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LAY ABSTRACT
Neurodevelopmental disorders result from disruptions to early brain development and
include autism spectrum disorder (ASD), developmental delay (DD), epilepsy, and
schizophrenia (SZ). These disorders affect more than 3% of children worldwide and can
have a significant impact on an individual’s quality of life, including an increased risk of
death in some cases. There is currently a lack of understanding of how these disorders
develop and how to effectively treat them. Neurodevelopmental disorders are thought to
arise from alterations in the connections between brain cells (neurons) and one of the
major risk factors for these disorders is having certain variations in regions of the genome
(DNA sequences), with more than 1000 of these risk variants having been identified so
far. In this thesis, we analyzed how genetic risk factors interact in neurons to regulate
neural connectivity. We discovered that risk variants found in individuals with different
disorders actually work together to regulate similar processes important for neural
connectivity, which suggests that distinct disorders may share a common underlying
cause. Additionally, we established the importance of a new ASD risk gene and
discovered that it interacts with other known risk genes to regulate neural connectivity.
This thesis provides new insights into the processes in the brain that lead to
neurodevelopmental disorders and has implications for future development of effective

therapies for individuals affected by these disorders.
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ABSTRACT
Neurodevelopmental disorders (NDDs) are a heterogeneous set of disorders that are
characterized by early disruptions to brain development and include autism spectrum
disorder (ASD), attention deficit/hyperactivity disorder (ADHD), developmental delay
(DD), intellectual disability (ID), epilepsy and schizophrenia (SZ). Although thousands of
genetic risk variants have been identified, there is a lack of understanding of how they
impact cellular and molecular mechanisms that underlie the clinical presentation and
heterogeneity of NDDs. To investigate this, we used a combination of cellular, molecular,
bioinformatic and omics methods to study NDD-associated molecular pathways in
distinct neuronal populations. First, we studied the interaction between the high-
confidence SZ risk genes DISC1 and NRG1-ErbB4 in cortical inhibitory neurons and
found that NRG1-ErbB4 functions through DISC1 to regulate dendrite growth and
excitatory synapses onto inhibitory neurons. Next, we studied the 15q13.3 microdeletion,
a recurrent copy number variation (CNV) that is associated with multiple NDDs. Using a
heterozygous mouse model [Df(h15q13)/+] and human sequencing data we identified
OTUD7A4 (encoding a deubiquitinase) as an important gene driving neurodevelopmental
phenotypes in the 15q13.3 microdeletion syndrome. Due to the paucity of literature on the
function of OTUD7A in the brain, we used a proximity-labeling approach (BiolD2) to
elucidate the OTUD7A protein interaction network (PIN) in cortical neurons, and to
examine how patient mutations affect the OTUD7A PIN. We found that the OTUD7A
PIN was enriched for postsynaptic and axon initial segment proteins, and that distinct
patient mutations have shared and distinct effects on the OTUD7A PIN. Further, we
identified the interaction of OTUD7A with a high-confidence bipolar risk gene ANK3,
which encodes AnkyrinG. We identified decreased levels of AnkyrinG in Df(h15q13)/+
neurons, and synaptic phenotypes were rescued by increasing AnkyrinG levels or
targeting the Wnt pathway. Future investigation should include examination of the role of

OTUD7A deubiquitinase activity in neural development.
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CHAPTER 1: INTRODUCTION

1.1 Neurodevelopmental disorders (NDDs)

Neurodevelopmental disorders are a prevalent and heterogeneous group of disorders
involving disruption to brain development that lead to poor psychosocial outcomes in
affected individuals (Arim et al., 2015). Although the term has been used to describe a
wide range of disorders, the diagnostic and statistical manual of mental disorders 5
(DSM-5) provides the gold standard for grouping mental health disorders. The DSM-V
includes the following disorders under the category of neurodevelopmental disorders:
intellectual disabilities, communication disorders, autism spectrum disorder (ASD),
attention-deficit/hyperactivity disorder (ADHD), Specific learning disorder, motor
disorders, and other neurodevelopmental disorders (American Psychiatric Association,
2013). The grouping and labeling of disorders based solely on clinical presentation is both
a strength and weakness of the DSM-5; although it provides a standardized method of
diagnosis between clinicians, it largely neglects underlying causes that may lead to
differential grouping of disorders. Recent research from the past decade, including the
emergence of next generation high throughout sequencing methods, have begun to
uncover the immensely complex genetic and molecular differences and similarities
between NDDs which are not apparent at the level of clinical presentation. The genetics
underlying NDDs are complex and research is only beginning to scratch the surface. One
of the most puzzling observations has been that many different mutations in different
genes can all result in the same NDD; conversely, mutations in the same gene can result

in a wide range of NDDs and symptoms. Therefore, it is likely that there is a level of
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convergence and regulation above the level of genes, and likely at the level of molecular

signaling pathways, that underlies the pathophysiology of NDDs.

1.1.2 Schizophrenia (SZ)

Despite efforts and advances in research and community support, schizophrenia remains
one of the most debilitating sealth conditions in industrialized countries (Goeree et al.,
2005; Lomholt et al., 2019) Schizophrenic individuals have a shorter lifespan compared
to the general population, which is partially due to increased rates of suicide (Hor &
Taylor, 2010; Lomholt et al, 2019). This chronic and prevalent neuropsychiatric disorder
1s estimated to affect up to 1% of the population world-wide (Goeree et al., 2005).
Although the age of onset is typically late-adolescence to early adulthood it is widely
accepted that the pathogenesis of the disorder begins in early development (Castle &
Murray, 1993; Gogtay et al., 2011). The disorder is also highly heritable; the chance of
developing schizophrenia increases with increasing relatedness to the schizophrenic
individual (Singh et al., 2014). In the DSMS, schizophrenia is listed under the category
Schizophrenia Spectrum and Other Psychotic Disorders and is characterized by three
main types of symptoms: positive symptoms, negative symptoms, and cognitive
symptoms. Positive symptoms include visual and auditory hallucinations, delusions, and
disorganized thoughts. Negative symptoms include social withdrawal, lack of motivation,
flat affect, and inability to experience pleasure. Cognitive symptoms include working
memory and attention deficits. Antipsychotic drugs are currently the first-line of

treatment for schizophrenia. Many antipsychotic drugs improve positive symptoms in
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patients; however they are not as successful at treating negative and cognitive symptoms
(van Os & Kapur et al., 2009; Remington et al., 2016). Additionally, antipsychotics are
associated with many side effects. While these side effects are less common in patients
taking atypical antipsychotics, other side effects such as weight gain are common,
increasing the risk of diabetes and heart disease (Mitchell et al., 2013). Psychosocial
therapies, such as cognitive behavioural therapy, family intervention therapy, and social
skills training, are also currently used. A combination of treatments is increasingly
becoming regarded as the most effective way of attempting to tackle the many symptoms
of this complex disorder (Patterson et al., 2008; Tiihonen et al., 2019). Despite the fact
that many antipsychotic drugs improve psychotic symptoms, none have been shown to
greatly improve overall psychosocial functionality (Swartz et al., 2007; Remington et al.,
2016) . It is clear that there is still a long way to go and many improvements to be made
to existing treatments. This is mainly due to the lack of knowledge of schizophrenia
etiology. While many theories exist, the underlying molecular pathways mediating the
development of this disease are currently unknown. Therefore, it is imperative that these
pathways be studied to discover potential molecular targets and eventually more effective

and safer treatments for schizophrenic individuals.

1.1.3 Autism Spectrum Disorder (ASD)
Autism Spectrum Disorder (ASD) describes a set of neurodevelopmental disorders
(NDDs) ranging in severity and characterized by persistent deficits in social

communication and social interaction as well as restricted and repetitive behaviours,
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interests or activities (Miles, 2011). The previous version of the DSM (DSM-4)
categorized children with ASD into three distinct categories: Autistic disorder, Asperger’s
syndrome, and pervasive developmental disorder- not otherwise specified (PDD-NOS)
(Miles, 2011). However, the updated DSM-5, published in 2013, now describes children
with ASD under the broad category of autism spectrum disorder (Brentani et al., 2013).
Diagnosis typically occurs after 4 years of age, although deficits in communication,
which can manifest as a lack of smiling, pointing and babbling, can be observed as early
as 6 months of age (Miles et al., 2011). Prevalence estimates report that as many 1 in 54
children are diagnosed with ASD (Maenner et al., 2020). ASD is also reported to be 4.3
times as prevalent in boys compared to girls, highlighting a strong sex bias (Maenner et
al., 2020). A strong genetic component to ASD etiology has been widely acknowledged
since early twin studies showing high concordance rates between monozygotic twins
(Folstein & Rutter, 1977; Hallmayer et al., 2011; Sandin et al., 2014), and modern genetic
techniques have continued to discover an unprecedented level of complexity in the
genetic architecture of ASD. However, there is still a lack of understanding of how this
genetic landscape impacts ASD etiology and pathophysiology. Currently, there are no
treatments that cure or treat the core symptoms of ASD, although some behavioural
therapies and medications can improve functioning in patients (McPheeters et al., 2011;
Virtues-Ortega, 2010). This necessitates the need for valid model systems to study the
molecular mechanisms of ASD and other NDDs, which will aid in the development of

targeted drug therapies.
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1.2 Genetics of NDDS

It is widely accepted that both genetic and environmental factors contribute to the
development of NDDs. For much of history, the genetic underpinnings of these disorders
remained an intractable area of research due to the lack of available tools to detect these
genetic abnormalities. Since then, ever improving sequencing methods have shown that
not only do genetics make up a significant proportion of risk for NDDs, but that the
genetic architecture of these disorders is much more complex than anticipated. There are
many perturbations to the genome that may contribute to the development and
pathophysiology of ASD, such as insertions, deletions, single nucleotide variants (SNVs)
or copy number variations (CNVs) (O'Roak et al., 2012; Pinto et al., 2014; Yuen et al.,
2016), and these variants can be inherited or de novo.

The advent of genome wide association studies (GWAS) over a decade ago marked a
turning point for studying NDD genetics, particularly in schizophrenia research. In
GWAS studies, thousands to millions of genetic variants across the genomes of many
individuals are tested to identify genotype-phenotype associations. The goal is to identify
genetic loci which confer risk for a particular disorder. Early iterations of this method
relied solely on DNA chip-based microarrays that identified the frequency of various
single nucleotide variants (SNVs) present in the population (Tam et al., 2019). Those
SNVs that are present in > 1% of the population are termed single nucleotide
polymorphisms (SNPs) or common variants. The frequency of a given SNV in a
population is measured using the minor allele frequency (MAF). A SNV with a low MAF

value is considered to be a rare variant (Bush & Moore, 2012). SNP arrays remain an
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attractive and widely used sequencing tool due to its affordability and reliability.
However, there are some major limitations to this method. Since it is based on a CHIP
array, the genomic coverage is low and restricted mostly to common variants in well-
studied or sequenced populations (Tam et al., 2019). Therefore, it is not suitable for
identifying rare variants. This presents a large problem, since it is thought that common
variants, which have small effect sizes on their own, make up only one to two thirds of
the heritability of complex traits, with the rest caused by rare variants with large
individual effect sizes (Stein et al., 2013). Although SNP arrays are still widely used,
researchers have shifted towards using whole genome sequencing (WGS) or whole
exome sequencing (WES) to identify variants associated with disease. These methods are
able to analyze the entire genome or exome of a given organism and are a type of next
generation sequencing (NGS) or high throughout sequencing (HTS) (Wilfert et al., 2017).
In a typical WGS experiment, genomic DNA is first fragmented and pairs of primers are
used to produce reads of each DNA fragment, which are then assembled to reconstruct
the genome. The number of unique reads that include a given nucleotide is referred to as
read depth or sequencing depth. The higher the depth, the more accurate the sequencing
(Trost et al., 2018). NGS methods are able to identify all types of genetic variants,
including rare variants and structural variants (Yuen et al., 2017). The wide-spread use of
NGS has pushed the field of genetics forward and has identified many previously

unknown NDD risk variants.
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1.2.1 Rare inherited variants and De Novo variants

An important application of WGS and WES has been the identification of both rare
inherited and de novo mutations in NDDs. While inherited variants are passed directly
from parent to offspring, de novo variants are newly identified in the affected individual.
They are not present in the somatic cells of either parent of the affected individual
(proband) and can occur either during gamete formation or very early in embryonic
development. De novo mutations range from single nucleotide changes to large genomic
deletions or duplications (Wilfert et al., 2017). WGS of probands and their families
allows researchers to determine whether a variant is inherited or de novo. This is a very
important distinction; since de novo variants are unique to the affected individual, they
are more likely to contribute to disease. The Simons Simplex collection is a repository of
genetic samples from 2600 families, each including one child affected by ASD and their
unaffected parents and/or siblings. Studies using samples from this collection have
discovered that there is an enrichment of missense and nonsense de novo mutations in
probands relative to unaffected sibling controls, suggesting that de novo variants are
pathogenic and have a large individual effect size (Guo et al., 2018;Turner et al., 2017).
While common variants are thought to make up about 50% of ASD risk, de novo variants
are estimated to make up about 3% of ASD risk. The remaining risk of ASD is attributed
to unknown genetics, environmental factors and interactions between risk factors
(Gaugler et al., 2014). De novo variants typically have very large individual effect sizes
and therefore provide an opportunity to study specific molecular pathways that are

causally involved with NDDs (Ruzzo et al., 2019).
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1.2.2 Copy Number Variations (CNV’s)

One of the most strongly associated chromosomal abnormalities associated with ASD and
other NDDs are copy number variations (CNVs), which are regions of the genome that
are deleted or duplicated, resulting in an abnormal number of copies of genes within the
affected region (Kaminsky et al., 2011). These regions are typically greater than 1
kilobase (Kb) in size and can include a large number of genes. CNVs on the smaller end
of the spectrum (<5 Mb) are classified as microdeletions/microduplications, based on the
fact that they are too small to be resolved through karyotyping (Freeman et al., 2007).
CNVs typically occur at areas of the genome which have acquired segmental duplications
throughout evolution, leading to areas of low copy repeats (LCRs), which share more
than 90% sequence identity with more than one genomic region. These areas are hotspots
for a mechanism known as non-allelic homologous recombination (NAHR). Because of
their high sequence similarity, recombination between misaligned sequences at LCRs can
occur, leading to deletions, duplications or inversions of large regions of the genome (Gu
et al., 2008). Importantly, an early study analyzing genetic data from a large human
dataset showed that while SNPs and CNVs captured about 80% and 20% of the total
detected genetic variation in human gene expression, respectively, there was very little
overlap between the two signals (Stranger et al., 2007). This provided early evidence that
CNVs are unique and important determinants of complex genetic traits. Approximately 4-
10% of individuals with ASD have reported de novo CNVs, compared to only 1-2% of
their neurotypical siblings. Inherited CNVs also contribute to ASD risk, with a prevalence

of 3% in affected individuals (Vicari et al., 2019). A small proportion of recurrent CNVs
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are syndromic, meaning that they are sufficient to cause a highly reproducible set of
symptoms, such as the 7q11.23 region causing Williams Syndrome and the 15q11.2-q13
deletion/duplication leading to Prader-WIli/Angelman syndrome. However, the majority
of pathogenic CNVs display variable expressivity, leading to broad and heterogenous
phenotypic outcomes (Morris et al., 2015; Thibert et al., 2013) Examples of CN'Vs that
are strongly associated with multiple NDDs are 1g21.1, 15q13.3, 22q11.2, and 16p11.2
(Hiroi et al., 2013; Moreira et al., 2014; Niarchou et al., 2019; Qiao et al., 2016; Sharp et
al., 2008). A recent large study genotyped 2691 NDD probands (ASD, SZ, ADHD and
OCD) and 1769 family members, and found clinically relevant CNVs in all cohorts. They
also noted that some genes were impacted by CNVs in multiple disorders, suggesting that

CNVs impacting the same genes may contribute to multiple NDDs (Zarrei et al., 2019).

1.2.3 SFARI Genes

The Simons Foundation Autism Research Initiative (SFARI) is an organization

that aims for the better understanding, diagnosis and treatment of ASD. SFARI projects
include cohorts of individuals with ASD from the Simons Simplex Collection and Simons
Variation in Individuals Project. SFARI integrates data from various genetic and
molecular ASD studies and uses this information to score ASD risk genes based on the
strength of the evidence linking them to ASD. This represents the largest database of
curated genes with links to ASD, including 960 scored genes. The genes are separated
into 4 categories: syndromic, category 1 (High confidence), category 2 (strong candidate),

or category 3 (suggestive evidence) (Abrahams et al., 2013). The syndromic risk genes
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are genes that are implicated in idiopathic autism, such as FMRI in fragile X syndrome,
and UBE3A in Angelman syndrome. High confidence (category 1) genes are clearly
implicated in ASD by the presence of at least three de novo “likely-gene-disrupting”
mutations reported in the literature. Many of these also display statistically significant
mutation frequency compared to controls with genome-wide significance. There are
currently 192 category 1 high confidence genes encoding proteins with a wide range of
molecular functions, including the DNA helicase CHDS, sodium channel subunit
SCN2A, scaffold proteins SHANK3 and ANK3, and phosphatase PTEN. Category 2
includes genes with two reported de novo “likely-gene-disrupting” mutations with
consistent evidence in the literature linking it to ASD. Finally, category 3 is the lowest
confidence category and includes genes with a single reported de novo “likely gene-
disrupting” mutation and unreplicated findings in the literature. This is the largest
category, with 483 genes, highlighting the need for more studies to investigate the
molecular consequences of many newly identified ASD-linked genes (Abrahams et al.,
2013). These types of studies tend to lag behind those of human genetic sequencing
studies and keeping up with the large amounts of genetic data that is available through

NGS poses a daunting task.

1.3 Pathophysiology of NDDs

1.3.1 Cortical brain development
The cerebral cortex is the thin outer layer of the brain that mediates higher-order

cognitive thought and processing. The cortex is where neural integration of signals from

10
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other areas of the brain takes place and plays a key role in attention, perception, memory
and language. There is a growing amount of evidence to suggest that disruptions to the
development of neural circuits in the cortex during critical periods of development
underlie the etiology and pathophysiology of NDDs (Leblanc & Fagiolini, 2011;
Varghese et al., 2017). The 14-16 billion neurons that reside in the cortex are precisely
organized into layers and columns through a complex and spatiotemporally ordered series
of events in fetal development (Figure 1). The development of the cortical layers occurs
through 3 main processes: cell proliferation, neuronal migration and cortical organization.
The cortical layers are formed in an inside-out manner, whereby early born neurons make
up the deeper layers and later born neurons make up the superficial layers. The
specification of neuronal layering patterns is thought to occur through various molecular
cues (Tau & Peterson, 2010; Subramanian et al., 2020). Disruption in certain genes
involved in neuronal migration has also been associated with ASD. For example,
contactin-associated protein-like 2 (CNTNAP2) gene is a strong candidate gene for ASD
that is important for regulation of neuronal migration, and multiple variants in CNTNAP2
have been discovered in patients with ASD and other NDDs (Gdalyahu et al., 2015;
Pefiagarikano et al., 2011). As the neurons migrate, they begin to develop actin rich
protrusions called neurites. The longest of these will become the axon, while the rest will
become the dendrites. The neurons connect to one another locally and begin to project
myelinated axons which form the cortical white matter. This includes the axon tracts that
make up the corpus callosum, the thick bundle of axons that connects the two

hemispheres (Subramanian et al.,2020). Unlike excitatory pyramidal neurons, which

11
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originate in the ventricular zone, cortical inhibitory neurons originate in a region of the
ventral telencephalon called the ganglionic eminences. These neurons then migrate
tangentially into the cortex where they form synaptic connections with other inhibitory
and excitatory neurons (Wonders & Anderson, 2006). The final step of the process,
cortical organization, starts concurrently with neuronal migration and continues beyond
fetal development into postnatal development. This involves the formation and extension
of neuronal process, which become the axon and dendrites, followed by formation and
pruning of synaptic contacts between neurons. Synaptic density increases rapidly after
birth to a level 50% higher than that is seen in adulthood, and is followed by a period of
synaptic elimination. Synaptic elimination or pruning and remodeling continues into
adolescence in humans, showing that the human brains remains relatively plastic beyond
early development (Sakai, 2016; Subrmanian et al., 2020). The formation of these early
cortical neuronal circuits is essential for the proper functioning of the brain later in life,
and disruption during any of these developmental stages can lead to neurodevelopmental
disorders. Over the years, hundreds of genes involved in neurite and synapse development
and function have been identified as being linked to various NDDs. As such, synaptic

connectivity is a major area of study in NDD research.

1.3.2 Excitatory/Inhibitory (E/I) imbalance underlies NDD pathophysiology
The brain maintains homeostasis through a finely tuned balance of excitation and
inhibition, which is carried out through a variety of compensatory mechanisms (Figure 2),

and loss of this balance is one of the leading theories of NDD pathophysiology (Gao &

12
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Penzes, 2015). In the cerebral cortex, one mechanism is carried out at the level of cell
type specificity, mainly through the opposing actions of glutamatergic excitatory neurons
and GABA-ergic inhibitory neurons (Le Roux et al, 2006). The majority of neurons in the
cortex (~80%) are excitatory, and have a distinct pyramidal shape. These neurons release
the neurotransmitter glutamate from the pre-synaptic terminal of the axon which binds to
receptors located in a specialized protein-rich structure called the post-synaptic density
(PSD) on the postsynaptic neuron. The excitatory PSD is composed of a dense set of over
100 proteins, including ion channels, receptors, scaffold proteins and intracellular
signaling proteins. These proteins work in concert in response to both extracellular and
intracellular stimuli to maintain typical neuronal function (Chen et al., 2008; Kaizuka &
Takumi, 2018). The most well-studied of these is the scaffold protein PSD95, which
anchors the NMDA and AMPA glutamate receptors at the cell surface and serves as a
docking site for various intracellular proteins (Kim & Sheng, 2004). Inhibitory neurons
release the neurotransmitter GABA, which makes a neuron less likely to fire, and acts to
modulate and fine tune excitatory signaling (Le Magueresse et al., 2013). Changes in
numbers, protein expression, localization, and morphology of both cell types have been
shown to be linked to NDD pathology, which will be detailed in the following sections.
Additionally, aberrant functioning of the specialized neuronal process, the axon and
dendrites also have a major impact on the balance of excitation and inhibition in the brain,

leading to disruptions in brain development and function.
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1.3.3 Axonal pathology in NDDs

The axon is the specialized neuronal process that conducts electrical signals away from
the cell body to the axon terminal, where vesicles containing neurotransmitters are
released into the synaptic cleft. During neuronal migration, neurons polarize and adapt a
bipolar morphology, forming the axonal and somato-dendritic compartments. The axon
extends and is guided by various extracellular and intracellular cues to a specified
destination. Following this, the axon branches and establishes contacts with postsynaptic
partners, where it plays a vital role in synaptic transmission (Lewis et al., 2013). Human
imaging studies have shown that the corpus callosum is often reduced in individuals with
ASD (McFadden & Minshew, 2013) and have identified white matter alterations in
individuals with schizophrenia (Stampfli et al., 2019).

The axon is composed of a periodic submembrane actin/spectrin cytoskeleton and a
uniform microtubule structure. The proximal axon contains a highly organized
specialized structure called the axon initial segment (AIS). This axonal compartment acts
as a diffusion barrier between the axonal compartment and the rest of the cell. The AIS is
the site of axon potential initiation and is enriched for voltage-gated sodium channels and
potassium channels (Leterrier, 2018). These ion channels are anchored to the plasma
membrane by AnkyrinG (encoded by ANK3), which acts as a scaffold bridging the
plasma membrane, actin/spectrin cytoskeleton and the microtubules. Known as the master
regulator of the AIS, AnkyrinG clusters along the proximal axon early in development,
and then recruits other AIS components. Disruptions in AnkyrinG result in complete

disorganization of the AIS and is implicated in various NDDs, such as bipolar disorder
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and ASD (SFARI category 1) (Hedstrom et al., 2008; Leussis et al., 2012;Yang et al.,
2019). ANK3, as well as other axonal and AIS genes have been implicated in
neurodevelopmental disorders, and in particular, epilepsy. For example, mutations in
SCNI1A (encoding the voltage-gated sodium channel Nav1.1) lead to disorder known as
Dravet syndrome, a severe form of intractable childhood onset epilepsy (Cetica et al.,
2017). Mutations in SPTAN1 (encoding the AIS enriched alpha II spectrin protein) lead
to West syndrome, which is characterized by infantile spasms and intellectual disability
(Syrbe et al., 2017). Current research is aimed at understanding the impact of these
variants on protein and cellular function in order to develop therapies for currently

intractable forms of epilepsy.

1.3.4 Excitatory synaptic connectivity is altered in NDDs

Pyramidal cells receive excitatory inputs at tiny dendritic actin-rich dendritic protrusions,
called dendritic spines, each containing a postsynaptic density (PSD). The PSD is a
specialized compartment opposed to the plasma membrane of dendritic spines that is
composed of diverse proteins including ion channels, receptors, scaffold proteins and
signaling proteins (Chen et al., 2008; Kim et al., 2004). PSD proteins make up a large
proportion of known NDD risk genes, including scaffold proteins (DLG4, SHANK3,
SHANK?2), glutamate receptors (GRIA2, GRIN2B), intracellular signaling proteins
(SYNGAPI, UBE3A) and adhesion proteins (NRXN1), and the organization of the PSD
has been found to be altered in models of NDDs (Clement et al., 2013; O’Connor et al.,

201; Penzes et al., 2011). Each pyramidal neuron has thousands of dendritic spines,

15



PhD Thesis - Brianna Unda McMaster University - Biochemistry

allowing for integration of many excitatory inputs. During development, dendritic spines
are highly dynamic, with constant formation and pruning of spines, reflecting the plastic
nature of synaptic connectivity (Hotulainen & Hoogenraad, 2010; Star et al., 2002).
Denderitic spines are generally classified into four morphological types: mushroom, thin,
stubby and filopodia (Figure 3). Mushroom-shaped spines are considered to be the most
mature morphology with a characteristic wide head with large PSD and narrow neck,
allowing micro-compartmentalization of calcium and other important post-synaptic
secondary messengers during synaptic transmission. In contrast, thin spines have smaller
PSDs and, due to their smaller size, have a greater potential for synaptic strengthening;
therefore, thin spines are sometimes referred to as “learning” spines, and may drive
synaptic plasticity in the developing and adult brain. In the adult cortex, only ~25% of
spines are mushroom shaped, whereas >65% are thin, with the number of thin spines
decreasing with age. Stubby spines have a small squat morphology, and are considered to
be functionally immature Lastly, filopodia spines are long and extremely thin protrusions
which don’t contain a typical PSD (Bourne & Harris, 2008; Hotulainen & Hoogenraad,
2010). Changes in density and maturity of dendritic spines are thought to correlate with
changes in synaptic function and are therefore an area of intense investigation in regard to
NDDs (Penzes et al., 2011).

One of the most well supported theories of the etiology of NDDs is that defects in
excitatory synaptic connectivity and plasticity underlie these disorders. Although
schizophrenia is not classified as a developmental disorder in the DSM-5, there is ample

genetic and biological evidence to suggest that it arises due to a disorder of brain
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development (Birnbaum & Weinberger, 2017). This hypothesis has also been supported
by studies that show that early disruptions to the fetus in utero, such as maternal
infection, increase the risk of developing schizophrenia (Cannon et al., 2002). Through
retrograde analysis, patient studies reveal that schizophrenic patients showing cognitive
impairments also displayed cognitive deficits in their childhood years (Reichenberg et al.,
2010). Additionally, sequencing studies have identified a large amount of shared genetic
risk and overlap of pathogenic mechanisms between schizophrenia and
neurodevelopmental disorders such as ASD and ID (Chisholm et al., 2015). Taken
together, studies such as these suggest that schizophrenia may result as a manifestation of
neurodevelopmental insults acquired thorough embryonic and post-natal development.
Magnetic Resonance Imaging (MRI) studies have been instrumental in uncovering brain
structural changes in individuals after their first psychotic episode but before beginning
treatment. These studies consistently show reductions in volume of the lateral ventricles,
hippocampus and cortical grey matter at the time of diagnosis (Steen et al., 2006). One
possible explanation for this loss in brain volume is reduced neural connectivity or
synapses (sites of neural transmission). Supporting this theory are post-mortem studies
which show reduced expression of dendrite protein markers such as synaptosomal-
associated protein 25 (SNAP-25) and microtubule associated protein 2 (MAP2) in patient
brains (Young et al., 1998). Post-mortem analyses also reveal reduced dendrite length and
dendritic spine density in pyramidal excitatory neurons in the frontal cortex of
schizophrenic patients (Broadbelt et al., 2002; Young et al., 1998). Reduced dendritic

spine density is one of the consistent findings from postmortem analysis of brain tissue
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from individuals with schizophrenia (Garey et al., 1998; Rosoklija et al., 2002; Sweet et
al., 2009; Konopaske et al., 2014) Conversely, early studies of post-mortem human brains
from ASD patients show an increase in dendritic spine density on cortical layer 2
pyramidal neurons (Hutsler & Zhang., 2010). Interestingly, studies also show a pattern of
hyper-connectivity within brain regions and hypoconnectivity between brain regions, and
newer imaging studies of individuals with ASD have corroborated this data (Geschwind
& Levitt., 2007; Li et al., 2020; Varghese et al., 2017) . Mouse models of ASD have
found both increases and decreases in neural connectivity, depending on the genetic
model used, further highlighting the complexity of the genetic architecture of ASD
pathophysiology (Varghese et al., 2017). However, it is unclear as to whether dendritic
spine formation, pruning, or a combination of both are the cause of these changes in
dendritic spine density. Overall the current state of knowledge on excitatory neuron
pathology in NDDs reveals a high degree of overlap between NDD pathological
mechanisms and highlights the need to further study how risk factors for different NDDs

converge on these mechanisms.

1.3.5 Cortical inhibitory interneuron pathophysiology

Although they make up only approximately 20% of the neurons in the cortex, inhibitory
neurons play a significant role in proper cortical development and function (Wonders et
al, 2006). Unlike excitatory cortical projection neurons, which originate in the ventricular
zone, cortical inhibitory neurons originate in a region of the ventral telencephalon called

the ganglionic eminences. These neurons then migrate tangentially into the cortex where
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they form synaptic connections with other inhibitory and excitatory neurons (Wonders et
al., 2006). Gamma amino butyric acid (GABA) released from GABA-ergic inhibitory
neurons is the primary source of inhibition in the cortex. However, during early
development, GABA’s effects are depolarizing due to the predominant expression of Na-
K-ClI cotransporter 1 (NKCC1), which causes accumulation of chloride ions inside cells,
resulting in chloride ion extrusion and depolarization upon GABA receptor activation (Le
Magueresse & Monyer, 2013). There is evidence that this depolarizing GABA plays a
role in the developing cortex by negatively regulating stem cell proliferation in the
subventricular zone (SVZ) and acting as a chemoattractant for the migration of cells from
the SVZ to the cortical plate (Behar et al., 2001). There is also evidence that GABA-ergic
inhibitory neurons can fine tune glutamatergic synapses (Lim et al., 2018), which is
crucial for proper neural network circuitry. Inhibitory neurons may also define the timing
of critical periods of experience-dependent neural plasticity in the developing brain
(Yaeger et al., 2019). Inhibitory neurons are extremely heterogeneous, and nearly all
cortical inhibitory neurons express one of three non-overlapping markers: parvalbumin
(PV), somatostatin (SST) or ionotropic serotonin receptor SHT3a (SHT3aR). They are
further classified within these groups based on morphology and firing patterns (Lim et al.,
2018). Unlike excitatory neurons, inhibitory neurons primarily make synapses onto
dendritic shafts, cell bodies and axons. However, application of newer higher resolution
imaging techniques have revealed that up to 30% of inhibitory synapses contact dendritic

spines, which are always located next to an excitatory synapse.
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One of the longest-standing theories of schizophrenia pathophysiology is the NMDAR
hypofunction hypothesis. This theory postulates that NMDA receptor dysfunction,
particularly on GABA-ergic interneurons, resulting in reduced inhibitory control of
pyramidal neurons and toxic levels of excitatory activity from pyramidal neurons
(Nakazawa et al., 20120; Nakazawa & Sapkota, 2020). In one study, freely moving awake
rats were injected with the NMDAR inhibitor drug MK801, and individual inhibitory and
excitatory neurons were extracellularly recorded. Remarkably, inhibitory neurons showed
an immediate decrease in firing rate, which was followed by an increase in pyramidal
neuron firing (Homayoun & Moghaddam, 2007). This study suggests that NMDAR
inhibition may predominantly affect inhibitory neurons, and that it indirectly leads to
increased pyramidal neuron firing through disinhibition. Studies on post-mortem brain
tissue from schizophrenic individuals have revealed reduced expression of inhibitory
markers, such as glutamic acid decarboxylase 67 (GAD67) and parvalbumin (PV) in PV+
neurons in the prefrontal cortex (Kalus et al., 2002). Schizophrenic individuals have been
shown to display altered cortical gamma-rhythms during perceptual tasks and increases in
gamma frequency oscillations are also highly correlated with the presence of positive
symptoms in schizophrenic individuals (Grutzner et al., 2013; Sun et al., 2013).
Interestingly, cortical gamma rhythms are primarily driven by fast-spiking PV+
interneurons and are believed to be associated with cognitive functions such as attention
and working memory, which are typically deficient in schizophrenia (Cardin et al., 2009).
An increase in E/I balance is also the leading theory of epilepsy pathophysiology, as

spontaneous seizures are characterized by hypersynchronous firing between networks on
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neurons in the brain. Loss of inhibitory neuron function is regarded as a main component
driving increased E/I balance leading to seizure activity (Rao & Lowensten, 2015).
Dravet syndrome is an example of a severe form of childhood epilepsy in which
inhibitory interneurons are regarded as the most likely pathological mechanism. Dravet
syndrome is associated with mutations in the SCN1A gene, leading to inhibition of
inhibitory neurons and subsequent hyperexcitability in the brains (Connolly, 2016).
SCNIA is also a high-confidence ASD risk gene (SFARI category 1), further highlighting
the importance of inhibitory neurons in heterogeneous clinical phenotypes. Animal
models of ASD have consistently displayed defects in inhibitory neuron development and
function. A recent meta-analysis of 4 different ASD mouse models showed a consistent
decrease in inhibitory post-synaptic currents (IPSCs) in L.2/3 pyramidal neurons in
somatosensory cortex of all 4 models (Antoine et al., 2019). Furthermore, optogenetic
stimulation of either PV+ inhibitory neurons or excitatory pyramidal neurons in a mouse
model of the ASD risk gene CNTNAP2 showed that increasing excitability of inhibitory
neurons or decreasing excitability of pyramidal neurons rescued deficits in social
behavior and hyperactivity in this mouse model (Selimbeyoglu et al., 2017). This study
provides evidence of an increased E/I ratio in ASD and suggests that this circuit can be
modulated for therapeutic purposes. Additionally, many genes encoding proteins
important for inhibitory signaling, including the inhibitory scaffold protein gephyrin,
GABA receptor GABRA3, the GABA transporter SLC6A1, and inhibitory neuron

migration (DLX6) have been identified as strong ASD candidate risk genes (Wang et al.,
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2018). Overall, multiple lines of evidence have highlighted an important role for

inhibitory neurons in brain homeostasis and NDD pathophysiology.

1.3.6 Mouse models of NDDs

Mouse models remain one of the most widely used model systems to study NDDs due to
sequence conservation of many genes between mouse and human, as well as the
feasibility of genetic manipulation. Additionally, genetic mouse models are advantageous
compared to in vitro cell based systems due to the ability to control and observe the
effects of genetic manipulations across time (developmental stages) and space (distinct
brain regions), as well as the ability to measure changes in neuronal circuit function and
behavioural endophenotypes that recapitulate symptoms in human patients. Mouse
models aim to satisfy three validation criteria: predictive, construct and face validity. In
other words: how well the model can be used to predict unknown aspects of the disease in
humans, how well the human genetic deletion is faithfully replicated in the mouse and
how well the model recapitulates characteristic human phenotypes associated with the
disorder (Nestler & Hyman, 2010). As such, genetic mouse models of NDDs undergo a
battery of behavioural, genetic and molecular phenotyping before being considered a
valid model for studying the human disease (Silverman et al., 2010).

The rapid pace of disease-associated candidate gene identification through next-
generation sequencing has also led to a boom in the number of genetic mouse models
created to study NDD pathophysiology. These include single-gene knockout (KO),

mutation knock-in (KI), or heterozygous/homozygous CNV models. Mouse models of
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many of the ASD-risk genes discovered through WES and WGS have demonstrated
alterations in E/I balance and display defects in phenotypes such as dendrite growth,
dendritic spine morphology, synaptic function, and NDD-like behaviours in animal
models (Crawley, 2012; Lee et al., 2017). Single gene KOs have been particularly
instrumental in studying syndromic forms of ASD, such as FragileX syndrome (Hulbert
et al., 2016). For example, studies reporting on a FMR1 KO mouse model consistently
show an increase in dendritic spine density as well abnormal social behaviours, cognitive
deficits and increased repetitive behaviours (Kazdoba et al., 2014). Other ASD gene KO
models, such as the CNTNAP2 mouse, have shown decreased dendritic spine density
along with ASD-like behaviours (Lazaro et al., 2019). Although there seem to be gene-
specific differences in the direction of spine density abnormalities, changes in spine
dynamics are consistently associated with ASD-like behaviors in NDD-risk gene KO
mouse models. The large number of de novo and rare inherited variants identified in
individuals has necessitated the need to model these mutations to determine the impact on
protein and cellular function. Studying these variants can also shed light on how different
mutations in the same gene can contribute to different disorders. One study examined this
by comparing two SHANK3 mutations: an ASD-linked mutation and a Schizophrenia-
linked mutation. They found that each mutation had both shared and distinct effects on
synaptic and behavioural phenotypes, providing a framework for understanding how
disease in patients with mutations in the same gene may develop (Zhou et al, 2016).
Mouse models have been instrumental in understanding how NDD-associated CNV's

impact molecular, cellular and behavioural development and to pin-point disease-causing
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genes within CNVs. Mouse models for 16p11.2, 22q11.2, and 15q13.3 have been
characterized, and are starting to be used to identify disease-driving genes, which will be
crucial to our understanding how CNVs lead to disease (Fejgin et al., 2014; Pucilowska et

al., 2015; Hiroi et al., 2013).

1.4 Overcoming challenges in NDD research with new techniques

1.4.1 Hypothesis-based and discovery-based methods

Historically, most of the research done in the field of NDDs has stemmed from
observation-driven hypotheses, involving specific studies of one gene at a time. Although
many important discoveries have been made in this way, the advent of NGS in the last
decade made it impossible for molecular and cellular research to keep up in this manner.
How is it possible to sort through the rapidly growing number of identified NDD risk
genes and investigate them mechanistically individually? Additionally, it has become
clear that many genetic risk loci are shared between different NDDs, suggesting that
common networks involved in fundamental neurodevelopmental processes underlying
multiple disorders are likely at the root of these disorders. This has presented a challenge
that would be extremely difficult to overcome using conventional methods. Discovery-
based methods provide an exciting solution to this problem. As the name suggests, the
goal of this approach is to discover things that were previously unknown and to see
relationships between elements on a global scale. Also known as “omics”, this includes
genomics, transcriptomics, proteomics, and metabolomics, which all have one thing in

common; they all involve the generation of extremely large datasets of information on the
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molecular signature of a biological system (Hasin et al.,2017). In this way, the entire
transcriptome or proteome of an organ or cell type can be analyzed both qualitatively and
quantitatively, and this information can then be used to develop further hypotheses
regarding the mechanistic underpinnings of the findings. The omics field has provided a
way to analyze disease states and altered physiological states at a global scale. It has also
been used widely in the cancer field to subtype tumors based on biomarkers in order to
more effectively treat them. In recent years, molecular subtyping has been recognized by
the NDD field as a potential new way to classify NDDs, based on genotype-phenotype
associations, rather than classical symptom-based groupings, in the hopes that this

classification methods will lead to more effective treatments (Stessman et al., 2016).

