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LAY ABSTRACT 

Autism spectrum disorder (ASD) is a group of brain disorders that affect more 

than 1% of children. Genetic variants are thought to cause ASD pathology, however there 

are currently hundreds of genes that have not been studied. We studied how disruption of 

one of those genes, TAOK2, alters brain development in mice and identified TAOK2 

variants in multiple children with ASD. We then used BioID to find the shared disease-

related mechanisms between multiple ASD-risk genes, and found that mitochondrial 

function and activity were connected to many of these genes. We showed that BioID can 

be used to study the effect of mutations in multiple ASD-risk genes simultaneously. Last, 

we could group children with ASD with similar behavior test scores based on the shared 

mechanisms of ASD-risk genes.  Together our findings could be used to advance the 

development of robust treatments or new diagnostic tools for ASD.   
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ABSTRACT 

  Autism spectrum disorder (ASD) encompasses a broad range of 

neurodevelopmental disorders, with two core symptoms: deficits in social 

communication, and restrictive interests and repetitive behaviors. Genetics is thought to 

play a large role in ASD and currently there are hundreds of associated genes. We first 

studied the thousand and one amino acid kinase gene (TAOK2), which plays an important 

role in neurodevelopment. We found that loss of TAOK2 causes deficits in neuron 

development and activity, leading to morphological changes in various mouse brain 

regions and ASD-related behaviors. We studied the impact of de novo mutations 

identified in TAOK2, which caused aberrant neuron dendritic arborization and formation 

of synapses. To elucidate how TAOK2 regulates neuron development we used a 

proximity-labeling proteomics technique (BioID) to identify its protein-protein 

interaction (PPI) network. We applied this same methodology to a total of 41 ASD-risk 

genes and observed multiple convergent biological processes, including the less-studied 

mitochondrial and metabolic pathways. ASD-risk genes, including TAOK2, associated 

with mitochondrial proteins were found to have altered cellular respiration. The shared 

ASD-risk gene PPI network enriched for other ASD-risk genes and was used to group 

genes based on their shared PPI networks. These gene groups showed correlation 

between the clinical behavior scores of individuals that had mutations within the distinct 

gene groups. Lastly, we identified changes in the PPI networks of multiple ASD-risk 

genes through BioID, which we validated with various functional assays. In summary, we 

developed a proximity-labeling proteomics method that identified multiple convergent 
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biological pathways associated with ASD. Studying the function of TAOK2 revealed 

multiple disease-relevant pathologies associated with the disorder, however proximity 

labeling has the potential to categorize multiple ASD-risk genes and elucidate their 

shared signaling pathways, which together, can advance the development of robust 

treatments for ASD.   
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CHAPTER 1: INTRODUCTION 

1.1 AUTISM SPECTRUM DISORDER 

 Autism spectrum disorder (ASD) is a diagnosed condition that encompasses a 

broad range of neurodevelopmental disorders. ASD ranges in severity for its associated 

symptoms between individuals and is diagnosed as early as 18 months using 

comprehensive diagnostic tools, including parent interviews and scheduled observational 

scoring (Lord et al., 2018). The 2018 report from the National Autism Spectrum Disorder 

Surveillance System of Canada found that 1 in 66 children between the ages of 5-17 were 

diagnosed with ASD, while in the United States of America diagnosis of ASD in the 

same year was 1 in 44 children (Of et al., 2018; Maenner et al., 2021). However, global 

estimates are closer to 1% of individuals diagnosed with ASD (Baxter et al., 2015). The 

diagnosis of ASD is complicated and complex due to its co-occurrence with other mental 

and neurological disorders, which coincides with higher prevalence in mental health 

inpatients compared to the general population (Tromans et al., 2018). Prior to the release 

of the 5
th

 edition of the Diagnostic and Statistical Manual of mental disorders (DSM-V), 

ASD had three distinct categories: Autistic disorder, Asperger‘s syndrome, and pervasive 

disorder – not otherwise specified (PDD-NOS) (Miles, 2011). The distinction between 

the three categories based on behavior symptoms were not reliable and had many 

overlapping features, therefore in the DSM-V, the categories were combined under the 

umbrella of ASD (Brentani et al., 2013).  

Similar to other neurological disorders, ASD is more common in males (up to 4x 

higher) than in females, however this can vary from a 1:1 to 5:1 male to female ratio. 
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This ratio decreases with the presence of severe symptoms, such as intellectual disability 

(ID) (Baxter et al., 2015), suggesting that females may require a higher genetic load to 

show similar symptoms as males. Nevertheless, the high prevalence rate and complex 

symptomology make ASD one of the most common neurodevelopmental disorders 

(NDDs). 

 

1.1.1 The symptomology of ASD 

ASD is defined by two core symptoms: 1) deficits in social communication and 

reciprocal interaction and 2) the presence of restricted interests and repetitive behaviors, 

interests, and activities. These core symptoms are often accompanied by a large set of 

secondary symptoms, which have mixed co-occurrences in individuals diagnosed with 

ASD (Doyle and McDougle, 2012). These secondary symptoms include motor 

abnormalities, gastro-intestinal problems, epilepsy, intellectual disabilities, sleep 

disorders, language disorders, anxiety, hyper-activity, irritability, aggression, and hyper- 

or hypo-responsiveness to outward stimuli. To complicate matters further, at least 10 

percent of ASD is co-diagnosed with other monogenic disorders, such as Fragile X 

syndrome, due to the number of shared symptoms between these disorders (Miles 2011). 

The observance of varying symptoms of ASD and co-diagnosis with other NDDs and 

neurological disorders further complicates the diagnosis and treatment of ASD. 
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1.1.2 Current Treatments for ASD 

 At present, the existing treatments for ASD target the associated secondary 

symptoms or teach coping mechanisms for anxiety-related behaviors in individuals 

diagnosed with the disorder (Ghanizadeh et al., 2014; Tonge et al., 2014). Existing drug 

treatments have been repurposed from other neurological and psychiatric disorders. 

Aripiprazole and Risperidone were used as atypical antipsychotics to treat schizophrenia 

and bipolar disorder, and are now used to treat agitation and irritability (Ghanizadeh et 

al., 2014). Other drugs target attention-deficit/hyperactivity disorder (ADHD) symptoms, 

which have high co-occurrence in individuals with ASD, including Methylphenidate, 

Atomoxetine, and Guanfacine. These compounds primarily target the function of 

dopamine receptors to modulate the release and uptake of dopamine in the brain. 

However, the exact mechanisms of action of these compounds have not been elucidated 

(Harfterkamp et al., 2012; Okazaki et al., 2019; Ventura et al., 2020). As mentioned, non-

pharmacological treatments exist and focus on the behavioral aspects of the disorder. 

Behavioral therapies, including cognitive behavior therapy (CBT), applied behavioral 

analysis and pivotal response training, aim to teach children with ASD coping 

mechanisms against stressful situations, especially social interactions (Tonge et al., 

2014). Although there are many successful cases, this is limited to a smaller portion and 

subset of all ASD cases. Waiting lists for these therapies can be up to 2 years, because of 

the sheer number of children diagnosed with ASD and the limited number of medical 

professionals to administer the therapy (Vismara and Rogers, 2010). Without proper 

treatment these children will grow up with poor prognoses due to deficits in social 
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interaction and their reliance on support from others, resulting in poor outcomes in 

education, careers and meaningful relationships (Howlin et al., 2004; Billstedt et al., 

2005). 

 More recent advances in the treatment of ASD include a repurposed Vasopressin 

peptide and a novel drug labelled STP1. Vasopressin is an FDA-approved inhaled peptide 

that activates the arginine vasopressin (AVP) signaling pathway to increase social 

behaviors (Hendaus et al., 2019). Furthermore, a drug named STP1, which combines a 

phosphodiesterase (PDE) and NKCC1 transporter inhibitor, is currently in phase I clinical 

trials for the treatment of ASD. PDE regulates levels of cyclic-adenosine monophosphate 

(cAMP) and cyclic-guanine monophosphate (cGMP), which are consistently dysregulated 

in ASD mouse models (Delhaye and Bardoni, 2021). The NKCC1 transporter maintains 

internal chlorine ion concentration in neurons, where a high concentration of internal 

chloride ions prevents proper inhibition of neuron firing by inhibitory neurons and can 

result in seizures, a common symptom associated with ASD (Savardi et al., 2021). In 

summary, there are multiple types of treatments for ASD, however none target the core 

symptoms of the disorder. The treatments instead focus on symptoms that already vary 

between ASD individuals, due to a lack of underlying knowledge in the core 

pathophysiology and etiology of the disorder.  

 

1.1.3 The etiology of ASD 

 The first theories regarding the etiology of ASD, focused on deficits in higher 

cognitive processing, and more specifically the individual‘s ability to understand the 
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mental states of those around them (i.e., the theory of mind) (Lai et al., 2014; Velikonja et 

al., 2019). Unfortunately, these theories were broad and could be applied to most 

neurodevelopmental disorders. To overcome the heterogeneity of ASD and the presence 

of symptoms shared with other neurological disorders, a more specific hypothesis for the 

pathophysiology of ASD was required. Current theories focus on the role of 

environmental stressors and genetic factors that have large contributions towards the risk 

of developing ASD. 

 

1.1.4 Environmental stressors that increase the risk of ASD 

 Environmental and genetic causes have both been widely studied in regard to 

ASD pathophysiology, as well as epigenetic effects that connect environmental stresses 

and stimuli to genetic predispositions. Multiple environmental factors have been 

investigated in relation to their risk towards ASD, including higher parental age, birth 

trauma, maternal obesity, short intervals between pregnancies, gestational diabetes 

mellitus, valproate use during pregnancy, hypoxia-inducing events, and issues during 

pregnancy and birth (Modabbernia et al., 2017). Current hypotheses suggest that 

environmental factors, such as inflammation, oxidative stress, and hypoxic and ischemic 

damage, act as stressors, which have different effects depending on the genetic 

predisposition and the spatial and temporal developmental time points. 
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1.1.5 Genetic causes and risks of ASD 

 Environmental factors and stressors cannot explain a large portion of ASD cases 

and are affected by the genetic background of the individual. Genetics has a more 

significant contribution towards ASD risk, with heritability estimates from monozygotic 

twin studies ranging from 40 to 90%. (Gaugler et al., 2014; Colvert et al., 2015). Siblings 

of individuals with ASD have a 50x higher chance of also being diagnosed with the 

disorder, and the risk is proportional to the percentage of DNA shared with the individual 

diagnosed with ASD (Folstein and Rutter, 1977; Constantino et al., 2010; Risch et al., 

2014; Sandin et al., 2014).  

Initially, karyotyping experiments identified multiple genome regions altered in 

individuals with ASD (1p, 3q, 7q, 16p, and 15q) (Risch et al., 2014). Microarrays then 

identified smaller, more specified DNA aberrations called copy number variations 

(CNVs), which encompassed specific regions of the genome (Figure 1). However, these 

CNVs had varying penetrance, which may be explained by the presence of other ASD-

associated genetic variants. For example, secondary variants have been identified in 

individuals with the 1q21.1, 7q11.24 and 16p11.2 CNVs and correlated to their clinical 

severity (Mefford et al., 2008; Girirajan et al., 2010; Qaiser et al., 2021).  

The 16p11.2 deletion is the most common CNV associated with ASD; it is 

identified in 1% of ASD cases (Lauren A. Weiss et al., 2008; Lin et al., 2015). Fly, 

mouse and human induced pluripotent stem cell (iPSC)-derived neuron models of the 

16p11.2 deletion have decreased brain sizes, decreased dendritic arborization and altered 

synaptic transmission (Blizinsky et al., 2016; Deshpande et al., 2017; Iyer et al., 2018; 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 7   

 

Pucilowska et al., 2018). Behaviorally, 16p11.2 deletion mice present ASD-related 

behavior phenotypes, including deficits in vocalizations, increased anxiety-like behavior 

and issues with their memory (Pucilowska et al., 2018). 16p11.2, along with 15q11.2 and 

15q11.13, are a few CNV regions that have shown dosage effects between heterozygous 

knockout (Het) and homozygous knockout (KO) models, and tend to have lower rates of 

de novo loss-of-function (LoF) mutations. Although CNVs, like the 16p11.2 deletion, are 

commonly identified in individuals with ASD, it is difficult to pinpoint the exact genetic 

cause of the disease-relevant pathology. This has created the need to identify ―driver 

genes‖ or more accurately genes primarily involved in disease-related pathology. For 

example, UBE3A, SHANK3 and RAI1 have been identified as driver genes for the 

15q11.13 deletion (Angelman‘s syndrome), 22q13 deletion (Phelan-McDermid 

syndrome) (Buiting et al., 2016; Lutz et al., 2020). In contrast, 16p11.2 CNV has multiple 

genes associated with deficits in brain development and connectivity, including TAOK2, 

KCTD13, MAPK3, and MVP. Combinatorial knockout of 16p11.2 genes in flies revealed 

complex phenotypes that were not simple increases in the severity of the developmental 

phenotypes (Iyer et al., 2018). The identification of CNVs associated with ASD, provided 

powerful models for the investigation of disease-related pathways, however the large 

number of genes and complex interactions of the genes within these regions have made it 

difficult to tease apart the specific contribution of each gene to disease phenotypes. 

As previously mentioned, ASD is commonly diagnosed with other 

neurodevelopmental and neurological disorders, which is referred to as syndromic ASD. 

Many of these disorders are ―monogenic‖, referring to the fact that one gene is directly 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 8   

 

associated with the disorder. Some examples of co-morbid monogenic disorders include, 

Fragile X syndrome (FXS) (caused by silencing of the FMR1 gene through increased 

presence of methylated CGG repeats), Rett‘s syndrome (caused by mutations in the X-

chromosome linked MECP2 gene), Angelman‘s syndrome, and Dravet‘s syndrome 

(caused by mutations in the SCN1A gene) (Comery et al., 1997; Kishino et al., 1997; 

Amir et al., 1999; Marini et al., 2011). Investigations of the function of these genes 

during development uncovered multiple pathways associated to NDDs, however the 

specific relevance to ASD is unclear. 

The largest contributor for the genetic risk of ASD are common genetic variants, 

which by definition are present in greater than 1% of the entire human population. 

Genome wide association studies (GWAS) were the first to identify these common 

genetic variants, which primarily consist of single nucleotide variants/polymorphisms 

(SNVs or SNPs) (Figure 1). Individually these common variants carry very small genetic 

risk for ASD, but additively they can hold approximately 50% of the total genetic liability 

for ASD (Gaugler et al., 2014). GWAS were intended to identify SNVs that were 

enriched in the ASD population, however only 5 risk loci have been found in recent years 

(Grove et al., 2019). The difficulty in identifying ASD-associated common genetic 

variants is due to the low statistical power of GWAS, which require a large population to 

identify high confidence SNPs (Wang et al., 2009; Gaugler et al., 2014). SNP common 

heritability is estimated between 17-52%, and polygenic risk scores (PRS) are used to 

calculate the additive risk effects of all the SNPs on a specific disease-associated trait.  
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The identification of SNPs highlights the range of genetic risk associated with ASD, 

from polygenic to monogenic risk, which are encapsulated in the PRS. Polygenic effects 

are caused by an accumulation of common variants (SNVs or CNVs), which subtly alter 

the function of multiple genes within the same or different pathways. Individuals with 

ASD that carry de novo mutations (present only in the affected child) or rare CNVs, have 

additional common variants, which can be correlated to the severity of their symptoms. 

Overall, highly penetrant rare variants have lower PRS scores, suggesting that individuals 

range from hundreds of variants with small effect sizes to one mutation with a very large 

effect size (i.e., monogenic disorders or de novo mutations) (Bergen et al., 2019). Rare-

inherited variants fall in the middle of this scale and primarily encompass large recurrent 

CNVs, deletions in cis-regulatory gene elements, and recessive gene variants (Figure 1). 

However, recessive gene variants are rare and have largely only been identified in 

consanguineous families.  

 Finally, with the advent of cost-effective whole exome sequencing (WES) and 

genome sequencing (WGS), many studies focused on the identification of rare-inherited 

variants (present in <1% of the population) and de novo mutations (O‘Roak et al., 2012a, 

2012b; Sanders et al., 2012, 2015; Jiang et al., 2013; Iossifov et al., 2014; Kosmicki et 

al., 2017; Stessman et al., 2017; Yuen et al., 2017) (Figure 1). There is an increased 

prevalence of de novo mutations in individuals with ASD and they possess higher 

numbers of de novo CNVs and LoF mutations (Neale et al., 2012; Sanders et al., 2012; 

Ronemus et al., 2014; Koire et al., 2021). Genes with an increased rate of de novo 

mutations are consistently evolutionarily constrained and have lower rates of mutations, 
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suggesting that disruption of these genes is prone to natural selection (Darnell et al., 

2011; Samocha et al., 2014). Rare variants and de novo mutations encompass up to 3-7% 

of risk towards ASD, however each individual mutation has a larger impact in the 

pathogenesis of the disorder and present an opportunity to identify gene networks also 

affected by common variants (Gaugler et al., 2014; Yoon et al., 2021). ASD-associated 

genes have at least two or more LoF or missense de novo mutations identified in different 

individuals and a higher rate than expected rate of de novo mutations (Koire et al., 2021). 

The identification of at least two de novo mutations in a gene significantly increases the 

possible causal role of the gene in a neurological disorders, and has been seen in multiple 

high-risk ASD associated genes, including CHD8, SCN2A, KATNAL2 or DYRK1A 

(Samocha et al., 2014; Satterstrom et al., 2020). Furthermore, correlation between LoF de 

novo mutations and the IQ of individuals with ASD, demonstrate the impact that de novo 

mutations have on ASD pathology (Iossifov et al., 2014; Robinson et al., 2014; Koire et 

al., 2021). 

   

1.1.6 Impact of de novo mutations on disease-relevant pathways 

 ASD-risk genes with de novo mutations fall into specific cellular networks, 

including chromatin modification and regulation, neuronal signaling and cytoskeleton 

organization, ion channel activity, and post-synaptic density (Pinto et al., 2010; Voineagu 

et al., 2011; O‘Roak et al., 2012b; Iossifov et al., 2014; Chang et al., 2015; Velmeshev et 

al., 2019; Ramaswami et al., 2020). Numerous genome sequencing studies have 

identified de novo and rare-inherited variants in genes that broadly fall within these 
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pathways. At a broader level, there is separation between ASD-risk genes that are 

involved in gene regulation compared to those involved in neuronal communication 

(Satterstrom et al., 2020). The impact and enrichment of de novo mutations, highlights 

the large contribution they have in the pathology of ASD and the benefit of studying 

these variants to identify disrupted biological pathways. 

The majority of de novo missense mutations primarily affect genes at the core of 

biological processes, haplo-insufficient genes and evolutionarily constrained genes (Chen 

et al., 2018). Functional screens of de novo variants in less complex model organisms, 

such as Drosophila melanogaster, Saccharomyces cerevisiae, or Caenorhabditis elegans 

have identified functional deficits in their affected genes. One study identified the 

functional consequences of 74 human genes and 79 patient genetic variants, by creating 

transgenic Drosophila lines expressing the wildtype and mutant ASD-risk genes 

(Marcogliese et al., 2022). They investigated the effects on fly viability, behavior and 

morphological changes to the eye and wings. Similarly, C. elegans was used to study the 

impact of genetic variants on multiple ASD-risk genes, including CHD8, CUL3, DLG4, 

SYNGAP1, and PTEN (Wong et al., 2019; Post et al., 2020). However, translating these 

phenotypes and deficits into human neuron phenotypes is difficult and many times 

impossible. More recent studies used CRISPR/Cas9 and single-cell RNA sequencing 

technologies and identified subsets of ASD-risk genes that are involved in neural 

progenitor cell (NPC) proliferation and neurogenesis in human iPSC-derived neurons and 

the mouse brain (Cederquist et al., 2020; Jin et al., 2020). However, these screens do not 

identify the specific functions of these ASD-risk genes and are biased towards genes 
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involved in neurogenesis. Previous studies have also used the yeast-two-hybrid (Y2H) 

system to identify the interaction between ASD-risk genes and their isoforms (Sakai et 

al., 2011; Corominas et al., 2014). Together, these models provided important 

information into possible pathologies caused by patient mutations; however, the human 

disease relevance of these functional deficits is not easily understood. The complex 

behavioral phenotypes of ASD are not fully recapitulated in these models, and the 

function of the gene may not reflect what is seen in human neurons.  Chapters 3 and 4 of 

my thesis focuses on using our proximity-labeling proteomics method to address the need 

for unbiased identification of protein interactions for ASD-risk genes and how they are 

impacted by genetic variants. 

 

1.2 Pathophysiology of ASD 

 DNA sequencing has identified hundreds of genes that are mutated in individuals 

with ASD. These genes have functional roles at every aspect of brain development, and 

this section highlights major deficits at each stage and examples of ASD-risk genes that 

are involved in various processes during each stage. The neuropathology of ASD takes 

form at three major levels: 1) the anatomical level, 2) the brain circuit level, and 3) the 

cellular and 4) the molecular level (Figure 2). 

 

1.2.1 Altered brain architecture and neural circuits  

  At the anatomical level, there are significant changes in the brain architecture that 

have been measured using magnetic resonance imaging (MRI) of live brains or imaging 
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of post-mortem brain slices (Anagnostou and Taylor, 2011; Lord et al., 2020). Diffusion 

tensor imaging, which measures the movement of water through white matter tracts in the 

brain, identified changes in the cerebellum, cortex, and corpus callosum of children with 

ASD (Courchesne et al., 2001; Emerson et al., 2017; Hazlett et al., 2017). Longitudinal 

imaging found differences in fiber density developmental trajectories that coincided with 

abnormal cortical surface growth and increased brain volume (Wolff et al., 2012; Hazlett 

et al., 2017). More advanced techniques known as functional MRI (fRMI), have been 

used to study changes in activity across the brain that may not have any large anatomical 

differences. These include deficits in brain circuits associated with language production 

and comprehension and hyperactivation of the superior temporal gyrus and inferior 

temporal gyrus (Herringshaw et al., 2016; Emerson et al., 2017; Uddin et al., 2017a), 

which together may cause difficulties in social communication through auditory and 

visual sensory input processing.  

 The cerebral cortex consists of multiple layers, which form in an inside-out 

pattern, where the early neurons form the deep layers and the upper layers are filled with 

later-stage neurons (Subramanian et al., 2020). Post-mortem brain tissue from children 

with ASD showed deficits in cortical layering and decreased mini-column size and 

density, where mini-columns are anatomical structures that contain the six cortical layers 

throughout the cortex (Bailey et al., 1998; Buxhoeveden et al., 2006). The formation of 

cortical layers during development depends on two major processes: 1) NPC proliferation 

and differentiation and 2) neural migration. 
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Cortical neurons originate from NPCs, which include radial glial cells and 

intermediate progenitor cells located in the ventricular and subventricular zones that form 

around the lateral ventricles (Garcia-Forn et al., 2020). Altered proliferation of radial glial 

cells (RGCs) and intermediate progenitor cells (IPCs) can lead to macroscopic 

morphological changes in brain structure, such as microcephaly or macrocephaly. 

Changes in brains size can coincide with the increase or decrease of progenitor cells, 

respectively, eventually resulting in fewer neurons and glial cells. Disruption of the ASD-

risk genes DDX3X, FOXP1, PTEN and POGZ cause an increase in the NPC population 

(Amiri et al., 2012; Braccioli et al., 2017; Lennox et al., 2020; Matsumura et al., 2020). 

Conversely, Chd8 knockout or mutant mouse models have depleted progenitor cell 

populations (Durak et al., 2016). However, these mice eventually develop megalocephaly 

due to over-connectivity between neurons (Suetterlin et al., 2018).  

Following formation of the neocortex, NPCs differentiate into neurons and begin 

migrating to the various layers of the cortex in an inside-out manner. Although it is 

difficult to determine neuron migration deficits in ASD cases through MRI, the structural 

abnormalities identified in these individuals suggest early deficits in neurogenesis and 

migration (Pan et al., 2019). The contactin-associated protein-like 2 protein (encoded by 

the CNTNAP2 gene) is important for proper neural migration and loss of the protein 

shows observable changes in migration of upper layer neurons (Peñagarikano et al., 2011; 

Gdalyahu et al., 2015). NPC proliferation and neuron migration is essential for proper 

cortical layering and brain architecture, which is necessary for the formation of brain 

circuits. 
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1.2.2 Excitatory/Inhibitory (E/I) imbalance hypothesis of ASD 

At the brain circuit level, ASD pathology involves the disruption of information 

processing and cognition, and this process is carried out primarily in the cerebral cortex 

(Belmonte et al., 2004). Atypical neural connectivity in the brain is therefore a major 

component in ASD and disruptions of these circuits at critical times during development 

are hypothesized as a major cause for many neurodevelopmental disorders (Varghese et 

al., 2017). The most basic neural circuits include a balance between excitatory and 

inhibitory (E/I) neuron transmission, and the imbalance of these inputs is theorized as a 

major part in the pathophysiology of ASD (Gao and Penzes, 2015). In the cortex, this 

balance is primarily formed between excitatory pyramidal neurons, which are 

approximately 80% of the cortical neurons, and GABA-ergic inhibitory neurons that 

migrate from the ventral ganglionic eminences. The excitatory neurons use glutamate as 

the neurotransmitter to pass along excitatory signals, while inhibitory neurons use GABA 

to reduce the firing probability of other neurons within the circuit (Roux and Buzsáki, 

2015; Tremblay et al., 2016).  

 Both excitatory and inhibitory neurons form axonal and dendritic projections at 

opposite ends. Axonal projections (or axons) grow with actin-rich protrusions, called 

axon growth cones. Axons grow outwards and towards different brains regions using 

guidance or avoidance cues throughout the brain (Zang et al., 2021). Mature axons 

produce and propagate action potentials towards the presynaptic bouton to transfer the 

signals from one neuron to the next, which is essential for proper brain circuit formation 

and at a higher level, cognition and information processing. An important region, known 
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as the axon initiation segment (AIS), is a highly organized structure at close proximity to 

the cell body. It is at the AIS that voltage-gated sodium and potassium channels 

responsible for initiating the action potential are held by multiple scaffolding proteins 

(Leterrier, 2018; Hamdan et al., 2020). Improper axon formation and growth or 

disorganization of the AIS is a common phenotype observed in multiple mouse models of 

ASD. For example, SCN2A encodes a voltage-gated sodium channel, Nav1.2, which is 

localized to the AIS early during development and is important for initiation of the action 

potential (Ben-Shalom et al., 2017; Spratt et al., 2019, 2021). Mutations identified in 

ASD individuals or loss of SCN2A causes deficits in action potential initiation and firing. 

Similarly, the voltage-gated sodium channel Nav1.1 (encoded by SCN1A) is expressed 

primarily in inhibitory neurons, and disruption of this gene can lead to Dravet‘s 

syndrome, a severe form of epilepsy that is often diagnosed with ASD (Marini et al., 

2011; Cetica et al., 2017). The scaffold proteins that hold sodium and potassium channels 

at the AIS, such as Ankryin G (encoded by ANK3) or Ankyrin B (encoded by ANK2) are 

also associated with ASD and other NDDs. Loss of either Ankyrin protein causes 

disorganization of the AIS and impairment of action potential initiation and firing 

(Hedstrom et al., 2008; Leussis et al., 2013; Yang et al., 2019; Creighton et al., 2021).  

 

1.2.3 Deficits in synaptic formation, function and plasticity 

 The presynaptic bouton or terminal is a specialized compartment at the end of the 

axon, which forms the first half of a synapse. Once the action potential reaches the 

presynaptic terminal, the influx of calcium at the terminal causes the release of synaptic 
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vesicles into the synaptic cleft, which is the space between the pre-synaptic terminal and 

the post-synaptic dendritic spine. These vesicles are held in a region termed the active 

zone and contain different types of neurotransmitters (e.g., acetylcholine, dopamine, 

serotonin, gamma-aminobutyric acid (GABA), glutamate and histamine), depending on 

the type of neuron from which they originate. The release of these vesicles relies on 

numerous proteins, such as the STXBP1 protein that controls synaptic vesicle release, 

and is involved in regulating synaptic transmission (Patzke et al., 2015). STXBP1 has 

multiple mutations identified in individuals with ASD (Uddin et al., 2017b). Another 

ASD-risk gene, SLC6A1, encodes the GABA transporter type 1 protein and is required 

for the re-uptake and recycling of GABA from the synaptic cleft after the 

neurotransmitter vesicle was released (Goodspeed et al., 2020). Mutations in SLC6A1 

prevent proper re-uptake of GABA and can cause unwanted inhibition of neighbouring 

neurons, through activation of their GABA receptors. Proper connectivity in brain circuits 

relies on synapse formation and function (Geschwind and Levitt, 2007). 

 GABA receptors are one of many potential receptors on the receiving end of the 

pre-synaptic terminal, which can vary depending on the type of neuron-to-neuron 

connection. For example, inhibitory neurons form synapses onto the cell body or 

dendrites of excitatory or inhibitory neurons, while excitatory-excitatory neuron synaptic 

connections in the cortex occur at dendritic spines (Hering and Sheng, 2001). Contactin-

associated protein-like 2 (encoded by CNTNAP2), neurexins (encoded by NRXN1, 

NRXN2 and NRXN3) and neuroligins (encoded by NLGN1 and NLGN2) are involved in 

holding the presynaptic and postsynaptic terminals together. Disruption in these genes 
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has been associated with impairments in synaptic formation and function (Peñagarikano 

et al., 2011; Varghese et al., 2017).  

