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Preface 

The contents of this thesis are my own original work. The biological models as well as 

experiments were designed by me in consultation with Dr. Ramy Malty. Most of the 

measurements described in Chapter 2 were conducted by me, with some of the more 

technical aspects handled by other experts in the lab: Dr. Zoran Minic processed the mass 

spectrometry (MS) samples, Ms. Sadhna Phanse performed the initial processing of raw 

MS data, Mr. Qingzhou (Johnson) Zhang wrote the codes for the bioinformatics pipeline 

used for filtering, scoring and generating the protein-protein interaction (PPI) network as 

well as the enrichment analysis, and Dr. Taha Moutaoufik ran the molecular docking 

simulation that were used to identify interaction residues on the select set of interacting 

protein pairs. Some antibodies used in this study were obtained from Dr. Snyder at the 

Stanford University (USA), while the mouse brain samples were from Dr. Buttigieg at the 

University of Regina.  

 An analogous method for generating comprehensive PPI networks as the method 

used in this thesis has been published in our lab's paper by Malty et al. (2017), in which I 

was a co-author. 

 A version of this study will be prepared in manuscript format to be published. 
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Abstract 

Autism spectrum disorder (ASD), a complex neurodevelopmental disorder that affects 

brain development, social and communication skills in children and adults, poses a 

tremendous burden on caregivers and the healthcare system. Although advances in 

genetics has enabled the discovery of hundreds of ASD-associated genes, the biological 

context of how these ASD-linked risk genes contribute to the pathophysiology of the 

disorder remains unclear. The study of protein-protein interactions (PPI) offers a valuable 

framework for elucidating this biological context, so far only few human proteomics 

studies were targeted to ASD. Many cell-context-dependent human ASD interactions 

involved in neuronal processes are unknown. This study addresses this gap by 

systematically. Fourty six literature-validated ASD-linked proteins expressed in 

differentiated SH-SY5Y cells were studied using immunoprecipitation coupled with mass 

spectrometry (IP/MS) to generate a high-quality PPI network, outlining the organization 

of individual co-purified proteins in multiprotein complexes.  

 Enrichment analysis confirmed the disease relevance of the PPI network and 

revealed significant enrichment for genes involved in gene expression, cellular transport 

and mitochondrial (mt) processes. From the high-confidence PPI network, two previously 

unreported interacting protein pairs of interest (i.e. FMRP-TWNK and DYRK1A-

TRMT61B) linking mitochondria with ASD were selected for further characterization. 

Co-purifying proteins were validated experimentally by co-immunoprecipitation. 

Knockouts of the interacting protein pairs of interest were generated, with knockout 

efficacy confirmed by immunoblotting. The interaction between the ASD-linked fragile X 

mental retardation protein (FMRP) and the mt twinkle DNA helicase (TWNK) were 
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found to play a role in maintaining mtDNA integrity. As well, a functional role between 

the dual-specificity tyrosine-phosphorylation regulated kinase (DYRK1A) and the mt 

tRNA methyltransferase 61B (TRMT61B) in tRNA methylation were established.  

 While additional work is needed to dissect the molecular mechanisms of these 

interactions, the findings from this study offers support to the validity of the molecular 

models that were proposed. In conclusion, through this Master’s thesis, I was able to 

demonstrate that the ASD-linked PPI network generated by IP/MS can offer a powerful 

means for discovering new ASD links and providing future directions for understanding 

the role of mt in ASD biology.  
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CHAPTER 1: INTRODUCTION 

1.1 Autism spectrum disorder (ASD) and demographics of ASD 

ASD encompasses a heterogeneous group of neurodevelopmental disorders that affect the 

development of social interactions and communication skills from childhood to adulthood 

(LaGasse, 2017). In addition to the core autistic features such as deficits in social 

interaction and highly restricted behaviors, individuals with ASD are often affected by 

intellectual and language impairments (McPartland et al., 2012). These includes Asperger 

syndrome, childhood disintegrative disorder, and pervasive development disorder 

(McPartland et al., 2012). In general, ASD can be classified as either idiopathic or 

syndromic (Caglayan, 2010), where the majority of ASD cases are considered idiopathic 

given the lack of clear genetic causes (Sakai et al., 2011). In contrast, disorders such as 

fragile X syndrome (FXS) caused by a mutation in the gene encoding the ribonucleic acid 

(RNA)-binding fragile X mental retardation protein (FMRP) involved in the translational 

regulation and transport of its targeted messenger RNA (mRNAs) (Liu et al., 2018) 

exhibit autistic phenotype and have known genetic etiology, and are therefore considered 

to be syndromic.  

 The prevalence of ASD has been estimated at 1 in 59 individuals, more than 

doubling the 1 in 150 rate in 2000 (Baio, 2018). ASD occurs more frequently in boys 

than in girls, with a male-to-female ratio of 3:1 (Loomes et al., 2017). Individuals with 

ASD commonly have intellectual disability (35%), impaired language learning (50%), or 

epilepsy (5-15%) (Geschwind and State, 2015). Currently, no study  has identified a clear 

disease molecular mechanism or suggest an effective targeted therapy, making ASD a 

life-long condition with few treatment options. ASD pose a heavy burden on both 
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caregivers and healthcare system. Thus, there is an increasingly urgent need to further our 

understanding of the underlying cause of ASD to develop effective therapies. 

1.1.1 Relationship between mitochondria and ASD 

Mitochondria (mt) are key cellular organelles that generate adenosine triphosphate (ATP), 

the primary energy carrier in most cells, from adenosine diphosphate (ADP) by oxidizing 

glucose and fatty acids (Haas et al., 2007). Mitochondria reside in nearly all eukaryotic 

cells and they vary considerably depending on the organism, cell type, and physiological 

conditions (Alberts et al., 2002). Due to the high energy demand of the central nervous 

system (CNS), dysfunction in mt can cause or contribute to a number of 

neurodegenerative disorders such as Parkinson’s (Huang et al., 2016), Alzheimer’s 

(Hwang, 2013) and Huntington’s disease (Kumar and Ratan, 2016). In 1998 Lombard 

proposed that ASD may be a disorder of impaired mt function (Lombard, 1998), and over 

the past decade, evidence has shown that ASD can be characterized by certain 

physiological abnormalities, including signs of mt dysfunction.  

 Rossignol and Frye (2012) observed that over 30% of children with ASD exhibit 

biomarkers indicative of abnormal mt function, suggesting that a relatively high 

percentage of individuals with ASD might harbor some degree of mt dysfunction. 

Biomarkers of mt dysfunction and increased oxidative stress have also been associated 

with autistic behaviors (Ghezzo et al., 2013). Studies examining oxidative stress in post-

mortem brain samples obtained from individuals with ASD revealed that in comparison 

to healthy control individuals, the post-mortem brain samples from ASD patients 

exhibited decreased levels of glutathione (GSH), a major cellular antioxidant that protects 

against the toxic effects of oxidative stress produced as the by-product of ATP generation 
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inside mt (Chauhan et al., 2011; Rose et al., 2012; Tang et al., 2013). In addition to GSH 

deficiency, increased oxidative damage to important cellular building blocks such as 

proteins (Palmieri et al., 2010), lipids (Chauhan et al., 2011) and deoxyribonucleic acid 

(DNA) (Tang et al., 2013) have also been reported in post-mortem ASD brain samples. 

Perhaps the most interesting of these cases is the significant increase in lipofuscin, a 

marker for lipid oxidization, in 3 language areas of the brain—Brodmann area (BA) 22, 

39, and 44, that has been reported in autism group compared to controls (López-Hurtado 

et al., 2008).  

1.1.1.1 Electron transport chain (ETC) and ASD 

Before proceeding further with the analysis of the link between mt and ASD, it is 

important to have an overview of ETC and how this central mt function overlaps with the 

biochemical abnormalities associated with ASD.  

 The ETC refers to a series of protein complexes (I through IV) that are embedded 

into the inner mt membrane (Figure 1.1A). The ETC serves as the primary source of 

adenosine triphosphate (ATP) production via the process of oxidative phosphorylation 

(OXPHOS) (17), where the electrons enter the ETC via oxidation of electron carriers 

such as NADH and FADH2, and shuttled to complex IV by ubiquinone (also known as 

coenzyme Q10) and cytochrome c (Figure 1.1B). Complex IV then catalyzes the 

reduction of oxygen to water, and in this process of electron shuttling, complexes I, III, 

and IV creates a proton gradient across the inner mt membrane (Figure 1.1B).  

 The potential energy stored in the proton gradient will subsequently be utilized by 

the ATP synthase (complex V) to generate ATP from adenosine diphosphate (ADP) and 

inorganic phosphate (Cooper, 2000); however, as the side-effect of electron shuttling, 
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ETC can generate reactive oxygen species (ROS), including hydrogen peroxide (H2O2) 

and superoxide anion (O2
-
) (Liu et al., 2002; St-Pierre et al., 2002). As mentioned in 

section 1.1.1, ROS results in increased levels of oxidative stress in key regions of the 

brain in individuals with ASD, and is capable of mediating oxidative damage to many 

cellular components such as lipids, proteins, and nucleic acids. 
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Figure 1.1: A schematic of the electron transport chain(ETC) in mt  

(A) The structure of a mitochondrion is composed of an outer membrane and an inner 

membrane that is separated by an intermembrane space. The cytosol of the inner 

membrane is referred as matrix, which houses the ribosomes (green) and mtDNA (blue). 

The cristae is formed by the folding of the inner membrane into the matrix. The outer 

membrane is highly permeable to ions and small molecules such as ATP, while the inner 

membrane is only selectively permeable and functions as the primary site of intracellular 

energy generation via the electron transport chain.  

(B) The black arrows denote the flow of electrons in the ETC. Note that the ETC contains 

several redox centres that may leak electrons to oxygen. This unpaired electron makes 

oxygen free radicals highly reactive and thereby able to damage key cellular components 

such as DNA. 

ADP, adenosine diphosphate; ATP, adenosine triphosphate; CQ, co-enzyme Q; Cyt C, 

cytochrome c; FAD, flavin adenine dinucleotide; FADH2, reduced FAD; H, hydrogen; I, 

complex I; II, complex II; III, complex III; IV, complex IV; V, complex V. 

  

  



7 

 Elevated levels of ROS has been observed in cells with impaired ETC activity and 

mitochondrial DNA (mtDNA) damage (Indo et al., 2007). A number of studies have 

reported abnormalities in ETC functioning in the brain of children with ASD. One study 

reported significantly lower ETC complex activities in frontal and temporal cortex of the 

autism children compared to healthy controls (Chauhan et al., 2011). Another study 

reported a reduction of complex I activity by 31% and complex V by 36% in the frontal 

cortex in the autism group (Gu et al., 2013). In a study examining temporal lobe brain 

samples (BA 21), researchers found decreased ETC complex activities (complexes I and 

V) in the ASD group (Tang et al., 2013). In addition, decreased mt gene expression for 

ETC complexes was found in the brain tissue from individuals with ASD compared to 

controls (Ginsberg et al., 2012). Finally, Chauhan et al. (2011) reported that brain tissue 

markers of oxidative stress were observed along with reduced ETC complex activities in 

the autism group. Collectively, these observations provide support for the role of mt 

dysfunction in ASD. 

1.1.1.2 Mitochondrial DNA (mtDNA) and ASD 

Moderate amount of ROS is required for physiological functions such as cell signaling 

and pathogen defense, while excess ROS is toxic to the cell (Cadet and Wagner, 2013). 

Excess endogenous production of ROS can result in oxidative damage to a variety 

cellular components including mtDNA (Lagouge and Larsson, 2013). It has suggested 

mtDNA is particularly vulnerable to oxidative lesions due to its proximity to the primary 

site of endogenous ROS generation (Shigenaga et al., 1994). ROS-mediated oxidative 

stress can damage mtDNA by modified nitrogenous bases, sugar radicals, strand breaks, 

and DNA-protein crosslinks (Cadet and Wagner, 2013). There are protective mechanisms 
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inside mt against oxidative stress, such as antioxidants like GSH as well as highly 

efficient ROS scavenging enzymes. The highly reactive O2
-
 is first reduced to the less 

toxic H2O2 by the superoxide dismutase (SOD) family of enzymes. H2O2 can then be 

detoxified into water and oxygen by peroxiredoxins (PRDX 2, 4, 5, and 6) antioxidant 

system (Malty et al., 2017). Of these, the manganese-based SOD2 appears to be the 

primary isoform that is found inside mt (Fukai and Ushio-Fukai, 2011). Given the 

importance of ROS scavenging enzymes, it is interesting that in a study by Tang et al 

(2013), there was a decrease in SOD2 activity in brain samples from the ASD group. 