1.4.2 Transcriptomics

RNA sequencing allows for the quantitative and qualitative analysis of the entire
transcriptome of cells. It is most widely used to analyze differential gene expression
(DEG) between groups. Briefly, RNA sequencing starts with extraction of RNA from
tissue, mRNA enrichment and fragmentation, cDNA synthesis and library prep. Short
adaptors are ligated to each fragment for PCR amplification. These fragments are then
sequenced and computational methods are performed to align and assemble the
sequencing reads to the transcriptome. These reads are then quantified, filtered and
normalized between groups and undergoes statistical tests to identify changes that have a
high likelihood of being biologically relevant (Chao et al., 2019). This process is gene set

enrichment analysis (GSEA) which is a computational method to determine whether

25



PhD Thesis - Brianna Unda McMaster University - Biochemistry

different sets of genes show statistically significant differences in gene expression
(Subramanian et al., 2005). These DEGs can then be grouped into biologically relevant
functional networks using large bioinformatic data bases. The most significantly changed
networks can then be investigated in more detail. RNA Sequencing has been used to
identify novel signaling pathways in NDD mouse models and human cell-based models

(Hoffman et al, 2017; Wu et al., 2016).

1.4.3 Proteomics

Proteomics is the large-scale study of proteins in biological systems and allows for
quantitative and qualitative analysis of the proteome. Although RNA sequencing has
uncovered many altered signaling pathways in NDDs, studies have shown some
discordance between results from transcriptomic and proteomic studies (Abraham et al.,
2019). This is somewhat expected, since there are many steps on the path from mRNA to
mature protein, including translation, protein folding and post-translational modifications
(PTMs) such as phosphorylation, methylation, acetylation, ubiquitination, glycosylation,
S-nitrosylation and palmitoylation, which can alter protein activity (Deribe et al., 2010).
The actions and interactions of proteins are by and large the main effectors of cellular
processes, backing the argument that analysis of the proteome is a more accurate
depiction of the molecular underpinnings of a system.

A typical proteomics experiment begins with protein isolation through cell/tissue lysis,
and specific subcellular compartments can be enriched using fractionation. Proteins are

then enzymatically digested to produce peptide fragments. These peptides are separated
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through liquid chromatography, ionized and sprayed into a mass spectrometer. Two levels
of MS measurements take place in tandem: MS1, which measures the mass to charge
ration (m/z) of peptide molecular ions and MS2, which analyzes the specific
fragmentation ion pattern of each peptide ion. This allows for peptides to later be
identified with high confidence, which can then be mapped to proteins. The signal
intensity of these peptides can be used to estimate the relative abundance of each protein
in a sample (Silva et al., 2006). Although label-free MS quantification methods are still
widely used, many researchers have turned to label-based quantification methods. One
example is the Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC)
technique, in which isotope-labeled amino acids are added to cell culture media and are
incorporated into newly synthesized proteins (Ong et al., 2002). Label-based methods are
faster, since samples are combined prior and therefore requires only one MS run, and has
also been shown to be more precise for low abundance proteins. However, label-free
methods provide higher proteome coverage (Patel et al., 2009). Therefore, the type of
quantitative proteomics method to choose varies based on the specific question being
asked. Various computational tools exist to normalize, filter and perform statistical testing
of proteomics data (Tyanova et al., 2016). Functional analysis is carried out in a similar
manner to RNA Seq workflows, using large annotated databases such as GO, KEGG,
Reactome or STRING to identify networks.

In neuroscience and NDD research, proteomics can help answer a wide range of
questions, including ones regarding spatial and temporal dynamics of proteins in different

regions of the brain and subcellular compartments. Various proteomic studies have
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revealed the composition of the PSD in various species, brain regions, and disease states,
identifying hundreds of previously unknown PSD proteins. In one study, the PSD was
enriched from post-mortem brain samples from bipolar disorder patients and neurotypical
controls, and were used to compare the PSD proteome between groups. Of the 2033
proteins identified, 288 were found to be differentially expressed, including proteins
involved in mitochondrial function, oxidative phosphorylation, protein translation and
calcium signaling (Focking et al, 2016). In another study, PSDs were isolated from the
striatum and hippocampus of control and SHANK3 mutant mice, and label-free MS was
used to compare the proteomes of each brain region and genotype. They discovered that
although both regions showed significantly altered proteins between controls and
mutants, there were region specific differences in affected pathways (Reim et al., 2017).
Quantitative proteomics can also be used to analyze PTMs through specific purification
methods prior to MS. PTMs are important regulators of protein function and activity and
play a role in neurological disorders (Arrington et al., 2017; Kelley et al., 2019).
Phospho-proteomics maps the global phosphorylation of the proteome, and can be used to
not only identify new phosphorylation sites on proteins but also quantitatively compare
the phosphorylation status of proteins from multiple samples. SILAC-MS of enriched
phospho-peptides from mouse Fmr1 KO mouse embryonic fibroblasts revealed multiple
changes to the MAPK, mTOR, Wnt, and p53 signaling pathways (Matic et al., 2014).
Overall, quantitative proteomics has led to the discovery of many new NDD-pathways

and allowed for spatial and temporal analysis of the proteomes of NDD models.
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1.4.4 Identifying protein interaction networks (PINs) using proximity-labeling
proteomics

Interactions between proteins regulate the complexity of cellular signaling pathways and
interactions between those pathways. As mentioned previously, interactions between
genetic variants and associated pathways are thought to underlie NDD etiology and can
explain some of the complexity of these disorders. Conventional proteomic methods are
suitable for studying the global proteome of a system and measures relative levels of
proteins. However, studying protein interaction networks can provide information on how
proteins functionally interact with each other in particular cellular compartments and
contexts and can help formulate new hypotheses about protein function.

The traditional method for studying protein interactions is the yeast two hybrid (Y2H)
screen, which employs the use of a bait and a library of prey proteins. When a bait and
prey fragment come within a certain proximity of each other, this allows for the
transcription and expression of a reporter gene that can be observed in the yeast.
However, this method is inherently biased because of the use of a prepared library and is
typically used to confirm direct binding of proteins. This method is also not adapted for
use in other eukaryotic systems (Mehla et al., 2017). Co-immunoprecipitation involves
the use of an antibody against a protein of interest to pull down the protein from a lysed
sample of cells or tissue. An antibody against a presumptive protein interactor is used to
detect if it was pulled down with the protein of interest. This method can be used in both
cells and tissue samples, making it more versatile than Y2H. Additionally,

immunoprecipitation (IP) can be paired with quantitative mass spectrometry on the
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affinity purified sample (Morris et al., 2014). However, because affinity purification
occurs after cell lysis, protein degradation and interaction strength changes can occur
depending on lysis conditions. Additionally, the quality of the antibody can be extremely
variable and can greatly affect the sensitivity of the experiment. Other methods, such as
the proximity ligation assay (PLA) allow for endogenous visualization of protein
interactions, allowing for spatial resolution of protein interactions. However, this method
also relies on the availability of appropriate antibodies and is low-throughput (Weibrecht
et al., 2010).

Proximity-dependent labeling coupled to MS has become a valuable method for
identifying protein-protein interactions (PPIs) in living cells. This method allows for the
detection of endogenous protein interaction networks (PINs) in live cells by
enzymatically labelling proteins prior to harvesting, followed by mass spectrometry (MS)
(Han et al., 2018). Labelling in vivo reduces artifacts that can occur with traditional IP
methods due to the presence of detergents and protein degradation during lysing steps.
Proximity labeling is able to identify weak and transient interactions, which are typically
hard to capture using traditional techniques. The two most widely used proximity labeling
techniques that have been developed both rely on labeling of proximal proteins with
biotin (Figure 4). Biotin shows strong affinity for streptavidin, allowing for efficient
affinity capture following labeling (Sano et al., 1998). The first method that was
developed involves the tagging of a protein of interest with the engineered BirA* biotin
ligase (BiolD) with a catalytic site mutation that allows it to nonspecifically tag proteins

in close proximity with biotin (Roux et al., 2012). Another method was subsequently
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developed which involves the tagging of a protein of interest to the engineered ascorbate
peroxidase (APEX) (Rhee et al., 2013). BirA* uses ATP to create active biotin that labels
lysine residues, while APEX uses biotin-phenol that is activated by hydrogen peroxide
and labels tyrosine residues (Roux et al., 2012; Hwang & Espenshade, 2016). APEX and
BiolD have been used to map cellular compartments and signaling pathways in
mammalian cells lines such as HEK293 cells (Fazal et al., 2019; Liu et al., 2018; Roux et
al., 2012; Schopp & Bethune, 2018;Youn et al., 2018). Two studies have used APEX on
cultured cortical neurons and have been used to identify novel proteins in the synaptic
cleft and subcellular localization of RNA (Fazal et al., 2019; Ting et al., 2016). To date,
there are three studies that have utilized BiolD in the brain or cultured neurons. Two
studies delivered BiolD-tagged synaptic proteins virally in vivo using adeno-associated
virus (AAV); one mapped excitatory and inhibitory synaptic proteomes in the mouse
brain while the other characterized the interactome of a novel regulator of the
cytoskeleton at the synapse (Spence et al., 2019; Uezu et al., 2016). The most recent study
used AAV packaged BiolD constructs to map the axon-initial segment (AIS) proteome in
cultured mouse cortical neurons (Hamdan et al., 2020). While BiolD constructs can be
introduced in vitro using either lentivirus or AAV, in vivo BiolD requires the use of AAV
with small packaging size limitations, preventing the study of larger proteins. Many large
scaffolding proteins and receptors are implicated in neuronal function and NDDs,
highlighting the importance of packaging size considerations when designing BiolD

experiments.
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Although APEX and BiolD are powerful tools for identifying PPIs, they each have their
own advantages and limitations. APEX cannot be used in vivo due to toxicity of the
biotin-phenol activator hydrogen peroxide. Additionally, APEX labels tyrosine residues,
which are among the least abundant amino acids in proteins and therefore can result in
missed labeling (Rhee et al., 2013). Alternatively, BiolD requires only ATP and biotin,
and labels one of the most common amino acids, lysine. However, BiolD has been shown
to have reduced activity in the endoplasmic reticulum compared to other proximity
labeling methods (May et al., 2020). BiolID can be used in in vitro or in vivo models and,
because lysine is one of the most common amino acids, has a higher chance of labeling
more proteins within its active biotinylation radius (Roux et al., 201). However, the
incubation and label time required for BiolD is much longer compared to APEX (hours vs
minutes) (Chen, 2017). For this reason, BioID is more suitable for identifying a history of
interacting proteins, while APEX can capture more dynamic changes in protein
interactions. A newer version of BiolD, called TurbolD, allows biotin labeling within a
10-min time frame, creating the opportunity to study dynamic changes in PINs in vivo
and in vitro (Branon et al., 2013). Therefore, the appropriate proximity-labeling technique

varies greatly depending on the specific question being asked.

1.4.5 Applying next-generation sequencing (NGS) and omics to CNV analysis
Studying CNVs poses a unique challenge given that multiple genes are affected. In order
to pinpoint disease driving genes within these deletions or duplications, hypotheses are

traditionally formed based on the existing literature. However, this method is inherently
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biased and precludes the identification of novel genes involved in brain development and
NDD etiology. A less biased alternative is to use CRISPR-Cas9 technology to knock each
of these affected genes out in a wildtype background and asses phenotypes related to the
full CNV; if any individual gene or combination of gene KOs result in a similar
phenotype, it suggests that these genes may be disease-driving. Similarly, rescue
experiments can be done by re-introducing each gene individually to cells containing the
full deletion. However, for CNVs with many genes, this approach is slow, labor intensive
and very expensive.

One way to provide a fast and unbiased starting point for investigation is to use
bioinformatic methods to predict which genes in the deletion may be important. In 2014,
Dr. Stephen Scherer’s team at SicKids (Toronto, CA) devised an algorithm that identifies
so-called brain-critical exons (Uddin et al., 2014). These exons are expressed highly in
the brain, are protected from accumulation of deleterious mutations in healthy individuals
and are enriched for deleterious mutations in ASD individuals. This tool can therefore be
used to pinpoint potential disease driving genes in CNVs and has been applied to
determine which genes could be driving disease phenotypes in NDDs (Wassman et al.,
2019). Another method is to analyze WGS and WES from NDD families and determine if
any of the genes in the deletion contain likely protein disrupting de novo mutations, as
these genes have a higher likelihood of being important for disease etiology (Guo et al.,
2018; Turner et al., 2017). Another approach is to use omics-based methods to support
literature-based hypotheses regarding putative disease-driving genes in a CNV. For

example, proteomic analysis identified altered mitochondrial pathways in a 22q11.2
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microdeletion mouse model, in which 9 out of 30 deleted genes are known mitochondrial
genes, supporting the hypothesis that some or all of these genes may play a role in this
CNV model.

Once one or more disease driving genes are identified, a new challenge arises; if the there
1s little to no literature on the molecular and cellular function of the protein product of the
identified gene(s), it may be hard to develop appropriate hypothesis-based experiments.
This is where discovery-based experimental designs can be very useful. For example, a
genetic mouse model of the protein of interest can be developed and can be compared to a
full CNV mouse model to validate the role of disease-driving genes in the CNV
phenotype. To understand the molecular underpinnings of altering the dosage of this
gene, proteomics can be performed to gain an unbiased global understanding of the
signaling pathways that are affected in the model. Additionally, proximity-labeling
proteomics can be performed for the protein of interest to identify molecular targets and
to investigate convergence with known NDD associated pathways. Using a combination
of these tools can greatly accelerate the identification and study of novel disease-driving

genes in NDDs, leading to molecular targets for future therapeutic development.

1.5 Thesis Objectives
The overall objective of my PhD thesis was to identify and study novel molecular
mechanisms and signaling pathway interactions involved in brain development and NDD

etiology. I employed the use of a variety of cellular, biochemical and discovery-based
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methods to accomplish this. This objective was further divided into three broad aims,

which will be the focus of the following three chapters in this dissertation.

Aim 1: My first aim was to investigate the novel interaction between two high confidence
schizophrenia-linked signaling pathways regulating the development of cortical inhibitory
neurons. Neuregulin-1 (NRG1) and its receptor ErbB4 are SZ risk genes with established
roles in cortical inhibitory neuron development, but the downstream mechanism of
regulation had not been fully explored (Buonanno, 2010; Fazzari et al., 2010; Mei et al.,
2008). Disrupted in Schizophrenia 1 (DISC1) is another well-established schizophrenia
risk gene that was first discovered in a Scottish pedigree with a high prevalence of
schizophrenia and other psychiatric disorders as a balanced translocation between
chromosomes 1 and 11 (1g42.1;11q14.8) (Brandon & Sawa, 2011; Chubb et al., 2008;
Millar et al.,2000). Although DISC1 had not been specifically studied in cortical
inhibitory neurons, previous studies suggested that it may play a role in this cell type (Lee
et al., 2013). Using techniques such as inhibitory-neuron specific shRNA mediated
knockdown, quantitative immunofluorescence, co-immunoprecipitation and PLA, we
elucidated a functional and physical interaction between DISC1 and Nrgl-ErbB4.
Specifically, we showed that NRG1-ErbB4 signaling functions through DISC1 to regulate
the development of dendrite growth and excitatory synapse formation onto inhibitory
neurons using inhibitory neuron-specific expression of a dominant negative DISCI
mutant that models the Scottish mutation. This work was published in Neural Plasticity in

October 2016 and I am the first author of this study.
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Aim2: My second aim was to characterize neurodevelopmental phenotypes in a mouse
model of the 15q13.3 microdeletion and to pinpoint disease-driving genes in this CNV.
The 15q13.3 microdeletion is a recurrent CNV that is associated with intellectual
disability (ID), epilepsy, developmental delay (DD), schizophrenia and ASD
(Pagnamenta et al., 2009; Shinawi et al., 2009; Stefansson et al., 2008). Although a
mouse model of this CNV had been behaviourally characterized, there were no studies
investigating the neurodevelopmental or synaptic impacts, nor were there any candidate
driver genes (Fejgin et al., 2014). We discovered that pyramidal neurons from the
15q13.3 microdeletion mouse model displayed immature neuronal morphology and
altered forebrain development signaling pathways. Through a collaboration with Dr.
Stephen Scherer’s lab (SickKids Hospital, Toronto, CA), we used genetic and
bioinformatic techniques to pinpoint one of the genes, OTUD7A, as a potential disease-
driving gene in the 15q13.3 microdeletion. Further, rescue experiments revealed that
OTUD7A, but not an ASD-associated de novo OTUD7A mutation, was sufficient to
rescue neurodevelopmental phenotypes in this model. The results of this work were
published in The American Journal of Human Genetics (AJHG) in February 2018. [ am a
co-first author on this study, along with Dr. Mohammed Uddin who was a postdoctoral
fellow in Dr. Stephen Scherer’s lab at the time. Our study, along with a co-published
study from Dr. Christian Schaaf’s lab led to the inclusion of OTUD7A4 as a category 2

SFARI ASD risk gene.
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Aim 3: Finally, in my third aim, we further investigated the molecular function of the
159.13.3 microdeletion driver gene OTUD7A in neurons. OTUD7A encodes a
deubiquitinase which removes ubiquitin molecules from target proteins (Mevissen et al.,
2013). However, OTUD7A has not been previously studied in the brain. Using proximity
proteomics, we compared the protein interactome of OTUD7A and two NDD-associated
De Novo OTUD7A mutations. We discovered that the OTUD7A protein interaction
network was enriched for proteins localized to the postsynaptic density and the AIS, and
that patient mutations had shared and distinct effects on the OTUD7A protein
interactome. One of the top BiolD2 hits was ANK3, a high-confidence bipolar and ASD
risk gene which encodes the scaffold protein AnkyrinG, which plays important roles at
the AIS and dendritic spines (Luoni et al., 2016; Smith et al, 2014). Biochemical
experiments in brain samples confirmed binding between OTUD7A and AnkyrinG, and
we showed that AnkyrinG levels are decreased in dendritic spines and dendrites of
15q13.3+/- neurons. We were also able to rescue synaptic phenotypes in the 15q13.3
microdeletion mouse model through re-expression of AnkyrinG or targeting an AnkyrinG
associated pathway. The results of this study are currently being prepared for submission

to Nature Genetics.
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Figure 1. Schematic of Human Brain Development

Brain development occurs through a series of overlapping events from conception
through to adulthood. Early processes such as neurulation, neuronal proliferation and
migration are complete by birth. Processes such as Synaptogenesis, apoptosis (pruning)
and myelination begin before birth and continue into adulthood. Figure adapted from Tau

& Peterson, 2010.
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Figure 2. Mechanisms underlying excitation/inhibition imbalance in

neurodevelopmental disorders. (A) The formation and maintenance of neuronal

connectivity requires the proper development and function of specialized neuronal

structures: synapses, dendrites, and axons. (B) Excitatory/ inhibitory balance is

maintained through the interplay between excitatory and inhibitory neuron function.

Alterations of the processes shown in (A) and (B) have been found in models of ASD risk

genes. Figure adapted from Culotta & Penzes, 2020.
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Figure 3. Diverse dendritic spine pathology in neurodevelopmental disorders.

Dendritic spines are formed during early development, followed by an elimination

process known as pruning, after which spines are largely maintained into adulthood.

Dendritic spines go through dynamic morphological changes during development and are

classified into 4 morphological groups: Mushroom (mature), stubby (immature), thin and

filopodia. Alterations to dendritic spines during spine formation, pruning and

maintenance have been observed in neurodevelopmental disorders. Figure adapted from

Phillips & Pozzo-Miller, 2014.
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Figure 4. Proximity-labeling proteomic methods. (A) BioID involves the tagging of a
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protein of interest (POI) to the promiscuous biotin ligase BirA*. Addition of biotin leads
to the creation of the reactive intermediate biotinyl-5’-AMP that targets lysine residues on
proximal proteins. (B) APEX involves the tagging of a POI to a peroxidase, and addition
of hydrogen peroxide leads to the creation of a reactive intermediate that targets tyrosine
resides on proximal proteins. Tagged proteins from either method can be pulled down
with streptavidin beads, digested and identified through mass spectrometry. Figure

adapted from Ummethum & hamper, 2020.

41



PhD Thesis - Brianna Unda McMaster University - Biochemistry

CHAPTER 2: NEUREGULIN-1 REGULATES CORTICAL INHIBITORY NEURON

DENDRITE AND SYNAPSE GROWTH THROUGH DISC1

Brianna K. Unda,'? Vickie Kwan,'* and Karun K. Singh!?

IStem Cell and Cancer Research Institute, McMaster University, Hamilton, ON, Canada
L8S 4K1

’Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton,
ON, Canada LSS 4K1

Correspondence should be addressed to Karun K. Singh; singhk2@mcmaster.ca Received

16 April 2016; Revised 5 July 2016; Accepted 5 September 2016 Academic Editor:
Andreas M. Grabrucker

Copyright © 2016 Brianna K. Unda et al. “This is an open access article distributed under
the Creative Commons Attribution License, which permits unrestricted use, distribution,

and reproduction in any medium, provided the original work is properly cited.”

PREFACE

This manuscript was published in Neural Plasticity on October 25, 2016. It has been
slightly modified to match the formatting of this thesis. Dr. Karun Singh and Brianna
Unda designed the study. All experiments were performed by Brianna Unda, with
assistance from Vickie Kwan. Data were analyzed and figures were prepared by Brianna

Unda. Brianna Unda and Dr. Karun Singh wrote the manuscript.

42



PhD Thesis - Brianna Unda McMaster University - Biochemistry

ACKNOWLEDGEMENTS

The authors would like to thank Dr. Gordon Fishell for the DLX5/6-GFP construct and
Dr. Graziella Di Cristo for the Pgs7-GFP construct. This work was supported by grants
from Natural Sciences and Engineering Research Council of Canada (NSERC), the J. P.

Bickell Foundation, and the Scottish Rite Charitable Foundation to Karun K. Singh.

43



PhD Thesis - Brianna Unda McMaster University - Biochemistry

2.1 ABSTRACT

Cortical inhibitory neurons play crucial roles in regulating excitatory synaptic networks
and cognitive function and aberrant development of these cells have been linked to
neurodevelopmental disorders. The secreted neurotrophic factor Neuregulin-1 (NRG1)
and its receptor ErbB4 are established regulators of inhibitory neuron connectivity, but
the developmental signalling mechanisms regulating this process remain poorly
understood. Here, we provide evidence that NRG1-ErbB4 signalling functions through
the multifunctional scaffold protein, Disrupted in Schizophrenia 1 (DISC1), to regulate
the development of cortical inhibitory interneuron dendrite and synaptic growth. We
found that NRG1 increases inhibitory neuron dendrite complexity and glutamatergic
synapse formation onto inhibitory neurons and that this effect is blocked by expression of
a dominant negative DISC1 mutant, or DISC1 knockdown. We also discovered that
NRGI treatment increases DISC1 expression and its localization to glutamatergic
synapses being made onto cortical inhibitory neurons. Mechanistically, we determined
that DISC1 binds ErbB4 within cortical inhibitory neurons. Collectively, these data
suggest that a NRG1-ErbB4-DISCI1 signalling pathway regulates the development of
cortical inhibitory neuron dendrite and synaptic growth. Given that NRG1, ErbB4, and
DISCI1 are schizophrenia- linked genes, these findings shed light on how independent risk
factors may signal in a common developmental pathway that contributes to neural

connectivity defects and disease pathogenesis.
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2.2 INTRODUCTION

Proper functioning of the central nervous system requires a fine balance between
excitatory and inhibitory neurotransmission [1]. Cortical inhibitory neurons, classified by
their expression of the inhibitory neurotransmitter gamma aminobutyric acid (GABA),
comprise 10-25% of neurons in the cortex and are the primary source of inhibition [2].
Cortical inhibitory neurons play major roles in neural development and are important for
processes such as fine-tuning of glutamatergic synapse formation and function and
defining the timing of critical periods of experience-dependent neural plasticity in the
developing brain [3, 4]. Cortical inhibitory neurons are also regulators of high frequency
gamma oscillations, which are thought to underlie cognitive processes such as working
memory and attention [5—7]. There is also abundant evidence that deficits in the
development and function of cortical inhibitory neurons are involved in
neurodevelopmental disorders such as epilepsy, schizophrenia, and autism spectrum
disorders (ASDs) [1, 8—13]. Therefore, understanding the molecular pathways that
regulate inhibitory neuron development may shed light on how their function is disrupted
in these disorders. In this regard, the morphological development of cortical inhibitory
neurons is governed by both extracellular (e.g., neuronal activity [14] and NRG1 [15-17])
and intracellular signalling molecules (e.g., the distal-less homeobox (DIx) family of
transcription factors [18]), which regulate the branching of dendrites and formation of
synapses. However, the underlying signalling pathways governing inhibitory neuron
development and, consequently, how these processes may be affected in

neurodevelopmental disorders are still poorly understood.
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Multiple studies have implicated a crucial role for the Neuregulin-1- (NRG1-) ErBb4
signalling pathway in the development of cortical inhibitory neurons. Furthermore,
several linkage and genetic association studies have identified the genes encoding both of
these proteins as risk factors for schizophrenia [19-23]. NRG1 is a neurotrophic factor
that binds to and activates the ErbB family of receptor tyrosine kinases on target neurons
[24, 25]. In the mouse cortex, ErbB4 is predominantly expressed in GABA-ergic
inhibitory neurons, with lower expression levels in excitatory neurons [17, 26—28].
Biological functions of the NRG1-ErbB4 signalling pathway in inhibitory neuron
development include processes such as neuronal migration, dendrite growth, synapse
formation, and neurotransmitter receptor expression [15, 16, 29-31]. For example,
application of NRG1 to cortical neuronal cultures results in increased dendrite growth and
excitatory synaptogenesis onto inhibitory neurons [15, 16], and inhibitory neuron-specific
ErbB4 knockout mice display decreased excitatory synaptogenesis onto cortical
inhibitory neurons [30]. One of the mechanisms by which NRG1-ErbB4 signalling
regulates these processes is through activation of Kalirin-7, a gene previously implicated
in schizophrenia [15, 32, 33]. However, there is little known about other signalling
molecules downstream of NRG1-ErbB4 in this con- text. Disrupted in Schizophrenia 1
(DISCT1) is another putative schizophrenia risk gene [34—41], and many lines of evidence
suggest that it may functionally and/or physically interact with the NRG1-ErbB4
signalling pathway [15, 17, 30, 40—47]. DISC1 was first identified as a balanced
translocation between chromosomes 1 and 11 (1g42.1; 11q14.8) in a Scottish pedigree

with a high prevalence of schizophrenia and other psychiatric disorders [32, 33]. The
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functional consequence of this translocation is unknown. Previous studies suggest that it
may work as a dominant negative protein [48—50], while another study suggests the
disease mechanism may be haploinsufficiency [51] with the possibility of novel
transcripts being generated due to the translocation [52]. The DISC1 gene encodes a
scaffold protein that is expressed in the developing and adult brain and shares many roles
in neurodevelopment with the NRG1-ErbB4 pathway [15, 46, 48, 50, 53, 54]. Conditional
inhibitory neuron-specific ErbB4 knockout mice and DISCI1 genetic mouse models
display similar morphological deficits in brain development as well as behavioural
phenotypes such as abnormal sensorimotor gating, working memory, and sociability [17,
30, 4043, 50]. Additionally, ErbB4 and DISC1 share common binding partners at the
postsynaptic density of excitatory synapses (e.g., postsynaptic density-95 (PSD95) and
Kalirin-7) suggesting that they may physically or functionally interact [15, 44, 45]. A
study by Seshadri and colleagues demonstrated that treatment of primary mouse cortical
neurons with NRG1 increased DISC1 expression in the neurites of cortical neurons [49].
However, this effect was primarily mediated by ErbB2/3, suggesting that a novel NRGI-
ErbB2/3 pathway regulates DISCI1 expression in cortical excitatory neurons [49]. More
recently, a study by the Sawa laboratory demonstrated that, in the mature mouse cortex,
there is a functional relationship between NRG1, ErbB4, and DISCI in the regulation of
synaptic plasticity in inhibitory neurons [55]. However, whether this relationship is
established during inhibitory neuron development and how the Scottish DISC1 mutation

impacts this process have not been experimentally interrogated.
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Here, we show that NRG1 functions through DISCI to regulate the development of
dendrite growth and excitatory synapse formation onto inhibitory neurons using
inhibitory neuron-specific expression of a dominant negative DISC1 mutant that models
the Scottish mutation. Furthermore, we provide evidence that treatment of primary mouse
cortical cultures with NRG1 increases DISCI levels and localization to glutamatergic
synapses in the primary dendrites of inhibitory neurons. Finally, we provide evidence that
ErbB4 binds to DISC1, suggesting that, in developing inhibitory neurons, NRG1-ErbB4
signals through DISCI. Together these results show that two candidate schizophrenia risk
pathways functionally interact to regulate the development of cortical inhibitory neuron

morphology.

2.3 MATERIALS AND METHODS

Antibodies and Constructs

The following primary antibodies were used in this study: goat anti-DISC1 N-terminus
(N-16) (Santa Cruz Biotechnology; IF/PLA 1 : 100, WB 1 : 500), rabbit anti-ErbB4 C-
terminus (C-18) (Santa Cruz Biotechnology; PLA 1 : 100, WB 1 : 100), guinea pig anti-
VGLUTI1 (EMD Millipore; IF 1 : 1000, WB 1 : 3000), anti-GAD65&67 (Millipore; 1 :
1000), mouse anti-GFP (Santa Cruz Biotechnology; IP 1 : 1000), rabbit anti-f-actin (Cell
Signaling Technologies; IB 1 : 1000), anti-mouse IgG (IP 1 : 1000), and chicken anti-
GFP (Aves Labs Inc.; IF 1 : 1000). All secondary antibodies (anti-goat cy5, anti-guinea
pig cy3, and anti-chicken 488; Jackson ImmunoResearch; IF 1 : 500, anti-rabbit-HRP,

anti- mouse-HRP; GE Life Sciences; IB 1 : 5000) were raised in donkey. The DLX5/6-
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GFP construct was a gift from De Marco Garcia et al. [14]. The control shRNA, DISC1
shRNA, and DISC1-GFP constructs were created as described previously [56]. The
PG67-GFP construct was a gift from Dr. Graziella Di Cristo [57, 58]. The PG67-
DISCI1FL and PG67-DISCIDN constructs were generated by GeneArt (Life
Technologies). The full-length mouse DISC1 gene (DISC1FL) (RefSeq NC 000074.6)
and a C-terminal truncated mutant in which the C-terminal 257 amino acids are deleted
(DISC1DN) [50] were assembled from synthetic oligonucleotides and/or PCR products.
Each fragment was cloned separately into the PG67-GFP vector (kanR) using Pacl and
Pmel cloning sites, resulting in constructs containing the promoter of GAD67 upstream of
the DISCIFL or DISC1DN coding sequence. The plasmid DNA was then purified from
transformed bacteria. The ErBb4 plasmid and ErbB4 KD plasmid were gifts from
Yardena Samuels (pcDNA3.1-ErbB4: Addgene plasmid #29527, pcDNA3.1- ErbB4

kinase dead: Addgene plasmid #29533).

Cell Culture, Transfection, and Treatment

Primary cortical neurons were cultured as follows. Cortices were dissected out of CD1
mouse (Charles River) embryonic brains at E16. Dissociation was aided by incubation in
0.3 mg/mL Papain (Worthington Biochemical)/400 U/mL DNase I (Invitrogen) in 1x
Hanks Buffered Saline Solution (HBSS) for 20 minutes at 37°C, followed by light
trituration. Cells were seeded onto 0.1 mg/mL Poly-D-Lysine (BD Sciences)/3.3 ug/mL
Laminin (Sigma)-coated cover slips (Matsunami) in 12-well plates at a density of ~0.8-1

X 109 cells/well in plating media containing Neurobasal medium, 10% Fetal Bovine
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Serum, 1% Penicillin/Streptomycin, and 2 mM L-Glutamine (Invitrogen). After 1.5 hours,
media was changed to serum-free feeding media containing Neurobasal medium, 2% B27
supplement, 1% Penicillin/Streptomycin, and 2 mM L-Glutamine. At DIV2—4, cultures
were treated with 1 uM Cytosine f-D-arabinofuranoside hydrochloride (Ara-C) (Sigma) to
inhibit glial cell proliferation. Cultures were maintained at 37°C, 5% CO,. All media
components were from Gibco unless otherwise specified. Transfections were performed at
DIV7 using Lipofectamine LTX and Plus reagents (Invitrogen) according to the
manufacturer’s instructions.

HEK 293 FT cells were cultured in Dulbecco’s Modified Eagle Medium (Fisher
Scientific) supplemented with 10% FBS and 1% Glutamax (Fisher Scientific) and were
passaged every 2—4 days. HEK 293 FT cell transfections were performed using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Primary neurons were treated with 5 nM Recombinant Human NRG1£1/HRG181 EGF
Domain (R&D Systems) dissolved in phosphate-buffered saline (PBS) on DIV19 and an
equal volume of PBS was used as a vehicle control. For western blotting, primary cortical
cultures were treated with 5 nM NRG1 on DIV3 and 4, and scraped into lysis buffer on
DIVS. For Duolink Proximity Ligation Assays, cells were treated with NRG151 or PBS
for 5 minutes prior to fixation. HEK 293 FT cells were treated with 10 nM Human
NRGI1S1/HRG181 EGF Domain for 5 minutes at 37°C. Following treatment, cells were

placed on ice, washed with ice-cold PBS, and scraped into lysis buffer.

Coimmunoprecipitation and Western Blotting
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Protein lysates were prepared by cell scraping in lysis buffer (150 mM NacCl, 1% Triton
X-100, 50 mM Tris-Cl, and cOmplete mini protease inhibitor cocktail (Roche). 25 uLL
protein G dynabeads (Fisher Scientific) were incubated with 5 ug primary antibody or
IgG control antibody for 1 h at 4°C. Lysates were then incubated with the bead-Ab
conjugate for 1 h at 4°C. The beads were then washed three times with lysis buffer and
then boiled in sample buffer for 5 minutes. For western blotting, 20 uL. of sample was
loaded in a 8% Tris-Glycine gel and run at room temperature, followed by transfer to a
PVDF membrane (Thermo Scientific). Membranes were blocked for 1 h in 3% milk in 1x
TBST and incubated with primary antibody overnight and then with secondary antibody
(donkey anti- mouse or anti-rabbit HRP, GE Healthcare) for 1 h at room temperature

before exposure using a ChemiDoc MP system (BioRad).

Immunocytochemistry and Quantification

On DIV21, cells on glass cover slips were fixed in 4% formaldehyde in PBS for 20
minutes at room temperature. Cells were washed in PBS, followed by blocking in
Blocking/Permeabilization solution consisting of 10% Donkey Serum (Cedarlane) and
0.3% Triton X-100 (Fisher Scientific) in PBS for 1 hour at room temperature. Incubation
in primary antibodies was performed at 4°C overnight with gentle agitation. Cells were
then washed in PBS, followed by incubation with secondary antibodies in 50%
Blocking/Permeabilization solution at room temperature with gentle agitation for 1.5
hours. Cells were then washed in PBS and were mounted on VistaVision glass

microscope slides (VWR) using Prolong Gold antifade reagent (Life Technologies).
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Cover slips were allowed to dry overnight before being imaged on a Zeiss LSM700
confocal microscope. For puncta analyses, images were manually thresholded using
ImageJ such that each image within an experiment was thresholded to the same value.
The “Particle Analysis” tool in ImageJ was used to count the number of individual puncta
from the cell body and two to three dendritic sections per cell (10-40 um?) of primary
dendrites adjacent to the cell body. Sholl analysis was performed in ImagelJ. The Straight
Line tool was used to draw a line 200 um in length starting from the centre of the soma.
The Sholl analysis plugin (http://labs.biology.ucsd.edu/ghosh/software/Sholl Analysis.pdf)
was used to make concentric circles increasing at a constant radius of 10 um and to count

the number of intersections.

Duolink Proximity Ligation Assay (PLA)

The PLA was performed using Duolink /n Situ Red reagents (Sigma). Cortical
neurons were seeded onto poly-D-Lysine/Laminin- coated cover slips in 24-well plates
(~3.5 x 10° cells/well) or 12-well plates (~1 x 10° cells/well). After treatment on DIV21,
the cortical neurons were fixed with 4% formaldehyde in PBS at room temperature for 20
minutes. Cells were washed in 1x PBS 3 times, 8 minutes each, followed by blocking in
Blocking/Permeabilization solution consisting of 10% Donkey Serum (Cedarlane) and
0.3% Triton X-100 (Fisher Scientific) in PBS for 1 hour at room temperature. Incubation
in primary antibodies was performed at 4°C overnight with gentle agitation. Primary
antibodies were omitted in the control PLA condition. Samples were washed in 1x Wash

Buffer A (supplied with the kit) at room temperature 2 times, 5 minutes each, followed by
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incubation with a mixture containing the two PLA probes diluted in 50%
Blocking/Permeabilization Solution in a humidified chamber at 37°C for 1 hour. The cells
were again washed in 1x Wash Buffer A at room temperature 2 times, for 5 minutes. The
ligation reaction was performed in a humidified chamber at 37°C for 30 minutes,
followed by washing in 1x Wash Buffer A 2 times, 5 minutes each. The cells were then
incubated with the amplification- polymerase solution for 100 minutes at 37°C in a
darkened humidified chamber. The cells were then washed with 1x Buffer B (supplied
with the kit) 2 times, 10 minutes each, followed by a 1 minute wash with 0.01x buffer B
at room temperature. Cover slips were then mounted onto VistaVision glass microscope
slides (VWR) using mounting media with DAPI (supplied with the kit). Images were
acquired on a Zeiss LSM700 confocal microscope using a 63x objective. The PLA signal
density (identified as red dots) was quantified in the cell body and 3 primary dendrites per
cell from manually thresholded maximum intensity projections of three to seven Z-stacks

(1 um step size) per image using ImageJ.

Statistical Analysis

Quantified data are presented as mean + SEM and analyzed using GraphPad PRISM 6.
Statistical comparisons between two groups were made using unpaired student’s t-tests.
Comparisons between multiple groups were made using one-way analysis of variance
(ANOVA), with Tukey’s post hoc tests to identify significant differences between groups.