 Dendritic spines are small actin-rich protrusions that form small compartments 

that house multiple types of receptors and secondary messenger molecules (Hering and 

Sheng, 2001). Closer to the membrane and exposed to the synaptic cleft, is the 

specialized region called the post-synaptic density (PSD). The PSD contains multiple 

ASD-risk genes, including scaffolding proteins (e.g., DLG4, SHANK2 and SHANK3), 

glutamate receptor proteins (e.g., GRIA1, GRIA2, GRIN2B) and downstream signaling 

proteins (e.g., SYNGAP1 and PTEN). The loss or mutation of these genes cause altered 

synaptic transmission, which is the most accepted pathological mechanism that underlies 

the core symptoms of ASD at a sub-cellular level (Penzes et al., 2011; Clement et al., 

2012).  

 Dendritic spines can take multiple forms that reflect different stages of maturity, 

ranging from immature thin spines to mature mushroom shaped spines. However, these 

forms are dynamic and can change quickly depending on the activity levels of the neuron 

(Hotulainen and Hoogenraad, 2010). Many neuropsychiatric disorders have found 

atypical numbers and morphologies of dendritic spines (Penzes et al., 2011; Broek et al., 

2014). Post-mortem brains from individuals with ASD showed increased or decreased in 

the dendritic spine density, which has also been observed in multiple genetic models of 

ASD (Nimchinsky et al., 2001; Hutsler et al., 2007; Schmeisser et al., 2012). The 

contradictory phenotypes seen in these studies, suggested that deviance from an optimal 

level of connectivity in different regions of the brain can cause similar deficits overall or 
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that there are different types of ASDs. The disruption of synaptic transmission and 

plasticity is a major theory behind the pathology of ASD and multiple NDDs. 

 

1.2.4 Mitochondria in Neurogenesis and Neuronal Synaptic function 

Metabolic and mitochondrial signaling is critical for brain development because 

of the massive energy demand in neurons. Metabolic and mitochondrial functions play 

important roles in the developing brain in various cell types including NPCs, neurons and 

glial cells (Khacho et al., 2019; Rangaraju et al., 2019; Namba et al., 2021; Zehnder et al., 

2021). The mitochondrial matrix houses multiple metabolic processes important for 

neurogenesis and synaptic function and plasticity. These include the tricarboxylic acid 

(TCA) cycle, oxidative phosphorylation via the electron transfer chain, pyruvate 

oxidation and beta-oxidation of fatty acids.  

The metabolic functions in NPCs are essential for proper development of the 

neocortex. The energy in neural progenitor cells is largely supplied by glycolysis ending 

in lactate production, glutaminolysis and fatty acid synthesis. Due to the hypoxic 

conditions during early neocortical development, glucose is converted into pyruvate and 

converted into lactate, instead of acetyl-CoA that is used in the TCA cycle. Angiogenesis 

and introduction of oxygen into deeper layers of the brain helps to promote neural 

differentiation. The shifting of lactic acid production to TCA cycle and oxidative 

phosphorylation via the mitochondrial electron transfer chain (ETC) results in increase 

differentiation of NPCs into neurons (Mao et al., 2013).  
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Increased lactate production from glycolysis is concurrent with increased 

glutaminolysis in highly proliferative cells such as NPCs. Glutaminolysis converts 

glutamine into alpha-ketoglutarate, an intermediate molecule in the TCA cycle. 

Glutaminolysis promotes partial TCA cycle function, without the use of acetyl-CoA, 

which is required for proliferation and maintenance of progenitor cells (Lindhurst et al., 

2006; Journiac et al., 2020; Namba et al., 2020)  

Mitochondrial function is essential for the neurogenesis in the brain. Increased 

mitochondrial fission induces neurogenesis, while mitochondrial fusion promotes 

proliferation of NPCs (Iwata et al., 2020). Increased mitochondrial fission coincides with 

increased mitochondrial cellular respiration and oxidative phosphorylation. Oxidative 

phosphorylation controls the ratio of nicotinamide adenine dinucleotide (NAD) to the 

reduced NADH form (Stein and Imai, 2012). Rises in the ratio cause differentiation of 

NPCs into neurons, in part through the activation of Sirtuin-1 deacetylase (Cantó et al., 

2015). Sirtuin-1 deacetylates BCL6 target genes and derives neurogenesis in NPCs 

(Tiberi et al., 2012; Bonnefont et al., 2019). Furthermore, CRISPR-mediated induction of 

neuron-enriched mitochondrial proteins can increase the conversion efficiency of glial 

cells to neurons during direct reprogramming, highlighting the significance of 

mitochondrial function in neurogenesis (Russo et al., 2021). 

Mitochondria have an important role in synaptic transmission and plasticity in 

mature neurons at both the presynaptic terminal and the post-synaptic compartment. 

Neurons rely on the TCA cycle and oxidative phosphorylation via the ETC in 

mitochondria over lactate producing-glycolysis and glutaminolysis (Harris and Attwell, 
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2012). Dysfunction in mitochondrial functions regarding ATP production and calcium 

buffering play a significant role in the pathology of neurological disorders. Mitochondrial 

ATP and mitochondrial calcium are implicated in short-term synaptic plasticity (Tang 

and Zucker, 1997; Billups and Forsythe, 2002; Guo et al., 2005; Verstreken et al., 2005). 

Disruption of mitochondrial fusion in axons can lead to abnormal branching and calcium 

buffering. Mitochondria are trafficked to and from the presynaptic terminal and they 

regulate the maturation or pruning of the synapse itself (Devine and Kittler, 2018). 

Synaptic mitochondria are smaller, more motile, and have more cristae compared to 

mitochondria in the cell body. Mitochondria produce the majority of cellular ATP 

required for processes, such as exocytosis of the readily releasable pool of vesicles 

encapsulating neurotransmitters or neuropeptides. Mitochondria also have a significant 

role in dendrite growth and formation of dendritic spines and provides ATP for the ATP-

dependent processes at the synapse, including glutamate receptor signaling and protein 

translation (Li et al., 2004; Cherra et al., 2013; Brot et al., 2014; Rangaraju et al., 2019). 

The buffering of calcium ions in the synaptic compartment regulates synaptic 

plasticity during high-frequency neural stimulation. The mitochondrial calcium uniporter 

uptakes calcium into the mitochondria, while the mitochondrial permeability transition 

pore (mPTP) releases calcium into the cytoplasm. Sequestering of calcium in 

mitochondria prevent large fluctuations in the baseline cytoplasmic calcium levels. This 

allows mitochondria to buffer mean firing rates, while irregular calcium release causes 

aberrant synaptic transmission and attenuated LTP (Levy et al., 2003; Ruggiero et al., 

2021). In addition, glial metabolic activity is also important for brain development, and 
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disruption of mitochondrial function in glia leads to abnormalities in astrocyte maturation 

and synaptic function (Zehnder et al., 2021). 

A key issue in the role of mitochondria in ASD pathology is whether metabolic 

changes are primary pathologies, or secondary to other causes. Monogenic syndromic 

forms of ASD, such as TSC, CDKL5-deficiency disorder, and FXS, show that specific 

mitochondrial and metabolic defects and may have a genetic basis (Ebrahimi-fakhari et 

al., 2016; Jagtap et al., 2019; Licznerski et al., 2020). Tsc1/2 knockout mice have 

increased mitochondrial size and decreased number of mitochondria at the synaptic and 

axonal compartments. Mouse models of Angelman syndrome displays deficits in LTP in 

the hippocampus, which coincides with the presence of mitochondria with disorganized 

cristae and reduced ETC activity (Su et al., 2011). The BCKDK mutant model of ASD 

has been treated with a diet that included high consumption of branched-chain amino 

acids (Novarino et al., 2012). Interestingly, ketogenic diets and low-glycemic diets in 

epileptic individuals has been found to decrease seizure frequency (Neal et al., 2008, 

2009). The changes in mitochondrial morphology and activity, suggests that 

developmental alterations in metabolic/mitochondrial signaling pose vulnerability for 

ASD. However, very few mitochondrial genes are associated with ASD itself, such as 

ETFB, RHEB, and BCKDK, which we used in our study. Identifying a possible 

connection between current ASD-risk genes that do not have known metabolic functions 

is of interest and may help develop an understanding of how metabolic dysfunctions 

occur or are caused in individuals with ASD. ASD gene mutations that alter 
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mitochondrial and metabolic function in the developing brain have the potential to affect 

NPC proliferation, neurogenesis, and neuron activity. 

 

1.3 Modelling ASD and related neurodevelopmental disorders 

1.3.1 Mouse models of ASD 

 There are many model organisms that have been used to study ASD, however due 

to the focus of my thesis I will only provide background in on the use of mouse and 

human models to study autism and neurodevelopmental disorders (White, 2016). 

Rodent models, such as mouse and rat models, have multiple advantages over 

current human models, including the ability to study changes in behavior and in vivo 

neural circuits. Although human models can be used to study multiple aspects of 

neurodevelopment, they can not yet recapitulate direct neural circuits between two brain 

regions or model behavior. Simultaneously, mouse models do not fully recapitulate the 

brain development in humans (Nestler and Hyman, 2010). For example, a major 

difference in the human brain is the gyrification of the cortex, which is not present in the 

mouse brain (Semple et al., 2013). The developmental speed of the mouse brain leads to 

discrepancies in the presence of cell populations that exist for longer periods of time in 

the human brain, thus resulting in difficulties in translating findings between the two 

models. Differences between mouse and human genetic models have caused confusion 

and uncertainty in the field regarding the impact of some ASD-risk genes (Zhao and 

Bhattacharyya, 2018). Mice are social animals and have specific behaviors that can be 

categorized as social interactions and repetitive behaviors and interests (Crawley, 2007). 
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A few mouse models have shown deficits in both of these core symptomatic behaviors, 

such as Cntnap2, Shank2, Shank3, and Ube3A mouse models (Peça et al., 2011; 

Peñagarikano et al., 2011; Smith et al., 2011; Schmeisser et al., 2012; Gdalyahu et al., 

2015). However, multiple mouse models of ASD-risk genes have shown altered levels of 

neural progenitor proliferation, neural migration, synaptic connectivity, and synaptic 

plasticity (Chen et al., 2015). In addition, some non-genetic mouse models that utilize 

exposure to valproic acid or viral infections have also shown ASD-related mouse 

behaviors (Zerbo et al., 2013; Wagner et al., 2021). Mouse models are an essential tool to 

study ASD-risk genes from the molecular level to the behavioral level, which can be than 

in part be translated to human behavior and neuropathology through inference.  

 

1.3.2 Differentiation of human iPSCs into neurons 

 Prior to the use of human stem cells, the study of human cortical neurons was 

limited to post mortem brain tissue. However, post mortem tissues were often from adult 

patients and did not reflect changes in early neurodevelopment. Furthermore, post 

mortem tissues have already begun the process of cell death, which can introduce many 

artifacts (Lewis, 2002). Human pluripotent embryonic stem cells (ESCs) or iPSCs allow 

the study of early neurodevelopmental time points in  NPCs and neurons. The technology 

to reprogramme human fibroblast cells from skin biopies or peripheral blood 

mononuclear cells from blood into iPSCs was first established by Takahashi et al. (2007). 

Before then, hESCs had been differentiated into multiple brain cell types (Thomson, 
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1998). The advantages of using iPSCs are that it preserves the human genetic background 

and can be used to study the impact of patient mutations.  

 Current methods can create many different types of 2D in vitro neurons from 

ESCs and iPSCs, including excitatory cortical, GABA-ergic, dopaminergic, cholinergic, 

serotonergic, and motor neurons (Dimos et al., 2008; Bissonnette et al., 2011; Boyer et 

al., 2012; Shi et al., 2012b; Liu et al., 2013; Lu et al., 2016). Glial cells have also been 

created, including astrocyte progenitors, and microglia (Douvaras et al., 2014, 2017; 

Muffat et al., 2016; Krencik et al., 2017). It should be noted that I have only cited the first 

published protocol for each sub-type, as novel and modified protocols for these cell types 

are rapidly being generated. The efficiencies of differentiation can vary due to the 

variability in reprogramming and genetic background in iPSCs.  

There are two major methods of neural differentiation: 1) stepwise differentiation 

using timed extrinsic small inhibitors and growth factors and 2) direct differentiation by 

expressing lineage-specifying transcription factors. However, combinations of these two 

processes have been used to increase differentiation efficiency and cell maturation 

(Nehme et al., 2018). Generation of two-dimensional (2D) in vitro brain cells, both 

neuronal and glial cell types using stepwise differentiation generally have low yield, 

reproducibility, and require a longer time to reach specific maturation than direct 

differentiation methods.  

In the step-wise differentiation process, neuron sub-types are generated through 

formation of embryoid bodies using iPSCs or ESCs. Dual-SMAD inhibition then pushes 

these embryoid bodies towards the neuroectoderm lineage, using SB431542 which 
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inhibits TGF-beta, activin and nodal signaling for mesendoderm differentiation, and BMP 

inhibitors (Noggin, Dorsomorphin, or LDN) to prevent trophectoderm and ectoderm 

differentiation (Chavali et al., 2020). The resulting embryoid bodies possess NPCs in 

organized formations called neural rosettes. The NPCs are then differentiated into 

excitatory neurons using neurotrophic growth factors (BDNF, GDNF, or NT3) and 

retinoic acid signaling (Vitamin A)(Chambers et al., 2009; Shi et al., 2012a). With the 

addition of different canonical WNT pathway modulators (CHIR99021, XAV939, 

dorsomorphin) dorsal neuron types are generated, while activation of the sonic hedgehog 

pathway (SHH recombinant proteins, purmorphamine (PUR), and smoothened agonist 

(SAG)) push the NPCs towards ventral neuron types (Hulme et al., 2022). Finally, use of 

GSK3 inhibitors to activate WNT signaling at specific time points can push embryoid 

bodies to produce neural crest cells and peripheral nervous system neurons. Due to the 

complex role of the WNT signaling and SHH signaling pathways in the brain 

development, step wise differentiation results in the production of mixed cell types, 

resulting in high variability between experiments.  

To counteract the variability introduced through variable differentiation of stem 

cells and more importantly the neural progenitor cells, direct differentiation bypasses this 

step and directly differentiates iPSCs/ESCs or fibroblasts into specific neuron types. The 

neurogenin family (NGN1, NGN2, and NGN3) of basic-helix-loop-helix (bHLH) 

transcription factors are strong pro-neural transcription factors that inhibit differentiation 

of progenitor cells into the glial or inhibitory neuron fates (Hulme et al., 2022). 

Specifically, NGN2 negatively regulates PAX6 and increases expression of neuron 
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specific transcription factors, such as NEUROD1 and TBR1/2, while simultaneously 

decreasing cell cycle regulation factors inducing cell cycle exit. NGN2 also inhibits 

expression of the MASH1 transcription factor, which prevents differentiation into ventral 

cell types, such as GABA-ergic interneurons. Lentiviral infection of NGN2 expression 

cassettes, ectopically express NGN2 in iPSCs and directly differentiates them into 

iNeurons (Zhang et al., 2013). iNeurons are primarily glutamatergic/dopaminergic and 

express upper cortical layer markers, the presynaptic protein Synapsin1, and AMPA 

receptors within 3 weeks of differentiation. However, iNeurons do not express NMDA 

receptors until much later, highlighting some discrepancies in their development 

compared to step-wise differentiated neurons. However, methods have been used to 

counteract the generation of deep brain region neurons, including sorting of CAMKIIα-

expressing neurons to obtain pure glutamatergic neuron cultures or co-expression of 

NGN2 with EMX1, a transcription factor expressed in pyramidal cortical neurons, which 

results in 100% glutamatergic neurons (Nehme et al., 2018; Ang et al., 2020).   

The reduced variability between different iPSC lines or differentiation batches 

drastically raises the benefits of using iNeurons for high-throughput screens. High-

through put screen methods using iNeurons have identified Tau reducing compounds, 

genes important for neuronal survival, and compounds that alter neurite outgrowth (Wang 

et al., 2017a). iNeurons provide a quick and robust method of studying excitatory neuron 

function at a higher throughput than traditional step-wise differentiation methods and has 

potential therapeutic uses.  
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1.3.3 Using iPSC-derived neurons to study NDDs and ASD 

iPSCs have been used to study many neurological disorders, including Rett 

syndrome, FXS, Timothy syndrome, William syndrome, Prader-Willi syndrome, 

Angelman syndrome, Schizophrenia (SCZ), and Bipolar Disorder (BD) (Chamberlain et 

al., 2010; Marchetto et al., 2010; Ananiev et al., 2011; Brennand et al., 2011; Paşca et al., 

2011; Sheridan et al., 2011; Cheung et al., 2011; Krey et al., 2013; Tian et al., 2014; 

Doers et al., 2014; Mertens et al., 2015; Nageshappa et al., 2015; Djuric et al., 2015; 

Khattak et al., 2015; Chailangkarn et al., 2016). Some studies have also used patient or 

isogenic iPSC lines to study idiopathic ASD, ASD-linked genes (CHD8, SHANK3) or 

CNVs (22q13, 16p11.2) (Shcheglovitov et al., 2013; Wang et al., 2015, 2017b; Yi et al., 

2016; Deshpande et al., 2017). Fewer studies have used NGN2-induced iNeurons due to 

their more recent development (Zhang 2013). However, some have been used to study 

neurological disorders and psychiatric disorders, including Alzheimer‘s disease (AD), 

ASD, Down syndrome, FXS, and SCZ to study deficits in excitatory neuron morphology, 

function and/or connectivity (Lin et al., 2018; Xu et al., 2018; Deneault et al., 2019; 

Meyer et al., 2019; Graef et al., 2020; Hirata et al., 2020). The NGN2 method combined 

with CRISPR/Cas9 have also been used to study C9orf72 in FTD/ALS iPSCs. X-linked 

dystonia parkinsonism (XDP) has been rescued using CRISPR/Cas9 in iPSC derived 

neurons to normalize TAF-1 expression (Jovičič et al., 2015; Aneichyk et al., 2018).  In 

addition, a study from our lab used isogenic iPSC lines with knockouts of various ASD-

risk genes and identified common alterations in neural activity and connectivity 

(Deneault et al., 2018). 
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iPSC-derived neurons provide a quick and efficient method to study 

neurodevelopmental disorders, and combined with CRISPR/Cas gene editing, can be 

used to investigate the potential impact of patient mutations. In Chapter 3 and 4, I used 

CRISPR/Cas9 to study the impact of a de novo missense mutation on the function of 

TAOK2 in neuron function and activity.  

 

1.4 The function of TAOK2 in brain development 

1.4.1 Thousand and one amino acid kinase 2 (TAOK2) 

 TAOK2 is a mitogen-activated protein kinase (MAPK) and is part of the 

Sterile 20-like kinase family, which are generally downstream of G-coupled protein 

receptors and upstream of other MAPKs (Delpire, 2009). Although two other orthologues 

of TAOK2 exist, TAOK1 and TAOK3, with greater than 80% homology, only TAOK1 

and TAOK2 are expressed in the brain. The TAOK2 protein consists of an N-terminal 

kinase domain, a serine-rich MEK binding domain, and either a C-terminal domain with 

2-3 coiled-coils in the beta isoform or leucine-rich repeats in the alpha isoform. There are 

two major known isoforms of TAOK2, the longest 1235aa alpha isoform and the 1049aa 

beta isoform. The alpha isoforms is expressed from early in development is more 

associated with microtubule dynamics, while the beta isoform is expressed later in 

development during early synaptogenesis and has been found to regulate synapse 

formation (Chapter 2 Supplementary Figure 18). Both contain the N-terminal kinase 

domain, but differ in their C-terminal regulatory domain.  Serine-181 is located in the 

kinase domain, and phosphorylation is essential for TAOK2 kinase activity, while, the C-



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 30   

 

terminal domain of the beta isoform was found to act as a negative-regulator of the kinase 

domain (Chen et al., 1999; Zhou et al., 2004) (Chapter 2 Figure 4) 

TAOK2 is involved in MAPK signaling and cytoskeleton dynamics (Hu et al., 

2021). TAOK2 is an upstream activator of the stress-related MAPK signaling pathways, 

comprised of the p38/MAPK14 and JNK/SAPK cascades (Hutchison et al., 1998; Chen et 

al., 1999; Moore et al., 2000; Chen and Cobb, 2001). The stress-related MAPK signaling 

pathways are activated through multiple types of receptors and are essential for cell 

proliferation, differentiation, migration and apoptosis (Takeda and Ichiijo, 2002; Nishina 

et al., 2004). TAOK2 targets the stress responsive MAPK pathway, interacting with both 

the c-Jun n-terminal kinase (JNK) and p38 MAPKs. TAOK2 also functions to regulate 

both the actin and microtubule cytoskeleton (Moore et al., 2000; Mitsopoulos et al., 

2003), which functionally distinguishes it from TAOK1 (Hu et al., 2021). During cell 

stress, TAOK2α can activate the JNK pathway leading to the cleavage of TAOK2α from 

the microtubule cytoskeleton by caspase 9 and the nuclear localization of its kinase 

domain, resulting in apoptosis (Zihni et al., 2006). A recent study also found that TAOK2 

is required for proper tethering of the endoplasmic reticulum (ER) to the microtubules 

(Nourbakhsh et al., 2021). The MAPK signaling and cytoskeleton dynamics regulated by 

TAOK2 are two core functions that translate into its control over neuron function and 

activity. 

 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 31   

 

1.4.2 Neuron development and synaptic functions of TAOK2 

 TAOK2 is heavily involved in brain development and neurodevelopmental 

disorders. The TAOK2 gene is located in the 16p11.2 region, which is  deleted in 1% of 

ASD patients (Lauren A. Weiss et al., 2008). TAOK2α and  isoforms were found to 

differentially regulate neuron migration and synaptic transmission, respectively. Our 

collaborator, Dr. Calderon de Anda, originally found that TAOK2α interacts with 

Neuropilin 1 and Semaphorin 3a to activate the JNK pathway, and disruption of this 

pathway resulted in decreased basal dendrite growth in mice (Calderon de Anda et al., 

2012). At the synaptic level, TAOK2β binds to the N-cadherin/arcadlin (rat ortholog of 

protocadherin) dimer and activates p38 via phosphorylation of MEK3. N-cadherin is a 

synaptic adhesion protein, and its endocytosis is important for dendritic spine and 

synapse reorganization (Arikkath and Reichardt, 2008). p38 then phosphorylates TAO2β 

at Ser1038, which induces the endocytosis of the cadherins and overall number of 

dendritic spines (Yasuda et al., 2007). TAOK2 was also found to regulate synaptic 

development through myosin Va localization and PSD95 stabilization. Phosphorylation 

of TAOK2 via MST3 is important for proper myosin Va localization and synapse 

development (Ultanir et al., 2014). While, phosphorylation of Septin7 by TAOK2 

stabilizes PSD95, which is required for dendritic spine maturation (Yadav et al., 2017).  

 In addition, TAOK2 is a category 2 gene in the SFARI database, a widely 

accepted database of ASD-associated genes, created through review of genomic 

sequencing data and individual gene studies. Category 2 is the second highest category 

for non-syndromic ASD and is based on rigorous testing and replication of results from 
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multiple independent sources. Our collaborator, Dr. Scherer (SickKids) identified 

multiple genetic variants through whole-exome and -genome sequencing studies of more 

than 5000 individuals (at that time). Of these mutations three were de novo variants, 

A135P, P1022*, and a third splice site variant (c.563+12_563+15 deletion), and two rare-

inherited missense mutations, A335V and H781R. The identification of these mutations 

was a major part of my first aim, which was to study the impact of disrupting TAOK2 on 

neurodevelopment and how it related to ASD pathology. Together, the previous studies 

on TAOK2, combined with our publication, implicated TAOK2 as a novel ASD-risk gene 

and highlighted its important function in proper brain development. 

 

1.5 Current challenges in studying ASD 

1.5.1 Hypothesis-based vs discovery-based studies in ASD 

 Hypothesis-based studies focus on expanding on what is currently known, while 

discovery-based studies use broad techniques to identify novel avenues for investigation. 

Hypothesis-based studies focus on elucidating the function of a single gene. These studies 

are generally observationally driven, such that the results from previous experiments lead 

to the next question. This type of investigation has led to much of our understanding in 

many ASD-risk genes. However, these are time and resource intensive, and some labs 

can study a single gene for decades with novel questions being generated regularly. The 

large number of sequencing studies that have been conducted in the last decade have 

identified 100s of genes and created a bottleneck in understanding the function of all 

these ASD-risk genes. The time required to study each gene has restricted most studies to 
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focus on genes considered ―low-hanging fruit‖, as in genes that have strong phenotypes. 

For example, FMRP, CHD8, SCN2A, and SYNGAP1 are genes that are highly associated 

with ASD and studies have found significant roles for each during development. 

However, the focus on these genes has created a void where less-known genes with subtle 

phenotypes are not strongly studied or easily funded. Furthermore, neurodevelopmental 

disorders share a wide variety of symptoms and risk genes, creating a complex issue in 

studying single genes as models of specific disorders. The overlap of these genes between 

disorders and molecular pathways have suggested that they fall within convergent 

pathways, however studying shared pathways between multiple genes is difficult and 

many times infeasible. This bottle neck has led to a shift in the field towards using 

discovery-based studies to obtain large datasets through ‗-omics‘ techniques, such as 

RNA/DNA sequencing, mass spectrometry, and high-throughput screens and assays.  

 

1.5.2 Transcriptomics studies in ASD 

 RNA sequencing identifies and quantifies the number of mRNA transcripts in a 

sample through sequencing of cDNA libraries prepared from the sample itself. RNA is 

extracted from tissue or cell pellets and purified for mRNAs with poly(A) tails, to avoid 

detection of ribosomal RNAs and microRNAs. The isolated mRNA is then reverse 

transcribed into cDNA, and short DNA adaptors and barcodes are ligated onto the ends. 

The barcodes allow the combining of samples so that they can be run simultaneously 

through the sequencing machine. The number of reads obtained per sample, depends on 

the sensitivity and throughput of the machine. The number of read pairs correlates with 
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the number of reads per sequenced region, which is important for reliable quantification. 

The reads are then mapped to a reference genome or transcriptome and the number of 

reads per gene normalized to the total reads are counted. Bioinformatic tools are then 

used to determine differentially expressed genes (DEGs) between separate samples. 

Following the identification of DEGs, pathway analysis is used to identify gene networks 

or gene sets that are dysregulated in one condition compared to the control. There are two 

main types of analysis, gene set enrichment analysis (GSEA) or gene over-representation 

analysis (Reimand et al., 2019). GSEA uses the fold change difference and significance 

to estimate shifts in the expression of a gene within a gene set and can be used to 

determine up or downregulation of pathways (Subramanian et al., 2005). Conversely, 

gene over-representation analysis uses a set of chosen DEGs to determine if certain 

pathways are enriched within the gene set and potentially affected in the tissue or cells 

(Raudvere et al., 2019). 

 RNA-sequencing of whole tissue or cell cultures, known as bulk RNA-Seq, has 

identified multiple regions of the brain have been implicated in the pathology of ASD. 

Combining genome and epigenome sequencing experiments with transcriptome data have 

found large effects in the cortex of ASD cases (Voineagu et al., 2011; He et al., 2019). 

More specifically, mid-fetal deep cortical projection neurons and glutamatergic 

projection neurons had significantly altered gene expression profiles and enrichment of 

ASD-risk genes compared to unaffected controls (Parikshak et al., 2013; Willsey et al., 

2013; Ramaswami et al., 2020). The loss of transcriptomic differences between different 

brain regions was seen when looking at the transcriptome of frontal and temporal cortices 
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of individuals with ASD (Parikshak et al., 2013). Furthermore, bulk RNA-seq of multiple 

mouse models and human stem cell-derived neuron models, have identified many ASD-

associated pathways that are commonly disrupted in multiple models (Quesnel-vallières 

et al., 2019; Griesi-Oliveira et al., 2021)  

 Single cell RNA-sequencing (scRNA-seq) is similar to bulk RNA-seq, however 

the method first separates individual cells in small oil beads and sequences each cell 

separately. Usually, 5000-10000 cells per sample are sequenced and an average of 3000-

4000 transcripts are identified per cell, as opposed to the whole transcriptome. However, 

scRNA-seq studies have identified multiple gene co-expression modules or cell types that 

are altered in genetic models of ASD and individuals with the disorder.  