 Before proceeding further with the analysis of the link between mtDNA and ASD, 

it is important to have a basic overview of mtDNA. The human mtDNA is double-

stranded and circular piece of DNA approximately 16.5 kilobases long. On average each 

mitochondrion contains anywhere from 2 to 10 copies of mtDNA (Muftuoglu et al., 

2014). This compact genome encodes 2 ribosomal RNAs (rRNA), 22 transfer RNAs 

(tRNA) and 13 protein subunits that forms the four out of five ETC complexes 

(Muftuoglu et al., 2014). Unlike nuclear DNA, mtDNA replication occurs independent of 

both cellular division and mt proliferation. The total number of mtDNA copies per cell is 

still maintained within a certain physiological range (Lee and Wei, 2005). Initiation of 

mtDNA replication begins with the synthesis of a short strand of RNA-DNA hybrid 

molecule, which primes the RNA-dependent DNA polymerase γ for transcription 

(Falkenberg et al., 2007) with extensive tracts of RNA-DNA hybrid have been reported in 

the mtDNA replication intermediate (Pohjoismäki et al., 2010). The copy number of 

mtDNA per cell can be modulated based on the cell’s energetic requirements as well as 
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the nuclear-encoded mitochondrial transcription factor A (TFAM), which can bind to 

mtDNA to regulate replication and transcription (Leigh-Brown et al., 2010).  

 It has been suggested that mtDNA copy number may be part of a physiological 

response to oxidative stress (Barrientos et al., 1997), and a recent study conclusively 

identified the number of mtDNA copies to be reduced in ASD subjects compared with 

that in healthy controls (Valiente-Pallejà et al., 2018). Other studies suggests that 

increased oxidation of mtDNA to be present in the brain tissue of individuals with ASD. 

In one study, 8-oxo-deoxyguanosine, an oxidized derivative of the DNA base 

deoxyguanosine, was found to be elevated in the temporal lobe of the autism group (Tang 

et al., 2013). Another study examining the cerebellum found the levels of 8-

hydroxydeoxyguanosine to be 63% higher in the autism group than control (Sajdel-

Sulkowska et al., 2009). And finally, a 2012 study not only reported significant elevations 

in 8-oxo-deoxyguanosine in the cerebellum and BA22 (superior temporal lobe) in the 

autism group, but also found DNA damage to significantly correlate with the GSH levels 

(Rose et al., 2012).  

1.2 ASD etiology 

1.2.1 Decoding the genetics of ASD 

ASD is strongly influenced by genetics (Yoo, 2015). There is a 25-fold increase in the 

prevalence of autism in the siblings of autistic children compared with the general 

population (Abrahams and Geschwind, 2008). It is currently believed that genetic 

variations account for over 50% of risk of developing ASD (De Rubeis and Buxbaum, 

2015). No single gene can account for ASD; instead, multiple genes are involved. 
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Extensive genome-wide mutational screens have identified many ASD-linked genes, and 

documented in databases such as the Simons Foundation Autism Research Initiative 

(SFARI) gene database (Abrahams et al., 2013). Accounting for the SFARI genes, 

including genes affected by ASD-associated copy number variants, common variants, and 

de novo mutations (Greene et al., 2015; Iossifov et al., 2012, 2014; Krishnan et al., 2016; 

Li et al., 2015), there are approximately 790 autism susceptibility genes identified. 

Extreme locus heterogeneity plays a pivotal role in ASD etiology (Ma et al., 2007). While 

many gene mutations contribute to the disorder, the contribution of individual gene 

mutation tends to be minor, with most genes accounting for less than 1% of cases of ASD 

(Persico and Napolioni, 2013). Of the many genes linked to ASD, some have been well-

studied, such as the Fragile X Mental Retardation 1 (FMR1), a RNA-binding protein 

involved in syndromic ASD that plays an important role in regulating neuronal gene 

expression (Fernandez and Scherer, 2017), and the dual-specificity tyrosine 

phosphorylation-regulated kinase (DYRK1A), a proline-directed kinase involved in 

idiopathic ASD that plays a role in the regulation of brain development (Corominas et al., 

2014). However, many of the ASD-linked genes remain poorly annotated, with 

potentially as many as one-third having no known function (McKay et al., 2015). 

Advances in genetics have given researchers a starting point by providing a part list of 

ASD risk genes, but to advance to the next step, it is critical to understand the biological 

context of these genes.  

1.2.2 Elucidating protein-protein interaction (PPI) network for ASD-risk factors  

N network biology has emerged as a major tool in the exploration of the molecular basis 

of human health and disease (Basso et al., 2004; Da Cruz and Martinou, 2008; Jiang and 
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Wang, 2012; Kim et al., 2006). Macromolecular protein assemblies (hereby referred as 

“complexes”) are the direct mediators of most cellular functions (Westermarck et al., 

2013). Therefore, the systematic elucidation of protein-protein interactions (PPIs) and 

subunit composition of these complexes provides a powerful means for studying the 

pathophysiology of complex diseases (Havugimana et al., 2012; Sahni et al., 2015). For 

instance, protein complexes can be thought of as functional modules of the cell, where a 

group of proteins interact with one another in a concerted fashion to accomplish a 

specific cellular function (Boyanova et al., 2014). While different sets of seemingly 

unconnected gene mutations can be observed across patients, the products of these genes 

may in fact converge onto few highly connected functional modules. This shared 

functionality can helps us to identify the underlying bioprocess essential for mediating 

ASD state, thereby helping us to narrow down the potential drug targets for translational 

clinical applications.  

 In addition to functional modules, a PPI network offers additional features for 

analysis. For example, one can focus on the overall network properties (e.g., topology of 

interactions), or examine individual proteins and their role in the network. Given the 

number of genes involved in ASD, many protein functions remain unknown and need to 

be elucidated. Therefore, in addition to studying network properties, it is important to 

analyze the role of individual proteins within the network. This analysis can be performed 

based on guilt-by-association (Lee et al., 2011; Piovesan et al., 2015), with the 

assumption that whenever a protein interacts with other well annotated proteins, it is 

likely to be part of the same biological process. 
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 The construction of large-scale human PPI network was traditionally conducted 

by examining pair-wise interactions identified through several experimental means, 

including the yeast-two hybrid (Sokolina et al., 2017; Yao et al., 2017) and biochemical 

fractionation coupled with mass spectrometry (MS) (Havugimana et al., 2012; Wan et al., 

2015). Affinity-purification (AP) using the tag-based approach or immunoprecipitation 

(IP) using the protein-specific antibody (Ab) coupled with MS (Floyd et al., 2016; Hein 

et al., 2015; Huttlin et al., 2015; Malty et al., 2017) has become the method of choice in 

purifying a single protein at a time. These methods especially are well-suited to identify 

and characterize transiently or stably interacting proteins. The recent successful 

purification of the mt proteins using a lentivirus and cell culture-based AP/MS framework 

appears to be a promising approach to isolate stable protein complexes (Floyd et al., 

2016; Malty et al., 2017). This flexible and robust AP/MS procedure allows the tagged 

proteins to be expressed at a level similar to the native physiological state and then 

purified several fold via a two-step enrichment procedure. AP/MS relies on the creation 

of proteins fused with affinity tags, and the tagging process becomes more tedious and 

time consuming with increasing number of proteins. This drawback makes IP/MS an 

alternative option. IP/MS have been extensively used in purifying mammalian protein 

complexes, such as in one of the most recent efforts to map the ASD-specific human PPI 

network in neuronal-like cells (Li et al., 2015). In comparison to the previous proteomic 

screens (Floyd et al., 2016; Havugimana et al., 2012; Hein et al., 2015; Huttlin et al., 

2015; Malty et al., 2017), the IP/MS approach used in this recent study examined ASD in 

a more biologically relevant context (i.e. neuronal cell culture), and successfully in 

uncovered novel ASD-linked genes. The small number of targeted ASD-linked proteins 
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in the study limited the coverage of the human ASD PPI network , but the initial data 

appears promising. If properly expanded upon, such human ASD PPI networks can offer 

the key information to elucidating many cell-context-dependent human ASD interactions 

involved in neuronal processes, thus advancing our understanding of ASD.  

 In this master's thesis, the objectives were to: 1) Systematically purify 64 core 

ASD-linked proteins expressed in differentiated SH-SY5Y neuronal cells of a human 

neuroblastoma cell line, with validated protein-specific antibodies using IP/MS to 

generate a high-quality PPI network. 2) From the ASD-linked PPI network, select and 

characterize the physiological and ASD relevance of 2 select set of high-priority PPIs in 

cellular models to identify new links involved in ASD. The achievement of these two 

aims will help create health-related knowledge based on the elucidation of new PPIs that 

provide key insights into ASD biology and pathophysiology, enabling fundamental 

discoveries and new therapeutic targets. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell culture and differentiation 

SH-SY5Y cells (ECACC, Sigma-Aldrich) was cultured in Dulbecco's Modified Eagle's 

Medium (DMEM; Hyclone) supplemented with 10% fetal bovine serum (FBS), 

penicillin-streptomycin (pen-strep, 100 units/mL). The cells were maintained at 37 °C in 

a saturated humidity atmosphere comprised of 95% air and 5% CO2. When the cells 

reached above 80% confluency, they were detached from the culture dishes and incubated 

with Veresene solution (Thermo Fisher Scientific) at 37 °C for 10-15 min. The cells were 

then washed with a phosphate buffered saline (PBS) and pelleted by centrifugation at 190 

xg for 10 min. The resulting pellet was split to 4 additional cell culture dishes for 

expansion or made into a frozen stock for cryogenic preservation, for further use.  

 After expanding to a sufficient number of plates, the SH-SY5Y cells were 

differentiated into neuron-like cells using established protocol (Li et al., 2015), which 

consists of the addition of retinoic acid (RA, Sigma-Aldrich) followed by brain-derived 

neurotrophic factor (BDNF, eBioscience). On the first day, cells were plated at a density 

of 4 x 10
4
 cells/cm

2
 in complete media. On the next day, cells were switched to DMEM 

containing pen-strep with 5% FBS, but supplemented with 10 μM RA. The RA-

containing media was then changed every day for 5 additional days. On the 6th day, the 

media was replaced and supplemented with pen-strep and BDNF (20 ng/mL), but without 

FBS. The media containing BDNF was changed every 2-3 days for an additional 7 days 

for complete differentiation of SH-SY5Y neuronal-like cells.  
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2.2 Crosslinking and harvesting 

On the day of cell harvesting, after media removal and two phosphate buffer saline 

washes, the differentiated SH-SY5Y neuronal cells were crosslinked for 30 min using the 

cell membrane-permeable bifunctional cross-linking reagent, dithiobis succinimidyl 

propionate (DSP, Thermo Scientific). DSP solution prepared at 0.25 M in dimethyl 

sulfoxide (DMSO) was diluted in PBS to a 0.5 mM working concentration. The 

crosslinking reaction was quenched by treating the cells with 100 mM Tris-HCl (pH 7.5) 

and 2 mM EDTA at room temperature for 10 min. Cells were then collected by gentle 

pipetting, followed by centrifugation at 1,300 xg for 5 min.  

2.3 Immunoprecipitation coupled with mass spectrometry (IP-MS)  

The cells were pelleted and lysed in radioimmunoprecipitation assay (RIPA) buffer (150 

mM NaCl, 50 mM Tris-HCl (pH 7.5), 1% Na deoxycholate, 0.1% sodium dodecyl 

sulfate, 1% NP-40, and 1mM EDTA). Cells were homogenized by passaging them 

through a syringe fitted with a 22-gauge needle for 30 strokes followed by incubation on 

ice for 30 min. After centrifuging the homogenate at 11,000 rpm for 10 min at 4 °C, the 

supernatant was harvested and its protein concentration was determined using Bradford 

reagent (Bio-Rad). Supernatant containing approximately 10 mg protein was incubated 

with 100 µL µMACS protein A or G magnetic microbeads (Miltenyi Biotec) and protein-

specific antibodies in 4 °C for 4 h with gentle rotation. The magnetic column was washed 

three times with RIPA buffer containing detergent, followed by two washes with 

detergent-free RIPA buffer.  