Probability (p) values of less than 5% were considered significant.
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2.4 RESULTS

2.4.1 shRNA Knockdown of DISCI Inhibits NRG1-Mediated Dendrite and Excitatory
Synapse Growth of Cortical Inhibitory Neurons

We used mixed primary cortical neuron cultures derived from E16/17 mouse embryos as
our model system, which contains both excitatory and inhibitory neurons. To label and
identify cortical inhibitory neuron, we transfected cultured neurons with a plasmid that
expresses green fluorescent protein (GFP) under an enhancer element of the distal-less
homeobox (DLX) 5 gene, which is expressed in the majority of forebrain inhibitory
neurons [14]. We then cotransfected previously validated control shRNA or DISC1
shRNA plasmids together with DLX5/6-GFP into day in vitro (DIV) 7 neurons [56]. We
treated cultures with NRG1 (or PBS control) for two days beginning at DIV19 and
analyzed cells at DIV21. We found that knocking down DISC1 expression caused no
change in the puncta density of the excitatory presynaptic marker, vesicular glutamate
transporter 1 (VGLUT1), in both the cell body and primary dendrites compared to control
shRNA-treated neurons (Supplementary Figures 1A—C in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/7694385). Furthermore, we found that
the control shRNA-expressing neurons treated with NRG1 showed an increase in
VGLUT]1 puncta density in the primary dendrites, in line with a previous report [16]
(Figures 1(a) and 1(c)). To determine if DISC1 plays a role in this process, we knocked
down DISC1 in neurons treated with NRG1 and discovered that the NRG1-mediated
increase in VGLUT1 puncta density was completely abolished (Supplementary Figures

1A-C).
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Next we determined if NRG1 regulates dendritic growth of cortical inhibitory neurons
through DISC1. Using the same cultures for analysis, we imaged the complete dendritic
morphology of individual GFP-labelled cortical inhibitory neurons. Using Sholl analysis,
we determined that knocking down DISCI led to a decrease in dendritic morphology in
PBS-treated cells (Supplementary Figures 1D—F). Furthermore, we determined that
NRGI treatment for two days led to an increase in dendritic morphology, which was
abolished when DISC1 expression was decreased using shRNA (Supplementary Figures
1D-F). Taken together, these results suggest that NRG1 regulates the dendritic and
synaptic growth of cortical inhibitory neurons and requires DISC1 expression to mediate

these effects.

2.4.2 NRG1 Regulates DISC1 Expression and Localization to Glutamatergic Synapses
in Cortical Inhibitory Neurons

The results in Supplementary Figure 1 suggest that NRG1 regulates cortical inhibitory
dendrite and synapse growth; however, a caveat of these experiments is that DISC1 was
knocked down nonspecifically in both excitatory and inhibitory neurons since we used
cultures. Therefore, in our subsequent experiments we specifically manipulated DISC1
levels in cortical inhibitory neurons with a construct that uses the glutamic acid
decarboxylase (GAD67) promoter to drive separate expression of GFP and DISC1 (Pge7-
GFP). GADG67 is expressed in all forebrain GABA-ergic neurons as it is the rate-limiting
enzyme in the conversion of glutamate to GABA [59]. Furthermore, it has been

reported that the majority of DLXS5-expressing cortical inhibitory neurons also express
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GADG67 [14]. Immunostaining of cortical cultures transfected with Pgs7-GFP confirmed
that GFP-positive neurons expressed endogenous GAD67 (Figure 1(a)). Given the
potential relationship between NRG1 and DISCI1 we uncovered, we wanted to determine
if NRGI treatment specifically regulates DISC1 expression in cortical inhibitory neurons.
It has been previously shown that NRG1 treatment of cortical neuron cultures leads to an
increase in DISC1 levels via an ErbB2/3-mediated mechanism, most likely reflecting
DISCI1 levels in excitatory neurons as they make up 80—-90% of cortical neuron cultures
[49]. Therefore, we hypothesized that NRG1 also regulates DISC1 expression levels and
localization specifically within inhibitory neurons. Using quantitative
immunofluorescence, we first detected that two days of NRG1 treatment (starting at
DIV19) of developing cultures caused a significant increase in DISC1 levels in the
primary dendrites and the cell body of DIV21 cortical inhibitory neurons compared to
vehicle treatment (PBS) (Figures 1(b), 1(c), and 1(f)), suggesting that the growth effects
of NRG1 on inhibitory neurons may require DISC1. Given this result, we next asked
whether the NRG1- induced increase in DISC1 expression is localized to excitatory
synapses on inhibitory neurons by staining for VGLUT1. The numbers of VGLUT]1 or
double-positive DISC1/VGLUT1 puncta on the cell body and primary dendrites of Pge7-
GFP positive inhibitory neurons were quantified. We found that NRG1 treatment led to a
significant increase in the number of VGLUT1-positive excitatory synapses on both the
cell body and primary dendrites (Figures 1(b), 1(d), and 1(g)). Furthermore, we found a
significant increase in double- positive DISC1/VGLUT1 puncta on the cell body and

primary dendrites on cortical inhibitory neurons (Figures 1(b), 1(e), and 1(h)). These data
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indicate that NRG1 stimulation is sufficient to increase DISC1 levels and localize its
expression to excitatory synapses formed on inhibitory neurons. Additionally, western
blotting of cultured cortical neurons treated with NRG1 on DIV3 and 4 showed a slight
increase in VGLUT1 and DISCI1 levels compared to vehicle (PBS) treated cultures,

although this was not significant (Figure 1(1)).

2.4.3 NRG1 Functions through DISCI to Regulate Glutamatergic Synaptogenesis onto
Cortical Inhibitory Neurons

In the mouse brain, the NRG1 receptor ErbB4 is primarily localized to GABA-ergic
interneurons in the postsynaptic densities receiving glutamatergic input, where it
regulates excitatory synapse formation and maturation [17]. To investigate whether
DISC1 works downstream of NRG1-ErbB4 to regulate excitatory synapse formation onto
cortical inhibitory neurons, we examined VGLUT1 immunofluorescence in primary
cortical cultures. Cortical cultures were transfected with Pgs7-GFP on DIV 7 and treated
with NRGI1 or PBS for two days, starting on DIV 19. Cultures were then fixed and
analyzed on DIV21. Quantification of discrete puncta of VGLUT1 immunoreactivity in
DIV21 cortical inhibitory neurons expressing Pgs7-GFP revealed that NRG1 treatment
caused a significant increase in puncta density on both the cell body and primary
dendrites (Figures 2(b)-2(d)). Coexpression of Pgs7-GFP with a plasmid expressing full
length mouse DISC1 under control of the GAD67 promoter (Pgs7-DISC1FL) revealed
that expression of DISCIFL in inhibitory neurons at baseline conditions (PBS) had no

effect on VGLUT1 puncta density compared to Pgs7-GFP-only controls (Figures 2(b)—
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2(d)). To study the Scottish DISC1 mutation, we used a C-terminal truncated mouse
DISC1 mutant (DISC1DN) (Figure 2(a)). The stop codon of this mutant occurs at the
orthologous region of the translocation breakpoint found in the human DISC1 Scottish
pedigree [50]. When overexpressed in mice, this mutant has been shown to act in a
dominant negative manner by binding to and redistributing wild-type (WT) DISC1,
causing defects in neural migration, dendrite formation, and reduced cortical parvalbumin
levels [50, 53, 54]. We cotransfected Pgs7-GFP with a plasmid expressing DISC1DN
under control of the GAD67 promoter (Pgs7-DISC1DN) and compared its expression to
DISCI1FL in cortical inhibitory neurons and found no gross differences in expression
levels (Figure 2(c)). In subsequent experiments with the DISC1FL and DISCIDN
plasmids, we found that expression of DISCIDN in inhibitory neurons at baseline
conditions (PBS) significantly decreased VGLUT1 puncta on the primary dendrites, but
not in the cell body (Figures 2(d) and 2(e)), suggesting that the DISC1Scottish mutation
impairs excitatory synaptogenesis onto cortical inhibitory neurons at baseline conditions.
We then performed the same experiment in the presence of NRG1 stimulation for 2 days
(starting at DIV19). We discovered that expression of Pgs7-DISCIDN completely blocked
the NRG1-induced increase in VGLUT1 puncta density on both primary dendrite shafts
and the cell body (Figures 2(d) and 2(e)). These data indicate that inhibiting DISC1
specifically in cortical inhibitory neurons blocks NRG1-induced effects on glutamatergic
synaptogenesis. Taken together, these results implicate a cell-autonomous role for NRG1-
DISCI1 signalling in developing cortical inhibitory neurons. However, it is important to

note that while the truncated DISC1 mimics the Scottish mutation discovered in patients,
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our overexpression paradigm does not recapitulate allele heterozygosity as patients have

one intact DISCI allele.

2.4.4 NRG1 Functions through DISCI to Regulate Dendrite Growth in Cortical
Inhibitory Neurons

Given our identification of a developmental relationship between NRG1 and DISC1 in
excitatory synaptogenesis on inhibitory neurons, we examined whether this extends to
neuronal morphology. Although both NRG1 and DISC1 have been found to
independently regulate dendrite growth in cortical neurons, it is still unknown whether
they regulate this process together [15, 48]. Therefore, to elucidate a functional
interaction between NRG1 and DISCI1 in cortical inhibitory neurons dendrite growth, we
examined the effects of expression of Pgs7-DISCIFL or Pgs7-DISCIDN at baseline (PBS)
and NRGI treatment conditions. Cortical cultures were cotransfected with Pgs7-GFP and
either Pge7-DISCIFL or Pgs7-DISCIDN at DIV7. Cultures were then treated with either
NRGI1 or PBS on DIV19 and fixed and analyzed on DIV21. Sholl analysis revealed that,
at baseline conditions, expression of Pgs7-DISCIFL had no significant effect on dendrite
growth, whereas Pgs7-DISC1DN expression significantly decreased

dendrite growth (Figures 3(a)-3(c)). Similar to previous reports, we found that
stimulation of cultures with NRG1 increased inhibitory neuron dendrite growth and
complexity (Figures 3(a)-3(c)). We next asked whether this NRG1- dependent effect
requires DISC1 function. Sholl analysis revealed that expression of Pge7;-DISC1FL or

PGe7-DISC1DN blocked the NRG1-induced effects on dendrite growth, causing a
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significant decrease in dendrite growth compared to the Pgs7 control under NRG1
treatment conditions (Figures 3(a)— 3(c)). These data suggest that the DISC1DN mutant
affects dendrite growth specifically in cortical inhibitory neurons, implicating a cell-
autonomous role of DISC1 in regulating dendrite growth in this cell type. In addition, the
observation that overexpression of either full-length DISC1 or mutant truncated DISCI
inhibited NRG1-induced dendrite growth demonstrates the complexities of NRG1

signalling.

2.4.5 ErbB4 and DISCI Interact in Cortical Inhibitory Neurons

Our data thus far suggest that NRG1 requires DISC1 for certain aspects of inhibitory
neuron dendrite and glutamatergic synapse growth; however, we do not know whether
DISCI1 functions directly downstream of ErbB4, the receptor for NRG1. DISC1 and
ErbB4 share many binding partners at the postsynaptic density [15, 44, 45]; therefore, we
hypothesized that DISC1 may physically interact with ErbB4. A recent study
demonstrated that DISC1 plays a role in regulating the interaction between ErbB4 and the
postsynaptic protein, PSD95 particularly in the mature cortex [55]. However, whether
DISCI1 binds the ErbB4 receptor specifically within developing inhibitory neurons, and if
NRGI regulates this process, remains unknown. We first took a biochemical approach to
test this using a heterologous cell system (HEK293 FT cells). We expressed ErbB4,
kinase dead ErbB4 (ErbB4 KD), or DISC1-GFP alone or DISC1-GFP + ErbB4 or
DISC1-GFP+ ErbB4 KD in HEK293 cells, immunoprecipated for GFP, and used an

ErbB4 antibody to determine binding to DISC1. We found that when DISC1-GFP and
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ErbB4 were expressed together in HEK293 cells, we detected an interaction between the
two proteins, demonstrating that they can direct bind one another (Figure 4(a), asterisks).
Interestingly, we found this interaction was reduced when a kinase dead version of ErbB4
was expressed, indicating DISC1 may require NRG1 activation of ErbB4 for intracellular
binding (Figure 4(a)). However, the interaction between DISC1 and ErbB4 was not
changed in the presence of NRG1 stimulation likely because the overexpressed ErbB4
receptor self-dimerizes, causing transactivation [60]. While these experiments indicate
ErbB4 can bind DISCI, these results do not extend to inhibitory neurons. Considering
that only 10-25% of cultured cortical neurons are inhibitory neurons, traditional
coimmunoprecipitation experiments would not be able to detect interactions specifically
within inhibitory neurons. Therefore we used an alternative technique to overcome this
problem and examined the interaction specifically in Pgs7- GFP-positive cultured
inhibitory neurons.

To do this, we performed a Proximity Ligation Assay (PLA) on DIV21 cortical cultures
transfected with Pge7-GFP on DIV7 (Figures 4(b)—4(d)). PLA is a method that allows for
visualization of endogenous protein-protein interactions in fixed cells and results in a
punctate fluorescent signal where the proteins are within 40 nm of each other. Analysis of
PLA signal density in cortical inhibitory neurons expressing Pgs7- GFP revealed that
NRGI caused a significant increase in PLA signal density compared to PBS-treated
controls in both the cell body and primary dendrites (Figures 4(b)—4(d)). Signal density in
PBS treated cells was no different than that of the control PLA condition, in which

primary antibodies were omitted (Figures 4(b)—4(d)). We also detected PLA signal
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outside of the GFP-inhibitory neuron, which we attribute to DISC1 binding to the low
levels of ErbB4 in excitatory neurons (Figure 4(b), lower left panel). Taking the
biochemical and PLA results together, they demonstrate that ErbB4 binds to DISC1 and
that NRGI1 stimulation increases this interaction in developing cortical inhibitory neurons.
This suggests that DISC1 may be recruited to activated ErbB4 upon NRG1 binding to
ErbB4 and is a part of the initial signalling cascade downstream of NRG1-ErbB4 during

development.

2.5 DISCUSSION

The development of cortical inhibitory neurons is crucial for normal cognitive processes,
and disrupted development and function of these cells are strongly implicated in
neurodevelopmental and psychiatric disorders. However, since their development is not
well understood, it is important to gain a better understanding of the signalling
mechanisms that regulate inhibitory dendrite and synapse growth. Our study reveals that
NRG1-ErbB4 signalling functions through DISC1 to regulate dendrite growth and
excitatory synapse formation on cortical inhibitory neurons. Specifically, we found that
NRGI1 stimulation increases DISC1 levels and its localization to excitatory synapses in
the primary dendrites of cortical inhibitory neurons, a mechanism that may underlie the
developmental effects of NRG1 on dendrite growth and excitatory synaptogenesis onto
cortical inhibitory neurons. Furthermore, we show that NRG1-ErbB4 signals through
DISCI1 to developmentally regulate excitatory synaptogenesis onto cortical inhibitory

neurons. Third, we show that NRG1- ErbB4 signals through DISCI to regulate the
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development of dendrite growth in cortical inhibitory neurons. Finally, we show that
NRGI stimulation promotes binding of ErbB4 to DISC1 in cortical inhibitory neurons.
The results from this study are consistent with other in vitro NRG1 studies, which show
that NRG1 regulates dendrite growth and excitatory synaptogenesis onto cortical
inhibitory interneurons [15, 16]. In vivo data from two different conditional neocortical
inhibitory neuron-specific ErbB4 knock- out mouse models displaying decreased
VGLUT]1 puncta density on hippocampal interneurons further corroborates our findings
[17, 30]. The data in the present study provide a potential mechanism mediating the
effects of NRGI signalling in cortical inhibitory neuron development, whereby DISCI
functions downstream of NRG1-Erbb4 signalling. A previous study by Cabhill et al. in
2012 elucidated a mechanism whereby NRG1-ErbB4 signalling regulates dendrite growth
in cortical inhibitory interneurons by disinhibiting the RAC1- GEF Kalirin-7 [15].
Interestingly, Kalirin-7 is also a binding partner of DISC1 at the postsynaptic density
(PSD) [46], suggesting that ErbB4, DISC1, and Kalirin-7 may form a functional complex
in cortical inhibitory neurons to regulate dendrite growth, and provides an avenue for
further research into the downstream mechanisms of NRG1 signalling.

In this study, we examined a potential mechanism by which DISC1 mediates the effects
of NRG1-ErbB4 signalling, in which NRG1-ErbB4 signalling regulates DISC1 levels in
the primary dendrites of cortical inhibitory neurons. This is consistent with a study by
Seshadri and colleagues in 2010 which showed that treatment of primary mouse cortical
neurons with NRG1 increased the expression of the 130 kDa isoform of DISCI in the

primary dendrites of cortical neurons [49]. However, this effect was found to be mediated
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by ErbB2/3 heterodimers and likely reflects the large numbers of excitatory neurons from
cortical cultures (~80-90%) since they did not isolate inhibitory neurons [49].
Furthermore, because ErbB4 expression is much higher in inhibitory neurons than in
excitatory neurons [17, 26-28], it is not surprising that NRG1 regulation of DISCI levels
in excitatory neurons would require ErbB2/3 and not ErbB4. We have also shown that
NRGI1 stimulation increases colocalization of DISC1 with VGLUT]1 in cortical inhibitory
neurons, suggesting that NRG1 stimulation localizes DISCI to developing excitatory
synapses contacting inhibitory neurons. Therefore, our study provides the first evidence
that NRGI1 regulates DISC1 expression and localization in developing cortical inhibitory
neurons. However, whether this is carried out at the transcriptional, translational, or
posttranslational level remains to be elucidated in future studies.

The role of DISCI in psychiatric disorders remains controversial; however, many
biological studies have shown that DISC1 plays important roles in cortical development
[44, 46, 50, 55, 56]. There have been few studies examining the function of DISC1 in
cortical inhibitory neurons [61, 62]; therefore what role it plays in their development is
still not well understood. Our study provides the first report of DISC1 regulating dendrite
growth and glutamatergic synapse formation specifically in cortical inhibitory neurons
during neurodevelopment. We show using a Pgs7-DISC1DN construct, which expresses
a dominant negative form of DISCI in GABA-ergic neurons, that DISC1 regulates
dendrite growth in a cell-autonomous fashion. Furthermore, inhibitory-specific expression
of a dominant negative DISC1 mutant and inhibitory-specific overexpression of full

length DISC1 were both able to abolish NRG1-induced effects on dendritic arborisation,
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suggesting that an optimal level of NRG1-ErbB4 signalling is necessary for proper
dendrite growth. This hypothesis is supported by a study in which two mutant NRG1
mouse strains, one with elevated cysteine-rich domain- (CRD-) NRG1 levels in cortical
pyramidal neurons and one with reduced CRD-NRGI levels, were both able to disrupt
excitatory-inhibitory balance of neurotransmission [63]. In contrast, expression of the
dominant negative DISC1 mutant, but not full-length DISC1, was able to block NRG1-
induced effects on glutamatergic synaptogenesis onto cortical inhibitory neurons in the
present study. This suggests that NRG1-ErbB4-DISCI signalling may mediate its effects
on dendrite growth and excitatory synapse development via two different mechanisms in
cortical inhibitory neurons. NRG1- ErbB4 signalling has been found to mediate synapse
maturation and dendrite growth via two distinct mechanisms in hippocampal mouse
cultures [57]. Specifically, regulation of the maturity of synapses contacting ErbB4-
positive hippocampal neurons by ErbB4 was dependent on the extracellular domain and
PDZ motif, whereas the tyrosine kinase domain was not required [57]. In contrast, ErbB4
regulated dendrite growth via its tyrosine kinase domain and PI3 kinase signalling [57].
DISCI1 may carry out different functions downstream of NRG1-ErbB4 stimulation
depending on its interaction with different ErbB4 domains (PDZ or tyrosine kinase
domain) or its interaction with other ErbB4 binding proteins that preferentially bind to
either the PDZ or tyrosine kinase domain.

ErbB4 and DISCI share common binding partners at the postsynaptic density, including
PSD95 and Kalirin-7 [15, 46, 47]. However, a physical interaction between ErbB4 and

DISC1 has not been examined thus far in primary inhibitory neurons due to the difficulty
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in isolating a large number of purified cells (devoid of excitatory neurons). Here, using an
alternative technique (Proximity Ligation Assay), we have shown that NRG1 stimulation
promotes binding of ErbB4 to DISCI in cortical inhibitory neurons. Further investigation
is needed to determine which protein domains are important for this interaction and for
NRGI1-induced effects on cortical inhibitory neuron development and whether Kalirin-7
is also involved in this complex. Additionally, it will be important to understand the
potential mechanisms underlying a developmental switch for DISCI1 regulating ErbB4
signalling during development versus the mature cortex, as these roles may be opposite.
While our study provides a mechanism for NRGI function during inhibitory neuron
development, it highlights potential differences with NRG1 signalling in the mature
cortex. Seshadri et al. recently reported that DISC1 negatively regulates ErbB4 signalling,
where, upon removal of DISCI, there is increased phosphorylation of ErbB4 and binding
to PSDO5 [55]. These results are in contrast to the results of our study, which suggests
that DISCI positively regulates ErbB4 signalling. However this can potentially be
explained by a difference in the time point examined in brain function, since we
examined neurodevelopmental ages while the Seshadri et al. study examined inhibitory
neuron function in the mature cortex. Furthermore, the difference in approach to disrupt
DISC1 function could also explain potential differences. For example, our study used a
dominant negative form of DISCI that models the Scottish mutation, whereas the
Seshadri et al. study used shRNA and a DISC1 knockout transgenic mouse model. This
also highlights that the Scottish mutation may not be accurately modeled by a complete

loss of DISC1 function. Future studies are necessary to tease apart the exact mechanism
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of NRG1-ErbB4 regulation by DISC1 across different developmental and adult time

points of inhibitory neuron function.

2.6 CONCLUSION

In conclusion, this study elucidated the novel convergence of NRG1-ErbB4 signalling
and DISCI onto a common signalling pathway regulating the development of cortical
inhibitory neurons. As NRG1, ErbB4, and DISCI are all candidate schizophrenia-
associated risk genes [19-21, 23, 34-41], the results of this study not only shed light on
the molecular mechanisms governing the normal development of cortical inhibitory
neurons but also may provide insight into the aberrant processes underlying psychiatric

disorders.
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Figure 1: NRG1 regulates DISC1 expression and localization to excitatory synaptic
terminals in cortical inhibitory neurons. (a) Representative image of GAD65&67
staining (red) in DIV21 cortical inhibitory neurons transfected with Pgs7-GFP on DIV7.
Images were acquired at 63x. Scale bar =5 um. (b) Representative images of
immunofluorescent staining of DISC1 (blue) and VGLUT1 (red) in DIV21 cortical
inhibitory neurons transfected with Pgs7-GFP on DIV7 and treated with NRG1/ or PBS
for 2 days. Cultures were also stained for GFP to enhance the GFP signal (green). Images
were acquired at 63x. Scale bars = 5 um (cell body zoom image) and 2 um (dendrite
zoom image). Arrowheads indicate double-positive colocalized VGLUT1/DISC1 puncta.
NRGI treatment results in an increase in VGLUT1 puncta density, DISC1 puncta density,
and double-positive colocalized VGLUT1/DISC1 puncta density in the cell body (c—e)
and in the primary dendrites (f-h). Significance determined using an unpaired student’s t-
test. Error bars represent standard error of the mean, n = 25 cells (2-3 primary
dendrites/cell) per condition from 5 experiments, *p < 0.05, ***p < 0.001, and ****p <
0.0001. (1) Western blot for VGLUT]1 (top) and DISCI1 (bottom) in cultured cortical
neurons treated with NRG1 for 2 days starting at DIV3 and then lysed at DIVS5. N =3

separate mouse litters. Student’s t-test.
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Figure 2: NRG1 functions through DISC1 to regulate glutamatergic synaptogenesis
onto cortical inhibitory neurons. (a) Schematic of the mouse DISC1FL protein and
DISCI1DN truncated mutant protein. (b) Representative images of immunofluorescence
staining of VGLUT1 in DIV21 cortical inhibitory neurons cotransfected with Pge7-GFP
and Pgs7-DISC1FL or Pge7-DISC1DN on DIV7. Cells were treated with NRG1 or PBS
for 2 days. Cultures were stained for GFP to enhance the GFP signal. Images were
acquired at 63x. Scale bars =5 um (cell body zoom image), 2 um (dendrite zoom image).
Arrowheads indicate VGLUT1 puncta colocalized with Pgs7-GFP. (c¢) Representative
images of immunofluorescent staining of DISC1 in DIV21 cortical inhibitory neurons
transfected with Pgs7-GFP and Pgs7-DISCIFL or Pgs7-DISCIDN on DIV7. NRG1p
treatment caused a significant increase in VGLUT]1 puncta density in the cell body (d)
and primary dendrites (e) which was blocked by expression of Pgs7-DISC1DN.
Significance determined using a one-way analysis of variance (ANOVA) with Tukey’s
post hoc tests. Error bars represent standard error of the mean, n = 27-50 cells (2-3
primary dendrites/cell) per condition from 3 experiments, **p < 0.01,**p <0.001, and

w+ep < 0.0001.
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Figure 3: NRG1 functions through DISC1 to regulate cortical inhibitory neuron
dendrite growth. (a) Representative images of DIV21 cortical inhibitory neurons
cotransfected with Pge7-GFP and Pge7-DISC1FL or Pge7-DISC1DN on DIV7. Cells were
treated with PBS (top panels) or NRG1f (bottom panels) for 2 days. Cultures were
stained for GFP to enhance to GFP signal. Images were acquired at 20x. Scale bar = 100
um. (b) Dendrite growth was analyzed by Sholl analysis using ImageJ. (c) At baseline
conditions (PBS treatment), expression of Pgs7- DISCIDN resulted in a significant
decrease in total dendrite growth compared to Pgs7-GFP controls; expression of Pge7-
DISCIFL had no effect compared to Pge7-GFP controls. In cells treated with NRG1p,
both Pgs7-DISC1FL and Pgs7-DISCIDN caused a significant decrease in total dendrite
growth compared to Pges7-GFP controls. Significance determined using a one-way
analysis of variance (ANOVA) with Tukey’s post hoc tests. Error bars represent standard
error of the mean, n = 34-54 cells per condition from 3 experiments; *p < 0.05, ***p <

0.001, and ****p < 0.0001.
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Figure 4: ErbB4 and DISC1 physically interact in cortical inhibitory neurons. (a)
Co-IP of DISC1-GFP and ErbB4 in lysates from HEK293 FT cells transfected with
ErbB4, ErbB4 KD, or DISC1-GFP alone or with DISC1-GFP + ErbB4 or DISC1-GFP +
ErBb4 KD, with or without NRGI1 treatment. Left panel: western blot for ErbB4 and
DISC1-GFP in anti-GFP (DISC1) precipitates and input. Right panel: western blot for
ErbB4 and DISC1-GFP in anti IgG control precipitates and input. DISC1-GFP binds
ErbB4 in both PBS and NRG1 conditions (left panel, asterisks). Binding is reduced with
DISC1-GFP and kinase dead ErbB4 (ErbB4 KD) (left panel). No binding was observed in
the IgG control precipitates (right panel). (b) Proximity Ligation Assay (PLA) was
performed in DIV21 cortical inhibitory neurons transfected with Pge7- GFP on DIV7 and
treated with NRG1p or PBS for 5 min prior to fixation. Primary antibodies were omitted
in the control PLA condition. Representative images were acquired at 63x. Scale bars =
10 um. NRG1p treatment significantly increased the number of PLA signals in the cell
body. Arrowheads indicate PLA signals colocalized with Pgs7-GFP positive neurons (c)
and the primary dendrites (d). Significance determined using a one-way analysis of
variance (ANOVA) with Tukey’s post hoc tests. Error bars represent standard error of the
mean, n = 615 cells (2-3 primary dendrites/cell) per condition from 3 experiments; **p <

0.01, ==p <0.0001.
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Figure S1. shRNA knockdown of DISC1 inhibits NRG1-mediated
dendrite and excitatory synapse growth of cortical inhibitory neurons. (A)
Representative images of immunofluorescent staining of VGLUTI (red) in DIV21
cortical inhibitory neurons co-transfected with DLX5/6-GFP and control or DISCI
shRNA on DIV7 . Cultures were treated with NRG1f or PBS for 2 days. Cultures were
also stained for GFP to enhance the GFP signal (green). Images were acquired at 63X.
Scale bars= Sum (cell body zoom image), 2um (dendrite zoom image). Arrowheads
indicate VGLUTT puncta co-localized with DLX5/6-GFP. (B) In the cell body,
expression of DISC1shRNA results in a decrease in VGLUT 1 puncta density in cultures
treated with NRG1. (C) In the primary dendrites, expression of DISC1 shRNA abolishes
the NRG1 induced increase in VGLUT1 puncta density. Error bars represent standard
error of the mean, n=28-83 cells (2-3 primary dendrites/cell) per condition from 3
experiments, **p<0.01, ***p<(0.001. Significance determined using a one-way analysis
of variance (ANOV A) with Tukey’s post hoc tests. (D) Representative images of DIV21
cortical inhibitory neurons co-transfected with DLX5/6-GFP and control shRNA or
DISC1 shRNA on DIV7. Cells were treated with PBS (top panels) or NRGI1 (bottom
panels) for 2 days. Cultures were stained for GFP to enhance the GFP signal. Images
were acquired at 20X. Scale bar=100um. (E) Dendrite growth was analyzed by sholl
analysis using Imagel. Briefly, concentric circles were made radiating from the soma at a
constant increment of 10pum up to a maximum radius of 250pum and the number of
dendritic intersections within each concentric circle was counted. (F) Expression of
DISC1 shRNA causes a decrease in dendrite growth and abolishes the NRG1 induced
increase in dendrite growth. Error bars represent standard error of the mean, n= 14-35
cells per condition from 3 independent experiments, *p<0.05, **p<0.01. Significance

determined using a one-way analysis of variance (ANOVA) with Tukey’s post hoc tests.
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3.1 ABSTRACT

Copy-number variations (CNVs) are strong risk factors for neurodevelopmental and
psychiatric disorders. The 15q13.3 microdeletion syndrome region contains up to ten
genes and is associated with numerous conditions, including autism spectrum disorder
(ASD), epilepsy, schizophrenia, and intellectual disability; however, the mechanisms
underlying the pathogenesis of 15q13.3 microdeletion syndrome remain unknown. We
combined whole-genome sequencing, human brain gene expression (proteome and
transcriptome), and a mouse model with a syntenic heterozygous deletion (Df(hi15q13)/+
mice) and determined that the microdeletion results in abnormal development of cortical
dendritic spines and dendrite outgrowth. Analysis of large-scale genomic, transcriptomic,
and proteomic data identified OTUD7A as a critical gene for brain function. OTUD7A
was found to localize to dendritic and spine compartments in cortical neurons, and its
reduced levels in Df(h15q13)/+ cortical neurons contributed to the dendritic spine and
dendrite outgrowth deficits. Our results reveal OTUD7A4 as a major regulatory gene for
15q13.3 microdeletion syndrome phenotypes that contribute to the disease mechanism

through abnormal cortical neuron morphological development.

3.2 INTRODUCTION

Neurodevelopmental disorders include various conditions characterized by deficits or
delays in typical developmental milestones that appear in childhood. Genetic studies
indicate that copy-number variations (CNVs), comprising deletions or duplications of

genomic DNA that may directly or indirectly affect the dosage of genes, can be
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significant risk factors for these disorders. Certain genomic contexts are hotspots for
recombination- and replication-based mechanisms that result in microdeletions or
microduplications. While 5%—-20% of developmentally delayed individuals carry a rare
large pathogenic CNV,! the pathobiology is poorly understood. Furthermore, for most
CNVs associated with neurodevelopmental disorders, the underlying genes that contribute
to the clinical phenotypes remain unknown. The 22q11.2 and 16p11.2 microdeletions are
two specific CNVs associated with schizophrenia (MIM: 181500) and autism spectrum
disorder (ASD) (MIM: 209850), respectively, in which substantial progress has been
made into the understanding of disease pathophysiology.?” In both, modeling
microdeletions in animal models has accelerated the pace at which the underlying
biological pathogenic mechanism(s) have been identified and has provided a means to test
potential ‘‘driver genes’’ underlying CNV-associated phenotypes.!%'* Importantly, these
studies have led to potential drug therapies that have been tested in preclinical mouse
models,>”!3 highlighting the power of this approach.

The 15q13.3 1.53 Mb microdeletion syndrome (MIM: 612001) locus (chr15:30,910,306—
32,445,407 [hg19]) that resides within breakpoints BP4-BP5 on human chromosome 15 is
a recurrent CNV that results in a highly heterogeneous set of phenotypes including
intellectual disability (50%—-60%), autism spectrum disorder (10%— 20%), epilepsy
(~30%) (MIM: 607208), and schizophrenia (10%-20%).'®2*> Among the more than 200
individuals bearing 15q13.3 BP4-BP5 deletions who have been described in the clinical
literature, 80% exhibited ascertainment-independent phenotypic manifestations; this

implies that one or more genes in the CNV may contribute to disease manifestation,
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including the incomplete penetrance and variable expressivity observed.?* Individuals are
typically heterozygous for the 15q13.3 microdeletion, which encompasses seven protein-
coding genes, one microRNA, and two putative pseudogenes (ARHGAP11BI [MIM:
616310], LOC100288637, FANI [MIM: 613534], MTMR10, TRPM1 [MIM: 603576],
LOC283710, microRNA-211, KLF13 [MIM: 605328], OTUD7A4 [MIM: 612024], and
CHRNA7 [MIM: 118511]). Recently, a heterozygous mouse model of the 15q13.3
microdeletion was generated (Df(h15q13)/+ mice) that contains a deletion of the syntenic
murine chromosome region (mouse chromosome 7qC) corresponding to the human CNV.
Phenotypic manifestations of this heterozygous mouse model include schizophrenia- and
epilepsy-related endophenotypes, notably long-term spatial memory deficits, increased
sensitivity to stress, and reductions in auditory-evoked gamma power (similar to
schizophrenia patients).>> Many of these observed clinical phenotypes were replicated in
another independent 15q13.3 heterozygous microdeletion mouse model.?® In contrast to
the heterozygous deletion, the homozygous deletion is extremely rare and only eight case
subjects have been reported in the literature.?*?7-2% All reported case subjects that carry the
homozygous deletion manifested severe cognitive and physiological impairments
including severe DD/ID, hypotonia, seizures, and visual impairment.* A recent study
analyzed behavioral abnormalities of Df{hl5¢13)”- homozygous knock out (KO)
mice?’ in which both copies of the genes within the locus are deleted.?’” While the
majority of human case subjects are carriers of a heterozygous microdeletion, the
homozygous KO mice displayed more pronounced phenotypes in seizure susceptibility,

ASD behavior-related phenotypes, and auditory sensory processing, demonstrating a
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gene- dosage dependency. While the underlying neurophysiological abnormalities remain
unknown, recent studies using resting-state fMRI have revealed that Df(h15¢q13)/+ mice
display altered neuronal firing rates in the prefrontal cortex*® and abnormal brain
hyperconnectivity patterns;*' however, the underlying molecular and physiological brain
abnormalities contributing to the mouse behavioral, imaging, and electrophysiological
phenotypes remain unknown.

The complexities inherent in the identification of the critical driver gene(s) in a given
CNV are significant and require evidence from multiple sources. With regard to the
15q13.3 microdeletion, CHRNA7 (encoding a cholinergic receptor) has been proposed as
a driver gene, in part because some patients have overlapping deletions that encompass
CHRNA?7.?° Furthermore, CHRNA7 agonists may improve cognition in humans with
schizophrenia®? and abnormal fMRI-derived brain connectivity in Df{hl5q13)/+ mice.’!
However, Chrna7 KO mice display very mild defects in synaptic function and learning33-
36 and have no consistent behavioral or neurophysiological phenotypes compared to
Df(h15q13)/+ mice.>” Furthermore, among clinical case subjects, many of the deletions
encompassing CHRNA?7 also overlap the adjacent gene OTUD7A.?° One study reported
43 case subjects from the literature that had deletions encompassing both CHRNA7 and
the first exon of OTUD7A.2* The Database of Genomic Variants (DGV) includes
population control subjects that carry CHRNA7 deletions, bringing into question the
penetrance of haplo-insufficiency of CHRNA7.3%3° Another possible candidate is FANI,

which encodes a DNA repair enzyme. Rare nonsynonymous variants have been found in
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this gene among individuals with ASD or schizophrenia.*’ Consequently, other genes in
the 15q13.3 microdeletion could contribute to disease pathogenesis.

Here, we used multiple in silico, in vivo, and in vitro strategies to dissect the cellular
phenotypes and critical loci that contribute to the 15q13.3 microdeletion syndrome. By
using the Df(hl15q13)/+ heterozygous mouse model, RNA sequencing, signaling pathway
analysis, and neuronal morphology analysis, we discovered that developing cortical
excitatory neurons have deficiencies in dendrite and synapse growth (Figure S2). We
concurrently identified candidate gene(s) within this syndromic region contributing to
these phenotypes by applying developmental human brain expression (transcriptome and
proteome) data analysis together with whole-genome and -exome sequencing data from
individuals with neurodevelopmental disorders and ASD.*' These analyses identified a
strong candidate gene, OTUD7A, within the 15q13.3 microdeletion syndrome region,
which encodes a putative deubiquitinating enzyme that localizes to dendritic spine
compartments and has a protein-protein co- expression network that includes synaptic and
dendritic signaling pathways. We biologically validated OTUD7A4 and found that re-
expressing OTUD7A4 WT into cortical neurons from Df(hl5¢g13)/+ mice rescued the
dendritic spine defects. However, a mutant OTUD7A harboring an ASD-linked de novo
exonic mutation was unable to rescue these defects. Furthermore, we found that both
OTUD7A4 and CHRNA?7 contribute to the dendrite outgrowth defects. Our data identify
OTUD7A as a candidate gene that contributes to abnormalities in cortical neuron dendritic
and spine development and a critical gene in the phenotypic manifestation of the 15q13.3

microdeletion syndrome.

94



PhD Thesis - Brianna Unda McMaster University - Biochemistry

3.3 MATERIAL AND METHODS

RNA Sequencing and Differential Expression Analysis

mRNA was extracted from E16, P21, and adult (P63) mouse cortical brain tissue using
Trizol LS reagent (ThermoFisher Scientific). Two WT and two Df(hl15¢13)/+ mice were
used for each time point (12 mice total). All postnatal mice used for transcriptome
analysis were male whereas sex was undetermined for embryonic mouse brain samples.
Quality of total RNA samples was checked on an Agilent Bioanalyzer 2100 RNA Nano
chip following Agilent Technologies’ recommendation. We have measured the
concentration by Qubit RNA HS Assay on a Qubit fluorometer (ThermoFisher). The
library preparation for RNA was performed following the Illumina Stranded mRNA
Library Preparation protocol. In brief, 500 ng of total RNA was used as the input material
and enriched for poly(A) mRNA, fragmented into the 200- to 300-base range for 4 min at
94°C and converted to double stranded cDNA, end-repaired, and adenylated at the 3° to
create an overhang A to allow for ligation of Illumina adapters with an overhang T;
library fragments were amplified under the following conditions: initial denaturation at
98°C for 10 s, followed by 10 cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for 30 s,
and finally an extension step for 5 minutes at 72°C; at the amplification step, each sample
was amplified with different barcoded adapters to allow for multiplex sequencing. To
check the size fragment, 1 mL of the final RNA libraries was loaded on a Bioanalyzer
2100 DNA High Sensitivity chip (Agilent Technologies); RNA libraries were quantified
by qPCR using the Kapa Library Quantification Illumina/ABI Prism Kit protocol (KAPA

Biosystems). Libraries were pooled in equimolar quantities and paired-end sequenced on
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an [llumina HiSeq 2500 platform using a High Throughput Run Mode flowcell and the
V4 sequencing chemistry following Illumina’s recommended protocol to generate paired-
end reads of 126 bases in length.