 ScRNA-seq of post-mortem brains from individuals with ASD and their matched 

controls identified DEGs in layer 2/3 and 4 cortical neurons, VIP interneurons, branched 

grey matter localized astrocytes, and microglia, highlighting their importance in ASD 

pathology (Velmeshev et al., 2019). Cortical excitatory and inhibitory neurons also had 

the highest percentage of DEGs in individuals with ASD and epilepsy, which highlights 

the correlation of clinical behavior and the role of specific cell types. Another study from 

the same lab, described differences in the developmental trajectory of different brain 

regions and cell-types using scRNA-seq. Together, these studies underscore the 

importance of developmental time points and spatial location in the brain in regards to the 

pathophysiology of ASD. Another lab combined in vivo CRISPR/Cas9 knockout of 35 

ASD-risk genes in embryonic mice with single cell RNA-sequencing to identify common 

disrupted cell-types; this method was termed in vivo Perturb-Seq (Jin et al., 2020).  
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Similar to previous studies, they found that gene expression modules associated with 

cortical projection neurons were altered, as well as genes associated with inhibitory 

neurons and multiple glial cell types in the mouse brains at postnatal day 7. ASD is a 

neurodevelopmental disorder and therefore specific ASD-risk genes most likely have 

larger roles and impacts at different developmental times and areas in the brain.  

  

1.5.3 Proteomic studies in ASD 

 During my PhD, I have published a review on the emerging proteomic techniques 

that are used to study neurodevelopmental disorders and ASD. I have left the detailed 

background regarding mass spectrometry outside of this thesis and focus on the use of 

proteomics to study neurological disorders (Murtaza et al., 2020). In brief, the core for 

proteomic studies is the use of the mass spectrometer to identify changes in protein 

abundance, post translational modification (PTMs) and protein interactions. The two 

major types of quantitative mass spectrometry techniques are top-down and bottom-up 

proteomics. Top-down proteomics is used to analyze simple protein mixtures and has 

been used extensively to identify biomarkers for ASD through blood (Taurines et al., 

2010; Cortelazzo et al., 2013; Ni et al., 2018). Bottom-up proteomics, or sometimes 

referred to as ‗shotgun‘ proteomics, is similar to RNA sequencing in that it identifies and 

maps peptides to proteins and is used to quantify the abundance of those proteins(Silva et 

al., 2006). To prepare samples for mass spectrometry, tissue or cells are lysed and 

proteins are digested, with peptidases such as Trypsin, into peptides which are then 

separated by size and charge by liquid chromatography (LC). The peptides are sprayed 
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into the mass spectrometer (MS), at which point the peptides can be run through 1 or 2 

(MS or MS/MS) tandem analyzers. MS systems measure the mass to charge ratio (m/z) of 

each peptide, while MS/MS systems fragment select ions to be analyzed again with the 

benefit of increased quantification and identification accuracy (Thompson et al., 2003). 

However, the trade-off is that less peptides and therefore proteins are often identified 

using LC-MS/MS systems. 

Initial studies using shotgun proteomics used post-mortem brain tissues and 

identified specific proteomic signatures that were altered in individuals with ASD 

(Abraham et al., 2019). Interestingly, this work found that the proteomic signatures 

between different regions of the brain were unchanged in ASD, which was the opposite 

of what was seen through RNA sequencing (Voineagu et al., 2011; Velmeshev et al., 

2019). Although mRNA stability, degradation, and localization play a large role in these 

differences, it can also be impacted by translation rate, protein stability, protein 

degradation, protein folding, and post-translational modification. However, similar to 

transcriptomics studies, changes in proteins related to synaptic function, cytoskeleton 

organization, organelle transport, and glutamatergic transmission were observed. Work 

from our lab also found that the changes in the transcriptome and proteomics of Dixdc1 

KO mice did not show any correlation (Kwan et al., 2021). This highlights that changes 

in the transcriptome between ASD and control individuals may not be followed by 

changes in the proteome. Selected reaction monitoring MS (SRS-MS) of post-mortem 

PFC and CB tissues from individuals with ASD also found changes in the levels of 

myelination proteins and increases in synaptic vesicle regulation and energy metabolism 
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proteins (Broek et al., 2014). Few studies have used proteomics to study changes in 

protein levels or modifications of ASD-risk genes, as most focus has been at the 

transcriptome level. One example is measuring changes in the PSD composition in 

Shank3 mutant mice, which also saw region specific changes in the proteome (Reim et 

al., 2017). Another more recent study used RNA-sequencing and mass spectrometry on 

organoids generated from iPSCs with the 16p11.2 deletion, and identified multiple 

pathways associated with ASD (Urresti et al., 2021). Transcriptomics and proteomics are 

two major methods that can be used to study large changes in the cell, however they 

cannot distinguish compensational changes that occur overtime in genetic models or 

identify which proteins or genes are directly associated with each other. 

 

1.5.4 Proximity-labeling proteomics to identify protein-protein interactions (PPIs) 

 Protein interactions are essential for their function and disruption of these 

interactions can cause significant downstream effects in biological processes and 

signaling pathways. Traditional methods utilized techniques to identify direct or indirect 

physical interactors, such as 2-hybrid (2H) screens, co-immunoprecipitation (Co-IP), or 

affinity-purification. Newer yeast-2H screens utilize the overexpression of a bait and prey 

proteins fused to one half of a split reporter protein (such as splitGFP). When the two 

recombinant proteins interact, it allows the reconstitution of the full reporter, which can 

then fluoresce. This version of the screen requires the use of prey proteins that are already 

known and can only confirm the interaction; it cannot identify proteins that are not put in 

the screen However, traditional Y2H systems be used for large scale screens through the 
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use of a library.  This system used the GAL4 transcription factor DNA-binding domain 

and GAL4 activation domain, which interacts with RNA polymerase (Causier and 

Davies, 2002). Constructs containing the DNA-binding domain are in-frame with a POI, 

while libraries are created of ORFs in-frame with the activation domain. When a protein 

from the library interacts with the POI it allows the transcription and expression of the 

reporter gene. The most common reporter gene is the lacZ reporter gene, which expresses 

the β-galactosidase that can be used for colorimetric assays with X-gal. HIS3 or LEU2 

are often used as a co-reporter, as they are necessary to generate the leucine and histidine 

amino acids which are exempt from the growth media. Only yeast cells that have 

interaction between the POI and library protein will express these genes and allow the 

cells to survive in the selection growth media. Cells that survive and/or are positive for 

LacZ expression is then isolated and the cDNA is sequenced to identify the protein from 

the original library.  Although less-biased, these screens are primarily done in yeast or 

mammalian cell lines through transfection or transformation of the constructs, which is 

not easily accomplished in primary mouse neurons, and therefore does not always reflect 

the relevant biological context. Y2H has already been used to identify the protein-protein 

interaction networks (PPI networks) of hundreds of ASD-risk genes and their isoforms 

(Sakai et al., 2011; Corominas et al., 2014). However, PPI networks identified in yeast 

cells may not identify relevant information for many of these proteins, especially proteins 

in neuron specific structures, such as the synapse.  

 An alternative to 2H screens is Co-IP or affinity-purification (AP) coupled with 

mass spectrometry to identify the interacting proteins of endogenous proteins in the cell 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 40   

 

type of interest. Co-IP requires the existence of a good antibody against the protein of 

interest (or insertion of a tag that can be pulled-down). It also requires larger number of 

cells and can be strongly affected by the washing conditions, resulting in the 

identification of only strong, robust interactions. Another disadvantage is that Co-IP 

typically requires antibodies bound to beads, which may inadvertently bind proteins and 

increases the noise of background proteins identified through mass spectrometry. 

Therefore, Co-IP is also prone to identify false positive proteins that are not directly or 

indirectly (as a protein complex) with the POI. Co-IP and AP has been used to identify 

the interacting partners of ASD-risk genes, like DYRK1A and DLG4 (PSD95) 

(Fernández et al., 2009; Brown et al., 2018; Guard et al., 2019; Lautz et al., 2021).  

 Proximity-labeling methods coupled with mass spectrometry, can allow the 

identification of weak, transient protein interactors along with the strong, robust 

interactors, with the addition of proteins in close proximity. There are two major 

proximity-labeling methods, that use either engineered ascorbate peroxidase (APEX) or 

the promiscuous BirA* biotin ligase (BioID) that utilize biotin-phenol or biotin, 

respectively, to label lysine residues of nearby proteins. BirA* will biotinylate any 

protein in a 10nm range and reaches peak biotinylation activity at 18-24 hours after the 

addition of biotin (Li et al., 2017). The Roux lab originally developed the BioID2 system, 

a method used to identify protein-protein interactions and proximal proteins for the gene 

of interest in an endogenous environment (Roux et al., 2012, 2013; In et al., 2016). 

BioID2 performs under the same premise as its predecessor, BioID, which is a 

promiscuous bacterial biotin ligase (BirA*). Importantly, BioID2 is smaller and has a 
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higher affinity for biotin compared to BioID, making it more efficient and easier to use in 

our screen. 

 APEX and BioID have primarily been used to identify the proteins in cellular 

compartments (organelles and stress granules) or specific signaling pathways (GTPases 

and GPCRs) in mammalian cells lines such as HEK293 cells (Filamin-a et al., 2017; Kim 

et al., 2017; Branon et al., 2018; Chou et al., 2018; Liu et al., 2018; Markmiller et al., 

2018; Regulator et al., 2018; Youn et al., 2018). Only two studies have used APEX on 

cultured cortical neurons, focusing on the identification of proteins in the synaptic cleft 

using a few genes or to identify the RNA localized to different cellular compartments 

(Loh et al., 2016; Chung et al., 2017). These publications required a large number of 

neurons (>90 million cells), possibly due to the use of APEX, which has very quick 

activation dynamics and therefore requires many infected neurons to counter the 

endogenous biotin background. Two studies accomplished BioID of PSD95 (found in the 

excitatory post-synapse) and Gephyrin (found in inhibitory post-synapse) in the mouse 

brain (Uezu et al., 2016; Spence et al., 2019). However, in vivo BioID requires the use of 

Adenovirus-associated virus (AAV) that has a smaller packaging size limitation 

preventing the study of larger proteins that are commonly expressed in the synapse and 

associated with ASD. Therefore, the possible number of proteins that can be studied in 

vivo is drastically reduced due to the AAV packaging limits. A major issue in studying 

ASD is that not all genes can be studied, ASD has a large contribution of rare inherited 

and common variants that have small effects but together can lead to ASD, and because 

of the polygenic nature of ASD studies that try to investigate how they are linked are 
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severely underpowered. In Chapter 3, we developed a mouse cortical neuron specific 

BioID system that can be used to identify the PPI network of multiple ASD-risk genes 

with minimal number of neurons and in a relevant disease cell-type. 

 

1.6 Thesis Objectives 

 For this thesis I have divided my main objective to investigate the function of 

ASD-risk genes and their convergent disease-relevant biological processes into three 

aims, which coincide with Chapters 2, 3, and 4. 

 To accomplish the first aim in Chapter 2, we characterized multiple aspects of 

neurodevelopment with a Taok2 KO model, including behavior, gross brain morphology 

and architecture, neural circuit activity, dendritic growth and dendritic spine formation 

and function. Using behavioral tests, MRI, in vivo and in situ electrophysiology, and 

confocal microscopy, we determined that TAOK2 acts through activation of RhoA to 

regulate dendritic spine motility and overall spine formation. Through collaboration with 

Dr. Scherer at SickKids, we identified multiple de novo variants that altered the kinase 

function and stability of TAOK2 and impaired its role in dendritic arborization and 

dendritic spine formation. The results of this aim were published in Molecular Psychiatry 

in 2019. The majority of the work was equally done by myself and Dr. Melanie Richter, 

and we shared co-first authorship.  

 The second aim of the project, in Chapter 3, stemmed from the results of Aim 1, 

which highlighted the association of TAOK2 with pathologies related to ASD. In this 

aim, we modified a proximity-labeling proteomics system (BioID) to identify the PPI 
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network of ASD-risk genes in mouse cortical neurons. Originally, this aim was focused 

on identifying the PPI network of TAOK2, we then widened our focus to identify the PPI 

network of 41 ASD-risk genes with a range of functions to elucidate convergent disease 

mechanisms, seen in the Taok2 KO mouse, and associated with ASD. Using BioID2 we 

identified PPI networks of 41 ASD-risk genes and multiple convergent pathways 

enriched in their shared PPI network. These included known pathways related to synaptic 

transmission and formation, as well as the less-studied mitochondrial activity and 

metabolic pathways. TAOK2 was found to be associated with mitochondria proteins, and 

validation with RNA-sequencing and mass spectrometry of the mouse brain found that 

mitochondrial proteins were reduced at both the mRNA and protein level. Metabolic 

seahorse assays combined with CRISPR/Cas9 gene knockout system were used to show 

deficits in mitochondrial cellular respiration in TAOK2 KO neurons and other ASD-risk 

gene KOs (SYNGAP1, ETFB, and RHEB). In this aim, we also used CRISPR/Cas9 gene 

editing to create isogenic iPSC lines that have complete loss of TAOK2 or the 

heterozygous A135P de novo mutation. We validated the synaptic formation and 

transmission deficits seen in the mouse model in Aim 1 and replicated the deficits in 

cellular respiration identified in Aim 2, highlighting the similarities of TAOK2 disrupted 

pathways in mouse and human models. Overall, in aim two we identified mitochondrial 

function and activity as a convergent biological process between multiple ASD-risk 

genes, including TAOK2. 

 The final aim, found in Chapter 4, focused on using BioID to determine the 

impact of patient mutations on ASD-risk gene interaction networks and the ability to use 
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PPI networks to group individuals based on the connectivity of these genes. We studied 

the effect of de novo mutations on three ASD-risk genes, TAOK2, GRIA1, and PPP2R5D. 

TAOK2 and GRIA1 are known synaptic proteins, while PPP2R5D was found to localize 

to the synapse through the BioID screen in Aim 2. We found that TAOK2 A135P and 

GRIA1 R208H PPI networks had reduced enrichment of synaptic proteins, which 

coincided with reduced synaptic transmission seen in human iPSC-derived neurons and 

mouse cortical neurons, respectively. PPP2R5D E198K and E420K both had novel 

interactions with Golgi-apparatus proteins and caused atypical Golgi morphology and 

localization in mouse cortical neurons. The shared ASD-risk gene PPI network identified 

in Aim 2, had a significant enrichment of 112 other ASD-risk genes and DEGs found in 

individuals with ASD. To determine the relevance of this enrichment to ASD clinical 

phenotypes, we focused on grouping ASD-risk genes based on their shared PPI networks. 

We identified three groups of genes based on their connectivity and found that these 

groups correlated to the adaptive behavior and socialization clinical test scores in ASD 

patients.  

 The overall objective of my PhD thesis was to investigate the convergent 

pathways between ASD-risk genes associated with the pathophysiology of ASD. This 

objective was divided into three major aims: 1) Determine the function of TAOK2 in 

brain development and how its disruption in ASD causes disease-related pathologies 2) 

Identify the shared PPI networks and convergent biological pathways of TAOK2 and 

other ASD-risk genes, and 3) Develop an unbiased screening method to study the impact 

of patient mutations on disease-relevant PPI networks and mechanisms. 
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Figure 1. Genetic variants associated with ASD. Schematic shows the two major types 

of genetic variants identified in individuals with ASD and the types of inheritance of 

these variants. Common variants are found in greater than one percent of the population 

and individually have the least risk per variant, however cumulatively can add up to large 

total risk for ASD. Rare inherited variants are in less than one percent of the population 

and have medium risk for ASD. Common and rare inherited variants are passed down 

through inheritance. De novo variants are only identified in the affected individual and 

were due to germline mutation in the parents. These variants have the highest risk for 

ASD per variant, and have a very high evolutionary selection pressure. 
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Figure 2. Different levels of disruption in ASD. Disruption of molecular mechanisms, 

such as gene expression, protein translation, and protein function can cause disruptions at 

the cellular and subcellular level, including mitochondria function, microtubule 

dynamics, synaptic function and neuron differentiation. These changes can lead to altered 

neural circuits across the brain, including atypical excitatory and inhibitory neuron 

activities that skew the E to I ratio. Finally, these can cause large anatomical changes in 

specific regions of the brain or across the whole brain. Disruption at any level can lead to 

the ASD-related behaviors seen in individuals with ASD or mouse models of ASD. 
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Figure 3. Schematic of how BirA* biotinylates interacting and proximal proteins 

using BioID. 
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CHAPTER 2: ALTERED TAOK2 ACTIVITY CAUSES AUTISM-RELATED 
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PREFACE 

This chapter focuses on investigating the function of the TAOK2 gene in brain 

development and how its disruption can cause deficits associated with ASD pathology. 

This study was published in Molecular Psychiatry on February 21 2018, with myself as 
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co-first author with Dr. Melanie Richter. Due to space limitations of this thesis, the paper 

has been kept in its original formatting. References for the following chapter are self-

contained within the manuscript and may be repeated in the thesis references. 

Prior to this project, only a few studies had identified the role of TAOK2 in 

neurodevelopment (Calderon de Anda et al., 2012; Ultanir et al., 2014; Yadav et al., 

2017), and was primarily known to function through stress-related MAPK signaling. The 

study was conducted using Taok2 KO mouse model, using both in vivo and in vitro 

assays. I worked on all aspects of this project, and my major contribution focused on 

investigating the impact of de novo missense and rare-inherited variants on TAOK2 

kinase function and its effect on neurite growth and synaptic formation. This study 

provided a backdrop to study ASD pathologies and was a starting point to use proximity-

labeling proteomics to study TAOK2 and other ASD-risk genes, as described in Chapter 3 

and Chapter 4.  

Dr. Melanie Richter and Nadeem Murtaza share co-first authorship and equally 

contributed to the manuscript and performed all experiments with assistance. Dr. Karun 

Singh, Dr. Froylan Calderon de Anda, Dr. Melanie Richter and I designed the study and 

all experiments. I harvested and prepared mouse brains for MRI experiments. Zsuzsa 

Lindenmaier, Jacob Ellegood, and Dr. Jason P. Lerch performed MRI of the mouse 

brains. Jan Sedlacik and Dr. Jens Fiehler performed all diffusor tensor imaging on live 

mice. Sarah Scharf, Vanessa Kraus, Ronja Dork, Jacok Hellman and Dr. Fabio Morellini 

performed all mouse behavior assays. Henrike Hartung and Dr. Illeana L. Hanganu-Opatz 

performed all in vivo mouse electrophysiology experiments. Sean H. White conducted in 
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situ mouse brain slice electrophysiology experiments. Dr. Melanie Richter performed 

neuron morphology imaging experiments in in utero electroporated mice and mouse 

cultures, with assistance from Robin Scharrenberg, Ole Johanns, Birgit Schwanke, 

Bianca Bedurftig, Melad Henis. Susan Walker, Dr. Ryan K.C. Yuen, and Dr. Stephen W. 

Scherer provided information on the TAOK2 variants and generated the lymphoblastoid 

cells lines (LCLSs) and I performed all experiments with the LCLs. I generated TAOK2 

variant constructs with assistance from Vickie Kwan. I performed all experiments with 

HEK293 cells and mouse neurons transfected with the TAOK2 constructs. Data was 

analyzed and figured were prepared by Dr. Melanie Richter and myself.  
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2.1 Published Manuscript
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PREFACE 

The combined manuscript from this chapter and Chapter 4 is currently in the first 

round of revisions at Cell Reports as of July 2022. It has been modified and kept separate 

to match the formatting of this thesis. References for Chapter 3 and 4 are combined with 

the thesis references. The aim of this chapter was to identify the convergent biological 

pathways and mechanisms shared between ASD-risk genes. The findings in Chapter 2, 

which showed that disruptions in TAOK2 cause multiple deficits in neurodevelopment 

associated with ASD, led us towards identifying the proteins that are directly associated 
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with the TAOK2 protein. However, the use of BioID to study one ASD-risk gene led to 

the combined idea, by Dr. Karun Singh and myself, to study as many genes as possible to 

investigate the convergence of ASD-risk gene functions. 

Dr. Karun Singh and I designed the study and all experiments and I generated all 

of subsequent DNA constructs and performed all experiments and data analysis unless 

otherwise specified. Annie Cheng and Dr. Brianna Unda created the initial BioID2 

lentiviral construct backbone. Annie Cheng assisted with all lentiviral generations. Sansi 

Xing and Yu Lue ran samples through the mass spectrometer and assisted with data 

acquisition. Dr. Durga Meka, Shuai Hong, Birgit Schwanke and Froy Calderon de Anda 

performed all mitochondrial activity and content experiments in mouse cortical neurons. 

Eric Deneault, Dr. James Ellis, and Dr. Steve Scherer assisted in CRISPR/Cas9 editing 

the human TAOK2 KO and A135P iPSC lines. Dr. Gary Bader advised on pathway 

analyses used in the project. Dr. Karun Singh and I wrote the manuscript with input from 

Annie Cheng and Dr. Bradley Doble.  

 

3.1 ABSTRACT 

Autism spectrum disorder (ASD) is a genetically heterogeneous disorder. 

Sequencing studies have identified hundreds of risk genes for autism spectrum disorder 

(ASD), but the signaling networks of actively expressed genes at the protein level remain 

largely unexplored. To address this gap, we used neuron-specific proximity-labeling 

proteomics (BioID) to identify protein-protein interaction (PPI) networks of 41 ASD-risk 

genes. Neuron-glia co-cultures provided neuron-specific PPI networks that were not 
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largely identified in frequently used HEK293 cells. These neuron-specific networks 

included synaptic transmission and dendritic arborization proteins, for which we showed 

that patient de novo missense variants disrupt the PPI network of synaptic ASD-risk 

genes and cause deficits in synaptic transmission. Network analysis revealed that the 

combined 41 risk gene PPI network map had a 50-fold increase in shared connectivity 

between distantly related ASD-risk genes than those in existing public databases. 

Through the PPI network map, we identified convergent pathways between established 

and uncharacterized risk genes, including synaptic transmission, mitochondrial/metabolic 

processes, Wnt signaling pathways, ion channel activity and MAPK signaling. Using 

CRISPR gene knockouts, we further investigated metabolic dysfunction, which has been 

peripherally associated with ASD, and revealed a functional association between 

mitochondrial activity and multiple ASD-risk genes not previously connected with this 

pathway. Together, our data reveal that using cell type-specific PPI networks to map 

ASD risk genes can identify previously unknown individual and convergent neuronal 

signaling networks and reveal biological insight into disease mechanisms and sub-cohorts 

in ASD. 

 

3.2 INTRODUCTION 

Autism spectrum disorders (ASD) are a heterogeneous group of 

neurodevelopmental conditions that manifest early in life, occurring in 1 in 44 children 

under the age of 8 (Of et al., 2018). The risk of developing ASD has a strong genetic 

basis, including common and rare genetic risk variants (Gaugler et al., 2014; Iossifov et 
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al., 2014; Robinson et al., 2016; Weiner et al., 2017). As such, numerous large scale WES 

and WGS studies have identified hundreds of genes associated with ASD risk (Glessner 

et al., 2009; Iossifov et al., 2012; Neale et al., 2012; O‘Roak et al., 2012b, 2012a; Sanders 

et al., 2012, 2015; Yuen et al., 2017; Feliciano et al., 2019; Ruzzo et al., 2019; 

Satterstrom et al., 2020; Wilfert et al., 2021). While the mechanisms by which different 

risk genes lead to disease are poorly understood, one hypothesis is that they converge 

functionally within brain signaling networks. Understanding signaling convergence can 

help reveal the risk genes that work through common pathways and have functional 

relationships. In turn, this could help classify autism risk genes based on biological 

pathways, prioritize the discovery of new risk genes, and identify convergent pathways 

that could be harnessed for targeted therapy development.  

The majority of convergent ASD-associated pathways discovered to date are 

based on exome and genome sequencing, transcriptomics, and gene co-expression 

analyses, including CRISPR/Cas9 knockout screens combined with single cell RNA 

sequencing (Parikshak et al., 2013; Willsey et al., 2013, 2021; Sanders et al., 2015; Yuen 

et al., 2017; Cederquist et al., 2020; Jin et al., 2020; Ramaswami et al., 2020; Satterstrom 

et al., 2020). These studies have implicated pathways such as synaptic transmission, 

translation, transcription, chromatin remodeling and splicing (Voineagu et al., 2011; 

O‘Roak et al., 2012a; Chang et al., 2015; Velmeshev et al., 2019; Ramaswami et al., 

2020). However, the majority of autism risk genes encode proteins, and protein-protein 

interactions (PPIs) are an essential mechanism of signaling (Neale et al., 2012; O‘Roak et 

al., 2012b). Therefore, non-protein interaction-based networks, while important, lack 
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information regarding which ASD-risk genes interact with each other or converge into 

common signaling networks at the protein level. Given that a large proportion of ASD 

genes have functions that do not take place in the nucleus and or that are not involved in 

gene expression (De Rubeis et al., 2014; Satterstrom et al., 2020), identification of PPI 

networks provides an unbiased approach to gain insights into unknown convergent ASD 

disease processes at the protein level outside the nucleus (Kuzmanov and Emili, 2013; 

Murtaza et al., 2020). Previous ASD sequencing studies have shown that that risk genes 

are part of core PPI networks (Neale et al., 2012; O‘Roak et al., 2012a; Chang et al., 

2015; Chen et al., 2020), and large yeast-two-hybrid (Y2H) studies have identified PPI 

networks shared between ASD-risk genes (Sakai et al., 2011; Corominas et al., 2014). 

However, these data are extracted from databases that are largely derived from non-

neuronal cell lines and tissues, and do not represent brain-specific networks(Lage, 2014). 

The lack of ASD risk-gene PPI networks in disease-relevant cell types represents a 

missing link towards understanding the biological mechanisms of ASD. 

 Multiple techniques can be used to identify PPIs, including affinity purification or 

proximity-labeling proteomics combined with mass spectrometry (reviewed in Richards 

et al., 2021(Richards et al., 2021). Both are powerful approaches to identify PPI networks 

in cells but have caveats that can be mitigated by using appropriate controls and 

validations. Further, many brain-expressed genes are large in size, including ASD-risk 

genes(Casanova et al., 2019), which limits the systems that can be used for expression in 

cells and allow identification of their PPI networks. We took an approach that balances 

gene size limitations, while at the same time captures strong and transient interactions 
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and proteins in close proximity to build comprehensive BioID PPI networks for ASD risk 

genes. We developed a lentiviral in vitro proximity-labeling proteomics (BioID2) system 

that uses mouse primary neurons. Proximity-labeling proteomics has been used 

successfully to capture physiologically relevant interactomes in neural cell-types both in 

vitro and in vivo (Loh et al., 2016; Uezu et al., 2016; Chung et al., 2017; Spence et al., 

2019; Hamdan et al., 2020) or to map cellular compartments(Hung et al., 2017; 

Markmiller et al., 2018; Go et al., 2021). Given the implication of cortical neurons in 

ASD pathology (Nowakowski et al., 2017; Velmeshev et al., 2019), we captured PPI 

networks from cortical neurons, while allowing them to grow with their glial counterparts 

to promote proper maturation (Barres, 2008; Stogsdill and Eroglu, 2017; Wilton et al., 

2019).  

 In the current study, we address the lack of brain cell type-specific PPI networks 

for ASD-risk genes. We designed a screen to identify the interactome of 41 ASD-risk 

proteins in neurons by using proximity-dependent biotinylation paired with mass 

spectrometry. We targeted non-nuclear proteins (e.g., cytosolic proteins, receptors, 

kinases, scaffold proteins, and intracellular signaling proteins) because nuclear proteins 

have a high level of endogenous biotinylation and categorically different functional 

pathways. Our screen found 1770 protein-level connections and neighbourhood proteins 

between the 41 genes in neurons, which was approximately 20-times that reported in the 

STRING database (at lowest confidence) (Snel et al., 2000). Convergent protein networks 

included synaptic transmission, mitochondrial/metabolic processes and Wnt signaling. 

Further investigation of genes not previously linked to mitochondrial/metabolic 
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processes, through gene-knockout approaches, revealed that multiple genes regulate 

mitochondrial cellular respiration in mouse and human neurons.  

Taken together, we demonstrate that neuron-specific PPI networks provide a 

powerful approach to reveal novel individual and convergent disease mechanisms in 

ASD. Given the scalability of our method and its underutilization in ASD research, we 

believe our PPI network resource and screening system can be applied more broadly to 

additional autism risk genes to identify previously unknown or overlooked disease 

mechanisms that are not captured with current approaches. 

 

3.3 METHODS AND MATERIALS 

Antibodies 

The following antibodies were used for immunostaining and immunoblotting 

experiments: rabbit anti-FLAG (IB 1:2,000, MilliporeSigma, F7425), mouse anti-FLAG 

(IF 1:1,000, IB: 1:2000, MilliporeSigma, F3165), rabbit anti-turboGFP (IF 1:1,000, IB 

1:1,000, Fisher, PA5-22688), chicken anti-MAP2 (IF 1:1,000, Cedarlane, CLN182), 

rabbit anti-β-actin (IB 1:1,000, Cell Signaling, 8457S), mouse anti-β-actin (IB 1:5,000, 

MilliporeSigma, A5316), goat anti-TAOK2α/β (IB 1:1,000, Santa Cruz Biotechnology, 

sc-47447), rabbit anti-TAOK2β (IB 1:1,000, Synaptic Systems, 395 003), mouse anti-

Synapsin1 (IF: 1:1000, Synaptic Systems, 106 001),  mouse anti-TOMM20 (IF 1:100, US 

Biological, 134604), DAPI (IF 300mM, ThermoFisher, D21490), Hoechst (IF 1:10,000, 

Invitrogen, 1050083), Phalloidin-488 (IF 1:120, Cytoskeleton Inc., PHDG1), Anti-

mouse-Cy3 (IF 1:500, Jackson Immunoresearch, 715-165-151), Alexa 488 anti-rabbit (IF 
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1:500, Jackson Immunoresearch, 711-545-152), Alexa 488 anti-chicken (IF 1:500, 

Jackson Immunoresearch, 703-545-155), 405 conjugated-streptavidin (IF 1:500, Jackson 

Immunoresearch, 016-470-084), 405 anti-chicken (IF 1:500, Jackson Immunoresearch, 

703-475-155), Alexa 647 anti-mouse (IF 1:500, Jackson Immunoresearch, 715-605-150). 