 Purified proteins are then incubated for 30 min at room temperature with the 

proteolytic digestion mixture (2M urea, 50 mM Tris-HCl (pH 7.5), 1mM dithiothreitol, 
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and immobilized trypsin (5 μg/mL), and eluted further using the buffer containing 2M 

urea, 50 mM Tris-HCl (pH 7.5), and 5mM choloroacetamide. After continuing digestion 

of the eluted mixture overnight, the peptides are desalted and purified with zip-tip for MS 

analysis. With the assistance from Dr. Zoran Minic, the peptide mixtures of proteins that 

co-immunoprecipitated with the bait proteins were analyzed using an in house high-

resolution Orbitrap Elite mass spectrometer in the Proteomics and Genomics Facility at 

the University of Regina. The high-confidence matches of the resulting MS/MS spectra 

obtained from the spectrometer was subsequently mapped to the reference human protein 

sequences using the SEQUEST database search engine with match quality evaluated 

against the STATQUEST algorithm (Kislinger et al., 2006). An overview of the IP/MS 

procedure, outlining the major steps from cell differentiation to analyzing MS data, is 

depicted in Figure 2.1.  

 

 

 

 

 

 

 

 

 



17 

 

 

 

 

Figure 2.1: Overall IP/MS workflow  

Steps in immunoprecipitation (IP) experiments followed by MS analysis. 

1. Differentiation of SH-SY5Y neuronal-like cells  

2. IP using protein-specific antibodies in SH-SY5Y cells lysate that has been crosslinked 

3. Protein complexes digested with trypsin, generating a peptide mixture that can be 

ionized in MS 

4. Search the MS spectra against human protein database to identify co-purified proteins 

5. Cluster putative PPIs to generate protein sub-networks  
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2.4 Identifying high-confidence interactions from IP/MS screens 

Although the high sensitivity of IP/MS makes it possible to detect the interacting proteins 

("preys") that were pulled down along with the ASD-linked "bait" proteins, great care 

needed to be taken to separate high-confidence PPIs from non-specific PPIs and 

contaminants. To ensure the high quality of our PPIs, the IP/MS data were processed 

through a bioinformatics pipeline consisted of two main stages: filtering and scoring. 

2.4.1 Filtering 

The filtering stage consists of four steps to eliminate non-specific PPIs and contaminants. 

In the first step, MS/MS spectra from each IP experiment was searched against reference 

human protein sequences using the SEQUEST database search engine with match quality 

evaluated against the STATQUEST algorithm. The resulting peptide-spectral matches 

were filtered at identification confidence of 90%, a threshold commonly used in the 

literature (Li et al., 2015; Malty et al., 2017). In the second step, whether the bait protein 

was recovered in the pull-down (bait recovery) was used to determine if an IP experiment 

was successful, and unsuccessful IP experiments were filtered out. In the third step, the 

prey-bait pairs was filtered using in-house collection of non-specific binding proteins and 

most common background contaminants. These include non-specific binding proteins 

from independent negative control experiments, in which empty protein G beads or 

protein A beads were used (without the antibodies), and followed by the same IP/MS 

procedures. In the fourth step, bait-prey pairs not present in two of the three replicates (all 

IP experiments were ran in triplicate) were removed to ensure high reproducibility.  
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2.4.2 Scoring 

The scoring stage employs machine learning algorithms to score and rank PPIs, allowing 

high-confidence biological interactions to be revealed. Several different scoring 

algorithms based on different statistical models are available, such as the S score and WD 

score from Comparative Proteomic Analysis Software Suite (CompPASS) or the HG 

score from HyperGeometric (HG) scoring algorithm. To identify the best-performing 

algorithm, we applied them to our dataset and benchmarked their performance.  

 The PPIs scored by different algorithms were benchmarked against the gold-

standard reference set of manually curated human protein complexes collected from the 

following studies: 371,658 interactions from BioGRID database (Ver 3.4.151) (Chatr-

aryamontri et al., 2017); 461,145 interactions from HumanNet (Ver 1) (Lee et al., 2011); 

640,615 medium confident (score >= 0.4) functional associations from STRING database 

(Ver 10) (Szklarczyk et al., 2017); 6,494,815 interactions from GeneMANIA (Ver 2017-

03-12) (Warde-Farley et al., 2010). True Positive PPIs were defined as interacting 

proteins that were annotated in the same complex as in the gold-standard reference set. 

Conversely, the true negative PPIs were defined as interacting proteins annotated in 

different complexes. By comparing our scored PPIs against the True Positives and True 

Negatives, a ROC (Receiver Operate Characteristic) curve can be plotted. The area-

under-the curve (AUC) can then be computed and compared to evaluate the performance 

of each scoring algorithm, where AUC of 1 indicates perfect scoring. 

 After selecting the high-confidence PPIs, CoreMethod clustering algorithm 

(Leung et al., 2009) was used to assemble protein complexes from high-confidence PPIs. 

The web-based tool g:Profiler was used to analyze the gene ontology (GO) enrichment of 
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our ASD PPI network (Reimand et al., 2016). The threshold p value for significant 

enrichment was set to less than 0.05. The protein subcellular localization annotations 

were retrieved from Uniprot database and The Human Protein Atlas (Ver 16.1) (Thul et 

al., 2017). To test if the interacting proteins were enriched for functional or pathogenic 

associations, the hypergeometric test was conducted to determine the significance of the 

interaction. The disease annotation was collected from DisGeNET (Ver. 5.0) (Piñero et 

al., 2017). 

2.5 Construction of lentiviral transfer vector 

Clustered regularly interspaced short palindromic repeats (CRISPR) gene editing system 

consists of three key components: (1) CRISPR-associated protein 9 (Cas9) nuclease to 

make incisions to the DNA, (2) a selection maker to select for cells that have 

incorporated the lentiviral genome, and (3) single guide RNA (sgRNA) targeting 

sequence to program the specificity of the Cas-mediated DNA cleavage (Ran et al., 

2013). The schematic of this gene editing system is illustrated in Figure 2.2. The 

lentiCRISPR-v2 (Addgene # 52961) backbone used in this experiment encodes for both 

Cas9 and puromycin selection marker, but to complete the construction of the lentiviral 

transfer plasmid, the sgRNA sequence targeting our proteins of interest were cloned into 

the lentiCRISPR-v2 .  
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Figure 2.2: Schematic of the engineered CRISPR/Cas9 system 

 The CRISPR/Cas9 system is composed of: (1) Guide RNA for highly specific targeting 

of genes; (2) highly efficient Cas9 nuclease; and (3) selection marker (e.g., antibiotic 

resistance) for identifying transgenic cells. Protein-RNA complex comprised of Guide 

RNA and Cas9 bind specific DNA sequences to carry out the gene knockout.  
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 Oligonucleotide pairs encoding 20-nucleotide sgRNA targeting sequence for 

genes encoding the interacting proteins were designed using Deskgen Cloud (Desktop 

Genetics). To clone the guide sequence into the backbone, 1 μL of the reconstituted 

forward and reverse strands of oligos (100 mM) for each sgRNA template (Sigma-

Aldrich) were combined with 1 μL T4 DNA ligase buffer (NEB), 0.5 μL T4 

polynucleotide kinase (NEB), and nuclease-free water to a final volume of 10 μL. The 

oligos were phosphorylated by incubating the mixture at 37 °C for 30 min, annealed by 

heating to 95 °C for 5 min, and then cooled to 22 °C at a rate of 6 °C/minute.  

 The LentiCRISPR-v2 plasmid was digested and dephosphorylated with BsmBI 

(NEB) and FastAP (Thermo Fisher Scientific) at 37 °C for 2 h and run on a 1% agarose 

gel. The DNA band corresponding to the correct fragment size of the plasmid backbone 

was extracted from the agarose gel with E.Z.N.A. gel extraction kit (Omega Bio-tek). The 

annealed and phosphorylated sgRNA-encoding oligo was diluted at 1:200 and ligated 

into lentiCRISPR-v2 by combining 1 μL of the diluted oligo with 50 ng of the 

dephosphorylated lentiCRISPR-v2, 1 μL T4 DNA ligase buffer, 1 μL T4 DNA ligase 

(NEB) and nuclease-free water to a total volume of 10 μL. The ligation reaction mixture 

was incubated at room temperature for 10 min.  

2.5.1 Transformation and amplification of lentiviral plasmids  

Obtaining sufficient amount of lentiviral transfer plasmid requires the cloned plasmid to 

be transformed into Escherichia coli, allowing for quick and efficient. Of the 

aforementioned ligation mixture, 2 μL was pipetted in 50 μL of chemically competent 

NEB stable E. coli cells suitable for the propagation of lentiviral plasmids. The stable 

cells were chosen due to their low potential to mutate or recombine long terminal repeats 
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in lentiviral plasmids. After mixing by gentle flicking, the tube was incubated on ice for 

30 min, then subjected to 42 °C for 30 sec. This heat shock step is crucial as the sudden 

rise in temperature create pores in the bacterial plasma membrane, allowing for the 

plasmid DNA to enter. 

 After heat shock, the tube was returned to ice briefly and 950 μL super optimal 

broth with catabolite repression (SOC; NEB) media was added. The bacteria were then 

allowed to recover by shaking at 37 °C for 1 hr at 225 revolutions per minute (rpm), 

followed by plating 100 μL of bacterial suspension on an agar plate containing ampicillin 

(100 μg/ml) and incubating at 30 °C for 16 h. Individual colonies were picked and grown 

in liquid LB media containing ampicillin (100 μg/ml) with gentle shaking at 180 rpm at 

30 °C until an optical density of 0.4~0.6 was reached. Plasmid was extracted from 

bacteria using a endotoxin-free midi-prep kit (Qiagen) and the resulting DNA was 

sequence verified by Sanger-sequencing using a universal U6-forward sequencing primer 

at the Centre for Applied Genomics (TCAG, Toronto) DNA sequencing facility to 

confirm correct insertion of sgRNAs into the LentiCRISPR-v2.   

2.5.2 Viral production 

To create stable transgenic cell lines, the transfer plasmid containing sgRNA targeting the 

gene of interest was co-transfected (Figure 2.3) with a lentiviral coat protein-encoding 

envelope plasmid pMD2.G and a lentiviral packaging plasmid psPAX2 (Addgene #12259 

and #12260). Briefly, a fresh vial of healthy frozen human embryonic kidney (HEK) 

293T cells (ATCC CRL-3216) was thawed, plated and regularly passaged in culture 

media composed of DMEM, 10% FBS, and pen-strep (100 units/ml). After 3 passages, 

cells were plated in standard 100 mm tissue culture dishes at approximately 30-40% 
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confluence, with media replaced with antibiotic-free DMEM or Opti-MEM I (Minimal 

Essential Medium or reduced serum medium; Thermo Fisher Scientific) for 1h.  

 To transfect HEK293T cells, 7.5 μg of the sequence-verified transfer plasmid, 

0.75 μg of pMD2.G, 7.5 μg of the psPAX2, 8.25 ul of Plus Reagent (provided with 

Lipofectamine LTX, Thermo Fisher Scientific), and Opti-MEM I reduced-serum medium 

were added to a microcentrifuge tube to a total volume of 750 μL. In another sterile 

microcentrifuge tube, 52.5 ul of Lipofectamine LTX (Thermo Fisher Scientific) was 

mixed with 697.5 μL Opti-MEM I medium. The two mixtures were combined and 

incubated at room temperature for 15 min prior to being added to HEK293T cells. After 

incubation for 6 h at 37 °C in 5% CO2 with DMEM supplemented with 10% FBS, the 

medium containing the transfection mixture was replaced with fresh media composed of 

DMEM containing pen-strep and 30% FBS.  

 To harvest the lentiviral particles produced by the transfected HEK293T cells, 

media was collected after incubating with transfected cells for 24 h and again after 48 h 

post-transfection; the virus-containing media from both harvests was pooled into a sterile 

50 ml conical tube and centrifuged at 1,300 xg at 4 °C for 10 min to eliminate cell debris. 

The lentiviral supernatant filtered through 0.45 µm (Millipore) was used to transduce 

cells of interest and produce stable transgenic cell lines. To enhance efficiency of 

lentiviral infection, the cationic polymer hexadimethrine bromide (Sigma) was dissolved 

at 10 mg/mL, filter-sterilized through 0.22 µm syringe membrane filter (Millipore) and 

added to the filtered lentiviral supernatant to a final concentration of 10 µg/mL. After 

brief incubation, supernantant containing the viral particles could be removed and 

transduced with the cells of interest. 
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Figure 2.3: Schematic of lentiviral production 

To create of stable transgenic cell lines, 3 plasmids were co-transfected into HEK293T 

cells. (1) The transfer plasmid containing sgRNA targeting the gene of interest, (2) the 

envelope plasmid encoding for lentiviral coat protein and (3) the packaging plasmid 

encoding for proteins required for assembly of the lentiviral particles.  