We used TopHat* to align the read and conducted expression analysis for each gene
through reads per kilobase of transcript per million mapped reads (rpkm) computation. To
compute global differential expression (DE) analysis for each of the three time points—
E16, P21, and adult (P63)—we conducted comprehensive DE analysis using a
Bioconductor package named edgeR.* Differential expression was computed against
control expression for each of the three time points separately and a gene was considered

differentially expressed for a time point only if p <0.0001 and FDR <0.05.

Microarray and Sequencing Data

Microarray data were obtained for 38,325 ASD-affected and developmental delay (DD)-
affected case subjects from four large sources (Table S3). The first dataset is comprised
of 1,026 samples diagnosed primarily with ASD and genotyped with high-resolution
microarrays (Illumina 1M). The other three other datasets comprised case subjects with
developmental delay. The first of these includes 9,322 samples recruited from USA by a
private company (Lineagen Inc.) and the data were generated using high-resolution
Affymetrix Cytoscan HD in conjunction with the Chas algorithm. The second dataset
comprised 10,619 DD-affected case subjects from two major clinics in Ontario, Canada.
For the first and second datasets, ethical clearance was obtained from The Hospital for

Sick Children’s institutional ethical board. The third dataset is from a published dataset of
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17,358 case subjects with DD in USA, primarily from a private diagnostic company
which used the international standards for cytogenomic arrays (ISCA) for variant
classification.** We have preprocessed 22,241 control samples from seven different
sources that were recruited as population control subjects.**>° For both case and control
subjects, we focused on deletions with >50% reciprocal overlap with the 15q13.3
microdeletion region (BP4-BP5). Gene-specific deletions and atypical variants that were
larger and overlapped with 15q13.3 were also kept for fine mapping. To identify de novo
mutations within the 15q13.3 locus, we analyzed published whole-exome and -genome

sequencing data from autism spectrum disorder cohorts®!=3

and a homogeneous
population control.>* Variants were validated using Sanger sequencing as described in
Yuen et al.®* Consent was obtained from all human participants, as approved by the

Research Ethics Boards at The Hospital for Sick Children, McMaster University, and

Memorial Hospital.

Critical Exon and Protein Expression Analysis

Whole-genome sequencing data from the 1000 Genomes Project was used to compute the
burden of rare missense and loss-of-function mutations for each exon. Furthermore, exon-
level expression data from RNA sequencing were obtained for developmental human
brain tissues (prenatal and postnatal postmortem donors) from the BrainSpan project and
ten other human tissues. The analysis to identify brain-specific critical exons has been
described in Uddin et al.*! where 10% of genes within the genome were shown to be

brain critical and this specific group of genes is significantly enriched for de novo
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mutations in autism probands but not in unaffected siblings or in population control
subjects. In brief, to classify critical exons, we computed the expression level from RNA-
sequencing data from developmental human brain for each exon and classified high and
low based on the 75™ percentile of the entire dataset. An exon was classified as critical
exon if it is highly expressed in a tissue and the burden of deleterious mutation is low. A
critical exon was classified as brain specific if critical only for brain and not other tissues.
We obtained a brain-specific protein module from Uddin et al.,' where a comprehensive
weighted gene co- expression network analysis (WGCNA) was conducted on the high-
resolution protein mass-spectrometry dataset from developmental human tissues (24
different human tissues, each pooled from 3 post-mortem donors which includes 17 adult
and 7 prenatal samples). For the 15q13.3 microdeletion syndrome locus, OTUD?7A is the
only gene within the brain-specific protein module and we have extracted the first-degree
neighbors from the module. An over-representation analysis was conducted with gene
sets using a Fisher exact test and p value was corrected for multiple tests.

To produce gene level expression information, we normalized the entire protein
expression level data from 24 different human tissues and quantified the 75™ percentile of
the expression value from the entire data. Expression for a gene was considered high if it
was above the 75" percentile, and low otherwise. For gene- level RNA-seq expression

data, we followed the same protocol as the protein expression data for consistency.

Geneset Enrichment Analysis and Visualization
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We conducted a comprehensive geneset enrichment analysis on RNA-seq differentially
expressed genes and for the first-degree neighbor proteins for OTUD7A that were
extracted from the blue protein module. We manually curated 2,848 gene sets from the
gene ontology (GO) (R package, v.2.8.0), pathways from the National Cancer Institute at
the National Institutes of Health (NCI-NIH), Kyoto Encyclopedia of Genes and Genomes
(KEGG) (May 30, 2013), and Reactome databases. Gene sets were considered significant
after Benjamini-Hotchberg false discovery rate of 0.05. To visualize network datasets, we

used Cytoscape plugins using v.3.2.0.

Animals

Df(h15q13)/+ mice were generated by Taconic Artemis as described in Fejgin et al.?
Animals were bred, genotyped, and housed at the Central Animal Facility at McMaster
University. All procedures received the approval of the Animal Research Ethics Board
(AREB). Genotypes were identified during breeding by PCR of ear notches, and three
WT females were bred with 1 Df(hi5q13)/+male per breeding cage. The use of only WT
females for breeding was performed to minimize effects of potential differences in the
embryonic environment and/or mothering of the Df(h15q13)/+ females compared to WT
females. To obtain cortical cultures, WT females were timed-bred with Df(hl5q13)/+
males and males were removed when a plug was observed, indicating copulation. At E16,
mothers were sacrificed and litters were collected. Animals of appropriate genotype were
included, and any animals with unclear genotypes were excluded

from experiments.
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Cell Culture and Transfection

Primary cortical neurons were cultured as follows. Cortices were dissected out of WT and
Df(h15q13)/+ mouse embryonic brains at E16. Each brain was cultured individually.
Dissociation was aided by incubation in 0.3 mg/mL Papain (Worthington
Biochemical)/400 U/mL DNase I (Invitrogen) in 13 Hanks Buffered Saline Solution
(HBSS) for 20 min at 37°C, followed by light trituration. Cells were seeded onto 0.1
mg/mL poly-D-lysine (BD Sciences)/3.3 mg/mL Laminin (Sigma)-coated coverslips
(Matsunami) in 12-well plates in plating media containing Neurobasal medium, 10% fetal
bovine serum, 1% penicillin/streptomycin, and 2 mM L-glutamine (Invitrogen). 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. At DIV2-4,
cultures were treated with 1 mM Cytosine b-D-arabinofuranoside hydrochloride (Ara-C)
(Sigma) to inhibit glial cell proliferation. Cultures were maintained at 37°C, 5% CO.. All
media components were from GIBCO unless otherwise specified. Transfections were
performed at DIV7 using Lipofectamine LTX and Plus reagents (Invitrogen) according to
the manufacturer’s instructions. HEK293FT cells (Invitrogen) were grown under standard
cell culture conditions and transfected with plasmids using Lipofectamine 2000 according
to the manufacturer’s protocol (Invitrogen). HEK293FT cells were used for ease of

plasmid expression and have not been tested for Mycoplasma contamination.

In Utero Electroporation

100



PhD Thesis - Brianna Unda McMaster University - Biochemistry

Timed-pregnant WT female and Df(h15¢13)/+ male mice were anesthetized by isoflurane
(gas). The uterine horns were exposed, and FLAG-pcDNA control or FLAG-OTUD7A
WT plasmids with pCAG Venus contructs (4:1 ratio) mixed with Fast Green were
injected into the lateral ventricles of E16 embryos. 5 current pulses (conditions: 950 ms
pulse, 50 ms interval, 36V) were delivered across the head of the embryos. Litters were
born and sacrificed by perfusion at P22. Mice were anesthetized by isoflurane gas
followed by intraperitoneal injection of sodium pentobarbitol. This was followed by
perfusion with lactate ringers solution and then 4% PFA. Following perfusion, brains
were harvested and post-fixed in 4% PFA for 48 hr at 4°C. Mice were genotyped as
described, and brains were sectioned using a vibratome (Leica) at 50 pm thickness

(coronal).

Antibodies and Constructs

The following primary antibodies were used in this study. Mouse anti-FLAG (Sigma
F3165; IF 1:2,000; western blotting 1:2,000), rabbit anti-b-actin (Cell Signaling 4970;
western blotting 1:2,000), and anti-rabbit PSD95 (Cell Signaling Technologies D27E11;
IF 1:200). All secondary antibodies (anti-rabbit cy5, anti-mouse cy3; Jackson
ImmunoResearch; IF 1:500, anti-rabbit- HRP, anti-mouse-HRP; GE Life Sciences; IB
1:5,000) were raised in donkey. pCAGIG-Venus was provided by Dr. Zhigang Xie
(Boston University, MA). The FLAG-OTUD7A WT was amplified from a

pCMV6 _FLAG-WT-OTUD7A construct (Origene, RC213015,
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GenBank: NM_130901) and cloned into the pcDNA3.3 vector between EcoRI and Kpnl.
pcDNA3.3 FLAG-OTUD7A p.Asn492 Lys494del plasmid was generated using In-
Fusion cloning kit. FLAG-CHRNA7, FLAG-FAN1, and FLAG-KLF13 were amplified
from a pCMV6_FLAG-CHRNA7 (Origene, RC221382, GenBank: NM_000746),
pCMV6_FLAG-FANI (Origene, RC224249, GenBank: NM_014967), and

pCMV6 _FLAG-KLF13 (Origene, RC200805, GenBank: NM_015995) and cloned into

the pcDNA3.3 vector using In-Fusion cloning kit.

Immunocytochemistry

On DIV 14, cells on glass coverslips were fixed with 4% formaldehyde in PBS for 20 min
at room temperature. Cells were washed in PBS, followed by blocking in
blocking/permeabilization solution consisting of 10% Donkey Serum (Millipore) and
0.3% Triton X-100 (Fisher Scientific) in PBS for 1 hr at room temperature. Incubation in
primary antibodies was performed at 4°C overnight. Cells were then washed in PBS,
followed by incubation with secondary antibodies in 50% blocking/permeabilization
solution at room temperature with gentle agitation for 1.5 hr. Cells were then washed in
PBS and were mounted on VistaVision glass microscope slides (VWR) using Prolong
Gold antifade reagent (Life Technologies). Images were acquired using a Zeiss LSM700

confocal microscope.

Golgi Staining
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Golgi staining was performed on mouse brains from P28 male mice using a commercial
kit and protocol (FD Rapid GolgiStain Kit, FD NeuroTechnologies, Inc.). Briefly, whole
mouse brains were removed and washed with Milli-Q water. The brain was immersed in
impregnation solution for 8 days. Following impregnation, brains were rinsed twice with
water and incubated for 72 hr with Solution C. Brains were then removed and incubated
in 30% sucrose/PBS for 24 hr in the dark. Using a vibratome (Leica), brain slices were
cut at 150 um thickness and mounted onto 3% gelatin-coated SuperFrost Plus microscope
slides (ThermoFisher). Sections were incubated in staining solution for 10 min, washed
with Milli-Q water, dehydrated with EtOH, and cleared with xylene (Sigma). Stained
brain slices were imaged using Zeiss Axiocam ICm1 microscope camera. Z stacks were
acquired at 1 um intervals for sholl analysis and 0.28 mm intervals for spine analysis.

Images were processed using ImagelJ software (Sholl Analysis plugin).

Morphological Analyses

Images were processed and analyzed with ImageJ 1.44 software. Sholl analysis was
performed using the Sholl analysis plugin in ImageJ. This plugin was used to make
concentric circles increasing at a constant radius of 10 pm and to count the number of
dendritic intersections. Neuron tracing was performed using the NeuronJ plugin for
Imagel 1.44. Spine density was calculated by visually counting all protrusions from a
dendrite within a 15-25 um distance starting at a secondary branch point. One to three
dendritic segments were analyzed per neuron. Maximal spine head width (HW), neck

width (NW), length (L), and neck length (NL) were measured for each dendritic
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protrusion using the segmented line tool in Imagel. Spines were defined as follows:
stubby (L <1 pm), mushroom (1 <L <5 pm; HW <2 x NW), or thin (1 <L <5 pum;
WH <2 x NW). The proportion of each spine type was calculated by dividing the number
of spines in each spine category (mushroom, thin, and stubby) by the total number of
spines within the dendritic segment. For analyses on Golgi-stained brains, 40 neurons
from 4 brains per condition were used for sholl analysis and 40 dendritic segments from 4
mouse brains per condition were used for spine analysis. For [UE experiments, 21-23
neurons from 3 brains per condition were used for sholl analysis, and 30 dendritic
segments from 3 brains per condition were used for spine analysis. For in vitro analyses,
21-50 neurons were used from 3—4 biological replications (mouse litters) for sholl
analysis, and 20-36 dendritic segments from 3—5 biological replications (mouse litters)

for spine analysis.

Quantitative PCR

To measure postnatal developmental RNA expression of OTUD7A in the mouse brain,
we obtained whole-brain samples of PO, P7, P14, P21, P28, and P63 WT C57BL/6 mice.
Total RNA was extracted using TRIzol LS Reagent (Thermo Fisher Scientific), followed
by cDNA synthesis using the qScript cDNA synthesis kit according to manufacturer
instructions (Quanta Biosciences). Primers and probes were designed and selected using
the Universal Probe Library (UPL) Probefinder software for mouse (Roche). Quantitative

PCR was performed using the Perfecta qPCR Supermix (Quanta Biosciences) and UPL
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probe #50 (OTUD7A) or UPL probe #52 (GAPDH). Data represented as levels of

OTUD7A normalized to GAPDH levels.

Western Blotting

Western blotting was performed using standard protocols. Briefly, HEK293FT cells were
lysed in lysis buffer (150 mM NaCl, 1% Triton X-100, 50 mM Tris-Cl, and cOmplete
mini protease inhibitor cocktail (Roche). 20-30 mg of sample was loaded into a 10%
Tris-Glycine gel and transferred to a PVDF membrane (Bio-Rad). Membranes were
blocked for 1 hr in 3% milk in 1x TBST, incubated with primary antibody overnight at
4°C, then with secondary antibody (donkey anti-mouse or anti-rabbit HRP, GE
Healthcare) for 1 hr at room temperature before exposure using a ChemiDoc MP system

(Bio-Rad).

Statistical Analysis

Data are expressed as mean + SEM. A minimum of three mice per condition or three
mouse litters for in vitro culture experiments, was used for statistical analysis. Blinding
was not performed. We used the Student’s t test, one-way ANOVA with post hoc Tukey’s
test, and two-way ANOVA in GraphPad Prism 6 statistical software for statistical
analyses. p values in the figure legends are from the specified tests, and p < 0.05 was

considered statistically significant.
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3.4 RESULTS

3.4.1 Df(h15q13)/+ Mice Show Defects in Forebrain Development Including
Abnormalities in Dendritic Spines and Dendrite Growth

To study the 15q13.3 microdeletion (Figure 1), we utilized the heterozygous BP4-BP5
mouse model (Df{h15q13)/+).2> We examined temporal gene expression (using RNA
sequencing) in cortical brain tissue from Df(h15q13)/+ and WT mice at three stages:
prenatal (embryonic day 16; E16), early postnatal (postnatal day 21; P21), and adult (P63)
(Figures S1A and S1B and Table S1). We identified 66 genes with significant (p < 0.0001
and FDR < 0.05) differential expression from the three developmental time points.
Mtmr10, Otud7a, KIf13, Fanl, and Chrna7 displayed significant differential expression
(DE) in all periods (Trpm1 is not expressed in the brain, and miR211 was not detected
because samples were not enriched for small RNAs during sample preparation) (Figure
S1A), demonstrating that the heterozygosity of gene expression persists into adulthood.
Interestingly, we found that differential gene expression was most pronounced (~2-fold)
at postnatal time points, P21, and adulthood (when spine and synapse development is
peaking). We conducted extensive gene enrichment analyses for all differentially
expressed genes by using 2,848 gene sets with defined biological pathways in KEGG,
GO, NCI-NIH, and Reactome databases. The most significant enrichment across all time
points was observed for prenatal organ development (p < 2.9x10°%, significant after
Benjamini-Hochberg correction) and forebrain development (p < 6.8 3 10°°) (Figure S1C

and Table S2). The significant enrichment of the forebrain development pathway in the
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WT versus Df(hl5¢g13)/+ comparison suggests that cortical development is disrupted by
the microdeletion.

We next focused on postnatal cortical (forebrain) development in Df(hl5¢g13)/+ mice
because of our transcriptional data and previous studies that identified abnormalities in
excitatory neuron development.3>-® Therefore, we measured dendritic spine morphology
and dendrite growth in vivo on Golgi-Cox-stained WT and Df(h15¢13)/+ mouse brains.
We analyzed cortical neurons in layers 2/3 of the prefrontal cortex (PFC) of male P28
Df(h15q13)/+ and age/sex-matched WT mice. We found that in Dfth15q13)/+ prefrontal
cortex, there was a small but significant (p < 0.01) reduction in spine density and mature
mushroom-shaped spines (Figures 2A and 2B). Df(h15¢q13)/+ mice also displayed a
significant (p < 0.05) reduction in spine length and spine neck length (Figure S2A).
Dendritic arborization was measured using Sholl analysis>® and revealed that
Df(h15q13)/+ mice showed decreased arborization in layer 2/3 PFC neurons

compared to WT mice (Figures 2C and 2D). Since these findings were obtained in vivo, it
is difficult to determine whether they are cell autonomous. Therefore, we cultured cortical
neurons from littermate Df(hi15¢13)/+ and WT mice, transfected with a Venus fluorescent
reporter, and analyzed neurons at 14 days in vitro (DIV14). Df(h15q13)/+ neurons also
showed a significant reduction in the density of dendritic spines and spine length (Figures
2E, 2F, and S2B), as well as a decrease in mature mushroom-type spines (p < 0.05) and
increase in immature stubby-type spines (p < 0.01) (Figure 2G), replicating many of the
in vivo phenotypes. In addition, there was a significant decrease in dendritic arborization

in Df(h15q13)/+ neurons compared to WT littermates (Figures 2H and 2I). The spine and
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dendrite phenotypes in Df(h15q13)/+ observed in vitro were stronger than in vivo,

suggesting some level of compensation, similar to previous reports.>°

3.4.2 OTUD7A Is a Candidate Driver Gene in the 15q13.3 Microdeletion

We further assessed the pathogenicity of the 15q13.3 microdeletion by using large
datasets to compile all available published and unpublished case subjects (Table S3). In
addition, clinical microarray data from 38,325 case subjects with a range of
neurodevelopmental disorders were examined to identify the frequency of 15q13.3
deletions (chrl5: 30910306-32445407 [hg19], encapsulating BP4 and BPS5). Stringent
CNV calling parameters were applied (minimum of 5 probes, minimum of 2 algorithms,
>30 kb in length) on the clinical microarray data, facilitating the discovery of 156
individuals with 15q13.3 microdeletions impacting the typical BP4-BP5. Among these
microdeletions, 148 were detected in case subjects with broad developmental phenotypes
and 8 in case subjects with a primary diagnosis of ASD (Figure S3A). In contrast, we
identified only one BP4-BP5 deletion within a control population of 22,241 individuals
(Figure S3A). The enrichment of 15q13.3 microdeletions within neurodevelopmental
disorder-affected and ASD-affected case subjects (0.4% combined in NDD and ASD case
subjects; 0.004% in control subjects) is highly significant (p < 1.30 x 10-?°). Together,
these data re-confirm that the 15q13.3 microdeletion is strongly associated with

neurodevelopmental disorders.!%6!

We then applied three approaches to narrow down the
potential contributing gene(s) from the ten genes present in BP4-BP5. First, we

determined whether there are smaller deletions within BP4-BP5 that are associated with
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neurodevelopmental disorders. We delineated the minimal region (530 kb in size) of
overlap from our clinical microarray sample and found that only two genes (CHRNA7 and
OTUD7A) are associated with an atypical smaller CNV. This has been reported
previously, but it is particularly noteworthy that at least 43 overlapping deletions
encompassing CHRNA?7 also impacted OTUD7A4%%?* (Figure 1). Furthermore, since 52
microdeletions encompassing CHRNA7 are found within our control samples (compared
to zero smaller deletions in controls within OTUD?7A), this also implicates other genes
within the CNV. In further support of this, we identified a 5-year-old female, previously
unreported in the literature, with global developmental delay who possessed a genetic
deletion that spanned BP4-BP5 including OTUD74 but not CHRNA?7 (Figure S3B).
Similarly, a duplication breakpoint that does not involve CHRNA7 has also been recently
reported in a female patient with atypical Rett syndrome who is negative for an MECP2
mutation.%? Taken together, these data suggest that genes other than CHRNA7, such as
OTUD7A, may contribute to the 15q13.3 microdeletion syndrome.

We next investigated DNA sequence-level mutations in the ten genes within the
microdeletion among individuals with a neurodevelopmental disorder but who did not
have a 15q13.3 microdeletion. We focused on de novo mutations, given their established
role in pathogenicity.*!-31-33:63-66 We investigated whole-genome sequencing data (n = 84
ASD quad families®®) and exome-sequencing data (n = 5,953 ASD trios51,52) and
discovered 8 de novo mutations impacting regions in the BP4-BP5 interval. Three of

these mutations impacted
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OTUD7A, one impacted MTMR 10, one impacted TRPM1 (Table 1, case 2, GenBank:
NM_001252024.1; ¢.2382C>G [p.Phe794Leu]), and the remainder were intergenic de
novo mutations. Among the de novo OTUD7A4 mutations specifically, the first is an
exonic de novo 9 bp non-frame- shift deletion (Table 1, case 3, GenBank: NM_130901.2;
c.1474 1482del [p.Asn492 Lys494del]), in an ASD- affected proband and their affected
sibling (Figures 3A, S3D, and S3E, and Table 1). The second and third are both intronic,
one a de novo indel (2 bp deletion) observed in an ASD-affected proband and the other an
intronic de novo single-nucleotide mutation in an ASD-affected proband (Table 1). One
of the intergenic de novo mutations was identified in two ASD-affected siblings between
OTUD7A4 and CHRNA7 (cases 5 and 6 in Table 1); genome-wide, no other pathogenic
exonic mutations or CNVs were identified in either of these affected siblings.
Interestingly, the intergenic mutation between OTUD7A4 and CHRNA7 occurs in the
binding site of the transcription factor, enhancer of zeste 2 polycomb repressive complex
subunit 2 (EZH2) (Figure S4). EZH2 (MIM: 601573) has previously been implicated in
dendrite growth,®” which raises the hypothesis that EZH?2 regulates OTUD7A expression;
however, further investigation is required to investigate the intergenic mutations. In
contrast, no de novo mutations within OTUD7A were identified from whole-genome
sequencing of 250 Dutch trio control samples™* or exome sequencing of the unaffected
siblings of ASD-affected probands (from a family dataset of 5,205 individuals).’> The
identification of de novo mutations either within or near OTUD74 is further evidence in

support of OTUD7A4 as a major critical gene in the 15q13.3 microdeletion syndrome.
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In our final approach, we assessed the exons of human genes for relevancy in
neurodevelopment according to their population-level deleterious mutational burden in
concert with brain mRNA expression (from RNA- sequencing data), earmarking those
exons with a low mutational burden and high mRNA expression only in the developing
human brain as being  ‘brain critical.””*! This analysis identified FANI and OTUD7A as
genes bearing critical exons, with OUTD7A4 having a higher ratio of brain critical exons
than FANI (Figure 3C). FANI was recently suggested to be a susceptibility gene in the
15q13.3 microdeletion based on the identification of an enrichment of small nucleotide
variants (SNVs) in ASD and SCZ populations.*® However, in our analysis, we did not
identify de novo mutations in FANI or overlapping deletions containing this gene and
therefore did not pursue it further. To complement the critical exon analysis, we also
examined the tolerance of loss-of-function (pLI) mutations of each of the 15q13.3 genes
(a measure of the probability that a given gene is extremely intolerant of loss-of-function
variation) from the exome aggregation consortium (ExAC) database.®® Comparison of the
genes in the 15q13.3 microdeletion (no data were available for CHRNA?7) revealed that
OTUD?7A4 possessed the most constrained gene scores (pLI = 0.97 and Z = 5.92) (Figure
3D), supporting its important evolutionary role in development.

To investigate the expression patterns of the genes within the BP4-BP5 deletion in the
brain, we conducted qRT-PCR analysis of 8 genes (except KLF'13 and miR-211;
LOCI100288637 was not detected) in 12 human tissues. For each gene, primers were
designed targeting the exons that are common in all transcripts and our qRT-PCR analysis

revealed that OTUD7A was the only gene that displayed a brain-specific mRNA

111



PhD Thesis - Brianna Unda McMaster University - Biochemistry

expression pattern compared to other tissues (Figures 3B and S3C). This is similar to the
expression profile of OTUD7A4 in the GTeX database. Furthermore, the BrainSpan
database for human developmental brain expression shows that many OTUD7A exons are
expressed above the 75" percentile of the total brain expression dataset (Figure S3F).
KLF'13 is notable because it has higher brain expression than OTUD74 in these
databases; however, upon further examination it is largely driven by one exon (Figure
S3F), and its expression is not brain specific, which is evident in the critical-exon
analysis.

We also determined the protein co-expression network for OTUD7A in the brain using
recently published human tissue protein-level data.®® To identify a core set of proteins
having an important role in brain development, we analyzed protein data from 24 human
tissues (each pooled from 3 post-mortem samples) including 17 adult and 7 prenatal
samples that were run through high-resolution Fourier transform mass spectrometers for
fragmentation.®® Weighted gene co-expression network analysis (WGCNA) analysis was
used to identify 23 unbiased and independent protein modules. After rigorous gene set
enrichment analysis (see STAR Methods), one of the modules was chosen for further
analysis, as it was brain- specific and significantly associated with neurodevelopment and
comprised of 2,484 proteins.”® Strikingly, WGCNA analysis identified OTUD7A as being
the only gene within 15q13.3 microdeletion that was part of the brain-specific protein
module. This is because the other 15q13.3 genes’ protein products did not have brain-
specific expression. We identified 616 strongly connected (top 25" percentile) first-

degree neighbor genes for OTUD7A within the brain-specific protein module. A
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comprehensive enrichment analysis was conducted, which determined that these
OTUD7A4 neighboring genes are highly enriched for targets of FMR1 (Fragile X Mental
Retardation 1), many of which are known to play a role at the synapse, as well as genes
harboring ASD de novo mutations (Figure 3F). We performed a comprehensive gene set
enrichment analysis to decipher the pathways and biological relevance of OTUD7A4
neighbor genes. The three most significant associations were observed with synapse
(GO:0045202) (p <1.1x10%?), Benjamin-Hochberg corrected), synaptic component
(GO:0044456) (p <9.92 x107%), and neuron projection (GO: 0043005) (p < 9.96 x
107") (Table S4). These co-expression networks align with the potential involvement
of OTUD7A in the spine and dendrite abnormalities observed in Df(hl5¢13)/+ mice.
Furthermore, the collective data indicate that OTUD74 is the only gene in the 15q13.3
microdeletion that has brain-specific expression, contains critical exons, and is

interconnected with a brain-specific synaptic signaling network linked to ASD.

3.4.3 Expression and Localization of OTUD7A in Neurons

We utilized WT and Df(h15¢13)/+ mice to investigate the biological function of Otud7a
in the brain and to test our hypothesis that OTUD7A is a critical gene in the 15q13.3
microdeletion. We first analyzed the expression of Otud7a mRNA in the developing WT
mouse brain and observed an expression profile similar to the developing human brain,
with an increase in expression during early postnatal stages when dendrite and spine
development are important (Figure 3E) and similar to the RNA-sequencing data (Figure

S1A). To determine the localization of OTUD7A in neurons, we transfected a FLAG-
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tagged human OTUD7A (FLAG-OTUD7A WT) construct in cultured WT mouse cortical
neurons and analyzed FLAG levels at DIV 14, since no validated antibodies against
OTUDT7A are available. This experiment revealed that OTUD7A has a punctate
localization pattern and is restricted to the soma and dendrites in Venus-transfected
neurons (Venus is used for visualization) (Figure 3G). A very similar protein localization
pattern was also independently reported by a companion study in this issue of AJHG.?’
Furthermore, we detected a fraction of FLAG-OTUD7A puncta in dendritic spines that
co-localized with PSD95, a postsynaptic marker of mature excitatory synapses (Figures
3G and 3H). These data reveal that Otud7a is expressed in the brain and can localize to

dendritic and synaptic compartments in cortical neurons.

3.4.4 Rescue of Spine and Dendrite Phenotypes in Df(hl5q13)/+ Excitatory Neurons by
OTUD7A

We hypothesized that the reduced expression of Otud7a in Df(hl5q13)/+ heterozygous
neurons mediated the dendritic spine and dendrite growth phenotypes, and increasing
OTUD?7A4 expression in these neurons would rescue the deficit. To test this, we co-
transfected Venus and FLAG-OTUD7A4 WT (or a control plasmid) into litter- mate WT or
Df(h15q13)/+ E16 mice using in utero electroporation to label layer 2/3 prefrontal cortical
neurons. We examined dendritic spines and dendrite growth in brain slices at P22. We
found that expression of OTUD7A4 WT in Df(h15q13)/+ neurons completely rescued the
deficit in spine density, the proportion of mushroom and stubby type spines, and spine

length compared to WT conditions (Figures 4A—4E). We also found that expression of
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OTUD7A4 WT in Df(h15q13)/+ neurons rescued the deficit in dendrite branching, similar
to WT conditions (Figures 4F and 4G). We then tested whether the rescue by OTUD74 is
recapitulated in vitro. We cultured cortical neurons from littermate WT and Df(hi15q13)/+
mice at E16 and co-transfected FLAG-OTUD7A4 WT and Venus at DIV7. We evaluated
FLAG/Venus double-positive neurons at DIV 14 to visualize and quantify dendrites and
spines expressing OTUD74 WT. We found that expression of OTUD74 WT in cultured
Df(h15q13)/+ cortical neurons rescued the reduction in spine density, spine length, and
the proportion of mushroom and stubby spines but had no effect on the proportion of thin
spines or spine head width, neck width, or neck length (Figures SA—SE, S5B, and S5C).
OTUD7A also rescued dendritic branching compared to WT controls as measured by
Sholl analysis and the total number of dendritic intersections (Figures SF and 5G).
Together, these data indicate that OTUD?7A contributes to spine and dendrite deficits

caused by the 15q13.3 microdeletion.

3.4.5 An ASD-Associated De Novo Mutation in OTUD7A Impairs Dendrite and Spine
Growth

We next examined whether the ASD-linked de novo mutation in OTUD7A4

(p.Asn492 Lys494del; case 3, Table 1) has a functional effect on dendritic and spine
morphology. We generated a mutant OTUD74 (encoding p.Asn492  Lys494del) in the
same FLAG-tagged plasmid as OTUD74 WT and found no overt difference in protein
levels or localization between the WT and the mutant form of OTUD7A (Figures S5A,

S6L, and S6M). Furthermore, OTUD7A4 p.Asn492 Lys494del failed to rescue the defects
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in dendritic spine density, morphology, or spine length, spine neck length, spine head
width, or neck width in Df{hi15¢13)/+ neurons (Figures SA-5SE, S5B, and S5C).
Compared to WT control neurons and OTUD74 WT, the expression of OTUD7A4
p-Asn492 Lys494del in Df(h15q13)/+ cortical neurons failed to rescue dendritic
arborization defects (Figures 5F and 5G). We also investigated whether OTUD7A4
p-Asn492 Lys494del has a dominant-negative effect when expressed in WT cortical
neurons. We co-transfected Venus with OTUD74 WT or OTUD7A p.Asn492 Lys494del
in cultured WT neurons and determined that expression of OTUD7A4 p.Asn492
Lys494del had a mild dominant-negative effect, significantly reducing dendritic spine
length (Figures S6A and S6F) and arborization (Figures S6J and S6K) compared to the
pcDNA control but had no effect on spine density, spine type, or length (Figures S6A—
S6I). These experiments reveal that a de novo mutation in OTUD74 is sufficient to impair

its function during dendritic spine and dendrite development.

3.4.6 OTUD7A Is the Predominant Gene Regulating Dendrite Spine Development
Finally, given that other genes in the 15q13.3 CNV have been implicated (CHRNA7 and
FANI), we tested the function of OTUD7A compared to other 15q13.3 genes. In addition
to CHRNA7 and FANI, KLF13 was included in our analysis due to its high expression
(Figure S3F). We created FLAG-tagged CHRNA7, KLF13, or FANI constructs to
determine whether they could rescue the cellular phenotypes. Analysis of spine density
and morphology showed that OTUD7A was the only gene tested that could rescue spine

density, length, and the proportion of mushroom and stubby spines, whereas CHRNA?7,
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KLF13, or FANI were unable to (Figures 6A—6E). For dendrite outgrowth, we found that
KLF13 and FANI were unable to rescue the defect in dendrite growth, further suggesting
that these genes have a minimal role in the 15q13.3 microdeletion syndrome (Figures 6F
and 6QG). Interestingly, expression of CHRNA7 had a similar rescue effect as OTUD7A in
dendrite outgrowth, suggesting that heterozygous loss of both genes contribute, possibly
together, to the dendrite growth defects in Df(h15¢q13)/+ mice. These data indicate that
OTUD?74 is the only gene in the BP4-BP5 interval regulating dendritic spine
developmental phenotypes. A companion study by Yin et al. shows that Otud7a KO mice
recapitulate many phenotypes of the 15q13.3 microdeletion syndrome including defective
spine-synapse development, whereas a previous study from this laboratory showed no
consistent behavioral phenotypes in a Chrna7 KO mouse model.?””! Our study, along
with the companion study, provides evidence that OTUD?7A is a critical gene in the

15q13.3 microdeletion syndrome.

3.5 DISCUSSION

Our data support an important and previously unidentified role for OTUD74 in the
15q13.3 microdeletion syndrome. Specifically, we identified that OTUD7A is a critical
gene for brain development and an important contributing gene in the 15q13.3
microdeletion syndrome. We also biologically validated that Otud7a was the only gene in
the interval that we tested that regulates the dendritic spine defects caused by the BP4-
BP5 microdeletion in a validated mouse model. Our identification of OTUD7A as a

critical component of brain protein-signaling networks that localizes to PSD95-positive
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spine synapses and modulates spine morphology and dendrite growth leads us to conclude
that OTUD7A is a critical driver gene of the 15q13.3 microdeletion.

Our findings are overall consistent with a companion study by Yin et al. showing that
Otud7a localizes to dendritic spines and that Ofud7a KO mice have deficits in cortical
neuron dendritic spine density and glutamatergic transmission.?” One difference is the
lack of a dendrite outgrowth phenotype in Otud7a KO mice. However, given that Yin et
al.*” demonstrated that expression of OTUD7A increased dendrite branching, this suggests
that OTUD7A expression is able to stimulate dendrite development, which is consistent
with our rescue findings. Moreover, we found that Otud7a and Chrna7 both contribute to
dendrite growth defects in Df(h15¢13)/+ mice. Therefore, CHRNA7 and OTUD7A could
regulate dendrite growth together in excitatory cortical neurons or alternatively, CHRNA7
and OTUD7A4 may regulate dendritic development at different times and/or through
different cell types, since CHRNA7 is also expressed in inhibitory neurons.” Since
OTUD?7A was the only gene able to rescue spine deficits in Df(h15¢13)/+ neurons, this
indicates a unique and important role for it at the synapse during development. Although
we have observed a strong and cross-validated OTUD?7A phenotype, our results indicate a
multi-hit hypothesis where more than one gene contributes to the etiology of 15q13.3
microdeletion syndrome, which is in line with other CNVs. For example, DGCRS and
ZDHHCS are proposed driver genes in the 22q11.2 microdeletion, UBE34 and MAGEL?2
for the 15q11-13 microdeletion region,”®’* and GTF2I and FZD9 for the 7q11.23

region.”>”7” For the 15q13.3 CNV, future experiments are needed using OTUD7A4 and
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CHRNA7 single and double KO cellular models to compare to the 15q13.3 microdeletion
to determine the unique and shared contribution of each gene to disease pathogenesis.

It is also possible that while the heterozygous loss of the driver genes in the 15q13.3
region results in a core set of neurodevelopmental deficiencies, the heterogeneity of
genetic background of the deletion carrier might contribute to the heterogeneous clinical
presentation. Interestingly, such a mechanism has been shown to be at play in the 22q11.2
microdeletion syndrome,”® suggesting that it could be the case for the 15q13.3
microdeletion.

OTUD7A is part of a family of deubquitinases (DUBs) that are important for removing
ubiquitin molecules from proteins that are targeted for degradation.”®8° While we did not
investigate the mechanistic action of OTUD7A, its localization to the postsynaptic density
suggests that it could regulate key proteins involved in synapse maturation. Given the
limited information on the role of OTUD7A, its protein-interaction network in neurons
needs to be identified. Interestingly, a recent study identified that biallelic variants in
OTUDG6B, a family member, causes a novel syndrome characterized by intellectual
disability, dysmorphic features, and seizures,®! indicating that DUBs could play a broader
role in NDDs. Important questions regarding OTUD7A remain, such as: what specific
proteins does OTUD7A regulate and interact with at the synapse? Which stages of
synapse development are impaired by a lack of OTUD7A and how does this impact
synaptic physiology and the epilepsy phenotypes observed in this microdeletion? It
should also be noted that the dysregulation of protein turnover and the ubiquitin pathway

has been implicated in other neurodevelopmental disorder-related CN'Vs. For instance, at
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the 15q11-13 locus, UBE34 has been reported to ubiquitinate key synaptic proteins.’?83

Furthermore, defects in the regulation of synaptic protein turnover (i.e., synaptic protein
synthesis) have also been observed in the 16p11.2 deletion and single-gene disorders such
as fragile X syndrome (FXS) and tuberous sclerosis complex (TSC).33# Thus, if
OTUD7A is involved in protein turnover, particularly at the synapse, this would add to
the growing evidence that this is a common pathological mechanism for

neurodevelopmental disorders involving defective synaptic signaling.
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Figure 1. Overview of the 15q13.3 Microdeletion and CHRNA7/OTUD7A
Overlapping Deletion

Schematic diagram showing the location of the human 15q13.3 locus and all ten genes
within the 1.5 Mb BP4-BP5 deletion. Smaller deletions (red bar) are found within the
BP4-BP5 region overlapping CHRNA7 and/or OTUD7A, modified from Lowther et al.?*

The experimental work- flow of the current study is presented below the schematic.
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Figure 2. Df(h15¢q13)/+ Mice Have Defects in Dendritic Spine Development and
Neuronal Morphology

(A) Golgi-stained dendritic spine images (left) and spine density analysis (right).
Df(h15q13)/+ mice show a decrease in spine density in layer II/IIl PFC neurons. WT, n =
40 dendritic segments, 22 neurons; Df(hl5¢13)/+, n = 40 dendritic segments, 26 neurons,
4 mice per condition, Student’s t test, **p < 0.01, t(78) = 2.846. Scale bar = 5 um.

(B) Dfthi5q13)/+ mice show a decrease in PFC mushroom spines (left). WT, n = 40
dendritic segments, 22 neurons; Df(hl5q13)/+n = 40 dendritic segments, 26 neurons, 4
mice per condition, Student’s t test, *p < 0.05, t(78) =2.403, t(78) = 0.1312, t(78) = 1.673.
(C) Traces of P28 WT and Df(h15q13)/+ Golgi-stained layer II/I1I prefrontal cortical (PFC)

neurons.
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(D) Sholl analysis (left) and the total number of intersections (right). Df(hl5¢13)/+ mice
show a decrease in dendrite growth in layer II/III PFC neurons. n = 40 neurons, 4 mice per
condition, two-way ANOVA followed by Tukey’s post hoc test, ***p < 0.001, F(9, 780) =
109.2, (78) = 3.449.

