 5 post-induction, 50,000
previously cultured CD1 mouse glia were plated onto these coverslips. The cells
were maintained until for 4 weeks post-induction, receiving half media changes
every other day. At day 10, 2.5% FBS was added to the media and maintained
for the duration of the experiment.

Whole-cell recordings (Olympus BX51 WI) were performed at room temperature
using an Axoclamp 700B Amplifier (Molecular Devices). Trace recordings were
managed using Clampex 10.7 and analyzed in Clampfit 10.7. Borosilicate glass
pipettes (WPI; 1B150F-4) were used to prepare patch electrodes (P-97 or P1000;
Sutter Instruments) and used for recordings with an intracellular solution
containing (in mM): 123 K-gluconate, 10 KCI, 10 HEPES, 1 EGTA, 2 MgClz, 0.1
CaClz, 1 MgATP, 0.2 NasGTP (pH 7.2 by KOH), with or without 0.06% (m/v)
sulpharhodamine B to aid in visual identification of neuron morphology post-
recording. Standard HEPES aCSF was used for all recordings, containing (in

mM): 140 NacCl, 2.5 KCl, 1.25 NaH2POa4, 1 MgClz, 10 glucose, 2CaClz (pH 7.4 by

Page 63



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

NaOH). Recordings were sampled at 10-20kHz and low pass filtered at 1 kHz.
The membrane potential was clamped at -70mV adjusted for a junction potential
of -10mV, and action potentials were elicited with step currents of 10 pA
(beginning at -40pA). Recordings were excluded if the series resistance
exceeded 25 MQ.

For mouse recordings, whole-cell recordings (BX51WI; Olympus) from cultured
DIV12-16 mouse cortical neurons were generated using an Axoclamp 700B
Amplifier (Molecular Devices) with borosilicate electrodes (P-97 puller; Sutter
Instruments) containing a cesium-based intracellular solution (in mM): 125 CsCI;
5 NaCl; 1 MgClz; 10 HEPES; 10 EGTA; 3 MgATP; and 0.3 NaGTP (pH 7.2). Cells
were bathed in HEPES aCSF for the duration of recording. The composition of
the aCSF was (in mM): 140 NaCl; 5 KCI; 2 MgClz (anhydrous); 2 CaClz; 10
HEPES; 10 glucose (pH 7.4). A total of 1 uM TTX and 100 uM picrotoxin were
added to the bathing medium to block Na-dependent action potentials and GABA
currents, respectively. Recordings were performed at -65 mV using Clampex
10.7 (Molecular Devices), corrected for a calculated =5 mV junction potential and
analyzed using the Template Search function from Clampfit 10.7 (Molecular
Devices).

2.3.8 Morphologic analysis

For axonal morphology analyses on transfected human iNs, morphometric
analyses were performed of randomly sampled transfected neurons. Images of

neurons were acquired using the Zeiss-880 confocal with AIRYSCAN at 20x

Page 64



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

magnification with 0.6 zoom. Imaging conditions such as laser gain, pinhole, and
stack increments were kept constant between images. Images were processed
using NIH image software (ImageJ) as a maximum projection of a single or tiled
image. All images were processed under the same brightness and contrast
conditions. Individual VENUS positive neurons were identified, and SMI-312
positive axons were traced from the base of the soma along the entire projection
using the NeuronJ extension. A branch point was defined as a process that
extended orthogonal along the axon that exceeded 20 um in length (Dent and
Kalil, 2001).

Confocal images of immunostained iNs were obtained with a Nikon C2+ confocal
microscope. To analyze ankyrin-G intensities in the axons, we took confocal
images using the 60x oil-immersion objective (NA = 1.40) as z-series of 8 images
(2 x 2 stitched; 392.57 ym x 392.57 ym), taken at 0.4 uym intervals, with 1895 x
1895 pixel resolution. Detector gain and offset were adjusted in the channel of
cell fill (Venus) to enhance edge detection. Intensity plot profiles for ankyrin-G in
the axon were measured by ImageJ with a single plane which was shown as the
strongest signal in the AIS. Every 5 um of ankyrin-G intensity was measured and
averaged across neurons to produce average intensity plot profiles £ SEM.
Confocal images were taken using the 20x objective (NA = 0.75) as z-series of 8—
11 images (2 x 2 stitched; 1185.43 ym x 1185.43 pym), taken at 0.4 uym intervals,
with 1895 x 1895 pixel resolution. MAP2 stained images were obtained, and

traces of dendrites were drawn and analyzed with Sholl analysis by ImageJ.
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2.3.9 Culturing neurons from E16-17 mouse cortices

Cortical neuron cultures were prepared as previously described?’ from C57BL/6
E16-17 embryonic mice with Df(h15q13)/+ fathers and WT mothers. Cells were
plated in 24-well plates at a density of 1.75 x 10° cells per well onto 12 mm
coverslips coated with poly-D-lysine and laminin in plating media (Neurobasal
media + 10% fetal bovine serum + penicillin/streptomycin, L-glutamine). After 1.5
hr, media was changed to culturing media (NB + B27 + penicillin/streptomycin, L-
glutamine). Culturing media were rotated every 3—4 days for the duration of the
experiment.

2.3.10 Genotyping E16-17 mice

Tail segments of mice were collected at the time of culturing, and stored at -30 °C
if they could not be used immediately. DNA was extracted and PCR amplified
from these samples using the Extract-N-Amp XNAT2 kit (Sigma). Primers for the
Df(h15q13) deletion and wildtype regions were provided by Taconic (the
company that created the mouse). The primers for the Df(h15g13) deletion (302
bp product) are 5-TCACAGAGAATGTAAGTAGCAGAGG-3’ (Forward) and 5'-
GAAGTCTGACATCGAAATTGTCC-3’ (Reverse). For the wildtype region (271 bp
product), the primers are 5-GCTTTCTGGCTTTCATCTCC-3’ (Forward) and 5'-
GAAGTCTGACATCGAAATTGTCC-3' (Reverse). PCR products were visualized
on a 2% Agarose gel stained using RedSafe dye. Genotypes were interpreted by
another graduate student in the lab to maintain blinding to the genotype group

during experiments and analysis.

Page 66



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

Page 67



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

2.4 Results

2.4.1 A novel cohort of 15913.3 microdeletion patient families reveals
previously unreported clinical and structural findings

Pertinent clinical characteristics from six 15913.3 microdeletion families are
reported in this study (Table 2.5.1). For five of the families (Families 2—6),
complete or condensed clinical notes were provided regarding the patients’
treatments and investigations. Family one was reported in the MSSNG database,
and only had limited psychometric testing available. With the exception of Family
5 (and Family 1, for which clinical information was unavailable), all the probands
in this cohort had absence seizure epilepsy disorders, in line with the reported
core finding of this disorder. Of additional note, with the exception of Family 1, all
probands had varying degrees of intellectual impairment as determined by 1Q
testing. Additionally, clinical notes from Family 2 and 3 do confirm learning
difficulties.

Family 2 has several features of interest. The proband in this family has an
absence seizure phenotype, but interestingly the mother (the carrier from whom
the proband is believed to have inherited the deletion) does not. Indeed, while the
mother is reported to have a learning disorder she has no other neuropsychiatric
phenotypes. The family history reveals that this proband has two paternal aunts
with seizure disorders. While the etiology of the neuropsychiatric phenotype in
this patient cannot be ascertained ambiguously, there is clinical evidence to

suggest possible contribution from both the maternal side (by way of inheritance
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of the 15q13.3 microdeletion), and the paternal side through the possible
inheritance of a proclivity to seizure disorder. While the subtype of seizure in the
paternal aunts is not known, this family offers potential insight into the interacting
factors which differentiate carriers of the 15913.3 microdeletion from clinically
affected probands.

Interestingly, probands from Families 4 and 5 had thickened a thickened corpus
callosum detected on MRI. This is a highly unusual finding in the 15q13.3
microdeletion disorder, which may present in some cases with the opposite
finding of corpus callosum agenesis (Whitney et al., 2021). However, this finding
did lead us to investigate axon projection in these neurons as a possible source
of abnormal projection fibre formation underlying corpus callosum abnormalities
in these patients.

We pursued reprogramming of three patient lines in this study due to time
constraints, but plan to expand this profiling to our entire patient cohort.

2.4.2 15913.3 microdeletion patient iNs show altered population-level
spiking activity

Longitudinal recordings of iNs from all three patient families revealed significant
differences in spiking activity in proband iNs in Family 1 and 2, though at different
timepoints. For both patients in these families, WMFR was decreased at later
timepoints (Figure 2.5.3 panels A and E). Interestingly, network burst frequency
was also decreased at later timepoints in both families, though it was increased in

Family 1 previous to DIV 53 and delayed in its increase for Family 2 (Figure 2.5.3
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C and G). For Family 2 both the proband and carrier showed decreased network
burst frequency at later timepoints, though the carrier did not show a difference in
WMFR. Within Family 2, both the proband and carrier showed an increase
network burst duration which increased gradually throughout the experiment,
though the carrier showed a more pronounced increase than the proband
(2.5.3G). Family 3 showed minor changes throughout the recording window but
had no pronounced phenotype which was comparable to the other families
(Figure 3.5.3 pane I-K).

2.4.3 Action potential properties are altered in three 15g913.3 microdeletion
families without changes in sEPSCs

Across the three families characterized in this study, we detected subtle
differences in action potential properties recorded between DIV26-28. The
probands from Family 2 and Family 3 required increased amounts of injected
currents to fire the first action potential (Figure 2.5.4E and 2.5.4l). The proband
from Family 3 additionally demonstrates an increased action potential threshold
(Figure 2.5.4F). While the proband from Family 1 did not show any significant
differences in intrinsic electrophysiologic parameters, there was a trend towards
decreased action potential amplitude (Figure 2.5.4G) and increased membrane
resistance (Figure 2.5.4J). There was a varied response to action potential train
firing in response to injected current (Figure 2.5.4M-0), with the asymptomatic
15913.3 microdeletion carrier from Family 2 (86S) showing the most pronounced

decrease. While there was a detected effect in Family 3 as well, there were
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ultimately minimal differences in action potential train firing capacity between
probands and controls. Notably, the least appreciable difference in action
potential among these families was Family 1, for which the clinical phenotype is
unknown but the full-scale IQ is in the normal range at 101. At a cell-autonomous
level, this finding could point towards compensation at the neuronal level as
reflected in our system.

Proband iNs from all three families did not show differences in either frequency or
amplitude of SEPSCs (Figure 2.5.5). There were no differences identified in any
other intrinsic membrane properties of these neurons (Figure 2.5.9).

2.4.4 Dendritic complexity variation in 15q13.3 microdeletion families and
controls

Sholl analysis of all three patient families is shown in Figure 2.5.7. Only the
proband in Family 1 had decreased arborization demonstrated. Note also that
Family 2 had appreciably lower peak arborization. Family 3 is shown but statistics
are not performed as there were only 2 biological replicates present.

2.4.5 Miniature excitatory postsynaptic current frequency is increased in
Df(h15q13)/+ cortical pyramidal neurons compared to wildtype littermates
Recordings of miniature excitatory postsynaptic currents (mMEPSCs) from cortical
pyramidal neurons of the Df(h15q13)/+ mouse, and found that mEPSC frequency
was increased compared to wildtype littermates. Our group did previously report
a finding of unchanged mEPSCs in Df(h15g13)/+ mouse brain slices (Uddin et

al., 2018). The finding of increase mMEPSC frequency in 2-dimensional culture
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from embryonic day 16—17 cortices of these mice is particularly interesting given
the previous finding of decreased dendritic spine density in the same mouse

model (Uddin et al., 2018).

2.4.6 Impaired axon projection is a consistent feature in 15q13.3
microdeletion patient iNs

Axon outgrowth was quantified by tracing transfected neurons expressing the
Venus construct. Within each family, probands had consistently decreased axon
length compared to the familial controls. Axon quantification was performed at
DIV10 due to the rapid outgrowth of axons in the early period which would
otherwise limit quantification due to the convolution of the processes and difficulty
of imaging secondary to microscope field of view limitations. One additional
interesting feature of note is the appreciable variation in axon length between
families, potentially underscoring intrinsic differences in the capacity of these
lines to reach maturity dependent on their genetic background. As in the case of
the electrometry findings reported in this chapter, this variation in the achieved
axon length by an identical time point does underscore the benefit of our

approach to stratify by patient family rather than pooling probands and controls.
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2.5 Figures and Tables

Figure 2.5.1: visual abstract and workflow schematic
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- “ . ? MEA recording
é l Morphologic
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\ Y ] il
Blood samples collected from Induced pluripotent Pure population of Whole cell patch clamp
15qg13.3 microdeletion patients and stem cells (iPSCs) excitatory cortical
familial controls generation glutamatergic neurons (iN)

Schematic created with BioRender.com
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Figure 2.5.1: visual abstract and workflow schematic

(A) project workflow demonstrating sample collection, reprogramming to iPSCs,
induction of iNs, and subsequent analyses (created with BioRender.com)

(B) iN induction timeline showing inducible constructs (above) and

timeline/media below
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Table 2.5.1: Index of patient families

McMaster University — Biochemistry

PROBAND

NEUROPSYCHIATRIC

OTHER PERTINENT

LINEID — SEX " RELATION CNV status PROFILE CLINICAL DATA STATUS
Family 89E F MOTHER - - - CONTROL
1 90N F - 15q13.2-q13.3del ASD* IQ =101* PROBAND
86S F MOTHER 15013.2-q13.3del CARRIER
88T M BROTHER - CONTROL
Family 1Q range = 54-65,
2 87V F - 15q13.2-13.3del Absence epilepsy height/weight 97" percentile for oo e\
age; two paternal aunts with
seizure disorders
0205-002 M FATHER - CONTROL
Family Learning difficulties, ASD,
3 0205-003 F - 15q13.2-q13.3del ADHD, severe absence PROBAND
epilepsy
1004-001 F MOTHER - - - CONTROL
1004-002 M FATHER 15q13.2-q13.3del Healthy Healthy CARRIER
Family IQ = 71, thickened corpus
Y 1004003 F . 15q13.2-q13.3del D (moderate), single callosum, craniofacial PROBAND
absence seizure episode abnormalities, born at 28 weeks
gestation due to PROM
1005-001 F MOTHER - - - CONTROL
Family ~ 1005-002 M FATHER 15¢13.1-q13.3del Language delay Congenital strabismus CARRIER
5 1005-003 F ) 15q13.1-q13.3del Severe language delay, IQ =56, thickened corpus PROBAND
GDD, motor delay callosum
1212-001 F MOTHER - - - CONTROL
Learning difficulties,
. 1212-002 M FATHER 15q13.2-q13.3del  Unspecified psychiatric - AFFECTED
Family problems, myoclonic
6 absence seizures
Learning difficulties IQ =63, MRI shows arachnoid
1212-003 F - 15q13.2-q13.3del ’ cyst of the posterior fossaand  PROBAND

myoclonic absence seizures

left hippocampal malrotation

ID = intellectual disability, GDD = global developmental delay, ASD = autism spectrum disorder, ADHD = attention-deficit hyperactivity disorder, PROM = premature rupture of membranes

*Limited clinical notes available
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Figure 2.5.2: Pedigree and breakpoint alignment map for the three patient

families profiled in this study
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Figure 2.5.2: Pedigree and breakpoint alignment map for the three patient

families profiled in this study

(A) The breakpoint alignment map for the three families investigated is
characterized in this chapter, adapted from the alignment map generated in
Benchling. Breakpoints were determined through clinical microarrays
reported alongside the patient clinical vignette provided by the care team,
and the base pair positions are given as follows: Family 1 (30386399—
32444273), Family 2 (31073735-32446830), and Family 3 (30386398
32914240). Note also that despite the significant variation in deletion size
listed above, these all fit the descriptor of 15q13.2-13.3 microdeletions.
Schematic created with Benchling.com (Benchling, 2023).