HEK293T cells 

Harvest lentivirus Transfection 
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2.6 Lentiviral transduction to generate stable CRISPR-Cas9 knockouts  

SH-SY5Y neuronal cells to be transduced were plated in 6-well plate at 10-20% 

confluence and allowed to fully adhere prior to the exposure of lentiviral supernatant. The 

spin-infection protocol was followed to concentrate the virus at the cell surface to 

increase transduction efficiency. For the spin-infection procedure, media in the wells was 

replaced with lentiviral supernatant, then cells were centrifuged in a swinging plate 

holder at 1000 x g in 33 °C for 90 min and returned to the incubator. After 12 h of 

incubation, virus containing media was removed and replaced with fresh culture media of 

DMEM supplemented with pen-strep and 10% FBS.  

 Selection was carried out 48 hrs post infection. The lentiviral transfer plasmid 

containing puromycin resistance gene, conferring antibiotic resistance to the successfully 

transduced cells was used for selection by adding 2 μg/ml of puromycin (from 10 mg/ml 

stock solution (diluted in sterile PBS) to the culture media. The selection media was 

changed every two days for two weeks to eliminate cells that have not incorporated the 

lentiviral genome. Cells that survived were expanded further and processed for 

immunoblotting to confirm gene knockout. 

2.7 Immunoblotting 

Cells were harvested and lysed in Laemmli buffer (2% SDS, 0.1% 2-mercaptoethanol, 

10% glycerol, 63 mM Tris-HCl pH 6.8) to release cellular proteins. Lysed samples were 

loaded on to 10% SDS-PAGE gels followed by electrophoresis (120 V for 60 min) to 

separate protein bands by molecular weight. The protein bands were transferred onto 

polyvinylidene difluoride (PVDF) membranes using an iBlot transfer system (Thermo 

Fisher Scientific).  
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 PVDF membranes were blocked in 5% dry fat-free milk in TBST (20 mM Tris-

Hcl pH 7.4, 150 mM NaCl, 0.2% Tween-20) and blotted with appropriate primary Ab 

overnight at 4°C in Ab dilution buffer (5% bovine serum albumin (BSA), 0.02% sodium 

azide in TBST). Membranes were washed for 10 min three times in TBST at room 

temperature and incubated with appropriate hydrogen peroxidase (HRP)-conjugated 

secondary Ab for 1 hr in 2% dry fat-free milk in TBST and washed another three times in 

TBST. Immunoreactive proteins were detected by chemiluminescence (Thermo Fisher 

Scientific) and imaged using a molecular imaging station (Kodak ISM 2000MM). The 

intensity of the digitized immunoblot bands were quantified using ImageJ software, and 

the measured pixels of each band were normalized to the corresponding loading control.  

2.7.1 IP to validate predicted physical interactions  

The IP procedure described in section 2.7 was performed to validate the interacting 

proteins. Co-purifying protein that bound to the beads was eluted by the addition of 25 µl 

Laemmli buffer at 95 °C. To detect and visualize interacting proteins that were pulled 

down by the IP, the immunoblotting procedure described previously in section 2.7 was 

followed. The overall workflow of immunoblotting is shown in Figure 2.4.  
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Figure 2.4: Overall workflow of immunoblotting 

1. Lysis of crosslinked cells to release proteins complexes. 

2. Antibody binds target protein. 

3. Protein A/G beads bind antibody. 

4. Pull-down of interacting proteins. 

5. Immunoblotting to validate interaction  
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2.8 Detection of tRNA methylation using primer extension coupled with 

polymerase chain reaction (PCR)  

A modified primer extension assay coupled with polymerase chain reaction (PCR) was 

used to detect the tRNA methylation deficiency in the differentiated SH-SY5Y neuronal 

cells. The schematic of the experiment is shown in Figure 2.5.  
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Figure 2.5: Schematic to detect tRNA methylation  

The assay works based on the notion that bulky ribonucleotide modifications such as 

methylation can block complementary DNA (cDNA) synthesis, so reverse transcription 

creates only truncated, unamplified cDNA from methylated tRNA.  
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2.8.1 Modified primer extension to detect tRNA methylation 

The original method to detect mt -tRNA
LEU(UUR)

 methylation depend on the extension of 

the radioactive p32-phosphporylated primers (Chujo and Suzuki, 2012). In this study, 

rather than using radioactive isotopes, a safer reverse-transcription based technique was 

employed. Briefly, total RNA (including small RNAs such as tRNA) were isolated from 

the harvested SH-SY5Y neuronal cells by using RNneasy Plus Mini kit (Qiagen) 

following the manufacturer’s instruction (RY26, Qiagen). Then 0.1 pmol of extension 

primer was added to 2 μg of total RNA in a 10 μL solution containing 10 mM Tris-HCl 

(pH 8.0) and 1 mM EDTA. The tube was heated in a thermal cycler to 80 °C for 2 min 

and then cooled to 42 °C, allowing the extension primer to anneal to the mt-tRNA
LEU 

(UUR) 
template. 

 Subsequently, 1.5 μL of nuclease-free water, 4 μL of 5× reverse transcription 

reaction buffer (supplied with the reverse transcription kit), 0.5 μL of deoxynucleotide 

(dNTP) solution mix (NEB, diluted to 1.5 mM), 3 μL of MgCl2 (50 mM, Thermo Fisher 

Scientific), and 1 μL of Moloney murine leukemia virus (M-MLV) reverse transcriptase 

(Thermo Fisher Scientific) were added to the tube, and the reaction mixture was 

incubated for 1 h at 42 °C. Following incubation, 0.1 μg of RNase A (Sigma-Aldrich) was 

added, and the mixture was incubated for additional 10 min at 42 °C. Since bulky 

ribonucleotide modifications, such as methylation, block complementary DNA (cDNA) 

synthesis (24, 25), by adopting dNTP limiting condition (20), the reverse transcription 

creates truncated cDNA from methylated tRNA, while full-length cDNA could only be 

synthesized from unmethylated tRNA.  
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2.8.2 Setting up PCR to visualize full-length cDNA 

In contrast to its truncated version, full-length cDNA could be amplified by PCR using 

primer pairs that anneal specifically to the 44-nucleotide cDNA template. Briefly, in a 

PCR tube, 1 μL forward amplification primer (1 μM final concentration, Sigma-Aldrich), 

1 μL reverse amplification primer (1 μM final concentration), 2 μL reverse transcription 

mixture, 20 μL nuclease-free water, and 25 μL of 2x Taq PCR Mix (FroggaBio) were 

added. The PCR amplification was performed following thermal cycling parameters 

provided by the manufacturer. After the amplification reaction, the PCR mixture was 

subjected to 12% polyacrylamide gel electrophoresis at 120 V for 60 min. DNA bands 

were detected by SYBR Gold nucleic acid stain (Thermo Fisher Scientific) and imaged 

using a MiniBIS Pro imaging station (DNR Bio-Imaging Systems). The digitized DNA 

bands were quantified using ImageJ software. 

2.9 Quantitative real-time PCR (QRT-PCR) to measure mtDNA damage 

To extract total DNA from SH-SY5Y neuronal cells, DNeasy blood & tissue kit (Qiagen) 

was used following manufacturer's instructions. Briefly, ~1x10
6 

cells were lysed in 200 

μL of buffer (supplied with the kit) at 56 °C for 10 min. After incubation, 200 μL of 

ethanol was added and the mixture was passed through the DNeasy spin column by 

centrifugation at 6000 x g for 1 min. The spin column was washed with 500 μL of Buffer 

AW1, followed by Buffer AW2 (provided by the manufacturer), and the bound DNA to 

the column was eluted with 100 μL of nuclease-free water into a sterile eppendorf tube.  

 Since the assay requires samples with equal amounts of DNA, the only variable 

influencing fragment amplification is the number of DNA lesions. The key step is to 

quantify the DNA samples. First, 95 μL of nuclease-free water was pipetted into wells of 
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a black-bottomed 96-well plate in duplicate for standards and samples. To make the 

standard curve, 5 μL of Lambda DNA (Thermo Fisher Scientific) standard and 5 μL of 

DNA samples (diluted at1:20) was added into wells. 

 PicoGreen working solution was made by diluting the concentrated PicoGreen 

reagent (Thermo Fisher Scientific) at 1:200 in 1x TE buffer; 100 μL of this working 

PicoGreen solution was then added to each well. The plate was covered and placed in 

dark for 10 min to allow for color development. After incubation, the plate was read 

using a fluorescence reader with excitation filter set to 485 and emission filter at 528 nm. 

If the concentration of a DNA sample was higher than the standard, the sample was 

diluted and the fluorescence signal was re-measured.  

 For each QRT-PCR reaction, 15 ng of DNA template, 0.25 mM of each of the 

forward and reverse primers, 10 μL of Luna Universal QRT-PCR master mix (NEB), and 

nuclease-free water (to total volume of 20 μL) were added into a 0.2 mL PCR tube. The 

real-time QRT-PCR instrument was programed using the thermocycling protocol 

provided by New England Biolabs, but with longer extension times used (12 min instead 

of 30 s) to account for the amplicon length being synthesized. Each sample was run in 

duplicate to ensure consistency of the result.  

2.10 In silico identification of interface residues on the select set of PPIs 

Structure prediction was done for selected interacting proteins using their amino acid 

sequence obtained from UniProt. To analyze the interface residues of the binding 

proteins, PIPER, a protein-protein docking software (Chuang et al., 2008; Kozakov et al., 

2006) was employed calculate low-energy conformations between two proteins. Briefly, 

1,000 structural conformations for each of the protein pairs were calculated, from which 
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30 clusters of low energy docked conformation structures with interacting residue 

distance constraints set to less than 4 Å were produced. Then, by intersecting the 

potential interface residues suggested by the modelling with the mutated residues found 

in databases including DisGeNet (Piñero et al., 2017) and Clinvar (Landrum et al., 2014), 

we were able to identify one residue of interest (Y419) in FMRP and one residue of 

interest (M739) in DYRK1A.  
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1 Differentiation of SH-SY5Y neuronal cells 

Gathering detailed mechanistic insights using large-scale profiling of physical protein 

interactions requires a substantial amount of cells or tissues. Therefore, it is impractical to 

use specific patient tissues or induced pluripotent stem cell (iPSC)-derived neurons. To 

overcome the challenge of obtaining samples, we sought to identify protein complexes in 

a neuronal context by differentiating SH-SY5Y cells into neuron-like cells (Figure 3.1), 

which have been frequently used as a model for neurological diseases including ASD 

(Chiocchetti et al., 2015; Li et al., 2015). The neuronal characteristics of the 

differentiated cells was confirmed by a visual inspection for neuronal morphology. 
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Figure 3.1: Differentiation of SH-SY5Y neuronal cells  

Phase contrast images at 200x magnification showing changes of SH-SY5Y cell 

morphology before and after the differentiation (i.e. with the addition of 5 days of 

retinoid acid (RA, 10 μM) followed by 7 days of brain-derived neurotrophic factor 

(BDNF, 20 ng/uL)). Arrows points to formation of neurite-like extensions in the 

differentiated neuronal cells. 
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3.2 Selecting ASD-associated proteins as baits for IP-MS 

Providing a functional context for ASD-linked proteins was the first aim of this study; to 

this end, the IP/MS protein interaction screen was conducted in differentiated SH-SY5Y 

neuronal cells on a selected set of 46 ASD-linked proteins (Table 3.1) as baits were 

chosen from the 11 high-priority ASD-relevant proteins identified by Li et al. (2015), and 

the 107 ASD candidates from the study of Krishnan et al. (2016). The selection of baits is 

important because IP-MS works on the principle of isolating and identifying the proteins 

(also known as “preys”) that were interacting with these baits, thus the selection of baits 

impacts the coverage and relevance of the PPI network itself. As well, since the IP-MS 

relies on the use of protein-specific Abs, the ASD-linked baits used in this study were 

chosen based on the Ab availability. In total, 199 independent co-purification experiments 

were performed, which included at least three replicates for each of the 46 bait proteins as 

well as six independent negative control experiments. In the negative controls, all steps of 

the IP procedures (see section 2.7) were followed, except that no Ab was used in the IP 

procedure. 
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Table 3.1: 46 key ASD-associated baits 