(E) Dendritic spine images from WT and Df{h15¢13)/+ cultured neurons (scale bar =5 pm).
(F) Spine density measurements in cultured neurons. Spine density is decreased in
Df(h15q13)/+ cultured cortical neurons. WT, n = 32 dendritic segments from 12 neurons;
Df(h15q13)/+, n = 32 dendritic segments from 15 neurons, 3 cultures, Student’s t test, *p <
0.05, t(62) =2.311.

(G) Dendritic spine classification in WT and Df(hl5¢g13)/+ neurons. In Df(hl5qi3)/+
cultured cortical neurons, the proportion of mushroom-type spines is decreased (left) and the
proportion of stubby type spines is increased (right). WT, n = 32 dendritic segments from 12
neurons; Df(hl15q13)/+, n = 32 dendritic segments from 15 neurons, 3 cultures, Student’s t
test, *p < 0.05, **p <0.01, t(62) = 2.007, t(62) = 0.1383, t(62) = 2.875.

(H) DIV14 WT and Df(h15q13)/+ cultured cortical neurons expressing Venus (scale bar =
50 um).

(I) Sholl analysis of cultured cortical neurons. Dendrite growth is decreased in Df{hl5q13)/+
neurons. n = 50 neurons, 3 cultures, two- way ANOV A followed by Sidak post hoc test, ***p
<0.001, F(14, 1470) = 85.55. Error bars represent SEM.
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Figure 3. Identification of OTUD7A as a Driver Gene of the 15q13.3 Microdeletion
(A) Schematic of the human OTUD7A protein showing the exonic 9 bp mutation (de novo
p-Asn492 Lys494 deletion in the protein) found in an ASD proband and affected sibling
(proband is case 3 in Table 1). The mutation is located in the nuclear localization
sequence (NLS) of OTUD7A.

(B) OTUD7A4 mRNA expression relative to ACTB in various human tissues. OTUD74 is
enriched in the brain, with highest expression in the frontal cortex.

(C) Ratio of brain critical exons in nine genes within the 15q13.3 microdeletion region.
FANI and OTUD7A contain brain critical exons, with OTUD7A showing a higher ratio
than that of FANI.

(D) OTUD7A has the highest pLI (a score that indicates the probability that a gene is
intolerant to a loss-of-function mutation) value compared to the other genes in the 15q13.3
critical region. The left y axis represents the number of observed LOF mutations within the
ExAC population scale dataset and the right y axis shows the computed pLI score.

(E) OTUD74 mRNA expression in the mouse brain is low in early postnatal life, increases

into adolescence, and remains stable into adulthood (n = 2 technical replicates).

(F) OTUD7A protein co-expression network module. Weighted gene correlation
network analysis of OTUD7A from human proteome data shows that 616 genes are
highly co-expressed with OTUD7A (top 25™ percentile). 21% of genes highly co-
expressed with OTUD7A harbor known ASD de novo mutations (left, red dots) and
30% of highly co-expressed genes are targets of FMR1 (right, red dots).

(G) DIV14 WT mouse cortical neurons co-expressing Venus and FLAG-OTUD74 WT
and co-stained for FLAG and PSD95. OTUD7A is co-localized with PSD95 in dendrites
and dendritic spines. Arrows indicate co-localized puncta located in dendritic spines
(scale bars 20 pm, top; 5 um bottom).

(H) Quantification of FLAG-OTUD7A and PSD95 puncta co-localization showed no
changes between OTUD7A WT and OTUD7A4 p.Asn492 Lys494del overexpression
(OTUD74AWT,n=18 neurons; OTUD7A4p.Asn492 Lys494del, n=15 neurons, 2
cultures, Student’s t test, t(31) = 0.7813). Error bars represent SEM.
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Figure 4. Reduced Expression of OTUD7A Contributes to Spine and Dendrite Defects
in Df(h15q13)/+ Mice

(A) Representative images of Venus-expressing dendritic spines from P22 WT or
Df(h15q13)/+ neurons co-expressing Venus and pcDNA control or FLAG-OTUD74 WT
(scale bar = 5 um).

(B) Expression of OTUD7A WT rescues dendrite spine density defects in Df(hi5q13)/+
cortical neurons. WT + pcDNA control, n =30 dendrite segments; [Df(h15q13)/+] +pcDNA,
n = 30 dendrite segments; [Df(hi5q13)/+] + OTUD74 WT, n = 30 dendrite segments; 3
cultures, one-way ANOVA followed by Tukey’s post hoc test, *p <0.05, ***p <0.001, F(2,
87) = 8.049.

(C and D) Df(hi15q13)/+ neurons show a decrease in mushroom spines and an increase of
stubby spines compared to WT neurons. Expression of OTUD7A4 WT in Df(hl5q13)/+
neurons decreases the proportion of stubby spines compared to Df(h15¢13)/+ neurons. WT
+ pcDNA control, n = 30 dendrite segments; [Df(hi5q13)/+] + pcDNA control, n = 30
dendrite segments; [Df(hi15q13)/+] + OTUD7A WT, n = 30 dendrite segments; 3 cultures,
one-way ANOVA followed by Tukey’s post hoc test, *p < 0.05, ***p < 0.001, F(2, 87) =
4.249, F(2, 87) = 8.636.
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(E) Df(h15q13)/+ neurons showed a decrease in spine length compared to WT neurons, and
expression of OTUD7A WT in Df(hl5¢13)/+ neurons increased spine length. WT + pcDNA
control, n = 586 spines; [Df(h15g13)/+] + pcDNA control, n =475 spines; [Df(hl15q13)/+]
+ OTUD74 WT, n = 664 spines; 3 cultures, one-way ANOVA followed by Tukey’s post hoc
test, *p < 0.05, ***p <0.001, F(2, 1722) = 3.956.

(F) Representative images of littermate P22 WT and Df(h15¢13)/+ neurons expressing Venus
and pcDNA control or OTUD7A4 WT (scale bar =50 um).

(G) Expression of OTUD7A4 WT rescues dendrite growth defects (number and total number
of intersections) in Df(hl5q13)/+ cortical neurons. WT + pcDNA control, n= 28 neurons,
[Df(hi15q13)/+] + pcDNA control, n = 24; [Df(h15q13)/+] + OTUD74 WT, n = 28 neurons;
3 cultures, one-way ANOVA followed by Tukey’s post hoc test, *p < 0.05, ****p < 0.0001,
F(2, 61) = 13.53. Error bars represent SEM.
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Figure 5. An Autism Spectrum Disorder-Linked De Novoe Mutation in OTUD7A
Disrupts Dendritic Spine Development and Neuronal Morphology

(A) Dendritic spines from DIV14 WT and Df(h15q13)/+ cultured cortical neurons co-
expressing Venus, and pcDNA control, FLAG-OTUD74 WT, or FLAG-OTUD7A4
p-Asn492 Lys494del (scale bar =5 pm).

(B) In Df(h15q13)/+ neurons, expression of OTUD7A4 p.Asn492 Lys494del does not

rescue the reduction of dendritic spine density. WT + pcDNA, n = 32 dendritic segments,
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18 neurons; pcDNA control, n = 48 dendritic segments, 30 neurons; OTUD7A4 WT, n = 38
dendritic segments, 21 neurons; OTUD7A p.Asn492 Lys494del, n = 28 dendritic segments,
19 neurons, 5 cultures, one-way ANOVA followed by Tukey’s post hoc test, **p < 0.01,
**%p <0.001, F(3, 142) = 9.422.

(C) Expression of OTUD7A4 p.Asn492 Lys494del does not increase the reduced proportion
of mushroom spines in Df(h15q13)/+ neurons. n =same as (B), one-way ANOVA followed
by Tukey’s post hoc test, **p < 0.01, ****p <0.0001, F(3, 141) =11.99.

(D) Expression of OTUD7A4 p.Asn492 Lys494del does not significantly decrease the
increased proportion of stubby spines in Df(h15¢q13)/+ neurons. n = same as (B), one-
way ANOVA followed by Tukey’s post hoc test, *p < 0.05, **p <0.01, F(3, 141) =
5.751.

(E) Expression of OTUD7A p.Asn492 Lys494del is unable to increase the
reduction in spine length in Df(hl15g13)/+ neurons. WT + pcDNA, n = 653 spines;
[Dfth15¢g13)/+] + pcDNA control, n =770 spines; [Df(hl5qi13)/+] + OTUD7A
WT, n = 712 spines; [Df(h15g13)/+]+OTUD7A p.Asn492 Lys393del,n=365
spines, 5 cultures, one-way ANOVA followed by Tukey’s post hoc test, **p <

0.01, ****p < 0.0001, F(3, 2496) = 13.20.

(F) DIV14 WT and Df(hl5q13)/+ cortical neurons expressing Venus and pcDNA
control, FLAG-OTUD7A4 WT, or FLAG-OTUD7A p.Asn492 Lys494del (scale bar =
50 pm).

(G) In Df(hi15q13)/+ neurons, expression of OTUD7A4 p.Asn492 Lys494del does
not rescue the reduction of dendrite growth. WT + pcDNA, n =31 neurons; pcDNA
control, n=23 neurons; OTUD74 WT,n=26 neurons; OTUD7A

p-Asn492 Lys393del, n= 15 neurons, 5 cultures, one-way ANOVA followed by
Tukey’s post hoc test, **p <0.01, ***p <0.001, F(3, 133)=9.613. Error bars
represent SEM.
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Figure 6. OTUD7A Is the Predominant Gene in the 15q13.3 Microdeletion

Regulating Dendritic Spine Development
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(A) Dendritic spines from DIV14 WT and Df(h15q13)/+ cortical neurons co-expressing

Venus and the indicated construct (scale bar 5 pm).

(B—E) Expression of CHRNA7, FANI, or KLF13 in Df(thl5¢13)/+ neurons did not rescue the

defects in certain phenotypes.

(B) Dendritic spine density. WT + pcDNA control, n = 23 dendritic segments;
[Dfthi15q13)/+] + pcDNA control, n = 24 dendritic segments; [Df(h15q13)/+] +
OTUD7A4 WT, n= 22 dendritic segments; [Df(hi15q13)/+] + CHRNA7, n = 30 dendritic

segments; [Df(h15q13)/+] + FANI, n= 24 dendritic spines; [Df(h15¢q13)/+] + KLF13,n
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= 30 dendritic segments; 3 cultures, one-way ANOVA followed by Tukey’s post hoc
test, *p < 0.05, **p <0.01, ***p <0.001, F(5, 157) = 6.907.

(C and D) Proportion of mushroom spines (C) and the proportion of stubby spines (D).
WT b pcDNA control, n = 23 dendritic segments; [Df(h15q13)/+]+ pcDNA control, n =
24 dendritic segments; [Df(h15¢g13)/+] + OTUD7A WT, n = 22 dendritic segments;
[Dfth15q13)/+] + CHRNA7n =30 dendritic segments; [Df(hl5q13)/+] p+FANI,n=24
dendritic spines; [Df(h15¢g13)/+] + KLF13,n =30 dendritic segments; 3 cultures, one-
way ANOVA followed by Tukey’s post hoc test, *p < 0.05, **p < 0.01, F(5, 156) =
5.045, F(5, 157) = 5.666.

(E) Spine length. WT + pcDNA control, n = 484 spines; [Df(h15¢g13)/+] + pcDNA
control, n = 379 spines; [Df(h15q13)/+] + OTUD7A WT, n =444 spines; [Df(h15q13)/+]
+ CHRNA7, n =454 spines; [Df(h15q13)/+] + FANI, n = 374 spines; [Df(h15¢g13)/+]
+KLF13,n=457 spines; 3 cultures, one-way ANOVA followed by Tukey’s post hoc
test, *p < 0.05, **p <0.01, ****p < 0.0001, F(5, 2728) = 10.64.

(F) DIV14 WT and Df(hi15q13)/+ cortical neurons co-expressing Venus and the
indicated construct (scale bar = 50 um).

(G) Expression of OTUD74 WT or CHRNA7 in Df(h15q13)/+ cortical neurons rescues
dendritic arborization defects, whereas FANI and KLF'13 did not. WT + pcDNA, n= 30
neurons, [Df(h15q13)/+] + pcDNA control, n = 40 neurons; [Df(h15q13)/+] + OTUD7A4
WT, n= 35 neurons; [Df(h15q13)/+] + CHRNA7.n = 26 neurons; [Df(h15q13)/+] +
FANIn =23 neurons; [Df(hl5¢g13)/+] + KLF13,n =33 neurons, 3 cultures, one-way
ANOVA followed by Tukey’s post hoc test, *p <0.05, F(5, 181) = 6.873. Error bars
represent SEM.
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Table 1. Individual ASD-Affected Case Subjects with De Novo Mutations Found near or within OTUD7A

ASD Cases Chromosome Nucleotide-Level Change-HGVS Format Protein-Level Change Seq-Type Variants Gene/Nearby Genes
Case 1 15 XM_005254506.1; ¢.936-17A>G - intronic MTMR10

Case 2 15 NM_001252024.1; ¢.2382C>G p-Phe794Leu missense TRPM1

Case 3 15 NM_130901.2; c.1474_1482del p-Asn492_Lys494del exonic-indel OTUD7A

Case 4 15 NC_000015.9; g.31557488A>C - intergenic KLF13

Case 5 15 NC_000015.9; g.32309599_32309610del - intergenic-indel OTUD7A, CHRNA7
Case 6 15 NC_000015.9; g.32309599_32309610del - intergenic-indel OTUD7A, CHRNA7
Case 7 15 XM_005254201.1; ¢.—223+11014A>G - intronic OTUD7A

Case 8 15 NM_130901.1; ¢.11504-935del - intronic-indel OTUD7A

Table 1. Individual ASD-Affected Case subjects with De Novo Mutations Found

near or within OTUD7A
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Figure S1 A 15q13.3 mouse model (Df(h15q13)/+) has defects in forebrain signaling

pathways. (A) RNA sequencing analysis of cortical brain tissue from E16, P21, and adult

WT and Df(h15q13)/+ mice (n = 2 brains per condition). All 5 brain expressed genes

within the deletion are downregulated by ~50%. (B) Differential expression analysis and

(C) gene enrichment analysis revealed that forebrain development is the most

significantly altered biological process across all ages.

149



PhD Thesis - Brianna Unda McMaster University - Biochemistry

A 1 € o8 p=0.8074
€ * ES
2 1 £ 06
£ ! b}
jod 3
S 0.4
3 J:
g £ 0
& g
o
o 00
WT  Df(h15q13)/+ WT  Df(h15q13)/+
—_ = o p=0.3672
3 EM ——
£ £
j=J sl
k5 5
x <
o [5]
] 2
g 2o
@& @ o
WT  Df(h15q13)/+ WT  Df(h15q13)/+
B —wr

1.0q — Df(h15q13)/+

20
o
£ 1
.
& o5
oo
S
T T .

o)
c
9]
=]
=4
2
)
2
==
o
>
1S
=]
O

T2
Spine length (um)

Figure S2 Df(h15q13)/+ mice have defects in dendritic spine development. (A)
Df(h15q13)/+ show a decrease in spine length (left), and neck length (right) (WT, n = 962
spines; Df(h15q13)/+, n = 775 spines, 4 mice per condition, student’s t test, *p < 0.05,
t(1735) = 2.566, t(544) = 0.24309, t(544) = 2.469, t(544) = 0.9025). 15q13.3 mouse model
(Df(h15q13)/+) has defects in forebrain signaling pathways. (B) Analysis of dendritic
spine length in WT and Df(h15q13)/+ neurons. Df(h15q13) cultured cortical neurons
show a decrease in spine length. (WT, n = 645 spines; Df(h15q13)/+, n = 543 spines, 3
cultures, student’s t test, **p < 0.01, t(1186) = 3.109). Error bars represent s.e.m.
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Figure S3 Analysis of overlapping deletions and gene expression in the human
15q13.3 region. (A) Number of typical 15q13.3 microdeletions identified within an
autism spectrum disorder (ASD) cohort, three independent developmental delay (DD)
cohorts (shown in black bars) and in controls (green bar). (B) An atypical deletion
breakpoint showing the breakpoint (CNV call from CHAS algorithm) probe intensities
(log2 ratio) that clearly impacts OTUD7A4 and excludes CHRNA7. (C) Relative RNA
expression (2(-dCt)) from quantitative real-time PCR (qQRT-PCR) relative to ACTB
(replicated with another housekeeping gene MED13) shown for ARHGAPI11B, FANI,
MTMRI10, CHRNA7, LOC283710, and TRMP1 within 12 different human tissues. (D)
Sanger sequencing chromatogram validating the OTUD7A de novo indel in Proband and
affected sibling (Proband is case 3 in Table 1), which is not present in the mother and
father. (E) Pedigree showing the unaffected father and mother and the two affected
offspring diagnosed with ASD and harboring the de novo N492 K494 deletion in
OTUD7A. (F) Spatio-temporal expression from 524 brain regions from Brain Span for
OTUD7A and KLF'13. The X-axis defines the brain region, and the Y-axis is the level of
expression, and each colored line represents the level of expression for an individual
exon. The red line defines the 75th percentile line of expression from the entire

BrainSpan RNA-seq data. KLF'13 shows only one exon is highly expressed.
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Figure S4 In silico analysis reveals a de novo ASD-linked mutation near OTUD7A
occurs in the binding region of the transcription factor EZH?2. (A) De novo mutation
(chr15:32309598-32309610) impacts (blue vertical line) a known transcription factor
EZH?2 (grey horizontal box) but the functional consequences is unknown. (B) Roadmap
data on 50 different tissue types for the histone marker H3K27me3 and the color code
represents the peak intensities (light to dark red) for different tissue types. (C) De novo
mutation impacting a high peak from chip-seq experiment obtained from Cingulate Gyrus

tissue type.
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Figure S5 Dendritic spine analysis in Df(h15q13)/+ cultured neurons expressing
OTUD7A WT or the de novo OTUD7A Asn492 Lys494del mutation. (

A) Overexpression of pcDNA control vector, FLAG-OTUD7A-WT, or FLAG-OTUD7A
N492 K494del vectors in HEK293 cells show the presence of OTUD7A (isoform 1),
detected by anti-Flag. (B) Overexpression of OTUD7A WT or OTUD7A N492 K494del
in Df(h15q13)/+ neurons does not show changes in thin spines (WT + pcDNA, n =32
dendritic segments, 18 neurons; pcDNA control, n = 48 dendritic segments, 30 neurons;
OTUD7A WT, n =38 dendritic segments, 21 neurons; OTUD7A N492 K494del, n = 28
dendritic segments, 20 neurons, 5 cultures, one-way ANOVA followed by Tukey’s post
hoc test, F(3, 141) = 0.1061). (C) Overexpression of OTUD7A WT in Df(h15q13)/+

neurons showed an increase in spine neck length. Overexpression of OTUD7A WT or
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OTUD7A N492 K494del does not show any changes in spine head width or spine neck
width (WT + pcDNA control, n = 244 spines; [Df(h15q13)/+] + pcDNA control, n = 180
spines; [Df(h15q13)/+] + OTUD7A WT, n =247 spines; [Df(h15q13)/+] + OTUD7A
N492 K494del, n = 112 spines, 5 cultures, one-way ANOVA followed by Tukey’s post
hoc test, **p <0.01, F(3, 779) = 2.039, F(3, 768) = 4.209, F(3, 779) = 1.044). Error bars

represent s.e.m.
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Table S3. Number of cases from each cohort, phenotypic ascertainment and the

controls.

McMaster University - Biochemistry

Microarray Phenotype 15q13.3
Dataset Ascertainment # of cases microdeletion
ASD Strictly Autism 1026 8
Broader
Clinical Microarray | neurodevelopmental
1 (CMA D* disorders 9,322 12
Broader
Clinical Microarray | neurodevelopmental
2 (CMA 2)* disorders 10,619 29
Broader
Clinical Microarray | neurodevelopmental
3 (CMA 3) disorders 17358 107
All cases 38325 156
All_controls 22,241 1

* New unpublished cohort analyzed for 15q13.3 microdeletion syndrome.
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4.1 ABSTRACT

The 15q13.3 microdeletion region is a copy number variation (CNV) associated with
multiple neurodevelopmental disorders (NDDs), including autism spectrum disorder
(ASD), epilepsy, schizophrenia, and intellectual disability. Previous studies identified
OTUD7A as an important gene within the deletion driving neurodevelopmental
phenotypes. To study how OTUD7A may contribute to the heterogeneity of the 15q13.3
microdeletion syndrome and identify molecular mechanisms underlying this CNV, we
used a proximity-based proteomics system, BiolD2, to compare the protein-interaction
networks of wildtype OTUD7A and two previously identified NDD-associated OTUD7A
patient mutations. Strong OTUD7A protein interactors included a number of proteins
localized to the axon initial segment and the post synaptic density, as well as known
ASD-linked genes. The two OTUD7A mutations showed both shared and distinct
changes in binding to target proteins compared to wildtype OTUD7A, highlighting the
advantage of combining proximity labeling with patient mutations. One of the top
OTUD7A protein interaction partners identified in our BiolD2 screen was AnkryinG
(encoded by Ank3), a high-confidence bipolar disorder risk gene. Further biochemical
experiments revealed that OTUD7A physically binds to the Ankyrin repeat domain
(ANKRD) and spectrin binding domain of AnkyrinG, and that OTUD7A regulates levels
of AnkyrinG in mouse cortical neurons. Using super-resolution imaging, we also found
that the number of Ankyrin G nanodomains are decreased in Df(h15q13)/+ dendritic
spines and dendrites. Over-expression of AnkryinG in Df(h15q13)/+ cortical neurons was

able to rescue neuronal morphology defects, and treatment with the selective GSK-3
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inhibitor CHIR-99021 rescued neuronal activity phenotypes in Df(h15q13)/+ cortical
neurons. This study presents a novel mechanism for the role of Otud7a in the 15q13.3
microdeletion syndrome. Additionally, we have shown that combining proximity-
labelling proteomics and patient mutation analysis is a feasible, effective, and non-biased
method for discovering downstream pathways and mechanisms of NDD risk genes for

which there is little to no previously reported experimental data.

4.2 INTRODUCTION

The 15q13.3 1.53 Mb microdeletion syndrome (MIM: 612001) locus (chr15:30,910,306—
32,445,407 [hg19]) that resides within breakpoints BP4-BP5 on human chromosome 15 is
a recurrent CNV that results in a highly heterogeneous set of phenotypes including
intellectual disability (50%—60%), autism spectrum disorder (10%—-20%), epilepsy (30%)
(MIM: 607208), and schizophrenia (10%—-20%). Individuals are typically heterozygous
for the 15q13.3 microdeletion, which encompasses seven protein-coding genes, one
microRNA, and two pseudogenes (ARHGAP11B [MIM:616310], LOC100288637,
FANI [MIM: 613534], MTMR10, TRPM1 [MIM: 603576], LOC283710, microRNA-
211, KLF13, [MIM: 605328], OTUD7A [MIM: 612024], and CHRNA7 [MIM: 118511])
(Atonacci et al., 2014;Helbig et al., 2009;Sharp et al., 2008; International Schizophrenia
Consortium, 2009; Pagnamenta et al., 2009; Shinawi et al., 2009; Stefansson et al., 2008;
Ziats et al, 2016). Multiple genes within the deletion have been investigated as potential
driver genes of the neurological phenotypes observed in the disorder. The majority of

evidence has pointed to two of the genes, CHRNA7 and OTUD7A, as being particularly
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important. CHRNA7 has been proposed as a driver gene, in part because some patients
have overlapping deletions that encompass CHRNA7 (Shinawi et al., 2009). However,
among clinical case subjects, many of the deletions encompassing CHRNA7 also overlap
the adjacent gene OTUD7A (Lowther et al., 2014). Further implicating OTUD7A are two
recent independent studies investigating the role of OTUD7A in the 15q13.3
microdeletion. A previous study from our lab combined bioinformatic analysis of human
whole-genome sequencing (WGS) and whole-exome sequencing (WES) data with
pathophysiological characterization of a heterozygous 15q13.3 microdeletion mouse
model (Df(h15q13)/+), and identified OTUD7A as a strong candidate driver gene of the
neurodevelopmental phenotypes observed in the 15q13.3 microdeletion (Uddin et al.,
2018). Specifically, we identified 3 de novo variants in OTUD7DA in ASD probands and
affected siblings and discovered that OTUD7A contains “brain-critical” exons, suggesting
that OTUD7A is likely important for brain function. We also showed that Df(h15q13)/+
cortical neurons have impaired dendrite and dendritic spine development, and that
OTUD7A re-expression was sufficient to rescue neuronal morphology deficits (Uddin et
al., 2018). A companion study determined that Otud7a KO mice recapitulate behavioural
phenotypes observed in Df(h15q13)-/- mice, including impaired ultrasonic vocalizations,
seizure-like activity, and impaired pre-pulse inhibition (Yin et al., 2018). Both models
displayed decreased dendritic spines and both studies showed that a subset of OTUD7A
protein is localized to dendritic spines (Uddin et al., 2018; Yin et al., 2018). Although

both of these studies strongly implicated the role of OTUD7A in the 15q13.3
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microdeletion syndrome, neither study examined possible molecular mechanisms of
OTUD7A’s role in neurodevelopmental processes.

There are currently two studies that have reported de novo mutations in OTUD7A (Garret
et al., 2020; Uddin et al., 2018). OTUD7AN492 494del is a previously published de novo
non-frame shift deletion identified in an ASD proband and affected sibling through whole
genome sequencing, resulting in the deletion of 9 base pairs that is predicted to delete
amino acids 492-494 of OTUD7A, just upstream of the nuclear localization sequence
(NLS). We previously found that this mutation impairs the ability of OTUD7A to regulate
dendrite and dendritic spine formation (Uddin et al., 2018). The second mutation,
OTUD7AL233F, is a recently published inherited homozygous point mutation in the
catalytic domain of OTUD7A which results in a substitution of Leucine 233 to
Phenylalanine (Garret et al., 2020). This patient is a two-year-old boy with severe global
developmental delay, language impairments and epileptic encephalopathy. Fibroblasts
from the OTUD7AL233F patient showed proteasome dysfunction, identified by an
increase in K-48 linked ubiquitinated proteins as well as decreased expression of PA28
complexes, an activator of the 20S proteasome (Garret et al., 2020). However, how these
mutations affect OTUD7A molecular function and protein interactions remains unknown.
The OTUD7A protein (also known as Cezanne 2, for cellular zinc finger anti-NF-kB 2) is
a member of the ovarian tumor (OTU) family of cysteine protease deubiquitinases (Evans
et al., 2003; Mevissen et al.,2013). Ubiquitination is a post-translational modification
(PTM) which targets proteins for proteasomal degradation, lysosomal degradation,

intracellular trafficking or signaling. Substrate proteins are reversibly tagged with
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ubiquitin molecules through a series of enzymatic reactions by ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3); deubiquitinases
fall into this pathway by removing ubiquitin molecules from target proteins (Mabb &
Ehlers, 2010). The most widely studied function of ubiquitination is protein turnover via
the ubiquitin-proteasome system (UPS), which is a critical process for neural cells,
regulating learning and memory, and synaptic plasticity (Mabb & Ehlers, 2010; Widagdo
et al., 2017). In Vitro ubiquitination assay studies have found that OTUD7A shows
linkage specificity towards Lysine 11 polyubiquitin chains (Mevissen et al., 2013).
Despite the scarcity of literature analyzing the functions of this linkage type, some studies
suggest that it may be involved in processes such as proteasomal degradation, cell cycle
regulation, endoplasmic reticulum associated degradation (ERAD) and mitophagy
(Akutsu et al., 2016).0TUD7A is thought to play a role in cancer and immunology,
whereby it negatively regulates the NF-kB signaling pathway through deubiquitination
and inhibition of TRAF6 (Xu et al., 2014). However, no studies have examined the
molecular function of OTUD7A in the brain.

Proximity-labeling proteomics has become an important non-biased method for
investigating protein-protein interactions and is particularly useful in discovery-based
studies where little is known about the protein in question. BiolD is a proximity-labeling
based proteomics system that has been widely used in various cell lines to identify
protein-protein interactions and to map the spatial organization of cellular compartments
(Kim et al., 2016; Liu et al., 2018; Roux et al., 2012; Youn et al., 2018). This system uses

a mutated “promiscuous” version of a bacterial biotin ligase (BirA*), with the ability to
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biotinylate proteins within close proximity (Roux et al., 2012). Although BioID has been
widely used to map the proteomes of various cells lines, only three studies have utilized
this system in neurons or the brain. Two studies delivered BiolD-tagged synaptic proteins
virally in vivo using adeno-associated virus (AAV); one mapped excitatory and inhibitory
synaptic proteomes in the mouse brain while the other characterized the protein
interaction network of a novel regulator of the cytoskeleton at the synapse (Spence et al.,
2019 ;Uezu et al., 2016). The most recent study used AAV packaged BiolD constructs to
map the axon-initial segment (AIS) proteome in cultured mouse cortical neurons
(Hamdan et al., 2020). This method has recently been improved (BiolD2), which uses a
smaller biotin ligase derived from A. aeolicus, which was shown to retain the same
enzymatic activity of BiolD, but has improved fusion-protein subcellular localization and
reduced the amount of biotin supplementation needed (Kim et al., 2016).

Here, we used a lentiviral delivery system to deliver BiolD2-tagged OTUD7A to mouse
cortical neurons in vitro to identify a novel OTUD7A protein interaction network (PIN)
and to investigate the impact of NDD-associated patient mutations

OTUD7AN492 K494del and OTUD7AL233F on the OTUD7A PIN. The OTUD7A PIN
included proteins localized to the axon initial segment (AIS), postsynaptic membrane as
well as proteins encoded by high confidence ASD-risk genes. Additionally, the two
patient mutations showed both shared and distinct changes to protein interactions and
functional networks. Namely, the most impaired network of proteins in the
OTUD7AN492 K494del mutation sample was localized to the postsynaptic membrane,

whereas AIS proteins were most affected by the OTUD7AL233F mutation. We focused
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on validation of the one of the highest-confidence BiolD2 hits, AnkyrinG. ANK3 is a high
confidence bipolar gene which encodes AnkyrinG, a scaffold protein that anchors plasma
membrane associated proteins to the actin/spectrin cytoskeleton (Hedstrom et al., 2008,
Leussis et al, 2012). It has 3 main brain-expressed isoforms due to alternative splicing
which differ in size: 190kDa, 270kDa and 480kDa. The 270 and 480 kDa isoforms show
restricted localization to the axon initial segment, whereas the 190kDa isoform is
localized to both the AIS and the PSD (Smith & Penzes, 2018; Smith et al., 2014). We
discovered that OTUD7A and AnkyrinG-190 share a protein-protein interaction network
and that OTUD7A binds the Ankyrin repeat domain (ANKRD) and spectrin binding
domains of AnkyrinG. Through SIM imaging we show that AnkyrinG levels are
decreased in dendrites and dendritic spines of Df(h15q13)/+ neurons. Finally, we show
that exogenous expression of AnkyrinG or chemical inhibition of GSK-3 through
treatment with CHIR-99021 rescues synaptic and functional deficits in Df(h15q13)/+
neurons. Our data uncover a novel OTUD7A molecular pathway intersecting with known
neurodevelopmental pathways that is impacted by NDD-associated patient mutations.
Additionally, neurodevelopmental phenotypes relevant to the 15q13.3 microdeletion

syndrome can be ameliorated through targeting of this pathway.

4.3 MATERIALS AND METHODS
Animals
Df(h15q13)/+ mice were generated by Taconic Artemis as described in Fejgin et al.

Animals were bred, genotyped, and housed at the Central Animal Facility at McMaster
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University. All procedures received the approval of the Animal Research Ethics Board
(AREB). Genotypes were identified during breeding by PCR of ear notches, and two WT
females were bred with 1 Df(h15q13)/+ male per breeding cage. The use of only WT
females for breeding was performed to minimize effects of potential differences in the
embryonic environment and/or mothering of the Df(h15q13)/+ females compared to WT
females. To obtain cortical cultures, WT females were timed-bred with Df(h15q13)/+
males and males were removed when a plug was observed, indicating copulation. At E16,
mothers were sacrificed, and litters were collected. Animals of appropriate genotype were
included, and any animals with unclear genotypes were excluded from experiments. The
mouse line C57BL/6J-Otud7A<em1Tcp> (3XFLAG-Otud7a) was made at The Centre for
Phenogenomics by electroporating Cas9 ribonucleoprotein complexes with a guide RNA
with the spacer sequence GCTAGAGACCATCCATCTGC and a single-strand
oligonucleotide encoding a 3XFLAG tag and GGSG flexible linker inserted immediately
after the start codon. Also identified was an upstream intronic variant 1-bp delG
Chr7:63650782 (GRCm38). For BiolD2 studies, timed-pregnant CD1 mice were ordered

from Charles River and were euthanized for embryo collection at E16.

Cell Culture

Primary cortical neurons were cultured as follows. Cortices were dissected out of WT and
Df(h15q13)/+ mouse embryonic brains at E16. The last 1-2mm of their tails were used for
genotyping. Dissociation of cortices was aided by incubation in 0.3 mg/mL Papain

(Worthington Biochemical)/400 U/mL DNase I (Invitrogen) in Hanks Buffered Saline
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Solution (HBSS) for 20 min at 37 °C, followed by light trituration. Cells were seeded
onto 0.1 mg/mL poly-D-lysine (BD Sciences)/3.3 mg/mL Laminin (Sigma)-coated
coverslips 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. For
immunocytochemistry experiments, cultures were treated with 1 mM Cytosine b-D-
arabinofuranoside hydrochloride (Ara-C) (Sigma) at DIV 4 to inhibit glial cell
proliferation. Cultures were maintained at 37 °C, 5% CO2. All media components were
from GIBCO unless otherwise specified.

HEK293 FT cells were maintained in DMEM with 4.5g/L glucose, 10% Fetal bovine
serum, 2mM GIBCO Glutamax supplement, ImM Sodium pyruvate and 1X MEM Non-
essential amino acids. Lenti-X 293T cells were maintained in the same base media with

20% Fetal Bovine serum.

Multielectrode Arrays

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™4 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
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medium, 2% B27 supplement, 1% penicillin/streptomycin, and 2 mM L-glutamine. Half
of the culture media was replaced every 2 days. 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 4kHz Kaiser Window low pass filter and a 200Hz IIR High Pass filter.
Analyzed 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).

Cell Treatments
Primary mouse cortical neurons in 48-well Cytoview MEA plates were treated with either
1uM CHIR-99021 (Sigma) or vehicle (DMSO) starting at DIV 6. Every other day, half

the culture media was exchanged with fresh culture media plus CHIR-99021 or DMSO.

Transfection

Primary neurons were transfected at DIV 7 using Lipofectamine LTX with Plus reagent
(Invitrogen) according to the manufacturer’s instructions. Approximately 9x10"5 cells
per well were transfected with 1ug DNA with 2uL Lipofectamine LTX and 1uL Plus
reagent. HEK293FT cells were grown under standard cell culture conditions and

transfected with plasmids using Lipofectamine 2000 according to the manufacturer’s

167



PhD Thesis - Brianna Unda McMaster University - Biochemistry

protocol (Invitrogen) at approximately 80-90% confluency. HEK293FT cells were used

for ease of plasmid expression and have not been tested for Mycoplasma contamination.

Antibodies and Constructs

The following antibodies were used in this study. Mouse anti-FLAG (Sigma F1804;
Western Blot 1:1000, IF 1:1000), Mouse anti-HA (Santa Cruz Biotechnology F-7;
Western Blot 1:500), Rabbit anti-AnkyrinG (Synaptic Systems 386 003; Western blot
1:4000, IF 1:1000), Mouse anti-AnkyrinG (Neuromab N106/36; IF 1:200 ) Mouse anti-
BetaActin (Sigma A5316; Western blot 1:5000), Rabbit anti-BetaActin (Cell Signaling
Technologies #4907; Western blot 1:1000), Rabbit anti-GFP (Santa Cruz Biotechnology
sc-8334; Western blot 1:1000), anti-TurboGFP (Thermo Fisher Scientific PA5-22688;
Western blot 1:1000; IF 1:1000), Rabbit anti-mCherry (Abcam ab167453; IF 1:500),
Chicken anti-GFP (Aves Labs AB 2307313; IF 1:1000), Rabbit anti-AlphaTubulin (Cell
signaling 2144S; Western blot 1:1000). Fluorophore-conjugated secondary antibodies
were raised in donkey and used at a concentration of 1:1000. Alexa Fluor 647-
Streptavidin (Jackson Immunoresearch; IF 1:1000) was used to detect biotin in IF
experiments. Pierce™ High Sensitivity Streptavidin-HRP (Thermo Fisher scientific;
western blot 1:30 000) was used to detect biotin in western blots.

To create the BiolD2 fusion constructs, we obtained an expression plasmid containing a
C-terminal 3Xflag tagged BiolD2 sequence with a 198bp (13X “GGGGS” repeat) linker
sequence upstream of BiolD2 (Genscript). For lentiviral expression, 13X linker-BiolD2-

3XFLAG was amplified and cloned into the lentiviral backbone pLV-hSYN-RFP
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(Addgene Plasmid #22909) using InFusion cloning. For ease of visualization and to
create a bicistronic construct, TurboGFP-P2A was amplified from pCW57-GFP-2A-MCS
(Addgene plasmid #71783) and cloned into the pLV-hSYN-RFP backbone between the
BamHI and Pmel restriction sites, replacing RFP. InFusion cloning was used to insert
individual transgenes between the P2A and the 13Xlinker-BioID2 sequences.

The pcDNA-OTUD7AL233F-FLAG construct was made by incorporating a C>T
mutation at bp 697 of the human OTUD7DA cNDA sequence into the PCR primers prior
to amplification. The pcDNAOTUD7AC210S mutation was made similarly by
incorporating a C>G mutation at bp 629 of the human OTUD7DA cNDA sequence into
the PCR primers prior to amplification. The PCR product was subcloned into the
pcDNA3.3 backbone using the InFusion cloning system between the EcoRI and Mlul
restriction sites. mCherry-tagged constructs were created by amplification of WT
OTUD7A, OTUD7AN492 494del or OTUD7AL233F from the pcDNA3.3 backbone and
amplification of mCherry from Lenti U6-sgRNA EF1a-mCherry (Dr. Jeremy Day, UAB,
Alabama) , followed by InFusion of PCR products into the pcDNA3.3 backbone between
the EcoRI and Kpnl restriction sites.

AnkyrinG-190-GFP (plasmid #31059) and AnkyrinB-2XHA (plasmid #31057) were
bought from Addgene. The 3XHA-AnkyrinG domain constructs were gifts from Dr. Peter
Penzes (Northwestern University). pPCAGIG-Venus was provided by Dr. Zhigang Xie

(Boston University, MA).

Lentivirus Production
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Lenti-X 293T cells were transfected with transfer plasmid containing overexpression
construct, along with the packaging plasmid psPAX2 (Addgene Plasmid #12260) and the
VSV-G envelope plasmid PMD2.G (Addgene Plasmid #12259). 48 hours after
transfection, viral supernatant was collected and ultracentrifuged at 25 000 RPM for 2
hours at 4°C. To titer the lentivirus, primary mouse cortical neurons were transduced at
DIV 3 at three different concentrations, followed by flow cytometry at DIV 5 to calculate
the percentage of GFP+ cells. Titers were calculated using the following equation:
Fraction GFP+ x dilution X cell# / volume (mL) = transducing units (TU) / mL.
Functional titers were calculated as the average titer obtained from the three dilutions and

ranged from 107 — 10"8 TU/mL.