(B) Pedigrees of the three families characterized in this chapter with associated
RT-PCR validation of deleted genes. Validations were performed on DIV7
INs, and mRNA expression of target (OTUD7A, CHRNA7, MTMR10, FAN1)
and flanking (TJP1) genes were normalized to EIF3L levels. For Families 1
and 3, levels for each gene were compared by unpaired two-tailed t-test,
with significance levels *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001. Family
2 gene levels were compared by one-way ANOVA, OTUD7A F (2, 6) =19.30
P=0.0024, CHRNATY F (2, 6) = 74.63, P<0.0001, FAN1 F (2, 6) = 82.81
P<0.0001, MTMR10 F (2, 6) = 7.564 P=0.0229, TIP1 F (2, 6) = 5.089
P=0.0510 with Dunnett’s posthoc test. N=3 biological replicates per gene

were used.
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Breakpoint map adapted from schematic in Benchling (www.benchling.com)
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Figure 2.5.3: Population-level spiking differences vary by 15q13.3

microdeletion families
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Figure 2.5.3: Population-level spiking differences vary by 15913.3del
families

Multi-electrode array recordings for three 15913.3 microdeletion families, showing
weighted mean firing rate (WMFR; panels A, E, I), network burst frequency
(panels B, F, J), and network burst duration (panels C, G, K), and representative
raster plots taken from DIV 87 (D, H, L). All data were analyzed by repeated
measures two-way ANOVA with Dunnett’s post hoc test, with *p<0.05, **p<0.01,
+%n<0.001, ****p<0.0001.

Family 1: (A) WMFR (Interaction, F (23, 1329) = 19.13 P<0.0001; Timepoint, F
(23, 1329) = 43.82 P<0.0001; Genotype, F (1, 1329) = 255.8 P<0.0001), (B)
Network Burst Frequency (Interaction, F (23, 1386) = 11.20 P<0.0001; Timepoint,
F (23, 1386) = 20.30 P<0.0001; Genotype, F (1, 1386) = 25.00 P<0.0001), (C)
Network Burst Duration (Interaction, F (23, 1386) = 1.928 P=0.0053; Timepoint, F
(23, 1386) = 26.14 P<0.0001; Genotype, F (1, 1386) = 2.334 P=0.1268).

Family 2: (E) WMFR (Interaction, F (46, 3017) = 1.901 P=0.0003; Timepoint, F
(23, 3017) = 83.65 P<0.0001; Genotype, F (2, 3017) = 5.644 P=0.0036),

(F) Network Burst Frequency (Interaction, F (46, 3017) = 4.111 P<0.0001;
Timepoint, F (23, 3017) = 66.56 P<0.0001; Genotype, F (2, 3017) =19.30
P<0.0001), (G) Network Burst Duration (Interaction, F (46, 3005) = 12.29
P<0.0001; Timepoint, F (23, 3005) = 74.37 P<0.0001; Genotype, F (2, 3005) =

251.1 P<0.0001).
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Family 3: () WMFR (Interaction, F (20, 1680) = 2.827 P<0.0001; Timepoint, F
(3.212, 269.8) = 78.03 P<0.0001; Genotype, F (1, 84) = 0.4475 P=0.5053), (J)
Network Burst Frequency (Interaction, F (20, 1680) = 2.047 P=0.0041; Timepoint,
F (7.443, 625.2) = 49.21 P<0.0001; Genotype, F (1, 84) = 0.02359 P=0.8783),
(K) Network Burst Duration (Interaction, F (20, 1680) = 2.982 P<0.0001;
Timepoint, F (3.975, 333.9) = 52.98 P<0.0001; Genotype, F (1, 84) = 1.326

P=0.2528).
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Figure 2.5.4: Differences in action potential characteristics in 15q13.3

microdeletion iNs
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Figure 2.5.4: Differences in action potential characteristics in 15913.3
microdeletion iNs

Selected intrinsic electrophysiologic properties of the three 15913.3 microdeletion
families are reported, including rheobase (A, E, 1), AP threshold (B, F, J), AP
amplitude (C, G, K), and membrane resistance (D, H, L). For Families 1 and 3,
these metrics were analyzed by unpaired two-tailed t-test or Mann—Whitney test,
with significance levels *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Family 2
metrics were analyzed by one-way ANOVA (Rheobase F (2, 73) =4.730
P=0.0117; Threshold F (2, 68) = 0.3923 P=0.6770; Amplitude F (2, 68) = 1.482
P=0.2345; Membrane resistance F (2, 68) = 0.8926 P=0.4144) with Dunnett’s
post hoc test. Biological/technical replicates are indicated on the rheobase
graphs.

Intrinsic excitability is reported in figures M, O and Q, with associated
representative traces at N, P, and R (respectively) shown for 60 pA (gray) and
110 pA (colour). (S) trace showing step command levels for the current injection.
Analysis by mixed-effect model or two-way ANOVA with Tukey’s post hoc test.
Significance levels indicated on graphs correspond to *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001. N=biological replicates, n=technical replicates. (M) 89E
(N=3, n=22), 90N (N=3; n=25); Injected current, F (1.374, 111.2) = 433.7
P<0.0001; Condition, F (3, 139) = 0.5424 P=0.6541; Interaction, F (42, 1133) =
0.2940 P>0.9999 (O) 86S (N=3, n=26), 87V (N=3, n=28), 88T (N=3,

n=26)Injected current, F (2.394, 119.1) = 211.0 P<0.0001; Condition, F (2, 69) =

Page 82



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

5.094 P=0.0086; Interaction, F (24, 597) = 2.047 P=0.0025); (Q) 0205-002-2
(N=3, n=29), 0205-003-1 (N=3, n=29); Injected current, F (15, 603) = 0.7090
P=0.7766; Condition, F (15, 603) = 78.61 P<0.0001; Interaction, F (1, 603) =

21.41 P<0.0001).
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Figure 2.5.5: Spontaneous synaptic transmission in 15q13.3 microdeletion

iNs
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Figure 2.5.5: Spontaneous synaptic transmission in 15q13.3 microdeletion
iNs

No changes were detected in spontaneous excitatory postsynaptic current
(sEPSC) frequency (A, D, and G) or amplitude (B, E, and H) for three 15q13.3
microdeletion families. Frequency histograms of current properties are shown in
the respective panel. Associated representative traces are also shown (C, F, 1).
For Families 1 and 3, these metrics were analyzed by unpaired two-tailed t-test or
Mann—-Whitney test. Family 2 metrics were analyzed by one-way ANOVA
(Frequency F (2, 49) = 0.5076 P=0.6051; Amplitude F (2, 50) = 0.1960 P=0.8226)
with Dunnett’s posthoc test. Family 1 (89E CON (N=4, n=28), 90N HET (N=4,
n=31)); Family 2 (86S CARRIER (N=3, n=17), 87V HET (N=3, n=17)), 88T CON
(N=3, n=19); Family 3 (0205-002-2 CON (N=3, n=28), 0205-003-1 HET (N=3,
n=26)). Significance levels shown correspond to *p<0.05, **p<0.01, ***p<0.001,

*4kp<0.0001.
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Figure 2.5.6: Axon projection capacity in 15q13.3 microdeletion iNs
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Figure 2.5.6: Axon projection capacity in 15913.3 microdeletion iNs

DIV10 iNs from three 15913.3 microdeletion families show a consistent decrease
in axon projection capacity in probands comparative familial controls.
Representative traces are shown on the left side of the respective panel. Note
that no difference was detected for the carrier in Family 2 (Panel B, right). For
Families 1 and 3, axon length differences were analyzed by unpaired two-tailed t-
test. Family 2 metrics were analyzed by one-way ANOVA (Axon Length F (2, 69)
=7.230 P=0.0014) with Tukey’s posthoc test. Family 1 (89E CON (N=4, n=38),
90N HET (N=4, n=34)); Family 2 (86S CARRIER (N=3, n=22), 87V HET (N=3,
n=29)), 88T CON (N=3, n=21); Family 3 (0205-002-2 CON (N=3, n=29), 0205-
003-1 HET (N=3, n=21)). Significance levels shown correspond to *p<0.05,
**p<0.01, **p<0.001, ****p<0.0001. Axon indicated by arrows, with blue arrow

pointing to control iN and red arrow to proband iN. Scale bar 100um.
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Figure 2.5.7: Sholl analysis of three 15913.3 microdeletion families
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Figure 2.5.7: Sholl analysis of three 15913.3 microdeletion families

Sholl analysis of DIV 28 iNs from three patient families (Families 1, 2 and 3 are
shown in panels A, B, and C respectively). Number of dendritic intersections (y-

axis) are plotted against the distance they occur from the cell soma (x-axis).

Two-Way Repeated Measures ANOVA: Family 1 N=3 infections, 89E n=34, 90N
n=34 (Interaction F(33,2046) = 2.290 P<0.001; Distance F(5.299, 328.5) = 48.30
P<0.001; Genotype F(1,62)=13.25 P<0.001); Family 2, N=3 infection, 86S n=35,
87V n=35, 88T n=35 (Interaction F(68,3434)=0.8120 P=0.866; Distance F(6.274,
633.6) P<0.001; Genotype F (2,101) = 1.620 P=0.203). Plots are Mean + SEM.
Significance levels *p<0.05. No statistics were performed on Family 3. N=2

infections, 0205-002-2 n=19, 0205-003-1 n=20. Plot is Mean + SD.
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Figure 2.5.8: Validation of iPSCs used in this study
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Supplementary Figure 2.5.1: validation of iPSCs used in this study
Validation of pluripotency markers and karyotyping of reprogrammed lines used
in this study. For all three families flow cytometry was used to confirm the
presence of the pluripotency markers TRA160 and SSEA4 (panels K and M, and
the right side of panels A, C, E, G, ). Families 1 and 2 were reprogrammed by
CCRM, and also include flow cytometry confirmation of OCT4 and SOX2 (panels
A, C, E, G, |, left). Representative karyotypes from G-banding analysis are
presented in panels B, D, F, H, J, L, and N. Only included for subsequent use if

they demonstrated the pluripotency markers and had a normal karyotype.
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Figure 2.5.9: Extended electrophysiologic parameters
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2.5.9: Extended electrophysiologic parameters

Selected intrinsic electrophysiologic properties of the three 15g13.3 microdeletion
families are reported, including rheobase (A, E, 1), AP threshold (B, F, J), AP
amplitude (C, G, K), and membrane resistance (D, H, L). For families 1 and 3,
these metrics were analyzed by unpaired two-tailed t-test or Mann—Whitney test.
Family 2 metrics were analyzed by one-way ANOVA (RMP F (2, 77) = 0.7219
P=0.4891; Action Potential Width F (2, 68) = 0.9540 P=0.3903; Action Potential
Half-Width F (2, 68) = 0.9596 P=0.3882). Biological/technical replicates for all
conditions Family 1 89E CONTROL (N=4, n=42), 90N PROBAND (N=4, n=45);,
Family 2 86S CARRIER (N=3, n=26), 87V PROBAND (N=3, n=28), 88T
CONTROL (N=3, n=26); Family 3 0205-002-2 CONTROL (N=3, n=30), 0205-

003-1 PROBAND (N=3, n=28).
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Figure 2.5.10: Extended MEA parameters
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Figure 2.5.10: Extended MEA parameters

Extended multi-electrode array metrics for three 15913.3 microdeletion families,
showing active electrodes (panels A, C, E), and synchrony index (panels B, D, F).
Family 2 had a subtle decrease in active electrodes in the carrier (86S) line at
DIV 25, and a brief decrease in synchrony between DIV 21 and 29. There was
thereafter a persistent decrease in synchrony in the proband (87V) and carrier
(86S) lines from Family 2 from DIV 61 onwards. No other changes were detected
across the other families and lines. All data were analyzed by repeated measures
two-way ANOVA with Dunnett’s post hoc test, with *p<0.05, **p<0.01.