 

Generation of constructs 

All cloning was accomplished using the In-Fusion HD cloning kit (Takara). To 

create the BioID2 fusion constructs, we obtained an expression construct containing a 

198bp (13x ―GGGGS‖ repeat) linker sequence upstream of a C-terminal 3xFLAG-tagged 

BioID2 sequence with BioID2 (Genscript). For lentiviral expression, 13xlinker-BioID2-

3xFLAG was amplified and cloned into the lentiviral backbone pLV-hSYN-RFP 

(Addgene #22909)(Nathanson et al., 2009). For ease of visualization and to create a 

bicistronic construct, the RFP in the pLV-hSYN-RFP backbone was replaced with the 

TurboGFP(tGFP)-P2A from pCW57-GFP-2A-MCS (Addgene #71783)(Barger et al., 

2019). NheI digest sites were added after the P2A sequence and before the 13xLinker to 

allow easy insertion of ASD-risk bait genes. The final construct being pLV-hSyn-tGFP-

P2A-Bait-13xLinker-BioID2-3xFLAG (referred to as the BioID2 fusion construct). For 

the control luciferase construct a second P2A was cloned in between the luciferase ORF 

and the 13xLinker, creating the pLV-hSyn-tGFP-P2A-Luciferase-P2A-13xLinker-

BioID2-3xFLAG construct (referred to as the Luciferase control construct). ASD-risk 

genes open reading frames (ORFs) were purchased from Addgene and Genscript or 

amplified from human adult and fetal brain RNA (Takara) (see Table S10)(Seeling et al., 
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1999; Furlong et al., 2000; Ohno et al., 2002; Cummins and Vogelstein, 2004; Howarth 

et al., 2005; Urano et al., 2007; Sowa et al., 2009; Solowska et al., 2010; Johannessen et 

al., 2010; Braun et al., 2011; Alford et al., 2012; Butko et al., 2012; Lu et al., 2014; 

Małecki et al., 2015; Wang et al., 2016a; Kim et al., 2016; Braganza et al., 2017; Hiday et 

al., 2017). For mouse electrophysiology experiments, the GRIA1, GRIA1 R208H and 

GRIA1 A636T ORFs were inserted between the GFP-P2A and 3xFLAG. The pLV-

CMV-Cas9-T2A-EGFP plasmid was made by replacing the UBC promoter-rTetR in the 

FUW-M2rtTA plasmid (Addgene #20342)(Hockemeyer et al., 2008) with CMV-Cas9-

T2A-EGFP from PX458 (Addgene #48138)(Ran et al., 2013). All generated constructs 

are available upon request. 

 

Animal housing 

Taok2 Het (Taok2 +/-) and KO (Taok2 -/-) mice were created by Kapfhamer et 

al.(Kapfhamer et al., 2013). The E15-16 or E18 mouse embryo brains were used for 

cortical neuronal cultures. P21-P23 mice were used for mass spectrometry or RNA 

sequencing experiments. Animals housed at the Central Animal Facilities at McMaster 

University were approved for experiments and procedures by the Animal Research Ethics 

Board (AREB) at McMaster University. Animals housed at the University Medical 

Center Hamburg-Eppendorf, Hamburg were approved for experiments and procedures by 

local authorities of the city-state Hamburg (Behörde für Gesundheit und 

Verbraucherschutz, Fachbereich Veterinärwesen) and the animal care committee of the 

University Medical Center Hamburg-Eppendorf. All procedures were performed 
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according to the German and European Animal Welfare Act. Animals housed at the 

Animal Resource Center at University Health Network were approved for experiments 

and procedures by the University Health Network animal care committees. 

 

Mouse Cortical Neuron Cultures 

E15-E16 CD1 mice (Charles River) embryo cortices were harvested using a 

dissecting microscope and kept in HBSS. Cortices were then digested in 300 µg/ml of 

papain (Worthington) and 2 U/ml of DNase (Thermo) for 20 minutes at 37 C. Cortices 

were then washed three times with mouse plating media (Neurobasal media 

supplemented with 2 mM GlutaMAX (Thermo), Pen-Strep (Thermo), and 10% 

FBS(Gibco)). Digested cortices were triturated and put through 40 µm strainer. Cells 

were counted, suspended in plating media, and plated at 600,000 cells per well of a 12-

well plate. Plates were coated with 100 µg/ml poly-D-lysine (mol wt > 300,000, Sigma) 

and 3 µg/ml Laminin (Sigma). For immunostaining, 12 mm coverslips (Fisher) were 

placed in the well prior to coating. The cells were incubated at 37 C (with 5 % CO2) for 

one hour, after which plating media was removed and replaced with mouse culturing 

media (Neurobasal media supplemented with 2 mM GlutaMAX, Pen-Strep, and B27). 

Cells were grown at 37 C (with 5 % CO2) and half media changes were done on day 7 

and every 3-4 days onwards. 

 

CRISPR/Cas9 editing of human induced pluripotent stem cells (iPSCs) 
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All work with the human iPSCs was performed with the approval of the Hamilton 

Integrated Research Ethics Board. Human iPSCs were maintained on Matrigel (Corning) 

coated plates using mTeSR1 media (Stem Cell Technologies) and passaged every 3-4 

days using ReLeSR (Stem Cell Technologies). Human iPSCs were edited for 

homozygous knockout of TAOK2 or heterozygous knock-in of the A135P mutation as 

described in Deneault et al.(Deneault et al., 2018). MGB probes were ordered from 

ThermoFisher scientific and single-stranded oligodeoxynucleotide (ssODN) were 

designed on Benchling.com (Biology Software) and ordered from Integrated DNA 

Technologies. For the A135P mutation a mutant and wildtype ssODNs containing the 

A135P (G to C) mutation and a PAM site mutation or just the PAM site mutation, 

respectively, were used to create a heterozygous knock-in. 

 

Human iPSC to neuron differentiation via NGN2 induction 

Human iPSCs were cultured on Matrigel (Corning) coated plates using mTeSR1 

media (Stem Cell Technologies) and passaged every 3-4 days using ReLeSR (Stem Cell 

Technologies) until neural induction. A modified NGN2 induction protocol (Zhang et al. 

2013) was used to differentiate human iPSCs into excitatory NGN2 neurons(Zhang et al., 

2013). Human iPSCs were dual infected with pTet-O-NGN2-P2A-EGFP and FUW-

M2rtTA lentiviruses for dox-inducible expression and were titered for > 90% infection 

efficiency. On Day -1 iPSCs were singularized using Accutase (Stem Cell Technologies) 

and plated with mTeSR1 media (supplemented with 10 µM Y-27632) on Matrigel at 

400,000 cells per well in a 6-well plate. On Day 0, media exchanged and supplemented 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 144   

 

with Doxycycline (1 µg/ml). On Day 1 and 2, media was replaced with iNPC media 

(DMEM/F12 media (Gibco) supplemented with N2 (Gibco), MEM NEAA (Thermo), 

2mM GlutaMAX, and Pen-Strep) with Doxycycline and Puromycin (2µg/ml). On Day 3, 

media was then replaced with iNi media (Neurobasal media with SM1 (Stem Cell 

Technologies), 2mM GlutaMAX, Pen-Strep, 20 ng/ml BDNF, 20 ng/ml GDNF, and 1 

µg/ml Laminin) with Doxycycline. On day 4, differentiated neurons were singularized 

using Accutase and re-plated at 100,000 cells per well in a 24-well plate in only iNi 

media. Plates were pre-coated with 20 µg/ml Laminin and 67 ug/ml Poly-ornithine 

(Sigma). Mouse glial cells were plated on top of the differentiated neurons after 24 hours 

at a density of 50,000 cells per well. Half-media changes were carried out every other 

day, and iNi media was supplemented with 2.5 % FBS on Day 9 and onwards. Neurons 

were grown until day 28 post NGN2-induction. 

 

Generation of high-titer lentivirus 

All viruses were made using the 2
nd

 generation lentiviral packaging systems in 

Lenti-X HEK293 FTT cells (Takara). Lenti-X cells were passaged maximum 3 times 

before being used for virus production in HEK media (High glucose DMEM with 4 mM 

GlutaMAX, 1 mM Sodium Pyruvate, and 10 % FBS). Lenti-X cells were passaged once 

with 500µg/ml Gentamycin (Thermo) to increase T antigen expressing cells. Cells were 

plated into T150 flasks and each flask was transfected with the BioID2 lentiviral plasmid 

and the packaging plasmids, pMD2.G and pPAX2 (Addgene #12259 and #12260), using 

Lipofectamine 2000 in a 3:5 Opti-MEM: HEK media mix. Media was exchanged for 
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fresh media after 5.5-6 hours. Media was harvested twice, first at 48 hours and then at 72 

hours post-transection and spun at 100,000xG for 2 hours (maximum acceleration and 

deceleration). The virus was resuspended in PBS and kept at -80C until they were used. 

Larger and less stable viruses were spun at 20,000xG for 4 hours in a table top centrifuge 

using a 20 % sucrose cushion(Yacoub et al., 2012). See nature exchange protocol for 

detailed procedure. 

 

Infection of mouse cortical neurons for BioID2 screen 

One plate of 7.2 million mouse cortical neurons was considered as one biological 

replicate. Each cortical neuron culture produced at least 5 plates for four separate BioID2 

bait gene samples and one luciferase control sample. Three separate cultures were done in 

a 3 days span in one week to get 3 biological replicates per protein-of-interest (POI). On 

days in vitro (DIV) 14, the conditioned media from the mouse neuron cultures were 

removed, leaving only 0.5 ml of media per well. Extra wells with and without coverslips 

were infected at the same MOI for flow cytometry measurements of GFP positive 

neurons and immunostaining, respectively. On DIV14, lentivirus with BioID2 fusion 

constructs were added to each well at an MOI of 0.7 and on DIV17 each well was 

supplemented with 50 µM of Biotin. After 18-20 hours, cells for mass spectrometry were 

lysed with RIPA buffer (1 % NP40, 50 mM Tris-HCl, 150 mM NaCl, 0.1 % SDS, 0.5 % 

deoxycholic acid, and protease inhibitor cocktail (PIC)) and flash frozen in liquid 

nitrogen. Cells for flow cytometry were dissociated with 0.25 % Trypsin-EDTA (Fisher) 

and resuspended in PEF media (PBS with 2 mM EDTA and 5 % FBS) (See flow 
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cytometry section). Cells for immunostaining were fixed with 4 % PFA for 20 minutes, 

washed with PBS, and kept at 4 C for staining.  

Transfection of HEK293 FT cells for BioID2 screen 

10 million HEK293 FT cells were plated in a 10 cm culture dish and transfected 

24 hours later with the BioID2 fusion construct plasmids using Lipofectamine 2000. 

Media was changed 6 hours after transfection and 50µM biotin was added 48 hours post-

transfection. Cells were lysed 72 hours post-transfection in RIPA buffer and flash frozen 

in liquid nitrogen. Each individual plate was considered as biological replicate and three 

plates were used for each gene and the luciferase control. An extra plate was used for 

flow cytometry measurements of GFP positive cells. 

 

Processing of mouse cortical neuron and HEK293 FT cell BioID2 samples 

Lysed cells were thawed and DNA was digested using benzonase (Sigma). 

Lysates were than sonicated at high speed for 5 seconds and centrifuged at 20,000xG for 

30 minutes. The lysate supernatants were incubated with streptavidin Sepharose beads 

(GE Healthcare) at 4 C for 3 hours. Following the incubation, the supernatant was spun 

down at 100xG for 2 minutes and the supernatant was removed. The beads were than 

washed once with RIPA buffer, and then six times with 100 mM triethylammonium 

bicarbonate (TEAB) with centrifugation between each wash. After the final wash, the 

beads are then resuspended in 100 mM TEAB and sequencing-grade trypsin (Promega) 

was added to digest the biotinylated proteins on the beads into peptides. The beads were 

incubated at 37 C for 16 hours while rotating, and additional trypsin was added and 
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incubated for a further 2 hours. The beads were then pelleted and the supernatant was 

transferred to a new tube. The beads were washed twice with  

100 mM TEAB and each wash was added to the supernatant. The supernatant was then 

transferred to a 1.5 mL screw cap tub and speed vacuum dried. The dried peptides were 

stored at 4 C for TMT-labeling. 

 

Multiplex TMT-labeling of BioID2 samples 

Dried peptides were resuspended in 100 mM TEAB. Each sample was TMT-

labeled using the TMT 10plex Isobaric Mass Tagging Kit (Thermo). The four genes 

(proteins-of-interest, POI) were divided into two separate batches and the luciferase 

control samples were divided between the batches. Each batch had three biological 

replicates of the two genes and the luciferase control. One luciferase sample chosen at 

random was divided and labeled with two different labels to determine variance due to 

labeling efficiencies. In brief, TMT-label resuspended in acetonitrile was added to each 

sample and incubated at room temperature for one hour. To stop the reaction, 5 % 

hydroxylamine was then added to the samples and incubated for 15 minutes at room 

temperature. All ten samples were combined into one tube and divided into two samples. 

Both samples were then speed vacuum dried. One sample was kept at -80 C for storage 

and the second sample was kept at 4 C to be run in the mass spectrometer. 

 

Identification of biotinylated proteins from BioID2 screen samples using LC-MS/MS 
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Peptide samples were resuspended in 0.1% Trifluoroacetic acid (TFA) and loaded 

for liquid chromatography, which was conducted using a home-made trap-column (5 cm 

x 200 µm inner diameter; POROS 10 µm 10R2 C18 resin) and a home-made analytical 

column (50 cm x 50 µm inner diameter; Monitor 5 µm 100A C18 resin), running a 

120min (label free) or 180min (TMT) 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 20 most intense peaks were selected for 

MS/MS (minimum ion count of 1000 for activation), using higher energy collision 

induced dissociation (HCD) fragmentation. Dynamic exclusion was activated such that 

MS/MS of the same m/z (within a range of 10 ppm; exclusion list size = 500) detected 

twice within 5 seconds were excluded from analysis for 30 seconds. Data were analyzed 

using Proteome Discoverer 2.2 (Thermo). For protein identification, search was against 

the Swiss-Prot mouse proteome database (55,366 protein isoform entries)(Bateman et al., 

2021), while the search parameters specified a parent ion mass tolerance of 10 ppm, and 

an MS/MS fragment ion tolerance of 0.02 Da, with up to two missed cleavages allowed 

for trypsin. Dynamic modification of +16@M was allowed. 

 

Analysis for the identification of ASD-risk and cellular compartment protein PPI 

networks 

Only proteins identified with two unique peptides were used for analysis. Flow 

cytometry was used to calculate the total GFP in infected neuron samples. If the POI 
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sample had less GFP than the luciferase control sample, the factor needed to equalize the 

amount of GFP was applied to the protein abundances of the POI samples. Protein 

abundances were also normalized to the highest total protein count sample for each set of 

biological replicates. Unpaired one-tailed student‘s test was used to determine 

significantly enriched biotinylated proteins in the POI sample using the Log2 abundances 

of the three biological replicates of the POI samples compared to the luciferase control 

samples (p<0.05)(Uezu et al., 2016). Significance B outlier test was used to identify 

significantly biotinylated proteins in the POI sample compared to the luciferase control 

sample using the average abundance and protein abundance ratio between POI and 

luciferase samples (SigB p<0.05). Only proteins that were found to be significant from 

both analyses were included in the PPI network. The protein abundance ratio between the 

luciferase control replicate samples, which were labeled with different TMT labels, was 

considered to be the minimal ratio required for significance. Any protein that did not 

surpass this ratio was considered to be a false positive, even if statistically significant, 

and not included in the PPI network. 

 

Pathway enrichment analyses 

All pathway enrichment analysis was done using the g:Profiler GOst functional 

profiling tool (https://biit.cs.ut.ee/gprofiler/gost)(Raudvere et al., 2019). We used internal 

sources without electronic GO annotations for GO biological processes and GO cellular 

component (compartment), and curated Reactome pathway gene sets from the Bader lab 

(http://download.baderlab.org/EM_Genesets/)(Merico et al., 2010). All three sources 

https://biit.cs.ut.ee/gprofiler/gost
http://download.baderlab.org/EM_Genesets/
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were used for the shared ASD-risk gene network proteins. Only GO cellular component 

enrichment was used for the HEK293 FT cell BioID2 PPI networks, neuron cellular 

compartment BioID2 PPI networks, and de novo missense mutation network BioID2 PPI 

network comparisons.  We compared the protein lists against a custom statistical domain 

of proteins identified through fractionated mass spectrometry of the mouse brain(Sharma 

et al., 2015) and combined with any additional proteins identified in the BioID2 screen. 

The final mouse brain proteome background had a total of 11992 proteins after removing 

multiple isoforms of the same protein. HEK293 BioID2 PPI networks were compared to 

all annotated gene lists. The g: Profiler Benjamini-Hochberg FDR multiple correction 

was used and only pathways with an adj. p-value < 0.05 were considered significantly 

enriched. For cellular component enrichment for de novo missense variant BioID2 PPI 

networks, the ggplot package in R was used to create the dot plots. For de novo missense 

variant BioID2 bait genes, all proteins identified in the wildtype samples were used for 

analysis, while for the shared PPI network map only proteins found in all wildtype 

samples were used for pathway enrichment analysis. 

 

Virus titering and GFP normalization for BioID2 screen 

Mouse cortical neurons were cultured as described above and infected on DIV3 at 

three dilutions of virus (1:100, 1:333, 1:1000). On DIV 5, infected mouse cortical 

neurons were singularized using 0.25 % Trypsin-EDTA (Fisher) and resuspended in PEF 

media (PBS with 2 mM EDTA and 5 % FBS). For GFP normalization, DIV18 mouse 

neurons infected with the BioID2 lentiviruses were dissociated with Trypsin and 
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resuspended in PEF media. CytoFLEX-LX or CANTO II flow cytometers were used to 

measure the percentage of GFP-positive cells with the 488 laser and 525/40 or 525/50 

filters, respectively, using CytExpert software (Beckman Coulter). Functional titers were 

calculated based on the linear relationship between virus amount and percent of GFP 

positive cells. Mouse cortical neurons were infected at an MOI of 0.7, where 70 percent 

of cells were expected to be infected with the BioID2 lentiviral constructs. For 

normalization, the total GFP per 20,000 GFP-positive cells were quantified by taking the 

area under the GFP intensity histogram. GFP percentage and total amount was calculated 

using FlowJo software. 

 

Western blots 

 HEK293 FT cells were transfected with the BioID2 constructs using 

Lipofectamine 2000 (Invitrogen) in Opti-MEM: HEK media. Cells were harvested 48 

hours post-transfection and lysed with RIPA buffer (with fresh PIC). Lysates were either 

snap-frozen in liquid nitrogen or taken directly for western blot sample preparation. 

Thawed or fresh lysates were sonicated at high frequency for 5 seconds and centrifuged 

at 20,000xG for 5 minutes at 4 C. Lysates were than quantified using the Bio-Rad 

Bradford protein assay (Bio-Rad) by measuring absorbance with the SPECTROstar Nano 

machine and MARS Data analysis software (BMG LABTECH) and diluted to equal 

concentrations with RIPA buffer. 30-50 µg of protein were run on 8 % or 10 % SDS-

PAGE Tris-Glycine gels (depending on the size of the proteins) at 100V for initial 

stacking and then 140V for 1-1.25 hours in a Tris-Glycine running buffer. Proteins were 
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then transferred onto PVDF membrane using a Tris-Glycine buffered wet transfer system 

for 2 hours at constant 200 mA. Blots were then blocked with 5% milk in TBS-T (Tris 

buffered saline pH 7.4 with 0.1 % Tween). Blots were incubated with primary antibodies 

overnight in 5 % milk/TBS-T. The next day, membranes were washed three times with 

TBS-T for 5 minutes each and then incubated with secondary antibodies in 5 % 

milk/TBS-T for 1 hour.  Blots were imaged by incubating them with the Amersham ECL 

western blotting detection reagent (VWR) for 1 minute and then imaging every 10 

seconds for 5 minutes on the ChemiDoc XRS+ machine (Bio-Rad). ImageLab (Bio-Rad) 

was used for band intensity quantification. 

 

Staining and imaging of mouse cortical neurons and human iPSC-derived neurons  

Mouse cortical neurons and human iPSC-derived neurons on coverslips were 

fixed with 4% paraformaldehyde (PFA) for 10 minutes at room temperature, washed once 

with PBS, and stored in PBS at 4 C protected from light. Fixed coverslips were then 

blocked and permeabilized in BP solution (PBS with 10% donkey serum and 0.3% 

Triton-X) for 45 minutes at room temperature. Coverslips were then incubated with 

primary antibodies at 4 C overnight. The following day, coverslips were washed three 

times with PBS for eight minutes each. Coverslips were then incubated with secondary 

antibodies for one hour at room temperature, followed by three washes with PBS. For 

human iPSC-derived neuron Synapsin1 staining, coverslips were incubated with 300 mM 

of DAPI for 15 minutes, before the third wash with PBS. Excess liquid was then removed 
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from the coverslips and they were mounted onto VistaVision glass microscope slides 

(VWR) with 10 µL of Prolong Gold Anti-Fade mounting medium (Life  

Technologies). For TOMM20 staining, mouse neurons were fixed with 4% PFA at 37°C 

for 10 min and then permeabilized with 0.5 % Triton X-100 for 10 minutes. Non-specific 

binding was blocked by incubation with 5 % donkey serum in PBS for 50 minutes at 

room temperature, followed by primary antibody incubation. The secondary antibody was 

added for 50 minutes at room temperature. Primary and secondary antibodies were 

diluted in PBS with 0.5 % BSA, 2.5 % Donkey-serum, and 0.15 % Triton X-100. After 

primary and secondary antibody incubation, three washing steps with PBS were 

performed. Then, coverslips were incubated with Phalloidin-488, for F-actin labeling, and 

Hoechst dye for 45 minutes at room temperature followed by three PBS washes. 

Coverslips were mounted onto slides using Fluoromount-G® (Southern Biotech) and 

were stored protected from light. Synapsin1 and BioID2 stained images were taken on the 

Zeiss LSM 700 confocal microscope with63x or 40x oil objective, respectively. Mito-

dsRed images were taken on the Echo Revolve microscope with a 20x objective.  

 

Proteomic profiling of Taok2 KO mice cortical post-synaptic density fraction through 

LC-MS/MS 

The right cortical lobes of three P21-23 Taok2 KO mice and five P21-23 wildtype 

littermates were harvested and differential centrifugation was used to obtain the crude 

post-synaptic density fraction(Kwan et al., 2016). PSD fractionations were validated by 

western blot for PSD-95 and synaptophysin (data not shown). Final post-synaptic density 
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pellets were resuspended using 8 M urea and 100 mM ammonium bicarbonate. Protein 

samples were then reduced with 10 mM Tris(2-carboxyethyl) phosphine for 45 min at 37 

°C, alkylated with 20 mM iodoacetamide for 45 min at room temperature, and digested 

by trypsin (Promega) (1:50 enzyme-to-protein ratio) overnight at 37 °C. The peptides 

were desalted with the 10 mg SOLA C18 Plates (Thermo Scientific), dried, and labeled 

with Multiplex 10-plex TMT labels (Thermo) in 100 mM triethylammonium bicarbonate, 

and quenched with 5% hydroxylamine before combined. 40 μg of the pooled sample was 

separated into 60 fractions by high-pH reverse-phase liquid chromatography (RPLC) 

using a homemade C18 column (200 μm × 30 cm bed volume, Waters BEH 130 5 μm 

resin) running a 70 min gradient from 11 to 32% acetonitrile− 20 mM ammonium 

formate (pH 10) at a flow rate of 5 μL/min. Each fraction was then loaded onto a 

homemade trap column (200 μm × 5 cm bed volume) packed with POROS 10R2 10 μm 

resin (Applied Biosystems), followed by a homemade analytical column (50 μm × 50 cm 

bed volume) packed with Reprosil-Pur 120 C18-AQ 5 μm particles (Dr. Maisch) with an 

integrated Picofrit nanospray emitter (New Objective). LC-MS experiments were 

performed on a Thermo Fisher Ultimate 3000 RSLCNano UPLC system that ran a 3 h 

gradient (11− 38% acetonitrile−0.1% formic acid) at 70 nL/min coupled to a Thermo 

QExactive HF quadrupole-Orbitrap mass spectrometer. A parent ion scan was performed 

using a resolving power of 120 000; then, up to 30 of the most intense peaks were 

selected for MS/MS (minimum ion counts of 1000 for activation) using higher energy 

collision-induced dissociation (HCD) fragmentation. Dynamic exclusion was activated 

such that MS/MS of the same m/z (within a range of 10 ppm; exclusion list size = 500) 
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detected twice within 5 seconds was excluded from the analysis for 30 seconds. Data 

were analyzed using Proteome Discoverer 2.2 (Thermo). For protein identification, 

search was against the SwissProt mouse proteome database (55,366 protein isoform 

entries), while the search parameters specified a parent ion mass tolerance of 10ppm, and 

an MS/MS fragment ion tolerance of 0.02Da, with up to two missed cleavages allowed 

for trypsin. Dynamic modification of +16@M was allowed. Only proteins with two 

unique peptides were used for further analysis. Differentially expressed proteins (DEPs) 

were calculated through Significance B outlier test using the Perseus software(Tyanova et 

al., 2016), and only proteins that had adj. p-value < 0.05 were considered as DEPs. 

 

Transcriptome profiling of Taok2 KO mice cortices through RNA sequencing 

 Cortices from Taok2 KO and wildtype littermates were also harvested for RNA at 

post-natal day 21-23, with 3 males and 3 females from each genotype. The RNA was 

extracted using Trizol and was sent for total RNA sequencing at the Center for Applied 

Genomics (TCAG). mRNA was purified using poly(A) selection to avoid contamination 

of ribosomal RNAs and miRNAs. All samples were run on one lane resulting in ~31-34 

million of read pairs per sample. All analysis was carried out using the open-source 

platform Galaxy (usegalaxy.org)(Afgan et al., 2018). RNA reads were checked for good 

quality using the FastQC tool. The trimmomatic tool was used to identify and trim off 

known adaptors and remove any bases that have a Phred score of less than 20. FastQC 

was used again to ensure that adaptor sequences were removed and that the quality of the 

reads was not affected. We next used the HISAT2 alignment program for alignment of 
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the RNA sequences to the mouse genome GRCm38 (NCBI). On average 85% of reads 

from mouse samples were aligned once and 5% were aligned more than once to distinct 

genome locations. Moving on, the featureCounts tool was used to count the number of 

reads per gene using the same reference genome as the HISAT2 tool. The DESeq2 tool 

was used to determine the significant differentially expressed genes (DEGs) between 

Taok2 WT and KO mouse cortices. Genes were considered as DEGs if they had an 

adjusted p-value lower than 0.05.  

 

Gene set enrichment analysis (GSEA) of Taok2 KO mouse proteome and transcriptome 

 DEGs and DEPs were ranked based on the equation –log10(adj. p-value) *Ln (fold 

change). GSEA 4.1.0 (Broad Institute)(Daly et al., 2003; Subramanian et al., 2005) was 

used to run the GSEA preranked test. Tests were run with 1000 permutations, weighted 

enrichment statistics, and excluding gene sets smaller than 15 and larger than 500 genes. 

All other settings were kept as default. All mouse GO term gene sets without electronic 

GO annotations (http://download.baderlab.org/EM_Genesets/) were used for the 

analysis(Merico et al., 2010). Visualization of the enriched gene sets was done on 

Cytoscape 3.8.2 using the EnrichmentMap app and the AutoAnnotate app was used for 

clustering similar gene sets(Shannon et al., 2003; Bader et al., 2014; Kucera et al., 2016). 

All visualized gene sets had an FDR < 0.1. 

 

Seahorse assay of in vitro mouse and human iPSC-derived neurons 

http://download.baderlab.org/EM_Genesets/
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Mouse cortical neurons were cultured as described above at a density of 30,000 

cells/well in the Seahorse XF96 cell culture microplate. CRISPR/Cas9 KO mouse 

neurons were infected at DIV 7 and assayed at DIV 14.  Human iPSC-derived NGN2 

neurons were plated on day 4 of dox induction at a density of 50,000 cells per well in the 

Seahorse XF96 cell culture microplates (Agilent), pre-coated with 20 µg/ml Laminin and 

67 µg/ml Poly-ornithine (Sigma). Mouse glia was plated on top of the neurons at a 

density of 25,000 cells per well, 24 hours later. Cells were used for the Seahorse assay on 

day 7. The day prior to the seahorse assay the Seahorse XFe96 sensor cartridge was filled 

with Calibrant XF solution and incubated at 37 C (without CO2) overnight. On the day 

of the assay the Seahorse XF96 microplates were washed twice with 200 µl per well of 

pre-warmed MST media (Seahorse XF DMEM pH 7.4 media supplemented with 1 mM 

sodium pyruvate, 2.5 mM GlutaMAX, and 17.5 mM Glucose). The plate was then filled 

with 180 µl per well MST media and incubated at 37 C (without CO2) for 1 hour. 