In vitro Biotinylation

Cultured mouse primary cortical neurons (approximately 7.2 x10"6 neurons per virus)
were transduced with lentiviral BiolD2 constructs at a MOI of 0.7. Neurons were
transduced at DIV 14 and biotin was added at DIV 17 at a final concentration of 50uM.
Cells were lysed in RIPA buffer, sonicated, and biotinylated proteins were pulled down
with streptavidin-sepharose beads (GE ref# 17-5113-01). Bead-protein conjugates were
resuspended in ammonium bicarbonate and on-bead trypsin digestion was performed
overnight at 37 °C. Beads were washed with ammonium bicarbonate and supernatants

containing digested peptides were speed vac dried before preparation for LC-MS.

Liquid Chromatography and Tandem Mass Spectrometry (LC-MS/MS) for BiolD2

170



PhD Thesis - Brianna Unda McMaster University - Biochemistry

BiolD2 samples were resuspended with 20 ul 0.1% formic acid, 1 ml out of 20 ml was
injected for LC-MS/MS analysis. Liquid chromatography was conducted using a home-
made trap-column (5 cm x 200 mm inner diameter) and a home-made analytical column
(50 cm x 50 mm inner diameter) packed with Reprosil-Pur 120 C18-AQ 5 um particles
(Dr. Maisch), running a 3hour reversed-phase gradient at 70nl/min on a Thermo Fisher
Ultimate 3000 RSLCNano UPLC system coupled to a Thermo QExactive HF
quadrupole-Orbitrap mass spectrometer. A parent ion scan was performed using a
resolving power of 120,000 and then up to the 30 most intense peaks were selected for
MS/MS (minimum ion counts of 1000 for activation), using higher energy collision
induced dissociation (HCD) fragmentation. Dynamic exclusion was activated such that
MS/MS of the same m/z (within a range of 10ppm; exclusion list size=500) detected

twice within 5s were excluded from analysis for 50s.

Mass Spectrometric Data Analysis

Mass spectrometric raw files from the Thermo QExactive HF quadrupole-Orbitrap were
searched using Proteome Discoverer, against the UniProt Mouse database (Version 2017-
06-07), in addition to a list of common contaminants maintained by MaxQuant (Tyanova
et al., 2016). The database parameters were set to search for tryptic cleavages, allowing
up to 2 missed cleavage site per peptide, with a parent MS tolerance of 10 ppm for
precursors with charges of 2+ to 4+ and a fragment ion tolerance of +0.02 amu. Variable
modifications were selected for oxidized methionine. The results from each search were

statistically validated within Proteome Discoverer, with 1 unique peptide and a FDR
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cutoff at 0.01 required for protein identification. SAINTexpress was used to calculate the
probability of each potential proximal—protein from background (control BioID2) using
default parameters (Choi et al., 2011; Teo et al., 2014). Specificity plot and Dotplot were

generated from SAINTexpress data using ProHits-Viz (Knight et al., 2017).

Protein Network Analysis

Protein networks were constructed in Cytoscape using the STRING protein interaction
database for mus musculus. Proteins with a SAINT score of greater than or equal to 0.6
were included. The size of each node represents the fold change between the PSMs for
each protein in the experimental BiolD2 sample vs the control BioID2 sample. Gene
Ontology enrichment tests were performed on geneontology.org (Mi et al., 2013) using a
mouse cortex transcriptome reference list (https://portal.brain-map.org/atlases-and-
data/rnaseq). Only the most specific GO terms in a family were reported to avoid
redundancy and GO terms that were not relevant to the cell type (neurons) were not

reported. GO terms with FDR <0.05 were considered significant.

Immunoprecipitation and Immunoblotting

For immunoprecipitation, cells or brain tissue were lysed in lysis buffer (50mM Tris-HCI,
150mM NaCl and 1% NP-40) with cOmplete mini protease inhibitor cocktail (Roche) and
centrifuged at 12 000g for 10 minutes at 4 °C. Protein G Dynabeads (Invitrogen) were

incubated with primary antibody for 2 hours at room temperature on a rotator, followed
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by incubation with lysate overnight at 4 degrees on a rotator. Immunoprecipitants were
eluted in 2X lamelli sample buffer with beta mercaptoethanol for 10 minutes at 95 °C.
For western blotting, cells or tissue were lysed in lysis buffer or RPIA buffer (50mM
Tris-HCI, 150mM NacCl, 0.5% sodium deoxycholate, 0.1% SDS, and 1% NP-40).
Samples were loaded into Tris-Glycine gels and transferred to a PVDF membrane (Bio-
Rad). Membranes were blocked for 1 hr in 5% milk in 1X TBST, incubated with primary
antibody overnight at 4 degrees C, then with secondary antibody (donkey anti-mouse or
antirabbit HRP, GE Healthcare) for 1 hr at room temperature before exposure using a

ChemiDoc MP system (Bio-Rad).

Immunocytochemistry

Cells on glass coverslips were fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature. Cells were washed in PBS three times, followed by blocking in
blocking/permeabilization solution consisting of 10% Donkey Serum (Millipore) or 1%
BSA and 0.3% Triton X-100 (Fisher Scientific) in PBS for 1 hr at room temperature.
Incubation in primary antibodies was performed at 4 °C overnight. Cells were then washed
in PBS three times, followed by incubation with secondary antibodies in 50%
blocking/permeabilization solution at room temperature for 1.5 hr. Cells were then washed
in PBS and were mounted on VistaVision glass microscope slides (VWR) using Prolong
Gold antifade reagent (Life Technologies). Confocal images were acquired using a Zeiss

LSM700 confocal microscope.
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SIM imaging and analysis

Imaging and reconstruction parameters were empirically determined with the assistance of
the expertise in the Nikon Imaging Center at Northwestern. The acquisition was set to
10MHz, 14 bit with EM gain, and no binning. Auto exposure was kept between 100-300ms,
and the EM gain multiplier restrained below 300. Conversion gain was held at 1x. Laser
power was adjusted to keep LUTs within the first quarter of the scale (<4000).
Reconstruction parameters (0.96, 1.19, and 0.17) were kept consistent across experiments
and imaging sessions. The resolution of images was taken with 2048 x 2048 pixels in the
area of 66.56 x 66.56 um. For each spine analyzed, the single-plane in which the spine head
was in focus, based on the cell fill, was chosen for analysis. Using ImageJ software, each
spine head was outlined manually in the channel of the cell fill to detect the area. A specific
dendritic region (WT: 59.03+4.96 um; Df(h15q13)/+: 67.40+4.33 um) was selected, and
puncta counts were made for the measurement of ankyrin-G puncta; puncta smaller than
0.065 um? were excluded from the analysis. Visual assessment of fluorescence intensity
was used to delineate separate or connected puncta. Puncta were considered separate if a
region of decreased intensity was readily visible. The number of puncta within the spine
head was quantified manually and recorded. For the dendritic analysis, the first branched
apical dendrite from a pyramidal neuron was outlined automatically by thresholding 10,000
in a 16-bit image. In the chosen region of interest (ROI) of the dendritic shaft without
spines, ankyrin-G puncta were analyzed with the option of analyze particles automatically
by Imagel; also, puncta smaller than 0.065 um? were excluded. All images were processed

with converting mask and watershed with a binary option.
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Morphological Analyses

Confocal images were taken at a resolution of 2048 x 2048 pixels in an area of 145.16 x
145.16 um and were processed and analyzed with ImagelJ 1.44 software. Sholl analysis was
performed using the Sholl analysis plugin in Imagel. This plugin was used to make
concentric circles increasing at a constant radius of 10 mm and to count the number of
dendritic intersections. Spine density was calculated by visually counting all protrusions
from a dendrite within a 15-25 mm distance starting at a secondary branch point. One to
three dendritic segments were analyzed per neuron. Maximal spine head width (HW), neck
width (NW), length (L), and neck length (NL) were measured for each dendritic protrusion
using the segmented line tool in ImagelJ. Spines were defined as follows: stubby (L < 1
mm), mushroom (1< L <5 mm; HW >2 x NW), or thin (1<L< mm;HW <2 x NW). The
density of each spine type was calculated by dividing the number of spines in each spine
category (mushroom, thin, and stubby) by the total number of spines within the dendritic

segment.

Statistical Analysis

Data are expressed as mean + SEM. Blinding was performed for SIM imaging
experiments. Normality tests were performed using the D’ Agostino & Pearson test,
Shapiro-Wilk test and Kolmogorov-Smirnov test. For normally distributed datasets, we
used the Student’s t test, one-sample t test, one-way ANOVA with Dunnett’s post-hoc
test, two-way ANOVA with Dunnett’s post-hoc test, and Repeated Measures two-way

ANOVA with Tukey’s post-hoc test in GraphPad Prism 9 statistical software for
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statistical analyses. For non-normally distributed data, we used non-parametric statistical
tests (Mann-Whitney test or Kruskal-Wallis test). p values in the figure legends are from
the specified tests, and p < 0.05 was considered statistically significant. For SAINT
analysis, a cutoff SAINT score of 0.6 was used for significance. For Gene Ontology

PANTHER over-representation tests, an FDR <0.05 was considered significant.

4.3 RESULTS

4.3.1 Df(h15q13)/+ cortical neurons show decreased spontaneous firing and bursting

patterns

We previously determined that Df(h15q13)/+ cortical neurons display a decrease in
dendritic spine density and a shift in spine morphology to a lower proportion of
mushroom spines and a higher proportion of stubby type spines. This suggested that
Df(h15q13)/+ neurons may be more immature than those of WT mice. However, we did
not examine whether or not this was associated with a functional difference. To
investigate this, we used a multi-electrode array (MEA) system to record spontaneous
neuronal activity over time from WT and Df(h15q13)/+ neurons. We measured spikes
(action potentials) from cultured cortical neurons plated on 48-well plates, with each well
containing 16 electrodes (Fig 1a), and analyzed firing rate, bursting activity and network
bursting. Firing rate is a measure of neuronal activity or functionality, whereas bursting,
defined as discrete periods of rapid action potential firing followed by a quiescent period,
is correlated with neuronal excitability. Network bursts are synchronized population-level

bursting patterns between neurons, and changes in network bursts are indicative of
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changes in synaptic connectivity. Recordings were taken starting at DIV 7 every 3-4 days
until DIV 31. At DIV 7, Df(h15q13)/+ neurons show a significant decrease in active
electrodes, which disappears from DIV 14 onward, suggesting an early defect in activity
(Fig 1b). Df(h15q13)/+ neurons showed a significant decrease in firing rate from DIV 14
onwards (Fig 1c). Df(h15q13)/+ cortical neurons also showed a significant decrease in the
frequency of bursts (Fig 1d) and networks bursts (Fig 1e) from DIV 21 onward. These
results suggest that Df(h15q13)/+ neurons develop lower levels of spontaneous activity,
as well as lower levels of coordinated activity between neurons within a well, and that

these phenotypes persist late into neuronal maturity.

4.3.2 Df(h15q13)/+ dendritic spine phenotypes, but not dendrite complexity phenotypes,

can be rescued by expression of an epilepsy-associated OTUD7A patient mutation

The first case of a homozygous missense variant (NM_130901.2:¢.697C>T,
p-(Leu233Phe)) in OTUD7A was recently reported in a two year old male presenting with
severe global developmental delay, language impairment and epileptic encephalopathy
(Garret et al., 2020). This mutation was inherited from each of his parents, who are both
heterozygous for the mutation and who also display mild learning difficulties (Fig 1g)
(Garret et al., 2020). The heterozygous mutation is also present in the brother of the
proband, who presented with non-specific learning difficulties (Fig 1g) (Garret et al.,
2020). The mutation results in a substitution of leucine 233 to phenylalanine within a
conserved region of the catalytic domain of the OTUD7A protein, suggesting that it may

potentially affect protein function (Fig 1f).
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We first examined protein levels of the OTUD7AL233F mutation by expressing a human
OTUD7AL233F construct in HEK293 cells. We compared protein levels via western blot
to that of WT OTUD7A as well as three mutations. The OTUD7AN492 K494del
mutation is a previously identified ASD patient mutation located just upstream of the
nuclear localization sequence of OTUD7A. The OTUD7AC210S mutation affects the
catalytic cysteine of OTUD7A, and was previously shown to abolish its ability to de-
ubiquitinate a known target substrate'”. There was a small but significant decrease in
OTUD7AN492 K494del levels and a large significant decrease (~75%) in levels of
OTUD7AL233F compared to WT OTUD7A (Supplementary Fig 1a). We initially
hypothesized that this decrease in levels may be due to a defect in auto-deubiquitination,
since this mutation is located in its catalytic domain. However, OTUD7AC210S levels
were not significantly different compared to WT OTUD7A (Supplementary Fig 1a),
suggesting that the decrease in OTUD7AL233F levels may not be due to changes in its
deubiquitinase activity.

We previously discovered that Df(h15q13)/+ neurons display decreased dendrite
complexity as well as a more immature dendritic spine phenotype. Expression of WT
OTUD7A was sufficient to rescue both of these phenotypes, whereas expression of
OTUD7AN492 K494del was not (Uddin et al., 2018). To determine the impact of the
OTUD7AL233F mutation on dendrite and dendritic spine formation and maturity, we co-
expressed Venus + WT OTUD7A-mCherry, Venus + OTUD7AL233F-mCherry or Venus
+ mCherry in WT and Df(h15q13)/+ neurons. Fluorescence intensity of WTOTUD7A

and OTUD7AL233F mCherry tagged constructs was not significantly different
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(Supplementary Fig 1b,c). Sholl analysis revealed that WT OTUD7A expression in
Df(h15q13)/+ neurons rescued dendritic complexity, most notably in the area of the
dendritic tree more distal to the soma (Fig 1h, 1,j). Expression of OTUD7AL233F in
Df(h15q13)/+ did not rescue dendrite complexity, suggesting that the OTUD7AL233F
mutation affects the ability of OTUD7A to regulate dendrite complexity (Fig 1h, 1,j).
Df(h15q13)/+ neurons showed an overall decrease in spine density compared to WT
neurons (Fig 1k,1), corroborating our previous finding that spine formation is impacted in
Df(h15q13)/+ neurons (Uddin et al., 2018). When stratified by spine morphological type,
only mushroom spine density was significantly decreased in Df(h15q13)/+ neurons (Fig
1k,n,0). Df(h15q13)/+ also displayed a shift in the proportion of mushroom and stubby
type spines, with a decrease in mushroom type spines and an increase in stubby type
spines, suggesting that remodeling of existing spines is also affected. Expression of both
WT OTUD7A and OTUD7AL233F were able to rescue the decrease in mushroom spine
density, as well as restoring the WT proportions of mushroom, thin, filopodia and stubby
type spines (Fig 1k,m). Taken together the data indicate that the OTUD7AL233F
mutation impacts the ability of OTUD7A to regulate neurite arborization but does not

impact its ability to regulate dendritic spine formation or maturation.

4.3.3 Establishing a neuron-specific in vitro BiolD2 proximity-labelling proteomics

system

OTUD7A protein binding partners have never been assessed in neurons or the brain.

Therefore, elucidating the OTUD7A protein interactome in neurons can tell us where
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OTUD7A is localized in neurons and may shed light on the molecular mechanisms
through which OTUD7A affects neuronal morphology. Additionally, we sought to
determine how patient mutations affect the OTUD7A protein interaction network in
cortical neurons. We decided to use a global, unbiased approach to uncover OTUD7A
protein interactors, the BiolD system. BiolD utilizes a mutated bacterial biotin ligase
(BirA*), which abolishes the stringent target specificity of the ligase by reducing its
affinity for activated biotin. This leads to premature release of activated biotin, allowing
proteins within a small radius to be biotinylated. When fused to a bait protein of interest,
proximal proteins will be biotinylated and these proteins can then be purified using
streptavidin-coated beads, which have a high affinity for biotin (Kim et al., 2016; Roux et
al., 2012).

The first consideration in establishing our neuronal BioID2 system was to determine the
appropriate expression method in cortical neurons. Primary cortical neurons are
extremely difficult to transfect, and chemical transfection methods produce low
transfection efficiencies along with the added drawback of cytotoxic effects (Kim &
Eberwine, 2010). Because the end point of this experiment required entire wells of cells
to be harvested, a large proportion of cells needed to express our BiolD2 fusion protein to
reduce background and obtain a sufficient number of biotinylated proteins to proceed to
mass spectrometry. Lentivirus can be titered to obtain the desired transduction efficiency,
and post-mitotic cells such as neurons can be transduced with high efficiency with very
little cell death. Therefore, we decided to use a lentiviral backbone to infect primary

mouse cortical neurons in vitro to overexpress an OTUD7A-BiolD2 fusion protein. We
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chose a lentiviral backbone containing the human synapsin 1 promoter (hSYN) to drive
neuronal-specific expression of our BiolD2 fusion protein (Nathanson et al., 2009). We
also cloned TurboGFP into this backbone, to be used as a fluorescent reporter for
transduction efficiency, followed by a self-cleaving P2A sequence to allow for bi-
cistronic expression. Downstream of the P2A sequence, we cloned in the human
OTUD7A c¢DNA sequence, followed by a flexible 13X GGGGS linker and then a
3XFLAG tagged BiolD2 sequence, to create pLV-hSYN-TurboGFP-P2A-OTUD7A-
BioID2-3XFLAG. To compare the protein interaction networks of WT OTUD7A and
patient mutations, we also cloned OTUD7AN492 K494del and OTUD7AL233F into this
back bone to create pLV-hSYN-TurboGFP-P2A-OTUD7AN492 K494del-BiolD2-
3XFLAG and pLV-hSYN-TurboGFP-P2A-OTUD7AL233F-BiolD2-3XFLAG,
respectively (Supplementary Fig 2a).

Previous BiolD studies have used a construct expressing the BiolD protein alone as a
background control (Roux et al., 2012; Uezu et al., 2016). Expression of BiolD alone
results in non-specific proximity-dependent biotinylation, thereby providing a baseline
list of proteins to compare to the BiolD fusion protein interaction list. We cloned the
BiolD2 sequence into our lentiviral backbone to create pLV-TurboGFP-BiolD2-
3XFLAG. However, this does not control for potential effects of overexpressing the
protein of interest in the cells. Therefore, we opted to create an additional control which
contains an additional P2A sequence between OTUD7A and BiolD2, to allow for
separate expression of three genes: TurboGFP, OTUD7A and BiolD2 (pLV-hSYN-

TurboGFP-P2A-OTUD7A-P2A-BiolD2-3XFLAG).
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Bi-cistronic expression of the reporter gene (TurboGFP) and the BiolD2-3XFlag or
BiolD2-3XFlag tagged OTUD7A was confirmed through western blotting of lysates from
HEK 293 cells transfected with each of the constructs (Supplementary Fig 2b).
Expression of the BiolD2-3XFlag also resulted in a very faint band at approximately
70kDa, indicating a slight inefficiency of P2A cleavage (Supplementary Fig 2b). In line
with this, previous studies have reported an approximately 90% cleavage efficiency (Kim
etal., 2011)

We proceeded to produce lentivirus using a second-generation packaging system in Lenti-
X HEK 293 cells. In order to confirm neuronal expression and proximity-dependent
biotinylation, primary mouse cortical neurons were transduced at DIV 14 at an equal
multiplicity of infection (MOI) of 0.7. Cells were treated with 50uM Biotin at DIV 17
and lysed for western blotting at DIV 18. Interestingly, BiolD2-3XFlag expression was
much higher when expressed from the BiolD2 control compared to the OTUD7A-P2A-
BioIlD23XFLAG control (Supplementary Fig 3a). One possible reason for this could be
due to the fact that the BiolD2 control has one P2A sequence whereas the other
overexpression control contains two P2A sequences. A study which systematically tested
the effect of various 2A sequences on protein expression showed that having multiple
P2A sequences in one construct can affect expression of each protein depending on its
position in the construct (Liu et al., 2017). This difference was also reflected in the
streptavidin blot, which showed more biotinylated proteins in the BiolD2-3XFLAG
control sample compared to the WTOTUD7A-P2A-BiolD2-3XFlag control sample.

However, enhanced protein biotinylation was observed in both the BiolD2-3XFlag and
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WTOTUD7A-P2A-BiolD2-3XFlag control transduced neuron samples compared to the
OTUD7A-BiolD2-3XFlag samples, confirming proper function of the BioID2 system
(Supplementary Fig 3a) (Roux et al., 2012). Confocal imaging of transduced cortical
neurons revealed a punctate localization pattern for OTUD7A-BiolD2-3XFlag protein in
the neurites (Supplementary Fig 3c¢), similar to previous overexpression of a FLAG-
tagged OTUD7A construct indicating that the addition of the BiolD2 tag does not disrupt
the localization of OTUD7A (Uddin et al., 2018). Streptavidin signal co-localized with
FLAG signal, further confirming proper proximity-dependent biotinylation
(Supplementary Fig 3b,c). As expected, the BiolD2-3XFlag control showed more diffuse
expression as well as a diffuse pattern of biotinylation (Supplementary Fig 3c), indicating
non-specific biotinylation.

To validate that our BiolD2 system can accurately identify known protein interactions,
we decided to test it using a widely studied synaptic protein with many known protein
interactors. PSD95 is a synaptic scaffold protein which is localized to dendritic spines at
the post-synaptic density and interacts with a variety of receptors, scaffold proteins and
cytosolic proteins (Kim et al., 2004). The BiolD system has been used previously to
identify protein interactors of PSD95 in the mouse brain, in which BiolD-tagged PSD95
was delivered virally in vivo using adeno-associated virus (AAV) (Uezu et al., 2016). We
cloned the mouse PSD95 cDNA sequence into our lentiviral backbone to create pLV-
hSYN-TurboGFP-P2A-PSD95-BiolD2-3XFLAG. Primary mouse cortical neurons were
transduced at DIV 14 at an MOI of 0.7 and cells were treated with biotin at DIV 17. The

next day, cells were either fixed for immunostaining or lysed for mass spectrometry
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preparation (Fig 2a). Once appropriate protein expression and localization were
confirmed (Supplementary Fig 3b,c), we proceeded with the PSD95-BiolD2 experiment,
using the BioD2 construct as a control. Due to the very specific localization of PSD95-
BiolD2 versus the non-specific cytosolic localization of BiolD2, we hypothesized that
this control would be appropriate to reduce the potential false negatives that might occur
if our protein of interest was also a cytosolic protein. Following streptavidin pulldown of
biotinylated proteins and identification of digested peptides via LC-MS, we obtained a list
of proteins from the PSD95-BiolD2 condition as well as the control BiolD2 condition.
To compare the hits from the PSD95-BiolD2 and BiolD2 control runs, as well as assign
significance values to the hits, we decided to use the Significance Analysis of Interactome
(SAINT) tool. SAINT was specifically designed to assign confidence scores to protein-
protein interaction data generated using label-free affinity purification—mass
spectrometry, and converts the label quantification for a prey protein into the probability
of a true interaction between the bait and prey through modeling of probability
distributions (Choi et al., 2011; Teo et al., 2014). SAINT scores range from 0-1, with 0
indicating a very unlikely interaction and 1 indicating a highly likely interaction. In a
previous study, when comparing a dataset from affinity purification (AP)-mass
spectrometry to known interactions for a bait, lowering the cutoff to 0.8 did not
qualitatively change the level of overlap between the experimental data and the
interaction database data, suggesting that a cutoff of 0.8 can reliably predict biologically
relevant protein-protein interactions (Choi et al., 2011). We performed SAINT analysis

from the ~ 1700-2500 identified proteins from the PSD95-BiolD2 and BiolD2 lists and
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obtained a list of high confidence PSD95 interactors. To determine if our list of top hits
comprise a high percentage of known PSD95 interactors, we compared our list to two
different datasets: the BioGRID protein interaction database as well as a list of PSD95
interactors from an AAV PSD95-BiolD2 study in mouse brain (Supplementary Fig4b)
(Uezu et al., 2016). We progressively lowered the SAINT score to determine the lowest
cutoff that produces an increase in overlap with the other lists without greatly increasing
the number of unique proteins in our list (which could potentially be false positives, or
newly identified PSD proteins). When we set the cutoff to 0.9, 38 were shared with the
BioGRID list, 52 were shared with the AAV-PSD9S5 list, and 19 proteins (25%) were
unique to our list. Lowering the cutoft to 0.8 did not appreciably increase the number of
unique proteins but did increase the number of shared proteins, with 84 total proteins, 40
proteins shared with the BioGRID list, 54 shared with the AAV-PSD95 list and 23 (27%)
being unique to our list. Similarly, lowering the SAINT score to 0.65 resulted in a list of
107 total proteins, 44 of which were shared with the BioGRID list, 59 shared with the
AAV-PSD95 list and 39 (36%) being unique to our list. However, lowering the cutoff
down to 0.4 resulted in only two additional shared proteins, for a total of 170 proteins,
with 44 shared with the BioGRID list, 61 being shared with the AAV-PSD95 list and 101
proteins (63%) being unique to our list. It’s very unlikely that more than half of our list
would comprise newly identified interactors; therefore, it is more probable that many of
these represent false positives. Therefore, we concluded that a SAINT score of 0.8 would
result in the most accurate list of hits, and lowering to ~0.65 could potentially increase the

number of real hits, but with the chance of also including some false positives. Analysis
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of functional pathways using the Reactome database showed that PSD95-BiolD2 hits
were enriched in pathways involved in protein-protein interactions at synapses, receptor
activation and trafficking and synaptic adhesion (Supplementary Fig 4c). Enriched gene
ontology (GO) molecular function terms included scaffold protein binding, ion channel
activity and cell adhesion (Supplementary Fig 4d). Given that our data showed a high
degree of overlap with two different PSD95 interaction lists, and showed functional
associations previously identified for PSD95, we moved forward with our in vitro culture

BiolD2 approach to uncover novel OTUD7A interactors.

4.3.4 Elucidation of a neuron-specific OTUD7A protein interaction network using

proximity labelling proteomics

To elucidate the OTUD7A protein-protein interaction network, we applied the workflow
from the PSD95-BiolD2 experiment (Supplementary Fig 4a). Following protein
identification, SAINT analysis was performed, using the OTUD7A-P2A-BiolD2
condition as the control, due to our previous observation of higher BiolD2-3XFLAG
expression (Supplementary Fig3a,c). The raw spectral counts for the BiolD2 control also
showed that more proteins were pulled down in the BioID2 control compared to the other
samples (~2200 vs ~1800), but also that the spectral counts themselves were much higher
for highly abundant cytosolic proteins, which reflects a higher expression of the diffusely
expressed BiolD2 protein. This is especially concerning when comparing to proteins such

as OTUD7A, which is localized at least partially in the cytosol and does not show a very
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specialized localization when over-expressed; therefore, the expression between
OTUD7A-BiolD2 and the control must be as similar as possible to be able to make
meaningful comparisons.

Following SAINT analysis, we identified 11 high confidence hits (SAINT score >0.8):
Mical3, Keng2, Fam131b, Kenbl1, Palm2, Mllt4, Bai3, Itsnl, Zfyve20, Ank3 and Otud7a
(Supplementary Fig 5). In order to create the most comprehensive functional protein
network map possible from our dataset, we decided to include all protein hits with a
SAINT score of 0.6 and above for functional network analysis, which yielded a list of 44
proteins (Table 1). We identified a highly connected interactome of postsynaptic density
(PSD) and axon initial segment (AIS) proteins that were impacted by patient mutations
(Fig 2a). The presence of such a large number of AIS proteins prompted us to compare
our dataset to a recently published study which used BiolD to map the axon initial
segment (AIS), which is a dense specialized area of the axon proximal to the cell body,
important for regulating neuronal excitability (Hamdan et al., 2020). Remarkably, 12 of
their top AIS proteins were also present in the OTUD7A PIN, which included previously
known and newly identified AIS proteins (Table 2). To determine whether the OTUD7A
interactome includes known NDD-associated genes, we compared the OTUD7A PIN
with the gene list from the SFARI database of high-confidence ASD risk genes. We
identified 10 high-confidence category 1, 2 or syndromic SFARI genes in our list (Fig 2b,

Table 3), suggesting that OTUD7A may be a part of known ASD-associated pathways.
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4.3.5 Shared and Distinct Effects of de novo patient mutations on the OTUD7A PIN

and functional networks

Both patient mutations showed a general decrease in the number of hits meeting our
significance cutoff, with 26 In the OTUD7AN492 K494del list and 18 in the
OTUD7AL233F mutation (Table 1, Fig 2a, 3a). There was a large degree of overlap
between the mutation PINs and the WT OTUD7A PINs, with 14 proteins shared between
all three conditions and only 1 protein unique to each of the mutations (Fig 2c). To
identify functional networks enriched in the WT OTUD7A and patient mutation PINs, we
used the PANTHER overrepresentation test to statistically determine which functional
pathways are enriched in these datasets above a set cortical transcriptome background.
Significant GO cellular component terms enriched in the WT OTUD7A list included
proteins localized to the postsynaptic density, AIS, glutamate receptor complexes,
voltage-gated potassium channel complexes, and the spectrin cytoskeleton, representing a
high degree of membrane or cytoskeleton associated cellular compartments (Fig 2d).
Thus, it is likely that OTUD7A 1is localized throughout the neuron in association with the
plasma membrane and/or cytoskeleton, corroborating previous imaging data of an over-
expressed OTUD7A construct (Yin et al., 2018). Significant biological processes
included intracellular signal transduction, cytoskeleton organization, Golgi organization,
neuron projection development and maintenance of synapse structure, suggesting that
OTUD7A may impact diverse cellular processes throughout the neuron (Fig 2¢). Both

mutations showed decreased enrichment in the majority of significant GO terms.
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However, AIS and spectrin-associated protein networks were uniquely impacted in the
OTUD7AL233F PIN, with no changes to this network in the OTUD7AN492 K494del
PIN (Fig 2d). In contrast, the regulation of golgi organization biological network was
uniquely impacted in the OTUD7AN492 K494del PIN. The data indicate that mutations
identified in NDD patients with different clinical presentation show shared and distinct
changes in protein-protein interactions in neurons. Additionally, the data suggest that
OTUD7A may play a role at the postsynaptic density and the AIS, and that OTUD7A
may be uniquely impacted in each of these processes by distinct patient mutations.

To directly compare the impact of the patient mutations on protein interactions, we
calculated the fold change of the abundance of each protein in the list for each mutation
compared to its abundance in the WT OTUD7A list (Fig 3b,c). OTUD7AN492 K494
showed a significant decrease in the abundance of five proteins (encoded by SHANK?2,
KCNBI1, MLLT4, SPTANI and ANK3), with SHANK?2 showing the greatest decrease
compared to WT OTUD7A (50%) (Fig 4b). A GO over-representation test revealed that
these proteins are significantly enriched in the postsynaptic membrane cellular component
(Fig 3d). Protein abundances in the OTUD7AL233F sample were decreased by as much
as 80% for some proteins, indicating a severe impact on protein binding (Fig 3c¢). It is
important to note that the abundance of OTUD7A itself was significantly decreased, by
about 30%, which could be due to decreased expression of the OTUD7A-BiolD2
construct itself and/or reduced binding of the fusion protein to endogenous mouse
OTUD7A. OTUD7AL233F showed a significant decrease in binding to 15 proteins,

encoded by MICAL3, KCNQ2, SPTANI, FAM131B, SPTBN1, LPHN3, ANK3, ANK2,
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BAI3, PALM2, MLLT4, FAM171B, CDC42BPA,PLPPR4,LRRC7, and OTUD7A (Figure
3c). Interestingly, 10 out of these 15 proteins are known or putative AIS proteins, and a
GO overrepresentation test showed that the most enriched cellular components were the
AIS, followed by the spectrin-associated cytoskeleton (Fig 3d). We did not observe this
pattern with the OTUD7AN492 K494 mutation, which suggests that the OTUD7AL233F
mutation may significantly impact either localization of OTUD7A at the AIS or the direct

binding of proteins at the AIS.

4.3.6 OTUD7A binds the ANKRD and spectrin-binding domains of ANKG and shares a

common protein interaction network

To pinpoint NDD-relevant OTUD7A interactors, we compared the list of SFARI genes
present in the WT OTUD7A PIN to the proteins significantly decreased in each of the
patient mutation PINs. Interestingly, they converged on one protein, AnkyrinG (ANK3),
which was shared between all three lists (Fig 3e). Therefore, we hypothesized that the
interaction between AnkyrinG and OTUD7A may be an important regulator of processes
relevant to neural development and NDDs. AnkyrinG is considered to be a master
regulator of the AIS, coordinating the precise organization of ion channels and structural
proteins (Smith & Penzes, 2018; Yang et al., 2019) Additionally, genetic variants in
ANK3 have been associated with bipolar, schizophrenia, and ASD (Bi et al., 2012;

Leussis et al., 2012; Yuan et al., 2012).
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We next performed a reverse BiolD2 experiment by expressing an AnkyrinG-BiolD2
fusion protein in mouse cortical neurons. We hypothesized that, if AnkyrinG is an
OTUD7A binding partner, then AnkyrinG-BiolD2 should biotinylate endogenous
OTUD7A itself and/or a shared OTUD7A binding protein network. There are 3 major
isoforms of AnkyrinG in the brain, with the 270kDa and 480kDa isoforms being almost
completely restricted to the AIS. The smallest isoform, at 190kDa, is the only isoform
that has been identified in dendritic spines (Smith et al., 2014). For this reason, as well as
size restrictions of our lentiviral system, we decided to use the 190kDa isoform for our
BiolD2 experiment. Following validation of construct expression (Supplementary fig
6a,b), we obtained a list of 13 proteins with SAINT scores between 0.6 and 1. Eight of
those proteins were shared with the OTUD7A-BiolD2 protein interactome: Mical3, Ank3,
Tnkslbpl, Ank2, Sptbnl, Sptanl, Kcng2, and Palm?2 (Fig 4a,c). The AnkG-190 PIN and
OTUD7A PIN were both enriched in spectrin/actin cytoskeleton proteins, axonal proteins
and AIS proteins (Fig 4b). We confirmed physical binding between OTUD7A and
AnkyrinG-190 through over-expression in HEK293 cells (Fig 4d). We further confirmed
endogenous OTUD7A and ANKG-190 binding through co-immunoprecipitation in P20
3XFlag-Otud7a mouse cortex (Fig 4e). This mouse line expresses endogenous N-terminal
3X FLAG tagged OTUD7A (Supplementary figure 7a), with OTUD7A expression
peaking at P21 in the cortex (Supplementary Figure 7b). We next mapped the interaction
domain of the OTUD7A/AnkyrinG interaction by overexpressing various HA-tagged
AnkyrinG domains with OTUD7A-FLAG in HEK293 cells and performing co-

immunoprecipitation. We determined that OTUD7A binds to the N-terminal ankyrin
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repeat domain (ANKRD), as well as the spectrin binding domain, but not the C-terminal
regulatory domain (Fig 4f,g). Interestingly, a previous study showed that both the
ANKRD and spectrin binding domains are ubiquitinated, but that the regulatory domain
is not (Yoon et al., 2020). Given OTUD7A’s molecular function as a deubiquitinase, it’s
possible that OTUD7A may deubiquitinate ANKG’s ANKRD and/or spectrin binding

domain.

4.3.7 AnkryinG protein levels and localization are altered in Df(hl5q13)/+ cortical

neurons

To determine how OTUD7A may regulate AnkyrinG in the mouse brain, we analyzed
AnkyrinG levels in WT and Df(h15q13)/+ mouse cortical neurons via western blotting.
There was a small (~20%) but significant decrease in AnkyrinG-190 levels, but no
significant change in the 270kDa or 480kDa isoforms (Fig 5a,b). We also observed a
significant decrease in AnkyrinG-190 levels in P14 Df(h15q13)/+ mouse cortex (Fig
4c,d). To determine how OTUD7A patient mutations affect AnkyrinG levels, we
transduced Df(h15q13)/+ cortical neurons with lentiviral constructs expressing FLAG-
tagged WT OTUD7A, OTUD7AN492 K494del or OTUD7AL233F and probed lysates
for AnkyrinG. WT OTUD7A-FLAG, as well as both patient mutations, significantly
increased levels of AnkG-270, with the WT OTUD7A-FLAG and

OTUD7AN492 K494del-FLAG showing a 6-fold and 6.5-fold increase in AnkG-270

respectively, and the OTUL233F-FLAG mutation showing the lowest fold-change (FC)
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of 4.3 (Fig 5f). Levels of AnkG-190 were significantly increased in neurons expressing
WT OTUD7A-FLAG but were not significantly increased in neurons expressing
OTUD7AN492 K494del-FLAG or OTUD7AL233F-FLAG (Fig 5g). We observed that
expression of OTUD7AN492 K494del-FLAG was significantly higher than WT
OTUD7A-FLAG (after normalizing for transduction efficiency), whereas levels of
OTUD7AL233F-FLAG were not statistically different from WT OTUD7A-FLAG levels
(Fig 5h). These data suggest that OTUD7A can regulate AnkyrinG levels in cortical
neurons.

A previous study using structured illumination microscopy (SIM) imaging showed that
AnkyrinG forms condense clusters (nanodomains) that are organized perisynaptically and
in the spine neck (Smith et al., 2014). We decided to use SIM to analyze the precise
spatial organization of AnkyrinG in the dendrites and dendritic spines of WT and
Df(h15q13)/+ mouse cortical neurons (Fig 6a). Analysis of dendritic spines revealed that
spine head size and mushroom spine density are decreased in Df(h15q13)/+ neurons,
corroborating previous confocal microscopy morphological data from our lab (Fig 6b,c).
We found that the ratio of dendritic spines expressing Ankyrin-G is decreased in
Df(h15q13)/+ neurons (Fig 6d). Additionally, the number of Ankyrin-G puncta was
decreased in Df(h15q13)/+ dendrites whereas the size of Ankyrin-G puncta was

unchanged (Fig 6e).
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4.3.8 Exogenous expression of AnkyrinG rescues synaptic phenotypes in Df(h15q13)/+

cortical neurons

Given our finding that levels of AnkyrinG-190 are lower in Df(h15q13)/+ dendrites and
dendritic spines, we hypothesized that exogenous expression of AnkyrinG-190 would be
able to rescue synaptic deficits in Df(h15q13)/+ neurons. Morphological analysis of DIV
14 Df(h15q13)/+ neurons expressing GFP-tagged AnkyrinG-190 showed a significant
increase in dendritic tree complexity to a similar level as WT dendritic tree complexity
(Fig 7a,b). Overexpression of Ankryin-G-190 in a WT background did not affect
dendritic tree complexity (Fig 7a,b). Expression of AnkyrinG-190 in Df(h15q13)/+
cortical neurons also caused a significant increase in spine density, back to WT levels
(Fig 7¢c,d) . More detailed analysis of spine morphology showed that mushroom spine
density was also rescued by AnkryinG-190 expression (Fig 7f). However, stubby spine
density was also significantly increased in Df(h15q13)/+ neurons (Fig 7g), suggesting
that AnkyrinG-190 overexpression may be increasing spine formation non-specifically
without changing spine maturation. Corroborating this, aberrant spine type proportions in
Df(h15q13)/+ neurons were not rescued by AnkyrinG-190 expression (Fig 7e).
Overexpression of AnkyrinG-190 in a WT background did not significantly change any
of the dendritic spine parameters analyzed. Taken together, this data indicate that the
effects of reduced Ankyrin G levels may be important in early processes in neuronal
development, including dendritic tree formation and complexity, as well as dendritic

spine formation.
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4.3.9 Targeted GSK-3 inhibition with CHIR-99021 rescues neuronal bursting deficits

in Df(h15q13)/+ cortical neurons

Previous studies have implicated functional interactions between AnkyrinG and the Wnt
pathway. Specifically, the mood stabilizing drug lithium, which is a GSK-3 inhibitor, is
able to rescue behavioural defects in Ankyrin 3 mouse models (Leussis et al., 2013; Zhu
et al., 2017) Additionally, AnkyrinG has been found to regulate Wnt signaling by altering
the subcellular localization of Beta-catenin, as well as by regulating phosphorylation of
GSK-3 Beta (Durak et al., 2015 ; Garza et al., 2018). We hypothesized that, since
Ankyrin G levels are decreased in Df(h15q13)/+ mice, inhibition of GSK-3 beta may be
able to rescue synaptic deficits in this model. We used the specific GSK-3 inhibitor
CHIR-99021 to treat WT and Df(h15q13)/+ mouse cortical neurons on a multi-electrode
array and record neural activity over time (Fig 7h). Long-term treatment of Df(h15q13)/+
neurons with CHIR-99021 resulted in a rescue of burst frequency and network burst
frequency back to WT levels, whereas CHIR-99021 had no significant effect on WT
neurons (Fig 7 1,j). Interestingly, CHIR-99021 treatment caused a significant decrease in
network burst duration in both WT and Df(h15q13)/+ that started just before the rescue in
network burst frequency (Fig 7 k), suggesting that CHIR-99021 treatment may result in a

neuronal activity pattern constituted by frequent short coordinated firing patterns.