Family 1: (A) Active electrodes (Interaction, F (23, 1424) = 0.6091 P=0.9257;
Timepoint, F (23, 1424) = 31.91 P<0.0001; Genotype, F (1, 1424) =5.039
P=0.0249,), (B) Synchrony Index (Interaction, F (23, 1356) = 1.959 P=0.0044;
Timepoint, F (23, 1356) = 201.9 P<0.0001; Genotype, F (1, 1356) = 10.19
P=0.0014). Family 2: (C) Active Electrodes (Interaction, F (46, 3017) = 1.113
P=0.2793; Timepoint, F (23, 3017) = 983.6 P<0.0001; Genotype, F (2, 3017) =
6.455 P=0.0016,), (D) Synchrony Index (Interaction, F (46, 3017) = 3.431
P<0.0001; Timepoint, F (23, 3017) = 1183 P<0.0001; Genotype, F (2, 3017) =
65.02 P<0.0001). Family 3: (E) Active Electrodes (Interaction, F (20, 1680) =
4.508 P<0.0001; Timepoint, F (5.108, 429.1) = 619.1 P<0.0001; Genotype, F (1,
84) =1.863 P=0.1759), (F) Synchrony Index (Interaction, F (20, 1680) = 1.735
P=0.0227; Timepoint, F (6.472, 543.6) = 339.7 P<0.0001; Genotype, F (1, 84) =

0.4943 P=0.4839)
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Figure 2.5.11: Df(h15g13)/+ mouse cortical pyramidal neuron mEPSCs
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Figure 2.5.11: Df(h15q13)/+ mouse cortical pyramidal neuron mEPSCs
Cultured cortical pyramidal neurons from E16-17 mice show increased miniature
excitatory postsynaptic current (mMEPSCSs) frequency in Df(h15q13)/+ HET
animals compared to their wildtype (WT) littermates. (A) There is an increased
frequency of mMEPSC events in HET Df(h15q13) neurons compared to WT. (B)
Sample traces showing representative segments of recordings. (C) No
differences were observed between groups in the amplitude of recorded events,
cell capacitance, or the resistance of the system. WT (N=3, n=18); HET (N=3,
n=18). All samples analyzed by unpaired t-test, with significance levels indicated

as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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2.6 Discussion

In this chapter | have described a new index of 15013.3 microdeletion patients
and familial control with samples presently banked by our group. These patients
demonstrated many of the cardinal features of the 15q13.3 microdeletion
disorder, though there were abnormal corpus callosum findings on MRI in two
patients which lead us to pursue axon projection experiments. We characterized
functional and morphological properties of three patient families, using familial
controls and stratifying analysis by family. We did identify novel functional
properties of patient iNs from three families, which revealed heterogeneity
between families by MEA recording, and subtle disturbances to action potential
properties across families. We further identified decreased dendritic arborization
in the Family 1 proband, and axon projection deficits in all three families which
represents the most consistent finding. Cellular characterization did not appear to
correlate clearly with clinical severity of this disorder, possibly secondary to the
multi-layered heterogeneity in these patients. This study extends upon the
research literature in both CNV-associated NDDs generally, and the 15q13.3
microdeletion specifically, by providing a series of phenotyping case studies of
15g13.3 microdeletion families. While this highlighted several findings of interest,
there was significant variability between families which was not readily explained

or correlated to clinical presentation.
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2.6.1 A previously unreported index of 15q13.3 microdeletion families
reveals novel characteristics potentially linked to disease

In this study, we have reported a novel cohort of 15q13.3 microdeletion families
collected both locally and through collaborators. There are several notable
features of these probands and their associated family members. One feature of
note is that all of the probands in the study are female. Based on the published
research literature, there does not appear to be a sex-based preference for the
development of this disorder. While the reported number of families is
comparatively small, the consistency in the sex of the proband is potentially
interesting for several reasons. It is also noteworthy that in the majority of at least
half of the probands in our cohort (Families 4—6), the 15g13.3 microdeletion
appears to have been inherited from their father. Indeed, the only confirmed
maternal inheritance is in the proband from Family 2. This is a considerable
deviation from the published inheritance patterns in the research literature,
though it is not anticipated to have had any significant impact on this study as the
present phenotyping has focused on Families 1-3. Furthermore, this region is not
known to be imprinted and to date, there is no definitive evidence that a specific
parent of origin is related to important differences in disease pathogenesis. From
an experimental standpoint, having the probands be the same sex between
different families provides an improved basis for the comparison of specific
cellular and molecular findings. It is also noteworthy that in general females are

comparatively protected against the development of various neuropsychiatric
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conditions. This is best identified in the case of autism spectrum disorder, where
the ratio of male to female cases is roughly 3:1 (Loomes et al., 2017). While the
potential reasons for this are numerous, one of the prominent explanations is the
difference in the presentation of these disorders between males and females. In
the case of the 15g13.3 microdeletion, the fact of an objective genetic marker
partially circumvents this difficulty by allowing the assembly of similar cohorts,
and the study of important differences between them at the clinical, functional,
and morphological levels.

There are several additional features of interest in the patient cohort assembled
in the study. While the timeframe under which the work included in this thesis did
not permit the reprogramming and phenotyping of the samples, the patients from
Families 4 and 5 (see Table 2.5.1) both had a thickened corpus callosum. These
findings had previously been reported in the research literature as associated
with this disorder. However, this finding did call into question possible axon
projection defects and was an important determinant of pursuing the axon
projection experiments in this thesis. Indeed, even in families where this was not
reported as an MRI finding (possibly because MRIs are not the standard of care
for these patients in Canada, and the ones for which we have the finding are
reported in Europe), we were able to demonstrate what is likely the most durable,
finding across probands, compared to familial controls in the study, which is the
axon projection deficits. This demonstrates the utility of the Neurogenin-2 system

to extend findings from clinical reports of these complex patients into concrete
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findings at the cellular level. Notably, one patient had an arachnoid cyst which is
a known finding in 15913.3 microdeletion patients (Whitney et al., 2021).

As expected, the patients had significant intellectual impairments, with the
exception of the proband from Family 1. The probands from four out of six
Families (Families 2, 3, 4, and 6) had significant absence seizures, in line with
the published clinical phenotype for this disorder. Interestingly, clinical phenotype
did not appear to closely correspond with functional or morphological
characterizations. For example, the patient with the most pronounced seizure
disorder (0205-003) had grossly unremarkable cellular findings. Note also that
the microdeletion size did not clearly correspond to clinical severity in our patient
cohort. While the microarray did provide deletion coordinates, the overall
breakpoint regions were the same in the assayed families. While larger CNVs are
expected to have a greater impact on phenotype, this has not been studied in
great detall to date. It is plausible that larger CNVs might have consequences
related to genomic architecture and which are not trivially anticipated from
sequence alone. While certain models have been proposed to link CNV size with
neuropsychological parameters (Huguet et al., 2018), in the absence of a clear
theory of disease pathogenesis for specific disorders, the exact impact of this is

difficult to ascertain.
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2.6.2 Using iNs to generate novel functional and morphological insights
into the 15q13.3 microdeletion disorder

The 15013.3 microdeletion encompasses a clinical spectrum for which few
mechanistic features have been elucidated to date. However, these mechanistic
features can often be suggestive of underlying defects at the cellular level. For
example, there is a characteristic absence seizure phenotype in this disorder,
though the etiology is not evident from the clinical investigations alone. However,
as highlighted in Figure 1.3.1, one of the preeminent models for understanding
the causative features of neurodevelopmental disorders involves the imbalance
of excitatory and inhibitory signals in the central nervous system. While this
paradigm is not fully capable of encompassing the complexities of these
disorders, it does provide a useful framework for mechanistic investigation. As
the dominant excitatory cell type in the neocortex—and the most populous—
pyramidal glutamatergic neurons are a natural cell type to investigate for intrinsic
deficits which may underlie an excitation/inhibition imbalance.

Note that while the population firing characteristics as determined by MEA
(Figure 2.5.3) were most exaggerated for family one, this was not reflected in
action potential properties (Figure 2.5.4). This might be for several reasons.
While attempts were made to choose cells for electrophysiological recordings in
an unbiased manner, it is necessarily the case that this is a more sensitive
modality and will have a bias towards cells which tolerate the invasiveness of the

recording procedure. While this does have the benefit of isolating for cells of a
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known set of characteristics, it does introduce selection bias which would not be
reflected in MEA recordings of entire populations. It is also the case that the
patch clamp recordings were taken at an earlier time point when the MEA
recordings remain grossly unrevealing. This could potentially underlie important
changes in population characteristics which would not be adequately captured by
the early timepoint electrophysiology.

2.6.3 Insights from cellular phenotyping of 15q13.3 microdeletion families
In the case of patch clamp electrophysiology, many of the recorded parameters
are close in value to one another. While it is possible that this reflects a true lack
of change between the control and 15q13.3Het, another consideration is that
because the Ngn2 protocol produces a highly uniform population of iNs,
(especially compared to other methods of neuron generation, see (36)), itis
expected that the range of possible variation for these parameters will be limited,
especially in early timepoints. Some studies have pursued later phenotyping of
Ngn2 neurons (Meijer et al., 2019; Rhee et al., 2019), and given the timeline of
findings in the MEA experiments we are intending to pursue this as well.

The differences we have found, where they exist, are not “snapshots” of neuronal
properties. Rather, they are often subtle changes that emerge through the range
of some variable. For example, though no single distance from the soma shows a
difference in dendritic intersections, the aggregate finding is that there are fewer
intersections overall. This is likewise true for the intrinsic excitability, which is not

different at any one current injection, but rather through all of the steps used.
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While the MEA findings are more pronounced, they are largely later onset. One
possibility suggested by this is that these cells are functioning in a mostly normal
manner, but can have an impaired ability to adapt to stressors, both pathologic
and in the normal course of development. We will be probing this adaptability by
investigating the ability of synaptic architecture to “scale” (plasticity) in 15913.3

microdeletion lines.

2.6.4 Limitations and future directions

While the work in this chapter outlines novel functional and morphological
characteristics of neurons derived from a cohort of 15913.3 microdeletion
families, there are several potential shortcomings of the model system and
experimental design utilized.

With respect to the principal model system, the neurogenin-2 induction system
has several limitations. The main limitation is related to the composition of the
population of neurons generated by this method. While these are cortical
pyramidal-like excitatory glutamatergic neurons as verified by their functional and
morphological characteristics, these neurons take a highly artificial
developmental trajectory towards maturation. As a consequence, the model will
be unable to capture many potentially salient features of neurodevelopment. For
example, while these neurons start out in the iPSC stage, after induction they
have an extremely shortened “neural progenitor cell” phase. This limits the
capacity of the system to assess dysfunctions in neurogenesis, and the potential

impacts of the microdeletion in this window. Particularly for NDDs where this
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period may be an especially sensitive period, this potentially represents a
significant shortcoming of the system in addressing certain classes of questions.
Another drawback of the approach used is the characterization of one iPSC clone
per line. While this did allow for the analysis of additional families, it is certainly
the case that this has the potential to skew the results if a non-representative
clone is used. While we took precautions with iPSC quality control (Figure 2.5.8),
there remains the possibility of clone-specific abnormalities which iPSCs are
known to occasionally exhibit. Future work will improve on this by incorporating

multiple clones per line in phenotyping and analysis.
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Chapter 3: Co-culture transcriptomic analysis of early iNs from two
15913.3 microdeletion families reveal disease-relevant pathways

3.1 Abstract

In this chapter, iNs from two 15g13.3 microdeletion probands and familial controls
were assayed by RNA sequencing. We aimed to extend findings from Chapter 1
to identify new disease-relevant insights into the transcriptomic profile of these
patients using a co-culture system using human iNs and CD1 mouse glia with
computational splitting of reads. This system significantly improves the health and
extends the viability of these cultures, allowing analysis of a pure population of
patient-derived neurons at a more functionally and morphologically mature date
than has been previously assayed in the literature. We conducted DEG analysis,
PCA, and identified enriched pathways differentiating proband from controls. We
also identified pathways driving opposing transcriptional responses between
families, potentially underlying clinical heterogeneity. We find that there is
significant variation between the two families with respect to differentially
expressed genes and altered pathways, including those with implications for
neurodevelopment. This work extends on previous transcriptomic analyses and

offers a later timepoint analysis
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3.2 Introduction

Despite its well-bounded breakpoints, implicated genes, and known association
to NDDs, the 15g13.3 microdeletion disorder is clinically heterogeneous, and little
remains known about the underlying mechanisms. In Chapter 2, we used the
highly homogeneous Ngn2 system to characterize 15g13.3 microdeletion patient-
derived neurons on functional and morphological metrics aiming to identify
possible commonalities at these levels and found consistent changes in axon
projection defects with a high degree of variability among other morphological
and functional properties. However, the clinical and genetic background
heterogeneity present in these samples continued to preclude a clear mapping to
the cellular phenotyping. We were therefore interested in identifying molecular
correlates of disease states, particularly those with developmental implications.
To pursue this, we prioritized Families 1 and 3 for RNA sequencing based on a
combination a combination of functional and clinical phenotype severity.

RNA sequencing is a high throughput, comparatively inexpensive modality to
assess transcriptional changes and identify potentially altered genes and
pathways underlying disease. Several previous attempts have been made to
provide transcriptomic insights into 15g13.3 microdeletion patients. A recently
published analysis of DIV 6 neurogenin-2 neurons derived from 15913.3 patient
lines which were not plated with glia (Zhang et al., 2021). While this study
revealed that there were no significant differences in methylation or chromatin

accessibility, suggesting that loss of genes was directly responsible for the
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phenotype (Zhang et al., 2021), the early timepoint (DIV 6) and lack of glial
support are impediments to the development of neuronal structures in these cells,
which decreases the likelihood of transcriptional discovery for disease-relevant
pathways. Another recent study by Korner et al. attempted to bridge
transcriptomic changes between 15g13.3 microdeletion patients and
Df(h15913)/+ mice, finding that there was enrichment of GO terms related to
nervous system development and DNA binding in patient samples (Korner et al.,
2022). This study was limited by the use of unrelated control samples and the
analysis of patient blood for the comparison to mouse cortical tissue.

We sought to improve on this previous work by performing RNAseqg on a modified
version of the co-culture model from Chapter 2 and extracted RNA at DIV14 for
transcriptomic analysis. The choice of timepoint leverages the fact that at DIV14,
iNs are comparatively immature, showing early electrophysiologic function and
active growth of neuronal structures (Meijer et al., 2019). As a result, this
timepoint strikes a balance between the development of neuronal features and
the early developmental period which might underlie later aberrant growth
trajectories. This timepoint is also between the detected axon projection defects
(DIV10), and the remainder of the functional and morphological assays (DIV28).
To minimize the impact of mouse transcriptomic contamination, human iNs are
CD1 mouse glia were co-plated at the minimal ratio (10:1, respectively) which

would allow extended viability. Mouse and human reads were separated using

Page 108



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

the bbsplit tool (Bushnell, 2018) and aligned to both the mouse and human
reference transcriptomes.

In addition to the continuity this affords for the comparison of this transcriptomic
and functional/morphological data, this approach has several advantages over
previous work. The use of supportive glia allows the extension of these cultures
to later timepoints and facilitates neuronal maturation. Other methods for the
generation and analysis of human neurons (e.g., EB, organoid) have longer
maturation timelines, as well as more complex populations from which the
disambiguation of specific cell-type-specific samples can be technically
challenging. In contrast to these models, the use of supplementary mouse glia
provides a platform that is readily available, sourced from widely used animals
with controlled genetic backgrounds, and is considerably less expensive. With
respect to transcriptomic analysis, while a more complex all-human platform
(such as the EB or organoid methods, or in a rarer example co-plating with
human glia) might require single-cell RNA sequencing to disentangle the cellular
subtypes, species-specific transcript variation allows for effective separation of
mouse and human reads with the species additionally acting a proxy for the
desired cell type. Additionally, iNs in the co-culture system reach maturity sooner,
allowing more rapid iteration and manipulability of the model. For a discussion of
selecting appropriate models and controls, please see Section 2.2 above.

In this chapter, we aimed to leverage the advantages of a human-iN/mouse-glia

platform to analyze neuronal transcriptomic differences which might underlie
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functional and morphological deficits in our patient cohort and the 15q13.3
microdeletion more generally. We identified significant inter-familial variability in
differentially expressed genes and altered pathways, potentially offering further

insight into the heterogeneity of this disorder in early development.
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3.3 Methods

The methods presented here are generally adapted to the specific experiments
carried out for the purposes of this thesis. However, there is inevitable similarity
to methods presented in several papers that | co-authored during this PhD. Effort
has been taken to modify them as appropriate, though similarity in phrasing

necessarily remains.