Protein 

Symbol Description 

PMID 

Evidence 

ADNP Activity dependent neuroprotector homeobox 22495309 

ADSL Adenylosuccinate lyase 15471876 

ANK2 Ankyrin 2 22542183 

APH1A Aph-1 homolog A, gamma-secretase subunit 25363760 

ARID1B AT-rich interaction domain 1B 21448237 

ASH1L ASH1 like histone lysine methyltransferase 24267886 

ASXL3 Additional sex combs like 3, transcriptional regulator 24044690 

BCL11A B-cell CLL/lymphoma 11A 22542183 

BIRC6 Baculoviral IAP repeat containing 6 22542183 

CACNA2D3 Calcium voltage-gated channel auxiliary subunit 

alpha2delta 3 22542183 

CDC42BPB CDC42 binding protein kinase beta 22495309 

CHD8 Chromodomain helicase DNA binding protein 8 22495309 

CTBP1 C-terminal binding protein 1 28408745 

CTTNBP2 Cortactin binding protein 2 11707066 

CUL3 Cullin 3 22495309 

CYFIP1 Cytoplasmic FMR1 interacting protein 1 22346768 

DYRK1A Dual specificity tyrosine phosphorylation regulated kinase 

1A 22495309 

EP400 E1A binding protein p400 22511880 
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Table 3.1 continued 

Protein 

Symbol Description 

PMID 

Evidence 

FMR1 Fragile X mental retardation 1 11773805 

GABRB3 Gamma-aminobutyric acid type A receptor beta3 subunit 9545402 

GALNT18 Polypeptide N-acetylgalactosaminyltransferase 18 22542183 

GRIK2 Glutamate ionotropic receptor kainate type subunit 2 11920157 

GRIN2B Glutamate ionotropic receptor NMDA type subunit 2B 21572417 

GTF2I General transcription factor IIi 22048961 

HDAC1 Histone deacetylase 1 26949739 

HDAC2 Histone deacetylase 2 27568567 

KATNAL2 Katanin catalytic subunit A1 like 2 22495306 

KMT5B Lysine methyltransferase 5B 22495306 

MIB1 Mindbomb E3 ubiquitin protein ligase 1 25363760 

MTMR12 Myotubularin related protein 12 22495311 

MYO9B Myosin IXB 25363760 

MYT1L Myelin transcription factor 1 like 22157634 

NAA15 N(alpha)-acetyltransferase 15, NatA auxiliary subunit 25363760 

NAXD NAD(P)HX dehydratase 22495309 

NR3C2 Nuclear receptor subfamily 3 group C member 2 25363760 

POGZ Pogo transposable element derived with ZNF domain 22495311 

RELN Reelin 11317216 

SCN2A Sodium voltage-gated channel alpha subunit 2 12610651 
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Table 3.1 continued 

Protein 

Symbol Description 

PMID 

Evidence 

SETD5 SET domain containing 5 24680889 

SPARCL1 SPARC like 1 25363760 

SYNGAP1 Synaptic Ras GTPase activating protein 1 21237447 

TRIO Trio Rho guanine nucleotide exchange factor 25363760 

TSC2 TSC complex subunit 2 9813776 

UBE3A Ubiquitin protein ligase E3A 11543639 

VIL1 Villin 1 25363760 

WDFY3 WD repeat and FYVE domain containing 3 22542183 
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3.3 Computational framework to identify high-confidence interactions  

In the IP-MS workflow, after the interacting proteins were isolated from the cell lysate by 

IP, the next important step was to identify the composition of these co-purified fractions 

through the use of precision MS analysis. The high sensitivity of MS was crucial for the 

identification of low abundance proteins, but this also meant that an unbiased, systematic 

computational framework (Figure 3.2) was required to select high-confidence candidate 

interacting proteins from the hundreds of proteins typically detected in an IP-MS run. 

 Briefly, the MS/MS spectra obtained from each IP experiment was mapped to 

reference human protein sequences using both SEQUEST/STATQUEST algorithms. The 

interaction data from each bait ASD-linked proteins were then filtered using a protein 

identification probability score of 90%, after which 22,164 bait-prey pairs from the 46 

bait proteins were retained. The cut-off was selected according to our previous studies 

that found 90% cut-off to be adequate for eliminating promiscuous non-specific 

interactors while retaining interactions with adequate specificity (Babu et al., 2018; Li et 

al., 2015; Malty et al., 2017). Among these 46 bait proteins, 35 were successfully 

recovered in their corresponding IP experiments. Low protein abundance was confirmed 

for bait proteins that were not successfully recovered, suggesting that successful bait 

recovery is more difficult for low abundant bait proteins (Figure 3.3).  
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Figure 3.2: Computational analysis to generate and validate the PPI network 

Steps outlining the systematic filtering strategy employed in deriving high-quality PPIs 

for subsequent clustering to predict multi-subunit protein complexes. 
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Figure 3.3: Bait proteins not recovered in the network due to low expression 

Messenger RNA (mRNA) levels from RNA-seq shown for bait proteins that were 

recovered and not recovered in the final PPI network. *: p value < 0.05, Student’s T-test.  
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 After selecting for bait recovery, 16,516 bait-prey pairs from 35 proteins were 

filtered to eliminate non-specific binding proteins and background contaminants as 

described in Chapter 2, resulting in 13,315 bait-prey pairs. This number was reduced to 

5,402 bait-prey pairs among 784 proteins by removing of bait-prey pairs not presented in 

at least 2 of the 3 replicates. These filtered protein associations were then assigned with 

confidence scores using various scoring algorithms. To establish a confidence score cut-

off, the scored putative interactions was evaluated against reference human PPIs curated 

in comprehensive resource of mammalian protein complexes (CORUM) database (Ruepp 

et al., 2008). The result of this benchmarking was visualized as a receiver operating 

characteristic (ROC) curve (Figure 3.4). The confidence score responsible for the point 

on the ROC curve that achieved the best sensitivity (capture of known positive reference) 

at the lowest cost of specificity (minimizing false positive rate) were then used as cut-off 

to determine putative PPIs.  
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Figure 3.4: ROC curve to evaluate the PPI scores derived from scoring algorithms 

ROC curves showing the performance of S score and WD score (see section 2.4.2) from 

Comparative Proteomic Analysis Software Suite (CompPASS) as well as HG score from 

HyperGeometric (HG) scoring algorithm against the reference PPIs curated from 

comprehensive resource of mammalian protein complexes (CORUM) database.  
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 Several scoring algorithms have been established based on different statistical 

models (Guruharsha et al., 2011; Sowa et al., 2009). Therefore it is important to find the 

most suitable algorithm to score and classify protein associations identified in this study. 

Therefore, a ROC curve was plotted for each of the algorithms to evaluate their 

performance (Figure 3.5). In this regard, the scoring algorithm with the highest area-

under-the-curve (AUC), which indicates greatest sensitivity (capture of known positive 

reference) at the lowest cost of specificity (minimizing false positive rate), was HG score. 

Using a HG cut-off of 6.795, approximately 85% of true positive interactions at the cost 

of 15% false positive interactions were captured, which resulted in a final probabilistic 

PPI network of 4,012 putative PPIs among 478 proteins.  

3.4 Validating the quality of ASD-targeted PPI network 

Among the 4,012 interactions identified in this study, approximately 3,600 (90%) PPIs 

have not been previously reported in the literature (Figure 3.5). The list of literature-

curated PPIs were retrieved from both large-scale (i.e BioGRID database (Chatr-

aryamontri et al., 2017)) and small-scale (IntAct (Orchard et al., 2014) and MINT (Licata 

et al., 2012)) studies. Although many new PPIs identified from the current study can 

potentially be contributed to the scientific community, the quality of these PPIsneeds to 

be confirmed. Therefore, criteria such as overlap with experimentally derived datasets or 

functionally predicted PPI databases, expression in brain regions, and enrichment for 

ASD-associated phenotypes were employed to evaluate the overall reliability and disease 

relevance of the generated PPI network. 
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Figure 3.5: Benchmarking interactions to the small-scale or large scale studies  

Overlap of the PPIs captured in this study versus those reported in the large-scale 

(BioGrid) or small-scale (IntAct, MINT) studies. 
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 First, the overall reliability, quality, and biological relevance of PPI network was 

accessed by the composites of various experimental and computational evidences (Table 

3.2). This process examined the overlap between the PPIs in the network and the PPIs 

that had either direct supporting experimental evidence, or were believed to have 

functional associations based on computational predictions. The results shown in the 

middle column of Table 3.2 is the number of PPIs validated by each individual sub-

category. Note that the number of network PPIs validated by the overall experimental or 

computational evidence (shown in the right column) is smaller than the sum of their 

respective subcategories due to the removal of redundancies between the subcategories 

(i.e. the same PPI may be validated by several sub-categories, but should only be counted 

once).  



49 

Table 3.2: PPIs confirmed by experimental or computation evidences 

Validation of 4,012 PPIs from IP-MS Redundant PPIs 

Non-redundant 

PPIs (%) 

I. Experimental evidences 

Multiple cell lines (Ntera2, SH-SY5Y) in 

IP-MS 

17 

393 (10%) Curated PPIs from BioGrid and CORUM 205 

SEC-MS (Ntera2) 99 

Mouse Brain (SEC, WAX, IP-MS) 109 

II. Computational evidences 

Genome Context 340 

1,385 (34%) 

STRING 472 

GeneMANIA 731 

Co-localized to the same compartment 1,093 

Total  1,778 (44%) 

Experimental PPI evidence were collected from the following sources: 371,658 

interactions from BioGRID database (Chatr-aryamontri et al., 2017), 461,145 interactions 

from HumanNet (Lee et al., 2011). Computational PPI evidence were collected from the 

following sources: 640,615 medium confident (score ≥ 0.4) functional associations from 

STRING database (Szklarczyk et al., 2017) (Ver 10); 6,494,815 interactions from 

GeneMANIA (Warde-Farley et al., 2010). The protein sub-localization annotations were 

retrieved from Uniprot database (Bateman et al., 2017) and The Human Protein Atlas 

(Thul et al., 2017).  
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 Nearly ten percent of the interactions were verified in other cell type and/or mouse 

brain, or by independent experimental evaluation. These include PPIs supported by: (1) 

IP/MS using protein-specific antibodies in the differentiated neuronal-like SH-SY5Y or 

differentiated NTera2 (a human carcinoma stem cell line); (2) previous high-throughput 

or literature-curated interaction reports (excluding PPIs from CORUM reference set); (3) 

an alternate size exclusion chromatography (SEC) separation coupled with MS method 

(Kristensen et al., 2012) in differentiated NTera2; and (4) IP/MS as well as biochemical 

fractionation (including SEC and weak anion exchange (WAX)) coupled with MS in 

mouse brain. The validity of the remaining PPIs were further independently verified by 

computational approaches, where one-third (1,385, 34%) have supporting functional-

associations in STRING (Szklarczyk et al., 2017), GeneMANIA (Warde-Farley et al., 

2010), or co-localize to the same compartment. Altogether, nearly half (1,778, 44%) of 

the total, non-redundant, physical associations were supported by these experimental or 

computational evidences, indicating that the generated PPI network contained many 

physiologically relevant associations and supporting the high quality of the PPIs 

identified in the current study. 

 In addition to the aforementioned functional prediction, protein expression levels 

across different brain regions (Li et al., 2015) was used as the second criteria to evaluate 

the physiological relevance of the PPI network (Figure 3.6). The results suggested that 

the proteins found in the ASD PPI network have significantly higher expression 

compared to the proteins that were not in the network. This finding is consistent with the 

notion that since ASD is a neurodevelopmental disorder, the ASD candidate genes would 
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likely be involved in brain-specific process and therefore have higher expression in the 

brain compared to other proteins, thereby supporting the validity of the PPIs identified. 

 Lastly, as the third criteria, the disease relevance of the ASD PPI network was 

evaluated by the network’s enrichment for ASD-linked phenotypes found in the Online 

Mendelian Inheritance in Man (OMIM) database (Figure 3.7). The subunits co-purified 

with the ASD candidates were found to be highly enriched for neurodevelopmental 

disorders (p = 1.1e-3), which included global developmental delay (3.1e-3) and 

intellectual disability (p = 6.6e-5). In terms of ASD-specific features, both the social 

symptoms of ASD, such as psychosocial impairment (p = 3.2e-2) and social fear (p = 

4.7e-2), as well as the cognitive aspect of ASD, such as learning disabilities (p = 3.6e-2) 

were found to be significantly enriched in the ASD network (Figure 3.7). The results 

from the disease enrichment analysis validated the relevance of the PPI network in the 

context of ASD. Taken together, these quality control steps ensured the high confidence 

PPIs, setting the stage for a more in-depth analysis such as deriving protein complexes 

from the network. 
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Figure 3.6: Expression of interacting proteins in various brain regions 

The expression level of proteins in the ASD PPI network compared with the expression 

level of random proteins in various anatomical regions of the human brain. ***: P<0.001, 

Student’s t-test. 
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Figure 3.7: Enrichment of PPI network to behavioral deficits linked to ASD 

All indicated phenotypes showed significant enrichment in the PPI network (p < 0.05); P 

values obtained from the hypergeometric test is shown after Bonferroni correction.  
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3.5 Assessment of protein complexes derived from the ASD network 

To define the protein complex memberships, the ASD PPI network was partitioned into 

densely interconnected regions using a 'core-attachment' clustering algorithm (Leung et 

al., 2009). In total, 64 such protein sub-networks (15 heterodimers, 7 trimeric, 42 

multimeric complexes) were identified, of which over three-quarters (49 complexes, 

77%) matched known (CORUM curated) assemblies (Figure 3.8). Although the 

remaining 11 complexes have not yet been reported before, they may still represent a 

potential resource for biological discovery. 