4.4 DISCUSSION
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Our study expands upon previous work which identified OTUD7A as a driver gene
regulating neurodevelopmental and behavioural phenotypes in the NDD-linked 15q13.3
microdeletion (Uddin et al., 2018; Yin et all., 2018). However, the molecular mechanisms
regulating the neurological phenotypes observed in individuals with this microdeletion
have not been previously examined. In the present study, we used a proximity labeling
proteomics method to identify a novel neuronal OTUD7A protein interactome which
converged on known synaptic and NDD-associated networks. Furthermore, we validated
physical binding and functional interaction with a high confidence OTUD7A protein
interactor, AnkyrinG, and rescued neuronal activity deficits in a 15q13.3 microdeletion

mouse model by pharmacologically targeting an AnkyrinG related pathway.

4.4.1 Persistent deficits in neural network activity in a 15q13.3 microdeletion mouse

model

Previous functional studies in Df(h15q13)/+ mice have been limited to
electroencephalogram (EEG) analyses using implanted multichannel electrodes in live
mice. One study found that Df(h15q13)/+ mice showed decreased baseline activity of
fast-spiking interneurons as well as decreased interneuron and pyramidal neuron
sensitivity to an auditory stimulus (Nilsson et al., 2016). In the present study, we
characterized neuronal function in the Df(h15q13)/4+ mouse model using multi-electrode
array (MEA) technology to analyze spontaneous neuronal activity across time in cultured

cortical neurons. We discovered that Df(h15q13)/+ cortical neurons have a decreased
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action potential firing rate, as well as decreased bursting and network bursting, suggesting
that both neuronal activity and synaptic connectivity are affected. This is consistent with
our previous report that Df(h15q13)/+ cortical neurons show an immature neuronal
morphology, with less neurite complexity and decreased dendritic spines (Uddin et al.,
2018), which may be associated with the decreases in activity and synaptic function.
Additionally, a previous study using OTUD7A KO mice reported a decrease in spine
density as well as a decrease in mEPSC frequency, suggesting that loss of OTUD7A is
sufficient to cause a reduction in neuronal function (Yin et al., 2018). Additionally,
multiple studies have examined neuronal activity in neurological disease models using
MEAs. (Cao et al., 2012; Liu., X.S et al., 2018; Woodward et al, 2014) Additionally,
patients with schizophrenia, ASD and intellectual disability have all shown decreased
neural synchrony in EEG studies, which are thought to be related to cognitive deficits that

are common to all three disorders (Ulhaas & Singer, 2006; Ulhaas & Singer., 2010)

4.4.2 Shared and distinct effects of patient mutations on synaptic connectivity

The first patient identified with a homozygous point mutation in OTUD7A
(OTUD7AL233FL233F) was recently reported, presenting with severe global developmental
delay, language impairment and epileptic encephalopathy (Garret et al., 2020). The
mutation, which results in a substitution of leucine 233 to phenylalanine, is located in the
catalytic domain of OTUD7A, which suggested that it would likely have an impact on

protein function. We performed rescue experiments in Df(h15q13)/+ cortical neurons by
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overexpressing WT OTUD7A or OTUD7AL233F and assessed neurite complexity and
dendritic spine density and morphology. The OTUD7AL233F mutation was able to
rescue dendritic spine deficits but not neurite complexity deficits, suggesting that this
mutation may specifically affect OTUD7A protein function in processes regulating
neurite formation or branching. Interestingly, previous rescue experiments using an ASD-
associated non-frame shift deletion in OTUD7A (OTUD7AN492 K494del) found that it
was not able to rescue neurite complexity or dendritic spine defects in Df(h15q13)/+
cortical neurons, demonstrating that different mutations in OTUD7A have both shared
and distinct effects on neuronal morphology (Uddin et al., 2018). The data suggest that
the heterogeneity of the 15q13.3 microdeletion clinical presentation may be partially

mediated by the different roles of OTUD7A in neuronal development.

4.4.3 Identification of a novel neuronal OTUD7A protein interaction network that is

impacted by patient mutations

To further understand how OTUD7A regulates neural development, and how patient
mutations affect these processes, we used an unbiased proximity- labeling proteomics
method, BioIlD2. Conventional methods of assessing binding between proteins, such as
co-immunoprecipitation, require prior hypothesis-based targets, and only one or a few
proteins can be tested at a time. Additionally, co-immunoprecipitation is only useful for
identifying strong interactions and various lysis and wash conditions can easily disrupt

protein-protein interactions in the samples. IP mass spec utilizes mass spectrometry to
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identify proteins purified in an IP; however, this method still has the drawback of
potentially missing weak and/or transient reactions (Morris et al., 2014). BiolD has the
advantage of being able to capture weak and transient interactions in their native
environment (Roux et al.,2012). BiolD2 is a subsequent improvement to this system,
which decreased the amount of biotin supplementation needed and a flexible linker was
introduced to increase the biotinylation range to 35nm (Kim et al., 2016). We developed a
lentiviral BioID2 system to overexpress BiolD2 fusion proteins in mature primary mouse
cortical neurons. Although an endogenous BiolD2-tagging system would theoretically
provide the most accurate depiction of native protein-protein interactions, low expression
levels of the protein could result in low yields of biotinylated proteins, making it hard to
overcome background biotinylation in the cells. An extremely large number of cells
would be needed to overcome this; as such, endogenous BiolD has only been performed
in cell lines, which can be expanded to obtain the desired number of cells (Kim et al.,
2016; Liu et al., 2018; Roux et al., 2012; Youn et al., 2018). /n Vivo proximity based
proteomics using a viral expression system has been used in mice to test the widely
studied synaptic protein, PSD95, and showed that there is a great deal of overlap between
known PSD95 interactors and hits obtained through PSD95-BiolID (Uezu et al., 2016).
We also tested our system using PSD95-BiolD2 and found that there was a large amount
of overlap between our hits and previously identified PSD95 interactors contained in the
BioGRID database of curated protein-protein interactions and in an in vivo PSD95-BiolD
study. Our results show that lentiviral delivery of BiolD2 tagged proteins is a valid way to

elucidate protein interaction networks in mature cultured neurons.
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We used this system to identify interaction partners of WT OTUD7A, a previously
published ASD-associated mutation, as well as the recently published epilepsy-associated
mutation. Ten high-confidence SFARI genes were identified in the OTUD7A
interactome, suggesting that OTUD7A may interact with and known ASD-associated
pathways. The OTUD7A protein interactome was enriched for postsynaptic proteins,
which corroborates previous imaging and morphological findings (Uddin et al., 2018; Yin
et al., 2018). Surprisingly, the OTU7DA interactome was also enriched for AIS proteins,
and this network of proteins was affected by the epilepsy-associated OTUD7DA
mutation. The AIS is an important neuronal component which integrates synaptic inputs
and generates action potentials and maintains neuronal polarity by maintaining the
differential distribution of cellular components between the axonal and dendritic
compartments. It is comprised of a highly ordered protein dense structure composed of
ion channels and plasma membrane proteins which anchor ion channels in the AIS,
making it an important regulator of neuronal excitability (Leterrier, 2018). AIS structure
and/or function have never been examined in 15q13.3 microdeletion or OTUD7A models,
so this result was unexpected and novel, and further study is required to determine the
role of OTUD7A at the AIS. While both patient mutations affected postsynaptic protein
binding to OTUD7A, the epilepsy-associated mutation uniquely affected AIS and
spectrin-cytoskeleton protein binding. The shared and distinct changes in binding
observed in the two mutations may also explain the shared and distinct effects of each
mutation on neuronal morphology, with both mutations impacting neurite complexity, but

only the ASD-associated mutation affecting dendritic spines (Uddin et al., 2018).
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4.4.4 OTUD7A and AnkyrinG protein interaction networks converge on a network of

spectrin cytoskeleton and axonal proteins

We identified AnkyrinG (4ANK3) as a high-confidence OTUD7A protein interactor that is
implicated in NDDs. ANK3, which encodes AnkyrinG, is a widely studied bipolar risk
gene, as well as a category 1 ASD-associated SFARI gene. Ankyrin G is frequently
referred to as the master regulator of the AIS, as depletion of AnkyrinG results in drastic
changes in AIS protein composition (Hedstrom et al., 2008; Smith & Penzes, 2018).
Remarkably, axons of AnkyrinG depleted neurons develop dendritic properties and
express dendrite specific markers such as MAP2, highlighting the essential role of
AnkyrinG in maintaining neuronal polarity (Hedstrom et al., 2008). AnkyrinG has
multiple brain-expressed isoforms; of these, the 480 and 270 kDa isoforms are largely
restricted to the AIS (Smith & Penzes, 2018). All three isoforms contain an N-terminal
membrane-binding ankyrin repeat domain (ANKRD), a spectrin binding domain and a C-
terminal regulatory domain. However, the 270 and 480 kDa isoforms contain a serine-rich
domain that restricts it to the AIS, which is lacking in the 190kDa isoform (Smith &
Penzes, 2018). Instead, the 190kDa isoform has been shown to be localized throughout
the neuron and enriched in dendritic spines, where it regulates of dendritic spine
morphology and dendrite complexity (Smith et al., 2014). Using a reverse BiolD2
experiment, we discovered that OTUD7A and AnkyrinG-190 shared a protein interaction

network, which were similarly enriched with spectrin/actin cytoskeleton, axonal, and AIS
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proteins. The dispersed cellular compartments that comprised the top AnkyrinG-190 hits
reflects the heterogenous localization of this isoform, compared to the AIS-restricted
270/480kDa isoforms. OTUD7A itself was not pulled down by AnkyrinG-BioID2 to a
detectable level, which may be due to the fact that endogenous levels of OTUD7A are
quite low, especially when compared to endogenous levels of AnkyrinG, which would
make it easier to identify AnkyrinG in the OTUD7A-BioID2 pulldown, but not vice
versa. The AnkyrinG-190 isoform is localized to dendritic spines, but rather than directly
interacting with the PSD, it is localized to the perisynaptic region as well as in the spine
neck, where it acts as a diffusion barrier between the spine head and dendritic shaft
(Smith et al., 2014). The perisynaptic region consists of metabotropic glutamate receptors
(mGluRs), dopamine D1 receptors, endocytic machinery as well as the spectrin-actin
cytoskeleton (Smith & Penzes, 2018). The spectrin-actin cytoskeleton is a highly
structured set of membrane associated actin filaments and spectrin tetramers, which are
important for maintaining domain organization and membrane protein localization. The
AIS, dendrites and dendritic spine necks are enriched with the spectrin-actin cytoskeleton
(Unsain et al., 2018). We found that the OTUD7A and AnkyrinG protein interactomes
were enriched for spectrin-associated cytoskeleton proteins, suggesting that they may
interact at the spectrin/actin cytoskeleton in the neurites and/or dendritic spines the
presynaptic region of dendritic spines and/or the spine neck.

Through co-immunoprecipitation experiments, we found that endogenous OTUD7A
binds AnykryinG-190 in P20 mouse cortex. Through domain mapping, we found that

OTUD7A specifically binds the ankyrin repeat domain (ANKRD) and spectrin binding
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domains of AnkyrinG, but not the C-terminal regulatory domain. The ANKRD of
AnkyrinG maintains the organization of various membrane proteins, including ion
channels, adhesions molecules and cytoskeletal proteins. The spectrin binding domain
binds the spectrin-actin cytoskeleton, whereas the c-terminal domain extends
intracellularly where it may interact with cytosolic proteins. The spectrin-binding domain
was recently found to be necessary for AnkyrinG-190 targeting to dendritic spines (Smith
et al., 2014). The data corroborate our BiolD2 data and suggest that OTUD7A may bind
to AnkyrinG at the plasma membrane and/ or the spectrin cytoskeleton, possibly in
dendritic spines. Given that OTUD7A and AnkyrinG-190 protein interactomes were both
enriched for AIS proteins, it is possible that OTUD7A may also exist in a complex with
AnkyrinG at the AIS. Further studies are necessary to determine whether OTUD7A 1is
localized to the AIS and to validate its binding to other AIS and axonal proteins.
Additionally, a recent study found that AnkyrinG is targeted for ubiquitination at the
ANKRD and spectrin binding domains, but not at the C-terminal regulatory domain
(Yoon et al., 2020). Therefore, binding of OTUD7A at these ubiquitinated domains in
AnkyrinG suggest that OTUD7A may de-ubiquitinate AnkyrinG at one or both of these
domains. However, further studies are required to investigate the role of OTUD7A

catalytic activity on AnkyrinG levels and function.

4.4.5 AnkyrinG reduction underlies synaptic deficits in 15q13.3 microdeletion mouse

neurons
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We discovered that AnkyrinG-190 levels are decreased in Df(h15q13)/+ cortex, and are
increased in cells overexpressing WT OTUD7A, while neither OTUD7A mutant was able
to increase levels of AnkyrinG-190. A previous study using SIM imaging showed that
AnkyrinG forms condense clusters (nanodomains) that are organized perisynaptically and
in the spine neck (Smith et al., 2014). Super-resolution imaging of cortical neurons from
Df(h15q13)/+ mice revealed that the size of mushroom spine heads was decreased, and
that there was a decrease in the number of AnkyrinG nanodomains in mushroom spine
heads. A previous study using super-resolution imaging found that the number of
AnkyrinG nanodomains positively correlates with spine head size and PSD size,
suggesting that it may modulate the PSD and contribute to the abnormal spine
morphology observed in Df(h15q13)/+ cortical neurons (Smith et al., 2014). Further
studies are necessary to determine whether OTUD7A regulates AnkyrinG levels through
its deubiquitinase activity. AnkyrinG contains multiple ubiquitination sites and is known
to be regulated by the ubiquitin proteasome system (UPS). Additionally, a recent paper
showed that AnkyrinG binds to and is regulated by another DUB (Usp9x) in the brain
(Yoon et al., 2020).

A previous report showed that when all three isoforms of AnkyrinG were knocked down
in cortical neurons, only the 190kDa was able to rescue dendritic spine morphology
defects, highlighting the specific importance of this isoform is dendritic spines (Smith et
al., 2014). We determined that exogenous expression of AnkyrinG-190 in Df(h15q13)/+
cortical neurons was sufficient to rescue dendrite complexity deficits in Df(h15q13)/+

neurons, whereas overexpression of AnkyrinG in WT neurons had no effect, suggesting
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that reduced AnkyrinG levels resulting from OTUD7A haploinsufficiency may underlie
morphological deficits in the Df(h15q13)/+ model. Spine density was also rescued with
exogenous AnkyrinG expression; however, when we analyzed specific spine classes, we
found that while mushroom spine density was rescued, stubby spine density was also
increased above WT levels, as stubby spine density is unchanged in Df(h15q13)/+
neurons compared to WT. This suggests that while reduced AnkyrinG levels may
underlie spine formation deficits in Df(h15q13)/+ neurons, it may not be the regulatory
mechanism governing the changes in spine morphology and maintenance. In support of
this, expression of Ankyrin G did not restore the proportions of each spine type to WT

levels.

4.4.6 GSK-3 inhibition rescues persistent neural activity deficits in a 15q13.3.

microdeletion mouse model

Lithium is a widely used bipolar drug and has also been used to rescue behavioural
deficits in mice with forebrain specific AnkyrinG knockout (Zhu et al., 2019). Although
the exact mechanism of action of lithium is unknown, there is evidence that it directly
inhibits GSK-3 through regulation of phosphorylation of Ser9 (Stambolic & Woodgett,
1994). Both lithium and the specific GSK-3 inhibitor CHIR-99021 have been shown to
reverse microtubule instability observed in cells with ANK3 repression by regulating
GSK3-mediated phosphorylation and inhibition of the microtubule stabilizing protein

CRMP2 (Garza et al., 2018). Here, we showed that modulating a known AnkyrinG-
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associated pathway rescues functional defects in mature Df(h15q13)/+ cortical neurons.
Specifically, we found that chronic treatment of the specific GSK-3 inhibitor CHIR-
99021 increases bursting and network bursting and bursting activity in Df(h15q13)/+
neurons back to WT levels. Interestingly, a proteomic study showed that the 190 kDa
isoform of AnkyrinG becomes enriched at the PSD following treatment with lithium
(Nanavati et al., 2011). Given our finding of decreased AnkyrinG in spine heads coupled
with decreased dendritic spine density and altered morphology, it’s possible that
increased Ankyrin G in the PSD is one mechanism through with CHIR-99021 rescued
functional phenotypes in Df(h15q13)/+ neurons. Overall the data show that increasing
AnkyrinG levels directly or by modulating a pathway downstream of AnkyrinG is
sufficient to rescue morphological and functional deficits in the Df(h15q13)/+ mouse

model.

4.5 SIGNIFICANCE

This study provides the first look at the molecular mechanisms of OTUD7A in the
15q13.3 microdeletion syndrome and suggests that OTUD7A haploinsufficiency may
contribute to the heterogeneity of the syndrome. We have identified the novel interaction
between OTUD7A and AnkyrinG in cortical neurons and show that targeting an
AnkyrinG-associated pathway rescues 15q13.3 microdeletion functional phenotypes. We
demonstrate that using BioID2 in primary mouse cortical neurons is a feasible and
effective method to investigate patient mutations and to identify downstream druggable

target pathways. This work provides a template for early investigation of other NDD-
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associated genes for which there is little to no available mechanistic data, and also lays
the groundwork for further investigation of therapeutic intervention for individuals with

the 15q13.3 microdeletion syndrome.

207



PhD Thesis - Brianna Unda McMaster University - Biochemistry

B & .
Number of spikes E - Df(h15q13)/+)
« =
in network burst § " T
£ u = wose
g 12{ e =) |
e W € 10 .
Network burst § s w Wie
I s §
§ ‘ 2 9
2 X
£
z L L )
x oW 710 14 17 21 24 2 N
Time(s) o
N
Df(h15q13)/+ D E £
= o il & anee
TN TN ]
HRRERRR e
R g o 4
i!ll“““liill“!l|“H|K g ]
HELERIRRE LI AR IR R A IR R LY 0.2
T S g
R % o
'ii!!l!fll‘HH'Hl'H!'lHlil 3
IR RN RRRR RN AR IR RN @,
. - . T7 10 14 47 21 24 28 3
P” - G
Time(s)
F H WT Df(h15q13)/+
mCherry mCherry WTOTUD7A OTUD7AL233F
Leu233Phe
7 ¥ e
183 449 494509 884 919
Catalytic NLS Zinc Finger
G OTUD7AL3F OTUD7AW# I « WT +mCheny I"" J @ *+  P=0.8301 s
- [DAN1Sq131e] + mCherry s S 5001
3 = [Dfh15q13)/+] + WTOTUOTA S L4
[} - [DAN15Q13)/+) » OTUDTALZ33F @ 4004
< = -
S 2 .
T £ .
3 o 3001 - v
g 2 '
(5 [ .
5 £ 2009 [ Lo o
3
é £ 1004 %
OTUD7AL233 1233 2 g v
0 = wr i I e L I )
o so 100 150 200 * mCherry + mChaery SWIOTUOTA  + OTUOTAL2IN
K Distance from soma (um)
El Mushroom
L o M i
- 50 990 Filopodia
E
E ém » . b2 [ Stubby
S5 ° ‘
£ . s
2 ="
Sof[B) . FH T
2 LT R %
8 s H v
2
a . )
+ e Wt OINIEQ13] OWIEGIAN] [DANIEqINye] wT [Dfh15q13)¢)  [DIh15q13)e]  [DHhISqI3Ne]
= smChecty e mChery  * WIOTUOTA + OTUOTALZIIF « mCheery smChery  + WTOTUDTA + OTUDTAL23IF
m
—
g N o
= 10 1o
£ £ - v £
a8 2 e = & 8 5
§ * t v § & : H v
a & a £ -
& . v % 3; = ﬂ’:
4 ‘afv I 4 k e
§ . . o\ I § : LHCL B Tv
v £ . - . v 2 2 A
i . %Y @
- iel ’
w1 OANIS313%] [DAMSTISIv] [DINISqiiye) wr DRI Sq13)e) [DANISq1Ipe) [ONNTSQI 3]
* mChaery +mCherry  + WTOTUOTA + OTUOTALIIN - mCheery smCherry  « WTOTUDTA + OTUDTALZIW

208



PhD Thesis - Brianna Unda McMaster University - Biochemistry

Figure 1. Persistent synaptic deficits in Df(h15q13)/+ cortical neurons. (A) Raster plot
showing neural spikes over time from DIV 24 WT and Df(h15q13)/+ mouse cortical
neurons on 48-well multi-electrode array (MEA) plate. (B) The number of active
electrodes is decreased in Df(h15q13)/4+ mouse cortical neurons at DIV 7 (¥**p<0.001,
multiple Mann-Whitney tests). Weighted mean firing rate (C), burst frequency (D), and
network burst frequency (E) are decreased in Df(h15q13)/+ across time; n= 77 wells WT,
65 wells Df(h15q13)/+ from 3 mouse cortical cultures on 3 MEA plates. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001; Repeated Measures 2-Way ANOVA with
Tukey’s post-hoc test. (F) Schematic of human OTUD7A protein showing the location of
the OTUD7AL233F patient mutation. (G) Family pedigree showing the male proband
with homozygous OTUD7AL233F point mutation and his parents with heterozygous
OTUD7AL233F point mutation. (H) Representative images from DIV 14 WT and
Df(h15q13)/+ mouse cortical neurons co-transfected with Venus and mCherry or
mCherry-tagged WT OTUD7A or OTUD7AL233; 20X objective, scale bar 100um. (I)
and (J) Sholl analysis shows a decrease in neurite complexity in Df(h15q13)/+ neurons
compared to WT neurons. Expression of WT OTUD7A increases neurite complexity to
WT levels whereas expression of OTUL233F does not; n=8-11 neurons from 3 mouse
cultures. **p<0.01; 2-Way ANOVA with Dunnett’s post-hoc test. (K) Representative
images of dendritic segments from DIV 14 WT and Df(h15q13)/+ mouse cortical neurons
co-transfected with Venus and mcherry or mCherry-tagged WT OTUD7A or
OTUD7AL233F; 63X objective, scale bar 2um. (L) Dendritic spine density is decreased
in Df(h15q13)/+ neurons and expression of WT OTUD7A or OTUD7AL233F increases
spine density to WT levels (*p<0.05, Kruskal Wallis test with Dunn’s post-hoc test). (M)
Expression of WT OTUD7A or OTUD7AL233F rescues altered dendritic spine
proportions. (N) Mushroom spine density is decreased in Df(h15q13)/+ neurons and
expression of WT OTUD7A or OTUD7AL233F increases mushroom spine density to
WT levels. (O) Stubby spine density; n=23-32 dendritic segments from 8-12 neurons
from 3 mouse cultures. **p<0.01; One-Way ANOVA with Dunnett’s post-hoc test.
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Figure 2. The OTUD7A protein-interaction network is enriched for postsynaptic
and axon initial segment proteins (A) STRING analysis of functional interactions for
WT OTUD7A-BiolD2 proteins with SAINT scores > 0.6. Node size represents fold
change in abundance compared to the OTUD7A-P2A-BiolD2 control. Node colours
represent AIS (including those shared with AIS-BiolD2 study by Hamdan et al., 2020) :
red, postsynapse: blue, and proteins that are both AIS and postsynaptic: purple. Faded
nodes represent proteins that did not meet statistical significance in

OTUD7AN492K k494del and/or OTUD7AL233F BiolD2 runs. Data shown are from 3
biological replicates. (B) Diagram showing 10 SFARI genes shared with OTUD7A-
BioID2 hits. (C) Venn diagram of BioID2 hits with SAINT score > 0.6 from WT
OTUD7A-BiolD2, OTUD7AN492 K494del-BiolD2 and OTUD7AL233F-BiolD2. (D)
GO: Cellular component and (E) GO: Biological Process enrichment analysis for
OTUD7A-BiolD2, OTUD7AN492 K494del-BiolD2 and OTUD7AL233F-BiolD?2 hits.
Dotted line indicates FDR p=0.05.
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Figure 3. Effects of patient mutations on the OTUD7A protein interaction network
(A) Dotplot showing average spectral counts, relative abundance and SaintScore of WT
OTUD7A, OTUD7AN492 K494del, and OTUD7AL233F BiolD2 proteins. (B) Fold
change in abundance of each protein from OTUD7AN492 K494del-BiolD2 (C) and
OTUD7AL233F compared to its abundance in WT OTUD7A-BiolD2 condition.
OTUD7A shown in dark grey. *p<0.05, **p<0.01, one-sample t-test compared to
hypothetical mean of 1. (D) GO: Cellular component enrichment analysis for proteins
with significantly decreased abundance in OTUD7AL233F-BiolD and

OTUD7AN492 K494del-BiolD2 samples. Dotted line indicates FDR p=0.05. (E) Venn
diagram of proteins with significantly decreased abundance in OTUD7AL233F-BiolD2
sample, significantly decreased abundance in OTUD7AN492 K494del-BiolD2 sample,
and SFARI genes.
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Figure 4. AnkyrinG binds OTUD7A and shares a protein interaction network (A)
STRING analysis of functional networks interactions for Ankyrin-G-190-BiolD2 (from 3
replicates). Nodes coloured in green represent proteins shared with the OTUD7A-BiolD2
list. (B) GO: Cellular component terms enriched in AnkG-190-BioID2 list compared to
WT OTUD7A-BioID2 list. (C) Venn diagram showing shared and distinct proteins from
ANKG-190-Biol2 and OTUD7A-BiolD2 samples. (D) Co-immunoprecipitation of
OTUD7A-FLAG with AnkG-190-EGFP from co-transfected HEK293FT cells. (E)
Endogenous co-immunoprecipitation of FLAG-OTUD7A with AnkyrinG-190 from
mouse cortex from P20 FLAG-Otud7a mice. (F) Schematic of AnkyrinG-190 showing
protein domains. (G) Domain mapping of AnkyrinG-OTUD7A interaction from co-
transfected HEK293FT cells expressing HA-AnkryinG domains and OTUD7A-FLAG.
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Figure 5. AnkyrinG levels are decreased in Df(h15q13)/+ neurons and are
modulated by OTUD7A (A) Representative western blot and (B) protein levels of
AnkyrinG isoforms in DIV 16 primary cortical neurons from WT and Df(h15q13)/+
mice.; n= 3 mouse cultures. *p<0.05; one-sample t-test. (C) Representative western blot
and (D) Protein levels of AnkyrinG-190 in P14 cortex from WT and Df(h15q13)/+ mice;
n=4 cortices. *p<0.05; student’s t-test. (E) Representative western blot and (F) levels of
AnkyrinG-270 (G) AnkyrinG-190 and (H) OTUDA-FLAG in Df(h15q13)/+ primary
cortical neurons transduced with TurboGFP, WT OTUD7A or OTUD7A patient
mutations; n= 3 transductions in 3 mouse cultures. *p<0.05, ***p<0.001, ****p<0.0001;

One-way ANOVA with Dunnett’s post-hoc test.
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Figure 6. AnkyrinG nanodomains are decreased in the dendrites and dendric spines
of Df(h15q13)/+ cortical neurons (A) Representative super-resolution images from DIV
17 WT and Df(h15q13)/+ cortical neurons; Scale bar Sum. (B) Spine head size is
decreased in Df(h15q13)/+ cortical neurons. (C) Mushroom spine density is decreased in
Df(h15q13)/+ cortical neurons. (D) The ratio of AnkG (+) mushroom spines is decreased
in Df(h15q13)/+ cortical neurons. (E) AnkG puncta number is decreased in dendritic
shafts of neurons from Df(h15q13)/+ mice. AnkG puncta size is unchanged; n= 13- 18
neurons from one mouse culture. **p<0.01, ***p<0.001,****p<0.0001; two-tailed

unpaired t-test.
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Figure 7. Rescue of synaptic phenotypes through exogenous AnkyrinG expression or
targeted inhibition of GSK-3. (A) Representative images from DIV 14 WT and
Df(h15q13)/+ cortical neurons co- transfected with mCherry and EGFP or AnkG-190-
EGFP; 20X Objective, scale bar 100um. (B) Sholl analysis shows a decrease in neurite
complexity in Df(h15q13)/+ neurons compared to WT neurons. Expression of AnkG-190-
EGFP increases neurite complexity to WT levels; n= 13- 15 neurons from 3 mouse
cultures. ***p<0.001, ****p<0.0001; 2-Way ANOVA with Tukey’s post-hoc test. (C)
Representative images of dendritic segments from DIV 14 WT and Df(h15q13)/+ cortical
neurons co- transfected with mCherry and EGFP or AnkG-190-EGFP; 63X Objective,
scale bar 2 pm. (D) Expression of AnkG-190-EGFP in Df(h15q13)/+ cortical neurons
increases spine density to WT levels. (E) Proportions of dendritic spine types. (F)
Expression of AnkG-190-EGFP increases mushroom spine density to WT levels. (G)
Expression of AnkG-190-EGFP increases stubby spine density; n= 12 neurons per
condition from 3 mouse cultures. *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001; One-
Way ANOVA with Dunnett’s post-hoc test. (H) Raster plot showing neural spikes over
time from DIV 30 WT and Df(h15q13)/+ mouse cortical neurons on 48-well multi-
electrode array (MEA) plate treated with CHIR-99021 or DMSO vehicle control. (I)
Burst Frequency (J) CHIR-99021 increases network burst frequency and decreases
Network Burst duration (K) in Df(h15q13)/+ neurons. n= 21 wells WT + DMSO, 42
wells [Df(h15q13)/+] + DMSO, 24 wells WT + CHIR-99021, 40 wells [Df(h15q13)/+] +
CHIR-99021 on 3 MEA plates from 3 mouse cultures, *p<0.05, **p<0.01,***p<0.001
*Ex%p<0.0001; Repeated Measures 2-Way ANOV A with Tukey’s post-hoc test.
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WT OTUD7A  OTUD7AN492 K494del OTUD7AL233F
Uniprot ID Gene Name Uniprot ID Gene Name Uniprot ID Gene Name
Q80Y56 ZFYVE20  QOKKS5 KNDCI Q8R554 OTUD7A
Q8CJ19  MICAL3 097351  KCNQ2 Q01853  VCP
Q80ZF8 BAI3 Q8R554  ANK3 Q80TE7 LRRC7
GS5E8KS ~ ANK3 Q8R554 OTUD7A A6H8HS KCNB2
Q8R554 OTUD7A Q3UGY8 ARFGEF3 Q80Y56 ZFYVE20
Q8BR92 PALM2 Q8BR92 PALM?2 P97390  VPS45

Q03717  KCNBI Q9Z0R4 ITSNI 0Q9CZ44 NSFLI1C
097351  KCNQ2 Q03717  KCNBI Q80YT7 PDEA4DIP
09Z0R4  ITSNI1 09720J4  NOSI P70670  NACA
090Z01 MLLT4 090Z01 MLLT4 Q9R1T4 SEPT6
Q3TY60 FAMI3IB Q62261  SPTBNI1  Q810B7 SLITRKS
Q80TS3  LPHNS3 Q80TE7 LRRC7 P60764  RAC3
Q7TMEO PLPPR4 A6H8HS KCNB2 Q03717  KCNBI1
Q91XM9 DLG2 P39447 TJP1 Q14CHO FAMI171B
Q80TE7 LRRC7 Q14CHO FAMI171B Q90ZQ1 MLLT4
09720J4  NOSI Q80YT7 PDE4DIP Q8CIBI CAMSAP2
062261 SPTBNI P16546 SPTAN1  QOKKS5 KNDCI
Q8C8R3  ANK2 Q810B7  SLITRKS Q3UU9% CDC42BPA
A6H8HS KCNB2 Q80Y56 ZFYVE20

P39447 TJP1 P97390  VPS45

080738 ~ SHANK2 0Q9CZ44 NSFLIC

P97390 VPS45 Q80ZF8 BAI3

0Q9CZ44 NSFLI1C P70670  NACA
QO5SNZ0  CCDC88A  Q9R1T4 SEPT6
Q3UU9% CDC42BPA Q3TY60 FAMI31B
Q14CHO FAMI171B 055106  STRN
Q80YT7 PDEA4DIP

P16546 SPTANI1

Q810B7  SLITRKS

QOKKS5 KNDCI

Q66142 MAP3KI10

Q6ZWR4 PPP2R2B

0Q3UGY8 ARFGEF3

Q8CI1B1 CAMSAP2

Q8CDN6  TXNLI

P60764 RAC3

P58871 TNKSI1BPI

P70670 NACA

0Q90XZ0 MACFI

A2AHC3 CAMSAPI

Q9R1T4 SEPT6

061301  CTNNA2

Q01097  GRIN2B

Q5DTY9 KCTDI16

Table 1. Proteins with SAINT scores = 0.6 in the WT OTUD7A,
OTUD7AN492_K494del, and OTUD7AL23F BiolD2 datasets
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Proteins shared between OTUD7A-BiolD2 and Hamdan et al., 2020

AIS-BiolD

FAMI171B

MLLT4

SEPT6

LRRC7

MICAL3

ANK3

ANK2

SPTBNI

SPTANI1

PLPPR4

MACF1

ITSN1

Table 2. List of proteins shared between OTUD7A-BiolD2 list of proteins with

SAINT scores >0.6 and proteins identified in the Hamdan et al., 2020 AIS-BoilD2

study
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SFARI genes in OTUD7A-BiolD2 dataset Category

ANK3 1
KCNBI 1
GRIN2B 1
SHANK?2 ]
KCNQ2 2
DLG2 2
ITSN1 2
SLITRKS 2
CTNNA2 S

Table 3. Category 1, 2 and S (syndromic) SFARI genes shared with WT OTUD7A-

BiolD2 list of proteins with SAINT scores >0.6
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Figure S1. Analysis of overexpressed tagged OTUD7A constructs. (A) HEK293FT
cells were transfected with OTUD7A-FLAG constructs and lysates were probed with
antibodies against FLAG and BetaActin. OTUD7AN492 K494del and OTUD7AL233F
show decreased expression compared to WT OTUD7A. n= 3 transfections. *p<0.05,
*Ex%p<0.0001; One Way ANOV A with Dunnett’s post-hoc test. (B) Comparison of
OTUD7A-mCherry tagged expression levels in primary mouse cortical neurons. Neurons
were co-transfected at DIV 7, fixed at DIV 14, and stained with anti-mCherry antibody.
No significant differences in expression were observed in the cell body or dendrites. n=9

neurons, 19-21 dendritic segments; student’s t-test.
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Figure S2. Validation of BioID2 constructs in HEK 293 cells. (A) Schematic of

OTUD7A BiolD2 constructs. (B) Western blot on protein lysates from HEK293 cells

transfected with each of the indicated plasmids.
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Figure S3. Validation of transduced lentiviral BioID2 construct expression and
localization in neurons. Expression of BioID2 Constructs in mouse primary cortical
neurons. (A) Western blot using protein lysates from Primary cortical neurons were
transduced at DIV 5, followed by 50uM biotin treatment at DIV 8. Cells were then lysed
and lysates were probed with antibodies against, Flag, Beta-Actin, TurboGFP and HRP-
conjugated streptavidin antibody (Right). (B) and (C)Primary cortical neurons were
transduced at DIV 14, followed by 50uM biotin treatment at DIV 17. Cells were fixed at
DIV 18 and stained with antibodies against TurboGFP, FLAG, Streptavidin and MAP2.
B) Objective 20X, Scale Bar: 100um; C) Objective 63X, Scale Bar:5um.
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Figure S4. PSD95-BiolD2 identified known PSD9S interactors. (A) BiolD2 workflow
schematic. Created in Biorender.com (B) STRING analysis of functional interactions for
PSD95-BiolD2, showing PSD95 hits common shared with an in vivo PSD95-BiolD study
(Uezu et al., 2016) as well as with the BioGRID database for protein-protein interactions
for PSD95. Sizes of circles represent SAINT score. (C) Top 10 Reactome pathways for
PSD95-BiolD2 hits. (D) Diagram showing PSD95-BiolD2 hits falling into top GO:

Molecular Function categories. Data shown are from 3 biological replicates.
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Figure S5. Top OTUD7A-BiolD2 hits. (A) Specificity plot for OTUD7A-BioID2 top
hits (Saint score 0.8-1) showing average spectral counts as a function of fold change

compared to the OTUD7A-P2A-BiolD2 control.
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plasmids. (B) Primary cortical neurons were transduced with the indicated constructs at
DIV 5 and fixed at DIV 9. Fixed cells were stained with antibodies against TurboGFP,
FLAG and MAP2. Objective 20X, Scale Bar: 100um.
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Figure S7. Endogenous OTUD7A protein expression in 3XFLAG-Otud7a mouse
cortex across development. (A) Western blot on lysates from P20 3XFLAG-Otud7a and
CS57BL/6J mouse cortex and HEK293FT cells transfected with pcDNA-OTUD7A-FLAG.
(B) Representative western blot from 3XFLAG-Otud7a mouse cortex harvested at the
indicated ages. FLAG-Otud7a levels are significantly increased at P14, P21 and P60
compared to PO. N= 3 cortices per age, **p<0.01, ***p<0.001, One-Way ANOVA with

Dunnett’s post-hoc test.
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CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS

5.1 Convergence of two Schizophrenia-linked pathways in cortical inhibitory neuron

development

One of the leading hypotheses in NDD etiology is that there is an imbalance in the
excitation to inhibition (E/I) ratio. Therefore, understanding the mechanisms that regulate
excitatory and inhibitory development are paramount to understanding how NDDs
develop. In Chapter 2 of this thesis, my aim was to investigate the physical and functional
interaction between the schizophrenia (SZ)-risk genes DISC1, NRG1 and ErbB4 in
cortical inhibitory neurons and to determine if the DISC1 dominant negative (DISC1-DN)
mutation impacts this interaction. We discovered that the DISC1 dominant negative
mutation cell-autonomously reduces excitatory synaptic contacts made onto inhibitory
neurons and abolishes the NRG1-induced increase in excitatory contacts onto inhibitory
neurons. There was a similar effect on inhibitory neuron dendritic tree complexity.