3.3.1 iNinduction and plating

iN plating was performed as described in Section 2.3.3, with the following
changes:

iNs were plated directly onto polyornithine/laminin directly 12 well culture plates
at a density of 1 x 10° cells per well. CD1 mouse glia were added at a
concentration of 1.0 x 10° glia per well. Co-cultures were collected at DIV14 for

subsequent processing.

3.3.2 RNA sequencing and analysis

RNA extraction was performed using the Norgen Plus RNA Extraction Kit (Cat.
48300). Library preparation was performed using the NEB Ultra Il Directional
MRNA library prep kit, and paired-end sequencing (2 x 150 bp) was performed on
1 lane of a Novaseq S1 flowcell. Separation of fasta files into separate mouse
and human reads was conducted using the bbsplit tools (Bushnell, 2018), with
the reference mapping assembly constructed against the most up to date

GRCm39 and GRCh38 reference genomes as of October 2021. Ambiguous

Page 111



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

reads (<0.1%) were discarded. Reads were aligned to the GRCh38 reference
transcriptome v104 using Salmon, and further analysis was performed using the
DESeqg2 workflow in R as previously described (Huber et al., 2015; Love et al.,
2015; Love et al., 2014). Hallmark gene sets were obtained from the MSigDB
(Broad Institute, STATE) and enrichments were determined using FKPM-
transformed read counts from each subject using GSEA version
4.2.1.(Subramanian et al., 2005). The g:Profiler g:GOSt tool was used for
functional enrichment analysis of GO terms (for MF, BP, and CC), and KEGG
pathways, with the significance threshold set at <0.05 as determined by the

0:SCS ranking algorithm (Raudvere et al., 2019).
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3.4 Results

3.4.1 Improvement of alignment rates by separation of mouse and human
transcripts from a co-culture system

As per Table 3.5.1, the alignment of unsplit samples to the GRCh38 reference
transcriptome yielded a mapping rate between 74 and 82% which was improved
to >93% for human to GRCh38 mapping after splitting mouse and human reads.
Note that the unsplit reads do not necessarily allow an inference regarding the
neuron-to-glia ratio in samples as the pure CD1 mouse glia samples aligned at
approximately 19%, which is comparable to the split mouse to GRCh38
alignment rates. While the split “human” reads from these CD1 glia had slightly
improved mapping rates, the interpretation of this is difficult as the absolute read
abundances were very low (data not shown). This does, however, suggest a
lower burden of contamination. For both split and unsplit samples, overlap in
mapping is evident as the summed totals of alignment to both genomes exceed
100%. However, the purified mouse and human reads map to their respective
transcriptome at published levels.

3.4.2 Distinct clustering of 15913.3 microdeletion probands and familial
control

Principal coordinate analysis revealed distinct clustering of 15913.3 microdeletion
probands and familial controls from both families. It is noteworthy that the control
and proband from Family 1 were more closely clustered, likely related to a lower

number of DEGs in this family. Interestingly, the PCA plot combining both families
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(Figure 3.5.1A) shows a large majority of variability as explained by two principal
coordinates. These appear to grossly align with the replicate/line (PC1), and
control/proband status (PC2). While both control lines vary minimally on PC2, the
proband lines are distributed opposingly along this PC axis with respect to the
control lines.

For the subdivided PCA plots in Figure 3.5.1B and 3.5.1C (Families 1 and 3,
respectively), there was a greater comparative separation of the control and
proband lines along the putative PC1 and PC2 axis (which most closely
constitutes an inversion of PC1 and PC2 from Panel A). The top 20 such genes
are shown in Table 3.5.2, with comparisons for shared genes between positive
and negative correlations bolded. As expected based on the combined plot, there
is minimal overlap in these top-ranked genes which account for the majority of
variation between the control and proband lines. Interestingly, KLF13 was the
only negatively correlated gene along PC1 for both families and was the only
15013.3 microdeletion region gene detected in the DEG analysis.

For positively correlated genes, only NLRP2 (NLR Family Pyrin Domain
Containing 2) and HSA1P (heat shock protein family A (Hsp70) member 1B)
were identified among the top 20 genes between both families. Only GABBR1
(GABA type B receptor subunit 1) was detected as a negatively correlated gene
along PC2 of both families. There were no positively correlated genes identified

between families along PC2.
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3.4.3 Differences in functional enrichment analysis underlying variation in
15913.3 microdeletion families

To extend this work, we performed g:Profiler g:GOSt analysis of the top 50 most
positively correlated (positive and negative) genes from PC1 for each individual
family (corresponding to Figure 3.5.2 Panels B and C) to identify possible
pathways which drove these differences (Raudvere et al., 2019). The results of
this analysis are shown in Figure 3.5.4. Note that in most cases, the enrichment
of GO and KEGG processes was driven by a fairly limited number of genes. For
example, for negatively correlated genes in Family 1, both HSPA1B (Heat Shock
Protein Family A Member 1B) and HSPA1A (Heat Shock Protein Family A
Member 1A) are represented in 9 out of 11 categories and as a consequence, the
enrichment is weighted towards categories such as misfolded protein binding and
cellular response to heat. Likewise, for negatively correlated genes in Family 3,
among 95 enriched pathways, 90 had two or more collagen-chain peptides
represented (with the most highly ranked ones being COL1Al1 and COL3Al
represented 71 times, and COL1A2 represented 62 times). As a consequence,
the detected pathways are nearly all related to collagen assembly or extracellular
matrix organization.

Interestingly, for Family 3, nervous system development was identified as an
enriched process under, notably but not exclusively driven by MAPT, ATAT1,

EHMT2, BAG6, NNAT, TBX20, and several PCDH genes.
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Antigen presentation and presentation was identified as an enriched pathway for
positively correlated genes in both Families 1 and 3, driven by HLA-A and TAP2
in Family 1, and HLA-B and HLA-C in Family 3.

3.4.4 Differentially expressed genes in 15913.3 microdeletion probands at
DIV14

As noted, Family 3 demonstrated appreciably more differentially expressed
genes than Family 1 (207 vs. 95 DEGs, respectively). These genes are plotted
with selected labels in Figure 3.5.3, and the difference is evident in the volcano
plot. Importantly, among the most significantly altered genes, only KLF13 and
HSPA1B were altered in a directionally consistent manner between families.
Note that in several instances gene symbols may be duplicated, as shown for
AGPAT1 and BAG6 in Figure 3.5.3 Panel A. Likewise, while AGPAT1 was
altered, its symbol is duplicated in Family 1, and it is a top-ranked gene for
decreased logz-fold expression in Family 3. This is an anticipated consequence
of multiple Ensembl IDs mapping to a single gene symbol as part of the
annotation process. The disambiguation of these symbols is not straightforward,
and as they represent individually annotated transcripts no imputation or
consolidation was pursued for the purposes of this work.

Reads from 15q13.3 deletion region genes were also plotted as FPKM in Figure
3.5.6. KLF13 was the only detected differentially expressed gene between both
families, though FAN1 was decreased in Family 1. Note the multiple ENSG IDs

for KLF13, FAN1, and MTMR10, which have varying patterns of expression. For
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example, the KLF13 reads with ID ENSG00000275746 are effectively
undetectable in probands but well expressed in controls, while the
ENSG00000169926 transcript had significant expression in both lines in both
families and was indeed increased in Family 3. This is likewise true for MTMR10,
though expression levels were more even between both ENSG IDs.

While both OTUD7A and CHRNAY had decreased absolute FPKM counts in
probands vs. controls, this did not reach significance as part of the DESeq2
analysis. This may be partially due to their low abundance compared to other
genes in the region, which will tend to underpower them for discovery given their
expected roughly two-fold decrease in a heterozygous proband.

There was also minimal detection of TRPM1, ARHGAP11B, and GOLGASH.
TRPML1 is expected to only be expressed in retinal cells, and this is, therefore,
consistent. ARHGAP11B and GOLGAS8H are highly duplicated chromosomal
regions with many homologous subtypes, and unambiguous identification of their

transcripts may be technically challenging.

3.4.5 Gene set enrichment analysis of 15913.3 microdeletion reveals novel
and known developmentally relevant gene sets

GSEA likewise identified considerably more enriched pathways in the Family 3
control line than the Family 1 control line. Note that enrichment was only detected
in these lines and not either proband.

G2M Checkpoint and E2F Targets were enriched in both families. Notably,

among the enriched pathways in Family 3 was Wnt beta catenin signalling and
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TGF beta signalling. DNA repair was also identified, which was likewise detected
by previous work (Zhang et al., 2021). Interestingly, TNFalpha signalling via
NFKB was also enriched, whose noncanonical signalling pathway regulated by

OTUD7B (highly homologous to OTUD7A) (Hu et al., 2013).
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3.5 Figures

McMaster University — Biochemistry

Figure 3.5.1: Visual abstract and workflow schematic
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Table 3.5.1: Mapping rates for split and unsplit mouse and human reads

Unsplit to Split Split Unsplit to Split Split
GRCh38 humanto mouse to GRCM39 humanto mouse to
GRCh38 GRCh38 GRCm39 GRCm39

77.96% 93.74% 19.61% 34.29% 23.25% 94.66%

89E 74.42% 93.39% 19.41% 36.07% 22.31% 94.45%
CONTROL 81.50% 93.89% 19.16% 31.28% 23.54% 94.63%
78.47% 93.86% 19.39% 33.93% 23.42% 94.76%

77.21% 93.76% 19.90% 34.12% 22.74% 94.79%

90N 76.26% 93.63% 19.57% 34.86% 22.66% 94.66%
PROBAND 76.44% 93.55% 19.17% 34.70% 22.66% 94.51%
76.50% 93.43% 19.36% 34.33% 22.51% 94.50%

71.12% 93.70% 20.07% 40.46% 22.87% 94.91%

0205-002-2 75.23% 93.98% 19.95% 36.88% 23.06% 95.14%
CONTROL 72.73% 93.72% 19.73% 38.81% 22.80% 94.86%
77.02% 93.79% 19.77% 34.42% 22.92% 94.91%

73.42% 93.77% 19.95% 38.25% 22.83% 94.89%

0205-003-1 74.65% 93.97% 19.98% 37.39% 23.01% 95.05%
PROBAND 73.34% 93.52% 19.61% 37.77% 22.57% 94.68%
75.34% 94.09% 20.01% 36.94% 23.21% 95.18%

cD1 18.94% 21.26% 20.20% 92.98% 16.92% 94.88%
mouse glia 18.81% 20.30% 20.08% 92.72% 14.88% 94.68%
19.15% 20.18% 20.44% 93.15% 15.56% 95.03%
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Figure 3.5.2: Principal coordinate analysis of 15q13.3 microdeletion families

A 4 A A

genotype
control

@® proband

family

. family_1
A family_3

PC2: 16% varianv>
]

20 0 20 40
PC1: 60% variance

0.0-
genotype
control
@ oroband

family

@ family_1

PC2: 21% variance

PC1: 65% variance

genotype
@) control
. proband

family

. family_3

PC2: 15% variance

20-
20 0 20
PC1: 76% variance

Page 121



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

Figure 3.5.2: Principal component (PCA) analysis plot of 15913.3

microdeletion families

(A) Combined PCA plot showing both patient families, with variance captured by
PC1 and PC2 shown on axes

(B) Split PCA plot plots showing Family 1 (Panel B), and Family 3 (Panel C)
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Table 3.5.2: Top genes contributing to principal coordinates

McMaster University — Biochemistry

Family 1 PC1 Family 3 PC1 Family 1 PC2 Family 3 PC2
top positive top positive top positive top positive
correlation correlation correlation correlation

PRRC2A PEG3 SRCIN1 PEG3
BAG6 NSF SERPINE2 DDX39B
GABBR1 DDX39B P2RX3 NSF
SCG5 AGPAT1 CRABP1 AGPAT1
BAG6 GNL1 PTP4A1l GNL1
AGPAT1 MAPT PRPH GABBR1
ATP6V1G2 PCDHGA3 SIX1 PCDHGA3
PCDHGB6 GABBR1 FRAS1 VARS1
TRIM27 VARS1 HTR3A MAPT
CSNK2B PCDHGA7 FSTL1 PCDHGA7
PPP1R11 KANSL1 OLFM3 PCDHB5
HSPA1B PCDHB5 NNAT HSPA1B
NLRP2 PRRC2A KITLG CSNK2B
HSPA1B HSPA1B LRRC3B DAXX
MARF1 CSNK2B RGS4 PRRC2A
HLA-A LRRC61 INSYN2A NLRP2
PCDHB16 NLRP2 ALK ABCF1
KANSL1 INPP5F EYAl LRRC61
DDAH2 DAXX CNTN2 ATAT1
GABRG3 PCDHB18P CRLF1 FAM83H

Family 1 PC1 Family 3 PC1 Family 1 PC2 Family 3 PC2
top negative top negative top negative top negative
correlation correlation correlation correlation

AGPAT1 COL6A3 COL1A1 KLF13
ACACA COL3A1 PRRC2A USP9Y
KLF13 RPS4Y1 BAG6 RPS4Y1

ATPBV1G2 IGF2 FN1 CHCHD2
BAG6 COL1A2 GABBR1 NLGN4Y
PEG3 KLF13 GABBR1 SCG5
PRRC2A COL1A1 WLS NLRP2
BDP1 USP9Y SPARC GABBR1
CTSB LUM EBF3 DDX3Y
CANX COL5A1 GPM6A AGPAT1

PPP1R11 CHCHD2 LHX9 BDP1
HSPA1B POSTN COL18A1 DUSPS8

GABBR1 DCN PCDHGB6 KDM5D

SCG5 NLGN4Y GRIA2 TRIM27

GABBR1 FN1 FLNA EIF1AY
DCAF11 NID2 PCSK1 NDUFAG6

PCDHGA7 NLRP2 COL4A1 SLC39A7

DAXX IGFBP5 CACNA2D1 HLA-C
EBF3 BDP1 SSBP2 DDX39B
CHL1 DDX3Y COL3Al PCDH11Y
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Figure 3.5.3: Functional enrichment analysis of highly correlated Principal
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Figure 3.5.3: Plotting of the top 50 positively (left panels) and negatively (right

panels) correlated genes from the main Principal Coordinate from Family 1 (top

panels) and 3 (bottom panels). Processes were identified using the gProfiler

g:GOSt tool for the Gene Ontology terms Cellular Component (CC, blue),

Molecular Function (FF, green), Biological Process (BP, red), or KEGG (Kyoto

Encyclopedia of Genes and Genomes)
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Figure 3.5.4: Volcano plots showing DEGs in 15913.3 microdeletion families
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Figure 3.5.4: Volcano plots showing DEGs in 15q13.3 microdeletion families
Volcano plots for Family 1 (A) and Family 3 (B) showing log transformed fold
changes for genes (increased in red, and decreased in blue) and log transformed

p-values. Significance cut-off lines are shown in dotted red.
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Table 3.5.3: Chromosomal clustering of DEGs by patient family

Family 1 Family 3 Family 1 Family 3

UP UP DOWN DOWN
chr DEGs C DEGs C DEGs C DEGs C
2p - - 2 1 - - - -
5q - - 13 2 7 2 - -
6p 26 8 31 8 12 3 15 4
7q - - 2 1 - - - -
8q - - - - 3 1 - -
11p - - - - 2 1 - -
15q - - - - 3 1 5 1
16q - - - - - - 3 1
17q - - 12 2 3 1 5 1
"19q - - 7 2 - - - -
Y - - - - - - 10 2

Table 3.5.3: Table showing the number of DEGs (differentially expressed genes)
and number of clustered genes (gap of 5 or fewer genes) across all chromosomal
sites where clusters were detected. Columns are divided to align DEGs which are

increased (left) and decreased (right).
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Figure 3.5.5: Clustering of DEGs at the 6p21.1-22.1 locus
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Figure 3.5.5: Linear alignment map of genes detected in the 6p21-22 region from
increased DEGs (Family 1 left, Family 3 centre left), and decreased DEGs
(Family 1 centre right, Family 3 right). Map alignment is shown from the 6p22.1
region (top) to the 6p21.1 region (bottom). Gene distances not to scale, and is
adapted to facilitate ease of comparison. Comparison list generated using Cluster

Locator (http://clusterlocator.bnd.edu.uy/) (Pazos Obregdn et al., 2018).
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Figure 3.5.6: Gene set enrichment analysis
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Figure 3.5.5: Gene set enrichment analysis

(A, B) Normalized enrichment scores for significant (p<0.05; FDR<0.25) gene
sets determined by GSEA for Family 1 (Panel A) and Family 3 (Panel B).