During the incubation, the mitochondrial stress test drugs were added to the XFe96 

sensor cartridge (1 µM Oligomycin for mouse neurons and 3 µM Oligomycin for human 

neurons, 1 µM FCCP, and 1 µM Rotenone/Antimycin A resuspended in MST media). 

The cartridge plate with the drug compounds were then put in the Seahorse XFe96 

analyzer for calibration. After calibration, the microplate was placed into the Seahorse 

XFe96 analyzer for the pre-set mitochondrial stress test protocol. Oxygen consumption 

rates (OCR) were recorded every seven minutes and the drug compounds were added in 

21-minute intervals. Oligomycin was used to inhibit ATP-synthase to measure ATP-

synthase dependant respiration, FCCP was added to decouple the inner membrane to 
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measure maximal respiration, and Rotenone and Antimycin A were added together to 

measure non-mitochondrial respiration. After the assay, microplates were frozen at -80C 

overnight and cell content was measured using the Cyquant cell proliferation assay 

(Thermo) by measuring fluorescence with the CLARIOStar machine and MARS data 

analysis software (BMG LABTECH). Cellular respiration analysis was performed using 

the Wave software (Agilent) and OCR values were normalized to the number of cells per 

well. 

 

CRISPR/Cas9 knockout in mouse cortical neurons 

Mouse cortical neurons were infected at DIV7 with the pLV CMV-Cas9-T2A-

EGFP (MOI 1) and pLV U6-sgRNA/EF1a-mCherry (MOI 3) lentiviruses. Cultures were 

allowed to recover until DIV14 and were then taken for the seahorse assay. The GeneArt 

genomic cleavage detection kit (Thermo) was used to detect insertions or deletions in the 

targeted sites.  

 

Measuring mitochondrial activity in shRNA knockdown mouse neurons 

Embryonic age E15 C57BL6/J mouse pups were in utero electroporated with 

Taok2 shRNA and control shRNA. Electroporated mouse embryo cortices were than 

harvested and cultured at E18. Mouse neuron cultures were imaged at DIV5 after 

incubation with 2nM TMRM (Thermo). Images were analyzed on ImageJ. Soma regions 

were delineated and integrated density in the soma (soma area x mean intensity) was 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 159   

 

measured. For background correction, mean background intensity was obtained from the 

neighbouring region. 

 

Measuring mitochondrial activity and content in mouse cortical neurons 

DIV 6 mouse cortical neurons cultured from Taok2 WT, Het, and KO mouse 

embryos were incubated with 2 nM TMRM (Invitrogen, #T668) and/or 100 nM 

MitoTracker Green (Cell Signaling Technology, #9074P) were directly added to the 

conditioned medium, and incubated for 15 minutes. Cells were then imaged within 30 

minutes after the incubation time. Images were loaded onto ImageJ, background mean 

intensity was measured from the region without TMRM and MitoTracker signals inside 

the cell, then the cell was delineated and the background was removed. After background 

correction, using the JACoP plugin the TMRM-MitoTracker signal colocalization was 

analyzed using Manders‘ correlation coefficients. For Manders‘ correlation coefficients, 

threshold values for TMRM (red channel) and MitoTracker (green channel) were set to 

335±55 and 640±50 respectively. 16-bit wide field images were taken on a Nikon 

EclipseTi2 inverted spinning disk microscope equipped with 60X oil (NA 1.4) objective, 

an LED light source (Lumencor® from AHF analysentechnik AG, Germany), and a 

digital CMOS camera (ORCA-Flash4.0 V3 C13440-20CU from Hamamatsu) controlled 

with NIS-Elements software. The microscope imaging chamber is equipped to maintain 

37 C temperature and 5 % CO2. Illumination, exposure and gain settings were kept the 

same across different conditions for imaging TMRM and MitoTracker signals. 
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TOMM20 staining analysis for mitochondria content in mouse cortical neurons 

DIV 7-8 mouse cortical neurons cultured from Taok2 WT, Het, and KO mouse 

embryos were fixed and stained for TOMM20. 16-bit Z-series images with a step size of 

300 nm Images were acquired on confocal spinning disk microscope using a 60X oil (NA 

1.4) objectives. Illumination, exposure and gain settings were kept the same across the 

conditions. The images were loaded onto ImageJ and z-projection (sum slices) for the 

entire cell in z-axis was performed on the confocal images. Using ImageJ, soma region 

was carefully delineated and total intensity, also known as integrated density, in the soma 

(soma area * mean intensity) was measured. For background correction, mean intensity 

(background mean intensity) was obtained from the neighbouring region (out of the cell). 

Using the following equation, we obtained the corrected values. Corrected value = total 

intensity in the soma – (background mean intensity * soma area). 

 

Electron microscopy of synaptic mitochondria from mouse brain cortices  

Coronal vibratome sections of the cingulate cortex (cg1 and cg2) and the 

prelimbic cortex (PL) of the PFC, the primary somatosensory regions S1HL, S1Fl, S1BF, 

and the intermediate HC were collected and prepared for electron microscopy as 

described in Richter et al.(Richter et al., 2019). Semithin sections (0.5 µm) were prepared 

for light microscopy mounted on glass slides and stained for 1 min with 1% Toluidine 

blue. Ultrathin sections (60 nm) were examined in an EM902 (Zeiss, Munich, Germany). 

Pictures were taken with a MegaViewIII digital camera (A. Tröndle, Moorenweis, 

Germany). EM images that were collected and analyzed for synapse formation on the 
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dendritic spines or shafts from Richter et al. were reanalyzed for mitochondrial 

morphology. Mitochondria morphology from the EM images obtained from Taok2 Wt 

and Taok2 KO genotypes were analyzed manually using ImageJ. based on their 

morphology the mitochondria are and categorized to Category 1 - Normal mitochondria 

with well stacked Cristae, Category 2 - mitochondria with enlarged Cristae, Category 3 - 

mitochondria with condensed Cristae. 

 

Mito7-dsRed puncta analysis in human iPSC-derived neurons 

TAOK2 KO, A135P and wildtype human iPSC-derived NGN2 neurons were 

transfected with 0.8 µg of Mito7-dsRed (Addgene #55838) and 0.2 µg of pCAG-Venus at 

day 5, with 2 µl of Lipofectamine 2000 (Thermo). Venus was used to trace neuron 

projections.10 neurons per genotype from two separate neural inductions were used for 

analysis. Imaging settings were kept the same between images and Mito7-dsRed images 

were analyzed at the same threshold. Dendrites were traced using ImageJ and the 

measure tool was used to quantify the size of the puncta within the traced region 

 

Correlation of 41 ASD-risk gene PPI networks 

Corrplot (R package) was used to create the correlation plot. The normalized 

biotinylation score to the bait protein was used to calculate the correlation between ASD-

risk gene PPI networks. The Silhouette and Within cluster sum of squares methods were 

used to calculate the optimal kmeans number for clustering. Genes were ordered by 

hierarchal clustering.  
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Cell type/DEG/ASD gene list enrichment analysis 

Human cell type gene expression and ASD DEGs and ASD gene lists were 

obtained from their respective publications(Sanders et al., 2015; Nowakowski et al., 

2017; Yuen et al., 2017; Feliciano et al., 2019; Ruzzo et al., 2019; Velmeshev et al., 

2019; Satterstrom et al., 2020; Wilfert et al., 2021). For the enrichment analysis we used 

the Fisher exact test comparing each gene list with the shared ASD-risk gene PPI network 

in the mouse brain background protein list, which was used for pathway enrichment 

analysis. P-values and ODDs ratios were calculated for each comparison. To account for 

multiple comparisons, Bonferroni correction thresholds were calculated as p = 0.05 

divided by the number of comparisons.  

 

Data representation and figure generation 

Networks and gene set enrichment maps were created on Cytoscape v3.8.2. Graphs were 

created on GraphPad Prism 7. Representative electrophysiology traces were extracted 

onto CorelDRAW. Microscopy images were prepared using ImageJ. Dot plots, 

correlation plots, and heat maps were created on R Studio. Flowcharts were created on 

and exported from BioRender.com (SD235B8ORF, KW235KT7TM, RZ235KTA0S). 

Final figures were organized and created using Adobe Illustrator CC. 

 

Data and materials availability 

Correspondence and construct material requests to Karun K. Singh. Mass spectrometry 

datasets consisting of raw files and results files with statistical analysis to identify PPI 
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networks or significant DEPs will be deposited into ProteomeXchange through the 

Proteomics Identification Database. Individual PPI networks and shared ASD-risk gene 

PPI network map protein lists and enriched pathways can be found in Tables S1-S9. The 

Mouse_Human_Reactome and Mouse_GO_ALL_no_GO_iea gene sets used for 

overrepresentation and gene set enrichment analyses were downloaded on 13 August 

2021 from http://download.baderlab.org/EM_Genesets/(Merico et al., 2010). RNA 

sequencing raw sequence files and results files with statistical analysis to identify 

significant DEGs will be deposited into the Gene Expression Omnibus. ASD proband 

variant information and clinical scores are available through the MSSNG database 

(research.mss.ng)(Yuen et al., 2017) and the associated Metabase (data-explorer.mss.ng), 

respectively. 

 

Statistics analysis 

Data are expressed as mean ± s.e.m, except the clinical analysis which is shown as 

a box and whisker plot showing the minimum, median, and maximum scores. A 

minimum of three biological replicates were used for all experiments, where separate 

HEK cell transfections, iPSC dox-inductions, mouse neuron cultures, or littermates are 

considered as individual biological replicates. All statistical analysis was done on 

GraphPad Prism 7. All comparisons were assumed to be parametric, except for the 

clinical score analyses. ROUT‘s outlier test was used to identify possible outliers, with a 

Q value of 0.1 %. For statistical analysis unpaired t-test, or One-Way ANOVA and Two-

Way ANOVA with post hoc Holm-Sidak tests were used to compare all experimental 

http://download.baderlab.org/EM_Genesets/
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conditions to the control condition. All unpaired t-tests were two-sided, except for the 

one-sided t-test used for identification of BioID2 prey proteins. Clinical scores were 

assumed to be non-parametric and the Kruskal-Wallis H test with post hoc Dunn‘s test 

was used to compare all groups to each other. Any variation from the described statistical 

analyses is described and explained in the figure legends. The p-values are defined in the 

figure legends and p < 0.05 are considered statistically significant. 

 

3.4 RESULTS 

3.4.1 Development of a neuronal proximity-based proteomic system to identify PPI 

networks 

To identify the PPI networks of 41 ASD-risk genes, we used mixed mouse 

cortical neurons and glia co-cultures infected with lentiviral constructs expressing BioID2 

fusion proteins (pLV-hSyn-tGFP-P2A-POI-13xLinker-BioID2-3xFLAG) (Figure S1A). 

Neuron-specific expression of BioID2-tagged proteins was driven by a human Synapsin1 

promoter, and neuron/glia co-cultures were used to promote synaptic maturation. A 13x 

Gly-Ser linker sequence was used to join proteins-of-interest (POIs) with the BioID2-

3xFLAG, which increases the range of biotinylation to include direct and indirect 

interactors and proteins in the close proximity to the POI. To help monitor transduction 

efficiencies, TurboGFP (tGFP) was coexpressed with BioID2 fusion proteins in a 

bicistronic system employing a P2A ―self-cleaving‖ peptide. We used a Luciferase-P2A-

BioID2-3xFLAG construct as a negative control (Figure S1B). Since lentiviral (LV) 

systems can accommodate larger gene sizes than adeno-associated virus (AAV), we were 
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able to perform BioID2 on larger proteins such as SHANK3, GRIN2B, MET, SYNGAP1 

and CNTNAP2. 

Embryonic age 16-17 (E16-17) mouse pup cortices were harvested and cultured 

until days in vitro (DIV) 14, then infected with the BioID2 fusion constructs by using a 

lentivirus with an average transduction efficiency of 70% (Figure 1A). Biotin was added 

on DIV17 and cells were lysed after 18 hours on DIV18 to allow maximal biotinylation 

time. To reduce variability between mass spectrometry runs, TMT10plex isobaric-

labeling was used to combine at least 3 biological replicates per gene. One additional 

technical TMT-labeling replicate of luciferase control sample chosen at random was used 

to account for differences in labeling. Two statistical cut-offs were used to identify 

positive hits for the PPI networks of each POI: Biotinylated proteins in the POI sample 

with 1) a significant increase in Log2 abundance compared to the luciferase control 

(Student‘s t-test, p<0.05) (Uezu et al., 2016) and 2) that were significant outliers when 

accounting for the overall protein abundance compared to the protein abundance ratio 

between the POI and control samples (SigB p<0.05) (Cox and Mann, 2008). Protein 

abundances were normalized between biological replicates based on the sample with the 

highest total protein abundance. To reduce variability between each viral transduction, 

flow cytometry was used to determine the total abundance of GFP in the infected neurons 

between samples. The abundance levels of samples that had less total GFP (area under 

the curve in GFP intensity histogram) than the luciferase control was normalized by the 

factor required to equalize the total GFP of the POI sample to the luciferase control 

sample. To account for false positive hits due to variability in TMT-labeling between 
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samples, the ratio of protein abundances between the luciferase control technical TMT-

labeling replicates were used as the minimal required ratio between POI and control 

sample abundances. Proteins that did not have abundance ratios (POI/Luciferase control) 

higher than this minimal ratio were considered false positives and removed from further 

analysis. Further, to promote high efficiency infections, we created an optimized 

lentiviral production protocol to produce high-titer virus for small and large risk genes 

(Figure 1B). This BioID2 screen was used in five specific experimental outputs: to 

identify 1) shared molecular pathways, 2) the impact of patient genetic variants on the 

PPI network, 3) correlation between ASD-risk genes, 4) enrichment of ASD-relevant cell 

types in the shared PPI network map, and 5) correlation of clinical phenotypes with the 

ASD-risk genes (Figure 1A).  

To validate the BioID2 screening system, we used the well characterized 

excitatory synapse protein DLG4 (PSD95). Neurons expressing PSD95-BioID2 displayed 

punctate localization of BioID2-3xFLAG fusion proteins and biotinylated proteins around 

the dendrites, suggesting appropriate synaptic expression and biotinylation (Figure S1C). 

The Luciferase-P2A-BioID2 control showed non-specific localization and biotinylation 

throughout the neuron, which is expected (Figure S1C). We identified 74 proteins that 

interact with PSD95, and Reactome pathway enrichment revealed neurotransmitter 

receptors and glutamatergic synapses, as expected (Figure S1D and Table S1). Enriched 

pathways also include less directly associated networks, such as GABAergic synapses, 

Rho GTPase signaling, and Wnt signaling. Comparison of our PSD95 PPI network with 

the previously published PPI networks for PSD95, from in vivo mouse BioID and in vivo 
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mouse tandem affinity purification (Fernández et al., 2009; Uezu et al., 2016), revealed 

25 shared proteins between all three datasets (Figure S1E), highlighting that our BioID2 

system captures relevant networks. The distinct and partially-shared proteins from the 

other systems suggest differences between proximity-labeling and affinity purification 

methods and/or in vitro and in vivo approaches.  

Cortical neurons are a major cell type associated with ASD(Satterstrom et al., 

2020); however, scalable BioID labeling approaches have been done primarily in cell 

lines, such as HEK293 cells (Go et al., 2021). To determine the necessity and importance 

of using neurons for the BioID2 screen of ASD-risk genes, we performed BioID2 in 

HEK293 cells using PSD95, and a subset of ASD risk genes including ETFB, SPAST, 

STXBP1, SYNGAP1, and TAOK2 (Figure S2 and Table S2). The PSD95 PPI network 

from HEK293 cells showed enrichment of many pathways, including EGF- and NTR-

receptor signaling and cell junction organization, but there was a complete absence of 

synaptic pathways (Figure S2A). Furthermore, BioID2 of all six ASD risk proteins in 

HEK293 cells revealed a significant loss of protein interactions localized in neuron-

specific compartments, and large differences in the PPI network between HEK293 cells 

compared to mouse neurons (Figure S2B-S2G, and Table S3). The differences in the 

plasma membrane proteins between the HEK293 cells and the neurons identified through 

BioID may be due to the differences in transient versus stable expression of the BioID 

constructs. Transient expression can cause a higher level of expression an result in 

overrepresentation of some biotinylated proteins in the sample. This could thereby result 

in differences in the membrane proteins between HEK293 cells and neurons. However, it 
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is possible that proteins found in the membrane of HEK293 cells may not be present in 

neurons and vice versa. While HEK293 cells yield interaction networks for ASD risk 

genes, they may not have relevance to pathways associated with brain-specific 

pathophysiology of neurodevelopmental disorders. 

To further validate the specificity of our neuron-specific BioID2 screening 

system, we targeted proteins associated with compartments(Fazal et al., 2019), including 

microtubules (MAP2C), the endoplasmic reticulum network (CANX), plasma membrane 

(PDGFR transmembrane domain), trans-Golgi apparatus (TGOLN), the presynaptic 

terminal (SNCA), and the nuclei (MECP2). Cellular compartment analysis of each PPI 

network revealed enrichment of the compartments expected for MAP2C, MECP2, 

CANX, PDGFR-TM domain, and TGOLN (Figure S3, Figure S4D, Table S1 and Table 

S4). SNCA did not have a strong enrichment of presynaptic compartments; however, it 

did identify enriched pathways involving axons, growth cones and the synapse (Figure 

S3E). BioID2 of MECP2, a nuclear protein, indicated localization to the nucleus (Figure 

S4A) and interaction with proteins enriched in nucleus-specific pathways, such as 

transcription regulation and mRNA splicing (Figure S4B). The MECP2 PPI network in 

mouse neurons had differences in protein interactions compared to the MECP2 network 

in HEK293 cells, but there was no enrichment for neuron-specific compartments (Figure 

S4C and S4D). The difference in identified proteins suggests that mouse neurons have 

differing MECP2 interactions that are localized to the nucleus. Further, the PPI network 

of MECP2 did not include some of the known protein interactions in mouse neurons 

(e.g., ATRX, CREB1, SIN3A, NCor, and TET1), suggesting that our system may not be 
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optimized for nuclear proteins, possibly due to the presence of highly biotinylated 

endogenous proteins. Alternatively, the in accessibility of nuclear proteins that may not 

easily separate from the DNA or solubilize in the lysis buffer, the availability of exposed 

lysine residues for biotinylation on these proteins, and the possible improper localization 

of MECP2-BioID2 fusion protein may prevent identification of known interactors. The 

enrichment of proteins specific to each compartment provides additional validation that 

the BioID2 screen in mouse cortical neurons can provide relevant PPI networks. 

 

3.4.2 Identification of a shared PPI network map and common pathways of 41 ASD-risk 

genes in mouse cortical neurons 

To develop a shared PPI network map for ASD risk genes, we selected 41 ASD-

risk genes that encode proteins with a range of molecular functions, including regulation 

of phosphorylation and ubiquitination, enzymatic control of metabolism, protein 

regulation and transport, and synapse formation and function (Figure 1B). These genes 

were chosen from a combined list of ASD-risk genes from the SPARK, SFARI category 

1, 2, and syndromic gene lists and previous sequencing studies (Sanders et al., 2015; 

Yuen et al., 2017; Feliciano et al., 2019; Ruzzo et al., 2019; Satterstrom et al., 2020; 

Wilfert et al., 2021). The final combined list was filtered for size limitations of the 

lentivirus, in our construct, genes that were larger than 5000bp were excluded, however 

we included some large genes (>4kb) such as SHANK3 and SYNGAP1, allowing us to 

examine the PPI network of proteins from a range of sizes. All genes that were chosen for 

the screen have cytoplasmic functions and nuclear genes were not selected because it has 
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previously been shown there is a separation in function between nuclear gene regulating 

proteins and cytoplasmic neural communication proteins (Satterstrom et al., 2020). The 

final list of genes was based on spanning a wide range of functions, including those that 

had no known function, and our ability to obtain or create the cDNA of the gene. For 

each gene, the human cDNA was cloned into a BioID2 lentiviral backbone and protein 

expression was confirmed with western blotting (Figure S5). All BioID2 fusion 

constructs were found to be the expected size through western blotting; however, some 

constructs showed a second larger size protein due to lower P2A efficiency or increased 

cleaved BioID2-FLAG (lowest band) due to increased degradation (Figure S5). We 

identified the individual PPI networks and enriched Reactome pathways, biological 

processes and cellular compartments for each of the 41 ASD-risk genes in mouse cortical 

neurons. These data can be found in Table S1 and Table S5, and are meant to be a 

resource for the research community. Validation of randomly chosen BioID protein hits 

verified the novel interactions between TAOK2 and Fbxo41, which coincides with a 

recent publication showing interaction with other innate immune regulators (Pennemann 

et al., 2021), and between the mitochondrial citrate synthase protein and Syngap1 (Figure 

S5B and S5C) 

The 41 ASD-risk gene PPI network consisted of 1109 proteins (41 ASD bait 

proteins and 1068 prey proteins) and 2349 connections. Half of the identified prey 

proteins were shared between 2-15 ASD bait proteins (489 prey proteins and 1770 

connections), and of these, 15 prey proteins were shared between at least 10 different 

ASD bait proteins. Every ASD bait protein shared at least 4 shared prey proteins with one 
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other ASD bait protein, with up to 38 shared interactions between DLG4 and SYNGAP1 

(Figure 2A). The PPI network of 31 out of the 41 ASD bait genes included at least 1 other 

ASD bait protein. Reciprocal identification was observed between DLG4 and CDKL5, 

SYNGAP1, GRIA1, or GRIA2 and between GRIA1 and GRIA2. The most identified 

ASD bait proteins were GRIN2B, PPP1R9B, GRIA2, and KCNQ2. Conversely, BioID2 

of TAOK2, CDKL5, DLG4, LRRC4C, and SYNGAP1 identified the most ASD bait 

proteins, suggesting high connectivity between a subset of ASD bait proteins. To 

determine the utility of creating an ASD PPI network in neurons, we compared our 

results with physical interactions between the 41 ASD bait genes extracted from the 

STRING database (greater than or equal to medium confidence, 0.4). Our BioID2 shared 

41 ASD-risk gene PPI network had 245 connections (where each connection represents at 

least 5 shared protein hits) between 36 of the 41 ASD bait proteins. The STRING 

database had 33 direct interactions between 23 of the bait proteins, revealing a near 50-

fold increase in the number of connections within our 41 ASD-risk gene PPI network 

(Figure 2A and 2B) through inclusion of indirect and close-proximity proteins.  Current 

databases, such as STRING, are primarily derived from non-neuronal sources using gene 

co-expression or direct interaction data(Lage, 2014), which do not capture proteins within 

close proximity that have significant importance to the function of proteins-of-interest. 

However, our PPIs were identified in neuronal cells and include both direct interacting 

proteins, shared interacting proteins and close proximity proteins that highlight potential 

connections or protein pathways missed by traditional methods. 
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The most significant pathways in the shared 41 ASD-risk gene PPI network 

involve synaptic transmission, demonstrating that our system can identify the most 

frequently identified pathways in ASD pathophysiology (Figure 2C and Table S6). Other 

enriched pathways included TCA cycle and mitochondrial activity, Wnt signaling, 

potassium channel activity, and MAPK signaling (Figure 2C and Figure S6A). These 

enriched pathways suggest that synaptic function plays a core role among non-nuclear 

ASD risk proteins, but it is not the only pathway involved between the 41 genes. The 

majority of the shared ASD-risk PPI network localized to specific cellular compartments 

including axons, dendrites and synapses (Figure S6B and Table S6), while the majority of 

biological processes involve synaptic signaling and organization, and protein transport 

(Figure S6C and Table S6). Shared pathways in the ASD-risk gene PPI network reflect 

the major role of synaptic dysfunction in ASD, but also highlight that other, less well-

studied pathways are important contributors to convergent ASD pathology. 

 

3.4.3 The shared PPI network map identifies the tricarboxylic acid (TCA) cycle and 

pyruvate metabolism as a common signaling pathway in ASD 

One rationale for constructing a PPI network map with ASD-risk genes was to 

identify novel or poorly characterized convergent signaling mechanisms. In this regard, 

one of the top pathways we identified was the TCA cycle and pyruvate metabolism 

(mitochondrial/metabolic processes), implicating dysregulation in mitochondrial function 

and cellular metabolism. This pathway has been associated with a few ASD associated 

genes, such as Fmr1 and Mecp2 (Shulyakova et al., 2017; Licznerski et al., 2020; Bülow 
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et al., 2021), but the mechanisms are not well understood, and it is unknown whether 

other ASD risk genes regulate mitochondrial/metabolic processes. Interestingly, previous 

ASD clinical studies have identified abnormal mitochondrial function in patient 

lymphoblastoid cells(Rose et al., 2014, 2018; Shen et al., 2019a; Frye, 2020), but whether 

this occurs in mammalian brain cells is unknown. TCA cycle and respiratory electron 

transfer chain protein Reactome pathway was highly enriched in the shared ASD-risk 

gene PPI network map (adj. p-value = 3.14x10
-12

), even without the PPI network for the 

mitochondrial protein ETFB (adj. p-value = 1.35x10
-7

) (Table S6). 28 out of 41 ASD-risk 

genes were found to be interacting with at least one TCA cycle and pyruvate metabolism 

associated protein (Figure 3A). Citrate synthase (CS), which is involved in turning acetyl-

CoA into citrate early in the TCA cycle, was found to interact with eight ASD bait 

proteins (ERBIN, MET, NRXN1, SHANK3, SPAST, STXBP1, SYNGAP1, TAOK2). 

The TCA cycle and pyruvate metabolism are essential for proper cellular respiration. 