 Next, as an illustration of the ASD- relevance of the generated complexes (also 

known as sub-networks), two complexes were selected for more detailed examination. 

The first sub-network revealed interesting links between intracellular trafficking 

(kinesins) and neuronal migration (reelin). This sub-network was comprised of 10 

interactions among 5 interacting protein subunits: kinesin family members (KIF) 

KIF21A, KIF1A, and KIF13A, microtubule associated protein 1A (MAP1A), and reelin 

(RELN) (Figure 3.9A). Kinesin is a class of motor proteins that transport a variety of 

cargo along a network of cytoskeleton comprised of microtubules (Hirokawa et al., 

2009). RELN, on the other hand, is a secreted extracellular matrix protein that regulate 

the migration of neurons during brain development (Bosch et al., 2016). Both RELN and 

KIF1A have been linked to ASD (Krumm et al., 2015) and their convergence onto the 

same sub-network suggest the involvement of intracellular trafficking machinery in 

regulating and organizing neuronal migration that can potentially contribute to ASD.  

  



55 

 

 

 

 

 

 

Figure 3.8: Overlap between predicted and manually curated reference complexes  

Number of predicted complexes containing subunits that overlap with reference CORUM 

complexes. Each complex is binned according to the number of subunit overlap between 

the predicted and CORUM complexes. 
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Figure 3.9: Assessment of predicted protein complexes and their association to ASD 

Select ASD-relevant sub-networks showing the interactions between ASD-linked proteins 

(orange) and their interactors (blue), while edges (lines) indicate previously reported (red) 

or novel (black) interactions.  
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 The second selected sub-network suggested an intriguing coordination between 

transcription factors and nucleosome remodeling machinery. This sub-network was 

comprised of 17 PPIs among 7 interacting proteins, most of which were transcription 

factors (ZEB1, CTBP1, PROX1, ZNF516; Figure 3.9B). Transcription factors are 

proteins that can recognize and bind to specific DNA sequences; these DNA-binding 

proteins do not work alone, but rather tends to form complexes and interact with other 

transcription factors to regulate genetic information from DNA to messenger RNA 

through the recruitment of effector proteins such as RNA polymerase (Vaquerizas et al., 

2009). The other member of the sub-network, chromodomain helicase DNA binding 

protein 4 (CHD4), is a component of the nucleosome remodeling and deacetylase 

(NuRD) complex (Low et al., 2016) that catalyze the deacetylation of histone proteins, 

which strengthens the association between DNA and histones, making DNA less 

accessible to transcription (Millard et al., 2016). Both transcription factors and 

nucleosome remodeling machinery (NuRD complex) are known to play important roles 

in cell fate control during development (Basta and Rauchman, 2015; Vaquerizas et al., 

2009), and the suggested functional association is further supported by literature findings 

indicating that chromatin remodeling machinery can be recruited by transcription factors 

to act in a gene-selective manner (Reddy et al., 2010). Both the transcription factor ZEB1 

and the NuRD complex member CHD4 are known ASD-linked proteins (Krumm et al., 

2015); their functional convergence onto the same sub-network suggested that the 

interplay between transcriptions factors and nucleosome remodeling complex may be 

involved in ASD.  
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 In addition to demonstrating functional convergence, this sub-network was also 

valuable in gathering information on proteins with poorly annotated function (also known 

as “orphan” proteins) such as Nucleolar Protein 4 Like (NOL4L) (Figure 3.9B). Based 

on guilt-by-association principle, given that all its binding partners were transcription 

factors in the sub-network, NOL4L is likely to play a role in the transcription of genetic 

information from DNA to messenger RNA, either by functioning as a transcription factor 

itself, or as an intermediary protein commonly recruited by transcription factors such as 

coactivators or corepressors. 
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3.6 Enrichment analysis of ASD PPI network 

In addition to the analysis of local sub-networks, the overall network properties were also 

examined. Since the overarching objective of the investigation was to study the 

underlying ASD biology, it is crucial to identify the biological processes that were 

enriched in the PPI network.  

 Consistent with the two sub-networks discussed earlier, Gene Ontology (GO) 

enrichment terms analysis showed that the subunits co-purified with the ASD candidates 

were significantly enriched for protein transport (adjusted p = 2.1e-12), regulation of 

gene expression (adjusted p = 9.9e-12) and translation (initiation of translation, adjusted p 

= 9.4e-6). Additionally, the GO analysis identified a significant enrichment for mt 

processes such as pyruvate metabolism (adjusted p = 1.1e-7) and ATP generation from 

ADP (adjusted p = 3.2e-10) (Figure 3.10) in the ASD network.  

 As suggested by the results of the GO enrichment analysis, the representation of 

mt proteins in the PPI network was an intriguing point. Of the 478 proteins identified in 

the network, a modest portion (72, 15%) were mt proteins (Figure 3.11A). Interestingly, 

most physical associations involving mt proteins were between proteins of mt and non-mt 

origin, as opposed to between only mt proteins (Figure 3.11B), suggesting a tight 

integration of the mt proteins with other cellular processes. 
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Figure 3.10: Gene ontology (GO) analysis of the interacting proteins in the network  

Significantly enriched GO terms shown for binding partners of the ASD-linked bait 

proteins (p < 0.05, Gene Set Enrichment Analysis).  
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Figure 3.11: Association of ASD-linked baits with proteins within and outside of mt  

(A) Representation of mt proteins found in the ASD network.  

(B) Proportion of physical associations between non-mitochondria and mitochondria 

protein versus between mitochondrial proteins.  
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3.7 Two novel interactions selected for investigating the mtl link in ASD  

Results from the enrichment analysis, along with the evidence reporting the mt 

abnormalities in ASD models (Rossignol and Frye, 2012) led us to investigate the 

underlying biological mechanism behind the involvement of mt dysfunction in ASD. To 

assess this, two previously unreported interactions from our newly constructed ASD PPI 

network were selected, one involving mtDNA replication and the other in mt RNA 

modification, for in-depth investigations on the role of mt dysfunction in ASD. 

 The first interaction selected was the association between twinkle mtDNA 

helicase (TWNK) and the ASD-linked fragile X mental retardation protein (FMRP). 

TWNK is a hexameric helicase predominantly localized to the mt, and as a helicase, its 

function is to separate double-stranded deoxyribonucleic acid (DNA) into single strands 

(Milenkovic et al., 2013). Since the separation of DNA strand is a crucial step for both 

DNA replication and repair (Holt, 2009; Ohle et al., 2016), TWNK is believed to be 

intimately involved in the maintenance of mtDNA integrity and copy number (Brosh, 

2013). FMRP, on the other hand, is a RNA-binding protein normally thought to regulate 

the translation of genetic information from mRNA into proteins through the recognition 

and binding to its target messenger RNAs (mRNAs) (Ascano et al., 2012). However, 

recent studies have shown that in addition to mRNAs, FMRP can also play a role in 

maintaining genomic stability by interacting with non-coding RNAs (ncRNAs) (Li et al., 

2018). Although these studies on FMRP have been focused on genomic DNA rather than 

mtDNA, the presence of extensive tracts of ncRNA on the lagging strand of the mtDNA 

replication intermediates (Pohjoismäki et al., 2010) and the presence of FMRP in purified 

mt fractions (Taha et al., 2014) suggests that FMRP could be recruited by TWNK to bind 
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and maintain the stability of RNA-DNA hybrid of the replication intermediate (Figure 

3.12), which in turn facilitate mtDNA replication. Given that replication stress can lead to 

DNA damage (Markkanen et al., 2016), it is conceivable that the disruption of FMRP-

TWNK interaction might be one of the mechanism leading to increased mtDNA damage 

(Figure 3.12), which is one of the hallmarks of mt dysfunction in ASD models. 

 In addition to the mtDNA damage, mt protein expression in the context of mt 

dysfunction and its relevance to ASD was another area of interest. Here, the functional 

significance of the physical connection between tRNA methyltransferase 61B 

(TRMT61B) and the ASD-linked protein dual-specificity tyrosine phosphorylation-

regulated kinase 1A (DYRK1A) was selected for further characterization. DYRK1A is a 

dual-specificity protein kinase that is thought to be involved in brain development and its 

mutations is associated with ASD (Himpel et al., 2000), while TRMT61B is a 

methyltransferase localized to the mt and is responsible for 1-methyladenosine 

modification at position 58 of human mt tRNA
Leu(UUR)

 (Chujo and Suzuki, 2012). 

Transfer RNA (tRNA) functions as an adapter that helps to translate the genetic 

information recorded in mRNA sequences into proteins. 

 The methylation modification confers a positive charge to the elbow region of the 

transfer RNA (tRNA) and is thought to stabilize the tertiary structure of the tRNA (Chujo 

and Suzuki, 2012). Remarkably, amino acid residues around TRMT61B serine 140 fit the 

criteria of the consensus binding site of DYRK1A, which has been shown to display 

specificity for proline and arginine at P+1 and P−3 positions, respectively (Himpel et al., 

2000). This suggests that DYRK1A-mediated phosphorylation of TRMT61B may play a 

role in the stabilization of mt tRNA (Figure 3.13) and maintenance of normal protein 
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expression in mt. Based on these observations, it is conceivable that abolishing the 

DYRK1A-TRMT61B interaction can lead to decreased tRNA methylation (Figure 3.13).  
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Figure 3.12: Proposed model for FMRP-TWNK interaction  

Schematic illustrating the proposed role of FMRP with TWNK in mtDNA 

replication and maintenance. 
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Figure 3.13: Proposed model for DYRK1A-TRMT61B interaction  

Schematic illustrating the proposed role of DYRK1A with TRMT61B in mt tRNA 

methylation, showing that DYRK1A-mediated phosphorylation of TRMT61B is 

important for TRMT61B’s role in carrying out the methylation and stabilization 

of mt tRNA. 
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3.7.1 Confirming FMRP-TWNK and DYRK1A-TRMT61B interactions by co-IP 

With interactions of interest selected, the next step was to confirm that these interactions 

were present in SH-SY5Y neuronal cells. To test this, co-IP coupled with immunoblotting 

was performed. The binding of FMRP with TWNK, as well as DYRK1A with 

TRMT61B, confirmed by co-IP in the differentiated SH-SY5Y neuronal cells (Figure 

3.14A) were shown to occur in both cytosolic and mt fractions (Figure 3.14B).  
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Figure 3.14: Validating interaction between FMRP-TWNK and DYRK1A-TRMT61B  

(A) IPs of native FMRP (i) or TRMT61B (ii) in SH-SY5Y neuronal cells probed with the 

TWNK (i) or DYRK1A (ii) Ab; Protein A beads used as negative control, while IP of 

TWNK (i) or DYRK1A (ii) was used as positive control.  

(B) IP of TWNK (i) or TRMT61B (ii) in cytosolic and mitochondrial fractions of SH-

SY5Y neuronal cells, probed with FMRP (i) or DYRK1A (ii) Ab. 
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3.7.2 Immunoblotting of FMRP–TWNK, and DYRK1A-TRMT61B CRISPR KOs 

After confirming the validity of the two selected interactions by co-IP, the next step was 

to characterize the functional role played by FMRP-TWNK and DYRK1A-TRMT61B 

interactions in a cellular context. To this end, endogenous FMRP or TWNK (Figure 

3.15A), and DYRK1A or TRMT61B (Figure 3.15B) expression were selectively 

knocked out from SH-SY5Y neuronal cells using RNA-guided CRISPR/CAS9 

endonucleases. The KO cell line for each gene was generated using a single-guide RNA 

(sgRNA) specifically targeting the genes of interest. Compared to wild-type (WT), 

knockout (KO) cells exhibited drastically reduced endogenous protein abundance after 

CRISPR KO as evidenced by the weaker bands.  
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Figure 3.15: CRISPR/CAS9-mediated knockouts of FMRP-TWNK or DYRK1A-

TRMT61B in SH-SY5Y differentiated neuronal cells 

(A) FMRP (i) and TWNK (ii) or (B) DYRK1A (i) and TRMT61B (ii) levels in WT and 

KO SH-SY5Y neuronal cells probed with indicated Abs; band intensities were 

normalized to input GAPDH loading control (LC). 
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3.7.3 Quantitative real time PCR (QRT-PCR)-based mtDNA damage assay for 

functional characterization of FMRP-TWNK interaction 

To investigate the functional role of the interaction between FMRP and TWNK in the 

context of mt DNA replication and maintenance, QRT-PCR was used to compare the 

amount of mtDNA lesions in WT versus KO cells in which the expression of FMRP or 

TWNK were selectively knocked out, thereby abolishing FMRP-TWNK interaction.  