(C, D) Enrichment plots for significantly altered pathways for Family 1 (Panel C)

and Family 3 (Panel D).
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Figure 3.5.7: FPKM expression of 159q13.3 BP4-5 region and flanking genes
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Figure 3.5.6: Plotted FPKM values for the genes in the 15q13.3 deletion showing
all replicates from Family 1 (left panel) and Family 3 (right panel). Probands are
shown in red/pink, and controls are shown in black/gray for respective families.
Bars are indicated as mean £ SEM. For genes with multiple symbol to ENSEMBL

ID mappings, the ENSEMBL ID is indicated in brackets.

Page 132



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

3.6 Discussion

The study of neurological disorders carries with it special challenges due to the
sensitivity of neural tissues and the difficulty of acquiring them from patients.
Moreover, for disorders whose etiology may be subtle, there are additional
difficulties in identifying the correct level of abstraction at which to investigate the
related deficits. In this chapter, we aim to extend the work from Chapter 2 and
build on the findings related to intrinsic neuronal deficits in iNs. We also
attempted to build on efforts from other groups to provide insight into the early
transcriptome and its relation to disease pathogenesis in the 15q13.3
microdeletion disorder. This chapter used a mouse-human co-culture system
which allowed the extension of the system to a later time point that had been
previously reported and allowed iNs to develop functionally and morphologically
to a time point closer to the one in which we had reported findings previously.
The principal strength of this experimental design is that it both permits
maturation of the target cells (the patient iNs) and allows for more effective
separation of the neuronal and glial transcripts as these are proxied by the
human and mouse reads, respectively.

3.6.1 Separation of mouse and human reads in a co-culture system

The separation of mouse glial and human neuronal reads was achieved using the
bbsplit tool (Bushnell, 2018). One of the main advantages of this program is the
assembly of a novel mapping index and comparison of reads to the human and

mouse transcriptome simultaneously, allowing for “best fit” mapping for each
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read. Interestingly, this method was able to extract limited reads from even
control mouse glia and does suggest that some degree of contamination remains
inevitable.

Other tools for the separation of mouse and human reads exist (for example
Xenofilter (Kluin et al., 2018)), and a comparison of read outputs against these
methods can be pursued in the future. While the indication for the computational
deconvolution of mouse and human reads in our study is not common (the typical
use case more closely aligns with xenograft experiments in mice, for example in
cancer research), this application has previously been employed in a similar
system.

3.6.2 Transcriptome variation in neurodevelopmentally relevant genes
between two 15913.3 microdeletion families

While many genes were differentially expressed in our patient families, select
genes were chosen for consideration for their prominent significance levels (for a
visualization of this see Figure 3.5.3), and potentially disease-relevant status
based on the literature. These genes are grouped below based on the direction of
their expression change, and which families this corresponds to.

Uprequlated genes in Families 1 and 3

HSPA1B was upregulated in both probands, albeit to different degrees. Note that
while HSPA1B is not known to be implicated in neurodevelopment, it is related to

prognosis in colon cancer. Colon cancer risk is increased in the 15913.3

Page 134



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

microdeletion, and this finding of increased HSPA1B might relate to the
oncogenic risk profile in these patients.

Downregulated genes in Families 1 and 3: KLF13 (ENSG00000275746) was

downregulated in both families, which is expected for this deletion. There were
multiple ENSG IDs detected mapping to KLF13, which localize to alternatively
spliced variants and in the case of Family 3 this corresponded to both an
increase and decrease dependent on the specific transcript. This was likewise
true for FAN1. While this introduces a complication into the interpretation of this
data, it also serves to highlight the complexity of the transcriptional profile.

Uprequlated genes in Family 1: SCG5 (secretogranin 7B2) is a neuroendocrine

regulatory protein (Mbikay et al., 2001). Its principal clinical utility has been
cancer prognostication (Plesec et al., 2017; Xu et al., 2020), and it is not
presently implicated in NDD pathogenesis. SCG5 is directly distal to the 15913.3
BP5 locus, and its upregulation may be a consequence of the microdeletion
altering the local genomic architecture.

AGPAT1 encodes the 1-acylglycerol-3-phosphate O-acyltransferase, which plays
an important role in the conversion of lysophosphatidic acid to phosphatidic acid.
Mice which are deficient in AGPAT1 have several metabolic derangements and
notably develop abnormalities in hippocampal development and audiogenic
seizures (Agarwal et al., 2017).

Downregulated genes in Family 1: ACACA encodes the Acetyl-coenzyme A

carboxylase. Loss of this gene has been associated clinically with global
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developmental delay, microcephaly and facial dysmorphia, though this is
presumed to be attributable to alteration in lipid metabolism (Lou et al., 2021).
CTSB encodes the protein cathepsin B, and its inhibition is known to impede
neurite outgrowth in mice through the regulation of lysosome trafficking (Jiang et
al., 2020), though there is not much information on its role in neurodevelopment.

Up and down (Family 1): BAG6 and AGPAT1 had both increased and decreased

transcripts detected in Family 1, suggestive of alternative splicing. The role of
AGPAT1 is described above. BAG6 encodes the Bcl-2-associated athanogene 6,
and while it is not neurodevelopmentally implicated it has been speculated that it
might play a role in avoiding neurodegradation (Kasu et al., 2022).

Uprequlated in Family 3: MAPT (Microtubule-Associated Protein Tau) is best

known for its role in tauopathies underlying various neurodegenerative disorders
(Ando et al., 2020; Strang et al., 2019; Young et al., 2021). Importantly, tau is an
axonal marker and plays a role in distal axonal stability (Sjolin et al., 2022). While
the reason for its increase in this proband is unclear, it is possibly compensatory
given the axonal deficits presented in Figure 2.4.6.

PCDHBS5 encodes the protocadherin beta-5 protein which is predicted to play an
important role in neural connectivity. Its expression is also increased in the
16p11.2 deletion (Sundberg et al., 2021).

PEG3 is an imprinted gene containing kruppel-type zinc finger domains, and has
been shown to inhibit Wnt signalling through increased 3-catenin degradation

(Thiaville et al., 2013) and to modulate TNF-NFkB signalling (Relaix et al., 1998).
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Downrequlated in Family 3

NLGN4Y (neuroligin 4Y) is a postsynaptic scaffolding protein which plays an
important role in synaptic scaffolding and has been suggested as a possible
susceptibility gene partially explaining the differential rates of autism in males and
females (Nguyen et al., 2020). However, this difference is likely fully attributable
to the sex difference between the control (male) and proband (female), as this
NLGN isoform is expressed only on the Y chromosome.

GABBR1 encodes the 31 subunit of the B-subtype GABA receptor. While GABA
signalling is implicated in many disease states and pathways, GABBR1
specifically is not a highly implicated NDD gene (Ma et al., 2005).

One additional note of interest is the significant clustering of DEGs (both
upregulated and downregulated) in the chromosome 6p21.1-22.1 region (Table
3.5.3, Figure 3.5.5). They are proximal to a CNV locus known in cases of 6p
microdeletions with DD, craniofacial malformations, cardiac defects, and in rare
cases eye abnormalities (Davies et al., 1999). Cases of 6p duplication also
present with a neuropsychiatric phenotype (Cornelis et al., 2015; Freire et al.,
2013; Lin et al., 2005; Nakane et al., 2013). While the causality underlying this is
of uncertain significance, it is possible that genomic structural changes secondary
to the 15913.3 microdeletion result in altered regulation of this 6p region, and that
this may play a role in both disease pathogenesis and the induction of gene
expression from the detected antigen presentation, TNFalpha and heat shock

protein response pathways. The chromosome 6p locus is not typically associated
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with a susceptibility to rearrangements in iPSCs, though it does remain possible
that there is an unknown mutation in this region among these patients. However,
given the overlap of the implicated genes at this locus across both patient
families, it does raise the possibility that the microdeletion is having a
transcriptional effect at this site. While there is some evidence of proximity
between chromosomes 6 and 15 (Bolzer et al., 2005), this connection is not yet
fully elucidated. It is also worth noting that there is a well-identified role of the
immune system in autism spectrum disorder (as well as other neuropsychiatric
conditions), and that both the HLA genes and other polymorphisms in the
chromosome 6p region have been previously implicated as risk factors for the
development of these disorders (Breen et al., 2023; Robinson-Agramonte et al.,
2022; Torres et al., 2012; Voineagu & Eapen, 2013; Warren et al., 1986).
Neurons are not typically considered immunologically active cells, though the role
of the immune system in synaptic pruning and neuronal development is evident.
It is therefore probable that further sequelae of altered chromosome 6p
transcriptional activity could better be demonstrated in additional CNS cell types,
particularly those with know immune functions (such as microglia). Further work
will be required to identify implicated factors underlying this transcriptional shift.
3.6.3 GSEA and functional analysis reveals pathways implicated in
neurodevelopment

We were interested in identifying the factors underlying the differential clustering

of probands from two different 15g13.3 microdeletion families. We performed
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functional analysis on the top 50 positively and negatively correlated genes from
the main principal component, along which the control and probands were most
differentiated in each family. This identified that the “antigen processing and
presentation of endogenous antigen peptides via MHC class | via ER pathway”
process was enriched among the positively correlated genes along this main
principle coordinate axis. One interesting point of note is that the Family 3
correlated gene set and Family 1 negatively correlated gene set both shared the
GO:MF pathways for “ATP-dependent protein disaggregase activity” and the
KEGG pathway for “antigen processing and presentation”. This may partially
explain the anti-directional separation of these proband samples on the combined
PCA plot. However, the origin of this differential expression is not ascertainable
on the basis of this experiment alone, and subsequent investigations will be
required to elucidate this.

It is also noteworthy that for Family 3, there was enrichment in the biological
process category for nervous system development. While Family 3 had a greater
number of differentially expressed genes and had a greater associated change in
these functionally enriched pathways, particularly for downregulated pathways
this appeared to be dominated by a limited number of genes. As previously
stated, the Family 3 negatively correlated process is mainly driven by the
differential expression of a variety of collagen subunits.

Our GSEA analysis also revealed a variety of enriched classes, though these

were principally in Family 3. Compared to the DIV6 iNs from the previous study
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(Zhang et al., 2021), this family had more enriched categories. Interestingly, there
was minimal overlap between these analyses, although closely related terms
were detected in both included nucleic acid repair and Wnt-related pathways.
Thel5g13.3 microdeletion region is in proximity to the 15q11-13 region known for
the Prader—Willi and Angelman syndromes which are a consequence of parent-
specific imprinting of genes, notably UBE3A. While the 15q13.3 region is not
known to be imprinted, it is possible that genomic architecture changes induced
by gains or loss of material might have downstream impacts on regions
controlling imprinting and that this might be a mechanism by which extra-
deletional gene expression is altered.

3.6.4 Limitations

While the work presented in this chapter aimed to improve on previous
transcriptomic analysis conducted on 15q13.3 microdeletion, there are several
potential limitations of the experimental method contained herein.

One of the main ways in which this work attempted to improve on previous
studies was by co-culturing 15g13.3 microdeletion patient-induced neurons with
mouse glia. In doing so we were able to improve neuronal viability and
maturation, extend cultures to later dates, and provide a closer matching of the
model system to other phenotyping work conducted in the study. The expected
drawback of this is cross-species contamination due to the presence of the CD1
mouse glial RNA. We attempted to minimize the effect of this by plating the iN

and glia at a 10:1 ratio (respectively), which was the minimal viable ratio to
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extend the iN viability to DIV14 (data not shown). While the use of a interspecies
co-culture system made the transcriptomics amenable to species-based
separation (compared to, for example, the use of human glia or a system which
would generate a multitude of cell types) the disadvantage of this approach is in
the fact that where the fidelity of this separation cannot be absolutely verified,
there will remain some contamination in the final reads. We attempted to quantify
the fidelity of this approach by plating a mouse glia only condition, though the
corresponding “iN only” condition was not feasible due to the nonviability of these
cells at the experimental endpoint without glial support.