Therefore, we investigated this finding by focusing on a gene in our screen that was not 

previously associated with mitochondrial and metabolic processes in the brain, TAOK2, a 

gene in the 16p11.2 deletion/duplication region associated with ASD(Calderon de Anda 

et al., 2012; Ultanir et al., 2014; Yadav et al., 2017; Richter et al., 2019). We measured 

cellular respiration using live-cell metabolic assays in a Taok2 knockout (KO) mouse 

model, which we previously demonstrated has deficits in synapse formation and 

function(Richter et al., 2019). Taok2 heterozygous knockout (Het) cultured mouse 

cortical neurons showed a significant increase in maximal respiration, proton leak, non-

mitochondrial respiration, and spare respiratory capacity, and a decrease in ATP coupling 
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efficiency (Figure 3B and 3C, and Figure S7A-S7D) compared to wildtype (WT) 

neurons. These changes suggested the presence of less functional mitochondria, which 

was corroborated by proteomic analysis of post-synaptic density fractions isolated from 

Taok2 WT and KO mouse cortices (Figure S7E). Taok2 KO mice PSD fractions had 

significant downregulation of proteins involved in synaptic function and activity, and also 

in respiratory ETC complex proteins (Figure S7F and Table S7). Analysis at the 

transcriptome level also revealed reduced mRNA levels of mitochondrial membrane 

proteins in Taok2 KO mouse cortices (Figure S7G and S7H, and Table S7), coinciding 

with the reduced protein levels of mitochondrial proteins (Figure S7E and S7F). Further 

investigation revealed that Taok2 Het and KO neurons have a reduced proportion of 

Teramethylrhodamine (TMRM)-stained mitochondria (Figure 3D and 3E, and Figure 

S7I), which only stains active mitochondria with an intact membrane potential. These 

mitochondria had an overall increase in the amount or size of mitochondria labeled by 

TOMM20, an outer mitochondrial membrane protein involved in translocation of 

mitochondrial proteins into the mitochondria (Figure 3F and 3G). These data implicate 

dysregulated mitochondria in the absence of Taok2; therefore, we examined the 

morphology of mitochondria in vivo from electron microscopy (EM) images taken from 

WT and Taok2 KO mouse cortical excitatory neurons(Richter et al., 2019). We found that 

Taok2 KO mouse neurons had altered mitochondrial morphology with a reduction in 

category 1 and 3 mitochondria, which show more typical mitochondria morphology, and 

an increase in category 2 mitochondria at their synapses (Figure 3H and 3I)(Da Costa et 

al., 2018). Category 2 mitochondria have enlarged non-contiguous mitochondrial 
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cristae(Da Costa et al., 2018), which can cause reduced oxidative phosphorylation and 

prevent proper translation and insertion of inner membrane proteins(John et al., 2005; 

Schmidt et al., 2010). We extended our mouse studies to examine whether TAOK2 

regulates mitochondrial/metabolic processes in human induced pluripotent stem cell 

(iPSC)-derived NGN2-neurons. We used CRISPR/Cas9 to generate isogenic TAOK2 

homozygous KO and heterozygous knock-in TAOK2 A135P iPSC lines. A135P is a de 

novo missense variant which we previously demonstrated renders TAOK2 as kinase 

dead(Richter et al., 2019). We generated human neurons through direct differentiation of 

iPSCs via NGN2 overexpression and found altered cellular respiration in TAOK2 KO 

neurons (Figure S7J-S7L) similar to mouse neurons, and significant increases in the spare 

respiratory capacity of TAOK2 KO and A135P neurons (Figure S7M). Human neurons 

transfected with Mito7-DsRed also displayed an increase in mitochondrial puncta size in 

TAOK2 KO and A135P neurons, suggesting an increase in the number or size of the 

mitochondria, similar to that observed in the mouse neurons (Figure S7N and S7O). To 

determine if these changes were due to long-term developmental deficits caused by loss 

of TAOK2 function, we used acute shRNA knock-down through in utero electroporation 

and found that Taok2 knock-down in cultured mouse neurons caused decreased 

mitochondrial membrane potential (Figure S8A-S8C) similar to that detected in the 

knockout mice (Figure 3D and 3E). Taken together, using TAOK2 as a validation gene 

from the identified mitochondrial/metabolic PPI network, we determined that mouse and 

human models with disruption of TAOK2 have altered cellular respiration, likely caused 

by altered activity, size and number of mitochondria.   
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 To determine if other ASD risk genes converging on the mitochondrial/metabolic 

network regulate cellular respiration, we used the CRISPR/Cas9 system to knock out 

Syngap1, Taok2, and Spast. The CRISPR/Cas9 knockout of Taok2 in mouse neurons was 

used as a validation of the system and to determine if the effect on mitochondrial cellular 

respiration is due to acute or chronic loss of Taok2. We also targeted Etfb and Rheb, 

which are both ASD risk genes known to localize to the mitochondrion or regulate 

neuronal mitochondrial function(Yang et al., 2021). Combined gRNAs against BFP and 

Luciferase were used as a negative control(Hart et al., 2015; Richardson et al., 2016), and 

we used 1-3 gRNAs targeting different genomic regions of the ASD-risk genes (Figure 

S8D). Mouse cortical neurons were infected with Cas9-EGFP and gRNA-mCherry 

lentiviral constructs. Western blots of neurons infected with Taok2 gRNAs and Cas9 

showed decreased expression by approximately 50%, suggesting a partial knockout 

(Figure S8E). CRISPR/Cas9 knockout of Etfb, a subunit of riboflavin required for proper 

electron transfer in the ETC, showed increased basal and maximal respiration, proton 

leakage, and no change in ATP synthase-dependent cellular respiration (Figure 3J and 

3K, and Figure S8F and S8G). These changes may correspond to increased cellular 

respiration to counteract faulty ETC electron transfer. Mouse neurons with CRISPR 

knockout of Taok2, Syngap1, and Rheb also showed significant or trending changes in 

many aspects of cellular respiration (Figure 3J and 3K, and Figure S8F-S8I). CRISPR 

KO of Spast did not cause significant changes in cellular respiration, suggesting that it 

does not play a role in cellular respiration. However, it is possible that Spast could be 

involved in other aspects of the TCA cycle and pyruvate metabolism, such as glycolysis. 
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The increase in basal respiration in Taok2, Syngap1, and Etfb KO neurons (Figure S8F) 

may be indicative of an acute effect, where altered cellular respiration has not yet reached 

homeostasis within the neuron(Ruggiero et al., 2021). CRISPR/Cas9 knockout of Ap2s1, 

Gria1, Ppp1r9b, and Ppp2r5d, which did not have mitochondrial or metabolic proteins in 

their PPI network showed no changes in cellular respiration based on the seahorse assay 

(Figure S8J-S8L). These findings suggest that a subset of ASD risk genes regulate 

cellular respiration in neurons, and highlight the relevance of TCA cycle and pyruvate 

metabolism pathways in the developing brain as a risk factor for ASD when dysregulated. 

 

3.5 Discussion 

ASD is a heterogeneous group of neurodevelopmental disorders that are largely 

caused by genetic variants in multiple risk genes(Gaugler et al., 2014; Iossifov et al., 

2014; Robinson et al., 2016; Weiner et al., 2017). A long-standing question in the field is 

how different risk genes contribute to ASD, and whether there are convergent signaling 

mechanisms that explain how a multitude of genes lead to a common, albeit 

heterogeneous, developmental brain disorder. Specific disease cell types or signaling 

pathways have been proposed as convergent mechanisms in ASD(Voineagu et al., 2011; 

O‘Roak et al., 2012b; Chang et al., 2015; Velmeshev et al., 2019; Ramaswami et al., 

2020), but the bulk of these data are based on RNA expression, which does not take into 

account signaling at the protein level. To address this gap, we devised an in vitro neuron-

specific proteomic screen to identify individual and shared PPI networks between 41 
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ASD-risk genes. Our screen identified links between risk genes and multiple convergent 

signaling pathways. 

While other approaches for identifying PPI networks exist, such as Y2H or 

affinity purification coupled with mass spectrometry in cells lines, these methods can 

miss weak and transient interactions and signaling networks specific to neurons (Sakai et 

al., 2011; Corominas et al., 2014; Li et al., 2015). Our use of BioID2 for the 41 ASD-risk 

genes revealed shared protein interactions which include direct and indirect interactions 

and close-proximity proteins between ASD-risk proteins in a neuronal cell type, 

providing detailed insight into the relationship between the 41-risk proteins. However, it 

is not possible to distinguish between proximal proteins or direct interaction proteins 

without method such as co-immunoprecipitation or co-localization staining, especially 

due to the larger biotinylation area with a 35nM radius created by the 13x linker, which 

increases biotinylation of proteins within close proximity of the POI. Regardless, even 

with the increased radius of biotinylation and long 18-hour incubation, post-synaptic 

density proteins DLG4, GRIN2B, GRIA1 had protein-specific interactions that were 

related to their known function (Supplementary Table 1). Furthermore, unlike the Y2H or 

affinity purification studies we used single canonical isoforms of each gene and therefore 

some PPI networks may not encompass the full scope of possible interactions in the 

neuron. Further, the mouse system possesses glial cells required for synaptic maturation, 

and it is scalable; therefore, the system could be used to screen hundreds of genes. Some 

caveats of BioID2 include possible biotinylation inefficiencies, protein function 

impairments, and protein biotinylation selection biases, however, newer proximity-
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labeling tools could be used to extend the identification of PPI networks(Branon et al., 

2018; May et al., 2020; Minde et al., 2020; Niinae et al., 2020). 

It should be noted that our cell culturing system utilized a neuron-glia co-culture 

which allowed for increased maturation of the mouse cortical neuron. PPI networks 

identified in this co-culture will not be able to identify interactions induced by contact 

between glia and neurons. A possible alternative is to use membrane insert cell culture 

plates that allow separated growth of glia and neurons, while still allowing exchange of 

factors between glia and neurons required for survival and maturation. Furthermore, these 

neurons were grown in 5% CO2 and approximately 21% O2 at 37 degrees in high 

humidity, which is not reflective of the early neonatal brain (Nalivaeva et al., 2018). At 

early developmental time points the brain is a hypoxic environment that gradually 

receives more oxygen as vascularization increases, therefore future studies should 

determine the PPI networks of ASD-risk genes in cells cultured at lower oxygen 

concentrations. 

Previous genetic screening platforms have identified shared pathways between 

ASD-risk genes. CRISPR/Cas9 knockout screens have identified cell types and processes 

associated with groups of ASD-risk genes(Cederquist et al., 2020; Jin et al., 2020; 

Willsey et al., 2021). Since these knockout screens disrupted genes early in development, 

this may skew results towards neurogenesis deficits. Our BioID2 screen complement 

CRISPR/Cas9 approaches, given that they can be used to study earlier or later time 

points, and can be used to study disease-relevant variants. BioID2 can also help to 

understand the function or role of poorly characterized ASD risk genes using our PPI 
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network pipeline and statistical cut-offs, where most previous studies rely on known 

compartment localization. Future studies could also be used to study changes in disease-

relevant PPI networks in genetic mouse models or patient-derived iPSC neurons and 

organoids. Since changes in protein interaction complexes or synaptic networks in 

multiple ASD mouse models have been observed(Sakai et al., 2011; Brown et al., 2018), 

this suggests that core ASD networks can reveal risk gene clusters or identify hub genes. 

One of the main findings from our study is the identification of multiple 

convergent and shared pathways between 41 ASD-risk genes that are non-nuclear, which 

fall into categories pertaining to synaptic transmission, TCA cycle and mitochondrial 

activity, Wnt signaling, potassium channel activity, MAPK signaling, and other specific 

signaling pathways. Synaptic transmission and function is widely known in ASD 

pathophysiology, and Wnt and MAPK signaling have also been disrupted in ASD patient 

cell lines(Gazestani et al., 2019). We focused on validating the TCA cycle and 

mitochondrial activity pathways because its dysfunction is indirectly associated with 

neurodevelopmental disorders(Iwata et al., 2020) and our screen identified many 

uncharacterized ASD-risk genes associated with this pathway (Figure 3A). Clinical 

studies have found mitochondrial and metabolic dysfunction or changes in metabolites in 

primary lymphocytes or brain tissue in individuals with ASD(Frye and Rossignol, 2011; 

Anitha et al., 2012; Rossignol and Frye, 2012; Frye et al., 2013; Rose et al., 2014, 2018; 

Wang et al., 2016b; Kurochkin et al., 2019), but whether this is direct or indirect is not 

known. A mouse model expressing an mtDNA variant was shown to display autism 

associated behavioral deficits (Yardeni et al., 2021), but the variant is weakly associated 
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with ASD. Some ASD associated syndromic disorders, co-morbid disorders and genetic 

ASD models have shown deficits in mitochondrial and metabolic processes, however the 

specific proteins involved were unknown(Ebrahimi-fakhari et al., 2016; Shulyakova et 

al., 2017; Fernandez et al., 2019; Jagtap et al., 2019; Li et al., 2019; Shen et al., 2019b; 

Kanellopoulos et al., 2020; Licznerski et al., 2020; Bülow et al., 2021; Madison et al., 

2021; Menzies et al., 2021). Our findings indicate that TCA cycle and mitochondrial 

activity proteins are interacting with multiple ASD-risk genes, including genes that were 

not previously connected to metabolic processes. However, we also identified two ASD-

risk genes (RHEB and BCKDK) that had been previously implicated directly in metabolic 

processes(Heinemann-Yerushalmi et al., 2021; Yang et al., 2021). This highlights that 

our screen can identify relevant protein interactions and may even suggest a more direct 

connection between mitochondrial/metabolic processes and some genetic models 

(CDKL5 and KCTD13) (Jagtap et al., 2019; Madison et al., 2021).  However, whether 

these proteins are interacting outside or inside of the mitochondria due to dual 

localization and shuttling, is currently unknown and requires further investigation. 

Our CRISPR/Cas9 KO studies revealed that multiple ASD-risk genes are 

important for proper cellular respiration. Interestingly, these genes were all found to 

interact with citrate synthase (Figure 3A), suggesting that upstream or downstream 

regulation may occur between ASD risk genes and TCA cycle function. Deficits in the 

TCA cycle can cause overreliance on glutaminolysis to produce energy and cause a 

decrease in synaptic vesicle glutamate levels (Fendt and Verstreken, 2017; Divakaruni et 

al., 2018; Namba et al., 2021). This shift may help explain the deficits in synaptic 
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transmission in neurons with disruption of synaptic ASD-risk genes, such as Syngap1 and 

Taok2. Interestingly, the abnormal mitochondria morphology and numbers in neurons 

lacking Taok2 may be related to its function in tethering the endoplasmic reticulum to 

microtubules, where ER contact regulates mitochondrial fusion and fission, suggesting 

another possibly link between mitochondrial function and TAOK2 (Abrisch et al., 2020; 

Nourbakhsh et al., 2021). 

The shared PPI network provides an important link between metabolic processes 

and ASD pathology. These data underscore the value of using PPI networks to map ASD-

risk gene connectivity, and to pinpoint which risk genes are involved in convergent 

mitochondrial/metabolic dysregulation in ASD.  

 

3.6 CONCLUSION 

In conclusion, our neuron-specific 41 ASD-risk gene PPI network map 

demonstrates that protein interactions and their associated pathways and sub-cellular 

compartments are relevant to ASD disease pathology, and are missing from 

transcriptome-based approaches. Our approach is scalable and to our knowledge, 

represents one of the largest protein network mapping studies for ASD risk genes. This 

resource containing the individual PPI networks of 41 ASD-risk genes will be valuable 

for future in-depth study of the genes, and has the potential to grow larger with PPI 

networks of additional risk genes.  
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Figure 1. Development of a proximity-based proteomics screen to identify neuronal 

PPI networks for ASD-risk genes. (A) Workflow of neuron-specific BioID2 screen for 

identification of ASD-risk gene PPI networks. (B) List of 41 ASD-risk gene used in the 

BioID2 screen 
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Figure 2. Neuron-specific PPI network map identifies convergent signaling 

pathways between 41 ASD-risk genes. (A) Shared PPI network map of 41 ASD-risk 

bait genes. Large red nodes represent bait proteins. Color and increased thickness of 

connecting lines represent number of interactions (direct or shared prey proteins) between 

bait genes. (B) Correlation plot of 41 ASD-risk genes through individual PPI networks. 

Genes were ordered by hierarchical clustering and clustered using kmeans (k = 3). (C) 

Top 50 enriched Reactome pathways of the shared 41 ASD-risk gene PPI network map. 

Individual pathways are grouped by functional similarity (g: Profiler, Bejamini-Hochberg 

FDR adj. p<0.05). 
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Figure 3. Regulation of cellular respiration and mitochondrial activity by ASD-risk 

genes. (A)  Network of TCA cycle and pyruvate metabolism proteins enriched in the 

shared ASD-risk gene PPI network map (g: Profiler, Benjamini-Hochberg FDR adj. 

p<0.05). (B) Loss of Taok2 alters cellular respiration in DIV14 mouse cortical neurons 

(Two-Way ANOVA, F(1,336) = 18.22, p<0.0001 between genotypes, post hoc Holm-

Sidak test; WT = 118 wells and Het = 122 wells from three separate cultures). Arrows 

indicate the addition of oligomycin (blue), FCCP (green), and Antimycin A and Rotenone 

(red). (C) Loss of Taok2 increases maximal respiration (left) and proton leakage (right) in 

DIV14 mouse cortical neurons (ROUT outlier test, Q = 0.1%; Two-tailed unpaired t-test, 

maximal respiration: t = 3.015, df = 33, p = 0.0029, proton leak: t = 2.374, df = 225, p = 

0.0184; WT = 118 wells, Het = 122 wells from three separate cultures). (D) 

Representative images of Taok2 WT, Het, and KO neurons stained with MitoTrack 

(green) and TMRM (red). Arrows indicate Mitotracker-labeled mitochondria with no 
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TMRM staining. Scale bar is 5 µm. (E) Taok2 Het and KO neurons have decreased 

number of active (TMRM) Mitotracker-labeled mitochondria (One-Way ANOVA, F(2, 

42) = 7.47, p = 0.0017, post hoc Holm-Sidak test; WT = 14, Het = 15, KO = 15 neurons 

from 1-3 separate pups per genotype from one culture). (F) Representative images of 

Taok2 WT, Het, and KO neurons stained with TOMM20 (red) and Phalloidin (green). 

Scale bar 5 µm. (G) Taok2 Het and KO neurons have increased TOMM20 staining (One-

Way ANOVA, F(2,132) = 4.633, p = 0.0111; WT = 45, Het = 42, KO = 48 neurons from 

1-4 separate pups per genotype from two cultures). (H) Representative images of synaptic 

mitochondria morphological categories. (I), Taok2 KO neurons have increased proportion 

of category 2 mitochondria with enlarged cristae. (Two-way ANOVA, F(1, 12) < 0.0001, 

p = 0.9998 between genotypes, post hoc Holm-Sidak test. 19-25 images per animal and 

three animals per genotype). (J) CRISPR/Cas9 KO of Taok2, Syngap1, Etfb, Rheb, and 

Spast differentially alters cellular respiration in DIV14 mouse cortical neurons (Two-

Way ANOVA, F(5,280) = 3.492, p = 0.0044, post hoc Holm-Sidak test; Control = 45 

wells, Taok2 KO = 51 wells, Syngap1 KO = 50 wells, Etfb KO = 47 wells, Rheb KO = 

48 wells, Spast KO = 45 wells from five separate cultures). Arrows indicate the addition 

of oligomycin (blue), FCCP (green), and Antimycin A and Rotenone (red). (K) 

Significant increases in maximal respiration (top) and proton leakage (bottom) show 

significant increase in Syngap1 and Etfb KO neurons (ROUT outlier test, Q = 0.1%; 

maximal respiration: One-Way ANOVA, F(5, 280) = 2.927, p = 0.0136, post hoc Holm-

Sidak test, proton leak: One-Way ANOVA, F(5, 277) =  4.138, p = 0.0012, post hoc 

Holm-Sidak test). Mean ± s.e.m. *p<0.05, **p<0.01, ***p<0.001.  
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3.7 SUPPLEMENTAL DATA 

 

Figure S1. BioID2 of DLG4 in mouse cortical neurons. (A) Diagram of the BioID2 

fusion construct for the 41 ASD-risk genes. (B) Diagram of the control Luciferase control 

fusion construct. (C) Representative images of cortical neurons infected with the PSD95-

BioID2 and Luciferase-P2A-BioID2 constructs. Scale bar is 20µm. Magnified images are 

shown on the right. White arrows point to synaptic localization of PSD95-BioID2. Scale 

bar is 5µm. (D) Reactome pathways enriched in the PSD95 PPI network. Clusters created 

using the Reactome FI app on Cytoscape and labeled with most significantly enriched 

pathways for each cluster (adj. p<0.05). (E) Venn diagram of shared protein interactors 

between our in vitro PSD95 PPI network and proteins identified by mouse in vivo PSD95 

BioID (Uezu et al. 2016) or mouse in vivo tandem affinity purification of PSD95 

(Fernandez et al. 2009). 
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Figure S2. Comparison of ASD-risk gene PPI networks from BioID2 in HEK293 

cells and mouse cortical neurons. (A) Reactome pathways enriched in the PSD95 PPI 
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network from HEK293 cells. Clusters created using the Reactome FI app on Cytoscape 

and labeled with the most significantly enriched pathways (adj. p<0.05). Top 15 cellular 

compartments from mouse cortical neurons (blue) enriched in the PPI networks of PSD95 

(B), ETFB (C), SPAST (D), STXBP1 (E), SYNGAP1 (F), and TAOK2 (G) compared to 

enrichment in HEK293 cells (red) (g: Profiler, Benjamini-Hochberg FDR adj. p<0.05). 

Adjacent Venn diagrams show shared protein interactors identified by BioID2 in 

HEK293 cells vs mouse cortical neurons. PM: Plasma membrane, OR: Outer membrane, 

ER: endoplasmic reticulum. 
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Figure S3. Validation of BioID2 using genes localized to specific compartments in 

mouse cortical neurons. BioID2 of cellular compartment proteins MAP2C (A), CANX 

(B), PDGFR (transmembrane domain) (C), TGOLN (D), and SNCA (E). g: Profiler 

pathway enrichment was used to identify significantly enriched cellular compartments (g: 

Profiler, Benjamini-Hochberg FDR adj. p<0.05). PM: plasma membrane, OM: outer 

membrane, ER: endoplasmic reticulum. 
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Figure S4. BioID2 of MECP2 in mouse cortical neurons. (A) Representative images of 

cortical neurons infected with the MECP2-BioID2 construct. Scale bar is 20μm. (B) 

Reactome pathways enriched in the MECP2 PPI network. Clusters created using the 

Reactome FI app on Cytoscape and labeled with most significantly enriched pathways 

(adj. p<0.05. (C) Venn diagram shows shared protein interactors identified by BioID2 in 

HEK293 cells vs mouse cortical neurons. (D) Top 15 cellular compartments from mouse 

cortical neurons (blue) enriched in the MECP2 PPI network compared to enrichment in 

HEK293 cells (red) (g: Profiler, Benjamini-Hochberg FDR adj. p<0.05). 
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Figure S5. Western blots of 41 ASD-risk gene BioID2 constructs. (A) Western blots 

of ASD-risk gene BioID2 constructs transfected in HEK293 cells and immunoblotted for 

FLAG and β-actin as the loading control. ^ denotes expected BioID2 fusion protein size. 
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Bands higher than the caret indicated bands are possible tGFP fusion proteins due to P2A 

inefficiency. Arrow denotes β-actin loading control. Bands lower than β-actin are 

possible degraded BioID2-FLAG proteins. (B) Coimmunoprecipitation of Fbxo41 with 

TAOK2 from three separate CD1 mouse cortices. (C) Coimmunoprecipitation of 

Syngap1 with citrate synthase from three separate CD1 mouse cortices. 

 

 

 

 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 194   

 

 

Figure S6. Enriched pathways in the shared ASD-risk gene PPI network map 

identified using BioID2. (A) Known physical interactions of the 41 ASD-risk genes 

from the STRING database. Color and increasing thickness of the line represents the 

confidence of the interaction starting at medium interaction confidence (0.4). Pathway 

enrichment was used to identify significantly enriched Reactome pathways (B), cellular 

compartments (C), and biological processes (D) (g: Profiler, Benjamini-Hochberg FDR 

adj. p<0.05). The top 25 pathways are shown for each graph. PM: plasma membrane, 

OM: outer membrane, ER: endoplasmic reticulum. 
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Figure S7. Loss or disruption of ASD-risk gene TAOK2 causes alterations in 

cellular respiration and mitochondrial proteins. (A-D) Taok2 Het neurons have 

increased non-mitochondrial respiration and spare respiratory capacity, and decreased 

coupling efficiency (ROUT outlier test, Q = 0.1%; Two-tailed unpaired t-test, non- 

mitochondrial respiration: t = 2.668, df = 228, p = 0.0082, basal respiration: t = 1.776, df 

= 227, p = 0.0770, spare respiratory capacity: t = 3.007, df = 234, p = 0.0029, coupling 

efficiency: t = 3.146, df = 220, p = 0.0019; WT = 118 wells, Het = 122 wells from three 

separate cultures). (E) Shotgun proteomics of post-synaptic density fraction from Taok2 

WT and KO mouse cortices. (F) Taok2 KO PSD fractions have significant decrease in 

synaptic and mitochondrial protein gene sets (GSEA, FDR<0.1.; five Taok2 WT and 

three Taok2 KO mice littermates). Size of nodes represents number of proteins and color 

represents FDR q-value. (G) RNA sequencing of Taok2 WT and KO mouse cortices. (H), 

TAOK2 KO mouse cortices have altered mRNA levels of mitochondrial membrane 

proteins. (GSEA, FDR<0.1, three Taok2 WT and KO mice littermates each). Size of 

nodes represents number of proteins and color represents FDR q-value. (I), All active 

mitochondria stained by MitoTracker (One-Way ANOVA, F(2, 42) = 1.355, p = 0.2689, 

post hoc Holm-Sidak test; WT = 14, Het = 15, KO = 15 neurons from three separate 

cultures). (J) Western blot of TAOK2 WT and A135P BioID2 constructs. (K) Western 

blot of CRISPR/Cas9-edited iPSCs and neurons showing loss of TAOK2 expression in 

TAOK2 KO (-/-) and A135P (+/A135P) lines (One-sample t-test, WT vs KO: t = 16, df = 

6, p<0.0001, WT vs A135P: t = 2.465, df = 3, p < 0.0904; WT = 7, KO = 7, A135P = 4 

wells from separate iPSC cultures). (L-M) DIV7 TAOK2 KO human neurons have 
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significantly increased maximal respiration (Two-Way ANOVA, F(2,42) = 0.659, p = 

0.5226 between genotypes, post hoc Holm-Sidak test; WT = 118 wells and Het = 122 

wells from three separate cultures). TAOK2 KO and A135P neurons have significantly 

increased spare respiratory capacity (One-Way ANOVA, F(2,42) = 3.409, p = 0.0424, 

post hoc Holm-Sidak test; WT = 118 wells, Het = 122 wells from three separate cultures). 

(N) Representative images of human neurons transfected with Mito7-DsRed constructs at 

DIV7 and fixed and imaged at DIV9. Scale bar is 20 μm. Magnification of boxed areas 

shown on the right. Scale bar is 5 μm. (O) TAOK2 KO and A135P neurons have larger 

Mito7-DsRed punctae size compared to wildtype neurons (One-Way ANOVA, F(2, 

1309) = 5.032, p = 0.0067, post hoc Holm-Sidak test; WT = 71, KO = 520,  A135P = 421 

punctae from 15-16 neurons per geneotype). Mean ± s.e.m. p<0.05, **p<0.01. 
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Figure S8. Acute knockout of ASD-risk genes in mouse cortical neurons alters 

mitochondrial activity and cellular respiration. (A) Representative images of mouse 

cortical neurons infected with control shRNA or Taok2 shRNA showing TMRM 

intensity. Scale bar is 10μm. (B) Mouse cortical neurons with acute knockout of Taok2 

have decreased relative TMRM activity, even with decreased soma size (C) (TMRM 

activity: Unpaired t-test, t = 2.156, df = 91, p = 0.0337; WT = 44, Taok2 KD = 49 

neurons from two separate cultures). (D) Indel cleavage assay for Taok2, Syngap1, Etfb, 

Rheb, and Spast KO shows at least at least one disrupted gRNA target region in mouse 

cortical neurons. *Indicates secondary band due to digested indel. (E) Reduced Taok2 

protein expression in mouse cortical neurons infected with Cas9 and Taok2 KO gRNAs. 

Infected at DIV7 and harvested at DIV18 for western blot of TAOK2β. Significant 

changes in different aspects of cellular respiration (Basal respiration (F),ATP- dependent 

respiration (G), spare respiratory capacity (H), and coupling efficiency (I) in mouse 

cortical neurons with CRISPR/Cas9 KO of Taok2, Syngap1,or Etfb (ROUT Outlier Test, 

Q = 0.1%; basal respiration: One-Way ANOVA, F(5,279) = 3.994, p = 0.0016, ATP-

dependent respiration: One-Way ANOVA, F(5,279) = 2.517, p = 0.0300, spare 

respiratory capacity: One-Way ANOVA, F(5,276) = 2.381, p = 0.0389, coupling 

efficiency: One-Way ANOVA, F(5,263) = 4.894, p = 0.0003, post hoc Holm-Sidak test; 

Taok2 KO = 51 wells, Syngap1 KO = 50 wells, Etfb KO = 47 wells, Rheb KO = 48 

wells, Spast KO = 45 wells from five separate cultures). Mean ± s.e.m. *p<0.05, 

**p<0.01, ***p<0.001. (J) CRISPR/Cas9 KO of Ap2s1, Gria1, Ppp1r9b, and Ppp2r5d 

show no changes in cellular respiration or maximal respiration (K) in DIV14 mouse 
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cortical neurons (Two-Way ANOVA, F(4,93) = 0.4318, p = 0.7853, post hoc Holm-Sidak 

test; maximal respiration: One-Way ANOVA, F(4, 93) = 0.1827, p = 0.9469; Control = 

21 wells, Ap2s1 KO = 19 wells, Gria1 KO = 19 wells, Ppp1r9b KO = 19 wells, Ppp2r5d 

KO = 20 wells from five separate cultures). (L) Indel cleavage assay for Ap2s1, Gria1, 

Ppp1r9b, Ppp2r5d KO shows at least at least one disrupted gRNA target region in mouse 

cortical neurons. *Indicates secondary band due to digested indel. 

 

Tables are available at https://doi.org/10.1101/2022.01.17.476220 

 

Table S1. BioID2 PPI networks of 41 ASD-risk genes and cellular compartment 

genes 

Table S2. Comparison of BioID2 PPI networks identified in HEK293 cells and 

mouse cortical neurons 

Table S3. Comparison of BioID2 PPI network enriched cellular components 

identified in HEK293 cells and mouse cortical neurons 

Table S4. BioID2 PPI network enriched cellular components of compartment 

specific genes 

Table S5. BioID2 PPI network enriched pathways of 41 ASD-risk genes 

Table S6. 41 ASD-risk gene PPI network map enriched pathways 

Table S7. Differentially expressed genes and proteins and dysregulated pathways in 

Taok2 KO mouse cortices 
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CHAPTER 4: PROXIMITY-LABELING OF AUTISM RISK GENES 
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PREFACE 

The combined manuscript from this chapter and Chapter 3 is currently in the first 

round of revisions at Cell Reports as of July 2022. It has been modified and kept separate 

to match the formatting of this thesis. References for Chapters 3 and 4 are combined with 

the thesis references. Chapter 3 uses the same methods as Chapter 4, and only methods 

specific to this chapter were kept for space.  

The aim of this chapter, was to use BioID as a proof-of-principle for investigating 

the impact of patient de novo mutations on unbiased ASD-risk gene function at the 

mailto:karun.singh@uhnresearch.ca
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protein level. Screening de novo mutations are an important way to identify how ASD-

risk genes cause the pathologies associated with the disorder, however current screens are 

specified towards specific functions. Our study in Chapter 2, utilized confocal 

microscopy, electrophysiology, and protein assays to elucidate the impact of TAOK2 

mutations, however BioID was able to pinpoint these deficits in one experiment. 