 The principle of the QRT-PCR assay is based on the notion that DNA lesions can 

block the progress of DNA polymerase along the DNA strand (Furda et al., 2012). Given 

that the amount of DNA for both WT and KO samples were the same at the start of the 

assay, the only variable affecting mtDNA fragment amplification was the number of 

polymerase-blocking mt DNA lesions present. In this manner, the extent of DNA damage 

between WT and KO samples were compared based on amplification alone (Figure 

3.16), with higher amplification (indicated by higher florescence) achieved in less 

number of amplification cycles corresponding to lower mtDNA lesion frequency.  

 Consistent with our FMRP-TWNK interaction model postulated (Figure 3.16), 

the QRT-PCR showed reduced amplification efficiency of mtDNA fragment in KO cells 

in which either FMRP or TWNK expression has been knocked out, indicating elevated 

levels of mtDNA damage as the result of knocking out either FMRP or TWNK, 

suggesting the role of the interaction in the maintenance of mtDNA integrity. 

Interestingly, the disruption of FMRP or TWNK KO resulted in similar reduction in 

amplification efficiency compared to WT, which suggest that the FMRP and TWNK may 

act on the same biological pathway. 
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Figure 3.16: QRT-PCR -based mtDNA damage analysis in FMRP and TWNK KOs 

QRT-PCR measuring mtDNA damage in wild-type (WT) and KO SH-SY5Y neuronal 

cells. Relative fluorescence indicate the amount of DNA between WT and KO cells, 

while the number of cycles indicate the cycles of PCR amplification. 
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3.7.4 tRNA methylation to characterize DYRK1A-TRMT61B interaction 

A modified primer extension assay coupled with polymerase chain reaction (PCR) was 

used to detect the tRNA methylation deficiency in WT versus KO cells in which the 

expression of DYRK1A or TRMT61B were selectively knocked out, which abolished the 

DYRK1A-TRMT61B interaction. 

 The principle of the tRNA methylation assay is based on the notion that the bulky 

methylation modification can block the path of the reverse transcriptase enzyme, 

resulting in the lack of cDNA fragment synthesized from the tRNA and providing no 

template for the PCR reaction to amplify (Figure 2.5). Conversely, in the case of 

deficient tRNA methylation, with nothing to block the reverse transcriptase, the cDNA 

fragment can be synthesized, which after being amplified by the subsequent PCR 

reaction, result in a bright band. The only variable affecting the amount of PCR 

amplification was the methylation state of the tRNA. In this manner, the tRNA 

methylation for WT and KO samples were compared based on the PCR outcome 

(Figure3.17), with higher amplification (indicated by brighter bands) corresponding to 

lower tRNA methylation.  

 Consistent with our postulated DYRK1A-TRMT61B model (Figure 3.13), the 

assay was able to detect decreased tRNA methylation (indicated by brighter bands) in the 

DYRK1A and TRMT61B KO cells compared to that of the WT, suggesting that 

DYRK1A-TRMT61B interaction is important for proper mt tRNA methylation. 
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Figure 3.17: tRNA methylation in WT and KO differentiated SH-SY5Y cells 

Visualization of the PCR amplicon of the cDNA generated from unimpeded reverse 

transcription of mt tRNA. Brighter bands correspond to a lack of tRNA methylation. 

The digitized DNA bands were quantified using ImageJ software. 
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3.8 Identifying potential residues at the interface of FMRP-TWNK and 

DYRK1A-TRMT61B interactions 

To further investigate the disease relevance of the FMRP-TWNK and DYRK1A-

TRMT61B models, mapping the interface amino acid residue between the interacting 

proteins was performed. The task of predicting how the two proteins would likely interact 

required a computationally-heavy, in silico molecular docking approach (Chuang et al., 

2008; Kozakov et al., 2006). After the potential interaction interface had been identified, 

known human mutations from the Clinvar database were checked against these residues 

for any overlap.  

 The analysis found one putative residue in FMRP (Y419. Figure 3.18A), whose 

mutation has been classified as pathogenic on clinvar database (Allele ID: 360529). It 

was found to interact at the interface with two (G502, V507; Figure 3.18A (ii)) residues 

of TWNK. Likewise, one residue in DYRK1A (M739; Figure 3.18B), whose mutation 

has been recorded, but not well-characterized in the clinvar database (Allele ID: 208722) 

was found at the interface of TRMT61B residues (A453 and P455; Figure 3.18B (ii)). 

While the structural analysis allowed for the identification of the possible interface 

residues of these interacting proteins, further studies are warranted to decipher if 

mutating these residues can result in loss-of-interaction (i.e. edgetic (Sahni et al., 2015)) 

of these binding partners.  



76 

 

 

 

 

 

 

Figure 3.18: Predicting interface residues for physically associated FMRP-TWNK or 

DYRK1A-TRMT61B proteins 

(A) (i) Overview of the computational modelling of FMRP-TWNK interaction. (ii) 

FMRP (cyan) and TWNK (green) structures with interface residues (labelled) mediate the 

interaction. FMRP Y419 is shown to interact with TWNK G502 and V507. 

 (B) (i) Overview of the computational modelling of DYRK1A-TRMT61B interaction. 

(ii) DYRK1A (pink) and TRMT61B (orange) structures with interface residues (labelled) 

mediating the interaction. DYRK1A M739 is shown to interact with TRMT61B A453 as 

well as P455. 
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

4.1 Limitations of IP-MS 

Although the IP-MS approach used here has been a popular method of choice in the field 

of proteomics (Have et al., 2011), its inherent drawbacks also limited the scale of this 

study. Like all Ab-based approaches, the availability and quality of the Ab are crucial 

limiting factors. In the case of this study, Ab availability reduced the initial list of 119 

ASD-linked genes of interest down to the 63 for which Ab were available. Then, only 46 

of the 63 were scored and used for constructing the PPI because adding the data for the 

remaining 17 proteins caused a large drop in the performance of scoring algorithm. This 

is likely because not all 63 Ab were equally specific; while some Ab had enough affinity 

to obtain data with good signal-to-noise ratio, others did not.  

 The reduction of 119 to 46 proteins highlighted the critical role of specific, high 

quality Ab against specific bait targets in IP-MS studies. A potential way to avoid the Ab 

availability issue is to use tandem affinity purification (TAP) instead of IP. Rather than 

relying on protein-specific Abs, transgenic cells could be generated with an affinity tag 

introduced on the C-terminus of the open reading frame (ORF) of interest. In this manner, 

the tagged protein can still be expressed at a near physiological level, but the fused 

affinity tag allows the protein to be purified many fold depending on the tag used. For 

instance, by using the a 12-kDa triple affinity tag consisting of 3× FLAG, 6 × His, and 

Strep III epitopes, Malty et al. (2017) were able to successfully tag and affinity-purify 27 

mammalian mt proteins. Although the creation of proteins fused with affinity tags can 

become tedious and time-consuming with increasing number of bait proteins, the 
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consistency achieved by tandem affinity purification still makes it a promising venue to 

pursue for future works.  

4.2 Conclusion 

One of the key challenges in devising effective treatment options for ASD lies in 

difficulties in identifying the underlying causal factors that can lead to the disorder. 

Although the advent of next-generation-sequencing and extensive screening efforts 

(Greene et al., 2015; Iossifov et al., 2012, 2014; Krishnan et al., 2016) had led to the 

identification of many ASD risk gene variants, without proper biological and cellular 

context, it still remains difficult to translate these genetic findings into coherent 

macromolecular assemblies and biological pathways. 

 To gather mechanistic insights into ASD, a systematic large-scale profiling of 

physical protein interactions for 46 selected ASD-associated proteins was conducted 

using an IP/MS-based approach with validated protein-specific antibodies in a neuronal 

context through the use of differentiated SH-SY5Y neuronal-like cells, which have been 

frequently used as a model for neurological diseases including ASD (Chiocchetti et al., 

2015; Li et al., 2015). Proteins co-purified with the target bait protein were then 

identified, using precision MS for detecting potential interacting proteins. The 

interactions from IP/MS were scored and then benchmarked against a gold-standard 

CORUM reference dataset, resulting in 4,012 high-confidence PPIs among 478 proteins. 

This is the most comprehensive effort to systematically construct a PPI network for ASD-

targeted genes in the current literature, and the validity and reliability of the generated 

PPI network was confirmed by multiple criteria including substantial overlap with PPIs 
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predicted to have functional associations, significantly higher brain expression of proteins 

in the network, and the significant enrichment of ASD phenotypes in the PPI network.  

 The GO enrichment analysis for biological processes in the ASD PPI network 

found that subunits co-purified with the ASD candidates were significantly enriched for 

GO terms in protein transport, regulation of gene expression, and translation. This finding 

is consistent with the assessment of the two selected multi-protein complexes derived 

from the network, which demonstrated that the interplay of intracellular transport with 

neuronal migration, as well as transcription factors and nucleosome remodeling, may 

play a role in ASD. Further examination of the enriched GO bioprocess identified an 

intriguing link between ASD and mt processes. 

 To further explore the underlying biological mechanism behind the involvement 

of mt dysfunction in ASD, two previously unreported interactions from the newly 

constructed ASD PPI network were selected for further study: the FMRP-TWNK 

interaction was selected for its potential role in mt DNA replication and integrity, while 

DYRK1A-TRMT61B interaction was selected for its potential role in mt tRNA 

modification. The process for validating the physiological and ASD relevance of two 

PPIs were as follows: co-IP coupled with immunoblotting to experimentally confirm the 

presence of physical interactions in SH-SY5Y cells, generation of knockout SH-SY5Y 

cell lines using CRISPR gene editing technologies, and functional assays to examine the 

impact of the knock outs, from which the biological role of the interactions in a neuronal 

context could be inferred.  

 By employing co-IP, the binding of FMRP with TWNK, as well as DYRK1A with 

TRMT61B, were confirmed in the differentiated SH-SY5Y neuronal cells. Then KO cell 
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lines, one for each gene, were generated by using a sgRNA specifically targeting the 

genes of interest, after which drastically reduced endogenous protein abundance was 

confirmed by immunoblotting. For the FMRP-TWNK interaction, the QRT-PCR-assay 

showed reduced amplification efficiency of mt DNA fragment in KO cells, indicating 

elevated levels of mt DNA damage as the result of knocking out either FMRP or TWNK, 

suggesting their association in the maintenance of mtDNA integrity. For the DYRK1A-

TRMT61B interaction, the tRNA methylation assay was able to detect decreased tRNA 

methylation in the KO DYRK1A and TRMT61B cells, suggesting a role for DYR1A-

TRMT61B interaction in mediating the methylation modification of mt tRNA.  

 Overall, the objectives of 1) assembling a high-quality PPI network and 2) 

characterizing two novel ASD-relevant interactions has been met. The newly assembled 

PPI network revealed several new ASD-relevant associations as well as the topology and 

composition of human neuronal protein complexes linked to ASD. The characterization 

of the two previously unreported interactions from the ASD-linked PPI network, one 

involving mtDNA replication and the other in mt RNA modification, gave encouraging 

signs that the physical links identified in the PPI network can be used to generate testable 

hypotheses for functional discovery. 

4.3 Future directions 

In this study, the generation and initial characterization of the knockout SH-SY5Y cell 

lines has been accomplished for the selected PPIs of interest, but to provide the empirical 

support necessary to substantiate the two proposed models, some future work is needed. 