Importantly, the discovery of altered transcription at the chromosome 6p21.1-22.1
locus highlighted the limitations of the restricted cell types present in this model
system. Particularly as the genes expressed in this region (and the subsequent
pathways they represent) are immunologic in origin, the homogeneity of this
system and its use of a specific subtype of excitatory glutamatergic neurons limits
the functional assessment of immunological consequences on developmental

trajectory,

3.6.5 Future Directions

The work presented in this chapter offers a look into the early developmental
period of 15q13.3 microdeletion iNs and underscores the multi-level variability
which may partially underlie the clinical heterogeneity of this disorder. Future
work can aim to expand on this in several ways. First, while these experiments

offer transcriptomic insight at DIV14, more longitudinal studies with additional
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timepoints will be essential to understanding the development of the
transcriptome in early neural outgrowth and its contributions to disease.
Additionally, while this analysis was aimed at identifying transcriptional variation
as a source of both disease pathogenesis and clinical variability, additional lines
of evidence are necessary to corroborate these findings. Importantly, to further
pursue the consequences of altered transcription at the chromosome 6p21.1-22.1
locus, further work is required which will incorporate additional cell types
including those with primary immunologic roles in the CNS such as microglia.
While this work highlighted variation among two 15q13.3 microdeletion families,
the inclusion of additional families in subsequent analyses will be required to
properly contextualize these findings. For example, while proband lines did not
cluster together in the PCA, the inclusion of additional patient lines might reveal
multiple distinct transcriptomic states that these cells can assume and which

underlie disease pathogenesis.
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Chapter 4: GSK3 specific inhibition is associated with altered
currents in control but not 15q13.3 microdeletion patient iNs

4.1 Abstract

There is suggestive evidence for mechanistic overlap in NDDs due to the high
degree of co-occurrence of these disorders with one another. We were interested
in extending the work from Chapters 2 and 3 to interrogate possible mechanisms
in the 15913.3 microdeletion. Recent work from our lab has shown that the
15913.3 region gene OTUD7A plays an important role in the stabilization of
Ankyrin-G and the maintenance of normal Ankyrin-G levels at the Axon Initial
Segment (AIS). Interestingly, Ankyrin-G is a top implicated gene in Bipolar
Disorder. We were interested in identifying possible mechanistic overlap between
these disorders, and as Wnt signalling had been implicated in both this pathway
and our previous transcriptomic work we decided to pursue related targets. As
Bipolar Disorder is treated by Lithium which acts to inhibit GSK3, we used a
highly selective and specific small molecule inhibitor of GSK3 (ChIR99021) to
identify potential functional and morphologic changes in iNs of a 15q13.3
microdeletion family. We find that the 15913.3 microdeletion proband is
comparatively insensitive to GSK3 inhibition, and does not develop the expected
insult to action potential properties on ChIR99021 administration. This highlights
a novel and unexpected finding in the 15913.3 microdeletion and suggests

potential new avenues of mechanistic investigation.
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4.2 Introduction

Evidence for mechanistic convergence in NDDs

There is a high rate of co-occurrence for many NDDs and neuropsychiatric
disorders, and it is known that their development is highly sensitive to specific
genetic composition. The co-occurrence (especially as it is incomplete) indicates
that there must be specific configurations of these genetic makeups that will
result in disease, particularly co-occurring disease. Naturally, this also has to
account for environmental factors, which modify the genetic background to
produce this. However, it should follow that mechanisms in one neuropsychiatric
disorder can (and often do) have significant translatability to others.

Our group recently identified that OTUD7A (which is a proposed driver gene of
the 15913.3 microdeletion) interacts with Ank3 at the AIS, which is an implicated
pathway in bipolar disorder. While Bipolar Disorder is not a common presentation
of the 15q13.3 microdeletion disorder (Lowther et al., 2015), the proximity of
these apparently disparate signalling pathways underlying neuropsychiatric
disease was considered noteworthy for further investigation.

A previous publication from our lab highlighted a novel role for a previously
underappreciated gene in this microdeletion, OTUD7A. OTUD7A encodes a
Lysine-11 (K11) specific deubiquitinase (Mevissen et al., 2013; Mevissen et al.,
2016), for which few specific protein targets are presently known. A proximity-
labelling proteomics screen of OTUD7A conducted by another member of the lab

(Dr. Brianna Unda) identified ankyrin-G (gene name Ank3) as a top hit (Unda et
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al., 2023). Ank3 is a scaffolding protein and is best known for its localization in
the axon initial segment (AIS) (Rasband, 2010). The AIS is a region of the neuron
which is responsible for the initiation of action potentials (Rasband, 2010).
Ankyrin-G has several isoforms, which may differentially localize to dendritic
spines as well. We have previously shown a small decrease in ankyrin-G levels in
the brains of 15913.3 microdeletion mice and in 15913.3 microdeletion proband
iNs (Unda et al., 2023). We were therefore interested in identifying whether
dysregulation of ankyrin-G as a key scaffold in both the AIS and dendritic spines
is related to the observed deficits in this model, with respect to both the functional
and morphological parameters.

Ankyrin-G is best known for its role in bipolar disorder. While the 15q13.3
microdeletion does not clearly reproduce the features of bipolar disorder, Ankyrin-
G is also listed as an SFARI “high confidence” autism risk gene. It is noteworthy
that bipolar disorder can often be successfully treated with Lithium, with the
consensus mechanism being the inhibition of glycogen synthase kinase 3
(Harwood & Agam, 2003). This inhibition has the net effect of activating the
canonical Wnt signalling pathway, as GSK3 identifies the Wnt effector (3-catenin
for ubiquitination and degradation (Doble & Woodgett, 2003). It is also noteworthy
that AnkG is a known regulator of Wnt signalling, by modifying the availability of
B-catenin (Durak et al., 2015). Interestingly, B-catenin has a known K11
polyubiquitination site, though whether this represents a pro- or anti-degradation

signal is reported conflictingly in the literature (Dimitrova et al., 2010; Jin et al.,
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2008; Li et al., 2018; Xu et al., 2009). However, recent work from our group
demonstrated that OTUD7A is involved in the stabilization of both Ankyrin-B and
Ankyrin-G and maintenance of normal levels at the axon initial segment (Unda et
al., 2023), suggesting a possible overlap in these pathways.

For this aim, | was interested in whether the 15913.3 microdeletion pathobiology
could be linked to GSK3 signalling as described above. To this end, we used
ChIR99021, a highly selective and potent GSK3 inhibitor (ICso GSK3a =10nM,
ICs0 GSK3pB = 6.7nM) to investigate potential differences in GSK3 signalling
pathways between the proband and control in one family. This was supported by
previous work from our group showing that ChIR99021 treatment could “rescue”
select parameters in a 15q13.3 deletion mouse model (Unda et al., 2023).
ChIR99021 exerts its action by competitive inhibition of ATP binding to GSK3
(Ring et al., 2003). Previous studies with this drug have shown that it rescues
microtubule dynamics in AnkG deficient mice (Garza et al., 2018), and modifies
voltage-gated sodium channels in medium spiny neurons (Scala et al., 2018).
Preliminary data in our human lines has shown that proband lines respond
differently than control lines to ChIR99021 administration. We are interested in

characterizing the difference in this aim.
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4.3 Methods

The methods presented here are generally adapted to the specific experiments
carried out for the purposes of this thesis. However, there is inevitable similarity
to methods presented in several papers that | co-authored during this PhD. Effort
has been taken to modify them as appropriate, though similarity in phrasing

necessarily remains.

Electrophysiology recordings

Essentially as described in Section 2.3.6 with the following adjustments:
Cells were treated with 2 pM ChIR99021 (Sigma #SML0146) added during
scheduled media half changes beginning 3 days before the experimental

endpoint.

Multi-electrode array recordings

One day before plating, 48 well MEA plates (16 electrodes per well) were coated
for 2 hours at 37°C with sterile filtered 0.1% polyethylenimine in pH 8.4 borate
buffer. The wells were washed four times with ultrapure water and left to dry
uncovered overnight. On day 4 post-induction, 40,000 iN cells were plated in a 20
UL droplet on the glass portion of the well and allowed to attach for 1.5 hours in a
37°C incubator. On day 5 post-induction, 20,000 CD1 mouse glia were added to
each well. The plates received half media changes every other day
(iINI+BDNF+GDNF+laminin, with 2.5% FBS added after day 10 post-induction).

For ChIR99021 experiments, 2 uM ChIR99021 (Sigma #SML0146) or an
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equivalent volume of vehicle (DMSO) was added to all conditions in a half media
change beginning at DIV 11 and continuing for the duration of the experiment.
MEA recordings were taken approximately twice a week using the Axion Maestro
Pro, through the AxIS Navigator software’s Spontaneous Neural activity module.
Plates were allowed to acclimatize to the prewarmed recordings machine for 5
minutes, followed by 10 minutes of spike recordings. These recordings were
analyzed to generate advanced metrics for the Neural Offline sorting function,
using the default program parameters.

Morphological analysis

iNs were plated as described above and fixed at DIV28 for puncta and Sholl
analysis. For axon tracing experiments, iNs were used at DIV 10. For all other
experiments, iNs were used at DIV28. Prior to staining, iNs were fixed for 20
minutes in 4% PFA, then stored in DPBS without calcium/magnesium until use.
Confocal images were captured on a Zeiss LSM700 or LSM880 at 63x
magnification for puncta, or 20x magnification for Sholl. All image analysis was
performed in ImageJ.

Antibodies

Antibodies used in this chapter include: rabbit anti-GSK3[3 (Cell Signaling
Technology #9369T; Western Blot 1:1000), rabbit anti-pGSK3M3 (Cell Signaling
Technology #9369T; Western Blot 1:1000), mouse anti-a-tubulin (Cell Signaling
Technology #2144S; Western Blot 1:1000), MAP2 chicken polyclonal (1:1000;

Cedarlane CLN182 or Aves labs), Synapsin-1 mouse monoclonal (1:2000;

Page 148



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

Synaptic systems 106 011), and ankyrin-G mouse monoclonal (1:200; Neuromab
75-146). All secondary antibodies were raised in donkey and used at a

concentration of 1:500.

Western blot

Protein extraction and Western blotting were performed as previously described
(Unda et al., 2023), with the following modifications. iNs were plated on Matrigel
in 6 well plates at 1.0 x 10° cells per well treated with 2 uM ChIR99021 on DIV4
and DIV6. Protein was collected on DIV7. Cells were lysed in RIPA buffer and
20ug of protein per sample was loaded into 4-15% Tris-glycine gels and
transferred to a PVYDF membrane (Bio-Rad). Membranes were blocked for 1 hin
5% milk in 1X TBST, incubated with primary antibody overnight at 4 °C, then with
secondary antibody (donkey anti-mouse or antirabbit HRP, GE Healthcare) for

1 h at room temperature before exposure using a ChemiDoc MP system (Bio-
Rad).

LDH assay

For the LDH cytotoxicity assay, the Thermo Fisher CyQUANT LDH cytoxicity
assay kit (#C20300) was used as described. 500 pL of media was collected from
each well of co-cultured iNs on or about DIV28 and flash frozen until the time of

the assay.
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4.4 Results

4.4.1 Chronic ChIR99021 treatment alters spiking in both a control and
15913.3 microdeletion proband iN

In aggregate, chronic treatment with 2 uM ChIR99021 appears to have a similar
effect on both lines as determined by MEA recordings across time. Treated lines
experience suppression of frequency-based metrics related to both individual
electrode firing rates (weighted mean firing rate, network burst frequency; Figure
4.5.1B), and multi-electrode firing rates (network burst frequency; Figure 4.5.1D).
Interestingly, there appear to be minor differences between the proband and
control lines. The discordance between frequency-based spiking metrics and
duration (Figure 4.5.1D, E), suggests that while most cells are impaired in
autonomous firing, the active subset maintains their ability to fire long trains of
action potentials. This likewise suggests that the comparative functional
insensitivity of the proband to ChIR99021 as demonstrated in Figure 4.5.2 and
4.5.3 is surmountable by extended administration of the drug.

4.4.2 Acute ChIR99021 treatment alters intrinsic action potential
parameters in control but not proband iNs

Treatment of iNs with 2 uM ChIR99021 for 3 days altered intrinsic
electrophysiological properties related to action potential amplitude and width in
the control but not the proband (Figure 4.5.2). These deformations are suggestive
of impaired sodium currents (related to amplitude), for which there is precedent in

the literature (Scala et al., 2018). Indeed, inward currents were decreased in the
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control but not proband lines as shown in Figure 4.5.3. The increase in AP width
(measured from the threshold) suggests that the early phase of the action
potential is slower than normal, potentially indicating difficulty in the initiation of
the action potential. The absence of any changes between treated and untreated
conditions in the proband is suggestive of a comparative insensitivity to GSK3
inhibition with respect to action potential properties and their underlying
determinants.

This was additionally noted on inward current recordings in Figure 4.5.3 which
demonstrated diminishment in the 89E (CON) ChIR99021 treated condition but
not the 90N (PROBAND) ChIR99021 treated condition.

No changes to SEPSC properties were appreciated on ChIR99021 administration

in either group (Figure 4.5.4).

4.4.3 15913.3 microdeletion iNs manifest disruptions in the axon initial
segment

DIV 28 15¢13.3 microdeletion proband iNs from Family 1 had decreased arbour
complexity on ChIR99021 administration in both proband and control groups as
measured by Sholl analysis of microtubule-associated protein 2 (MAP2) positive
processes (Figure 4.5.7), and decreased proximal ankyrin-G intensity in the AIS
(Figure 4.5.6A). However, they did not show differences in synapsin-1 puncta

density (Figure 4.5.6B).
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4.4.4 Molecular consequences of ChIR99021 administration in iNs
Western blotting was performed to assess for changes in GSK3R and pGSK303
(Figure 4.5.5). Levels of both GSK33 and pGSK3M3 were decreased with short-
term ChIR99021 administration, though the ratio of pGSK3R/GSK33 was
unaltered (Figure 4.5.5). Note however that the interpretation of the blot is
complicated by the apparent saturation of the loading control (a-tubulin). Further,
while difficult to appreciate due to the diffuse nature of the bands, a doublet
appears present for both GSK3R and pGSK3R which could represent a known
brain-specific isoform (Liu & Klein, 2018; Soutar et al., 2010). Note also that no

changes in LDH levels were appreciated between groups (Figure 4.5.8).
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45 Figures

Figure 4.5.1: ChlR99021 administration alters population-level spiking

activity in both proband and control iNs
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Figure 4.5.2: ChIR99021 administration alters population-level spiking
activity (A, C) chronic ChIR99021 administration does not decrease active
electrodes or the synchrony index over time; (B) ChIR99021 differentially impacts
WMEFR of the control and proband lines beginning at DIV 39 in both vehicle and
drug-treated groups; (D-F) Both single electrode bursting and network bursting
are decreased from the point of ChIR99021 treatment in both control and
proband lines, though the network burst duration and spike counts in the
remaining network bursts are increased throughout, tapering off at the end of the
recording window.