Therefore, the use of BioID to screen genetic variants associated with ASD, has the 

potential to streamline studies by providing data to direct functional assays or prioritize 

specific mutations. 

Dr. Karun Singh and I designed this study and all the experiments. Annie Cheng 

and Dr. Brianna Unda created the initial BioID2 lentiviral construct backbone. I 

generated all of subsequent DNA constructs and performed all experiments and data 

analysis unless otherwise specified. Annie Cheng assisted in the generation of all 

lentiviruses. Sansi Xing and Yu Lue ran samples through the mass spectrometer and 

assisted with data acquisition. Chad Brown performed all electrophysiology recordings. 

Jarryll Uy, Joelle El-Hajjar, and Neta Pipko assisted with human neuron morphology 

analysis and western blots. Eric Deneault, Dr. James Ellis, and Dr. Steve Scherer assisted 

in CRISPR/Cas9 editing the human TAOK2 KO and A135P iPSC lines. Evdokia 

Anagnostou advised on clinical score analysis. Dr. Gary Bader advised on pathway 

analyses used in the project. Dr. Karun Singh and I wrote the manuscript with input from 

Annie Cheng, Dr. Brett Trost, Dr. Bhooma Thiruvahindrapuram, Dr. Worrawat Engchuan 

and Dr. Bradley Doble. 
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4.1 ABSTRACT 

Autism spectrum disorder (ASD) is a genetically heterogeneous disorder. 

Sequencing studies have identified hundreds of risk genes for autism spectrum disorder 

(ASD), but the signaling networks of actively expressed genes at the protein level remain 

largely unexplored. To address this gap, we used neuron-specific proximity-labeling 

proteomics (BioID) to identify protein-protein interaction (PPI) networks of 41 ASD-risk 

genes. Neuron-glia co-cultures provided neuron-specific PPI networks that were not 

largely identified in frequently used HEK293 cells. These neuron-specific networks 

included synaptic transmission and dendritic arborization proteins, for which we showed 

that patient de novo missense variants disrupt the PPI network of synaptic ASD-risk 

genes and cause deficits in synaptic transmission. Network analysis revealed that the 

combined 41 risk gene PPI network map had a 50-fold increase in shared connectivity 

between distantly related ASD-risk genes than those in existing public databases. 

Through the PPI network map, we identified convergent pathways between established 

and uncharacterized risk genes, including synaptic transmission, mitochondrial/metabolic 

processes, Wnt signaling pathways, ion channel activity and MAPK signaling. Using 

CRISPR gene knockouts, we further investigated metabolic dysfunction, which has been 

peripherally associated with ASD, and revealed a functional association between 

mitochondrial activity and multiple ASD-risk genes not previously connected with this 

pathway. The network also showed an enrichment of 112 additional ASD-risk genes and 

brain region-specific differentially expressed genes identified in post-mortem ASD 

patients. Clustering of the ASD-risk genes based on their PPI network identified gene 
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groups that correspond to clinical behavior score severity depending on the type of 

mutation, highlighting a potential link between molecular processes and complex clinical 

behavior phenotypes. Together, our data reveal that using cell type-specific PPI networks 

to map ASD risk genes can identify previously unknown individual and convergent 

neuronal signaling networks, provide a scalable method to assess the impact of patient 

variants, and reveal biological insight into disease mechanisms and sub-cohorts in ASD. 

 

4.2 INTRODUCTION 

1 in 65 children under the age of 8 (Of et al., 2018) are diagnosed with Autism 

spectrum disorder (ASD). ASD is defined by two core symptoms, including deficits in 

social communication and repetitive behaviors and restricted interests. However, due to 

the heterogeneity of ASD, individuals with the disorder have many co-occurring 

symptoms ranging from anxiety to severe epilepsy (Doyle and McDougle, 2012).  

Currently, treatment of the disorder is based on attenuating these secondary symptoms or 

teach these individuals behavioral coping mechanisms (Ghanizadeh et al., 2014; Tonge et 

al., 2014). Monozygotic twin studies have shown that there is a large genetic component 

towards the risk of ASD (Gaugler et al., 2014). Multiple monogenic syndromic forms of 

ASD have been studied; the majority of ASD risk is estimated to be from common 

genetic, rare-inherited, or de novo variants (Neale et al., 2012; Sanders et al., 2012; 

Gaugler et al., 2014; Koire et al., 2021). As such, numerous large scale WES and WGS 

studies have identified hundreds of genes associated with ASD risk (Glessner et al., 2009; 

Iossifov et al., 2012; Neale et al., 2012; O‘Roak et al., 2012b, 2012a; Sanders et al., 2012, 
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2015; Yuen et al., 2017; Feliciano et al., 2019; Ruzzo et al., 2019; Satterstrom et al., 

2020; Wilfert et al., 2021). The large numbers of genes that have been identified in the 

last decease have not been matched with research into understanding their role in the 

pathology of ASD. Studying the hundreds of genes and their associated ASD variants one 

at a time, is both resource and time intensive. 

Studies have used lower complex organisms to multiple mutations through 

function assays or protein-protein interactions (PPI) (Sakai et al., 2011; Corominas et al., 

2014; Wong et al., 2019; Post et al., 2020; Marcogliese et al., 2022). However, a major 

caveat is the correlation of behavior phenotypes in animal models to complex human 

behaviors and the relevance of interactions identified in non-neuronal cells. To address 

this issue, we developed a lentiviral in vitro proximity-labeling proteomics (BioID2) 

system that uses mouse primary neurons. Although proximity labeling has not been used 

to study the impact of genetic variants on PPI networks and their correlated protein 

function, affinity proteomics has been used to identify novel pathways altered by 

mutations in the Tau protein, which is associated with Alzheimer disease (Tracy et al., 

2021). Our system uses cortical neurons, because of their importance in ASD pathology 

(Nowakowski et al., 2017; Velmeshev et al., 2019), to identify changes in the PPI 

networks of three ASD-risk genes, TAOK2, GRIA1, and PPP2R5D as a proof-of-

principle in using proximity labeling to study ASD associated genetic variants in a high-

throughput and unbiased manner.  

The majority of de novo missense mutations have been found to disrupt protein 

interaction in genes that play a central role in biological processes, many of which are 
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convergent molecular pathways (Chen et al., 2015, 2018). Our large BioID screen 

identified multiple convergent pathways through the shared 41 ASD-risk gene PPI 

network(Murtaza et al., 2022), and provide a backdrop to study the connection between 

clinical behavioral phenotypes and genetic variants. 

 In the current study, we examined rare and de novo missense variants in synaptic 

or poorly characterized ASD-risk genes. We found disruption of key PPIs that led to 

functional deficits in synaptic transmission. Our PPI network in mouse cortical neurons 

was cross-referenced with human data to demonstrate its relevance to ASD pathology. 

Comparing the shared 41 ASD-risk gene PPI network map from our large ASD-risk gene 

study combined with  human sequencing data revealed an enrichment of an additional 

112 ASD risk genes and expression in human brain cell types associated with ASD 

pathology(Sanders et al., 2015; Yuen et al., 2017; Feliciano et al., 2019; Ruzzo et al., 

2019; Satterstrom et al., 2020). More importantly, comparing the PPI network to human 

clinical data from the MSSNG database (genome sequencing and clinical data from over 

5,000 individuals with ASD)(Yuen et al., 2017; Trost et al., 2020), we found that 

individuals with variants in risk genes with a high degree of shared interactions have 

similar adaptive behavior scores.  

Taken together, we demonstrate that neuron-specific PPI networks provide a 

powerful approach to reveal novel individual and convergent disease mechanisms in 

ASD. Given the scalability of our method and its underutilization in ASD research, we 

believe our PPI network resource and screening system can be applied more broadly to 
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additional autism risk genes to identify previously unknown or overlooked disease 

mechanisms that are not captured with current approaches. 

 

4.3 MATERIALS AND METHODS 

Human iPSC to neuron differentiation via NGN2 induction 

Human iPSCs were cultured on Matrigel (Corning) coated plates using mTeSR1 

media (Stem Cell Technologies) and passaged every 3-4 days using ReLeSR (Stem Cell 

Technologies) until neural induction. A modified NGN2 induction protocol (Zhang et al. 

2013) was used to differentiate human iPSCs into excitatory NGN2 neurons(Zhang et al., 

2013). Human iPSCs were dual infected with pTet-O-NGN2-P2A-EGFP and FUW-

M2rtTA lentiviruses for dox-inducible expression and were titered for > 90% infection 

efficiency. On Day -1 iPSCs were singularized using Accutase (Stem Cell Technologies) 

and plated with mTeSR1 media (supplemented with 10 µM Y-27632) on Matrigel at 

400,000 cells per well in a 6-well plate. On Day 0, media exchanged and supplemented 

with Doxycycline (1 µg/ml). On Day 1 and 2, media was replaced with iNPC media 

(DMEM/F12 media (Gibco) supplemented with N2 (Gibco), MEM NEAA (Thermo), 

2mM GlutaMAX, and Pen-Strep) with Doxycycline and Puromycin (2µg/ml). On Day 3, 

media was then replaced with iNi media (Neurobasal media with SM1 (Stem Cell 

Technologies), 2mM GlutaMAX, Pen-Strep, 20 ng/ml BDNF, 20 ng/ml GDNF, and 1 

µg/ml Laminin) with Doxycycline. On day 4, differentiated neurons were singularized 

using Accutase and re-plated at 100,000 cells per well in a 24-well plate in only iNi 

media. Plates were pre-coated with 20 µg/ml Laminin and 67 ug/ml Poly-ornithine 
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(Sigma). Mouse glial cells were plated on top of the differentiated neurons after 24 hours 

at a density of 50,000 cells per well. Half-media changes were carried out every other 

day, and iNi media was supplemented with 2.5 % FBS on Day 9 and onwards. Neurons 

were grown until day 28 post NGN2-induction. 

 

Analysis for the identification of ASD-risk and cellular compartment protein PPI 

networks 

Only proteins identified with two unique peptides were used for analysis. Flow 

cytometry was used to calculate the total GFP in infected neuron samples. If the POI 

sample had less GFP than the luciferase control sample, the factor needed to equalize the 

amount of GFP was applied to the protein abundances of the POI samples. Protein 

abundances were also normalized to the highest total protein count sample for each set of 

biological replicates. Unpaired one-tailed student‘s test was used to determine 

significantly enriched biotinylated proteins in the POI sample using the Log2 abundances 

of the three biological replicates of the POI samples compared to the luciferase control 

samples (p<0.05)(Uezu et al., 2016). Significance B outlier test was used to identify 

significantly biotinylated proteins in the POI sample compared to the luciferase control 

sample using the average abundance and protein abundance ratio between POI and 

luciferase samples (SigB p<0.05). Only proteins that were found to be significant from 

both analyses were included in the PPI network. The protein abundance ratio between the 

luciferase control replicate samples, which were labeled with different TMT labels, was 

considered to be the minimal ratio required for significance. Any protein that did not 
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surpass this ratio was considered to be a false positive, even if statistically significant, 

and not included in the PPI network. 

Synapsin1 puncta analysis in human iPSC-derived neurons    

Synapsin1 stained images were processed and analyzed with ImageJ software. 

The Synapsin1 antibody was co-immunostained with MAP2 to determine dendrites with 

presynaptic puncta. Five biological replicates, which represent five separate neural 

inductions, were used for synaptic analysis.  5-10 neurons per genotype per replicate were 

used. Imaging settings were kept the same between images and synapsin1 images were 

analyzed at the same threshold. Dendrites were traced using ImageJ and the measure tool 

was used to quantify the number and size of the puncta within the traced region. 

 

Cell type/DEG/ASD gene list enrichment analysis 

Human cell type gene expression and ASD DEGs and ASD gene lists were 

obtained from their respective publications(Sanders et al., 2015; Nowakowski et al., 

2017; Yuen et al., 2017; Feliciano et al., 2019; Ruzzo et al., 2019; Velmeshev et al., 

2019; Satterstrom et al., 2020; Wilfert et al., 2021). For the enrichment analysis we used 

the Fisher exact test comparing each gene list with the shared ASD-risk gene PPI network 

in the mouse brain background protein list, which was used for pathway enrichment 

analysis. P-values and ODDs ratios were calculated for each comparison. To account for 

multiple comparisons, Bonferroni correction thresholds were calculated as p = 0.05 

divided by the number of comparisons.  

 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 211   

 

Clinical score analysis 

 Rare variants of individuals diagnosed with ASD were extracted from the 

MSSNG database (research.mss.ng)(Yuen et al., 2017), which has whole genome 

sequences of 4,258 families and 5,102 ASD-affected individuals. Only variants with 

estimated high or medium impact strengths were used for analysis, and variants were 

categorized into three groups (missense variants, splicing variants, and frame 

shift/premature stop codon variants). Adaptive behavior and socialization standard scores 

of affected individuals was extracted from the MSSNG associated Metabase (data-

explorer.mss.ng). Individuals were grouped based on the presence of mutations in the 41 

ASD-risk genes that were clustered into three groups. Individuals that had variants in 

genes between multiple groups were not included in the analysis. Separate analyses were 

carried out between individuals grouped by missense, splicing or frame shift/premature 

stop codon variants. Clinical data was considered as non-parametric and the Kruskal-

Wallis ranked test with post hoc Dunn‘s test was used for comparison between the 

adaptive behavior and socialization standard scores of each group.  

 

4.4 RESULTS 

4.4.1 PPI networks identify differences in signaling between missense variants in ASD 

risk genes 

We hypothesized that PPI networks could be used to study missense variants, 

which are a large and important class of genetic risk factors for ASD that have less 

obvious functional impacts compared to loss-of-function (LoF) variants. Sequencing of 
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ASD individuals have identified many missense variants of unknown significance (VUS) 

and therefore, the biological impact of variants in the majority of risk genes remain 

unknown. Understanding the impact of a variant is important because it provides the 

affected individual and family with a possible causal explanation and, in some cases, it 

could help to assess clinical trajectory or treatments. Missense variants have been 

suggested to impact protein stability and protein-protein interaction networks(Chen et al., 

2020); however, these data were imputed from databases using primarily non-neuronal 

datasets, and were not tested in neurons. We used BioID2 to identify differences in 

severity and pathogenic mechanisms of de novo missense variants identified in 

individuals diagnosed with ASD. Due to the strong link between synaptic functional 

deficits and ASD pathophysiology, we chose two known synaptic genes (TAOK2 which 

is the synapse-specific isoform of TAOK2 and GRIA1) and a less well-characterized risk 

gene with no specific cellular localization (PPP2R5D) (Figure 1A-1C, Table S8, and 

Table S9).  

We used BioID2 to determine the change in the TAOK2β PPI network due to the 

A135P de novo missense variant, which was identified in an individual with ASD. The 

TAOK2A135P PPI network had a reduced number of proteins associated with the 

synaptic compartment, and simultaneously had increased dendritic and ribosomal 

proteins (Figure 1D). The latter changes may be due to the loss of PPI network proteins in 

dendritic spines where TAOK2 localizes, and an increase in dendritic and ribosome 

translation complex protein interactions specific to the TAOK2β A135P (Figure 1E), 

combined with the decreased expression of the A135P mutant. To corroborate the 
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possible synaptic deficits caused by the A135P variant, we performed patch-clamp 

electrophysiology on the isogenic iPSC-derived NGN2-neurons (Figure S1A-

S1C)(Zhang et al., 2013; Deneault et al., 2018, 2019). TAOK2 KO and TAOK2 A135P 

neurons had decreases in frequency and amplitude of spontaneous excitatory post-

synaptic currents (sEPSCs) (Figure 1F and 1G), which coincides with the reduced 

biotinylation of synaptic proteins in neurons expressing the TAOK2 A135P-BioID2 

protein. The lack of change in the intrinsic firing properties or Synapsin1-positive 

punctae density in TAOK2 A135P neurons, as opposed to the TAOK2 KO neurons 

(Figure S1C and S1D), suggest that the shift in interaction and localization for the 

heterozygous A135P line has dissimilar phenotypes compared to the complete loss of 

TAOK2. In fact, TAOK2 A135P neurons displayed increased size of Synapsin1 punctae, 

suggesting possible changes in the synaptic structure (Figure S1C and S1D). Taken 

together, the TAOK2β A135P variant showed significant decreases in synaptic pathway 

protein interactions, demonstrating that changes in PPI networks can be predictive of 

functional deficits. 

We also asked whether PPI networks can distinguish the impact of missense 

variants based on their location within functional domains of a gene. We investigated 

GRIA1 and two de novo missense variants, R208H and A636T(de Ligt et al., 2012; 

Iossifov et al., 2014; Geisheker et al., 2017), located in the extra-cellular ligand binding 

domain and the transmembrane domain, respectively (Fig. 1B). The GRIA1 variants 

showed strong differential effects in their enriched cellular compartments (Figure 1H) 

and the number of shared interacting proteins compared to the wildtype (Figure 1I). 
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GRIA1 R208H had a significant loss of proteins localizing to the AMPA receptor and 

post-synaptic density, which suggests functional changes in synapse function. GRIA1 

A636T had a less severe impact, with small increases in the number of compartment-

specific protein interactions and gains in membrane junction and ER proteins (Figure 1H, 

Table S8, and Table S9), suggesting possible trafficking issues. There were no changes in 

expression between the two variants (Figure S1E). No changes in expression for the 

GluA2 subunit indicated that overall neuron translation of other AMPA receptor subunits 

were unchanged (Figure S1F). To identify functional changes that coincide with the 

changes in PPI networks, we infected mouse cortical neurons with the GRIA1 WT and 

both variants to obtain whole-cell voltage clamp recordings. This revealed a trend 

towards decreased sEPSC frequency in neurons expressing the R208H variant, but not the 

A636T variant (Figure 1J and 1K). Although the A636T mutant had no change in 

sEPSCs, we did observe large sEPSC bursts (Figure 1J), which may be indicative of 

altered trafficking of AMPA receptors through the ER network and longer turnover 

rates(Pick and Ziff, 2018; Schwenk et al., 2019). Together, the stronger loss of 

interactions for R208H compared to A636T coincide with the electrophysiology results, 

demonstrating the potential use of BioID2 PPI networks to streamline identification of 

functional differences in missense variants for receptor proteins.  

Finally, we used BioID2 to test missense variants in the risk gene PPP2R5D, a 

regulatory subunit of phosphatase-2A (Shang et al., 2016). This protein is not known to 

have multiple functional domains or a specific localization; therefore, BioID2 could help 

to first understand where it functions in neurons and then the impact of ASD missense 
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variants. We selected three de novo PPP2R5D variants, P53S, E198K, and E420K, which 

are spread throughout the protein(Houge et al., 2015; Shang et al., 2016). The PPI 

networks for the variants had both common and dissimilar effects (Figure 1C, 1L, and 

S1G), with all three variants reducing interactions with synaptic and dendritic proteins 

enriched in the wildtype PPI network (Figure 1L). This suggests that PPP2R5D has a 

potential role in dendrites and synapses based on PPI network. Additionally, all of the 

variants caused a loss and gain of diverse interactions (Figure S1G), with no change in 

expression levels (Figure S1H). Interestingly, both the E198K and the E420K variants 

gained trans-Golgi compartment proteins (Figure 1L, Table S8 and, Table S9), suggesting 

altered localization. Previous studies have described an overactive AKT pathway caused 

by the PPP2R5D E420K variant(Papke et al., 2021). However, measurement of phospho-

AKT levels in HEK293 cells expressing the variants revealed no difference (Figure S1I), 

suggesting that specific molecular assays may miss functional deficits. To probe the 

E198K and E420K variants further, we infected mouse neurons with Flag-tagged 

PPP2R5D wildtype and variants, and stained for a trans-Gogi apparatus-specific protein, 

GALNT2 (Figure 1M). The Golgi-apparatus of neurons expressing the E198K variant 

was significantly smaller and spread throughout the primary dendrites, which coincides 

with enrichment of apical dendrite and Golgi associated vesicles in its PPI network 

(Figure 1L, 1M, and Table S8 and S9). Neurons expressing the E410K variants showed 

no change in size, however the Golgi-apparatus also spread into the apical dendrites, 

which may be explained by the increased presence trans-Golgi network and vesicle 



PhD Thesis – Nadeem Murtaza; McMaster University – Biochemistry and Biomedical 

Sciences 

 

 216   

 

tethering complex protein in its PPI network (Figure 1L, 1M, and Table S8 and S9). The 

overexpression of PPP2R5D variants had no effect on neuron size (Figure S1J). 

Together, the BioID2 approach revealed dendritic and synaptic localization of 

PPP2R5D, which is lost in multiple missense variants that have their own subtle 

differences. The differences in the PPI network of wildtype proteins and their ASD-

associated variants highlight the utility of the system to screen multiple disease variants 

within a gene. 

 

4.4.2 The 41 ASD-risk gene PPI network map enriches for additional ASD risk genes, 

human disease cell types, and correlates with human behavioral phenotypes from clinical 

datasets 

To further demonstrate the utility of the 41 ASD-risk gene PPI network map 

resource, we used enrichment analysis to determine relevance to human ASD. We found 

a significant enrichment of 112 additional ASD-risk genes (Fisher‘s Exact test p = 

2.69x10
-30

, OR = 3.45), highlighting the strong functional connectivity between ASD-risk 

genes at the protein level (Figure 2A). Along with enrichment of ASD-risk genes from 

the original 41 ASD-risk protein baits, we found that gene lists reported from individual 

sequencing studies were enriched, especially when examining cytoplasmic (non-nuclear) 

proteins (Figure S10A). This suggests strong connectivity of ASD protein signaling 

outside the nucleus. Gene lists with only nuclear proteins were not enriched (Figure 

S10B), providing evidence that there is less interaction between proteins localized to the 

nucleus and those in the cytoplasm. Of the 153 ASD-risk proteins in the network, 69 are 
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interacting with 2 or more ASD bait proteins. Slitrk5, Gria2, Dlg4, Grin2b, and Shank2 

were identified by more than eight of the ASD bait proteins, suggesting a potential central 

role for these genes in ASD pathology. Enrichment of multiple cytoplasmic ASD-risk 

proteins in the PPI network indicates functional connectivity between intracellular 

signaling proteins. 

While the PPI network from 41 ASD-risk genes was generated using human 

genes, it was obtained in a background of mouse cortical neuron and glia co-cultures; 

therefore, it is unknown whether this network map is applicable to human brain cell types 

or differentially expressed genes (DEGs) implicated in ASD pathology. To address this, 

we examined the enrichment of specific cell types based on their single cell RNA-

sequencing profiles(Nowakowski et al., 2017; Velmeshev et al., 2019). We found that the 

41 ASD-risk gene PPI network map strongly enriches for excitatory and inhibitory 

neuron cell types, along with neural progenitor cells, astrocytes and microglia (Figure 

S10C), which have been associated with ASD pathophysiology(Parikshak et al., 2013; 

Willsey et al., 2013; Tang et al., 2014; Velmeshev et al., 2019; Xu et al., 2020). When 

examining the ASD-specific DEGs of different cell types from human post-mortem brain 

samples(Velmeshev et al., 2019), the shared PPI network was enriched for DEGs in layer 

2/3 and 4 neurons, parvalbumin and VIP interneurons, and protoplasmic astrocytes 

(Figure 2B). The enrichment of ASD DEGs of specific cell types highlights the human 

disease relevance of the 41 ASD-risk gene PPI network map.  

Finally, we hypothesized a potential relationship between highly connected genes 

within the 41 ASD-risk gene PPI network map and human ASD behavioral phenotypes. 
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This would link gene clusters to human phenotypes, and provide additional insight into 

the biological basis of ASD. We took the individual PPI networks of the 41 ASD-risk 

genes and identified 3 groups (labeled Group 1, 2 and 3) of highly connected ASD-risk 

genes, using the correlation between their individual PPI networks (Murtaza et al., 2022). 

Groups 1 and 2 showed high connectivity between the ASD-risk genes within each 

group, whereas connectivity was lower in Group 3. To determine if grouping the 41 

ASD-risk genes is correlated with clinical ASD behavioral scores based on shared PPI 

networks, we obtained clinical data of individuals with rare variants in the 41 ASD-risk 

genes from the MSSNG database. The database contained the sequenced genomes of a 

total of 4,258 families and 5,102 ASD-affected individuals at the time of data 

extraction(Yuen et al., 2017). We obtained the adaptive behavior and socialization scores 

from between 112-879 individuals, depending on the availability of scores, who possess 

at least one rare missense/splicing/LoF variant in the 41 ASD-risk genes (data-

explorer.mss.ng). Remarkably, we found that individuals with missense variants in Group 

1 genes had lower adaptive behavior standard scores compared to Groups 2 or 3, 

suggesting that missense variants impact the function of Group 1 genes in regards to 

adaptive behavior (Figure 5C, 5D, and S10D). However, individuals with variants 

impacting mRNA splicing in Groups 1 had significantly higher standard adaptive 

behavior and socialization scores compared to Group 2 or 3 (Figure 5E and 5F). 

Interestingly, the NRXN1 gene that is part of group 2 has been found to have alternative 

splicing in individuals with neuropsychiatric disorders(Flaherty et al., 2019). This 

suggests that splice variants may play a more prominent role in these groups with respect 
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to their effect on adaptive behavior and socialization scores. No significant differences 

were seen between individuals with frame shift or stop gain variants in genes from any 

group (Figure S10E and S10F), possibly due to the lower number of individuals in the 

analyses, or an equally detrimental impact of these variants on all ASD risk genes. The 

differences between Group 1 and Groups 2 or 3 suggest that PPI networks can be used to 

cluster ASD-risk genes, and individuals with variants in those genes. Group 1 genes were 

found to have the largest enrichment of ASD-risk genes (Figure S10G), suggesting that 

the highly interconnected PPI networks and shared pathways for this group of genes may 

be a core driver for the affected clinical phenotypes (Figure S10G). The functional 

grouping of ASD-risk genes highlights the potential of using PPI networks to correlate 

biological function with clinical phenotype. This could lead to a better approach in 

subdividing individuals with ASD and understanding the biological basis of these 

subgroups.  

 

4.5 DISCUSSION 

ASD-associated de novo missense mutations are enriched in hub genes of known 

protein interaction networks(Chen et al., 2018, 2020). However, few studies have used 

proximity-labeling to study the impact of disease-relevant mutations on the PPI network 

of genes associated with neurodevelopmental or neurological disorders(Chou et al., 2018; 

Pintacuda et al., 2021; Tracy et al., 2021). Our BioID2 screen provides functional 

evidence of the impact ASD-associated de novo missense variants have on the PPI 

network of three ASD-risk genes, as examples. PPP2R5D is the regulatory subunit of 
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PP2A, which has been associated with Golgi assembly through the beta subunit (Lowe et 

al., 2000; Schmitz et al., 2010). The impact of PPP2R5D variants on the Golgi apparatus 

morphology and localization highlights a potential novel role of the ASD-risk gene, 

PPP2R5D, and Golgi apparatus function ASD pathology. One caveat to our technique 

was the variability between separate runs that required reduced stringency in our 

comparisons between wildtype and mutant proteins, therefore although possible changes 

in the PPI networks were identified, functional validation is important to filter out 

changes caused by background noise. Time- and resource-intensive studies have also 

investigated multiple variants in single genes in various animal models (Post et al., 2020; 

Meili et al., 2021). Additional bioinformatic approaches have been used to determine the 

pathogenicity of rare missense variants; however, the impact on biological pathways 

remains to be determined(Koire et al., 2021; Wu et al., 2021). Using neuron-specific PPI 

networks allows the use of a relevant cell type, while being able to scale up the screen to 

test multiple single-gene variants in a nonbiased manner and reduced period of time. This 

approach could have potential applications for variants of unknown significance by 

providing important information on the severity of a given genetic variant. 

 The enrichment of an additional 112 ASD risk genes in the shared ASD-risk gene 

PPI network map and the enrichment of the network in ASD-associated cell types further 

emphasizes the interconnectedness of ASD risk proteins. Mid-fetal deep cortical 

projection neurons and superficial cortical glutamatergic neurons are enriched for ASD-

risk genes and are associated with autism pathology(Parikshak et al., 2013; Willsey et al., 

2013). The ASD-shared PPI network was highly enriched for genes expressed in 
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excitatory and inhibitory neurons, and for DEGs in individuals with ASD specific to 

Layers 2/3 excitatory neurons and VIP interneurons. The high connectivity and 

enrichment of ASD-risk genes within the network reflect its relevance to shared pathways 

associated with ASD pathology. Future studies will need to distinguish which ASD PPI 

networks are specific to each cell type, or possible subpopulations, to understand the 

subtle network changes that impact disease mechanisms. 