 Only one biological end-point (mtDNA damage for FMRP-TWNK interaction 

and mt tRNA methylation for DYRK1A-TRMT61B interaction) were measured for each 
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of the interactions in this study; however, because the biological models were composed 

of multiple interlocking steps, additional end-points would need to be measured to 

provide solid experimental evidence for the proposed biological models. For the FMRP-

TWNK interaction model, given its postulated mechanism in maintaining mtDNA 

integrity, a major question that needs to be answered is whether FMRP has the ability to 

bind to the tracks of non-coding RNAs covering the lagging strand of the replication 

intermediate of mtDNA. One way to test this hypothesis is by using a gel shift assay, 

where protein bound to nucleic acids and proteins not bound to nucleic acids could be 

differentiated due to their migration at different speeds (Hellman and Fried, 2007). On the 

other hand, for the DYRK1A-TRMT61B model, the follow-up investigation would need 

to examine the exact impact on cell physiology as the result of deficient mt tRNA 

methylation. In this case, the endpoints to measure could be decreased mt protein 

abundance or impaired electron transport chain activity.  

 Not only should multiple biological end-points be used to evaluate the functional 

significance of the interactions, but also multiple methods should be used to measure a 

biological end-point. This helps to avoid arriving at misleading conclusions due to 

artifacts of any one particular assay. For instance, to quantify the mtDNA damage for 

FMRP-TWNK model, in addition to the QRT-PCR-based method used in this study, other 

methods such as visualization of mtDNA damage using specific florescent Ab probes 

(Bahjat et al., 2017) should be performed in future studies. The observation from 

additional methods would help to ensure that the result perceived here was not caused by 

a quirk of the QRT-PCR method. Similarly, in order to quantify the tRNA methylation for 

the DYRK1A-TRMT61B model, in addition to the reverse transcription-based method 
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that was used in this study, future studies can use sodium bisulfite conversion kit as 

alternative option to detect the methylation state of mt tRNA (Li and Tollefsbol, 2011).  

 Another aspect this study had attempted to explore is the mapping of human 

genetic mutations to the residues at interaction surfaces, which could lead to a loss-of-

interaction. While the initial structural analysis conducted in this study allowed for 

identification of the possible interface residues with human mutations for the two selected 

cases of interacting proteins, further studies are warranted to decipher if mutating these 

residues can result in loss-of-interaction of these binding partners. Besides the 

computational approach, MS-cleavable crosslinkers such as disuccinimidyl sulfoxide 

(DSSO) offer an alternative approach to identify residues at the interaction surface 

(Gutierrez et al., 2016). Most protein–protein binding in a biological system are transient 

and crosslinkers provide means for capturing these transient interactions by covalently 

binding the interacting proteins together, thereby allowing for subsequent identification 

of these interacting proteins (Yang et al., 2017). However, different from the crosslinker 

dithiobis succinimidyl propionate (DSP) that was used in this study, DSSO can be 

cleaved in the gas phase during tandem MS (MS/MS) (Chakrabarty et al., 2016). The 

ability to cleave cross-linked peptides during MS/MS enables identification of interaction 

interface that occur in close proximity due to their interaction (Chakrabarty et al., 2016).  

 In conclusion, the ASD-targeted network generated by IP/MS in this study offers 

a powerful paradigm for not only discovering new ASD links, but also through the 

integration of other datasets (e.g., sequencing data), makes it possible to generate 

synergistic insights that can aid in elucidating ASD mechanisms and offer better future 

options for ASD treatment. In this manner, future studies can combine PPIs from IP/MS 
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networks with exome sequencing and brain expression datasets derived from public 

repositories or sequenced from autopsy brain tissues or blood drawn from individuals 

with autism to identify new mutations and predict functional consequences of the 

mutational burden and changes in brain gene expression in the ASD network. Long-term, 

this open-access resources will aid the translation of biological findings into clinical 

applications and provide future directions for the development of novel ASD therapies. 
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Appendix A 

Table A.1: Key resources tables 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies     

Anti-ADNP Bethyl Cat# A300-104A 

Anti-ADNP Abcam Cat# ab199120 

Anti-ADSL Bethyl Cat# A304-778A 

Anti-ANK2 Abcam Cat# ab131419 

Anti-ANK2 Novus Cat# NBP2-33863 

Anti-APH1A Abcam Cat# ab19390 

Anti-ARID1B Bethyl Cat# A301-046A 

Anti-ARID1B Abcam Cat# ab69571 

Anti-ASH1L Abcam Cat# ab50981 

Anti-ASXL3 Abcam Cat# ab150855 

Anti-BCL11A Abcam Cat# ab72247 

Anti-BIRC6 Abcam Cat# ab19609 

Anti-CACNA2D3 Abcam Cat# ab81000 

Anti-CDC42BPB Abcam Cat# ab69589 

Anti-CHD8 Abcam Cat# ab84527 

Anti-CTBP1 Bethyl Cat# A300-338A 

Anti-CTTNBP2 Abcam Cat# ab174877 

Anti-CUL3 Abcam Cat# ab75851 

Anti-CYFIP1 Bethyl Cat# A302-996A 

Anti-DYRK1A Abcam Cat# ab54944 

Anti-EIF4ENIF1 Bethyl Cat# A300-706A 

Anti-EP400 Abcam Cat# ab70301 

Anti-FMR1 Abcam Cat# ab17722 

Anti-GABRB3 Abcam Cat# ab4046 

Anti-GALNT18 Abcam Cat# ab87051 

Anti-GRIK2 Abcam Cat# ab53092 

Anti-GRIN2B Abcam Cat# ab28373 

Anti-GTF2I Bethyl Cat# A301-330A 

Anti-HDAC1 Abcam Cat# ab46985 

Anti-HDAC2 Abcam Cat# ab16032 

Anti-KATNAL2 Abcam Cat# ab184829 

Anti-KMT5B Abcam Cat# ab118659 

Anti-MIB1 Abcam Cat# ab124929 

Anti-MTMR12 Abcam Cat# ab94444 

Anti-MYO9B Abcam Cat# ab110481 

Anti-MYT1L Abcam Cat# ab93671 

Anti-NAA15 Abcam Cat# ab65107 

Anti-NR3C2 Abcam Cat# ab41912 

Anti-POGZ Abcam Cat# ab115038 

Anti-RELN Abcam Cat# ab193196 

Anti-SCN2A Abcam Cat# ab99044 

Anti-SETD5 Abcam Cat# ab139987 

Anti-SPARCL1 Abcam Cat# ab107533 
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Table A.1 continued 

  REAGENT or RESOURCE SOURCE IDENTIFIER 

Anti-SYNGAP1 Abcam Cat# ab3344 

Anti-TRIO Abcam Cat# ab194365 

Anti-TSC2 Bethyl Cat# A300-463A 

Anti-UBE3A Bethyl Cat# A300-351A 

Anti-VIL1 Abcam Cat# ab130751 

Anti-WDFY3 Abcam Cat# ab84888 

Anti-GAPDH Abcam Cat# ab9485 

Anti-TWNK Abcam Cat# ab107533 

Anti-TRMT61B LSBio Cat# LS-C409606  

   Chemicals and Media 

  DSP  Thermo Fisher Cat# 22585 

EDTA Sigma-Aldrich Cat# E9884 

DMEM GE Healthcare Cat# SH30243.LS 

FBS Thermo Fisher Cat# 12483020 

Penicillin/Streptomycin Fisher Scientific Cat# SV30010 

Puromycin Tocris Bioscience Cat# 4089 

Opti-MEM I Thermo Fisher Cat# 31985088 

Lipofectamine LTX Thermo Fisher Cat# 15338100 

Brain-derived neurotrophic 

factor Thermo Fisher Cat# 14-8366-62 

Retinoic acid Sigma-Aldrich Cat# R2625 

Hexadimethrine bromide Sigma-Aldrich Cat# H9268 

Protein A/G microbeads Milteny Biotec Cat# 130-071-001/130-071-101 

Trypsin gold Promega Cat# V5280 

HPLC-grade H2O Sigma-Aldrich Cat# 270733 

Formic acid Sigma-Aldrich Cat# 14265 

2-iodoacetamine Sigma-Aldrich Cat# I1149 

Magnetic beads/columns Miltenyi Biotec Cat# 130-042-601 

Acetonitrile Thermo Fisher Cat# 51101 

Protease inhibitor Roche Cat# 4693132001 

   Critical Commercial Assays 

  E.Z.N.A. gel extraction Omega Bio Cat# D2500-01 

QIAprep Spin miniprep Qiagen Cat# 27104 

QPCR master mix 

New England 

Biolabs Cat# m3003 

SYBR Gold Nucleic Acid 

Stain Thermo Fisher Cat# S11494 

RNA isolation kit Qiagen Cat# 74134 

DNA extraction kit Qiagen Cat# 69504 

Taq PCR master mix Frogga Bio Cat# FBTAQM 

MLV Thermo Fisher Cat# 28025013 

   Deposited Data 

  Protein complexes CORUM database PMID: 17965090 

Experimental PPIs 

PPI network derived 

from AP/MS 

PMIDs: 27499296, 26496610, 

28514442 
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Table A.1 continued 

  REAGENT or RESOURCE SOURCE IDENTIFIER 

Experimental PPIs 

Co-fractionations 

coupled with MS PMIDs: 22939629, 26344197 

Protein, localization 

and disease ontology ID 

MP assignment and 

localization, 

disease ontology ID 

GO annotations, 

Uniprot, PMIDs: 25367773, 26093607 

ASD candidates from the 

Interaction network 

SFARI; AutDB; 

Simons 

Simplex collection 

https://gene.sfari.org; PMIDs: 

19015121, 

25961944 

mRNA expression 

RNA-seq: SH-SY5Y 

neuronal cells PMID: 26949739 

mRNA expression 

Tissue excised from 

brain regions GEO: GSE45878 

Disease database OMIM PMID: 15608251 

Disease database HGMD PMID: 24077912 

   Experimental Models:  

Cell Lines 

  HEK293T ATCC Cat# CRL-3216 

SH-SY5Y ECACC Cat# 94030304 

   Experimental Models: 

Organisms 

  

NEB competent E. coli 

New England 

Biolabs Cat# C3040 

Mus musculus (C57BL/6) Jackson Laboratory Cat# 000664 

   Oligonucleotides 

  
sgRNA-FMR1-fwd 

CRISPR KO 

CACCGGTTGGTGGTTAGCTAA

AGTG 

sgRNA-FMR1-rev 
CRISPR KO 

AAACCACTTTAGCTAACCACC

AACC 

sgRNA-TWNK-fwd CRISPR KO 

CACCGAAGCTGCCGGAAAGAT

ACGA 

sgRNA-TWNK-rev CRISPR KO 

AAACTCGTATCTTTCCGGCAGC

TTC 

sgRNA-DYRK1A-fwd CRISPR KO 

CACCGTGAGCTTGACGATGTA

CTGG 

sgRNA-DYRK1A-rev CRISPR KO 

AAACCCAGTACATCGTCAAGC

TCAC 

sgRNA-TRMT61B-fwd CRISPR KO 

CACCGCGAGAGCTCGAGGACT

CGAG 

sgRNA-TRMT61B-rev CRISPR KO 

AAACCTCGAGTCCTCGAGCTCT

CGC 

tRNA-Leu(UUR)-fwd Methylation Assay GCAGAGCCCGGTAATCGC 

tRNA-Leu(UUR)-rev Methylation Assay 

CTCTGACTGTAAAGTTTTAAGT

TTTATGC 

mt_tRNA-Leu(UUR) Methylation Assay TGGTGTTAAGAAGAGG 
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   Table A.1 continued 

  REAGENT or RESOURCE SOURCE IDENTIFIER 

Recombinant DNA 

  LentiCRISPR v2 Zhang Laboratory Addgene #52961 

psPAX2 Trono Laboratory Addgene #12260 

pMD2.G Trono Laboratory Addgene #12259 

   Software and Algorithms 

  CRAPome PMID: 23921808 http://www.crapome.org/ 

SEQUEST PMID: 24226387 In house 

STATQUEST PMID: 12644571 In house 

GO semantic similarity R package PMID: 20179076 

CoreMethod R package PMID: 19193141 

Hypergeometric test R function Stats: R package 

Student’s t-test R function Stats: R package 

Band signal quantification ImageJ PMIDs: 26153368, 22743772 

Protein Docking Prediction PIPER PMID: 18676649 

   Instruments 

  Imaging Station Kodak Cat# ISM2000MM 

Speed vac Savant Cat# SVC 200H 

Spectrophotometer Thermo Fisher Cat# ND-2000 

Orbitrap Elite mass 

Spectrometer Thermo Fisher Cat# IQLAAEGAAPFADBMAZQ 

Gel electrophoresis chamber Thermo Fisher Cat# EI1001 

 