N=3 infections, 89E DMSO n=36, 89E ChIR99021 n=36, 90N DMSO n=34, 90N
ChIR99021 n=35 (wells per timepoint). All MEA data analyzed by two-way

ANOVA with Tukey's multiple comparisons test where appropriate.
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Figure 4.5.2: Acute treatment (3d) with 2uM ChIR99021 fails to alter action

potential properties 15913.3 microdeletion proband
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Figure 4.5.2: Acute treatment (3d) with 2uM ChIR99021 fails to alter action
potential properties 15913.3 microdeletion proband. (A) Representative
traces of action potentials from all conditions, showing shortening and widening
only in the control. (B) AP amplitude and width are decreased only in the 89E
(CON) ChIR99021 2uM group compared to 89E (CON) DMSO, with no significant
changes to width, half-width, or other membrane properties. (H) Action potential
train is unchanged with ChIR99021 administration across all groups,

Intrinsic properties by two-way ANOVA (Amplitude (Interaction: F (1, 142) = 5.910
P=0.0163, Treatment: F (1, 142) = 5.406 P=0.0215, Genotype: F (1, 142) =
0.1631 P=0.6869); AP width (Interaction: F (1, 141) = 8.047 P=0.0052,
Treatment: F (1, 141) = 1.078 P=0.3009, Genotype: F (1, 141) = 0.09138
P=0.7629); AP half-width (Interaction: F (1, 142) = 5.780 P=0.0175, Treatment: F
(1, 142) = 1.288 P=0.2583, Genotype: F (1, 142) = 1.002 P=0.3186); Rheobase
(Interaction: F (1, 139) = 2.779 P=0.0978, Treatment: F (1, 139) = 0.5650
P=0.4535, Genotype: F (1, 139) = 0.2560 P=0.6137); Resistance (Interaction: F
(1, 142) = 0.9598 P=0.3289, Treatment: F (1, 142) = 0.04982 P=0.8237,
Genotype: F (1, 142) = 0.03240 P=0.8574); Capacitance (Interaction: F (1, 143) =
0.04317 P=0.8357, Treatment: F (1, 143) = 0.7542 P=0.3866, Genotype: F (1,
143) = 0.01289 P=0.9098); AP Threshold (Interaction: F (1, 142) = 0.3735
P=0.5421, Treatment: F (1, 142) = 1.463 P=0.2284, Genotype: F (1, 142) = 1.475
P=0.2266)) with Tukey’s multiple comparisons test. N=3 infections, 89E DMSO

n=35, 90N DMSO n=35, 89E ChIR99021 n=38, 90N ChIR99021 n=35. Intrinsic
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excitability analyzed by mixed effects model (Injected current, F (1.374, 111.2) =
433.7 P<0.0001; Genotype, F (3, 139) = 0.5424 P=0.6541; Interaction, F (42,
1133) = 0.2940 P>0.9999). Significance levels indicated on graphs correspond to

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.5.3: Paradoxical response of ChIR99021 administration on inward

current
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Figure 4.5.3: currents
(A) Peak inward current (nA) for both vehicle and drug-treated lines
(B) Current/voltage plot showing both inward and outward currents for all four

lines

(C)Representative inward currents as labelled.
Analysis performed by two-way ANOVA (Interaction: F (1, 127) = 13.21
P=0.0004, Treatment: F (1, 127) = 3.053 P=0.0830, Genotype: F (1, 127) =
0.03759 P=0.8466) with Tukey’s multiple comparisons test. Significance
levels indicated on graphs correspond to *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001.
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Figure 4.5.4: Spontaneous synaptic transmission in ChIR99021 treated iNs
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Figure 4.5.4: Spontaneous synaptic transmission in ChIR99021 treated iNs
Administration of ChIR99021 does alter SsEPSC frequency but not amplitude in
both control and 15g13.3 microdeletion proband iNs. N=3 infections, 89E DMSO
n=27, 90N DMSO n=27, 89E ChIR99021 n=28, 90N ChIR99021 n=29. One-way
ANOVA: sEPSC amplitude, F (3, 107) = 1.475 P=0.2254; sEPSC frequency F (3,

107) = 2.830 P=0.0419.
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Figure 4.5.5: Western blot of GSK33 and pGSK3R in response to ChlIR99021

administration
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Figure 4.5.5: Molecular validation of cellular response to ChIR99021
administration

Analysis performed by two-way ANOVA. GSK3B (Interaction: F (1, 8) = 0.008592
P=0.9284, Treatment: F (1, 8) = 64.20 P<0.0001, Genotype: F (1, 8) = 5.988
P=0.0401); pGSK3(Interaction: F (1, 8) = 0.1796 P=0.6829, Treatment: F (1, 8) =
35.28 P=0.0003, Genotype: F (1, 8) = 2.307 P=0.1673); GSK3/pGSK3
(Interaction: F (1, 8) = 0.1739 P=0.6877, Treatment: F (1, 8) = 4.057 P=0.0787,
Genotype: F (1, 8) = 4.231 P=0.0737) with Tukey’s multiple comparisons test.
Significance levels indicated on graphs correspond to *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001.
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Figure 4.5.6: Disruption of the axon initial segment in a 15q13.3

microdeletion proband
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Figure 4.5.6: Disruption of the axon initial segment in a 15913.3
microdeletion proband

(A) AIS: CONTROL n =22, PROBAND n = 31. N=3 infections. Analyzed by Two-
Way ANOVA with Dunnett’s posthoc test. *p<0.01

(B) SYNAPTIC PUNCTA: N=2 infections, Parental control n=16, 15q13.3
proband n=18. Data shown as Mean + SD. 25,000 iN/50,000 glia per 12 mm

coverslip, fixed at DIV28.
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Figure 4.5.7: Arborization complexity of control and proband lines is

decreased by ChIR99021 administration

A 12 -

89E CHIR99021

2]
c - 89E DMSO
o 8 = ol ] ]::I!"!”h
- — ": - LIE::“”“I””"I”
s i i "'lliﬂ“h.“ 90N CHIR99021
Q liji
» it —— 9ON DMSO
I 44
-
!
|
0 | 1 | 1 L] ] ] L] I L] | | | 1 ] 1 | 1 L} I
Distance from soma (um)

ANOVA table SS (Type llly | DF MS F (DFn, DFd) P value
Distance 105552 200 527.8 F (200, 38244)=94.83  P<0.0001
Genotype 2559 1 2559 F(1,38244)=45.99 P<0.0001
Treatment 10040 1 10040 F (1, 38244)=1804 P<0.0001
Distance x Genotype 2299 200 11.49 F (200, 38244) = 2.065 P<0.0001
Distance x Treatment 5846 200 29.23 F (200, 38244)=5.252 P<0.0001
Genotype x Treatment 285.8 1 2858 F(1,38244)=51.35 P<0.0001
Distance x Genotype x Treatmenf] 526.6 200 2633 F (200, 38244)=04731 P=0.9999
Residual tl 212838 38244 | 5.565

Page 166



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

Figure 4.5.7: Arborization complexity of control and proband lines is
decreased by ChIR99021 administration

Sholl analysis for both control (89E) and 15913.3 microdeletion proband (90N),
with and without 2 uM ChIR99021 administration.

Three-way ANOVA (Distance F (200, 38244) = 94.83 P<0.0001; Genotype F (1,
38244) = 45.99 P<0.0001; Treatment F (1, 38244) = 1804 P<0.0001; Distance x
Genotype F (200, 38244) = 2.065 P<0.0001; Distance x Treatment F (200,
38244) =5.252 P<0.0001; Genotype x Treatment F (1, 38244) = 51.35 P<0.0001;
Distance x Genotype x Treatment F (200, 38244) = 0.4731 P>0.9999

N=3 infections, 89E DMSO n=56, 89E CHIR n=60, 90N DMSO n=66, 90N

ChIR99021 n=63).
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Figure 4.5.8: LDH levels are not significantly altered by short-term (3d)

ChIR99021 administration
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Supplementary Figure 4.5.2: LDH levels are not significantly altered by
short-term (3d) ChIR99021 administration

LDH assay shows no significant effect of short-term (3-day) ChIR99021
administration. Analyzed by two-way ANOVA (Interaction: F (1, 20) = 0.005460
P=0.9418, Treatment: F (1, 20) = 3.951 P=0.0607, Genotype: F (1, 20) = 0.8600
P=0.3648). N=3 biological replicates, each datapoint represents three averaged

technical replicates.
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Figure 4.5.9: Homozygous L233F mutation in OTUD7A catalytic region in a

patient with seizures and developmental delay
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OTHER
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DATA
OTUD7A3Fw Nonspecific
F MOTHER 14q12del - learning CARRIER
(245 kb) disorder
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(245 kb) motor delay, global
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M BROTHER OTUD7AL233Fmt - learning CARRIER
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4.6 Discussion

4.6.1 Disruption of the axon initial segment in a 15913.3 microdeletion
disorder proband

Quantification of the AIS in a 15q13.3 microdeletion proband showed decreased
proximal intensity compared to the familial control. As this experiment required
specialized imaging technology and a collaborator’s assistance, we were not able
to pursue a ChIR99021 treatment study to assess the impacts on the AlS.
However, it is noteworthy that the AIS is disrupted at baseline in this disorder,
particularly given the known actions of GSK3 signalling at this locus.

Note that while there were disturbances to action potential properties in a
genotype-selected manner this was not evidently reflected in the Sholl analysis
which showed similar suppression of dendritic branching complexity in both
genotypes. Sholl analysis re-demonstrated the proximal dendritic complexity
deficits in the proband demonstrated in Figure 2.5.7.

While axon projection was not assessed in response to GSK3 inhibition, it is
noteworthy that GSK3 is known to phosphorylate tau (Gomez-Ramos et al.,
2006; Kanai et al., 2009; Yang et al., 1993; Yang et al., 1994), and that GSK3
inhibition has been shown to rescue deficits in microtubule dynamics secondary
to Ankyrin-G disruption (Garza et al., 2018). The significance of this in our model
is unclear, but will be an important source of future investigation to further relate

neurite and axonal outgrowth deficits to our findings.
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4.6.2 Paradoxical impacts of GSK3 inhibition in a 15913.3 microdeletion
proband

The work in this chapter highlights the differential role of GSK3 signalling in a
15g13.3 microdeletion family. Interestingly, the proband could be described as
comparatively resistant to the functional effects of this GSK3 inhibition, as it did
not manifest the expected action potential or sodium current disturbances
anticipated.

Interestingly, only the control line was responsive to acute 2 uM ChlIR99021
administration at approximately four weeks, showing deformations to the action
potential amplitude and width. Chronic 2 uM ChIR99021 administration was
assessed by multi-electrode array recordings. In the acute phase of these
treatments, there were likewise genotype-specific differences, but these were
largely buried by suppression of most spiking frequency metrics thereafter.
Previously published work suggests that ChIR99021 administration is capable of
modulating sodium currents in a manner dependent on specific channel and
neuron subtypes (Scala et al., 2018), and this is possible contributory to the
observed changes presented here. There are also known effects of GSK3 at the
AIS diminishing sodium current amplitude (Tapia et al., 2013), which we could
reproduce in WT but not HET. Given this, there is reason to believe that there is
altered GSK3 regulation of the AIS assembly in these patients (Tapia et al.,
2013). Moreover, GSK3 activity is implicated in the regulation of both sodium and

potassium channels (James et al., 2015; Marosi et al., 2022), and its altered
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baseline function and response to inhibitory signals might underlie susceptibility
to abnormal intrinsic properties in these neurons. It is doubly interesting that
these findings are demonstrable in the 15g13.3del family from this study which
did not show any electrophysiologic differences at baseline.

While the administered dose of ChIR99021 was below the typical dose used for
the induction of Wnt signaling, as we did not assay Wnt activation directly it
remains possible that some level of Wnt signaling modulation was present and
contributed to the finding presented in this chapter. Further, while GSK3 is the
primary target of ChIR99021, there is some evidence to suggest that off-target
effects are expected at micromolar ranges of drug administration. Further studies
(including both GSK3 knockown/inhibition by other means, as well as using lower
ChIR99021 concentrations) will be required to better isolate the effects of GSK3

inhibition alone on observed phenotypes.

4.6.3 Altered proband response to GSK3 inhibition is not explained by
cytotoxicity

Interestingly, while the action potential properties showed a paradoxical response
to GSK3 inhibition in the 15q13.3 microdeletion proband, this was not reflected in
GSK3 or pGSK3 levels as determined by Western blot (Figure 4.5.5). Levels of
both GSK3 and pGSK3 were decreased on ChIR99021 administration, but this
was directionally consistent across both probands and controls. There were also

no differences in either GSK3 or pGSK3 levels between the control and proband
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lines. Additionally, there did not appear to be significantly different LDH levels,
and cytotoxicity is unlikely to play a major role in the action of ChIR99021.

One possible interpretation of these findings is that while GSK3 and pGSK3
levels respond normally to ChIR99021 administration (by decreasing), the
underlying “tone” of GSK3 action is different between control and proband lines.
For example, if the proband line had lower GSK3 “tone” managing sodium current
action and GSK3 was inhibited there would be a smaller noted effect. Future
experiments to measure GSK3a levels will be necessary to identify the details of
this change, and the consequences on downstream signalling pathways.
However, it is important to note that interpretation of GSK3R and pGSK3R levels
is complicated by the apparent saturation of a-tubulin. It is also unusual that

GSKa33 levels were decreased (Lee et al., 2021).

4.6.4 Limitations

While this chapter does highlight the use of a highly potent and specific GSK3
antagonist in ChIR99021, additional work would be required to increase
confidence in the underlying pathway which is implicated. GSK3 signalling is a
plausible explanation for the perturbations observed given evidence from
previous studies regarding the expected changes to currents (Scala et al., 2018),
and this is supported by several lines of evidence presented in this chapter. For
example, knock-downs of GSK3 could be performed alongside ChIR99021
administration to identify if there would be any residual effects of drug

administration related to genotype-specific functional impairment.
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Another limitation posed by the work in this chapter is the differential timeline
across which ChlR99021 was administered. It became clear from the MEA
experiments that prolonged administration would result in suppression of spiking
activity, and it is evident from the LDH assay that even short-duration
administration of this drug is a stressor. Longer-term administration of this drug
appeared to produce significant suppression in firing activity, and given the stress
induced, it remains unclear the degree of contribution from alterations in GSK3
signalling compared to generalized stress.

The loading control difficulties described above also limit the interpretation of the
shown Western blot in identifying the contribution, if any, of absolute GSK3M3 and
pGSK3R levels on the observed functional differences. Note also that at the
ChIR99021 concentration used there remains the possibility of both off-target
effects (Lee et al., 2021) and induction of Wnt-signaling. The experiments
presented herein do not assess the extent of these, and as such they cannot be
ruled out as potentially contributory.