Of great interest was the ability to group the 41 ASD-risk genes based on their 

PPI network, and the correlation of these groups to clinical scores in adaptive behavior 

and socialization. Although we focused specifically on missense/LoF variants, we found 

that the type of variant in each group of genes influenced the average score of the 

individuals within the group. However, the overall effect size of the analysis was small, 

suggesting that while we identified some differences in ASD-risk genes grouped by their 

BioID PPI network, further BioID of ASD-risk genes or methods to consider the genetic 

background of individuals is required before any strong classification can be made. To 

work through the complexity, it may be important to combine our analysis with other 

methods of categorizing mutations (e.g. gnomAD pLI, Polyphen-2) as higher or lower 

impact(Adzhubei et al., 2010; Lek et al., 2016), which would reduce the number of 

people shared between groups. Based on our findings, we highlight the ability to group 

ASD-risk genes based on their PPIs and correlate the groups to differences in clinical 

scores related to ASD.  
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4.6 CONCLUSION 

In conclusion, our proximity-labeling proteomic method to study the impact of 

ASD-risk genes variants identified in individuals with ASD, reveals an unbiased potential 

method of high-throughput screening at the protein level. Furthermore, the comparison of 

PPI networks to large-scale human clinical and genetic datasets demonstrates a step 

towards grouping ASD individuals and risk genes based on biological evidence. 

Ultimately, the hope is that this approach may translate into a better understanding of 

wide-ranging ASD clinical phenotypes and the development of targeted therapies. 
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Figure 1. De novo missense variants alter the PPI networks of uncharacterized and 

established ASD-risk genes that correspond to functional deficits. (A-C), Diagram of 

TAOK2, GRIA1, and PPP2R5D and location of de novo missense variants. ATD: amino-

terminal domain, LDB: ligand-binding domain, TM: transmembrane domain, CTD: 

carboxy-terminal domain. (D) Dot plot of top 15 cellular compartment gene sets and top 

10 variant-specific gene sets identified in TAOK2 variants (g: Profiler, Benjamini-

Hochberg FDR adj. p<0.05). PM: plasma membrane. Size of dots indicate protein 

number and the color represents the significance. (E) Venn diagram of PPI network 

proteins of TAOK2 WT and A135P. (F) Representative traces of sEPSC recordings of 

DIV21 TAOK2 WT, KO, and A135P human iPSC-derived NGN2 neurons. (G) TAOK2 

KO and A135P neurons show decreased sEPSC frequency (left) and amplitude (right) 
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(ROUT Outlier Test, Q = 0.1%; frequency: One-Way ANOVA, F(2,57) = 11.63, 

p<0.0001, amplitude: One-Way ANOVA, F(2,63) = 4.027, p = 0.0226, post hoc Holm- 

Sidak test; WT = 23, KO = 22, and A135P = 21 neurons from three separate 

transductions). (H) Dot plot of top 15 cellular compartment gene sets and top five variant-

specific gene sets identified in GRIA1 variants (g: Profiler, Benjamini-Hochberg FDR 

adj. p<0.05). (I) Venn diagram of PPI network proteins of GRIA1 WT and variants. (J) 

Representative traces of sEPSC recordings of mouse cortical neurons expressing GRIA1 

or variants. (K) R208H variant shows trend in decrease sEPSC frequency (left) and no 

change in amplitude (right). (ROUT Outlier Test, Q = 0.1%; frequency: One-Way 

ANOVA, F(2,31) = 3.506, p = 0.0424, amplitude: One-Way ANOVA, F(2,33) = 3.147, p 

= 0.0561, post hoc Holm-Sidak test; WT = 14, R208H = 11, and A636T= 11 neurons 

from three separate infections). (L) Dot plot of top 15 cellular compartment gene sets and 

top five variant-specific gene sets identified in PPP2R5D variants (g: Profiler, Benjamini-

Hochberg FDR adj. p<0.05). (M) Representative images of neurons infected with 

PPP2R5D WT and variants show altered Golgi morphology, stained by GALNT2 and 

localization to the dendrite (white arrow) and soma (blue arrow) (right). Inlet shows 

Golgi staining alone. Scale bar is 20µm. Neurons expressing the E198K variant have 

decreased Golgi size, while both the E198K and E420K variants cause mislocalization of 

the Golgi into the dendrite (left). (Average Golgi size: One-Way ANOVA, F(3,76) = 

5.773, p = 0.0013, Dendrite: Soma Golgi ratio: One-Way ANOVA, F(3,76) = 6.095, p = 

0.0009, post hoc Holm-Sidak test; 20 neurons from 5 separate infections per condition). 

Mean ± s.e.m. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2. Shared ASD PPI network map correlates to human brain development 

and disease pathology. (A) Network of ASD-risk genes enriched in the shared ASD-risk 

gene PPI network. Large red nodes represent bait genes, while smaller colored nodes 

represent sharedness of ASD-risk genes between bait genes, between 1 (yellow) and 10 

(blue) shared bait genes (g: Profiler, Benjamini-Hochberg FDR adj. p<0.05). (B) 

Enrichment of ASD differentially expressed genes (DEGs) in specific cell types. 

(Fisher‘s exact test). Dashed lines represent nominal (p = 0.05, left) and Bonferroni 

corrected (p = 0.05/number of cell types, right) significance thresholds.  EN = excitatory 

neurons, IN = inhibitory neurons, RGC = radial glial cells, MGE RGC = medial 

ganglionic eminence, IPC = intermediate progenitor cells, Astro. = astrocyte, OPC = 

oligodendrocyte progenitor cells, Micro. = microglia, Endo. = endothelial cells, CP = 
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choroid plexus cells, C-F = cortico-fugal, C-C = cortico-cortico, PV = parvalbumin, SST 

= somatostatin, VIP = vasoactive intestinal peptide, FB = fibrous, PP = protoplasmic, 

Neu_NRGN = neurogranin-expressing. Light blue bars have nominal p-value 

significance, while dark blue bars have Bonferroni corrected significance. (C) Flow chart 

of clinical data extraction (D) Significant decrease in the average standard scores of 

individuals diagnosed with ASD, who have rare inherited missense mutations in Group 1 

genes compared to Groups 2 and 3 (Non-parametric Kruskal-Wallis test, p = 0.0103, post 

hoc Dunn‘s test, Group 1 = 350, Group 2 = 113, and Group 3 = 416 probands). 

Individuals with splice site mutations in Cluster 1 have significantly higher adaptive 

behavior (E) and socialization standard (F) scores than Cluster 2 and 3 (Non-parametric 

Kruskal-Wallis test, adaptive behavior: p = 0.0036, Group 1 = 32, Group 2 = 9, and 

Group 3 = 72 probands; socialization: p = 0.0021, Group 1 = 32, Group 2 = 9, and Group 

3 = 71 probands; post hoc Dunn‘s test). Box and whisker plot (minimum,1st quartile, 

median, 3rd quartile, maximum). 
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4.7 SUPPLEMENTAL DATA 

 

Figure S1. De novo mutations in TAOK2 caused altered synaptic transmission and 

neuron firing. (A) Representative traces of repetitive firing (top) and current injection 

(bottom). (B) TAOK2 KO neurons have reduced repetitive firing (left) (Two-Way 
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ANOVA, F(2, 693) = 17.6, p<0.0001 between genotypes; WT = 23, KO = 22, A135P = 

21 neurons from 3 separate transductions) increased rheobase (right) (One-Way 

ANOVA, F(2, 63) = 5.229, p = 0.0079; WT = 23, KO = 22, A135P = 21 neurons from 3 

separate transductions). (C) Representative images of TAOK2 WT (+/+), KO, and A135P 

human neurons, stained with MAP2, Synapsin1, and DAPI 21 days after NGN2 

induction. (D) Reduced synapsin1 punctae density and size in TAOK2 KO neurons (left) 

and increased synapsin1 puncta size in TAOK2 A135P neurons (right) (ROUT outlier 

test, Q = 0.1%, One-Way ANOVA, density: F(2,120) = 8.104, p = 0.0005, area:  F(2, 

119) = 8.207, p = 0.0005, post hoc Holm-Sidak test; WT = 55, KO = 35, A135P = 34 

neurons from five separate transductions). (E) Representative western blot of GRIA1 

WT, R208H, and A636T BioID2 constructs expressed in HEK293 cells (left) and 

quantification (right) showing no significant difference (One-sample t-test, WT vs 

R208H: t = 1.008, df = 3, p = 0.3877, WT vs A636T: t = 1.466, df = 3, p = 0.2388; four 

separate transfections). (F) Western blot of GluA2 subunit in DIV16 cortical neurons 

infected with GRIA1 WT, R208H, and A636T-FLAG lentiviral constructs for 4 days (G) 

Venn diagram of PPI network proteins of PPP2R5D WT and variants. (H) Representative 

western blot of PPP2R5D WT, P53S, E198K, and E420K BioID2 constructs expressed in 

HEK293 cells (left) and quantification (right) showing no difference in expression (One-

sample t-test, WT vs P53S: t = 1.185, df = 2, p = 0.3577, WT vs E198K: t = 0.7838, df = 

2, p = 0.5152, WT vs E420K: t = 0.5371, df = 2, p = 0.6449; three separate transfections). 

(I) Representative western blot of p-AKT and AKT in HEK293 cells expressing 

PPP2R5D WT or variant constructs expressed in HEK293 cells (left) and quantification 
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(right) showing no difference in the pAKT/AKT ratio (One-way ANOVA, F(3,8) = 

0.2948, p = 0.8283; three separate transfections). Quantification of western blots in (E), 

(H), and (I) were done with the volume intensity of the Flag-tag band. (J) Neurons 

expressing the PPP2R5D variants show no changes in neuron size (One-Way ANOVA, 

F(3,76) = 0.825, p = 0.484, post hoc Holm-Sidak test; 20 neurons from 5 separate 

infections per condition). Mean ± s.e.m. *p<0.05, **p<0.01, ***p<0.001.  
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Figure S2. Enrichment of ASD risk-genes in the shared ASD PPI network map and 

grouping of clinical phenotypes. (A) Enrichment of full gene list, cytoplasmic gene only 

lists, and nuclear gene only lists from published works and SPARK, in the shared ASD-

risk gene PPI network shown by significance. (Fisher‘s exact test). Dashed lines represent 

nominal (p = 0.05, left) and Bonferroni corrected (p = 0.05/number of cell types, right) 

significance thresholds. (B) ODDs ratio of full gene list, cytoplasmic gene only lists, and 

nuclear gene only lists enriched in the shared ASD-risk gene PPI network. (C) The shared 
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ASD-risk gene PPI network enriches for human neuron cell types (Fisher‘s exact test). 

Dashed lines represent nominal (p = 0.05, left) and Bonferroni corrected (p = 

0.05/number of cell types, right) significance thresholds. EN = excitatory neurons, IN = 

inhibitory neurons, RGC = radial glial cells, MGE RGC = medial ganglionic eminence, 

IPC = intermediate progenitor cells, Astro. = astrocyte, OPC = oligodendrocyte 

progenitor cells, Micro. = microglia, Endo. = endothelial cells, CP = choroid plexus cells, 

C-F = cortico-fugal, C-C = cortico-cortico, PV = parvalbumin, SST = somatostatin, VIP 

= vasoactive intestinal peptide, FB = fibrous, PP = protoplasmic, Neu_NRGN = 

neurogranin-expressing. Light blue bars have nominal p-value significance, while dark 

blue bars have Bonferroni corrected significance.  (D) Individuals with missense 

mutations in Cluster 1, 2 and 3 genes show no significant differences in socialization 

standard scores (Non-parametric Kruskal-Wallis test, p = 0.1765, post-hoc Dunn‘s test; 

Group 1 = 351, Group 2 = 114, and Group 3 = 416 probands). Individuals with frameshift 

or stop gain mutations in Cluster 1, 2 and 3 genes show no significant differences in 

adaptive behavior (E) and socialization standard (F) scores (Non-parametric Kruskal-

Wallis test, adaptive behavior: p = 0.1069, Group 1 =51, Group 2 = 19, and Group 3 = 60 

probands; socialization: p = 0.0803, Group 1 = 51, Group 2 = 19, and Group 3 = 60 

probands; post hoc Dunn‘s test). (G) Number of ASD-risk genes identified in each of the 

41 ASD-risk gene protein-protein interactions. Dashed line represents average expected 

risk genes. Box and whisker plot (minimum, 1st quartile, median, 3rd quartile, 

maximum). *p<0.05, **p<0.01. 
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Tables are available at https://doi.org/10.1101/2022.01.17.476220 

 

Table S8. Comparison of BioID2 PPI networks between ASD-risk genes and their 

variants 

Table S9. BioID2 PPI network enriched pathways of ASD-risk genes and their 

variants 

Table S10. List of sources for 41 ASD-risk genes and cellular compartment genes 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1 Elucidation of TAOK2 function in neurodevelopment and using it to study ASD 

pathology 

 In our first chapter we characterized the role of TAOK2 as a novel ASD-risk gene. 

Prior to our published work, few studies showed the importance of TAOK2 during brain 

development and its potential disruption in ASD (Calderon de Anda et al., 2012; Ultanir 

et al., 2014; Yadav et al., 2017). However, our work was the first to highlight the function 

of TAOK2 in neuron maturation, activity, and connectivity, and show how disruption of 

TAOK2 cause deficits associated with ASD pathophysiology and behaviors. Studies have 

identified significant changes in cortical neurons of individials with ASD (Velmeshev et 

al., 2019; Willsey et al., 2022), which coincided with the increased brain size, decreased 

relative cortex size, and reduced neuron dendrite arborization seen in the Taok2 KO mice. 

In fact, we found that neuron morphological and functional deficits caused by loss of 

Taok2 were localized to the cortex. These gross changes across the brain coincided with 

the ASD-related anxiety and social interaction behaviors demonstrated by the mice, 

which have only been seen in a few genetic mouse models of ASD-risk genes. As 

described in Chapter 1, E/I imbalance is a major hypothesis underlying ASD pathology. 

Here we saw that at the cellular level, loss of TAOK2 caused reduced dendritic spine 

formation and activity in the PFC and somatosensory cortex (SSC), with specific 

excitatory post-synaptic current impairment. However, patch-clamp recordings were only 
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done on the PFC and SSC regions, and changes in the inhibitory neuron inputs may be 

localized to other regions.  

 Prior to our study the genetic risk of TAOK2 for ASD, was solely based on its 

location in the 16p11.2 locus, the most common CNV region associated with ASD 

(Weiss et al., 2008). Through our collaboration with the Scherer lab and their Autism 

Speaks MSSNG project, which has sequenced over 10,000 individuals, multiple genetic 

variants in the TAOK2 gene in individuals with ASD were identified and not published in 

their initial release (Yuen et al., 2017). Furthermore, another study identified two 

additional de novo variants in TAOK2, highlighting the its disruption as a risk for NDDs 

(Deciphering et al., 2016). Our study highlights the use of biological assays to test the 

functional impact of genetic variants, as we found that two out of five functionally tested 

variants had significant functional outcomes. Here we elucidated the impact of two de 

novo mutations, A135P and P1022*. The A135P mutation creates a kinase-dead TAOK2 

that acted as a dominant negative mutant and caused similar deficits as the loss of 

TAOK2. While, the P1022* mutation creates an overactive and unstable form of TAOK2, 

which increased dendritic growth with more complex dendritic spine phenotypes. The 

contrasting effects of these two de novo mutations, underscore the necessity and benefits 

of studying individual mutations, due to the possibility of differing functional impacts. 

However, our investigation into the impact of de novo and rare-inherited variants 

underscores the time and resources required to determine the functional changes caused 

multiple variants. Although we obtained disease-relevant information of how these 

mutations altered TAOK2 function and their potential effect on neuron function and 
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activity, it would not be feasible to use the same methodology to study many genes 

simultaneously. This set the stage for Aim 3 (Chapter 4), which focused on creating a 

method to study multiple ASD-risk genes in a functionally unbiased manner.  

 We also identified novel signaling pathway for TAOK2 not previously observed. 

Disruption of TAOK2 caused deficits in active-RhoA levels in both mouse cortical 

neurons and patient-derived LCLs. RhoA is a GTPase protein involved in regulating F-

actin stability (Sit and Manser, 2011). Aberrant RhoA activity caused altered dendritic 

spine motility in Taok2 KO mice, showcasing a novel signaling pathway regulated by 

TAOK2. Interestingly, KCTD13, another 16p11.2 gene, has been associated with RhoA 

expression, which may highlight potential cross-talk between two genes in the same CNV 

(Lin et al., 2015). We rescued the spine motility deficits by introducing a RhoA activator 

peptide, highlighting the potential for a future therapeutic target for ASD pathologies. 

Together, our investigation into the function of TAOK2 during brain development is an 

example of an in-depth single gene study to unravel the pathology underyling a 

neurodevelopmental disorder, such as ASD. Our study provided a comprehensive 

understanding of TAOK2 that could be used by others in the field to further investigate 

other aspects of neurodevelopment.  

 Since publication, other groups have identified possible links of TAOK2 to novel 

biological pathways, such as endoplasic reticulum function and localization (Nourbakhsh 

et al., 2021). We have also identified novel functions of TAOK2 regards its connection to 

the TCA cycle and mitochondrial cellular respiration, as described in Chapter 3.  This 

shows that TAOK2, while only one ASD-risk gene, can be a model for multiple ASD-
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risk genes that share similar pathophysiology, and could be a potential mouse model to 

test therapeutic targets at the cellular and behavioral level.  

 

5.2 Identification of shared ASD-risk gene PPI network and convergent pathways 

between ASD-risk genes using proximity-labeling proteomics 

As described in Chapter 1, many signaling pathways and biological processes are 

involved in the neuropathology of ASD. The large number of ASD-risk genes identified 

in the last decade fall within these broad categories, yet how they work together is not 

fully understood. We addressed this gap in knowledge using proximity-labeling 

proteomics, which can be used to identify the proteins that interact directly or are in close 

proximity to a POI.  

Proximity-labeling proteomics has primarily been used in cell lines to study the 

interaction networks of proteins, with many studies focusing on identifying the protein 

composition of specific complexes, organelles, or cellular compartments (Markmiller et 

al., 2018; Youn et al., 2018; Fazal et al., 2019; Antonicka et al., 2020; Go et al., 2021). 

Few studies have used proximity-labeling in relevant brain cell-types, and those that 

have, only identified the PPI networks of a few proteins (Loh et al., 2016; Uezu et al., 

2016; Chung et al., 2017; Spence et al., 2019; Hamdan et al., 2020; Takano et al., 2020). 

Importantly, we showed that while BioID of ASD-risk genes in HEK293 cells will 

identify a PPI network, neuron specific proteins and enriched pathways will not be 

identified. Therefore, to determine the PPI network relevant to a disease, cell types 

associated with the disease should be used, which in our case was cortical neurons.  
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Our work was the first to screen many ASD-risk genes through proximity-based 

biotin labeling proteomics in neurons. It utilized the least number of cells and protein 

compared to previous studies, and used multiplex isobaric-tag labeling to allow direct 

comparison in abundance of biotinylated proteins between samples (Loh et al., 2016). We 

identified the PPI networks of 41 ASD-risk genes, which had a range of known and 

unknown functions, including protein modification (ubiquitination and phosphorylation), 

synaptic scaffolding and transmission, cell adhesion, and cytoskeleton organization. A 

major part of this aim was to create a database of PPI networks identified in neurons for 

ASD-risk genes, which can even be applied to other NDDs because of the overlap of risk 

genes. This database will provide other researchers with a novel starting point when 

studying a specific ASD-risk gene and our system was designed to be easily reproduced 

in labs that are not specialized in proteomics. 

Our system showed variability between the size of PPI networks between ASD-

risk genes, which could be due to biological differences. However, these differences are 

likely due to the lack of gene-specific optimization. The large number of ASD-risk genes 

used in this study prevented true optimization for each gene and using gene specific 

controls was infeasible with the resources we had. Another caveat of BioID is that it 

cannot distinguish between direct interactions and proteins within close proximity of the 

POI. However, the importance of close proximity proteins should not be ignored. We 

were able to show through metabolic seahorse assays and immunofluorescence staining 

that less strongly enriched pathways in the PPI networks of ASD-risk genes do have 

strong impacts on neuronal processes (Chapter 2) and organelle morphology (Chapter 3).  
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Nonetheless, our identification of convergent pathways enriched in the shared PPI 

network, included known ASD-associated pathways, such as synaptic transmission 

pathways, WNT signaling, MAPK signaling and potassium channel activity. Most studies 

have focused on studying deficits in synaptic transmission in regards to ASD 

pathophysiology, therefore we focused on mitochondria and metabolism related 

pathways. Mitochondrial function and metabolism have been associated with multiple 

neurodevelopmental disorders and ASD; however, these were not directly tied to any 

ASD-risk genes (Cheng et al., 2017; Frye, 2020). In fact, mitochondrial genes are 

minimally identified through sequencing studies and are not strongly associated with 

ASD. The identification of TCA cycle and ETC proteins as part of the PPI network of 28 

out 41 ASD-risk genes, which were not previously associated with these pathways was 

unexpected and highlight the potential novel function that these genes have on cell 

metabolism. Future studies should focus on determining the potential role of other ASD-

risk genes on mitochondrial function and metabolism. The study of these pathways opens 

up new potential avenues for treatments through modulation of metabolic processes or 

mitochondrial activity through the use of natural metabolites at important periods during 

development (Neal et al., 2008). 

 

5.3 Proximity-labeling proteomics as a screening method to study the functional 

impact of genetic variants associated with ASD 

The significant enrichment of de novo mutations in ASD-risk genes and their 

large effect on predicted interactions, highlight the importance of investigating the impact 
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of genetic variants on PPIs (Chen et al., 2018). We found that through proximity-labeling 

proteomics, we could identify significant changes in the PPI network of mutant TAOK2, 

GRIA1, and PPP2R5D proteins, that coincided with measurable functional changes. The 

benefit of using BioID was that it did not focus on any one type of assay. For example, in 

Chapter 2, we overexpressed the TAOK2 mutant proteins in HEK293 cells to measure 

protein levels, simultaneously with the JNK protein to measure the phosphorylation 

capabilities, and used in utero electroporation to study the effect of the TAOK2 mutants 

on neuron dendritic arborization and dendritic spine formation. Although we observed 

many deficits caused by the de novo mutations, we could only identify changes in the 

assays we performed and with two completely unknown variants. Proximity-labeling 

provided a starting point to streamline functional assays and prioritize the variants that 

are most likely to disruption protein interactions.  

ASD-risk genes have long been hypothesized to function in convergent pathways, 

however this has not been directly shown at the protein interaction level. Most studies 

focus on co-expression modules and have found regulation of ASD-risk genes by 

transcription factors or chromatin remodeling proteins (Rylaarsdam and Guemez-

Gamboa, 2019). Our study found that ASD-risk genes are enriched in the shared PPI 

network of 41 ASD-risk genes, more than expected even in a brain-specific protein 

background. This highlights the functional associations of ASD-risk genes at the protein 

level, especially between neural communication and cytoskeleton organization proteins. 

The complex clinical phenotypes exhibited by individuals with ASD, has made it 

difficult to reliably diagnose or group specific individuals based on their clinical 
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symptoms. Many studies have attempted to correlate genetic mutations and altered 

molecular pathways to complex clinical phenotypes (Bruining et al., 2014; Cederquist et 

al., 2020; Warrier et al., 2022). These correlations are easier in smaller, less complex 

organisms (Wong et al., 2019; Post et al., 2020). In Chapter 4, we showed that BioID of 

ASD-risk genes has the potential to group these genes based on the shared PPI networks, 

and also group individuals that have mutations in these genes. These grouped individuals 

showed significant differences in adaptive behavior and socialization test scores, which 

were found to depend on the type of mutation they possessed, such as exonic missense 

mutations, splice site mutations, or LoF frameshift/premature stop codon mutations. 

Although our effect size was small, with BioID of more ASD-risk genes, larger datasets, 

and analysis tools that can control for the presence of multiple genetic variants in the 

same individuals, we could potentially identify distinct categories of ASD based on the 

association of ASD-risk genes. Grouping ASD-risk genes based on their protein 

interactions shows potential in identifying subsets of ASD, which currently do not exist 

and has created difficulties in studying the heterogeneous disorder. 

 

5.4 Future studies using proximity-label proteomics to elucidate disease-relevant 

mechanisms 

Future studies that utilize proximity-labeling to study ASD or other NDD risk 

genes should focus on using human iPSCs to better recapitulate and identify human 

disease-relevant PPI networks. Although we found similar phenotypes in TAOK2 KO 

mouse and human neurons, this may not be the case for other genes. As mentioned, in 
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Chapter 1, mouse brain development has many significant differences compared to 

human brain development. 

Our system identified the PPI network at a very specific time point in mouse 

cortical neurons, and will only reflect the function of the protein at those time points. 

During neurodevelopment, the function and importance of proteins change quickly. With 

technologies such as the Tet-On doxycycline inducible system, and cell-type specific 

promoters, PPI networks of genes can be identified in a spatial and temporally regulated 

manner (Das et al., 2016). Our study focused on identifying the PPI network of ASD-risk 

genes in neurons, however multiple other cells types have been associated with ASD, 

including astrocytes and microglia (Velmeshev et al., 2019). 

Furthermore, newer versions of BioID, such as TurboID and Split-TurboID, can 

be used to identify PPI networks after neural stimulation to study how the PPI network of 

proteins change due to neural activity (Branon et al., 2018; Cho et al., 2020).  Spit-

TurboID can be used to study the interactions between cells, organelles, and even 

complexes. Split-TurboID requires the fusing of the two parts of the TurboID protein to 

function and can be used to identify proteins under specific circumstances, such as 

interaction between different brain cell types or at synaptic connections, which are altered 

in ASD. This system was recently used in vivo to identify the proteins involved at sites of 

contact between astrocytes and neurons (Takano et al., 2020). 

Furthermore, overexpression of the BioID constructs may affect the health of the 

cell and introduce artifacts due to the overabundance of the protein. CRISPR/Cas9 editing 

techniques can be used to fuse the BioID proteins to genes endogenously, so the 
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expression is kept at levels typical for the cell. This was recently accomplished in a paper 

that studied the function of Tau in human iPSC-derived neurons, which also identified 

novel interactions of Tau with mitochondrial proteins (Tracy et al., 2022). 

Future studies could use this system to identify changes in the protein 

composition of distinct compartments or PPI networks of important proteins in patient 

iPSC-derived neurons. For example, using the BioID to determine changes in the PPI 

network of PSD95 could elucidate differences in the synaptic compartment of idiopathic 

ASD cases, which have no specific genetic cause and make up the majority of ASD 

cases. Human iPSCs present a useful tool that can be combined with proximity-labeling 

proteomics to study disease relevant mechanisms. 

 

5.5 Using 3D human stem cell derived organoids to study ASD pathophysiology 

 Future studies using single gene knockout or mutant models or discovery-based 

―omics‖ techniques should focus on using 3D human stem cell derived organoids to study 

disease relevant pathophysiology. Although we used human iPSCs to study the deficits 

caused by mutation or knockout of TAOK2, these neurons were directly differentiated 

from iPSCs using NGN2 and did not go through the NPC stage or have the type 

organization seen in a human brain (Hulme et al., 2022). Brain organoids recapitulate the 

developmental trajectories and organizations of brain, and exhibit cortical layer and cross 

region connectivity, although at a very simplistic level (Lancaster et al., 2013; Birey et 

al., 2017; Kelley and Pașca, 2022). Multiple region specific organoid generation 

protocols exist, including for the cerebral cortex, striatum, hippocampus, thalamus, 
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hypothalamus, midbrain, and cerebellum (Paşca et al., 2011; Lancaster et al., 2013; 

Kelley and Pașca, 2022). Recent studies have also studied connectivity between brain 

regions through fusions of dorsal-ventral, thalamo-cortical, cortico-striatal, hypothalamic-

pituitary, and cortico-spinal-muscle organoids (Birey et al., 2017; Kelley and Pașca, 

2022). They have been used to study multiple NDD models related to ASD (Timothy 

syndrome, 22q11.2, 16p11.2), and therefore future studies for TAOK2 should focus on 

using brain organoids to determine if the disease pathologies we saw in the mouse model 

is also seen in human cell types (Khan et al., 2020; Urresti et al., 2021; Birey et al., 

2022). The ability to study multiple cell-types and different time points during organoid 

development in a human background, combined with CRISPR/Cas-editing technologies 

and proximity-labeling proteomics, will reveal new avenues to study ASD-risk genes and 

signaling pathways associated with NDDs in human cell types that were previously not 

possible.  

 

5.6 Significance 

My thesis project characterized a novel ASD-risk gene, TAOK2, through the use 

of mouse and human models and investigation of the impact of patient mutations, 

highlighting the importance of single gene studies to elucidate disease-relevant 

pathophysiology. However, the advancements in DNA sequencing have created a bottle 

neck in the ability to study all ASD-risk genes. Proximity-labeling proteomics, which is a 

discovery-based technique, offered a method to identify convergent pathways and 

mechanisms of multiple ASD-risk genes and study the impact of patient mutations in a 
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less biased manner. A major issue in the ASD research field is the ability to categorize 

and group individuals with the disorder, our system was able to group individuals based 

on the ASD-risk gene interactions, and showed that ASD-risk genes do function in shared 

protein networks and pathways. Our work will aid in identifying therapeutic targets that 

can rescue the deficits caused by multiple ASD-risk genes, as well as provide a method to 

categorize the vast number of ASD-risk genes based on functional data to complement 

current diagnostic tools.  
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