Since the publication of our study, others have further investigated the role of DISC1 in
inhibitory neuron development. For example, investigation of a heterozygous DISCI
locus impairment model (DISC1-LI), in which the majority of DISCI isoforms are
abolished, showed dysregulation of fast-spiking parvalbumin positive (PV) interneurons
(INs) (Delevich et al., 2020). Specifically, they found reduced miniature inhibitory
postsynaptic currents (mIPSCs) onto L2/3 pyramidal neurons in the medial prefrontal

cortex (mPFC) from both juvenile and adult mice which was mediated by reduced GABA
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release from PV+ INs onto L2/3 Pyramidal neurons. Interestingly, miniature excitatory
postsynaptic currents (mEPSCs) recorded from L2/3 pyramidal neurons were unchanged
in the DISC-LI model, suggesting that the effects of reduced DISC1 expression in this
model mainly affect inhibitory transmission. Further, they found that feedforward
inhibition was reduced in the mPFC which was not caused by reduced excitatory drive
from inputs onto PV+ INs from the thalamus (Delevich et al., 2020). Overall this study
suggests that heterozygous loss of DISC1 severely impairs PV interneurons in early
development and this extends into adulthood. In another study, DOX-inducible DISC-DN
mice were used to express DISC1-DN during embryonic development specifically in
NPCs (Nes-DN-DISC1). Remarkably, increased anxiety-like behaviours and chronic
stress-induced depression were observed in 2 month old mice, implicating a critical
period for proper DISC1 function (Deng et al., 2017). Although there were no changes in
overall cortical cell density, the distribution of GABA-ergic inhibitory neuron subtypes
were altered in the cortex. Interestingly, they found a decrease in progenitor proliferation
in the medial ganglion eminence (MGE), which is the main site of inhibitory neuron
precursor proliferation, suggesting that early changes in inhibitory neuron development
may lead to behavioural changes in adult mice with the DISC1-DN mutation (Deng et al.,
2017). Overall, newer studies investigating the role of DISC1 in inhibitory neuron
development corroborate our findings of aberrant inhibitory neuron development in
neurons with DISC1 knockdown or expression of DISC1-DN.

Although previous studies identified a functional relationship between DISC1 and NRGI1-

ErbB4 signaling, they did not investigate whether Erbb4 and DISC1 physically interact in
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inhibitory neurons (Seshadri et al., 2015). To answer this question, we analyzed
endogenous ErbB4-DISC1 binding in GAD67-GFP positive inhibitory neurons using the
proximity ligation assay (PLA). We discovered the novel physical interaction between
DISC1 and ErbB4 in cortical inhibitory neurons, which was increased upon NRGI1-
treatment. This finding showed that DISC1 and ErbB4 exist in a complex in inhibitory
neurons, and that this binding is increased upon activation of ErbB4 by NRG1. However,
we did not investigate the direct downstream molecular consequence of this binding. It
has been previously shown that ErbB4 is expressed in inhibitory neurons at both
inhibitory and excitatory postsynaptic sites, where it co-localizes with VGAT and
VGLUT]I, respectively (Krivosheya et al., 2008). Therefore, it’s possible that binding of
ErbB4 to DISC1 following NRG1 stimulation brings DISCI into contact with
postsynaptic sites. This is supported by our finding that NRG1 stimulation increases co-
localization of VGLUT1 and DISCI in inhibitory neurons. Additionally, newer
techniques such as proximity-labeling proteomics coupled with cell-type specific
expression constructs can be used to further explore the DISC1 and/or ErbB4 interactome
in inhibitory neurons and uncover other interacting pathways, as well as impacts of the
DISC1 dominant negative mutation.

Recent studies using human iPSC models have replicated findings from DISC1 mouse
models and have identified new DISC1 interactions and mechanisms (Srikanth et al.,
2015; Srikanth et al., 2018; Ye et al., 2017). Remarkably, a recent study using brain
organoids derived from isogenic human iPSC lines with a DISC1 mutation showed

altered organoid morphology and decreased expression of inhibitory genes such as
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CALB2 (calretinin), GAD1, GAD2 and VGAT, as well as altered expression of
NRGI(Srikanth et al., 2018). Interestingly, NRG1 expression was significantly increased
in Day 19 brain organoids but was significantly decreased in 2-D monolayer cultures
from DISC1 mutant cells, highlighting the importance of using a 3-D system for studying
brain development Srikanth et al., 2018).

Studying the molecular mechanisms of known SZ risk genes can help inform pre-clinical
studies, by helping to delineate the mechanism of action of new or repurposed drugs to
treat individuals with schizophrenia. The NRG1-ErbB4 pathway has long been touted as a
potential druggable pathway in SZ treatment, largely due to human studies showing
increased NRG1-ErbB4 expression in SZ patient brains and NRG1 overexpression mouse
models showing a SZ-related behavioural phenotypes (Joshi et al., 2014;Mei & Nave,
2014; Papaleo et al., 2016). A recent pre-clinical study applied a drug repurposing
strategy by screening a compound library of approved drugs that cause changes in NRG1-
ERBBA4 signaling and identified the drug spironolactone. They found that Nrgl transgenic
mice showed improvements in positive symptoms and working memory as well as
increased spontaneous inhibitory postsynaptic currents following treatment with
spironolactone (Wehr et al., 2017). A human clinical trial is currently underway to test the
effects spironolactone on cognition in SZ patients (Hasan et al 2020).

Overall, the work presented in Chapter 2 identified the convergence of two high-
confidence SZ-risk genes in cortical inhibitory neuron development, and recent research
has corroborated and extended our findings. These results extend our understanding of

molecular mechanisms governing cortical inhibitory neuron development and reveal how
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different risk genes interact at the molecular level to produce phenotypes relevant to SZ

pathophysiology.

5.2 Identifying Synaptic Phenotypes in a mouse model of the 15q13.3 Microdeletion

CNVs represent a significant proportion of risk for NDDs, including ASD, ID, DD, SZ
and epilepsy, with inherited and de novo CNVs estimated to cause 15% of cases of NDDs
(Wilfert et al., 2017). In Chapter 3 of my thesis, my aims were to (1) characterize cellular
phenotypes in a heterozygous 15q13.3 microdeletion mouse model (Df(h15q13)/+) and to
(2) identify disease-driving genes using a more unbiased genomic approach. The
experiments in this study were divided equally between myself and Dr. Mohammed
Uddin from Dr.Stephen Scherer’s lab (SickKids Hospital, Toronto, CA), based on each of
our labs’ expertise. Dr. Stephen Scherer is a pioneer in the field of ASD genetics,
sequencing and bioinformatics, whereas our lab has expertise in cellular and molecular
biology. For the first part of this aim, we started with an unbiased omics approach to
determine broad pathways that are affected in the Df(h15q13)/+ mouse model by
performing RNA sequencing of WT and Df(h15q13)/+ mouse cortex at three
developmental time points (E16, P21, Adult). We found that differential gene expression
was most pronounced at postnatal timepoints, and that the differentially expressed genes
(DEGs) were significantly enriched in forebrain development and cation transmembrane
transport. One of the caveats of this experiment was that only two mice per genotype
were used for each time point, leading to high levels of variability which can explain the

low number of DEGs meeting statistical significance (21-29 per timepoint, 66 genes in
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total). Therefore, a similar temporal RNA sequencing study with a larger sample size can
be completed in the future to obtain a more comprehensive dataset of DEGs. A recent
study performed RNA sequencing on samples from Df(h15q13)/+ cortex and found that
DEGs were enriched in astrocytes, implicating glial cell alterations in the 15q13.3
microdeletion (Al-Absi, et al., 2020).

We focused on investigating cellular morphological phenotypes in cortical pyramidal
neurons and found that dendritic tree complexity was reduced in Df(h15q13)/+ neurons in
vitro as well as in Layer 2/3 cortical pyramidal neurons in brain slices of P28 mice. We
also found that dendritic spine formation was decreased and that there was a shift in
morphological classes of spines, with a decrease in mushroom spines and an increase in
stubby spines. These results suggested that Df(h15q13)/+ neurons show an overall
immature neuronal morphological phenotype. A recent study from another group also
corroborated these findings in the Df(h15q13)/+ model (Al-absi, et al.). Dendritic spines
go through an initial period of dendritic spine formation and growth, followed by a period
of synaptic pruning, and the precise timing of these events are tied to critical periods
during neural development. One report analyzed dendritic density across time from P14
to adulthood in a mouse model heterozygous for the ASD risk gene SYNGAP1 and
discovered accelerated spine formation and premature pruning in cortical neurons (Aceti
et al., 2014). Therefore, analysis of a snapshot of dendritic spine development does not
encompass the dynamic nature of dendritic spine development. Thus, it is important to
analyze the trajectory of synaptic phenotypes across development, which is an avenue for

future research.
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To follow up on our discovery of synaptic changes in Df(h15q13)/+ microdeletion
cortical neurons, we examined whether these changes correlate with functional changes in
neural activity. These results are presented in Chapter 4 of this thesis. We used multi-
electrode arrays (MEAs) to measure spontaneous population level neuronal activity in
WT and Df(h15q13)/+ cortical neuron cultures across time. We observed significant
decreases in neuronal activity, excitability and synaptic connectivity. Interestingly, the
timing of the start of these functional phenotypes align with the peak of OTUD7A
expression in the mouse brain, as well as with the decreased dendritic tree complexity and
dendritic spines in cortical cultures, which we observed at DIV 14 in vitro. Patch clamp
electrophysiology is the gold standard for measuring neuronal activity, and changes in
neuronal activity in individual cells with or without the presence of network activity can
be parsed and evaluated to determine whether pre-or postsynaptic events are the likely
cause of these changes. In the study by Yin et al. (2018), patch-clamp electrophysiology
recordings revealed that OTUD7A KO mice shows a decreased in miniature excitatory
postsynaptic current (mEPSC) frequency, which is typically correlated with a decrease in
presynaptic release or numbers of functional synapses. However, because mPESCs are
recorded without the presence of network activity (in the presence of a sodium channel
blocker), these results cannot be directly compared to our MEA results from the
Df(h15q13)/+ neurons. Therefore, further experiments using patch-clamp
electrophysiology remain to be performed to assess in more detail the functional

consequences of the 15q13.3 microdeletion.
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5.3 A multimodal approach to Pinpointing disease-driving genes in the 15q13.3

Microdeletion

One of the main challenges in studying CNVs is understanding how individual genes
contribute to the development and heterogeneity of NDDs. Therefore, we devised a
concurrent approach in which we characterized cellular and synaptic phenotypes in
Df(h15q13)/+ mice while Dr. Uddin (SickKids Hospital, Toronto, CA) utilized human
whole exome sequencing (WES) data and bioinformatic methods to pinpoint
phenotypically relevant genes. Our analyses converged in order to test the role of putative
driver genes in cellular phenotypes relevant to the Df(h15q13)/+ model. While other
CNV studies have typically utilized one method or the other (cellular biology or
genomics), our collaboration with Dr. Stephen Scherer’s lab allowed us to develop a
streamlined workflow to identify and test putative disease-driving genes relevant to the
15q13.3 microdeletion.

To identify disease-driving genes, we applied three complementary approaches: (1)
identification of smaller nested deletions, (2) analysis of WGS and WES to identify de
novo mutations in individual genes and (3) assessment of brain-critical exons. Only one
gene, OTUD7A4, stood out in all three of these approaches. Notably, analysis of control
and ASD microarray data showed that, whereas CHRNA7 was encompassed in nested
deletions in both case and control samples, deletions encompassing OTUD7A were only
present in case samples, suggesting that it may be more relevant to clinical outcomes.

Further, we identified three de novo mutations in OTUD7A, including one exonic 9bp
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non-frameshift deletion in an ASD proband and affected sibling (OTUD7A

N492 K494del). Additionally, OTUD7A was the only microdeletion gene with brain-
specific expression as well as a low population level mutational burden, earmarking it as
critical for brain function (Uddin et al., 2014). This was the first evidence of a potential
role for OTUD7A in the 15q13.3 microdeletion, and there was no prior literature on the
role of OTUD7A in the brain. Although OTUD7A is expressed in the brain, no studies
had examined its localization in neurons. We analyzed subcellular localization of
OTUD7A in cortical neurons with an overexpressed FLAG tagged OTUD7A construct
and found that while it was expressed throughout the neuron, it showed co-localization
with PSD95 at dendritic spines. Our results were also corroborated by a companion study
that was co-published with our study in AJHG (Yin et al., 2018). This suggested that
OTUD7A may play a role at the postsynaptic density in dendritic spines. However, we
were limited to over-expression of OTUD7A instead of analyzing endogenous expression
due to a lack of available antibodies showing specificity to OTUD7A in mouse cortical
samples. Mislocalization can occur with overexpression of tagged proteins, and the levels
of overexpression cannot be effectively controlled with transfection methods (Gibson et
al., 2013). Therefore, it will be important to examine endogenous localization of
OTUD7A in neurons.

With our newfound knowledge of clearly defined cellular phenotypes in our
Df(h15q13)/+ microdeletion mouse model, we decided to investigate if OTUD7A plays a
role in regulating these phenotypes. Remarkably, re-expression of individual 15q13.3

genes (OTUD7A, KLF13, FAN1 or CHRNA?7) showed that OTUD7A was the only gene
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that was sufficient to rescue dendritic spine phenotypes. However, expression of
CHRNA7 or OTUD7A was sufficient to rescue dendritic tree complexity phenotypes.
This provided the first evidence of shared and distinct roles of CHRNA7 and OTUD7A in
neurological phenotypes relevant to the 15q13.3 microdeletion. Interestingly, we found
that CHRNA7 and OTUD7A have inverse developmental expression timelines, with
CHRNA7 decreasing from infancy to adulthood and OTUD7A increasing from infancy to
adulthood. Therefore, it’s possible that CHRNA7 and OTUD7A play a role in
neurodevelopmental processes at different developmental stages. This can be further
investigated by creating an inducible system to knockdown expression of CHRNA7 or
OTUD7A at various developmental timepoint and to elucidate the role of each gene
during distinct developmental critical periods.

One of the theories in CNV research is that the effects of gene dosage alterations of
multiple genes in a CNV, when added together, give rise to the clinical phenotype. In
fact, many studies have reported multiple disease-driving genes within a CNV; for
example, ZDHHCS and Dgcr8 have both been shown to play important roles in the
22q11.2 microdeletion (Forstner et al., 2013; Mukai et al., 2008). In our study, we did
not examine the potential of combined effects between combinations of genes in the
15q13.3 microdeletion region. In order to investigate this, rescue experiments can be
performed with co-transfection of two or more genes in various combinations.
Alternatively, CRISPR-Cas9 can be used to knockout various combinations of genes and
phenotypes can be compared to those seen in the Df(h15q13)/+ mouse model. One of the

limitations of using over-expression for rescue experiments is the lack of control of gene
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expression levels (Gibson et al., 2013). CRISPR activation (CRISPRa) is a modified
CRIPSR CAS9 system that uses an enzymatically inactive (dead) CAS9 protein (dCAS9)
coupled with transcriptional activators to promote targeted activation of genes.
Conversely, CRISPR repression (CRISPR1) uses a transcriptional repressor to
downregulated gene expression (Gilbert et al., 2014). In a proof of principle study, Dr.
Kristen Brennand’s lab discovered that using various guide RNAs (gRNAs) and/ or
multiplexing combinations of gRNAs for various NDD-linked genes results in varying
levels of gene expression, allowing for the potential of fine-tuning gene expression to the
desired level (Ho et al. 2017). This is especially useful in rescue experiments in
heterozygous models, where a two-fold increase in gene expression is generally desired.
A landmark paper published in 2019 showed that in vivo activation using CRISPRa
rescued obesity phenotypes in a Sim1 haploinsufficiency model, marking the first use of
CRISPRa to rescue clinically relevant phenotypes in vivo (Matharu et al., 2019). These
exciting results suggest that CRISPRs technology can be extended to NDD-linked CNV
haploinsufficiency models, to identify disease-driving genes. Multiplexing of CRISPRa
target genes can also shed light on potential additive effects of multiple genes in CNVs.
Additionally, it provides evidence of the potential for future gene therapy approaches for
rescuing clinically relevant phenotypes in individuals with CNV related disorders.

A companion study was co-published with our study in 4AJHG in 2018 (Yin et al., 2018)
which examined cellular and behavioural deficits in a novel Otud7a mouse model.
Otud7a KO mice recapitulated the decrease in dendritic spine density observed in the

Df(h15q13)/+ model (Yin et al., 2018). They subjected Otud7a HET and KO mice to a
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battery of ASD, SZ and epilepsy related behavioural tests. While HET mice displayed
mild to no changes in behavioural phenotypes, Otud7a KO mice recapitulated behavioural
phenotypes observed in homozygous Df(h15q13)/- mice, including impaired acoustic
startle, ultrasonic vocalizations and increased seizure susceptibility (Forsingdal et al.,
2014; Yin et al., 2018). The lack of significant behavioural changes in Otud7a HET mice
suggests that haploinsufficiency of Otud7a alone may not be sufficient to recapitulate
clinically relevant phenotypes in the 15q13.3 microdeletion syndrome. However, because
they did not investigate cellular phenotypes in Otud7a HET mice, it is unknown whether
haploinsufficiency of Otud7a alone is sufficient to produce cellular and synaptic

phenotypes that we observed in Df(h15q13)/+ mice.

5.4 Pleiotropy as a mechanism of CNV Expression in the 15q13.3 Microdeletion

One of the theories in CNV research is the idea that the effects of one or a few genes in a
CNV underlie the heterogeneity of clinical phenotypes, rather than the additive effect of
all genes in the CNV. Pleiotropy is also thought to underlie the observation that mutations
in the same gene can lead to heterogenous clinical outcomes. This is thought to be carried
out at the molecular level, where individual genes converge on multiple signaling
pathways. In chapter 4 of this thesis, I detailed experiments which uncovered pleiotropic
effects of the 15q13.3 microdeletion syndrome gene OTUD7A through the use of

proximity-labeling proteomics and mutation analysis.
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5.4.1 A novel OTUD7A protein interactome at the postsynaptic density and the axon

initial segment

We used the proximity proteomics labeling technique BiolD2 to investigate the protein-
interaction network (PIN) of OTUD7A in mature cortical neurons. We discovered that
OTUD7A interacts with proteins involved in major neurodevelopmental processes such
as intracellular signal transduction, cytoskeleton organization, neuron projection
development and maintenance of synapse structure. Additionally, OTUD7A interacts
with proteins that were localized to the postsynaptic density (PSD), axon initial segment
(AIS) and the spectrin cytoskeleton. Consistent with OTUD7A imaging experiments
(Chapter 3), this suggests that OTUD7A has broad localization throughout the neuron but
is also localized to more specific compartments such as the PSD. The enrichment of AIS
and spectrin cytoskeleton proteins is novel and suggests that OTUD7A may play a role in
neuronal compartments that are enriched with the spectrin-actin cytoskeleton, such as the
perisynaptic compartment of dendritic spines, the axon and the AIS. Overall, the data
suggest that OTUD7A may play a role in a heterogenous set of neuronal processes, which
may have distinct roles in pathophysiology of different NDDs. These data also provided
the first evidence of putative localization of OTUD7A at the axon and the AIS.

From the work outlined in Chapter 3 of this thesis, we have evidence to suggest that
OTUD7A regulates dendritic spines, corroborating its binding to PSD proteins. However,
we have not examined axonal or AIS phenotypes in the Df(h15q13)/+ microdeletion
model. The AIS serves a critical role in regulation of the intrinsic electoral properties of

neurons and is the site of action potential initiation. Our findings from MEA recordings of
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spontaneous firing from Df(h15q13)/+ cortical neurons can also potentially be explained
by changes in the AIS, as spontaneous recordings are influenced by intrinsic excitability,
which is regulated by the AIS (Lezmy et al., 2017;Meza et al., 2018). The study by Yin et
al., (2018) found that mEPSC frequency was decreased in Otud7a KO mice whereas an in
vitro ANK3 study found decreased mEPSC amplitude, suggesting that synaptic
connectivity is altered in both models, which could potentially be partially mediated by
changes at the AIS (Smith et al., 2014). Previous studies have observed differences in the
length, location and integrity of the AIS in NDD models (Hsu et al., 2014; Wimmer et al.,
2010). Therefore, investigation of AIS deficits in the 15q13.3 microdeletion remains an

important area of study in the future.

5.4.2 Studying NDD-associated mutations to understand clinical heterogeneity

We utilized the BioID2 system to examine the effects of two distinct mutations on the
OTUD7A PIN. The OTUD7AN492 494del was identified in an ASD proband and
affected sibling, whereas the OTUD7AL233F mutation was identified in a child with
infantile seizures and learning difficulties (Uddin et al., 2018; Garret et al., 2020).
However, due to the age of the child at clinical diagnosis (~2 years of age), we cannot
preclude the possibility that this child may develop other NDDs later in life. We found
that although both OTUD7A mutation PINs showed decreased enrichment of similar
pathways such as ionotropic glutamate receptor complexes, they also showed specific
differences. Proteins that were significantly reduced in the epilepsy mutation PIN were

enriched in AIS, spectrin cytoskeletal and postsynaptic compartments, whereas
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enrichment was observed only in the postsynaptic compartments in the ASD mutation
PIN. These results can also provide a molecular basis for the observed differences in
these mutations on synaptic pathology in the Df(h15q13)/+ mouse model. It is possible
that each of these mutations may be localized to distinct neuron compartments and/or
affect distinct molecular processes in neuronal development, leading to distinct synaptic
defects. The effect of each of these mutations on the AIS can be investigated in future
rescue experiments in 15q13.3 microdeletion models. Additionally, the results from
studying patient mutation protein interaction networks may provide a way of potentially
molecular categorizing various patient mutations. Notably, a large proportion of epilepsy
risk genes are involved in the axon/AIS whereas ASD is enriched with risk genes related
to synaptic connectivity, which is reflected in the differential effects of the ASD and
epilepsy associated mutations on the OTUD7A protein interactome in this study (Lima et
al., 2019; Wimmer et al., 2010). Overall, this work provides evidence that using
proximity labeling techniques such as BiolD2 to study and compare NDD-associated
patient mutations can provide novel information on how different mutations in the same

gene can lead to shared and distinct NDD-related phenotypes.

5.4.3 Convergence of OTUD7A with known NDD-associated pathways

We discovered that the OTUD7A PIN contains proteins that are encoded by high
confidence ASD risk genes, providing evidence that OTUD7A converges on known
NDD-associated pathways. This finding also corroborated our previous analysis of human

proteomic data that showed that OTUD7A protein co-expression network was enriched
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for proteins encoded by genes harboring known ASD de novo mutations (Chapter 3). We
used this information, along with BiolD2 significance scores and the impact of patient
mutations and found that these analyses converged on one protein interactor, AnkyrinG
(encoded by ANK3) highlighting it as a top candidate for further study. Ankyrin G has
multiple brain-expressed isoforms; of these, the 480 and 270 kDa isoforms are largely
restricted to the AIS whereas the 190kDa isoform is enriched in dendritic spines (Smith et
al., 2014). AnkyrinG plays important roles at both the AIS and in dendritic spines, and
shows a strong association with bipolar and ASD, which led us to examine this functional
and physical interaction further. We found that OTUD7A and AnkyrinG share a protein
interaction network localized to the spectrin cytoskeleton, the axon and the AIS. We
determined that OTUD7A binds to the ANKRD and spectrin binding domains of
AnkyrinG and that AnkyrinG levels are decreased in Df(h15q13)/+ neurons, which can be
regulated by OTUD7A expression. We also found that AnkyrinG nanodomains in spine
heads and in dendritic shafts are decreased in Df(h15q13)/+ neurons, and that re-
expression of the AnkyrinG 190 isoform in Df(h15q13)/+ neurons rescued dendrite and
dendritic spines defects. These results provide evidence that decreased AnkyrinG levels in
dendritic spines and dendrites may underline neuron morphological phenotypes in the
15q13.3 microdeletion.

Previous studies have implicated a functional interaction between AnkyrinG and the
WNT pathway proteins GSK-3B and beta-catenin (Garza et al., 2018; Leussis et al.,
2013; Gottschalk et al., 2017; Zhu et al., 2017). Briefly, the canonical WNT pathway is

activated when Wnt binds to its receptor complex, causing a series of events that disrupts
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the APC/Axin/GSK-3 destruction complex that is required for the phosphorylation and
subsequent destruction of beta-catenin. This allows beta-catenin to translocate to the
nucleus, where it acts as a transcriptional co-activator for target genes (Clevers, 2006). It
is important to note that there are multiple “non-canonical” forms of WNT signaling
which are beta-catenin independent. Several potent and specific synthetic inhibitors of
GSK-3 exist, including CHIR-99021 and SB-216763. Lithium, a widely used bipolar
drug, is a naturally occurring GSK-3 inhibitor which has been shown to rescue anxiety-
like phenotypes in ANK3 repression mouse models (Leussis et al., 2013; Zhu et al.,
2017). Interestingly, it has also been shown to rescue aberrations in ANK3 related
molecular pathways such as axonal transport and microtubule dynamics (Garza et al.,
2018). Notably, there is also new evidence to suggest that lithium rescues AnkyrinG
knockdown-induced spine and dendrite defects by increasing AnkyrinG mobility in
dendritic spines (Piguel et al., 2019) However, it is important to note that lithium has
various other cellular targets, and it is unclear as to whether lithium exerts its therapeutic
effects via GSK-3 inhibition. However, studies showing similar phenotypic rescue using
lithium or a selective GSK-3 inhibitor such as CHIR-99021 suggest that lithium at least
partially exerts its effect through GSK-3 inhibition (Garza et al., 2018; Pan et al., 2011).
In the experiments described in Chapter 4, we discovered that chronic treatment of
Df(h15q13)/+ neurons with CHIR-99021 increases bursting and network bursting,
restoring them to WT levels. Interestingly, CHIR-99021 treatment also resulted in a
significant decrease in network burst duration in both genotypes, suggesting that CHIR-

99021 may result in a fast-spiking phenotype, with frequent short bursts.

251



PhD Thesis - Brianna Unda McMaster University - Biochemistry

A recent study found that alterations in cytoskeletal dynamics in cells with ANK3
repression were rescued with treatment with lithium or CHIR-99021 (Garza et al., 2018).
Interestingly, they found that cells with ANK3 repression had lower levels of inhibitory
phosphorylation of GSK-3B than control cells. One of the actions of lithium is inhibitory
phosphorylation of GSK-3B, providing a mechanism for the lithium rescue in an ANK3
repression model. Given our finding of decreased AnkyrinG levels in D(h15q13)/+ mouse
neurons, it is possible that a similar mechanism exists in this model, which is an
important area for investigation. Interestingly, a recent study performed RNA sequencing
of human patient iPSC-derived neurons from 15q13.3 microdeletion patients and found
that the Wnt signaling pathway was significantly enriched in 15q13.3 microdeletion
patient induced neurons (Zhang et al. 2020). Our findings implicate OTUD7A in a known
NDD-associated pathway which can be targeted to rescue phenotypes in a 15q13.3
microdeletion model. An important next question is whether there is a critical
developmental window for the effects of GSK-3 inhibition in the 15q13.3 microdeletion,
which we did not investigate in our study.

Overall, the data presented in Chapters 3 and 4 of this thesis provide novel cellular and
molecular insights into the pathophysiology and molecular mechanisms underlying the
15q13.3 microdeletion syndrome. Namely, we identified alterations in neuronal
morphology and function in a heterozygous 15q13.3 mouse model and pin-pointed
OTUD7A as an important driver gene in this deletion that regulates neurodevelopmental
phenotypes. Furthermore, we elucidated novel protein interaction networks in OTUD7A

which converged on known NDD-associated pathways which could be targeted to rescue
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functional phenotypes in a 15q13.3 microdeletion mouse model. This work also provides
a framework with which to study the downstream molecular pathways regulated by novel

disease-driving genes in CNVs.

5.5 Future Directions

5.5.1 A multi-model approach to studying CNV’s

One of the limitations of the studies outlined in Chapters 3 and 4 is that only one model of
the 15q13.3 microdeletion was used. Mouse models represent only one important method
for investigating NDDs and findings from mice may not always translate to the human
clinical condition. To overcome these limitations, our lab is in the process of
characterizing human patient induced pluripotent stem cell (iPSC)-derived induced
neurons (iNs) from ASD cohorts with the 15q.13. microdeletion and familial controls. We
also have access to patient iPSC-derived iNs from the patient with the OTUD7AL233F
mutation, providing an exciting opportunity to directly study the impact of a de novo
OTUD7A mutation in patient cells.

As mentioned in Chapter 3, we were limited to analyzing the expression of over-
expressed FLAG tagged OTUD7A due to a lack of available specific antibodies. To
overcome this limitation, we obtained to a 3XFLAG-tagged OTUD7A mouse line and
have so far validated OTUD7A developmental expression in the brain as well as binding
with AnkyrinG. However, there are still many experiments that remain to be completed
using this mouse model. One of the main areas lacking in our current understanding of

OTUD7A is its endogenous subcellular localization and cell-type specific expression. Our
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previous work was limited to excitatory pyramidal neurons and did not examine the role
of inhibitory neurons or glial cells. Interestingly, defects in inhibitory neurons have been
consistently reported in models of the 15q13.3 microdeletion (Al-Absi et al., 2020;
Gordon et al., 2019;Steullet et al., 2017). Therefore, it will be important to determine
whether OTUD7A is expressed in inhibitory neurons and whether it plays a role in this
neuronal population.

The study by Yin et al. (2018) reported on the behavioural and synaptic characterization
of a novel OTUD7A KO model. Our lab recently obtained this mouse model and will be
assaying neuronal function with the use of MEAs, which can be compared to our results
from Df(h15q13)/+ mice. Additionally, the OTUD7A KO mouse provides a tool to assay
the levels and subcellular localization of OTUD7A BiolD?2 hits in the absence of only
OTUD7A, instead of the full deletion. Comparison of the OTUD7A KO mouse model to
the 15q13.3 microdeletion mouse model will be useful for parsing the OTUD7A-relevant
molecular phenotypes in the 15q13.3 microdeletion. Global proteomic strategies can also
be utilized to compare the proteomes of OTUD7A KO and Df(h15q13)/+ mice as well as
human 15q13.3 and OTUD7A mutant patient lines to further distinguish OTUD7A-

specific molecular mechanisms.

5.5.2 Convergence of the ubiquitin proteasome system (UPS) with synaptic and NDD-
related Pathways
Exploring the mechanistic action of OTUD7A on its PIN is an important next area of

investigation. Although in vitro DUB assays have confirmed that OTUD7A shows
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catalytic DUB activity toward ubiquitin chains, further studies are required to determine
whether OTUD7A regulates neurodevelopmental processes via its catalytic DUB activity.
The ubiquitin system serves two main functions with distinct mechanisms: (1) control of
protein turnover by targeting substrates for proteasomal degradation via the ubiquitin
proteasome system (UPS) and (2) regulating cell signaling networks and protein
interactions (Clague et al., 2019). This system is ubiquitously important for cellular
maintenance, and in neural cells it has also been shown to regulate complex processes
such as learning and memory, and synaptic plasticity and activity (Mabb & Ehlers, 2010).
Interestingly, pioneering work on cultured neurons showed that neuronal activity can also
regulate ubiquitination and degradation in the postsynaptic proteome (Ehlers 2003,
Bingol & Schuman 2006, Djakovic et al 2009).

Substrate proteins are covalently tagged with ubiquitin molecules at lysine residues
through a series of enzymatic reactions by ubiquitin-activating enzymes (E1), ubiquitin-
conjugating enzymes (E2), and E3 ubiquitin ligases (Louros & Osterweil, 2016).
Ubiquitin tags are composed of one or more ubiquitin molecules, forming a “ubiquitin
code” of chains of various length and conformation, each signaling a different cascade of
downstream events. DUBs converge on this pathway by removing ubiquitin molecules
from substrate proteins, thereby preventing proteasomal degradation or modifying
downstream signaling pathways. There are seven internal lysine residues of ubiquitin that
can be ubiquitinated to form various chains (Lys29, Lys33, Lys6, Lys11, Lys27, Lys48,
and Ly363). Lys48 is the most widely studied of the linkage types, and proteins tagged

with this ubiquitin chain are typically targeted for degradation through the UPS (Swatek
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& Komander, 2016). The UPS is a critical cellular mechanism that facilitates degradation
of misfolded proteins and regulates protein turnover. While it has mainly been implicated
in neurodegenerative disorders such as Alzheimer’s Disease, where accumulation of
misfolded proteins is a known pathological mechanism of disease, recent studied have
also shown that this pathway may contribute to NDDs (Cheon & Chahrour, 2019, 2018;
Louros et al., 2016; Ross & Poirier, 2004).

OTUD7A, also known as CEZANNE?2, is one of 99 currently identified DUBs grouped
into categories based on sequence similarity of their catalytic domains. Specifically,
OTUD7A is a member of the ovarian tumor (OTU) family of deubiquitinases with
sequence similarity to A20, a well-studied negative regulator of NFKappa-B signaling
(Evans et al., 2003, Mevissen et al., 2013). While its paralog, OTUD7B (CEZANNE), has
been the subject of many studies examining its role in cellular mechanisms such as DNA
damage, cancer, and inflammation, OTUD7A has received much less attention (Bonacci
et al., 2018; Chiu et al., 2018; Hu et al., 2016). However, there is evidence to suggest that
OTUD7A plays a role in similar mechanisms such as negative regulation of NFKappaB
signaling and tumor suppressor activity (Xu et al., 2014). DUBs from different families
show target specificity through distinct mechanisms, either through substrate specificity
at binding domains other than the catalytic domain or specificity for particular ubiquitin
chains (Clague et al., 2019). Remarkably, OTUD7A and OTUD7B are the only known
DUBs showing linkage specificity to Lys 11 ubiquitin chains, but can also target
heterotypic chains containing Lys11/Ly43 or Lys11/Lys63 branched chains (Mevissen et

al., 2013, Wu et al., 2019, Mevissen et al., 2016). Lys11 chains typically do not target
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substrates to the UPS but are instead involved in signaling pathways such as cell cycle
regulation, endoplasmic reticulum associated degradation and mitophagy (Akutsu et al.,
2016). However, heterotypic chains containing both Lys11/48 can target proteins for the
UPS. Interestingly, a recent study showed that OTUD7A and OTUD7B interact with and
modify Lys11/Lys63 heterotypic chains in order to regulate DNA damage (Wu et al.,
2019). This suggests that OTUD7A may regulate a wide range of cellular activities based
on substrate linkage type.

Many studies have implicated a role for the ubiquitin system at synapses. One of the most
extensively studied mechanisms of the UPS at synapses is the regulation of AMPA and
NMDA receptor turnover at the postsynaptic density (Mabb & Ehlers, 2010; Widagdo et
al., 2017). Regulation of the number and localization of these receptors is critical for
proper neuronal function and synaptic plasticity. A recent study suggests that one of the
actions of DUBs at synapses may be to oppose the actions of E3 ubiquitin ligases on
postsynaptic receptors to control synaptic strength (Scudder et al., 2014). Another recent
study showed that PSD95 is a direct target of K63 ubiquitination, resulting in targeting of
PSD95 to synapses and regulation of synaptic plasticity (Ma et al., 2017). They identified
TRAF6 as an E3 ubiquitin ligase for PSD95 and CYLD as a K63 specific DUB that
cleaved K63 chains from TRAF6. Interestingly, TRAF6 is a known protein interactor of
OTUD7A which suggests that OTUD7A may also converge on this pathway (Xu et al.,
2014).

Several NDD-risk genes associated with ASD and ID have been identified that encode

proteins that are either components of or are targeted by the UPS. The most notable is
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UBE3A, which encodes an E3 ubiquitin ligase. De novo maternal deletions of the 15q11-
q13 locus containing UBE3A result in the NDD Angelman syndrome and identification
of specific UBE3A loss of function mutations in Angelman syndrome patients support a
causative role for UBE3A in Angelman syndrome (Margolis et al., 2015). Studies have
shown that UBE3A regulates protein turnover of the immediate early gene Arc, which
affects AMPA receptor surface expression at synapses (Greer et al., 2010). UBE3A
mouse models display alterations in E/I balance as well as NDD-related behavioural
phenotypes and seizure susceptibility, defining a role for the UPS in behavioural
phenotypes relevant to NDDs (Khatri & Man, 2019). Although the literature on NDD-
associated DUBs is sparse, several have been identified, although the mechanistic role of
these DUBs in NDD pathophysiology remains unclear. For example, mutations in the
genes USP7 have been identified in individuals with ASD, ID and seizures (Fountain et
al., 2019). A recent study identified the ASD-linked gene USP9X as a DUB targeting
AnkyrinG and regulating spine dynamics and levels of other ANKRD containing proteins
in the brain (Yoon et al., 2020). Additionally, pathogenic variants were identified in
another OTU family DUB (OTUDG6B) in 12 individuals with ID and seizures (Santiago-
Sim, 2017). Interestingly, peripheral blood cells from these patients displayed reduced
proteasome activity (Santiago-Sim, 2017). These results are similar to proteasome deficits
observed in fibroblasts from the OTUD7AL233F mutation (Garret et al., 2020).

Our work has identified novel roles of the DUB OTUD7A in 15q13.3 microdeletion
pathophysiology, as well as identification of synaptic and AIS related protein interactors.

It will be important to determine whether OTUD7A’s DUB activity is important for
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regulating neuronal morphology and function. We determined that a patient mutation
affecting the catalytic domain of OTUD7A affects proteins localized at the axon and
PSD, suggesting that altered DUB activity may be important for binding to these proteins.
However, this needs to be functionally confirmed through ubiquitin co-
immunoprecipitation assays with these particular proteins. Additionally, an integrated
approach can be used to efficiently narrow down proteins that are likely deubiquitinated
by OTUD7A. Global ubiquitin proteomics can be used to obtain a global map of
ubiquitinated proteins altered by loss of OTUD7A, which can be compared to OTUD7A
BiolD2 hits to determine which are likely to be direct targets of OTUD7A catalytic
function (Qian et al., 2019).

The concept of targeting the UPS as a therapeutic approach to disease is not new; the first
proteasome inhibitor for refractory multiple myeloma was approved by the FDA in 2003,
and since then other proteasome targeting drugs have shown promise for other cancers.
However, because of the broad impact of proteasomal alteration, side effects to these
medications are common (Schmidt & Finley 2014). Therefore, more specific targeting of
the UPS is favourable for therapeutic use for disease treatment. DUBs are an attractive
candidate due to their substrate specificity and roles that are involved in fine tuning of
cellular responses. In fact, drugs that target DUBs, including USP7 and USP9X, are
currently being investigated as potential therapeutics for cancers (Yuan et al., 2018;
Zhang et al., 2020). Given the emerging role of the UPS in NDDs, targeting of DUBs is

an exciting new area to be explored for future drug development for NDDs.
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5.6 Significance

Neurodevelopmental disorders remain one of the leading causes of disability in the world.
There is currently a lack of understanding of the etiology of these disorders, which is
driven by a lack of understanding of the molecular mechanisms regulating their
pathophysiology. High throughput sequencing studies have identified hundreds of genetic
variants that are linked to NDDs and have laid the groundwork for functional studies.
However, they have also uncovered layers of complexity that have proven challenging to
understand. One of the main challenges is understanding how NDD risk genes overlap
and interact at the level of molecular signaling pathways and how this contributes to
clinical phenotypic heterogeneity. As outlined in this thesis, we addressed this challenge
using a variety of bioinformatic, cellular, and molecular methods and identified
interactions between risk genes associated with SZ, ASD, and epilepsy at the level of
molecular signaling pathways to regulate important processes for neural development.
This work adds to our understanding of the role of signaling pathway interactions in the

clinical heterogeneity of neurodevelopmental disorders.
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