While there was not a detected significant effect of ChIR99021 administration on
LDH levels, it is probable that there was a durable effect of both short-term and
persistent GSK3 inhibition on cellular stress. Additionally, the media tested in this
study were drawn from experimental wells with co-cultured iNs and CD1 mouse
glia. Where only the iN LDH response was of interest, the effect of glial

background LDH response might have a dilutive effect.
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4.6.5 Future directions

Given the well-characterized action of GSK3 in the AIS and in modulating sodium
currents, the paradoxical reaction identified in the Family 1 15913.3 microdeletion
proband highlights a potentially new mechanism by which our previously reported
AIS disruption might produce functional impairments which underlie disease
pathogenesis. This finding also extends the discovery of the AIS as a novel
region of overlap in NDDs and other neuropsychiatric diseases.

While GSK3 inhibition using similar doses of ChIR99021 is a possible mechanism
of Wnt-signalling induction (Huang et al., 2017), the possible impact of this was
not assessed in this study. However, as both work contained in this thesis (Figure
3.5.6B) and by others (Zhang et al., 2019) have highlighted Wnt signalling-related
pathways as potentially implicated in this disorder, further work will be required to
better identify the mechanisms involved. However, the present work does
partially isolate for the effects of GSK3 in this way, and provide valuable insights
related to GSK3-specific signalling.

We also described a family harbouring a leucine-to-phenylalanine substitution
within the catalytic domain of OTUD7A (Figure 4.5.9). The consanguineous
parents both harboured a copy of the so-named L233F mutation, and the
proband of note was homozygous for this mutation (OTUD7AL233FL233F)  This
family was described in a 2020 report published in Clinical Genetics (Garret et al.,
2020). In our recent publication, the mutation harboured by this patient resulted in

instability of AnkG and decreased levels at the AIS (Unda et al., 2023). This
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proband presents with severe epileptic encephalopathy, in marked contrast to his
brother, mother and father who are all heterozygous carriers of the same
mutation. While the family members presented with intellectual impairment and
learning difficulties, they were not reported to have seizure disorders. The
proband also had a 14q12 deletion inherited from his mother, though this was of
uncertain clinical significance. While we did characterize data from this proband,

in the absence of a familial control | did opt not to include that work in this thesis.
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Chapter 5: Discussion

A pertinent discussion of the results presented in this thesis is presented in the
corresponding section for each chapter. The discussion in this section is aimed at
providing a higher-level discussion of topics related to the work contained in this

thesis, and how it might be extended in the future.

Insights into disease pathogenesis in the 15913.3 microdeletion disorder
The 15q13.3 microdeletion disorder represents a highly heterogeneous disorder
at both the clinical and cellular levels. In this study, we have profiled neurogenin-
2-induced neurons from three 15913.3 microdeletion patients and familial
controls, finding a consistent trend of functional abnormalities related to action
potential initiation and firing, as well as impaired neurite outgrowth. We followed
up this work by profiling the transcriptome of two families. This revealed
previously unknown clustering of DEGs at the 6p chromosomal region in both
families, identified neurodevelopmentally relevant biological processes which
were altered, while also highlighting differences in the overall transcriptome
potentially underlying family-specific differences in clinical disease.

At a granular level, the data here present a mixed picture whereby the separate
15913.3 microdeletion families all show variations in the cellular phenotyping as
well as the clinical presentation without a straightforward way to link the two
mechanistically. However, at a higher level, we are presented with general
structural defects and variations on the theme of a cell population, which has

narrowly compensated for a developmental insult in order to preserve core
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functionality. The preliminary transcriptomic analyses are suggestive of primary
clustering occurring by family, although with clear separations between control
and proband lines. Indeed, the use of a potent GSK3 inhibitor revealed the
existence of clear differences in the regulation of action potential dynamics
between a control and proband line. Taken together, these data suggest a picture
of subtle molecular dysfunction which manifests in slightly varied cellular
phenotypes that in turn have the potential to accumulate and increase the
proclivity towards the development of clinical disease. This is not a surprising
finding and echoes the real-world manifestation of the 15q13.3 microdeletion,
which is variable in penetrance and presentation. Future studies will expand the
patient index to continue developing a series of clinically correlated core
phenotypes, aiding understanding of both the 15913.3 microdeletion and
neurodevelopmental disorders more broadly.

One of the difficulties associated with the study of rare genetic disorders of
variable penetrance is the generation of suitable controls. Solutions to this must
often manage a trade-off between the proven pathogenicity of the genetic
makeup in a patient line and the matching of genetic background in an isogenic
line. Stated another way, correcting a mutation in a patient line to create an
isogenic control leaves open the question of whether this line would be a control
at the clinical phenotype level. Similarly, introducing a mutation to an established
cell line leaves open the question of whether the newly edited line would have a

pathological clinical phenotype. The project described in this thesis used familial
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controls, aiming to strike a balance between clinical certainty over disease status
and offering as close a genetic match as is feasible to obtain. The drawback to
this approach is in the genetic variation between the proband and familial control.
This is potentially additionally complicating for various neurodevelopmental
disorders, many of which appear to result from accumulated genetic insults,
where the specificity of genetic makeup may be a factor of outsized import.

Many studies attempt to circumvent these issues by adopting a hybrid design. In
one common example of this, patient samples may be pooled together in
experiments and compared against a group of reference controls. Often, these
controls will be totally unrelated to the families, and drawn either from central
biobanks or volunteer donors. Studies may attempt to manage the heterogeneity
introduced by this design by attempting to match these controls to the probands
on factors such as age, sex, and ethnicity (among others). This approach carries
many of the same advantages and caveats as using familial controls, as it orients
the groups around clinical phenotype at the expense of genetic variation.
However, this design also introduces an additional trade-off between the
apparent increase in validity and/or power introduced by sample pooling and the
possibility of differences between lines cancelling one another out when
combined. This consideration is amplified in importance for disorders such as the
one studied here, where a mixed clinical picture and indeterminate biomarkers
require studies to dissect mechanisms more finely, rather than aim for bulk

findings using conventional measures.
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The stratification of analyses in this study by family attempted to address these
points directly. One of the major advantages of this method can be noted by
comparing within-family variation to between-family variation. Despite the highly
controlled and reductive nature of the model used, there remained considerable
differences in lines derived from different families. This might be the case for
many reasons. Contributing factors include (but are not limited to) familial genetic
background, precise nature of the microdeletion, reprogramming batch,
neurogenin-2 infection, induction, and general reagent variation. While quality
control benchmarks were regularly checked to minimize the impact of these
factors, they were undoubtedly a source of variation in this work. Because the
natural comparison was within-family, we aimed to minimize sources of variation
in those comparisons. The size of this project also precluded the concurrent
completion of reprogramming and inductions for all families. Therefore,
simultaneous reprogramming and infection were limited to each family (replicates
were frozen down from sister wells post-infection to control for this as well). The
family-stratified design also accounted for as much of the background genetic
variation as was feasible for this study.

The design of this study was instead able to draw out differences in other key
areas. There are two specific points that demonstrate the strengths of the
approach used. The first is the absolute scale of the differences in key
parameters between both families. A clear example of this is the difference in

magnitude of axon lengths between Family 3 and the other families (Figure
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2.5.6). The second point is more subtle, and related to the possible range within
which the parameters themselves might vary. The clinical disorders which are
associated with the 15g13.3 microdeletion occupy a range between a healthy (or
subclinical) state and a severe presentation which is either highly debilitating or
incompatible with life. The disorders themselves are clinically diagnosed, and
with limited exceptions (such as seizure disorders) there are no biologically
diagnostic markers of disease. These presentations and prevalence of these
disorders can, therefore, be thought of as under a survival bias of sorts. A parallel
can be considered with respect to assayed parameters of the iNs from the
different lines. In addition to the comparative homogeneity of the system, the
functional parameters are themselves also constrained in the degree to which

they might vary. For many parameters, only slight differences are possible.

A platform for the investigation of rare genetic disorders underlying
neurodevelopmental disorders

The experimental approach undertaken in this thesis was novel in several ways
and may serve in whole or part as a model for future investigations of the
15013.3 microdeletion disorder and other similar disorders.

This project contributes to the field of genetic neurodevelopmental disorder study,
specifically to the study of pathogenic copy number variants (CNVSs). As a part of
the 15913.3 microdeletion literature, it contributes the largest study at its depth of
functional and morphological phenotyping. The transcriptomic analyses

conducted within this study are comparatively rare for the model system as well,
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in that the iNs used were grown on mouse glia (as were all other cultures in this
study). This has two advantages. The first is that iNs are more robust when
grown on glia, allowing them to be maintained to later timepoints and develop
more complex neuronal structures, which increases the likelihood of disease-
relevant findings (Meijer et al., 2019; Y. Zhang et al., 2013). The second is that
using a mixed-species system allows for the computational separation of mouse
and human transcripts. In the iN/mouse glia co-culture model, this also separates
the reads between neurons and glia. The benefit of this is that bulk RNAseq read
depths can be obtained on the homogenous target population of neurons (Burke
et al., 2020). Finally, we pursued a drug administration study in one family to
identify differential responses between the patient and control, as a way to
identify differences in signalling pathways between these conditions. The use of
multiple 15q13.3 microdeletion family-derived neurons for the study of functional,
morphological, and molecular disturbances contributes important
pathophysiologic insights to the 15g13.3 microdeletion literature and an

investigational roadmap to the broader NDD literature.

Future directions

While the work in this thesis has provided novel insights into the cellular
phenotypes and mechanisms contributing to disease pathogenesis in 15g913.3
microdeletion disorder, much further work remains to be completed.

While the in-depth case series conducted with these patient families does

comprise the core experimental approach of this paper, as mentioned previously,
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there are other possible condition-control arrangements that might be pursued.
Part of the work in this thesis can be thought of as contributing “qualitative”
findings to the body of knowledge related to this disorder by drawing out general
dysfunctions to axonal properties in structure and function. Notably, these
differences would have been more difficult to detect or obfuscated with the
pooling of cases and controls, respectively. It would also have been potentially
more difficult to interpret these results in the context of a nonrelated control.
However, given the pattern of findings across multiple families identified in this
study, other experimental designs may now be tenable for the investigation of
more targeted loci of neuronal dysfunction in this disorder.

While timing did not permit more extensive phenotyping of multiple families, this
is a clear next step for the project. Continuing to identify the phenotypic spectrum
of this disorder at multiple levels will add further insight into commonalities and
differences underlying disease.

Future work on this study will also expand into more complex models with varied
structural organization and/or cellular compositions (e.g., organoids). In addition
to being more “valid” systems (Hong & Do, 2019; Lancaster & Knoblich, 2014;
Lancaster et al., 2013; Marton & Pasca, 2020; Mayhew & Singhania, 2022),
profiling other neuronal subtypes remains an essential part of any unifying theory
of these disorders. As described in the introduction to this thesis, many of the
models used to frame investigative questions in NDD research are related to

structural or functional parameters which are considered to be disease causing at
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extrema. For all these parameters however, regulation is managed by a diverse
set of so populations and molecular signaling pathways. For example, under an
“excitation slash inhibition” model, even a highly simplified system still requires
both excitatory and inhibitory neuronal populations. Indeed, even for the 15q13.3
microdeletion studied in this thesis, not only are seizures a core phenotype, but
evidence from mouse models highlights dysfunction in parvalbumin positive
interneurons. The causes of these disorders are multifold even beyond this.
While many models have high plausibility because of their evident relatedness to
either clinical features of the disorders, or easily identifiable structural and or
functional features of neural tissue, we now know that many other generalized
pathways (for example those related to cellular energetics, immune function, and
“cell state” level dysfunction to the transcriptome/proteome) are implicated in
disease pathogenesis. With particular reference to altered immunologic pathways
describing in Chapter 3, while it is possible that the regional targeting of the 6p21-
22 region is secondary to 3D architectural changes associated with the
microdeletion and are thus cell-type independent, the model system used in this
study is not capable of fully elucidating the consequences of this on disease
pathogenesis. It does provide interesting evidence in support of genetic alteration
on a more likely architectural vs functional basis, and further investigation of other
cell population whose function would more likely be altered by these changes
(notably microglia) is required. Ultimately, however, this will require more

advanced experimental designs to characterize. For example, in addition to more

Page 185



Ph.D. Thesis — L. Chalil McMaster University — Biochemistry

complex models which organically produce complex cell populations (for example
EB or organoid methods), there are additional directed differentiation protocols
for the derivation of other neuronal and glial subtypes (Allen et al., 2022; Heider
et al., 2021; Marton & Pasca, 2020). While we did attempt co-cultures using both
the iNs described in this study and inhibitory interneuron populations following a
previously described protocol (Barretto et al., 2020; Yang et al., 2017), time
constraints did not allow for the inclusion of that work in this thesis. However,
there are many possible experimental designs (particularly factorial ones), which
could investigate co-culture of excitatory, inhibitory, and glial cells derived from
both patient and family lines (Allen et al., 2022; Boecking et al., 2022). However,
this project has demonstrated the clear advantages of profiling a reductive model
for the purposes of minimized variance in phenotype discovery and sensitive
pathway discovery.

One other area of possible future work is the investigation of patients with
mutations to specific genes within this disorder. Our group has published on the
contribution of OTUD7A as a driver gene underlying disease pathogenesis in the
15913.3 microdeletion disorder (Uddin et al., 2018). We also performed early
phenotyping on iNs derived from the previously mentioned OTUD7AL233F/L233F
patient described above, though in the absence of a matched control line, this
work was not included in the thesis. Note that this patient poses difficulty in
disambiguating the known genetic factors (namely his homozygous mutation

status and additional 14p12 microdeletion) from those of his family members. It
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does seem probable that the incremental mutation to the OTUD7A%33F |ocus is
responsible for the pronounced clinical presentation compared to those of his
family members. However, of the available familial samples, an edited line would
have to be generated for the development of a control sample and this does carry
the difficulty of having uncertain clinical significance. Ultimately, either correction
of this mutation in the patient line or the introduction of this mutation (in
heterozygous and homozygous form) to an established reference line will likely

prove to be the best approach for the cellular characterization of this mutation.

Concluding remarks

The bulk of the work in this thesis has focused on presenting cellular and
molecular-level data from 15g13.3 microdeletion family iNs. However, equally
important has been the approach taken to interrogate this microdeletion. The
work presented here followed from patient clinical data (including
neuropsychiatric and structural brain findings), through cellular findings (network
activity, action potential metrics, and axon projection), and identified a novel
finding linked to a highly implicated NDD target pathway (paradoxical response to
GSKa3 inhibition in the proband). The use of comparatively unbiased pathway
discovery techniques (RNA sequencing) bolstered and corroborated these
findings, but did not serve as a substitute to a careful analysis of subtle findings
which might otherwise have been missed in the search for clear and obvious
answers. While the heterogeneity of this disorder does make it difficult to

determine which findings will translate, it is my hope that as much as this thesis
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has contributed novel insights at multiple layers of pathobiologic abstraction
which will build towards a unified understanding and treatment of this disorder
and others, it has also showcased a careful and directed interrogation through

these layers as well.
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